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Preface

The Sixth International Workshop on Glasses and Ceramics from Gels took place in Seville, Spain 
from the 6th to the 11th of October 1991. These were unforgettable days for the Organizing Committee, 
the culmination of many months of hard work. We felt rewarded for our efforts by the magnificent 
welcome of our scientific community which was responsible for the success of the conference, not only 
because of the interesting discussions of the scientific sessions but also for their participation in the 
social events.

Editing the Proceedings is a task in which the lack of time is even more critical than usual in a 
scientific publication. The numerous referees merit particular praise and thanks for the efficiency, rigour 
and speed with which most of them prepared their reviews despite their personal work load. I must also 
pay tribute to the outstanding cooperation of our secretary, Maria Pumarejo, whose help was invaluable. 
These obstacles had already been experienced by my predecessors in the organization of previous 
Workshops: Professor Gottardi (Padua, 1981), Professor Scholze (Wiirzburg, 1983), Professor Zarzycki 
(Montpellier, 1985), Professor Sakka (Kyoto, 1987) and Professor Aegerter (Rio de Janeiro, 1989). For 
me it has been an honor and an undeserved good fortune to follow in their footsteps.

The Committee and myself want to take this opportunity of the edition of these Proceedings, to thank 
the 217 participants for their collaboration in the Workshop and for the great number of oral and poster 
contributions; 21 of a total of 188 papers submitted were invited papers. Included in this volume, you will 
find the manuscripts that were submitted on time and accepted by the referees after reviewal. Please be 
advised that, as in all human endeavor, there is always the possibility of error. I also wish to make special 
mention of the invited lecturers, presidents of the sessions and members of the Local and International 
Committees, for their support in making this conference such a success.

We can now confidently confirm, ten years after the first edition of this series, that Sol-Gel 
processing is now a well established branch of Materials Science. In our closing session, during the open 
debate, it was emphasized that there is no limit to what we can expect in future meetings.

The contents of the Proceedings have been arrranged in the same fashion as the Conference, that is, 
six principal parts with seventeen subsections following the natural sequence from fundamentals to 
perspectives in the future.

We again wish to thank all our sponsors of the conference whose names appear on the following page 
and also the Servicio de Publicaciones de la Universidad de Cádiz for their important financial support 
in the edition of these Proceedings.

The next Workshop will take place in Paris, France, 19-23 July, 1993 and will be organized by 
Professor J. Livage of the University of Paris VI.

Special Thanks
Ramón Antúnez, Manuel Cabanillas, Manuel Chaves, José Luis Huertas, Guillermo Martinez-Massanet, 
José Núñez, Antonio Ortega, Alejandro Rojas-Marcos and all those who supported at some time the 
organization and running of the Workshop.

Luis Esquivias 
Guest Editor
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Section 1. Sol-gel chemistry and precursors

Molecular design of alkoxide precursors for the synthesis of hybrid 
organic-inorganic gels

Clément Sanchez 1 and Martin In
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Design, synthesis and characterization of hybrid transition metal oxide gels in which organic polymers are part of the gel 
network are reported and illustrated with zirconium oxide based materials. Zirconium-oxo-poly(AAEM) copolymers have 
been synthesized by chemical modification at the molecular level of zirconium propoxide with an organically functionalized 
chelating ligand (acetoacetoxyethylmethacrylate). Both polymerization reactions have been managed simultaneously, leading 
to hybrid organic-inorganic bushy polymers intimately interpenetrated at the nanosize scale. Zirconium oxo core is made 
with oxo-alkoxo AAEM modified species where zirconium is likely in sevenfold coordination. The zirconium oxo species are 
chemically bonded to polymeric methacrylate chains via the p-diketo complexing function. The complexation ratio 
(AAEM/Zr) has been varied from 0.25 to 0.75. It appears to be the key parameter which controls the structure and the 
texture of these hybrid materials.

1. Introduction

Sol-gel chemistry is based on the polymeriza
tion of molecular precursors such as metal alkox
ides, M(OR)n [1,2]. Hydrolysis and condensation 
of these alkoxides lead to the formation of oxo
polymers which are then transformed into an 
oxide network [3]. Sol-gel chemistry offers the 
possibility to design molecular precursors via 
chemical modification of metal alkoxides by nu
cleophilic reagents [4]. Most organic ligands are 
usually removed during hydrolysis and condensa
tion reactions, while more strongly bonded organ
ics or adsorbed solvent molecules are burnt dur
ing the heating process leading to the formation 
of oxide glasses or ceramics. However, sol-gel 
synthesis at room temperature can keep organics 
inside the inorganic gel matrix and lead to hybrid 
materials. These new materials offer many oppor
tunities for applications in different fields such as 
patternable optical devices, photonics, sensors 
and catalysis. The ormosil, ormocer or ceramer 
[5-7] can be easily synthesized because Si-C 

bonds are covalent and therefore not broken upon 
hydrolysis. This is not valid with transition metals, 
for which the more ionic M-C bond is easily 
cleaved by water. Complexing organic ligands 
must then be used. Such groups can be function
alized for any type of organic reaction such as 
organic polymerization leading to hybrid or
ganic-inorganic copolymers [4].

2. Hybrid organic-inorganic materials

2.1. Siloxane networks

Organic groups can be bonded to an inorganic 
network as network modifiers or network formers 
for two different goals. Both have been recently 
achieved in the ormosils [5], The precursors of 
these compounds are organo-substituted silicic 
acid esters of general formula R'!Si(OR)4_„, 
where R' can be any organofunctional group. If 
R' is a non-hydrolyzable group bonded to silicon 
through a Si-C bond, it will have a network 
modifying effect (Si-CH3). If R' can react with 
itself (R' contains a methacryl group for example) 
or additional components, it will act as a network 
former.

0022-3093/92/$05.00 © 1992 Elsevier Science Publishers B.V All rights reserved
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Functional coatings for biomedical applica
tions, soft abrasive powders for cosmetics, glues 
and scratch resistant coatings have been pro
duced [8]. Organic-inorganic gels have also been 
synthesized by interchanging some alkoxy group 
of Si(OR)4 precursors by polyethyleneglycol 
(PEG) chains. The PEG was used to solvate small 
cations such as lithium leading to a good ionic 
conductivity [9]. However, the slow hydrolysis of 
the Si-O-PEG bonds leads to a degradation of 
such materials. This stability problem can be 
avoided by using aminosils [10]. These com
pounds have been synthesized via the hydrolysis 
and condensation of Si(OR)3R' precursors (R' = 
-(CH2)„-NH2). The non-hydrolyzable alkyl
amino groups can solvate (via the amino function) 
anions such as CF.SOr, which make the associ
ated counter ions (protons) free for conduction. 
The resulting gels exhibit protonic conductivity at 
room temperature (<r= 1.4 X IO 5 fl-1 cm"1 for 
Si(OR)3(CH2)3NH2, (CF3SO3H)01 based sys
tems) [10].

Sol-gel processing provides for the prepara
tion of organolithic macromolecular materials by 
co-condensing preformed oligomers/polymers 
(made with a siloxane backbone or with an or
ganic backbone) with metal alkoxides such TEOS, 
Ti (OPri)4 or partly hydrolyzed acetylacetonates 
of different metals (M = Ti, Zr, Al, Zn,...) 
[11,12]. These hybrid copolymers exhibit interest
ing rheological properties [13], Strategies for syn
thesis include:

(i) co-condensation with hydroxyterminated 
polydialkyl siloxane (siloxane polymers) such as 
polydimethylsilane PDMS or by replacement of 
an alkoxy group to produce aryl or alkyl substi
tuted polysiloxane (T resins) [13], Aryl bridged 
polysilsesquioxane have been produced by sol-gel 
processing of bis(triethoxysilyl) and bis(trichloro- 
silyl)aryl monomers. Phenyl, biphenyl and ter
phenyl groups act as rigid rod spacers of different 
length between the silicon atom forming the 
siloxane chain [15].

(ii) co-condensation with metal alkoxides 
(mainly TEOS) and hydrolyzed triethoxy silane 
end-capped organic polymers such as polytetram
ethylene oxyde (PTMO), polyether ketone (PEK), 
polyoxypropylene (PPO), trimethoxysilylpropyl- 

subtituted polyethyleneimine (MPEI), triethoxysi
lyl modified 1,2 polybutadiene (MPBP), or (N-tri- 
ethoxysilylpropyDO-polyethyleneoxide (MPEOU) 
[16].

2.2. Hybrid organic-inorganic materials with 
TMO-based networks linked to organic via 
M-O-Si-C bonds

Copolymerization at a molecular level has been 
described for synthesis of hybrid siloxane-oxide 
materials. These compounds have been synthe
sized from hydrolysis-condensation process of di
ethoxydimethylsilane (DEDMS) and various 
metallic alkoxides, M(OR)„ with M = Si, Ti, Zr 
and Al. Materials can be formed with amount of 
metal (M) up to 30 at.%. These materials were 
labelled DM (D for DEDMS, M for the metal 
added). The DSi system has been described as a 
copolymer between the D and Q (SiO2) units, 
while the DTi system is better described as a 
nano composite system with titanium oxo-poly- 
meric species linked to siloxane chains probably 
through Ti-O-Si bonds [17]. The rheological be
havior of the precursor sols and their hydropho
bic character due to the presence of methyl groups 
allow formation of crack-free films from 10 to 50 
|im thick. Rhodamine 6G and Coumarine 4 have 
been embedded in these films and most exhibit 
strong fluorescence properties, even for high dye 
concentrations [17],

Recently Judeinstein [18] reported the synthe
sis and characterization of negatively charged 
macromolecules based on organically functional
ized poly-oxo-metallates (POM) anchored to an 
organic polymeric backbone. Organically modi
fied POMs were anchored together through W- 
O-Si-C chemical bonds in order to obtain 
macromolecules. The organically modified POM 
precursors have been synthesized by reacting 
trichloro (or trialkoxy) silane with lacunary 
K4SiWnO39 following a procedure previously de
scribed [19]. The organic functionalization is ob
tained via trichlorosilanes RSiCl3 (R-vinyl (CH- 
CH 2), allyl (CH2CH-CH2), 3-methacryloxypro- 
pyl [methacryl] (-CH2(CH2)3OOCC(CH3)- 
CH2)) or triethoxystyrilsilane ((OEt)3SiC6H4CH- 
CH2). Each POM ([SiWnO40(SiR)2]4~) carries 
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two bifunctional groups (R = vinyl, allyl, metha
cryl, styril) for further organic polymerization re
actions. Polymerization was performed in pres
ence of a radical initiator (AIBN, POB). Organi
cally modified POMs exhibit the following reac
tivity: SiWnSivinyl «: SiW^Siallyl < SiWHSi- 
methacryl < SiWnSistyryl.

2.3. Design of transition metal alkoxides for syn
thesis of hybrid organic-inorganic copolymers

Chemical tailoring with systems containing a 
Si-C bond cannot be directly extended to transi
tion metals because the more ionic M-C bond 
would be broken down upon hydrolysis. Organic 
modification could be performed by means of 
strong complexing ligands (SCL). The best are 
P-diketones and allied derivatives, polyhydroxyl
ated ligands such as polyols, and also a- or p-hy- 
droxyacids. Strong chelating ligands react readily 
with transition metal alkoxides as [20-22] 

M(OR)4 + SCLH M(OR)3(SCL) + ROH

(M = Ce, Ti, Zr)

(in this example SCL is a monofunctional ligand).

Therefore, complexing ligands have often been 
reported in the sol-gel literature as stabilizing 
agents for non-silicate metal alkoxides precursors 
[23-25]. Hydrolysis and condensation reactions of 
modified, M(OR)4_x(acac)J. (M = Ce, Ti, Zr; x — 
0-2) were recently studied by NMR, IR, XANES, 
EXAFS, SAXS, and QELS [26-28], Upon hydro
lysis, most of alkoxy groups are quickly removed 
while all strong complexing ligands cannot be 
completely removed. The complexing ligand plays 
a key role by acting as termination sites for con
densation and thus managing the spatial exten
sion of the transition metal-oxo core. Such behav
ior is clearly illustrated in fig. 1 which represents 
the X-ray structure of a Zr4O(OPrn)10(acac)4 
cluster obtained upon hydrolysis of the modified 
precursor Zr2(OPrn)6(acac)2 [29]. Note that many 
propoxy groups have been removed upon hydrol
ysis, while all the acetylacetonato ligands are still 
there.

Such a general behavior of SCL modified 
alkoxide precursors with respect to hydrolysis-

O (Ji4-oxo) O O (propoxo)* Zr

O(acac)

Fig. 1. Structure of Zr4O(OPr)10(acac)4.

condensation is generally observed [26]. The hy
drolysis of the SCL modified alkoxide precursors 
is much different. Hydrolysis of these modified 
systems M(OR)4_x(SCL)jc (M = Ce, Ti, Zr) yields 
sols, gels or precipitates depending on metal con
centration, hydrolysis ratio, and complexation ra
tio x = SCL/M [26,27,29,30], This latter ratio is 
the key parameter thanks to the mean hydrody
namic diameter of the particles which can be 
modulated from nano to submicronic range when 
x decreases from 1 to 0.15 [25,27,30],

Strong complexing ligands appear to be stable 
toward hydrolysis because of chelate and steric 
hindrance effects. They can be anchored to tran
sition metal oxo-polymeric backbones and allow 
one to synthesize new hybrid organic-inorganic 
networks. The use of complexing ligands appears 
to be the key point for synthesis of organic-in- 
organic copolymers involving transition metals. 
Very few papers concerning this field have been 
published [4,31-34], Some synthesis is described, 
but practically no characterization has been per
formed.
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Prehydrolized titanium butoxide (H2O/Ti = 1) 
oligomers were complexed with unsaturated or
ganic acid such as cinnamic acid (C6H5-CH- 
CH-COOH). Copolymerization of these clusters 
was then performed with styrene in presence of 
benzoyl-peroxide. Transparent brown polymers, 
insoluble in many organic solvents and very stable 
towards the action of water, were obtained [31],

Organically modified TiO2 gels, which give 
photochromic coatings, were synthesized from an 
allyl acetylacetone modified Ti(OBun)4 alkoxide 
[4], A double polymerization process was initiated 
with partial hydrolysis of the alkoxy groups and 
radical polymerization of the allyl functions. 
However polymerization of allyl function is slow 
and polymerization degree stays low.

Acrylic acid or metacrylic acid can also be 
used as polymerizable chelating ligands. This was 
recently reported for the sol-gel synthesis of high 
Tc YBa2Cu3O7_x superconducting ceramics [33] 
and for zirconium oxide based monoliths synthe
sized by UV copolymerization of zirconium oxide 
sols and organic monomers [34]. However car
boxylic ligands, which are weak ligands, are largely 
removed upon hydrolysis [35] and thus a large 
amount of the chemical bonds between organic 
and inorganic networks is lost.

Therefore a new approach was chosen with 
different functionalized chelates which present 
both a strong chelating part and a highly reactive 
methacrylate group, such as acetoacetoxyethyl
methacrylate (AAEM) and methacrylamidosali
cylic acid (MASA) (fig. 2). Synthesis and charac
terization of new hybrid copolymers made from

Fig. 2. Two examples of functionalized chelating ligands: (a) 
AAEM and (b) MASA.
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transition metal oxo-polymers chemically bonded 
to polyacetoacetoxyethylmethacrylate (PAAEM) 
are described below.

3. Experimental

Synthesis of zirconium oxo-poly(AAEM) co
polymers has was performed as follows. AAEM 
(98%) was provided by Kodak [36], Zirconium 
propoxide precursor solutions were first reacted 
with AAEM with different ratios x = AAEM/r 
(0.2 < x < 1). The zirconium concentration was 
chosen between 0.1 and 0.4M in order to obtain, 
after hydrolysis, stable sols that can be analyzed 
by light scattering techniques (see below).

Two types of experiment were performed with 
the AAEM modified zirconium(IV) propoxide 
(Zr(OPrn)4-/AAEM),; x = 0-1) solutions.

(i) Hydrolysis of the different AAEM modified 
precursor solutions was performed at 60°C with 
an hydrolysis ratio (h = /f2O/Zr) of 2, in neutral 
and basic conditions, with a radical inhibitor (hy
droquinone). Transparent sols were obtained. 
These experiments are blank tests to estimate the 
extension, without organic polymers, of the inor
ganic network upon hydrolysis-condensation re
actions. Three typical samples are presented. 
They were obtained by keeping the hydrolysis 
ratio constant (A = 2) and varying the AAEM/Zr 
molar ratio and pH. They are labeled sample A 
(x = 0.75, pH = 7), B (x = 0.5, pH = 10), and C 
(x = 0.25, pH = 10).

(ii) Both organic and inorganic polymerizations 
were managed simultaneously for the synthesis of 
hybrid organic-inorganic copolymers. They were 
performed by hydrolyzing the different AAEM 
modified precursor solutions at 60°C with an hy
drolysis ratio (h = //2O/Zr) of 2, in neutral and 
basic conditions, with a radical initiator (AIBN = 
2 wt%). Milky sols were obtained. These hybrid 
organic-inorganic samples obtained for the same 
complexation ratio and pH conditions as A, B 
and C are labeled A', B' and C'.

All sols (inorganic and hybrid organic-in- 
organic) were characterized by static and dynamic 
light scattering, TEM, SAXS, XANES, EXAFS 
and IR.
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All samples were then freeze-dried (T = 
— 10°C) in order to obtain xerogels where chemi
cal and structural modifications that can occur 
upon solvent removal are minimized. Xerogels 
corresponding to inorganic A, B, and C sols were 
labeled XA, XB, and XC, while xerogels corre
sponding to hybrid organic-inorganic A', B', and 
C' sols were labeled XA', XB', and XC'.

The xerogels were then characterized by IR, 
XANES-EXAFS, I3C CP MAS-NMR, and 
DTA-TGA. NMR experiments were carried out 
on an MSL 300 Brucker spectrometer at 75.47 
MHz for 13C. TMS was taken as 0 ppm reference. 
Infrared absorption experiments were performed 
on a Perkin-Elmer 783 spectrometer in the 
4000-200 cm1 wavenumber range. X-ray ab
sorption experiments, at the Z K-edge (17 998 
eV), were recorded at room temperature at 
LURE, the French synchrotron radiation facility, 
using the EXAFS (1.85 GeV) spectrometer 
equipped with a Si 331 ‘channel cut’ monochro
mator. Operating conditions and data analysis for 
XANES-EXAFS were reported elsewhere [26], 
Light scattering measurements were carried out 
with a He-Ne laser using a Brookhaven 
BI2030AT photo-correlator and an Amtec 
photo-goniometer. DTA-TGA measurements 
were performed under oxygen on a Netszch STA 
409 apparatus. SAXS experiments were per
formed at LURE using D22 spectrometer. Trans
mission electronic microscopy was performed on 
a Philips CM 12 microscope.

4. Results

Characterizations have been performed all the 
way from molecular Zr(OPrn)4 precursors to in
organic sols and to hybrid zirconium-oxo- 
poly(AAEM) copolymers.

4.1. Zirconium(IV) propoxide in propanol

Zr(OPrn)4 dissolved in propanol leads to sol
vated dimeric species (Zr2(OPrn)g • 2HOPrn) 
where the zirconium atom is sixfold coordinated 
in equilibrium with a small amount of monomers 
[29,37,38], The molecular structure of (Zr2

Fig. 3. Infrared spectra of (a) AAEM modified zirconium 
propoxide (x= 1) and (b) hybrid organic-inorganic copolymer 

(sample XA').

(OPrn)g • 2HOPrn) species is likely close to the 
one recently reported for the solid solvate (Zr2 
(OPr‘)g ■ 2HOPr') [38].

4.2. AAEM modified zirconium(IV) propoxide

Figure 3(a) shows the typical infrared spec
trum of AAEM modified zirconium(IV) propox
ide (Zr(OPrn)4_x(AAEM)x) species and 
Zr(OPrn)4. Strong vibrations located at 1620 and 
1520 cm-1 appear in the infrared spectra of the 
AAEM modified species. They correspond to the 
/XC = C + C = O) vibrations of the enolic form of 
P-cetoesters [39], They clearly indicate chelation 
of zirconium atoms by AAEM groups, p-diketo- 
nes and allied derivatives such as AAEM are 
known not to bridge cations and therefore it 
seems likely that the complexation with small 
value (0.2 <x < 1) preserves the dimeric structure 
of the zirconium alkoxide precursor without 
building up higher oligomers [22,26]. The AAEM 
modified precursors formula can be written 
[Zr2(OPrn)g_2x(AAEM)2jt.(HOPrn)2_ov] (x = 0- 
1).
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Fig. 4. (a) X-ray absorption spectra at the Zr K-edge of 
reference compounds in which zirconium is sixfold coordi
nated (BaZrO3, Zr(HPO4), Zr(OPrn)4), sevenfold coordi
nated (monoclinic ZrO2), or eightfold coordinated (cubic 
ZrO2, Zr(acac)4). (b) X-ray absorption spectrum of hybrid 

organic-inorganic polymer (sample A').

4.3. Hybrid organic-inorganic copolymers

Local order around the zirconium atom inside 
hybrid organic-inorganic particules was investi
gated with K-edge X-ray absorption, infrared, 
and 13 C CP MAS-NMR.

XANES spectra recorded for reference com
pounds with different zirconium(IV) oxygen coor
dination shells show a variation of the shape of 
the top of the absorption edge (s -> p) transitions) 
[40] (fig. 4(a)). Zirconium in octahedral coordina
tion, as in BaZrO3 or Zr(HPO4)2 • 2H2O, exhibits 
a splitting of these transitions, while a broad 
band is observed for sevenfold coordinated zirco
nium as in monoclinic ZrO2. Eightfold coordi
nated zirconium, as in cubic ZrO2 or Zr(acac)4, 

also exhibits non-resolved s —> p transitions. Note 
that the XANES spectrum of Zr(OPrn)4 in 
propanol exhibits a splitting of the s -> p transi
tions, which confirms the sixfold coordination for 
the zirconium atom in zirconium propoxide. The 
Zr K-edge XANES spectra are similar for all 
hydrolyzed samples, including blank tests (A, B, 
C), hybrid organic-inorganic copolymers (A', B', 
C') and the corresponding xerogels. A typical 
spectrum is shown in fig. 4(b). It is different from 
the XANES spectra of compounds where zirco
nium is coordinated by six oxygens, but close to 
those in which zirconium is in seven- or eightfold 
coordination.

Fourier transforms of the EXAFS spectra 
recorded for hydrolyzed Zr(OPrn)3 25(AAEM)0 75 
(sample A) and the corresponding hybrid or
ganic-inorganic systems (sample A') have been 
simulated. Both systems exhibit similar zirconium 
short range order. The best fit was obtained with 
three Zr-O shells (1.92 A, 2.1 A, 2.2 A) and one o
Zr-Zr shell (3.53 A). These distances are close to 
those reported for zirconium oxo-alkoxide molec
ular compounds. The short Zr-O distance is re
lated to non-hydrolyzed OPrn groups, while the 
longer distances can be assigned to Zr-O dis
tances of oxo and AAEM groups. The number of 
zirconium neighbors stays low, indicating ill or
dered open structure. One may assume that hy
drolysis of Zr(OPrn)3 25(AAEM)0 75 yields weakly 
connected oxo-polymeric species.

Infrared spectra of all xerogels exhibit the 
strong vibrations at 1620 and 1520 cm-1 which 
are characteristic of AAEM groups bounded to 
zirconium atoms (fig. 3(b)). No evidence for free 
AAEM, characterized by the p(C-O) vibrations 
of the ketonic form located at 1750 cm-1, was 
observed. Consequently, most of the AAEM is 
still bonded to zirconium atoms, thus establishing 
a chemical bond between the zirconium oxo-poly
mers and the methacrylate organic polymers. 
Moreover, a broad band located in the 600-300 
cm-1 wavenumber range appears. It corresponds 
to the p(Zr-O-Zr) vibrations characteristic of 
zirconium oxide based networks [39].

13 C CP MAS-NMR performed on inorganic 
xerogel XA and on hybrid organic-inorganic xe
rogel XA' synthesized from Zr(OPrn)325 
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(AAEM)0 75 are respectively shown in figs. 5(a) 
and 5(b). The different assignment of 13C reso
nances are also reported in fig. 5. Strong reso
nances located at 87 and 173 ppm (CH3COCH= 
COOCH2CH2OOCC(CH3)=CH2), characteristic 
of the enolic form of AAEM bonded to a metal 
atom, are present in all xerogels. These results 
confirm that AAEM are bonded to zirconium in 
agreement with IR data.

13 C NMR is a very useful technique to charac
terize organic polymerization of AAEM into

poly(AAEM). The 13C NMR spectra of the hy
brid organic-inorganic xerogel (fig. 5(b)) exhibit a 
strong resonance located at 45.5 ppm assigned to 
(CHCOCH=COCH 2CH 2OOCC(CH 3)-CH 2)„, 
the quaternary carbon of polymerized methacry
late groups. This resonance does not appear in 
the NMR spectra of inorganic xerogels (XA, XB, 
XC) (fig. 5(a)), showing that chemistry was suffi
ciently well controlled to avoid methacrylate poly
merization in blank tests even upon solvent re
moval. The intensity of 13C resonances located at 

Fig. 5. 13C CP MAS-NMR spectra of (a) inorganic xerogel XA and (b) hybrid organic-inorganic xerogel XA'
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137 and 125 ppm corresponding to sp2 carbons 
(CHCOCH=COCH2CH2OOCC(CH3)=CH2) of 
the non-polymerized methacrylate group strongly 
decreases in hybrid organic-inorganic xerogel. 
This result indicates that the organic polymeriza
tion of methylmethacrylate groups occurs. Nor
malized integration of these resonances was also 
performed to give an estimate of the rate of 
organic polymerization. About 80% of monomers 
were found to be consumed.

DTA-TGA experiments were performed on 
all xerogels between 20 and 1200°C under an 
oxygen atmosphere. DTA traces show a broad 
endothermic peak (90°C) corresponding to the

removal of physically adsorbed solvent molecules. 
It corresponds to a weight loss of about 6% for 
all xerogel (XA, XB, XC. XA', XC'). This is 
followed by two exothermic phenomena located 
around 235 and 320°C, that correspond to the 
removal and combustion of organic groups. TGA 
measurements show two weight losses in the same 
temperature range that gives an estimate of the 
amount of organic groups that remain bonded to 
zirconium atoms. Assigning second and third 
weight losses only to AAEM departure gives a 
systematic excess with respect to the initial stoi
chiometry (between 30 and 50%) for all samples 
(XA', XB', XC'), suggesting that some propoxy 

0„5 |im
Fig. 6. TEM micrograph of an hybrid organic-inorganic polymer (sample A').
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groups are still bonded to the zirconium oxo 
network. After heating, monoclinic ZrO2 was ob
tained as confirmed by X-ray diffraction.

The ZrO2 content calculated from TGA are 
reported for all xerogels in table 1. For inorganic 
xerogel (XA, XB, XC), ZrO2 content decreases 
from 55% to 47% when the complexation ratio x 
goes from 0.25 to 0.75. The same tendency was 
found for hybrid organic-inorganic xerogels (XA, 
XB', XC'), which contain less ZrO2. The ratio 
between both organic and inorganic components 
in these hybrid copolymers can thus be varied in 
a large range of values by adjusting the complexa
tion ratio AAEM/Zr.

Structure and texture of these hybrid com
pounds were investigated with light scattering, 
TEM and SAXS. The mean hydrodynamic diam
eter of the sols obtained for blank tests (A, B, C) 
and for the corresponding three hybrid organic- 
inorganic systems (A, B', C') were determined by 
quasi-elastic light scattering. A large range of size 
can be covered by adjusting complexation (x = 
AAEM/Zr), hydrolysis ratios {h = //2O/Zr), and 
pH. Weight average molecular weights, and ra
dius of gyration, were computed from Zimm or 
Yang plots [41,42] obtained from static light scat
tering experiments. Light scattering data are pre
sented in table 2.

For a given temperature, the average size (hy
drodynamic diameter or radius of gyration) of the 
inorganic zirconium oxo-polymers (blank test) in
creases from 3 nm (sample A) to about 110 nm 
(sample C) when the complexation molar ratio x 
decreases from 0.75 to 0.25. Hybrid organic-in- 
organic sols (A, B', C') exhibit larger mean sizes 
(hydrodynamic diameter, radius of gyration) and

Table 1
Oxide contents (from TGA)

Samples x = AAEM/Zr pH ZrO2 
content
(%)

XA 0.75 7 47
XB 0.50 10 47
XC 0.25 10 55
XA' 0.75 7 38
XB' 0.50 10 42
XC' 0.25 10 53

Table 2
Light scattering data

Samples x-AAEM/Zr pH
(nm) (g/mol) (nm)

A 0.75 7 3 1.2X104 a)
B 0.50 10 8 1.2X105 a)
C 0.25 10 110 4.8 X107 138
A' 0.75 7 300 2 X109 480
B' 0.50 10 550 9 X109 720
C' 0.25 10 b) b) b)

a) < À /20 cannot be determined.
b) Too large to be measured.

larger average molecular weights than those of 
the corresponding blank experiments (A, B, C), 
evidencing the formation of both inorganic and 
organic components.

A typical TEM micrograph of hybrid organic- 
inorganic polymer (sample A') is shown in fig. 6. 
The material is made of cross-linked bushy enti
ties. It shows the same aspect for all the magnifi
cations used from 3 X 103 to 8 X 105, which cor
respond to observed sizes between the microme
ter and the nanometer. Large magnification and 
nanoprobe experiments (EDS) do not show any 
composition heterogeneity down to the order of a 
few nanometers.

SAXS experiments confirm the bushy struc
ture observed by TEM. The scattered intensity, I, 
versus the scattering vector, Q- has been plotted 
as a Log /-Log Q plot. Scattering profile contin
uously decays over five decades in intensity and 
over four decades in Q (0.4 A_1-6 X 10~3 A '). 
The Q domain corresponds to distances between 
15 and 1000 Â. The slope is of about 2.7 ± 0.1. 
Such evolution of the scattering intensity can be 
related to the self-similar property of the or
ganic-inorganic copolymers, that can be de
scribed as a fractal object whose mass grows 
slightly slower than its volume. This behavior 
could be probably simulated by a poisoned Eden 
aggregation model [1].

5. Discussion

Inorganic and organic polymerization reac
tions have been managed simultaneously from 
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zirconium propoxide precursors complexed with 
AAEM ligands. Infrared and 13C CP MAS-NMR 
experiments show that hybrid organic-inorganic 
copolymers made with a zirconium oxo core and 
polymethacrylate chains are obtained. Both tech
niques indicate that zirconium oxo species are 
chemically bonded to methacrylate chains via the 
[3-diketo complexing function.

XANES-EXAFS experiments, together with 
the knowledge of the X-ray structures reported 
for many zirconium oxo-alkoxides [21,1,2] and 
modified zirconium oxo-alkoxides [29], suggest 
that zirconium is sevenfold coordinated in all 
hydrolyzed samples including hybrid organic-in
organic copolymers.

Light scattering and TGA experiments show 
that the relative extension of organic and inor
ganic components depends on the complexation 
ratio (AAEM/Zr). The ratio inorganic/organic 
increases when the complexation ratio decreases. 
For a high complexation ratio (0.75), both net
works interpenetrate intimately at the nanometer 
scale while for a low ratio (0.25) the size of the 
inorganic domains increases to the submicrome
ter range. These results confirm the general be
havior observed upon hydrolysis of modified 
alkoxide precursors [26,30]. AAEM acts as an 
inhibitor towards inorganic polymerization reac
tions. It promotes a decrease of the functionality 
and controls the spatial extension of the transi
tion metal-oxo core. TEM and SAXS experi
ments show that bushy scatterers should be a 
realistic representation of these hybrid organic- 
inorganic copolymers. A simple representation of 
these hybrid inorganic-organic copolymers based 
on the local and semi-local characterizations is 
shown in fig. 7.

Methacrylamidosalicylate (MASA) ligands ex
hibit a stronger complexing power and a higher 
steric hindrance. Therefore, for equivalent com
plexation ratios (MASA substitutes two alkoxo 
groups), simultaneous polymerizations of meth
acrylamidosalicylate modified zirconium precur
sors lead to smaller zirconium oxo-polymethacry- 
lamidosalicylate copolymers [43].

Other strategies are also feasible: copolymer
ization reactions between hybrid inorganic- 
organic systems (zirconium oxo-poly(AAEM)) and

-=f=---- f'l(OR) n--------------------------------

03 strong chelating ligand 

+0 modified alkoxide precursor

Fig. 7. Cartoon of hybrid organic-inorganic networks for 
(a) low and (b) high complexation ratio.

a third organic polymerizable component such as 
styrene [43]. Complexation of zirconium alkoxides 
with a complexing ligand carrying an azobis group 
from which radical polymerization can be initi
ated open new opportunities for making copoly
merization reactions with any type of polymeriz
able organic monomer (Styrene, MMA, etc.) [43]. 
The concept of hybrid organic-inorganic copoly
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mers, illustrated with zirconium oxide based ma
terials in this work, can be extended to many 
other non-silica sol-gel systems synthesized from 
modified transition metal, rare earth or alu
minium alkoxides precursors.

6. Conclusions

Zirconium-oxo-PAAEM copolymers have been 
synthesized by chemical modification at the 
molecular level of zirconium alkoxide precursors 
with organically functionalized chelating ligands 
such as AAEM. The complexation ratio 
(AAEM/Zr) is the key parameter which controls 
the structure and the texture of these hybrid 
materials. Careful adjustment of this parameter 
leads to zirconium oxo species with more or less 
open structures and to tailoring of the ratio be
tween organic and inorganic components. Or
ganic and inorganic growths are not independent 
and such a system probably exhibits the same 
behavior as the interpenetrating polymer network 
[44],
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Hydrolysis-condensation mechanism of a two-step sol-gel process 
of mixtures of TEOS and TEOG
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The effect of lhe addition of tetraethoxygermanate (TEOG) on the hydrolysis-condensation mechanism of a two-step 
silica sol-gel process was investigated. Gelation time versus hydrolysis time curves were recorded for mixtures of TEOS, 
ethanol and water to which TEOG was added. It was found that TEOG reacts with silanols under ethanol formation. 
Because TEOG has four reactive groups, it is efficient in cross-linking chains, which implies that, in general, its addition 
results in shorter gelation times. At high TEOG concentrations, an unexpected dissolution of the previously obtained gel 
was observed.

1. Introduction

Preforms with a core of GeO2 doped silica are 
commonly used for the preparation of optical 
fibres. These preforms are usually prepared using 
CVD techniques. The use of the sol-gel process 
has been shown to be a very advantageous pro
cess for the preparation of SiO2 preforms [1,2], 
The sol-gel method also opens the opportunity 
for the preparation of a homogenous network of 
the binary GeO2-SiO2 system [3,4],

A reduction of gelation time has been ob
served when tetraethoxygermanate (TEOG) is 
added to a tetraethoxysilicate (TEOS) system [5]. 
This was ascribed to a higher hydrolysis and 
condensation rate of the TEOG compound com
pared with those of TEOS. This phenomenon has 
been studied in this paper.

The relation between the hydrolysis time and 
gelation time gives insight into both the hydroly
sis and condensation reactions of a two-step sol
gel process of TEOS [6-10]. Gelation time versus 
hydrolysis time curves of different mixtures of 
TEOS, ethanol and water, to which different 
concentrations of TEOG were added, were 
recorded.

The two-step sol-gel process [11,12] opens the 
possibility of adding the TEOG compound during 
different stages of the sol-gel process. The TEOG 

can be added during either the basic [13] or acidic 
step and both were investigated.

2. Experimental procedure

The condensation mechanism of TEOG was 
investigated by recording hydrolysis time-gela
tion time curves of mixtures of TEOS, ethanol 
and water to which different amounts of TEOG 
were added. All experiments were performed at a 
constant temperature of 50°C.

An acidified water fraction was added to a 
TEOS-ethanoI mixture. This water fraction was 
diluted with an equal weight amount of ethanol 
to prevent immiscibility during the addition. The 
hydrolyzing TEOS, ethanol and water mixture 
had a molar ratio of 1:3.5:2. Hydrolysis was 
carried out for about 90 min, during which period 
a sample was drawn every few minutes. The spe
cific amount of a basic ethanol fraction was added 
to each sample and subsequently, after 15 s, 
followed by the addition of a TEOG-ethanol 
fraction. The samples were then poured into test 
tubes and their gelation time was determined 
visually with an accuracy of +15 s. The basic 
fraction consisted of 0.5 mol ethanol per mole 
TEOS, in which the required amount of ammonia 

0022-3093/92/S05.00 © 1992 -Elsevier Science Publishers B.V. All rights reserved
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was dissolved. The TEOG fraction consisted of x 
mol TEOG diluted in 1 mol ethanol, per mole 
TEOS. The mixtures of TEOS, ethanol, water 
and TEOG had a final molar ratio of 1:5:2: x, 
with x = 0, 0.03 and 0.20.

The hydrolysis time, tH, is defined as the time 
interval between the moment of adding the acidi
fied water fraction and the moment the basic 
fraction was added. The gelation time, tG, is 
defined as the time interval between the moment 
of addition of the basic fraction and the moment 
that, when tilting the test tube, fluidity could no 
longer be observed.

To investigate the condensation mechanism of 
TEOG in acid environment, TEOG was added to 
a mixture of TEOS, ethanol and water without 
addition of a basic fraction. For these experi
ments, the gelation time is defined as the time 
interval between the moment the TEOG fraction 
was added, and the moment no more fluidity of 
the gel was observed. The mixtures of TEOS, 
ethanol, water and TEOG had a final molar ratio 
of l:4.5:2:x, in which x was varied between 
0.10 and 1.00. As in the previous described exper
iment, the TEOG fraction was dissolved in 1 mol 
of ethanol per mole TEOS.

3. Results and discussion

The dependence of gelation time on hydrolysis 
time of a two-step sol-gel process has already 
been described [6,7], However, for the under
standing of the influence of the addition of TEOG 
on the hydrolysis and condensation mechanism of 
TEOS, the earlier results are essential. Therefore 
these previously obtained results are summarized.

In fig. 1, typical hydrolysis time-gelation time 
curves are given for hydrolysis mixtures of TEOS, 
ethanol and water, with a molar ratio of TEOS to 
water of 1:2. A decrease of the gelation time as a 
function of the hydrolysis time is followed by an 
increase and subsequently by a gradual decrease. 
At short hydrolysis times, the silanol concentra
tion increases with the hydrolysis time, according 
to
(EtO)4„Si(OH)„ + H2O

-> (EtO)3_„Si(OH),1 + 1 + EtOH, (1)

<h ------- ►
Fig. 1. Examples of typical gelation time, tG, versus hydrolysis 
time, tH, curves of TEOS, ethanol and water mixtures. Shift
ing of curve A to B is caused by lowering of the hydrolysis 
temperature or decrease in acid catalyst concentration. Shift
ing of curve A to C is caused by lowering of the gelation 
temperature, decrease in basic catalyst concentration or by an 

increase of the amount of ethanol.

for n = 0, 1, 2 and 3. In an acid environment, this 
hydrolysis reaction proceeds by an electrophilic 
reaction mechanism in which water is the proton 
carrier [14,15]. A maximum silanol concentration, 
corresponding to a minimum in the hydrolysis 
time-gelation time curves, is obtained when the 
added water is almost consumed. When water is 
present in the mixture, hydrolysis reactions are 
dominant [14,16]. In the absence of water, dimer
ization of silanols becomes the dominant reac
tion:
(RO)3-Si-OH + HO-Si(OR')3

-> (RO)3-Si-O-Si(OR')3 + H2O, (2)
where R and R' are C2H5 or H groups. The 
condensation reaction proceeds preferentially un
der water formation, which is confirmed by an 
increased gelation rate that was found for TEOS, 
ethanol and water mixtures with higher water 
contents [7,17], This results in a decrease of the 
silanol concentration and therefore in an increase 



T.N.M. Bernards et al. / Hydrolysis-condensation mechanism on TEOS-TEOG mixtures 15

in the gelation time. Water formed during the 
condensation reaction of silanols is used for the 
prolonged hydrolysis of TEOS, hydroxy-mono
mers and dimers. These hydrolyzed compounds 
will take part in the condensation reactions. The 
resulting oligomerization in the acid step is thus 
an important part of the total polymerization. 
This explains the subsequent gradual decrease of 
the gelation time in the basic step. The above
described explanation was confirmed by low tem
perature 29Si-NMR measurements [7,10].

Experimental factors such as temperature, pH 
and concentration of TEOS will determine the 
rate and distribution of the reaction products and 
therefore the shape of the gelation time versus 
hydrolysis time curves. For example, a lowering of 
hydrolysis temperature as well as a decrease in 
acid catalyst concentration will result in curve B 
(fig. 1).

In basic environment, hydrolysis and conden
sation reactions can be described by a nucle
ophilic reaction mechanism [18,19]. A lowering of 
gelation temperature and a decrease in basic 
catalyst concentration will result in curve C (fig. 
1). For curves A and B, the minimum and maxi
mum in gelation time are observed at the same 
gelation times whereas for curves A and C these 
extremes are found at constant hydrolysis times.

An increase in the amount of ethanol used in 
the mixture will also result in a shift of curve A to 
curve C. The concentration of silanols available 
for the formation of the gel network decreases 
with increasing amount of ethanol, resulting in an 
increase in gelation time. Although hydrolysis 
rate decreases with increasing amount of ethanol, 
the hydrolysis time at which the minimum in 
gelation time was found remained constant. As a 
result of a lower TEOS concentration, a smaller 
amount of TEOS has to be hydrolyzed in the 
same time.

In figs. 2 and 3 the effect of the addition of 
TEOG on gelation time versus hydrolysis time 
curves of mixtures of TEOS, ethanol and water 
are given. In both figures, lines are drawn to 
guide the eye.

In fig. 2, gelation time versus hydrolysis time 
curves are given for mixtures of TEOS, ethanol, 
water and TEOG, with a molar ratio of 1:5:2: x,

tH(min) ------- ►
Fig. 2. The relation between the gelation time, tG, and the 
hydrolysis time, tH, of TEOS, ethanol, water and TEOG 
mixtures with a final molar ratio of 1:5:2: x, for x = 0 (□), 

0.03 ( +) and 0.20 (•).

for x = 0, 0.03 and 0.20. For all compositions, an 
acid catalyst concentration of 3 X 10 ~3 M HC1 
was used. After addition of the basic fraction, the 
net ammonia concentration of the mixture was 
2.5 X 10“2 M. Immediately after addition of the 
basic fraction, the TEOG fraction was added.

Addition of TEOG results in an important 
decrease of the gelation time for all hydrolysis 
times. Rapid gelation is found for hydrolysis times 
at which almost all the added water had been 
consumed. By contrast with TEOS, TEOG need 
not be hydrolyzed in order to take part in the 
condensation process. Hydrolysis of TEOG be
fore addition to the TEOS solution will even 
diminish the effect [13]. TEOG reacts with silanols 
under ethanol formation according to
=Si-OH + EtO-Gen -> =Si-O-Ge= + EtOH

(3)

The minimum in the gelation time is shifted to 
shorter hydrolysis times in cases where TEOG is 
used. However, no differences in the value of this
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minimum was found between x = 0.03 and x = 
0.20. For gelation, a three-dimensional network 
has to be formed and therefore a formation of 
silanols with at least three hydroxy groups is 
necessary in cases where no TEOG is present. 
Gelation will only occur when a sufficient con
centration of these silanols is obtained. The addi
tion of TEOG introduces four reactive ethoxy 
groups which can take part in reaction (3). The 
cross-link function of a tri-hydroxy-silane is taken 
over by TEOG and gelation occurs at shorter 
hydrolysis times. We found [13] that, for mixtures 
with low water content, the effect of TEOG addi
tion is more distinct, because the amount of 
cross-linking silanols is very limited due to this 
low water concentration. After the minimum in 
the hydrolysis time versus gelation time curves, a 
slight increase in the gelation time was found for 
the mixture with 3 mol% TEOG, whereas for the 
mixture with 20 mol% nearly no increase was 
observed. For high TEOG concentrations, the 

decrease in silanol concentration as a result of 
dimerization is compensated by the addition of 
an efficient cross-linker.

To investigate the condensation mechanism of 
TEOG in acid environment, gelation time versus 
hydrolysis time curves were recorded of mixtures 
of TEOS, ethanol, water and TEOG with a final 
molar ratio of 1:4.5:2: x, without addition of a 
basic fraction. For the acid fraction, a HC1 con
centration of 10_ 3 M was used to reduce the 
hydrolysis rate of the TEOS mixture. The mole 
fraction of TEOG was varied between x = 0.10 
and 1.00. Again the TEOG fraction was diluted 
in 1 mol ethanol per mole TEOS.

In cases where gelation was observed, an ex
tremely short gelation time was measured. For 
TEOG concentrations < 15 mol% or > 65 mol%, 
no gelation was found at hydrolysis times be
tween 0 and 90 min. In fig. 3, gelation time versus 
hydrolysis time curves are given for x = 0.20, 0.30, 
0.40 and 0.60. After a hydrolysis time of about 22 
min, gelation was found for mixtures with 20, 30 
and 40 mol% TEOG. This shows that a minimal 
silanol concentration is necessary to obtain gela
tion. An enlargement of the region at which fast 
gelation occurs was found for increasing TEOG 
concentrations. The right boundary of the gela
tion region shifted from a hydrolysis time of 36 
min for 20 mol% via a hydrolysis time of 53 min 
for 30 mol% and ultimately to a hydrolysis time 
of 60 min for 40 mol% TEOG. At the right hand 
sides of the hydrolysis time-gelation time curves, 
an increased amount of silanols causes a captur
ing of TEOG by these silanols, resulting in 
molecules with terminal silanols which hardly gel 
in an acid environment.

Above 40 mol% TEOG, a diminishing of the 
region in which fast gelation occurs was observed. 
The left hand sides of the hydrolysis time-gela
tion time curves were shifted from a hydrolysis 
time of 22 min for 40 mol%, to a hydrolysis time 
of 28 min for 60 mol% TEOG. The right bound
ary remained at a hydrolysis time of 60 min. At 
the left boundary, the high TEOG concentration 
causes capturing of silanol by TEOG. Particles 
with terminal germanium-ethoxy groups are 
formed and they are unable to condensate with 
other silicon or germanium ethoxides.
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For TEOG concentrations > 50 mol%, gel 
dissolution was observed. After addition of the 
TEOG fraction, a stiff gel is formed which dis
solved completely into a clear fluid after a while, 
without changing any condition. The rate of dis
solution of the gel increased with increasing 
TEOG concentration. The highest rate of disso
lution was observed at hydrolysis times corre
sponding to the left and right boundaries of the 
gelation region found for the used concentration. 
That is, for a TEOG concentration of 60 mol%, 
the highest rate of dissolution of the gel was 
found at hydrolysis times of 28 min and 60 min. 
For hydrolysis times just before the left and just 
after the right boundary of the gelation region, an 
increase of the viscosity of the sol was observed 
after a while, followed by a decrease of the viscos
ity, without achieving a stiff gel.

4. Conclusions

Fast gelation was found for mixtures of TEOS 
and TEOG, which was ascribed to a condensa
tion reacion of TEOG with silanols under ethanol 
formation. Cross-linking of chains is very efficient 
because TEOG has four reactive groups.

At high TEOG concentrations, an unexpected 
dissolution of the previously obtained gel was 
observed.
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Sol-gel synthesis of phosphates

J. Livage, P. Barboux, M.T. Vandenborre, C. Schmutz and F. Taulelle
Chimie de la Matière Condensée, Université Paris VI, 4 place Jussieu, 75252 Paris, France

Phosphate and silicate materials exhibit similar structures but their solution chemistry is very different. Polyphosphates 
cannot be synthesized under ambient conditions from PO(OR)3 or PO(OH)3 solutions. More convenient PO(OH)3_X(OR)X 
precursors have been obtained via the dissolution of P2O5 in alcohols. Their reactivity towards hydrolysis and condensation 
depends on x and the alkyl group. They have been used as precursors for the sol-gel synthesis of titanium phosphates. 31P 
NMR experiments show the formation of P-O-Ti bonds during the course of the reactions.

1. Introduction

Phosphates and silicates exhibit similar crys
talline structures based on [PO4]3- or [SiO4]4" 
tetrahedral units. A wide family of condensed 
phosphates as well as silicates is known. Cor
ner-sharing tetrahedra give rise to linear 
[P„O3nhl](" + 2)~ and cyclic polyphosphates 
[P„O3n]"~. Beside their well known use as fertiliz
ers, phosphates find applications as materials of 
high technology [1]. They exhibit many interesting 
physical properties such as superionic conductiv
ity, luminescence or non-linear optics for second 
harmonic generation. Phosphate glasses are 
widely used for their laser applications. It is also 
well known that many biomaterials are based on 
phosphates such as apatites.

Despite these similarities, P(V) and Si(IV) ex
hibit very different chemical behaviors in solu
tion. The sol-gel chemistry of silicates has been 
extensively described, whereas very little is known 
about the sol-gel synthesis of phosphate materi
als. Although monophosphate species, [PO4]3-, 
are good glass formers, they do not appear to 
behave as gel formers. Condensed phosphates are 
usually prepared by thermal dehydration of or
thophosphates rather than via the hydrolysis and 
condensation of molecular precursors. Phosphate 
gels in aqueous solutions can only be obtained 
from polyphosphates and not from orthophos
phates [2],

Two types of molecular precursors are cur
rently employed: PO(OR)3 and H3PO4. How
ever, the hydrolysis of phosphate esters is very 
slow while precipitates instead of gels are ob
tained with H3PO4. Colloidal phosphates have 
been obtained only in the presence of surfactants 
[3].

This paper addresses the solution chemistry of 
phosphate esters and phosphoric acid. The hydro
lysis and condensation of these precursors is dis
cussed, showing that they cannot lead to the 
formation of condensed phosphates under usual 
conditions. The synthesis and properties of more 
convenient molecular precursors is then de
scribed and applied to the synthesis of titanium 
phosphates.

2. Phosphate precursors for sol-gel chemistry

2.1. Hydrolysis of phosphate esters PO(OR)3

Phosphate esters PO(OR)3, where R = Me, Et, 
Bu, have been used for the sol-gel synthesis of 
Nasicon ceramics [4,5] and SiO2-P2O5 glasses 
[6,7]. It has not been established whether phos
phorus participates in the polymerization, al
though some Si-O-P bonds have been observed 
by Raman spectroscopy [6] and liquid NMR 31P 
[7]. Indeed, these bonds are easily hydrolyzed and 
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only hydroxyl P-OH groups have been observed 
in SiO2-P2O5 gels [6],

The hydrolysis of metal alkoxides is a nucle
ophilic substitution and can be described accord
ing to a SN2 mechanism as follows [8]:

H
+ MS+-OR-(1)

H

H«+ Hs+
-> O-M-Os_R-(2) -> HO-M-O-(3) 

H R

HO-M + ROH.

This reaction involves three steps:
(1) nucleophilic addition of a negatively 

charged HO5 - group to a positively charged metal 
atom Ms+. This first step leads to an increase of 
the coordination number of the metal atom in the 
transition state.

(2) transfer, within the transition state, of the 
positively charged proton to a negatively charged 
OR group.

(3) departure of the positively charged proto
nated alkoxide ligand.

As a result of these reactions, OR groups are 
replaced by OH groups. The chemical reactivity 
of metal alkoxides toward hydrolysis mainly de
pends on the positive charge of the metal atom, 
SM, and its ability to increase its coordination 
number, ‘N\ Both Si(IV) and P(V) exhibit a 
saturated coordination number N = 4. However, 
phosphorus is more electronegative than silicon 
(EP = 2.11, ESi = 1.74). Therefore, the positive 
charge of silicon in Si(OEt)4 is much larger (3Si = 
+ 0.35) than the positive charge of phosphorus in 
PO(OEt)3 (<SP = +0.13). The hydrolysis of silicon 
alkoxides is very slow and hydrolysis rates are 
usually increased via acid catalysis. PO(OEt)3 
does not react with water under ambient condi
tions. Only partial hydrolysis is observed by 31P 
NMR when the alkoxide is heated under reflux 
for six weeks in the presence of an excess of 
water and H2SO4 as a catalyst.

It has to be pointed out that when ethanol is 
heated in the presence of sulfuric acid, the proto

nated alcohol may dissociate into water and olefin 
as follows:

CH3-CH2-OH

+ h+ -h2o
« CH3-CH2-OH2 « CH3-CHJ

ch2=ch2

Similar reactions could lead to the formation of 
P-OH bonds even in the absence of water. P-OH 
groups can thus be generated in situ by heating 
esters of secondary or tertiary alcohols.

The low reactivity of the phosphate esters to
wards the nucleophilic attack of P-O bonds al
lows other reactions such as the cleavage of C-O 
bonds to take place. Hydrolysis rates and mecha
nisms then depend on the nature of the ester, the 
pH and the OR group [9,10], Triesters PO(OR)3 
are slowly hydrolyzed at low pH but readily hy
drolyzed into PO(OH)(OR)2 in basic aqueous 
solutions [11]. This results from a cleavage of the 
P-O bond by nucleophilic OH- groups [9], Fur
ther hydrolysis of di- and monoesters is best 
obtained in acidic solutions since, at higher pH, 
negatively charged deprotonated species such as 
[PO(OR)2O] hardly react with OH [12].

2.2. Condensation of phosphoric acid

Pure orthophosphoric acid PO(OH)3 is a col
orless crystalline solid. In aqueous solutions, 
hydrolysis gives orthophosphoric species [Hx- 
(PO4)]<3_a)_. The phosphate anion (PO4)3- is a 
strong base (pKa =12.4) which could only be 
observed at very high pH. Under usual condi
tions, only three protonated species (x = 1, 2, 3) 
have to be taken into account as potential precur
sors for condensation.

Condensation of orthophosphoric species 
would lead to pyrophosphates (P2O7)4- as fol
lows:

2PO(OH)3 -> (OH)2-OP-O-PO(OH)2 + H2O.

This oxolation reaction can be described as a 
nucleophilic substitution. It is mainly governed by 
the negative charge of the OH group and the 
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positive charge of the metal atom. According to 
previous works [8], the following conditions have 
to be fulfilled for condensation to occur: 3OH < 0 
and SM > 0.3. The corresponding values for phos
phate precursors in aqueous solutions [Hf 
(po4)p-j:)- are reported in table 1. They show 
that in acid solutions, P-OH groups are not 
nucleophilic enough (H3PO4 is a strong acid), 
whereas at higher pH the positive charge on 
phosphorus is not high enough. As a conse
quence, condensed phosphates cannot be formed 
in aqueous solutions at room temperature. They 
are usually prepared by thermal dehydration.

Polyphosphates cannot be obtained from phos
phoric acid under ambient conditions. However, 
phosphate anions and their protonated forms 
[Hj.PO4](3_x)_ exhibit a strong complexing power 
toward most metal cations. This was clearly evi
denced during the formation of A1PO4 from 
aqueous solutions and alkoxides [13]. In both 
cases, 27A1 and 31P NMR spectra show that Al- 
OPO3 bonds are readily formed as soon as some 
phosphoric acid is added to the precursor. This is 
not observed with non-complexing anions such as 
NO+ or CIO4\ As a consequence, monophos
phates (A1PO4) rather than oxides (A12O3) are 
formed upon condensation. Many inorganic phos
phates such as Zr(HPO4)2 • H2O are currently 
obtained via the precipitation of zirconium salts 
(ZrOCl2, Zr(NO3)4) in aqueous solutions or zir
conium alkoxides (Zr(OPrn)4) in n-propanol [14],

2.3. Other molecular precursors

Condensed polyphosphates cannot be ob
tained via the hydrolysis and condensation of 
usual sol-gel precursors such as PO(OEt)3 or 
H3PO4. However, owing to the strong complexing 
ability of [HvPO4](3_x)_, monophosphates are

Table 1
Partial charge on phosphate precursors according to ref. [8]

Precursor Ôp 5oh

[H3PO4]u + 0.35 0
[h2po4]- + 0.19 -0.2
[hpo4j2- + 0.03 -0.48

o

1.5 1.0 0.5 0.0 “0.5 -1.0 -1.5(ppm)

Fig. 1. Liquid state P31 NMR spectra of P2O5 dissolved in 
n-butanol: (a) after 24 h at room temperature; (b) after 24 h 

under reflux.

rapidly formed when phosphoric acid is added to 
another metal precursor. This reaction is very fast 
and precipitation usually occurs rather than gela
tion. The sol-gel synthesis of phosphate materi
als therefore requires a search for other molecu
lar precursors such as PO(OH)3_X(OR)X that 
could be hydrolyzed faster than PO(OR)3 and 
would be less complexing than H3PO4.

Phosphoric acid H3PO4 does not react with 
alcohols within the timescale of weeks. However, 
few examples of the direct esterification of phos
phoric acid by long-chain alcohols have been re
ported. As an example, o-phenylene phosphoric 
acid is obtained from catechol.

Anhydrous P2O5 can be dissolved easily in 
alcohol. Solute species formed at room tempera
ture in a 1 M solution of P4O10 in n-butanol were 
analyzed by 31P NMR (fig. 1(a)). This spectrum 
shows two groups of peaks. The first one is made 
of three signals: a singlet (5 = 1.88 ppm), a triplet 
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(3 = 0.63 ppm) and a quintet (8= -0.28 ppm). 
They can be assigned to monomericxPO(OH)3_x- 
(OR)X species with x = 0, 1 and 2 respectively. 
The second group of peaks around 8 = - 12 ppm 
should correspond to Qj species in dimeric (8 = 
-12.8 ppm) and trimeric (8 = -11.6 ppm) phos
phate species.

The NMR spectrum becomes simple when the 
mixture is heated under reflux for 24 h. Only two 
signals are observed (fig. 1(b)) corresponding to 
an equimolar mixture of PO(OH)(OBu)2 and 
PO(OH)(OBu)2 esters. Some traces of H3PO4 
are also present.

According to literature, the reaction of molec
ular P4O]0 with BuOH involves the cleavage of 
P-O-P bonds as follows:

P4O)0 + 6BuOH -> 2PO(OR)2(OH)

+ 2PO(OR)(OH)2.

This solvolysis reaction seems to proceed faster 
with primary n-BuOH than with secondary Pr'OH 
or tertiary alcohols. A 31P NMR signal around 
8 = — 27 ppm can still be seen at room tempera
ture, corresponding to Q2 species in which one 
PO4 is linked to two other PO4 groups via P-O-P 
bonds. In the case of a tertiary alcohol such as 
Am1 OH, side reactions corresponding to internal 
dehydration lead to the formation of P-OH bonds 
so that only H3PO4 species are observed.

Adding water to the P2O5-ROH mixture dis
places the reaction towards the formation of more 
hydrolyzed species such as H3PO4. It is therefore 
possible to control the amount of PO(OH)3_V- 
(OR/ species corresponding to x = 1 or 2.

3. Reaction of phosphate precursors with tita
nium alkoxides

3.1. PO(OEt)3 + Ti(OEt)4

No reaction occurs when PO(OEt)3 is mixed 
with Ti(OEt)4 in ethanol. A single 31P NMR 
signal is observed at 8 = -0.37 ppm. It is made 
of seven peaks arising from the coupling with the 
six equivalent hydrogen atoms of three CH2 

groups close to phosphorus. In the presence of 
water, the titanium alkoxide is rapidly hydrolyzed 
giving titanium dioxide, whereas PO(OEt)3 does 
not react at all, even with Ti-OH groups.

3.2. H3PO4 + Ti(OEt)4

A white gelatinous precipitate is readily formed 
when an excess of H3PO4 is added to a solution 
of Ti(OEt)4 in ethanol (1 mol I-1). The reaction 
is very fast and for a ratio P/Ti = 2 a poorly 
crystallized product is obtained that corresponds 
to the lamellar a-Ti(HPO4)2,H2O phase. Crystal
lization improves upon aging and a sharp diffrac
tion pattern is obtained after one week at 60°C or 
several weeks at room temperature [14],

A more detailed analysis of this reaction was 
made for different P/Ti ratios by mixing molar 
solutions of H3PO4 and Ti(OEt)4 in ethanol. 
Precipitates were dried for 48 h at 80°C and 
studied by solid state 31P MAS-NMR. A sharp 
peak close to 8 = —20 ppm is observed for P/Ti 
= 2 (fig. 2(a)). It corresponds to [HPO4]2_ groups 
in a-Ti(HPO4)2,H2O where all Ti atoms are sur
rounded by six Ti-O-P bonds. [PO4] tetrahedra 
correspond to Q3 species; they share three cor
ners with [TiO6] units.

Several peaks, around —5, —10 and —15 ppm, 
are observed when P/Ti < 2 (fig. 2(b)). They are 
displaced toward higher fields as the ratio P/Ti 
increases. They could be assigned to [PO4] groups 
of increasing connectivity corresponding to the 
formation of Ti-O-P bonds rather than Ti-O-Ti 
bonds. This is a direct consequence of the com
plexing ability of phosphate anions.

3.3. Reaction of PO(OH)3 _ ,(OEt)x with Ti(OEt)4

Precipitation does not occur when PO- 
(OH)3_A(OEt)A precursors (x = 1, 2), obtained by 
dissolving P2O5 in EtOH, are added to a molar 
solution of Ti(OEt)4. A white opaque gel is 
formed for P/Ti = 2 and a clear sol for P/Ti = 1. 
Gels are also formed when water is added (A = 4); 
hydrolysis does not lead to precipitation. Mono- 
and di-ester precursors therefore seem to be con
venient for making gels or viscous solutions. Sev-
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(ppm)

Fig. 2. Solid State P31 MAS-NMR spectra of the precipitate 
resulting from the reaction of titanium ethoxide with (a) 
H3PO4, P/Ti = 2; (b) H3PO4, P/Ti = 1; (c) P2O5 dissolved in 

ethanol under reflux, P/Ti = 1.

eral peaks attributed to Qo, Qx, Q2 and Q3 
species are observed in the 31P MAS-NMR spec
trum of the P/Ti = 2 xerogel (fig. 2(c)). This 
demonstrates the decrease in reactivity as com
pared with phosphoric acid H3PO4 which for the 
same ratio P/Ti (fig. 2(a)) gives only Q3 species.

4. Conclusions

Despite many structural similarities, silicates 
and phosphates exhibit completely different 
chemical behaviors in solution.

Phosphate esters PO(OR)3 are very stable to
ward water. They cannot be hydrolyzed under 
ambient conditions. It is well known that most 
essential chemicals in life processes are phos
phate esters (DNA, RNA, AMP,...). Many bio
logical reactions involve the hydrolysis of these 
phosphate esters. However, it has to be pointed 
out that such hydrolysis reactions are only possi
ble (at room temperature) in the presence of 
enzyme catalysts, many of which contain transi
tion metal ions.

Phosphoric acid does not give rise to conden
sation reactions at room temperature. Natural 
phosphates are all orthophosphates. Condensed 
phosphates are usually prepared by dehydration 
of orthophosphates above 300°C. However, owing 
to the strong complexing ability of phosphates, 
monophosphates are readily formed with other 
metals.

Phosphate esters PO(OR)3 or phosphoric acid 
PO(OH)3 cannot be used for the sol-gel synthe
sis of phosphate materials. The former cannot be 
easily hydrolyzed whereas the second reacts too 
fast and leads to precipitation rather than gela
tion.

We have shown that more convenient precur
sors could been obtained by dissolving P2O5 into 
alcohols [15], Different PO(OH)3 _A.(OR)A. species 
are formed which exhibit chemical reactivities 
intermediate between PO(OR)3 and PO(OH)3.

However, this is not the only possibility for the 
synthesis of phosphates from molecular precur
sors. Alkyl phosphites P(OR)3 for instance are 
hydrolyzed much faster than alkyl phosphates 
PO(OR)3 and could therefore be preferentially 
used as molecular precursor [16],

Phosphoryl chloride POC13 could also be used 
as a convenient precursor. It reacts with alkoxide 
groups as follows:
M-OR + C1-POC12 -> M-O-POC12 + RC1.

Reactions with phosphate esters M = P [17] or 
silicon alkoxides M = Si [18] have already been 
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described in the literature. They could be easily 
extended to other systems. Similar results have 
also been reported when a metal chloride reacts 
with a phosphate ester:
M-Cl + RO-PO(OR)2

->M-O-PO(OR)2 + RC1,
M = Si [18] or Co [19].
These reactions, carried out in anhydrous con

ditions, provide good opportunities for the syn
thesis of polyphosphates.

Like silicon, phosphorus offers a wide range of 
organic derivatives such as phosphonates which 
could be used for the sol-gel synthesis of hybrid 
organic-inorganic materials. Interesting results 
have already been reported for lamellar phospho
nates of tetravalent metal ions [20,21].
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Polysiloxane formation from a tetraethoxysilane-ethyl 
alcohol-oxalic acid system

Yoshiyuki Sugahara, Shuji Sato, Kazuyuki Kuroda and Chuzo Kato
Department of Applied Chemistry, School of Science and Engineering, Waseda University, Ohkubo-3, Shinjuku-ku, Tokyo 169, 
Japan

Polysiloxane formation in a tetraethoxysilane (TEOS)-ethyl alcohol (EtOD(H))-oxalic acid (OA) system without the 
addition of water was investigated by 29Si nuclear magnetic resonance spectroscopy (29Si-NMR). In the system with 
TEOS:EtOD(H):OA = 1:6:1, considerable amounts of linear oligosiloxanes possessing only ethoxy groups formed, and 
(EtO)3SiOSi(OEt)3, (EtO)3SiOSi(OEt)2OSi(OEt)3, and (EtO)3Si(OSi(OEt)2)2OSi(OEt)3 were identified. When the amount 
of OA increased to TEOS: EtOD(H): OA = 1:6:2, the polymerization rate increased considerably. The observed Si-species 
scarcely possessed hydroxyls, suggesting unique siloxane formation in this system.

1. Introduction

Sol-gel processing of silica and silicates from 
tetra-functional alkoxysilanes (typically te
traethoxysilane (TEOS) and tetramethoxysilane 
(TMOS)) has attracted much attention, since it 
has advantages for low-temperature syntheses of 
glasses and hybrid materials. Reactions are initi
ated by the hydrolysis of alkoxysilanes, which are 
followed by the polycondensation processes be
tween two silanol groups or between one silanol 
group and one alkoxy group [1]:
=SiOR + H2O =SiOH + ROH

(R = CH3, C2H5, etc.)
=SiOH + HOSis -> =SiOSiH + H2O 
=SiOR + HOSi= -> =SiOSi= + ROH
Since water is the essential component for silox
ane-bond formation from alkoxysilanes, there 
have been no attempts on the sol-gel processes 
of alkoxysilanes in non-aqueous systems. Gelation 
of silica particles in non-aqueous media was pos
sible by dispersing colloidal silica [2] or fine silica 
particles [3] in organic solvents.

Sol-gel reactions of alkoxysilanes are usually 
conducted in alkoxysilane-alcohol-water-cata- 

lyst systems [1], A variety of mineral acids (typi
cally HCI) and organic acids, as well as bases 
(e.g., NH3), have been used as catalysts-[4]. Car
boxylic acids are typical organic acids, and acetic 
acid (AcOH) [5,6] and malonic acid [6] have been 
applied to sol-gel processes. Jada [7] has pro
posed a new process to control the hydrolysis 
reaction by repeated addition of AcOH in a 
TEOS-ethyl alcohol-water-HCl system.

Among various analytical techniques applica
ble to sol-gel processes, 29 Si-nuclear magnetic 
resonance spectroscopy (NMR) is a powerful tool 
to monitor the reactions and identify monomers 
and oligomers which appear at the initial stages 
of hydrolysis and polycondensation processes [8], 
Signal positions basically depend on the number 
of siloxane bonds attached to silicon, and such 
signal regions are further divided into sub-regions 
characterized by the number of alkoxy groups 
attached to silicon. Signals of middle groups in 
cyclic oligomers are easily identified because of 
their downfield shifts from the middle group re
gion for linear species.

This paper first describes the preliminary re
sults on polysiloxane formation conducted in a 
non-aqueous system composed of TEOS-ethyl 
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alcohol-oxalic acid ((COOH)2, OA). Silicon-29 
NMR was mainly used to monitor the reactions, 
and a gas chromatographic-mass spectrometric 
(GC-MS) study was also performed to confirm 
the NMR observations.

2. Experimental

TEOS, OA, malonic acid (HOOCCH2COOH), 
and AcOH (CH3COOH, 99.5%) were used as 
received. C2H5OD (EtOD; Aldrich) was used for 
the NMR study to obtain NMR lock signals, 
whereas C2H5OH (EtOH) was used for GC and 
GC-MS studies. A trace amount of Cr(CH2CO

CH2COCH3)3 (Cr(acac)3) was used to shorten 
the relaxation time of Si-species during the NMR 
measurement.

Reactions were conducted in two samples 
(TEOS: EtOD(H): OAfmolar ratio) = 1:6:1 and 
1:6:2). To prepare a sample solution, 
EtOD(H)/OA, and Cr(acac)3 (NMR samples 
only) were mixed in advance, and TEOS was 
added to the solution dropwise. For NMR mea
surements within 5 h, the sample solution was 
transferred to a 10 mm glass NMR tube after 
mixing for 3 min and left in the NMR instrument, 
whereas NMR and GC-MS samples for the reac
tion time of 1 or 3 days were continuously stirred 
until the measurements.
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Fig. 1. Silicon-29 NMR spectra of the solution in the TEOS-EtOD-OA system (TEOS:EtOD: OA = 1:6:1) after different reaction 
time: (a) 15 min, (b) 1 h, (c) 5 h, (d) 1 day, and (e) 3 days.
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Silicon-29 NMR spectra were obtained using a 
JEOL NM-GSX400 at 79.42 MHz at ambient 
temperature. The time required for each mea
surement was ~ 3 min, and chemical shifts were 
quoted with respect to external tetramethylsilane 
(TMS). Other details of the NMR measurement 
have been described elsewhere [9], The GC anal
ysis was performed using a Shimadzu GC-8A 
gas-liquid chromatograph equipped with a hy
drogen flame ionization detector. The GC-MS 
study was conducted using a JEOL JMS DX-300 
instrument, and its experimental details were the 
same as those in the previous study [10],

3. Results and discussion

Figure 1 shows the variation of the 29Si-NMR 
spectra in the TEOS: EtOD: OA = 1:6:1 sys
tem. In order to define silicon circumstances, 
Q("m-OH), which represents a (O05>„(HO)m- 
Si(OEt)4_„_m unit, is used in this paper. After 15 
min, signals were observed at the Q(0_Oh) from 
-89 to about —90 ppm, signals c-e) and Q20_oh) 
(-----97 ppm, signal f and signal g) regions, indi
cating the formation of siloxane bonds. In the Q° 
region, as well as the TEOS signal at —82 ppm 
(signal b), only very weak signal a, ascribable to 
Q(°i-oh) species, was detected at -79.4 ppm. As 
the reactions proceeded, the Q1 and Q2 signals 
(including signal h appearing in the Q20_Oh) re" 
gion after 1 h) grew and correspondingly the 
intensity of signal b due to TEOS decreased. 
After 3 days, only the Q(o_oh) and Q(o-oh> sili
cons were observed in oligomers and polymers,

Fig. 2. Gas chromatogram of the solution allowed to react for
1 day in the TEOS-EtOH-OA system (TEOS: EtOH: OA = 

1:6:1).

Table 1
The assignments of GC peaks in fig. 2

Peak m / e,
[M] +

m/e, 
[M- 45]+

Formula 
(molecular weight)

Aa) _ b) - Si(OC2H5)4 (208)
B _ b) 297 Si2O(OC2H5)6 (342)
C _ b) 431 Si3O2(OC2H5)8 (476)
D 610 565 Si4O3(OC2H5)10 (610)

a) Peak A was assigned on the basis of retention time.
b) No peaks corresponding to molecular ions were observed.

and no additional Q° signals appeared. In addi
tion to these signals, a very weak signal due to the 
tri-substituted (branched) group (Q(30_OH)) was 
detected at-----104 ppm, indicating that most of
the soluble species were linear.

Figure 2 shows a typical gas chromatogram in 
the system with TEOS: EtOH: OA =1:6:1. The 
first peak was due to EtOH, and the second one 
(peak A) was ascribed to TEOS. Peaks B-D were 
assigned using the GC-MS results as follows. 
With respect to peak B, the major ion was ob
served at m/e = 297, which can be considered as 
an [m — 45]+ ion (corresponding to the loss of 
ethoxy radical from the molecular ion) of 
Q(o-oh)Q(o-oh) (MW, 342). Similarly, as summa
rized in table 1, peak C and peak D were as
cribed to linear oligomers Q(0-Oh/Q(0 -OH)Xi 
Q(o-oh) (where n = 1, 2) on the basis of the \m — 
45]+ ions. Weak peaks appearing just before 
peaks A-D seemed to be ascribed to correspond
ing species possessing one (or more) hydroxyl, 
although only one such monomer was detected by 
29Si-NMR. The peaks having longer retention 
times appeared to be due to polysiloxanes larger 
than tetramer. These NMR and GC-MS results 
indicate the formation of oligosiloxanes possess
ing only ethoxy groups. In addition, the behavior 
of the intensity of peak A was not consistent with 
that of the NMR signal due to TEOS (signal b), 
and a GC-MS study revealed that the peak due 
to ethyl oxalate ((COOC2H5)2) overlapped with 
peak A.

Some of the labeled Q1 and Q2 signals in fig. 1 
were assigned and their behavior was discussed 
using an enlarged profile of fig. 1 (fig. 3). Previ
ous reports on Q(10_oh)(Q(o-oh)\Q(0-oh) (« 2)
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Fig. 3. Enlarged profile of 29Si-NMR spectra of the solution in the TEOS-EtOD-OA system (TEOS: EtOD: OA = 1:6:1) after 
different reaction time (Q1 and Q2 regions): (a) 15 min, (b) 1 h, (c) 5 h, (d) 1 day, and (e) 3 days.

[11-13] showed that the Q(o_oh) signals of the 
trimer and the tetramer showed very similar 
chemical shifts, whereas that of the dimer was 
slightly shifted downfield. Hence, signal c was 
due to the dimer Q(o_oh)Q(o-oh)’ and s'Snal d 
was assigned to both the trimer Q(o-oh)Q(o-oh) 
QJo-oh) and the tetramer Q^oh/Gco-oh))?- 
Q(o_oh>- These assignments were supported by 
the fact that signal d was much more intense than 
any other signals, because, if signal d was as

cribed only to the trimer or the tetramer, a corre
sponding Q2 signal would show half or similar 
intensity. According to previous reports [11,13], 
signal f and signal g were also ascribed to the 
trimer and the tetramer, respectively. Thus, the 
relative amount of the dimer decreased and those 
of the trimer and the tetramer increased, even if 
a considerable amount of TEOS was present. The 
GC results were consistent with such behavior, 
since dimer/trimer and dimer/tetramer ratios 

Table 2
The assignments of the 29Si-NMR signals observed in the TEOS-EtOD-OA system

Signal Structure Formula

a rjO
G(l-OH) Si(OH)(OC2H5)3

b ^(O-OH) Si(OC2H5)4

c Q(0 -OH)Q?0- OH) (EtO)3SiOSi(OEt)3

d i Q(0-OH)Q(0-OH)Q(0-OH) (EtO)3SiOSi(OEt)2OSi(OEt)3

\ Q(0-OH)1Q20-OH))2Q(0-OH) (EtO)3Si(OSi(OEt)2)2OSi(OEt)3

f Q(0-OH)Q(20-OH)Q(0-OH) (EtO)3SiOSi(OEt)2OSi(OEt)3

g Q(0-OH)lQ(0-OHp2Q(0-OH) (EtO)3Si(OSi(OEt)2)2OSi(OEt)3
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(based on the peak area ratio) continuously de
creased as the reactions proceeded. These assign
ments are listed in table 2. In addition, signal e 
and signal h were tentatively ascribed to larger 
polysiloxanes, whose presence was indicated by 
GC peaks with longer retention times (fig. 2).

In the system with TEOS: EtOD : OA = 1:6:2, 
the TEOS signal disappeared after 3 h, indicating 
a drastic increase in the polymerization rate (fig. 
4). In the Q1 and Q2 regions, the Q(o_oh) and 
Q(o-oh) signals were mainly observed, and addi
tional weak signals at-----87 and----- 94 ppm
were assigned to the Q^.oh) and Qp-oH) species, 
respectively. A considerable amount of the cyclic 
tetramer (~ — 96 ppm, Q^) and small amounts 
of the cyclic trimer (~ -89 ppm, Qfc) and the 

Q(0-oh) uni* —104 to —105 ppm) were also 
detected.

To obtain information on the role of OA, 
other carboxylic acids were used in stead of OA. 
When malonic acid was utilized as another dicar
boxylic acid, similar polycondensation occurred, 
although the reaction rate became much slower. 
In the TEOS-EtOD(H)-AcOH system, substitu
tion reaction mainly occurred to form Si(OEt)3 
(OAc), consistent with the previous reports 
[14,15],

The fact that only a trace of silanols was 
detected by 29Si-NMR during the polycondensa
tion is the key feature of this system, because, 
when the siloxane formation in the present sys
tem followed the usual polycondensation process,

Fig. 4. Silicon-29 NMR spectra of the solution in the TEOS-EtOD-OA system (TEOS: EtOD: OA = 1:6:2) after different 
reaction time: (a) 15 min, (b) 1 h, and (c) 3 h.
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silanols were absolutely necessary. For silanol 
formation, simple hydrolysis should be consid
ered, since a trace of water can contaminate the 
starting materials. Water may form by esterifica
tion, since water formation via similar mecha
nisms to form ethyl acetate (EtOAc) was assumed 
in the TEOS-AcOH and TEOS-EtOH-water- 
HCl-AcOH systems [7,14]:
AcOH + EtOH —> AcOEt -I- H2O.

In addition, another mechanism for silanol for
mation is also possible, since Pope and Macken
zie [5] proposed the following reaction for 
AcOH-catalyzed polycondensation of TEOS: 
Si(OEt)3(OAc) + EtOH

-> Si(OEt)3(OH) + AcOEt.
Because ethyl oxalate formed in the present sys
tem, reactions similar to those proposed for the 
AcOH systems could occur in the present OA 
system.

In the usual aqueous systems, certain amounts 
of silanol-terminated species are present (even 
with H2O/TEOS = 0.5 [16]),since only a part of 
silanols are involved in the polycondensation re
actions. In the present system, however, most of 
the observed species were ethoxy-terminated 
oligomers. When polycondensation occurred via 
silanol formation as described above, this phe
nomenon can be explained by the assumption 
that formed silanols were consumed immediately 
via an additional mechanism. The fact that only 
dicarboxylic acids were effective for siloxane for
mation implied the possibility of an alternative 
mechanism, such as polycondensation involving 
an intermediate. Since all 29Si-NMR signals can 
be assigned to the species containing silanol 
and/or ethoxy groups, the mechanism involving 
such an intermediate is rather speculative and 
further work is planned to clarify the reaction 
mechanism.

4. Conclusion

Novel polysiloxane formation in the TEOS- 
C2H5OD(H)-(COOH)2 system was investigated. 
Linear oligosiloxanes possessing only ethoxy 

groups were mainly detected, indicating a very 
small population of silanols. Hence, the polycon
densation in the present system appeared to be 
different from that in usual silanol-abundant sys
tems. Such characteristics of the present system 
were clearly ascribed to the initial composition. 
Because these oligosiloxanes obtained in this 
study can be used as new starting materials for 
sol-gel processes, the present results provide a 
new way for molecular design of ceramics by 
these processes.

The authors wish to express their sincere 
thanks to S. Kim for GC-MS measurement. Y.S. 
would like to thank TEPCO Research Fund, As
sistance of International Information Exchange, 
for financial support.
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Hydrolysis of tetraethoxysilane in a liquid crystal,
in a microemulsion and in a solution

Stig E. Friberg and Zhuning Ma
Department of Chemistry, Clarkson University, Potsdam, NY 13699-5810, USA

Tetraethoxysilane (TEOS) was reacted with water in a lamellar liquid crystal, in an oil-continuous microemulsion and in a 
solution. The location of TEOS in the liquid crystal was determined using low angle X-ray diffraction and the reaction path 
was followed by the NMR signal from the silicon nucleus. The results showed the TEOS to be located in the hydrophobic 
part of the liquid crystalline structure and that the reaction was highly influenced by the organized environment in the liquid 
crystal and in the microemulsion. In none of these structures could the traditional Q1; Q2, and Q3 be found; the hydrolysis 
reaction once initiated immediately continued, forming Si(OH)4 and SiO2. The Si(OH)4 was detected only in the liquid 
crystalline structure.

1. Introduction

The sol/gel process has been applied using 
different materials [1-7] such as:

(a) sodium silicate and acidic solution,
(b) metal salt solution and hexamethylene te

tramine and urea,
(c) metal alkoxides in organic solvents,
(d) aqueous sols of hydrous metal oxides, and
(e) aqueous solution of organic polymers.

The main interest has been in method (c), metal 
alkoxides in organic solvents, and the literature in 
that area is by now extensive with review articles 
[8-13] as well as special publications covering the 
chemistry of the precursors [13-15] and the hy
drolysis reaction [13-15] exemplified by:

Si(OC2H5)4 + 4H2O Si(OH)4 + 4C2H5OH.
(1)

Other publications [16-21] cover the gelation
gelation _ _

Si(OH)4 -------> SiO2 + 2H2O (2)

as well as the properties of the gel [22,23], espe
cially its chemical reactions [24].

The evaporation of solvent [25] causes shrink
age and is accompanied by cracking problems, 

but special additives may alleviate these [26-29], 
The final process has also been covered [30-33]. 
The sol/gel process has decisive advantages which 
are the reasons for its spectacular success in the 
last two decades. The most important one is the 
fact that the process allows oxide materials of 
extreme purity to be formed which is a factor that 
is not only an advantage but a necessity for the 
application with electronics and areas of high 
energy optics. Traditional sol-gel technology has 
the disadvantage of high cost because the less 
expensive inorganic compounds are not soluble in 
the organic solvents (alcohols) used as vehicles 
for the reaction. One solution of this problem is 
in the form of water-in-oil (W/O) microemul
sions [34] which dissolve extremely high amounts 
of ordinary metal salts.

This change of reaction medium from a molec
ular solution to an organized solution [35,36] in 
the form of a microemulsion prompted us to 
investigate the influence of the structural organi
zation on the hydrolysis and subsequent conden
sation of TEOS. The first investigation of chemi
cal reactions in organized systems was published 
early for water continuous systems [35] and later 
in oil continuous systems [36] and in liquid crys
tals [37],

0022-3093/92/505.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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Reaction in water-based systems is too fast to 
be conveniently analyzed and the ethanol formed 
destroys the organization [37]. The present inves
tigations were, hence, made in systems in which 
the water is replaced by a polar organic sub
stance, ethylene glycol. The lyotropic liquid crys
tals based on a polar organic solvent instead of 
water were introduced rather late [38], the mi
croemulsions even later [39-41].

In the present investigation, the reactions took 
place in a liquid crystal based on lecithin and 
ethylene glycol; the toluene/ethylene glycol mi
croemulsion was stabilized by a sodium dodecyl 
sulfate/octanol combination and ethylene glycol 
as a solvent for the solution.

2. Experimental

Chemicals used were tetraethylorthosilicate 
(Si(OEt)4) from Aldrich Chemical Company 
(99+%), electron grade, ethyleneglycol, analytical 
reagent, and Toluene, analytical reagent, both 

from Millinckrodt Company, octanol anhydrous, 
99+% from Aldrich Chemical Company, and 
lecithin with purity 95+ % extracted from soy
beans. The chemicals were used without further 
purification. Sodium dodecyl sulfate (SDS) from 
BDH Chemical was recrystallized from absolute 
ethanol. The water was deionized and doubly 
distilled. Hydrochloric acid (HC1) from Baker 
Chemical (36.5-38%), Baker Analytical reagent, 
was used to adjust the water to pH2.

A Bruker AF-250 MH2 and JEOL-FX900 
MH 2 NMR were used to trace 29 Si during the 
reaction and gelation. X-ray diffraction was done 
by a Kiessing low-angle camera from Richard 
Seifert. Ni filtered Cu radiation was used and the 
reflection determined by a Tennelec position sen
sitive detection system (Model PSD-1100).

Lecithin and ethyleneglycol were mixed until 
they formed a liquid crystal phase, to which the 
TEOS was added. The microemulsion of eth
yleneglycol, SDS and octanol/toluene (50/50 
by weight) was made, in the weight ratio 
29.0:13.1:29.8, respectively. When TEOS was 

Fig. 1. The interlayer spacings for the lecithin/ethylene glycol liquid crystals with varied amounts of tetraethoxysilane plus water.
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added, the system remained a clear and transpar
ent microemulsion, as well as after addition of 
water.

3. Results

The low angle X-ray data gives the interlayer 
spacing (if, fig. 3) directly. These values vary with 
the chain length. The interlayer spacings for the 
lecithin/ethylene glycol liquid crystals with varied 
amounts of tetraethoxysilane plus water added as 
shown in fig. 1. The figure reveals the trend in 
interlayer spacing. The greater the amount of 
tetraethoxysilane and water, the greater the inter
layer spacing. The maximum values reached were 
in excess of 78 which should be compared with 

the value of 57 for the ethylene glycol/lecithin 
combination at the ethylene glycol/lecithin vol
ume ratio of 1.1.

The NMR signal from the silicon nucleus is 
shown in fig. 2 for different times after mixing for 
the liquid crystal, the microemulsion and the so
lution. Signals in the liquid crystal were limited to 
that from the original TEOS, the signal from 
Si(OH)4 and the broad signal from the SiO2. The 
latter was partially due to the glass tube used in 
NMR.

The microemulsion signal was limited to that 
from the original TEOS and the wide signal from 
the SiO2 structure. In this case, the signal from 
the TEOS reached zero at 2 days. The ethylene 
glycol solution gave a wide spectrum of signals. 
The signal from TEOS was accompanied by the 

TEOS reacted with WATER fa the LIQUID CRYSTAL of LECITHIN & ETHYLENE GLYCOL

TEOS reacted with WATER fa the microemulsion of ETHYLENE GLYCOL SDS & OCTANOLTOLUENE

I hr.

20 1'0 0 10 50 30

2 hrs.

101'0 d TO2b 3O

TEOS reacted with WATER fa LIQUID (ETHYLENE GLYCOL)

Fig. 2. The NMR signal from the silicon nucleus for different times after mixing for the liquid crystal, the microemulsion and the 
solution.
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signals from Si(OH)4, SiOH(EtO)3 as well as 
several signals of (RO)3Si-O-Si(RO)3(Q1) and 
(RO3)Si-O-Si(OR)2-O-Si(OR)3(Q2).'

4. Discussion

The essential information from the results is 
the difference in reaction rates and paths for the 
three systems (fig. 2). The reactions in the two 
organized systems were characterized by an ab
sence of oligomeric species Qj-Q3. In the mi
croemulsion system, in addition, the silicic acid 
Si(OH)4 was not detectable, while its signal in the 
liquid crystal was significant.

The results, hence, indicate the following 
trends for the reactions. In the solution, the pre
sent results agree with earlier information [6],

The reactions in the liquid crystalline phase 
and in the microemulsion, on the other hand, are 
influenced by the fact that the TEOS and the 
water are initially localized within the non-polar 
and polar colloidal compartments. This intuitive 
opinion is confirmed by the results of the low 
angle X-ray diffraction patterns. These were 
translated to interlayer spacings (fig. 1) which, in 
turn, provide information about the location of 
the two reactants, the water and the TEOS, ac
cording to the following analysis.

The principle for the calculation of the loca
tion of a molecule in the lamellar liquid crystal is

Fig. 3. The lamellar liquid crystal.

the use of the change of interlayer spacing with 
the amount of the added molecule. A polar 
molecule localized in the space A (fig. 3) or a 
non-polar one to space C (fig. 3) will change the 
interlayer spacing, d, according to

¿7 = d0(l + </>A/<7>s) (3)
in which d0 is the interlayer spacing extrapolated 
to zero volume fraction of the added substance, 
<7>a, and d>s is the volume fraction of surfactant. 
With a fraction a of the added substance pene
trating into region B (fig. 3), the interlayer spac
ing, d, may be described as

¿7 = i/0{l + (1-a)(<7>A/</>s)}, (4)

Table 1
Penetration, a, and interlayer spacing, d0, values in the complete system

Volume ratios “eg (EG/T + L + W) Volume ratio W/T + L T/L

aT/L W/T W/CT + L) d0 a

0.3 0.081 (1)a) 0.50 38.2 0.019
0.161 (2) 0.40 37.5 0.037 39.1 1.23 0.43
0.242 (3) 0.30 36.5 0.056

0.4 0.081(1) 0.19 36.2 0.023
0.161 (2) 0.12 36.0 0.046 36.7 1.08 0.83
0.242 (3) 0.065 35.5 0.069

0.5 0.081 (1) -0.006 35.4 0.027
0.161 (2) -0.02 35.2 0.054 35.5 1.03 0.93
0.242 (3) -0.13 35.1 0.081

0 0 0.41 34.3

W, Water; T, TEOS; L, lecithin; EG, ethylene glycol. 
a) Numbers within parentheses show molar W/T ratios.
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X
39 X

o 0.5 1.0

Volume ratio

Water/'( Lecithin + Tetraethoxvsilane)

Fig. 4. The interlayer spacing for the lecithin/tetraethoxysi- 
lane liquid crystal with varied amount of water. O, T/L = 0.3; 

X, T/L = 0.4; ▼ , T/L = 0.5.

where a = 0 means no penetration and eq. (1) 
follows, and a = 1 means all the added substance 
penetrates into the space between amphiphiles 
(B, fig. 3) and
d = d0. (5)

Applying these concepts to the results in fig. 1, 
the following information is obtained.

Penetration of ethylene glycol into the com
plete system is calculated from the slopes in fig.
1. The results show a strong influence on this 
penetration both by the TEOS and the water 
(table 1). The trends are that TEOS contents at a 
level of TEOS/lecithin (weight ratio) = 0.3 did 
not reduce the ethylene glycol penetration. With
out TEOS, a = 0.41; with TEOS, the values are 
in the range 0.3-0.5. A significant amount of 
TEOS was obviously located between the methyl 
groups, as shown by the variation of the d0 values 
(table 1). For larger amounts of TEOS, this reser
voir was filled and now increased amounts of 
TEOS caused a marked reduction of the ethylene 
glycol penetration (table 1). The second trend 
was that increasing the water content also caused 
a reduction of the penetration of the ethylene 
glycol, while the water gave a complete penetra
tion for the values extrapolated to zero ethylene 
glycol content (fig 4). Both these trends are ex
pected.

This analysis, showing the initial location of 
the water in the polar part and the TEOS in the 
non-polar part of the structures, explains the 
results in fig. 2. A molecule of TEOS that is 
brought into touch with the water initially forms 
SiOH(C2H5O)3. This compound is a polar 
molecule and, hence, remains in the polar part 
(A, fig. 3); consequently, this molecule is strongly 
favored for continued hydrolysis. The NMR spec
tra in fig. 2 show no mixed species present in 
the liquid crystalline phase, only Si(OC2H5)4, 
Si(OH)4 and SiO2, in complete accordance with 
this mechanism. Obviously the rate of the hydrol
ysis step is comparable to that of the condensa
tion reaction.

The reaction in the microemulsion was similar 
in that no significant amounts of mixed ethoxy 
hydroxysilanes were detected. The difference was 
in the absence of the Si(OH)4 in the microemul
sion system. The conclusion is similar to that for 
the liquid crystalline phase. Once the reaction 
was initiated, it continued on the same molecule. 
However, in the microemulsion media the con
densation step was faster than the hydrolysis one 
and this fact merits explanation.

The slower rate of condensation in the liquid 
crystalline phase may be understood against the 
diffusion paths in it. The diffusion is concen
trated to the direction parallel to the lamellar its 
rate perpendicular to them is approximately three 
magnitudes lower. The result is that the conden
sation reaction is limited to a mechanism in which 
the Si(OH)4 moves in a two-dimensional pattern 
in the liquid crystal. In the microemulsion, on the 
other hand, its droplets diffuse freely in the liquid 
and the condensation reaction may take place 
involving hydroxysilane species from different mi
croemulsion droplets, e.g., the condensation reac
tion is not rigidly compartmentalized as in the 
liquid crystal.

5. Conclusions

The initial hydrolysis of tetraethoxysilane in a 
microemulsion and a liquid crystal proceeds di
rectly to silicic acid for the liquid crystalline phase 
and to silica for a microemulsion.
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The ethanol formed during the reaction 
strongly perturbs the interface and the reactions 
become similar to those in a solution.

This research was financed partially by the 
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Clarkson University
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Molecular routes to ternary metal oxides: Pb : Ti heterometallic 
oxoisopropoxide as a precursor to PbTiO3

Renée Papiernik a, Liliane G. Hubert-Pfalzgraf a and Frédéric Chaput b
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Reactions between titanium alkoxides Ti(OR)4 (R = Et, 'Pr) and lead(II) alkoxides (R = Et, 'Pr) or anhydrous lead 
acetate proceed at room temperature in non-polar media to give heterometallic species of various Ti : Pb stoichiometries. In 
the case of isopropoxides, the isolated species Pb^i^jfO'Prljg has been characterized by microanalysis, infrared and 
nuclear magnetic resonance spectroscopy (‘H, 13C, 207Pb). The stoichiometry of this compound allowed it to be used as a 
precursor to PbTiO3iby hydrolysis-polycondensation reactions.

1. Introduction

Multicomponent oxides represent a large part 
of high technology materials. Such materials of
ten involve elements such as titanium, niobium, 
tantalum, barium, lead. Lead-based ceramics 
comprise quaternary oxides such as Pb(Nb2/3- 
Mg1/3)O3 (PNM), Pb(Zn1/3Nb2/3)O3 (PZN) or 
Pb(Fe1/2Nb1/2)O3 (PFN), for instance, as well as 
ternary PbTiO3 or PbZrO3 [1]. Sol-gel is a versa
tile method for obtaining ceramics in various 
shapes and thin layers [2], The high volatility of 
lead oxide with respect to other metal oxides, 
which often results in a poor control of stoi
chiometry and thus properties, makes chemical 
routes particularly attractive. A metal alkoxide 
route, for instance, permitted preparation of the 
pure crystalline PNM ceramic at a temperature 
as low as 700°C [3],

The first step in the sol-gel process is prepara
tion of a solution containing necessary metal 
cations in appropriate stoichiometry. Metal alkox
ides, M(OR)„, or oxoalkoxides, MO(OR)„, are 
versatile molecular precursors of metal oxides [4], 
One of the their most attractive features is their 
ability to form heterometallic species and thus 
provide homogeneity at a molecular level for 
multicomponent materials [5]. Metal carboxyl
ates, especially acetates, have also been widely 

used as a source of metal oxides, and often asso
ciated with alkoxides in the sol-gel process. The 
molecular constitution of the precursors solution 
should be characterized in order to gain a better 
understanding and thus better control of the hy
drolysis-polymerization process and the resulting 
properties of the final material. We report some 
results obtained in the Pb-Ti system using 207Pb 
NMR as a tool to gain molecular insight. A 
molecular building block approach to PbTiO3 has 
been developed by using a heterometallic alkox
ide Pb4Ti4O3(O‘Pr)18.

2. Experimental

All reactions were achieved under inert atmo
sphere using Schlenk tube techniques. Solvents 
were dried and purified by distillation. Titanium 
alkoxides, Ti(OR)4 (R = Et, ‘Pr), were commer
cial products (Aldrich) and were distilled before 
use. Anhydrous Pb(OAc)2 was obtained by reflux
ing Pb(OAc)2,3H2O with acetic anhydride. In
frared spectra were registred with an IR-45S 
Bruker spectrometer as Nujol mulls between KBr 
plates for the air-sensitive derivatives and as KBr 
pellets for the powder resulting from hydrolysis. 
XH, 13C and 207Pb spectra were recorded on solu

0022-3093/92/S05.00 © 1992 _Elsevier Science Publishers B.V All rights reserved
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tions in a Bruker AM-200 spectrometer. The lead 
chemical shifts are quoted with respect to 
Pb(NO3)2 in D2O as an external reference and 
are positive to low field.

3. Results

Heterometallic alkoxides may be obtained by 
various synthetic routes [5]. Metal oxide precur
sors are often chosen for their availability and/or 
easy handling, and chemical routes to lead-based 
materials involve hydrated or anhydrous lead ac
etate [6] or lead amyloxide. [7] Thus, we investi
gated the reactions between titanium alkoxides 
Ti(OR)4 (R = Et, ’Pr) and lead precursors: alkox
ides or anhydrous Pb(OAc)2. The formation of a 
heterometallic species between Pb(OAc)2 and ti
tanium tetraethoxide [Ti(OEt)4]3 was evidenced 
by dissolution of lead acetate in toluene at room 
temperature. Although a well-defined het
erometallic Ti-Pb species could be isolated 
(r>asCO2 = 1586 cm-1), the 2Ti-Pb stoichiometry 
is not suitable for use as a PbTiO3 precursor.

We thus turned to lead(II) alkoxides. Lead 
alkoxide chemistry affords a rich variety of oxo- 
or non-oxo aggregates which may be of use to 
achieve desired stoichiometry [8]. The most selec
tive route to lead alkoxides is the alcoholysis of 
the tristrimethylsilyamido lead, since all by-prod
ucts are volatile:

-NH(SiMe,)2
l/m[Pb(OR)2]m

Pb[N(SiMe3)2]2
2ROH

-NH(SiMe3)2. -R,<>
l/4Pb4O(OR)6

(1)

Formation of the [Pb(OR)2]m oligomers and/ 
or oxoalkoxides is mainly controlled by the steric 
bulk of the alkoxide group. Thus, terbutoxide and 
isopropoxide derivatives are stable as Pb(OR)2 
species, while the tetranuclear cluster Pb4O(OEt)6 
represents the least condensed lead ethoxide 
derivative. The reaction between Ti(OR)4 (R = 
Et, 'Pr) and the lead alkoxides was conducted in 
toluene. As observed for the reaction with 

Pb(OAc)2 as the lead oxide source, dissolution of 
the poorly soluble lead(II) oxoethoxide was in
duced by the presence of titanium ethoxide at 
room temperature and in non-polar media. The 
isolated heterometallic alkoxide (70% yield) dis
plays a Pb: Ti stoichiometry of 1:4.

A better match between the the ratio of the 
two metals, required for the PbTiO3 material, 
was observed in the case of the isopropoxide 
derivatives. Depolymerization of [Pb(OiPr)2]„ by 
Ti(OiPr)4 in toluene requires either refluxing or a 
large excess of titanium isopropoxide. The het
erometallic specie Pb4TiO3(O'Pr)18 is obtained as 
a colorless crystalline solid by adding iso
propanol. It is isolated in moderate yield (30%) 
due to its high solubility in all common organic 
solvents including hexane and corresponds to the 
empirical formula Pb4Ti4O3(O'Pr)18, as deter
mined by analytical data. Its formation may be 
described by

4/oo[Pb(OiPr)2]oo + 4 Ti(O'Pr)4

toluene, 'PrOH, A ... .... „ z^in .-------———» Pb4Ti4O3(O Pr)18. (2) 
-3 'Pr2O

The heterometallic specie Pb4Ti4O3(O'Pr)]8 
has been further characterized by infrared and 
NMR spectroscopies. Figure 1 compares the in
frared spectra of the parent alkoxides and the 
heterometallic species. Room temperature ’H and 
13C NMR data in CDC13 solutions show the 
presence of magnetically non-equivalent iso- 
propoxo groups. Four signals are observed for the 
methine groups between 77.3 and 75 ppm in the 
l3C{1H} spectrum. *H  NMR spectra at -50°C 
display resonances between 4.25 and 4.95 ppm, 
with an integration ratio of 2:4:3 between the 
non-equivalent CH of the OR groups.

Hydrolysis-polycondensation reactions of the 
heterometallic specie Pb4Ti4O3(O‘Pr)]8 (1) were 
achieved in isopropanol (0.01M) with hydrolysis 
ratio h = H2O/1 varying from 0.2 to 32. Clear 
sols are obtained for h = 0.2, while larger values 
of h give turbid sols (h < 6) and finally fine 
precipitates (A > 6). The formation of the 
metal-oxygen network is illustrated by the ap
pearance of broad absorptions (900-400 cm -1) in 
the IR spectra (fig. 1(d)). Thermogravimetric
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Fig. 1. Infrared spectra in the 1200-400 cm’1 region of 
(a) Pb(O'Pr)2, (b) Ti(O‘Pr)4, (c) the heterometallic specie 

Pb4Ti4O3(O'Pr)|8, (d) the hydrolysis product of 1 (h = 32).

R

Fig. 3. Proposed structure of Pb4Ti4O,(O'Pr)IS,

analysis of the powder resulting from the hydroly
sis of the heterometallic species Pb4Ti4O3(O'Pr)18 
for h = 32 under nitrogen shows the removal of 
various organic residues up to 200°C. The elimi
nation of more tightly bonded groups requires 
475°C and is followed by crystallization. This is 
confirmed by X-ray diffraction experiments per
formed under air. The crystalline material ob
tained in these conditions corresponds to the 
PbTiO3 perovskite and the Pb2Ti2O6 pyrochlore 
phases [13]. Further heating to 700°C offers the 
pure perovskite phase (fig. 2).

Fig. 2. X-ray diffraction of the powder resulting from the hydrolysis of the heterometallic specie Pb4ri4O3(OlPr)18 in isopropanol 
at various temperatures (CuKal radiation).
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4. Discussion

Heterometallic alkoxides in which the stoi
chiometry between the two metals is 1:1 appear 
so far to be dinuclear, tetranuclear, octanuclear 
metal aggregates or infinite polymers [5]. In view 
of the high solubility of the heterometallic specie 
Pb4Ti4O3(O'Pr)]8, an infinite polymer is unlikely. 
Formulation of the heterometallic specie 
Pb4Ti4O3(O'Pr)18, as established by microanaly
sis, can be related to that of a Cu-Zr species, 
Cu4Zr4O3(O'Pr)18 [10],

A possible structure of the heterometallic 
specie Pb4Ti4O3(O‘Pr)18 might thus be based on 
a central Pb4O3(OR)2 core, the oxo groups acting 
as Lewis base towards a Ti2(OR)8 acceptor moi
ety (fig. 3). The structurally characterized 
Pb6O4(p,3-OEt)4][Nb(|x-OEt)3(OEt)2]4 species, in 
which the p.3-oxo ligands of Pb6O4(OR)4 [11] act 
as donors towards Nb(OEt)5, supports the idea of 
a PbO aggregate being a multidentate ligand to
wards electrophilic metal alkoxides [12]. Lead is a 
NMR active nucleus (I = |, 10 times more sensi
tive than 13C) [13] and 207 Pb spectra of the het
erometallic specie Pb4Ti4O3(O'Pr)18 in toluene 
show a single, sharp peak at 3888 ppm (no Pb-Pb 
coupling is detected). This suggests that all lead 
atoms have a similar surrounding. The chemical 
shift favors a moderate coordination number [12]. 
Four types of OR groups are observed in solution 
by 13C NMR. Heterometallic species such as 
Pb4Ti4O3(O'Pr)]8, as shown in fig. 3, in which 
one observes eight terminal OR groups as well as 
three types of doubly bridging groups (linking 
Ti-Ti, Ti-Pb and Pb-Pb centers, respectively), is 
in agreement with the 13C and ’H NMR data. 
This leaves lead four-coordinate and titanium 
six-coordinate. X-ray characterization of (1) is in 
progress in order to definitely establish the Pb- 
O-Ti core. 5 * * *

5. Conclusions

The reactions between Ti(OR)4 (R = Et or 'Pr)
and various lead(II) precursors-alkoxides
[Pb(O'Pr)2],x, Pb4O(OEt)6 and anhydrous acetate

have been considered. If heterometallic aggre
gates can be obtained in all cases, the system 
based on isopropoxide derivatives was the only 
one providing a mixed metal specie (Pb4Ti4O3- 
(O'Pr)Jg) having a Pb:Ti = l stoichiometry. Hy
drolysis and burn-off of the organic residues leads 
to crystallization of Pb2Ti2O6 pyrochlore and 
PbTiO3 perovskite phases at 475°C. Thermal 
treatment to 700°C offers the pure perovskite. 
Further studies related to the structure of the 
heterometallic specie Pb4Ti4O3(O'Pr)18 and to its 
stepwise conversion by hydrolysis-condensation 
are in progress.

The authors thank the CNRS (GRECO ‘Sol- 
Gel Inorganiques’) for financial support.
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Section 2. Gel formation

Effect of ultrasound on the formation of ZrO2 sols and wet gels
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The influence of ultrasonic irradiation (sonocatalysis) on the formation of ZrO2 sols and gels was studied by small-angle 
X-ray scattering (SAXS) using the LURE synchrotron facility. The starting solutions consisted of mixtures of Zr-tetrapro- 
poxide and acetic acid. It was found that sonocatalysis increases the rate of formation of linear polymeric clusters in the 
starting solution but does not influence the growth process. The gelation time depends on both the irradiation time and 
ultrasonic power. The gyration radius, RG, of particles obtained under ultrasound is smaller than that of classical gels 
without ultrasonic irradiation.

1. Introduction

The use of ultrasonic waves in the sol-gel 
methods appears to be very interesting and 
promising in the case of pure silica gels [1]. Ultra
sonic waves were successfully employed to avoid 
the use of alcohol solvent which was used in 
order to obtain a homogeneous liquid in the case 
of immiscible alkoxide-water mixtures and to 
promote hydrolysis. The resulting sonogels have 
higher density, which minimizes shrinkage during 
drying and densification. SiO2-TiO2 and SiO2- 
P2O5 sonogels were prepared [2,3] and studies 
showed that ultrasonic irradiation modified the 
gel textures. Silica sonogels contained smaller 
particles and presented a finer structure [4,5].

In this work, zirconia gel formation obtained 
by both the classical sol-gel method and by sono
catalysis of the gellifying solution were studied. 
The structural evolution of sols and gels was 
followed using small angle X-ray scattering 
(SAXS). In a previous work [6], the Zr-tetrapro- 
poxide and acetic acid mixture evolutions were 
studied. Modifications induced by sonocatalysis 
are presented.

Prolabo). Table 1 gives the molar ratios of solu
tions studied. Sonogels were prepared by treating 
these solutions with ultrasonic radiation pro
duced by a sonifier (Vibracell, USA), operating at 
20 kHz with a titanium probe. The power dissi
pated as 0.09 W/cm2 3 for P2 series and 0.17 
W/cm3 for P4 series. Solution samples were in
troduced into a thermostatically controlled cell in 
the D22 and D24 SAXS experimental station of 
the LURE (Orsay, France) synchrotron radiation 
facility. The monochromatic X-ray beam (A =

2. Experimental

Gellifying solutions were prepared using Zr-te- 
trapropoxide (Fluka) and acetic acid (Normapur,

o
1.594 A) used a pinhole collimation, thus avoid
ing mathematical deconvolution treatments. The 
scattering vector module, q, covered the range 
0.007-0.38 A“1.

In a previous paper [6], we showed that classi
cal macromolecular theories could be successfuly 
applied to zirconia gels. Using these theories, the 
polymeric cluster evolution before and after 
gelling point with varying ultrasonic power were 
followed. The clusters are characterized using the 
gyration radius, Ra (or size of the polymeric 
coils), the SAXS intensity extrapolated to q = 0 
Io (proportional to the number of the scattering 
elements for a constant volume of these ele
ments), the lateral correlation radius, Rc, of the 
polymeric chain in the Kratky-Porod model, the 
hydrodynamic length, L, of the polymeric chain 
(L is the length of the hypothetically, fully ex
tended molecule), the molar weight, ML (de-

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Table 1
Studied samples: compositions; experimental conditions (ultrasonic dose and insonation time); experimental data (gelling times, tg; 
gyration radii, RG', hydrodynamic length, L; correlation radii, Rcf, and slopes of the linear parts of figs. 2-5

Sample: ND0 ND25 ND210 ND45

[CH3COOH]/[Zr(OC3H7)4]: 1.79 1.79 1.79 1.79
Ultrasonic power (W/cm3): 0 0.09 0.09 0.17
Insonation time (s): 0 300 600 300
Gelling time (s): 
Gyration radius, Ra (A)

4800 4200 3000 1380

for t ~ 0: 4.0+1 10.0 + 1 14.0 + 1 12.0+1
for t = tg: 14.5 + 1 15.0+1 17.0+1 13.7+1
for t - 15 h: 42.0+1 30.0 + 1 29.0 + 1

Hydrodynamic length, L (A)
for t ~ 0: 26 + 5 30 + 5 34±5 39 + 5
for t = tg: 48±5 48 + 5 52±5 55±5
for t - 15 h: 231 + 5 130 + 5 150 + 5

Correlation radius, Rc (A), for t = tg 2.15 + 0.5 2.06 + 0.5 2.15 + 0.5
Fig. 2: slope second part a( X IO4) 0.7 + 0.1 0.4 ±0.1 0.4 ±0.1 0.4 ±0.1
Fig. 3: slope second part /3( X IO4) 1.0 + 0.1 0.7 + 0.1 0.7 ±0.1 0.7 + 0.1
Fig. 4: slope second part F(X 104) 0.8 + 0.1 0.7 + 0.1 0.7 + 0.1 0.4 ±0.1
Fig. 5: slope first part Df 0.39 + 0.05 1.56 + 0.05 1.56 + 0.05 1.56 + 0.05

slope second part D2: 1.46 + 0.05 1.56 + 0.05 1.56 + 0.05 1.56 + 0.05

3. Results

Figures 1(a)—(d) show typical evolution of scat
tering intensity, I(qf versus scattering vector, q, 
with time for polymeric coils.

Figures 2-4 show that the RG, Io and L 
variations with time follow the laws

RC = (*g)o exp(ai), (1)

Io= (Jo)o exp(/3t), (2)
L=Loexp(rt), (3)

respectively, where a, ¡3 and F are the slopes of 
the linear parts of these plots (cf. table 1).

The molar weight, ML, of the polymeric chain 
was deduced from the hydrodynamic length, L, 
using
ML = LMm//, (4)

duced from the hydrodynamic length, L), and the 
fractal dimension, D (linked with macromolecule 
conformation and its growth process) [7-13],

In this paper, we characterize the macro
molecule growth process in zirconia solutions as 
well as the wet gel formation. 

where Mm is the monomer weight of Zr-tetrapro- 
poxide macromolecule (225.4 g/mol) and / is the 
monomer length (4.36 A).

We estimated the lateral correlation radius o
Rc = 3.5 A, for two propoxide groups linked with 
zirconium atom. For a monomer with a single or 
a double acetate group, Rc would decrease. 
Measured Rc values are close to 2 A (cf. table 1).

Figure 5 represents log AfL vs. log RG plots 
for samples studied. Linear behaviours agree with 
proportion law

(5)

4. Discussion

4.1. Ultrasonic effects on scattering element struc
tures

Middle q range slopes of Log I(q) vs. Log q 
tend to D = 1.66 for long experimental time. In 
the 0.28 A'1 <q < 0.38 A-1 range, the slope is 
equal to -1, indicating the presence of semi-rigid 
linear polymeric chains in a good solvent.
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Middle q range slopes quickly reach the D = 
1.66 value when ultrasonic power or treatment 
time increases. Rigid rod-like scattering particles 
(D = 1) grow rapidly to linear macromolecules in 
good solvent (D = 1.66) under ultrasonic waves. 
Ultrasonic waves promote macromolecule struc
ture development and also decrease polydisper
sity. Neither ultrasonic power level nor ultrasonic 
treatment time change the nature of scattering 
elements.

According to Flory [8] and de Gennes [10], the 
ocRq law (fig- 5) characterizes an aggregation 

process which leads to those structures. For sam
ples ND210, ND25 and ND45, the D value is 
1.56 (fig. 5). They correspond to Flory’s linear 
polymeric chain model and also with diffusion 
limited cluster-cluster aggregation (DLCA) 
growth model using fractal theories (D = 1.66).

The sample treated with high ultrasonic power 
(ND45) shows linear behaviour from the earlier 
stage of the study. Samples treated with small 
ultrasonic doses (ND25 and ND210) show the 
same behaviour, but after a time delay. This 
means that the structure is highly developed due 
to sonocatalysis.

The sample without ultrasonic treatment 
(NDO) seems to be different. Fractal dimension is 
smaller even after the gel point: D = 1.46 (fig. 5). 
This might mean a ‘tip-to-tip’ growth model 
(where D = 1.43) [6], Otherwise, it might mean a 
large size polydispersity of polymeric chains.

4.2. Ultrasonic effects on polymeric coil size and 
number

At the beginning of SAXS experiments, gyra
tion radius and hydrodynamic length of macro-

Fig. 1. Scattering intensity, Kq}, versus scattering vector, q, plots in logarithmic scale for various times and for the following 
samples: (a) NDO, (b) ND25, (c) ND2W and (d) ND45.
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(A)
■ NDO
O ND2 5
□ ND21O 
a ND45

Fig. 4. Time logarithmic variations of the hydrodynamic length 
(absolute unity) for the following samples; ■ , NDO (shifted 
data); O, ND25; □, ND210; A, ND45. Arrows indicate 

gelling points.

Fig. 2. Time logarithmic variations of the gyration radius, RG, 
for the following samples: ■, NDO, O, ND25; □, ND210 

(shifted data); a, ND45. Arrows indicate gelling points.

molecules are bigger for ultrasonically treated 
samples (fig. 2). The number of clusters (propor
tional to /0) increases enormously with the ultra
sonic power, while it stays constant when ultra-

Fig. 3. Time logarithmic variations of the scattering intensity 
for q = 0 (deduced from Zimm’s plots) for the following 
samples; ■ , NDO; O, ND25; □, ND210; a, ND45. Arrows 

indicate gelling points.
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Fig. 5. Molar weight, = MmL/I = L51.7), versus gyra
tion radius, RG, in double logarithmic plots for the following 
samples; ■, NDO; O, ND25; □, ND210; A, ND45. Arrows 

indicate gelling points. 
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sonic treatment time increases at constant power. 
The gelling time, tG, decreases with increasing 
ultrasonic treatment time, and decreases consid
erably with increasing ultrasonic power. We de
duced from this that higher ultrasonic powers 
increase the nucleation and the hydrolysis and 
polycondensation reactions. Longer ultrasonic 
treatment times at constant power increase the 
hydrolysis and polycondensation reactions.

Figures 2-4 and table 1 show that a smaller 
Rc, Io and L increase occurred for ND45 than 
for the others. Ultrasonically treated solutions 
contain less active molecule like water, and less 
hydroxide and propoxide radicals.

At gel point, Rc and L are independent of 
the ultrasonic power and treatment time. For all 
undiluted samples, RG ~ 15.5 ± 2 A and L ~ 50 
±5 Â.

After gelling point, these parameters are 
smaller for ultrasonically treated solutions than 
for the untreated solutions. After 15 days, the 
higher the ultrasonic power, the lower the poly
meric coil sizes. The ultrasonic irradiation de
creases the final size of the polimeric coils.

The large macromolecule initial number, the 
large RG initial value and their very small in
crease, for ND45 sample, can be related to a 
small size polydispersity. Ultrasonic treatment 
decreases size polydispersity of the polymeric 
coils.

4.3. Ultrasonic effects on correlation radius. Ef
fects on zirconium linked organic groups

The Rr value (calculated as detailed else-
o o

where [6]) smaller than 3.5 A and close to 2 A 
means that polymeric chains consist of a greater 
proportion of acetate groups linked to zirconium. 
Acetic acid fully plays its chelating role: propox
ide groups are first hydrolyzed before acetate 
groups [14]. As the acetic acid/zirconium te- 
trapropoxide ratio is 1.79, the growth occurs in 
one direction and then produces linear polymeric 
chains.

We saw that ultrasonic irradiation increases 
polymeric chain formation. This result and the 
same J? c value for NDO, ND25 and ND45, close 
to 2 A, imply that ultrasonic treatment increases 

chemical element diffusion but does not break 
the acetate-zirconium bond.

4.4. Ultrasonic effects on wet sonogel structure and 
formation

At the gelling point, the rate of increase of Io 
changes and becomes smaller (fig. 3). There is a 
very good agreement with these line breaks and 
measured gelling time. This change is also ob
served in Rg and L variations, depending on the 
sample (figs. 2 and 4). However, around the gel 
point, these experimental parameters do not show 
steps or great variations (figs. 2-5). The structure 
of the gel just after gel point and the structure of 
the solution just before gel point are the same. 
The cross-bonds occur at the contact points be
tween larger polymeric coils before gel point.

After the gel point, experimental parameters 
do not stop increasing while the sample is gelli- 
fied. The zirconia gel structure consists of a 
large-scale gel network and secondary structures 
equivalent to a diluted solution containing poly
meric chains.

After the gelling point, the slopes a, (3 and F 
are smaller for ND45 than for NDO (cf. table 1). 
Bearing in mind that, after gelling point, Rc is 
smaller and particle number is higher for ND45 
than for the other samples, we conclude that the 
sonogel structure is more homogeneous and 
cross-linked with a higher number of thinner 
polymeric coils. Sonogels are thus more dense 
than classical gels.

5. Conclusions

Ultrasonic waves increase zirconia polymeric 
particle formation and growth.

Ultrasonic power acts on particle size and 
number. Ultrasonic treatment time does not 
change their number in a perceptible manner.

The basic structural elements which build up 
the aggregates in zirconia gels and sonogels are 
semi-rigid swollen linear polymeric chains.

The gelling time greatly decreases when ultra
sonic power and treatment time increase. Gel 
formation seems to occur in the same manner. 
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The zirconia gel and sonogel structure consists of 
large scale polymeric chain networks. In the pores 
of this network, smaller polymeric chains grow.

All these gels and sonogels show fractal fea
tures. The dimensionality D = 1.66 obtained for 
zirconia gels and sonogels ND25, ND210, ND45 
and DO is consistent with the theoretical DLCA 
model. The lower D = 1.41 value obtained for 
NDO sample may be explained assuming the coex
istence of small and large clusters or by the 
‘tip-to-tip’ mechanism.

The sonogel densities are higher than classical 
gel densities.
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NON-CRYSTALLINE SOLIDS

Preparation and properties of silicon-containing hybrid gels 
from vinyltrimethoxysilane

Yoshimoto Abe, Tsutomu Namiki, Katsuyuki Tuchida, Yukinori Nagao
and Takahisa Misono
Department of Industrial Chemistry, Faculty of Science & Technology, Science University of Tokyo, Noda, Chiba 278, Japan

Controlled hydrolysis of vinyltrimethoxysilane (VTM) gave homogeneous gels containing only siloxane bonds which were 
formed as thin films of low toughness. More flexible or transparent hard gels were prepared by radical polymerization of 
VTM followed by hydrolytic polycondensation of polyvinyltrimethoxysilane (PVTM) with a low degree of polymerization 
(n = 12). These gels contained both siloxane and carbon-carbon bonds. The properties of gels are related to the degree of 
condensation of the siloxane network and the presence of carbon-carbon bonds.

1. Introduction

Hydrolytic polycondensation of methyltrimeth
oxy- and ethoxysilane has found industrial appli
cation in heat-curable siloxane prepolymers used 
for resins and coatings. Sol-gel fibers have also 
been formed [1,2]. Bulk gels and gel fibers are 
also reported to be prepared from methylsilses- 
quioxane and colloidal silica [3] or the mixture of 
alkyl- and phenylsilsesquioxane [4]. However, no 
reports have been published on the preparation 
of hard gels and transparent, tough, flexible gels 
from a single component material, although mul
ticomponent hybrid materials such as Ormosil [5] 
have been reported. Hydrolytic polycondensation 
of vinyltrialkoxysilane to obtain such materials 
has not been investigated.

The purpose of this work is to synthesize hy
brid gels and films by (1) controlled hydrolytic 
polycondensation of vinyltrimethoxysilane (VTM), 
and (2) radical polymerization of VTM, followed 
by hydrolytic polycondensation. The relation be
tween gel structure and properties will be investi
gated.

2. Experimental

Vinyltrimethoxysilane (12.3 g, 0.083 mol), 
ethanol (7 ml) and then an aqueous HC1 solution 
were added at 0°C to polyethylene beakers (diam
eter = 40 mm) in the molar ratios of H2O/VTM 
= 1.64 and HC1/VTM = 0.105. The mixture was 
stirred for 10 min at 0°C and 10 min at room 
temperature. The mixture was then heated at 
70°C for 3 h, stirring at a rate of 150 rpm, to give 
a highly viscous liquid which showed spinnability. 
A 36 wt% solution prepared by dissolving the

Table 1
Preparation of gel films from VTM a

No. Time (h) Temperature (°C) State of gel firms

1 72 Room temperature opaque, flexible
2 576 Room temperature opaque, flexible
3 75 100 transparent, flexible
4 75 100 transparent, flexible
5 75 100 transparent, flexible

a) Hydrolysis condition of VTM: H2O/VTM = 1.64;_HC1/ 
VTM = 0.105; EtOH: 8 ml; reaction temperature _70°C; 
reaction time “3 h.

0022-3093/92/Î05.00 © 1992 -Elsevier Science Publishers B.V. All rights reserved
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liquid into THF followed by dehydration with 
anhydrous sodium sulfate was cast in polyethyl
ene beakers (diameter = 28 mm) and heated at 
the temperature shown in table 1.

VTM (6 g, 0.04 mol) and di-t-butyl peroxide 
(0.37 ml, 5 mol%) were heated at 120°C for 2 h in 
an ampoule sealed under reduced pressure after 
addition of methanol, the reaction mixture being 
concentrated to give polyvinyltrimethoxysilane 
(PVTM).

A solution was prepared by dissolving 5.2 g of 
PVTM in 8 ml of THF, to which water was added 
in the molar ratios of H2O/PVTM = 0.5, 1.0, 
and 1.5 in the presence or absence of HC1 (HC1/ 
PVTM = 0.005). The mixtures (1 ml) were cast in 
polyethylene beakers (diameter = 28 mm) and left 
to stand under the conditions listed in table 2.

HjO/VTM (Molar ratio)

Fig. 1. Plot of molecular weight, Mn, and molecular weight 
distribution, A/w /Mn, of vinylpolysiloxanes vs. molar ratio 

H2O/VTM on hydrolytic polycondensation of VTM.

3. Results

From preliminary experiments, it was known 
that hydrolytic condensation of VTM in the mo
lar ratios H2O/VTM = 1.56 and HC1/VTM = 
0.149-0.056 forms viscous liquids which show 
good spinnability (fiber length > 2 m) depending 
on the acid concentration and reaction time (14— 
175 h). In order to investigate the relation be
tween H2O/VTM and molecular weight of 
polysiloxanes formed, VTM was subjected to hy
drolytic polycondensation in the molar ratios 
H2O/VTM = 1.5-1.66 and HC1/VTM = 0.105 at

70°C for 3 h. Spinnability of polysiloxanes in
creased from 15 to 60 cm with an increase of the 
molar ratio H2O/VTM. Molecular weight, Mw, 
and molecular weight distribution, Mw/Mn, also 
increased, as shown in fig. 1. In the molar ratio 
below 1.5 and above 1.66, no spinnability was 
observed. So gels were prepared from the 
polysiloxane (VPS) obtained in the molar ratio 
H2O/VTM = 1.64 (Mn = 1320, n = 15). The re
sults are shown in table 1. Polymer solutions cast 
at room temperature gave opaque flexible gel 
films, while transparent flexible gel films (diame
ter = 28 mm and thickness = 1 mm) were ob
tained from solutions cast at 100°C.

Table 2
Preparation of gel plates and films from PVTM

No. Molar ratio Time Temperature 
(day)

State
(°C)H2O/PVTM HC1/PVTM

1 0.50 0.005 3 room temperature gel plate
2 0.75 0.005 3 room temperature gel plate
3 1.00 0.005 3 room temperature gel plate
4 1.25 0.005 3 room temperature gel plate
5 1.50 0.005 3 room temperature gel plate
6 1.00 0 15 room temperature viscous liquid
7 1.50 0 15 room temperature viscous liquid
8 1.00 0 15 60 viscous liquid
9 1.50 0 15 60 viscous liquid

10 0.50 0 14 120 gel film
11 1.00 0 14 120 gel film
12 1.50 0 14 120 gel film
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Radical polymerization of VTM in a sealed 
ampule at 120°C and 150°C for 2 h gave PVTM of 
Mn = 1700 (Mw/Mn = 1.3, degree of polymeriza
tion m = 11.5, conversion = 81%) and M„ = 1900 
(Mw/Mn = 1.7, m = 12, conversion = 100%), re
spectively. The former was used in this work. The 
results of hydrolytic polycondensation of PVTM 
in various molar ratios H2O/PVTM and HC1/ 
PVTM are shown in table 2. Transparent hard 
gels without cracks were obtained by reaction at 
room temperature in the molar ratio H2O/ 
PVTM from 0.5 to 1.5 and HC1/PVTM = 0.005, 
while in the absence of HC1 no gelation took 
place at room temperature or 60°C. PVTM gave 
transparent and flexible gels when heated at 
120°C for 14 days.

The hard gels are not easily broken and the 
flexible gels can be bent without cracking. The 
shrinkages of hard gels from mold diameter (28 
mm) were 7 (0.5), 10 (1.0), and 16 (1.5) mm 
depending on the molar ratio H2O/VTM indi
cated in the parentheses, respectively. The flexi
ble gels have 28 mm diameter and 2 mm thick
ness.

4. Discussion

In order to obtain polysiloxanes with spinnabil
ity, the hydrolysis reaction (eq. (1)) was controlled 
by the reaction conditions and method. Initial 
partial hydrolysis in the molar ratios H2O/VTM 
= 1.64, HC1/VTM = 0.105 and EtOH/VTM = 
1.44 at 0°C for 10 min and additional 10 min at 
room temperature should yield a silanol interme
diate with a low molecular weight,
CH2 = CHSi(OMe)3

(VTM)

H2O/HCl/EtOH

70°C, 3 h
H

L OMe _ n

(VPS) 

36 wt%-THF sol.
gel films, (1)

which is expected to have a functionality < 2. 
VTM is hydrolyzed in the molar ratio H2O/VTM 
< 2 and cross-linked polymers are not formed 
even when the reaction mixture was heated at 
70°C for 3 h with stirring. During the process, the 
concentration of the solution increases and the 
condensation reaction proceeds, by evaporation 
of ethanol from the system after heating for about 
30 min. This process is important to prepare 
soluble polysiloxanes with spinnability and higher 
molecular weight because the hydrolytic conden
sation in a dilute solution forms only low molecu
lar weight polysiloxanes.

Polysiloxanes obtained as a very viscous liquid 
with spinnability show no IR absorption peak due 
to methoxy groups (2840 cm“1 and 3.6 ppm) but 
peaks due to hydroxy groups (3400-3500 cm“1) 
and siloxane bonds (1100-1000 cm“1) are pre
sent. The polysiloxanes are soluble in organic 
solvents. Further condensation provides opaque 
or transparent films with flexibility when cast at 
room temperature or 100-120°C. The opacity of 
films cast at room temperature is probably a 
result of the different condensation rates at the 
surface and interior of a cast polysiloxane layer. 
The flexibility of films suggests a relatively low 
degree of siloxane bonding, because highly con
densed siloxane network should not be formed 
from a polysiloxane with a high molecular weight 
(Mn = 1320) and vinyl group as a side chain. 
Since monomers or very low molecular weight 
polymers with polyfunctionality produce silica-like

wavenumbers (cm b

Fig. 2. IR spectra of gels prepared from PVTM in the pres
ence or absence of HCI. The gel film (a) (no. 11) and plate (b) 

(no. 3) are cited in table 2.4
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gels, control of the degree of condensation of the 
siloxane network is expected to permit formation 
of gels with various properties.

Gels having carbon-carbon and siloxane bonds 
were prepared by radical polymerization of VTM 
followed by hydrolytic polycondensation, accord
ing to eq. (2):

CH2=CHSi(OMe)3

(VTM)

(t-BuO)2

120°C, 2 h

-fCH-CH2^

Si(OMe)3

h2o-thf
(HCl, 4) '

(PVTM)

gel plates and films
in order to investigate the relation between the 
structure and properties of gels. In the IR and 
NMR spectra of polyvinyltrimethoxysilane 
(PVTM), no peaks at 5.1-5.9 ppm, 1600, 1400 
and 1000 cm'1 due to the double bond were 
observed while the peaks due to -CHCH 2- group 
appeared at 0.2-1.9 ppm. The 29Si-NMR spec
trum of PVTM showed the peaks at —41.0 and 
— 43.5 (shoulder) ppm. Further hydrolytic poly
condensation of PVTM gave transparent gels as 
shown in table 2. The 29 Si-NMR spectrum of a 
soluble polymer after hydrolysis of PVTM in 
H2O/VTM = 1.0 (HCl/VTM = 0) at 60°C for 24 
h indicated the peaks at -41.4, -44.4 (shoulder), 
and -55.7 (weak). The IR spectra (fig. 2) of a gel 
((a): no 11) suggest that partial hydrolysis and 
condensation take place in the absence of HCl 
whereas PVTM ((b): no. 3) undergoes nearly 
complete hydrolysis and condensation to form 
gels in the presence of HCl without heating. This 
is shown by the decreased intensity of the peak at 
2840 or 800 cm-1 and the increased intensity of 
peaks at 3400 and 1100 cm'1. In addition, the 
solid state 29Si-NMR spectrum shows a broad

Fig. 3. TG curves of gel plates ((a)—(c)) and films ((d),(e)) 
prepared from PVTM in the presence or absence of HCl. The 
gels (a), (b), (c), (d) and (e) correspond to the sample numbers 

5, 3, 1, 11 and 12, respectively, in table 2.

peak between - 40 and - 70 ppm, and the differ
ence of weight loss between the gels formed in 
the presence ((a)-(c)) and absence ((d), (e)) of 
HCl is clearly observed by TG curves in fig. 3. 
These results suggest that acid-catalyzed hydro
lytic polycondensation of PVTM produces gels 
with highly condensed siloxane networks com
pared with those prepared without a catalyst. The 
difference in degree of siloxane condensation was 
also supported by the Vickers hardness of gels 
(fig. 4) and gel shrinkage. The gel hardness and 
shrinkage both increase as the molar ratio 
H2O/PVTM increases. Further, the gels formed

Fig. 4. Plot of hardness of gel plates vs. molar ratio 
H2O/PVTM.
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in the presence of HCI were found to show ten
sile strength of about 230 and 350 kg cm 2 de
pending on the molar ratio H2O/PVTM=1.0 
and 1.5, respectively. 5

5. Conclusion

Controlled hydrolysis of vinyltrimethoxysilane 
and polyvinyltrimethoxysilane gave the flexible 
gel films and hard plates with back-bone struc
tures which consisted of siloxane bond and car
bon-carbon bond.
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Thermal reactions occurring during pyrolysis of crosslinked 
polysiloxane gels, precursors to silicon oxycarbide glasses
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The pyrolysis under argon of three polysiloxane gels, MeSiO, 5, PhSiOj 5 and crosslinked oligovinylsiloxane, was 
investigated by 29Si solid-state NMR and thermogravimetric analysis coupled to mass spectrometry. Above 500-600°C, 
redistribution reactions involving the exchange of Si-C and Si-O bonds take place, which lead to a random environment of 
the silicon atom at 1200°C. The use of oligovinylsiloxanes crosslinked by hydrosilation leads to high yields of silicon 
oxycarbide glasses with an O/Si ratio close to 1.

1. Introduction

Silicon oxycarbide species, of general formula 
SiO^Cy, are amorphous, covalent compounds 
which are presumed to be thermodynamically 
metastable. They were observed in Nicalon SiC 
fiber obtained from polycarbosilane precursor 
crosslinked by oxidation [1,2]. According to ref.
[1],  SiOxC,v species have a disordered structure 
with only Si-C, Si-O and aromatic C-C bonds 
with the bonding from silicon to carbon and oxy
gen approaching a random distribution.

The existence of a silicon oxycarbide phase in 
black glasses prepared by pyrolysis in an inert 
atmosphere of silsesquioxane gels RSiOj 5 (R = 
Me, Et, Pr, Ph) was also reported recently [3]. 
Interestingly enough, the environment of silicon 
atoms in the oxycarbide phase seemed nearly 
independent of the nature of the R group, al
though the carbon content in the glasses varied.

In the present work, the mechanism of the 
pyrolysis of methyl and phenylsilsesquioxane gels 
to oxycarbide glasses was investigated by 29Si 
solid-state NMR and thermogravimetric analysis 
coupled to mass spectrometry (TG/MS analysis). 
In a second part, it is shown that organosilicon 
gels containing Si-CH2CH2-Si bridges allow 
preparation of oxycarbide glasses with varied 
composition and structures.

2. Silsesquioxane gels

The 29Si solid-state NMR of methylsilsesquiox- 
ane (MeSiO15) gels treated at different tempera
tures under argon are reported in fig. 1. At 
600°C, SiC2O2 and SiO4 tetrahedra are detected. 
These sites indicate the occurrence of redistribu-

I
= -. . Jy....

r » i »■ I « I « I ■ I ■ I ■ I '~i ■ i ' » r I 1 I ' I 1 I ■ I » » 1 I ’ i 1 I ' I 1 I '"rn
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a (ppm)
Fig. 1. 29Si NMR spectra of MeSiO15 heated 30 min. under 
argon, (a) 150°C (CP-MAS); (b) 600°C (CP-MAS); (c) 900°C 

(MAS); (d) 1200°C (MAS)
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Fig. 2. TG/MS analysis of MeSiC), 5 under argon (heating rate: ± 10“C min). - - - —. H2;-------- ( CH4;.......... , Me3SiOSiMe3.

tion reactions, involving the exchange of Si- 
O/Si-C bonds [4] according to
2MeSiO15------> Me2SiO + SiO2.
The TG/MS analysis under argon shows that the 
main gases evolved during the pyrolysis are 
methane, from 600 to 850°C, and hydrogen, from 
650 to 1000°C (fig. 2). The escape of these gases 
arises from the cleavage of Si-C and C-H bonds, 
and corresponds to the mineralization step. In 
addition, an escape of hexamethyldisiloxane, 
Me3SiOSiMe3, is detected around 650°C, which 
demonstrates the formation of Me3SiO05 units 
through the continuation of Si-O/Si-C ex
changes:
Me2SiO + MeSiOj 5------> Me3SiO05 + SiO2.

This escape of hexamethyldisiloxane leads to a 
further increase of the amount of SiO4 tetrahe- 
dra. The presence of water and silanols groups in 
the gels may also lead to the formation of addi
tional SiO4 tetrahedra, as, for example,
MeSiOj 5 + H2O------> Si(OH)O, 5 + CH4,
MeSiOj 5 + Si(OH)O! 5------> 2SiO2 + CH4.

In the case of phenylsilsesquioxane (PhSiOj 5), 
the exchange of Si-C and Si-O bonds also takes 
place, as shown by the presence of SiC3O, SiC2O2 
and SiO4 tetrahedra in the NMR spectrum of 
PhSiO3 5 treated at 600°C (fig. 3). The TG/MS 
analysis of PhSiO, 5 under argon is given in fig. 4. 

The main gases evolved are benzene and hydro
gen. The escape of benzene starts about 200°C 
before the escape of methane in the case of 
MeSiOj 5, which illustrates the lower stability of 
Si-Ph bonds compared with Si-Me bonds.

The 29 Si NMR spectra of the black glasses 
obtained at 1200°C are close for both silsesquiox- 
anes, with SiO4, SiCO3 and SiC2O2 tetrahedra at 
— 108, —72 and —35 ppm, respectively. On the 
other hand, the atomic compositions are quite

, A
A

| I | r | ■ | r | , r-T , I ’ i ’ I' 1 I 1 i ^~T * I ' | * M i L H ; T 1 1 i ! I "~l

40 20 0 -20 -40 -60 -80 -100 -120 -140 -160

3 (ppm)
Fig. 3. 29 NMR spectra of PhSiO15 heated 30 min under 
argon, (a) 150°C (CP-MAS); (b) 600°C (CP-MAS); (c) 1200°C 

(MAS) 
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different: SiC0 80O162 for MeSiO] 5 heated at 
1200°C and SiC330O175 for PhSiOl5 heated at 
1200°C. This suggests that increasing the size of 
the R group in the precursor leads to an increase 
in the excess carbon content of the final glasses, 
without significantly modifying the composition 
of the silicon oxycarbide phase. Thus, it appears 
necessary to modify the oxygen to silicon ratio of 
the precursor in order to modify the composition 
of the silicon oxycarbide phase.

3. Crosslinked polysiloxane gels

The preparation of a precursor to silicon oxy
carbide with a ratio O/Si = 1 is not straightfor
ward. This ratio corresponds to a linear polysilox
ane whose the pyrolysis would lead to 0% residue. 
In order to obtain a gel which could lead to 
silicon oxycarbide with good yield, it is necessary 
to crosslink the silicon atoms. To perform this 
crosslinking, we chose Si-CH2CH2-Si bridges, 
which are easily obtained by hydrosilation of vinyl 
group (Vi):

=Si-CH2-CH2-Si=,
(3 adduct(main unit); 

=Si-H + =Si-Vi------>
Si-CH(CH3)-Sfy,

a adduct.

Thus, the hydrolysis of dichlorovinylsilane leads 
to a mixture of cyclic oligopolysiloxanes, which 
are then crosslinked by hydrosilation in the pres
ence of chloroplatinic acid catalyst, providing a 
solid crosslinked oligovinylsiloxane (COVS):

Cl 2Si Vi H----- > (Si(ViH)O)„

CH,CH 2
I ‘

------> o —Si—O— (COVS).

ch2ch2

29Si NMR spectroscopy shows that the hydrosila
tion reaction is not complete since unreacted 
Si-H and Si-Vi groups remain (fig. 5). The silox
ane units may be either uncrosslinked (SiViHO2 
sites at -47 ppm) or partially crosslinked (sites 
SiViCO2 and SiCHO2 around -33 ppm). The 
completely crosslinked units give a signal at - 20 
ppm (SiC2O2 sites). The shoulder around —7 
ppm corresponds to SiC2O2 sites in strained 
trisiloxane cycles [5], The spectrum of COVS 
heated at 600°C indicates that hydrosilation goes 
on at higher temperature by disappearance of the 
uncrosslinked sites at -47 ppm, and increase in 
the amount of the completely crosslinked sites at 
-19 ppm. Simultaneously, exchanges of Si-C 
and Si-O bonds also take place, and lead to the 
formation of SiO4 sites at -99 ppm, SiCO3 at 
-60 ppm, and SiC3O at +6 ppm. At 900°C, all

Fig. 4. TG/MS analysis of PhSiO15 under argon (heating rate: ± 10°C min)--------- , H2;-------- , C6H6
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d (ppm)
Fig. 5. 29Si NMR spectra of COVS heated 30 min under 
argon, (a) 150°C (CP-MAs); (b) 600°C (CP-MAS); (c) 900°C 

(MAS); (d) 1200°C (MAS); (e) 24 h at 1350°C.

the SiCxO4„x sites are present and after 30 min 
at 1200°C, the relative amount of SiO4 and SiC4 
increase. At this temperature, the percent residue 
is 89% and the elemental composition is 
SiO, 14C174. The environment of the silicon atoms 
is clearly different from the environment ob
served in glasses prepared from silsesquioxane 
gels. After 24 h at 1350°C, no further weight loss 
is observed, but, according to NMR, the material 
is a mixture of SiC and SiO2, with some oxycar
bide sites around -35 ppm. X-ray diffraction 
shows partial crystallization as (3-SiC. This behav
ior illustrates the metastability of silicon oxycar
bide species. At temperatures around 1500°C, 
carbothermal reduction takes place, with loss of 

carbon monoxide, and leads to a residue contain
ing crystalline (3-SiC.

4. Conclusion

The pyrolysis under argon of polysiloxane gel 
precursors appears to be a good route to 
metastable silicon oxycarbide glasses. Increasing 
the carbon to silicon ratio of the precursor with
out modifying the oxygen to silicon ratio mainly 
results in an increase in the excess carbon con
tent of the final glass. To modify the composition 
of the oxycarbide phase it is necessary to modify 
the oxygen to silicon ratio of the precursor. The 
use of polysiloxanes crosslinked by hydrosilation 
permits high yield preparation of silicon oxycar
bide glasses with a O/Si ratio close to 1. The 
random environment of the silicon atoms in the 
silicon oxycarbide phase is closely related to the 
occurrence, above 500-600°C, of redistribution 
reactions involving the exchange of Si-C and 
Si-O bonds.
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Map of gel times for three phase region tetraethoxysilane, 
ethanol and water

S.Y. Chang and T.A. Ring
Laboratoire de Technologie des Poudres, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland

The sol-to-gel transition for different starting compositions of tetraethoxysilane (TEOS), ethanol, and water mixtures 
under acidic catalyzed conditions are reported. According to the physical appearance of the mixtures after mixing, four 
different types of behavior can be identified. For these systems, opened to an ~ 70% relative humidity atmosphere, seven 
regions of the phase diagram have been distinguished according to gelling times. The gelling times are sensitive to the 
starting composition and have been organized for presentation as functions of the concentration of ethanol [EtOH], the ratio 
[H2O]/[TEOS], and [TEOS]/[EtOH]. Gelling time increases with increasing [EtOH]. As [H2O]/[TEOS] ratio increases, the 
gelling time first decreases and increases with a minima at the equilibrium concentration.

1. Introduction

The principal synthetic route used by re
searchers to form silica gels, aerogels or xerogels 
is through the hydrolysis and condensation poly
merization of tetralkoxy silanes, as shown in the 
following reactions:
nSi(OR)4 + 4nH2O = nSi(OH)4 + 4nROH

(hydrolysis); (1)
nSi(OH)4 = nSiO2 + 2nH2O

(condensation polymerization); (2)
nSi(OR)4 + 2«H2O = nSiO2 + 4nROH

(net reaction). (3)

The major variables in this reaction sequence 
include the type of alkoxysilane and its funcional- 
ity, catalyst (Oil or H + ) and its concentration 
(i.e., pH), the ratio of [H2O]/[alkoxide], the reac
tion temperature, and if the system is open or 
closed to the atmosphere. These variables control 
the polymerization growth and aggregation of the 
silica species throughout the transition from the 
sol to the gel state.

The reactivity of different types of alkoxysilane 
has been studied by Chen et al. [1]. Systems of 
alkoxysilane-alcohol-water solutions catalyzed 
with hydrochloric acid have been studied with 
different alkoxysilanes which include tetram
ethoxysilane (Si(OCH3)4, TMOS), tetraethoxysi
lane (Si(OC2H5)4, TEOS) and tetrabuoxysilane 
(Si(OC4H9)4, TBOS). The hydrolysis rate has 
been compared for these alkoxysilanes and it 
decreases with increasing size of the alkoxides, 
i.e., TMOS > TEOS > TBOS.

Solution pH affects the sol-gel process by 
modifying the relative rates of the hydrolysis and 
condensation, controlling the reaction mechanism
[2].  The reaction mechanisms [3] and the formed 
structures are shown in fig. 1. Under acidic condi
tions, hydrolysis is rapid, producing a rapid in
crease of Si-OH-containing monomers. These 
monomers are then slowly polymerized by clus
ter-cluster growth mechanism into lightly 
branched polymers which entangle to form a 
cross-linked gel. This type of gel is usually re
ferred as a polymeric gel [4], Under basic condi
tions, the condensation reaction is much faster 
than hydrolysis reaction. The reactions proceed 

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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by quickly polymerizing the newly generated 
monomers by a monomer-cluster growth mecha
nism. Under such conditions, a highly branched 
structure is produced. Eventually, the highly 
branched clusters aggregate to become a net
work. This type of gel is called ‘colloidal’ [4], The 
rates of sol-to-gel transition are different from 
one system to another. For example, in the 
TMOS-methanol (MeOH)-water system [5], 
modified with either HC1 of NH3, the relative 
gelling times was found to follow the sequence: 
tg(acidic) > tg(neutral) > tg(basic).

The gelling times were also found to be highly 
dependent on temperature [6], The reaction rates 
of both hydrolysis and condensation increase as 
temperature increases. Colby et al. [7] and Ki- 
nouchi Filho et al. [5] have shown that the reac
tion rates obey an Arrehenius relationship with 
the apparent activation energy of ~ 10 kcal/mol 
for TMOS-MeOH-water system. Because of this, 
the gelling time deceases as the reaction temper
ature increases.

Reactions performed in open systems and 
closed systems show great differences in proper
ties. Gelation is much faster in the open system 
[8]. This difference is due to (1) solvent evapora
tion and (2) adsorption of moisture from the 
atmosphere both of which increase the net rate of 

polymerization. Rheological properties of gels 
produced in open and closed systems also differ. 
Open systems with [H2O]/[TEOS] < 4 are New
tonian and closed systems are non-Newtonian 
either shear thinning or thixotropic.

With all this work, however, there is no consis
tent map of the gel times place on a ternary 
phase diagram. For this reason, in this work, we 
report on the sol-to-gel transition times for the 
ternary system of TEOS-EtOH-H2O catalyzed 
by HC1 with different starting compositions

2. Experimental materials and methods

Materials TEOS (Merck, 98% pure), ethanol 
(Fluka, 99.8% pure), and filtered deionized water 
(thru Milli-Q, Millipore) were used. The catalyst 
was HC1 at a fixed mole ratio of 0.025 to TEOS 
for all experiments. A two-step procedure was 
adopted. The first step is to mix TEOS, ethanol 
and water containing the HC1 that has a mole 
ratio of TEOS to H2O of 1 in a beaker under 
vigorous stirring. The temperature was main
tained at 50 ± 0.2°C. After 1 h, the rest of water 
or TEOS was added into the bath. The solution 
was kept in a beaker either open or close to the 
atmosphere until gelation occurred. The average 

Fig. 1. Schematic diagram of reaction mechanism and gel structure under acidic and basic conditions.
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relative humidity was ~ 70% for the open sys
tems.

3. Results

The appearance of the solutions after 1 h 
mixing is shown in fig. 2. Four typical appear
ances of the mixtures ~ 1 h after the second step 
of mixing have been noted as shown in fig. 3. 
They are:

(a)

This is agro a grOup-3 gel. This
is a group-3 jup-3 gel. This Is a
grou , gel. 3 gel. This is Bgro.£’ gel

Fig. 2. Pictures of appearances of solutions after 1 h mixing, 
and the resulted gels, (a) Appearances of solution, a: group 1, 
composition of TEOS = 30 mol%, EtOH = 25 mol%, H2O = 
45 mol%. b: group 2, composition of TEOS = 30 mol%, 
EtOH = 40 mol%, H2O = 30 mol%. c: group 3, composition 
of TEOS = 30 mol%, EtOH = 10 mol%, H2O = 60 mol%. d: 
group 4, composition of TEOS = 50 mol%, EtOH = 15 mol%, 
H2O = 35 mol%. (b) Appearances of gel: (top) group 1, 
composition of TEOS = 30 mol%, EtOH = 25 mol%, H2O = 
45 mol%; (bottom) group 3 composition of TEOS = 30 mol%, 

EtOH = 10 mol%, H2O = 60 mol%.

Fig. 3. Map of physical appearance of solutions.

(1) clear (miscible) solutions which resulted in 
transparent gels,

(2) clear (miscible) solutions which have infi
nite gelling time (> 400 h),

(3) cloudy solutions that gel at different times, 
and

(4) solutions that do not gel but form precipi
tates.
Prassas and Hench [9] have observed an immisci
ble region shown as a shaded region in fig. 3. We 
did not observe any immiscible region which 
lasted more than 1 h in this work. A short tempo
ral immiscibility, however, was observed in region 
1 and precipitation was observed in region 4. 
However, both of these regions do not corre
spond with the immiscible region observed by 
Prassas and Hench. For the little amount of acid 
added, i.e., 0.025 mol HC1 per 1 mol TEOS, the 
immiscible gap has been shifted and diminished 
to a small zone [10]. The gelling point of the 
solution was defined as the time at which the 
solution loses its fluidity as determined by visual 
observation upon inverting the test tube. Figure 4 
shows the map of the gelling times, tg observed. 
For simplification, this map gives seven regions 
with different gelling times: (a) tg < 5 h; (b) re
gion with tg between 5 and 10 h; (c) region with 
tg between 10 and 20 h; (d) region with tg be
tween 20 and 100 h; (e) region with tg > 100 h; 
(f) the region with infinite tg (> 400 h), and (g) 
the non-gelling region with cloudy solution with
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TEOS

Fig. 4. Map of gelling times.

a: tgss hrs 
b: 5<tg<10 hrs 
c: 10stg<20 hrs 
d: 20stgS100hrs 
e: 100<tg<400 hrs 
f: infinite tg 
g: cloudy solution 
with precipitate

precipitates inside. Regions (a)-(e) are in the 
gelable zone, and correspond to the area in group 
1 and 4 of fig. 3. The gelling time increases from 
zone (a) to zone (e), whereas the regions (f) and 
(g) correspond to the area in group 2 and 4 of fig. 
3, respectively. The gelation appears strongly de
pendent on the ethanol concentration, [EtOH], 
Figure 5 is a plot giving the [EtOH] effects on the 
gelation rate. At constant [H2O]/[TEOS] ratios, 
the gelling time increases with increasing [EtOH], 
This also can be seen in fig. 4, where the gels 
cross from the low t zone in region (a) (i.e., low 
[EtOH]) to the high tg zone in region (d) (i.e., 
high [EtOH]). Increasing the solvent concentra
tion dilutes the gel and restricts cross-linking,

thus increasing the gelling time. The comparison 
of open and closed system is shown in fig. 5. The 
closed system always results in higher t than 
opened system due to the evaporation of ethanol 
and the absorption of H2O from the atmosphere, 
both of which are near zero in the closed beaker. 
The combined effects of ethanol evaporation and 
water adsorption increase the gelling time drasti
cally. For a [HZO]/[TEOS] of 2, the closed sys
tem has a gelling time ~ four times longer than 
that of the open system. This is the most extreme 
difference measured between open and closed 
systems. Figure 6 shows the gelling time for dif
ferent [H2O]/[TEOS] ratios and different 
[EtOH], For cases of [EtOH] equal to 30, 20, 30 
and 40 mol% the minimum gelling times are

Fig. 5. Effects of solvent concentration on the gelling time for 
different [H2O]/[TEOS] ratio in both open and closed sys

tems.
Fig. 6. Effects of [H2O]/[TEOS] ratio on the gelling time for 

different solvent concentrations.
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Fig. 7. Effect of [H7O]/[EtOH] ratio on the gelling time for 
different TEOS concentrations.

tio. This increase becomes abrupt at a particular 
[H2O]/[EtOH] ratio for 35 mol%, 30 mol% and 
20 mol% TEOS. These points of diversion corre
spond to the points where there is insufficient 
H2O for the amount of TEOS in the system. 
Figure 8 is a plot of gelling time versus [TEOS]/ 
[EtOH] ratio for different [H2O], Since increases 
in the [TEOS] diminishes the ratio of [H2O]/ 
[TEOS], the gelling time is thus increased. This 
figure shows that tg increases as [TEOS]/[EtOH] 
ratio increases for [TEOS]/[H2O] ratios less than 
the equilibrium value of 0.25 and that tg de
creases as [TEOS]/[EtOH] ratio increases for 
[TEOS]/[H2O] more than the equilibrium value 
of 0.25.

observed at [H2O]/[TEOS] ~ 4. Theoretically, 
increasing [H2O] will increase the hydrolysis rate. 
However, Le Chatelier’s principle states that the 
reaction rate slows down after [H2O] concentra
tion exceeds the equilibrium value since water is 
also the product of the condensation reaction. 
Thus as [H2O] increases, the gelling time will first 
decrease and then increase with a minima at the 
equilibrium concentration, as shown in fig. 6. 
Figure 7 gives the results of these compensating 
effects of [H2O] and [EtOH] on the tg for differ
ent [TEOS], For all TEOS concentrations, the gel 
time increases with decreasing [H2O]/[EtOH] ra-

1

4. Discussion

Sakka and co-workers have reported a great 
difference in the properties of the sols prepared 
from opened and closed vessels [11,12]. The sols 
prepared in the open system with composition of 
[H2O]/[TEOS] ratio less than 4 show an unique 
characteristic of spinnability. The rheological 
properties of the sol are different for open and 
close systems. In the open system, the solutions 
have the Newtonian behavior up to a viscosity of 
2.3 Poise and exhibit spinnability [11] in the range 
10-100 Poise. In the closed system, the solution 
becomes non-Newtonian at high viscosities and 
shows non-spinnable. Shear thinning as well as 
thixotropy characteristics can also be found at 
still higher viscosities in the closed system [12]. 
We have also observed this spinnability of sols in 
our preparations with compositions of [H2O]/ 
[TEOS] < 4. In addition, with small [H2O]/ 
[TEOS] ratio near to 1, the resulting gels are 
strong and they did not crack when exposed to air 
for months. These compositions fall in group 1 of 
fig. 3 but close to the boundary with group 2 are 
non-cracking (e.g., sols with [TEOS] = 20 mol%, 
[EtOH] = 60 mol%, [H2O] = 20 mol%, [TEOS] = 
35 mol%, [EtOH] = 25 mol%, [H2O] = 40 mol%, 
[TEOS] = 35 mol%, [EtOH] = 20 mol%, [H2O] = 
45 mol%; and [TEOS] = 30 mol%, [H2O] = 40 
mol%, etc.)

Fig. 8. Effects of [TEOS]/[EtOH] ratio on the gelling time for
different water concentrations.
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5. Conclusions

This work reports the sol-gel transition for 
different starting compositions of TEOS, ethanol, 
and water mixtures under acidic catalyzed condi
tions. Physical appearance of the mixtures and 
the gelation times were observed. According to 
the physical appearance of the mixtures after 
mixing, four different types of behavior can be 
classified. For these systems opened to a ~ 10% 
relative humidity atmosphere, seven regions of 
the phase diagram have been distinguished ac
cording to gelling times. The gelling times are 
sensitive to the starting composition and can be 
explained by the Le Chatelier principle and dilu
tion effects (i.e., gelling time increases with in
creasing [EtOH]). As [H2O]/[TEOS] ratio in
creases, the gelling time first decreases and in
creases with a minima at the equilibrium concen
tration.

Those solutions with compositions of low wa
ter contents result in the long gelling times and 
form strong gels which did not crack even when 
exposed to the air for months.

This work was financed by the Suisse Fonds 
National. NPF 19

References

[1] K.C. Chen, T. Tsuchiya and J.D. Mackenzie, J. Non-Cryst. 
Solids 81 (1986) 227.

[2] E.J.A. Pope and J.D. Mackenzie, J. Non-Cryst. Solids 87 
(1986) 185.

[3] R.J.P. Corriu, D. Leclerco, A. Vioux, M. Pauthe and J. 
Phalippou, Mater. Res.Soc. Symp. Proc. 121 (1988) 113.

[4] C.J. Brinker and G.W. Scherer, J. Non-Cryst. Solids 70 
(1985) 221.

[5] O. Kinouchi Filho and M.A. Aegerter, J. Non-Cryst. 
Solids 105 (1988) 191.

[6] M.F. Bechtold, W. Mahler and R.A. Schunn, J. Polym. 
Sci., Polym. Chem. Ed. 18 (1980) 2823.

[7] M.W. Colby, A. Osaka and J.D. Mackenzie, J. Non-Cryst. 
Solids 82 (1986) 37.

[8] H. Kozuka, H. Kuroki and S.J. Sakka, J. Non-Cryst. 
Solids 100 (1988) 226.

[9] M. Prassas and L.L. Hench in: Ultrastructure Processing 
Ceramics, Glasses and Composites, ed. L.L. Hench and 
D.R. Ulrich, (Wiley, New York, 1984).

[10] R.W. Jones, Fundamental Principles of Sol-Gel Tech
nology (Institute of Metals, London. 1989) p. 53.

[11] S. Sakka and K. Kamiya in: Emergent Process Chods for 
High Technology Ceramics, Mater. Sci. Res. Vol. 17, ed. 
R.F. Davis et al. (Plenum, New York, 1984) p. 83.

[12] H. Kozuka, H. Kuroki and S. Sakka, J. Non-Cryst. Solids 
101 (1988), 120.



IOUHNAL or
Journal of Non-Crystalline Solids 147&148 (1992) 62-66
North-Holland NON-CRYSTALLINESOLIDS

Synthesis and characterization of siloxane-titania materials
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Diethoxydimethylsilane and titanium isopropoxide have been used for preparation, via the sol-gel process, of mixed 
siloxane-titania materials. Depending on the Ti/Si molar ratio, flexible to brittle gels can be obtained. The rheological 
properties of the sols can be adjusted in order to obtain films and transparent monoliths. Due to the high amount of 
hydrophobic methyl groups in these materials, thick films with an average thickness of 20 pm can be obtained. These films 
have been used for laser dye matrices. A characterization of the various steps of the hydrolysis-condensation process as well 
as of the structure of the final solid gel determined by liquid and solid state NMR and TiK edge X-ray absorption 
spectroscopy are presented. A structural model for the gel is proposed mainly based on siloxane chains and TiO2 based 
particles. Optical properties of Coumarin 4 and Rhodamin 6G incorporated in such films are discussed.

1. Introduction

Sol-gel chemistry is mainly based on inorganic 
polymerization reactions leading to a macro
molecular oxide network. In recent years, great 
interest has been devoted to hybrid organic-in- 
organic materials [1], Typical precursors for these 
systems are modified silicon alkoxides R'xSi- 
(OR)4 v. If R' is a non-hydrolyzable group, it 
behaves as a network modifier. A great amount 
of study has focused on materials prepared with 
modified silicon precursors and Si(OR)4 as net
work former [2,3], The cross-linking of the net
work can also be obtained with transition metal 
alkoxides traditionally known as network formers. 
This paper presents a study on hybrid siloxane- 
titania systems obtained from co-hydrolysis of 
(CH3)2Si(OEt)2 and Ti(OPr’)4.

2. Experimental

A mixture of diethoxydimethylsilane (DE- 
DMS), absolute ethanol and water in a 1:1:1 
molar ratio was stirred for a few minutes before 
adding the appropriate amounts of Ti(OPr‘)4 in 
order to obtain Ti: Si molar ratios ranging from 

10:90 to 50:50. The pH of the water was previ
ously adjusted to 1 by addition of hydrochloric 
acid. In this paper, the samples are labelled DTix, 
D for DEDMS and x for the metal percentage. 
The transparent sols were well stirred and then 
stored in open vessels. In a few days, transparent 
bulk pieces were obtained. Only in the DTi50 
system was segregation of TiO2-based particles 
observed. The monolithic xerogels were flexible 
in the DTilO system and brittle for the DTi30 
composition.

NMR spectra were recorded on a MSL 400 
Briiker spectrometer. For 29Si liquid spectra, 60 
pulses were accumulated with 5 |xs pulse width 
and 10 s relaxation delays. For solid NMR experi
ments, pulse width and relaxation delays were 
respectively, 2.5 |is and 60 s for 29 Si MAS-NMR, 
5.7 |xs and 6 s for 13C CP-MAS-NMR (contact 
time: 1.5 ms) and 5.7 |xs and 4 s for 'H MAS- 
NMR. The solid samples were spun at 4 kHz. 
The X-ray absorption experiments were con
ducted at LURE (Orsay, France) using the EX- 
AFS III line. A Si 311 monocrystal was used as a 
monochromator. The XANES spectra were 
recorded from 4920 to 5070 eV with a 0.3 eV step 
while the EXAFS spectra were recorded from 
4670 to 5670 eV with a 2 eV step. The energy 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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calibration was carried out with a metallic tita
nium foil. The data have been analyzed according 
to the usual EXAFS formalism, using programs 
established by Michalowitz [4],

3. Characterization of the solution

A preliminary characterization was performed 
on the DTi30 composition. The hydrolysis-con
densation process was followed by 29 Si NMR 
spectroscopy. Figure 1 shows the evolution of the 
DEDMS solution after the Ti(OPr‘)4 addition. 
The simply hydrolyzed DEDMS solution shows 
the presence of mono-condensed species (Dj) of 
the type RO-Si(CH3)2-O15 (R = H, Et) at - 13

-5 -15 -25

CHEMICAL SHIFT (ppm)
Fig. 1. 29Si NMR spectra of DTi30 solution after (a) 15 min;

(b) 45 min; (c) 2 h; (d) 21 h.

and —13.5 ppm. The presence of chains and 
cycles is pointed out by the peaks at -21.7 ppm 
(D2 chains) and - 8.9 and -19.3 ppm (D2 cycles) 
[5,6]. The presence of short chains in this system 
is consistent with the low H2O/Si molar ratio 
and the observed intensity of the peak due to Dj 
terminal units. A strong change of the spectrum 
is observed after Ti(OPr‘)4 addition (fig. 1(a)). 
One peak with decreased intensity is observed for 
terminal units at -13.5 ppm; peaks due to the 
cycles have almost disappeared and extra peaks 
are present at - 23.5 and - 24.2 ppm. The pres
ence of these signals is more evident in fig. 1(b) 
and 1(c). These peaks present a high field shift 
compared with the usual chemical shift of D, 
units (-22 ppm) in simply hydrolyzed solutions 
of DEDMS. They could be assigned to Si-O-Ti 
bonds. This evidence disappears after longer re
action times. Figure 1(d) shows a single peak at 
-22 ppm for D2 units, the signal of the 
monomeric species at -4.8 ppm and one peak at 
-13.4 ppm for Dx units. The evolution of the 
hydrolysis-condensation process seems to pro
ceed through the formation of intermediates con
taining bridging oxygens between Si and Ti species 
followed by a structural rearrangement. The final 
situation shows the presence of polydimethyl
siloxane chains with no evidence of Si-O-Ti 
bonds. Ti(OPr')4 is known to behave like a cata
lyst for the condensation process and to prevent 
cycles formation [7].

The local environment of Ti has been investi
gated by X-ray absorption spectroscopy at the 
Ti K-edge. The XANES spectrum and the Fourier 
transform of the EXAFS spectrum for the DTi30 
solution after 24 h are reported in fig. 2. At the 
Ti K-edge, the pre-edge features are strictly re
lated to the symmetry of Ti sites. In the case of 
Ti(OPr’)4, an intense singlet at 4966.9 eV is ob
served due to the fourfold coordination of Ti 
atoms [8], while TiO2 anatase presents a triplet at 
4966.1, 4969.1 and 4971.5 eV with relative inten
sities 0.09, 0.17 and 0.16 related to the Ti sixfold 
coordination. In the DTi30 solution (fig. 2(a)), a 
less intense peak (0.28) at 4967.4 eV is observed 
associated to a shoulder at 4971.6 eV (0.18). The 
peak could be assigned to a fivefold coordination 
[8], but the shift in energy and the presence of the
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Fig. 2. X-ray absorption spectra of DTi30 solution after 24 h: 
(a) XANES; (b) k3X(k) Fourier transform of the EXAFS 

spectrum.

shoulder suggest a superposition of a triplet due 
to a sixfold coordination. In fig. 2(b), the Fourier 
transform of the EXAFS spectrum is shown. Two 
Ti-O distances are found at 1.86 and 2.08 A, and 
are assigned to terminal and bridging oxygens, 
respectively. For the distance at 3.17 A, a better 
simulation was obtained with a Ti as second 
neighbour rather than a Si. However, the pres
ence of some Ti-O-Si bonds cannot be rejected 
since the EXAFS technique is sensitive to the 
average coordination sphere thus favouring the 
main bonds.

4. Characterization of the gel

The xerogel has been studied by means of 
MAS-NMR and X-ray absorption spectroscopies. 

The 29Si MAS-NMR spectrum of DTi30 gel, pre
sented in fig. 3, exhibits a sharp peak at -22.2 
ppm and a small component around -19 ppm 
due to the presence of cycles with four units [6], 
The sharp peak is attributed to D2 units and its 
chemical shift is near that observed in commer
cial polydimethylsiloxanes. The study of 'H MAS- 
NMR and 13C CPMAS-NMR spectra gives some 
information about the hydrolysis process. Both 
spectra reveal intense peaks associated with 
methyl groups bonded to Si atoms. In the l3C 
NMR spectrum, two small components at 17.9 
and 23.3 ppm can be assigned to residual non-hy- 
drolyzed alkoxide groups. However, the very low 
intensity of these signals is a proof of a rather 
complete hydrolysis process. Thus, the system 
seems to have mainly developed long chains of 
polydimethylsiloxane during the co-hydrolysis 
process.

The local environment of Ti sites is shown by 
the XANES spectrum (fig. 4). A triplet at 4965.9, 
4967.7 and 4971.3 eV with respective intensities 
0.13, 0.29 and 0.18 is found. Once more, the 
pre-edge region, for the position and intensities 
of the peaks, can be described as a superposition 
of a triplet (sixfold coordination) and a singlet 
due to the fivefold coordination. The comparison 
with the XANES spectrum of the solution allows 
to assume an increase in the gel of Ti sites in 
sixfold coordination. From the EXAFS spectrum, o
two Ti-O distances at 1.74 and 1.90 A and one o
Ti-Ti distance at 3.04 A can be extracted. The
Ti-O distance at 1.90 A and the Ti-Ti distance

o
at 3.04 A are in good agreement with those found

0 -50
CHEMICAL SHIFT (ppm)

Fig. 3. 29Si MAS-NMR spectrum of DTi30 gel.
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Fig. 4. XANES spectrum of DTÍ30 gel.

in TiO, anatase. The short Ti-O distance at 1.74 
A could correspond to terminal oxygen atoms 
and be related to the formation of small TiO2- 
based particles.

According to MAS-NMR and X-ray absorp
tion results, the system seems to be formed with 
polysiloxane chains and small TiO2-based parti
cles. At present, we are not able to give a better 
description of the DTi system than the structural 
model proposed in fig. 5. The system could be 
described as a nanocomposite with chains of 
polydimethylsiloxane and TiO2-based particles 
where the chains could act as bridges between 
the inorganic particles. This model presumes the 
presence of Ti-O-Si bonds that have not been 
demonstrated in this study. However, the amount 

Fig. 5. Proposed structural model for DTP gels.

of bridges could be small and probably unde
tectable with the characterization techniques 
used.

5. Optical properties of films doped with Rho- 
dainin 6G (R6G) and Coumarin 4 (C4)

The rheological properties of the sols prepared 
in this work allow easy deposition of films on 
glass sheets. Siloxane-oxide hybrid coatings have 
been prepared with various metal alkoxides 
(M(OR)„, M = Ti, Zr, Al, Si) [9], Due to the 
presence of siloxane chains and hydrophobic 
methyl groups, films with an average thickness of 
20 pm with no cracks have been obtained. Or
ganic dyes (R6G, C4) can be incorporated in the 
films reaching high dye concentrations (C > 10 2 
M). Absorption and emission experiments have 
been performed with R6G and C4. R6G gives 
strong fluorescence in all matrices even for very 
high dye concentrations. This is probably related 
to the minimization of dimers responsible for the 
quenching of fluorescence in water and alcoholic 
mediums. This effect, in the gel, is assigned to the 
formation of polymeric cages that prevent aggre
gation between dye molecules [10]. This is en
hanced in siloxane-oxide hybrid materials for the 
large amount of hydrophobic methyl groups 
favouring interactions with the dye. Coumarin 4 
shows absorption and emission features depend
ing on the nature of the matrices. Matrices with 
Zr and Si give the strongest fluorescence. A spe
cific interaction between the dye and Ti has been 
pointed out by 47,49Ti NMR experiments. The 
reactivity of Ti species towards C4 is responsible 
of the enhanced absorption and the emission 
quenching of the dye.

6. Conclusions

Mixed siloxane-titania materials have been 
prepared starting from diethoxydimethylsilane 
and titanium isopropoxide. The evolution of the 
hydrolysis-condensation process, followed by 29Si 
NMR, seems to proceed through the formation of 
intermediates containing Si-O-Ti bonds. Struc
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tural rearrangement leads to polydimethylsilox
ane chains with no evidence of Si-O-Ti bonds. 
Ti(OPr‘)4 seems to behave like a catalyst for the 
condensation process.

Depending on the Ti/Si molar ratio, flexible 
to brittle gels can be obtained. According to 29 Si 
MAS-NMR and Ti K-edge X-ray absorption 
spectroscopy results, the xerogels appear to be 
composed of chains of polydimethylsiloxane and 
small TiO2-based particles.

Rheological properties of the sols can be ad
justed to prepare transparent films and mono
liths. Crack-free films with an average thickness 
of 20 |xm have been obtained. Organic dyes can 
be incorporated in these films in high concentra
tions. Rhodamine 6G shows strong emission for 
very high concentration while Coumarin 4 shows 
absorption and emission features depending on 
the nature of the matrix.
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Effect of electrolyte on the gelation and aggregation of SnO2 
colloidal suspensions
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Electrolytes may modify the physical-chemical characteristics of colloidal particle interfaces in suspension, which can 
favour gel or aggregate formation. The influence of NH4C1 loading on the aggregation and gelation of SnO2 colloidal 
suspensions was investigated using measurements of rheology, turbidity and infrared spectra. A rapid aggregate growth for 
samples with Cl > 20 mM was observed. With increasing age, gelation was observed due to formation of interaggregate 
bonds. For concentration of Cl between 20 and 9 mM, the aggregation process was slower allowing the formation of gel 
with a network which was not destroyed as the gel was submitted to a small rate of shear. As aging continues, the 
condensation reaction between OH groups gave rise to the formation of Sn-O bonds, irrespective of the electrolyte loading.

1. Introduction

The preparation of SnO2-based compounds by 
the sol-gel technique has received some atten
tion in the past few years. Pathways to gel prepa
ration from tin (II or IV) alkoxides or inorganic 
salts have been investigated [1-3], Less attention 
has been paid to modeling the formation of gels 
from a structural and chemical point of view, 
despite their importance as precursors in the 
preparation of thin layers and coatings.

Amorphous or crystalline SnO2-based materi
als containing different degrees of hydration can 
be prepared from SnCl4 water solutions. Struc
tural differences may be due to variability of 
preparation conditions, of physical-chemical 
characteristics of the solid-solution interface, and 
of the hydrolysis and condensation reaction rate. 
Otherwise, zero charge pH between 3 and 7 has 
been reported [4], The wide dispersion of data 
has been attributed to sample pretreatment and 
specific adsorption of cations.

In this study, conditions of hydrogel formation 
from particulate tin oxide sol were investigated. 
The effect of the electrolyte loading on aggrega
tion and gelation of dispersed sols was analyzed 
from rheology and spectroscopy.

2. Experimental

Colloidal SnO2 was prepared by precipitation 
at pH 11, adding ammonium hydroxide to a SnCl4 
aqueous solution (1.0 N). The precipitate was 
stored for 24 h inside the mother-liquid at 25°C. 
The final electrolyte concentration (NH|, Cl-) 
of suspensions was adjusted by the control of 
dialysis time. Suspensions were aged in dialysis 
vessels in equilibrium with the final wash water. 
During aging a decrease of pH of suspensions 
was observed due to the evaporation of excess 
ammonia. The electrolyte loading after dialysis, 
determined from the Cl- concentration, and the 
values of the pH measured immediately before 
and after aging, are given in table 1.

The evolution of chemical and physical charac
teristics during aging of suspensions were fol
lowed by turbidity, Fourier transform infrared 
spectra (FTIR) and steady rotational flow mea
surements. Turbidities were determined using a 
photoelectric colorimeter (Micronal-B340), mon
ochromatic, 410 nm wavelength light. FTIR ab
sorption spectra were measured between 100 and 
4600 cm-1 using the Nicolet System with resolu
tion less than 2 cm-1. The samples were injected 
into an IR cell consisting of two KRS5 windows.

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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Table 1
Electrolyte loading after dialysis and pH values measured 
before and after aging

Sample Electrolyte 
loading 
(mM of Cl~)

pH

before 
aging

after 
aging

A 420.0 10.10 6.10
B 90.0 9.90 6.40
C 20.0 9.20 6.45
D 10.0 9.00 6.90
E 5.0 8.80 7.10
F 0.9 8.10 8.10

Rheological characteristics were determined us
ing a concentric rotating cylinder viscometer (Re- 
otest-2 VEB Prüfgeräte) at 15°C. The gap be
tween the cylinders was a diameter ratio of f.02. 
For this gap, the shear rate and shear stress in 
the liquids were uniform and well defined.

3. Results

Figure 1 shows the evolution of turbidity for 
all of the samples during aging. At the beginning 
of dialysis (/ < 30 h), turbidity decreases quickly, 
resulting in suspensions as transparent as water. 
After dialysis interruption (aging period), turbid
ity increases promptly for B sample. Otherwise, 
the rate of turbidity change decreases with the 
Cl" residual loading.

Figure 2 shows the behaviour of shear stress 
versus shear rate for samples containing different 
electrolyte loading. After aging for 25 h, the 
rheograms (fig. 2(a)) show a non-Newtonian 
pseudoplastic behaviour for samples A and B and 
Newtonian plastic behaviour for samples C, D, E 
and F. Additional aging for 580 h changes the 
rheological behavior (fig. 2(b)), with the exception 
of the sample F. The data for samples D and E 
exhibit a pronounced overshoot, characteristic of

Fig. 1. Evolution of the turbidity during aging for the colloidal suspensions prepared with different electrolyte loading.
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’i'is’b
Fig. 2. Shear stress versus shear rate curves for the samples containing different electrolyte loading, (a) 25 h aging; (b) 580 h aging.

increase of the elastic component of the flow [5]. 
For the other samples, an increasing deviation 
from Newtonian behaviour is verified as the Cl 
loading increases.

Flow properties can be described by a rheolog
ical equation of state:

i0 at r < ry

at 7>Ty, 

where n and r0 are constants, r0 is not equal to 
the yield point, ry, experimentally determined. 
Values of n > 1 are associated with deviation 
from Newtonian behaviour and 17 is a plastic 
(n = 1) or pseudoplastic (n > 1) parameter of vis
cosity [5]. The initial shear stress, r0, required to 
induce movement is often very small and experi
mentally difficult to determine; consequently, a 
jump of the shear rate upon attainment of ry is 
often observed [5]. This equation does describe 
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the overshoot peak and the thixotropic loop. In 
this exceptional case, ry is well defined by the 
maximum of the overshoot peak. The grade of 
thixotropy may be estimated from the area be
tween the upper and lower curves.

The evolution of rheological parameters with 
the aging is shown in fig. 3. For sample F, the 
plastic flow behaviour is nearly invariant with 
aging. For samples C, D and E, the rheological 
behaviour is almost constant during an idletime, 
iP After ip n becomes > 1, and viscosity and 
thixotropy increase continuously. Besides that, the 
yield point versus aging time plot (fig. 3(b)), shows 
a peculiar behaviour for samples D and E; a 

decrease of t0 is first observed and then the yield 
value grows promptly. We attribute this sequence 
of events to plastic to pseudoplastic with yield 
point to pseudoplastic with overshoot yield point 
flow behaviour.

Figure 4 shows the evolution of FTIR spectra 
from 4400 to 2600 cm-1 as function of aging time 
for the samples B, E and F. For aging < 120 h, a 
broad band which we attribute to OH stretching 
is observed. After 280 h aging of samples F and 
E, the OH stretching bands [6] situated at 3740, 
3680, 3650, 3620 and 3400 cm-1 and the Sn-O 
vibration [7] at 670 enF1 (not shown in fig. 4) 
were more intense. It was also observed that the

100 200 300 400 500 600 100 200 300 400 500 600
TIME (h) TIME (hl

Fig. 3. Evolution of the rheological parameters: (a) n; (i>) r0; (c) r/; (4) thixotropy with the aging time.
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Fig. 4. Evolution of the infrared spectra with the aging time for samples B (a), E (b) and F (c).

bands localized around 2900 cm-1, which are 
normally attributed to the presence of the 
strongest H-bond, are those in which water 
molecules are bonded to OH- groups of solid 
hydrates [8], Otherwise, the OH stretching vibra
tions situated around 3830 and 3740 cm-1 are 
usually assigned to ‘free’ hydroxyl groups in the 
case of metallic oxides of high surface area [8]. In 
the spectrum of sample B, these bands became 
evident after 550 h aging.

4. Discussion

Turbidity is highly dependent on the scattering 
cross-sections of the particles in suspension and 
of the volumetric concentration of particles within 
a range of sizes to produce light scattering [9], 
The observed changes in turbidity are related to 
the growth in size of particles or of aggregates. In 
this last case, the growth rate is expected to 
increase with the electrolyte loading [10], in good 
agreement with experimental data (fig. 1). For 
sample E, the turbidity is almost constant during 

aging, suggesting that the upper limit of stability 
of these colloidal suspensions is about 0.9 mM of 
Cl-. Above this value, the aggregate size grows.

The change of rheological properties is due to 
changes in the sol structure. At the early stages of 
aging, the particles interactions do not influence 
the flow behaviour and Newtonian flow was ob
served. The transition from Newtonian to 
thixotropic pseudoplastic behaviour, observed for 
samples C, D and E (figs. 3(a) and 3(c)), can be 
attributed to the formation of a weak network 
structure [11]. Due to the weak interactions 
among particles or clusters, the network is broken 
as the shear rate increases and then easily recov
ered as the shear rate decreases.

The transition from pseudoplastic with yield 
point flow to pseudoplastic with overshoot yield 
point flow (fig. 3(b)) is due to a large increase of 
the elastic component of the system. This transi
tion is related to the formation of a continuous 
and three-dimensional network [5], The yield 
point is a function of the strength of the skeleton 
which is determined by the strength of the filler 
particles, their specific interaction and the num-
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Fig. 5. Scheme for tin oxyhydroxide colloidal gel formation during aging.

ber of contacts between the particles [5]. At the 
critical shear rate, at which the overshoot yield 
point is observed, there is a catastrophic break
down of the continuous network. As the shear 
rate decreases, the overshoot phenomenon is re
covered. Even if particles or clusters have large 
connectivity, there may exist many weak points in 
the network, so that the reversibility is related to 
the physical cross-links [5]. That is, the intensity 
of chemical and physical interactions among par
ticles (or clusters) increases with aging.

The samples containing high electrolyte load
ing (A and B) present pseudoplastic with yield 
point and thixotropic flow during all of the aging. 
However, after the idletime, there is an increase 
of the pseudoplastic character, indicated by the 
increase of n, tq, r0 and thixotropy (fig. 3). The 
shear thinning of pseudoplastic flow observed at 
the early stage of aging (t < is characteristic of 
suspensions containing aggregates. After the idle
time, the network connectivity increases as for 
samples D and E. The increase observed in 
thixotropy is not large, which we suggest is due to 
small numbers of physical cross-link. Conse
quently, for samples A and B, gelation occurs by 
formation of aggregate-aggregate bonds.

Evolution of the vibrational modes of OH 
groups (fig. 4) and metal oxide bonds suggests 
that structural changes during aging are associ
ated with chemical interactions between colloidal 

particles. For the samples in which gelation oc
curs (B and E), the relative intensity of the 
stretching vibration of the OH-free groups (3830 
and 3740) increases with aging. This is due to a 
diminution of the intensity of the O-H bridged 
bond vibrations. This diminution was not evident 
in the spectrum of sample F.

The scheme given in fig. 5 illustrates the change 
in chemical interactions involved in tin oxy hy
droxide colloidal gel formation during aging. At 
the beginning of aging, Brownian movement leads 
some particles (or clusters) to close contact, al
lowing bridging by hydrogen bonding of water to 
two terminal hydroxyl groups. This interaction 
can be related to the plastic to pseudoplastic 
transition verified by rheological measurements. 
As aging continues, these ‘bridging' water mole
cules are lost, but the particles are too close for 
hydrogen bonding to occur between terminal 
groups of different particles. The close proximity 
between hydrogen-bonded hydroxyl groups 
favours the dehydration of the surface (formation 
of oxo groups by condensation reaction). In fact, 
for sample E for instance, the ratio of the areas 
of the bands for Sn-OH and Sn-O changes from 
8.8 ± 0.7 to 1.7 ± 0.3 as the aging time varies 
from 25 to 1200 h, showing that the number of 
Sn-O bonds increases. We suggest that increase 
of the elastic characteristic of the network during 
aging is related to the condensation reactions 
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involving cluster-cluster (or aggregate-aggre
gate) bond formation.

5. Conclusion

For samples containing Cl- loading between 9 
and 20 mM, clusters grow slowly due to the 
interaction among particles. As aging continues, 
gelation occurs due to interactions among clus
ters. For samples containing Cl “ loading > 20 
mM, the high ionic strength causes prompt aggre
gate growth. During aging, gelation occurs due to 
interactions among aggregates. Despite the Cl- 
concentration, condensation reactions among OH 
groups occurs during gelation.
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A colloidal sol-gel route has permitted preparation of Pb(MgI/3Nb2/3)O3 (PMN) and solid solutions PMN/PZN and 
PMN/PFN (with PZN = Pb(Zn1/3Nb2/3)O3 and PFN = Pb(Fe]/2Nbl/2)O3). A stable sol was prepared from metal 
chlorides and nitrates. The powder, calcined at 300°C, was shaped to pellets and sintered between 850 and 1100°C. 
Pyrochlore-free perovskite phases were obtained. The dielectric constants of PMN vary from 10000 to 22000 with a Curie 
temperature near — 5°C. At room temperature, 0.77PMN/0.23PFN and 0.75PMN/0.25PZN have dielectric constants equal 
to 16200 and 17000, respectively.

1. Introduction

Lead perovskites are used in multilayer capaci
tors. In order to obtain optimum physical proper
ties for such materials, the pyrochlore phase must 
be absent. Thus, it is necessary to use a fine 
powder and a sintering temperature which avoids 
volatilization of lead oxide during sintering. Sev
eral ways have been reported for the preparation 
of lead perovskites, in particular the PMN ((Pb- 
Mg1/3Nd2/3)O3) perovskite using solid state re
actions [1-5] by mixing and reacting the con
stituent oxide powders, co-precipitation in the 
form of oxalates [6] and sol-gel processes from 
metal alkoxides [7-9] or citric complexes [10]. In 
the present work, we develop a sol-gel process, 
known as destabilization of colloidal solution from 
metallic salts, to prepare PMN and solid solu
tions PMN/PZN and PMN/PFN (with PFN = 
Pb(Fe1/2Nb1/2)O3 and PZN = Pb(Zn1/3Nb2/3)- 
O3). We report the processing and dielectric 
properties of the ceramics between 850 and 
1100°C, the temperature range in which py- 
rochlore-free perovskite phases are obtained.

2. Experimental procedure

The general scheme of the preparation is 
shown in fig. 1. The colloidal solution was pre
pared by adding an aqueous lead nitrate solution 
to an ethanoic solution of niobium chloride. The 
lead quantity was calculated (a) in view of elimi
nating the chloride by precipitation of PbCl2 and 
(b) to form stoichiometric PMN material. The 
precipitate was filtered and washed with distilled 
water. Magnesium nitrate was dissolved in the 
preceding solution. This solution, kept in air at 
room temperature, became a slightly opaque gel 
in about 1 month. To decrease the gelation time, 
the temperature was increased and the crystal
lization of lead nitrate occurred. So a small quan
tity (3 vol.%) of polyethylene glycol (PEG 300) 
was added to the colloidal solution at 80°C. A 
more opaque gel was obtained in about 10 h 
without crystallization. We note that, in the case 
of crystallization of Pb(NO3)2 during the drying 
stage, a biphasic ceramic is always obtained re
gardless of the sintering temperature.

The gel was dried at 300°C (at this tempera-
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ture, PEG 300 is almost completely eliminated) 
and an amorphous powder was obtained. The 
grain size distribution is narrow and the mean 
particle diameter is ~ 32 nm. The dried gel was 
used as a precursor for all measurements.

The solid solution preparation was performed 
using the same procedure. For PMN/PZN, 
Zn(NO3)2 was introduced with Mg(NO3)2 and 

for PMN/PFN, FeCl3 was added to the NbCl5 
ethanoic solution.

3. Results

The dried gel was treated at temperatures 
from 500 to 1250°C for 2 h and calcined powder

NbClS in EtOH

? «FeCl3 (1) US’ Pb(NO3)2 in H2O

PbCl2 + solution

Filtration + washing

Zn(NO3)2 (2) 1!XV T « Mg(NO3)2

colloidal Solution

room temperature (1 month) + PEG300, 80°C (12 h)

Gel

I

Drying (300°C)

Amorphous powder

Fig. 1. General preparation scheme of PMN, PMN/PFN (1) and PMN/PZN (2) powders.
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Fig. 2. X-ray diffraction spectra of the PMN powder after calcination of the amorphous powder at various temperatures (Cu Kci 
radiation was used; *, pyrochlore).
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was then characterized by X-ray powder diffrac
tion (XRD). The results of this study are re
ported in fig. 2. At 500°C, a mixture of poorly 
crystallized pyrochlore and perovskite was ob
served. These phases were a function of tempera
ture. An evolution from the pyrochlore to the 
perovskite phase occurred and complete transfor
mation was achieved at 850°C, the temperature at 
which the pure perovskite phase was obtained. 
Up to 1100°C, only the perovskite phase was 
present and at 1150°C a new pyrochlore phase 
appeared. This phase was due to the evaporation 
of PbO and the destabilization of the perovskite.

The effect of adding a small quantity of PEG 
300 was demonstrated by comparing the X-ray 
diffraction spectra of gels dried at 300°C and 
fired at 900°C with and without PEG 300. When 
the PEG was not added, crystallization of 
Pb(NO3)2 was observed during the drying, and a 
mixture of pyrochlore and perovskite was ob

tained after firing (fig. 3). Hence, all the other 
measurements were performed with PEG-doped 
PMN powder as precursors of PMN ceramics.

Figure 4 shows the results of DTA/TGA anal
ysis of dried gel. The PMN DTA data shows 
endothermic peaks between 350 and 480°C. In
frared spectra show the presence and the absence 
of nitrates below 350 and above 500°C, respec
tively, and confirm that these DTA peaks were 
due to oxidation and decomposition of nitrates. 
The DTA of PMN-PEG compound did not have 
these peaks. No exothermic peak of crystalliza
tion appears in either case. A slow evolution from 
the amorphous phase to crystallized phases was 
observed by XRD. The fact that the PMN-PEG 
TGA data show a larger weight loss to 430°C 
than does the PMN confirms the partial depar
ture of nitrates from PEG below 300°C.

Dielectric measurements were performed with 
PMN-PEG compound pellets, sintered between

Fig. 4. Differential thermal analysis (DTA) and thermal gravimetric analysis (TGA) curves of powders dried at 300°C. (a) PMN; 
(b) PEG-doped PMN.
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Table 1
Dielectric constant, e, and dissipation factor values, tg<5, for
PMN

Sintering 
temperature (°C)

^max e (25°C) tg5(-5°C)

850 10000 7400 0.034
900 11300 8000 0.018

1000 19370 13600 0.033
1050 19900 14200 0.038
1100 21800 15000 0.028
1150 20610 14250 0.033
1200 16325 12265 0.020
1250 16255 11530 0.016

850 and 1100°C for 2 h, at 1 kHz frequency. 
Figure 5 and table 1 give the dielectric properties. 
The dielectric constant maxima increase as the 
sintering temperature increases. A maximum di
electric constant value of 21800 was observed for 
the sample sintered at 1100°C. A significant in
crease of the dielectric constant can be noted 
between 900 and 1000°C. This is explained below 
by the microstructure observations. The Curie 
temperature does not change and is equal to 
-5°C.

Dielectric characteristics of PMN-PEG sin
tered between 1100 and 1250°C are given in table 
1. The dielectric constant maxima decrease with 
the temperature due to the more important con
centration of pyrochlore phase.

Table 2
Grain size variation as a function of temperature

Sintering 
temperature (°C)

emax Grain 
diameter (jim)

850 10000 2-5
900 11300 4-8

1000 19400 6-16
1100 21800 7->20

Scanning electron micrographs of the as-fired 
and fracture surfaces of PMN ceramics sintered 
at 850 and 1100°C are shown in fig. 6. Significant 
grain growth is observed in samples heat treated 
at increasing temperature from 850 to 1100°C. 
The grain sizes are reported in table 2, as are 
sintering temperatures and dielectric constants. A 
larger increase in grain diameter occurred be
tween 900 and 1000°C than occurred between 850 
and 900°C. At 1100°C, a near homolytic ceramic 
is observed. This homolytic aspect of the ceramics 
increased with temperature up to 1250°C. The 
pyrochlore phase observed in samples heat 
treated above 1100°C was, primarily, on the sur
face of the pellets and was observed by SEM.

The solid solutions 0.77PMN/0.23PFN and 
0.75P,MN/0.25PZN were prepared. For these 
two compositions, a pure perovskite was obtained 
after treatments between 850 and 1100°C. Maxi
mum dielectric constants are equal to 16000 and 
17000 at a Curie temperature of 24°C.

Fig. 5. (a) Dielectric constants, e, and (b) dissipation factors, tg<5, versus temperature for PMN.
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Fig. 6. Micrographs of PMN ceramics sintered at different temperatures (as-fired surface: (A) 850°C; (B) 1100°C; fracture surface: 
(C) 850°C, (D) 1100°C).

4. Conclusion

Lead perovskites having high dielectric con
stants were prepared using a new colloidal sol-gel 
procedure. Sintering temperatures, from 850 to 
1100°C, produced pure perovskite ceramics. The 
highest dielectric constant value was obtained 
with PMN sintered at 1100°C.
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The influence of cross-linking on gel formation
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Philips Research Laboratories Eindhoven, PO Box 80000, 5600 JA Eindhoven, The Netherlands

Besides the rate of the hydrolysis and condensation reactions, cross-linking also has a strong influence on gel formation of 
tetraethoxysilane (TEOS). Parameters which have an effect on cross-linking, as the water concentration, the functionality of 
the precursor and the addition of tetraethoxygermane (TEOG) are investigated. Gelation time versus hydrolysis time curves 
were recorded of different TEOS, ethanol, water systems with different water concentrations and systems to which different 
alkyl-substituted silanes and TEOG were added. It is found that the polymerization reaction of TEOS is dominated by 
silanol-silanol condensation whereas for condensation of TEOG an ethoxy group reacts with silanol under ethanol 
formation. It is also found that the gelation process of mixtures to which an alkyl-substituted silane is added, is slower than 
that of TEOS itself although both the hydrolysis rate and the condensation rate of each of these compounds are higher.

1. Introduction

Hydrolysis and condensation are important re
actions for gel formation. These reactions deter
mine mainly the rate of gelation and the ultimate 
structure, density and specific surface area of the 
gel [1]. However, hydrolysis and condensation are 
not the only determining factors defining these 
parameters. It has been shown that the ratio 
( = Si-OH/ = Si-OR) has a large influence on 
the structure of the gel [2,3]. Therefore, this 
influence on the hydrolysis and condensation of 
TEOS has been studied by varying the water 
concentration [4], Another important parameter 
in determining gel formation is the functionality 
of the precursor [5]. By replacing one or two of 
the ethoxy groups of TEOS by a methyl group, it 
is possible to obtain a group which remains at
tached to the silicon atom without changing dur
ing the hydrolysis-condensation process. The sili
con-carbon bond will only be broken by oxida
tion at temperatures higher than 600°C [6]. Re
cently, it has been found that gel formation is 
strongly influenced by the addition of TEOG [7], 
The influence of water, the exchange of ethoxy 
groups by methyl groups, and also the influence 
of the addition of TEOG on the two-step sol-gel 

process of TEOS will be discussed in terms of 
cross-linking.

It is shown that the relation between the hy
drolysis time and gelation time gives insight in 
both hydrolysis and condensation reactions in a 
two-step sol-gel process of TEOS [3-5,8-10]. 
Therefore, this procedure was selected for our 
investigations.

2. Experimental

Gelation time versus hydrolysis time curves 
were recorded of different TEOS systems to study 
the effect of the water concentration, functionally 
of the precursor and the addition of TEOG on 
the hydrolysis, condensation and cross-linking of 
TEOS. For the determination of the gelation 
time versus hydrolysis time curve, the procedure 
was applied as already described [3-5],

The effect of the water concentration added in 
the acid step of a two-step sol-gel process on the 
gelation behaviour was investigated using TEOS, 
ethanol and water mixtures with a final molar 
ratio of 1:4: (a + 0.5) with a = 1, 2, 3 and 4.

To study the effect of the addition of methyl
triethoxysilane (MTES) and dimethyldiethoxysi

0022-3093/92/$05.00 © 1992 _ Elsevier Science Publishers B.V All rights reserved
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lane (M2DES) on the hydrolysis and condensa
tion of TEOS gelation time versus hydrolysis time 
curves were recorded for different TEOS-A/TES 
and TEOS-M2DES mixtures with a final molar 
ratio of TEOS, MTES or M2DES, ethanol and 
water of 0.9:0.1:4:2.5.

The effect of the TEOG concentration on the 
hydrolysis and condensation of TEOS was also 
studied using the experimental procedure de
scribed above. The silanol-silanol gelation was 
reduced by using a composition with a low water 
content to intensify the effect of TEOG on the 
gelation time. The dependence of the gelation 
time in the basic step on the hydrolysis time in 
the acid step was measured for mixtures of TEOS, 
ethanol, water and TEOG with a final molar 
ratio of 1:5:0.75 :x, with x varying between 0 
and 0.25. The TEOG fraction is added 15 s after 
the addition of the basic fraction to the TEOS 
system. For comparison, a gelation time versus 
hydrolysis time curve was recorded for a same 
series without TEOG addition.

3. Results and discussion

Figure 1 gives the gelation time versus hydroly
sis time of mixtures of TEOS, ethanol and water 
with a final molar ratio of 1:4: {a + 0.5) with 
a = 1, 2, 3 and 4. A difference in behaviour can 
be observed for values of fl < 2 and fl > 2. For all 
four curves, at short hydrolysis times, a strong 
decrease of the gelation time is observed due to 
the increase of the silanol concentration. Dimer
ization of silanols starts at the same time. When 
almost all the water added has been consumed in 
the acid step, dimerization of silanols becomes 
the dominant reaction. This results, for values of 
a < 2, in a decrease of the silanol concentration 
due to formation of dimers which have hardly any 
-OH groups. The decrease of the silanol concen
tration results in an increase of the gelation time. 
For values of a > 2, dimerization of silanols re
sults in the formation of dimeric silanols, where 
almost all of the -OEt groups are already re
placed by -OH groups. The dimers thus formed 
can contribute to further polymerization without 
further hydrolysis. This explains why almost no

tH(min) --------►
Fig. 1. The relation between the gelation time, tc, and the 
hydrolysis time, tH, of TEOS, ethanol and water mixtures 
with a final molar ratio of l:4:(a+0.5) with O, a = 1;

▲, a = 2; +, a = 3; and □, a = 4 [8].

increase of the gelation time is found under these 
circumstances.

Based on these experiments it was concluded 
that for the silanol-silanol condensation, 
(RO-)3Si-OH + HO-Si(-OR)3

-> (RO-)3Si-O-Si(-OR)3 + H2O (1)
with R = C2H5, H or Si(-OR)3, is the dominant 
condensation reaction. If the condensation reac
tion rate between the = Si-OH and = Si-OEt 
group would be of the same order as the reaction 
rate of the = Si-OH and HO-Si = condensation, 
the minimum in gelation time in fig. 1 for a < 2 
would not be so distinct.

Figure 2 shows gelation time versus hydrolysis 
time curves for TEOS and alkyl-substituted 
ethoxysilane mixtures of a molar ratio of 9:1. For 
all the mixtures, the hydrolysis time at which the 
minimum in the curve was observed was shifted 
to only a slightly higher value. The introduction
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tH(min) --------►
Fig. 2. The gelation time, iG, as a function of the hydrolysis 
time, tH, of TEOS, alkyl-substituted ethoxysilane, ethanol and 
water mixtures of a final molar ratio of 0.9:0.1:4:2.5 where 
the alkyl-substituted ethoxysilane represents MTES (A) or 

M2DES (B) [5],

of each alkyl-substituted ethoxysilane compound 
causes a large increase in the gelation time which 
effect is most prominent when Af2DES is used. It 
can be concluded that addition of small amounts 
of an alkyl substituted ethoxysilane to a mixture 
of TEOS, ethanol and water has a tremendous 
effect on the hydrolysis and condensation be
haviour of these TEOS mixtures.

The possibility that the effect of increasing 
gelation times is caused by the dilution of the 
TEOS compound is ruled out by corresponding 
dilution experiments. It was found that the effect 
only intensifies when the curves are recorded for 
mixtures with a constant H2O/(= Si-OC2H5) 
ratio.

Using low-temperature 29Si-NMR, it was found 
that under equal conditions in the acid step the 
degree of hydrolysis of the alkyl-substituted 
ethoxysilanes is higher than that of TEOS [5]. 
Also the oligomerization was found to be intense 
for the alkyl-substituted ethoxysilanes. This in

creased hydrolysis rate as well as a higher con
densation rate for the alkyl-substituted ethoxysi
lane compounds compared with TEOS seems to 
be in contradiction with the longer gelation times 
found for mixtures of these compounds with 
TEOS as shown in fig. 2. The retardation in 
gelation is, therefore, an indication that conden
sation is a necessary but not the only condition 
for gelation. Moreover, the formation of a net
work of cross-linked chains is required for gela
tion. The quality and structure of the gel is deter
mined by the degree of cross-linking of the net
work. When TEOS is completely hydrolyzed, four 
functional -OH groups are available for network 
formation and will therefore form more easily a 
gel than hydrolyzed AITES which has maximal 
three functional -OH groups. Hydrolyzed 
Af2DES, because of the presence of maximal 2 
-OH groups, will not contribute to network for
mation, but can only form non-cross-linked chains 
or rings during polymerization.

Gelation time versus hydrolysis time curves are 
presented for mixtures of TEOS, ethanol, water 
and TEOG in a molar ratio of 1:5:0.75: x for 
x = 0, 0.01, 0.05, 0.10 and 0.20 in fig. 3. For x = 0, 
the minimum in gelation time was observed at a 
hydrolysis time of about 32 min, which is consid
erably lower than for water contents of 1 or more 
for which a minimal tG was found at rH = 80 min, 
using an HCI catalyst concentration of 10_ 3 M in 
water [2,11], In this low-aqueous mixture, the 
minimum is found at a time when not all the 
water has been consumed and the maximal silanol 
concentration has not yet been achieved. There
fore, it can be concluded that for these low-aque
ous samples, water is required in the basic step to 
obtain gelation. This observation was confirmed 
with 29Si-NMR measurements [7],

Water present in the acid step will mainly be 
absorbed by TEOS or monohydroxy-silanes, in 
view of their large concentration in the mixture. 
Therefore, at long hydrolysis times, only TEOS, 
monohydroxy-silanes and to a smaller extent di- 
hydroxy-silanes are present in the mixture. Con
sequently, in the basic step, only unbranched 
chains can be obtained. For gel formation, not 
only chain formation but also cross-linking be
tween these chains is a necessary condition as
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tH(min) --------►
Fig. 3. The relation between the gelation time, iG. and the 
hydrolysis time, iH, of TEOS, ethanol, water and TEOG 
mixtures with a final molar ratio of 1:5:0.75: x, for : □, 
x = 0; X, x = 0.01; +, x = 0.05; O, x = 0.10; ▲, x = 0.20 [6].

was concluded from the experiments described 
above [5,12], Cross-linking can be achieved if a 
sufficient concentration of trihydroxysilanes is 
present. In the basic step, the reaction between 
water and TEOS is negligible [5] but hydrolysis 
between silanols and water remains possible and 
tri- (or tetra-) hydroxy-monomers will be much 
more readily formed than in the case where no 
more water is present in the basic step. This 
explains that for low-aqueous mixtures, the mini
mum in gelation time is observed for hydrolysis 
times at which still some water is present.

The addition of small amounts of TEOG in 
the basic step has a dramatic effect on the hydrol
ysis-time-gelation-time curves. The addition of 
only a mole fraction TEOG of 0.01 causes a 
strong decrease of the gelation time. By contrast 
with the situation when no TEOG is added, the 
minimum in gelation time is found for a hydroly
sis time of about 80 min when almost all the 
added water has been consumed for hydrolysis of 

TEOS [8], Thus, gelation now only occurs after a 
minimal hydrolysis time and fast gelation occurs 
for hydrolysis times for which almost all water is 
consumed. Apparently TEOG reacts with silanols 
and needs not to be hydrolyzed before [5], It is 
concluded that, by contrast with TEOS, for TEOG 
the reaction with silanol under ethanol formation 
is dominant:
= Si-OH + EtO-Ge = ^ = Si-O-Ge =

+ EtOH. (2)

Because all four -OEt groups of TEOG can 
be subjected to reaction (2), TEOG is very effi
cient in cross-linking chains in order to obtain a 
three-dimensional gel network which explains the 
general observed large decrease in gelation time 
when TEOG is added.

The decrease in gelation time is more distinct 
when a low-aqueous mixture is used because the 
amount of cross-linking silanols (tri- and tetrahy
droxysilanes) is very limited in that case.

The increase in gelation time at longer hydrol
ysis times by TEOG addition is ascribed to cap
turing of the monohydroxy-silanes by TEOG re
sulting in inactive compounds (for example = 
Ge-O-Si(OEt)3). Because no water is liberated, 
the decrease in the amount of silanols is very 
efficient. Chains with terminal germanate groups 
will grow only if at least dihydroxy-silanes are 
available. The formation of these silanols only 
occurs if sufficient water is available in the basic 
step. This explains the shift of the right-hand side 
of the curves of fig. 3 to shorter hydrolysis times 
if higher TEOG concentrations are applied.

4. Conclusions

It is demonstrated that cross-linking is a neces
sary condition for gel formation of a TEOS 
ethanol, water mixture. Cross-linking between 
chains can be achieved by tri- or tetrahydroxy 
silanols in the silicate chains or by addition of 
cross-linking agents such as TEOG. The absence 
of sufficient tri- or tetrahydroxy silanols to obtain 
gelation can be achieved only if the water concen
tration is low (H,O to TEOS ratio < 1) and no 
water is present in the basic step or if a large 
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concentration of R„Si(OR)4_n is present (R is an 
alkyl group, and n > 2). This may account for the 
thus far not found relevancy of cross-linking on 
gel formation.
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Hydrolysis of hafnium 2-ethyl-hexyloxide, using esterification reaction by adding acetic acid to an ethanol solution, was 
dependent on alkoxide concentration, hydrolysis ratio and temperature. The formula of the intermediate species was 
determined by gas chromatograph measurements. Infrared spectra of the xerogel were measured. Hf-O-Hf bonds are 
present in the network, acetate groups are essentially chelate bidendate ligands and the presence of ethyl hexyloxy groups 
confirms partial hydrolysis. Gelation was studied using light scattering and viscosity measurements. Particle size and viscosity 
increase when gelation is 95% complete. Mesopore radii of the gel were measured by thermoporometry. The mean radius 
was 2.1 nm. These results show that the gel has a dense structure. Monoclinic hafnia was obtained from 500°C.

1. Introduction

Hafnia, a refractory material, has a melting 
temperature of 2758°C. It has an excellent chemi
cal resistance in the entire range of pH. HfO2 
exists in two crystalline phases [1,2], It is a more 
attractive material than ZrO2 because of the sta
bility of the monoclinic phase to 1850°C.

The sol-gel process is an appropriate method 
[3] to prepare a powder with particles < 1 gm. 
Possible methods to hydrolyze an alkoxide pre
cursor include (a) adding water in an alkoxide 
solution if the reactivity is slow [4], (b) an esterifi
cation reaction [5] and (c) a reverse micelle mi
cro-emulsion [6].

The goal of this work is preparation of gel 
hafnia powder precursors from hydrolysis of 
hafnium alkoxide using the esterification reac
tion. All the stages of the preparation have been 
studied to understand and control gelation, which 
controls the properties of HfO2.

2. Experimental procedure

The choice of the hafnium alkoxide was based 
on its solubility in alcohols. Hafnium ethoxide, 
i-propyloxide and 2-ethyl hexyloxide are available 
(Dynamit Nobel); ethanol, i-propanol and 2-ethyl 

hexanol were tested as solvent. Hafnium 2-ethyl 
hexyloxide has the maximum solubility in ethanol: 
23.1 wt% or 7 wt% in equivalent hafnia at room 
temperature.

Acetic acid (AcOH) was added to an ethan
oic solution of hafnium 2-ethyl hexyloxide 
Hf(OC8H17)4. Several parameters, such as the 
alkoxide concentration, the molar ratio, h = 
AcOH/Hf(OC8H17)4, and the temperature, have 
a non-negligible influence on the reactions. By 
varying these parameters, sols, transparent or 
opaque gels and precipitates were obtained. The 
minimum value of h which produced a gel was 
1.8. For h < 1.8, very stable sols were obtained. 
For h > 4, precipitation occurred. The results of 
this study are reported in table 1.

Figures 1-3 show the influence of HfO2 con
centration, hydrolysis ratio and temperature, re
spectively, on the gelation time, tg. It is obvious 
that t is dependent on temperature. We note 
that opaque gels were obtained for h > 2 what
ever the alkoxide concentration. Various reac
tions can occur in the solution:

(i) exchange between the two alkoxo groups, 
Hf(OC8H17)4 + nC2H5OH

^Hf(OC8H17)(4_;!)(OC2H5)„
+ nC8H17OH; (1)

0022-3093/92/805.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Table 1
Gelation time, t , and gel aspect versus HfO2 concentration, 
hydrolysis ratio, h, and temperature, T

HfO2 
(wt%)

h T
CC)

¿g Gel aspect

4.3 2.5 20 28 days opaque
4.3 2.5 50 48 h opaque
4.3 2.5 60 19 h opaque
6.4 3.58 60 10 h opaque
6.9 2.9 60 10 h opaque
6.9 3 60 10 h opaque
6.9 3 65 7h opaque
6.9 2 65 28 h transparent
9 2.05 60 19 h transparent
9 2.05 65 23 h transparent
9 2.00 65 26 h transparent
9 1.95 65 28.5 h transparent
9 1.95 50 150 h transparent

(ii) modification of the alkoxide by acetic acid, 
Hf(OC8H17)4+xAcOH

^Hf(OC8H17)(4_A)(OAc)A

+ xC8H17OH; (2)

(iii) esterification reaction between acetic acid 
and ethanol or 2-ethyl hexanol;

(iv) hydrolysis and substitution of the alkoxo 
groups by hydroxo groups;

(v) condensation by alcoxolation or oxolation 
and formation of Hf-O-Hf bonds.

3. Results

Gas chromatograph measurements were con
ducted with a Perkin-Elmer Sigma 3B gas chro
matograph (column: Tenax 80/100; furnace tem
perature = 150°C, then increases to 240°C at 
30°C/min; injector temperature = 190°C; detec
tor temperature = 260°C; carrier gas (He) flow = 
12.75 ml/min). The presence of excess ethanol 
used as solvent of the alkoxide permitted direct 
injection of solution, avoiding dilution.

The following compounds were controlled:
(a) 2-ethyl hexanol - the titration of this com

pound was a measure of the groups in solution 
and was performed during the entire experiment;



A. Larbot et al. / Sol-gel transition during hafnium alkoxide hydrolysis 87

(b) ethanol - this was used as the solvent and 
its titration was impossible because of its high 
concentration;

(c) acetic acid - its titration indicated the ki
netics of modification and esterification reaction;

(d) ethyl acetate - this was used to determine 
the number of water molecules; the titration was 
performed during the entire experiment.

The value of n (eq. (1)) was determined by the 
concentration of CgH17OH in the medium. This 
exchange was direct and ended in the intermedi
ate compound Hf(OC8H17)13 (OC2H5)27. The 
same compound was reached whatever the tested 
concentrations.

The hydrolysis reaction was measured in the 
following conditions: HfO2 = 6.4 wt%, h = 3.58 
and T = 60°C. In this case tg = 10 h. The varia
tion of C8H17OH, AcOH and AcOC2H5 was 
measured in the solution.

The concentrations of these molecules indicate 
the number of the produced water molecules and 

the experimental value of hydrolysis ratio, h'. 
Only ethyl acetate was found in the solution. This 
means that esterification reaction occurs with 
acetic acid and ethanol.

Acetic acid was never detected, which means 
that acetic acid modified the alkoxide as soon as 
it was added. Complete and partial substitution 
of OC2H5 and OC8H17 groups occurred, respec
tively. The new intermediate compound was 
Hf(OC8H17)042(AcO)358. Simultaneously, 0.22 
mol of ester AcOC2H5 were produced. This was 
possible because of the exchange between acetate 
group fixed on the metal atom and free ethanol 
in solution. 2-ethyl hexanol concentration was 
constant:

Hf(OC8H17)042(AcO)358 + 0.22C2H5OH

->Hf(OC8H17)0 42(AcO)3.36(OC2H5)022

+ 0.22AcOH.
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Fig. 4. Variation of ethyl acetate concentration as a function of time.
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The production of acetic acid allowed the es
terification reaction and the hydrolysis of the 
modified alkoxide:
Hf(OC8H17)042(AcO)3 36(OC2H5)0 22

+ 0.22HzO

—> Hf(OC8H17)0 42(AcO)3 36(OH)q 22
+ 0.22C2H5OH.

At this stage, after the first injection, it was 
necessary to follow the evolution of the system as 
a function of time. After acetic acid addition, the 
concentration of 2-ethyl hexanol did not change. 
Then the concentration of ethyl acetate increased 
to 1.28 mol in 8 h (fig. 4).

So, an intermediate from which condensation 
may occur is
Hf(OC8H17 ) 0 42(AcO)230(OH)1 28.

This formula is obviously a theoretical formula 
which does not take into account the condensa
tion of species in solution. Nevertheless, it indi
cates that:

(i) 2-ethyl-hexyl groups were fixed on hafni
um atom with a molar ratio of 0.42;

(ii) acetate groups were present in the inter
mediate species with a molar ratio equal to 2.3;

(iii) the experimental hydrolysis ratio (/i'= 
1.28) is lower than h value (A = 3.58) h' was 
related to h in the range of gel elaboration:

= 0.24A+ 0.37.
We assume that the condensation is assumed 

by some bridging acetate and 2-ethyl-hexyl groups 
and chiefly by the formation of Hf-O-Hf bonds 
due to the reaction between 2-ethyl-hexyl and 
hydroxyl ligands.

3.1. Gelation

Experiments were performed with a sol pre
pared in the following conditions: HfO2 = 9 wt%, 
h = 2.0 and T = 65°C. Light scattering measure
ments were performed using an apparatus con
structed by CEN Saclay. By light scattering [7], 
we determined the apparent radius, Rz, as a 
function of the reaction time. Values were meas



90 A. Larbot et al. / Sol-gel transition during hafnium alkoxide hydrolysis

ured by extrapolating, at a zero concentration, 
the curve I/R.d =f(c). At t equal to 0.7, 0.9 and 
0.95tg, Rz has a value of 26.7, 29.8 and 63.8 nm 
respectively. A strong increase is observed near 
gelation time. The molecular weight is 23 300 at 
t = 0.90tg and 117000 at t = 0.95tg. Viscosity 
measurements were carried out with a Synchro- 
Lectric Brookfield viscosimeter. The results (fig. 
5) show a strong increase of the sol viscosity at 
the same value of t for which the particle size 
radii increase. The results of light scattering and 
viscosity show that the increase of particle size is 
not progressive. Particles grow at a time near the 
gelation time by condensation of entities resulting 
from alkoxide hydroxylation. This can be ex
plained by kinetics of the exchange and hydrolysis 
reactions which are faster than those of the con
densation reaction, in these conditions.

An infrared spectrum was measured on a gel 
dried at 200°C to determine the mode of coordi
nation of the acetate group. The spectrum is 
given in fig. 6. Absorbance bands are due to (a) 
2-ethyl-hexyl groups, 2950-2860 cm'1: v CH2 
and CH3, 1430-1375 cm"1; 3 CH2 and CH3, 
1045-1025 cm'1; C-O ... Hf; (b) Hf-O-Hf 
bonds: 800-200 cm"'; and (c) acetate groups: 
1555-1450 cm"1; vas and vs COO. The differ
ence, Av, between vas and vs is 105 cm-1. Ac
cording to results of the literature [8], acetate 
group can be monodentate, chelate bidentate or 
bridging bidentate with Av equal to 425, 80 and 
160 cm“1, respectively. The value of 105 cm“1 

shows that acetate groups are essentially in a 
chelate bidentate coordination mode:

Hf^Q/C-CH3

Gel texture was also determined by thermo- 
porometry [9] on the xerogel after exchange be
tween ethanol and water. The mean radius of 
mesopores was 2.1 nm; the mesoporous volume 
was 171 mm3/g. From the difference between 
the total and mesoporous volumes, we deter
mined the value of microporous volume, which 
was 21%. The gel has a dense texture due to the 
small mesopore radius value. The presence of 
micropores (about 1 nm) shows the possibility of 
interchain porosity.

The gel was dried in an oven to 210°C, to 
eliminate alcohols and ester, or under hypercriti
cal condition (T = 243°C and P = 63 bar). The 
specific area, determined by the BET technique, 
was equal for the xerogel and aerogel, respec
tively, to 144 m2/g (this corresponds to a crystal
lite size of 4.3 nm) and 260 m2/g (with a crystal
lite size equal to 2.4 nm).

4. Conclusion

The sol-gel transition (light scattering and vis
cosity measurements) shows that gelation occurs 
by linking condensate species at the end of this 

Fig. 6. IR spectrum of dried gel.
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transition. The textural characteristics of the gel, 
determined by IR spectroscopy and thermo- 
porometry, show a dense structure.
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Aggregation kinetics of TiO2 gels were followed by small angle X-ray scattering in the reaction bath and by dynamic light 
scattering in dilution quenched solutions. The results are compatible with reaction-limited-cluster aggregation. Comparison 
of the results obtained by both techniques allows a description of the gelation process. The gelation is due to the largest 
polymers while the sol continues to evolve after the gel point.

1. Introduction

The properties of ceramics are directly related 
to the structure of the gels used as precursors. 
The final structure of the gels is strongly depen
dent on the growth process. The scattering of 
radiation is a powerful tool to characterize the 
gels [1], The fractal dimension of the aggregates 
and characteristic length are obtained from the 
study of the gels. This is insufficient to character
ize the structure at all scales. A kinetic study 
allows one to follow the aggregation and gelation 
processes. From a comparison of the results of 
this study with the predictions of theoretical ap
proaches and simulations [2,3], one can character
ize the growth process and completely describe 
the gel structure.

2. Experimental procedure

2.1. Sample preparation

TiO2 gels were prepared by hydrolysis and 
polycondensation of Ti(O'Pr)4. These reactions 
were performed in reverse micellar solutions in 
decane. The hydrolysis was controlled by the wa
ter exchange between the reverse micelles and 

the alkoxide [4]. This allows adjustment of the 
reaction velocity. The three relevant parameters 
of this preparation are: (i) n = [H2O]/ 
[surfactant], which controls the size and the num
ber of the micelles and thus how the water is 
brought; (ii) h = [H2O]/[alkoxide] the hydrolysis 
rate; and (iii) m, the concentration of alkoxide 
(mol/kg of solution). The resulting gels are poly
meric gels as opposed to particulate gels. The 
parameter h acts on the cross-linking statistic 
(functionality) of the polymers. They exhibit a 
fractal structure, the backbone of which is made 
of a three-dimensional network of rods [5]. This 
local structure is insensitive to the parameters n, 
h and m. The value of molality m varies from 0.4 
to 1.4, which corresponds to a mass fraction of 
0.1-0.28 and, if one considers that the hydrolysis 
is complete, a volume fraction of TiO2 of about 
0.7-2%.

2.2. Scattering measurements

Investigations of the final gels and sol evolu
tion during the growth process were conducted.

The final gels were studied by small angle 
X-ray (SAXS) and neutron (SANS) scattering. 
The X-ray experiments were performed on a high 
resolution apparatus (CRPP, Bordeaux, France) 
which allows examination at very small wavevec
tors q <5 X 10-3 A 1 (q = (4tt sin0)/A, where 
29 is the diffraction angle). The neutron experi

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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ments were carried out on line Dll at Institut 
Laue-Langevin (Grenoble, France).

The kinetics were studied in situ by SAXS at 
the Laboratoire pour l’Utilisation du Rayon
nement Electromagnétique (Orsay, France). The 
evolution of individual clusters were followed on 
dilution quenched solutions by quasi elastic light 
scattering (QELS) in our laboratory. QELS stud
ies were also performed in the reaction bath.

3. Results

3.1. Final gels

The effect of the different parameters m, n 
and h on the structure of the final gels was first 
characterized by small angle X-ray and neutron 
scattering. The measured quantities were the 
fractal dimension, D, and the correlation length,

At this scale these quantities are poorly influ
enced by the value of n. n acts only on the 
occurrence of the gelation and on the gelation 
times.

When the concentration is increased, the frac
tal dimension varies slowly (fig. 1). In this case, h, 
which controls the functionality, is constant so 
that the functionality and branching rate remain 
almost constant. This explains the observed slow 
variation of the fractal dimension, D. On the 
other hand, the correlation length is a decreasing 
function of m (fig. 2). This can be explained 
qualitatively. Indeed, h and n being constant, the

Concentration of alkoxide (moles/ Kg)
Fig. 2. The correlation length, versus m.

growth of the clusters should be very similar 
whatever the value of m. Let us suppose as a 
simplification that these clusters are spherical 
and that one wants to fill the sample with these 
spheres as occurs with gelation. When the con
centration (or number of spheres) increases, the 
radius of the spheres decreases. This is in fact a 
very rough explanation since we will see that the 
structure is more complex and the polymers are 
polydisperse.

Figures 3 and 4 show the behavior of i and D 
when h varies. The fractal dimension, D, in
creases with h. This is an expected result since 
the functionality increases with h [6] and thus the 
rate of branching. The clusters become denser as 
indicated by a higher fractal dimension. The evo
lution of £ is not so clear. For h ranging between 
2 and 2.5, £ is quasi-constant while it is smaller 
for h = 1.5 and higher for h = 2.6. h surely acts

Fractal 
Dimension

D

Fig. 1. The fractal dimension, D, versus m. The values of It 
and n = 2.5 and 1.2, respectively.

Water/ alkoxide ratio (moles/mole)

Fig. 3. The correlation length, f, versus h. with m = 1 and 
n = 1.2.
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h
Water/ alkoxide ratio (moles/mole)

Fig. 4. The fractal dimension, D, versus h.

on the reactivity of the monomers or the poly
mers; if h is high, the growth of the large clusters 
is favoured.

3.2. Kinetics

The evolution of the reaction bath was first 
examined by SAXS. Figure 5 shows that as the

150

100
UÂ)

0 2 4 6 8
t/tg

Fig. 5. Variation of the spatial correlation length, f, as a 
function of t / tg for gels with h = 2.5 and n = 1.2. (a) m = 1.1; 

(b) m = 0.7.

reaction progresses, the correlation length grows, 
and the growth continues after the gel point. The 
gel transition does not involve a singularity in the 
evolution of £. It can be seen on fig. 6 that f 
increases exponentially to about t/tg = 0.75 (tg is 
the gel time) and then tends to saturate. It is 
worth noticing that £ always remains microscopic 
(of the order of 100 A).

The other study dealt with quenched solutions. 
Samples of the reaction bath are taken off at 
different times during the aggregation process 
and diluted tenfold. Then it can be considered 
that the reaction is stopped and distances be
tween clusters or aggregates are large enough so 
that the correlation between their positions may 
be neglected. One therefore expects to measure

Fig. 7. versus i/ig for a gel with m = 0.7, h = 2.5 and
n = 1.2. The solid curve is the exponential law deduced from

fig. 8.



S. Lebon et al. / Titania gels: aggregation and gelation kinetics 95

Fig. 8. A log versus t / rg representation of fig. 7.

the z-averaged hydrodynamic radius <RH>Z, 
where

JnM2R dM

fnM2 dM 

where n is the number of clusters of mass M.
Figure 7 gives an example of the variation of 

(RH)Z as a function of i/ig. Figure 8 clearly 
shows that the growth is exponential but the 
order of magnitude of the measured radius is 
always higher than This study of the quenched 
solutions cannot be carried on very near the gel 
point since it is now impossible to carry out a 
sampling at this stage of the reaction (because of 
the high viscosity of the sol).

4. Discussion

Results obtained by the two scattering experi
ments give the same kinetics of growth before the 
gel point. The spatial correlation length mea
sured by SAXS [7] and the mean radius measured 

by QELS increase exponentially with time. Such 
exponential kinetics favour reaction-limited-clus
ter aggregation (RLCA); moreover, the values of 
the fractal dimension are also compatible with 
this aggregation process. In RLCA [8], the clus
ters are polydisperse and the cluster mass distri
bution has been shown to be a power law M~T, 
with t = 1.5 or 2 [9,10], This polydispersity allows 
explanation of results obtained using different 
techniques.

The length measured by QELS is larger than 
the length measured by SAXS. This can be ex
plained by polydispersity of the polymers. QELS 
in diluted solutions gives the z-averaged hydrody
namic radius which is close to the radius of 
gyration [11,12] and thus to the size of the largest 
polymers. SAXS in the reaction bath gives the 
correlation length which can be attributed to the 
smallest polymers [13]. It has been shown that, in 
the reaction bath, the polymers of a given size are 
penetrated by smaller ones [14,15].

With this picture of the polymers solution in 
mind, one asks: how does the reaction progress? 
The clusters (polymers) grow, and one can think 
that the gelation occurs when the largest ones 
come in contact. At this stage, the space is filled 
by fractal clusters, the volume fraction of which is 
close to one. Beyond this transition, the clusters 
can interpenetrate and link together which can be 
described as a critical [16] and perhaps a percola
tion [17,18] process. The connectivity correlation 
length diverges [7].

In this description, gelation is due to the largest 
polymers, the size of which is close to the radius 
measured by light scattering. One can check this 
description by evaluating the radius of fractal 
aggregates corresponding to a volume fraction, 
<£a, if one considers that all the clusters have the 
same size. This volume fraction is given by [7]

Table 1
Comparison between max and R for gels with n = 1.2 and h = 2.5

m </>o (%) f (Â) RH max (A) «(Â)
1.1 1.9 100 400 550 600
0.7 1.2 125 660 900 800

The fractal dimension is taken equal to 2 and the exponent of the mass distribution equal to 2. The values of /?H max are not very 
sensitive to the values of these parameters.
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(¡>a = (R/b')3~°<l)0, where <j>0 is the volume frac
tion of matter, R is the radius of the fractal 
aggregates and b is the characteristic size of the 
building block of the aggregates. This is of course 
a crude evaluation since it does not take into 
account polydispersity and penetration of smaller 
polymers in the bigger ones when evaluating R. 
Setting (f>a = 1, we evaluate R at the onset of 
gelation. Table 1 gives the results obtained for 
two gels. They can be compared with the maxi
mum radius, also given in the table 1 and de
duced from the minimum size, £, and if
one assumes a power law for the mass distribu
tion. It can be seen that the orders of magnitude 
are the same. This is thus a result favouring the 
above description of gelation.

When gelation occurs, the spatial correlation 
length, f, continues to grow. This indicates that 
the sol filling the cavities of the gel continue to 
transform through a recombination process [13,19] 
and thus that at gelation onset the system is not 
at an equilibrium state. The system tends very 
slowly after t toward its metastable state. It is 
generally observed that £ levels off for t ~3tg.

5. Conclusion

The comparison of results obtained by dy
namic light scattering and small angle X-ray scat
tering allows evaluation of the evolution of the 
sol and the gelation process of TiO2 gels. Clus
ters grow via a reaction-limited-cluster aggrega
tion process until the largest clusters come in 
contact, which leads to the gelation of the system 
at time tg. But there is continuing evolution of 
the system through recombination of smaller 
polymers located in the cavities of the largest 
ones and the equilibrium state is reached only 
after r>rg. The resulting structure can then be 
described as a large polymer filling all the sample 

interpenetrated by smaller ones of various sizes, 
the size of the smallest polymers being micro
scopic (of the order of some 100 A).
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Optical fluorescence and decay times of Eu’ '-doped silica sol-gel glasses were measured as a function of processing 
parameters such as densification temperature, pH and water : precursor ratio. The optical data were interpreted in terms of 
structural changes in the Eu3 + environment under different sol-gel processing conditions.

1. Introduction 2. Experimental details

Fluorescent ions have been widely used as 
structural probes of conventional glass systems 
[1,2] but little has been published in the sol-gel 
area [3]. In this study, Eu3+ has been incorpo
rated into sol-gel silica glass and optical proper
ties, such as fluorescence and decay times, have 
been interpreted in terms of the structural evolu
tion of the glass as a function of various process
ing parameters. The principal Eu3+ fluorescence 
transitions of interest in this study are the 5D0-7F7 
for J=0, 1, 2. Of these, the 5D0-7F0 singlet 
remains unsplit by the ligand field and hence its 
width reflects the range of site symmetries occu
pied by the Eu3+ ion [4], The transition to the 7Fj 
state is magnetic dipole in character and is not 
sensitive to site symmetry, while the transition to 
7F2 is mainly electric dipole in nature and its 
intensity increases as the environment becomes 
more symmetrical. The intensity ratio of these 
two transitions, (7F2)/(7Fj), hereafter referred to 
as the fluorescence ratio, can be used as an 
indication of the degree of site symmetry of the 
Eu3+ ion [4],

Details of the spectroscopic techniques used in 
this work have been published elsewhere [5].

Eu3+-doped silica gels were synthesised from 
TEOS, water, ethanol and europium nitrate pen
tahydrate at pH values of 1.0, 5.5 and 8.0 and 
water:TEOS ratio, r, of 4. A set of materials 
with pH of 1.0 and 5.3, with r values of 4, 10, 20 
and 40 at each pH, was prepared and subse
quently heated to 200°C. Aluminium co-doped 
materials were prepared at pH = 1.0 and r = 4, 
with Al: Eu ratios of 1:2 and 1:4. The europium 
concentration in all samples was 2% of the silicon 
concentration.

3. Experimental results

Figure 1 shows the evolution of the Eu3 + 
fluorescence spectra, as a function of tempera
ture, for pH = 1.0 and r = 4. Decay times for 
each temperature are given in the figure. Figure 2 
shows the evolution of the fluorescence of the 
xerogel as a function of pH. Decay times as a 

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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function of pH for a range of temperatures are 
given in table 1. Tables 2 and 3 summarise the 
data for the samples with differing r values. In 
table 4, the optical data for aluminium co-doped 
samples are presented.

4. Discussion

4.1. Optical data as a function of processing tem
perature

Figure 1 illustrates the use of Eu3+ as a probe 
of sol-gel structure. Spectrum (a) of the sol is 
similar to Eu3+ in solution [4], The fluorescence

WAVELENGTH (nm)

WAVELENGTH ( nm )
Fig. 2. Fluorescence as a function of pH of Eu3 + in sol-gel 

silica.

is relatively weak and lacking in structure, indi
cating a symmetric solvation shell surrounding 
the ion. Spectrum (b) is solution-like, but the 
fluorescence ratio indicates a more symmetrical 
environment compared with the sol. This result is 
corroborated by the decay time data where r for 
the sol and the xerogel were measured to be 
0.134(2) ms and 0.123(2) ms, respectively, where 
estimated errors in the last value are given in 
parentheses. The lower decay time for the gel 
indicates an increase in the number of hydroxyl 
groups surrounding the ion, which is consistent 
with the observed fluorescence ratio. This in
crease in symmetry at the gel stage seems to be 
pH-dependent since the effect was not observed

Table 1
Decay times, r (ms), as a function of pH

pH Sol Gel 200°C 800°C

1.0 0.134(2) 0.123(2) 0.38(2) 1.05(2)
5.5 0.173(2) 0.167(2) 0.27(2) 1.10(2)
8.0 0.178(5) 0.176(5) 0.30(2) 1.10(2)Fig. 1. Fluorescence and decay times of Eu3+-doped silica

sol-gel glasses as a function of densification temperature.
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Table 2
Data for different water:TEOS ratios, r, at pH = 1 and 
glasses partially densified at 200°C

r Fluorescence ratio Decay time (ms)

4 4.2(5) 0.30(1)
10 2.7(5) 0.24(1)
20 3.1(5) 0.20(1)
40 2.9(5) 0.23(1)

in other pH regimes [6], Spectra (c) and (d) of 
glasses densified at 200 and 8D0°C, respectively, 
show the evolution of the glassy environment, 
whereby the J-splitting becomes more apparent 
as the Eu3+ environment becomes more asym
metric. Spectrum (c) represents an intermediate 
stage between a liquid-like and a glass-like envi
ronment because, while the the fluorescence ratio 
is increasing and the J-splitting is beginning to 
appear, the width of the high energy singlet tran
sition is very narrow indicating a narrow range of 
sites. The broad linewidth and increased J-split
ting of spectrum 1(d) reflects the wide range of 
site symmetries characteristic of a true glassy 
environment. The decay times for the 200 and 
800°C samples are 0.38(2) ms and 1.08(2) ms, 
respectively. The latter value is considerably lower 
than the values of the above measured for Eu3 + 
in conventional glass [7]. This difference is at
tributed to non-radiative decay due to residual 
hydroxyl ions [5].

4.2. Optical data as a function of pH

Figure 2 shows the xerogel fluorescence for 
pH = 1.0, 5.5 and 8.0. The fluorescence ratio for 
the low pH indicates a more symmetric environ
ment for the Eu3+ compared with the other pH 
regimes. Similarly, it can be seen from table 1

Table 3
Data for different water :TEOS ratios, r, at pH = 5.3 and 
glasses partially densified at 200°C

r Fluorescence ratio Decay time (ms)
4 4.0(5) 0.30(1)

10 4.7(5) 0.31(1)
20 3.9(5) 0.33(1)
40 4.6(5) 0.30(1)

Table 4
Decay times of Al-Eu co-doped materials

Al/Si (%) Xerogel 200°C 500°C 800°C

0.0 0.11(1) 0.36(1) 0.54(1) 0.95(1)
0.5 0.08(1) 0.19(1) 0.52(1) 0.95(1)
1.0 0.09(1) 0.16(1) 0.73(1) 0.98(1)

that the decay times for the lower pH materials 
are shorter, indicating the presence of more hy
droxyls in the Eu3+ environment. These data are 
consistent with the predicted behaviour of hydrol
ysis and condensation as a function of pH [8], At 
low pH, the hydrolysis rate is fast and the con
densation rate is relatively low, while higher pH 
materials have slower hydrolysis rates. This will 
produce extra hydroxyl ions in the pH = 1.0 ma
terials which result in the faster decay times and 
more symmetrical environment. The data also 
corroborate the structural models proposed, 
whereby low pH materials evolve from loose 
stringy networks, while at high pH, the structure 
is more colloidal [8].

4.3. Fluorescence decay times of samples with vary
ing water : precursor ratios

In sol-gel silica, the minimum number of wa
ter molecules per TEOS molecule required for 
complete hydrolysis is two. Variation of r affects 
hydrolysis, condensation and gel times [8]. This 
study investigates the changes in structure as a 
function of r for pH = 1.0 (acid catalysis) and 
pH = 5.3 (base catalysis) in materials which have 
been partially densified to 200°C. Table 2 shows 
that, for acid catalysis, the r = 4 material has a 
longer fluorescence decay time, and a larger in
tensity ratio, than the higher r materials. The 
fluorescence efficiency was also observed to be 
higher for the r = 4 material. This behaviour is 
consistent with the model for low pH materials of 
a loose polymer-like structure produced by fast 
hydrolysis [9]. For r > 4, water remains in the 
matrix, producing shorter decay times and smaller 
fluorescence ratios, while at r = 4 most of the 
water is used up in the hydrolysis step so the 
immediate environment of the Eu3+ contains 
fewer hydroxyl groups. At pH = 5.3, hydrolysis is 
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slower due to competing reactions and more wa
ter is required for complete hydrolysis [8]. The 
structure of the gel is colloidal and the europium 
should not be as exposed to the excess water 
present at higher r values, compared with the 
situation for acid catalysis. This model is consis
tent with the data in table 3, where there is no 
variation in decay time and fluorescence ratio, 
within experimental error.

4.4. Aluminium co-doped materials

Neodymium-doped pure silica has been identi
fied as an alternative laser material to Nd-doped 
mixed silicate glasses [10], The sol-gel process 
has been very successful in producing silica glass 
with higher dopant concentrations than for con
ventional glasses. However, in the absence of 
network modifiers, there is evidence of clumping 
of the dopant ions both in sol-gel and in conven
tional glasses [10], This, in turn, has resulted in 
shorter decay times, concentration quenching of 
the fluorescence and, consequently, unsatisfac
tory performance as laser materials. It has been 
found that co-doping with Al disperses the Nd, 
hence increasing the fluorescence efficiency and 
decay times [11], In the present study, some evi
dence of Eu3+ clumping has come to light in the 
form of a short (0.7 |xs) component superimposed 
on the longer Eu3+ lifetime. This type of be
haviour was also observed for Nd sol-gel glasses 
[11]. Al-Eu co-doped glasses were synthesised to 
investigate the effect of Al on the Eu3+ fluores
cence and to compare this behaviour with that of 
the Nd system. Samples were produced with 
Al: Eu ratios of 1:4 and 1:2 which, according to 
some of the Nd studies, should be sufficient to 
disperse the dopant ions. The results are sum
marised in table 4. In these partially densified 
samples, the presence of Al has actually de
creased the decay time and fluorescence effi
ciency still further. From the lifetime data, it is 
clear that the Al-doped materials retain large 
amounts of water in the xerogel and partially 
densified glass. The samples densified to 800°C 
are similar in decay time to those without Al but 
the relative fluorescence intensities (not shown in 
the table) are lower for the Al-doped glasses. It 

would appear from this preliminary investigation 
that co-doping with Al does not produce the 
same effect in Eu-doped silica as it does in Nd- 
doped silica. The data also indicate that the 
structural evolution is different in the presence of 
Al. More water is retained with subsequent de
crease in fluorescence efficiency and decay times. 
A very fast hydrolysis rate was also observed 
during the processing of the Al-doped materials, 
which is consistent with the optical data and also 
corroborates other recent work on Al-doped sil
ica [12], Further work is necessary in order (i) to 
verify the presence of clumping in Eu3+-doped 
sol-gel silica glasses, (ii) to investigate the effect 
of Al doping on the dispersion of dopant ion and 
(iii) to investigate the effect of Al on the hydroly
sis and condensation process.

5. Conclusion

Eu3+ is a sensitive probe of structural changes 
in sol-gel glasses. Changes in the optical fluores
cence and decay times can be correlated with 
changes in the Eu3 + environment as a function of 
different processing parameters. The data are 
consistent with proposed structural models and 
with predicted variation in hydrolysis and con
densation rates. The Al co-doped materials do 
not exhibit the same behaviour as Nd-Al co
doped glasses.

This work was supported by EOLAS (the Irish 
Science and Technology Agency), under their Sci
entific Research Programme.
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An alcohol solution of Cu ethoxide can be obtained only by adding a complexing agent. When H2O is added, an ethanol 
solution of Cu ethoxide with citric acid or diethylenetriamine (DETA) as a complexing agent does not exhibit a sol-gel 
process. Hard gels can be obtained at 50°C by evaporating the solvents in a solution containing citric acid and a large 
amount of water, or in a solution containing DETA (DETA/Cu > 2). However, these gels may liquefy when exposed to 
moisture. An ethanol solution of Cu ethoxide with acetic acid as a complexing agent can turn to a colloidal or polymeric gel, 
depending on the amount of water added to the solution. A solution prepared by dissolving Cu ethoxide in ethylene glycol 
monomethyl ether (EGME) with acetic acid has a better gelation behaviour with water. The gels derived from an ethanol or 
EGME solution of Cu ethoxide with acetic acid are insensitive to moisture.

1. Introduction

Copper plays a crucial role in high-Tc super
conductors. In order to make better superconduc
tors with the sol-gel technique, it is necessary to 
prepare better gels with superconductor composi
tions, as well as better copper gels. Although 
researchers have already synthesized copper gels, 
these copper gels are very sensitive to humidity 
which can lead to the liquefaction of the gels 
[1,2].

In this work, Cu ethoxide is used as the pre
cursor. Because Cu ethoxide is insoluble in alco
hol, citric acid, diethylenetriamine and acetic acid 
are chosen as complexing agents to enhance the 
dissolution of Cu ethoxide in alcohol. The gela
tion behaviours of the solutions of Cu ethoxide 
are investigated and discussed. The main purpose 
of this study is to synthesize a Cu compound gel 

insensitive to humidity using a typical sol-gel 
process.

2. Experimental

Cu ethoxide (Cu(OEt)2) was synthesized by an 
ethanol solution of lithium ethoxide and an 
ethanol solution of copper chloride. Citric acid 
(C6H8O7 • H2O), diethylenetriamine (C4H13N3) 
(DETA) and acetic acid (CH3COOH) (HOAc) 
were selected as the complexing agents. The 
chemical agents used in this work are all analyti
cal pure agents. Ethanol solutions of Cu(OEt)2 
with different complexing agents and different 
molar ratios were prepared. These solutions with 
different amounts of water were investigated by 
observing the gelation behaviour at room temper
ature (30°C) or under a heating lamp (50°C). In 
order to obtain better Cu compound gels, ethy
lene glycol monomethyl ether (CH3OCH2CH2 
OH) (EGME) was substituted for ethanol as a 
solvent. The gels derived from the solution with 
citric acid or DETA were determined by an opti

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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cal microscope or XRD (Rigaku D/max-RA). 
The ethanol solution of Cu(OEt)2 with acetic 
acid was analyzed by IR (Shimadzu 425).

3. Results

In order to dissolve Cu(OEt)2 completely in 
ethanol, the minimum molar ratio of citric acid to 
Cu is 11.5. The solution did not exhibit a typical 
sol-gel process when H2O was added. Table 1 
shows that, when the solution with different 
amounts of water were heated at 50°C to evapo
rate the solvent, only the solution with a large 
amount of water formed a hard gel; other solu
tion crystallized. No crystal was found in the hard 
gel by an optical microscope and XRD. The hard 
gel may liquefy if exposed to moisture.

The formation of a stable ethanol solution of 
Cu(OEt)2 can be obtained by the addition of 
DETA (at least the molar ratio of DETA to Cu, 
RDeta = 2)- When water was added, the solution 
with any RDETA did not demonstrate a typical 
sol-gel process. Table 2 shows that, when the 
solutions with different RDETA values were kept 
at 50°C to evaporate ethanol, they changed to 
hard gels, except the solution with RDETA = 2. 
The XRD patterns of the gels showed no appear
ance of crystals. These gels may liquefy like the 
gel derived from the Cu complex with citric acid.

The complete dissolution of Cu(OEt)2 in 
ethanol needed at least a molar amount of acetic 
acid equal to that of Cu(OEt)2. Table 3 shows 
that the solutions with different amounts of water 
could change to a colloidal gel or polymeric gel. 

Table 1
The relationship between the formation of the gel and the

The concentration of initial ethanol solution of Cu(OEt)2 = 
0.13M, citric acid/Cu(OEt)2 = 11.5 (in molar ratio) and heat
ing temperature = 50°C.

amount of H2O added

H2O/Cu 
(mol/mol)

Product after drying

11.5 large crystalline particles in glassy matrix
40.0 large crystalline particles in glassy matrix

180.0 small crystalline particles in glassy matrix
1000.0 green glassy gel

Table 2
The relationship between the formation of the gel and the 
amount of diethylenetriamine (DETA) added

DETA/Cu 
(^deta) 
(mol/mol)

Product after drying

2.0 crystalline particles
2.5 gel with rough surface
3.0 gel with rough surface
3.5 gel with smooth surface
4.0 gel with smooth surface

The concentration of the initial ethanol solution of Cu(OEt)2 
= 0.13M, heating temperature = 50°C.

Table 3
The gelation behaviour of ethanol solution of Cu(OEt)2 with 
addition of H2O

H2O/Cu
(mol/mol)

Solution 
as mixed

Colour change 
during gelation

Final 
product

7.5 opalescent slow colloidal gel
15.0 opalescent slow colloidal gel
30.0 clear rapid transparent gel
45.0 clear rapid transparent gel

The concentration of the initial ethanol solution of Cu(OEt), 
= 0.18M and HOAc/Cu = 1.

Fig. 1. The gelation time versus the molar ratio of 
H2O/Cu(OEt)2 (the initial EGME solution of Cu(OEt)2 is 

0.18M and HOAc/Cu = 1).
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Figure 1 shows that the EGME solution of 
Cu(OEt)2 with acetic acid (HOAc/Cu = 1:1) 
demonstrated a typical gelation behaviour with 
water. The gels derived from the ethanol or 
EGME solution of Cu(OEt)2 with HOAc were 
insensitive to humidity.

4. Discussion

A large amount of citric acid is needed to 
dissolve Cu(OEt)2 because citric acid has lattice 
water which makes Cu(OEt)2 hydrolyze to form 
Cu(OH)2. When more citric acid is added, the 
reaction between Cu(OH)2 and citric acid begins 
to take place and forms a soluble Cu complex 
species. This leads to the solution which shows a 
complete loss of behaviour of sol-gel process due 
to the lack of OEt groups in the Cu complex 
species. Usually, the solubility of complex com
pounds in alcohol is much lower than that in 
water. The concentration of the Cu complex com
pound in the ethanol solution exceeds its super
saturation solubility as ethanol is removed, and 
the complex compound will crystallize from the 
solution (see table 1). If a large amount of water 
is added to the solution, water becomes the main 
solvent in the solution. The high solubility of the 
Cu complex compound in water brings about the 
formation of a concentrated solution, in which 
the effect of the hydrogen bonding between Cu 
complex species and citric acid will increase and 
esterization will occur among the molecules of 
citric acid or between the Cu complex species and 
citric acid, because citric acid has both carboxyl 
groups and a hydroxyl group. Thus the concen
trated solution has a high viscosity which hinders 
the Cu complex compound from crystallization. 
So the solution turns to a gel.

Due to the greater complex stability constant 
between copper and DETA [7], the OEt groups 
in Cu ethoxide can be replaced by DETA. So 
DETA causes the Cu complex species to lose its 
functionality for polycondensation, and the solu
tion with DETA does not have the behaviour of a 
sol-gel process when H2O is added. Table 2 
shows that, when ethanol is removed, the solution 
with RDETA = 2 does not form a gel because the

WAVENUMBER (cm'1)
Fig. 2. IR spectrum of the ethanol solution of Cu(OEt)2 with 

acetic acid (CCu(OEt)^ = 0.18M, HOAc/Cu = 1).

7? det a value in the stoichiometric formula of the 
Cu complex compound with DETA is also 2 [8] 
and, as a result, the Cu complex compound will 
crystallize. If the solution contains more DETA,
i.e.,  RDETA > 2, the additional DETA will not 
coordinate with copper, and plays a role in the 
increase of the viscosity of the solution and join
ing the Cu complex species together through hy
drogen bonding. As DETA has a high boiling 
point of 202°C, and cannot be removed when the 
solution is heated, these solutions can form gels 
(table 2).

The formation of gels mentioned above is due 
to hydrogen bonding or esterization which is a 
reversible reaction. Thus those gels will liquefy 
when exposed to moisture.

The IR spectrum of the ethanol solution of 
Cu(OEt)2 with HOAc (HOAc/Cu = 1) indicates 
that the wavenumber difference between l/(COO) 
(1520 cm-1) and J/(COO) (1420 cm-1) in acetate 
is 100 cm 1 (fig. 2). This means that acetic acid 
behaves as a bidenate ligand with copper in the 
solution [3]. The Cu complex species can be rep
resented as
HOAc + Cu(OEt)2(solid)(dark blue)

= [AcOCu(OEt)2] H+(green). (1)

When water is introduced into the solution, reac
tions between the Cu complex species and water 
occur. These reactions can be divided into two 
types: one is the hydrolysis which occurs between 
the OEt groups and water and the other is the 
interchange occurring between acetate and water. 
This interchange causes a colour change from 
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green to blue in the solution [6]. When less water 
is added to the solution (H2O/Cu < 30), the so
lution immediately turns to a colloidal gel, and 
remains green for a long period of time. This 
indicates that in this case the first reaction is 
hydrolysis when water emerges in the solution. 
The hydrolysis can be written as 

[AcOCu(OEt),] (green)+2H2O

= [AcOCu(OH)2] “ (green) + 2EtOH. (2) 

The fact that the colloidal gel formed immedi
ately, implies that the charged hydrolyzed species 
([AcOCu(OH)2] ) have a high polycondensation 
rate. Slower change of the colour of the colloidal 
gel from green to blue indicates that the inter
change reaction is slow when the molar ratio of 
H2O to Cu is low. When more water is added, 
the colour of the solution changes rapidly from 
green to blue. This reflects that more water accel
erates the formation of the species without ac
etate ligand. The interchange reaction can be 
written as [6]

[AcOCu(OH)2] (green) + 2H2O

= (H2O)2Cu(OH)2(blue) + OAcT (3)

Because H2O in one complex species can react 
with a hydroxy group in other complex species 
through olation [4] which leads to bridging the 
two species by the hydroxy group, the uncharged 
hydrolyzed species [(H2O)2Cu(OH)2] have more 
functionality for polycondensation than charged 
hydrolyzed species [AcOCu(OH)2]~, so the poly
condensation behaviour of the uncharged species 
is different from that of the charged species. 
Thus the solution with the uncharged hydrolyzed 
species can be transformed to a transparent gel 
(table 3).

When Cu(OEt)2 is dissolved in EGME with 
acetic acid, the alcoholysis reaction occurs [5]. 
The ethoxyl groups in [AcOCu(OEt)2]_ are re
placed by OCH2CH,OCH3(ORe) groups, and 
the complex species of [AcOCu(ORE)2]_ are 
formed. Alkoxides with a longer alkyl chain and 
high steric hindrance of alkoxyl groups have a 
lower hydrolysis ability [5], Therefore the hydroly
sis rate of [AcOCu(ORE)2]_ is much lower than 

that of [AcOCu(OEt)2] , and both hydrolysis and 
interchange may concur; even the interchange 
occurs in advance of hydrolysis when water is 
added to the EGME solution of Cu(OEt)2 with 
HOAc/Cu = 1:1). Thus the EGME solution is 
insensitive to water, and show the typical gelation 
behaviour, i.e., the gelation time decreases with 
the increase of water in the solution (fig. 1).

The formation of the gels derived from the 
alcohol solution of Cu(OEt)2 with acetic acid 
results from the reactions between the Cu com
plex and H2O, and polycondensation among hy
drolyzed species in room temperature. So the gels 
are insensitive to moisture.

5. Conclusions

When H2O is added, an ethanol or EGME 
solution of Cu(OEt)2 with acetic acid does 
demonstrate a typical sol-gel process, while an 
ethanol solution of Cu(OEt)2 with citric acid or 
diethylenetriamine does not exhibit the process.

An alcohol solution of Cu(OEt)2 with a com
plexing agent demonstrates a sol-gel process de
pending on whether the Cu complex species has 
alkoxyl groups.

The Cu compound gels obtained from a sol-gel 
process are stable in moisture, while the gels 
derived from the evaporation of solvents in the 
solution are sensitive to humidity.
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Section 3. Advanced method of characterization

EPR spectroscopy on sol-gel glasses

G. Kordas
‘Demokritos’ National Center for Scientific Research, Institute of Materials Science, 153 10 Ag. Paraskevi Attikis,
Athens, Greece

SiO2, GeO2, SiO2-GeO2, and GeS2 glasses were studied by electron paramagnetic resonance spectroscopy in order to 
determine their structures. The spectra were recorded at X-band after exposing the glasses to y-ray irradiation. The spectra 
of the vacuum dried n (= mol water/mol TEOS)= 2, 4, 8, 16 gels recorded at 77 K and 300 K exhibit the signal of the 
O2-center in pores. This center persists to 500°C in the n = 16 gel indicating that the pore structure remains invariable in 
this temperature region. Resonances of the Ej-center and non-bridging oxygen were obtained in the n = 16 gel fired at 
900°C. The spectrum of the n - 16 gel fired at 1000°C consists of three lines attributed to three O2-centers in pores. The 
n = 8 gel fired at 700°C exhibits the signal of the CO/ radical. At 1000°C, the n = 8 gel presents the signals of the CO7 
radical and E'-center. The CH , radical was observed after firing the n = 4 gel at 700°C. At firing at 1000°C, signals of the 
CO/ radical and EJ center were recorded in the n = 4 gel. The spectrum of the 94 mol% SiO2-6 mol% GeO2 gel treated 
at 462°C was attributed to the Ge(3)-center and another component that has not been identified. This gel shows the spectra 
of the Ge(3) and Ge(l) centers at a temperature of 1000 and 1280°C, respectively. The spectra of the 58 mol% SiO2-42 
mol% GeO2 gel at a firing temperature of 1200 and 1400°C can be described by the signal of the Ge(3)-center. The signal of 
the GeS2 sol-gel glasses consisted of the signals of three different sulfur dangling bonds.

1. Introduction

Electron paramagnetic resonance (EPR) spec
troscopy is a method for monitoring unpaired 
electrons in glasses. The unpaired electrons can 
be provided by defect centers or transition metal 
ions in glasses. Defect centers in glasses can be 
dangling bonds, oxygen vacancies, or peroxy radi
cals. In most cases, these defects are not para
magnetic. They can become paramagnetic upon 
exposing the samples to ionizing irradiation. In 
this way, electrons and holes are released which 
can be trapped by defect centers. Detection and 
characterization of these states delivers invalu
able information about the structure of glasses 
synthesized by melting techniques. A number of 
excellent reports summarize important research 
on the glass structure determined by EPR spec
troscopy [1,2].

Few papers deal with the determination of the 
glass structure synthesized by sol-gel glass forma
tion occurs at relatively low temperatures by hy
drolytic polycondensation of metal alkoxydes. 

Thus, the structure of defects in sol-gel-derived 
glasses might be uniquely unlike from that of 
molten glasses in which the melt structure and 
thermal history play important roles in influenc
ing the nature and concentration of defect cen
ters. Hence, it is important to determine the 
structural variances between the defect centers in 
sol-gel glasses and glasses fabricated by oxide 
melting techniques.

SiO2, SiO2-GeO2 and GeS2 glasses derived 
from sol-gel and melt processing techniques have 
been investigated by EPR techniques. It is known 
that the EPR spectroscopy detects a concentra
tion of paramagnetic states of 1015-1017 spins/ 
cm3. Therefore, this composition is limited to the 
local structure and cannot be extended to the 
structure of glasses.

2. Experimental

Silica glasses were prepared by using n = 2, 4, 
8, 16, and 32 mol water per mol TEOS 

0022-3093/92/805.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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(Si(OC2H5)4). Some gels were vacuum dried and 
others were air dried over an extended time pe
riod. The gels were then heat treated at tempera
tures between 400 and 1000°C. The processing 
procedures have been described more extensively 
in literature [3].

Silica-germania glasses were prepared with 
x = 6 and 42% GeO2 using Si(OCH3)4, Ge- 
(OC2H5)4, and H2O. The molar H2O/ 
M(OR)4 ratio was 5 at a pH of about 3 to 
prepare gel-monoliths. 94% SiO2-6% GeO2 
monoliths were dried under supercritical condi
tions at about 250°C under a pressure of about 
1150 psi. The supercritically dried gels were then 
heat treated in flowing air atmosphere at temper
atures 462°C (240 min), 1000°C (15 min), 1150°C 
(10 min). 58% SiO2-42% GeO2 monoliths were 
only dried by slow heating in air at 70°C and then 

heat treated at 1400°C [4], GeS2 glasses were 
produced by replacing H2O with H2S.

The samples were exposed to 60Co y-ray irra
diation for several hours [3,4] to generate para
magnetic centers. The spectra were recorded us
ing a Bruker ER 200 D-SRC spectrometer oper
ating at 9.5 GHz. The magnetic field was mea
sured by a Bruker ER 035 M NMR gaussmeter.

3. Results

3.1. Sol-gel-derived silica glasses

Figure 1 shows typical EPR spectra of an 
n = 2 gel recorded at (a) 300 K and (b) 77 K with 
the samples placed in gas evacuated ampules 
(~ 10”5 m pressure). The spectra at both tem-

Table 1
g-values of paramagnetic states detected in the dried gels and of radicals

Defect 81 82 83 4
(eV)

Ref.

CO2~ 1.9975 2.0014 2.0032 [5]
CO3” 2.0066 2.0086 2.0184 [5]
NO3” 2.0066 2.0203 2.0114 [5]
no3”2 2.0015 2.0057 2.0057 [5]
O2 in LaY

zeol. 2.044 2.009 2.007 0.67
O2 in CaY

zeol. 2.046 2.011 2.002 0.64
O? in 2.038 2.006 2.006 0.78
Oi in ZrO2 2.027 2.008 2.003 1.12
C>2 in ZnO 2.042-2.052 2.009 2.002 0.70-0.56 [5]
O£ in A1HY

zeol. 2.038 2.009 2.003 0.78 [1,2]
F'13 a 2.0018 2.0013 1.9998
Ep 2.0018 2.0004 2.0004
e; 2.0018 2.0006 2.0003
Es 2.0018 2.0021 2.0021

Gels fired 2.04 2.01 2.004 this work
at 80°C and
400°C

n = 4 gel fired 1.997 2.001 2.002
at 700°C

n = 4 gel fired 2.0003 (NL) 2.001 (NL) 2.0021 (NL)
at 1000°C 1.9979 (BL) 2.0019 (BL) 2.0029 (BL)

NL, narrow line; BL, broad line.
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300 K

204 g

1a |V1Q
3247 H(G)

Fig. 1. EPR spectrum of an n = 2 gel recorded at (a) 300 K 
and (b) 77 K.

peratures were independent of vacuum pressure 
and water/TEOS ratio. The spectra of these 
vacuum dried gels are affected by measurement 
temperature. The g-values of this center are given 
in table 1.

Figure 2 shows the EPR spectrum of an n = 16 
gel heat treated at 80, 400, and 500°C recorded at 
77 K. It appears that signals of these gels are 
unrelated to heat treatment temperature. The 
room temperature signal of these samples was 
similar to the spectrum of fig. 1(a).

Figure 3 displays the EPR spectra of n = 4, 8, 
and 16 gels densified at temperatures between 80 
and 1000°C. Although spectra of vacuum gels 
dried at 80°C with different water/TEOS ratio 
are the same, the spectra of the glasses derived 
from these gels are significantly different, indicat
ing different glass structures. The spectrum of the 
n = 16 gel fired at 900°C is composed of a narrow 
line and a broad asymmetric signal (fig. 3(a)). The 
room temperature spectra of the n = 16 gels fired 
at 1000°C consist of a broad signal similar to the 
signal of fig. 1(a). The spectrum of this glass 
recorded at 77 K consists of three resonances as

Fig. 3. EPR spectra of the n = 4, 8, and 16 gels densified at 
temperatures between 80 and 1000°C.

indicated in fig. 3(c). The values of these reso
nances are given in table 2.

Figure 3(e) displays the spectrum of the n = 8 
gel fired at 700°C. The g-values of this defect are 
given in table 1. The spectrum of this gel fired at 
1000°C consists of a broad signal similar to the 
signal of the gel fired at 700°C and a narrow line.

Figure 3(h) shows the spectrum of a n = 4 gel 
treated at 700°C. This spectrum is dominated by 
four narrow lines indicative for hfs splitting. Fig
ure 3(i) shows the EPR spectrum of the n = 4 gel 
fired at 1000°C. This spectrum was recorded at 
20.3 nW and 20.3 mW. The behavior of this

Table 2
g-values of the three paramagnetic states observed in sol-gel 
glasses with n = 16 and 1000°C together with the g-values of 
O2 ions in various solids

Defect il i2 is A 
(eV)

Sample

1-defect 2.0004 ? 2.1143 n = 16
1000°C gel

o2 2.002 2.007 2.113 0.25 NaY zeol.
2.000 2.000 2.175 0.16 NaO2

2-defect 2.0027 7 2.0457 n = 16
1000°C gel

o2 2.002 2.011 2.046 0.64 CaY zeol.
2.002 2.008 2.049 0.60 ZnO

3-defect 2.0078 7 2.0335 n = 16
1000’C gel

o2- 2.011 2.014 2.030 1.00 CeO^ADO,
2.007 1.007 2.036 0.82 GaAs
2.006 2.006 2.038 0.78 A12O3

Si-O-O 2.0014 2.0074 2.068 Silica glassesFig. 2. EPR spectrum of an n = 16 gel heat treated at 80, 400,
and 500°C recorded at 77 K.
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Fig. 4. EPR spectrum of a supercritically dried 94 mol% 
SiO2-6 mol% GeO2 gel fired at 462°C.

spectrum at different microwave power exposures 
indicates the presence of a narrow (NL) and a 
broad line (BL). Table 1 summarizes the g-values 
of these signals.

3.2. Sol-gel-derived SiO2-GeO2 glasses

Figure 4 shows the EPR spectrum of a super
critically dried 94 mol% SiO2-6 mol% GeO2 gel 
fired at 462°C. The spectrum consists of the St 
(narrow line) and S2 (broad line) components. 
The g-values of these components are summa
rized in table 3.

Figure 5 shows the spectrum of a gel densified 
at 1000°C and recorded at 20.3 mW (a) and 20.3 
nW (b). The spectrum of this glass depends on 
microwave power level. In the same figure (c), the 
spectrum of the GeO2 glass has been presented 
for composition with the signal of the fired gel. It 
appears from this comparison that the low power 
spectrum resembles the spectrum of the GeO2 
glass. At 1280°C, this gel exhibits a signal the

Table 3
g-values of paramagnetic states in silica-germania glasses 
derived from sol-gel and melting techniques [4]

Center St §2 Si

SfComponent 2.003 2.003 2.003
S2-component 2.001 1.995 1.994
GeO2-crystal 2.0015 1.9940 1.9940
GeO2-glass 2.001 1.9944 1.9944
Ge(III)e_ 2.0011 1.9950 1.9939
Ge(3) 2.0011 1.9945 1.9945
Ge(2) 2.0010 1.9978 1.9868
Ge(l) 2.0007 1.9994 1.9930
Ge(0) 2.0009 1.9943 1.9943

94wt%SiC^ 6wt°/oGeC>2

3396 ‘ 3416
—• H 1G1

Fig. 5. EPR spectrum of a gel densified at 1000°C and 
recorded at (a,b) 20.3 mW and (c-e) 20.3 nW.

shape of which is independent of microwave mea
surement power. The g-values of this paramag
netic state are given in table 3.

Figure 6 shows also the spectra of the 58 
mol% SiO2-42 mol% GeO2 gel fired at (a) 
1200°C and (d) 1400°C. The spectra of these 
glasses appear to be identical for firing tempera
ture of up to 1400°C. These spectra resemble the 
spectrum of the GeO2 glass.

3.3. Sol-gel-deriued GeS2 glasses

58SiO2 42GeO2 300K

Figure 7(a) shows the EPR spectrum of GeS2 
sol-gel glass recorded at 100 K. This spectrum

3395 ' 3416
—-H 1G3

Fig. 6. EPR spectra of the 58 mol% SiO2-42 mol% GeO2 gel 
fired at 1200°C and 1400°C.
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Ge-S* 1

Ge-S-S* 2

Ge-S-S-S* 3

or

Si-OH + HO-Si Si-O-O • Si + H2.
irradiation

The non-bridging oxygen center can be generated
using strained oxygen bridges as follows:

Si-O-Si Si_o . si.
irradiation

- ■ 1_____  1 —
2920 3020

-----» H IkG 1

Fig. 7. EPR spectrum of GeS2 sol-gel glass (a) recorded at 
100 K. Comparison of the spectra of GeS v glasses (b, c, and 

d) obtained by melting germanium and sulfur powder.

consists of an asymmetric signal with three shoul
ders on the low field side. EPR spectra were not 
recorded at 300 K in these glasses.

4. Discussion

4.1. Overview of defects occurring in silica glasses

In silica glasses the spectra of the E [-center, 
peroxy-radical, and non-bridging oxygen were 
recorded. The E[-center can be described by an 
electron trapped by a silicon atom facing an oxy
gen vacancy:

Si-Si--------------Si • Si.
irradiation

The peroxy-radical can be the anti-defect of the 
E [-center:

Si-O-O-Si-------------- Si-O-O • Si.
irradiation

It can also be formed by hydroxyl ions via the 
reactions
Si-OH + HO-Si =*  =*  =*  Si-O-O-Si

+ H2t-----——Si-O-O • Si + H2
irradiation

4.2. Silica glasses

The spectra of dried gels exhibit a signal that 
strongly depends on measurement temperature. 
This was explained assuming tumbling motion of 
the ion generating this line [5], The paramagnetic 
states of the silica gels were recorded in evacu
ated quartz tubes. The presence of those signals 
under vacuum suggests that the paramagnetic 
states do not originate from gases in the internal 
open pores or on the surface of the gels. It is 
assumed that gases lightly adsorbed on surfaces 
can be removed under vacuum. The paramag
netic states in sol-gel glasses can be due to 
impurities owed to the starting solutions of 
Si(OC2H5)4, H2O, and HNO3. Thus, the forma
tion of radicals listed in table 1 might be possible. 
The g-values of carbon or nitrogen related radi
cals cannot be compared with the g-values of the 
defect recorded in our samples. This defect has 
g-values similar to those reported for O' ions in 
zeolites (table 1). Thus, it is appropriate to ex
plain the signals of the gels assuming O2 ions. 
The g-values of this center are related by a 
quantum mechanical model to its molecular 
structure:

A2 + <32 /
gzz = 2.0023 + 2

gyy = 2.0023*

4 ^A2 + S2
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and 

Sxx = 2.0023*
A2

A^+S2

where x is taken along the interatomic 0-0 line 
of centers, the term A is the oxygen spin-orbit 
coupling, and £ is a correction to angular mo
mentum about the molecular z-axis, and 3 and A 
are energies separating the antibonding tt and 
the rr*  — cr2 orbitals, respectively. The value of 
A depends on the electrostatic field generated by 
the environment acting on the O) ions (pore, fig. 
8). Figure 8 shows a possible model for the for
mation of this radical in voids. Since the spectro
scopic parameter A is very sensitive to the size of 
the voids, we assume that the size and structure 
of porosity is unaffected in this region of temper
atures.

The narrow line detected in the vacuum dried 
gels (fig. 3(e)) fired at 900°C can be due to the 
E ¡-center because of the lineshape and g-values 
of the spectrum (table 1). Thus, this defect may 
be associated with oxygen vacancies. The broad 
resonance on the left side of the E J-center signal 
resembles the signal of a hole trapped at a non
bridging oxygen. This signal also has the same 
g-values as the non-bridging oxygen reported in 
silica glasses. Thus, it is appropriate to suggest 
that this defect can be due to a paramagnetic 
non-bridging oxygen.

The spectrum of the 1000°C n = 16 gel is very 
complex and appears to be composed of at least 
three different resonances. The g-values of the 
resolved signals are given in table 2 together with 
the g-values of O2 ions in the interstices of 
different ceramic materials and silica glasses. The 
similarity of the g-values of the three centers and 
O2 ions in interstitial position in a number of 
ceramic materials suggests that this defect can be 
described by O2 ions in the pores of gels. The 
temperature variation of the lineshape of the 
three resonances disfavors the Si-O-O’ radical 
reproducing these spectra. Tables 1 and 2 give 
the A values of a number O2 ions in different 

samples. From this comparison between the vari
ous g-values, one can suggest that the separation, 
A, is 0.2, 0.62, and 0.9 eV defect, respectively. 
The energy separation is related to the Coulom- 
bic interaction between the O2 ions and their 
surroundings. This interaction can be altered by 
the variation of the size of a pore. Thus, the 
differences in A might indicate three distinctive 
different pore sizes in which the O2 ions are 
localized. The analysis of the O2 ion spectra can 
therefore reveal the structure and chemistry of 
internal pores of gels and sol-gel glasses.

In summary, the paramagnetic state generating 
the signal of the dried gel is trapped in pores of 
the gels. The pore geometry is unaltered up to 
500°C in these samples. As the porosity collapses 
with heat treatments at higher temperatures, 
strain in the sample is formed leading to fracture 
of Si-O-Si bridges. At 1000°C, broken bonds 
re-heal, allowing the structure to regroup forming 
a glass with three distinctive pore structures.

The O2 ions were also detected in dried gels 
with n = 2, 4, 8 and samples fired up to 400°C. 
This is an indication that the pore structure is 
identical for different samples produced by using 
different amount of water/TEOS for tempera
tures up to 400°C. However, these centers were 
missing in the heat-treated materials starting from 
n = 2, 4 and 8 water/TEOS sol solutions. The 
700°C n = 8 gel exhibits a signal with g-values 
about the same as of a CO2 ion. Thus, this center 
was attributed to a CO2 ion in densified gels. 
This center persists in the firing up to 1000°C 

Fig. 8. Formation of O2 in the pores of the gels and sol-gel 
glasses.
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while a new center appears superimposed with its 
resonance. This new center might be an Ej-center.

At 700°C, n = 4 gels reveals an hfs splitting 
with an intensity pattern and separation matching 
the signal of the CH3 radical [6]. This signal was 
also recorded at 35 GHz and 300 K. The intensity 
of the four lines is about the same at high fre
quency. This observation might be explained as
suming a tumbling motion of the CH3 radical in 
voids. As the firing temperature increases to 
1000°C, the signal of the densified gel changes, 
indicating formation of two different defects. The 
first one exhibits g-values about the same as 
those of the CO2 ion and the second one exhibits 
g-values about the same as of the g-values of the 
Ej-center. This behavior might be interpreted 
with the proposition that the disintegration of 
CH3 at 1000°C initiates CO2 formation and re

duction of the glass due to the abundance of 
hydrogen and CO2 in the material.

4.3. Comparison between silica derived from sol
gel and melting techniques

The silica glasses produced by traditional pro
cedures exhibit the Ej-center, peroxy radical, and 
non-bridging oxygen resonance. These centers are 
intrinsic to the glass and are related to its thermal 
history. Different paramagnetic centers were de
tected in the sol-gel glasses the concentration of 
which depends on the sol chemistry. A major 
portion of the paramagnetic states is related to 
organic decomposition products occurring during 
firing of n < 8 water/TEOS gels trapped in closed 
pores. These glasses cannot be used for a com
parison with the silica obtained by melting tech
niques due the extrinsic nature of the paramag
netic states in sol-gel glasses. However, the n = 
16 and 1000°C sol-gel glass might be appropriate 
for a comparison between the structures of silica 
derived from the two different routes. The tem
perature variation of the O2 signal suggests the 
incorporation of these radicals in voids. On the 
contrary, the Si-O2 radical is rather immobile in 
the silica network. The peroxy radical is the anti
defect of the Ej-center that was not detected in 
the n = 16 sol-gel glasses. The absence of the 
peroxy radical and Ej-center from the n = 16 

sol-glass might indicate different glass structures 
of the silica processed by the two techniques. In 
addition, the three extremely small pores in which 
the O2 ions are tumbling were not obtained in 
melt-derived silica. This might suggest that sol-gel 
glasses are more stoichiometric than melt-derived 
silica.

4.4. SiO2-GeO2 glasses derived from the MCVD 
process

When GeO2 is mixed in SiO2, a number of 
structural configurations can occur. For example, 
a Ge tetrahedron can be coordinated over the 
bridging oxygens with two germanium and one 
silicon tethadedron. The missing oxygen bridge 
allows formation of a Ge(n = 2) Ej-center. De
pending upon the number of germanium tetrahe
drons, n, coordinated through the bridging oxy
gens with the germanium E ¡-center, a number of 
spectroscopically distinguishable Ge(n = 0, 1, 2, 
3) E ¡-centers can be formed which have been 
detected in a 90.26 mol% SiO2-9.74 mol% GeO2 
glasses [7], The formation of Ge(n = 0, 1, 2, 3)- 
centers depends on both of the concentrations of 
the precursors and trapping cross section. For a 
10 mol% germanium, the relative ratio of 
Ge(0): Ge(l): Ge(2): Ge(3) of the precursors is 
equal to 0.729:0.243:0.027:0.001, respectively. 
This calculation assumes statistical mixing of ger- 
mania in silica. Further, the trapping efficiency of 
the Ge(n = 0, 1, 2, 3)-defect increases with n.

4.5. SiO2-Ge(), glasses

The S2-component has the same g-values 
within the errors of measurement as those re
ported for the GeO2 EJ-center or SiO2-GeO2 
Ge(3)-center. Thus, it can be assumed that this 
paramagnetic state is due to an unpaired electron 
localized at a germanium atom coordinated over 
the bridging oxygens to three germanium atoms. 
The S2-component can be due to an organic 
impurity. The spectrum (fig. 5 a, b) of the 94 
mol% SiO2-6 mol% GeO2 gel fired at 1000°C 
exhibits a dependence on microwave power. The 
spectrum recorded at 20.3 nW is very similar to 
the signal of the Ge(3)-center. At 1280°C, the 
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spectrum of this glass changes into a signal that 
has the shape and £-values of the Ge(l)-center 
described with an unpaired electron on a germa
nium atom coordinated with two silicon and one 
germanium atom over bridging oxygens.

The spectra of the 58 mol% SiO2-42 mol% 
GeO2 gels fired at 1200°C (fig. 6(a)) and 1400°C 
(fig. 6(d)) are very similar to the signal of the 
GeO2 glasses produced by melting techniques. 
Based on this comparison, we suggest that the 
Ge(3)-center is the predominant defect center in 
the 58 mol% SiO2-42 mol% GeO2 gels with 
firing temperature of 1200 and 1400°C.

These results can be explained with the as
sumption that reactions of the germanium and 
silicon alkoxides occur preferentially with the 
same groups of alkoxides leading to an inhomoge
neous gel. The 94 mol% SiO2-6 mol% GeO2 gel 
forms GeO2 clusters in the silica matrix which 
upon heating to 1280°C diffuse into the silica 
network to form a homogeneous two-component 
glass. The 58 mol% SiO2-42 mol% GeO2 gel 
remains inhomogeneous after heat treatment to 
1400°C. Since there is no evidence for Ge(n = 0, 
1, 2)-centers, this glass is phase-separated with 
regions of pure germania glass embedded in the 
silica matrix.

4.6. Comparison between silica-germania derived 
from sol-gel and melting techniques

The strong Ge(3)-signal in the 94 mol% SiO2-6 
mol% GeO2 gel fired at 462°C indicates the 
existence of GeO2 clusters in the SiO2 network. 
The Ge(n = 0, 1, 2) signals might be suppressed 
due to the high efficiency of the Ge(3)-center to 
attract a hole or electron. The strong concentra
tion of the Ge(n = 3)-center in the 462°C-fired 
gel suggests that this material is inhomogeneous, 
contrary to expectations. This might be due to the 
difference in the reaction kinetics between differ
ent alkoxides leading to preferential reactions 
among themselves. At 1000°C, the Ge(3)-center is 
still predominant, indicating clusters of GeO2 in 
the silica-germania glasses. At 1280°C, the 
Ge(l)-center are formed generating the spectrum 
of the sample. It appears that the GeO2-rich 
clusters in gels containing the Get« = 3)-center 

transform into the Ge(l)-center on thermal treat
ment at temperatures higher than 1000°C, lead
ing to a homogeneous material. The final EPR 
signals of these glasses resemble the signal of the 
90.26 mol% SiO2-9.74 mol% GeO2 glasses de
rived from MCVD techniques. The glasses pro
duced by MCVD processes are structurally inho
mogeneous.

The 58 mol% SiO2-42 mol% GeO2 gel fired 
at 1200°C (fig. 6(a)) and 1400°C (fig. 6(d)) exhibits 
the signal of the Ge(n = 3)-center. Although a 
significant amount of silica exists in the sample, 
the G(n = 0, 1, 2)- and the silica EJ-center have 
not been observed. The persistence of the Ge(n 
= 3)-center up to 1400°C indicates that these 
glasses are phase separated. This is in agreement 
with general knowledge that glasses with concen
tration of germania greater than 10 mol% cannot 
be formed.

4.7. GeS2 glasses derived from powder melting

GeSA glasses can be formed in a variety of 
compositions. Depending upon the value of x, 
different spectra can be observed which were 
attributed to germanium (fig. 7(b)) (x = 2) and 
sulfur dangling bond (fig. 7(c)) (x > 2) centers. 
The germanium-related centers are characterized 
by a single nearly symmetric signal, whereas, the 
GeSA glasses with excess sulfur exhibit an asym
metric spectrum with one, two, and three shoul
ders on the low field side of the EPR spectrum. 
The first shoulder with highest magnetic field 
value was attributed to an hole trapped at a 
sulfur dangling bond (Ge-S ). The second, with 
an intermediate magnetic field value, can be de
scribed by the structure Ge-S-S'. The third, with 
the lowest magnetic field value, was due to the 
Ge-S-S-S’ center.

4.8. GeS2 glasses

The GeS2 sol-gel glasses (fig. 7(a)) exhibit a 
signal that is different than those detected in the 
GeS2 glasses produced by melting germanium 
and sulfur at 900°C. This signal is more similar to 
signals generated by sulfur dangling bonds. Since 
we observed three low field side shoulders, we
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suggest the existence of the Ge-S', Ge-S-S", and 
Ge-S-S-S" defects in our sol-gel glasses.

4.9. Comparison between GeS2 glasses from sol
gel and melting techniques

The GeS2 glasses synthesized via sol-gel routes 
exhibit the spectrum of three sulfur dangling 
bonds. On the contrary, the spectrum of the GeS2 
glasses exhibit the spectrum of condition elec
trons. Thus, different paramagnetic states were 
obtained in the glasses synthesized by sol-gel 
techniques and glasses derived from melting the 
germanium and sulfur powders. Hence, the elec
tronic states in the GeS2 glasses may depend on 
the method thay are produced. Lukovski [8], Mott 
and Street [9], and Stathis and Kastner [10] have 
discussed the paramagnetic states in SiO2, GeO2, 
and GeS2 glasses on the basis of the valence 
alternation pair (VAP) model. According to Mott 
and Street [9], the paramagnetic states, Do, frozen 
in a GeS r glass are equilibrated with two charged 
diamagnetic states D+ and D :
2D0 => D + + D".
One assumption in this model is that the concen
tration, N, of the VAPs is a function of the glass 
transition temperature, Tg, and effective correla
tion energy, Uefi:

where NA is the number of lattice sites in the 
specimen. This assumption is founded on classi
cal theory which argues that the glass is at ther
modynamic equilibrium down to Tg. Since sol-gel 

glasses are prepared differently than glasses pro
duced by melting techniques, the concentration 
of the VAPs, assuming that these centers are 
present in sol-gel glasses, may be affected by 
processing variables such as water/TEOS ratio, 
gelation temperature, pH of the initial solutions, 
etc.

5. Conclusions

There are significant differences between the 
paramagnetic states occuring in the sol-gel-de- 
rived glasses and in the corresponding glasses 
obtained by melting techniques. These differ
ences depend on the chemistry of preparation, 
heat treatment procedures, and type of precur
sors used for the synthesis of the sol-gel glasses.
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Surface chemistry of multicomponent silicate gels
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The surface chemistry of a calcium boroaluminosilicate gel was studied and compared with the corresponding behavior of 
a pure silica gel. The experiments were performed, in situ, by transmission FTIR utilizing high surface area, free-standing, 
monolithic xerogel foils. The foils could be vacuum-evacuated, heated, and/or exposed to water and organic vapors within 
the FTIR cell. The spectra of the dehydrated calcium boroaluminosilicate showed only isolated surface silanols (Si-OH) and 
boranols (B-OH). They were found to be inactive upon subsequent exposure to water vapor, but readily participated in 
H-bonding with basic organic adsorbates. The frequency shifts associated with the adsorption of organic vapors were lower 
on the multicomponent surface than on the silica surface. This reveals that the silanols are less interactive, or acidic, on the 
multicomponent surface. The adsorption of molecular water occurred faster and with greater tenacity on the calcium 
boroaluminosilicate. This is attributed to the prevalence of surface sites associated with Ca, B, and Al where the 
chemisorption of water may occur. Some of these sites were revealed by pyridine adsorption studies; i.e., pyridine was found 
to form coordinate bonds with unsaturated Bln and Al111 Lewis acid sites. Otherwise, the chemical behavior of Ca and Al on 
the surface was not directly evident in the FTIR spectra. Finally, the chemisorption of methoxytrimethylsilane was examined 
and found to occur preferentially at the boranol sites. However, the chemisorbed silanes on the boranols were found to be 
more easily hydrolyzed than those on the silanols. In general, this study illustrates several principles about the surface 
chemistry of calcium boroaluminosilicates, and offers an experimental approach for direct examination of multicomponent 
gel or glass surface chemistry in any multicomponent system that can be synthesized using the alkoxide method.

1. Introduction

The surface chemistry of gels is relevant to the 
processing of: (i) porous and high surface area 
oxides, (ii) dense glasses and ceramics, and (ii) 
organically modified oxides. The study of surface 
chemistry using gels is of further interest because 
the high surface area of the gel facilitates the use 
of techniques based upon gas adsorption and 
infrared spectroscopy. Thus, fundamental aspects 
of oxide surfaces, their hydration/dehydration 
behavior, and their specific adsorption of organic 
and inorganic species can be characterized, in 
general.

In the case of silica, there have been numerous 
studies of surface chemistry using a wide range of 
silica gels and aerosils [1-4]. These studies have 
provided great insight to the molecular nature 
and chemical reactivity of silica surfaces. In many 
instances, these concepts have been extended to 
explain or predict the surface chemistry of more 

complex multicomponent silicate glasses. Never
theless, it is to be expected that the addition of 
other metal oxides to silica will not only create 
new surface sites, but can also change the distri
bution and reactivity of the silica surface sites per 
se.

The goal of the work described here is to 
develop an approach for studying the surface 
chemistry of multicomponent silicates. The con
cept is to use high surface area, free-standing gel 
foils whose composition can be varied. The sur
face chemistry can then be studied, in situ, using 
transmission Fourier transform infrared spec
troscopy (FTIR). It is expected that the funda
mental nature of multicomponent silicate sur
faces will be revealed through a careful compari
son of these studies with those of pure silica. 
Clearly, this approach can be used to model and 
study the surface chemistry of any silicate that 
can be synthesized using the gel method. In this 
sense, the alkoxide method of gel synthesis greatly 
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expands the opportunity to study oxide surface 
chemistry.

The specific systems described in this paper 
are relevant to E-glass (60 mol% SiO2, 9 mol% 
A12O3, 25 mol% CaO, 6 mol% B2O3). E-glass 
fibers are used extensively in polymer composites, 
thus their surface chemistry plays a role at the 
fiber/matrix interface. The chemical coupling of 
silanes, the interaction with various polymers, 
and the hydrolytic stability of the surface are 
important issues. In an earlier study [5], the syn
thesis of calcium boroaluminosilicate gels and 
glasses was described. The compositions were 
comparable to commercial E-glass. More recently 
[6], FTIR and nuclear magnetic resonance (NMR) 
spectroscopies were employed to show that heat 
treatment at the gel-to-glass transition tempera
ture, Tgg, of 710°C creates a stabilized porous 
xerogel structure whose molecular structure rep
resents the dense glass. The only difference be
tween this xerogel and the dense glass is the 
much higher surface area ( ~ 40 m2/g) associated 
with the xerogel. Thus, the xerogel can be used to 
model the glass surface, and because of its high 
surface area, it can be studied with transmission 
FTIR. Here, hydration and dehydration of the 
multicomponent xerogel are reported and com
pared to silica. The acidity/basicity of the sur
face is described on the basis of organic adsorp
tion experiments, and finally, the specific interac
tion of the multicomponent surface with silane is 
examined.

2. Experimental

The synthesis of calcium boroaluminosilicate 
gel (E-gel) has been described in detail [5,6]. The 
acid-catalyzed silica gel was prepared in an analo
gous manner. The transparent gels (~ 0.5 mm in 
thickness) were heat-treated in a tube furnace to 
500°C to remove organic residuals. They were 
then transferred to the FTIR vacuum cell where 
they were further heat-treated to stabilize the 
porous, xerogel structure; the calcium boroalumi
nosilicate and the silica gels were stabilized at 
710°C and 900°C, respectively. These xerogels are 

the substrates for the surface chemistry studies 
reported here.

The FTIR vacuum cell was constructed from a 
standard ultra-high vacuum (UHV) stainless-steel 
cube. CaF2 (Harshaw, Solon, OH) with an IR 
cutoff below 1200 cm-1 was used for the IR 
window. Inside the cell, two pieces of tantalum 
mesh (CPI Co., Pearland, TX) with 70% trans
mission were used as sample holders as well as 
electrical heating elements. In this way, the 
monolithic xerogel foil could be heated up to 
1000°C in vacuo. The temperature of the sample 
was monitored by a chromel-alumel thermocou
ple, which was spot-welded on the Ta mesh and 
pressed into the sample. The IR cell was con
nected to an ion vacuum pumping system where 
vacuum of 10‘8 Torr was routinely obtained. A 
gas feedthrough system was also connected to the 
IR cell for adsorption studies. The cell was in
serted into the sample chamber of the FTIR 
spectrometer. The set-up of the whole system is 
schematically described in fig. 1.

Transmission infrared spectra from 1200 to 
4000 cm 1 were recorded in situ on an IBM IR98 
FTIR spectrometer utilizing the IR cell. The 
spectrometer is equipped with a Genzel interfer
ometer, Ge/KBr beamsplitters, and a deuterated 
triglycine sulfate (DTGS) detector. The spectra 
were recorded at a resolution of 4 cm-1.

In the hydration studies (water adsorption), 
various amounts of pure water vapor were intro
duced into the cell; the pressure was monitored 
by a pressure gauge. After 2 h equilibration with 
the water vapor, the sample chamber was evacu
ated, and a spectrum was recorded. The process 
was then repeated at a higher water vapor pres
sure. The dehydrations were performed at 10'8 
Torr for periods of up to 10 h. In the adsorption 
of organic vapors, the spectra were recorded with 
and without the specimen present in the system; 
then, the difference spectra were calculated to 
eliminate the gas phase contributions.

3. Results

Figure 2(a) compares the hydroxyl region of 
the FTIR spectra for the dehydrated silica and
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Fig. 1. Schematic diagram of the experimental arrangement, with an enlarged view of the mesh that is used to both support and
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Fig. 2. Hydroxyl/water region of the FTIR spectra for silica-gel (---------- ) and E-gel (--------- ) (a) dehydrated at 900 and 710°C,
respectively, and (b) after a short exposure to water vapor at room temperature and ~ 1-5 Torr pressure.
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calcium boroaluminosilicate xerogels. Figure 2(b) 
compares their spectra during exposure to water 
vapor at 28°C. The intense sharp band at 3745 
cm"1 is due to isolated surface silanols (Si-OH). 
This band appears in nearly an identical position 
in both systems; the observed difference is within 
the scatter of these measurements (typically 4 
cm"1). The calcium-boroaluminosilicate shows an 
additional sharp band at 3703 cm1 that is due to 
isolated surface boranols (B-OH). Otherwise, 
there are no other distinct bands in this region of 
the spectrum. The tail on the low-wavenumber 
side of the silanol peak is almost always observed 
on these dehydrated silica xerogels. It seems to 
persist up to temperatures where the xerogel 
structure collapses. It represents the mutually 
interacting silanols that are present on the sur
face. The more symmetrical nature of the bands 
on the calcium boroaluminosilicate suggests that 
those silanols and boranols are more effectively 
isolated.

After exposure to water vapor (fig. 2(b)), new 
broad bands appear in the lower wavenumber 
region. These are due, primarily, to the adsorp
tion of molecular water. They show maxima at 
different positions in these two gels. The silica 
shows a band at 3430 cm"1, while the multicom
ponent system shows a broader band with a maxi
mum at 3530 cm"1.

In the case of silica, a distinct shoulder on the 
low-wavenumber side of the silanol peak (~ 3690 
cm"1) appears. This is due to the chemisorption 
of water that creates hydrogen-bonded silanols 
(also called vicinal hydroxyls). On the calcium 
boroaluminosilicate, the absence of a distinct 
shoulder reveals that the adsorption of molecular 
water does not create vicinal silanols.

The water band at ~ 3430 cm 1 is well defined 
for the silica because the molecular water is phys
ically adsorbed only at the vicinal silanols. The 
greater breadth of the water band in the case of 
the calcium boroaluminosilicate suggests that it 
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Fig. 3. Hydroxyl/water region of the FTIR spectra for (a) silica-gel and (b) E-gel which had been hydrated with 20 Torr water 
vapor. The spectra were obtained alter equilibration at each temperature in a vacuum of 10" 8 Torr. Tgg is the gel-to-glass 

transition temperature.
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possesses a wider variation in adsorption sites. It 
seems likely that some of this broad band is due 
to the chemisorption of water at Ba and Al sites; 
i.e., in the case of calcium-boroaluminosilicate, it 
is not due solely to molecular water.

After the equilibration of these surfaces with 
20 Torr of HZO vapor (P/Po = ~ 0.90) and vac
uum pumping at 10 8 Torr, the hydroxyl absorp
tions are broadened extensively. These are shown 
by the uppermost spectra in figs. 3(a) and 3(b) for 
the silica and calcium boroaluminosilicate xero
gels, respectively. At this coverage, most of the 
features in fig. 2(b) have been obscured by the 
hydrogen bonding interactions between the physi
cally adsorbed molecular water species them
selves. Nevertheless, two characteristics are clear; 
namely, the wider distribution of water adsorp
tion sites and the persistence of isolated silanols 
in the case of the calcium boroaluminosilicate.

During vacuum heating, the progressive dehy
dration of the xerogels could be followed (see 
figs. 3(a) and 3(b)). In general, hydration and 
dehydration were found to be reversible. The 
lowest spectra in figs. 3(a) and 3(b) reproduce the 
spectra of the stabilized xerogels; i.e., the initial 
spectra shown in fig. 2(a). More interesting is the 
relative temperature dependence of the dehydra
tion for silica versus calcium boroaluminosilicate. 
Most of the water band is eliminated in the case 
of the silica at 300-400°C (T/Tgg~0.4). This is 
consistent with desorption of physically adsorbed 
water. However, in the case of the calcium boroa
luminosilicate, the water band persists to 500°C 
(T/Tgg = 0.7). This supports the idea that 
chemisorbed water contributes to the broad wa
ter band in the calcium boroaluminosilicate.

The kinetic studies of water adsorption, shown 
in fig. 4, further support the idea that stronger 
sites for water adsorption are present on the 
multicomponent silicate surface. The calcium 
boroaluminosilicate surface reaches saturation 
coverage within 10 min, whereas the silica re
quires more than 1 h to reach saturation. It has 
been verified that this difference in adsorption 
rate is not due to pore size because the E-gel was 
found to exhibit an average pore diameter of 3.7 
nm, while the silica gel had a value of 2.0 nm. 
This, together with the fact that the E-gel adsorbs
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Fig. 4. The integrated intensity ratio, for the molecu
lar water band during hydration at room temperature and 5 
Torr water vapor. The silica-gel reached saturation after ~ 

4000 s, while the E-gel saturated in 300-500 s.

water faster but dehydrates with greater diffi
culty, points to the intrinsic differences in these 
surfaces.

Figures 5 and 6 compare the spectra for the 
dehydrated silica and calcium borosilicate gels 
before and after adsorption of acetone and pyri
dine, respectively. Here, a direct interaction with 
the isolated hydroxyls is observed. The isolated 
hydroxyl bands have been broadened and shifted 
to lower frequency due to the adsorption of these 
organic species at those sites; i.e., the vibrational 
frequency of the hydroxyls has been perturbed. 
The magnitude of the shift is a measure of the 
relative acidity or basicity of the adsorbates and 
surface sites. The shift is clearly much greater in 
the case of pyridine (~ 700-800 cm"1) than it is 
in the case of acetone (~ 300-400 cm’1), and so 
too the difference in the shift between silica and 
calcium boroaluminosilicate is greater for the 
pyridine (about 100 + 20 cm-1) versus the ace
tone (about 81 ± 20 cm-1). This is due to the 
stronger basicity of pyridine. Thus, by measuring 
the shifts for various organic adsorbates (e.g., 
acetone, ammonia, hexane, triethylamine, xylene, 
etc.), the relative acidity or basicity of the surface 
sites can be determined. The silanol shifts were 
found to be consistently lower for most of these 
adsorbates on the calcium boroaluminosilicate.
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Fig. 5. The hydroxyl region of the FTIR spectra for silica-gel 
and E-gel before (---------- ) and after (--------- ) exposure to
acetone; a shift and broadening of the hydroxyl bands occurs 
from 3745 cm-1 to 3300-3400 cm1. The bands at 2850-3050 

cm 1 are the CH stretch of the acetone.

Fig. 6. The hydroxyl region of the FTIR spectra for silica-gel 
and E-gel before (---------- ) and after (--------- ) exposure to
pyridine; in this case, the shifted hydroxyl bands (2925 cm-1 
and 3026 cm-1 overlap the pyridine CH stretching bands at 

2900-3100 cm 1

This indicates that the hydroxyls on the multi
component surface are less acidic than those on 
the silica.

The spectra in fig. 7 compare another region 
of the spectra for pyridine adsorbed on the silica 
and calcium boroaluminosilicate xerogel surfaces. 
The differences in these spectra are striking. All 
of these bands are associated with the pyridine 
molecule; and neither spectra matches, exactly, 
the gas phase species. Thus, they represent per
turbation of the pyridine molecule due to adsorp
tion. The band at ~ 1600 cm-1 is observed in 
both cases, and is due to hydrogen bonding of 
pyridine to hydroxyl sites (Si-OH and B-OH). 
The band at 1628 cm-1 is due to coordinate 
bonding of pyridine to Lewis acid sites. It is 
observed only in the case of the multicomponent 
silicate due to the presence of B111 and Al111 
centers [7], On the other hand, the intense band

Fig. 7. The FTIR spectra for pyridine adsorbed on silica-gel 
and E-gel; the ~ 1600 cm 1 band is due to pyridine adsorbed 
at hydroxyl sites, while the ~ 1628 cm 1 is due to coordinately 

bonded pyridine.
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at 1447 cm 1 is observed for the silica [8], but not 
the multicomponent xerogel.

Figure 8 shows the adsorption of methoxytri
methylsilane on the calcium-boroaluminosilicate 
surface at room temperature. The spectra in fig. 
8(a) and 8(b) show that, after adsorption of the 
silane, the bands due to the isolated hydroxyl 
groups are influenced dramatically. There is a 
broad band at ~ 3288 cm1 that suggests the 
formation of hydrogen bonds between the iso
lated surface hydroxyl groups and silane 
molecules. The elimination of the isolated hy
droxyl bands reveals nearly complete coverage of 
those sites by the silane. Also evident are bands 
at 2835 and 2959 cm-1 which are due to symmet
ric and antisymmetric stretching vibrations of the 
C-H from the adsorbed silanes. The band at 
2903 cm-1 is due to the C-H vibration from 
methoxy groups associated with H-bonded silanes. 
After the xerogel was vacuum evacuated (fig. 
8(c)), some of the physically adsorbed silane is 
removed and, correspondingly, the isolated silanol 

band intensity approaches its original value. 
However, the presence of some silane is still 
observed. After this gel was reheated to 710°C 
(fig. 8(d)), the broad band due to hydrogen bond
ing of the silane to the surface hydroxyls vanishes, 
suggesting that the physically adsorbed silanes 
were removed or reacted. The bands at 2835 
and 2959 cm-1 remain and, therefore, some 
chemisorption of the silane (via condensation of 
the methoxy and surface hydroxyl) must have 
occurred. The change in intensity ratio of the 
silanol and boranol is quite evident. It was esti
mated that about 20% of the silanols and nearly 
all of the boranols reacted to chemisorb silane. 
Clearly, there is a preferential silylation of the 
boranol sites.

The hydrolytic stability of the silylated surface 
was also investigated. The spectra in fig. 8(e) 
shows that, after exposure to 2 Torr water vapor 
for 10 h and then reheating to 710°C, the boranol 
band re-emerges, and the intensity of the silanol 
is increased. On the basis of integrated intensity, 

Fig. 8. FTIR spectra for E-gel (a) dehydrated at 710°C, then (b) equilibrated with methoxytrimethylsilane at room temperature and 
81 Torr, then (c) evacuated for 10 h at 10 s Torr, room temperature, then (d) heated to 710°C in vacuum, and then (e) exposed to

2 Torr water vapor followed by vacuum evacuation and heating to 710°C.
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about 40% of the original boranol sites are re
stored, while only 20% of the original silanols are 
recovered. The persistence of bands due to methyl 
species verifies some chemisorbed silane is still 
present (at least under these conditions). How
ever clearly, the silane which has chemisorbed to 
the boranol is less resistant to hydrolysis.

4. Discussion

The most important composition effect in the 
surface chemistry of calcium boroaluminosilicate 
glass is the creation of new surface sites due to 
the introduction of Al, B, and Ca. These sites 
limit the interactions between adjacent hydroxyl 
species as shown by the sharpness of silanol and 
boranol bands in the multicomponent system. 
They also introduce new adsorption sites as shown 
by the behavior of pyridine. These are clearly the 
Lewis acid sites associated with unsaturated B111 
and Al111 species. Although Al-OH and Ca-OH 
surface sites may exist in the hydrated calcium 
boroaluminosilicate, their presence was not ob
served after high temperature dehydration.

The adsorption of water does not involve the 
isolated silanol groups on either the silica or the 
calcium boroaluminosilicate. In the case of silica, 
molecular water adsorption creates vicinal hy
droxyls via hydrolysis of siloxane sites (Si-O-Si). 
The activation energy for this chemisorption re
action is high because the molecular water has 
little affinity for the siloxane sites; i.e., the water 
adsorption kinetics are severely limited until vici
nal sites populate the surface. On the other hand, 
water adsorption on the multicomponent surface 
is not limited to vicinal sites. The fact that the 
calcium boroaluminosilicate adsorbs water faster 
than silica suggests that the surface sites have a 
stronger affinity for water adsorption. Also, the 
higher temperatures required for dehydration of 
the E-gel reveal that these water adsorption sites 
are strong. A complete identification of these 
sites has not yet been made but, certainly, Lewis 
acid sites were found to exist, and they can ad
sorb water. In addition, non-bridging oxygens as
sociated with Ca modifiers, as well as mixed oxide 

bonds (e.g., B-O-Al, or Si-O-Al), are present in 
the E-gel. These sites possess a greater affinity 
for molecular water than do the siloxanes. More
over, the electronegativity of the non-bridging 
oxygens associated with Ca would enhance water 
chemisorption via protonation of these sites.

5. Conclusions

The surface chemistry of the multicomponent 
silicate gel is unique as compared with that of 
pure silica. More hydration active sites are pres
ent on the E-gel even though the hydroxyl groups 
are more effectively isolated. In the case of physi
cal and chemical adsorption of organics, the iso
lated hydroxyls seem to be the only important 
reaction sites on the dehydrated surfaces. It was 
found that the boranol site is more reactive to 
silane chemisorption, and hydrolysis, than the 
silanol site. It was also found that the silanols on 
E-gel surfaces are less acidic than on silica. How
ever, some preliminary experiments, wherein the 
silanols on the E-gel were selectively capped, 
reveal that the boranols are more acidic than the 
silanols, in general. This may account for their 
higher reactivity with the silane.

The authors thank the Polymer Products Divi
sion of E.I. Dupont deNemours Co., Wilmington, 
DE, for its support of this research.

References

[1] M.L. Hair, Infrared Spectroscopy in Surface Chemistry 
(Dekker, New York, 1967).

[2] A.V. Kiselev and V.I. Lygin, Infrared Spectra of Surface 
Compounds (Wiley, New York, 1975).

[3] R.K. Iler, The Chemistry of Silica (Wiley, New York, 
1979).

[4] C.J. Brinker and G.W. Scherer, Sol-Gel Science 
(Academic Press, San Diego, 1990).

[5] D.S. Wang and C.G. Pantano, Ceram. Trans. 20 (1991) 
245.

[6] D.S. Wang and C.G. Pantano, J. Non-Cryst. Solids 142 
(1992) 225.

[7] W. Pohle and P. Brauer, J. Catal. 77 (1982) 511.
[8] M.J.D. Low and V.V. Subba Rao, Can. J. Chem. 46 (1968) 

3255.



Journal of Non-Crystalline Solids 147&148 (1992) 123-126
North-Holland

IOUHNAL Or

NON-CRYSTME SOLIDS

Waveguide Raman spectroscopy of TiO2 : SiO2 thin films

M. Bahtat a, J. Mugnier b, C. Bovier a, H. Roux a and J. Serughetti a
“ Département de physique des matériaux, URA 172, Université Claude Bernard Lyon J, 43, Bd du 11 Nov. 1918, 
69622 Villeurbanne cedex, France
b Laboratoire de physico-chimie des matériaux luminescents, URA 442, Université Claude Bernard Lyon I, 43,
Bd du 11 Nov. 1918, 69622 Villeurbanne cedex, France

Planar monomode TiO2: SiO2 waveguides were prepared by the sol-gel method from Liquicoat solutions supplied by 
Merck. Waveguide Raman spectroscopy was used to study TiO2: SiO2 thin films with different TiO2: SiO2 mixture ratios. 
The effect of annealing temperature on the microstructure of the films was followed up to 600°C. The amorphous phase 
crystallizes as anatase when the annealing temperature increases but Ti4+ ions remain in the silica network.

1. Introduction

Several years ago, applications of solution de
posited film were studied in commercially avail
able colloidal solutions. These solutions, pro
duced by E. Merck, Darmstadt, Germany, under 
the trademark Liquicoat, are available as pure 
SiO2 or pure TiO2 solutions. Initially, the use of 
Liquicoat solutions ranged from monolayer films 
to complex multilayer films for optical coatings 
[1], The feasability of producing planar TiO2: SiO2 
waveguides was demonstrated [2] by dip-coating. 
Effects of withdrawal rate, heat treatment and 
solution concentration on film thickness and re
fractive index were studied [3], Very recently [4], 
structural characterization of pure TiO2 wave
guiding films prepared from Liquicoat solution 
have been investigated by waveguide Raman 
spectroscopy (WRS) and transmission electron 
microscopy (TEM).

Very thin films prepared from mixtures of 
colloidal titania and silica solutions (Liquicoat Ti 
ZLI-1857 and Liquicoat Si ZLI-2132, respectively 
will be discussed. WRS was successfully used to 
follow the structural evolution of films with an
nealing temperature and compositional changes.

2. Experimental

Cleaned pyrex substrates were dipped into the 
mixture and vertically withdrawn at a rate of 40 
mm min '. Films were dried in a vertical position 
for 15 min at 100°C and then annealed at temper
atures from 450 to 600°C under a constant flow of 
pure O2. Various TiO2 : SiO2 mixture ratios were 
chosen. Thin films are identified by the volume 
ratio of TiO2 and SiO2 in the starting solution. 
The TiO2 and SiO2 colloidal solutions contained 
7.7-10 wt% solids, respectively [1].

Monomode TE0 waveguides for A = 647.1 nm 
(Krypton laser) were made by dip-coating the 
substrate once or twice depending on the thick
ness and on the refractive index of each single 
layer. Film thicknesses ranged from 90 to 200 nm 
depending on the starting solution composition.

Details of the WRS technique have been de
scribed elsewhere [4,5]. Briefly, at room tempera
ture, a Krypton laser beam (beam power = 300 
mW) is focused by a converging lens near the 
corner of a prism coupler used to launch the light 
into the film. Light scattered by the film is ana
lyzed by a Jobin-Yvon model U-1000 spectro
graph and a photon counting system.

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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3. Results

In fig. 1 Raman scattering of the waveguides 
are shown for different TiO2 : SiO2 mixture ratios 
(from 4 cm-1 up to 700 cm“1) after heat treat
ment at 450°C for 15 min. The 5 :1 TiO2 : SiO2 
film appears amorphous with a broad band near 
170 cm“1. The spectrum is the same for the 3:1 
sample. These spectra are fundamentally differ
ent from that of pure TiO2 films obtained under 
the same conditions [4]. These spectra exhibit a 
very intense band at 144 cm-1 and weaker fea
tures at 198 cm-1, 399 cm-1, 516 cm-1 and 639 
cm“1 attributable to TiO2 crystals (anatase) [6]. 
Thus, as pointed out by Sites et al. [7], small 
amounts of SiO2 in TiO2 suppress TiO2 crystal
lization. With the 2:1 film, the Raman spectrum 
changes become greater. A band appears near 60 
cm-1 and a broad band can be observed at 450 
cm-1. This spectrum is interpreted as the addi
tion of two spectra. One is due to amorphous 
TiO2 Raman scattering and the second is due to 
silica glass contained in the film. The ‘boson 
peak’ in Raman scattering is an universal charac
teristic of glasses [8]. The boson peak is related to

RAMAN SHIFT (cm-1)
Fig. 1. Raman scattering of the waveguides for different 
TiO2 : SiO2 ratios after heat-treatment at 450°C for 15 min. 
The parameters 1:2, 1:1 ... written on the curves is the 
volume ratio of pure TiO2 to pure SiO2 in the starting 

solution. 

the ‘excess’ vibrational density of states [8], Pro
gressive transformation from silica gel to silica 
glass is attested by the incipient boson peak and 
by the incipient broad band, which appears at 450 
cm-1 [9], In the Raman spectra of the 1:1 and 
1:2 films, the intensity of the Boson peak in
creases and the band at 450 cm-1 can be clearly 
distinguished. In fused silica or in silica aerogel 
[9], the frequency of the boson peak is the same 
frequency ( s 60 cm-1) as in our samples. Note 
that neither the line at 608 cm-1 nor the line at 
490 cm-1 which are assigned to the three-fold 
planar ring and the four-fold planar ring respec
tively inside the particles of pure silica glass [9] 
are distinguished. Raman scattering spectra of 
SiO2-rich films are noisy. Only the main features 
can be discerned.

An admixture of 16% SiO2 suppresses anatase 
crystallization, and the SiO2 appears to be amor
phous. The SiO2 gel to glass transformation was 
observed in the 1:1 films at a lower temperature 
than in heat-treated bulk aerogel where the 
transformation to glass, characterized by the bo
son peak, is quasi-complete at 800°C (heat treated 
acid-catalyzed aerogel) or at 1160°C (heat treated 
base-catalyzed aerogel [9].

No critical changes appear in Raman spectra 
of 1:1 or 1:2 films for temperatures up to 500°C 
or for annealing times up to 2 h.

It is interesting to consider Raman scattering 
at higher temperatures. In fig. 2, the Raman 
intensity is shown for three samples annealed at 
600°C for 15 min. For the 3:1 Ti-Si film, lines 
around 140 cm-1, 198 cm-1, 399 cm-1, 516 cm-1 
and 639 are clearly observed and correspond well 
to those of anatase crystallites. Moreover, a bo
son peak is identified at a lower frequency which 
is due to silica glass, as described above. The 
broad band at 450 cm-1 is not clearly distin
guished. For films with 1:1 and 1:2 composi
tions, silica glass bands become predominent and 
the level of crystallinity decreases when the SiO2 
concentration increases. This can be deduced 
from the broadening of the strong anatase peak. 
As a comparison, one must keep in mind that for 
monocrystalline anatase, the full width at half 
maximum (FWHM) of the 144 cm 1 line is 7 
cm-1 [10] and for the pure TiO2 thin film an
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nealed at 450°C for 15 min the FWHM is 16 
cm-1 [4]. Raman spectral changes have been 
observed when studying ultra dispersed materials 
[11,12]. Assuming as a first approximation that 
the FWHM of the 144 cm-1 band is roughly 
proportional to the inverse of the crystal size 
(which proved to be exact in our experiments [13] 
and in the studies of nanocrystalline GaAs [14]), 
the mean diameter of the nanocrystals in the 3 :1 
film is approximately 3 nm.

It is interesting to consider Raman spectra of 
films annealed at 450°C for 15 min at frequencies 
from 650 cm-1 to 1300 cm-1 (fig. 3). No band 
can be distinguished in a TiO2 rich-film (3:1). 
Raman spectra of SiO2 rich-films (i.e., 1:2 and 
1:3) are significantly different. The Raman band 
at 805 cm1 has been assigned to network Si-O- 
Si symmetric-stretching vibration and the bands 
at 930 cm-1 and 1090 cm-1 are associated with 
vibrational modes involving SiO4 units linked with 
titanium atoms [15], This behaviour can be ex
plained as a nominal concentration of Ti4+ ions 
which can be incorporated into the network in 
tetrahedral coordination [16]. The remaining Ti4+ 
occupies octahedral sites. The credibility of this 
interpretation is obvious when examining the Ra
man spectra of films annealed at 600°C for 15

RAMAN SHIFT (cm'1)
Fig. 2. Raman scattering of the waveguides annealed at 600°C 

for 15 min. (See fig. 1 for the notation of the curves.)

RAMAN SHIFT (cm-1)
Fig. 3. Raman scattering of the waveguides annealed at 450°C 

for 15 min. (See fig. 1 for the notation of the curves.)

min (fig. 2), where growth of the anatase struc
ture band at 144 cm 1 is observed. Relative in
tensities of bands at 930 cm-1 and 1090 cm-1 
remain unchanged after annealing at 600°C. 
These facts indicate that most of the Si-O-Ti 
bridges remain intact in the film and the amor
phous TiO2 phase changes to microcrystal anatase 
with higher temperature annealing.

4. Conclusion

The WRS technique permits analysis of very 
thin films in which:

(i) in the TiO2 rich-films a small fraction of 
SiO2 suppresses crystallization, and films are 
amorphous;

(ii) when SiO2 concentration increases, the 
transformation of amorphous SiO2 phase to glass 
is quasi complete at very low temperature and the 
TiO2 phase is amorphous;

(iii) when annealing temperature increases 
(600°C), the TiO2 amorphous phase crystallizes 
as anatase in the films. The crystal size is 3 nm. 
Ti4+ remains incorporated in the silica network.
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A SAXS study of the formation of ZrO2 sols and gels
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Small angle X-ray scattering (SAXS) was used to follow the evolution of Zr-tetrapropoxide + acetic acid mixtures. The 
formation of aggregates and their linkage during gelation was studied by measuring their gyration radii and the correlation 
and hydrodynamic lengths, applying the classical theory for solutions of macromolecular chains. The mechanism of 
aggregation was interpreted using basic fractal concepts.

1. Introduction

The sol-gel method [1,2] is used to obtain 
ceramic materials exhibiting well-controlled mi
crostructures and, in numerous cases, better 
properties than materials prepared by classical 
procedures. Structural characterization of gels 
and precursor solutions was performed using 
neutron and X-ray scattering techniques. Studies 
of the early stages of monomer or particle aggre
gation are particularly useful for understanding 
the basic mechanism involved in the gelation pro
cess. Most of these kinetic studies were carried 
out on silica-based systems. Studies of aggrega
tion in zirconia-based solutions are seldom done 
because of the difficulties in avoiding fast hydrol
ysis of zirconium alkoxide in the presence of even 
a small amount of water. This leads to a fast 
precipitation of zirconium hydroxide and to het
erogeneous gels. This problem may be avoided by 
adding an appropriate amount of chelating agents, 
which allows a controlled polymerization process 
[3], It is possible to obtain homogeneous gels in 
binary or ternary systems.

A SAXS study of Zr-tetrapropoxide and acetic 
acid mixtures, and of the resulting wet gels, under 
different dilution and temperature conditions is 
presented. Experimental structural parameters 
obtained and their time variation are compared 

with classical theory predictions for macromolec
ular chain aggregation and gelation, to establish a 
structural model for zirconia-based gels, and with 
the model of fractal structures to determine the 
mechanism of aggregation.

2. Experimental

Gel precursor solutions were prepared using 
reagent grade zirconium n-tetrapropoxide and 
acetic acid. The basic composition is 1 mol alkox
ide for 1.78 mol acetic acid. Under diluted condi
tions, 1-propanol is added in a molar ratio (pro- 
panol/alkoxide) equal to 8.26. The solutions are 
continuously stirred during preparation.

The different solutions are introduced in a cell 
which is maintained at constant temperature. The 
cell is located in the SAXS equipment for per
forming ‘in situ’ kinetic measurement of the scat
tering intensity.

Small angle X-ray scattering experiments were 
carried out at the synchrotron radiation labora
tory LURE, Orsay, using a monochromatic X-ray 
beam (A = 1.594 A) with pin-hole collimation and 
a position-sensitive X-ray detector. The high in
tensity produced by the synchrotron X-ray source 
allows experimental SAXS curves to be obtained 
with good statistics within 200-300 s. The modu

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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lus of the scattering vector covers the range from 
0.007 to 0.28 A-1 and, for some of the samples, 
to 0.38 A-1. Parasitic scattering produced by slits 
and windows was subtracted from the experimen
tal SAXS data. Desmearing of the experimental 
data was not necessary because of the point-like 
cross-section of the incoming X-ray beam.

The kinetic SAXS studies were performed on 
undiluted solution at 50°C (ND50) undiluted so
lution at 60°C (ND60) and diluted solution at 
60°C (D60).

Examination of the SAXS curves permits the 
definition of the Guinier range on the low q side, 
the intermediate or central q range and the 
asymptotic or high q range in SAXS plots. These 
ranges are related to the structural parameters 
average gyration radius, Ra, of the clusters and a 
parameter a0 which measures the size of the 
monomers or basic structural units. The low q 
range goes up to Rf\ the intermediate q range 
is defined by Rq 1 < q < a0 1 and the high q range 
corresponds to q> a^1.

In the case of colloidal ‘globular’ structural 
basic units (neither thin disk- nor thin cylinder
shaped particles), the classical SAXS theory [4,5] 
and the fractal theory [6,7] for aggregation of 
colloidal ‘smooth’ particles predict a Porod be
havior for the asymptotic high q range, i.e., the 
scattering intensity is proportional to <?-4. In the 
case of thin cylinder-shaped particles, the scatter
ing intensity in the high q range is proportional 
to '. The q~l dependence of SAXS intensity is 
expected from a basic structure of rigid portions 
of polymeric linear chains [8,9].

The q dependence of SAXS intensity in the 
intermediate q range is predicted from the classi
cal scattering theory for polymer solutions. The 
slope value -1.66 in logZ(^) vs. logt? plots is 
characteristic of linear (not branched) polymers 
in a good solvent [10,11],

Several structural parameters which character
ize the polymeric aggregates may be determined 
from experimental SAXS results. The Zimm 
equation [4],
/<//(q) = (l//0)[l+q2(/?|,/3)], (1)

is used for determining Ra, an average apparent 
gyration radius of the polymeric cluster. This ap

parent gyration radius is equal to the average 
radius for dilute solutions. Io is the SAXS inten
sity extrapolated to q = 0 and k is a constant. 
Assuming a size distribution for the aggregates, 
70aMw, (2)
where Afw is the apparent average mass of the 
aggregate.

The relation

/(<?)<? a exp(-7?|q2/2) (3)

applies for cylinder-shaped objects with a finite 
radius in the high q range of the SAXS plots [4], 
In this range, the SAXS technique is sensitive to 
structural details of the elemental chain. Rc is 
the lateral correlation radius of the polymeric 
chains. This radius can also be estimated if the 
basic structural unit of the polymeric chain is 
known.

The hydrodynamic length, L, of the polymeric 
chains is calculated using [4] the relation
L = TtI„/[l(q)q]m. (4)

The theory of fractals associates the exponent 
D with the dimensionality of the objects. This 
dimensionality may also be linked with the aggre
gation mechanism in clustering systems (table 1).

The linear behavior in the intermediate q 
range in log/(q) vs. log# plot is associated with

Table 1
Growth models and related fractal dimension, D [10-12]

Growth process models Fractal dimension 
in space 3 (2)

Lattice animal (1.56)
Eden (2.00)
Witten Sanders 2.45 (1.65-1.70)
Witten Sanders linear trajectory 2.97 (1.92-1.95)
Tip-to-tip 1.43 (1.26)
Self-avoiding walk 1.66 (1.33)
Cluster-cluster random walk 1.75-1.80 (1.44-1.48)
Cluster-cluster ballistic 1.81-1.95 (1.50-1.54)
Cluster-cluster low stick prob. 2.00 (1.55)
Percolation 2.50 (1.89)
Ideal linear polymer 2.00
Swollen linear polymer 1.66
Ideal branched polymer 2.16
Swollen branched polymer 2.00
Dense particle 3.00
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Fig. 1. Variation of the scattering intensity vs. scattering vector, q, in a double logarithmic scale: (a) sample ND60; (b) sample D60.

the formation of fractal aggregates. For Rcl q

I(q)ccq~D, (5)

where D is the fractal dimension of the structure.
The basic statement of the theory of fractals 

concerns the dependence of the mass of a fractal 
object, M, on its gyration radius, RG [6,7], i.e.,

MaR'fr (6)

For the first stages of aggregation, the parame
ter Rc (eqs. (1) and (6)) measures the average 

size of the aggregates. At advanced stages of 
aggregation and after gelation, this parameter is 
associated with an average correlation length of 
the structure.

3. Results

Small-angle X-ray scattering intensities I(q) 
for samples ND60 and D60 are plotted as func
tions of the modulus of the scattering vector q 
(which is related to the scattering angle, 0, by
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Fig. 3. Time variation of the logarithm of gyration radius, RG. 
x, ND50; +, ND60; a , D60.

q = 4tt sin0/A) in a double logarithmic plot (fig. 
1). The same SAXS intensities are presented as 
i/I(q) vs. q2 (Zimm plot) in fig. 2.

The parameters Rc and Io obtained applying 
the Zimm equation (eq. (1)) to the experimental

Fig. 4. Time variation of the logarithm of scattering intensity 
extrapolated to q = 0 Io (from Zimm plots). X, ND50;

+ , ND60; a, D60.

SAXS results are plotted in fig. 3 and fig. 4 
respectively, for ND50, ND60 and D60 solutions.

4. Discussion

4.1. Structure of scattering elements

A qualitative examination of the experimental 
data presented in figs. 1 and 2, for different times 
at constant temperature, shows three ^-ranges in 
SAXS plots. The Guinier range in the low q side, 
the intermediate or central q range and the 
asymptotic or high q range are better defined for 
advanced stages of aggregation.

The experimental asymptotic slopes in the 
log/(^) vs. logg plots of fig. 1 are close to -1 for 
advanced stages of aggregation. This indicates 
that the basic structural units which aggregate are 
not colloidal globular particles.

The central region of the SAXS plots in fig. 1 
also exhibits a linear behavior which is more 
clearly visible for advanced stages of aggregation. 
The slopes in the log/(<?) vs. log# plots of fig. 1 
are higher than -2 for every aggregation time 
and approach -1.66 for advanced stages of ag
gregation. The structural elements of samples 
studied are linear (not branched) polymers in a 
good solvent.

This basic structural element is mainly due to 
the action of chelating agent acetic acid on the 
zirconium n-tetrapropoxide monomer. Acetic acid 
reacts with zirconium n-tetrapropoxide to pro
duce a new monomer composed of both acetoxy 
and propoxy groups linked with zirconium atom. 
Since acetoxy groups are not hydrolyzable, the 
effective functionality of the new monomer de
creases from 4 to about 2.5 for a ratio of acetic 
acid to Zr equal to 1.79 (a small part of acetic 
acid reacted with free propanol to produce water). 
Growth of the polymeric chain will only occur in 
one direction: hydrolysis and polycondensation 
are based on non-substituted propoxy groups. The 
backbone of the chain is composed of Zr atoms 
linked by oxo-bridges.

The qualitative behavior of experimental SAXS 
plots corresponding to dilute and undiluted solu
tions is similar. SAXS results from concentrated 
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solutions in many cases exhibit interference ef
fects from scattering from different clusters. Nev
ertheless, this effect can be neglected when the 
polymer clusters have a size distribution [9]. These 
remarks lead us to propose a common structural 
model for aggregates in the diluted and undiluted 
zirconia solutions studied, which consists of poly
meric clusters composed of nearly rigid chains in 
a good solvent.

4.2. Evolution of parameters

Zimm plots given in fig. 2 exhibit linear behav
ior at small q in all cases, which permits determi
nation of Rg and /0 for every scattering curve.

At the early stages of aggregation, the average 
gyration radii of undiluted solutions are small 
and equal to 4 + 1 A (figs. 3 and 4) which are 
close to that expected for a zirconium n-tetrapro- 
poxide monomer.

For the diluted solution, we note that the 
scattering intensity is rather higher than expected 
from the Zimm equation. In addition, the gyra
tion radius is clearly higher than those of undi
luted solutions. This RG value, equal to 8 A, 
remains approximately constant during the first 
stages of polymerization. This may be a conse
quence of cluster formation of hydrolyzed zirco
nium alkoxide during the solution preparation 
because of fast polycondensation on hetero
geneities in composition during the addition of 
acetic acid to the alkoxide.

The time variation of Io (fig. 4) exhibits fea
tures which are similar to those of the time evolu
tion of Rg. Both time dependences can be ex
pressed by exponential relationships:

Rg= (^g)o exp(at),

Io = (Io)oexp(/3t'), (7)

where the parameters a and are clustering-rate 
coefficients.

These rate coefficients are constant for rather 
wide time ranges. The results plotted in fig. 3 
indicate that before the gel point, the rate coeffi
cients are the same for dilute and undiluted solu
tions at 60°C and the undiluted solution at 50°C 
exhibits a lower a coefficient than at 60°C.

At the gel point, the gyration radii of the 
clusters are equivalent to the non-diluted solu
tions at 50°C and 60°C, i.e., RG = 15 A. This 
result and the similar q dependence of the SAXS 
intensity observed for the various solutions stud
ied leads to the conclusion that temperature vari
ations produce only modifications in the cluster
ing rate without changing the aggregation mecha
nism.

The equivalent value of a for dilute and non
diluted solutions suggests that concentration does 
not strongly affect clustering mechanism during 
the early stages of aggregation. On the contrary, 
clear differences are apparent at and after the gel 
point. The gyration radius of the clusters at the 
gel point is higher in dilute solutions.

Another difference concerns the clustering rate 
coefficient of gels. The coefficient a of undiluted 
solution is lowered after gelation. The dilute so
lution does not exhibit this modification of clus
tering rate. This different behavior implies that, 
in undiluted solutions, the clustering mechanism 
after gelation is modified or, at least, affected by 
the structural modification associated with gel 
formation. On the contrary, in dilute solutions, 
gelation does not seriously affect the growth 
mechanism. This might be related to the exis
tence of a wide size distribution which leads to 
gelation involving only a small fraction of larger 
aggregates, preserving the continuous growth of 
smaller isolated clusters.

Variations in the hydrodynamic length, L, are 
shown in fig. 5. The behavior of the dilute and 
undiluted solutions at 60°C are similar before the 
gel point. The time dependence of L is similar to 
those corresponding to Rc and Io:

L = (L)o exp(Ti). (8)

After gelation, the growth rate T coefficient 
associated with L is lower than before gelation in 
the undiluted solution at 60°C. This variation is 
not apparent at 50°C. The dilute solution pre
sents a contrary behavior. Growth of the hydrody
namic radius is accelerated at advanced stages of 
aggregation.

From the measured values of L, the molecular 
masses, ML, were determined. At the first stages, 

is approximately equal to 1500 g/mol for all
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t < s >

Fig. 5. Time variation of the logarithm of hydrodynamic 
length, L. X, ND50; +, ND60; ▲ , D60.

Fig. 6. Variation of the scattering intensity extrapolated to 
q = 0 (proportional to Afw, the molar mass average in weight) 
versus the logarithm of gyration radius, Rc. X, ND50; 

+ , ND60; a, D60.
solutions. At the gel point, WL is approximately 
equal to 2500 and 11000 g/mol for the undiluted 
and dilute solutions, respectively.

The lateral correlation radius, Rc, of the poly
meric chains is estimated assuming that the 
monomers are composed of two propoxygroups 
bound to zirconium. Rc is equal to 3.5 A. Ac
etate groups would have a lower Rc.

The correlation radius determined by applying o
eq. (7) is close to 2 A for all solutions studied. 
This is lower than expected for zirconium n-tetra- 
propoxide monomers and suggests that the 
monomers are more likely acetate groups.

4.3. Growth model and fractal behavior

The linearity of the logarithm of RG, Io and L 
as functions of time implies a simple dependence 
between these parameters:

IoclRq and LctRG, (9)
where a and b are constants. Bearing in mind 
that Io a Mw and L ccM [9,10,12], where Mw 
and M correspond to different averaged mass 
values, it is seen that eqs. (9) are consistent with 
eq. (6). The values of the slopes a and b in the 
linear domains of figs. 6 and 7 are the fractal 

dimensions of the aggregates measured through 
the relationship between Mw and RG (fig. 6) and 
between AfL and Ra (fig. 7), respectively. The

Fig. 7. Variation of the logarithm of molar weight (deduced 
from L) versus the logarithm of gyration radius. X, ND50;

+ , ND60; ▲, D60.
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Table 2
Experimental parameter, D, deduced from eqs. (5) and (9)

Sample ND50 ND60 D60

log/0 vs- >Og«G
first part a. 1.05 ±0.05 1.20 ±0.05 1.64 ±0.05
second part a2 1.41 ±0.05 1.45 ±0.05 1.64 ±0.05

logML vs. log/?G
first part tq 0.39 ±0.05 0.40 ±0.05 1.30±0.05
second part b2 1.46 ±0.05 1.41 ±0.05 1.67 ±0.05

log/(<?) vs. logg 1.66 1.66 1.66

values of the slopes for early and advanced stages 
of aggregation are listed in table 2.

The values of the fractal dimensions obtained 
applying eq. (5) to the SAXS plots corresponding 
to advanced stages of aggregation (fig. 1) are 
listed in table 2. Since the values of D have a 
physical meaning only when the fractal object has 
an overall size which is much larger than the 
basic monomer, we restrict our analysis to ad
vanced stages of aggregation and after gelation. 
The linear behavior in log 7(q) vs. log# plots 
associated with eq. (5) is not apparent in the 
SAXS curves (fig. 1) which correspond to the first 
stages of clustering.

There is a close agreement between the differ
ent D values deduced from the various experi
mental plots corresponding to advanced stages of 
aggregation. This agreement supports the model 
based on a growth mechanism associated with the 
formation of a fractal structure.

The D value for the dilute system (D = 1.66) 
is very close to that expected for a polymer with 
excluded volume (table 1) and a diffusion limited 
cluster-cluster mechanism. In this model, for ag
gregate growth monomers form chain polymers 
which, after diffusion in the liquid matrix, pro
duce larger aggregates.

The low D values corresponding to the undi
luted solution (1.41-1.45) may be associated to a 
‘tip-to-tip’ mechanism of aggregation as sug
gested by the calculated values in table 1. An
other possibility would be a coexistence in undi
luted solutions of large clusters with small rigid 
chains. Since small thin and linear chains lead to 
a SAXS intensity which is proportional to q~\ 

the value of about 1.43 may represent an average 
value involving chains (slopes in log 7(g) vs. logg 
plots equal to -1) and polymeric fractal aggre
gates (D = 1.67).

It should be emphasized that the concept of a 
fractal aggregate implies self-similar properties. 
In order for self-similarity be possible, the size of 
the aggregates should be at least one order of 
magnitude larger than that of the primary parti
cles. In the case of dilute solution (D60), 
7?G(max.) = 15a0, the size of the aggregates fulfils 
this condition. It is not the same for non-diluted 
solutions because 7?G(max.) = 6a0 and 4<r0 to 5u0 
for ND50 and ND60, respectively. Plots given in 
figs. 6 and 7 (Io vs. RG and AfL vs. RG, respec
tively), corresponding to dilute and non-diluted 
solutions, exhibit a similar behavior for advanced 
stages of aggregation. This suggests that the basic 
mechanism of growth is the same for the three 
samples studied. The conclusion is that the 
smaller clusters in non-diluted solutions have a 
hierarchical structure which corresponds to the 
first stages of formation of a fractal aggregate. In 
short, concentration greatly affects the average 
size of the final aggregates but does not modify 
the basic growth mechanism.

5. Conclusions

(i) The basic structural elements which build 
up the aggregates in zirconia gels are nearly rigid 
linear polymeric chains composed of zirconium 
acetate groups.

(ii) The clustering rate is increased by increas
ing the temperature but is not sensitive to the 
dilution state. At the gel point, the average gyra-o 
tion radius of the aggregates is 15 and 36 A in 
undiluted and dilute solutions, respectively.

(iii) Isolated aggregates in the dilute solution 
and in the gel state may be represented by a 
structural model of a linear polymer in a good 
solvent. The different features of the SAXS plots 
indicate a characteristic exponent close to that 
expected for this model. Agreement between val
ues obtained from plots of time variations of the 
gyration radius and of hydrodynamic length as 
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well as the log/(g) vs. log# plots suggests the 
existence of a narrow aggregate size distribution.

(iv) The dimension D = 1.66 which was ob
tained for the dilute solution is consistent with 
the theoretical fractal model for diffusion-limited 
cluster-cluster aggregation. The lower value of D 
which was obtained for the undiluted solution 
may be explained assuming the coexistence of 
small and large clusters or by the existence of a 
different mechanism of aggregation (tip-to-tip 
clustering). Additional experimental work is re
quired to decide between these models.
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EXAFS and XANES study of (Si, Ge) mullite gels and glasses 
prepared by slow hydrolysis of alkoxides
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Local structures in optically clear gels, glasses and mullite ceramics in the Al2O3-SiO2-GeO2 system have been studied 
using X-ray absorption spectroscopy at the aluminium, silicon and germanium edges. In mullite, 3Al2O3-2SiO2, and the 
corresponding germanates, both in gel and thermally treated phases, as well as in 8Al2O3-2SiO2 and Al2GeO5, aluminium 
is in a hexacoordinate environment, the extent of distortion of which is variable. For the last-mentioned aluminogermanate, 
GeO4 tetrahedra are rapidly formed, and the local environment within the first shell remains stable up to the ceramic state. 
Longer distance order is observed for the gel and crystal phases, but not for the intermediate glasses. Si-O bonds are longer 
in mullite gels than the corresponding ceramics, probably due to the existence of bridging hydroxyl groups in the former.

1. Introduction

Sol-gel methods, in particular the hydrolysis 
of alkoxides, are reputed to lead to products that 
are homogeneous on the molecular scale [1]. In 
the Al2O3-SiO2-GeO2 system, the gels obtained 
are amorphous and undergo transformation into 
porous glasses which densify on crystallisation [2]. 
Earlier work has shown that this process is di
rectly related to the presence of hydroxide ions 
which cover the porous surface and stabilise the 
polymeric structure of the oxide [3]. The structure 
of gels and glasses in this system is, however, less 
well understood. Results from NMR, Raman and 
infrared spectroscopies have provided a basis on 
which descriptions for some compositions have 
been made [4-6], Better adapted to the study of 
short-range ordering in such materials, X-ray ab
sorption spectroscopy has now been applied to 
study the evolution of local structure of alumi
nosilicates (germanates) of the mullite type, from 

the gel state up to the orthorhombic phase, by 
EXAFS and XANES analyses at the aluminium, 
silicon and germanium absorption edges of vari
ous phases in the Al2O3-SiO2-GeO2 system. 
Only limited use has been made up to now of this 
approach [7],

2. Experimental

2.7. Synthesis

Gel samples were prepared by slow hydrolysis 
of mixtures of aluminium butoxide and either 
silicon methoxide or germanium ethoxide in hex
ane, following methods described previously [5,8] 
for the synthesis of aluminosilicates and alu- 
minogermanates respectively. Monolithic gels, 
which remain optically clear up to ~ 1400°C 
(aluminosilicates) and ~ 1100°C (aluminoger- 
manates) are obtained after 6-8 months and 12- 
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15 months, respectively. Rapid hydrolysis of a 
solution of aluminium butoxide and silicon ethox
ide in propanol led to both powdered and gel 
samples [5]. For simplicity, all samples (gels, 
glasses and crystalline compounds) are repre
sented in terms of their composition Al : Si : Ge as 
X(Al2O3)-Y(SiO2)-Z(GeO2). The water content 
is not specified.

2.2. X-ray absorption spectroscopy

X-ray absorption spectra were recorded at the 
French synchrotron radiation facility, LURE, on 
spectrometers EXAFS1 on DCI (Ge edge, 11104 
eV) and the SA72 line on Super ACO (Al and Si 
edges, 1560 and 1839 eV, respectively). For the 
first of these, the spectrometer was equipped 
with a channel cut Si[331] monochromator, and 
the spectra recorded in transmission mode at 77 
K on powdered samples made up as thick mulls 
in paraffin oil, and mounted between the parafilm 
windows of stainless steel sample holders. Sam
pling for silicon edge spectra (InSb[lll] mono

chromator) was performed on microporous nylon 
(pore size 5, 10 or 20 p.m), on which transmission 
spectra were recorded at room temperature. In 
the case of aluminium edge spectra (quartz 
monochromator), the data length is limited by the 
proximity of the silicon edge also present in all 
compounds. Powdered samples were dispersed 
over ~ 1 cm2 on double-faced adhesive tape 
mounted on copper slides and the signal detected 
as the total electron yield at room temperature. 
Additional experimental details are available from 
the authors. All data analysis was performed us
ing the EXAFS and XANES programmes written 
by Michalowicz [9].

2.3. Macroscopic structural evolution in the 
Al2O3-SiO2-GeO2 system

Mullite gel of composition 3Al2O3-2SiO2- 
10H2O undergoes transformation to a porous 
glass (specific surface area ~ 300-400 m2 g_1) at 
~ 300°C, and at 600°C its composition is close to 
^6^i2O10.77^H)046 • H2O. At higher tempera

Fig. 1. Near edge spectra (1550-1600 eV) at the aluminium absorption edge of x(Al2O3)-y(SiO2)-z(GeO2) phases (rh: rapid 
hydrolysis).
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ture, around 940°C, the porosity decreases sharply 
as the glass densifies and nucleation of mullite 
commences, although the glass phase persists to 
above 1400°C. For the composition Al2GeO5, 
crystallisation starts near 900°C, and is complete 
below 1300°C and the compound has the mullite 
structure. The Raman spectrum indicates a more 
ordered arrangement [5] than that in the mullite 
having composition 3Al2O3-2SiO2 (or x = 0.25, 
according to Cameron’s notation A12(A12+2x- 
Si2_2x)O)0_x [10], but differs from that of silli
manite (x = 0, Al2SiO5), where static disorder in 
the occupation of tetrahedral sites by Al3+ and 
Si4+ no longer exists; it is important to note that 
this naturally occurring phase is formed under 
pressure.

3. Results

3.1. Al edge

The normalised near edge spectra, in the en
ergy range 1560-1600 eV (fig. 1) all show two 
maxima. By comparison with the corresponding 
spectra of model compounds of known crystal 
structure, it may be concluded that, in the pre
sent case, the aluminium atoms are predomi
nantly hexacoordinate; the XANES of a series of 
model aluminosilicates all present one maximum 
when aluminium is tetracoordinate, and two max
ima when aluminium is in an octahedral environ
ment [11]. This conclusion is further supported by 
the presence, to the low energy side of the first 
maximum, and on the absorption edge itself, of 
an inflexion point at 1566.0 eV. An edge feature 
of this type was observed at this energy in materi
als containing hexacoordinate aluminium, but is 
notably absent in model compounds containing 
only tetracoordinate Al. Raman spectroscopic 
data have also been interpreted in terms of a 
local structure of the spinel type, both for gels 
and glasses [5]. The possible presence of a certain 
proportion of tetracoordinate aluminium cannot, 
nevertheless, be excluded, near edge spectra of 
model compounds (illite, muscovite) containing 
both hexa- and tetracoordinate aluminium [11] 

differing little from those containing hexacoordi
nate atoms only.

The relative intensity of the first and second 
maxima is variable. While this observation is not 
fully understood, it is interesting to note that in 
the near edge spectra of the mullite phases, 
whether gel or crystalline, and prepared by slow 
or rapid hydrolysis, the first maximum is more 
intense than the second, that substitution of ger
manium for silicon in the two gels of composition 
3Al2O3-0.5GeO2-1.5SiO2 and 3Al2O3-2GeO2 
redresses this inequality, while thermal treatment 
of the latter leads to an increase in intensity of 
the second maximum relative to the first.

In aluminosilicates containing hexacoordinate 
aluminium (corundum, diaspore, gibbsite, pyro
phyllite, etc.), the first and second maxima occur 
at 1567.6-1568.5 and 1570.1-1572.4 eV, respec
tively [11], Tetrahedral A1O4 presents a XANES 
spectrum of single maximum at lower energies 
(AE ~ 2 eV). Positions of the maxima of the 
spectra of fig. 1 are in agreement with a hexaco
ordinate aluminium environment. Slight varia
tions in the positions of the first maximum - a 
‘chemical shift’ - can be related to the ‘ionicity’ 
of the Al-O bond, which must, in turn, be related 
to the nature of the second neighbours - silicon 
or germanium. In 8Al2O3-2SiO2 and 3A12O3- 
2GeO2, the first maxima are observed at 1567.4 
eV and 1568.7 eV, respectively, and may imply 
that compounds having silicon as second neigh
bours have a first absorption peak at lower ener
gies (bond of more ‘ionic character’) than those 
with germanium (Al-O bond of more ‘covalent 
character’) in the second coordination sphere. 
The trend is observed in other members: mullite 
gel does, indeed, have a ‘low energy’ first maxi
mum, and other compounds containing germa
nium (Al2GeO5 gel, 3Al2O3-0.5GeO2-1.5SiO2 
gel) a ‘high energy’ maximum. We suggest that in 
this two compound, the second neighbour is ger
manium, and not silicon. Conversely, in crys
talline 3Al2O3-0.5GeO2-1.5SiO2, the maximum 
of the first peak is at 1566.8 eV, which may 
indicate a change in the nature of the second 
neighbours on thermal treatment.

The form of the second maximum varies from 
compound to compound, with the appearance of 
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shoulders at higher energies in certain cases (e.g., 
crystalline 3Al2O3-0.5GeO2-1.5SiO2). By com
parison with aluminosilicates of known structure 
[11], regular A1O6 octahedra give rise, in XANES, 
to a second rather symmetrical peak, whereas the 
presence of shoulders above the second maxi
mum are associated with a distorted octahedral 
environment. In the present case, only crystalline 
3Al2O3-0.5GeO2-1.5SiO2 shows these features 
distinctly; Al2GeO5 and the mullites represent an 
intermediate stage (possible site symmetry 3 or m 
as in corundum or diaspore), whereas the spectra 
of the remaining gels (8Al2O3-2SiO2, 3A12O3- 
2GeO2 and 3Al2O3-0.5GeO2-1.5SiO2) can be 
interpreted in terms of regular A1O6 octahedra.

3.2. Si edge

The near edge spectra (fig. 2(a-c)) of crys
talline phases are more structured than those of 
gels, but the maximum of the absorption edge, 
and of the shoulder to the high energy side, 
remain unchanged for all samples. More detailed 
information can be derived from the Fourier 
transformed EXAFS spectra of three materials

taken as examples: 8Al2O3-2SiO2, 4A12O3- 
6SiO2 (both gels) and crystalline 3Al2O3-2SiO2 
(fig. 2(d-f)). Not only is the expected evolution 
between a gel and crystalline phase seen, with 
backscattering in the former limited to that from 
a first shell of atoms (oxygen) and extended in the 
latter through the laying down of long distance 
order, but also differences in the local structure 
of gels having different compositions are seen. 
Thus the silica-rich gel already has some contri
butions to the EXAFS from longer distance 
atomic shells, compared with the alumina-rich 
gel, results which may be rationalised by the 
glass-forming character of silicon. Inclusion of 
the (Si-O) phase correction and adjustment of 
the energy offset until the maxima of the modulus 
and imaginary parts, and the zero of the real part 
of the Fourier transform, coincided, allowing de
termination of the silicon-oxygen distance. For 
the two gels, the distance is practically identical 
(0.1655 ± 0.0005 nm) but longer than that in crys
talline mullite (0.1615 ± 0.0005 nm). This latter 
value is in good agreement with that determined 
by X-ray diffraction in Al2SiO5, where both alu
minate and silicate tetrahedra are well ordered 

Fig. 2. (a-c) Near edge spectra (1820-1870 eV) at the silicon absorption edge, (d-f) Fourier transformed EXAFS spectra ((a) rh: 
rapid hydrolysis).
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[12]. The contraction on thermal treatment, prob
ably related to the presence of bridging hydroxyl 
groups in the former, is the structural conse
quence of the densification which accompanies 
the transition from the gel to the glass or the 
crystalline state.

3.3. Ge edge

The Al2O3-GeO2 system is taken as an exam
ple to demonstrate the local structural evolution 
around germanium through the gel, glass and 
crystal states. Hexagonal and rutile forms of GeO2 
have distinct germanium atom environments,

Fig. 3. Germanium absorption edge: Fourier transformed 
EXAFS spectra of rutile (a) and hexagonal (b) forms of GeO2 
and of Al2GeO5 gel (c), glass (d) and crystalline phases (e, f).

composed of four oxygen atoms at 0.176 nm in 
the hexagonal form, and a distorted octahedral 
environment of four oxygen atoms at 0.186 nm 
and 0.189 nm in the rutile type. In Al2GeO5, the 
EXAFS results (fig. 3) indicate a tetracoordinate 
arrangement, with a Ge-O bond length of 0.177 
nm in the gel, and 0.176 nm in the crystal (ther
mal treatment at 1300°C). Germanate tetrahedra 
are thus present from the outset, and the bond 
length is relatively unaffected by densification 
effects, as observed previously in gels in the 
GeO2-SiO2 system [13], by contrast with the con
traction observed around silicon (see above). Ra
man spectroscopy has also provided evidence for 
GeO4 groups in this system, but only in glasses 
heated above 1000°C [4,5], X-ray diffraction, on 
the other hand, has shown the presence of a 
certain proportion of germanium atoms in octa
hedral sites [14], although the present EXAFS 
data provide little evidence that can be inter
preted in these terms. More distant atom shells 
are also observable in the Fourier transformed 
EXAFS spectrum (fig. 3), both in the gel and, 
more distinctly as expected, in the crystalline 
material. However, the intermediate glass (ther
mal treatment at 800°C) has no long distance 
order. A similar phenomenon has been observed 
to occur around zirconium in NASICON Na3Zr2- 
Si2PO12 [15],

4. Conclusion

In conclusion, we have shown that X-ray ab
sorption spectroscopy is of particular value in the 
study of short range order within the A12O3- 
SiO2-GeO2 system. In the gel, glass and crys
talline phases, aluminium is hexacoordinate, sili
con and germanium tetracoordinate. The metal- 
oxygen bond lengths have different sensitivities to 
macroscopic changes, essentially densification, in
duced by thermal treatment. Even gels have local 
structural order beyond the first coordination 
sphere, but this order is lost in the intermediate 
glass.

The authors thank LURE for access to EX
AFS stations.
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The porous texture of silica and silica-alumina hydrogels has been studied by thermoporometry. The strategy of 
experimental design theory has been employed to demonstrate the important effect of temperature, pH, silica content of the 
silica hydrogel and alumina ratio. The existence of interactions between the variables is revealed. The most important 
parameters correspond to those able to increase the gelation rate which leads to an open texture. A large opening of the 
porosity can be observed with alumina addition to the silica hydrogel.

1. Introduction

The porous texture plays an important role in 
the activity and the selectivity of a catalyst by 
control of the reactant and product diffusion 
[1,2], It also affects physical properties of the 
particles, such as the thermal stability and me
chanical strength, which can be critical factors in 
a catalytic process.

Many catalyst matrices are produced from sol
gel techniques. Xerogel texture closely depends 
upon initial hydrogel porosity [3] which must be 
mastered during its elaboration. Except for a few 
cases [4], the textural studies cited in the litera
ture are parametric ones. In our work, the experi
mental design theory was used to point out inter
actions between the variables and to predict final 
product texture. The results presented here con
cern only the hydrogel texture.

2. Experimental procedure

In order to obtain catalysts with silica or sil
ica-alumina matrices, we have studied the influ
ence of preparation parameters on porous tex

ture of such matrices. A sol-gel technique has 
been chosen. The first step of the process is the 
gelation of a silica hydrosol obtained in well 
defined conditions. This hydrosol is obtained by 
partial neutralisation of a sodium silicate solution 
with a sulfuric acid solution. In a second step an 
aluminium sulfate solution was added to the silica 
hydrogel. Then, the precipitation of alumina was 
produced by adding ammonia and adjusting the 
pH to 6. In this method, aluminium is mainly 
incorporated as AIO4" tetrahedrons in the silica 
hydrogel framework leading to amorphous 
silica-alumina. The gelation is performed in a 5 1 
stirred well instrumented glass reactor (tempera
ture, pH, stirrer torque).

The porosity of the silica and silica-alumina 
hydrogels depends on numerous operating vari
ables [5-7], The experimental design theory is 
well suited for a multivariable system with possi
ble important interactions between the factors 
[8]. It gives the optimal set of experiments with 
the best quality of information. It describes the 
properties as mathematical models which point 
out important parameters, and allow optimisa
tion, modeling, etc.

In order to control the factor influence on the 
hydrogel texture we have chosen to measure the 
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pore volume and the mean pore radius (the sur
face area can be deduced from these two parame
ters).

To our knowledge thermoporometry [9-11] is 
the only technique directly applicable to gels. It is 
a thermal method of textural characterisation 
based on the analysis of phase transformation of 
a liquid held or inserted inside the pores of the 
solid. The size of solidification crystallites is ob
tained from the measurement of the solidification 
temperature by means of the Laplace and 
Gibbs-Duhem equations. The volume of these 
crystallites is calculated from the amount of en
ergy involved in the phase transformation.

3. Results

3.1. Screening of the factors

A first set of experiments following an 
Hadamard matrix [12] was dedicated to weight 
the degree of influence of operating parameters:

- neutralisation Tate (66-75%), _ tempera
ture (20-60°C), X3 - silica percentage in the 
silica hydrogel (4.25-7%), X4- sulfuric acid con
centration (10-36%), X5 - ratio A1203/(A1203 + 
SiO2) (10-30%), and X6 - presence or absence 
of baffles during the acid addition. The response 
is fitted with a first order polynomial:
Y=b0 + b1X1+b2X2+ ...+bnXn, 
where the Xt are the chosen variables put under 
coded form (-1 min, + 1 max).

The results of the eight experiments required 
(table 1) show a noticeable variation of the tex
ture in the experimental domain.

In the case of silica hydrogel (table 2), the 
influential variables are temperature, silica per
cent, presence of baffles, and neutralisation rate.

Table 1
Response range obtained

Volume
(mm3/g)

Area
(m2/g)

Radius
(nm)

SiO2 446-1007 425-658 2.6- 5.2
Si2-Al2O3 1004-1933 302-876 3.0-13.6

Table 2
Silica hydrogel

Coefficient Volume
(mm3/g)

Area
(m2/g)

Radius
(nm)

780 521 3.5
77 3 0.3

^2 68 -44 0.5
^3 115 22 0.4
b4 — 7 -1 -0.4
b6 51 68 -0.1

Since the coefficients are positive, a variable in
crease leads to a response improvement, except 
the temperature for which an increase lowers the 
surface area.

In the case of silica-alumina (table 3) the 
important parameters are temperature, silica per
cent in the silica hydrogel, alumina rate, and acid 
concentration. The presence of baffles seems to 
be important only during the acid addition (fast 
mixing to avoid local overconcentrations). In the 
next experiments the acid concentration was fixed 
at 36 wt%.

4. Discussion and modeling

The followed methodology is based on Doel- 
hert’s network [13] consisting of 21 experiments 
with four variables. The first 13 served the silica 
hydrogel modeling. From the previous screening 
the selected variables were X} - temperature 
(20-60°C), X2 - silica percent in the silica hydro
gel (4-7%), X3 - neutralisation rate for silica

Table 3
Silica-alumina hydrogel

Coefficient Volume
(mm3/g)

Area
(m2/g)

Radius 
(nm)

bt> 1466 523 5.5
b\ 13 — 4 0.3
^2 169 -90 0.9
^3 99 -114 0.9
b4 151 69 0.2
bs 162 -79 1.0
b6 3 2 -0.3
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hydrogel (65-75%), and X4 - ratio A12O3(A12O3 
+ SiO2) (5-45%).

The results are described by a second-order 
polynomial:
Y=b0+ ibtXi+ ÎbijX^.

/ = 1 i — 1 I' — 1
J=1

This simple model can show evidence of interac
tions between the variables and non-linear re
sponse phenomena (b,7 coefficients). The coeffi
cient values obtained are reported in tables 4 and
5. Isoresponse curves drawn from the modeling 
are shown in figs. 1 and 2.

The important influence of the temperature, 
the silica content in the silica hydrogel and the 
alumina ratio on the pore radius and volume are 
shown. In the case of silica, the volume strongly 
depends on the interactions between some vari-

Table 4
Silica hydrogel

Coefficient Volume
(mm’/g)

Area
(m2/g)

Radius
(nm)

¿>0 695 546 3.2
bt 61 -64 0.5
*2 99 -24 0.5
b3 53 -32 0.3
i’ll -7 -77 0.4
*22 15 -19 0.2
*33 80 58 0.0
*12 -107 -17 -0.2
*13 238 221 0.0
*23 85 64 0.2

ables and the isoresponse curves predict the val
ues obtainable from a set of operating parame
ters. While the majority of the volume and radius 
coefficients are positive, many are negative for

Fig. 1. Mean pore radius of silica-alumina hydrogel as a function of neutralisation rate, silica content and temperature.
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Table 5
Silica-alumina hydrogel

Coefficient Volume
(mm3/g)

Area
(m2/g)

Radius
(nm)

bo 1532 523 6.5
b\ 190 -11 0.7
b2 315 -28 1.8
b3 107 -8 0.6
b4 144 143 2.4
bu 429 134 0.2
b22 -106 -86 0.6
b33 -157 -72 1

-123 50 0
b12 121 46 0.1
bl3 -135 -22 -0.4
b14 21 -23 0.6
b23 8 41 -0.1
b24 -77 -129 2.3
b34 -50 16 -0.1

the surface area, indicating a surface loss as pore 
volume and radius increase. This can be inter
preted as a pore number diminution in the radius 
range dedicated to the measurement technique. 
Due to the interactions shown in this work, the 
temperature influence is higher than expected 
from the literature. Iler [5] showed its great influ
ence on the growth of silica particles. In our case, 
the silica particle radius is 3.5 nm from measure
ments of the specific area (~ 800 m2/g) by appli
cation of Sear’s titrimetric method [14],

5. Conclusions

A large opening of the texture can be seen 
after addition of alumina to the silica hydrogel 
which agrees well with the distribution enlarge

Fig. 2. Mean pore radius of silica hydrogel as a function of neutralisation rate, silica content and temperature.
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ments previously observed [3]. The most impor
tant parameters correspond to those able to de
crease the gelation time. A fast gelation rate gives 
an open texture because the particles are quickly 
connected and cannot lead to futher rearrange
ments. The influence of the silica concentration 
in the silica hydrogel upon the texture of the 
silica-alumina hydrogel can be explained by the 
fact that the alumina incorporation certainly de
pends on the porosity of the silica hydrogel. 
Moreover some spectroscopic measurements led 
us to conclude that > 30% of alumina is not 
incorporated in the silica framework.
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57Fe Mössbauer effect in sol-gel silicate glasses
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Mössbauer spectroscopy was used to study the iron in silica glasses, either pure, or containing 5 mol% Li2O, Na2O or 
CaO. Glasses with 5 mol% FeO and 1 mol% FeO were prepared by the sol-gel method. After drying at 60°C, gels were heat 
treated between 500 and 1000°C, under oxidizing or reducing conditions. Mössbauer spectra were taken at 300 and 80 K. 
Estimated isomer shifts for the spectra of all samples heated between 500 and 850°C in oxidizing conditions suggest that 
Fe3+ is mainly in tetrahedral sites if a glass modifier is present. In pure ion silicate glasses, finely dispersed colloidal 
hematite is observed and Fe3 + appears in both tetrahedral and octahedral sites. Under reducing conditions, below 500°C, 
all iron was found in alkali or CaO containing glasses as tetrahedral Fe3+. Fe2+, in octahedral sites, was only observed after 
heating above 600°C; the Fe2+/Fe3+ ratio increased with temperature and total iron content of the glasses. In the pure 
iron silicate samples, under reducing conditions, as temperature increased, Fe3+ seemed to move from tetrahedral to 
octahedral sites.

1. Introduction

Ferrous and ferric states of iron are present in 
a large number of glasses. For this reason and 
because they have strong ultra-violet (Fe3 + ) and 
near-infrared (Fe2+) absorption, the equilibrium 
between Fe2+ and Fe3+ ions and their different 
coordinations have been the subject of many in
vestigations [1],

Mössbauer spectroscopy has been extensively 
used in the study of iron oxide bearing borate, 
phosphate and silicate glasses since it provides 
Fe3+/Fe2+ analyses and structural information. 
In favourable cases, as in this work, the possibility 
of identifying iron containing phases segregated 
from the glass matrix exists [1,2]. Since iron is 
always present in oxide glasses as high-spin Fe2+ 
or Fe3+, its oxidation state is readily determined 
from the measured isomer shift (IS) value and in 
similar environments Fe2+ quadrupole splittings 
(QS) are expected to be larger than those of 
Fe3+. According to Dyar [2] QS varies widely for 
glasses and cannot be considered diagnostic for 
any specific coordination; however, as far as IS in 

these materials is concerned, typical ranges may 
be listed as a function of coordination number 
and valency:

Fe3+(IV): 0.20-0.32 mm/s;
Fe3+(VI): 0.35-0.55 mm/s; 
Fe2+(IV): 0.90-0.95 mm/s;
Fe2+(VI): 1.05-1.10 mm/s.

All values are relative to metallic iron at room 
temperature.

Mössbauer studies of the gel-glass transforma
tion in the Fe2O3-SiO2 system under oxidizing 
conditions have been reported [3-5], Guglielmi 
and Principi [3] found iron both as hematite and 
in the glass matrix, Fe3+ in tetrahedral and Fe2+ 
in octahedral sites. Tanabe et al. [4] found no 
Fe2+ in 0.01Fe203-0.99Si02 heated gels, and 
concluded that changes in IS and QS of Fe3+ 
with increasing temperature are due to coordina
tion number changes from 6 to 4. Silica glasses 
prepared [5] by the sol-gel method containing 
= 11.2 mol% FeO were found to become opaque 
if heated as massive blocks, due to hematite seg
regation, while they remained transparent at least 
up to 1000°C if they were heated as 0.5-2 mm 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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thick plates. In this work, the incorporation of 
iron in pure and 5 mol% Li2O, Na2O and CaO 
containing silica glasses is reported.

The objective of this work is to analyze by 
Mössbauer spectroscopy the oxidation and coor
dination states of iron in silicate glasses, prepared 
by sol-gel method, as a function of compositions 
and heat treatment.

2. Experimental procedure

Samples with compositions xFeO ■ (100-x)- 
SiO2 (with x = 1 and 5, hereafter referred to as 
IFeO and 5FeO), IFeO ■ 5R2O ■ 94SiO2 (R = 
Li, Na), and IFeO • 5CaO • 94SiO2 (hereafter re
ferred to as Fe-Li, Fe-Na and Fe-Ca) were 
prepared from tetraethylorthosilicate (TEOS) and 
from Fe3+, alkaline and calcium nitrates. Hydrol
ysis of TEOS took place in two steps. In the first 
step TEOS, ethanol, water and hydrochloric acid 
were mixed in a 1:3 :1:0.0007 molar ratio. After 
a previous hydrolysis of 1 h at room temperature, 
nitrates dissolved in water were added, reaching a 
ratio H2O/TEOS = 11. Solutions were stirred 
for 1 h, poured into petric dishes, and allowed to 
gel at 60°C. After 6 days, the gel plates obtained 
were heated to 500-1000°C, at a rate of 
1.25°C/min in air and reducing conditions 
(10%H2, 90%N2).

Mössbauer absorbers (—5 mg Fe/cm2) were 
prepared by enclosing powdered samples into a 
perspex holder. Mössbauer spectra were mea
sured in transmission mode using a source of 
57Co in Rh (- 20 mCi). The velocity wave had a 
symmetrical ‘sawtooth’ shape and the spectrome
ter was calibrated against an Fe foil absorber. 
Spectra were obtained with the absorbers at 300 
K, and a few at 80 K using a liquid-nitrogen flow 
cryostat. Spectra were computer fitted assuming 
Lorentzian lineshape and using a non-linear 
least-squares method [6]. Some constraints had to 
be used for the fitting procedure to converge. 
Peak areas and half-widths of both lines in each 
doublet, as well as of the inner lines of each 
sextet were constrained to be equal whenever one 
of them was overlapping other peaks. In a few 
cases, due to poor statistics of the spectra of low 

iron content samples, values of some parameters 
had to be kept constant during the fitting proce
dure; several computer runs were performed with 
different values for each parameter. The set of 
values chosen was the one which minimized

3. Results

All the samples, even when opaque, were found 
to be amorphous by X-ray diffraction (XRD). 
Mössbauer parameters (IS (mm/s) isomer shifts 
given relative to metallic iron at room tempera
ture, QS (mm/s) quadrupole splittings, F (mm/s) 
peak widths at half height, and I relative areas) 
are given in tables 1-3. Listed standard devia
tions refer only to the errors in the curve fitting 
procedure.

4. Discussion

Room-temperature Mössbauer spectra of the 
5FeO samples heated in air at 500 and 850°C (fig. 
1(a)) show a ferric iron doublet with IS = 0.34 
mm/s (table 1(a)) which lies between the typical 
isomer shifts for Fe3+ in tetrahedral and octahe
dral coordinations. This doublet is probably the 
contribution from tetrahedral Fe3+ in the glass 
matrix and superparamagnetic a-Fe2O3, since in 
the spectrum taken at 80 K (fig. 1(b)), besides the 
ferric iron doublet a sextet with the hyperfine 
parameters (table 3) of finely grained hematite [7] 
is also present. These iron oxide particles dis
persed in the glass matrix are too small and 
poorly crystallized to be detected by XRD but 
they explain why these samples are brown and 
opaque. When the gel is heated at 1000°C, 
Mössbauer spectra (fig. 1(c)) show the hematite 
sextet, revealing the presence of larger crystalline 
particles together with the IS = 0.34 mm/s dou
blet and a broad singlet which could be fitted 
with IS = 0.38 mm/s and F = 2.58 mm/s (table 
2(a)). In the spectrum (fig. 1(d)) of the IFeO 
sample obtained after the same heat treatment, 
only this singlet with IS typical of octahedral 
Fe3+ appears. Optical absorption spectra [8] show 
a dispersion band centred at 800 nm due to the 
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presence of the colloidal particles seen in trans
mission electron microscopy (TEM). Light disper
sion in this wavelength range explains the ruby 
colour of this glass. The observed Mössbauer 
peak may also be attributed to these particles 
which consist of finely dispersed colloidal 
hematite [5], Mössbauer spectra of samples with 
standard superparamagnetic behaviour show a 
doublet in the fast relaxation limit which at lower 
temperatures coexists with a sextet [7], The rela
tive intensity of the sextet gradually increases as 
the temperature decreases. A broad singlet like 
the one observed is better explained by a model 
in which the magnetic interaction among the par
ticles is taken into account [9]. In view of the 
close packing of the colloidal particles observed 
by TEM [8], it is likely that exchange coupling is 
significant. Mössbauer spectra of the same sam
ple taken at 80 K show only a similar singlet and 

no hint of a superimposed sharp magnetic split
ting, expected when the temperature decreases 
[9],

The 5FeO sample heated in reducing atmo
sphere at 600°C is brown and transparent but at 
850°C becomes opaque. Room-temperature 
Mössbauer spectra (figs. 2(a) and (b)) consist of 
two doublets, one assigned to Fe2+ and the other 
to Fe3+. While at 600°C the Fe3+ doublet is 
similar to that found in the spectra of the samples 
heated in air, at 850°C the estimated IS (table 
1(b)) is higher and consistent with the presence of 
Fe3+ only in octahedral sites. Fe2+ seems to be 
always in octahedral coordination with relative 
intensity of = 3% at 600°C. At 850°C, parameters 
(table 1(b)) are the same as those of Fe2+ in 
fayalite [10]. Fe3+ line widths at 850°C are signifi
cantly narrower than at 600°C, suggesting that the 
geometry of iron sites is more homogeneous. This 

Table 1
Estimated Mössbauer parameters for the doublets (d) and singlets (s) fitted to the spectra taken at 300 K of the pure iron silicate 
glasses
(a) Gels heated under oxidizing conditions

5FeO IFeO

1000°C500°C 850°C 1000°C a)

Fe3 + IS (mm/s): 0.34 ±0.01 0.34 ±0.01 0.34 ±0.02 -
(d) QS (mm/s): 0.91 ±0.01 0.88 ±0.01 0.79 ±0.02 -

r (mm/s): 0.60 ±0.02 0.70 ±0.03 0.86 ±0.05 -
/(%): 100 100 17 ±3 -

Fe3 + IS (mm/s): - - 0.38 b> 0.38 ±0.03
(s) r (mm/s): - - 2.58 b) 2.54 ±0.10

/ (%): - - 40 ±4 100

(b) Gels heated under reducing conditions

5FeO IFeO

600°C 850°C 850°C 1000°C

Fe3 + IS (mm/s): 0.35 ±0.01 0.40 ±0.01 0.38 ±0.12 -
(d) QS (mm/s): 1.06 ±0.01 0.94 ±0.01 0.71 ±0.04 -

r (mm/s): 0.63 ±0.01 0.47 ±0.03 0.94 ±0.18 -
I (%): 97 ±1 48 ±1 41 ±2 -

Fe2 + IS (mm/s): 1.23 ±0.04 1.14±0.01 1.04 ±0.20 1.06 ±0.01 0.91 ±0.04
(s) QS (mm/s): 2.34 ±0.06 2.79 ±0.01 2.23 ±0.28 2.10 ±0.02 1.28 ±0.07

r (mm/s): 0.23 b) 0.35 ±0.01 0.77 ±0.05 0.48 ±0.03 0.51 ±0.18
/ (%): 3 ±1 52 ±1 59 ±2 74 ±6 26 ±6

a) In this spectrum, the hematite sextet, accounting for 43% of the total area, was also present (see table 3).
b) Values kept fixed during fitting procedure.
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points to formation of crystals where individual 
sites are constrained to a particular symmetry and 
explains the opacity of the sample. Transmission 
electron microscopy [8] showed small grains some 
of the (=0.5 |xm) with a shape that may be 
consistent with the typical {110} and {100} forms 
in orthorhombic olivine crystals [11],

The IFeO samples were transparent and brown 
when heated in reducing atmosphere at 850°C 
and became opaque and yellowish at 1000°C. The

Fig. 1. Mössbauer spectra taken at 80 and 300 K of IFeO and 
5FeO glasses heated in (a) air and (b) 5FeO heated at 500°C;

(c) 5FeO heated at 1000°C; (d) IFeO heated at 1000°C.

Fig. 2. Mössbauer spectra taken at 300 K of IFeO and 5FeO 
glasses heated under reducing conditions, (a) 5FeO heated at 
600°C; (b) 5FeO heated at 850°C; (c) IFeO heated at 850°C;

(d) IFeO heated at 1000°C.

room-temperature Mössbauer spectrum of the 
850°C heated sample (fig. 2(c)) shows an Fe3 + 
and an Fe2+ doublet. Their parameters (table 
1(b)) suggest that both are in octahedral sites. In 
the optical absorption spectra [8], besides a dis
persion band at 880 nm, a band at 440 nm indi
cates the presence of tetrahedral Fe3+ which in 
view of Mössbauer results should be minor. At 
1000°C, only Fe2+ is detected but two doublets 
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could be fitted to the room-temperature Möss
bauer spectrum (fig. 2(d)). One is assigned to 
tetrahedral Fe2 + and the other to octahedral 
Fe2+. Mössbauer results suggest that colloidal 
particles detected in IFeO samples by TEM and 
optical absorption spectrophotometry are not 
finely dispersed hematite as in oxidizing condi
tions.

Mössbauer spectra of Li-Fe and Na-Fe sam
ples heated at 500°C in reducing conditions show 
a singlet with IS in the range from 0.22 to 0.27 
mm/s (table 2), typically of tetrahedral Fe3+. 
This singlet, which is narrower and has a smaller 
IS than the singlet attributed to iron oxide micro
crystals in the pure iron silicate glasses (table 
1(a)), is assigned to Fe3+ in tetrahedral sites in 
the glass matrix. This is confirmed by the spec
trum of the Li-Fe sample taken at 80 K (fig. 3) 
which shows together with the singlet a symmetri
cal sextet (i.e. with e = 0; see table 3) similar to 
the paramagnetic hyperfine splitting found in the 
low-temperature Mössbauer spectra of glasses 
with low iron content and explained on the basis 
of a long electron spin relaxation time [1]. Ac
cordingly, the optical absorption spectrum of the 
Li-containing sample only shows absorption bands 
centered at 380, 420 and 440 nm attributed to 
tetrahedral Fe3+ [8]. Although these samples are

Fig. 3. Mössbauer spectrum taken at 80 K of the Li-Fe 
sample heated at 500°C under reducing conditions.

slightly greenish, there was no experimental evi
dence of the presence of Fe2+. Mössbauer spec
tra of Li-Fe samples heated at 500°C in air or 
under reducing conditions are similar. Ferrous 
iron was detected only in the brownish green 
transparent Ca-Fe sample heated at 800°C under 
reducing conditions. Its Mössbauer spectra con
sisted mainly of the singlet attributed to tetrahe
dral Fe3+ in the glass matrix. Due to the low 
Fe2+ content and the poor quality of the spec
trum, only the high-velocity peak of the Fe2 + 
doublet could be resolved and no hyperfine pa
rameters could be estimated.

Table 2
Estimated Mössbauer parameters for the singlets fitted to the spectra taken at 300 K, of the alkali containing glasses

Li-Fe Na-Fe

500°C red.

Ca-Fe

800°C red.500°C oxd. 500°C red.
IS (mm/s): 0.22 ±0.05 0.25 ±0.07 0.27 ±0.03 0.25 ±0.03
r (mm/s): 1.85 ±0.18 1.59±0.10 1.65±0.11 1.53 ±0.08
/ (%): 100 100 100 < 100 a)

a) Fe2+ is also present in this sample.

Table 3
Estimated Mössbauer parameters for the sextets assigned to hematite in the spectra taken at 300 and 80 K of 5FeO samples and to 
paramagnetic hyperfine splitting of tetrahedral Fe3+ in the spectrum taken at 80 K of the Li-Fe sample

a) e = (<t>i + </>6 - </>2 - </>5)/2 where f>„ is the shift of the nth line of the sextet, due to quadrupole coupling; H is the magnetic 
hyperfine field.

b) Several peak positions were kept constant.

Sample T(K) IS (mm/s) e (mm/s) a) H (T) a)
5FeO 100°C oxid. a-Fe2O3 300 0.37 ±0.02 -0.22 ±0.01 50.4 ±0.02
5FeO 600°C oxid. a-Fe2O3 80 b) 0.45 -0.18 50
Li-Fe 500°C red. (Fe3+)‘ 80 b) 0.26 0.00 52
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5. Conclusions

In order to obtain transparent vitreous gel 
materials, preparation must be under controlled 
conditions. If glass modifiers are present, Fe3 + is 
only in tetrahedral sites in the glass matrix, 
whether the heating is performed under oxidizing 
or reducing conditions. Pure iron-silica gels with 
1 mol% FeO heated in oxidizing atmosphere at 
1000°C are ruby coloured but remain transparent 
as Fe3+ starts to segregate and forms iron oxide 
colloidal particles. Increasing the total Fe content 
to 5 mol% FeO at 500°C leads to larger a-Fe2O3 
particle formation and the sample becomes 
opaque. These particles are poorly crystallized 
but they grow as the temperature increases and 
at 1000°C a sharp magnetic sextet appears in the 
room-temperature Mössbauer spectrum. Under 
reducing conditions, samples are brown transpar
ent up to 600°C (5FeO) or up to 850°C (IFeO) 
and at 600°C only 3% of total iron is in the Fe2 + 
form. As the temperature increases, the Fe2 + / 
Fe3+ ratio increases and tetrahedral Fe3+ seems 
to move to octahedral sites. In the iron-rich glass, 
fayalite crystals are formed at 850°C. In the IFeO 
glass, colloidal particles appear, and this sample 
becomes opaque only at 1000°C.

The introduction of iron as a nitrate as in the 
present work seems to be more effective in pre
venting Fe3+-to-Fe2+ reduction due to the pres

ence of organic matter in the gel as reported by 
Guglielmi and Principi [3]. Slow drying of gels 
seems to enhance segregation of iron oxide as 
colloidal or larger crystalline particles [5] which 
are undoubtedly present in the IFeO and 5FeO 
samples heated in oxidizing atmosphere.
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of sol-gel-derived mullite and its precursors

T. Heinrich and F. Raether
Fraunhofer-Institut für Silicatforschung, Neunerplatz 2, W-8700 Würzburg, Germany

In this study single phase gels from alcoholic solutions of silicon alkoxide and chelated aluminium alkoxide or aluminium 
salt with similar primary particle size were investigated. The influence of water content, dilution, and precursor reactivity on 
gelation behaviour and phase segregation was studied in order to understand the origin of an intermediate spinel-like phase 
during the crystalline phase development. It is shown that the high temperature phase development is related to two 
important process parameters. One is the reactivity difference between silicon and aluminium alkoxide, the other is the 
water content of the precursor solution. Both parameters influence the homogeneity of the gels.

1. Introduction

Sol-gel synthesis can be used to produce very 
pure ceramic powders. A system often examined 
is mullite, the only thermodynamically stable high 
temperature phase in the system A12O3 • SiO2. 
The stoichiometric composition of mullite is be
tween 3A12O3 • 2SiO2 and 2A12O3 • SiO2. Al
ready in the case of conventionally prepared mul
lite (i.e., by heating of kaolinite), the high tem
perature phase development is an often and con
troversial discussed topic [1,2], A particular diffi
culty in these investigations is the amorphous 
structure of metakaolinite and the highly dis
torted structure of a spinel-like phase, which are 
intermediate phases during the crystallization of 
mullite.

Sol-gel processing permits tailoring on a 
molecular scale and therefore optimization of the 
crystallization behaviour. This can be done by 
varying the starting compounds and the reaction 
parameters. Hoffman et al. [3] have shown that 
the particle size of the starting compounds 
strongly influences the crystallization. To obtain 
crystalline mullite at 1270 K, many authors use 
molecular precursors. This route often results in 
the crystallization of the metastable Al-Si-spinel 
(AS) directly from the amorphous state. Only a 
small amount of tetragonal mullite (tM = 2A12O3 

• SiO2) occurs at this temperature. Both crys
talline phases (AS, tM) convert slowly to the or
thorhombic mullite (oM = 3A12O3 • 2SiO2) in the 
temperature range up to 1570 K. Okada and 
Otsuka [4] have classified different gel powders 
by hydrolysis conditions (rapid/slow) and have 
correlated the crystallization behaviour with the 
nanostructure of the gels. Recent studies carried 
out by Huling and Messing [5] have shown that 
the crystallization of AS at 1270 K is related to an 
epitactic nucleation on "/-alumina.

The aim of this study is to elucidate the 
nanoscopic evolution from sol to single phase gel 
powders by using X-ray scattering and X-ray 
powder diffraction. We try to explain the influ
ence of hydrolysis and particle formation on the 
crystallization behaviour.

2. Experimental

Studies were carried out in the system alu- 
minium-sec-butylate-|3-diketone-tetraalkoxy-si- 
lane-isopropanol-0.1N hydrochloric acid (table 
1). The sample preparation is described else
where [6]. We have also studied gels derived from 
aluminium nitrate nonahydrate. The investigated 
system was aluminium nitrate nonahydrate-tetra- 
ethylorthosilicate (TEOS)-ethanol (table 1). Alu-

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Table 1
List of samples and results

Sample
no.

Rc CH 
(mol/l)

Ca
(mol/1)

ctM

Al 0.3 3.3 0.26 0.10
A2 0.5 3.3 0.26 0.23
A3 0.7 3.3 0.26 0.37
A4(I) 0.5 3.3 0.26 0.11
A5(I) 0.75 3.3 0.26 0.20
A6(I) 1.0 3.3 0.26 0.42
A7(II) 0.5 3.3 0.26 0.05
A8(II) 1.0 3.3 0.26 0.16
A9(II) 1.5 3.3 0.26 0.68

SI 0.5 3.3 0.26 0.38
S2(III) 0.5 3.3 0.26 0.21
S3(IV) 0.5 3.3 0.26 0.06
S4(V) 0.5 3.3 0.26 0.44
S5 0.5 3.3 0.26 0.23
S6(VI) 0.5 3.3 0.26 0.14

R1 0.5 3.3 0.26 0.45
R2 0.5 3.3 0.18 0.23
R3 0.5 3.3 0.09 0.21
R4 0.5 10.0 0.26 0.04
R5 0.5 10.0 0.18 0.03
R6 0.5 10.0 0.09 0.09
R7 0.5 16.6 0.26 0.05
R8 0.5 16.6 0.18 0.09
R9 0.5 16.6 0.09 0.09

Nl(VII) - 8.3 0.31 1.0
N2(VII) - 11.4 0.29 0.39
N3(VII) - 18.9 0.24 0.10

Samples were prepared from aluminium-sec-butylate, chelated 
with acetylacetone, and TEOS. Exceptions are: (I) 0-diketone: 
methylacetoacetate; (II) p-diketone: ethylacetoacetate; (III) 
silicon source: Si(OEt)34(O'Pr)06; (IV) silicon source: 
Si(OEt)26(O‘Pr)j 4; (V) silicon source: TMOS; (VI) silicon 
source: TPOS; (VII) aluminium source: aluminium nitrate 
nonahydrate.
Rc, molar ratio [1-diketone to aluminium-sec-butylate; cH, 
molar concentration of water; cA, molar concentration of 
silicon alkoxide; ctM, weight percent of tM.

minium nitrate was dissolved in ethanol, TEOS 
and (in some cases) water was added. The solu
tion was held in open containers at 338 K in a 
drying oven until gelation. All prepared gels were 
dried for 24 h at 383 K and gels were ground in 
an agate mortar. Gels were calcined for 2 h at 
1273 K (heating rate: 1.66 K/min). This tempera
ture was chosen because differential thermal 

analysis shows a crystallization peak at 1260 K 
approximately [6],

The small angle X-ray scattering (SAXS) in
vestigations were performed with CuKa radia
tion in an Anton Paar Kratky compact camera in 
a slit geometry [6]. We employed a vertical go
niometer Philips PW 1050/81 for X-ray diffrac
tion (XRD). A silicon wafer oriented in (100) 
direction was used as sample holder. Transmis
sion electron microscopy (TEM) was carried out 
on a Philips CM12-STEM.

To determine the weight ratio of tM to AS 
quantitatively, we determined the intensity of the 
(210) diffraction peak of tM and the intensity of 
the (400) peak of AS [7], This ratio is propor
tional to the weight ratio of the crystalline phases 
[8]:

Am2i0ÆaS11” = R = ^(ctNl/CAs)

= X(ctM/(l — ctM)), (1)

with ctM, cAS the weight percent of tM and AS, 
respectively, and 7tM2io, 7AS4oo integrated intensi
ties of the designated peaks. The weight percent
age of tM on the crystalline phases was taken as a 
measure of the tM-crystallization. From eq. (1), 
one obtains 

clM = R/(K + R), (2)

To determine the constant K, two powders show
ing tM and AS, respectively, were used. The 
intensity ratio, R, was determined from three 
mixtures of these powders. According to eq. (1), a 
value of K = 4.2 ± 0.5 was found.

3. Results

In a former study [6], a reaction limited cluster 
cluster growth was found in the samples SI, S2 
and S3. Primary particles are formed immediately 
after hydrolysis aggregating exponentially in time. 
The structure of the wet gels at gelation time can 
be described by a fractal dimension D' = 2.2± 
0.1. Recent results show that this description is 
valid in the entire system aluminium-sec-buty- 
late-p-diketone-tetraalkoxysilane [9], Deviating 
from our previous study, hydrolysis was done 
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during vigourous stirring, which results in slightly 
smaller particles due to the more homogeneous 
reaction conditions. In the system which contains 
aluminium nitrate as aluminium source, two sam
ples (Nl, N3) were investigated by SAXS during 
gelation. Primary particles < 1 nm were found. 
At times near the gelation point (> 24 h), a 
fractal dimension of about D’ = 1.9 ± 0.1 was de
termined.

Primary particle size and tM formation were 
studied as a function of the alkoxide reactivity. It 
is well known that the reactivity of the aluminium 
alkoxides is much higher than the reactivity of the 
alkoxysilanes. Hydrolysis and condensation of 
aluminium alkoxides can be retarded by adding a 
fj-diketone as chelating agent. Studying the pri
mary particle size as a function of the amount of 
chelating agent, one can see that with an increas
ing number of blocked condensation sites the 
reactivity of the aluminium alkoxide decreases as 
well as the primary particle size (fig. 1). Calcined 
powders, which were made from these gels, show 
a significant tendency to tM formation with de
creasing reactivity of the aluminium alkoxide (ta
ble 1, samples A1-A9). A former study [6] showed 
that in the mixed alkoxide solution (before hydro
lysis) an exchange of the alkoxy group takes place 
at the silicon atom. The hydrolysis rate of the 
silicon alkoxide is decreased by exchanging an
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Fig. 1. Primary particle size as a function of the number of 
blocked condensation sites, N. Silicon alkoxide: TEOS. Alu
minium alkoxide: Al(OsBu)3_Ai(ß-dik)Ar. Used ß-diketones: 
acetylacetone (acac), methyl-(maa) and ethylacetoacetate 

(eaa).

Number of exchanged ethyl groups x
Fig. 2. Primary particle size as a function of the exchanged 
ethyl groups, x. Silicon alkoxide: Si(OEt)4_x(O‘Pr)v. Alu

minium alkoxide: Al(OsBu)25(acac)05.

ethyl group by an isopropyl group. In solutions 
made by this transesterification process, a de
creasing primary particle size with decreasing re
activity of the silicon alkoxide was observed after 
hydrolysis (fig. 2). Investigating the crystalline 
phases in the calcined powders, a decrease of tM 
was found with decreasing reactivity of the silicon 
alkoxide (table 1, samples S1-S3). The same ef
fect will be obtained if TEOS is replaced by more 
reactive tetramethylorthosilicate (TMOS) or by 
less reactive tetrapropylorthosilicate (TPOS) (ta
ble 1, samples S4-S6).

Our former study [6] already showed that the 
gelation time can be correlated to the water con
centration, but does not depend on the ratio of 
water to alkoxide. The primary particle size was 
nearly independent of the hydrolysis conditions. 
Therefore, dilution and water content were var
ied. In all powders derived from gels with a water 
concentration > 10 mol H2O/1, only traces of 
tM could be found (table 1, samples R4-R9), 
independent of the alkoxide concentration and 
independent of the ratio of water content to 
alkoxide concentration. Powders derived from gels 
with 3.3 mol H2O/1 contain about 30 wt% tM 
after calcination (table 1, samples rl-R3). Gel 
powders were also prepared from aluminium ni
trate solutions with a different water content. 
The nitrate powders showed the same tendency 
(table 1, samples N1-N3). With increasing water 
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content of the precursor solution, the amount of 
tM decreases in the calcined powders.

Two powders from alkoxide gels (RI, R7) were 
examined by TEM after drying. TEM images of 
both powders showed agglomerates with sub
structures of about 5 nm. Additionally, two pow
ders from aluminium nitrate were examined 
(NI, N3). Both samples again contain small sub
structures of about 5 nm after drying. The sam
ples were heated to 973 K to remove organic 
residues and 1273 K to investigate the crystalline 
phases. After heating to 973 K, these structures 
were also found. Calcination of N1 at 1273 K 
yielded crystalline particles with an average size 
of about 80 nm, which is in agreement with the 
crystallite size, measured by X-ray line broaden
ing. Unlike powder Nl, powder N3 shows small 
substructures below 5 nm after heating to 1273 K 
(fig. 3). By electron diffraction, it was confirmed 
that these particles consist of the spinel-like 
phase.

4. Discussion

In our previous study, we detected a reaction 
limited cluster cluster aggregation in the pure 
alkoxide system [6]. Consequently, the primary 
particle size can be taken as a measure of the 
largest segregation between silicon and aluminum 
rich regions. The measurements at a constant 
reactivity of silicon alkoxide seem to confirm the 
model of Okada and Otsuka according to which a 
decreasing segregation scale favours the tM crys
tallization [4], The measurements at a constant 
reactivity of aluminium alkoxide, however, show a 
better tM crystallization despite an increase of 
particle size. These results show that there is no 
correlation between the size of the primary parti
cles and the tM fraction observed.

Considering the epitactic effect of 7-aIumina 
nuclei on spinel formation [5], it is convenient to 
explain the observed crystallization data in terms 
of precursor reactivity and water content. Huling 

Fig. 3. TEM micrograph of a calcined powder (sample N3). Small structures below 5 nm are shown, corresponding to the spinel-like 
phase. Calcination condition: 1273 K/2 h.
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and Messing have shown [5] for hybrid gels that 
only 15 wt% of a colloidal gel added to a single 
phase gel yield a nearly complete AS crystalliza
tion at 1270 K. By using alkoxides with similar 
reactivities, one can achieve homogeneous gels 
with a nearly perfect molecular mixing which 
impedes the formation of nuclei for AS crystal
lization. Preparation of gels with a high amount 
of water added or the use of alkoxides with very 
different reactivity favours the formation of small 
alumina rich regions in the gels which act as 
nuclei for AS.

5. Conclusion

We have shown that two process parameters 
influence the crystallization behaviour of single 
phase mullite gels. These are the reactivity differ
ence between the alkoxides used and the amount 
of water added. Both have to be minimized to 
avoid local enrichments of alumina which can act 
as nuclei for AS crystallization.

The authors wish to thank D. Sporn and J. 
Fricke for their helpful discussions and A. 
Helmerich for performing the TEM measure
ments.
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Porous texture of a titanium oxide gel: evolution as a function 
of medium used
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Esterification reaction was used to prepare gels by hydrolysis of titanium isopropoxide. Depending on the acetic 
acid/alkoxide ratio, crystals, gels or precipitates can be obtained. The relation between theoretical and experimental 
hydrolysis ratio, h, has been determined using gas chromatography. The porous structure was measured in the case of a gel 
prepared with /ith = 6 (Acxpt = 1.27). The infrared spectra show that acetic acid acts as bidentate ligand bridging two 
titanium atoms. The gel texture was measured by small angle X-ray spectroscopy. If the Scherer model is applied, the mean 
pore radius obtained was 2.2 nm. The mean mesopore radius, measured by thermoporometry in decane, was 2.8 nm. 
Thermoporometry measurements were performed in water. Pore radii evolved to a stable value of 4 nm. This can be 
explained by hydrolysis of organic groups present in the gel.

1. Introduction

In the sol-gel process, using alkoxide com
pounds, hydrolysis and condensation reactions are 
crucial for obtaining a gel. We have to under
stand and control these reactions in order to 
control the preparation conditions of the gel. In 
this work, hydrolysis of titanium isopropoxide was 
studied. This alkoxide is very sensitive to hydroly
sis and this reaction can be performed by esterifi
cation [1,2] using acetic acid. This reaction is in 
competition with alkoxide modification by reac
tion with acetic acid [3]. Depending on the value 
of the hydrolysis ratio, crystals, gels or precipi
tates can be obtained. The purpose of this work 
was to determine the precise conditions of ob
taining the gel and to study the porous structure 
as a function of the medium used.

2. Experimental

Hydrolysis of titanium isopropoxide, Ti(O'Pr)4, 
was performed by adding acetic acid (AcOH) in 

an isopropanoic solution of this alkoxide. The 
parameters controlling the reactions are alkoxide 
concentration, c, hydrolysis ratio, h (theoretical 
value h = number of acetic acid molecules/ 
number of alkoxide molecules; experimental value 
h' = number of ester molecules/number of 
alkoxide molecules), and temperature. Depend
ing on these parameters the final product may be 
crystals, gels or precipitates. Results are reported 
in table 1 for a c-value equal to 2.5 mol l-1. We 
note that a gel is always obtained when h = 6 or 
7, and gelation time decreases with increasing 
temperature. Gas chromatography was used to 
determine hydrolysis kinetics by measuring the 
variation of ester in the solution. The alkoxide 
concentration was fixed at 2.5 mol 1 1 and h 
varied from 3 to 7.

The ester concentration in the solution as a 
function of time is given in fig. 1. The data 
obtained for all values of h show a similar reactiv
ity. First, an increase of ester concentration oc
curs and then a stabilization. When h increases 
the stabilization time decreases and the ester 
production is faster.

0022-3093/92/805.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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The final product is the result of
(i) alkoxide modification:

Ti(O‘Pr)4 + ZiAcOH

-» Ti(OiPr)(4_x)(OAc)x + (/i — x)AcOH 

+ x‘PrOH;
(ii) esterification reaction:

'PrOH + AcOH -^'PrOAc + yH2O;

(iii) * Hydrolysis:

Ti(OiPr)(4_x)(OAc)x+yH2O

^Ti(O'Pr)(4 X VJ(OAc),>(OH)v

+ y‘PrOH;
(iv) condensation:

Ti-O'Pr + HO-Ti Ti-O-Ti + ‘PrOH.
From the gas chromatography results, we de

termined the experimental hydrolysis ratio, h'. In 
the h range used with the alkoxide concentration 
equal to 2.5 mol I-1, h' is a linear function of h 
and the relation between h and h' is: h' = 0.27/t 
- 0.35.

The formation of a gel with h = 6 and 7 can be 
explained by the competition between alkoxide 
modification and the esterification hydrolysis re
action. The more important increase of ester

Fig. 1. Ester concentration as a function of time, t, and 
hydrolysis ratio, h.

amount for the higher values of h (fig. 1) indi
cates faster kinetics of the latter reactions, hydro
lysis and condensation, favoring production of 
gel. For lower values of h, alkoxide modification 
is preponderant and crystals can appear (table 1).

3. Results

The IR spectrum of a gel dried at 100°C and 
dispersed in KBr is shown in fig. 2(A). The corre
sponding location of bands can be described as

Table 1
Products resulting from variation of gelation time, t , and crystallization time, tc, with temperature at c = 2.5 mol I 1

C, crystal; G, gel; P, precipitate.

Production 
schedule

h

1 2 3 4 5 6 7 8

7°C
C G P

Delay
(days)

20°C

too 21 14 10 21 22 20 13

C G P

Delay
(days)

40°C

54 5 5 5 5 9 8 6

C G P

Delay
(days)

5 3 2 3 3 3 3 3
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(a) isopropoxy groups: vc_H = 2980-2931 
cm“1, 3S and 3as(C—H) = 1345—1166 cm ; r'c-o 
= 1120-1025 cm

(b) Ti-O bands: vTi_o = 653-550 cm-1, 
vTi_o-Ti = 495-436 cm"1;

(c) acetate group: 3CII) = 1450 cm \ vas and 
vs(COO) = 1560-1412 cm“1.

The location of <5CH3 and vcoo ¡s based on the 
results of Alcock et al. [4] who gave many values 
of Av = vas - vs for bridging acetate group from 
120 to 200 cm“1. Von Thiele and Panse [5] found 

= 160 cm“1 for the same group. The struc
tural determination of Ti6(O‘Pr)8(OAc)8O4 [6] 
has shown that acetate groups are always bridg
ing. Based on the similarity between IR spectra 
of gel and crystal, we conclude that the lowest 
energy band can be attributed to vsCOO. The Av 
value, equal to 148 cm“1, indicates the presence 
of bridging acetate groups. In the same structural 
determination, it appears that O'Pr groups can 
be terminal or bridging. These results confirm (a) 
the modification of the alkoxide by acetate groups, 
(b) the incomplete hydrolysis of propoxy groups

Wavenumber (cm 1)

Fig. 2. IR spectrum of gels after washing in water, t, and dried 
at 100°C: A, t = 0; B, t = 1 day; C, t = 2 days; D, t = 7 days.

Log Q (nm ')
Fig. 3. Log-Log representation of the intensity scattered by a 
titania gel with h = 6. At high Q, the intensity scales as <2~4.

and (c) Ti-O-Ti bond formation by condensation 
reaction.

Small angle X-ray scattering (SAXS) and ther- 
moporometry techniques were used to determine 
the textural characteristics of the gels. These 
studies were performed in mixture on gels with 
h = 6 aged 55 days, inside the elaboration 
medium, i.e., water-isopropanol mixture. The 
texture of the gels at small length scale was 
determined by SAXS measurements. The spectra 
were recorded on a position sensitive counter and 
the background was substracted using Porod’s 
law [7]. A log-log representation is given in fig. 3. 
At large wavevector (2 = 4tt sin(0)/A > 0.3 
A“1), Porod’s behavior (7(2) oc 2~4) ¡s observed 
that indicates that the surface of the backbone of 
the gel is smooth at this scale. At low wavevector 
(log 2 < —1.1), a less negative slope is observed. 
This is attributed to the fractal structure of the 
gel. The intermediate region corresponds to 
crossover between the Q “4 and fractal be
haviours and provides information on the back
bone of the fractal structure. This can be ob
tained using differing Guinier plots (provided that 
QR < 1 if R is the characteristic size); for globu
lar, locally cylindrical or planar objects [8] we 
look at the particle, since the volume fraction of 
material is small.

In our case, the representation of the Guinier 
law for locally cylindrical particles (7(2)al/ 
Qc~q2r2/2) exhibits in the region 0.1 A“1 < Q < 
0.25 A“1 a linear part (fig. 4) compatible with a 
radius of gyration of the cross-section Rc - 0.85
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Fig. 4. Ln Q I(Q) versus Q2. The slope of the straight line 
gives the radius of gyration of the cross-section of the 

cylinders.

nm, which gives a radius of 1.2 nm if the cylinders 
(the electron density) are assumed to be homoge
neous. A Guinier plot for globular particles does 
not give such a linear behavior. A cylindrical 
structure is compatible with polymeric gels made 
of connected tetrahedra.

This structure can be confirmed if one com
pares the measured intensity with the theoretical 
one (also named the form factor) calculated for 
cylinders. Figure 5 shows the result of such a 
comparison, where the radius of the cross-section 
is taken equal to 1.1 nm. The agreement is quite 
good. It must be noted that, in such a representa
tion, the relative positions of the maximum and 

the minimum of the form factor depend on 
whether the particle is globular or locally cylindri
cal. The local structure of the gel can then be 
described as branched cylinders with distances 
between branches of the order of 4 nm. Now, if 
one models such a structure by a cubic network 
[9], the mean radius of the open pores is about 
2.2 nm.

The porous texture of our gel was also mea
sured by thermoporometry. Results are only given 
for samples prepared with h = 6, but are all con
firmed by measurement carried out on a gel for 
which h = 7. Thermoporometry [10,11] is a tex
ture (pore radius, porous volume) characteriza
tion method of liquid condensate saturating a 
material that allows us to link the solidification 
temperature of the capillary condensate to the 
radius of the pores in which the transformation 
occurs and the ratio of the energy evolved to the 
volume of these pores.

Two condensates, decane and water, were 
used. Before characterization, the sample was 
washed in the condensate for approximately 2 h 
to remove fabrication residues. Three gel samples 
were used for each thermoporometry measure
ment.

The following measurements were performed.
(i) Initial measurements: thermoporometry in 

each condensate - decane and water - was per
formed on two samples of gel (curves a in figs. 6 
and 7).

Fig. 5. Comparison between the experimental spectrum and 
the theoretical intensity (from factor) scattered by long cylin
ders. The radius of the cross-section is 1.1 nm with a polydis
persity of 0.1 nm. The Z<24 representation is used to enhance 

the oscillations of the form factor.

Fig. 6. Pore size distribution curves after aging in water versus 
time, a, initial measurements; b, after 15 days treatment; 

c, after 30 days treatment.



A. Larbot et al. / Porous texture of a titanium oxide gel 161

R (nm)

Fig. 7. Pore size distribution curves in decane versus time, 
a, initial measurement; b, after 1 month treatment.

(ii) Aging of gel in water: thermoporometry in 
this condensate was carried out at different times. 
The pore size distributions obtained are shown in 
fig. 6. Curve a is the initial measurement; curves 
b and c were measured on a gel after 15 and 30 
days treatment, respectively, in water.

(iii) Aging of gel in decane: after a month of 
aging in decane, the texture of gel is again mea
sured (fig. 7, curve b).
All these results exhibit, during aging in water, a 
textural evolution of gel which was stabilized for 
a mean pore radius equal to 4 nm. This stabiliza
tion is shown in the set of thermoporometry 
curves (fig. 6). This phenomenon can be ex
plained by the hydrolysis of organic groups (OR 
= OAc, O'PR) still present in the gel structure 
after gelling followed by a condensation. This 
explanation is corroborated by the intensity de
crease of IR bands attributed to isopropoxy and 
acetate groups during successive washings in wa
ter (fig. 2).

After aging for a month in decane, we note 
that the porous texture of gel does not evolve. 
The mean pore radius had the same value (R = 
2.8 nm) and the width of the pore radius distribu
tion is only slightly modified. The large pore 

volume increase from — 300 mm3/g to — 800 
mm3/g is explained by diffusion of decane 
through the entire gel which removed the fabrica
tion residues from all the pores of the sample. It 
is assumed that the washing time, approximately 
2 h, before the initial measurement was too short, 
so that only the volume of pores most accessible 
to decane were determined in the initial experi
ment.

4. Conclusion

The results of SAXS and thermoporometry 
structural characterization of a gel of TiO, show 
the modification of pore radius as a function of 
solvent. In decane, the pore radius is about 2-2.8 
nm and the hydrolysis of residual organic groups 
in the gel during aging in water gave a new pore 
radius close to 4 nm.
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Study of SnO2 gels by Eu3+ fluorescence spectroscopy
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and S.H. Pulcinelli
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Eu3+ fluorescence spectroscopy was used as a probe to study the changes in local arrangements of tin oxyhydroxide 
precipitate -»sol -» gel -> glass conversion. Electronic transition intensities and 5D0 excited state lifetime variations were 
followed during the entire process. Adsorption of Eu3+ ions on the colloid and changes of chemical interactions occurring 
in each step are described.

1. Introduction 1.1. Eu3+ as a probe

Growing applications of SnO2-based materials 
increases interest in alternative ways for synthesis 
and monitoring of physical properties. Transpar
ent hydrogels have potential applications for 
preparation of electrical-optic and photoelectro
chemical devices and may be prepared from SnO2 
colloidal suspensions [1], However, the main as
pects in structural transformations and the inter
actions which are involved in these processes 
have not been adequately studied. Infrared spec
troscopy and rheological measurements have been 
used in the study of SnO2 suspensions. There is 
evidence that the gelation is followed by an in
crease in the number of hydrogen bonds [2], but 
careful spectrophotometric studies have not been 
reported.

Rare earth spectroscopy is important due to its 
environmental fluorescence sensitivity and eu
ropium fluorescence proved to be a powerful 
probe of the gel -» glass transformation [3]. SnO2 
has a high ability to absorb cations [4]; thus, Eu3 + 
can be used to provide information about the 
interface phenomena that occur during sol and 
gel preparation.

Dynamic emission and excitation spectra for 
Eu3+ ions added as a probe in the SnO2 synthe
sis route from SnCl4 hydrolysis, to sol to gel 
transformations to glass are reported.

Chemical and physical properties that make 
the rare earth ions, and in particular the Eu3+ 
ion, good structural probes for crystalline, amor
phous, or biological systems are described in the 
literature [5,6], Ligand field effects, such as level 
splitting, transition intensities and excited state 
lifetime modulation, reflect details of the ion 
surroundings.

For the Eu3+ ion, emission is observed essen
tially from the 5D0 level to the 7F7 (0 < J < 6) 
manifold. The electrical dipolar 5D0 —>7F2 transi
tion is very sensitive to ligand field and for this 
reason it is called ‘hypersensitive’ [7].

It may be demonstrated that the 5D0 —• 7F2 
and 5D0—>7F4 transition intensities are propor
tional to the Judd-Ofelt f>2 and f24 intensity 
parameters, respectively [8], The interpretation 
for the variations in these parameters is still a 
point of discussion. However, it is accepted that a 
good rationalization for the various ilk relates 
i22 to bonding effects or short-range effects and 
224 to bulk properties or long-range effects [6]. 
Absolute intensities are difficult to evaluate but it 
is possible to use relative intensities. The purely 
magnetic dipolar 5D0 —> 7Fj transition can be 
taken as a reference, since its intensity is not 
sensitive to the ligand field. The relations

V21 = 5Do 7 k2/ 5Dq —* 7Fi

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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and

7/41

have been used as a measure for the fl2 and fl4 
Judd-Ofelt parameters [8],

Excited state lifetimes are also strongly envi
ronment-dependent. Radiative decays may be 
calculated by the reciprocal of the transition 
probabilities. Observed lifetime for complex 
molecular structures or solutions are modulated 
by non-radiative decays. Water molecules or OH 
ions are very efficient quenchers for the Eu3 + 
5Do level, and this feature has been used for the 
evaluation of the number of water molecules in 
the Eu3+ inner coordination sphere by using 
D,O/H2O solutions [9].

2. Experimental

2.1. Materials preparation

Colloidal SnO2 suspensions containing 1 mol% 
Eu3+ were prepared from appropriate mixtures 
of SnCl4 (BHD-98% - 0.25 mol dm“3) and EuC13 
(0.1 mol dm3) aqueous solutions. The EuC13 
solution was obtained by dissolving Eu2O3 (Al
drich 99.999%) in hydrochloric acid. Precipitation 
was promoted by the gradual addition of NH4OH 
to pH 11. After that, tin oxihydroxide suspensions 
were dialyzed against tridistilled water until a 
[Cl-] < 6 X 10'3 mol dm-3 was obtained. During 
dialysis, peptization of the precipitate was ob
served. After 40 days aging inside dialysis vessels, 
sol -> gel -» glass transformations were achieved 
by partial water evaporation at 55°C in high rela
tive humidity (90%) atmosphere.

2.2. Spectroscopic measurements

Dynamic excitation and emission spectra were 
obtained with a Spex Fluorolog F212I spectroflu- 
orimeter, equipped with continuous (450 W) and 
pulsed (EG&G FX-265, 5 J/pulse, 3 ps band
width) Xe lamps. Signals were detected with a 
1680B spectramate monochromator and a cooled 
Hammamatsu R298 photomultiplier, and proc
essed by a Spex 1934 phosphorimeter and DM 

3000 software. All measurements were obtained 
in front face mode (24.5°) at room temperature 
with quartz cells. Excitation and emission spectra 
were all corrected for spectrometer optics, lamp 
intensities and photomultiplier response. Decay 
curves (Aexc = 394 nm) were non-exponential. In 
discussions, mean lifetime is expressed as the 
time for signal observation at 1/e of the initial 
intensity. Intensity relations t?21 and 7)41 were 
obtained digitally with the aid of DM3000 Spex 
software. Intensities were taken as the areas un
der the emission curves. Infrared spectra were 
obtained with KRS5 windows in a Nicolet FTIR 
730SX.

3. Results

Precipitates prepared by hydrolysis of SnCl4 
aqueous suspensions could be peptized only if the 
pH remains above the pH of the point of zero 
charge, i.e., 4.3. Even if stabilizers are added, the 
formation of stable sols below that point were not 
successful, but the reasons for this are not well 
understood. The first step was to investigate the 
evolution of the Eu3+ emission spectra and 5D0 
lifetime as a function of pH. This was followed 
during peptization, gelation and glass conversion.

Figure 1(a) shows the emission spectra for 
EuC13 aqueous solution samples at pH 4 and 11. 
The increase in pH promotes Eu3+ hydrolysis at 
around pH 5. With hydrolysis and further in
crease in pH, an increase in the overall emission 
intensity and also in the 7j21 and 7?41 ratios was 
observed. The 5D0->7F4 transition is always the 
most intense in each spectrum, and Eu3+ (aq.) 
5D0 lifetime was about 107 jls in good agreement 
with literature [10] results. It increases a little to 
reach 117 ps at pH 11. These features reflect 
changes occurring at the Eu3 + inner coordination 
sphere upon substitution of some of the 8.3 water 
molecules (deduced from X-ray studies [11]) for 
OH- groups.

For tin-europium suspensions (fig. 1(b)), as 
pH increases from 1 to 3, a small increase in the 
?721 and 77 4I ratios can be observed. 5D0 lifetime 
grows from 106 to 154 |xs. With further increase 
in pH to 11, a remarkable increase on both the 
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overall emission and the intensities ratios was 
observed. Lifetime changed to 269 ps. By com
paring Eu3+ and Sn4+-Eu3 + systems, we ob
served a completely different pH dependence. 
The possibility of tin and europium hydroxide 
co-precipitation was thus discarded. These fea
tures must be related to the presence of Eu3+ 
ions at the tin hydroxide colloidal particle aque
ous solution interphase, i.e., they must be associ
ated with chemical interactions between Eu3 + 
and the colloidal particle surface. The increasing 
lifetime with pH suggests an increase in interac-

Fig. 1. Emission spectra, (a) EuC13 solution at pH 4 (---------- )
and at pH 11 (---------). (b) SnCl4 + l% EuC13 suspension at
pH 1 (.........); pH 3 (---------- ); and pH 11 (--------- ). (c) Glass

after 30 h at 55°C.

Fig. 2. Eu3+ excitation spectra, for oxihydroxide suspension at 
pH 11 (---------) and for peptized colloidal sol (-----------).

I, SnO2 intrinsic absorption. II, Eu3 + f-f transitions.

tions through the hydroxo (SnOH) or oxo (SnO-) 
groups at the surface of the colloidal particles.

Figure 2 shows excitation spectra for the oxy
hydroxide precipitate at pH 11 and for the pep
tized system. An increase in efficiency for the 
Eu3+ emission excited via SnO2 intrinsic absorp
tion is observed. This effect cannot be attributed 
to dilution, since loss of Eu3+ through dialysis 
was not observed by Eu3+ spectroscopy. Instead, 
it suggests an increase in the interactions be
tween Eu3+ and the colloidal network.

The values for 7721 and i741 ratios with lifetime 
are shown schematically in fig. 3. During peptiza
tion, a remarkable increase in intensity ratios and 
5D0 lifetime is observed. Infrared spectra (fig. 4) 
show a drastic broadening for OH stretching vi
brations (2600-4200 cm-1) after peptization. 
Broadening for v < 3750 cm-1 is usually at
tributed to an increase in the number and inten
sity of H-bridges, whereas for v > 3750 cm-1 the 
assignments are to ‘free’ hydroxyl groups mainly 
for metallic oxides of high surface area [12], The 
high electrolyte loading in the flocculated system 
causes water structuring by means of complex 
formation between ions and water. Peptization is 
mainly due to a decrease in ionic strength during 
dialysis which must favour water destructuring, 
and can contribute to H-bridge formation and 
chain structures. The appearance of chain struc
tures could increase the degree of asymmetry in 
the Eu3+ surroundings, increasing in turn the i72i
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Fig. 3. Schematic evolution for intensities ratios (a) and 5D0 
lifetime (b). (a) O-------- O: rjjt _ Sn4+ + Eu3 + system;
t]41 - Sn4++Eu3+ system; A a: r/2i - Eu3+ solution; 
a • • • a: tj41 - Eu3+ solution; region I, increase in pH for 
oxyhydroxide suspensions; region II, peptization and aging at 
room temperature (40 days); region III, sol-gel transition, 
55°C heat treatment (15 h); region IV, gel drying, 55°C heat 
treatment (>15 h). (b) •---------•: Sn4++Eu3+ system;

O---------O: Eu3+ solution.

A
BS

O
R

BA
N

C
E

Fig. 4. FTIR spectra for flocculated (A) and peptized (B) 
samples.

intensity ratio. In the literature, a somewhat simi
lar behaviour is observed for borate glasses where 
the two-dimensional character of the glass struc
ture can be observed depending on composition. 
The 7)21 is sensitive to these variations [13]. The 
increase in the t]4i ratio during peptization (fig. 
3, region II) could reflect the changing character 
of the bulk properties with the initial stages of 
‘polymerization reactions’. These reactions could 
in turn hinder, in some way, the 5D0 Eu3+ ex
cited state quenching by OH groups. Lifetimes 
could then increase.

Gelation with water losses could be macro
scopically observed with about 15 h of 55°C heat 
treatment of the sol. With further heating, after 
about 50 h, small pieces of yellowish glass were 
obtained. During the sol gel transformation 
(fig. 3, region III) the intensity ratios decrease. 
This decrease is larger for the 7?41 ratio. During 
drying (region IV), between 15 and 50 h heating 
an initial increase up to 25 h was followed by a 
decrease of 7?21 and r]41 ratios. The values of 
these ratios remain constant with further drying. 
5D0 lifetime remained unaltered for sol -> gel 
transformation, with values around 320 jjls. It 
increases to 345 pcs after 50 h heating.

For polymeric gels, gelation is believed to be 
due to polycondensation reactions leading to 
three-dimensional network formation. Since life
time is nearly unchanged the Eu3+ inner coordi
nation sphere must remain unaltered. If gelation 
occurs by means of a polycondensation reaction, 
the Eu3+ neighbourhood must not be sensitive to 
them. Otherwise, the observed decrease of the 
intensity ratios would be similar to the phe
nomenon verified during the formation of a 
three-dimensional network from the two-dimen
sional one for borate glasses [13]. This behaviour 
may be related to gelation from a structural point 
of view. At the beginning of gelation, chains 
which constitute the sol, grow and evolve to a 
three-dimensional network by cross-interactions.

During the first step of gel drying, loss of 
water molecules or the appearance of more oxo 
groups (SnO-) could increase the network opti
cal basicity, increasing the intensity ratios. After 
25 h heating, the decrease in the intensity ratios 
may be due to a beginning of crystallization, i.e., 
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the presence of europium at crystalline sites in
side the glass network. We were able to identify 
microcrystalline domains within the glass matrix 
after 80 h of heat treatment. Eu3+ ions dissolved 
in rutile-like SnO2 microcrystals could be fol
lowed by spectroscopy [14].

In these crystals, Eu3+ occupies centrosym
metric sites, hence one observes long lifetimes 
and a vanishing 5D0 -»7F2 transition [15]. The 
results for the glass may then be rationalized as a 
contribution from Eu3+ distributed in the glassy 
network and in sites evolving to microcrystals.

4. Summary

Eu3+ spectroscopy was used to investigate 
structural evolution occurring during tin oxyhy
droxide aqueous precipitate -> sol -> gel -> glass 
conversion. Results show that Eu3+ is a good 
fluorescent probe of the structural characteristics 
of colloidal particle-liquid solution interfaces. 
There is an increase in Eu3+ 5D0 lifetime with 
increasing pH, suggesting an increase in the 
amount of SnOH and SnO groups at the inter
face. During peptization, interactions between 
Eu3+ and colloidal particles increase. FTIR spec
tra showed that this features could be related to 
H-bridge formation. It was not possible, by means 
of Eu3+ spectroscopy, to identify chemical reac
tions occurring during the sol -»gel transition, 
although prominent changes in intensity ratios 
were observed at this stage of transformation. 
This was attributed to physical cross-interactions 
due to the three-dimensional network formation.

It was suggested that, during gel drying at 55°C, 
crystallization begins, allowing the formation of 
microcrystalline domains in the glassy network, in 
which centrosymmetric Eu3+ are located.

This work has been supported by FAPESP, 
FUDUNESP and CNPq (Brazil).
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by isopropyl alcohol
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The interchange reaction between metal alkoxide (TMOS) and isopropyl alcohol was studied by lII NMR. From 
experiments conducted with various amounts of water, a two-step mechanism, with a fast hydrolysis of TMOS occurring first, 
was deduced.

1. Introduction

Metal alkoxides tend to react with alcohols 
resulting in the replacement of their alkoxy 
groups. This reaction, generally termed as alco
holysis or alcohol exchange reaction, is often rep
resented by the general equation

M(OR)„ -l-xR'OH M(OR)„_x(OR')Jt
+ xROH 

and is widely used in the synthesis of alkoxy 
derivatives of several metals.

From XH NMR spectra of titanium alkoxides, 
it was shown that the rate of exchange increases 
from the tertiary to the primary groups [1,2]. Such 
an evolution may be ascribed to steric factors [2]. 
Chemical exchange of the hydroxylic proton is 
moisture-dependent and certainly has some effect 
on the alcoholysis rate. This paper deals with XH 
NMR study of alcoholysis of tetramethoxysilane 
by isopropyl alcohol as a function of water con
tent.

2. Experimental

‘Purum’ grade tetramethoxysilane, TMOS, 
from Fluka and ‘rectapur’ isopropanol from Pro- 
labo were used as received. Doubly distilled wa
ter and HNO3 (0.2M) catalyst were used in exper
iments carried out with a known water content.

Proton NMR was carried out with a Briiker 
Fourier Transform 250 MHz Spectrometer. The 
instrument was locked on deuterium; thus, small 
amounts of C6D12 were added to each NMR 
tube. Integrated intensities and chemical shifts 
versus TMS were determined for each group of 
protons.

3. Results

Figure 1 shows spectra obtained for pure iso
propanol, pure TMOS and a 50% volume mix
ture. The mixture spectrum is the weighted sum 
of spectra obtained for each pure chemical with 
only a slight shift observed for the hydroxy pro
tons. No important change was observed for the 
mixture after refluxing for 15, 30, 45, 90 and 120 
min (see fig. 2, spectra a, and a2). Only lineshape 
changes were observed for hydroxy and isopropyl 
protons due to the change, from slow to fast of 
the chemical exchange rate of the hydroxy pro
ton.

As shown in fig. 2, spectra b, and b2, a reac
tion occurs if water is added. New peaks appear 
for methyl protons of CH3-OH, and for methyl 
and CH protons of the isopropyl alkoxy groups. A 
shift of about 0.07 ppm was also observed for the 
hydroxy proton. Further, overall integrated inten
sities were constant for each type of proton (hy
droxy from H2O, CH3OH and = Si-OH, iso-

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Spectra obtained for isopropanol (a), TMOS (c) and for a 50% by volume mixture (b).

propyl CH from = SiOCH(CH3)2 and (CH3)2- 
CHOH, methoxy from CH3OH and = Si(OCH3).

Fig. 2. 'H NMR spectra obtained for a 50% by volume 
mixture of TMOS and isopropyl alcohol after refluxes during 
15 (aj) and 120 (a2) min and for 50% by volume mixture with 
some water (1 mol per mol of TMOS) after refluxes during 15 

(bj and 120 (b2) min.

4. Discussion

These results show that no alcoholysis occurs 
between TMOS and isopropyl alcohol except 
when water is added to the mixture. We observe 
the methanol and isopropyl alkoxy protons only 
in the latter case. Thus, we propose a two-step 
mechanism for TMOS alcoholysis by isopropyl 
alcohol beginning with fast hydrolysis of TMOS:

Si(OCH3)4 + nH2O

Si(OCH3)4_„(OH)„ + nCH3OH,

deduced from the high rate of methanol develop
ment as also shown by Pouxviel [1]. Then, in a 
slow step, either exchange between Si-OH and 
alcohol (OH)„ _! (see fig. 3),

Si(OCH3)4_„(OH)„ + (CH3)2CHOH

Si(OCH)4. ,,OCH(CH3)2 + H2O,
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Fig. 3. CH(/3) concentration (mol l-1) against time (min). I. 
experimental with 2 mol of H2O per mol of TMOS; □, 
experimental with 4 mol of H2O per mol of TMOS. Lower 
curve: calculated values with a rate constant of 0.10 mol 
min-1; upper curve: calculated values with a rate constant of 

0.28 mol min-1.

or exchange between Si-OCH3 and alcohol oc
curs,
Si(OCH3)4_„(OH)„ + (CH3)2CHOH

— Si(OCH3)3_„(OH)„OCH(CH3)2
+ ch3oh.

In each case new peaks appear for the CH and 
CH 3 isopropylic protons when a ^Si- 
OCH(CH3)2 bond occurs. Thus, the kinetics of 
alcoholysis can be easily followed (see fig. 3) and 
we conclude that the rate of exchange is slow and 
influenced by the water concentration. This result 
is different from that obtained for titanium alkox
ides in which a fast rate of exchange was ob
served [2,3],

The most plausible mechanism for the slow 
step of the alcoholysis can be deduced using the 
partial charge model proposed by Livage and 
Henry [4]. Results so obtained show that only the 
last reaction can occur when n = 2 or 3, and 
n = 1 only if an excess of isopropyl alcohol is 
used.

5. Conclusion

Alcoholysis of TMOS by isopropyl alcohol has 
been shown to arise only after partial hydrolysis 
of TMOS. Thus, a two-step reaction is proposed.

It is obvious that these first results should be 
checked using other water contents and alcohols. 
Nevertheless these results are of great impor
tance not only from the mechanistic point of view 
but also for hydrolysis and polycondensation of 
TMOS in gel synthesis.

The authors thank G.W. Scherer and J. 
Phalippou for useful discussions and suggestions 
about this work.
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The fractal nature of porous silica gels, Spherosil XOA 200 and of a Lichrospher mixture, has been tested through size 
exclusion chromatography of polystyrene in pure and mixed eluents. Fractal parameters, Df and L, depend on eluent with 
D; values close to 2.0 for Spherosil and higher than 2.0 for Lichrospher. D{ and L changes with eluent have been related to 
secondary separation effects and partition and adsorption contributions have been evaluated.

1. Introduction

It has been suggested that porous materials 
such as those used in size exclusion chromatogra
phy (SEC) are surface fractals [1]. This was tested 
for diverse gels through data on SEC of proteins 
with negative results for classical materials as 
sephacryl and sepharose and with positive results 
for the more efficient gels TSK SW and TSK PW 
[2,3], Size-exclusion effect was the only mecha
nism governing macromolecules separation in the 
above gels; however, in stationary phases possess
ing polar groups, such as polar inorganic gels, 
mutual interactions between them and those of 
the eluent and/or of the solute will cause addi
tional secondary effects (partition, adsorption, 
electrostatic) [4-6]. It seems worthwhile to ana
lyze the fractal nature of those materials and 
their variation, if any, with eluent nature, since, 
for example, the adsorption of macromolecules 
on fractal surfaces is also a process sensitive to 
the fractal dimension, D{ [7],

The fractality of silica gels, Spherosil and the 
more efficient Lichrospher, are analyzed from 
data on retention volumes of polystyrene (PS) in 
diverse pure and mixed eluents. The fractal struc
ture of porous silica gels was suggested and eval
uated from data on very different processes from 
the one studied here, such as physisorption [8], 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V

chemisorption [9], liquid-solid interfacial reac
tions [9], catalytic reactions [9] or, in the case of 
Lichrospher SÌ4000, from image analysis of scan
ning electron micrographs [10].

2. Experimental

Experimental conditions on elution measure
ments of PS standards on Spherosil XOA 200 gel 
as well as the detailed description of the equip
ment used have been already published [4],

Elution behaviour of PS on Lichrospher at 
20°C was studied by using a three columns set 
containing 4.45 g Lichrospher SilOO, 4.39 g Si300 
and 4.89 g Si500, respectively. Columns were 
packed from methanol gel slurries. Measure
ments were carried out on a Waters Ass. Liquid 
Chromatograph equipped with a M6000A pump, 
an U6K universal injector and an R-401 differen
tial refractometer unit. Interstitial volumes, Ko, 
were obtained from a PS of molecular mass 
2700000. Total permeation volumes, Vt, and the 
remaining experimental conditions were as previ
ously reported for Spherosil XOA 200 [4].

3. Results

The parameters defining the elution behaviour 
of PS on the set of Lichrospher columns and on

All rights reserved
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Table 1
Parameters defining PS elution behaviour on Spherosil XOA 200 and on Lichrospher in different benzene(Bz)/methanol(Met) and 
butanone(MEK)/n-heptane(HEP) eluent systems

a) Average pore radius from ref. [4].
b) Average pore radius as evaluated through eq. (2), from values of the middle of the ‘plateau’.

Eluent (vol/vol) Spherosil XOA 200 Lichrospher

Vo (ml) a> (ml)a) r (Â) a> K) (ml) K (ml) f (Â) b)

Bz 60.8 120.2 42.1 17.91 36.73 66.6
Bz/Met (90/10) 65.1 113.3 34.9 - - -
Bz/Met (84/16) 65.3 112.1 33.1 - - -
Bz/Met (80/20) - - - 17.77 35.67 52.8
Bz/Met (75 /25) 65.2 110.6 31.8 - - -
MEK 63.4 119.3 38.3 18.01 37.15 63.1
MEK/Hep (75/25) 63.5 121.0 39.3 - - -
MEK/Hep (50/50) 64.8 125.5 43.7 18.61 36.82 69.7

Spherosil XOA 200 [4] for different eluent sys
tems are gathered in table 1. The dependences of 
elution volumes of PS samples on their sizes in 
the diverse eluents are shown in fig. 1 for 
Spherosil XOA 200 and in fig. 2 for Lichrospher. 
PS samples represented in fig. 1 were in the 
molar mass range 10500-76000 g mol-1 and 
those in fig. 2 in the range 9000-240000 g mol-1. 
Magnitudes depicted in the above figures are Kd 
and R. Kd is the distribution coefficient of a 
solute and it is related to its elution volume, Ve, 
through

K - ^0 ’
(1)

where Lo is the interstitial volume and Vt the 
total volume of the column. R, the radius of the

Fig. 1. Calibration curves of PS on Spherosil XOA 200 in 
benzene and in benzene/methanol (vol/vol) mixtures.

equivalent hydrodynamic sphere, defines the size 
of macromolecular solutes and it can be calcu
lated according to the Einstein equation, 

30M[t7]1024
(2)

from intrinsic viscosity measurements, [77]. In the

Fig. 2. Calibration curves of PS on Lichrospher in MEK, 
benzene, MEK/n-heptane (50/50) and benzene/methanol 

(80/20) eluents.
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above equation, M stands for molar mass of 
sample and NA for Avogadro’s number; R values 
are in A if [17] = dLg-1.

4. Discussion

Fractal behaviour evidence is shown in figs. 1 
and 2, since, as suggested by Brochard, Kd is 
related to the fractal dimension, Dt, of the sur
face of pores through [1]

X, = 1 - (7?/L)3_£>f, (3)

with L standing for pore size and R for the 
radius of macromolecular solute. From the above 
equation, a linear relationship between Ln R and 
Ln(l—Xd) [3],

Ln/^^-^LnU-^dHLnL, (4)

is obtained, which allows evaluation of fractal 
characteristics of gel surfaces from elution data 
of solutes of diverse sizes. The obtained Dt and 
L values from figs. 1 and 2 are gathered in table
2. As can be seen in this table, no single values 
are obtained for the fractal dimensions of both 
gels, depending on the eluent. D{ values for 
Spherosil are close to 2 and higher values corre
sponding to more irregular surfaces are obtained 
for Lichrospher, in agreement with the values of 
specific surfaces given by manufacturers, 140

Table 2
Fractal characteristics of Spherosil XOA 200 and Lichrospher 
mixture, as obtained from PS elution behaviour in different 
eluents

Eluent (vol/vol) Spherosil
XOA 200

Lichrospher

Dt L (A)
L (A)

Bz 1.94 76.4 2.25 153.2
Bz/Met (90/10) 2.02 71.7 - -
Bz/Met (84/16) 2.06 69.9 - -
Bz/Met (80/20) - - 2.37 141.8
Bz/Met (75/25) 2.02 64.3 - -
MEK 1.97 77.3 2.19 127.0
MEK/Hep (75/25) 1.99 80.1 - -
MEK/Hep (50/50) 2.00 86.6 1.92 128.4

m2 g_1 for Spherosil XOA 200 and 178 m2 g1 
for the Lichrospher mixture studied here. Fractal 
dimensions obtained for Lichrospher compare 
well with the 2.36 value evaluated for Lichro
spher Si4000 from scanning electron micrographs 
[10].

Recalling that L can be viewed as the size of 
the largest pores of the packing material, increas
ing methanol content in its benzene mixtures 
seems to reduce pore size, whereas an apparent 
increase of pore sizes occurs with increasing n- 
heptane content in its MEK mixtures. The above 
behaviour parallels changes in average pore ra
dius, I, occurring with changes in eluent, as shown 
in table 1.

The silanol groups of silica gels will interact 
with the hydroxyl groups of the alcohol in 
methanol/benzene mixtures or with carbonyl 
groups of the ketone in MEK/n-heptane solvents 
with preferential adsorption of the polar compo
nent of the mixture on gel surface [11]. As a 
result, composition of the binary mixture at the 
wall (quasistationary phase) is different from the 
composition in the mobile phase inside the pore 
(bulk composition). In benzene/methanol mix
tures, methanol is the component preferentially 
solvated. Because methanol is a bad solvent for 
PS, it will be excluded from the quasistationary 
phase. With increasing methanol content, solutes 
can only enter into a part of pores and their 
elution volumes shift towards lower retention vol
umes. Available pore volumes, Vt - Vo, as well as 
r in table 1, illustrate this situation. In fractal 
terms, the available internal volume for solute of 
size R, and therefore Kd, is defined by the size of 
the depletion layer due to size-exclusion of so
lutes [3], In the present mixtures, the volume of 
the methanol quasistationary layer from which 
solutes are also repelled should be added to the 
above depletion layer and as a result L de
creases, as table 2 results show. A schematic 
representation of early elution of PS and the 
decrease in L values with increasing methanol 
content in benzene mixtures is shown in fig. 3(a), 
where the dotted area stands for methanol layer 
of size b. In fact, with the existence of a methanol 
layer, it is similarly assumed that the depletion 
layer surrounding the fractal has a size R + b,
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Fig. 3. Schematic variation of fractal parameter, L, with 
eluent, (a) Benzene/methanol mixtures, (b) Pure benzene or 

pure MEK. (c) MEK/n-heptane mixtures.

instead of the size R of solute. Equation (3) is 
then transformed into

I R + b \3~Df—) . (5)

where K't stands for the distribution coefficient 
in methanol mixtures, and as a first approach it 
has been assumed that no changes in fractal 
dimensions with respect to those in pure benzene 
occur. Comparison of eqs. (3) and (5) leads to

1-^
1-^d

il/(3-Df)
) =1 b

R' (6)

In fig. 4, the eq. (6) plots are shown for 
Spherosil at the diverse methanol contents and in 
table 3 the obtained values of intercepts and 
slopes are gathered for both gels. As can be seen, 
in spite of the approximate nature of eq. (6), the 
above ¿»-values roughly account for the differ
ences in L-values obtained in benzene and in its 
methanol mixtures.

Whereas shifts towards lower elution volumes 
occurring in methanol mixtures can be explained 
by decreases in pore volume available to the 
macromolecule, as discussed above, it is not easy 
to visualize the apparent expansion of pores tak
ing place in MEK/n-heptane mixtures. In fact, as

Fig. 4. Equation (6) plots for Spherosil XOA 200 in 
benzene/methanol (vol/vol) mixtures.

pointed out above, from interactions between ke
tone carbonyl groups and silanol groups, a quasis- 
tationary phase rich in MEK should be formed. 
Because ketone is a better solvent than heptane 
for PS [4], the quasistationary phase should be 
richer in solute than the mobile one and, as a 
result, larger retention times should be expected. 
Moreover, because the stationary layer is abun
dant in solute, this one could approach the gel 
surface and interactions between both solute and 
gel should be likely. Thus, partition is not the 
only secondary effect retarding PS elution but 
probably also adsorption. Figure 3(c) intends to 
visualize the above situation in fractal terms, ad
sorption of solute by gel surface ‘making’ an 
increase in L-values. In the presence of sec
ondary effects, eq. (4) should be replaced by

Ln/?=^—^Ln(l-L')+LnL', (7)

where K’.,, the apparent (experimental) distribu
tion coefficient, accounts both for primary exclu
sion effects (Kd) and for secondary ones (K').

Table 3
Equation (6) plots for benzene/methanol mixtures a)

Gel Mixture composition
(vol/vol)

Intercepts MA)

Spherosil 90/10 1.01 3.8
Spherosil 84/16 0.99 6.8
Spherosil 75/25 1.01 8.2
Lichrospher 80/20 0.98 13.3

a) Dt = 1.944 for Spherosil; Df = 2.248 for Lichrospher.
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Likewise, K’ accounts for partition (Kp), adsorp
tion (Ka), electrostatic (Kc) effects,...:
K'^KdK'- K'=KpKaKe... (8)

A comparison of eq. (4) with eq. (7), recalling 
eq. (8), results in 
^'= (i-^d)(3’Dp/<3’£,f)^d‘1;

(9) 

which allows evaluation of secondary effects in 
MEK mixtures, assuming that in pure MEK (ref
erence system) these effects are absent. A simple 
analysis of this equation confirms the experimen
tal findings, that is, deviations towards larger 
elution volumes (K' > 1) occur when (L/L') > 1, 
and towards lower elution volumes (K' < 1) when 
(L/L') < 1.

In the present case, electrostatic contributions 
must be negligible and, because adsorption of 
macromolecules on a fractal surface is sensitive 
to the fractal dimensions Dt [7], it should be 
possible to separate partition and adsorption con
tributions. Specifically, n, the number of ad
sorbed monomers per grain, is given by

n = (L/«)Z’fR(5/3“'Dt) (10)

if the dependence on polymer molecular weight is 
considered in agreement with experimental re
sults [1], In eq. (10), a is the size of the polymer 
monolayer on the surface, and it is just the size of

Table 4
Experimental and calculated secondary effects in the elution 
behaviour of PS on Spherosil XOA 200 in MEK/n-heptane 
(50/50; vol/vol) as eluent

M (g mol / X'a) X'b) X c)

84000 1.88 1.68 1.26
60000 1.46 1.32 1.26
49000 1.31 1.23 1.27
30400 1.26 1.12 1.28
24700 1.21 1.09 1.28
17500 1.15 1.05 1.29
13000 1.13 1.04 1.29
10500 1.10 1.03 1.30

a) Experimental.
b) From eq. (9).
c) From eq. (11).

the monomeric segment. Relative Ka values with 
respect to the reference system may be defined as

(H)

In table 4, K' and their Ka contributions, as 
evaluated from eqs. (9) and (11), respectively, are 
gathered as an example for the system Spherosil 
XOA 200 in MEK/n-heptane (50/50) at diverse 
PS molecular weights. Without going into a de
tailed discussion of the above values and their 
dependence on polymer molecular weight, it must 
be pointed out that the information obtained 
from fractals seems to underestimate secondary 
effects as a whole, whereas Ka contributions are 
overestimated.

5. Conclusions

(1) The fractal nature of porous silica gels, 
Spherosil XOA 200 and a Lichrospher mixture, 
have been ascertained through size exclusion 
chromatography (SEC) of polystyrene (PS) in pure 
and mixed eluents and their fractal characteris
tics, Df and L, were evaluated.

(2) No significant dependence on mixture 
composition was observed for Df. Increasing 
methanol content in benzene mixtures seems to 
diminish L-values. By contrast increasing L-val- 
ues are observed with increasing heptane content 
in butanone mixtures.

(3) The above changes in the fractal magni
tude, L, have been interpreted in terms of sec
ondary effects present in the separation mecha
nism. Distribution coefficients for secondary ef
fects, K', and its adsorption contribution, Ka, 
have been evaluated from the fractal characteris
tics of gels. The above information seems to 
underestimate secondary effects while overesti
mating Ka contributions.
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Section 4. Gel structure

Structure of dense gels
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Laboratory of Science of Vitreous Materials, University of Montpellier II, Montpellier, France

Dense gels are often found to be composed of nearly monodisperse elementary particles combined into larger aggregates, 
which leads to the formation of micro-, meso- and macropores. An original method consisting of matching the mesopore 
fraction by random close-packed models via interstice distribution function is presented. This gives a quantitative evaluation 
of the local structure at the mesopore level, permits the separation of micropore fraction and provides a link between 
‘particle space’ and ‘pore space’ models.

1. Introduction

Considerable attention has been devoted re
cently to the modelling of gel structures by means 
of fractal concepts [1]. These may prove useful 
for quantifying the initial stages of sol formation 
[2,3] and have even been used to classify the 
underlying aggregation mechanisms [4], but they 
are much less effective in the study of dense gel 
structures where the fractality range is generally 
so small that the fractal concepts become mean
ingless [5],

Further, the fractal interpretations are basi
cally independent of the model type of texture. It 
is only needed to assume that the system is self
similar, i.e., that it remains identical when the 
degree of resolution of the observation method is 
increased (“a portion is structurally similar to the 
whole”). The mass fractal dimension, D, or the 
surface fractal dimension, Ds, which can be ex
tracted from the experimental data give no indi
cation on the underlying geometrical model of 
the texture, not even on its topology. The fractal 
dimension, D, is most frequently obtained from 
the small angle scattering of X-rays (SAXS) or of 
neutrons (SANS) but these data can generally be 
equally well interpreted by simply introducing 
suitable distributions of particles or of pores [6]. 
On the other hand, electron microscopic observa
tion of dense gels (xerogels or aerogels) often 

shows that the gel texture is a compact assem
blage of spherical particles, nearly monodis
persed. The texture locally contains larger pores. 
In some cases the constituent particles appear to 
be formed, in turn, of smaller elementary parti
cles which suggests a hierarchical type of aggrega
tion.

Alternatively, the adsorption studies (BET) of
ten show quite narrow pore-size distributions and 
a small numbers of larger pores (macropores) 
which contribute relatively little to the total spe
cific surface of the gel.

Comparison of specific surface data obtained 
from BET with those deduced from SAXS exper
iments using the Porod’s limit may indicate that 
some of the smallest pores (micropores) are inac
cessible to nitrogen adsorption but are detected 
in scattering experiments [7],

In dense gels, the contribution to the specific 
surface mainly originates from the intermediate 
portion of the pores (mesopores). Idealizing the 
situation, it is tempting to discard the macropores 
and micropores altogether and to characterize 
the texture by the remaining distribution of meso
pores. This amounts to locally modelling the tex
ture on the ‘meso-scale’, i.e., to find an appropri
ate textural model capable of explaining the dis
tribution of mesopores.

The geometric models used in describing the 
texture of granular media concentrate either on

0022-3093/92/805.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Geometric models of the texture of gels (a) in the ‘solid space’ and (b) in the ‘pore space’.

the ‘solid space’ or on the ‘pore space’ of the 
system (fig. 1).

In the first approach, the solid phase of the gel 
(backbone) is represented by a collection of par
ticles, e.g., spheres either identical or of a speci
fied size distribution. Secondary cluster formation 
may be introduced, giving rise to hierarchical 
organization at several levels or to the formation 
of fibres by ‘necklace’ linking of the particles. 
The free space between these entities represents 
the pores.

Fig. 2. Schematic representation of a two-dimensional random 
close-packed (RCP) structure with large pores. The area 
inside the circle in interrupted lines is representative of the 

structure at the ‘meso-scale’

According to the second point of view, the 
system is modeled as a collection of spherical 
voids which may be mono- or polydispersed, or of 
cylindrical channels with constant or variable sec
tions and various branching characteristics. All 
these voids represent the pores which are as
sumed to be embedded into a homogeneous ma
trix representing the solid backbone of the gel. It 
can be seen that the characteristic texture of the 
solid phase itself is completely lost in this second 
type of models.

Considering the structure at the ‘meso-scale’ 
(fig. 2), it seems appropriate to test the models of 
random close packing (RCP) of equal hard 
spheres. The degree to which the meso-structure 
of the gel could be fitted to such a model would 
provide a description of the aggregate and a 
quantitative evaluation of its departure from an 
‘ideal’ packing taken as a standard.

RADIAL DISTANCE L/D

Fig. 3. Dependence of the coordination number in a RCP 
structure on the definition of the closeness of contact. (After 

ref. [12].)
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2. RCP models

The random close-packed hard sphere models 
studied by Bernal and Mason [8] and Scott [9] on 
material ball collections and then by Finney and 
co-worker [10,11] using computing algorithms 
have shown that the packing fraction, C = (volume 
spheres)/(total volume), is somewhat variable: in 
‘loose packing’ 0.58 < C < 0.61, while in ‘close 
packing’ 0.62 < C < 0.64. The average coordina
tion number, CN, which may be obtained from 
the coordinates of the centers of the spheres was 
shown to depend on the definition of the close
ness of the contact. For a packing fraction of 
C ~ 0.64, the following CN are found for spheres 
of diameter, D, according to the center-to-center 
distance, L, adopted:

L = D, CN = 6-7 (real contact),
D <L<1.05D CN = 7-8.5 j

__ ) (near contact),
D < L < 1.10D CN = 7.7-9.3) 

f2D<L CN= 9.0-13.4
(geometric contact)

Figure 3 shows the dependence of CN on the 
L/D value, obtained from theoretical computa
tions [12].

The coordination number which obviously de
pends on the degree of compactness of the pack
ing will vary when random voids (holes) are intro
duced into the packing. Bernal and King [13] 
have examined the effect of progressively intro
ducing random voids into an RCP system. Figure 
4 shows the initial radial distribution function 
(RDF) computed for an RCP assembly of hard 
spheres before and after introducing 35% of 
holes. It can be seen that passing from C = 0.64 
to C = 0.40 flattens out the RDF, the main fea
tures of which are, however, conserved.

A much greater effect is observed for the 
corresponding coordination distribution functions 
(fig. 5). For the contact defined by L/D = 1.1, 
the coordination numbers are more spread out 
and CN decreases from 9 to 6 after 35% hole 
introduction.

For soft-sphere assemblies, the coordination 
number also depends on the degree of interpene-

Fig. 4. Radial distribution function for a RCP assembly of 
hard spheres. Solid line: initial distribution; dashed line: after 

introducing 35% of holes. (After ref. [13].)

Fig. 5. Distribution of coordinations in a RCP of hard spheres 
before (solid line) and after (dashed line) introducing 35% of 

holes. (After ref. [13].)

Fig. 6. Variation of the number, Z, of contacts for RCP of soft 
spheres when the center-to-center distance, r', is reduced. 

(After ref. [14].)
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Fig. 7. Interstice distribution function, p(k\ for (a) Bernal and Finney RCP and (b) Scott’s ‘loose’ RCP. k = r/R, where r is the 
radius of the largest incribed sphere and R the particle radius. (After ref. [11].)

Fig. 8. Estimation of the pore dimension by a sequence of 
incribed spheres of variable radius, r, in an assembly of 

spheres of fixed radius, R.

tration allowed. Figure 6 shows the theoretically 
computed [14] variation of the number of con
tacts, Z (for L /D — 1). When the center-to-center 
distance, r', is reduced by s = ¿Sr'/r', Z is seen 
to increase from Z ~ 6 to about 9 for g = 0.10.

It is thus evident that even if an RDF could be 
deduced from a scattering experiment, it would 
be rather insensitive to texture modifications and 
that CN represents a better quantification index 
although it is very affected by the definition of 
the closeness of the contact.
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Position of the tetrahedral (T) and octahedral (O) sites are indicated by arrows. (After ref. [11].)
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3. Use of interstice distribution functions

The usual way of characterizing porosity by 
adsorption measurements utilizes the second type 
of models, based on cavities. Therefore, to test 
the degree of applicability of an RCP model, a 
link is needed between the ‘particle space’ and 
‘pore space’ data. Unfortunately, very few pore
size distributions are available at present for 
models of disordered structures.

One possible approach is provided by the cal
culations of Frost [15] and Finney and Wallace 
[11] who determined the distribution of the largest 
sphere radii inscribed in the interstices of several 
RCP models previously studied by Bernal and 
Mason [8] and Scott [9], Figures 7(a) and (b) show 
these distributions, p(k), plotted as a function of 
the reduced variable k = r/R, where r is the 
radius of the largest inscribed sphere and R the 
particle radius of the spheres constituting the 
RCP. In these distributions, the pores range from 
k = 0.33 which corresponds to the hole between 
four tangent spheres to k = 1, i.e., no holes supe
rior in size to the spheres constituting the distri
bution are present. Scott’s ‘loose’ model is slightly 
less dense and the km corresponding to the maxi
mum is slightly larger than in the Bernal and 
Finney model.

The p(K) functions provide a quantitative way 
of evaluating pore-size distribution [16], This does 
not imply that the shape of the pores must neces
sarily be spherical. The inscribed larger spheres 
constitute rather a local gauge of the channels 
which are formed from a succession of interstitial 
sites and which may be linked by constrained 
necks (fig. 8).

Finney and Wallace have shown [11] that when, 
instead of hard-sphere hypothesis, a soft-sphere 
approximation using Lennard-Jones potential is 
used, the p(k) functions are strikingly modified 
and show bimodal distribution with maxima cor
responding respectively to tetrahedral sites (T) 
for k = 0.225 and octahedral sites (O) for k0 = 
0.414 (figs. 9(a),(b)). Further, distance correlation 
between pairs T-T or 0-0 seem to indicate 
preferential formation of channels which corre
spond to the actual pore structure.

To permit comparison with the experimental

adsorption data which are expressed as dF/dr 
vs. logr distributions, interstitial surface distribu
tion functions ^(k) = k2p(k) were computed and

Fig. 10. Fits of distributions of mesopores (mp) to
experimental pore size distribution of SiO2 gel samples deter
mined by Vasconcelos [17,18], (a) dried at 180°, (b) sintered at 

1000°C and (c) at 1100°C. Mp: macropores; |ip: micropores.
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the fitting was facilitated by the use of logr scale. 
Given the maximum of the function de
duced from Frost distribution occurring at km = 
0.3 and that of Scott’s distribution at km = 0.43, 
the fit of to experimental data allows the 
particle size of a (mono-disperse) system to be 
calculated from the position of the maximum of 
the pore-size distribution. A satisfactory fit of the 
mesopore fraction further enables the extent of 
the macro- and micropore fractions to be delim
ited and quantitatively estimated.

Figures 10(a)-(c) show an example of such fits 
to experimental data of Vasconcelos [17,18] on a 
dense SiO2 xerogel sample obtained by acid 
catalysis (HNO3) of tetramethyl orthosilicate 
(TMOS) and deionized water. (The molar ratio 
was |H2O | : |TMOS | = 16.) After aging, the 
samples were dried at 180°C in teflon containers 
and then sintered at 1000°C and 1100°C range. 
Figure 10(a) shows that, discarding the macrop
ores, i[>(k) Frost distribution matches the meso
pore distribution quite well between 0.8 and 3.0 
nm. It also permits a clear and unambiguous 
separation of microporosity in the 0.5-0.9 nm 
range.

The initial structure of this gel can thus be 
represented by an RCP distribution of hard 
spheres, the radius of the constituent particles 
obtained from the position of the maxima being 
Rr = 9/0.3 = 3.0 nm. This RCP structure con
tains macropores and the presence of microp
orosity indicates that the constituent particles are 
in fact aggregates and are in turn composed of 
smaller elementary particles of maximum radius 
Ro = 7?1/3 ~ 1 nm, if the simplest one-shell ag-

Fig. 11. Schematic two-dimensional representation of the 
structure of the sample corresponding to fig. 10(a).

gregate is assumed. Figure 11 shows a schematic 
view of the texture.

To test the model further, the total pore vol
ume, Kt, can be broken down into VM, Vm and V 
volumes, respectively, attributable to macro- 
meso- and micropores and the local densities, pt, 
of this hierarchical distribution calculated from 
the relations:

----------= + Kl = KT ’
Pa Ps

--- = Kn+^
P2 Ps

-~- = ^ =KT-KM-Rm,
Pl Ps

where pa is the macroscopic density and ps the 
(maximum) density of the elementary particle of 

Temperature Observation level

Table 1
Calculated parameters of the structure relative to figs. 10(a)—(c)

(°C) Elementary 
particle

Spherical 
aggregate

RCP meso-system Macroscopic 
sample

MÂ) Ps (g cm 3) Pj(A) Pi (gem 3) Ci = Pi/ps Pi (g cm 3) ^2 — Pl/ Pl pa(g cm“3)

180 10 2.2 30 2.01 0.91 1.18 0.59 1.10
1000 10 2.2 30 2.12 0.96 1.58 0.74 1.32
1100 10 2.2 30 2.16 0.98 1.87 0.86 1.87
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radius, Ro. In this model, p; represents the den
sity of the spherical aggregates of radius and 
p2 represent the local density of the RCP distri
bution.

The successive packing factors C, = pi/ps and 
C2 = p2/pi give an indication of the degree of 
sintering at these two hierarchical levels. Table 1 
gives the different results computed assuming 
ps = 2.2 g/cm3.

During sintering, the V constantly diminishes 
which results in an increase in the aggregate 
density p} from 2.01 to 2.16. The Cl values 
indicate a highly condensed state. The initial RCP 
arrangement is well confirmed by the packing 
fraction C2 ~ 0.59. This, however, increases to 
0.74-0.84 during sintering which results in a tran
sient increase of the macroporous fraction with 
UM passing through a maximum at 1000°C.

4. Conclusion

Random close packed (RCP) models provide 
an interesting standard for approximating the 
structure of some xerogels at a mesopore level.

The use of interstice distribution functions 
permits a quantitative separation of the mesopore 
fraction from the micro and macropore fractions 
and enables an (average) particle size of the gels 
to be estimated. A possible hierarchical structure 
can also be detected.
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Twofold description of the morphology of colloid aggregates 
and other complex structures
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DF 09340, Mexico

A new statistical theory, formerly used in the fields of porous media and heterogeneous adsorbent surfaces, is applied to 
describe the morphology of products of aggregation and gelation.

1. Introduction

Morphology of products of aggregation during 
the steps of gelling, drying and sintering, plays a 
major role in the physicochemical properties of 
these media. This morphology being complex, 
many approaches (e.g., percolation and fractal 
treatments) have been proposed to assess its prin
cipal characteristics. In this contribution, a differ
ent and complementary statistical approach is 
developed, the usefulness consisting of the de
scription of intricate properties in terms of a 
twofold diagram and a very simple correlation 
function.

The method proposed here has been applied 
in other fields such as: (i) porous media [1], 
capillary condensation and evaporation [2], textu
ral determinations [3], (ii) adsorption potentials 
[4], physical adsorption equilibria and surface dif
fusion [5], and surface characterization [6],

The clearest example of the method proposed 
here could be related to silica aggregates, in 
which particles of about the same size are joined 
together during gel formation. After a degree of 
sintering, there remains a network constituted by 
alternated bulges (sites) and constrictions (bonds) 
which can be described straightforwardly by 
means of the site and bond theory of porous 
media [1],

Many other morphologies, such as those ob
tained in diffusion- or reaction-limited colloid 

aggregation can be treated according to the same 
treatment. Monte Carlo calculations exemplify 
the site and bond approach.

2. Foundations of the twofold description in a 
special case: dense aggregates

In fig. 1 several stages of consolidation of silica 
aggregates are depicted, as visualized by several 
authors [7]. The complex forms involved can be 
decomposed into two types of alternate elements:

w j ////i

A

A
(b) (c)

Fig. 1. Morphologies of silica aggregates visualized at progres
sive stages of consolidation between particles (up) and corre
sponding twofold size distributions for sites and bonds (below), 
(a) Medium of low degree of sintering (b), (c) Progressive 

departure from the initial state. 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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‘sites’ (solid bulges, solid globules or their re
mains) and ‘bonds’ (solid bridges between glob
ules, minima in the cross-section of the solid 
phase). In this sense, the solid network closely 
resembles porous networks described elsewhere 
[1], In fig. 1 there appear also the corresponding 
twofold distributions of sizes of these elements 
for each case.

The usefulness of this type of description of 
silica aggregates extends far beyond the descrip
tion itself. As an example, consider surface diffu
sion across the surface layer of the solid. Diffu
sion takes place in a semi-microscopical view by 
means of two types of alternate situations: rapid 
diffusion on the surface of sites, and slow diffu
sion at bonds. Many other applications of this 
description of silica conglomerates could be re
lated to their strength and other physicochemical 
properties.

We propose that every self-consistent picture 
of such a medium must unavoidably fulfill the 
Construction Principle: “The size of a site, Rs, is 
greater than or at most equal to the size, RB, of 
any of its own delimiting bonds”. The definitions 
of 7?s and RB are somewhat cumbersome, but let 
us propose, for the sake of simplicity, that the 
size of a site can be approximated to the radius of 
an inscribed sphere inside the (deformed) solid 
globule, while the size of a bond is related to the 
radius of the inscribed circle of the minimum 
cross-section defining this bond.

If FS(R) and FB(R) are the normalized size 
distribution functions of R for sites and bonds, 
on a number-of-elements basis, then S(Rl and 
B(R) represent, respectively, the probabilities for 
a site and a bond to have a value of R lower than 
or at most equal to R:

The probability density p(R$ FRb) of finding, 
for a given site and a given one of its bonds, the 
sizes 7?s and RB can be expressed as
p( Rs C' Rr) = Fs( Rs) FB( RB)d)( RRB), (2)

where <t>(Rs, RB) is a correlation function to be 
expressed afterwards.

Figure 1(a) represents a medium of low degree 
of sintering. All sites are considerably larger than 
any of the bonds. In the corresponding twofold 
diagram, the distributions are not overlapping 
yet, which means that any /?s is still greater than 
any RB. The size topology of sites and bonds can 
exhibit a totally random character, since the Con
struction Principle could never be violated in this 
case. Consider a progressive departure from this 
initial state, which is represented from fig. 1(b) to 
fig. 1(c). Capillary forces act during sintering 
smoothing out both the size maxima and minima 
in a way such that the distribution functions for 
sites and bonds progressively display an ever in
creasing dispersion. As the overlap between dis
tributions becomes considerable, many sites have 
R values smaller than those of certain bonds 
(which of course cannot delimit such sites), and in 
order for the Construction Principle to remain 
valid, there arises a size segregation effect. This 
phenomenon is the result of an influence that 
favours the reunion of elements of similar sizes. 
The structure is recorded as depicted in fig. 1(b). 
Finally, when overlap is nearly complete, there 
appear ‘homotattic’ (wherein all sites and bonds 
have the same size) domains as the segregation 
effect becomes the dominant factor (fig. 1(c)).

Thus, only a consideration of the twofold size 
distribution allows a proper assessment of the 
topology of aggregates of particles.

In order to fulfill the Construction Principle, 
two self-consistency laws must be observed. The 
first law concerns a general relationship between 
the overall distributions:

B(Rf>S(R) for every 1?, (3)

since, for a given site distribution, there must 
exist a sufficient proportion of bonds with sizes 
small enough to link such sites.

The second law holds locally in order to avoid 
the existence of an inconsistent pair of values of 
7?s and RB:

f(Rs, RB) = 0 for Rs<Rb. (4)

Conversely, for the correct condition of having 
Rr it can be found, equally as for porous 

media [1], that the most verisimilar form of the
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function </> (i.e., when randomness is increased to 
a maximum while observing the Construction 
Principle) can be written as

<A(^S, *b)

rB(Rs) dB 

•’b(rb> B - S
(5)B(Rb)-S(Rb)

From eq. (2), for a site of a certain size Rs, the 
conditional probability density, p(RB/Rs\ to find 
the size RB for a given one of its bonds is 

p(BB/Rf) = hB(RB)<f>(Rs, RB), (6)

eq. (5) giving the precise form of </>.
The treatment becomes much more interesting 

when another property of these networks, the 
connectivity or number of bonds delimiting a site, 
is considered. By virtue of the application of the 
Construction Principle to structures bearing di
verse values of the connectivity for each one of 
their sites, and if bigger sites possess greater 
connectivity, there arises a connectivity segrega
tion effect such that there form regions of higher 
connectivity and bigger elements, and others of 
low connectivity and small element size. The for
mer regions facilitate surface transport.

Fig. 2. Part of an arboreous structure made up from the 
aggregation of particles: a stem with several branches. SS, 
stem seed; SB stem boundary; BS, branch seed; BB, branch 

boundary.

3. Foundations of the twofold description in a 
special case: arboreous aggregates

Arboreous structures obtained by diffusion
limited aggregation, when particles are endowed 
of Brownian motion before joining together [8], 
can be readily decomposed into chains of n pri
mary aggregated particles, from which other 
chains develop. Successive levels of order can be 
distinguished: starting from a central seed parti
cle, there develop first-order chains, which pos
sess the greatest number of particles, and from 
them there are grafted second-order chains, etc. 
Then, nth order chains are those which develop 
from n - 1th order chains. Now, if this classifica
tion is adopted, higher order chains have always a 
smaller number of particles than their own com
mon lower order chain to which they are at
tached. The position of branching is also very 
important. In dealing with neighbouring-order 

chains, the n - 1th order chain can be termed 
stem while their attached nth chains are branches. 
The stem is unambiguously distinguished from 
any branch because it possesses the greatest num
ber of particles from its seed particle (e.g., central 
seed particle for first-order stems).

In fig. 2 there is depicted a stem giving rise to 
several branches. SS (stem seed) is the origin of 
the stem. BS (branch seed) is the origin of a given 
branch. SB (stem boundary) is the end of the 
stem, while BB (branch boundary) is the end of 
this branch. The total number of particles in the 
stem between SS and SB is ns. The number of 
particles between SS an BS is p. The number of 
particles belonging to the branch is nB. Thus, 
from the very definitions of ‘stem’ and ‘branch’ 
follow the Construction Principle of the entire 
structure: “the number of particles of a branch is 
always lower or at most equal to the number of 
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particles from the branch seed up to the stem 
boundary”:
nB < ns -p for each branch and its seed particle,

(7) 

so that seed particles play the role of sites while 
branches are bonds. Instead of size, here the 
relevant property is the number of aggregated 
particles. This parameter, provided it is suffi
ciently large, may allow the use of a continuous 
formalism, as will be followed here, although the 
discrete treatment is equally possible.

In fig. 3 is shown a twofold distribution of 
first-order stems and their branches (which are 
second-order stems): Fs(n) and FB(n) are the 
corresponding normalized distribution functions. 
Then S(n) and B(n) represent, respectively, the 
probabilities for a stem and a branch to possess a 
number of particles equal to or less than n:

(8)

A very important step of this treatment con
sists in performing a transformation from the 
distribution of ns to the distribution of ns-p, 
which is the quantity directly involved in the 
Construction Principle. A new distribution func

tion, Fn , corresponding to numbers of particles 
between all existing BS and SB of chains arises: * 

fks_i,(n) = [l-5(M)]X, (9)

ns being the mean value of ns.
There exists then another cumulative function 

S„ _n(n) related to this last distribution whose 
definition is similar to S(n). Now the self-con
sistency laws are as follows. The first law can be 
expressed as
B(n) >S„s_p(n) for every n. (10)

The probability density p(ns -p OnB) of finding, 
for a given stem and for a given branch issuing 
from it, the numbers of particles ns -p (between 
BS and SB) and nB for the branch (between BS 
and BB) is expressed as
p(ns-pAnB)

= Fn&-P{n,- p)FR{nB)tf>(ns- p, n*).  (11)

* The number of segments from BS to SB with a given value 
of ns - p is equal to the number of stems that are able to 
allocate them (i.e., having a number of particles between 
ns- p and o°): ;VS[1 - S(ns - p)J, Ns being the total number 
of stems. The total number of available segments including 
all values of ns — p is equal to the total number of particles 
of all stems, Nsn~s.

Fig. 3. Example of a manifold distribution for an arboreous structure. Fs and FB are respectively the ns and nB distribution 
functions. F„s_p is the transformed distribution of number of particles from BS (branch seed) to SB (stem boundary), directly 
involved in the Construction Principle. FB<t> is the conditional probability density to have a branch with n particles bounded to a 

stem with a special value of ns — p particles = n*
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The second law is

4>(ns-p, nB) = 0 f°r«s-P<nB- (12) 
If, for the sake of simplicity in notation, ns - p is 
n*  and S„ is 5*,  then the most verisimilar 
form of the function cb becomes (by analogy to 
eq. (5))

rB(n*)  dB 
B — S*

b) —*̂( wb)

Thus,

p(«b/«*)  «b)- (14)
This last quantity is represented in fig. 3 as a 
function of nB for several values of n*.  It is 
worth pointing out that in this treatment all ele
ments located at the same number of particles up 
to the particle SB of their stem possess the same 
probability density to generate a branch of a 
given size nB, no matter the value ns of their own 
stem.

A size segregation effect arises. This phe
nomenon is evident and consists in that branches 
have more elements as BS is closer to SS, just as 
in pine tree. Also, ‘large’ stems have a tendency 
to be ancestors of ‘large’ branches.

4. Discussion

The description of silica aggregates outlined in 
the first part is in straightforward correspondence 
with the theory of porous media [1]. On the other 
hand the application to arboreous structures rep
resents a new approach.

In fig. 4 we present a result of the application 
of the above theory to simulate arboreous struc
tures by means of a Monte Carlo method. For 
first-order stems, a Gaussian distribution is 
adopted with ns = 600 and a dispersion of 60, 
while for second-order stems (branches arising 
from first-order stems) the distribution is a half
Gaussian with a mean of zero and dispersion of 
80.

The connectivity, or ratio of the number of 
branches to the total number of particles in stems

Fig. 4. Arboreous aggregate of particles obtained from the 
application of a Monte Carlo method. The aggregate shows 
three orders of stems. The darker the line, the lower the 

order of the stem.

that could give rise to them corresponds to 0.02 
in fig. 4.

In the construction of the entire structure, 
which starts from a central seed, stems do not 
complete their own development until the com
pletion of branches they are generating them
selves is attained.

The structure of fig. 4 has three orders of 
stems and is a fractal in the sense that the same 
type of metrics (in this case the convolution prop
erties of the neighbouring-order distributions as 
well as the connectivity) is conserved from one 
change of order to another.

Nothing can be said about the disposition of 
chains on the plane, since our theory is not ac
counting for many facts of the geometry of such 
aggregates. In fig. 4 this location is merely at 
random.

Consideration of successive levels of order in 
stems signify progressive approximations leading 
to represent with an increasing degree of accu
racy many of the properties of arboreous struc
tures, such as mass, external shape, internal mor
phology, density of the solid phase, connectivity, 
etc.
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5. Conclusions

The interest of our description consists in that 
it allows representation of the most verisimilar 
structures, i.e., those in which randomness is 
raised up to a maximum while observing a certain 
construction principle, this last being important 
and evident.

This work was supported and made possible by 
CONICET (Argentina) and CONACyT (Mexico).
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SAXS study of gelation and precipitation 
in titanium-based systems *

* X-ray beams of LURE were used in this work.
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The chemical reactivity of transition metal alkoxides must be controlled in order to obtain sols and gels. In TiO,-based 
systems, this control can be achieved through acid catalysts. H+ ions catalyze the hydrolysis of Ti(OR)4 into TiOH through 
the protonation of the OR groups; however the protonation of TiOH inhibits the nucleophilic attack of Ti by TiOH, hence 
condensation reactions are hindered. A continuous range of final products including stable sols, transparent gels, turbid gels 
and precipitates can be synthesized by varying the ratio H+/Ti used for the hydrolysis reaction. The structures of these 
materials have been investigated through small angle X-ray scattering. The polymers grow as fractal objects; remarkably, the 
fractal dimension, rff, varies continuously according to the ratio H+/Ti. Sols have d( ~ 1.5-2; gels range between df~2 
(transparent) and d{ ~ 2.9 (turbid); precipitates correspond to d, ~ 3.

1. Introduction

Transition metal alkoxides (TMA) are highly 
reactive species [1], Through hydroxylation-con
densation reactions they form oxopolymers which 
grow into an oxide network [2,3]. However, the 
normal course of the reaction for TMA dissolved 
in a solvent leads to precipitation of the poly
mers. Control of the reactivity of TMA is neces
sary in order to obtain sols and gels where the 
polymers remain swollen by the solvent. In tita
nium-based systems, this control may be achieved 
through the addition of complexing agents such 
as p-diketones or carboxylic acids which act as 
termination groups for condensation [4-7]. How
ever, the simplest way to control hydrolysis and 
condensation reactions is to add inorganic acids 
such as HC1 [8]. In this paper, we report a struc
tural study of titanium oxopolymers grown from 
Ti alkoxide with control through acid catalysis.

The precursor is Ti(OBun) which, in absence 

of water, is stable but oligomerized into trimers. 
For sol-gel reactions, the precursors are dis
solved into the related alcohol, n-butanol. Initia
tion is performed through hydroxylation of the 
alkoxide:

Ti-OR + H2O -> Ti-OH + ROH.

As soon as the hydroxy groups are generated, 
condensation occurs as an oxolation reaction:

Ti-OH + Ti-OX -> Ti-O-Ti + XOH
(X = H or alkyl group).

H+ ions catalyze the hydrolysis of Ti(OR)4 into 
TiOH through protonation of the leaving groups; 
however, the protonation of TiOH inhibits the 
nucleophilic attack of Ti by TiOH; hence, con
densation reactions are hindered [4-7].

2. Synthesis of the titanium oxo species

The Ti(OBun)4 (bought from Fluka) was used 
without further purification (however, it was nec
essary to use fresh bottles only, since moisture 

0022-3093/92/505.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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causes the alkoxide to polymerize over time). It 
was diluted in HOBun according to the final 
concentration in the gel. The hydrolyzing solution 
was made by adding HC1 into water, measuring 
the pH, and then diluting to 10 wt% into HOBu11.

The two solutions were then mixed under high 
shear; the mixture was kept at room temperature, 
and protected from moisture. Each sample was 
characterized by the concentration of the precur
sor (Ti), the hydrolysis ratio A = H2O/Ti, and 
the modification ratio m = H+/Ti. In this work, 
h was kept equal to 2, and m was varied between 
0 and 0.3.

3. Phase diagram

The final state of the samples was first as
sessed according to homogeneity, transparency 
and mechanical rigidity. Accordingly, the samples 
were labeled sols, gels, and precipitates. The re
sulting diagram is presented in fig. 1. A major 
finding was that the final state is determined by 
the acid/alkoxide ratio, m, rather than by acid 
concentration.

(i) For 0 < m < 0.005, precipitation always 
occurred; the rate of precipitation depended on 
the alkoxide concentration.

(ii) For m > 0.005, the final products were 
gels; these gels differed according to the value of 
m. Gels made near the precipitation boundary, 
m ~ 0.005, were hard, fragile and turbid. For 
times much longer than the gel time, these sam
ples tended to expel some solvent (syneresis). 
Gels made at higher values of m turned soft, 
plastic and transparent.

(iii) At large modification ratios, gelation did 
not occur within the time span of observation 
(about 1 year). The sol-gel boundary depends on 
time and alkoxide concentration; gel times are 
reported in table 1.

4. Small angle X-ray scattering (SAXS)

The structures of the oxopolymers were inves
tigated through SAXS. Scattered intensities were 
measured according to the scattering vector, Q; 
the complete range of Q was from Q = 0.5 A 
(distance ~ 12 A) to Q = 0.007 A-1 (distance ~

(Ti)
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Fig. 1. Phase diagram for oxopolymers grown from Ti(OBun)4 according to the modification ratio m = H+/Ti and to the 
concentration of Ti.
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o
1000 A). From the data, three parameters were 
extracted [9-11],

(a) At low values of Q, the curvature of the 
scattering curve yields the overall size of isolated 
polymers or the mesh size, of interpenetrated 
polymers.

(b) At intermediate Q values, the rate of de
cay is determined by the dimensionality of the 
structure: rod-like objects give a Q~Y decay; lin
ear polymers in a good solvent yield <2-1'67, and 
bushy selfsimilar structures yield Q dt where the 
fractal dimension, dt, is between 1.67 and 3. 
Dense objects with a smooth surface follow 
Porod’s law with a Q “4 decay.

(c) At high values of Q, the scattering curves 
show a peak corresponding to the repetition of 
statistical units along the polymer chain; the peak 
position yields the distance between statistical 
units, and its height is related to the average 
functionality of a statistical unit.

Figure 2 shows the experimental scattering 
curves for samples at the same alkoxide concen
tration (1.27M) but different values of m. Sam
ples prepared at low values of m give low intensi
ties and weak slopes, indicating that the polymers 
are small and tenuous. Samples prepared at high 
values of m give very large intensities and steep 
slopes, indicating that the polymers are large and 
nearly dense. However, these polymers are not 
quite large enough to give a full power law: for 
dense polymers the range of self-similar behavior 
extends over 1 decade in Q and 2 decades in

1 r
Log(l)

Fig. 2. Scattering curves of samples made at different modifi
cation ratios; from top to bottom: m = 0.007, 0.0104, 0.0183, 
and 0.0251. The full lines are fits to the data according to the 

Fisher-Burford approximation (see the text).

Table 1
Modification ratio, m = H+/Ti, scattering exponent, d{, mesh 
size, f, and gel time, i , for the oxopolymers

H+/Ti rff f (Â) ¿g

0.0317 1.5 30 19 months
0.0251 1.9 30 19 months
0.0183 2.15 40 7 months
0.0161 2.2 100 3 months
0.0123 2.4 100 2 days
0.0104 2.5 100 6-12 h
0.0084 2.75 100 120 min
0.0070 2.9 110 15 min
0.0047 2.95 120 7 min
0.0021 3 > 1000 precipitates

intensity; for the tenuous ones, it is much more 
limited.

Rather than trying to determine an exponent 
from the slope, it is better to fit the entire scatter
ing curve with the Fisher-Burford approximation 
[12]:

7(e)//(0) = [1 + e2R|/(3V2)]<_df/2).

Table 1 presents the values of £ and dt which are 
obtained from the fits. These values show that di 
and f increase together when m decreases. Ac
cordingly, the polymers are tenuous objects at 
high m, in a range where the samples are sols or 
soft transparent gels; they are bushy at intermedi
ate values of m, in samples which are more 
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turbid, and they are dense particles in samples 
which show precipitation.

The values of correlation length, f, are consis
tent with this trend. Indeed, f becomes shorter 
when dt decreases. This is the behavior expected 
of interpenetrated polymers [9-11], Indeed, for a 
given volume fraction, </>, of polymers, the mesh 
size is supposed to scale as

The experimental values of f appear to follow 
this law when df is small, but not when it is large, 
since the size saturates near 120 A. Accordingly, 
the tenuous polymers formed at high modifica
tion ratios, m, are interpenetrated while the dense 
particles formed during precipitation are not.

More information is provided by the rise of a 
peak at high Q in the scattering curves of sam
ples made at low m. This rise indicates that the 
coordination number of a statistical unit becomes 
substantial (i.e., much more than 2). Accordingly, 
the local structure of polymers made at low m 
(near the precipitation boundary) is also dense.

5. Discussion

The central observation is the continuous vari
ation of the scattering exponent, df. At first sight, 
this appears to be consistent with the chemistry 
of hydrolysis and condensation reactions in pres
ence of inorganic acids [8], Indeed increasing the 
acidity will increase the protonation of TiOH 
nucleophiles, which inhibits condensation reac
tions. Thus, for very high H+ concentrations we 
expect the condensation to be nearly completely 
inhibited, so that only oligomers or small poly
mers will be obtained. For intermediate H+ con
centrations, the condensation will be more exten
sive, but it will still be much slower than the 
hydrolysis, and long chain polymers will be ob
tained. Finally at low H+ concentrations (pH is 
still acidic), hydrolysis and condensation are both 
catalyzed and occur simultaneously, yielding 
highly cross-linked polymers or even precipitates.

This simple explanation is inadequate. A varia
tion in the overall kinetics of condensation reac
tions cannot explain how monomers become 

linked differently when the modification ratio is 
changed. A better approach would be to assume 
that H+ ions act as poisons which permanently 
trap some growth sites and depress the function
ality of monomers. Still, this approach does not 
explain why precipitates are obtained in absence 
of H+, or at low modification ratios. Since precip
itation is a general outcome for the condensation 
reactions of TMA, it is very important to under
stand how it comes about.

In order to describe dense growth, it is impor
tant to remark that oxolation reactions are irre
versible under sol-gel chemistry conditions. 
Hence, models for the growth of the polymers 
must describe irreversible sticking monomers to 
form either dense clusters (at low modification 
ratios) or bushy polymers (at high modification 
ratios). This crossover is reminiscent of the dis
tinction between particle-cluster aggregation 
models, which may produce dense structures with 
d( = 3, and cluster-cluster models, which yield 
fractal structures with df = 2.1.

Thus, the observed variation in polymer struc
tures may be caused by a change in reaction 
mechanism. Dense growth and precipitation may 
result from capture of monomers by polymers. 
Fractal growth and gelation may result from re
combination of equally large polymers. For such a 
crossover to be possible, it is necessary to have 
differences in reactivity between free monomers 
and monomers bound in polymers. Indeed, we 
have shown that, when free monomers and chain 
ends are the most reactive species, the system 
evolves through recombination of polymers; yet 
when bound monomers are the most reactive 
species, a few large polymers grow first, and 
subsequently, these polymers densify through 
capture of unused monomers [13],

6. Conclusions

H+ ions change the hierarchy of reactivities 
between free monomers, chain ends and 
monomers which have already reacted more than 
one function. At high H+ concentrations, free 
monomers and chain ends must be the most 
reactive species, and then all polymers will re
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combine into bushy structures. At low H+ con
centrations, the bound monomers may be more 
reactive, and this will lead to runaway growth of a 
few large polymers which will densify though 
capture of monomers.
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Ultrastructural aspects of sonogels
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The ultrastructure of silica sonogel is discussed from data obtained by wide angle X-ray scattering (WAXS) and magic 
angle spinning nuclear magnetic resonance (MAS-NMR). WAXS data are very useful for measuring the skeletal density at 
the scale of angstroms since the Fourier transform of the interference function of the scattered radiation implicitly involves 
this parameter. This is evaluated maximizing the entropy of the system to obtain an atomic radial distribution function 
compatible with the experimental data and, in particular, with the solid backbone density which, in the case of silica, is 2.09 
g/cm3. The results indicate that aerogels from sonogels are formed by very uniform aggregates exhibiting two levels in a 
hierarchical structure of near spherical-shaped particles.

1. Introduction

Sonogels [1], which are prepared without sol
vent in the presence of an acid catalyst, present 
peculiar ultrastructural properties caused both by 
the absence of a solvent as well as the nature of 
the preparation method. Thus, unlike the gels 
prepared by the classic method, alkoxide and 
water react in the vapour phase [2] inside the 
numerous bubbles produced by cavitation provok
ing the formation of many ‘microgel particles’ 
which aggregate later. This mechanism gives rise 
to a highly uniform pore size distribution struc
ture which specially conforms to the Zarzycki’s 
model hypothesis [3,4] which shows that its struc
ture abides by a Scott’s loose model [5].

The initial purpose of preparing sonogels was 
to have denser starting structures that could be 
easily densified into solid glass [6], However, the 
sintering from aerogels requires a careful treat
ment to eliminate the organic residues and water. 
They are proving very promising in composite 
technology, where dense precursor gels or/and a 
short gelation time are required and they are 
being successfully employed to prepare homoge
neously distributed composites with low-shrin
kage matrices [7], corrosion resistant coatings [8] 
and extremely fine and uniform dispersions with 

photochromic and non-linear optical properties 
[9].

This paper presents the results of an ultra- 
structural study with combines local probes (29Si 
magic angle spinning nuclear magnetic resonance 
(MAS-NMR) spectroscopy and wide angle X-ray 
scattering (WAXS)), with textural determinations 
(N2 adsortion) of different aerogels. Radial distri
bution function (RDF) analysis serves as a con
nection between the study of material texture and 
the solid phase structure through the calculation 
of the skeletal density.

2. Experimental

The aerogels were prepared from TEOS in the 
way described in ref. [6]. From now on, [Sn] is 
used to designate a sonogel prepared with n mol 
water per 1 mol TEOS. [Cn] designates the corre
sponding classic gel, obtained with a dilution of 3 
mol EtOH/mol TEOS.

For WAXS measurements, aerogels were 
ground to fine powders (< 40 p.m) and com
pacted into bricks by pressure. Intensities were 
measured on a D500 Siemens diffractometer 
equipped with conventional Bragg-Brentano ge
ometry and DACO-MO automatic step scanning.

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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Both Cu and Mo Ka anodes (À = 1.542 A and 
0.711 A, respectively) were used in order to cover 
a wider interval of scattering vector modulus, 
s = (47T/A) sin0, as well as to reduce the prob
lems of absorption correction with samples with
out ‘infinite thickness’.

Four series of monochromatized radiation data 
were collected in step size 2A0 = 0.5°, by means 
of a scintillation counter, in the intervals 0.45 
A-1 <s < 6.70 A-1 with Cu and 6.70 À-1 <s < 
14.50 A~ 1 with Mo anode. The number of counts 
was never less than 2000. Mean values of those 
measured in each observation were assigned to 
that position. Data were normalized into elec
tronic units by the high angle method [10], and 
then the Compton scattering was substracted.

29Si solid state spectra were recorded at room 
temperature on a Bruker MSL400 spectrometer 
at the frequency of 79.5 MHz. Spinning rates 
were between 1 and 4 kHz. The chemical shift is 
referenced to TMS.

Specific surfaces were obtained by Brunauer- 
Emmett-Teller (BET) analysis using nitrogen ad
sorption.

3. Skeletal density calculation from WAXS data

Backbone densities were calculated by the 
maximum entropy method (MEM) [11] which 
gives the RDF of an arrangement of atoms as the 
one corresponding to the atomic distribution 
compatible with diffraction data and density at 
the scale of the X-ray wavelength.

The entropy, S, of a structure with spherical 
symmetry composed by N scattering centres dis
tributed over M spherical shells of radius ry and 
Ar thick is

j=M

S = CN In A - C 4irr2 Arp(ry) lnp(ry),
7 = 1

where C is a constant and p(rj) is the radial 
density of scattering centres in the /-shell.

The experimental constraints set up a system 
of (L + 1) equations:

j = M j=M

E 4irr?p(ry) = E 4rrr72p0
7=1 7=1 

s(/-')

Fig. 1. Interference function theoretically extended. From 0 to smin are linearly extrapolated, (a) [C4], (b) [S4], (c) v-SiO2. The more 
discontinous structure of [C4] is evident from the increase of intensities at low s.
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for the macroscopic density, besides the L equa
tions

,r , sin(r s7)
E irr?[p(ry) — p0]----- j—Ar = i(s7),
y=i rtAi
1=1,2,...,L,

which correspond to the Fourier inversion of the 
L values of the structure factor,

where xj and /, are, respectively, the atomic 
fraction and amplitude of the zth element. Ieu 
are the intensities in electronic units after correc
tions. The problem may be satisfactorily solved by 
means of Lagrange multipliers leading to the 
result
p(r;) =exp[-l -p,0-M/ sinc(r7i7)],

where the p0, p-7,... are the unknowns to be 
evaluated. In this case, the highly non-linear sys

tem is solved numerically by means of an algo
rithm based on the Newton method [12], with the 
initial values p.0= — 1 —In p0 and p.^0, for 
I = 1, 2,..., L. Thus, this procedure allows for a 
reliable estimate of the materials’ real micro
scopic density to be obtained as the p0 = -1 - In 
p0 Lagrange multiplier is an adjustable parameter 
of the problem.

4. Results

4.1. X-ray scattering

The interference functions (fig. 1) of gels show 
less intense and broader maxima than v-SiO2; 
also, their positions are shifted toward higher s 
values. Other features are the absence of a char
acteristic vitreous silica shoulder between 2.2 and 
2.7 A"1 [13] and a significant drastic increase in 
depth of the minimum located at 6 A in the gel 
pattern.

Fig. 2. RDFs from the substitution in eq. (1) of the calculated densities. Table 1 gives the main structural parameters, (a) [C4], (b) 
[S4], (c) v-SiO2, Si-O non-bridging bonds (standard distance 1.54 A [15]) cause a slight shift in the adjacent bridging Si-O bond 

distances and tetahedra network distortion as it is reflected in the flattening of the second maxima.
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Fig. 3. rG(r). (d) [S4], (b) [C4], (c) silica doped with a 10% molar of titania (sono-), (a) (classic), (e) vitreous silica. This function 
represents the difference between the RDF and an uniform distribution of local density, p0, each peak corresponding to a 
coordination sphere. Those obtained for and silica gels doped with a 10 mol% of titania in similar experiments have been included 

for comparison. Beyond r ~ 11 A, the short-range order is sharply lost in S samples and more gradually in C samples.

The RDF is calculated as

4trr2p(r) = 4rrr2p0 + rG(r), (1)
where p0 and p(r) represent, respectively, the 
mean and local atomic densities. G(r) stands for 
the Fourier transform of the interference func
tion,

G(z-) = i sin(sr) ds.
Jo

To avoid the spurious oscillation due to the cut
off, data were extended up to smax = 40 A-1 by 
the method proposed by D’Anjou and Sanz [14],

The area beneath the first RDF (fig. 2) maxi
mum is related to the average number of atoms 
in the first coordination sphere by [10]

A = 7? 7x2 ^^-v,Z,Z,zz;,. (2)
(Ex,Z,)

Z, is the z-element atomic number. zz,7 are the 
averaged numbers of y-typc atoms in the first 
coordination sphere of an z'-type atom which are 
calculated from formulated hypothesis. The first 

peak position indicates the most probable dis
tance at which an atom can be found from an 
arbitrary atom taken as reference (table 1).

The reduced RDFs (fig. 3) show that a corre
spondence between gels and v-SiO2 homologous 
peaks can be discerned up to r around 11-12 A. 
Beyond this distance the short-range order is 
sharply lost in S samples and more gradually in 
the sample C.

4.2. NMR

The components (fig. 4) are easily identifiable 
as Q2-type at about 89 ppm, Q3-type at -100

Table 1
Structural parameters deduced from the RDF analysis

Area 
(atom)

1st peak 
position (A)

2nd peak 
position (A)

Si-O-Si average 
bond angle </> (°)

Silica 2.99 1.61 3.10 148.6
C4 2.87 1.64 3.08 139.8
S4 2.97 1.64 3.10 141.9
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Table 2
NMR analysis and specific surface areas

8Q2 
(ppm)

8Q3 
(ppm)

8Q4 
(ppm)

Q2:Q3:Q4 nOH /«Si 4 
(°)

S
(m2/g)

S2 -89.3 -100.1 -109.3 12:27:61 0.51 145.4 640
S6 -88.4 -99.2 -109.1 15:35:50 0.60 145.0 777
S10 -90.0 -99.8 -108.8 10:28:62 0.48 144.6 380
S14 -88.3 -99.5 -109.3 7:27:66 0.41 130.1 -
C2 -90.0 -99.7 -108.3 6:40:54 0.52 143.9 700
C6 -88.6 -100.1 -111.5 10:35:55 0.55 149.1 693

ppm and Q4-type at -109 ppm (table 2), where 
the subscripts are the number of bridging oxygens 
surrounding the central silicon nucleus. For lack 
of a *H- 29Si double irradiation which corrobo
rates it, it is supposed that there is Si(OSi)2(OH)2 
or Si(OSi)3(OH) since they are located at —90.6 
and - 99.8 ppm. The more significant shift of the 

peak maxima position can be observed in [C6], 
others are not representative.

4.3. Texture

Small angle X-ray scattering of sonogels show 
one crossover at about = 0.07 A-1 [17]^ that 
correspond to correlation length of r ~ 45 A.

Chemical Shift (ppm)

Chemical Shift (ppm)

Fig. 4. MAS-NMR spectra of gels prepared with different amounts of hydrolysis water, (a) sono, (b) classics. Their more important 
characteristics are given in table 2. According to their estimated Q2: Q3: Q4 ratios, 29Si peak MAS show that the amount of 

hydrolysis water relatively affects the siloxane condensation and degree of crosslinking.



M.C. Barrera-Solano et al. / Ultrastructural aspects of sonogels 199

The specific surfaces measured by nitrogen 
fisisorption are shown in table 2.

On the basis of MEM, values of 63.0 ± 0.5 
atom/nm3 (2.09 g/cm3±0.02) and 66.0 ± 0.5 
atom/nm3 (2.19 ± 0.02 g/cm3) resulted for both 
[C4] and [S4] gels and silica glass microscopic 
density, respectively.

5. Discussion

The lower order of atomic arrangement inside 
the elementary particles with regard to v-SiO2 is 
obvious from the scattered intensity maxima and 
the shift of these maxima toward high s values.

The behaviour of reduced RDF (fig. 3) can be 
interpreted as evidence of the different size dis
tribution of the elementary particles which build 
up the gels: quite monodisperse in sonogel and 
polydisperse in their classical counterparts. At 
this point it is convenient to emphasize that data 
extension is only a tool to avoid meaningless 
oscillations to evaluate the main structural pa
rameters. It does not affect the maximum correla
tion length up to which structural discussion is 
valid, which is determined by smin, nor improve 
the resolution of the experiment.

A first approach to the gel atomic structure is 
to consider it as a silica network with a certain 
number of non-bridging oxygen (NBO). Under 
these conditions, if each atom has its bonds satis
fied, except for an oxygen a fraction 0 < a < 1, 
the values are: nn = 0, n12 = 4, n21 = 2 — a, 
n22 = 0. The first maximum area may be ex
pressed from eq. (2) as
A = 2.99 -0.747a.
According to the calculated values of A and the 
experimental error (±0.1 atoms), this implies, 
taking into account the previously calculated 
skeletal densities, that «oh/^si ([C4]) ~ 0.3 and 
noIi/nSi ([S4]) ~ 0.1. In the same way, from the 
specific surface areas (634 m2/g for [S4] and 745 
m2/g for [C4]), the OH surface coverages, SOH, 
(assuming that the whole of hydroxyls are on the 
gel surface) are SOH ~ 4 and 2 OH/nm2, respec
tively.

Hydroxyls induce elongations of adjacent Si-O 
bonds [15] that slightly affect the short-range 

order and the backbone density. From the shape 
and size of the [S4] first RDF maximum, it can be 
stated that its short-range order, at the scale of 
first neighbours, is very close to v-SiO2. At the 
second-neighbours level, a higher distortion of 
the tetrahedra arrangement caused by the finite 
size of the particles, in which the atoms are 
imbedded, is to be noted; the smaller the parti
cles, the more important the disorder that this 
effect involves, as can be inferred from the flat
tening of the second RDF maximum, probably 
due to an overlapping of Si-O-Si and O-Si-O 
distances in tetrahedra with shared edges.

The Q4 positions correspond to Si-O-Si aver
age angle bonds (</>=—1.69 (3 ppm)-39.3 [16] 
which abide by an imperceptible amount of 
three-membered rings on surface. The average 
number of silanol groups per Si atom, nOH/nsi> 
counting two per Q2 site and one per Q3 site, 
decreases when the sonogel was prepared with a 
water concentration much greater or much less 
than the stochiometric one. The samples pre
pared by the classic method had similar values.

The Q4 and Q3 peak heights are quite similar 
in [Cn] samples but in [Sn] samples Q4 peak 
heights are much greater than Q3’s. However, the 
calculated OH concentrations per silicon atom 
are similar due to the relatively high value of Q3. 
A calculation of the OH surface coverage can be 
made assuming a model of non-contacting spheri
cal particles of 11 A radius (V/S = 0.365 nm). 
For [S2] sample, it is calculated as

OH 6.02 X 1023 Si 2.1g V OH
0.52----------------------------- ------- 7 — = 4.0---- y.

Si 60.084g 1021 nm3 S nm2

In a similar way, for [S6], [S10] and [S14], 
values of 4.6, 3.7 and 3.1 OH/nm2 result, respec
tively, which are not very far from the (111) face 
of p-cristobalite (4.55 OH/nm2). If the BET 
measurements are taken into consideration, then 
the resulting values are 16.7 ([S2]), 12.9 ([S6]), 
26.3 ([S10]), 7.8 ([C2]) and 8.0 ([C6]) (OH/nm2), 
indicating an important number of silanols buried 
into the sonogel structure.

From WAXS and SAXS results, the sonogel 
structure can be described by a random close 
packing (RCP) of elementary particles of r ~ 1.2 
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nm forming clusters of R ~ 4.5 nm average ra
dius. Since their packing fraction c (apparent- 
skeletal density ratio) is 0.38 < c < 0.47 [2] and 
the maximum number of r radius spherical parti
cles that can be packed in a spheroidal cluster of 
average radius R = (4.5/1.2)r = 4r is n = 
0.14(R/r)3 ~ 50 with 12 contacts of each particle 
with other particles (N), in a RCP n, calculated 
as (c/0.74) X 50, is 26 < n < 32. The structure is 
not completely packed and there is an important 
number of mesopores. The small size of the parti
cles also involves microporosity where hydroxyls 
may be trapped.

Considering the Avery-Ramsay relation [17], 
an aggregated coordination number of sonogels 
can be estimated as 

sonogels, a considerable number of OH are buried 
in the microporous structure.

A sonogel can be described by a two level 
hierarchical model formed by clusters of 8 to 11 
near-spherical particles of ~ 1.2 nm radius, ho
mogeneously distributed.
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Crystallization and sintering of zirconia gels prepared by slow and rapid hydrolysis of zirconium propoxide has been 
studied by differential thermal analysis, dilatometry, X-ray diffraction and vibrational spectroscopy. Typical compositions at 
room temperature are ZrO, 75(OH)05-3H2O for the gels and ZrO19(OH)02 0.6H2O for the porous glassy state. Protonic 
species remain in the cubic/tetragonal low-temperature phases. Crystallization temperature and phase transitions depend 
on hydrolysis conditions and GeO2 addition. Well-defined transitions are observed for materials derived from optically clear 
gels or from basic hydrolysis. Sintering takes place only when the monoclinic phase is formed. At least three cycles up to 
1600°C (80°C/h) are necessary to obtain stable microstructure.

1. Introduction

Chemical methods leading to ceramic precur
sors have received considerable attention. Alkox
ide hydrolysis-polycondensation allows prepara
tion of reactive gels with controlled heterogeneity
[1] . Dense ceramics with submicron microstruc
ture can be obtained by low-temperature treat
ment. The nucleation of gels is generally slow and 
coupled with their sintering. We have pointed out 
the influence of hydroxyl groups on sintering and 
crystallization of aluminas and aluminosilicates
[2] . Crystallization and densification of pure and 
doped zirconia gels prepared by slow and rapid 
hydrolysis of zirconium propoxide are discussed 
here. Previous papers have shown that the stabil
ity of the tetragonal phase depends not only on 
dopants [3] but also on the size of transforming 
crystals and on the applied stress [4,5]. Chemi
cally prepared amorphous gels usually crystallize 
with a strong exothermic reaction at about 430°C 
into a metastable tetragonal zirconia gel [6-11] 
which then becomes monoclinic above 650°C [10].

The gel structure is not known and the presence 
of bidentate oxygen linkages has been discussed 
[10,12], Low-temperature sintering mechanisms 
and phase transition shifts have not received much 
attention [13],

2. Experimental

Zirconia gels were prepared by very slow hy
drolysis of zirconium propoxide, Zr(OC3H7)4, in 
hexane (solvent/alkoxide volume ratio:9/1). Air 
moisture diffuses through the plastic cover of the 
bottle [2,7,14] and an optically clear and sound 
yellow gel is obtained in about 1 year. When 
germanium ethoxide is added, the gel becomes 
opaque. Gels were also prepared by rapid hydrol
ysis of zirconium propoxide in iso-propanol. Dif
ferent water/alkoxide volume ratios were used: 
about 10/1 for small excess and 100/1 for large 
excess. Acid solutions (pH ~ 1.5) realized with 
HC1 addition and basic solutions with NH4OH 
and NaOH additions (pH ~ 10 and 12, respec
tively) were used for hydrolysis. A vigorous me
chanical mixing was maintained during pouring of 

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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the water and continued for 1 h. The solution was 
then overturned in a large plate and dried under 
an infra-red bulb. After 2 days, either a cake for 
small excess of water or a fine powder for large 
excess was obtained.

Thermogravimetry (TGA), and differential 
thermal analysis (DTA) were performed using 
Dupont instruments, to 1050 and 1500°C respec
tively. The shrinkage was determined up to 1600°C 
with an Instrument S.A. DI-24 Adamel dilatome
ter adapted for large shrinkage. Raman spectra 
was recorded using an Instrument S.A. Micro
probe (Mole) associated to a Spectra Physics ar
gon ion laser. Diffuse reflection IR spectra were 
determined with a Nicolet interferometer and the 
absorption spectra of Nujol mulls between CsI 
windows with a 983 Perkin-Elmer spectrometer. 
X-ray diffraction diagrams were recorded on a 
Philips PW 1710 diffractometer using Co Kai 
radiation on powders previously ground in the 
amorphous state. The proportion of germanium 
in doped materials was checked under a 200 kV 
Jeol 2000 Fx microscope by EDX analysis.

3. Gel composition

Gels look dry and have to be distinguished 
from gelatinous precipitates in which water is not 
included in the solid network [1], They are amor
phous and, by contrast with usual hydroxides or 
hydrates, their TGA plots do not exhibit marked

Fig. 1. Thermogravimetric curves of zirconia gels prepared 
from zirconium propoxide: (i) by rapid hydrolysis using a large 
excess of water at pH 1.5 (a) and pH 12 (b); (ii) by slow 
hydrolysis (one year) in hexane (c), and (d) with addition of 
germanium ethoxide (10% molar GeO2). Monolithic gel (c) 
has been previously heated at 300°C (heating rate: 5°C/min).

Fig. 2. Infrared spectra recorded at room temperature of: (i) 
gel powder prepared by rapid hydrolysis with large excess of 
water at pH = 12 (a) and pH = 1.5 (b); (ii) ground monolith 
prepared by slow hydrolysis (c) heated at 300°C (d) and 600°C 
(e); (iii) gel powder prepared by rapid hydrolysis with large 
excess of water and heated at 750°C for pH = 12 (f) and 

pH = 1.5 (g).

steps (fig. 1). The weight loss is regular and not 
achieved before at least 800°C. If we consider 
that the whole loss (Alb ~ 30%) arises from wa
ter, we find ~ 3 molecules of water in the gel 
polymeric network, except for gels coming from 
basic hydrolysis with a large excess of water (Alb 
~ 66%).

From 400 to 1100°C, all the samples exhibit a 
weight loss less than 5%. If we assume from this 
temperature that the water removed is mainly 
due to hydroxyl groups linked to the network, we 
can propose the following formulas: ZrO175 
(OH)0 5 • 3H2O for the gel and ZrOx 9(OH)02 for 
the first low-temperature crystallized phase. At 
700°C, the ZrO197(OH)0 06 formula can be sug
gested.

Figure 2 shows spectra recorded at different 
hydrolysis conditions. The doublet at 2825 and 
2920 cm-1 is not due to the sample but to the 
spectrometer. The variation of the intensity of 
vOH pattern (2500-3800 cm ' ) versus Zr-O mas
sif (below 800 cm-1) gives an illustration of the 
evolution of protonic species contents.

The group of bands near 1500 cm-1 exhibits a 
low-frequency part which cannot be assigned to
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H2O bending mode. The 1550 and 1620 cm" 
bands can effectively be due to ‘free’ and 
‘bounded’ water respectively. The bands at 1420 
and 1330 cm-1 (intense for pH > 10 materials) 
may correspond to stretching modes of hy- 
drogenocarbonates which can be formed by the 
reaction: CO2 + OH--» HCO/.

The weak bands at 1740 and 1773 cm-1 ob
served for pH = 12 materials (large excess of wa
ter) heated at 750°C may correspond to C=O 
stretching of bidentate linkages. The origin of the 
unexpected band at 2335 cm-1 can be found in 
trapped CO2 gas inside the remaining closed 
porosity. Such traces may occur from the degra
dation of the hydrogenocarbonates or of the 
bidentate C=O linkages.

In the Zr-O bending region, the formation of 
the monoclinic phase can be checked by the 
increase in the intensity of the 560 and 460 cm-1 
bands and by the shift of the center of gravity of 
the massif from 600 to 750 cm-1.

Fig. 3. DTA in air of ground monolith prepared by slow 
hydrolysis (a), of gel powder prepared by rapid hydrolysis with 
a large excess of water at pH = 12 (b) and pH = 1.5 (c) and of 
15% molar GeO2 doped monolith (d) (heating/cooling rate: 

20°C/min).
4. Crystallization and phase transitions

Figure 3 shows DTA curves of typical gels 
pre-heated at 300°C. The exothermic peak associ
ated with crystallization is coupled to the reduc
tion of the specific area (typically 200 m2/g at 
300°C to 2 m2/g at 600°C [15], The peak temper
ature ranges from 435°C for slow hydrolysis gel to 
625°C for the 15% molar GeO2 materials. It 
varies between 465 (pH = 1.5 and 6) to 480°C 
(pH =12) for rapid and large excess hydrolysis. 
Decreasing the water/alkoxide molar ratio re
sulted in a higher crystallization temperature 
(490°C at pH = 12 to 510°C at pH = 1.5). Small 
endo- or exothermic events are observed during 
heating between 700 and 1000°C and between 
1150 and 1300°C. On second heating, a small 
endothermic peak was observed between 1120 
(slow hydrolysis) to 1195°C (pH = 12 rapid hydro
lysis and large excess of water).

Raman spectra of gels are given in fig. 4. The 
spectrum of amorphous ZrO2 : GeO2 was ob
tained but it was not possible to record spectra of 
pure zirconia in the amorphous state because of 
very intense Rayleigh diffusion and fluorescence. 

Fig. 4. Raman spectra recorded at room temperature of gel 
prepared by rapid hydrolysis with a small excess of water at 
pH = 12 (a) and pH = 1.5 (b), large excess of water at pH = 12 
(c) and 10% molar GeO2 doped monolith (d). The tempera

tures indicate a subsequent thermal treatment (4 h).
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The amorphous ZrO2: GeO2 spectrum exhibits a 
broad band at 450 cm1 indicating a local close
fluorite type structure. For CaO, Gd2O3 or Y2O3 
stabilized zirconia [16-18], the Raman spectra 
exhibit three bands (325, 475, 670 cm-1) for the 
cubic phase and six (160, 285, 335, 475, 610, 640 
cm ') for the tetragonal one. The difference 
between our spectrum and the other three can be 
explained by the fact that the stabilization by 
GeO2 is not associated with vacancies.

From Raman spectroscopy and X-ray diffrac
tion we propose the following sequence:

600/625°C
Amorphous----------> cubic/tetragonal

-»tetragonal.
The tetragonal phase is stable up to beyond 
1300°C. Then GeO2 is lost by evaporation as 
observed by EDX analysis.

The differences as a function of hydrolysis 
conditions can easily be observed by comparison 
of Raman spectra of compounds prepared with a 
large excess of water. At 625°C, pH = 12 materi
als are still tetragonal whereas pH =1.5 samples 
are nearly fully transformed into the monoclinic 
form. From X-ray diffraction, at 450°C we ob
serve a tetragonal phase at pH = 1.5 and 6 and a 
cubic/tetragonal phase at pH = 12 (nearly the 
same diffractogram as for cubic/tetragonal 
ZrO2: GeO2). Further, we have checked the 
presence of a well-defined and pure tetragonal 
phase at 625°C for pH = 12, and that the low- 
temperature tetragonal-to-monoclinic phase 
transformation happens later for the basic hydro
lysis. This transformation takes place at 600- 
700°C for pH =1.5 and 6 and above 800°C for 
pH = 12. With small excess of water the tempera
ture variations versus the pH of hydrolysis for 
phase transitions are not so different.

The endothermic peak near 1230°C, only ob
served at pH = 12 for the first heating cycle, can 
be assigned to the monoclinic-to-tetragonal trans
formation.

Calculations made from the width of diffrac
tion peaks and observations at the electron mi
croscope show a slow grain growth before trans
formation to the monoclinic phase. Then, the 
increase becomes important according to previ
ous investigations [19],

Fig. 5. Linear shrinkage versus temperature of: (i) optically 
clear monolith prepared by slow hydrolysis (a), gel powder 
prepared by rapid hydrolysis with small excess of water at 
pH = 12 (b) and pH = 1.5 (c), of 10% molar GeO2 doped 
monolith (d); (ii) monolith up to 1150°C (e) and up to 1220°C 
(g) and cooled, of a gel powder prepared with a large excess 
of water at pH = 6 previously treated four times at 1600°C (f).

5. Densification

Figure 5 compares dilatometric curves for pure 
and GeO2 containing zirconia gels. All graphs 
exhibit (i) a drastic shrinkage (~ 30%) associated 
with water loss and a specific area decrease up to 
the crystallization point (ii) a plateau to about 
900°C (1400°C for GeO2 doped materials) (iii) a 
pronounced shrinkage up to about 1250°C (1500°C 
for ZrO2 : GeO2) (a marked jump is observed 
after the plateau (near 1240°C) for pH = 12 and 
slow hydrolysis materials. This event is in relation 
with the DTA peak assigned to the monoclinic- 
to-tetragonal transformation), and (iv) final densi
fication.

On cooling, a contraction occurs for gels if the 
temperature has exceeded 1220°C. This effect is 
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clearly due to the tetragonal-to-monoclinic transi
tion. The average contraction for all gels is ~ 2% 
and its temperature is close to 1020°C for the 
different pH, to 945°C for the slow hydrolysis and 
to 915°C for GeO2 doped zirconia. For slow 
hydrolysis gels, after several cycles of heating and 
cooling, the contraction reaches ~ 3% and the 
hysteresis 1225-1030°C (185°C). That means that 
one heating is not sufficient to reach either a 
reversible reaction and/or a complete monoclinic 
to high-temperature tetragonal phase transition. 
Further, when the temperature of the dilatomet
ric recording reaches 1220°C, both the contrac
tion and the temperature of reverse transition 
decrease (~ 2% and 865°C); when it is lowered to 
1150°C, no transition is observed.

The plateau characterizes both the transition 
between the low-temperature tetragonal phase 
into the monoclinic one and the protonic species 
departure. It is suggested that shrinkage starts 
only when the hydroxyl content is sufficiently low 
(typically ZrO197(OH)006). This indicates that 
real densification occurs only when the mono
clinic phase is formed according to the observed 
grain growth. The monoclinic to high-tempera- 
ture tetragonal phase transition is usually a diffu
sionless transformation. Grain growth and associ
ated densification show that the phenomenon is 
more complex.

Gels prepared by slow or basic hydrolysis ex
hibit curves with marked steps whereas those 
obtained by neutral or acidic hydrolysis shrink 
more regularly. The reasons for this behavior may 
be due to different topologies of inorganic poly
mers, superficial charge and/or trace content.

6. Conclusion

Hydrolysis conditions appear to be parameters 
which modify the sintering of zirconia prepared 
by alkoxide hydrolysis. By contrast with the case 
of alumina and aluminosilicates, where the main 
part of the densification takes place at the same 

time as crystallization and porosity closure, zirco
nia begins to densify only after development of 
the monoclinic phase which corresponds to an 
adequate concentration of hydroxyl groups. The 
absence of a marked DTA event at the first 
monoclinic-to-tetragonal transformation for all 
gels except for basic hydrolysis is surprising.
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Ultrastructural evolution during gelation of TiO2-SiO2 sols
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Small angle X-ray scattering was used to examine in situ formation of mixed TiO2-SiO2 gels. In order to elaborate the 
homogeneous solution, either ultrasonic radiation or alcoholic dilution of the precursors was carried out. The evolution of 
the typical sizes calculated at low and high ¿/-regions were correlated. This lead to an approximate model for the aggregation 
process. The fit of the experimental data to a simple growth law was attempted allowing a kinetic rate constant to be 
estimated. This permits the evaluation of the differences induced in titanium doped silica sono- and classic gels.

1. Introduction

The sol-gel process is frequently applied to 
synthesize ceramics and glasses of a great variety 
of systems. In order to facilitate the control of 
final material properties, an integrated study of 
the different aggregation states from the initial 
colloidal solution is essential. In previous papers 
[1-3], the physico-chemical and structural charac
teristics of sonogels were compared with those of 
standard gels obtained with alcoholic dilution. 
These studies were undertaken after the gel point, 
but a complete investigation of this mechanism 
requires investigation of the ‘sonosol to sonogel’ 
transition.

Analysis of a gelling solution needs an ‘in situ’ 
method such as NMR, vibrational spectroscopy 
or small angle scattering. Small angle X-ray scat
tering (SAXS) was used to probe the structure 
and growth kinetics of the macromolecular net
works of pure and titania-doped silica sono- and 
classic sols before gelation. This technique mea
sures the angular dependence of the intensity 
scattered by a sample with heterogeneities in 
electron density. At low angles, the scattered 
intensity from isolated aggregates can be approxi

mated by Guinier’s law [4]:
I Rg2q2\

I(q) = 7(0) exp|------—J, (1)

where 7(0) is the extrapolated intensity to q = 0, 
Rg is the radius of gyration of the aggregates and 
q = (4-tt/A) sin(0/2) is the modulus of the scat
tering vector; A and 0 are the X-ray wavelength 
and scattering angle, respectively. Analysis of this 
region of the scattering curves and their time 
evolution provides information about the overall 
size and mechanism of cluster growth [5], The 
asymptotic behaviour, for large q, is described by 
Porod’s law (/~ q~4) provided the system has 
sharp interfaces [4], If aggregates are mass frac
tals, the intermediate g-range exhibits a potential 
dependence [6]:
/(q)aq~x, (2)
where x is the fractal dimension D, which can be 
determined from the linear part of a log I versus 
log q plot. A crossover between these two do
mains and the asymptotic (Porod) ¿/-region are 
usually observed. This crossover, located at q = 
qm, defines a parameter, R', corresponding to the 
size of the primary particles which comprise the 
fractal aggregate (R' = l/<?m).

0022-3093/92/Í05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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2. Experimental

2.1. Sample preparation

Gels of the composition xTiO2-(100 — x)SiO2 
were made by mixing solutions of oxides precur
sors tetraethoxysilane (TEOS) and tetrabutyl- 
orthotanate (TBOT). The chemical reactions were 
carried out under acidic conditions with pH[HCl] 
= 1.5. The classic hydrolysis of TEOS is accom
plished by stoichiometric additions of water (4 
mol/mol alkoxide) in an alcoholic (EtOH) envi
ronment, under magnetical stirring, while in the 
sonocatalytic method the solventless TEOS-water 
mixture is subjected to ultrasonic radiation [3],

In both cases, once the solutions were cooled 
to 0°C, appropriate volumes of a titanium precur
sor solution TBOT: AcOH: nBuOH (1:5.5:3.5), 
in which AcH behaves as titanium alkoxide chem
ical modifier, were added under vigorous stirring 
to obtain different compositions. Sono- and clas
sic mixed solutions are labelled as xSm and 
xCm, respectively, x being 0, 1 or 5 (the nominal 
TiO2 molar content) and m corresponds to the 
relative t/tg time where tg is the gelation time.

2.2. Small angle X-ray scattering

Small angle X-ray scattering measurements 
were performed at the small angle scattering sta

tion of the synchrotron radiation laboratory 
LURE, Orsay, France, using a pin-hole colli
mated X-ray beam. A suitable wavelength was 
selected (A = 1.4 A) using a Ge(lll) bent 
monochromator. For the SAXS experiments, the 
solutions were poured into a bronze cell between 
two Mylar windows. The sample thickness, t, was 
chosen to be t = 1/p, p being the linear absorp
tion coefficient, in order to obtain the maximum 
in the scattered intensity [4]. The cell was placed 
in a thermostated block maintained at 60°C dur
ing the aggregation and gelation processes. 
Recording of scattered intensities at fixed inter
vals provides useful information that can be cor
related with the evolution of microstructure. The 
gelation time, t , of the solutions was previously 
measured in similar cells, for each composition in 
the same conditions (table 1).

The scattered X-ray intensities were recorded 
as a function of scattering angle using a one- 
dimension position-sensitive detector. Parasitic 
scattering was measured using a blank sample 
with an empty cell. For samples with a faster 
gelation kinetics (5S, 5C and IS), the spectra 
were obtained continuously with acquisition times 
ranging from 3 to 5 min. For the slower ones, 
data were taken at various intervals, depending 
on the sample, with counting times of 5 min.

Fig. 1. Development of the scattering profiles for sono- and classic 5TiO2-95SiO2 solutions at different stages of polymerization. 
Notice the change of the final slope of the curves at the high ^-region indicated. (Curves have been vertically displaced the same 

relative distance for a more clear visualization.)
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3. Structural features

Figures 1(a) and (b) show representative sets 
of curves obtained at different aggregation times 
for 5% TiO2 sols. The overall behaviour of SAXS 
curves indicates an increase of the g-range show
ing a power-law decay with aggregation. Close to 
the gel point (r/r ~ 1), most of the curve domain 
is consistent with a q power-law. The calculated 
slopes related to internal structure of aggregates 
indicate that the local geometric structure is un
changed during the sol-gel transition [4]. The 
linearity of the log / versus log q plots for a wide 
g-domain is consistent with the behaviour ex

Table 1
Several characteristic parameters measured for both series of 
sono- and classic solutions

X tg (min) D D' R/tg) (À)

OS 390 1.82 - 17
IS 105 1.92 1.73 22
5S 30 1.99 1.88 45

OC 1800 1.73 - 58
1C 300 1.90 - 109
5C 140 1.93 1.75 41

Gelation time at 60°C, dimensionalities calculated from final 
slope of fresh gel scattering curves, those averaged during the 
aggregation process from 7(0) = /(7?g) dependence and gyra
tion radius of fresh gels. 

Fig. 2. Zimm plots for three sonosolutions containing x% TiO2 and for the t/tf values indicated on each right side. (Curves have 
been vertically displaced the same relative distance for a more clear visualization.)
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pected for mass fractal structures. This linearity 
extends to a maximum qm value at which a 
crossover is theoretically expected. This be
haviour is associated with the size, R', of the 
primary particles by R' = l/qm. The experimen
tal curves yield R' ~ 2.5 A.

As aggregation proceeds, clusters become 
much larger than monomers, causing a widening 
of the linear domain of the log-log curves. Thus, 
more precise linear regressions are found from 
the scattering intensity plots corresponding to 
fresh gels of all compositions. The effect of tita
nium on the SiO2 structure produces an increase 
in the exponent x of eq. (2) (table 1) and, conse
quently, in the fractal dimensionality, D. This 
suggests a more compact network occurs with 
increasing TiO2 content. However, comparisons 
between these D-values must be made with care 

because of small differences in the aging time of 
each gel.

Since a saturation of the scattered intensity at 
low q is observed, an analysis of this region on 
the basis of the Guinier approximation (eq. (1)) 
was attempted. However, owing to the limited 
approximation validity (qRg 1), linear regres
sions in the log I{q)- q2 plots are only possible 
at early stages in the reaction and within a nar
row g-range. The variation in the scattered exper
imental intensities at low q was fitted using the 
Zimm approximation which holds for polymeric- 
ball like particles. Better agreement was observed 
with the Zimm equation [7]:

1 1
7(0) (3)

Fig. 3. Variation of the extrapolated intensity, Z(0), with the average radius of gyration, 7?g.
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and 1(0) and 7?g can be evaluated from the wide 
linear regions in fig. 2 for the three sonosolutions.

Logarithmic plots of Z(0) versus Rg values 
provide additional information about solution 
structure. This analysis has been made for sam
ples with a gelation times that permit continuous 
study in situ. Figure 3 data show the evolution of 
7(0), which is proportional to the aggregate mass, 
as a function of their average size parameter, 7?g. 
These log-log plots should display linear be
haviour when the extrapolated SAXS intensity, 
/(0), is related to Rs by [4]

/(0)a7?f. (4)

This equation applied to growing mass fractal 
objects. The slopes of fig. 3 plots indicate the 
presence of slightly branched polymeric clusters 
[8], in agreement with the previous results. The 
dimensionality, D, calculated from the slopes of 
log I versus log q plots for fresh gels are a little 
higher than D' determined from log /(()) versus 
log Rg plots. The last ones (D') are average 
values during cluster growth. So, differences be
tween D and D' indicate that fractal dimension
ality increases during aggregation, suggesting that 
a restructuring process is also acting. Dimension
alities are expected to be higher in processes 
involving restructuring than in those involving 
only pure aggregation [9].

In order to obtain further details of the aggre
gation process, the evolution of the integral in
variant, Qo, was determined. This integral param
eter, when applied to a ‘two-density’ material, is 
related to its structure by [4]

Z
OO

I(q)q2 dg = 2rT2(Ap)2^(l-</>)K, (5) 

where Ap is the difference in electronic density 
between the phases, </> is the volume fraction of 
one of the phases and V is the irradiated volume.

For evaluation of eq. (5), appropriate extrapo
lations for ¿/ -> 0 and q —>co must be done [10], 
For q ->0, the extrapolation is easily accom
plished using Zimm plots. For 0 -> o°, it is as
sumed that, after the crossover found, the SAXS 
intensity for q > ¿/max (¿/max being the maximum 
¿/-value for which the intensity was recorded) 
exhibits a Porod behaviour [4], i.e., /(g)p4 = kp,

Fig. 4. Evolution during gelation time of the gyration radius 
calculated from Zimm plots (open symbols) and the integral 

invariant (filled symbols).

kp being a constant. The contribution of the 
Porod’s region is small for all the experimental 
curves except those corresponding to very short 
reaction time.

The integral invariant, Qo, was calculated from 
the curves measured in a larger ¿/-domain (5c, 5s 
and Is), for which a reasonable extrapolation, 
beyond the experimental ¿/-range is possible. The 
integral values, which are plotted in fig. 4, do not 
vary noticeably during aggregation and, hence, 
the total volume fraction of the scatterers is also 
constant. Gelation of these solutions is concluded 
to occur by a cluster-cluster aggregation process.

The surface/volume ratio of the scatterers can 
be determined as the ratio Kp/Q0, but a particu
lar geometry should be assumed in order to esti
mate their characteristic dimension. In this sense, 
attention must be paid to the fact that there is no 
evolution with time of the V/S ratio. Conse
quently, we can rule out the formation of spheri
cal particles (or voids), the growth of which would 
imply an increase of this parameter as Rg does. It 
seems more appropriate to describe the internal 
structure on the basis of rod-like scatterers which 
lengthen with an essentially constant cross
section.
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4. Kinetic of aggregation

The evolution of the correlation length, Rg, 
calculated at the lower angles, i.e., larger dis
tances, is apparent in fig. 4. It is clear that the 
wide angular domain explored makes accessible 
two characteristic dimensions (7?g and R') of the 
system which allow a more detailed investigation. 
A tentative model of the growing clusters, which 
is consistent with the above structural considera
tions and this behaviour, is represented in fig. 5. 
In such polymeric-like clusters, the cross-dimen
sion, R', of the elementary particles (or voids) 
remains unchanged, at least on gelation, while 
there is aggregation due to their lengthening 
which generate clusters with rising size, Rg. The 
increase in the fractal dimension indicates that 
internal restructuring and, probably, coalescence 
of the filaments occurs, leading to densification 
during aging.

The time evolution of the clusters size can 
usually be described on the basis of a growth law 
[11]:

Rs-(Rg)0 = K(t-t0)a- (0
Log-log plots of the gyration radius versus time 
permit estimation of the kinetic rate constant of 
the process, K, and the constant a. Figure 6 
presents results on systems analyzed which fit this

Fig. 5. Schematic illustration of the model proposed for mixed 
titania-silica gelling systems.

Fig. 6. Fitting of the time dependence of the gyration radius 
before the gel point to a law of growth like log[Rg - 7?g(0)] = 
log K + 1/D log t. Notice the augmentation of the extrapo
lated value (log K) when increasing x and ultrasounds are 

applied.

law. The X-values confirm that both the increase 
of the TiO2 content and the supply of ultrasound 
increases aggregation rate. The constant a is the 
same for all samples. This would indicate that the 
aggregation mechanism does not change with 
composition. In a simple aggregation model we 
expect a = 1/D. The value of D obtained from 
fig. 6 plots (D ~ 1.2) is much slower than that 
obtained using the log-log and 1(0) versus Rg 
plots. Therefore we conclude that the approxima
tion a?=l /D does not apply to the system 
studied.

5. Conclusion

This SAXS study of titania-doped sono- and 
classic silica sols reveals that the local geometric 
structure of aggregates remains unchanged dur
ing gelation. Analysis provides the kinetics of two 
characteristic scatterer length from which a struc
tural model can be inferred. This model is consis
tent with the mass fractal growth behaviour de
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duced from the time evolution of the scattering 
profiles.

The evolution was described on the basis of a 
simple growth law that allows estimation of the 
process rate constant. The values obtained con
firm that both the increase of TiO2 content and 
ultrasound accelerate aggregation.
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Section 5. Growth reactions, densification and crystallization

Chemistry-crystallization relations in molecular mullite gels

Jeffrey C. Huling and Gary L. Messing
Department of Materials Science and Engineering, Pennsylvania State University, University Park, PA 16802, USA

Sol-gel chemistry profoundly affects the crystallization of molecular aluminosilicate gels. Segregation of transition 
alumina-yielding species during gel synthesis results in the epitaxial nucleation of spinel at 980°C. When synthesis conditions 
leading to alumina segregation are avoided, t-mullite crystallizes at 980°C. However, it is shown, for the first time, that these 
gels are phase-separated prior to crystallization by a hydrothermal reaction known as dealumination. When the molecular 
gels are synthesized and heated to avoid this mechanism of phase separation, the gels crystallize directly to o-mullite at 
700°C. This crystallization temperature for o-mullite in aluminosilicate gels is ~ 500°C lower than those previously reported.

1. Introduction

Mullite crystallization in aluminosilicate sol
gels occurs in several distinct temperature 
regimes, depending on the nature of the alumina 
and silica precursors and the process by which 
they are combined [1], The transformations gen
erally match those in kaolin minerals, with the 
lowest crystallization temperature at ~ 980°C. 
The ~ 980°C transformation has attracted con
siderable attention because it can result in 
pseudo-tetragonal mullite (i.e., t-mullite) 
(~ 2A12O3 • SiO2), a poorly-crystalline spinel 
(~ 6A12O2- SiO2 [2]), or a mixture of these two 
phases. Indeed, interest in the origin of the 980°C 
transformation temperature in kaolin minerals 
originally prompted the chemical synthesis of alu
minosilicates. Regardless of phase composition 
after the 980°C. transformation, heating to 
> 1200°C is necessary for crystallization of the 
stable, orthorhombic form of mullite (i.e., o-mul
lite, 3A12O3 • 2SiO2).

Chemical processing routes for mullite are 
commonly classified according to the assumed 
homogeneity of aluminosilicate mixing in the gel. 
Usually, ‘single phase’, ‘polymeric’, or ‘molecu
larly mixed’ gels are derived from aluminum and 
silicon salts or alkoxides, whose co-precipitation 
or co-hydrolysis ostensibly retains the intimate 

nearest-neighbor homogeneity of the aluminum 
and silicon species mixed in solution [2—4]. These 
gels have been used to study phase development 
at ~ 980°C and have the most to offer for eluci
dating precursor chemistry-crystallization rela
tionships. ‘Colloidal’ or ‘diphasic’ gels contain 
alumina and silica precursors that are present as 
discrete entities (10-100 nm) prior to heating 
[4,5], Chemical reactions between the alumina 
and silica precursors are minimal during gelation, 
and at ~ 1250°C o-mullite crystallizes from a 
mixture of transition alumina and amorphous 
silica.

Few definitive relations between sol-gel chem
istry and mullite crystallization are known be
cause uncertainty persists about the structural 
and chemical similarity of single phase gels pre
pared from different solution precursors. Progress 
is hampered by the large differences in the hydro
lysis and condensation rates of dissolved alu
minum and silicon species [6-8]. In effect, the 
early clay mineral precursors of low and variable 
purity, but having a common ultrastructure, were 
replaced in investigations by gels of high purity 
but having uncharacterizable and variable ultra
structures. The problem is further complicated by 
the inability to directly quantify the alumina-silica 
homogeneity of gels, so the mechanisms of crys
tallization in aluminosilicate gels cannot be firmly 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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established. To date, only the following generali
ties are known about chemistry-crystallization re
lations in molecular aluminosilicate gels:

(1) ‘homogeneous’ alumina-silica mixing pro
motes crystallization of t-mullite at ~ 980°C;

(2) alumina-silica homogeneity insufficient for 
~ 980°C t-mullite crystallization leads to ~ 980°C 
formation of spinel.

Hybrid gels permit more direct control over 
gel structure than possible in single phase gels by 
combining separately processed gels [9-11], The 
effects of local changes in alumina-silica homo
geneity on crystallization can then be determined, 
both by introducing known amounts of colloidal 
precursors into a solution-derived gel (or vice 
versa) and by in situ control of aluminosilicate 
reactions during heating.

1.1. Hybrid gels

Hybrid gels, composed of a minor fraction of a 
molecular gel dispersed in a colloidal gel, were 
originally reported for in situ homoépitaxial nu
cleation of mullite [9]. Upon heating, mullite crys
tallites form in situ at 980°C and serve as nucle
ation sites for the higher temperature crystalliza
tion of the colloidal gel. The sintered mullite 
grain sizes of the hybrid gels were reduced com
pared with the colloidal (unseeded) gel, as a 
result of the induced increase in nucleation num
ber frequency. Additionally, the shorter diffusion 
distances to grain boundaries associated with the 
smaller grains allowed intragranular porosity, 
characteristic of colloidal gel-derived mullite, to 
be readily eliminated.

An implicit assumption in the mechanism of 
hybrid gel crystallization is that the molecular 
and colloidal gel components crystallize indepen
dently except for the epitaxial nucleation of mul
lite. However, the extensive interfacial area be
tween the gel components - not a consideration 
in the behavior of either gel separately - signifi
cantly influences the hybrid gel crystallization. At 
~ 980°C, the molecular gel in the hybrid system 
does not crystallize to t-mullite seeds, but to a 
mixture of spinel and amorphous silica [10,11]. 
The preferred crystallization of spinel, rather than 
t-mullite, was traced to its epitaxial nucleation on 

the isostructural 7-Al2O3, a constituent resulting 
from the y-AlOOH in the colloidal gel. So while 
the molecular gel was originally intended to pro
vide mullite seed crystals and epitaxially nucleate 
mullite crystallization in the colloidal gel matrix, 
the molecular gel’s own crystallization to spinel 
was induced by the matrix.

Promoting the intrinsic, direct formation of 
mullite in the molecular gel component of the 
hybrid therefore required isolating it to some 
extent from the colloidal gel matrix. This was 
accomplished by clustering the molecular gel units 
with excess amorphous silica to increase their size 
prior to incorporation into the hybrid. By reduc
ing the interfacial area between the colloidal gel 
and molecular gel in this manner (type II hybrids), 
significantly less molecular gel was needed to 
reduce the grain size and to lower the crystalliza
tion peak temperature to those observed when 
the colloidal gel is seeded with solid mullite parti
cles [10].

The significance of the ~ 980°C phase devel
opment change in the molecular gel component 
of the hybrid gels extends beyond seeding of the 
~ 1250°C o-mullite crystallization. Much has been 
written about t-mullite vs. spinel formation at 
~ 980°C in kaolinite and aluminosilicate gels, but 
the important parameters have always been as
sumed to be the overall alumina-silica homo
geneity or the extent of Al-O-Si bonding in the 
gel. However, the ability of as little as a few 
percent of boehmite-derived y-Al2O3 in the 
molecular gel to alter phase development shows 
that spinel nucleation is the controlling factor 
[11], Mullite crystallization is precluded by that of 
spinel when the nucleation density of the spinel is 
increased. The spinel is, in effect, seeded by 
y-Al2O3 that locally crystallizes when alumina- 
silica segregation is present, even when most of 
the alumina and silica in the gel is mixed on a 
scale that would otherwise allow t-mullite growth 
at ~980°C.

It is reasonable to propose that nanometer
scale alumina-rich regions in any ‘molecularly 
mixed’ gel results in spinel formation. Because 
the enhancement of spinel nucleation associated 
with even a few percent segregated alumina is 
sufficient for spinel to dominate crystallization at 
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~ 980°C, direct t-mullite formation requires 
nearly complete molecular-scale uniformity. In 
light of such a stringent requirement, the inability 
of most sol-gel processes in the literature to yield 
substantial amounts of t-mullite at ~ 980°C is 
readily explained by the difficulty of achieving 
and/or maintaining chemical homogeneity and 
the use of process conditions favoring alumina 
segregation.

The favored formation of spinel in most syn
theses can be interpreted in terms of those reac
tions and experimental conditions that lead to 
segregation of alumina and silica in alkoxide-de
rived gels [1,2,8]. The most commonly discussed 
factors involve the concentration, pH and rate of 
introduction of the water required for hydrolysis. 
Slowing the hydrolysis of the more reactive alu
minum species, such as by adding acidic water in 
dilute water-in-alcohol solutions or, at the ex
treme, by allowing reaction with atmospheric hu
midity [8] over a period of several months, pro
motes simultaneous (rather than consecutive) in
corporation of aluminum and silicon into the gel. 
This, in turn, impedes formation of the alumina
rich spinel nuclei upon heating and allows t-mul- 
lite to crystallize at ~ 980°C. By contrast, there 
are numerous reports of synthesis processes in 
which the hydrolysis of aluminum is accelerated 
by adding undiluted neutral or even basic water. 
By promoting the formation of aluminum hydrox
ides (i.e., spinel nuclei precursors), it is inevitable 
that spinel first crystallizes when the precursor is 
heated to 980°C. As a consequence of the recog
nized effect of ‘7-alumina’ on spinel formation, it 
is now possible to predict the crystallization path 
at 980°C on the basis of the precursor chemistry.

The complete prevention of alumina-silica 
segregation is especially problematic in dual 
alkoxide systems simply because water for hydrol
ysis must be added as a separate precursor. For 
example, even dropwise addition of water creates 
instantaneous, locally high water concentrations. 
Replacing the aluminum alkoxide with a hydrated 
aluminum salt such as aluminum nitrate nonahy
drate (A1(NO3)3 • 9H2O) homogeneously dis
tributes water from the outset in a loosely bound 
form that restricts its reaction. Although addi
tional water, basic conditions or insufficient time 

for cohydrolysis will still result in heterogeneity 
sufficient for spinel nucleation, t-mullite forma
tion at ~ 980°C has been achieved more readily 
from the aluminum nitrate nonahydrate-TEOS 
system [2-4,9] than from any combination of alu
minum and silicon alkoxides.

The above discussion focussed on how the 
crystallization path can be directed by changes in 
nucleation frequencies (of spinel at ~ 980°C and 
o-mullite at ~ 1250°C). Interestingly, there has 
been virtually no effort to consider the origin of 
the consistency of the 980°C crystallization tem
perature or to question why o-mullite does not 
crystallize directly from the aluminosilicate gel. 
Indeed, these observations suggest that crystal
lization at 980°C is not simply a matter of nucle
ation and growth limitations but is controlled by 
other factors.

Recent observations in our laboratory indicate 
that when alumina-silica homogeneity is maxi
mized during gel processing, then the 980°C t- 
mullite crystallization is limited by phase separa
tion in the gel. Recognizing this, experiments 
involving gel drying, aging and heat treatment 
have been carried out to understand the mecha
nism and origin of phase separation. When phase 
separation is suppressed, the gel precursor trans
forms directly to o-mullite at 700°C. Below we 
discuss our preliminary experiments and interpre
tations concerning the direct transformation of 
aluminosilicate gels to o-mullite.

2. Experimental procedure

Mullite crystallization at temperatures up to 
~ 980°C was investigated in two aluminosilicate 
gels whose processing methods differ only by an 
aging treatment. These gels were both derived 
from the same aluminum nitrate nonahydrate- 
TEOS molecular sol used in our earlier hybrid 
gel study [9], The ‘fresh’ gel was prepared by 
rapid, dropwise drying of the molecular sol in a 
beaker heated to ~ 120°C. Foam-like gel pieces 
were then easily crushed to powder with a high 
purity alumina mortar and pestle.

The ‘aged’ gel was prepared from the fresh gel 
by spreading the fresh gel powder in a several 
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millimeter thick layer in a partially covered 90 
mm diameter container. The container was placed 
above deionized water in a covered beaker heated 
to ~ 80°C. After 6-8 h, water begins to infiltrate 
the fresh gel layer, presumably by capillary con
densation. After 10-12 h, the gel layer is translu
cent and rubbery or leathery in texture. Water 
continues to be adsorbed by the gel until a clear, 
low viscosity sol is obtained after 36-48 h with a 
total weight gain of ~ 150%. The ‘aged’ gel was 
obtained by spreading the clear sol on glass plates 
and drying at 80°C to obtain gel flakes up to 
several millimeters in diameter and several mi
crometers in thickness.

Heating of the gels was divided into calcina
tion and crystallization steps. The gel was placed 
as a small mound, ~ 0.125 g, in a platinum foil 
pan and heated at 20°C/min to the calcination 
temperature and held for 1.5-15 min. The pan 
and gel were then rapidly inserted into the tube 
furnace held at the crystallization temperature. 
Temperatures during both steps were monitored 
using chromel-alumel thermocouples located ~ 2 
cm from the gel. TEM samples were prepared by 
ion milling aged gel flakes mounted on copper 
grids.

3. Results

3.1. Phase separation and t-mullite crystallization

The differential thermal analysis of the fresh 
gel shows that crystallization occurs during a sin
gle, sharp and extremely intense exotherm at 
~ 980°C. XRD of the fresh gel heated to just 
above the 980°C exotherm reveals nearly com
plete crystallization to t-mullite. The formation of 
this metastable, alumina-rich mullite agrees with 
the results of all previous studies in which t-mul- 
lite has crystallized at ~ 980°C from gels, clay 
minerals and rapidly quenched glasses [12-15].

The microstructure of the fresh gel is shown in 
TEM micrographs in fig. 1. After heating at 
20°C/min to 900°C and holding for 2 h, the fresh 
gel remains amorphous but displays an intercon
nected two-phase morphology characteristic of a 
phase separated material. The microstructure 
shown in fig. 1(a) is identical to those observed by 
Jantzen et al. [16] and attributed to phase separa
tion in rapidly-quenched aluminosilicate glasses. 
Comparison with the microstructures of other 
amorphous aluminosilicate gels, however, is not 
possible because their microstructural develop

Fig. 1. TEM micrographs of fresh molecular gel heated to (a) 900°C for 2 h and (b) 1000°C for 2 h.
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ment during heating has not been characterized 
by TEM.

After heating at 20°C/min to 1000°C and 
holding for 2 h, the fresh gel is predominantly 
crystalline, consisting of t-mullite that has con
sumed the alumina-rich amorphous phase (fig. 
1(b)). The silica-rich phase remains amorphous 
and is enveloped by the metastable t-mullite. The 
mullite grains have impinged throughout the gel, 
although only two isolated grains can be seen in 
dark contrast in fig. 1(b). An identical ‘rosette’ 
grain morphology was observed by MacDowell 
and Beall [17] in rapidly quenched glasses re
heated for mullite crystallization, thus supporting 
the proposal that the microstructure observed at 
900°C is in fact a result of phase separation 
rather than, say, microporosity.

It is well established that ~ 980°C t-mullite 
crystallization is directly related to phase separa
tion in rapidly-quenched aluminosilicate glasses 
[17,18], Indeed, phase separation occurs in even 
the most rapidly-quenched aluminosilicate 
glasses, indicating an exceptionally high driving 
force for unmixing and/or significant atomic mo
bility below the consolute temperature of the 
miscibility gap. By contrast, the fundamental rela
tionship between phase separation and ~ 980°C 

mullite crystallization has not been addressed 
with respect to aluminosilicate gels. Although 
quenched aluminosilicate glasses are always phase 
separated at room temperature, it should be pos
sible to use the sol-gel transition to chemically 
build a multicomponent network at low tempera
tures that remains homogeneous prior to heating.

3.2. Direct crystallization of o-mullite

The differential thermal analysis of the aged 
gel is shown in fig. 2 for a heating rate of 
10°C/min. There is a prominent exotherm at 
~ 980°C, although its intensity is diminished from 
that observed for the crystallization of the fresh 
gel. More importantly, a broad and weak 
exotherm also appears at 847°C. X-ray diffraction 
of samples heated to just below and just above 
the 847°C exotherm demonstrates that it corre
sponds to crystallization of ~ 10 wt% o-mullite as 
indicated by the distinct (120)—(210) XRD reflec
tions in the X-ray diffraction patterns. Because 
orthorhombic mullite typically forms only above 
~ 1200°C, the true reduction in o-mullite crystal
lization temperature is > 350°C.

A common practice for accentuating weak 
exotherms due to nucleation and growth con-

Fig. 2. Differential thermal analysis of aged molecular gel (10°C/min).
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Fig. 3. Differential thermal analysis of aged molecular gel showing lower exothermic peak temperature with increasing heating rate.

trolled transformations is to increase the heating 
rate at which the DTA is performed. By increas
ing the heating rate, the transformation peak 
height increases in magnitude and shifts to higher 
temperature. Increasing the heating rate of the 
aged gel, however, shifts the initial exotherm to 
lower temperatures (fig. 3). Further, while the 
intensity of the initial exotherm is increased at 
the higher heating rates, the intensity of the 
~ 980°C exotherm is decreased. Thus, the change 
in heating rate not only changes the depiction of 
the crystallization reaction by DTA, but, more 
significantly, it also changes the fundamental na
ture of the reaction.

The reduction in the mullite formation tem
perature from the ~ 980°C exotherm with in
creasing heating rate suggests that heating the 
aged gel isothermally may maximize crystalliza
tion kinetics. When the aged gel is rapidly trans
ferred to and from the furnace, the degree of 
o-mullite crystallization increases steadily from 
~ 10 wt% at 700°C to ~ 95 wt% at 780°C (fig. 4).

The results in fig. 4 are for 5 min holds follow
ing rapid heating. Kinetic experiments demon
strate that o-mullite crystallization stops in less 
than 1 min, however, and no further crystalliza

tion occurs until the ~ 980°C exotherm is 
reached. The aged gel therefore crystallizes much 
more readily at the outset than it does after only 
a very short time at temperature. This behavior 
indicates a time-dependent change in the nature 
of the alumina and silica in the aged gel which is 
consistent with a competition between crystalliza-

SUB-980°C MULLITE CRYSTALLIZATION:
Isothermal heat treatment - 5 minutes
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H o
3 0.6
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Fig. 4. O-mullite crystallization in aged molecular gels as a
function of isothermal heat treatment temperature (time = 5 

min). 
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tion of stoichiometric o-mullite at ~ 700°C and 
phase separation which leads to crystallization of 
alumina-rich pseudo-tetragonal mullite at 
~ 980°C. Rapid heating alone is insufficient to 
prevent phase separation, as isothermal heat 
treatment of the fresh gel results in only a trace 
of o-mullite at 780°C. Instead, there must be 
some aspect of the gel’s aging process that slows 
phase separation relative to crystallization.

4. Discussion

The kinetics of phase separation and crystal
lization in silicate glasses are greatly accelerated 
by increases in water or hydroxyl content [19-22]. 
(Note that phase separation and crystallization 
are avoided in gel-derived vs. melt-derived glasses 
by lowering the temperature of heat treatment, 
not by lowering the concentration of chemisorbed 
water.) It is, however, the interaction of this water 
with the gels during calcination or rapid heating, 
rather than the amount present that is the impor
tant variable. The chemisorbed water may be 
released by condensation reactions that help to 
establish Al-O-Si bonds, or it may attack and 
hydrolyze existing Al-O-Si bonds as it diffuses 
from the gel:
OH1 OH11 
Si

1 
+ Al

/|\ / \
Al + H2O,

(1)

OHi OH11
Si + Al .

/|\ / \

The local partial pressure of water vapor de
termines the relative extent of the above reac
tions. Low partial pressures of water vapor favor 
condensation (reaction 1). This is expected in the 
aged gels, whose high surface area of ~ 100 
m2/g and/or large, open pores allow water vapor 
to diffuse readily. Maintenance and/or formation 
of Al-O-Si bonds promotes o-mullite formation 
below ~ 980°C. By contrast, high partial pres

sures of water vapor at the gel surface during 
heating favor hydrolysis (reaction 2). In zeolites, 
phase separation of aluminum species by water 
corresponds to the well known phenomenon 
called dealumination [23,24], In the fresh gels, 
low surface areas of ~ 3 m2/g and/or closed or 
narrow pores obstruct the release of water from 
the gel and promote hydroxyl attack of the Al- 
O-Si bonds. The net result of hydrolyis is phase 
separation and the formation of only pseudo-te
tragonal, alumina-rich mullite at ~ 980°C.

In typical glass-ceramic systems, phase separa
tion is induced by additives and heat treatments 
to increase nucleation densities. Interface created 
by phase separation contains high energy sites 
preferentially ‘consumed’ by nucleation, or one of 
the unmixed phases has a composition more 
closely matching that of a crystalline phase than 
the original homogeneous material. In gels or 
glasses of 3A12O3 • 2SiO2 composition, however, 
phase separation would not promote crystalliza
tion of stoichiometric o-mullite. The localized 
compositional changes involved in phase separa
tion ultimately preclude formation of stoichiomet
ric mullite in favor of a metastable alumina-rich 
form. Under most conditions, however, phase 
separation proceeds more rapidly than crystalliza
tion to reduce the high excess free energy of the 
homogeneous amorphous system. Nucleation and 
growth of stoichiometric o-mullite must be con
trolled by suppressing phase separation, leading 
to a phase separation-crystallization relationship 
that is effectively reversed from that in a typical 
glass-ceramic system.

Gels must be calcined to remove volatiles prior 
to crystallization. Since molecular mobility and 
rearrangement are inherent aspects of this heat 
treatment, it is an opportunity for phase separa
tion if diffusion is not limited to volatile species. 
When the aged gel is calcined for 15 min at 
520°C, there is nearly full crystallization of o-mul- 
lite at 780°C. For a calcination temperature of 
600°C, however, there is no low-temperature o- 
mullite crystallization and t-mullite crystallizes at 
~ 980°C. The lower o-mullite yields that follow 
higher calcination temperatures or longer calci
nation times reflect increasing phase separation 
prior to the crystallization heat treatment.
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Fig. 5. TEM micrograph of aged gel calcined at 550°C for 1.5 
min and 780°C for 5 min.

phase separation arising from water vapor in
duced hydrolysis of Al-O-Si bonds. Thus, gel 
systems that were originally claimed to be single 
phase [4], are in reality diphasic. By suppressing 
this mechanism of de-homogenization, it was 
demonstrated that a true molecular gel can di
rectly crystallize to o-mullite at temperatures as 
low as 700°C, which is 500°C lower than observed 
for ‘molecular’ gels that first crystallize to either 
spinel or t-mullite.

The authors gratefully acknowledge funding 
from the Industrial Co-op Program of the Center 
for Advanced Materials and the Division of Ma
terials Research of the National Science Founda
tion.

In addition to changes in the aged gel’s low- 
temperature o-mullite yield with calcination, sub
stantial control is possible over the mullite mi
crostructure. The microstructure of the aged gel 
after calcination for 1.5 min at 550°C and rapid 
heating to 780°C is shown in fig. 5. Although the 
sample is not dense, its ~ 15 nm grain size is the 
finest grain size yet shown for fully crystalline 
o-mullite. This results from both an extremely 
high nucleation density and the absence of coars
ening as a result of the extremely low crystalliza
tion temperature.

5. Summary

Crystallization of spinel in molecular alumi
nosilicate gels occurs as a result of initial sol-gel 
chemistry conditions in which preferential hydrol
ysis or condensation of aluminum precursors leads 
to formation of -y-AlOOH, and hence y-Al2O3 
during heating. This 7-Al2O3 serves as an epitac
tic substrate for spinel crystallization. Molecular 
aluminosilicate gels prepared to avoid chemical 
segregation crystallize to t-mullite at 980°C rather 
than o-mullite. The crystallization of alumina-rich 
t-mullite rather than stoichiometric o-mullite in 
homogeneous molecular gels is attributed to
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Structure tailoring of alkoxide silica
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This study examines the influence of pH in the starting sol on the structure of alkoxide derived silica. The relative rates of 
hydrolysis and condensation of the alkoxide were altered by pH which yielded materials with different microstructure, 
stability and sintering behavior. Structural evolution of alkoxide silica during densification was followed in situ by 
photoacoustic Fourier-transform infrared spectroscopy (PAS). The acid-catalyzed silica gels contained a larger amount of 
adsorbed water and alcohol than the base-catalyzed gels/precipitates. Hydrogen-bonded surface species in acid-catalyzed 
gels were removed easily, allowing this material to be densified at 800°C. Although base-catalyzed gels had less hydrogen- 
bonded silanol groups in the green state, it consisted of free silanol groups which maintained a high gel surface area and 
indicated little sintering below 1000°C.

1. Introduction

The synthesis of silica ceramics and glasses by 
the sol-gel technique has wide potential applica
tions [1-10], Silica gels may be produced either 
from colloidal dispersions, or by hydrolysis and 
polymerization of silicon alkoxides.

In the alkoxide route [11-18], the sol is cat
alyzed with an acid catalyst and/or a base cata
lyst. Gelation occurs irreversibly through the fol
lowing chemical reactions [6,19,20]:

nSi-OR + H,O ^nSi-OH + ROH, (1)

=Si-OH+ HO-Si= =Si-O-Si= + H2O, (2) 

=Si-OH + RO-Si= -> =Si-O-Si= + ROH, (3) 

where R is an alkyl group (e.g., C2H5 and CH3).
Various factors affect the molecular structure 

and the extent of reaction, including the composi
tion of the sol (water: alkoxide ratio and 
alcohol: alkoxide ratio), the catalyst (and pH) used 
in the reaction, and temperature and time of 
reaction [21-24]. The focus of this report is on 
the effect of catalyst. Our objective is to gain a 
better understanding of how pH of the starting 
sol affects subsequent processing, by relating the 
molecular structural development of the gels to 
their microstructural development. Detailed 

structural and energetics studies of other process
ing factors are presented elsewhere [18,25],

2. Experimental

Silicon alkoxide derived sols were produced by 
mixing 4 mol water and 1 mol tetraethoxysilane 
(TEOS). Four samples were prepared with the 
same sol composition but different catalysts at 
50°C. Sample 1 was acid-catalyzed with 0.400 g of 
concentrated HC1 (12M). A clear sol of pH = 2.05 
was obtained which gelled within 36 h. A two-step 
catalyzed gel, sample 2, was produced by adding 
0.400 g of concentrated HC1 (12M) to the starting 
sol. After a one-phase solution was obtained upon 
stirring for 60 min at 50°C, 27.0 g of 0.1N NH4OH 
was added drop by drop to bring the sol pH from 
2.05 to 2.62. The clear sol gelled in 16 h, more 
quickly than sample 1 sol. Gelation in sample 3 
was catalyzed by the addition of 27.0 g of 0.1N 
NH4OH, resulting in a sol with pH = 7.73. The 
resulting sol was translucent and gelation oc
curred after 4 days. A stronger base of 0.500 g of 
concentrated NH4OH (28% NH3) was used to 
precipitate sample 4 from a sol of pH ~ 12.

Sols were poured into cylindrical polyethylene 
tubes to be gelled. After gelation occurred, gels 

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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were dried at room conditions in the loosely 
capped tubes. This was done to allow removal of 
volatiles at room temperature to take place slowly 
so as to prevent cracking of the gels. Greenbodies 
of samples 1-4 were obtained after 1 month of 
drying. They were heated in oxygen to remove 
residual water and organics, and for densifica- 
tion.

Thermal gravimetric analysis (TGA) was per
formed between 30 and 1000°C at 10°C/min in 
flowing oxygen on Perkin-Elmer System 4. A 
Setaram DSC 111G twin microcalorimeter ana
lyzed greenbodies between 30 and 800°C in flow
ing air at a scan rate of 5°C/min.

Molecular structure of alkoxide silica gels was 
examined by photoacoustic Fourier-transform in
frared spectroscopy (PAS). The home-made pho
toacoustic cell [26] provides for in situ sample 
degassing and heat treatments. PAS spectra were 
collected for the mid-infrared range of 450-4000 
cm-1 [18]. X-ray diffraction patterns were ob
tained with a Scintag Pad V Diffractometer for 
2° < 26 < 98° at a scan rate of l°/min. Single
point BET surface area of heat-treated samples 

were obtained with Quantachrome’s Quantasorb 
Analyzer.

3. Results

The TGA curves are shown in fig. 1. Weight 
loss in all samples occurred rapidly in the first 
two stages of drying. The first stage (30-200°C) 
was attributed to removal of adsorbed and ab
sorbed water. The second stage of weight loss 
(200-600°C) was associated with organic burnout. 
After the first two stages of substantial mass 
decrease, a much more gradual loss in weight was 
observed with removal of residual hydroxyl 
groups. Samples 1 and 2 had similar TGA curves. 
They had a total weight loss (~ 14%) greater 
than samples 3 and 4. TGA results of the latter 
were alike, involving an overall loss in weight of 
7.7%.

Figure 2 illustrates the DSC curves in air. The 
endotherm centered at 100°C was due to evapo
ration of adsorbed/absorbed water. This peak 
corresponded to the first stage of weight loss in
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Fig. 2. DSC curves of (a) sample 1, (b) sample 2, (c) sample 3 and (d) sample 4.

TGA. The endotherms for samples 1 and 2 were 
similar and larger than those for samples 3 and 4. 
At higher temperatures, samples 1 and 2 had a 
large two-step exotherm centered at 300 and 
410°C due to combustion of organic species. 
However, the heat releases in sample 2 were

smaller than sample 1. Sample 3 gave rise to a 
minor exotherm at 275°C and a large exotherm at 
430°C. The latter exotherm has a shoulder tailing 
to 600°C. Sample 4 had a minor exotherm at 
257°C and a broad exotherm at 490°C. Its main 
exotherm was smaller than that of sample 3, and

Table 1
Assignment of bands in photoacoustic spectra of samples 1-4

Wavenumber
(cm-1)

Observed in sample Assignment Ref.

1 2 3 4

470 X X X X O-Si-O bending [27]
800 X X X X symmetric Si-O-Si stretching [25]
960-1280 X X X X antisymmetric Si-O-Si stretching [27]
970 X X X X Si-OC2H5 stretching [28]

1490 X X X X C-H deformation vibration [29]
1620 X X X X bending of molecular H2O [30]
1640 X X X X SiO2 overtone [30]
1870 X X X X SiO2 overtone [30]
1960 X X X X SiO2 overtone [30]
2860 X X X X C-H stretching [29]
3200-3450 X X X X H-bonded OH vibration of alcohol [29]
3400-3500 X X X X H-bonded H2O [31]
3540 X X X X H-bonded -SiOH stretching [31]
3750 X X free surface -SiOH stretching [31]
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Fig. 3. (a) Photoacoustic spectra of sample 1 through various heat treatments.

it occurred at a higher temperature with a low- 
temperature shoulder. This broad exotherm ex
tends between 300 and 600°C.

The assignments of the infrared absorption 
peaks are summarized in table 1. The greenbody 
of sample 1 (fig. 3(a)) showed an O-Si-O bend
ing mode at 470 cm-1, and a symmetric Si-O-Si 
stretching at 760-880 cm"1. The feature at 970 
cm"1 was due to Si-ethoxide stretching. The 
strong phonon band centered at 1090 and 1180 
cm"1 was from antisymmetric Si-O-Si siloxane 
stretching. Deformation vibration and stretching 
of C-H gave rise to the features at 1490 and 2860 
cm“1, respectively. The absorption at 1620 cm"1 
came from bending of molecular H2O. SiO2 

overtones were found at 1640, 1870 and 1960 
cm"1. Hydrogen bonding between adsorbed 
species and surface species resulted in broad 
bands for the OH stretching features ranging 
from 3200 to 3550 cm"1. The alcoholic hydroxyl 
groups ranged from 3200 to 3450 cm"1. This 
range overlapped with molecularly adsorbed wa
ter which had strong adsorption features between 
3400 and 3500 cm"1. The silica surface is termi
nated primarily with silanol (Si-OH) groups. Free 
silanol groups (those not hydrogen-bonded to ad
sorbed water or with neighboring silanols on the 
surface) give a sharp OH absorption feature at 
3750 cm“1. Hydrogen bonding weakens the OH 
bond and shifts the feature due to the surface
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silanols to 3540 cm-1. In sample 1, only hydro
gen-bonded * silanol groups were found. The 
sharp peak due to free silanol groups was not 
detected in the greenbody.

* Hydrogen-bonded species referred to adsorbed and surface 
species which were bonded to another through hydrogen 
bonding.

As the greenbody was heated to 200°C, Si- 
ethoxide groups were removed and siloxane back
bone was consolidated. With the removal of wa
ter at this temperature, the water bending mode 
at 1620 cm-1 was diminished and the OH 
stretching at 3400 cm-1 was also reduced. There 
was also evidence for removal of adsorbed 

ethanol, the C-H stretching feature at 2860 cm-1 
was reduced and the C-H bending feature at 
1490 cm-1 was also diminished. Upon heating to 
500°C, PAS spectrum indicated less organic 
residue for the gel. The residual C-H features 
above 500°C were due to both remaining ethoxy 
groups and adsorption from the atmosphere dur
ing sample transfer from furnace to PAS cell. A 
relatively pure silica glass with little hydrogen- 
bonded species was obtained at 800°C. The pho
toacoustic signal in the Si-O-Si phonon band 
became weaker due to densification of the gel 
network. When pores collapsed during sintering, 
signal from interstitial gas expansion was de
creased [32]. Thus, the microstructural changes of
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Fig. 3. (c) Photoacoustic spectra of sample 3 through various heat treatments.

the gel were reflected in the silica PAS phonon 
band. As the material was heated to 1000°C, 
almost all impurities were eliminated.

The greenbody PAS spectrum of sample 2 (see 
fig. 3(b)) was almost identical to that of sample 1, 
except that the former had less Si-ethoxide 
stretching at 970 cm-1. Heating to 200°C dimin
ished the H-bonded broad band and the molecu
lar H2O bending mode. C-H deformation vibra
tion disappeared, and C-H stretching was less for 
sample 2 than sample 1. With the removal of 
alkoxy groups at 200°C, the Si-O-Si phonon band 
and overtone became more intense, and greater 
consolidation of the silica backbone was detected 
in sample 2 than sample 1. Further heat treat
ment removed more hydrogen-bonded species. 

Above 500°C, the spectrum of sample 2 was simi
lar to that of sample 1, except that the former 
showed more silanol groups. Like sample 1, sam
ple 2 was densified at 800°C.

Sample 3 greenbody (fig. 3(c)) had less ad
sorbed water and organic impurities than samples 
1 and 2. Some unreacted silicon alkoxy groups 
were present in sample 3. A sharp absorption at 
3750 cm-1 not found in samples 1 and 2 indi
cated the presence of free -SiOH species in 
sample 3. The phonon band at 960-1280 cm-1 
was much sharper and more intense in sample 3 
than in samples 1 and 2.

As sample 3 was heated to 200°C, hydrogen- 
bonded species diminished while free silanol 
groups emerged. C-H stretching and deforma-
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Fig. 3. (d) Photoacoustic spectra of sample 4 through various heat treatments.

tion vibration decreased with the removal of or
ganic residue. OH bending mode disappeared 
with the departure of adsorbed water. Si-ethoxide 
stretching decreased, while siloxane phonon band 
became more intense. Heating to 500°C removed 
more hydrogen-bonded groups. There were fewer 
unreacted silicon alkoxy groups, and the Si-etho- 
xide peak appeared as a shoulder on the growing 
phonon band. Upon heat treatment to 800°C, 
alkoxy groups were finally eliminated. Some hy
drogen-bonded species were removed while the 
free silanol species remained unchanged. Unlike 
samples 1 and 2, sample 3 showed no signs of 
sintering at 800 or 1000°C.

Sample 4 greenbody (fig. 3(d)) had more hy
drogen-bonded species than sample 3, but less 

than samples 1 and 2. It had an even more 
intense phonon band with less unreacted silicon 
alkoxy groups than sample 3. Heating to 200°C 
removed some hydrogen-bonded impurities and 
decreased the OH bending mode. C-H stretching 
decreased and C-H deformation vibration be
came undetectable. Little unreacted silicon alkoxy 
groups were left in the gel, and the silica phonon 
band and overtone were intensified. Heating to 
500°C left sample 4 with fewer hydrogen-bonded 
species than sample 3, and no more alkoxy groups. 
At 800°C, hydrogen-bonded impurities were fur
ther reduced, while surface silanol groups ap
peared as a sharp peak at 3750 cm“1. Sample 4 
had fewer hydrogen-bonded and free silanol 
groups than sample 3 at this temperature. When
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Table 2
BET surface area of samples 1-4 (m2/g)

Heating 
temper
ature
(°C)

Sample 1 Sample 2 Sample 3 Sample 4

200 517.0 ±2.2 657.4 ±9.6 318.1 ±8.8 190.5 ±2.0
500 110.3 ±3.8 327.6 ±5.0 305.6 ±4.8 156.5 ±8.6
800 0.4 ±0.1 0.4 ±0.1 211.6± 1.7 117.5 ±0.3

1000 0.4 ±0.1 0.3 ±0.1 150.8 ±4.4 67.1 ±0.2

heated to 1000°C, some hydrogen-bonded and 
free silanol groups were removed, but the sample 
did not densify.

The surface area results are summarized in 
table 2. Samples 1 and 2 heated to 200°C in O2 
had surface areas of (517.0 ± 2.2) and (657.4 ± 
9.6) m2/g, respectively. However, the high sur
face areas decreased rapidly with heating such 
that samples 1 and 2 lost essentially all surface 
area by 800°C. After heating to 800°C, the bulk 
densities of the cylindrical samples 1 and 2 were 
found through volume and mass measurements to 
be (2.10 ± 0.05) g/cm3. Helium pycnometry ex
periments (Micromeritics Multivolume Pycnome
ter 1305) also indicated that skeletal (true) densi
ties of samples 1 and 2 were (2.16 ± 0.02) g/cm3 
and (2.18 ±0.02) g/cm3, respectively. When the 
two samples were heated from 800 to 1200°C, 
their bulk and skeletal densities were increased 
slightly to the theoretical density of fused silica 
glass (2.20 g/cm3). These physical characteriza
tions confirmed the PAS findings that significant 
elimination of porosity (>95%) has occurred at 
800°C.

Base-catalyzed samples, especially sample 4, 
had smaller surface areas than samples 1 and 2 at 
200°C. However, their surface areas were re
duced very slowly with heat treatment. At 1000°C, 
there were still (150.8 ± 4.4) and (67.1 ± 0.2) m2/g 
left in samples 3 and 4, respectively, indicating 
that sintering had not taken place.

X-ray powder diffraction patterns of samples 
1-4 indicated that all samples remained amor
phous at 1000°C.

4. Discussion

In this study, parameters other than catalyst 
(including water: alkoxide ratio, alcohol: alkoxide 
ratio, and temperature of reaction) were carefully 
held as constants for all four samples. This en
abled us to determine the catalyst’s unique con
tribution to the changes in the rate and the extent 
of hydrolysis reaction in eq. (1). Hydrolysis occurs 
by electrophilic substitution in the presence of an 
acid catalyst, and by nucleophilic substitution with 
a base catalyst [12]. Under acidic conditions, the 
first hydrolysis causes subsequent hydrolysis of 
the same unit to be more difficult. As a result, 
linear chain growth is favored relative to branch
ing in the gel structure [19]. Consequently, the 
phonon bands for the silica are much different 
from fused silica glass, and less intense than the 
base catalyzed gels. In sample 2, although both 
acid and base catalysts were used, the acid cata
lyst was added to the sol first; therefore, it con
trolled the hydrolysis mechanism. When the base 
catalyst was subsequently added, it mainly cat
alyzed the condensation of the previously hydro
lyzed species. Thus, TEOS was more completely 
reacted in sample 2. The fewer Si-ethoxide groups 
in sample 2 allowed its silica backbone to un
dergo initial consolidation at a lower temperature 
than sample 1. Also, more surface silanol groups 
were present in sample 2 from the reaction of 
base catalyst, giving it a higher surface area.

In the base-catalyzed sols, subsequent hydroly
sis of the same unit is easier. Therefore, samples 
3 and 4 developed into three-dimensional cross
linked network gels or precipitates, with larger 
primary particles and longer range of Si-O-Si 
order. The larger particles were evident in the 
vibration spectra of the silica. The phonon bands 
were stronger and similar to fused silica glass and 
fumed silica particles [25,33,34], Since sample 4 
was catalyzed with a stronger base, its greenbody 
had a more intense phonon band and less unre
acted silicon alkoxy groups than sample 3.

The gel structure for samples 1 and 2 consisted 
of greater pore volume, providing a higher sur
face area for adsorption. Since volatiles were 
trapped in the small pores, samples 1 and 2 still 
had a large amount of hydrogen-bonded species 
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after drying. Volatiles present in the pores also 
permitted less interstitial gas expansion to take 
place, contributing to the weaker photoacoustic 
signal. The adsorbed volatiles were however eas
ily removed by heat treatments to allow signifi
cant pore collapse by a low temperature of 800°C.

The network gel of sample 3 had a smaller 
surface area and pore volume so that less volatiles 
were trapped in it. The emergence and preserva
tion of free silanol groups in this sample illus
trated that densification did not occur below 
1000°C. The bigger pores or channels between 
the larger primary particles made sintering more 
difficult in sample 3 compared with samples 1 
and 2.

The large aggregated particles of sample 4 
precipitated from the high pH sol did not have an 
extensive pore structure like samples 1-3. How
ever, volatiles were adsorbed on the powder sur
face and in the pores between coagulated parti
cles. This accounted for more hydrogen-bonded 
species in sample 4 than sample 3, although the 
latter had a greater surface area. The more open 
nature of a precipitate allowed removal of 
volatiles more readily from sample 4. While much 
hydrogen-bonded species were gone at 800°C, 
free silanol groups emerged and there was little 
sintering under 1000°C.

5. Conclusions

The molecular structure and microstructure of 
alkoxide gels were greatly affected by the cata
lysts used in sol-gel processing. Basic solution 
gave rise to more branching in the silica back
bone, producing a longer persistence of Si-O-Si 
order. The larger primary particles in base-cata
lyzed gels could only be packed loosely to yield 
lower green surface areas. However, free silanol 
species were present in these samples, indicating 
that insignificant densification took place below 
1000°C. Significant surface areas could be main
tained at high temperatures so that thermally 
stable catalytic supports and adsorbents might be 
synthesized from these samples.

The more porous gels obtained from acid 
catalysis trapped larger amounts of hydrogen- 

bonded species in their greenbodies. However, 
the adsorbed species were easily removed to al
low the small pores to collapse. Acid-catalyzed 
gels annealed at 784°C were shown to be as stable 
as fused silica glass [18,35], The low-temperature 
sinterability of these samples suggests that acid- 
catalyzed and two-step catalyzed alkoxide gels 
would be a less expensive alternative to making 
high-purity silica glass.
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The evolution of TEOS to silica gel and glass 
by vibrational spectroscopy
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Fourier-transform infrared and Raman spectroscopies were simultaneously used in order to study the time evolution of 
the acid-catalyzed hydrolysis and condensation of tetraethoxysilane (TEOS) in ethanol, to form silica xerogel. The 
transformation to vitreous silica by gradual densification of the gel was also monitored after different heat treatments. The 
extent of hydrolysis was revealed by the changes in intensity of the IR-active bands of TEOS at 793 cm (Si-O asymmetric 
stretch), 1102 cm 1 (C-O asymmetric stretch), 1168 cm-1 (CH3 rocking) and 1400 cm 1 (CH2 wagging) and also the TEOS 
Raman-active bands corresponding to the strongly polarized Si-O symmetric stretch (656 cm-1) and the depolarized CH3 
rocking (960 cm 1). The intensity of all these bands clearly decreased as the reactions proceeded. Good evidence for the 
formation of ethanol in the initial steps of hydrolysis and for the subsequent predominance of its evaporation was found in 
the occurrence of maximum intensities for its infrared and Raman-active bands due to deformation of CH3 or CH2 groups 
(881 cm-1) and CH2 bending (1275 cm-1), after a period of time. The intensity of these bands later decreased. The gel to 
glass conversion was followed through the disappearance of the infrared peaks at 554 cm-1 (Si-OH rocking) and 940 cm-1 
(Si-OH stretching), together with the intensity increase of the peaks at 800 and 1078 cm-1. The complementary nature of 
the IR and Raman spectroscopies is of great value for a complete understanding of the TEOS to silica glass transformation.

1. Introduction

The preparation of silica glass by a sol-gel 
route, through the hydrolysis and polycondensa
tion of tetraethoxysilane (TEOS), is a chemical 
process of great technological importance [1]. 
However, due to its complexity, the physico
chemical and structural details of the evolution of 
TEOS to silica gel and glass are not yet fully 
understood.

Vibrational spectroscopy has been one of the 
most utilized tools to study the above evolution.

Mulder and Damen [2] used polarized Raman 
spectroscopy in a study of the initial stages of the 
acid-catalyzed hydrolysis and polycondensation of 
TEOS, having identified several of its oligomers. 
There are several vibrational spectroscopy studies 
in the literature concerning silica xerogels pre
pared from TEOS, namely the IR work of Wood 
and Rabinovich [3,4] and Almeida et al. [5], for 
undensified gels, plus the IR and Raman study of 
the gel to glass evolution by Bertoluzza et al. [6], 
the Raman work of Brinker et al. [7] and the IR

work of Yoshino et al. [8], for the early stages of 
the gel to glass conversion. In ref. [6], a detailed 
assignment was made of all the vibrational modes 
involved. Most of the existing vibrational work, 
however, followed only narrow steps of the TEOS 
to gel and glass conversion or it employed either 
IR or Raman spectroscopy, but not both methods 
simultaneously.

In the present work, a more complete study 
has been attempted, including a detailed account 
of the TEOS to silica gel evolution, using a com
bination of FTIR and polarized Raman spectro
scopies. Particular insight has been obtained into 
the rate of TEOS consumption and the occur
rence of a maximum in the ethanol concentration 
at a certain time after the beginning of hydrolysis.

2. Experimental

A homogeneous starting solution was prepared 
by mixing 10 ml TEOS (Alpha Products, 99%), 15 
ml ethanol (Merck, absolute p.a.) and 5 ml dis

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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tilled deionized water. The solution was acidified 
by adding a few drops of IN HC1 until a pH = 3.7 
was obtained. It was then heated to 70°C with 
vigorous stirring and cooled to room temperature 
afterwards. The molar ratio used (TEOS :EtOH : 
H2O~ 1:6:6) assured a relatively low reaction 
rate in order to study the different stages of the 
hydrolysis of TEOS. Higher water contents were 
used in the preparation of samples for gel densifi
cation studies, in order to avoid cracking [6,9]. 
Heat treatments of the gels for studying the evo
lution of gel to glass were performed at 200, 400, 
600 and 700°C.

Fourier-transform IR transmission spectra 
were recorded at normal incidence with a Nicolet 
5DXC FTIR spectrometer. The spectra were ob
tained as a ratio of 100 sample scans to 100 
background scans at 2 cm1 resolution. The IR 
sample consisted of a few drops of solution 
squeezed between two KBr pellets, sealed with 
collodium to avoid premature evaporation of the 
solvent. A smoothing routine was used, in order 
to attenuate interference fringes due to the small 
sample thickness ( ~ 50 |im). For the densifica
tion study, the KBr pellets were replaced with a 
single-crystal silicon wafer polished on both sides.

Raman spectra were obtained with a system 
consisting of a Spectra-Physics 2016 argon ion 
laser, a double-grating monochromator model 
1403 from Spex Industries and a Hamamatsu 
R928 photo-multiplier detector. The spectra were 
collected in the 90° scattering geometry, in the 
polarized (HH) and depolarized (HV) configura
tions [10], The Raman samples were prepared by 
introducing the solution to be studied in a capil
lary tube of 0.8 mm internal diameter. Power 
levels of about 100 mW were employed (at the 
sample), for 488.0 nm excitation. The slit widths 
were 420 |im, corresponding to a resolution of 
approximately 6 cm 1

3. Results

Infrared and Raman spectra of the initial solu
tion, recorded a few minutes after preparation, 
are shown in fig. 1. These spectra are dominated 
by fingerprints of both TEOS and ethanol in the

Fig. 1. Infrared (a) and Raman (b) spectra of the initial 
solution, recorded soon after preparation.

wavenumber range of 400 to 1500 cm1. Assign
ments were based on a local Td symmetry for the 
Si-O4 part of the TEOS molecule, D2d or S4 
symmetry for the Si(OC-)4 part of TEOS and Cs 
for the -C2H5 groups of TEOS and ethanol. 
They are in general agreement with published 
results [2,11-14] and are summarized in table 1.

All the main bands were unambiguously as
signed to characteristic modes of either TEOS or 
ethanol, except for the IR peak at 1086 cm-1 
(1094 cm1 in Raman), which corresponds to 
C-O stretching vibrations of ethanol and TEOS, 
simultaneously, and the Raman band at 1457 
cm ', assigned to the CH3 asymmetric deforma
tion in both molecules [2,11,12], The frequency 
region between 790 and 810 cm-1 is character
ized by two modes of TEOS, CH2 rocking (810 
cm-1) and Si-O4 asymmetric stretching (793 
cm1) [2,11], which are not completely resolved 
either in the IR or Raman spectra.

Figures 2-4 show sequences of IR and Raman 
(HH and HV) spectra, recorded as the hydrolysis 
and condensation proceeded. The main changes 
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that may be observed in fig. 2(a)-(f) are the 
disappearance of the TEOS bands at 473 cm-1 
(O-C-C deformation), 1102 cm-1 (asymmetric 
Si-O stretch), 1168 cm-1 (CH3 rock), 1299 cm-1 
(CH2 twist) and 1400 cm-1 (CH2 wag), some of 
these already hardly visible in fig. 2(b), the growth 
of a new band at 460 cm-1 (fig. 2(b)) and the 
intensity increase in the ethanol peaks at 881, 
1048 (from fig. 2(a)-(c)) and at 434 cm’1 (only 
visible in fig. 2(a), masked later by the new band 
at 460’cm“1); these ethanol bands decrease from 
spectrum 2(d) on. Meanwhile, frequency shifts in 
the peaks at 960 and 793 cm-1, accompanied by 
intensity changes, may also be observed. Figure 
2(f) is dominated by a new band at 1078 cm-1, 
which is one of the main features of the IR 
spectrum of a xerogel [6]. This band has been 
assigned to the transverse optic (TO) component 
of the Si-O-Si asymmetric stretch, with the oxy
gen atoms moving along a direction parallel to 
Si-Si, involving also a substantial amount of 
cation motion [15]. Clearly visible is also a high-

Table 1
Infrared and Raman bands obtained in this work for freshly 
prepared solution

IR
I v | (cm-1

Raman Ap (cm ') Assignment a)
1 HH HV

- 436 436 O-C-C def., p (EtOH)
473 - - O-C-C def. (TEOS)

- 656 - SiO4 sym. str., p (TEOS)

793 800 800 i SiO4 asym. str. (TEOS)
I CH 2 rock (TEOS)

881 885 885 CH 3 or CH2 def. (EtOH)
- 933 933 (sh) C-C sym. str., p (TEOS)

960 960 (sh) 960 CH 3 rock, dp (TEOS)
1048 1054 1054 C-O sym. str. (EtOH)

( C-O sym. str., p (TEOS) b)
1086 1094 1094 C-O asym. str., dp (TEOS) 

( C-O asym. str., p (EtOH)
1102 - - C-O asym. str. (TEOS)
1168 - - CH 3 rock (TEOS)
1275 1278 1278 CH 2 def. (EtOH)
1299 1305 1305 CH 2 twist (TEOS)
1400 1393 (sh) - CH 2 wag (TEOS)

- 1457 1457 [ CH 3 asym. def. (TEOS)
( CH 3 asym. def. (EtOH)

- 1487 1487 CH 2 bend (TEOS)

a) p, polarized; dp, depolarized; sh, shoulder.
b) Only in Raman.

Wavenumber /cm-1
Fig. 2. Infrared spectra taken during the TEOS to silica gel 
conversion. Timescale is: (a) 30 min; (b) 2 h 10 min; (c) 5 h 30 
min; (d) 7 h 10 min; (e) 8 h; (f) 28 h. The bands marked with 

(*) are due to CO2 miscancellations.

frequency shoulder at ~ 1163 cm-1, which is 
related to the longitudinal optic (LO) component 
of the same vibrational mode [15], Also stronger 
in fig. 2(f) are the peaks at ~ 460 cm-1 (rocking 
of the oxygens perpendicular to the Si-O-Si 
plane plus some Si cation motion), 799 cm“1 
(symmetric stretching of the bridging oxygens) 
and 960 cm“1, characteristic of a wet gel (indicat
ing the presence of Si-OH or Si-O“ species) 
[15].

Figures 3(a)—3(d) and 4(a)-4(d) show a pro
nounced increase in the peak at 885 cm“1 (in
ferred in fig. 3 from the peak width), also ob
served on a smaller scale for the bands at 436, 
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1054 and 1278 cm'1, characteristic of ethanol. 
Simultaneously, the peak corresponding to the 
strongly polarized Si-O symmetric stretch of 
TEOS at 656 cm-1 decreases (fig. 3(a)—(d)); iden
tical behaviour may be observed for the weak 
band and shoulder at 933 and 960 cm-1, respec
tively (fig. 3) and their corresponding peaks in the 
HV spectra (fig. 4). Spectra 3(e) and 4(e), taken 
~ 24 h after preparation of the sample, already 
show a decrease in the intensity of these ethanol 
peaks. An observation of particular interest in fig. 
3 is the intensity increase of the peak at 795 cm-1 
(fig. 3(a)-(c)), which emerges from the broad

Raman shift (cm-1)
Fig. 3. Raman spectra (HH) taken during the TEOS to silica 
gel conversion. Timescale is: (a) 1 h 30 min; (b) 3 h; (c) 5 h 30 

min; (d) 7 h 30 min; (e) 24 h; (f) 30 h; (g) 53 h 30 min.

Raman shift (cm-1)
Fig. 4. Raman spectra (HV) taken during the TEOS to silica 
gel conversion. Timescale is: (a) 2 h 30 min; (b) 3 h 30 min;

(c) 6 h; (d) 8 h; (e) 24 h 30 min; (f) 30 h 30 min.

band initially at 800 cm'1 (fig. 1). It later de
creases from spectrum 3(d) on. In fig. 3(b), a 
small band grows at 725 cm-1, which later disap
pears. Figure 3(e) shows a growing feature at 
~ 450 cm“1 (as a high frequency shoulder on the 
436 cm“1 ethanol band), which apparently devel
ops into a broad band (fig. 3(g)) near the charac
teristic Si-O-Si symmetric stretch of the gel.

The gel to glass conversion was followed by IR 
and Raman spectroscopy after heat treatments of 
wet gels between 200-700°C. Due to space limita
tions and to the fact that the gel to glass conver
sion has already been extensively studied by sev
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eral authors [7,8,18], only a brief qualitative ac
count will be given here. The spectroscopic re
sults obtained may be summarized as follows: in 
the IR spectra, the main changes with successive 
heat treatments consisted of a gradual decrease 
in intensity of the bands at ~ 554 and ~ 940 
cm-1, due to the Si-OH rocking and stretching 
vibrations, respectively [15], together with an in
crease in the main peaks near 800 and 1078 
cm-1, indicating that the IR films were close to 
full densification after being treated at 700°C. In 
the Raman spectra, few changes were observed 
with the heat treatment temperature and the 
defect lines at 495 and 605 cm-1 did not appear 
with a treatment up to 700°C, suggesting that the 
thicker capillary Raman samples were still far 
from full densification.

4. Discussion

The nature of alkoxy-derived silica gels and 
the details of their thermal conversion to silica 
glass have been the subject of several IR and 
Raman studies [1-8,15], The same is not true for 
the TEOS to silica gel evolution, which has only 
been analyzed in its first stages by Raman and 
NMR spectroscopies [2,16]. Therefore, the pres
ent discussion will concentrate mostly on this 
aspect.

Figure 2 clearly shows a rapid disappearance 
of TEOS after only 2 h 10 min, although hydroly
sis may be far from complete at this stage. In fact, 
condensation will start while hydrolysis is still in 
progress. In these IR spectra, although the char
acteristic modes of the gel at ~ 800 and 1078 
cm 1 are masked by the presence of residual 
modes of similar frequency due to TEOS and 
ethanol, the presence of the ~ 460 cm-1 mode 
(due to the rocking of bridging oxygens in SiO2 
gel [15]) not later than 2 h 10 min after the 
beginning of the reaction (fig. 2(b)) indicates that 
condensation has already started at this time.

The present Raman results, in the first stages 
of the process, were generally in agreement with 
those of Mulder and Damen [2], We did not 
observe significant changes in the frequency of 
the polarized Si-O4 symmetric stretch of TEOS 

as hydrolysis proceeded (fig. 3(a)-(c)); this fact 
indicates that the formation of dimers had not 
started until ~ 5 h 30 min after preparation of 
the Raman sample. Nevertheless, a low-frequency 
shoulder (at ~ 610 cm'1) is already visible in 
spectrum 3(d), suggesting that condensation 
started not later than 7 h 30 min after sample 
preparation, although hydrolysis is not complete 
at this stage. This fact is confirmed by the evolu
tion of the small band at 725 cm'1 (due to OH 
substituted species), which grows from fig. 3(b) to 
3(c) and starts to decrease in fig. 3(d). The evolu
tion of the ethanol peaks in the Raman spectra 
clearly shows that its concentration reached a 
maximum after ~ 7 h 30 min (there are no other 
spectra in fig. 3 for the period between 5 h 30 
min and 24 h), due to its formation in this reac
tion and also in alcohol-forming condensation 
[17], The subsequent decrease in the intensity of 
those peaks shows that evaporation becomes then 
the predominant process. The discussion so far 
shows that IR and Raman results provide com
plementary information on the process, although 
the timescales are different (hydrolysis of TEOS 
occurs more rapidly in the film between two KBr 
pellets analyzed by IR than in the capillary tube 
used for Raman spectroscopy).

Our analysis of the 960 cm“1 band, assigned to 
the depolarized CH3 rocking, is somewhat differ
ent from Mulder and Damen’s [2]: this band is 
not Raman active for ethanol [13] and thus a 
significant decrease in its intensity is to be ex
pected along the reaction, as TEOS is consumed. 
This was confirmed by the present Raman re
sults, particularly in the HV spectra, where it 
disappears between spectra (a) and (c) of fig. 4. 
In the first IR spectra (figs. 1 and 2(a)) this band 
loses intensity, shifting later to 955 cm“1, and it 
can then be assigned to Si-OH stretching vibra
tions [15]. Its further increase and shift to 960 
cm“1 (fig. 2(f)) is probably due to SiO' stretch
ing vibrations in the wet gel. At the same time, 
the characteristic gel band at 1078 cm'1 may be 
clearly identified.

A final remark regarding fig. 3 refers to the 
band initially at ~ 800 cm“1: while the compo
nent at 810 cm“1 (CH2 rocking vibration) contin
uously decreases, that at 795 cm“1 (Si-O4 anti
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symmetric stretch) grows as the local Td symme
try of the (SiO4) groups changes to C3v and 
eventually to C2v, decreasing when condensation 
begins (~ 7 h 30 min after hydrolysis starts).

5. Conclusion

Simultaneous use of IR and Raman to study 
the TEOS to silica gel and glass evolution is of 
great value. We are presently working on how to 
implement a truly simultaneous vibrational study 
on a common timescale and also on the deriva
tion of quantitative kinetic data from the spectral 
intensities.

The authors are grateful to JNICT for finan
cial support of this work under grant no. 
486/90/MPF.

References

[1] C.J. Brinker and G.W. Scherer, Sol-Gel Science 
(Academic Press, New York, 1990).

[2] C.A.M. Mulder and A.A.J.M. Damen, J. Non-Cryst. 
Solids 93 (1987) 169.

[3] D.L. Wood and E.M. Rabinovich, J. Non-Cryst. Solids 82 
(1986) 171.

[4] D.L. Wood and E.M. Rabinovich, Appl. Spectrosc. 43 
(1989) 263.

[5] R.M. Almeida, T.A. Guiton and C.G. Pantano, J. Non- 
Cryst. Solids 121 (1990) 193.

[6] A. Bertoluzza, C. Fagnano, M.A. Morelli, V. Gotardi and 
M. Guglielmi, J. Non-Cryst. Solids 48 (1982) 117.

[7] C.J. Brinker, E.P. Roth, G.W. Scherer and D.R. Tailant, 
J. Non-Cryst. Solids 71 (1985) 171.

[8] H. Yoshino, K. Kamiya and H. Nasu. J. Non-Cryst. Solids 
126 (1990) 68.

[9] S. Sakka and K. Kamiya, J. Non-Cryst. Solids 42 (1980) 
403.

[10] R.M. Almeida, J. Non-Cryst. Solids 106 (1988) 347.
[11] J.W. Ypenburg and H. Berding, Rec. Trav. Chim. 91 

(1972) 1245.
[12] H.A. Szymanski, Interpreted Infrared Spectra, Vol. 2 

(Plenum-Data Division. New York, 1966).
[13] B. Shrader and W. Meier, Raman/IR Atlas, Vols. 1 and 

2 (Verlag Chemie, Weinheim/Bugstr, 1974).
[14] S.C. Shumann and J.G. Aston, J. Chem. Phys. 6 (1938) 

480.
[15] R.M. Almeida and C.G. Pantano, J. Appl. Phys. 68 

(1990) 4225.
[16] C.W. Turner and K.J. Franklin, J. Non-Cryst. Solids 91 

(1987) 402.
[17] R.A. Assink and B.D. Kay, J. Non-Cryst. Solids 107 

(1988) 35.
[18] J. Dumas, J. Serughetti, J.L. Rousset, A. Boukenter, B. 

Champagnon, E. Duval and J.F. Quinson, J. Non-Cryst. 
Solids 121 (1990) 128.



JOUfíNñL OF
Journal of Non-Crystalline Solids 147&148 (1992) 238-244
North-Holland

NON-CRYSTULLINE SOLIDS

SAXS study of growth kinetics of fractal aggregates in 
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The drying control chemical additive method was used to obtain monolithic xerogels for glass processing. Variations in gel 
texture and strong changes in gelation times are consequences of the action of several types of additives. The fractal nature 
of the aggregates was established for the different compositions. The influence of the formamide content on gelation time, 
kinetics of aggregate growth, and fractal dimensionality were determined. The aging of the gels modifies the structure which 
loses its fractal features.

1. Introduction

Sol-gel methods are widely used to obtain 
precursor materials for the production of special 
glass and ceramic materials [1]. The most com
mon solutions used to produce silica glass are 
composed of silicon alkoxide, water and alcohol. 
The critical step for this material processing pro
cedure is the drying of the wet gel. In order to 
produce monolithic glasses, the method of hyper
critical drying [1] at high temperature and pres
sure is widely used. This method suppresses the 
capillary stresses associated with the liquid-gas 
interfaces within the submicroscopic pores, avoid
ing the breaking of the material during drying. 
Another procedure to obtain monolithic glasses 
from wet gels is called drying control chemical 
additive (DCCA). It consists of the addition of a 
fourth component to the precursor solutions 
which reduces capillary stresses during drying [2],

In the most widely studied alkoxide solutions, 
TEOS monomers aggregate through hydrolysis 
and polycondensation mechanisms and, after 
some time, gelation occurs. After gelation, the 
resulting wet materials are dried to produce a 

porous aerogel or xerogel. After evaporation of 
the organic elements from the dry gels and appli
cation of a sintering heat treatment, homoge
neous and monolithic glasses are obtained.

The addition of formamide to TEOS-water- 
ethanol solutions proved to be an efficient DCCA 
for obtaining xerogels without the need of hyper
critical drying [2].

This paper examines the kinetics of aggrega
tion and gelation of silicon alkoxide-water-al- 
cohol-formamide solutions. The influence of dif
ferent formamide contents on the structure and 
growth mechanism of the aggregates and wet gels 
is also investigated.

2. Sample preparation and SAXS technique

Samples of liquid solutions of TEOS-water- 
ethanol containing various amounts of formamide 
additions, Rt, were prepared. The ratio Rw = 
4(mol.H2O/mol.TEOS), the water pH = 1.5 and 
the (vol.TEOS/vol.EtOH) = 1, were kept con
stant for all solutions. Three solutions containing 
Rf = 3, 5 and 7 (mol.formamide/mol.TEOS) were 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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analyzed. The solution were placed in a cell with 
two parallel Mylar windows and studied in situ 
using a synchrotron radiation small angle X-ray 
scattering (SAXS) experimental facility. The sam
ples were kept in the cell at constant tempera
ture, for increasing time intervals. Long time ag
ing was conducted on the same samples ex situ at 
the same temperature.

A work station which provides intense, colli
mated and monochromatic synchrotron radiation 
(LURE, Orsay) was used for this study. A pin-hole 
collimated X-ray incoming beam was employed in 
order to avoid the desmearing process of experi
mental curves, which is usually necessary when 
classic X-ray sources are used. A vacuum path 
placed after the sample cell suppressed air scat
tering. The parasitic scattering from the collima
tion slits and from cell Mylar windows was sub
tracted from the total measured scattering inten
sity. A one-dimension position-sensitive gas de
tector was used to record the scattered photon 
intensity. The SAXS intensity was measured as a 
function of the module of the scattering vector, q, 
defined as q = (4—/A) sin(e/2), A being the X-ray 
wavelength (1.60 A) and e the scattering angle.

3. Results

Gelation times, tg, of the three studied sam
ples were measured using solutions placed in the 
same cell that was used for the SAXS measure
ments. The values of tg for the different composi
tions are listed in table 1. Note that the increase 
in formamide content strongly decreases in gela
tion time.

The scattered X-ray intensity, I(q), was mea
sured as a function of the scattering angle for 
successive times of aggregation. One of the struc
tural parameters which we tried to determine 
from scattering curves was the average radius of 
gyration of the aggregates. This is usually done 
using Guinier’s plots (log I versus q2\ which is 
expected to exhibit a linear behaviour at suffi
ciently low q for diluted systems of aggregates of 
similar sizes, immersed in a homogeneous matrix 
[3], The Guinier plots of the measured SAXS 
intensity did not show an appreciable range of 

linearity, except for low aggregation times, over 
the experimentally accessible ¿/-range.

A different type of analysis of the scattering 
curves uses Zimm plots [4], In these plots, 1 /I(q) 
is represented as a function of q2. We can see in 
figs. l(a)-(c) corresponding to Rt = 3, 5 and 7, 
respectively, that a good linear behaviour is ob
served for most of the scattering curves over a 
wide (/-range. This implies that the ¿/-dependence 
of SAXS intensity is described by the Zimm 
equation,

1 1 i R2^2\
7(<7)

7(0) I1 + 3 )’
(1)

where R g is an average radius of gyration of the 
aggregate particles or a correlation length for 
gels.

Equation (1) is theoretically expected to hold 
for ‘statistical polymeric balls’ [4], From the dif
ferent Zimm plots, the values of the radius of 
gyration, Rg, of the polymeric aggregates (or cor
relation length for gels) was deduced for the 
different times of aggregation.

The scattering intensity curves have also been 
plotted in fig. 2, in double logarithmic scale, in 
order to investigate if a power law applies to 
SAXS results. In the case of mass fractal aggre
gates, it is expected that [5]
I(<7)oc<7“, (2)
where a = -D, D being the fractal dimensional
ity of the aggregates. Equation (2) holds for frac
tal scattering objects over a ¿/-range defined by 
1/Rg <k ¿/<s l/r0, r0 being a characteristic size 
of the primary particle which builds the fractal 
structure.

The scattering curves shown in figs. 2(a)-(c), 
corresponding to different formamide contents, 
exhibit a clear curvature for small aggregation 
times. This is expected for aggregates growing by 
mechanisms leading to fractal structures when 
their size is not much larger than that of the 
primary structural units. For a more advanced 
time, for which Rg » r0, a linear behaviour is 
observed in several SAXS curves corresponding 
to the three studied compositions. This linear 
behaviour is less apparent in fig. 3(c) which corre
sponds to Rt = 7.
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q2(A?) q2 (A2)

q2 (A2)

Fig. 1. Zimm plots of the X-ray photons scattered by solutions with different formamide contents: (a) R{ = 3; (b) Rf = 5; (c) = 7
(see the text for details on nominal concentration). The various curves correspond to successive aggregation times (indicated in the 
figures). Behaviours of SAXS curves according to the Zimm equation are apparent. The values of the average radius of gyration 

deduced from the slope of the straight line and the extrapolated intensity for are plotted in fig. 4.
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The linearity of the log I versus log q plots, 
which extends up to q ~ 0.3 A indicates that 
the primary particles are very small (rQ~ 3 A).

SAXS curves in fig. 2(a), corresponding to Rf = 3, 
were recorded up to a higher g-value (<?max = 0.6 
A-1). The positive deviation of SAXS curves in

Fig. 2. Log-log plots of the X-rays scattered by the studied solutions: (a) J?r = 3; (b) Rt = 5; (c) Rt = 7. The various curves 
correspond to successive aggregation times (indicated in the figures). For advanced aggregation, the scattered intensities by samples 
with Rf = 3 and Rf = 5 exhibit times with a potential dependence on q over a wide q domain. This domain is narrower for Rf = 7 
(fig. 3(c)). The SAXS curves corresponding to Rf = 3 were recorded over a wide ¿/-range. The values of the slopes corresponding to 

the linear domain of these curves are plotted in fig. 5.
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fig. 2(a) supports the structural model which as
sumes the aggregates to be statistical linear poly
meric balls. As a matter of fact, an asymptotic

power law, I(q) ctq '(q -> oo), is expected for a 
polymeric structure whose primary units are simi
lar to thin cylinders.

Log [Rg(A)]
Fig. 3. Log-log of SAXS intensity at q = 0 as a function of the average radius of gyration of clusters. Z(0) was determined by linear 
extrapolation for q -> 0 in Zimm plots: (a) Rs = 3; (b) R. = 5; (c) R{ = 7. 7(0) and Rg values corresponding to the first stages of 
aggregation, for which Rt is on the order of r0. were not included. The linearity of the plots, for the different formamide contents, 

is in accordance with the behaviour expected for growing fractal clusters (eq. (3)).
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Table 1
Gelation times, average radii of gyration and fractal dimen
sionalities of the aggregates in the studied solutions

Sample, ig (min) a) 7?g at tg D, d at tg.
Rf (Â) eq. (3) eq.(2)

3 180 > 500 1.98 > 2.2
5 40 171 1.90 1.95
7 30 35 1.83 1.64

a) The gelation time of similar solutions without formamide is
tg = 30 h.

Another procedure for determining the fractal 
dimensionality of the fractal clusters was also 
applied. For mass fractal objects, it is expected 
that the extrapolated SAXS intensity to q = 0, 
7(0), and the radius of gyration of the aggregates, 
Rg, be related by [6] 

7(0) a Kf. (3)

The plots of log 7(0) versus log Rg in figs. 3(a)-(c) 
exhibit clear linear behaviour. The slopes of the

Fig. 4. Average radii of gyration, Rg, of the clusters obtained 
from Zimm plots, as functions of the reduced aggregation 

time for the various studied samples.

Fig. 5. Absolute slopes corresponding to the linear range of 
the scattering curves in log-log scale (fig. 2). At advanced 
stages of aggregation for which R„ » r0, these slope values 

are equal to the dimensionality, D, of the fractal clusters.

straight lines shown in fig. 3 have small but signif
icantly different values for the three composi
tions. The obtained £)-values are listed in table 3.

The structural parameters Rg were repre
sented as functions of the aggregation or reaction 
reduced time, t/tg, in fig. 4 for different for
mamide concentrations. These experimental re
sults indicate that formamide not only decreases 
the aggregation rate but also the increase in 
formamide content produces gels composed of 
much smaller clusters at the gel transition, as can 
be seen in table 1.

The slopes of the linear part of the log-log 
curves of fig. 2 are plotted in fig. 5. We represent 
there only the slopes corresponding to SAXS 
curves showing a clear linear behaviour over a 
reasonable q range. The slopes represented in 
fig. 5 increase with reduced time. The value 2.0 
for sample Rt = 5 seems to be near a saturation 
value. This saturation is not reached for Rt = 3 
and 7.

4. Discussion

The absolute slopes of the linear parts of the 
SAXS curves in fig. 2 may be associated with the 
fractal dimensionality of the aggregates, as speci
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fied by eq. (2). The results plotted in fig. 5 and 
reported in table 1 indicate that an increase in 
formamide content reduces the dimensionality of 
the fractal aggregates of fresh gels. This implies 
that in addition to kinetic and texture changes, 
formamide additions also affect or modify the 
mechanism of aggregation.

The clusters can be described as mass fractals 
with primary particles of quasi-molecular size and 
fractal dimensionality which vary with formamide 
content. Since theoretical models for the 
cluster-cluster mechanism of growth predicts D- 
values of 1.75 and 2.08 for diffusion-limited ag
gregation (DLA) and chemical-limited aggrega
tion (CLA), respectively [6], the present results 
suggest the aggregation mechanism is predomi
nantly CLA-like for low formamide content and 
DLA-like for high formamide additions.

The variation in fractal dimensionality for in
creasing time, before and after the gel transition, 
may be attributed to the coexistence of a fractal 
mechanism of growth with a ‘smoothing’ effect 
produced by an internal restructuring of clusters. 
As a matter of fact, it is expected that internal 
cluster rearrangement increases the fractal di
mensionality. For example, a CLA mechanism 
with rearrangement leads to D = 2.25, instead of 
2.08 for pure CLA [7]. This internal rearrange
ment becomes more relevant for long aging and 
ultimately leads to a structure which completely 
loses fractal character.

No significant changes in the time evolution of 
the average cluster size and fractal dimensionality 
at the gel transition are apparent.

The upper curves in figs. 2(b) and (c) corre
spond to aged gels with Rf = 5 and 7, respec
tively. SAXS results for these gels no longer show 
linear behaviour in the double logarithmic plots. 
This implies that gel aging is accompanied by 
structural changes which destroy the fractal char
acter of the aggregates.

The increase in formamide content, from Rf = 
3 to R{ = 7, decreases the average aggregate size. 
This leads to denser packing and better defined 
pore interfaces of aged and dried gels. Monolithic 
xerogels were obtained using a formamide ratio 

of Rf = 7 [8], The use of lower formamide con
centration will probably make the production of 
monolithic xerogel more difficult.

5. Conclusions

SAXS results show clear differences in the 
structure and kinetics of aggregation of the vari
ous studied solutions. The increase in formamide 
content strongly decreases the gelation time. 
Monomer aggregation leads to clusters which can 
be described as statistical polymeric balls. The 
texture of the solution at the gel transition, mea
sured by the average radius of gyration of the 
aggregates, becomes finer as formamide in
creases. The structure coarsens after gelation 
without any significant discontinuity or rate varia
tion at the gel transition. The strong effect of 
formamide additions decreasing the average clus
ter size at the gel transition suggests that this 
additive enhances the nucleation of growing ag
gregates. The variation in fractal dimensionality 
with formamide/TEOS ratio suggests that the 
mechanism of aggregation is concentration-de
pendent. Fractal dimensionality varies with time, 
indicating restructuring during aggregation and 
aging.
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Sintering of alumina and mullites prepared by slow hydrolysis 
of alkoxides: the role of the protonic species and pore topology

Ph. Colomban and V. Vendange
Office National d’Etudes et de Recherches Aerospatiales, 29 Avenue de la Division Leclerc, BP 72, 
F-92322 Chatillon cedex, France

Optically clear monolithic gel was prepared by slow alkoxide hydrolysis. Subsequent heating induces transformation first 
into optically clear amorphous porous monoliths and then into dense translucent or optically clear ceramics, the 
densification occurring at low temperature (~ 0.6 Tm^\ The densification of aluminosilicates and alumina gels, prepared 
under various conditions of hydrolysis (solvent, water/alkoxide ratio, time, ...), have been studied by dilatometry, 
thermogravimetry and N2(Kr) adsorption/desorption analysis. Results are discussed in the light of previous electron 
microscopic and Raman scattering investigations. The specific area and the sample volume decrease regularly on heating to 
the nucleation temperature, whereas the mean pore size remains approximately constant. Three types of pore distribution 
are observed: (i) mesopores (4-6 nm) for alumina and most mullites ‘glasses'; (ii) micropores ( < 2 nm) for, for example, 
mullite prepared in acetone; (iii) fractal pores ( < 2-20 nm) for aluminosilicates prepared by hydrolysis of an Si-O-Al ester. 
The sintering is directly related to the densification of the polymeric network. The departure of protonic species stabilizing 
the oxide surface launches the sintering and the nucleation of the crystalline phase.

1. Introduction

The sintering mechanism in ceramics prepared 
by hydrolysis of alkoxides has not received much 
attention to date. For alkali silicate-rich glasses, 
viscous flow sintering was suspected [1] in spite of 
the low temperature of sintering in comparison 
with the melting temperature. This assumption 
has since been questioned [2]. In any case, such a 
mechanism appears not to be relevant for refrac
tories such as zirconia, alumina and mullites. We 
present here a study of the densification of pure 
or diluted alkoxides, using dilatometry, thermo
gravimetry and adsorption/ desorption of N2(Kr) 
gas. Studies on increasing crystalline order have 
been previously published [3-6], and the role of 
protonic species has been described. We use opti
cally clear monolithic (OCM) gels, in place of 
compacted gel powders, in order to observe the 
true densification of the polymeric network, with
out significant pertubation arising from the exter
nal surface of the particles and/or incomplete 
compaction.

2. Experimental

Alumina OCM gels (a few cm3) have been 
prepared by slow hydrolysis of: (i) pure s- 
aluminium butoxide (Alfa-Ventron) by contact 
with ambient moisture through a small leak at the 
bottle stopper (duration > 6 months, batch vol
ume = 20 cm3); (ii) s-aluminum butoxide diluted 
in hexane (1/1), or acetone (1/4) with various 
alkoxide/solvent ratios, the atmospheric mois
ture reaching the surface of the solution through 
a plastic cover [3-6]. Alkoxide-solvent mixtures 
are prepared in water-free glove box using 
water-free solvents. The time needed to obtain a 
dense and sonorous monolith is between 2-4 
weeks and one year. The length increases with 
the volume/surface ratio of the solution. How
ever, batches prepared simultaneously in the same 
way become a gel after various lengths of time: 
the scattering of values < 50%.

Mullite OCM gels have been prepared by the 
same methods using s-aluminum butoxide and 
silicon-methoxide (Fluka). With acetone as sol

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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vent (1/4), OCM gels are obtained within 2-8 
weeks, whereas 6 months are needed with 
propanol or hexane.

Gels with Al/Si = 1 ratio (i.e., A12O3 • 2SiO2) 
have been prepared using a mixing of water, 
propanol and (OC4H9)2Al-O-Si(OC2H5)3 ‘Al- 
O-Si’ ester purchased from Dyna-France 
(formerly Dynamit-Nobel, now Hulls-France). 
Water-propanol-ester volume ratios are 1:3:6, 
1:4:2 and 4:12:3. Handling is possible in air, 
but the hydrolysis is performed in covered bottles 
or Petri dishes. Monoliths are extracted from the 
reaction vessel when they reach the sounding 
state. Drying is performed for 10 h at 40-60°C.

Dilatometric traces were recorded between 20 
and 1650°C, using an Adamel DI 24 (Instrument 
SA) apparatus specially designed for large shrink
age. Thermogravimetric analysis was performed 
between 20 and 900°C using a Dupont balance in 
air. Adsorption/ desorption plots were carried out 
with a Micromeritics ASAP 2000 instrument. The 
air (water) desorption is performed between 200 
and 350°C for 6-24 h, as a function of the specific 
area of the sample. Specific area and Barret, 
Joyner and Halenda (BJH) pore size distributions 
have been calculated [7-9], using the method 
suggested by the instrument supplier.

3. Results

3.1. Shrinkage and gel-glass-ceramic transition

Figure 1 shows typical dilatometric traces 
recorded for alumina and for alumina silicates 
prepared in different ways.

Alumina gels exhibit a regular shrinkage which 
increases more rapidly above 800°C, when the 
glass is converted to a 7-alumina-like material. 
The shrinkage stops at about 1150°C after com
plete transformation to a-alumina [4]. Use of a 
logarithmic scale as a function of the inverse 
temperature gives three straight lines, with an 
increase in activation energy at about 320, 900 
and 1150°C, respectively.

Gels with an Al2O3/SiO2 molar ratio be
tween 2/8 and 7/3 show similar features: loga
rithmic plots versus inverse temperature exhibit 
straight lines with a break at 200°C and a jump at 
940°C, i.e., at the nucleation temperature of te
tragonal mullite [3,5], A glass transition can be 
observed for mullite and boron containing mullite 
[3], Complete crystallization is observed only 
above 1400°C [5]; the average crystal size of mul
lite is constant over a large temperature range 
[4,5,6,10]. The shrinkage curve shows a plateau

Fig. 1. Dilatometric traces as a function of the temperature of optically clear gels of various compositions (A12O3 - 7.5:2.5 = 
7.5Al2O3-2.5SiO2; 6:4 = 6Al2O3-4SiO2; 1:2 = Al2O3-2SiO2), prepared by slow hydrolysis of pure (p: at, c,) alkoxide and of 
acetone (ac: a2, b2) i-propanol (c2, c3) and hexane (hex: a3, b3) diluted alkoxides. Heating/cooling rate: 0.5°C/min. The initial 

water contents, n, are given. 1:3:6, 1:4:2 = water-propanol-ester volume ratios.
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Fig. 2. Weight loss plot (In Alt7/ PK0) versus inverse tempera
ture for (a) alumina and (b,c) aluminosilicates OCM gels dried 
at 800°C. The initial gel composition was (a) A12O3-5.3H2O, 
(b, 4:12:3) Al2O3-2SiO2-5.3H2O, and (c, 1:3:6) A12O3- 

2SiO2-8H2O. Heating rate: 3°C/min.

between 950 and 1400°C. The tetragonal phase 
may be stabilized by hydroxyl groups [11], in a 
similar way to that reported for F_ ions [12], 
which are equivalent to OH- groups from a 
chemical point of view. A supplementary shrink
age step is also observed between 1200 and 1400°C 
for alumina-rich composition [4] (e.g., 7.5A12O3 • 
2.5SiO2 or 3A12O3 • SiO2). This may be related to 
local heterogeneity (alumina-rich and mullite-rich 
regions). The optically clarity is preserved to 
1000°C and 1400°C for pure alumina and mullite 
compositions, respectively [3,4],

Gels obtained by slow hydrolysis of pure SiOAl 
ester exhibit two swellings at about 500 and 
1400°C, respectively. They can be related to the 
departure of gas (water, CO2). However, slow 
hydrolysis of pure alkoxide can lead to incom
plete hydrolysis of the monolith center.

Figure 2 compares the weight loss plotted as a 
function of the inverse temperature. Logarithmic 
plots of the relative weight loss (Wo is
initial weight; &W is weight loss) demonstrate the 
temperature range in which the weight loss rates 
are constant. The crossover is observed between 
200 and 400°C (acetone prepared monoliths), i.e., 
at the gel/glass limit deduced from the dilato
metric traces. Previous analysis by infrared ab
sorption showed that the weight loss corresponds 
mainly to departure of water [3], Significant traces 
of organic groups (unhydrolyzed alkoxide func
tions, alcohols) are observed only for gels pre

pared in acetone or directly from the SiOAl es
ter. By comparison, the weight losses of the glasses 
(materials heated at 600°C and then annealed at 
room temperature in air, which involves partial 
rehydration) shows some differences. In particu
lar 4:12:3 glasses do not exhibit linear behaviour 
over the entire temperature range. This is partic
ularly visible for 4:12:3 gels heated at 300°C, 
where it is necessary to use a double logarithmic 
law to approach straight lines. It is difficult to 
discriminate between the protonic species (water, 
hydroxyl groups or trapped protons) inside the 
polymeric network (in the pores or in the network 
defects) and those at the external surface. Fur
ther, careful examination of the IR spectra shows 
the presence of bands at about 1400 cm-1, which 
can be assigned to (H)C?O3 traces.

In previous work [4,11], a model was proposed 
to explain the crystallization and densification. 
Protons make a polymeric stage possible with a 
metal hydroxyl dangling bond group system, in
stead of the usual metal-oxygen-metal bridges. 
If the concentration of these bonds reaches a 
critical limit, then nucleation begins. In this 
model, the entire surface of the polymeric net
work is stabilized by hydroxyl groups, to which 
water can be bound. The gel/glass transition 
corresponds, therefore, to the departure of the 
bound water, and a good correlation may exist 
between the content of protonic species and spe
cific area.

By comparison with the dehydration tempera
ture of natural gels such as clays, it can be consid
ered [4] that water loss occurs typically below 
300°C, whereas OH” groups are eliminated in 
the 400-700°C range; sometimes this occurs at 
higher temperatures for, for example, hydroxyap
atite [13]. We ascribe the water loss below 400°C 
to loss of water molecules within the gel pores, 
whereas that observed above 400°C arises from 
the departure of hydroxyl groups. Thus, the 
following formula can be proposed: A12O282- 
(OH)035:4.8H2O and AI2O282(OH)035:0.3H2O 
for A12O3 gel and glass, respectively; Si2Al2- 
O6 5(OH):4.7H2O and Si2Al2O65(OH) : 0.9H2O 
for SiOAl 4.12.3 gel and glass and Si2Al2- 
O65(OH):7H2O and Si2Al2O66(OH)08: 0.8H2O 
for 1.3.6 gel and glass, respectively.
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3.2. Specific area

There are few studies, by N2 adsorption, on 
the surface area and the porosity of gels prepared 
by hydrolysis of alkoxides. Silica gels are the most 
studied [14,15], although some papers deal with 
alumina gels [16-20] and more recently zirconia 
[21,22]. Principal studies discuss the effect of key 
parameters in the sol-gel process (such as cata- 
lyst-to-alkoxide and water-to-alkoxide molar ra
tios, pH, or solvent) on physical properties, with 
the aim of using these materials as absorbents, or 
catalysts. Lombardi and Klein [16] investigated 
the formulation of the initial solution in the alu
minum (sec) butoxide-water-isopropanol system 
and its effect on the structure of dried gels. 
Surface area and porosity of alumina gels, with 
variations in catalyst type and catalyst to alkoxide 
molar ratio were studied by Rama Rao et al. [17]. 
Yoldas used N2 adsorption to characterize acti
vated alumina gels prepared by his technique 
[18,19]. The evolution of physical properties as a 
function of heat treatment temperature has been 
studied by Aidcroft et al. [20] and by Rama Rao 
et al. [17] on alumina gels. Recent papers have 
been published on zirconia gels and their textural 
evolution by Lecloux et al. [21] and by Otero 
Arean et al. [22].

Figure 3 gives an illustration of the various 
types of N2 adsorption/ desorption isotherms en-

Fig. 3. Typical isotherm plots (N2 adsorbed volume versus 
relative partial pressure) observed with OCM gels, heated at 
various temperatures: (a) 3Al2O3-2SiO2 (6:4) mullite glass; 
(b) Al2O3-2SiO2 (1:3:6) gel; (c,d) alumina glasses; (e) 
Al2O3-2SiO2 (1:4:2); (f) ZrO2 gels prepared by very slow 
hydrolysis [23]. Isotherms are labelled using the BDDT classi

fication [24].

Temperature (C)
Fig. 4. Specific area plots versus thermal treatment tempera
ture of (a) alumina and (b,c) aluminosilicate (OCM gels 
prepared in hexane, in acetone (ac) or directly from the pure 
alkoxide (p). Al2O3-SiO2 molar ratios are given in (b) (6:4 = 
3Al2O3-2SiO2; 7.5; 2.5 = 3Al2O3-SiO2). Al2O3-2SiO2 gels 
studied in (c) (1:4:2, 4:12:3 and 1:3:6) have been prepared 
by slow hydrolysis of water-propanol-Si-O-Al ester mix

tures.

countered with gels and glasses thermally treated 
in air at various temperatures [23,24], Types I, II, 
and IV are observed according to the classifica
tion of Brunauer, Deming, Deming and Teller 
(BDDT) [24], Specific area have been calculated 
using the Brunauer, Emmet, Teller (BET) model 
[8], and results are given in fig. 4. We observe for 
all samples that the surface area decreases when 
the temperature of treatment rises. We have a 
complete similarity with the dilatometric traces, 
the rate changes occuring at the same point. The 
porosity closes with the a-alumina or mullite nu
cleation, in the same way as was observed for 
NaSiCON [2], Kr analysis indicates that the spe
cific area reduction is drastic between 900°C and 
950°C. The microhardness increases regularly with 
the development of the crystalline phase [2,4]. 
The largest specific areas are observed for gels 
prepared in acetone. The difference for materials 
prepared by hydrolysis of SiOAl ester with vari
ous water/ solvent ratios is small. It is interesting
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Fig. 5. Desorption mean pore diameters versus thermal treat
ment temperature: (a) alumina gels prepared using hexane 
(hex), acetone (ac) as solvent or directly from the pure alkox
ide (p); (b) 7.5Al2O,-2.5SiO2 and Al,O3-2SiO2 (4:12:3, 
1:4:2) gels prepared in hexane and in propanol, respectively.

to note that gels prepared using a low dilution 
have the smallest values of surface area and that 
the porosity closes at lower temperatures.

Fig. 6. Typical pore size distributions calculated using the 
BJH model [9] for alumina gel prepared in acetone and 
heated at 600°C (a), mullite gel prepared in acetone and 
heated at 800°C (b) and for aluminosilicate gel (4:12:3) 

prepared in propanol and heated at 800°C (c).

4. Discussion

Figure 5 shows plots of the desorption mean 
pore diameters calculated from BET curves, us
ing the BJH model [9], The shape of the typical 
pore size distribution is given in fig. 6. Largest 
pores are observed for alumina gels prepared in 
hexane. Concomitant with the increase in pore 

o °
diameter (from 40 A to 80 A), a narrowing of the 
distribution is observed, indicating that small 
pores are the first to be closed, according to the 
Ostwald ripening law.

For gels prepared by hydrolysis of the AlOSi 
ester, it seems that the pore size decreases with 
the dilution. This confirm tho rough relationship 
between gel density and hydrolysis water evi
denced by Yoldas [25]. Micropores are observed 
for the 1:3:6 composition. Its isotherm (fig. 3(b)) 
shows a component of type I, with a small hys
teresis loop of type H2 of the classification pro
posed by the International Union of Pure and 
Applied Chemistry (IUPAC) [26]. This suggests 
that the corresponding sample is a microporous 
solid, with a contribution from mesoporosity. 
Mullite gels prepared with acetone are also mi
croporous solids. Heat treatment seems to have 
an influence on the shape of hysteresis loops (fig. 
3). Hysteresis of alumina treated at 200°C is type 
H2 and it changes to one of type Hl at 950°C (fig. 
3(c)). At 1100°C, we have a type II isotherm with 
a type H3 loop. The heat treatment results in 
widening of pores and smoothing of the surface.

Micropores with special shapes are observed 
for some compositions. Like Lecloux et al. [21], a 
type I isotherm with a type H4 hysteresis has 
been observed with zirconia at 300°C. This 
isotherm type is indicative of microporosity and 
the hysteresis is associated with narrow slit-like 
pores. More complex features are encountered 
with SiOAl gels. The isotherms corresponding to 
SiOAl 4:12:3 and 1:4:2 samples are type IV 
and the hysteresis loops are type H2. These solids 
exhibit a drastic difference between the pore 
distribution calculated from adsorption and from 
desorption curves (fig. 3(e)). These materials have 
been previously studied up to the gel point, by 
Pouxviel and Boilot [27], and a fractal behaviour 
has been demonstrated. We have performed
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SAXS studies up to the glass transition [28], For 
all samples at large Q, the measured intensity 
follows Porod’s law. For 4:12:3, samples a small 
fractal domain is visible.

5. Conclusion

The sintering of ceramics prepared by alkoxide 
hydrolysis results from the departure of the last 
protonic species, which enhances a catastrophic 
densification of the amorphous inorganic poly
meric network. Simultaneously, crystallization 
takes place. The rate of densification is faster for 
silica-rich compositions than for alumina. Gel 
and glass states can be correlated to a protonic 
content level. Specific area, shrinkage and weight 
loss (lnAlF/lCg) follow homothetic laws. Glasses 
exhibiting the smallest pores shrink more rapidly. 
The fractal-like pores are observed up to com
plete densification, which is consistent with a 
self-similar topology.
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Raman study of gel-glass transformation in base-catalyzed silica
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The effects of heat treatments on silica xerogels prepared from base-catalyzed hydrolysis and condensation of TMOS were 
studied by low-frequency Raman scattering and electron microscopy. Raman scattering measured in the range 3-700 cm’1 
revealed a low-frequency band that arises from the discrete particulate character of base-catalyzed gels at very small size 
scales. A continuous evolution of the internal structure of particles is observed during thermal treatment and the Raman 
spectra are similar to the fused silica one at 1050°C. Electron microscopy observations of the nanostructure of the xerogels 
correlate with the particle Raman band maximum. The evolution of the sample as a whole (pores collapsing and 
densification) is described.

1. Introduction

Recent low-frequency Raman scattering mea
surements of base-catalyzed silica aerogels 
showed the presence of a maximum at very low 
frequencies [1]. This maximum arises from scat
tering from surface modes of structural units or 
spherical particles. At frequencies higher than 
this maximum, the reduced intensity varies as 
with v close to 1. This variation is interpreted as 
coming from fractons in structural units.

For silica xerogels prepared in acid conditions 
and dried in atmosphere, similar behavior of w" 
between about 10 and 200 cm 1 was observed [2] 
but no low-frequency maximum was observed as 
in the base-catalyzed aerogels.

Raman scattering from heat-treated base
catalyzed silica aerogels [3] showed three stages 
in the transformation to glass: (1) modification of 
the particle surface, (2) coalescence of particles, 
and (3) change of the internal structure and glass 
relaxation.

From these results, it appears interesting to 
follow the transformation of a base-catalyzed xe
rogel with temperature, in order to observe simi
larities or differences with the previous densifica
tion process and with the structure of the previ
ous amorphous materials. Experimental results of 

low-frequency Raman scattering during the xero
gel-glass transformation and scanning electron 
microscopy observations are reported here. The 
physical processes of densification are also dis
cussed.

2. Experimental

Gels were prepared by hydrolysis and conden
sation of a solution of TMOS, methanol and 
water, in the presence of NH4OH and dimethyl
formamide [4]. The sol was kept at 35°C for 7 h. 
After gelation, the temperature was raised from 
35°C to 80°C in 45 h and held at this temperature 
for 5 h in order to age the wet gel. Drying of the 
gel was conducted by perforating the aluminium 
foil cover of the gel container. The temperature 
was increased to 160°C in 80 h and held there for 
24 h. The xerogel obtained had a specific surface 
area about 617 m2/g, a pore volume of 1.45 
cm3/g and mesopore radius of about 43 A, as 
determined by BET measurements. The apparent 
density was about 0.54 g/cm3.

The Raman measurements were obtained with 
a Dilor monochromator using the 5145 A line of 
an argon ion laser as an excitation source and a 
cooled photomultiplier. The range investigated 

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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varied from 3 to 700 cm“1. Fracture surfaces of 
Au20%Pt coated gels were observed with an Hi
tachi type S-800 scanning electron microscope.

3. Results

Figure 1 shows the Raman spectra up to 200 
cm“1 for xerogels annealed in air between 160°C 
and 1050°C. A very low-frequency band at 17 
cm“1 for the sample dried at 160°C is apparent 
(a). This type of peak has been observed with 
base-catalyzed aerogels [1] and can be attributed 
to surface-vibrational modes of particles which 
are agregated to form the gel. The frequency, w0, 
of the maximum is a function [5] of the sound 
velocity, u, in the particle and of the diameter,

Fig. 1. Low-frequency Raman scattering from base-catalyzed 
xerogels: (a) dried at 160°C; (b) annealed for 30 min at 700°C; 
(c) annealed for 30 min at 980°C; (d) annealed for 30 min at 

1050°C. The spectrum of fused silica (e) is also represented.

2a: w0 = 0.8(i’/2«c). Choosing a velocity v = 
4000 m/s, a value slightly smaller than in silica, it 
is found that 2 a = 60 A. The spectrum of this 
sample shows a line about 32 cm“1, probably due 
to the presence of DMF and organic compounds 
in the xerogel.

The spectrum of the sample annealed at 700°C 
for 30 mn (b) shows no modification of the posi
tion of the low-frequency band but reveals a 
narrowing of it. The spectrum of the sample 
annealed at 980°C (c) shows again a narrowing 
and a small shift of the band to 14 cm“1. After 
the annealing at this temperature, the calculated 

o
diameter of the particle is 76 A. The spectrum of 
the sample annealed at 1050°C (d) is similar to 
the fused silica one (e).

Now, it is interesting to consider the Raman 
scattering at higher frequencies, which comes 
from the vibrational modes inside the particles. 
Figure 2 presents the direct spectra up to 700 
cm“1 for the different previous heat treatments. 
We can see that the broad band (characteristic of 
the disorder at short distance) is located at 400 
cm 1 for (a) and about 443 cm“1 for (b). There is 
an appearance of a line at 608 cm“1 (which 
corresponds to a threefold planar ring formed 
from three tetrahedra [6]) for the sample heat- 
treated at 700°C. The line observed at 640 cm“1 
for (a) is probably due to the presence of DMF 
and organic compounds in the dried gel at 160°C. 
Comparison of these two spectra also shows that 
the line at 478 cm“1 observed in (a) shifts to 
about 490 cm“1 in (b). These lines at 478 and 
about 490 cm“1 can be assigned to the fourfold 
planar ring, respectively at the surface and inside 
the particles [7].

Comparison between (b), (c) and (d) reveals 
that the line due to the fourfold planar ring 
(located about 490 cm“1) increases compared 
with the line at 608 cm“1 due to the threefold 
planar ring and also shows an increase of the 
intensity of the broad band compared to the line 
about 490 cm“1. At 1050°C, the spectrum (d) is 
similar to the fused silica one (e).

Figure 3 represents the reduced intensities 
I(w)<w/(n(w) + 1) versus the frequency, w, in a 
log-log plot. The spectrum of the sample dried at 
160°C (a) is not characteristic of the structure of
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Fig. 2. Raman scattering from base-catalyzed xerogels: (a)-(e) 
same samples as in fig. 1.

Fig. 3. Log-log plot of reduced intensities versus the fre
quency, a>, of Raman scattering from base-catalyzed xerogels: 

(a)-(e) same samples as in fig. 1.

the materials because of the presence of DMF 
and organic compounds in this non-heat-treated 
xerogel, but the spectra of the samples annealed 
at 700°C (b) and 980°C (c) for 30 min shows that 
the plot is linear from about 35 to 160 cm '. In 
this interval, the reduced intensity varies as w1'

Fig. 4. (a) Scanning electron microscopy image of the xerogel dried at 160°C. (b) Scanning electron microscopy image of the xerogel 
annealed for 30 min at 980°C.
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Table 1
BET measurements and determination of apparent density

Temperature
(°C)

Radius of 
mesopores

(A)

Specific area
(cm2/g)

Apparent 
density 

(g/cm3)

160 43 617 0.54
700 43 570 0.56
980 37 310 1

1050 - 0 2.19

The spectrum of the sample annealed at 1050°C 
(d) presents no linear zone and is similar to the 
fused silica one (e).

SEM study shows a microstructure consisting 
of spherical clusters with a mean diameter of 
about 300 A for the xerogel dried at 160°C (fig. 
4(a)). The image also shows that these clusters 
are constituted of particles with a diameter of 
about 60 A which correlates with Raman mea
surements.

The image of the sample annealed at 980°C 
(fig. 4(b)) shows a decrease of the porosity of the 
materials, but the size of the clusters is not very 
different from fig. 4(a), showing that the conver
sion of the xerogel to glass is realized in a very 
small domain of temperature (between 980 and 
1050°C).

BET measurements and determination of ap
parent density provide the values given in table 1, 
reflecting the evolution from the xerogel to the 
glass.

4. Discussion

The small shift of the position of the low- 
frequency band observed in fig. 1 and the narrow
ing of it shows the growth of the largest particles 
at the expense of smaller ones [8] between 160°C 
(a) and 980°C (c). At 1050°C (d), the similarity of 
the spectra to that of fused silica confirms the 
transformation of xerogel to glass.

In fig. 2, the modification of the position of the 
broad band between 160°C (a) and 700°C (b) 
reveals that there is a modification of the internal 
structure in the particles in this interval of tem
perature which change the disorder at short dis

tance. The apparition of the line located at 608 
cm-1 (fig. 2(b)) reflects the modification of the 
surface of the particles which was rough but 
becomes smooth [9]. The shift of the line located 
at 478 cm-1 at 160°C (fig. 2(a)) to 490 cm'1 at 
700°C (fig. 2(b)) again reflects modification of the 
surface of the silica particles from rough to 
smooth.

The increase of the line at 490 cm-1 compared 
with the line at 608 cm“1 with increasing temper
ature shows progressive evolution of the structure 
of xerogel to glass, also reflected by the increas
ing of the intensity of the broad band compared 
with the line about 490 cm“1.

The spectra in fig. 3 show that plots of the 
samples annealed at 700°C (b) and 980°C (c) for 
30 min are linear from about 35 to 160 cm“1 and 
the reduced intensity varies as ¿<j". Such Raman 
scattering was interpreted as coming from frac
tons [10]. The Raman exponent, v, was expressed 
[2] as a function of the fractal and fracton dimen
sionalities, respectively D and d, and of the su
perlocalization exponent, d<f>. This exponent is 
such that the fracton wave function decays [11] as 
expf —ar'w’) versus the Euclidian distance, r. The 
expression of v was obtained assuming that the 
scattering from the different points in the fractal 
localization volume is incoherent:
p = i7((2t7^>/D) + 1) - 1.
If the Raman scattering is supposed to be coher
ent, one would find [12]
v = d(2dc[>/D) — 1.
The hypothesis of incoherent scattering is chosen 
because we have to do with disordered fractal 
materials.

From theoretical results [13] it was assumed 
1 < d</> < 1.3. The experimentally measured frac
tal dimensions for gels or porous silica are higher 
than 1.75 and smaller than 3 [14-18], Taking 
d(f> = 1 and the medium value D = 2.375 it is 
found that
¿7 = 0.98 for 700°C (v = 0.8), 
¿7=1.36 for 980°C (r=1.5)
The increase of the spectral dimension, ¿7, with 
temperature could be due to the modification of 
the connectivity inside the particles (¿7 = 3 for a 
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uniform, fully connected structure of dense SiO2 
[19]).

5. Conclusion

Raman scattering, SEM, and BET measure
ments allow the process of densification of base
catalyzed xerogels to be described. Phenomena 
which can be distinguished include smoothing of 
the particles, small growth of their size, modifica
tion of their internal structure, and decrease of 
porosity.
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TiO2-SiO2 glasses prepared by the alkoxide route
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Materials in the composition range xTi02-(100-x)Si02 (x = 10 and 30 mol%) were prepared with different ratios 
H2O/alkoxide EtOH/alkoxide and with different thicknesses. The precipitation of anatase was observed in all samples heat 
treated at 550 and 850°C. In samples heat treated at 1300°C, anatase and a-cristobalite were observed. Rutile precipitation 
was observed only in the samples prepared with high water content heat treated at 1300°C. Infra-red studies indicate that 
TiO2 enters the structure in tetrahedral and octahedral coordination in all samples. Density and Vickers hardness showed a 
strong dependence on preparation conditions.

1. Introduction

Glasses in the TiO2-SiO2 system have proper
ties that make them suitable for special applica
tions. Preparation of these glasses by conven
tional melting is rather difficult due to the high 
temperatures involved. The alkoxide route may 
be regarded as an alternative process for fabrica
tion of these glasses at low temperatures. 

molar ratio H2O/alkoxides was attained (table 
1).

One sample with 100 mol% SiO2 was prepared 
with H2O/TEOS = 2.0, HC1/TEOS = 0.1 and 
EtOH/TEOS = 2.0. The preparation of this sam
ple was performed in one step.

Solutions obtained were left in a glass con
tainer covered with a plastic foil at 60°C for 
gelation. Samples 10Ti-5 and 30Ti-4 were pre-

2. Experimental

2.1. Preparation and heat treatment of gels

Gels in the composition range xTiO2 • (100— 
x)SiO2, x = 10 and 30 mol%, were prepared uti
lizing tetraethylorthosilicate (TEOS) and tita
nium isopropoxide (i-PrTi), both Merck, as raw 
materials.

TEOS was first hydrolyzed for 2 h with mag
netic stirring at room temperature with water, 
ethanol and HC1. After this step, i-PrTi dissolved 
in ethanol was added to the hydrolyzed TEOS 
solution. Next, water was added until the final

Table 1
Preparation of gels of TiO2-SiO2 system (experimental con
ditions)

Composition 
(mol%)

Sample Molar ratios

H2O/alk. HCL/alk. EtOH/alk.

90Si0210Ti02 lOTi-1 2 0.09 2.8
lOTi-2 4 0.09 2.8
lOTi-3 10 0.09 2.8
lOTi-4 40 0.09 2.8
10TÍ-5 4 0.09 10.0
10TÍ-6 40 0.09 10.0

70SiO2 30TiO2 30TÍ-1 4 0.07 10.0
30TÍ-2 10 0.07 10.0
30TÍ-3 40 0.07 10.0
30TÍ-4 4 0.07 29.0

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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pared with smaller thickness than others by 
putting the solutions in 120 mm diameter Petri 
dishes.

After drying for 30 days at 60°C, the gels were 
heat treated at 120°C for 48 h to liberate physi
cally adsorbed water and ethanol. After heat 
treatment at 120°C, all samples were heat treated 
for 5.5 h at 500, 850, 850°C + 1300°C and 1450°C. 
The heating rate was 60°C h 1 for samples heat 
treated at temperatures < 850°C, and 300°C h_1 
for samples heat treated at temperatures > 
850°C.

2.2. Structural studies and properties of glasses

Crystalline phases were identified with a 
Phillips diffractometer model PW1940. Infra-red 
absorbance spectra were obtained in the range of 
4000-200 cm-1 with a Perkin-Elmer 683 spec
trophotometer using the KBr pellet technique.

The density of materials was determined by 
the Archimedes method using Hg as the immer
sion liquid.

Vickers hardness, Hv, and fracture toughness, 
K1C, were measured on samples heat treated at 
different temperatures by the indentation method. 
Indentation tests were performed with a micro
hardness tester, Shimadzu Dataletty 150, at a 9.8 
N load and a loading time of 15 s. Twenty inden
tations were carried out on each sample. Fracture 
toughness was determined using [1]

K1C = 0.055 Hv a1/2(l/a)~1/2,

where a are the radial cracks extending from the 
corners of indent lengths, I.

3. Results

3.1. X-ray diffraction

Anatase precipitation occurred in all TiO2- 
SiO2 gels and was enhanced by increasing tem
perature and/or TiO2 content (table 2). At 850°C 
+ 1300°C, the precipitation of a-cristobalite was 
also observed. The formation of rutile was ob
served only in samples 10Ti-6 and 30Ti-3 at

Table 2
Crystalline phases formed in samples of TiO2-SiO2 glasses 
heat treated at several temperatures for 5.5 h

Sample 550°C 85O°C (850+1300)°C

lOTi-1 anatase anatase anatase + a-cristobalite
lOTi-2 anatase anatase anatase + a-cristobalite
lOTi-3 anatase anatase anatase + a-cristobalite
lOTi-4 anatase anatase anatase + a-cristobalite
10TÍ-5 anatase anatase anatase + a-cristobalite
10TÍ-6 anatase anatase anatase + a-crist. + rutile
30TÍ-1 anatase anatase anatase + a-cristobalite
30TÍ-2 anatase anatase anatase + a-cristobalite
30TÍ-3 anatase anatase anatase + a-crist. + rutile
30TÍ-4 anatase anatase anatase + a-cristobalite
SiO2 amorphous a-crist. a-cristobalite
TiO2 anatase anatase rutile

850°C + 1300°C. In SiO2 sample, a-cristobalite 
formed at 850°C. An anatase sample, trans
formed into rutile after heat treatment at 850°C 
+ 1300°C.

In some samples heat treated at 1450°C for 5.5 
h, a slight deviation in the position of diffraction 
lines of a-cristobalite was observed (fig. 1). A 
deviation from 47° and 48.6° to 46.6 and 48.2°, 
respectively, was observed. This is attributed to 
formation of a solid solution of TiO2 in a-cris- 
tobalite that coexist depending on heat treatment 
temperature, TiO2 content and preparation con
ditions with anatase or anatase and rutile.

Crystallization of TiO2-SiO2 glasses with 15 
mol% Tio2 by precipitation of anatase with very 
small crystallite sizes was also observed by Emili 
et al. [2], These authors also observed that the 
crystallites increase in size with temperature.

3.2. Infra-red spectroscopy

Characteristic absorption bands of silica were 
observed in spectra of all samples with 10 and 30 
mol% TiO2 heat treated at 120°C for 48 h. For 
heat treatment temperatures > 120°C, these 
bands (except the one located at =970 cm-1) 
appeared without great changes but were more 
defined and narrower. This is attributed to densi
fication of the structure. This narrowing was more 
notorious for the band at 790 cm-1.
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In the spectra of samples heat treated at 850°C 
+ 1300°C, two bands at 385 and 610 cm-1 were 
observed. According to X-ray diffraction results, 
these bands are attributed to the presence of 
a-cristobalite, which agrees with the results of 
other authors [3,4].

The band at -970 cm-1 decreased in inten
sity with [3,4] increasing temperature which was 
expected due to the condensation of Si-OH 
groups. In samples heat treated at 850°C + 
1300°C, a narrow band appeared at = 945 cm“1. 
This band was not observed in the spectrum of a 
silica sample heat treated at 850°C + 1300°C. For 
this reason, it cannot be attributed to the pres
ence of Si-OH groups but to the Si-O-Ti modes 
of vibration which agrees with several authors 
[5-8],

In a spectrum obtained for sample 10Ti-4 (fig. 
2(a)), the band located at ~ 470-490 cm “1 at
tributed to the vibration modes of silica presents 
an asymmetry that is more pronounced at higher 
temperatures. This asymmetry is attributed to 
superposition with another band due to vibration 
modes of the Ti-O bond.

In the same spectrum a band is visible at 345 
cm-1 with shoulders at 515, 595 and 730 cm“1. 
According to a spectrum obtained for a pure 
synthetic anatase sample, these bands are at
tributed to the presence of anatase which agrees 
with the results of Tarte cited by Farmer [4], 
These bands are more defined for higher temper
atures, which is explained by X-ray diffraction 
results as a consequence of anatase crystalliza
tion.

A band at 665 cm“1 was also observed in the 
spectrum obtained for the 10Ti-4 sample heat 
treated at 850°C + 1300°C. This band was not 
observed in spectra of silica and pure synthetic 
anatase samples heat treated at the same temper
atures. This band was attributed to Si-O-Ti vi
bration modes in a mixed network of SiO2 and 
TiO2. The infra-red spectra obtained for other 
samples with 10 mol% TiO2 presented similar 
features.

In the spectrum obtained for a sample with 30 
mol% TiO2, there are no differences in band 
positions (fig. 2(b)). Nevertheless the asymmetry 
of the band at =470-490 cm“1 is enhanced in 

this spectrum which is in accordance with the 
attribution of this asymmetry to the superposition 
with a band due to Ti-O vibration modes.

The bands attributed to a-cristobalite at 385 
and 620 cm“1 and the band at 790 cm“1 at
tributed to the vibration modes of Si-O-Si bond 
were more attenuated in spectra of 30 mol% 
samples, which is not surprising. The 945 cm“1 
band also appears in the spectrum of sample 
30Ti-3 heat treated at 850°C + 1300°C, which 
confirms its attribution to the vibration modes of 
Si-O-Ti bond. The shoulder at 730 cm“1 at
tributed to Ti-O vibration modes appeared more 
attenuated in spectra of 30 mol% TiO2 samples. 
This is not attributed to a decrease in its intensity 
but is attributed to an increase of the band at 
= 650-665 cm“1 due to the Si-O-Ti vibration 
modes.

S1O2

1OTÍ-2

1OTi -4

10TÍ- 6

3OTÍ-1

30TÍ-3

3OTÍ-4

2 9-CuKcx
Fig. 1. X-ray diffractograms of samples heat treated at 1450°C 

for 5.5 h.



I.M. Miranda Salvado, J.M. Fernandez Navarro / TiO2-SiO2 glasses 259

4000 3500 3000 2500 20001800 1600 1400 1200 1000 800 600 400 200
Wave number [^cm"1J

Fig. 2. Infra-red spectra of samples (a) lOTi-4 and (b) 30TÌ-3.

3.3. Properties of materials

3.3.1. Density
The influence of preparation conditions, com

position and heat treatment temperature is ob
served in table 3. It is obvious that for tempera
tures up to 850°C the density increases with tem
perature, which is explained by condensation of 
Si-OH groups. The density increases with TiO2 
content which was expected due to the high 
atomic weight of titanium. The density values 
decrease with the molar ratio H20/alkoxide 
which is explained by assuming that samples pre
pared with high water content have larger pores. 
In samples heat treated at 850°C + 1300°C, bloat
ing was observed. This phenomenon was ex
plained in more detail elsewhere [9].

In table 3 it can also be observed that thin 
samples have higher density than thick samples at 

all treatment temperatures and samples prepared 
with higher ethanol content present higher den
sity values after heat treatment at 550 and 850°C.

Table 3
Density values obtained for samples heat treated at different 
temperatures

Sample Density values (g cm 3)

120°C 550°C 850°C 1300°C

Thick
lOTi-2 1.70 1.93 2.13 1.37
lOTi-4 1.33 1.40 1.57 1.21
lOTi-5 1.45 2.06 2.32 0.83
30TÌ-1 1.73 2.12 2.26 1.53
30TÌ-3 1.43 1.54 1.62 1.32
30TÌ-4 1.67 2.28 2.94 1.41

Thin
lOTi-5 1.82 2.18 2.77 1.56
30TÌ-4 2.26 3.02 3.14 2.04
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Table 4
Vickers hardness values obtained for samples heated treated 
at 550 and 850°C

Sample //v(GNm“2)

550°C 850°C

Thick
lOTi-2 0.61 1.47
lOTi-4 0.34 0.55
lOTi-5 0.68 1.92
30TÌ-1 0.89 2.00
30TÌ-4 1.22 5.54

Thin
lOTi-5 1.30 2.52
30TÌ-4 2.90 6.83

At 120°C, samples with higher ethanol content 
present lower density values. It seems that a high 
ethanol content favors densification of samples. 
The higher density values were obtained for thin 
samples lOTi-5 and 30TÌ-4 heat treated at 850°C 
for 5.5 h.

3.3.2. Vickers hardness and fracture toughness
Results obtained for Hv are listed in table 4. 

Hv decreases with the increasing water content. 
This decrease is more pronounced for samples 
heat treated at 850°C and is in accord with den
sity values obtained for these samples by others 
[10]. In samples with higher TiO2 content, higher 
values for Hv were observed. This increase is 
more pronounced for samples prepared with 
lower water content.

For both compositions, Hv increases with tem
perature, as a consequence of densification.

In samples lOTi-2, lOTi-5, 30TÌ-1 and 30TÌ-4 
prepared with molar ratio H2O/alkoxide = 4, Hv 
increases with ethanol content. This can be ex
plained assuming that samples prepared with 
higher ethanol content are less porous at 550 and 
850°C. This agrees with density values and results 
of other authors [11].

Hv values were higher for samples prepared 
with smaller thickness, which is explained assum
ing that in thinner samples liberation of water 
and residual hydrolysis products is easier than in 
thick samples where the drying process is more 
difficult. This agrees with density values. In this 

study, the highest value of Hv was 6.83 GN m 2 
for the thinner sample 30Ti-4 heat treated at 
850°C.

Fracture toughness values obtained for thin 
samples 10Ti-5 and 30Ti-4 heat treated at 850°C 
were 1.94 and 3.59 MN m_3/2, respectively. In 
other samples, no radial cracks from the indenter 
were observed.

4. Conclusions

According to X-ray diffraction and infra-red 
results, TiO2 is incorporated in a mixed network 
of SiO2 and TiO2. A solid solution of TiO2 and 
a-cristobalite is formed. This agrees with results 
obtained by Emili et al. [2] by XANES and EX- 
AFS.

The presence of a band at ~ 945 cm-1 at
tributed to the presence of Si-O-Ti bonds indi
cates that there are modes of vibration corre
sponding to Ti-O bonds with the titanium ion in 
four fold coordination. Formation of anatase and 
rutile means that there also exist titanium ions in 
sixfold coordination. The presence of the two 
coordinations in TiO2-SiO9 glasses has been also 
observed by XANES and EXAFS [2,12], These 
authors observed that the octahedral/tetrahedral 
ratio increases appreciably with TiO2 content and 
that crystalline TiO2 (anatase or rutile) segre
gates as a second phase.

Density, Vickers hardness and fracture tough
ness were strongly influenced by water content, 
composition and sample thickness and heat treat
ment temperature.

For the same preparation conditions and com
position, increasing temperature to 850°C was 
accompanied by increasing density, Hv and Klc, 
which was explained by sample densification.
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Differential thermal analysis (DTA) was used to study crystallization in ZrTiO4, during heating of a reactive amorphous 
hydroxoperoxo compound of Zr and Ti (HXPZT). Activation energy and Avrami’s kinetic parameter, n, have been 
simultaneously calculated from the computed DTA data using previously reported kinetic models. The crystallization 
process is best fitted to a first-order equation (n = 1) which can be explained by means of a random nucleation-controlled 
system on a large number of small particles with an activation energy of 620 kJ mor1. These results are in accordance with 
a previously proposed mechanism based on scanning electron microscopy observations.

1. Introduction

Zirconium titanate, ideally ZrTiO4, is a very 
well established material for a wide field of appli
cations. The binary system, TiO2-ZrO2, has been 
shown to be an effective acid-base bifunctional 
catalyst [1]. Polycrystalline zirconium titanate has 
been investigated as a high dielectric material [2] 
and for high-temperature pigments [3], This ma
terial can be synthesized by direct reaction of 
TiO2 and ZrO2 at elevated temperatures (1200- 
1700°C) [2,4]. Recently, the alternative sol-gel 
process, starting from alcoholic solutions of alkox
ides which undergo condensation reactions after 
initial hydrolysis, has attracted much attention 
[5]. This method is suitable for intimate mixing. 
Pure oxide materials can thus be obtained by a 
thermal process of dehydration and crystalliza
tion of hydrogels. The process of dehydration and 
crystallization of hydrogels of various oxides dif
fer significantly, depending on the preparation 
method [6].

An amorphous hydroxoperoxo compound of 
Zr and Ti as a reactive powder (HXPZT) has 
been prepared using a sol-gel method. The 
preparation and characterization by X-ray dif
fraction (XRD) and scanning electron microscopy 
(SEM) of this reactive precursor has been re
ported [7]. Thermal treatment of the reactive 
precursor showed the formation of a single phase 
of ZrTiO4 with a high crystallinity, at a tempera
ture as low as 640°C.

Understanding of the modes of crystal nucle
ation and growth during the processing of materi
als is of great importance for the comprehension 
of intrinsic properties of materials such as ZrTiO4. 
The present study was undertaken to characterize 
more fully the nature of the crystallization pro
cess that occurs during thermal treatment of the 
amorphous reactive precursor (HXPZT).

2. Crystallization kinetics model

The reaction rate in a non-isothermal experi
ment can be expressed by the same function of 
temperature and conversion used for describing 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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the conventional isothermal conditions [8,9]. Thus, 
the reaction rate of a solid state transformation, 
obeying a nucleation and growing process accord
ing to the Johnson-Mehl-Avrami (JMA) kinetic 
model, can be written as

da/dt = An(l — a) [ — ln( 1 — a)]" 1/n

Xexp( -E/RT), (1)
where a is the reacted fraction, da/dt is the 
reaction rate, A is the Arrhenius pre-exponential 
factor, n is a parameter depending on the crystal
lization mechanism, E is the activation energy, R 
is the gas constant (= 8.3143 J K'1 mol'1) and T 
is the absolute temperature.

Taking logarithms and rearranging eq. (1) gives
1 1 AE
-lnln-------=ln—+ lnp(x), (2)
n 1 — a (3R

where (3 is the heating rate and the p(x) function 
is the temperature integral of Arrhenius.

Substituting Doyle’s approximation [10], which 
has been proposed in the literature to solve the 
p(x) function, into eq. (2) gives

1 AE nE
lnln---- — = « In------ 1-5.33« —1.05---- . (3)1—a f3R RT v ’

According to eq. (3), a plot of ln[ — ln(l — a)] vs. 
the reciprocal of temperature should be a straight 
line of slope nE.

3. Experimental

The starting reactive powdered precursor was 
prepared by the sol-gel method previously re
ported [7]. Differential thermal analysis (DTA) 
profiles were obtained in static air with a thermal 
analyzer (model PTC-10A, Rigaku Co., Tokyo) at 
different heating rates. About 20 mg of sample 
was gently packed in a platinum holder. Calcined 
alumina was used as reference.

4. Results

Figure 1 shows the exothermic DTA trace at 
(3 = 8°C min'1 corresponding, according to our

Fig. 1. DTA trace of ZrTiO4 crystallization obtained from the 
reactive precursor (HXPZT). /3 = 8°C min ~l. A = total area 
under the peak; At = partial area under the peak; a{ = reacted 

fraction.

XRD results [7], to the crystallization in ZrTiO4 
from the amorphous reactive chemically prepared 
precursor. The analytical kinetic model outlined 
above was applied to the exothermic DTA trace 
from fig. 1. The values of the reacted fraction, a, 
at several temperatures, T, were calculated from 
the ratio between the values obtained by integrat
ing the exothermic DTA trace and the total area 
of the same DTA trace. Substituting a-T values 
into eq. (3), the plot in fig. 2 was obtained. A 
value for nE = 634 kJ mol“1 was obtained from 
the slope of the straight line of fig. 2.

Using Kissinger’s method [11] in the same way 
as established in the literature [8,9,12,13], the 
activation energy, E, for the crystallization pro
cess studied here can be obtained. Given the 
value of nE and provided that the activation 
energy can be obtained from Kissinger’s method, 
the value of the kinetic Avrami’s parameter, n, 
can be easily calculated.

Kissinger’s method can be analytically ex
pressed by the equation [11]

£
R7;

+ constant, (4)
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Fig. 2. Avrami’s plot of ln[-ln(l-a)] vs. the reciprocal of 
temperature. Fig. 4. Kissinger’s plot of ln(/3 / T~) vs. the reciprocal of the 

maximum DTA peak, Tp.

where Tp is the absolute temperature correspond
ing to the maximum of the exothermic DTA peak 
of the crystallization process.

According to Kissinger’s equation, the plot of 
ln(/3/7p2) against the reciprocal of the Tp ob

tained at several heating rates leads to a straight 
line, the slope of which gives the activation en
ergy.

The variations in DTA peak temperature with 
heating rate, corresponding to the exothermic 

Fig. 3. DTA traces of ZrTiO4 crystallization obtained at different heating rates: (a) 8°C min (b) 10°C min x; (c) 12°C min 
(d) 15°C min-1
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crystallization of ZrTiO4 from the HXPZT pre
cursor are shown in fig. 3. From these variations, 
DTA peak temperatures as a function of the 
heating rate were obtained and data were fitted, 
using linear regression, to eq. (4), leading to a 
straight line, as shown in fig. 4. The slope gave an 
activation energy of 620 kJ mol-1. By substituting 
the value of the activation energy obtained from 
Kissinger’s method into the values of nE = 634 kJ 
mol-1, a value of the coefficient n = 1.02 was 
obtained.

5. Discussion

The value obtained for the kinetic parameter, 
n = 1.02, indicates that the exothermic effect ob
served in the DTA experiment of the sample 
studied here is associated with surface crystalliza
tion, which is in agreement with previously pro
posed [7] elimination of water by polycondensa
tion of OH- strongly bonded to Zr and Ti cations. 
It should be noted that loss of water occurs in a 
relative short range of temperature just before 
and during the crystallization process takes place.

The kinetic parameter obtained (n = 1.02) can 
be explained by considering an agglomerated sys
tem constituted of constant number of particles. 
If the particles are small enough, then a single 
nucleus is generated on each primary particle. In 
such a system, the rate of crystallization is con
trolled by random nucleation [14],

As shown in our SEM results [7], during the 
thermal treatment of the (HXPZT) precursor, the 
starting particles develop a texture characterized 
by a substructure consisting of a large number of 
small particles (< 0.5 pm, in diameter) agglomer
ated in a larger size particle (20—30 pm in 
diameter). This feature points towards the ran
dom nucleation mechanism previously proposed 
[14,15],

6. Conclusion

The crystallization process in ZrTiO4, ob
tained by thermal treatment from an amorphous 

and reactive hydroxoperoxo compound of Zr and 
Ti, can be associated with a random nucleation 
mechanism (n = 1), via a dehydration process by 
means of the polycondensation of surface hy
droxyl groups. The activation energy of the crys
tallization process obtained is 620 kJ mol-1.
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Homogeneous precursors of ‘solder glasses’ used in electronic device packaging have been synthesized by gel process. 
Experimental details and structural modifications of starting alkoxides during gel synthesis and aging are presented. 
Crystallization of lead titanate, PbTiO3, during the sintering of amorphous and porous lead borate matrix is described. 
A12O3 and/or SiO2 addition effects on metastable lead titanate crystallization and on grain size distribution are reported.

1. Introduction

Crystalline PbTiO3 is commonly used in ‘solder 
glass’ to reduce the high thermal expansion coef
ficient (TEC) of the low melting lead borate 
glassy phase [1,2]. The perovskite-type low-tem
perature PbTiO3 has a strong negative TEC due 
to a high tetragonal distortion for temperatures 
below the phase transformation at 490°C [3].

Generally, low TEC crystal and low melting 
glass are prepared separately and then crushed. 
The resulting powders are mixed to obtain a 
‘solder glass’ with a well matched TEC to the 
alumina package. This procedure leads the glass 
sealing process to have undesirable features such 
as (i) large grain size distribution, (ii) crushing 
pollution, (iii) out-gassing generating bubbles, and 
(iv) uncontrolled lead borate crystallization [4].

This study deals with the preparation of ‘solder 
glasses’ by gel process in order to have a better 
control of synthesis and microstructure. Special 
attention is focused on crystallization of lead 
titanate which has been previously investigated 
for its ferroelectrical and electrooptical proper
ties [5]. PbTiO3 ceramics have been synthesized 
by coprecipitation [6] and by gel process [7,8]. 
This is extended with suitable modifications to 
synthesize a ‘solder glass’ precursor.

2. Experimental

Two gels, namely S6 and SA6 gel, were pre
pared to obtain ‘solder glasses’, respectively SG- 
S6 and SG-SA6, with molar compositions 
37.5PbTiO3-37.5PbO-18.7B2O3-6.3SiO2 (SG- 
S6) and 38.1PbTiO3-38.1PbO-19B2O3-3.2SiO2- 
1.6A12O3 (SG-SA6). For both SG-S6 and SG-SA6, 
there are simple element ratios: Pb/Ti = 1 for 
crystalline phase tpc, Pb/B = 1 for vitreous phase, 
<pv, and lastly Pb(<pc)/Pb(<pv) = 1. For SG-S6 
and SG-SA6, respectively, Si/Pb = 1/6 and 1/12; 
Al/B = 0 and 1/12.

The starting materials are: Pb(OAc)2, 3H2O, 
Ti(O-i-Pr)4, B(OEt)3, Si(OEt)4 and Al(O-i-Pr)3. 
MeOEtOH was chosen as a solvent for its ability 
to dissolve commercial crystalline Pb(OAc)2, 
3H2O and for its boiling point (b.p. = 124°C) 
which allows water removal. The synthesis was 
performed in a three neck reactor with a head 
temperature control, THC, of the distillation col
umn. The gel processing is divided into different 
stages, as follows.

(i) All the Pb(OAc)2, 3H2O is dissolved in 
MeOEtOH with 1/6 molar ratio and then the 
solution is heated for water removal. THC reaches 
the 100°C isothermal H2O b.p., and then in
creases slowly to 124°C.

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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(ii) After cooling, Ti(O-i-Pr)4 is dropwise 
added in the solution which is then refluxed. 
During further heating, THC increases to a first 
isotherm at 82°C (i-PrOH b.p.) and a second at 
85°C, before increasing slowly. The latter isotherm 
is attributed to an azeotropic mixture of -i-PrOH 
and -i-PrOAc (b.p. = 90°C).

(iii) As in stage (ii) but with the addition of 
B(OEt)3, Al(O-i-Pr)3 and/or Si(OEt)4. An 
isotherm at 77°C is observed (EtOAc b.p.).

(iv) After cooling, the solutions are hydrolyzed 
using H2O/Pb = 4 and dried at 100°C. Parts of 
S6 gel are aged 1 day or 11 days.

3. Results

The gelation mechanism was previously re
ported as a transesterification reaction for gel-de
rived PbTiO3 [7]:
Pb(OAc)2 + Ti(O-i-Pr)4

^PbTiO2(O-i-Pr)2 + 2 i-PrOAc. (1) 

Further studies [8-10] have emphasized that some 
structural modifications of starting alkoxides can 
occur during dissolution and refluxing. More ex
periments are needed to prove the existence of 
an oxo-alkoxide as described in eq. (1).

Infrared spectra have been measured at differ
ent processing steps [4], They are not presented 
here but the following observations can be made. 
In stage (i), MeOEtOAc ester (b.p. = 144°C) is 
generated and probably leads to the formation of 
a significant amount of modified lead acetate (IR 
observed). IR spectra show that Ti(O-i-Pr)4 un
dergoes an alcoholysis reaction with the solvent 
[10] involving, during stage (ii), a complete ex
change between O-i-Pr and OEt-OMe groups. 
No IR evidence was found to assert the existence 
of a Pb-O-Ti bond. It was concluded that the 
polymeric species are M-Or M type, where M 
(either Pb or Ti) is indistinctly linked to OAc or 
OEtOMe group. It is noteworthy that OAc can 
easily behave as a bidentate ligand [11,12] and it 
is suggested that OEtOMe can have a similar 
behaviour'.

(cm-f)
Fig. 1. Infrared spectra measured with (1) KBr pellets of Pb(OAc)2,3H2O; (2) dried S6 gel; (3) 1 day aged then dried S6 gel; (4) 11 

days aged then dried S6 gel.
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The structural evolution of S6 gel during aging 
is shown in fig. 1. The three bands associated 
with bidentate OAc are ua(C-O) close to 1550 
cm1; rs(C-O) close to 1400 cm-1 (both can 
undergo various shifts if chelating or bridging) 
and 3(COO) at 660 cm-1 [11]. This last band is 
characteristic of ionic arrangement as in crys
talline Pb(OAc)2, 3H2O. This band disappears in 
S6 gels and the two remaining bands vanish with 
aging and, simultaneously, a new band appears 
near 900 cm“1. In this frequency range, previous 
studies have shown that in lead borate glass, TiO2 
and SiO2 addition involve, respectively, strong 
absorption near 900 cm 1 and between 900 and 
1000 cm-1 [13,14], while in silicate glass the Si- 
O-Ti bond is at 920 cm-1 [15].

S6 and SA6 dried gels were investigated by 
differential thermal analysis (DTA), thermogravi- 
metric analysis (TGA), X-ray diffraction (XRD) 
and scanning electron microscopy (SEM). On 
DTA curves (fig. 2), one can observe, both for S6 
and SA6 gels (but with different intensities), the 
OAc decomposition near 310°C, the burning of 
organic compounds between 350 and 380°C and 
crystallization, respectively very sharp (440°C) for

Fig. 2. DTA curves of S6 and SA6 gels. Heating rate: 15°C/ 
min.

different temperatures during heating at 2°C/min.

S6 gel and rather spread (420°C with a shoulder 
at 440°C) for SA6 gel. These two crystallization 
modes are characterized in XRD patterns (fig. 3). 
For S6 gel, it is observed that the crystallization 
of a metastable lead titanate was previously iden
tified as Pb2Ti2O7 [16]. On further heating, this 
pyrochlore-type phase is transformed into per-
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Fig. 4. Shrinkage of S6 gel (a) treated at: 1, 100°C; 2, 360°C.
Curve 3 is related to dried S6 gel weight loss. Shrinkage of

SA6 gel (b) treated at: 1, 100°C; 2, 270°C.

ovskite PbTiO;. The transformation is complete 
at 500°C. For SA6 gel, Pb2Ti2O7 appears at lower 
temperature and is just followed by the crystal
lization of a second metastable phase of lead 
titanate (noted PbTiO3 2nd melting point) which 
has been previously observed [17,18]. This phase 
is enhanced by aluminium, as supported by the 
XRD patterns of Sx- and SAx-type gels [4], The 
transformation into perovskite PbTiO3 occurs 
near 500°C.

S6 and SA6 gel sintering also reveals differ
ences. SA6 gel has a shrinkage approximately 
twice that of the S6 gel. The latter gel exhibits a 
strong elongation at the crystallization tempera
ture (fig. 4). The matrix has begun to densify at 
this temperature and Pb2Ti2O7 is a multiple cell. 
The shrinkage observed near 500°C corresponds 
to the pyrochlore -» perovskite transformation,

Pb2Ti2O7-» 2PbTiO3 + |O2, (2) 

which is supported by the comparison of the 
calculated values of shrinkage and weight loss 
(3.6% and 2.8% respectively) with the observed 
one (5.5% and 2.3% respectively).

Fig. 5. SEM observations of (a) SG-S6 and (b) SG-SA6 ’solder glasses’ treated at 1000°C.
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When heated at higher temperature, SG-S6 
and SG-SA6 show differences in microstructure. 
At 600°C, SG-SA6 exhibits a better partially den
sified amorphous phase with regular residual 
pores (0.3-0.5 fxm). At 1000°C, the formation of 
a well dispersed crystalline phase with small grain 
size is enhanced in SG-SA6 (fig. 5).

4. Conclusion

Gel process may be a relevant way to prepare 
solder glass because it provides control of synthe
sis parameters and final microstructure. A better 
understanding of gelation mechanisms may be 
required to prevent the modifications of the start
ing alkoxides. IR investigations reveal some dif
ferences with previous works. This could be ex
plained by the formation of various polymeric 
intermediates resulting from a slight modification 
of the synthesis parameters. Al and/or Si addi
tion provide significant differences on lead ti
tanate crystallization for which two different 
metastable phases are observed before transfor
mation into perovskite PbTiO3 and on micro
structure. Gel-derived solder glasses exhibit a 
highly convenient particle size of PbTiO3 for 
glass sealing processes. It appears that the crystal
lization behaviour provides crystalline grain size 
distribution.

The authors thank Dr C. Vai (Thomson CSF- 
D.O.I.) for pertinent suggestions.
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Section 6. Processing methods

Rubbery ormosils and their applications

John D. Mackenzie, Y.J. Chung and Y. Hu
Department of Materials Science and Engineering, University of California, Los Angeles, CA 90024, USA

When a polymer such as silanol terminated polydimethylsiloxane (PDMS) is mixed with an alkoxide such as tetraethoxysi
lane (TEOS) in a suitable solvent and catalyst, gels can be prepared which exhibit rubbery elasticity. The microstructures of 
such organically modified silicates (ormosils) can be controlled to give solids which are opaque or transparent via 
experimental variables. This paper describes the conditions for the development of various microstructures, the properties of 
ormosils and how microstructures can control properties. Reaction mechanisms and structure developments during heating 
are followed by liquid and solid state NMR studies and electron microscopy. The rubbery ormosils are somewhat unique in 
that they contain a minor organic component and a major inorganic component, and are therefore potentially useful as a 
non-toxic rubber at high temperatures. When these ormosils are heat-treated in a non-oxidizing atmosphere up to about 
1000°C, decomposition and reorganization take place. Depending on a number of variables, the products can be a black 
glass or a black porous nanocomposite. The latter can now be heated to 1400°C in air with no loss of carbon and no 
deformation. The porosity, low-expansion coefficient and black color make these nanocomposites useful as high-tempera- 
ture insulators. Transparent ormosils are superior to their pure oxide gel counterparts in terms of stress fracture during 
processing because of the presence of non-linking organic groups. Laser-active organic dyes can be dispersed in ormosil 
liquid solutions prior to gelation to give transparent solid-state tunable organic dye laser rods or discs. Ultrafine crystals of 
cadmium sulfide have also been dispersed in ormosils to give optical discs for non-linear applications. The ormosils contain 
chemical bonds linking organic polymers to inorganic oxide networks. They are likely to be the first group of many new 
inorganic-organic materials of the future such as multifunctional solids.

1. Introduction

In the past decade, a great deal of research 
and development has been carried out on the

Fig. 1. Schematic preparation process of ormosils.

preparation of crystalline and non-crystalline ce
ramic oxides by the sol-gel technique. In addition 
to the large volume of work conducted on purely 
oxide systems, there have been some attempts to 
incorporate organic materials into sol-gel-de- 
rived oxides. These can be conveniently divided

HYDROLYSIS

Si(OEt)4 + 4 H2O Si(OH)4 + 4 EtOH

Me Me
2SI(OH)4+ HO |-S -0 —Si -J- OH ----- —

Me Me n

OH Me Me OH

OH—Si—0-p Si — O — Si -r0—Si-OH + 2 H20

OH Me Me oh
Fig. 2. Chemical reaction for ormosils.

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Fig. 3. Effect of catalyst on gel microstructure. (A) gel (1/0.08/3/0.05); (B) gel (1/0.08/3/0.1); (C) gel (1/0.08/3/0.2); (D) gel 
(1/0.08/3/0.3).

into three groups. In the first group, the continu
ous pore morphology of an oxide gel is exploited 
for the impregnation of organic materials. For 
instance liquid methylmethacrylate monomer has 
been impregnated into the fine pores of silica gels 
and the monomer polymerized to give a transpar
ent SiO2-PMMA nanocomposite [1]. In the sec
ond group, organics are dispersed into the sol-gel 
liquid solution prior to gelation. After gelation, 
the organics are trapped within the oxide gel 
matrix. The first research was successfully carried 
out with the dispersion of organic dyes into oxide 
gels [2], These two methods do not result in the 
formation of primary chemical bonds between the 
oxides and the organics. In this paper, we are 

only concerned with the third group wherein the 
oxides and the organics do form chemical bonds 
with one another. Materials within this group are 
the organically modified silicates or ‘ormosils’, a 
word first used by Schmidt [3], The same type of 
materials was called ‘ceramer’ by Wilkes et al. [4].

2. Ormosils

A typical ormosil preparation process is shown 
in fig. 1. After mixing, the homogeneous solution 
of the inorganic and organic components are 
mixed with water and a catalyst. The resultant 
solution may be heated for a limited time prior to
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Table 1
Factors influencing the microstructure of ormosils

Inorganic component
chemical composition
structure
rate of hydrolysis and self condensation 
solubility

Organic component
chemical composition
structure
molecular weight 
average chain length 
end group copolymerization tendency 
solubility

Solution stage
ratio of A/B
concentration of AB in solution 
water content
solvent types
catalyst type and concentration
duration of reaction 
temperature 
filler type and concentration

Gelation stage 
temperature 
time 
atmosphere
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tive importance of these factors. There is little 
doubt, however, that the ormosil process is ex
tremely complex as described below.

3. Microstructure and reaction mechanisms

Typically, for the ormosils prepared in our 
laboratory, TEOS, PDMS, H2O and HC1, in mole 
ratios of 1/0.1/2/0.1 were reacted in EtOH as 
solvent. The catalyst was HC1, the reaction tem
perature 80°C and the gelation times were a few 
hours. The ormosils obtained are transparent
brittle, opaque-brittle, transparent-rubbery, or 
opaque-rubbery, depending on the variables de
scribed in table 1. Samples as large as 6 in X4 in 
X1 in were fabricated. The average molecular 
weight of the 2OH terminated PDMS was 1750. 
Because of the interdependence of the factors in 
table 1, large numbers of experiments were con
ducted details of which are too extensive for this 
report [6]. The dependence of the microstructure 
of the ormosils on some of the variables is illus
trated in figs. 3-5. The influence of the catalyst

casting and drying. The overall chemical reaction 
between tetraethoxysilane (TEOS) and a linear 
polymer, polydimethylsiloxane (PDMS) can be 
represented by the two step process in fig. 2. The 
remaining OH groups on the Si will continue to 
form bonds with other PDMS chains and/or with 
other SiOH groups. The most important point to 
note is that a primary chemical bond has now 
been formed between the inorganic component 
and the organic polymer chain. This reaction 
scheme is somewhat similar to that for the forma
tion of a pure oxide gel. It has been pointed out 
that the microstructure of a oxide gel is governed 
by numerous interdependent factors [5], The mi
crostructure of an ormosil, and hence its proper
ties, are obviously governed by even more inter
dependent factors because of the presence of the 
additional organic component. A list of such fac
tors is shown in table 1. Because of the small 
amount of research conducted so far on the or
mosils, there is limited understanding of the rela-

Fig. 4. Effect of reaction time on gel microstructure. 
[HC1]/[TEOS] = 0.2. Reaction time: only variable, (A) 30 min, 

(B) 40 min, (C) 50 min, (D) 60 min.
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concentration (HC1) on the microstructure of the 
1TEOS/0.08PDMS/3H20 ormosils is clearly 
shown in fig. 3. The open porosity increased from 
zero for sample A to 75% for sample D. For a 
sample with the composition of 1/0.08/3/0.2, 
fig. 4 shows the drastic variation of the mi
crostructure with reaction time. The [HC1]/ 
[TEOS] ratio was 0.2. If this ratio is decreased to 
0.1, however, the reaction times had relatively 
minor effects on the microstructure. For the com
position corresponding to 1/0.8/3/0.3, the large 
changes of microstructure when the reaction tem
peratures were increased 80°C to 100°C are shown 
in fig. 5. Microstructural changes of magnitudes 
similar to those shown in figs. 3-5 were observed 

on varying the water content, solvent content, 
solvent type, and inorganic precursors.

A limited study has been carried out on the 
reaction mechanisms in the liquid solutions for 
ormosils by 29 Si NMR spectroscopy. One set of 
results for reactions at 20°C as a function of time 
is shown in fig. 6. The notations used are: TMS = 
tetramethylsilane reference signal; MOH = Si 
atom in hydroxyl terminated PDMS end group; 
D = Si atom in PDMS backbone; Q° = TEOS 
monomer before reaction; Q1, Q2, Q3 and Q4 = Si 
atoms with one, two, three and four bridging 
oxygens, respectively; DQj = Si atom in copoly
mer between TEOS and PDMS. It can be seen 
that DQj increases as Q4 increases while MOH,

Fig. 5. Effect of reaction temperature on gel microstructure. (A) 80°C; (B) 90°C; (C) 100°C.
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0 -20 -40 -60 -80 -100 -120

PPM
Fig. 6. 29Si NMR spectra of solution gel (1/0.08/3/0.1) at 

different reaction time.

PPM
Fig. 7. 29Si NMR spectra of solution gel (1/0.08/1/0.1) 
reacted at 80°C for 20 min, followed by reaction at room 

temperature for different time. (A) 1 h; (B) 2 h.

Q°, Q2, Q3 decrease. A clearer comparison of 
the intensities of Q4, D and DQj is shown in fig.

4. Rubbery behavior

The rubbery behavior of a sample of ormosil 
of composition 1/0.08/3/0.3 is shown in fig. 10 
[7], The compressive strain is more than 50%. 
Compression-release cycles of 500 revealed no 
change of dimensions. A comparison of the me-

7. The peak intensity ratio, I, of DQj/D is a 
measure of the degree of copolymerization occur
ring in the solution. The variation of I with time 
is shown in fig. 8. Although at present, the results 
from NMR and microstructure studies are lim
ited, a qualitative picture of the reactions leading 
to the formation of two types of ormosils, based 
on low and high acid catalyst concentrations, can 
be proposed. This is depicted by fig. 9. 

chanical properties of ormosils and other solids is 
shown in table 2. A qualitative understanding of 
the rubbery behavior of ormosils can be obtained

Reaction Time (Min)

Fig. 8. Peak intensity ratio, I (DQb//(D), for solutions pre
pared with different acid content. Reaction temperature = 
80°C. Acid content: only variable, (A) gel (1/0.08/3/0.01), 

(B) gel (1/0.08/3/0.3).
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from the idealized microstructure shown in fig. If 
[8]. In fig. 2, the Si-O-Si angle along the PDMS 
chain is approximately 150°. Because every CH3 
group is only attached to a Si atom, rotation can 
occur between adjacent CH3-Si-CH3 groups via 
the Si-O-Si bridge. Thus, the effective length of 
a linear PDMS chain can be decreased signifi
cantly by coiling. For instance, a PDMS of molec
ular weight 1750 has 23 Si atoms in its chain. 

When stretched out, the chain length is ~ 50 A. 
On coiling, the length can be decreased to less 

o
than 30 A. If an external stress is applied to an 
ormosil sample, coiling of the PDMS chain will 
displace the silica units of fig. 11 into the pores of 
the microstructure. The modulus of elasticity is 
expected to be very low because the primary 
reaction to the stress is chain rotation. The pri
mary strain will be dependent on the availability

(A) (B)
Fig. 9. Reaction models at different stage after addition of H2O and HC1. (A) Low acid content; (B) high acid content. ( ~ PDMS, 

~ TEOS.)
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5 cm

Fig. 10. Rubbery ormosils under compressing.

of pores (‘free volume’), the average size of the 
silica units relative to the pore size, the average 
chain length, and the degree of linearity of the 
PDMS chains. The observed modulus and strain 
are seen to be compatible with this model. Rub
bery recovery is obtained on removal of the exter
nal stress via the uncoiling of the PDMS chain.

If fig. 9(B) is assumed to be the idealized 
version of fig. 11, and if all SiO2 units are spheri
cal, then for the composition corresponding to 
1/0.08/3/0.3, each SiO2 sphere will be joined to 
adjacent spheres via six PDMS chains. Each SiO2 
sphere will be approximately 10 A in diameter.

The elastic modulus of the composite, E, will be 
given by

l/E = (/2/3)/E2+(l-/2)E1, (1)

where Ex and E2 are the elastic moduli of the 
silica and PDMS respectively and /2 is the vol
ume fraction of PDMS. On the other hand, if fig. 
9(A) represents the microstructure of the com
posite, then

E = (/2/3)E2+(l-/2)E1. (2)

Obviously eqs. (1) and (2) represent the two 
extremes of an idealized picture. The real mi-

Table 2
Mechanical properties of ormosils and elastomers

Elongation 
e(%)

Strength 
a (Mpa)

Modulus
E (Mpa)

Silica gel minimal 1.38 a) 1.2 b)
Fused silica 0.1 70 7X104
PDMS (40 wt%)-TEOS (60 wt%) c) 3-15 2-3 45-65
PTMO (50 wt%)-TEOS (50 wt%) c) 113 2.1-6.1 2.8-Ö.7
Epoxy Si(OR)3-Ti(OR)4 d) (5-20 mol%) 2.1-3.6 2900-3400
Silicon rubber (peroxide cured) 500 8.2 1.7
Polyurethane rubber (thermoplastic) 730 36.5 3.1

(thermoplastic)

a) Ref. [9]; b) ref. [10]; c) ref.[4J; d) ref. [3],
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Silica (A) PDMS (B)

Fig. 11. Schematic illustration of structure of ormosils.

crostructure will be dependent on /2 and other 
factors. Nevertheless, a comparison can be made 
between eq. (1) and (2) and the observed elastic 
modulus. Assuming Er = 5 GPa and E2 = 10 MPa 
[8], the comparison is shown in fig. 12. It seems 
that at high PDMS concentration, the model 
shown in figs. 9(B) and 11 are acceptable. How
ever, for low PPMS content, fig. 9(A) is more 
likely to represent the microstructure of the com
posite.

Nominal Volume Fraction of PDMS
Fig. 12. Elastic modulus versus different volume fraction of 

incorporated PDMS.

In fig. 11, the inorganic component is depicted 
as A and the organic component as B. It is 
obvious that if PDMS is replaced by another B 
component, polydiphenyl-siloxane (PDPS), for in
stance, the property of the ormosil will vary. 
Because of the much higher energy of the normal 
metal-oxygen bond relative to rotational ener
gies, the substitution of another oxide for SiO2 is 
not expected to have a large influence on rubbery 
behavior if the other factors such as the size of 
the oxide unit and the porosity are equal. The 
selection of other A and B groups will undoubt-

Fig. 13. Change of microstructure after heat treatment of gel (1/0.08/3/0.3) in inert atmosphere. (A) dried gel; (B) 500°C; 
(C) 1000°C.
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Fig. 14. I3C CPMAS-NMR spectra of ormosils 60/40.

edly be a fruitful area of research. Equally inter
esting will be a study on the effects of various 
fillers added to the ormosil. The TEOS-PDMS 
ormosils can be considered as a silicone rubber of 
which the inorganic constituent is increased at 
the expense of the CH3 groups. Thus the 
flammability and the high temperature instability 
should be decreased. Rubbery ormosils are there
fore potentially a new family of high temperature 
rubbery materials although the necessary practi
cal evaluations have not been conducted at pre
sent. 5 * * * * * * * * * * *

5. New refractories from ormosils

If the rubbery ormosil is heated in Ar gas,
dissociation occurs at temperature above 400°C.
The microstructures developed are shown in fig.
13. A black porous solid is formed which is now
resistant to oxidation even when heated to 1400°C
in air for some hours. Solid state 29Si NMR in fig.
14 shows that a new peak, T, is present. This can
be assigned to the Ch3Si (SiO)3 unit. 13C CP
MAS-NMR results revealed that Si-O-C bonds
are formed. This highly complex amorphous re
fractory is a SiO2-silicon oxycarbide nanocom-

posite which has excellent thermal insulation 
properties as well as a very low expansion coeffi
cient.

6. Conclusions

Rubbery ormosils can be prepared form inor
ganic and organic precursor mixtures in solution. 
Materials made from TEOS and PDMS, for in
stance, can have large variations of microstruc
tures and hence large differences in properties. 
On heat treatment in inert atmospheres, new 
lightweight, low expansion black amorphous oxy
carbide refractories are produced. The ormosils 
are potentially an important new family of inor
ganic-organic engineering materials.
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Silicon oxycarbides via sol-gel route: characterization 
of the pyrolysis process

Florence Babonneau, Laurence Bois and Jacques Livage
Chimie de la Matière Condensée, Université Pierre et Marie Curie, 4 place Jussieu, 75252 Paris, France

Modified silicon alkoxides, RrSi(OR')4 appear as very promising precursors to introduce Si-C bonds inside a silica gel 
network and thus to obtain silicon oxycarbide glasses after pyrolysis under inert atmosphere. Copolymers between 
tetraethoxysilane and diethoxydimethylsilane have been prepared and the pyrolyzed products have been characterized 
mainly using infrared and magic angle spinning-nuclear magnetic resonance (29Si, 13C and 1H). The pyrolysis process can be 
divided in three stages. Up to 400°C, the gels are thermally stable. Between 400 and 600°C, redistribution reactions between 
Si-O and Si-C bonds occur, but with no destruction of the organic groups. The transition between a polymeric and an 
inorganic material occurs only between 600 and 800°C with decomposition of the methyl groups. Samples pyrolyzed at 
1000°C show the presence of Si-C and can be described as a mixture of a silicon oxycarbide phase and free carbon.

1. Introduction

The substitution of nitrogen or carbon in a 
silica network offers the possibility to introduce 
three- or four-coordinated anions. This is ex
pected to enhance the mechanical and thermal 
properties of the glass and numerous works have 
been devoted to the characterization of oxyni
tride glasses prepared by conventional melting 
process using either gaseous nitrogen or ammo
nia, or nitride powders as.a nitrogen source [1-3], 
Less work has been reported for the preparation 
of oxycarbide glasses [4,5]. Mg-Si-Al-C-O 
glasses have been, prepared using SiC as a carbon 
source, but only 0.35 wt% of carbon was retained 
in the glass for an initial composition containing 
1.5 wt%.

Sol-gel offers a promising alternative route to 
prepare oxycarbide glasses. The Si-C bonds can 
be introduced in the gel using a modified silicon 
alkoxide and the gel can be converted into an 
oxycarbide glass after pyrolysis under inert atmo
sphere. The main problem of such a synthetic 
route is to maintain the Si-C bonds in the glass 
network, and to avoid the formation of a large 
amount of excess carbon. Works based on alkyl

trialkoxysilanes as precursors have already been 
reported. Kamiya and co-workers [6,7] have de
scribed their pyrolyzed samples as carbon/SiO2 
composites although Zhang and Pantano [8] have 
shown the persistence of Si-C bonds in the gels 
fired at 900°C.

In the present work, gels have been prepared 
by co-hydrolysis of tetraethoxysilane (TEOS), 
precursor for silica, and diethoxydimethylsilane 
(DEDMS), precursor for polysiloxanes. The 
amount of carbon introduced in the gel can be 
chosen by adjusting the ratio between the two 
precursors. The first goal of this work was to 
follow the structural evolution of the gel during 
the pyrolysis process. The DEDMS/TEOS ratio 
was chosen equal to 1.

2. Experimental

Gels were prepared by mixing precursors in 
the ratio 1:1. Then, the stoichiometric amount of 
acidic water (HC1; 1 < pH < 2.5) required to fully 
hydrolyze all alkoxy groups was added. No other 
solvent was used. Water is not miscible with both 
alkoxides and thus a phase separation occurs just 
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after water addition. Under magnetic stirring, the 
solution becomes clear within a few minutes and 
is poured into plastic tubes. The cast samples are 
allowed to gel in open tubes and then air dried at 
room temperature.

Magic angle spinning-nuclear magnetic reso
nance (MAS-NMR) experiments were conducted 
on a MSL 400 Briiker spectrometer. For the 29Si 
NMR experiments, pulse width and relaxation 
delays were 2.5 p,s and 60 s, respectively. Peaks 
are labelled with the conventional M„, Dn, T„ 
and Q„ notation. M, D, T and Q respectively 
refer to SiC4xOx units with x = 1, 2, 3 or 4. n is 
the number of bridging O atoms surrounding Si. 
The 13C CP MAS-NMR have been recorded us
ing contact times of 1 ms and relaxation delays of 
6 s. For 'll MAS-NMR, 90° pulses have been 
used. Infrared spectra were obtained using a 
Perkin-Elmer 783 spectrometer using KBr pel
lets.

3. Results

3.1. Gel characterization

The presence of methyl groups gives the gel 
very interesting structural properties compared 
with a pure silica gel. The 29Si MAS-NMR spec
trum of a pure silica gel (fig. 1(a)) prepared in 
acidic medium (pH = 1) presents three compo
nents due to Q2 (5 = -93 ppm), Q3 (3 = -101 
ppm) and Q4 (8 = - 111 ppm) units. The conden
sation degree for the network has been estimated 
to be around 83% [9]. The 29Si MAS-NMR spec
trum of the modified gel (fig. 1(b)) shows peaks 
assigned to D2 (3 = —19 ppm), Q3 (3 = -101 
ppm) and Q4 (3 = -109 ppm) units. The network 
is more condensed than the pure silica gel. D 
units are fully condensed and the number of Q4 
units is higher. A condensation degree of 93% 
has been estimated |9|. This high condensation 
degree is related to a very low surface area Q 
m2/g) measured by BET technique. Another 
property of this modified gel appears in its in
frared spectrum. Infrared spectra of a pure silica 
gel usually present bands from stretching O-H 
vibrations (i^OH = 3400 cm ') and angular H-O-

-J J
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Fig. 1. 29Si MAS-NMR spectra of (a) a pure silica gel and (b) 
a modified silica gel prepared with a 1/1 DFDMS/TEOS 

ratio.

H deformations (3HOH = 1620 cm-1) due to the 
presence of terminal Si-OH groups, water and 
ethanol trapped in the gel. The infrared spectrum 
of the modified gel does not exhibit such bands. 
The gel does not contain ethanol or water, be
cause of the presence of a large amount of hy
drophobic groups.

3.2. Pyrolysis process

A modified monolithic gel pyrolyzed under 
argon flow above 600°C can be converted to a 
‘black glass’. According to the thermogravimetric 
curve, the pyrolysis process under argon can be 
divided into three stages: up to 400°C, the gel is 
thermally stable with a small weight loss around 
2% corresponding to the completion of the con
densation reactions. At 400QC, the 29 Si MAS- 
NMR spectrum presents a decrease in the Q3 
units peak (fig. 2(b)). Then two weight losses 
occur between 400 and 600°C (14%) and from 
600 and 800°C (8%). The structural evolution of 
the fired samples has been investigated using 
29Si, 13C CP and XH MAS-NMR spectroscopy 
(figs. 2-4). At 600°C, the presence of new peaks 
at -67 ppm and -8 ppm assigned to T and M 
units in the 29 Si MAS-NMR spectrum (fig. 2(c)) 
corresponds to redistribution reactions between 
Si-O and Si-C bonds. Such reactions occurring
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Fig. 2. 29Si MAS-NMR spectra of the pyrolyzed samples: 
(a) gel; (b) 400°C; (c) 600°C; (d) 800°C. Fig. 3. 13C CP MAS-NMR spectra of the pyrolyzed samples: 

(a) 400°C, (b) 600°C; (c) 800°C.

with losses of siloxanes have already been re
ported in similar systems [10]. The sharpness of 
the peaks in both 13C CP and 'H MAS-NMR 
spectra (figs. 3(b) and 4(a)) shows that the methyl 
groups are still present in the materials at 600°C. 
The conversion from a polymer to an inorganic 
material occurs between 600 and 800°C. At 800°C, 
the 29 Si NMR spectrum (fig. 2(d)) show's a large 
broadening of the peaks, indicating -a disordering 
of the local environment around the Si sites. The 
same effect is observed for the 13 C CP MAS-NMR 
spectrum (fig. 3(c)). A broad peak is present 
around 0 ppm with a dissymmetry downfield, 
certainly due to the presence of CH2 or CH 
groups. At this temperature, new peaks can be 
observed at 87, 130 and 168 ppm. Variation of 
the spinning rate indicates that the peaks at 87 
and 168 ppm are spinning side bands. These 
peaks correspond to aromatic carbon atoms 
formed from decomposition of methyl groups and 
present as free carbon. The 'H MAS-NMR spec
trum at 750°C (fig. 4(b)) shows a main peak at 0 

ppm due to CH3 or CH2 groups, but new peaks 
appear around 3 and 8 ppm. The 3 ppm peak can 
be tentatively assigned to OH groups. The in

Fig. 4. 'll MAS-NMR spectra of the pyrolyzed samples: 
(a) 600°C; (b) 750°C.
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frared spectra reveal the presence of OH groups 
at 750°C whose amount regularly increase up to 
900°C. The 7 ppm peak could be due to protons 
bonded to C sp2. Infrared spectra of the same 
pyrolyzed samples above 750°C show the forma
tion of Si-H bonds (bands at 2180 and 2220 
cm-1) and also of Si-CH2-Si bridges (band at 
1360 cm-1).

4. Discussion

Structural characterization of the hydrolysis 
process of a mixture of DEDMS and TEOS in a 
1/1 ratio has already been studied and evidence 
for co-condensation reactions between the two 
different types of units, D and Q, has been given 
using 29Si liquid NMR [9,11], A comparison of 
the 29Si MAS-NMR spectra of a pure silica gel 
and a modified gel shows a higher condensation 
degree of the network for the modified gel. For 
this gel, the average functionality of the precur
sors is lower, the mobility of the species during 
the condensation process certainly increases, and 
this ensures almost complete reactions [12], The 
specific properties of the modified gel (highly 
condensed and hydrophobic, as shown from the 
infrared spectrum) allow the easy fabrication of 
monolithic samples that do not crack during 
pyrolysis.

During the conversion of the modified gel into 
an inorganic material, complex reactions occur 
according to the present MAS-NMR study. Con
densation reactions between methyl groups can 
be proposed:

-Si-CH3 + CH3-Si ->■ -Si-CH2-Si + CH4 (1) 

-Si-CH2-Si + CH3-Si -> -Si-CH-Si + CH4
Si

(2) 

that will lead to C atoms surrounded by four Si 
atoms which is expected in an oxycarbide net
work. Unfortunately, it seems that transformation 
of the gel into an oxycarbide network is far from 
ideal and leads to the formation of a free carbon 
phase. A mechanism was suggested by Kamiya et 
al. [7] based on infrared results. It involves cleav

age of Si-CH3 bonds but also of Si-O-Si link
ages to end with the formation of Si-H, Si-OH 
and carbonous matter. These reactions are in 
agreement with the present NMR results. All 
these structural changes, especially the cleavage 
of Si-O-Si bonds, should lead to a quite porous 
structure and could explain the large increase in 
surface area observed during the pyrolysis, from 0 
in the gel to 600 m2/g at 750°C. At higher tem
perature, the surface area strongly decreases, due 
to a densification process.

The amount of free carbon can be extracted 
from a quantitative analysis of the 29Si MAS- 
NMR data and a comparison with chemical anal
ysis. Such a method has already been applied for 
polymer-derived ceramics [13], A deconvolution 
of the various 29 Si MAS-NMR spectra has been 
performed to extract the relative percentages of 
SiCi.O4_i units. At 900°C, the results gave 53% 
Q units, 33% T units, 9% D units and 5% M 
units. According to the 'H MAS-NMR spectra, 
most of the protons are bonded to O atoms. It 
was assumed that C atoms are bonded to four Si 
atoms and the number of C bonded to Si have 
been extracted from the percentages of SiCxO4_x 
units: 0.17 C per Si. A comparison with the 
chemical analysis results (C/Si = 0.57) shows that 
70% of the carbon atoms are in the free carbon 
phase. This value is an upper limit because some 
protons can still be bonded to C atoms and this 
will slightly decrease the percentage to 60%.

5. Conclusion

A structural investigation mainly based on 
multinuclear MAS-NMR was performed to fol
low pyrolysis of a silica gel modified by methyl 
groups. The system chosen is a copolymer be
tween tetraethoxysilane and diethoxydimethylsi
lane, in a 1:1 molar ratio. The introduction of 
such groups decreases the functionality of the 
network and increases its hydrophobicity which 
are two important factors to easily obtain mono
lithic samples and thick films.

These modified gels compared to pure silica 
gels present high thermal stability under argon 
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and under air. Under argon, a significant weight 
loss is observed above 400°C with two defined 
stages. Between 400 and 600°C, redistribution 
reactions between Si-O and Si-C bonds occur 
with a loss of oligomeric siloxanes. The organic 
groups are retained in the sample that can still be 
considered as an hybrid organic-inorganic mate
rials. The second weight loss between 600 and 
800°C, corresponds to the transition polymeric 
state-inorganic state with a deep structural trans
formation of the network: formation of Si-CH2- 
Si bonds, precursors for an oxycarbide network, 
decomposition of methyl groups and cleavage of 
Si-O-Si linkages with the formation of Si-OH 
bonds and a free carbon phase. At 900°C, the 29Si 
MAS-NMR data show the presence of an oxycar
bide phase, but a quantitative analysis reveals 
that 60-70% of the carbon in the sample is 
present in the free carbon phase. Work is in 
progress to study the influence of the structure of 
the starting gels on the composition of the py
rolyzed samples.
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Sol-gel-derived lead titanate films
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A new sol-gel system utilizing dihydroxy alcohols as solvents has been developed for the production of lead titanate films. 
The thickness of crack-free PbTiO3 layers after a single spin coating and firing is approximately 1 pm for a 5:1 
solvent-Pb/Ti ratio. This represents a tenfold thickness increase over most sol-gel routes based on methoxyethanol solvent. 
Coatings with thickness up to approximately 4 p.m may be prepared by repeated coating and low temperature annealing 
steps prior to firing at 600-700°C.

1. Introduction

In recent years sol-gel processing has aroused 
a great deal of scientific and technological inter
est. The technique has been used extensively for 
the fabrication of thin films of a variety of com
positions, with much attention being given to 
producing ferroelectric films of PbTiO3 and re
lated systems. There are two fundamental sol-gel 
processes. The colloidal method involves disper
sion of colloidal particles in a liquid to form a sol, 
which is then destabilized to produce a gel of 
interconnecting particles. The second method in
volves condensation of inorganic or organometal
lic compounds, commonly alkoxides, to form a 
polymeric gel [1], The latter method is the subject 
of the present paper.

Until now the most widely used starting 
reagents for PbTiO3 synthesis have been lead 
acetate and titanium tetraisopropoxide (Ti[OCH- 
CH3]4) in methoxyethanol solvent [1,2], CH3- 
OCH2CH2OH. The mixed solutions are heated 
under reflux to initiate solvent exchange and 
molecular association reactions. A macromolecu
lar network is then established by hydrolysis and 
condensation reactions, as follows:

M(OR)„ +H2O ->M(OR)„_1(OH) + R(OH)

(hydrolysis), (1)

M(OR)„ + M(OR)„_!(OH)

M2O(OR)2„ 2 + ROH (condensation).
(2)

Condensation reactions ultimately produce 
oligomers formed by metal-oxy linkages. Ideally 
the long chain molecules contain an alternating 
sequence of Pb and Ti ions. Most commonly, the 
precursor solutions are coated onto substrates by 
dip or spin coating, after which drying and firing 
stages convert the gelled coating to a dense oxide 
film. A disadvantage with many of the available 
metal alkoxides for thin film applications is their 
extreme reactivity towards atmospheric moisture, 
requiring handling in a controlled environment.

At its present level of development, the sol-gel 
method for titanate films is severely limited be
cause of problems of poor film integrity caused by 
drying and shrinkage stresses accompanying the 
gel —> oxide conversion. Cracking and/or delami
nation limit the maximum thickness of crack-free 
films to approximately 0.1 pm [3] for single coat
ings of PbTiO3. Repeated coating and low tem
perature annealing steps permit films up to < 0.5 
pm for processes based on titanium alkoxides. 
More recently [3], the introduction of titanium 
diisopropoxidc bisacetylacetonate. Ti(OC3H7)2- 
(CH3COCHCOCH3)2, hereafter referred to as 
TiAA, as the titanium precursor has allowed films 
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of the order of 1.0 |xm thick to be produced. 
Individual coatings again produce approximately 
0.1 jam thick films; thus, ten coating and pre-fir
ing steps are required to produce 1 |xm thick 
films. This is inconvenient and increases the risk 
of introducing flaws into the films.

The future prospects of the sol-gel process as 
a practical method for producing high quality 
chemically homogeneous oxide films for elec
tronic device applications, depend on improving 
the technique in order to increase the thickness 
of crack-free individual coatings. This study fo
cuses upon gel systems using solvents other than 
methoxy ethanol. The choice of solvent to replace 
methoxyethanol was influenced by two principal 
factors. A new solvent must first be reactive to
ward the precursor compounds and capable of 
intermolecular association reactions, and it should 
also be of low toxicity and air stable. Dihydroxy 
alcohols were selected for study since they are 
known to form complexes with titanium [4,5], and 
the propensity for their derivatives to form highly 
polymeric species makes them of particular inter
est for developing improved PbTiO3 sol-gel pro

cedures. The dihydroxy alcohols are often re
ferred to as glycols or diols.

Results presented here focus on the effects of 
1,3-propanediol as solvent; other di- and poly
functional alcohols are also being investigated.

2. Experimental procedure

Precursor solutions based on titanium diiso- 
propoxide bisacetylacetonate, Ti(OC3H7)2(CH3- 
COCHCOCH3)2, were prepared by reacting 
equimolar concentrations of lead acetate trihy
drate Pb(CH3COO)2 • 3H,O with TiAA in 1,3- 
propanediol, HOCH2CH2CH2OH.

The processing sequence adopted is a modifi
cation of that previously reported [2,3]. 1,3-pro
panediol was used as solvent in varying 
diol : Pb/Ti mole ratios from 5:1 to 2:1 (abbrevi
ated Rs; e.g., for a 5:1 ratio, Rs = 5). Lead 
acetate was readily dissolved in the diol solvent 
and heated under reflux for 1 h followed by 
cooling to below 80°C, after which the required 
volume of TiAA was added. Further reflux, 4 h, 

Fig. 1. Thermal analysis of a Pb/Ti-diol based gel, 7?s = 5, pre-dried at 100°C.
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and distillation yielded a solution concentration 
in excess of IM. Isopropanol was used as solvent 
to dilute aliquots of the stock solution for film 
preparation. These solutions were spin-coated on 
polished 1 cm2 100-orientated silicon wafers at 
2000 rpm using a commercial photo-resist spin
ner. The precursor solutions were coated onto 
the substrates via an inline syringe filter, thus 
avoiding particulate contamination. All film de
position procedures were performed in a class 
100 clean room. Prefiring of wet, coated sub
strates consisted of heating on a hot plate at 
300°C for 1 h. Repetition of the coating/prefiring 
operations enabled the build-up of thick films 
prior to firing. The films were fired at tempera
tures up to 700°C using a heating and cooling rate 
of l°C/min.

X-ray diffraction analysis of gels and films was 
performed at room temperature. Thermo
gravimetry (TGA) and differential thermal analy
sis (DTA) with a heating rate of 5°C/min were 
conducted on samples from which volatile organic 

reaction by-products were removed at 100°C. Mi
crostructural characterization and film thickness 
measurements were conducted using scanning 
electron microscopy. Film thickness measure
ments were conducted using a surface profiling 
technique. Solution viscosities were measured at 
20°C using a Haake RV2 cone and plate viscome
ter.

3. Results

Thermal analysis data for a gel having a sol
vent ratio Rs = 5, are shown in fig. 1. Following 
weight loss due to elimination of physically bound 
water retained in the gel, there were two further 
distinct steps in the thermal decomposition pro
cess, the final weight loss being completed at 
approximately 500°C. Exothermic DTA peaks 
were associated with the TGA weight losses, and 
were indicative of organic combustion steps. An 
exotherm at about 525°C may be associated with 

Fig. 2. X-ray diffraction data showing the development of crystalline PbTiO3 in calcined gels at (a) 300, (b) 400, (c) 500 and 
(d) 600°C.
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the PbTiO3 crystallization process. The combined 
TGA and DTA data thus indicate that slow heat
ing resulted in transformation of the gel to crys
talline PbTiO3 at temperatures of around 500°C. 
This was confirmed by X-ray diffraction data (fig. 
2), although here the gels had been annealed for 
1 h at temperatures in the range 300-600°C. 
Under this heating schedule, initial crystallization 
occurred at a temperature of only 400°C, but the 
first crystalline product was an intermediate py
rochlore phase. Heating at temperatures > 500°C 
produced single phase tetragonal PbTiO3 powder 
[6], Corresponding results were also obtained for 
gels coated onto silicon substrates.

In order to examine the capabilities of the new 
diol gel system for thin film manufacture, solu
tions of varying 1,3 propanediol ratio, Rs, and 
Pb/Ti concentrations (achieved by dilution with

Number of coats (Methoxyethanol solvent)

Fig. 3. Film thickness values for a IM solution as a function of 
the number of coating and pre-firing steps for Rs = 5 (a), 
4 (b), 2 (c) compared with (d) data previously recorded 
using TiAA and methoxyethanol solvent (approximately 

+ 5% error).

Fig. 4. Scanning electron micrographs of cross-sections of 
PbTiO3 films fired at 600°C for 1 h. These indicate the 
maximum crack-free thickness for (a) one and (b) four coat- 

ing/pre-firing steps (bar = 0.5 p.m).

propanol) were deposited onto silicon substrates 
and the thickness and microstructures of the re
sulting PbTiO3 films determined. Figure 3 shows 
the film thickness for IM solutions, as a function 
of the number of coating and pre-firing steps for 
Rs values 2, 4 and 5, and includes a comparison 
with data previously recorded using TiAA and 
methoxyethanol as solvent. Both sets of data rep
resent the maximum attainable thickness for a 
crack-free film after one firing at 600°C.

It is apparent from fig. 3 that the use of 
1,3-propanediol as the solvent in the sol-gel pro
cessing of PbTiO3 leads to a considerable in
crease in film thickness. The maximum thickness 
obtained previously [3], 1.0 pm, required the rep
etition of ten coating and pre-firing steps. For the 
new diol route, a single coating and firing proce
dure using a solution with Rs = 5 is sufficient to 
produce a film approximately 1 pm thick, repre
senting a tenfold increase in film thickness for a 
single deposition. Repetition of the coating and 
pre-firing sequence has enabled crack-free films
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Fig. 5. Scanning electron micrograph of the top surface of a 
4.0 jrm film of PbTiO3 fired at 600°C for 1 h (bar = 0.5 pm).

Concentration mol dm"'

Fig. 6. Thickness and viscosity data as a function of solution 
concentration for 7?s = 5 (approximately ±5% and ±2% er

ror, respectively).

of the order of approximately 4.0 pm to be pro
duced for a single firing.

Sections of a single and multiply coated film 
are shown in fig. 4; the observed thickness values 
were consistent with surface profile analysis data. 
Surface microstructures for all films were similar, 
and independent of the number of coatings. Fir
ing at 600°C for 1 h yielded a grain size of 
approximately 0.2 pm (fig. 5).

The effect on viscosity and film thickness of 
diluting the IM stock solution with isopropanol is 
shown in fig. 6. The fired film thickness varied 
linearly with concentration over the range 0.6-1M 
with each 0.1M incremental change in concentra
tion corresponding to a change in thickness of 0.1 
pm.

4. Discussion

Experimentally it was found that diol gels are 
quite different in physical appearance and char
acteristics than those of methoxyethanol pro
cesses. Solutions of the former gel more slowly, 
increasing in viscosity with increasing concentra
tion, eventually forming a gelled solid at concen
trations of > 1.5M. The highly cohesive nature of 
the gel coatings is one reason for the favourable 
film-forming characteristics of the diol system. A 
further benefit is the higher Pb/Ti concentration 
that can be accommodated in spinnable solutions.

There are reports in the literature [7] regard
ing the addition of ethylene glycol at a late stage 
of the solution processing of a Ti[OCH(CH3)2]4 
methoxyethanol procedure for lead zirconate ti
tanate films. The additive was said to act as a 
drying aid to reduce cracking. However the data 
reported by these authors imply some deficien
cies in film quality. Our procedure is quite differ
ent and uses a diol as the solvent, taking part in 
exchange reactions during reflux and distillation 
operations to produce Pb/Ti-diol complexes.

In addition to the improvements in PbTiO3 
film integrity described above, the new diol sys
tem also has the advantage over other routes of 
eliminating the requirement for the toxic solvent 
methoxyethanol. This, together with the use of 
the relatively air stable TiAA starting reagent, 
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makes for simplified chemical processing proce
dures, a factor which is of significance for the 
large scale production of sol-gel films.

5. Conclusions

Gels based on 1,3-propanediol diol have been 
shown to offer favourable properties for the fab
rication of films of PbTiO3. A film approximately 
1 ixm thick may be produced from a single coat
ing of an air-stable precursor solution.
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Dual-porosity silica gels by polymer-incorporated sol-gel process

Kazuki Nakanishi, Ryoji Takahashi and Naohiro Soga
Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, Kyoto 606-01, Japan

Pore characteristics of silica gels prepared by the polymer-incorporated alkoxide-based sol-gel process have been 
investigated. Micrometer-range pore sizes could be controlled by changing several reaction parameters, such as molecular 
weight or concentration of polymer or reaction temperature, that affect the domain formation process due to an occurrence 
of phase separation during a gel-forming reaction. The volume fraction and size distribution of nanometer-range pores after 
a heat treatment were varied by different solvent exchange treatments of a wet gel.

1. Introduction

We have reported that silica gels with con
trolled micrometer-range interconnected pores 
can be prepared by an incorporation of water
soluble organic polymers in acid-catalyzed alkox
ide-based sol-gel systems [1-3], We also found 
that the BET surface area of the heat-treated 
gels could be changed to a large extent by solvent 
exchange treatments in a wet-gel state [4]. A 
precise and independent control of micrometer- 
and nanometer-range porosity can be realized by 
combining the above preparation and solvent ex
change procedures. In this report, the pore char
acteristics of several gels prepared so as to retain 
‘dual porosity’ are described. The basic principles 
to control the micrometer- and nanometer-range 
pores are explained in terms of their relation with 
the phase separation phenomena in polymerizing 
and cross-linked systems.

2. Experimental

2.1. Gel preparation

Polyacrylic acid (HPAA) having average 
molecular weight of 10 000 or 90 000 was used as 
the polymer component. Tetraethoxysilane 
(TEOS; Shin-Etsu Chemical Co.), was hydrolyzed 

with an aqueous solution containing HPAA and 
nitric acid. Except for the molecular weight and 
amount of HPAA, the starting composition was 
fixed at TEOS : HPAA : H2O : HNO3 = 
1.0: C: 9.22:0.16 in molar ratio, at which well-de
fined interconnected structures in micrometer
range are known to be formed [2,3], The value C 
denotes the molar ratio of monomeric unit of 
HPAA to TEOS, which is proportional to their 
weight ratio. The resultant transparent solutions 
were allowed to gel in sealed containers at 40 or 
80°C. Samples prepared at 80°C gelled 35 min 
after mixing, while that at 40°C required 180 min 
to form a gel. All samples were aged for 20 h at 
40°C, and then subjected to solvent exchange 
treatments. The time schedules of sample prepa
ration are shown in fig. 1.

2.2. Solvent exchange treatments

The wet gels thus prepared were immersed in 
equi-volume mixtures of ethanol and distilled wa
ter in order to leach out HPAA-rich phases, and 
then soaked in pure ethanol or aqueous solution 
of nitric acid. Each leaching or soaking treatment 
was carried out at room temperature by immers
ing 3 cm3 of a wet gel piece in 30 cm3 of the 
solution for 2 h. The leaching step consisted of 
three times of repeated immersion, thoroughly 
renewing the external liquids every time. Samples

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Flow diagram of sample preparation procedure.

without an additional soaking treatment are de
noted as H-sampIes, and those soaked in pure 
ethanol and nitric acid solution as A- and N-sam- 

ples, respectively. All the gels were dried at 40°C 
over a week, then heated with a rate of 100°C/h 
to 600°C and held at the temperature for 2 h in 
order to decompose the organic phase com
pletely.

2.3. Characterization

Gel morphologies larger than 20 nm were ex
amined by a scanning electron microscope (SEM; 
S-510, Hitachi Co.) using flat fractured surfaces 
of heat-treated gels. Pore size distributions of 
heat-treated gels were determined by Hg poro- 
simetry (Poresizer-9310; Micromeritics Corp.) 
and N2 adsorption method (ASAP-2000; Mi
cromeritics Corp.). Apparent values of surface 
area were determined by the BET method [5]. 
The distribution of mesopores (pore diameter 
smaller than 20 nm and larger than 1.7 nm) was 
determined according to the Barrett-Joyner- 
Halenda (BJH) method [6], whereas the total 
micropore volume (smaller than approx. 1.5 nm) 
was estimated by the t-plot method proposed by 
Harkins and Jura [7].

3. Results and discussion

3.1. Control of micrometer-range pore size

Table 1 summarizes the molecular weight and 
amount of incorporated HPAA, reaction temper-

Table 1
Starting composition, temperature and properties of heat-treated gels (600°C, 2 h)

Sample HPAA 
concentration, 
C (mol mol ')

Temper
ature, 
T(°C)

Linear 
shrinkage, 
l/l0

Pore 
diameter, d a) b) 
(pm)

BET surface 
area, ST c) 
(m2 g’1)

Total pore 
volume, Kt d)
(cm3 g_1)

Mesopore 
volume, e)
(cm3 g_1)

Micropore 
volume, Vm 
(cm3g~')

Hl-40 PAI, 0.355 40 0.521 1.0 386 0.559 0.087 0.103
Hl-80 PAI, 0.399 80 0.533 0.5 530 0.715 0.200 0.073
H9-80 PA9, 0.177 80 0.523 1.5 412 0.648 0.143 0.072
Al-40 PAI, 0.355 40 0.513 1.0 237 0.495 0.033 0.084
Nl-40 PAI, 0.355 40 0.561 1.0 748 0.916 0.471 -

a) Size ratio of heat-treated (/) and as-gelled (Zo) samples.
b) Determined by Hg porosimetry.
c) BET surface area of nitrogen-accessible pores. Surface area values can be overestimated due to the existence of microporosity 

[81.
d) Volume of pores accessible by Hg ( > 20 nm) and nitrogen ( < 20 nm).
e) Difference in volume of nitrogen-accessible pores and micropores.
0 Volume of pores up to approx. 1.5 nm in diameter estimated by t-plot method.
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ature, and several properties characterizing 
porosity of gel samples after the heat-treatment 
(600°C, 2h). Figure 2 shows the pore size distribu
tion curves of samples Hl-40, Hl-80 and H9-80. 
Pores are distributed in two discrete size ranges, 
and hereafter we call these characteristic distri
butions ‘dual porosity’. The micrometer-range 
pores are sharply distributed around the respec
tive average values. SEM photographs of heat- 
treated gels are shown in fig. 3.

As has been discussed in the previous paper 
[2], the micrometer-range pores are formed 
through spinodal decomposition of a gelling solu
tion induced by a polymerization of silica. When 
a polymerization of silica is accelerated or the 
solubility of HPAA is increased, the domain size 
of an interconnected structure becomes small. An 
increased temperature contributes both to in
creasing the solubility of HPAA and to accelerat
ing the polymerization of silica. Solubility of 
HPAA steeply decreases with increasing molecu
lar weight. Since the domain size depends rela
tively weakly on C in both PAI and PA9 systems, 
the use of lower molecular weight HPAA or 
higher reaction temperature results in a morphol
ogy with finer domains [3].

The specific volume of micrometer-range pores 
is related not only to the volume fraction of

PORE DIAMETER, d/nm

Fig. 2. Pore size distribution curves of heat-treated gels with 
micrometer-range pores of different average size. •, Hl-40; 
□ , Hl-80; o, H9-80. Pores > 20 nm in diameter were mea
sured by Hg porosimetry, and those < 20 nm by N2 adsorp

tion method.

Fig. 3. SEM photographs of fractured surfaces of heat-treated 
gels, (a) Hl-40, (b) Hl-80, (c) H9-80.

polymer-rich phase in a phase-separated wet gel 
but also to the shrinkage behavior of gel skele
tons due to solvent evaporation and sintering. 
Since the reacting solution is composed of or-
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PORE DIAMETER, d/nm

Fig. 4. Pore size distribution curves of heat-treated gels sub
jected to different solvent-exchange treatments. •, Hl-40;

a, AMO; O, Nl-40.

ganic polymer, water, catalyst, alcohol and poly
merizing polydispersed silica, their respective 
contributions to the phase separation behavior 
are quite complex. Hence, in the present stage of 
investigation, it is difficult to tell how and to what 
extent each of the above components affects the 
volume fractions of polymer- and silica-rich 
phases. For the samples shown in fig. 2, the 
differences in specific volume of micrometer
range pores are mainly attributed to the volume 
fractions of polymer-rich phases in respective wet 
gels, since the linear shrinkage ratios differ little 
from each other. The effect of shrinkage is de
scribed in detail in the following section.

3.2. Control of distribution and volume of 
nanometer-range pores

Figure 4 shows the pore size distribution curves 
of samples Hl-40, Al-40 and Nl-40, which were 
taken from an identical bulk gel and treated in 
different conditions in the wet state. Although 
the pore sizes are almost unaffected by the sol
vent exchange treatments, the pore volume of 
Nl-40 in the micrometer-range is larger than 
those of the others by about 20%. This difference 
in the pore volume is consistent with its linear 
shrinkage ratio corresponding to larger whole 
sample volume than the others by 25 to 30%. As 

shown in table 1, the volume of nanometer-range 
pores can be subdivided into mesopores and mi
cropores. The absence of microporosity in Nl-40 
sample corresponds to a large average pore size, 
and its low shrinkage ratio is obviously related to 
the large mesopore volume. The Al-40 sample 
has smaller nanometer-range pore volume and 
lower fraction of mesopore volume than Hl-40, 
although their micrometer-range porosities are 
almost similar to each other. This corresponds to 
the smaller average pore size of the former 
sample.

The structural changes induced by soaking wet 
gels in nitric acid and ethanol have been ex
plained as follows [4]. Soaking in ethanol makes 
the wet gel network homogeneously swollen by 
the solvent, whereas that in nitric acid induces 
the formation of heterogeneity (domains) in the 
nanometer-range. Soaking experiments in various 
solvents suggested that the gel network forms 
internal domains due to a phase separation be
tween liquids filled in the pores, as is well known 
in organic polymer gel systems. With the evapora
tion of solvents, a gel shrinks due to the capillary 
pressure generated between the pore walls. Since 
the magnitude of capillary pressure is inversely 
proportional to the pore size, a collapse of pores 
during drying occurs to a larger extent in a gel 
with finer pores. Thus, the shrinkage behavior 
would be different among the gels containing 
pore liquids of different compositions from the 
drying stage. Similar effects of solvent exchange 
treatments on non-catalyzed TMOS-derived gels 
will support this assumption, in which the sample 
treated with distilled water exhibited higher bulk 
density after drying at 40 to 100°C than those 
with highly acidic or basic solutions [9], Small 
angle X-ray scattering measurements in the wet 
state, which are under way in our laboratory, will 
clarify the changes of gel network during the 
soaking treatments.

During the heat treatment, sintering of the gel 
network eliminates small pores and makes total 
pore volume low and average pore size large. By 
this process, a large fraction of the pore volume 
of Al-40 sample will diminish. Consequently, the 
volume and distribution of nanometer-range pores 
become completely different between Nl-40 and 
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Al-40 samples under the fixed heat treatment 
condition.

Details of formation and heat-evolution of the 
nanometer-range pores remain uncertain. The 
structural change of gel network in the wet state, 
including domain formation and breakage or for
mation of chemical bonds, should be made clear. 
The volume and distribution of the nanometer
range pores would depend not only on the dura
tion and temperature of heat-treatment, but also 
on the ‘rigidity’ of the silica gel network during 
solvent exchange treatments. Mesopore volume 
of Hl-80 larger than that of Hl-40 may reflect 
the difference in ‘rigidity’ of gels prepared under 
different temperatures and aging conditions. Fur
ther extension of the present work on the evolu
tion of porosity as a function of heat treatment 
duration and temperature will be published else
where [10],

4, Conclusions

In the polymer-incorporated sol-gel process, 
the micrometer-range pore structure of resultant 
gels was controlled by changing the compositional 
parameters of starting solutions or reaction tem
perature. Regardless of the micrometer-range 
pore size, the distribution and volume of 
nanometer-range pores of heat-treated gels de
pended largely on the solvent exchange proce
dure in a wet state.
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Processing of silica xerogels using sonocatalysis and an additive
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Drying control chemical additives (DCCA) can be used to obtain monolithic glasses. Processing steps are unclear or not 
well known. This work studies the processing of xerogels prepared with formamide as an additive, tetraethoxysilane (TEOS) 
and acid water in a molar ratio of 7:1:10, respectively, with high power ultrasound. In order to calculate the evolution of 
the main ultrastructural parameters, the entire processing has been followed by small-angle X-ray scattering (SAXS) and 
nitrogen adsorption-desorption isotherms.

1. Introduction

The sol-gel method, widely used to obtain 
monolithic silica glasses, is particularly useful be
cause of its great potential to produce complex
shaped glasses [1], advanced materials such as 
fibres [2] and graded refractive index glasses [3], 
The drying stage of this process removes the 
interstitial liquid of the pores. This is a delicate 
step in this processing in order to prevent gel 
fragmentation [4], Gel cracking during drying is a 
consequence of the stresses produced by capillary 
forces associated with the gas-liquid interfaces 
within the pores [5]. One method used to avoid 
the gel fracture consists of suppressing the liq
uid-gas interface under hypercritical conditions 
[6], and then sintering the ‘aerogel’ to produce 
monolithic glasses [7].

Another approach consists of the addition of a 
drying control chemical additive (DCCA) in the 
liquid state before gelling [8], Formamide is one 
of the most common DCCAs used for this pur
pose. It seems that this additive forms a layer on 
the gel surface, protecting it against gel cracking 
[9], Porosity evolution after drying and the shrink
age rate of such xerogels under controlled heats 
treatments are not well known.

It is useful to combine sonocatalysis and for
mamide to obtain monolithic xerogels [10], in 
order to vary their structural characteristics. This 
work is an attempt to optimize the different rele
vant parameters involved in the monolithic xero
gels processing.

2. Experimental

2.1. Preparation of xerogels

Silica gels were prepared from tetraethoxysi
lane (TEOS) hydrolyzed by HNO3 acid water 
(pH = 1) and formamide as an additive, in a 
molar ratio 1:10:7, respectively.

Sonogels [11] have been prepared by the appli
cation of high power ultrasound (HPU), at 20 
kHz, to the mixture. The HPU processor has 600 
W as power output and a standard horn with a 
9.5 mm tip. When ultrasound energy is applied to 
the liquid, it is necessary to know the power 
which has been supplied to the reaction. A cali
bration of our ultrasonic processor was carried 
out by the measurements of the temperature in
creases for several water volumes and different 
power levels. Temperature versus time plots were 

0022-3093/92/Í05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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obtained. For each power level, the graphs ex
hibit a linear region whose slope is the energy 
supplied to the liquid. It is then possible to know 
the power supply for different liquid volumes 
when a given ultrasound power level is selected in 
the processor. Two different ultrasound energies 
were used, a low and high ultrasound dose of 0.1 
and 0.3 kJ, respectively.

Sols obtained by this way were kept in hermet
ically closed polyethylene containers. The gela
tion took place in an electric oven at 40°C. After 
7 days aging, containers were opened and the 
samples were dried at 40°C until the liquid was 
completely evaporated.

2.2. Heat treatments

A first heat treatment was carried out at 100°C 
for 24 h in an electric oven. During this stage, 
monolithic xerogels shrink and their volume is 
reduced about 50% with a final bulk density of 
1.0 g/cm3. Then gels were introduced in a pro
grammable electric furnace and subjected to dif
ferent isothermal heat treatments at 200, 400, 600 
and 800°C. For each heat treatment, the starting 
samples were different pieces of the same xerogel 
stored in the oven at 100°C. Samples were re
moved from the furnace at different time inter
vals which are indicated in table 1. Samples heat 
treated above 500°C were chlorinated with a CC14 
flow during 10 h. The heating rate was 0.5°C/min 
in all cases.

Thermal gravimetric analysis (TGA) was car
ried out during an isothermal treatment at 200°C

Table 1
Xerogels preparation conditions and heating time

Sample Ultrasonic energy 
(kJ)

Temperature
(°C)

Heating time
(min)

H21 0.3 200 60
H210 0.3 200 600
H61 0.3 600 60
H84 0.3 800 240

L210 0.1 200 600
L41 0.1 400 60
L429 0.1 400 1800
L61 0.1 600 60

after heating at l°C/min. At TGA at constant 
rate heating was performed at 10°C/min from 25 
to 1000°C.

Gels were sintered to glass at a constant heat
ing rate of l°C/min, aftei an isothermal heating 
at 200°C for 10 h without chlorination. Raman 
spectroscopy was used to follow the gel-glass 
transformation on sintering.

2.3. Nitrogen physisorption measurements

The pore analysis was carried out in 'a non
commercial high vacuum device with nitrogen gas 
as adsorbate. Pressures were measured using a 
MKS captor model BHS 1000 with a pressure
range of 0-1000 Torr. Samples were first de
gassed to empty the pores. The apparent cham
ber volume was measured with helium gas. After
wards, equilibrium pressures of adsorbed and 
desorbed nitrogen were determined. The ad
sorbed and desorbed nitrogen volumes were ob
tained from the pressures, the apparent chamber 
volume and prechamber volume. The SBET is 
calculated for P/P < 0.35 and pore volume from 
the nitrogen Fads at P/Po ~ 1.

Pore size distribution was calculated using the 
Kelvin [12] equation in the form

1 1 RT I P\
G r2 aV \P0)

Equation (1) relates the principal curvature radii, 
r1yr2, of the liquid meniscus in the pore to the 
relative pressure, P/Po, at which condensation 
occurs; cr is the surface tension of the condensed 
liquid and V is its molar volume. It is generally 
assumed that this equation can be applied locally 
to each element of the liquid surface.

This approach to obtain the pore radius holds 
under the conditions that a geometrical model for 
the pore shape is assumed and the curvature of 
the meniscus is directly related to the pore width. 
The pore shape is assumed to be either cylindri
cal or slit-shaped. In the former case, the menis
cus is hemicylindrical and rl = r2, while in the 
latter case the meniscus is hemicylindrical, r, = 
width of slit and r2 = oo. When the Pierce method 
is used, as in this case, the first hypothesis is 
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considered [13] and the rk value is obtained from 
eq. (1). This rk value corresponds to the pore 
radius in which condensation occurs at the re
quired relative pressure.

If the radius of a cylindrical pore is rp and a 
correction is made for the thickness of a layer 
already adsorbed on the pore walls, it is necessary 
to obtain a parameter t, called multilayer thick
ness, which permits the calculation of rp from rk 
by r = rk + t. The i-va lues are experimentally 
obtained from the adsorption data of a non-por- 
ous pure silica sample.

2.4. SAXS measurements

Small angle X-ray scattering (SAXS) experi
ments were carried out using the LURE syn
chrotron radiation facility at Orsay, France. A 
very intense monochromatic 8 keV X-Ray beam 
with point-like cross-section was used. SAXS 
spectra have been measured with a 18 cm one-di-

P/Po P/Po

Fig. 2. Type IV isotherm obtained from nitrogen physisorp
tion for H61 (left) and H84 (right) samples. It can be inferred 
from the loop shapes these xerogels are formed by agglomer

ates of uniform sphere-like particles.

t (c)

Fig. 1. TGA curves, (a) Isothermic treatment: after 6 h it can 
be considered that all the formamide have taken off the 
pores, (b) Low dose sample TGA up to 1000°C: most of the 
weight losses corresponding to organic residue removal take 

place between 230 and 330°C.

mensional position sensitive detector located at 1 
m from the sample. SAXS intensity was meas
ured as a function of the modulus of the scatter
ing vector, q = 4tt sin(0/A), 0 being half of the 
scattering angle and A the X-ray wavelength (0.01 
A"1 < q < 0.67 A-1). Background noise was sub
tracted after recording two scattering curves, one 
with the sample in the holder and the other one 
without the sample. An ionization chamber be
hind the sample was used to monitor the 
monochromatic direct beam intensity to normal
ize the SAXS plots. A vacuum tube was used 
between sample and detector to suppress air scat
tering.

3. Results

Figures 1(a) and (b) show TGA corresponding 
to a low ultrasound dose silica gel according to 
the above described procedure. As can be seen, 
there is no further weight loss after 6 h of isother
mal heating at 200°C. Taking into account the 
formamide boiling point (below 200°C), it is con
sidered that the additive has been completely



E. Bianco et al. / processing of silica xerogels 299

0 ---- * *11---- 1 1 ■ 1 » ■ o 11 1
1 10 100 1000

AVERAGE PORE RADIUS AVERAGE PORE RADIUS
Fig. 3. Pore size distribution. Pore radius versus dK/dr of: (a) O, a L210; (b) A, L41; (c) •, H61; (d) v, H84. In all cases, a 40 A 

main pore size appears except in that heat treated at 400°C where two maxima (at 40 A and 70 A) can be observed.

removed from the pores. Constant rate heating 
shows that the most important weight loss occurs 
over the 230-830°C temperature range and it is 
due to organic radicals departing from the gel 
surface.

All physisorption isotherms obtained (fig. 2) 
are type IV with hysteresis loops which are asso
ciated with capillary condensation in mesopores 
and the limiting uptake over P/Po close to 1. The 
hysteresis loop shapes have often been identified

Table 2
Some textural parameters of studied xerogels

Sample Pa

(g cm3)
■^BET 
(m2 g_1) (Â)

re
(Â)

A + l
(cm 3/g)

IZ* p
(cm-3/g)

rt>/‘

H21 0.67 722 45.6 11.7 21 1.27 0.94 0.72
H210 0.62 741 45.6 11.2 23 1.29 1.00 0.77
H61 0.60 544 50.5 11.4 25 1.11 1.13 0.81
H84 0.69 649 62.8 8.5 128 1.03 0.97 0.50

L210 0.62 715 47.5 14.2 11 1.18 1.09 0.77
L41 0.60 538 54.8 14.6 15 1.23 1.15 0.83
L429 0.63 511 50.5 15.7 11 1.12 0.92 0.87
L61 0.64 592 47.1 11.4 22 1.03 1.01 0.74
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Fig. 4. SAXS log-log plots for high (left) and low (right) energy series. An aggregation index is calculated from the quotient of the 
crossover points qc/qB (see text).

with specific pore structures. In this case, it is 
possible to consider the loop shapes between Hl 
and H2 * types. Then, it is assumed'that the 
xerogels consist of agglomerates or, compacts of 
approximately uniform spheres in fairly regular 
array.

* IUPAC nomenclature for different hysteresis loops [14].

Figure 3 shows pore size distribution for some 
xerogels. In all cases, it is possible to establish a 
main pore radius of 40 A which corresponds to 
the maximum of the distribution. There is only 
one temperature, 400°C, where different maxima 
can be clearly observed at approximately 40 A, as 
before, and close to 70 A. The maximum of about 
40 A shifts toward a lower value at 800°C.

SAXS log-log curves are represented in fig. 4. 
They exhibit three regions as is schematized in 
the same figure. AB corresponds to the limit for 
<? —> 0 of the Guinier g-range; BC is the power 
law decay due to the internal structure of the 
aggregates; and CD is the Porod range related to 
the interfaces between primary particles. From 
qB and qc crossover points, the Debye’s charac
teristic length, ra, and the elementary entity size, 

respectively can be obtained. These parame
ters are given by ra = ir/qB and re = Tt/qc. Their 
values are reported in table 2.

A similitude ratio, k, can be calculated as the 
quotient between qc and qB. Then an aggrega
tion index, N, can be defined as the re size 
particle number which forms an ra size aggregate
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Raman shift (cm-!)
Fig. 5. Raman spectra for xerogels treated at 100°C, 500°C and 1150°C. At 500°C, the silica network began to be formed and at 

1150°C a standard silica glass spectra is obtained.

that can be calculated by the expression [15]

N = k3— (2)
Ps

where pa and ps * * are the bulk and the skeletal 
densities of the sample respectively. The ratio 
pa/ps, the solid volume fraction, can be consid
ered as the ratio between N times the elemen
tary entity volume and the total volume of the 
aggregate.

** A value of vitreous silica density of ps = 2.2 g cm '1 is 
assumed.

Figure 5 compares a sequence of Raman spec
tra of silica xerogels after drying at 40°C and 
further heat treatments at 100°C, 500°C and 
1150°C. Bands between 500 and 650 cm’1 are the 
well known ‘defect bands’ associated with small 
cyclic structures cyclotetrasiloxane and cy
clotrisiloxane [16], The broad band between about 
3000 and 3800 cm-1 at 500°C corresponds to the 
fundamental stretching vibrations of different hy
droxyl groups. It is composed of a superposition 
of SiO-H and Si-OH stretching vibrations. The 
principal change on heating is a decrease of this ** 

band indicating that the concentration of silanols 
is lower.

4. Discussion

o
A main mesopore size of 40 A can be estab

lished along the heat treatment (fig. 3). The ap
pearance of a second maximum pore size at 400°C 
may be produced when organic radicals leave the 
pores which happens between 230 and 330°C as is 
deduced from the TGA curves (fig. 1(b)). There- 

o
fore, the maximum over 70 A is due to pores 
which held organic radicals ar 200°C. These larger 
pores produce a shrinkage of the solid disappear
ing at 600°C. In order to determine the relation
ship between rp, Vp and SBET, a cylindrical ge
ometry for the mesopores was assumed. Under 
these hypotheses the mesopore radius would be

^ = 2— • (3)

JBET

Table 2 reports the pore volume, Kp, which 
was experimentally determined from nitrogen 
physisorption experiments. This volume corre
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sponds essentially to mesopores and to a small 
fraction of the larger micropores. The volume 
occupied by micropores, Vp*,  is also given in table
2. This volume was calculated assuming the struc
tural model of quasi-spherical aggregates of ra
dius ra, formed by N+ 1 primary entities of ra
dius re.

The ratio between rp, mesopore radius ob
tained from eq. (3), and ra, the radius of the 
aggregate, permits determination of the packing 
type [17], rp/ra values are shown in table 2. 
Therefore, most of these xerogels are formed by a 
primitive cubic packing of aggregates except sam
ple H84, the most evolved, which has a primitive 
hexagonal structure.

Table 2 also shows’ the difference between 
samples prepared using different ultrasound 
doses. Those prepared with a high ultrasonic 
dose exhibit a higher similitude ratio, higher ag
gregation index and lower elementary entity size. 
For the same set, the similitude ratio and aggre
gation index increases with the temperature 
whereas the elementary entity size decreases.

Chlorination decreases xerogel viscosity [18], 
leading to brittle fracture of the samples. For this 
reason no chlorination treatment was used for 
sintering samples.

5. Conclusions

Silica monolithic glasses have been prepared 
from gels obtained by sonocatalysis and for
mamide as an additive, without chlorination and 
heat treated to 1150°C by a constant rate heating.

Structural evolution of silica xerogels during 
thermal treatment up to 800°C does not occur by 
sintering between elementary particles. The pres
ent result supports the model of an increase in 
the number of primary particles which build the 
aggregates. Temperature has an important influ
ence on Debye length and packing type only 
above 800°C.

Ultrasound energy dose decreases the elemen
tary entity size and increases the number of enti
ties which form the aggregate. The effect of ultra
sounds dose on aggregate size is not very strong.
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Preparation and characterization of gels with garnet structure: 
A3B2C3O12, using ‘non-classical’ solvents
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a Experimental Sciences Department, Inorganic Area, Jaume I University of Castellon, Castellon de la Plana, Spain 
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Synthesis and characterization of some crystalline garnets by sol-gel techniques is described. The effects of methanol, 
dimetyl sulfoxide (DMSO), CH2C12 and toluene solvents on gelation of TEOS are considered. Multicomponent gel 
formation in systems with stoichiometries 3CaOCr2O3-3SiO2 and 3CaO Al2O3-3SiO2 was studied using DMSO, a polar 
solvent, and toluene, an apolar solvent. The dried gel was thermally treated and the powder was characterized by X-ray 
diffraction, differential thermal analysis/thermogravimetric analysis and scanning electron microscopy.

1. Introduction

Some crystalline phases present interesting 
physical properties and garnet structure allows a 
very broad crystallochemistry [1], A drawback in 
the preparation of crystalline phases in multicom
ponent garnet systems is that they require high 
temperatures, so some volatile components are 
lost and stoichiometry deviation occurs.

One techniques widely used to yield multicom
ponent crystals is sol-gel [2], There have been 
reports on synthesis of garnet phases by sol-gel 
[3-5], starting from a component with gel forma
tion ability (colloidal silica or TEOS) and inor

ganic salts of the other ions. In both colloidal and 
polymeric gel networks, the necessary thermal 
processing is at lower temperatures than the con
ventional ceramics.

In the synthesis of multicomponent systems by 
the alkoxide route, the nature of starting chemi
cals, temperature, catalyst, nature of the solvent 
and molar ratio water/ alkoxide affect gel forma
tion. It would be very interesting to obtain forma
tion on a tridimensional network in which all 
components were incorporated. Unfortunately, 
only the gel-forming species forms the network.

The aim of this report is to study the effect of 
dimetyl sulfoxide (DMSO), MeOH, toluene and 

Table 1
Gel preparation conditions and appearance for TEOS

No. H2O
(ml)

Ta 
(°C)

h2o/teos
(mol/mol)

TPC/TEOS 
(mol/mol)

Catalyst Solvent Reaction 
time (day)

Appearance

Pl 1 reflux 2 0.1 HCl IM Toluene 2 homogeneous clear gel
P2 1 reflux 2 0.01 HCl IM Toluene 2 homogeneous clear gel
P3 1 reflux 2 - HCl IM Toluene 1 homogeneous clear gel
P4 1 reflux 2 - HCl IM CH,C17 1 white porous body
P5 1 reflux 2 0.01 HCl IM ch2ci2 1 white porous body
P6 0.1 reflux 1 - HCl IM MeOH 8 homogeneous clear gel
P7 0.1 reflux 0.6 - NH3 3M MeOH 6 homogeneous clear gel
P8 0.2 70/80°C 1.2 - HCl IM DMSO 9 homogeneous clear yellow gel
P9 0.2 70/80°C 1.2 - NH3 3M DMSO 1 homogeneous clear gel

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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dichloromethane on the synthesis of the uvarovite 
garnet (Ca3Cr2Si3O12) and try to obtain the 
grossularite garnet (Ca3Al2Si3O12) at atmos
pheric pressure. The latter crystalline phase has 
only been obtained at high pressures [6,7]. If 
toluene and dichloromethane are used as sol
vents, a diphasic system is formed after introduc
ing water, so it was necessary to use a transfer 
phase catalyst (TPC), 18-crown-6, in order to 
promote reaction.

2. Experimental

2.7. Formation of gels from TEOS

The scheme of preparation of gel from TEOS 
and the solvent used are as follows:
Si(OEt)4 + solvent + H2O + catalyst

Stirring and heatingJ,
Gel.

Gels were obtained after stirring and heating 
under Ar atmosphere using DMSO, MeOH, 
CH2C12 and toluene as solvents.

The preparation conditions and gel appear
ance are summarized in table 1.

Water was introduced with the catalyst (IM 
HC1 or 3M NH4OH). Basic catalysis was carried 
out only in DMSO and MeOH. The mixture was 
refluxed for 48 h, except with DMSO which was 
held between 70 and 80°C. For toluene and 
CH2C12, the TPC was introduced together with 
solvents.

2.2. Synthesis of gels in the systems 3CaO ■ M2O3 ■ 
3SiO2 (M=Al or Cr)

The starting materials and preparation condi
tions are listed in table 2.

The steps followed in the processing are in 
general the same as in the previous part but the 
starting materials were dissolved and added to 
the TEOS/solvent mixture. In that case, it was

Table 2
Gel preparation conditions for multicomponent systems

No. Precursors H2O
(ml)

Ta 
(°C)

H2O/TEOS 
(mol/mol)

TPC/TEOS 
(mol/mol)

Catalyst Solvent Reaction 
time (day)

Ml
CrCl3-6H2O a)
CaCl2-2H2O b)
TEOS c)

0.5 reflux 7 0.01 HCl IM Toluene 3

M2
Cr(acac)3c)
CaCl2-2H,O
TEOS

0.5 reflux 3 0.01 HCl IM Toluene 3

M3
Cr(acac)3
Ca(AcO2 H2O c)
TEOS

0.5 70-80°C 3 - HCl IM DMSO 1

M4
Al(acac)3c)
Ca(AcO)2H2O 
TEOS

1 70-80°C 5 - HCl IM DMSO 4

M5
Cr(acac)3
Ca(AcO)2H2O
TEOS

2 70-80°C 10 - NH , 3M DMSO 4

M6
Al(acac)3
Ca(AcO)2H2O
TEOS

3 70-80°C 15 - NH? 3M DMSO 6

a) Panreac 100%;
b) Jansen 100%;
c) Merck > 98%.
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4000 1800 1400 1000 600 200

Fig. 1. Infrared spectra of gels obtained from TEOS in different solvents. 1, H-O EI bending; 2, Si -C) stretching; 3, Si-OH; 4, 
Si-O-M.
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Table 3
Oxide content of dried gels of TEOS obtained from various solvents

Gel No.: Pl
Oxide content:

(% SiO2) 60

P2 P3 P4

75 75

P5

80 83

neccessary for progress of reaction to increase 
the amount of H2O with respect to TEOS. The 
gels were filtered and dried in a vacuum oven at 
55°C. The dried gels were fired at 1000°C/5 days 
and 1200°C/24 h.

2.3. Characterization of the samples

Infrared spectroscopy (IR) (KBr pellets) was 
used to study the structural evolution of gels. 
AgBr crystal windows were used for liquid sam
ples or solutions. The IR spectra were obtained 
with a Perkin-Elmer 1330 spectrophotometer 
with a 3600 data station, using the standard pro
gram CDS-13 for data handling. Differential 
thermal analysis (DTA) using powdered alumina 
as reference substance and thermogravimetric 
analysis (TGA) were both run in a Perkin-Elmer 
1700 spectrophotometer under dry air, using a 

platinum crucible and a heating rate of 20°C/min. 
The presence of crystalline phases in gel samples 
(dry or fired) were detected by X-ray diffraction 
(XRD), using a Philips PW-1729 diffractometer 
using nickel filtered and Cu Kti radiation. The 
morphology of dry and fired gels was followed by 
scanning electron microscopy-energy-dispersive 
X-ray (SEM-EDX), using an electron microscopy 
with Kevex detector, supplied by Hitachi. Chro
mium contents in some fired gels was determined 
by atomic absorption spectroscopy (AA) in a 
Perkin-Elmer spectrophotometer.

3. Results

3.1. Effect of solvents on TEOS gelation

In all solvents, gels were obtained after several 
hours of refluxing. In table 3, the oxide content of 

Fig. 2. Scanning electron micrograph showing the presence of large compact amorphous blocks of dry gel P2 (x 2.200, scale = 13.6 
pm).
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the dried gels for solvents, obtained by TGA 
between 40 and 1140°C, is shown. It can be 
observed from values in table 3 that gels pre
pared with methanol in basic solutions yield a 
high oxide content which means a good gel net
work formation.

Of all IR spectra prepared, gels Pl, P5, P6 and 
P8 are given in fig. 1. As can be seen, bands 
typical of polymeric gel from TEOS [8] appear in 
solvents.

Infrared spectra of gels obtained in methanol 
or DMSO from acid or basic catalyst do not show 
any difference. With non-polar solvents toluene 
or dichloromethane, the IR spectra is very similar 
to samples with crown ether as TPC. The general 
microstructures from SEM of dried gel samples, 
shown in fig. 2, appear as large compact amor
phous blocks. This could be explained by the high 
degree of hydrolysis and polymerization of the 
TEOS.

X-ray diffraction between 10 and 80° range of 
20, dried and fired (1140°C), acid-catalyzed gel 
samples reveals no peak, confirming the forma
tion of an amorphous inorganic network. Dried 
base-catalyzed gel samples show three small peaks 
at 20 values of 38.5, 44.8 and 65.1° which disap
pear during thermal treatment.

3.2. Study of multicomponent gels

For the multicomponent systems, we have used 
either a non-polar (toluene) or a polar (DMSO) 
solvents.

The solubility of Ca2+, Cr3+ and AI3+ sources 
in toluene was very low, so it was necessary to 
add a crown ether, 18-Crown-6, in order to im
prove the cation carrier and to avoid the hetero
geneity in the mixture solution. In DMSO there 
was no difficulty in the solubility of cationic 
species. Samples were prepared using experimen
tal conditions and precursors shown in table 2. 
The dried gels were compact, those containing 
chromium had a dark red colour, and those con
taining aluminium had a yellow colour.

In order to check the efficiency of gelation, we 
obtained the IR spectra of the washing liquid. 
The graphic shows no bands associated with 
TEOS in both solvents, so we assume that there 

is no significant loss of unreacted TEOS. In the 
case of DMSO solvent, bands due to a loss of 
cation precursors (specially Cr3+) was observed.

It is remarkable that the gelation rates are 
modified in ternary systems respect to TEOS. In 
DMSO with acid catalyst, the rate increases mod
erately for Al3+ and strongly for Cr+3. However, 
in a basic medium the rate is lowered for both 
cations. This rate decrease is higher for Al3+.

Gels from DMSO solvent were homogeneous 
but in those from toluene some heterogeneity 
appears. The IR spectra of dried gels are similar 
to the TEOS gels and there is no significant 
difference between acid- and basic-catalyzed 
processes. All dried gels prepared with a base
catalyst except samples containing aluminium 
showed small peaks by DRX which were at
tributed to inorganic salts. Small endothermic 
peaks in dried gels are detected by DTA and they 
are associated with some organic residual solvent 
retained in the sample. A strong exothermic peak 
attributed to oxidation of organic groups and 
finally a small shoulder assigned to crystalliza
tion.

In gel samples with garnet stoichiometry with 
chromium, the uvarovite phase is detected at 
1000°C. In samples prepared with DMSO, the 
peaks are weaker than with toluene. That could 
be explained by some loss of chromium in the 
filtering which supposes a deviation from the 
nominal stoichiometry of uvarovite. That was 
confirmed by AA.

Grossularite was not detected for aluminium 
gel samples with garnet stoichiometry. That is in 
agreement with a previous report [8], which gave 
some evidence of the difficulty of synthesis of 
grossularite at atmospheric pressure, even though 
some water is present.

4. Conclusions

(1) A gel network formation with high oxide 
content is reached by using TPC (18-Crown-6) in 
non-polar solvents toluene and CH2C12.

(2) The gelation rate with catalysis basic in 
DMSO and methanol is higher than in the case 
of acid catalysis.
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(3) In ternary systems with acid catalysis, the 
presence of other components Cr3+ and Al3 + 
speed gelation. This increase is higher in chromi
um samples.
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Preparation of oxynitride silicon glasses. Nitridation of functional 
silica xerogels
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Nitridation of functional silica gels under ammonia flow has been performed. The amount of nitrogen incorporated 
depends on the nature of functions which acts upon the extent of redistribution reactions and therefore upon the 
functionality of the gels. Gels containing SiH groups or bridging functions such as SiCH2CH2Si and SiSi are the best 
candidate precursors to oxynitride silica glasses in this Approach.

1. Introduction

Oxynitride silicon glasses exhibit physical and 
mechanical properties superior to those of the 
parent oxide glass [1], Nitridation of silsesquiox- 
ane xerogels, RSiO15, under ammonia flow ap
pears to be a convenient route to oxynitride sili
con glasses (R = H [2] or R = CH3 [3,4]). Am
monolysis of alkyl groups has been used for 
preparation of pure silicon nitride Si3N4 from 
polycarbosilanes [5,6] or polysilazanes [6-8], The 
proposed mechanism consists of a substitution for 
the alkyl group by NH3 [2,3,8] and implies that 
the amount of incorporated nitrogen is closely 
related to the functionality of the gel (e.g., the 
number of alkyl groups per silicon atom).

We previously reported that nitridation of 
HSiO15 gels occurred in three steps [2]:

(1) formation of silylamine (450°C):

O3 5Si-H + NH3 -> Oj 5Si-NH2 + H2;

(2) formation of bissilylamine (600°C): 

20, 5SiNH2 -> O3 jSi-NH-SiOj 5 + NH3, 

or 0,5SiNH2 + Oj 5Si-H O4 5Si-NH-SiO15

(3) formation of trissilylamine (1000°C):

Oj gSi-NH-SiO! 5 + Oj 5SiNH2

^(Ok5Si)3N + NH3,

or 2OX sSi-NH-SiOj 5 -» (Ok5Si)3N

+ O, 5SiNH2,

or O3 sSi-NH-SiOx 5 + O3 5Si-H (O15Si)3N

+ H2.

However the amount of incorporated nitrogen 
in HSiO! 5 gels was always smaller than the theo
retical one. This is mainly due to rearrangements 
of SiH/SiO bonds during thermal treatment 
leading to a decrease in the functionality of the 
gel through evolution of SiH4 [9,10]:

2HSiO15^H2SiO + SiO2,

H2SiO + HSiOj 5 H3SiO05 + SiO2,

H3SiO05 + HSiOj 5 SiH4 + SiO2.

In CH3SiO15 gels, redistribution reactions of 
Si-C/Si-O bonds have also been observed. This 
leads to a decrease in the functionality of the gel 
via evolution of hexamethyldisiloxane Me3SiOSi- 
Me3 [9,11],

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Table 1
Starting compositions of solutions

Starting material Molar 
ratio

11,0
/Si

Solvent Catalyst

MeSi(OEt)3 - 3 Acetone NH4F(1%)
MeSiCI 3/HSiCl 3 1/1 66 Et2O -
MeSiCI,/Me2SiCl2 1/1 66 Et2O -
MeSiCI,/MeHSiClz 1/1 66 Et2O -
Cl,SiCH2CH2SiCl, - 200 Et2O -
(CÌ,MeSiCH,-), - 140 Et2O -
(Cl2SiC2H4)„ - 1 CH,Cl, -
Cl2MeSiSiMeCl2 - 66 Et2O -

The purpose of the present study was to find 
suitable precursors for incorporation of variable 
amounts of nitrogen in silica gels while control
ling the redistribution reactions.

Three types of precursors were studied.
(a) Precursors containing only pendant alkyl 

groups: MeSi(OEt)3, equimolecular mixtures Me- 
SiCL/HSiCL, or MeSiCk/Me.SiCl,, or Me- 
SiCl3/MeHSiCl2.

(b) Precursors containing bridging alkyl groups 
which do not reduce the number of hydrolyzable 
functions while allowing nitridation:

(i) Cl3SiCH2CH2SiCl3 [13] contains six hy
drolyzable functions and the related gel contains 
one alkyl group per silicon atom which is able to 
react with ammonia.

(ii) Cl2MeSiCH2CH2SiMeCl2 [13] contains 
four hydrolyzable functions and two alkyl groups 
per silicon atom.

(iii) a linear polymer, polyfdichlorovinylsi- 
lane) (Cl2SiC2H4)n [14], which contains 2n hy
drolyzable functions and two alkyl groups per 
silicon atom.

(c) Precursors containing a nitridable SiSi bond 
[12]. Thus MeCl2SiSiMeCl2 [15] contains four 
hydrolyzable functions and two nitridable func
tions.

The influence of the functionality of the gel 
and the nature of the functions on the process of 
nitridation (i.e., the amount of incorporated ni
trogen and the extent of redistribution reactions) 
is reported here.

2. Experimental

2.1. Preparation of gels

The compositions of solutions for gels are given 
in table 1. The products obtained were dried at 
150°C under vacuum and ground.

2.2. Ammonolysis of gels

About 200 mg powder were heated to 1000°C 
(5 K/min heating rate) in a tubular furnace un
der ammonia flow (60 ml/min). Temperature was 
held at 1000°C for 1 h and the sample was then 
cooled under argon flow.

Table 2
Residue and nitrogen content of gels, with various functionality, f, nitrided at 1000°C and then heated at 1400°C under argon

Starting material f % residue
1000°C

% residue
1400°C

%N
1000°C a)

%N
1400°C b)

%N theoretical

MeSi(OEt)3 1 56 53.7 8.2 4.8 8.2
MeSiCI, HSiCl 3 1 94 93.0 6.2 5.0 8.2
MeSiCI,/Me,SiCl2 1.5 50 10.1 12.7
MeSiCI 3/MeHSiCl2 1.5 76 71.4 9.0 7.4 12.7
Cl,SiCH2CH,SiCl3 1 83 80.5 6.7 5.8 8.2
(Cl2MeSiCH2-)2 2 67 57.6 14.8 17.1 17.5
(Cl2SiC,H4)„ 2 71 67.4 15.0 11.3 17.5
Cl2MeSiSiMeCl2 2 83 83.0 10.5 14.6 17.5

a) Determined by Kjeldahl.
b) Determined by the Service Central des analyses du CNRS (France).
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3. Results

3.1. Nitrogen contents of ammonolyzed gels

The IR spectra of the gels treated under am
monia gas up to 1000°C indicate the presence of 
the NH vibration at 3400 cm The formation of 
three silylated nitrogen group was completed by 
heating at 1400°C under argon.

The results are displayed in table 2. The nitro
gen content of the gels appears to increase as 
their functionality. The % residue depends on 
the nature of the functional groups. Partial change 
of methyl groups by SiH ones increases the per
centage of residue. Bridging functions act along 
the same lines.

The elemental analyses of the products heated 
at 1400°C are reported in table 3. The carbon 
contents of the nitridated gels are very low indi
cating that incorporation of nitrogen corresponds 
to the substitution of alkyl groups. The weight 
loss in silicon atom can be determined from the 
equation
ASi = Sii-rSic.
where Y is the wt% of ceramic; Sij is the Si 
content of the starting gel and Sic is the Si 
content of the final ceramic. This loss is related 
to the evolution of volatile silicon species.

The decrease in silicon content is greater for 
gels containing methyl groups than for those con
taining bridging functions. It is noteworthy that 
the relative weight loss, ASi/Si;, is smaller in the 
gel arising from a mixture MeSiCl3/HSiCl3 than 
in that arising from MeSiCl3.

4. Discussion

The carbon content is very low in the nitrided 
gels, whereas it ranges between 10 and 23% when 
the same gels are heated under argon [16], The 
nitrogen content of gels increases with the num
ber of alkyl groups in the starting gel. Therefore, 
the incorporation of nitrogen mainly originates 
from the substitution of the alkyl groups by 
ammonia.

However the nitrogen contents are lower than 
the theoretical ones due to the escape of highly 
functional silicon species arising from redistribu
tion reactions. This escape decreases the func
tionality of gels before nitridation [10]. Further, 
the comparison of the ASi/Si; % loss in ammo
nia and argon atmospheres (table 3) points out 
the catalytic effect of ammonia upon these redis
tribution reactions.

Actually exchanges around a silicon atom in
volving SiOSi linkages and pendant groups (i.e., 
OH and CH3 ones) lead to split off silicon frag
ments. Therefore a high degree of crosslinking, 
obtained by complete condensation of silanol 
groups or/and by use of bridging functions as 
SiCH2CH2Si or SiSi, is needed to minimize the 
release of volatiles.

The condensation of silanol groups consists in 
a nucleophilic substitution on the electropositive 
silicon atom. The greater the electropositiveness 
of the silicon atom, the easier the condensation. 
The electropositivity of the silicon atom in a 
molecule depends on the electronic character, 
donor or acceptor, of the groups bonded to it. 
Methyl group possesses a donor character which 

Table 3
Analyses of nitrided gels heated at 1400°C under argon

Precursors % Si % C % H % O % N a) ASi/Si; 
nh3

b)ASi/Sii 
Ar

MeSi(OEt)3 /F~ 45.8 0.1 0.1 46.62 4.80 41.0 34.6 [16]
MeSiCl3/HSiCl3 45.4 1.2 0.2 47.00 5.04 9.4
MeSiCl3 /MeHSiCL 45.7 1.43 0.2 43.31 7.42 25.9
Cl3SiCH2CH,SiCl3 46.0 1.72 0.2 46.01 5.86 12.7 9.9[16]
Cl, MeSiCCH, ), SiMeCl, 46.9 1.67 0.2 30.31 17.15 29.15 11.2 [16]
(Cl2SiC2H4)„ 50.2 0.26 0.0 38.87 11.33 12.9
Cl2MeSiSiMeCl2 46.6 0.28 0.0 34.36 14.56 18.5 12.4 [16]

Loss of silicon atom: a) in a flow of ammonia up to 1000°C and of argon up to 1400°C; b) in a flow of argon up to 1400°C.
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decreases the electropositivity of the Si atom. 
Conversely, the hydrogen atom in SiH bond is of 
the hydride type and increases the electropositiv
ity. Therefore condensations are easier in gels 
containing SiH functions than in the those con
taining CH 3 groups (moreover methyl group is 
more sterically hindering than H).

The experimental relative loss in silicon de
pends on the nature of the functions and de
creases in the following order:
Si-Me > Si-Si > SiCH2CH2Si > SiH

The pendant SiH group leads to the smaller 
escape of silicon species, since it is known to lead 
to very well condensed gels [17], This result has to 
be related to the quasi absence of silanol groups 
in the gel.

Thus, the presence of silanol groups in gels is 
the major factor influencing formation of volatile 
silicon species during the heat treatment.

5. Conclusion

The amount of incorporated nitrogen depends 
on the functionality of the gels. Thermal redistri
bution reactions decrease their functionality by 
the formation of volatile silicon species. They are 
minimized in well condensed gels (e.g., in gels 
containing Si-H) or in gels containing bridging 
functions. These latter functions permit an in
crease of functionality of the gel, while minimiz
ing the formation of volatile species. They thus 
provide promising precursors to silicon oxynitride 
glasses.

The authors thank CNRS, Rhone-Poulenc and 
the US Air Force for financial support.
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Sol-gel processing of an entirely new family of mixed 
valence glasses

A. Chemseddine
Hahn-Meitner Institut, Abteilung Photochemie, Glienicker Strasse 100, W-1000 Berlin 39, Germany

Electro- and photochromic WO3-based glasses have been prepared by conventional melting. In this case, high concentra
tions of WO3 are required to induce the formation of larger complexes of HmW„O3n_,„ in the glasses and, therefore, the 
electro- or photochromic effect. The sol-gel process presents an alternative route for preparation of glasses, with low 
tungsten content. In low temperature syntheses, the greater kinetic control allows stabilization of intermediate states. The 
tungsten-doped silico-borate glasses obtained are monolithic, transparent and reversibly photochromic. The synthesis and 
characterization of these glasses are presented. The photochromic effect was investigated by absorption spectroscopy. The 
most attractive aspect of this method is the fact that the concentration of tungsten can be chosen and more importantly the 
size and the structure of the cluster, and therefore the optical properties, can be adjusted. Polyoxometalates as discrete 
oxides are isolated in a glass matrix and can be reduced.

1. Introduction

Since the pioneering work performed by Deb 
on the electrochromic and photochromic proper
ties of inorganic materials [1,2], many have worked 
to optimize optical and electrochemical proper
ties of these materials, particularly those of WO3 
[3,4], This interest can be explained by potential 
application in glazing materials with adjustable 
optical properties [4] and large display devices [5], 
Amorphous WO3 films present the best elec
trochromic and photochromic performance, but 
they are limited by degradation in protic elec
trolytes [6,7], and response time. Some research 
has been conducted on other oxides, but the 
major thrust has been to develop preparation 
techniques to make stable amorphous films 
through vacuum deposition [8], chemical vapour 
deposition [9], sol-gel [5] anodization [10] and 
pyrolytic spray deposition [11], Preparation condi
tions affect the texture, structure, stoichiometry, 
bonding conditions, as well as the water content. 
These parameters have a very strong influence on 
the dynamics and the durability of the elec
trochromic process [6,7,12].

Assuming the stability problem is overcome by 
using aprotic electrolytes, a more fundamental 
aspect remains, the relationship between the film 
microstructure and response time. The film is not 
an infinite oxide lattice, as often assumed, but 
consists of aggregated clusters of various size and 
structure [6,28,29]. This is manifested by a differ
ence in the redox properties and the UV spectra. 
It is, therefore, reasonable to expect a distribu
tion of the redox potential corresponding to these 
different clusters forming the film. This will de
termine how sharply the film responds to electri
cal or optical excitation.

As an alternative electrochromic material, 
Braunstein proposed dissolving WO3 in a glass 
matrix. Alkali borate glasses were combined with 
WO3 to form photochromic and electrochromic 
glasses [13,14]. The conventional melting method 
require a large WO3 content (up to 50%) to 
induce the formation of tungsten complexes 
[14,15]. However, high WO3 concentrations affect 
the vitrous network and, therefore, the trans
parency of the material [16], Moreover, the lack 
of control of the high temperature reaction does 
not allow the preparation of glasses with one 
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particular tungsten species. Changing the compo
sition, melting temperature, reaction time, start
ing materials, as well as adding certain transition 
metal elements have been unsuccessful [14,16].

The sol-gel process [17] is an alternative route 
for preparing ‘tungsten oxide’ doped glasses. The 
application of the sol-gel processing [17] permits 
fabrication of a new family of mixed valence 
glasses in which well defined discrete fragments 
of transition metal oxide are embedded in a glass 
matrix. The effect of solvent cation, molecular 
motion, as well as interactions between these 
species are suppressed [18].

2. Experimental

Commercially available tetramethoxysilane 
(TMOS), tetraethoxy silane (TEOS), boron tri
ethoxide, hydrochloric acid, acetic acid were used. 
The decatungstate and polymeric tungstic acid 
were prepared according to previous work [20,26], 
Deionized water was used in all experiments.

Optical absorption measurements were made 
with an Omega 10 spectrophotometer (Bruins 
Instruments) with 1 nm optical resolution over 
the range 250-1800 nm. X-ray diffractograms 
were measured with a Siemens D 5000 diffrac

Fig. 1. Flow chart for the gel preparation.
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tometer with Cu anode tube operated at 45 V 
and 30 mA. DTA studies of xerogels were per
formed using a Netzsch 409 thermal analyzer 409 
with heating rate of 3°C/min.

Type I gels were prepared (fig 1) by first 
dissolving 0.51 g boric acid (H3BO3) in 5 ml 
methanol; 5 ml TMOS and 5 ml TEOS were 
added under stirring. Five minutes later, 5 ml 
aqueous solution of hydrochloric acid (pH = 2) 
was added. The solution was stirred for 5 min, 
then 2 ml of acetic acid were added to the mix
ture. During stirring, 10 ml of a decatungstate 
solution were added. The tungsten concentration 
of the mixture was 0.0292 mol/1. Fifteen minutes 
after addition of the tungstic species with stirring, 
electrochromic films can be prepared. Samples 
were cast into plastic cylindrical containers 
(Nalgene) to make monolithic gels. The samples 
were allowed to gel in an oven at 60°C. The gels 
which were formed after 6 h were kept for 6 days 
at the same temperature. The gels were strong 
enough to be handled and were left to dry in the 
plastic containers covered with perforated 
parafilm. The transparent xerogels obtained were 
then heat treated.

Type II gels were prepared by mixing 5 ml 
boron triethoxide, 5 ml TEOS and 5 ml TMOS 
for 10 min. Five ml of aqueous solution of hydro
chloric acid (pH = 2) were added. After 2 min of 
stirring, 3 ml of acetic acid were added, then 1 ml 
of a LiOH solution (0.5 g LiOH in 100 ml 
methanol) was introduced. Again 1 ml of acetic

Fig. 2. DTA curve of type I xerogels.

acid and 10 ml of tungstic acid solution were 
added under continuous stirring. After 30 min, 
samples were cast into plastic cylindrical contain
ers (Nalgene). The tungsten concentration of the 
final mixture was 0.132 mol/1. Aging, drying and 
heat treatment were the same as described above.

Dried gels were placed in an alumina crucible 
which was introduced in an electric furnace, and 
subjected to heat treatment for the elimination of 
the residual organics and for densification. The 
heat treatment consisted of heating at 15°C/h 
from room temperature to 560°C. Samples 
changed from transparent to red-brown and then 
became transparent and colourless during heat 
treatment.

The DTA curve corresponding to type I gel 
(fig. 2) first shows an endothermic peak between 
60 and 150°C, due to the removal of water and 
alcohol trapped in the gel network. A second 
large exothermic peak between 250 and 380°C 
probably corresponds to elimination of residual 
alkoxy groups and acetate.

Figure 3 shows the XRD pattern of glasses 
heated at 550°C. A typical amorphous halo pat
tern was obtained. TEM shows no microcrystals 
in the glass. Further heat treatment above this 
temperature did not affect glass transparency.

3. Results

Photochromic behaviour of the two glasses 
were investigated by exposing them to a
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WAVELENGTH Inmi

Fig. 4. Optical absorption spectrum of type I glass after short 
time UV illumination.

mercury-vapour lamp. The uncoloured type I glass 
shows an absorption at 326 nm comparable to the 
charge transfer band of the fully oxidized de
catungstate.

Glass I, which is doped with a decatungstic 
species, turns blue when exposed to daylight. The 
blue colouration becomes intense with UV expo
sure. The intensity of the colouration increases 
with the irradiation time. The evolution of the 
absorption spectra is shown by figs. 4 and 5.

The UV irradiation first gives rise to an in
tense band at very low energy, with an asymmetri
cal shape and presenting a fine structure (fig. 4). 
Low energy absorption at f364.9 nm (7326 cm-1), 
1402.1 nm (7132 cm-1) and 1453.7 nm (6879 
cm-1) are unique to mixed valence compounds 
[19,20]. The energy and the absorption profile are 
characteristic of intervalence bands as predicted 
by the vibronic coupling (PKS) model [23]. To our 
knowledge, this is the first experimental interva
lence band which could verify existing theoretical 
models. Electron delocalization is under investi
gation [24]. For an extended irradiation time, the 
glass develops the absorption spectra represented 
in fig. 5.

The intervalence band at very low energy in
creases in intensity with irradiation. The large 
band at 780 nm increases in intensity and devel
ops fine structure. It can be decomposed into 
transitions at 844 nm (11848 cm-1), 812 nm 
(12315 cm-1), 780 nm (12820 cm-1), 748 nm 
(13 369 cm-1), 712 nm (14045 cm-1) and 680 nm 
(14620 cm-1). The difference in energy between 
these transitions is almost the same (32 cm-1). 

The vibronic coupling (PKS) is able to describe 
the structure observed and help assign bands 
observed at low energy in many reduced polyan
ions [18,20,24],

Bands at 1147 and 1234 nm did not change in 
intensity; however, three other bands appear in 
the spectrum, at 960 nm (10417 cm-1), around 
630 nm with two components at 644 nm (15 528 
cm-1) and 624 nm (16025 cm-1), and a shoulder 
at 525 nm (19 048 cm-1).

To assign all these bands would be difficult 
without looking at the way the glass was prepared 
and without knowledge of the properties of poly
tungstates [18,20,22]. The glass was heat-treated 
above 500°C and after the elimination of all the 
organics, the decatungstate anion structure is 
conserved. The bands observed in the optical 
spectra during irradiation are compared with 
those observed in solution for the one- and two- 
electron electrochemically and photochemically 
reduced forms of decatungstates [20].

The band around 780 nm was observed in 
solution in the case of W10O|2-, but it presents 
fine structure. Its position does not depend 
strongly on the medium as was observed in solu
tion [20]. However, the band at low energy has 
dramatically changed position and absorption 
profile. This suggests interaction between the 
W10O32 core and the glass matrix. The de
catungstate anion consists of two W5O16 units,. 
These two halves of the polyanion are linked by a 
nearly linear W-O-W- bridge. Delocalization of 
the added electron takes place at the eight equa
torial sites [20,21], The effect of the glass matrix 
can clearly be seen on the electron delocalization

Fig. 5. Optical absorption spectrum of type I glass.
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between the halves of the polyanion in contrast to 
the delocalization inside the W5O16 unit where 
the WO6 octahedra share edges. The linear 
bridges are more exposed and thus interact with 
the glass matrix more than those inside the two 
units.

The band around 780 nm is more resolved 
when the W10O32_ ion is immobilized in the glass 
matrix. The bands at 525, 624-644 and 960 nm 
correspond to the decatungstate reduced to two 
electrons.

It is important to note, that the ‘polyanion’ is 
isolated and immobilized in a glass matrix. The 
effect of the cation and the solvent, as well as the 
molecular motion on the mixed valence transition 
are suppressed. This is why intervalence bands 
become sharper, more asymmetric than in solu
tion [20], and present a profile predicted by the 
theory [23],

During spectroscopic investigation, the rela
tively fast bleaching of the glass was a source of 
difficulty, but from the point of view of the tech
nological aspect, the glass shows perfectly re
versible photochromic behaviour. A few minutes 
are required for the glass to become colourless. 
The glass is transparent, stable and the photo
colouration and photobleaching cycle can be re
peated many times.

Glass derived from the type II process behaves 
like those prepared by melting. It shows pho
tochromism only in the presence of organics 
(methanol, for example). The glass turns to dark 
blue unlike the blue observed in decatungstate. 
This difference can be seen in the optical spectra 
(fig. 6). The very large band centered at 900 nm is

comparable to that observed in WO3 films [5] or 
in WO3-doped glass prepared by melting [13-16].

The width of the absorption band can be ex
plained by the energy distribution of the elec
trons in large clusters.

Glasses derived from type II processes require 
several days to bleach when organic reductants 
are used.

4. Discussion

Photochromism and electrochromism are the 
consequence of redox processes involving the up
take of additional electrons by a compound [1,2], 
This process leads to the formation of mixed 
valence compounds [23,25].

This charge transfer takes place when the pho
tochromic or electrochromic material has the ap
propriate structure. The geometry will affect elec
tronic interaction between the atoms of the mate
rial. This ability to exchange electrons is normally 
reflected in the value of the redox potential. A 
good illustration is the electrochemistry of 
isopolytungstates. The difference in redox poten
tials between these systems arises from the way in 
which these octahedra are linked together 
(metatungstate isomers, for example) [18,26]. For 
the same reasons excited electronic states in these 
species are produced by absorption of photons of 
different energies [18,27].

In amorphous WO3 films prepared by electron 
beam evaporation or sol-gel processing, it has 
been established that the structure consists of an 
aggregation of various clusters [28,29]. This mi
crostructure can be explained by analyzing the 
film formation process. At high temperature, for 
example, the species deposited on a cold sub
strate are not monomeric but polymeric. W3O9, 
W4O12, W5O15 were identified as intermediate 
species by mass spectrometric studies [30]. They 
aggregate on the cold substrate and do not have 
time to achieve preferred coordination during 
film growth. In an inert atmosphere this would 
lead to dangling bonds and, therefore, to a highly 
reactive film [31]. Depending on the composition 
of the atmosphere, the dangling bonds are re
placed by W-OH or W=O.

Fig. 6. Optical absorption of type II glass after UV illumina
tion.
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The same explanation can be used for a sol-gel 
film. The film is deposited during polymerization 
and the isopolytungstic species detected by 183 W 
NMR spectroscopy [32,26] do not have the time 
to rearrange themselves to form an infinite lattice 
[29],

The cluster nature of the film explains its low 
crystallization energy. Around 350°C, the film, 
like many isopolytungstic acids, transforms to 
crystalline WO3.

Another indication also suggesting that the 
film is composed of individual clusters held by 
relatively weak forces is their reactivity toward 
moisture. Films prepared by high or low tempera
ture processes transform to the same crystalline 
WO3 • 2H2O phase [7,33].

The structural features play an important role 
in electrochromic and photochromic behaviour of 
these films and are, unfortunately, responsible for 
the degradation process [6,7] and the lack of a 
sharp electrochromic or photochromic response. 
Incorporating a well defined cluster into a glass 
matrix using the sol-gel process allows homoge
neous distribution of the same electrochromic or 
photochromic species. Electrons are injected si
multaneously in all these species at the same 
applied voltage, making the colouration change 
sharply.

Experimental data on electron transfer in 
mixed valence compounds are too meager to al
low the testing of existing theoretical models. 
Generally, the intervalence transition band ob
tained is very broad and presents no fine struc
ture. Simulation of band profiles are usually per
formed with at least five parameters [23]. This 
always makes the physics behind the electron 
transfer questionable. Models used cannot take 
into account the contribution of bond angle and 
distance distribution in an infinite solid, while in 
the case of discrete species in solution, the cation, 
ligands, solvent and the molecular motion affect 
the form of the intervalence band.

Sol-gel photochromic glasses are of technolog
ical importance. From the viewpoint of funda
mental science, they are ideal models for the 
understanding of electron delocalization in mixed 
valence compounds. The size and the structure of 
the cluster are known. Electrons can be easily 

injected into the species. The glass matrix is 
transparent for spectroscopic analysis and stable 
for temperature measurements.

5. Conclusion

The sol-gel technology combined with polyox
ometalate chemistry gave birth to an entirely new 
family of glasses.

The author wishes to express his thanks to 
Professor J. Livage and Professor J.D. Mackenzie 
for the stimulating and supportive discussions.
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Colloidal suspensions for the preparation of ceramics 
by a freeze casting route

J. Laurie a, C.M. Bagnall b, B. Harris a, R.W. Jones b, R.G. Cooke a, R.S. Russell-Floyd a, 
T.H. Wang b and F.W. Hammett a
" School of Materials Science, University of Bath, Bath BA2 7AY, UK
b Ceramic Developments (Midlands) Ltd., Corby, UK

The modified sol-gel processing technique of free casting provides an attractive route' for preparation of low-shrink 
ceramic monoliths. Sols based on colloidal silica can be rapidly cooled and retain their frozen structure after warming to 
ambient temperatures. Owing to the large pore size in the gels, cracking is avoided during drying. A selection of silica sols 
has been examined and the state of aggregation of the particles was established as a critical parameter in determining 
whether sols can be processed in this way.

1. Introduction

It has long been realised that one of the major 
problems associated with sol-gel derived materi
als is their tendency to shrink and crack on drying 
[1], Many approaches have been adopted to over
come this problem including the use of drying 
control chemical additives (DCCAs) [2,3] and 
techniques such as critical point drying [4]. An 
alternative method, in which gelation is brought 
about by freezing rather than by conventional 
means, allows low-shrink materials to be pre
pared which can be dried without further special 
treatment. This method, which will be referred to 
as freeze gelation or freeze casting, has been 
used to prepare crack-free ceramics and ceramic 
matrix composites with bulk shrinkage less than 
4%.

The technique has been extensively used in a 
joint research program currently underway be
tween the School of Materials Science at the 
University of Bath and Ceramic Developments 
(Midlands) Limited, Corby. The program aims to 
develop economic methods for the manufacture 
of ceramic matrix composites by a sol-gel route 
and freeze gelation has allowed near-net size and 
shape components to be produced [5]. At present, 

the technique has only been applicable to se
lected systems based on colloidal silica and it is 
hoped in the near future to extend the process 
for the preparation of other materials. The aim of 
current work is to gain a fundamental under
standing of the freeze gelation of silica and, in 
particular, to establish what features of the sols 
determine their ability to 'be processed in this 
way.

2. Experimental

Colloidal silicas used in these experiments were 
Monsanto Syton X30 and W50 and the K342 
grade from Degussa. Primary particle sizes in 
these sols are 25, 125 and 30 nm, respectively. 
Fumed silica powders were supplied by Degussa 
with the MOX 170 grade being most frequently 
used. Mullite filler powder with an average parti
cle size of 5 pm was supplied by Keith Ceramics 
Ltd. All other materials were of reagent grade.

Gel samples were prepared by pouring the sols 
into polythene moulds which were subsequently 
frozen using liquid-nitrogen as the refrigerant. 
When cylindrical moulds 1 cm in diameter and 
1.5 cm in height were used, freezing was seen to 
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be complete within several minutes. Thawing was 
allowed to occur simply by placing the gels on the 
laboratory bench.

Colloidal dispersions were examined in a JEOL 
1200EX transmission electron microscope oper
ated at 120 kV. Specimens were prepared by 
dropping diluted samples onto carbon-coated 
copper grids and allowing these to dry in an 
ultrasonic bath. After sintering at 1150°C, pol

ished sections of gels were studied by scanning 
electron microscopy, a JEOL T330 instrument 
being used throughout.

3. Freeze gelation of Syton X30 colloidal silica

Samples of Syton X30 colloidal silica have 
been frozen both with and without the addition 

Fig. 1. Scanning electron micrographs of silica flakes produced by freezing Syton X30 sol.
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of filler powder. Freezing the sol alone trans
forms the material from a translucent liquid to an 
opaque white gel which fractures to a powder on 
drying. Addition of mullite filler powder allows a 
coherent gel to be produced which can be dried 
with only minimal shrinkage and no sign of crack
ing.

Experiments have been carried out to deter
mine the important parameters governing the 
success of the freeze gelation process, particularly 
in terms of sol composition and processing condi
tions. It has been established that freeze gelation 
is successful over a wide range of compositions 
provided the overall solids content is sufficiently 
high. The rate at which freezing is carried out is 
an important parameter with rapid freezing being 
essential to avoid the introduction of gross de
fects. The effects of other variables, such as pH 
and warming rate, appear to be less important 
and are still under investigation.

Microstructural studies have been carried out 
on materials prepared in this way. The material 
from the unfilled sol has been found to consist of 
ridged flakes (fig. 1) which are apparently pro
duced as growing ice crystals concentrate the sol 
until a densely packed structure remains between 
columnar ice crystals. A network of coagulated 

silica is therefore produced which contains large 
voids and, given the overall low solids content 
(around 15 vol%), it is not surprising that such a 
structure fractures to a powder on drying. When 
a filler is present, the material has a significantly 
reduced pore volume fraction and a much more 
robust structure is formed with the silica now 
acting as a binder for the larger filler particles. 
These gels do however still contain macropores of 
the order of several microns, the key feature of a 
freeze-gelled material (fig. 2). This large pore size 
allows water to be removed without the build-up 
of large capillary stresses which lead to fracture 
in conventionally processed sol-gel derived mate
rials.

4. Freezing other commercial silica sols

In addition to Syton X30, a variety of other 
commercial silica sols has been studied to help 
identify the features necessary for successful 
freeze gelation. Several of these sols have solids 
contents and particle sizes comparable to Mon
santo X30 and not surprisingly behaved in a 
similar manner. A larger particle size sol, Syton 
W50, has also been found to be freeze gellable,

Fig. 2. Scanning electron micrograph showing microstructure of a gel prepared by freezing a mixture of Syton X30 sol and mullite 
filler powder. The lighter regions are the silica/mullite phase and darker areas are macropores.
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the higher solids content (50% by weight) produc
ing a coherent, though fragile, structure even 
without filler powder (fig. 3).

By contrast, freezing Degussa K342 did not 
cause coagulation but instead produced a semi- 
translucent gel which was subject to shrinkage on 
drying, even with large additions of filler. SEM 
examination of the dried material revealed an 

irregular powder with a loose, open structure (fig. 
4).

5. Preparation of silica sols for freeze casting

A number of sol preparation routes have been 
investigated, all of which generally involve the

Fig. 4. The irregular powder remaining after Degussa K342 is frozen and allowed to dry (SEM).
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Fig. 5. TEM micrograph of the freeze castable sol, Syton X30.

dispersion of a powder in water. Pyrogenic silicas 
were used which have primary particle sizes simi
lar to those of particles in the commercially avail
able silica sols. It was found that these materials 
were rather difficult to disperse, requiring the use 
of surfactants and powerful mechanical shearing 

forces if fluid sols were to be produced. It has 
been seen that, in general, freezing these sols 
produces soft gels, very similar to those from 
K342.

In an attempt to distinguish between sols which 
can and cannot be freeze-cast, each type of col

Fig. 6. TEM micrograph of Degussa K342, a sol which does not undergo freeze gelation.
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loidal silica has been examined by TEM. By anal
ysis of these results and a consideration of the 
changes which occur during the freezing of a 
disperse system, it has been possible to develop 
an increased understanding of the freeze gelation 
process.

From TEM studies, it has been established 
that the primary particles in the freeze-castable 
X30 and W50 sols, despite their small size, ap
pear to be unaggregated, whereas in K342 and 
sols prepared in the laboratory large aggregate 
structures exist. This can be clearly seen in figs. 5 
and 6 where micrographs of X30 and K342 are 
compared. As freezing progresses, the growth of 
large ice crystals effectively causes the remaining 
sol to become increasingly concentrated and if 
the process can continue until a very dense, or 
even a close-packed arrangement of silica parti
cles is achieved then clearly most of the water will 
exist in macropores after thawing. If, however, 
the initial sol contains voluminous aggregates, 
then it will not be possible to achieve such close 
packing and the silica phase will still contain a 
distribution of pores of varying sizes. Such a 
material would more closely resemble a conven
tionally prepared gel and would be subject to the 
familiar problem of shrinkage cracking.

6. Conclusions

Freeze gelation is a useful technique for the 
preparation of low-shrink ceramics and therefore 
ceramic matrix composites. Materials produced 
by this method have pores of the order of several 
micrometres, thus permitting drying without 
shrinkage and cracking associated with conven
tional sol-gel derived materials. The principal 
requirement for a sol which is to be freeze-gelled 
is that colloidal particles are in an unaggregated 
state thus allowing dense structures to be formed 
during freezing.
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Silver ions are stabilized in a borosilicate glass sol by complex formation with a bifunctional amine compound. A 
UV-irradiation induced photochemical process reduced silver to form silver colloids with radii of several nanometers. The 
mean colloid size was controlled by irradiation time. The colloid concentration increases rapidly with irradiation, reaching a 
saturation level corresponding to total reduction of silver. Colloid formation was investigated by UV-VIS spectroscopy.

1. Introduction

Optical properties of nanoscale silver colloids 
embedded in glass are dependent on particle size. 
Such colloids cause a Lorentz-like absorbance 
band with a peak at about 400 nm wavelength 
and a halfband width between about 10 and 100 
nm, for colloid radii between about 1 and about 
10 nm [1,2], Glasses prepared by fusion contain
ing silver ions can produce silvercolloids with a 
relatively narrow size distribution by using UV- 
light induced nucleation in the presence of CeO2. 
The nucleation is followed by a diffusion-con
trolled growth process at temperatures in the Tg 
range of the glass containing thermal reducing 
agents such as SnO or FeO [3,4].

Silver colloids can be generated in aqueous 
solutions by photochemical methods using UV- 
light in presence of acetone and isopropanol [5]. 
In this process, the light is absorbed by acetone 
to yield the triplet state which subsequently re
acts with isopropanol to form two 1-hydroxy alkyl 
radicals. These radicals reduce Ag+ to Ag°.

The purpose of this study was to use this 
photochemical synthesis route to produce differ
ently sized silver colloids in a borosilicate sol-gel 
system and to characterize the colloids by UV- 
VIS spectroscopy.

2. Experimental

A sol with 20 wt% B2O3 and 80 wt% SiO2 was 
synthesized by diluting silver acetate in 0.6 mol 
N-(2-aminoethyl-3-aminopropyl)trimethoxysilane 
(H2N-CH2-CH2-NH-(CH2)3-Si(OCH3)3). Af
ter adding 0.2 mol isopropanol and dilution in 
ethanol and water, the solution was mixed with 
0.15 mol trimethylborate at 50°C for 15 h. Then 
0.1 mol acetone was added at room temperature. 
The silver concentration in the final sol was 10 ~3 
mol/1.

This sol was irradiated at 20°C in a closed 1 
mm quartz cell with a 700 W xenon lamp at a 
distance of 25 cm for different times and UV-VIS 
transmission spectra were measured after UV 
exposure.

3. Results

Preliminary attempts to synthesize the silver 
colloids directly in a borosilicate sol using te
traethoxysilane and trimethylborate and adding 
an ethanolic solution of silver nitrate led to un
controlled spontaneous silver colloid formation. 
In order to avoid the spontaneous colloid forma
tion, the behaviour of the Ag-amine complex was

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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wavelength [nm]

Fig. 1. Calculated spectra of silver colloids (volume fraction 10 5) in glass sol (u = 1.378) for colloid radii: 1, R = 1 nm; 2, R = 3 nm; 
3, 7? = 5 nm; 4, R = 7 nm.

investigated. Therefore, amino groups bonded to 
polycondensable silanes were used, since they 
allow incorporation of the complex in a sol-gel 
matrix. The use of the amine compound led to 
the formation of a silver complex [6], which com

pletely suppressed spontaneous colloid genera
tion.

Results of spectroscopic measurements were 
used to compute the colloidal absorption coeffi
cient, k(k), as described earlier [7], These were 

Hallband width (nm)

Radius (nm)
Fig. 2. Halfband widths of calculated spectra as a function of colloid radius.
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based on a refractive index of the silver free sol 
determined to about 1.378. The calculation is 
based on a Mie theory approximation for small 
colloids and therefore the results are only valid 
for colloids small enough to neglect scattering 
(maximal colloid radius in glass of about 15 nm). 
Following the example given in ref. [1], quantum 
size effects are taken into account and the dielec
tric function of the silver is modelled according to 
the Drude theory of the free electron gas. The 
contributions of the bonded electrons to the real 
and the imaginary part of the dielectric function 
were estimated numerically using data from ref. 
[8],

Figure 1 shows calculated spectra, k(A), for 
various colloid radii, R. The peak position slightly 
shifts to shorter wavelengths with increasing col
loid size. For R = 1 nm, the peak is at 395 nm 
and for radii greater than 3 nm it remains con
stant at 390 nm. The maximal absorption in
creases and the halfband width decreases with 
increasing particle size, as can be seen from fig. 2, 
where the halfband width is plotted versus the 
colloid radius. It decreases from about 70 nm for 
R = 1 nm down to about 16 nm for R = 10 nm. It 
can be shown that the area beneath the calcu
lated absorption bands, approximated by the

Fig. 3. Measured absorption spectra of silver colloids. 1, 
Before UV-irradiation; 2, after 2.5 min UV-irradiation: 3, 
after 6.5 min UV-irradiation; 4, after 14 min UV-irradiation.

product of the maximal absorption coefficient 
and the halfband width, is independent of the 
particle size and is directly proportional to the 
colloidal silver concentration. The proportionality

Fig. 4. Halfband widths of measured absorption bands as a function of irradiation time.



M. Mennig et al. / Photoinduced formation of silver colloids 329

200nm
------------------—I

Fig. 5. Electron micrograph of silver colloid containing sol after 20 min irradiation.

factor depends on the refractive index of the 
matrix (sol) and was determined to 0.154 1/mol 
from the data of the calculated spectra.

Figure 3 shows spectra for different irradiation 
times. The intensity of the absorption increases

with increasing irradiation time. After about 10 
min irradiation, no further change in the absorp
tion spectra occurs. The peak position decreases 
slightly with increasing irradiation time. It shifts 
from about 405 nm after 1 min down to about 394 

Fig. 6. Concentration of colloid silver as a function of irradiation time.
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nm after about 10 min irradiation. These values 
are in relatively good agreement with the calcu
lated peak positions for small colloids (395-390 
nm). The halfband width decreases from about 70 
nm down to about 40 nm within the first 10 min 
irradiation, as shown in fig. 4.

This behaviour indicates a growth of the col
loid size in the range between 2 and 4 nm in 
diameter (see fig. 2) assuming a monodisperse 
size distribution. An electron microscope sample 
holder was coated with a silver colloid containing 
sol irradiated to saturation. The electron micro
graph (see fig. 5) shows silver colloids with a 
remarkable size distribution and an average ra
dius of about 7 nm. For a colloid radius of 7 nm, 
the calculated halfband width is about 20 nm (see 
fig. 2), but a measured halfband width must be 
larger in presence of smaller particles. 

tration increases rapidly with irradiation and the 
saturation level is in the same range as the total 
silver concentration in the sol (10 “3 mol/l).

5. Conclusions

Silver ions in a borosilicate glass sol, stabilized 
by a complexing bifunctional amine compound, 
can be reduced by UV-irradiation to Ag° and 
completely converted into colloids. During irradi
ation, the mean particle size and the colloidal 
concentration grows. Although a distribution of 
the colloid size is obtained, the method described 
can be used to controllably form nanometer-sized 
silver colloids in glass sols. Further study is re
quired to investigate gelation and glass formation 
in order to obtain glasses containing Ag colloid.

4. Discussion References

One may thus conclude that there is a good 
agreement between calculated and measured ab
sorption spectra and that differences in the half
band widths may result from the size distribution 
of the silver colloids.

Based on this assumption, the concentration of 
the silver colloids was calculated from the mea
sured spectra using the theoretically determined 
proportionality factor of 0.154 1/mol and plotted 
versus the irradiation time as plotted in fig. 6.

It can be seen that the colloidal silver concen-
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Oxidation of small-sized CdS crystals in sol-gel-derived glasses
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Small-sized CdS crystals were prepared in SiO2 and Na2O-ZrO2-SiO2 glasses by the sol-gel process and the oxidation 
of CdS crystals was investigated. Gels synthesized by the hydrolysis of a complex of metal alkoxides and Cd(CH3COO)2- 
2H2O were heated at 500°C and allowed to react with H2S gas to form hexagonal CdS microcrystals. CdS crystals in SiO2 
glass were sensitive to oxidation by heating in air. CdS crystals in Na2O-ZrO2-SiO2 glass were smaller than those in SiO2 
glass and stable against oxidation in air. The effect of glass composition on the oxidation of CdS crystals was apparent in the 
emission spectra of glasses soaked in methyl viologen.

1. Introduction 2. Experimental procedure

Glasses containing small-sized CdS-CdSe 
semiconductor crystals have become one of inter
esting topics in the glass science and technology 
because they have potential as non-linear optics 
[1-6]. In semiconductor particles with diameters 
less than a critical size, the electron and hole 
wave functions are confined in a deep potential 
well of the dielectric-glass matrix. Such compos
ites are expected to show a large third order 
non-linearity.

The sol-gel method has been employed to 
prepare semiconductor-doped glasses, and glasses 
doped with CdS, PbS, ZnS and CuCl microcrys
tals have been obtained [7-10], Gels synthesized 
through the hydrolysis of metal alkoxy-derived 
solution were heated, then reacted with H2S gas 
to form metal sulfide microcrystals. CdS-doped 
silica glasses were observed to decolor during 
storage for long periods or by high power laser 
irradiation. This phenomenon might limit practi
cal application of these glasses.

SiO2 and Na2O-ZrO2-SiO2 glasses doped 
with CdS microcrystals have been prepared and 
the oxidation of CdS in both glasses is described 
here.

SiO2 (C-S glass) and 1.4Na2O • 20.8ZrO2 • 
77.8SiO2 (mol%) (C-NZS glass) glasses doped 
with 5% CdS were prepared by the synthesis of 
CdO containing glasses and subsequent reaction 
with H2S gas. Hereafter, these CdS-doped glasses 
are abbreviated as C-S and C-NZS glasses, re
spectively. The synthesis method of gels has been 
previously reported [7,8], After heating at 500°C 
for 2 h, the glasses were reacted with H2S gas at 
200°C for 4 h to precipitate CdS crystals.

Optical absorption and emission spectra were 
recorded with JASCO U-best 50 double beam 
spectrophotometer and FP-777 spectrofluorome
ter. Surface measurement of glasses was per
formed by N2 gas adsorption using a Micromerit- 
ics Instrument Flowsorb 2300.

3. Results

Glasses obtained by heating gels at 500°C were 
porous, transparent and included no visible inho
mogeneities or precipitates. Exposing the porous 
glasses to H2S gas changed their color to yellow 
throughout the entire thickness.

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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Fig. 1. Optical absorption spectra of SiO2 (C-S glass) and 1.4Na20-20.8Zr02 77.8Si02 (C-NZS) glasses reacted with H2S gas for 
4 h at 200°C (spectrum (a)) and then heated in air at 400°C for various durations shown.

The precipitated crystal was identified as 
hexagonal wurtzite CdS, the size of which, deter
mined from X-ray diffraction experiments, was 
changed from 2 to 10 nm in diameter depending 
on H,S gas reaction time and temperature. The 
absorption edge exhibited a blue shift compared 
with that of the bulk CdS crystal and its energy 
shift was reciprocally proportional to the square 
of the crystal size. This result was interpreted as 
the quantum confinement effect of CdS micro
crystals [7,8].

The silica glass doped with CdS (C-S glass) 
was first produced three years ago. This glass 
appears to decolor very slightly during storage at 
room temperature. To examine this decoloration, 
C-S and C-NZS glasses were heated in air at 
300-500°C and their absorption spectra were 
measured at room temperature. Figure 1 shows 
the absorption spectra of C-S and C-NZS glasses 
which were reacted with H2S gas for 4 h at 
200°C, followed by heating at 400°C in air. The 
absorption edge of C-S glass is blue shifted and 
its intensity is decreased with increasing the heat 
treatment time. Heating for 10 h removed the 
color. The decoloration rate is fast for the glass 
heated at higher temperature.

The absorption edge of C-NZS glass reacted 
with H2S gas for 4 h at 200°C is 2.65 eV. This is a 
large blue shift compared with C-S glass and 
indicates a smaller CdS crystal precipitated in the 

C-NZS glass. When heated at 400°C, the absorp
tion edge is initially red shifted 0.15 eV but the 
absorption position and intensity remain almost 
unchanged upon heating for long periods of time.

4. Discussion

CdS crystals are sensitive to oxidization. The 
decoloration of C-S glass is due to the oxidation 
of CdS crystals. Oxidation of CdS crystals de
pends on the glass matrix structure. Small angle 
X-ray scattering experiments performed on C-S 
and C-NZS gels have shown that the C-S gel 
consists of more highly condensed and rigid parti
cles compared with C-NZS gel. The properties 
of the glasses heated at 300-700°C are listed in 
table 1. Porous C-S glass heated at 300°C con
sists of very small particles, the diameter of which

Table 1
Properties of glasses heated for 2 h at 300-700°C

Temperature 
(°C)

SiO2 Na2O-ZrO2-SiO2

Surface 
area
(m2/g)

Particle 
diameter 
(nm)

Surface
area
(m2/g)

Particle 
diameter 
(nm)

300 330 8.3 266 9.0
500 554 4.9 44 54.5
700 435 6.3 10
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S1O2 glass particle CdS crystal
Na2O-ZrC>2-SiO2 glass particle

~ 5 nm ~ 5 nm
- 55 nm

Fig. 2. Schematic presentations for CdS microcrystals precipitated in SiO2 (C-S glass) (a) and 1.4Na2O-20.8ZrO2 77.8SiO2 
(C-NZS glass) (b), respectively.

is calculated to be ~ 5 nm from the equation 
d = 6/(pS) where p and S are density and spe
cific surface area, respectively. The C-S glass 
retains high specific surface area to 700°C, sub
stantiating the model that this glass is composed 
of essentially fully condensed particles with a 
mean diameter of ~ 5 nm. The size of CdS 
crystals precipitated in glass ranged from 2 to 10 

nm. Comparing the sizes of CdS crystals and 
porous glass particles, CdS microcrystals are in
completely embedded in C-S glass matrix. The 
feature of CdS crystals precipitated in glass is 
presented schematically in fig. 2.

C-NZS gel consists of less highly cross-linked 
polymers, which exhibits a large decrease in spe
cific surface area during heating at 300-700°C. 

Fig. 3. Change in emission spectra of SiO2 (C-S glass) and 1.4Na2O-20.8ZrO2-77.8SiO2 (C-NZS) glasses reacted with H2S gas for 
4 h at 200°C (spectrum (a)) and then soaked for 100 h in 0.1M methyl viologen in methanol (spectrum (b)). Absorption spectra of 

both glasses and emission spectrum of 1.4Na2O-20.8ZrO2 -77.8SiO2 glass were not changed after soaking in methyl viologen.
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This shrinkage behavior implies that polymer 
fragments of C-NZS gel easily compact and grow 
into large particles with a mean diameter of 55 
nm, which is about ten times that of C-S glass. 
As a result, small-sized CdS crystals are easily 
embedded in the glass matrix as shown in fig. 2, 
which results in the low growth rate of CdS 
crystals (fig. 1(b)).

These differences in CdS crystals in the two 
different glasses can be confirmed from the opti
cal emission experiments. Figure 3 shows the 
emission spectra of glasses reacted with H2S gas 
and then soaked in 0.1M methyl viologen 
(( —C5H4N(CH3)C1)2 • 3H2O) in methanol. Two 
emission peaks around a wavelength of 500 and 
700 nm are observed in the glasses reacted with 
H2S gas. Both 500 and 700 nm emissions have 
been attributed to the carrier recombination via 
other level and the sulfur vacancy in CdS crystal, 
respectively. Experimental results indicate that 
the intensity at 500 nm increases instead of that 
at 700 nm with increasing the H2S gas reaction 
time, thus corroborating the assignment of the 
700 nm emission to sulfur vacancies. Methyl vio
logen is known to act as an electron acceptor, 
which results in quenching of the emission. The 
emission at 700 nm of C-S glass is very efficiently 
quenched by methyl viologen, indicating that sul
fur vacancies of CdS are accessible to attack from 
the exterior. This again confirms that the CdS 
crystals precipitated in C-S glass are not embed
ded in the matrix and are accessible to attack 
from the exterior. On the other hand, the emis
sion of C-NZS glass is not quenched, indicating 
the CdS crystals are embedded in the glass matrix 
and protected from attack by methyl viologen.

5. Conclusion

SiO2 and Na2O-ZrO2-SiO2 glasses doped 
with 2-10 nm CdS crystals were prepared by the 
sol-gel process. CdS crystals doped in SiO2 glass 
were sensitive to oxidation by heating in air be
cause CdS crystals were incompletely embedded 
in the porous SiO2 glass. CdS crystals which were 
embedded in Na2O-ZrO2-SiO2 glass were sta
ble against oxidation. The effect of glass composi
tions on the oxidation of CdS crystals was con
firmed by emission spectra behavior of glasses 
soaked in methyl viologen.

Research reported here was partially sup
ported by Grant from Tokuyama Science Foun
dation.
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Sol-gel formation of silica-zirconia glasses

M. Palladino, F. Pirini, M. Beghi, P. Chiurlo, G. Cogliati and L. Costa
Istituto G. Donegani, Laboratorio Materiali Funzionali, via 5. Salvo, 20097, S. Donato Milanese, Italy

Bulk samples of gels with composition (100- x)SiO2 - xZrO2, x = 10 or 30, were prepared using TEOS and Zr(OC3H7)4, 
complexed 1:1 with acetylacetone, as precursors. Samples of both compositions were dried under hypercritical conditions 
using ethyl alcohol or liquid CO2 as solvent, as well as slowly dried in air as xerogels. The aim of this work was to verify 
whether different drying methods could lead to different crystallization behaviours during the gel-to-glass transition. Dried 
gels were characterized by X-ray diffraction, TGA-DTA and dilatometry.

1. Introduction

Silica-zirconia materials are widely studied 
because of their superior chemical resistance to 
alkaline attack [1] and fracture toughness [2]. 
Owing to their high melting temperatures the 
sol-gel method presents a potential interesting 
method for preparation of these materials.

Optical properties of binary glasses are of in
terest; thus fabrication of monolithic pieces is a 
major goal. The main problem of sol-gel route, 
the formation of cracks during drying, has been 
solved for bulk silica glass fabrication by hyper
critical evacuation using alcohol as a solvent [3]. 
We have studied the behaviour of SiO2-ZrO2 
gels during hypercritical drying, in alcohol and 
liquid CO2. The consequences of different drying 
conditions upon thermal evolution of gels and the 
thermal behaviour of xerogels have been fol
lowed.

2. Experimental procedure

Two compositions in the SiO2-ZrO2 systems, 
with 10 and 30 mol% ZrO2, indicated as lOZr 
and 30Zr respectively, were studied. TEOS (Al
drich) and Zr(OC3-H7)4 (Fluka) were used as 
starting materials without purification. Zr(OC3- 
H7)4 was complexed with acetylacetone in 1:1 

molar ratio, and the complex was diluted in iso
propanol in the molar ratio complex : isopropanol 
of 1:8. TEOS was first pre-hydrolyzed for 1 h at 
room temperature by stirring a mixture of 1 mol 
H2O, 0.0018 mol HC1 and 3.5 mol EtOH per 1 
mol of TEOS. After prehydrolysis, the Zr solu
tion was added drop by drop while continuously 
stirring. After 15 min, a solution H2O/isopro- 
panol 1:1 by volume was added for . complete 
hydrolysis. In both compositions, a final molar 
ratio H2O/(TEOS + Zr(OC3H7)4 = 4:1 was 
reached. The sols gelled after 3 days at 50°C. 
Gelled samples of each composition were dried 
under hypercritical conditions in ethanol or liquid 
CO2, as well as slowly dried in air as xerogels. 
Samples thus obtained were labelled A, B and C, 
respectively. Thermal evolution was studied treat
ing the gels at 300, 600, 900 and 1200°C in flow
ing O2 with a heating rate of 5°C/min, and 
holding them at the maximum temperature for 
3 h.

After thermal treatments, samples were ana
lyzed using XRD (diffractometer Philips PW 
1820/00) and simultaneous TGA-DTA (thermal 
analyzer Netzsch STA 409). Dilatometric tests 
were performed with a Netzsch DIL 402 
dilatometer. Heating rate in both TGA-DTA 
and dilatometric tests was 5°C/min. Transmit
tance spectra were acquired with a Lambda 9

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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Fig. 1. Densification behaviour of samples lOZrA and lOZrB.

spectrophotometer (Perkin-Elmer) in the 300- 
800 nm range.

3. Results

The first difference in gels dried under differ
ent conditions is found in the linear shrinkage, 
that is, approximately, 15% for A samples, 45% 
for B samples and 50% for C samples with re

spect to the wet gels. Apart from a remarkable 
effect on the mechanical properties of gels (A 
samples are extremely fragile, whereas B and C 
samples can easily be handled), this difference 
leads to consequences in sintering behaviour. Two 
dilatometric tests showed that, in order to reach 
complete densification, a temperature of about 
1270 and 1240°C was required for samples lOZrA 
and lOZrB, respectively (fig. 1).

A major difference in crystal growth was ob
served depending on the drying process. Diffrac- 
tograms of all samples A show the segregation of 
tetragonal ZrO2 phase, (ZrO2(T)). B and C sam
ples appear amorphous after 900°C treatment in 
lOZr series, and after 600°C treatment in 30Zr 
series. In addition, both lOZr and 30Zr series, 
after treatment at 1200°C, show sharper peaks in 
A samples than in B and C samples (figs. 2(a) and 
2(b)). All temperatures are not reported for the 
sake of clarity and solid lines indicate the posi
tion of ZrO2(T) peaks. The shape of the broad 
band of amorphous SiO2, centered at about 20 = 
23° (d ~ 3.87 A), becomes more and more asym
metric as T grows (fig. 3; sample lOZrC has been 
chosen as an example). Another feature that is 
worthwhile noting in the spectra is the shift with

Fig. 2. (a) X-ray diffractograms showing the thermal evolution of samples of the series lOZr. (b) X-ray diffractograms showing the 
thermal evolution of samples of the series 30Zr.
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Fig. 3. Thermal evolution of sample lOZrC.

served for the temperatures and durations of 
thermal treatments employed.

All DTA graphs show a broad endothermic 
band attributed to water desorption at relatively 
low temperatures and an exothermic band at
tributed to the combustion of the organic residues 
present after drying. These attributions are based 
upon the observation that both features are asso
ciated with a weight loss in TGA. At higher 
temperatures, a broad exothermic band appears 
that does not correspond to weight changes. This 
band, about 60°C wide, has a peak temperature 
in the range 910-980°C, depending on the ZrO2 
content (being lower the higher the ZrO2 mol 
fraction) and on the temperature at which the 
sample has been previously treated. This be
haviour is particularly evident in sample 30ZrC 
with peak temperatures for the as-prepared sam
ple and after heat treatments at 300 and 600°C 
are 934, 924 and 910°C, respectively (fig. 4).

increasing temperature of the maximum of the 
amorphous band of SiO2 from values close to 
d = 4.05 A, typical of cristobalite, towards values 
of about d = 4.12 A, typical of tridymite (fig. 3). 
According to previous works [4-6], no evidence 
of tetragonal -> monoclinic ZrO2 transition is ob

4. Discussion

Comparison of results of XRD and DTA sug
gests that the DTA exothermic peak is to be 
attributed to the crystallization of ZrO2(T). The

Temperature (°C)

Fig. 4. The shift towards lower temperatures of the DTA peak (attributed to ZrO2(T) segregation) with annealing temperature.
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Fig. 5. Transmittance spectra of samples lOZrA and lOZrB in the visible region.

peak temperature in our samples is between 910 
and 980°C, decreasing with the Zr content, in 
agreement with Nogami and Tomozawa [2], who 
found a peak temperature of 860°C in the system 
60%Zr02-40%Si02. It could be considered that 
crystallization becomes important only at temper
atures close to 900°C. However, the asymmetry 
increasing with temperature of the amorphous 
SiO2 XRD band indicates a growing contribution 
of the ZrO2(T) peaks centered at 26 of 30.2° and 
35.3°, which starts at low temperatures (fig. 3).

The shift of the DTA exothermic peak in the 
range 910-980°C confirms the XRD results. The 
temperature of the peak follows a regular trend, 
being lower the higher the temperature of the 
previous annealing treatment. This means that 
any thermal treatment previous to the densifica- 
tion treatment is detrimental if an amorphous 
body is to be obtained, and worse results are 
obtained by increasing the annealing tempera
ture.

After analysis of XRD and DTA results, and 
according to the conclusions of ref. [4], we de
cided not to try to densify 30ZR samples, owing 
to their expected high degree of crystallization 
upon sintering. Crystallite size estimation, done 
by use of the Scherrer’s formula, suggests that 
xerogels are likely to produce better glasses with 
respect to aerogels (dried either in alcohol or in 
liquid CO2), but the extreme difficulty in obtain
ing monolithic pieces makes the xerogel route 

impractical. Thus no further studies have been 
carried out on C samples. We have not per
formed the standard pre-treatment at 800°C in 
O2 generally used for organic residue combustion 
in pure SiO2 samples. Monolithic pieces of both 
lOZrA and lOZrB samples were densified at 1270 
and 1240°C, respectively, into transparent glasses, 
but lOZrA samples are slightly brown, while 
lOZrB are colourless; lOZrA samples also have a 
larger crystallite size, about 55 A against about 40 o
A for samples lOZrB (values estimated by the 
Scherrer’s formula).

Transmission spectra in the visible range of 
the two glasses obtained are reported in fig. 5. 
The higher transmittance of the B sample over 
the entire range is evident.

5. Conclusions

Hypercritical drying in liquid CO2 is a better 
route than alcohol to obtain monolithic glasses of 
good optical.

Better glasses are obtained with the smallest 
number and the shorter possible duration of the 
thermal treatments.

The authors wish to thank Dr Del Piero of 
Eniricerche for helpful discussions on X-ray data 
analysis.
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Drying of SnO2 hydrogels: effect of the electrolyte
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The effect of the electrolyte (NII4 , Cl-) on the drying of SnO2 hydrogels was investigated by linear shrinkage, mass loss, 
gravimetric thermal analysis and infrared spectroscopy. Results show that the drying mechanism for monolithic SnO2 gels is 
highly dependent on the concentration of the electrolyte solution inside the pores. For higher concentrations, the drying 
process is governed by capillary forces while for the smaller ones ( < 20 mM) syneresis shrinkage becomes predominant just 
before the end of the first drying period. This phenomenon is related to condensation reaction among the superficial OH 
groups and may hamper formation of monolithic SnO2.

1. Introduction

Porous ceramics based on SnO2 have been exten
sively studied with the aim of constructing gas 
sensors. It is currently recognized that the perfor
mance of these devices is improved by increasing 
of the specific surface area and the homogeneity 
of the microstructure [1]. Generally, these charac
teristics are observed in ceramic materials pre
pared by the sol-gel process. Recently, the sol-gel 
technique has been applied to the preparation of 
SnO2 hydrogels from aqueous colloidal suspen
sions [2]. However, a monolithic gel of SnO2 has 
not been synthesized. In the preparation of 
monolithic gels, the most serious problem is 
cracking. The occurrence of cracks results from 
the capillary pressure exceeding the strength of 

the gels [3]. Strategies for avoiding cracking in
clude lowering the capillary stress and increasing 
the strength of the gel.

In this study, monoliths of SnO2 have been 
prepared by the sol-gel technique. In order to 
attempt the above strategies, hydrogels with dif
ferent microstructure have been prepared by the 
control of the residual electrolyte concentration. 
Its influence on the drying process is reported.

2. Experimental

The preparation of tin oxyhydroxide gels was 
described in recent work [2]. It was pointed out 
that the precipitate was prepared at pH 11 by the 
addition of ammonium hydroxide to the SnCl4

Table 1
Initial characteristics of wet monolithics and amount of hydroxil groups in dried samples

Sample Characteristics of wet monolithic gels Hydroxyl groups in dried samples; 
x values for SnO2/OH)2x

Cl concentration 
(mM)

optical 
characteristics

conventionally 
dried

freeze-
dried

A 775.0 opaque 1.4 1.9
B 140.0 turbid 0.7 0.7
C 20.0 turbid 0.6 0.6
D 2.3 transparent 0.4 0.7
E 1.3 transparent 0.3 0.7
F 0.2 transparent 0.5 0.8

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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TIME (h )

Fig. 1. Evolution of the: (a) relative linear shrinkage, -(AL/Lo); (b) relative mass loss, -(AM/Mo); (c) loss rate, during drying of 
the monolithic SnO2 gels (45°C).
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(l.ON) aqueous solution. During dialysis, to elimi
nate Cl- and NH4 ions peptization of the pre
cipitate was observed. By adjusting dialysis time, 
samples with different CI concentrations were 
prepared. The residual excess ammonium was 
eliminated by heat (50°C) until the pH reached 
7.5. During this stage, the volume was preserved 
by addition of tridistilled water. The sol-gel tran
sition was promoted by partial evaporation of the 
water (60°C) to reach the critical concentration of 

sol, at which point gelation occurred. Some char
acteristics of the materials examined are listed in 
table 1.

For the drying study,the gels were cut in cylin
drical form (2 cm diameter and 0.8 cm height) 
and laid on teflon plates. Drying was accom
plished at 45°C. Humidity in the drying chamber 
was controlled at 90% by an adjustable heater on 
an evaporator coil and by flushing the atmo
sphere with air. The drying behavior was ana

Fig. 2. Volume shrinkage, -(K/ Vo), as function of mass loss, ~(M/M0), for the monolithic SnO2 gels.
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lyzed by measurements of mass loss and linear 
shrinkage as a function of the time. Shrinkage 
was recorded in the radial direction using a trav
eling microscope to within a relative error of 0.01 
mm.

3. Results

The changes that occur during drying of the 
samples prepared with different electrolyte con
centration are shown in fig. 1: (a) relative linear 
shrinkage; (b) relative mass loss; (c) mass loss 
rate. Two different behaviors can be observed in 
the curves of the relative linear shrinkage as 
function of the time (fig. 1(a)). At the beginning, 
the dimensions of the body decrease and after 
this stage the rate of shrinkage is about zero. 
Cessation of shrinkage characterizes the end of 
the first drying period (FDP) and the start of the 
second period. After this critical point (leather- 
hard point), further evaporation causes meniscus 

deepening into the body. Meanwhile, during the 
FDP, the behavior of the shrinkage curves de
pends strongly on the initial electrolyte concen
tration. As it decreases (i.e., from samples A to 
F), up to a certain time of drying, ii5 all samples 
present a small increase of the rate of shrinkage. 
Between ti and the leatherhard point, the rate of 
shrinkage increases drastically.

This behavior is not usually observed during 
the drying of gels. So, to facilitate the discussion 
of the results, the FDP can be divided into two 
steps: initial first drying period (IFDP), from the 
initial time of drying to ti; and anomalous first 
drying period (AFDP), from to the leatherhard 
point.

The curves of the relative mass loss (fig. 1(b)) 
and mass loss rate (fig. 1(c)) make evident that 
the monolithic SnO2 gels exhibit a constant mass 
rate only during the IFDP. In the AFDP region, 
the behavior of the mass loss rate is very complex. 
For all samples, the mass loss rate decreases at 
the beginning of AFDP but, as the drying goes 

WAVENUMBER (cm1)

Fig. 3. Infrared spectra of the dried monolithic SnO2 gels, prepared with different electrolyte loading.
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on, it increases suddenly for samples containing 
small electrolyte concentration ([Cl-] < 20 mM).

The volume shrinkage as function of mass loss 
for monolithic SnO2 gels is shown in fig. 2. At the 
beginning of drying, shrinkage is proportional to 
the mass loss. Thereafter, shrinkage becomes 
greater than mass loss. The results suggest that 
the driving forces for shrinkage increase drasti
cally as drying goes on. This is difficult to explain 
only in terms of increasing capillary pressure.

Figure 3 shows the infrared spectra of dried 
samples (110°C) prepared with different elec
trolyte loading. For samples A and B, a wide 
band spread from 2500 to 3700 cm-1 composed 
of three peaks at 3020, 3130 and 3400 cm-1, is 
assigned to stretching vibrations of H-bonded 
surface OH groups. More specifically, the band at 
3400 cm-1 is assumed to originate from OH 
groups H-bonded to each other and located on 
(110) planes [4], The bands at 3020 and 3130 
cm-1 are usually assumed to originate from OH 
terminal groups strongly solvated by water [5]. 
For samples C, D, E and F, the presence of these 
bands is not evident due mainly to the decreasing 
intensity of the two stretching modes at lower 
frequencies.

4. Discussion

Generally, during FDP, the shrinkage of the 
body is assigned to the driving forces of different 
origins, i.e., capillary pressure, osmotic pressure, 
chemical reactions and short-range forces; never
theless, the capillary and/or the osmotic-capillary 
mechanism are predominant.

At the beginning of the drying, the monolithic 
SnO2 gels exhibit a constant rate of evaporation, 
similar to that observed for a large-pore silica gel 
and a thin-layer alumina gel [6,7]. In this regime, 
the rate of evaporation of the water-saturated 
body is proportional to the difference between 
the atmospheric vapor pressure, Pa, and vapour 
pressure at evaporating surface, Ps. During the 
experiment, Pa was almost invariable (Pa = 0.1 
atm) but the increase in the solute concentration, 
due to the water loss and the presence of the 
meniscus, may cause a decrease in Ps.

These effects seem to be negligible in IFDP as 
the rate of evaporation remains constant. In fact, 
thermodynamic data show that the addition of 
NH4C1 in water up to the limit of solubility 
causes a small change in the H2O vapor pressure. 
Otherwise the formation of a meniscus with ra
dius smaller than 15 nm might cause considerable 
difference in Ps. The average pore radius, 4Pp/5',; 
obtained by measuring the pore volume, Kp, and 
the BET surface area, .S’, from N2 adsorption 
isotherms, for dried samples A and B were about 
13 and 9 nm, respectively, and for C-F about 2 
nm. The linear reduction of sample A during 
drying was 28%; therefore the pores in the wet 
sample should be 28% larger than that measured 
in the dried one. So, its pore radius prior to 
drying is calculated to be 18 nm. Similarly, the 
radius of the pores prior to drying for samples 
B-F is 18, 7, 6, 5 and 5 nm, respectively. So, for 
samples C-F, the effect of the vapor pressure 
reduction seems to be balanced by the increase of 
the effective evaporation area when the meniscus 
is formed.

The total amount of water driven off during 
IFDP seems to be related to the structural and 
rheological characteristics of the monolithic gels. 
The viscosity, the yield point and the trans
parence of the gels increase as the electrolyte 
concentration decreases. For A and B wet gels, 
the viscosity and the yield point are relatively low 
and shrinkage can result from small capillary 
forces. Meanwhile, the maximum intensity of 
these forces is limited by the large size of the 
pores. Otherwise, for samples containing small 
pore size ([Cl-] <20 mM), the capillary forces 
may reach higher values, but the large yield points 
together with the inferior permeability restrict 
the compliance of the solid network.

The shrinkage of the bodies larger than the 
mass loss (V/Vo» A//Mo) and the high increase 
of the shrinkage rate during drying as observed 
just before the end of the FDP cannot be ex
plained from the above hypothesis. This behavior 
could be either due to structural changes in the 
solid network as the crystallization goes on or 
from coupled chemical reactions.

Generally, during the gel aging, such transfor
mations are associated with the phenomenon of 
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syneresis. It is mainly due to condensation reac
tions among hydroxyl groups on the surface of 
adjacent particles, which causes the expulsion of 
water from wet gels. It is also generally observed 
that syneresis rate depends on the composition of 
the liquid in the pores, following the Schulze- 
Hardy rule [8]. It can be supposed that the in
crease in evaporation rate and in shrinkage ob
served during the Al DP. results from syneresis.

In our case, infrared spectra show that the 
decrease of the initial electrolyte concentration 
favor elimination of surface OH groups. This is in 
good agreement with the mass loss data (table 1) 
measured for temperatures of > 200°C. This be
havior can be related to the condensation reac
tion between OH groups located at the surface of 
adjacent particles. Unfortunately, these reactions 
may occur during gelation as much as during 
drying, so these results are not conclusive.

The rate of condensation reactions is very small 
during freeze-drying due to its endothermic char
acter. The intensity of the condensation reaction 
during the drying under investigation can be eval
uated by comparing the amount of residual OH 
groups of samples dried by both the processes 
mentioned above.

It can be verified (table 1) that the monoliths 
show smaller loss of structural water than the 
freeze-dried gels, and this difference increases as 
the initial electrolyte concentration decreases. 
This observation allows us to conclude that the 
loss of superficial OH groups occurs during dry
ing probably according to the reaction 
2(=Sn-C)H)„ -> (=Sn-O-Sn=)„ + nH2O.

This is an over-simplified representation of the 
actual phenomenon occurring in this system. 
However, it must be recalled that the number 
and distribution of OH groups of the material 
cannot be easily appraised.

The water formation by condensation of OH 
groups increases the flux of water from pores to 
surface and leads to an increase in the meniscus 
radius. Such mechanism can explain the enhance

ment of shrinkage and water evaporation rate for 
samples containing small initial electrolyte con
centration. During the AFDP, predominant driv
ing forces for the shrinkage are related to a 
syneresis phenomenon.

5. Conclusion

The drying mechanism for monolithic SnO2 
gels is strongly dependent on the concentration of 
the electrolyte solution inside the pores. The 
drying process for high concentrations (> 20 mM) 
is governed by capillary forces, while for small 
concentrations, in the beginning of the first dry
ing period, capillary forces govern the process 
and just before the end of this period syneresis 
shrinkage becomes predominant. This phe
nomenon results from condensation reaction and 
may hamper the monolithicity of SnO2 hydrogels. 
Consequently, the monolithicity of these materi
als can be improved if the condensation reaction 
is achieved before drying.

This work was supported by CNPq, FAPESP 
and FUNDUNESP (Brazil). The authors grateful 
thank Dr M.A. Aegerter (IFQSC/USP) and his 
co-workers for providing laboratory facilities.
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Preparation of dimethylaminoethoxides of Cr, Co, Fe and Ru and their application to dip-coating of metal oxides are 
described. Dip-coating of chromia films and properties of sol-gel-derived films are described.

1. Introduction

The sol-gel process employing dip or spin coat
ing is a useful method of prepare uniform metal 
oxide films or coatings. Simple metal alkoxides 
have been used as starting materials although 
some modifications for the alkoxides have been 
made as in the silicon alkoxides, for example, 
Ormosils [1]. In general the solution of the alkox
ides is unstable, and precipitation or gelation 
unintentionally occurs during treatment or stor
age. Ethanolamines such as diethanolamine 
(DEA) and triethanolamine (TEA) have been 
found to effectively stabilize the sols derived from 
the alkoxides. Sols stabilized in this way can be 
widely applied to prepare uniform oxides and 
mixed oxide films [2-9], We presume the stabiliz
ing effect of the ethanolamines to be a conse
quence of both the formation of the aminoglyco
lates [10], through alcohol exchange reactions be
tween the ethanolamines and the alkoxides, and 
their stability or inertness with respect to hydroly
sis. The chelating structure which must be in
cluded in the aminoglycolates may play an impor
tant role in confering their stability. These as
sumptions stimulated us to try to prepare 
aminoalkoxides and to examine their properties.

The introduction of a strongly donating amino 
group in the alkoxy moiety would make it possi
ble to isolate alkoxides of electronegative metals 
which might be less thermally stable due to easy 
intramolecular redox reaction between the metal 
ion and alkoxy ligands. It can be presumed, 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V

therefore, that 2-(dimethylamino)ethoxy group 
(DMA) will be a better ligand than the simple 
alkoxy group especially for the electronegative 
metal ions. Chelated structure in the expected 
aminoalkoxides may exert an additional effect on 
the stabilization of alkoxides.

It was found that the aminoethoxides of 
chromium, iron, ruthenium and cobalt could be 
easily synthesized. Using alcoholic solutions which 
were further stabilized by the addition of 
ethanolamines, uniform films of metal oxides have 
been prepared. Preparation of the complexes, 
application to coating and properties of films 
formed are presented. Preparation and applica
tion of aminoalkoxides of Ru [11], Co [12] and Fe 
[13] were reported in the meetings of Ceramic 
Society of Japan and CIMTEC World Congress.

2. Experimental

2.1. Synthesis

Commercial extra pure grade anhydrous metal 
chloride and guaranteed reagent grade DEA and 
TEA were used as received. Isopropanol, ben
zene and N,N'-dimethylaminoethanol (DMA-H) 
were used after dehydration and distillation.

2.2. M(DMA)n complexes

The preparation procedure for the chromium 
aminoalkoxide is given below. Corresponding Fe, 

All rights reserved
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Ru and Co alkoxides can be prepared in similar 
manner. Na metal, 3.45 g (0.15 mol), was placed 
in the flask containing 100 ml of DMA-H, under 
N2 to prepare the corresponding alkoxide. The 
anhydrous CrCl3 (0.05 mol) was put in the result
ing alkoxide solution and allowed to react to form 
the chromium alkoxide. After stirring at 60°C for 
3 h under nitrogen, excess DMA-H was evapo
rated in vacuo. Deep greenish-blue oily residue 
was dissolved in benzene and insoluble sodium 
chloride was separated by filtration under N2. 
The oily residue obtained after evaporation of 
benzene from the filtrate was greenish-blue. Ele
mental analysis showed 37.65% C, 8.28% H, 
10.77% N and 20.8% Cr, suggesting the composi
tion Cr(DMA)2(OH). This compound is very sol
uble in common organic solvents including alco
hols and acetone, and can be used as the starting 
material for the sol-gel process. The compound 
can be quantitatively converted to Cr(acac)3 by 
reaction with acetylacetone in isopropanol. DTA 
and TGA analysis of the aminoalkoxide in air 
showed that it decomposes around 270°C. The 
resulting chromia is crystallized at 394°C with a 
slight weight decrease.

Using anhydrous Fe(III), Ru(III) and Co(II) 
chlorides, corresponding very soluble aminoalkox
ides [9-12] could be obtained. In the case of 
cobalt, the pink-coloured insoluble compound, 
presumably sodium cobaltate(II) anion complex, 
derived from Co(II) chloride was converted by 
subsequent oxidation by oxygen gas into a soluble 
green complex with the composition 
(DMA)5Co5(OH)9C1. Ru(DMA)2 obtained is air 
sensitive. The colour of the compound is quickly 
converted to brown under air in the solid state or 
solution [11], Analogous very soluble Fe alkoxide 
was obtained from anhydrous FeCl3 [12], but the 
structure has not been established.

When isopropanol was used as the reaction 
solvent instead of excess DMA-H, the formation 
reaction of the aminoalkoxides was rather slow 
and complicated. DMA-H as the reagent and 
solvent gives the best results with respect to yields 
and purities of the alkoxide. In the case of Cr 
especially, the reaction between CrCl3 and usual 
simple alkoxides, for example isobutoxide, was 
too slow to isolate the expected alkoxide. Other 

aminoalcohol homologues such as 3-(N,N'-di- 
methylamino)propanol, 2-hydroxymethylpyridine 
and 2-(N,N '-diethylamino)ethanol can be used as 
starting compounds, but DMA-H was the most 
suitable because of reactivity and price.

2.3. Preparation of sols and film coating by the dip 
method

The chromium aminoalkoxide was dissolved in 
dry isopropanol and the resultant deep greenish- 
blue solution was used to dip coat chromium 
oxide films on the glass (Corning Co. 7059) or 
silica glass plates with a withdrawal speed of 6 
cm/s. After dipping and drying, the gel coatings 
were fired in air. The above procedure was re
peated to prepare thick films.

The properties of the solution were evaluated 
by observing the gelling point under successive 
addition of water to the solution. Water equimo
lar to the metal was added to the solution, and if 
the gelation did not take place within 24 h after 
water addition, further water equimolar to the 
metal was added. The same procedure was re
peated until the gels or copious precipitates 
formed.

3. Metal aminoalkoxides

It is well known that in coordination com
pounds chelating effects play an important role in 
structure control and stability constant. 
H2NCH2CH2OH can coordinate to metal ions to 
form the alkoxide in aqueous solution especially 
under basic conditions [14,15]. Therefore, we as
sumed that tris(aminoethoxide) derivatives of ter- 
valent metal ions, which have the coordination 
number six, could be easily synthesized, and the 
octahedral expected structure containing chelated 
groups could contribute to stability. The 
aminoalkoxides of chromium, Fe, Ru and Co 
were prepared, but all compounds commonly have 
one or two DMA group(s) per metal atom, and 
some chlorine atoms remained in the structure. 
Because of the high redox potential of 
Ru(III)/Ru(II), Ru(II) alkoxide was the sole 
product. All compounds were soluble in common
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Fig. 1. Sol-gel formation of the Cr aminoalkoxide in i-PrOH. Fig. 2. XRD patterns of Cr2O3 film formed on a glass plate at 
600°C and Cr2O3 powders derived from the aminoalkoxide 

sol.

organic solvents, and hence could be used to dip 
coat metal oxides.

The chromium alkoxide is fairly stable in air, 
at least more stable than the simple other metal 
alkoxides. Its alcoholic solution maintained the 
greenish-blue color and homogeneity even after 
exposure to moist air for a short period, and can 
be handled very easily.

The sol-gel transition for the solution of the 
aminoalkoxide is shown in fig. 1. Except for the 
case of very diluted solution, say 0.1M, very ho
mogeneous gels were obtained, suggesting the 
aminoalkoxide has a sol-gel property similar to 
common simple metal alkoxides. However, owing 
to the very slow hydrolysis rate, it took a very 
long time to obtain the gels.

The solution was found to be further stabilized 
by the addition of ethanolamines such as TEA or 
DEA equimolar to chromium metal. In this TEA 
stabilized solution, much water, 20 molar times 
the chromium metal, was needed to induce gela
tion. This tendency also is very similar to that of 
other metal alkoxides.

4. Chromium oxide films

When the gel was fired in air, greyish-green 
Cr2O3 powders were obtained. Well crystallized 
chromia powders were obtained around 400°C 
with crystallite size of 50 nm at 600°C. This 

suggests the possibility of obtaining well crystal
lized Cr2O3 films at a temperature of 600°C.

Uniform greyish-green chromium oxide films 
were drawn using the isopropanol solution of the 
alkoxide. The XRD pattern of the films on a 
glass substrate and fired at 600°C are shown in 
fig. 2. This result indicates that the films are 
highly oriented with (110) parallel to the sub
strate. The preferential orientation has been 
found for other dip coated oxide films such as 
TiO2 [2],

The film thickness is shown as a function of 
the concentration of the solution in fig. 3. The 
films with about 40 nm thickness per coating

Fig. 3. Thickness of Cr,O3 films on glass plates versus Cr 
concentration: pulling rate 6 cm/min; firing temperature 

600°C.
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Fig. 4. Visible spectrum of Cr2O3 film formed on a glass plate 
at 700°C. Absorption due to Cr3+ ion is observed as shown.

were prepared using 0.4M solution. The film 
thickness was evaluated by weight increase per 
unit substrate area after deposition and from 
direct SEM observation. Both values are consis
tent as shown in fig. 3. This suggests that the film 
was densified.

Figure 4 shows the visible spectrum of a film 
on a silica glass substrate after firing at 700°C. 
Interference spectra characteristic of thin films 
are observed with the absorption due to Cr3 + 
d-d transition. The spectrum suggests that the 
film has large transmittance and hence trans
parency. Chromia film is chemically stable and is 
hard. Applications to the protective coatings can 
thus be expected.

5. Discussion

Alcoholic solution of aminoalkoxides of iron, 
ruthenium and cobalt can be used to form films 
of a- and -y-Fe3O3, RuO2 with rutile structure 
and Co3O4 with spinel structure. These oxide 
films have interesting magnetic or electrical prop
erties. Combination of these oxides with each 
other or other metal oxides would give further 

interesting materials. Coatings of metallic Co and 
Ru from the cobalt alkoxide are possible. 
Aminoalkoxides can be applied as precursors for 
the sol-gel process to prepare the transition metal 
oxide and, in some cases, metallic films.

This study was partly supported by a Grant-in 
Aid for Scientific Research of the Ministry of 
Education, Science and Culture, Japan (Subject 
No. 03453072).
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Preparation of SiO2-TiO2-ZrO2 gel glasses and coatings by means 
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Conventional melting of glasses in the system SiO2-TiO2-ZrO2 is difficult or even impossible. As has been shown 
earlier, glass formation in this system can be achieved readily by the sol-gel method, both in bulk and thin film dimensions. 
Starting materials are silicon ethoxide (TEOS), zirconium n-propoxide and titanium butoxide. Difficulties appear because of 
the high reactivity of Ti butoxide and Zr propoxide. Homogeneous solutions can be prepared via two different ways. Usually 
TEOS is prehydrolyzéd and the faster reacting compounds are added slowly. However, this procedure is relatively 
time-consuming. A new method starts with modified solutions. Acetylacetone, acetic acid and ethyl acetoacetate act as 
suitable modifiers. This method allows preparation of homogeneous solutions. The gelling time depends on the modifier and 
can be very short (a few hours in the case of acetic acid). Infrared spectra show no differences between the gels prepared by 
the different procedures after heat treatment. When diluted with isopropanol, the solutions can also be used for dip-coating 
of glass substrates.

1. Introduction

Glasses of the oxide system SiO2-TiO2-ZrO2 
are quite interesting for a variety of applications 
due to their remarkable properties. By varying 
the TiO2 content, the index of refraction may be 
matched to desired (high) values [1,2] while the 
thermal expansion coefficient may be adjusted at 
low values or even around zero [3]. The ZrO2 
content leads to an improved chemical durability 
of silicate sol-gel glasses, especially against alka
line solutions [4],

Glasses of the above system cannot be melted 
conventionally without difficulties due to the high 
temperatures that are needed and because this 
ternary system is prone to strong phase separa
tion and/or crystallization. So it is a good candi
date for sol-gel processing, especially if thin films 
are demanded on substrates of moderate heat 
resistance [5],

In this work, two methods are presented and 
compared by which ternary alkoxide solutions can 
be prepared which act as precursors for the cor
responding gel glasses. Further, some findings are 
presented concerning the reaction kinetics of the 
solutions. The latter results, which have been 
yielded by infrared (IR) spectroscopy mainly, 
complete the knowledge on the reactions of 
ternary solutions and solid material of the same 
system which has been gained in earlier investiga
tions, e.g., by nuclear magnetic resonance (NMR) 
[6-8],

2. Preparation of solutions

The ‘conventional’ method of preparation is 
carried out according to the scheme presented in 
fig. 1. A similar scheme was used in the course of 
the work [5], The pre-hydrolysis of the TEOS and 
the successive additions of the other two alkox
ides under ultrasonic agitation have been well 
proven, but the entire procedure is quite time

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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consuming. Further time is needed for cooling 
steps after the ultrasonic treatments and for age
ing. Further, the ready solutions are not stable 
over longer times and they are sensitive to mois
ture.

The new method developed uses modified so
lutions. Acetylacetone, acetic acid and ethyl ace
toacetate are suitable modifiers for this purpose. 
These compounds reduce the reactivities of the 
Ti- and Zr alkoxides by exchanging ligands which 
leads to formation of larger, slowlier reacting 

molecules. A typical processing scheme of this 
method is presented in fig. 2 for the case of a 
target composition of 65SiO2 • 20TiO2 • 15ZrO2.

This method is much faster than preparation 
scheme no. 1, due to simultaneous instead of 
sequent conditioning of the three alkoxides. It 
allows preparation of homogeneous and long-term 
stable solutions with increased stability against 
moisture.

According to the modifier used, different 
molecular alkoxide/ solvent ratios should be real-

Fig. 1. Conventional preparation of Si-Ti-Zr alkoxide solutions.
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Fig. 2. Modified preparation using stabilizers.

ized to achieve the best results. As was investi
gated in ref. [9], good solutions, i.e., clear, homo
geneous mixtures which are suitable for dip coat
ing, can be prepared with the following molar 
compositions:

(i) solutions stabilized by acetic acid - TEOS; 
acetic acid/Ti-butoxide = 4:1; acetic acid/Zr- 
propoxide = 2:1.

(ii) solutions stabilized by ethyl acetoacetate - 
TEOS; ethyl acetoacetate/Ti-butoxide = 2:1; 
ethyl acetoacetate/Zr-propoxide = 2:1.

(iii) solutions stabilized by acetylacetone - 
TEOS; ethyl acetylacetone/Ti-butoxide = 1:1; 
ethyl acetylacetone/Zr-propoxide = 1:1.

Homogeneous ternary solutions can be ob
tained even in cases where one of the single 
solutions shows inhomogeneities or precipita
tions. After mixing, the precursors all inhomo
geneities vanish by dissolving.

The use of stabilizing agents in sol-gel chem
istry is principally not new. Si-Ti alkoxide solu
tions were stabilized by acetylacetone in ref. [10], 
Cr-doped TiO2 gels were prepared using acetic 
acid as a modifier in ref. [11] and in ref. [12] 
TiO2-coatings were made from Ti propoxide solu
tions which were stabilized with diethanolamine, 
to give only some examples.

ZrO2 was prepared from Zr propoxide/acetic 
acid solutions [13] or from Zr butoxide modified 
by diethylene glycol [14], However, most of all 
these investigations concern single or binary sys
tems. To our knowledge, the use of modifiers was 

applied for the first time to the ternary system 
SiO2-TiO2-ZrO2.

3. Properties and kinetics of solutions and gels

3.1. Gelling time

Gelling time depends strongly on the modifier 
employed. Typical values are approximately 1 day 
for solutions stabilized by acetic acid. The value 
t i = 24 h holds exactly for the composition: 
17 ml TEOS + 4 ml C2H5OH + 3 ml H2O plus 

8 ml Ti(OC4H9)4 + 5 ml CH3COOH plus 

5 ml Zr(OC3H7)4 + 2 ml CH3COOH.

The amounts of water which were present in the 
Ti and Zr solutions are not listed explicitly. Here 
and in all cases below, the H2O-content was 
adjusted to, 4 mol per mole of Ti- and Zr alkox
ide.

Typical values of approximately 2 weeks are 
observed for solutions stabilized by ethyl acetoac
etate. The exact value of t , = 14 days holds for 
the composition:
17 ml TEOS + 4 ml C2H5OH + 3 ml H2O plus

8 ml Ti(OC4H9)4
+ 6 ml CH3COCH2COOC2H5 plus

5 ml Zr(OC3H7)4
+ 4 ml CH3COCH2 COOC2H5.

Gelling times of approximately several days 
can be obtained if acetylacetone is used as a 
stabilizer. For example, the value tge, = 4 days is 
found for the composition:
17 ml TEOS + 4 ml C2H5OH + 3 ml H2O plus

8 ml Ti(OC4H9)4
+ 2 ml CH3COCH2COCH3 plus

5 ml Zr(OC3H7)4 + 2 ml CH3COCH2COCH3.

This means that the gelling time can be deter
mined in a wide range, as desired for any practi
cal purpose. On the other hand, all organic addi
tives must be burned out in the further course of 
sol-gel processing (drying, annealing). This could
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Fig. 3. IR spectra of dried SiO2-TiO2-ZrO2 gels from solutions which had been stabilized with ethyl acetoacetate.

be a certain disadvantage for special applications.
It should be mentioned, that further modifiers 

have been tried. Diethanolamine, for example,

leads to extremely short gelling times of the 
ternary alkoxide solutions. (In ref. [12], DEA was 
used successfully for stabilizing single Ti propox- 

Fig. 4. IR spectra of heat treated SiO2-TiO,-ZrO2 gels from solutions which had been stabilized with ethyl acetoacetate.
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ide solutions.) Due to lack of space, further de
tails will be presented elsewhere.

3.2. IR Spectroscopy

A Philips PU 9712 spectrometer (range 2.5-50 
|jim) and the KBr method were used. The devel
opment of the ternary gels after different heat 
treatment was investigated by this method. As an 
example, in the figs. 3 and 4 spectra are pre
sented from samples which had been obtained 
from solutions stabilized by ethyl acetoacetate.

The spectra of gels which were only dried still 
show bands which are characteristic for organic 
residues (e.g., CH3 and C-H vibrations between 
1300 and 1500 cm1) but above 300°C mainly 
features remain which are typical for oxide 
glasses. Si-O-Si vibrations are represented by 
bands at 400, 700, 800, 1100 and 1200 cm1.

If signals are present which are characteristic 
for Si-O-Ti of Si-O-Zr bonds, they are hardly 
detectable because these bands are to be ex
pected in the same regions. The bonding Si-O- 
Ti, for example, should exhibit a band from 920 
to 960 cm 1 [15,16] and Si-O-Zr absorbs, ac
cording to ref. [17], at 1020 cm-1. Presumably, 
the densities of these mixed bondings are rela
tively low, compared with the siloxane bridges.

After heat treatment, i.e., above 300°C, the IR 
spectra show no significant differences between 
the gels prepared by the diverse procedures. Due 
to this extensive similarity, the corresponding 
spectra for gel-glasses from acetylacetone and 
acetic acid containing solutions are not presented 
here. The spectra of TiO2, ZrO2 and binary 
samples which show Ti-O-Ti and Zr-O-Zr 
bands must also droped here. For that, one is 
referred to ref. [9].

4. Discussion

By use of different organic modifiers as stabi
lizing agents, the preparation and properties of 
Si-Ti-Zr alkoxide solutions can be improved. 
This can be especially important for coating ap
plications where it is desired that the gelling time 
can be controlled and modified in a wide range. 

All stabilized solutions described above are suit
able for coating glass substrates, e.g., by a dipping 
process.

Normally, technical coating processes are car
ried out not before the base alkoxide mixtures 
have been diluted further, typically to equivalent 
oxide contents of 10 to 40 g/1. One approved 
dilution grade for the case of isopropanol as 
solvent can be taken from fig. 2. The preparation 
conditions and the properties of the films after 
baking are very similar to those described in refs. 
[5] and [18].

Thus, the long-term inertness of gel-glass pre
cursor solutions is a necessary condition for many 
types of technical application such as dipping, 
spinning or spraying. On the other hand, solu
tions must react and gel fastly during the coating 
procedure itself, namely at the location where the 
wet film is being formed.

For dip coating, this place is the upper (very 
thin) part of the meniscus. There the organics can 
evaporate and water molecules can diffuse into 
the liquid film. Compared with dipping, spin coat
ing processes may require even much shorter 
times (milliseconds instead of seconds) for the 
necessary reactions between the liquid film and 
the moisture of the atmosphere.

Therefore, if coating solutions are too resis
tant against moisture, this may be detrimental as 
well. In this work, it has been demonstrated that 
almost any reactivity needed can be adjusted by 
adding suitable organic compounds.

5. Conclusions

Compared with alkoxide mixtures prepared ac
cording conventional routes, organically modified 
Si-Ti-Zr coating solutions mainly exhibit the fol
lowing differences.

(i) They can be prepared faster and easier 
(e.g., without ultrasonic treatment).

(ii) The stabilized ternary solutions are homo
geneous, i.e., turbidity and/or precipitations of 
TiO2 and ZrO2 are lacking.

(iii) The equivalent oxide content of the modi
fied solutions is lower, i.e., relatively more or
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ganic components must be eliminated from the 
gels or gel films.

(iv) Stabilized solutions are less moisture sen
sitive; they can be handled and used for a longer 
time, e.g., for preparing thin coatings.

(v) By the use of modified precursors, thin 
gel-glass films can be obtained which contain less 
inhomogeneities.

Concerning the structures of gel-glasses de
rived from solutions which contain different stabi
lizers, it can be concluded that

(a) the final structures after annealing (above 
300°C) are practical identical, regardless whether 
organic modifiers had been used or not; and that

(b) the concentrations of Si-O-Ti or Si-O-Zr 
linkages must be low, if such mixed bonds are 
present at all.
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Section 7. Aerogels and xerogels

Aerogels and their applications

Jochen Fricke
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Aerogels have been in existence now for 60 years. The attraction which these low density materials exert on physicists, 
chemists and material scientists can be recognized from the approximately 200 papers on aerogels currently published each 
year. In a recent issue of Science, aerogels were rated among the top ten scientific and technological developments. This 
paper describes the most important methods to produce silica and other aerogels. It reports on possibilities to modify these 
materials by sintering and doping. In addition, the most suitable experimental techniques to investigate the nanostructural 
build-up are described. Several promising applications for silica aerogels are briefly described: monolithic silica aerogels are 
used in Cerenkov detectors in high energy physics; several houses have been insulated with layers of translucent granular 
silica aerogels for passive solar energy usage; opacified aerogel powders are being tested as substitutes for CFC-blown 
polyurethane foams and as thermal superinsulations in heat storage systems; experiments are performed with aerogels as 
catalytic substrates, as acoustic impedance matching layers and as gas filters; and another new application is the use of 
aerogels in radioluminescent light and energy sources.

1. Introduction

Aerogels [1-3] differ markedly in structure 
and appearance from other low density materials 
such as feathers and down, fiber mats or insulat
ing foams. The nanoporosity, i.e., the porosity in 
the nanometer region, which is typical of aerogels 
endows these materials with an intriguing, airy 
appearance which is caused by Rayleigh scatter
ing. Under irradiation with sunlight, aerogels 
gleam bluish or yellowish, depending on viewing 
conditions. The nano-porosity also influences 
other properties of aerogels.

The first aerogels were made in 1931, when 
S.S. Kistler [4] succeeded in removing the liquid 
from a wet gel by employing supercritical drying. 
Kistler’s method to produce aerogels from water
glass was improved by Teichner’s group [5] who 
used a tetramethoxysilane-alcohol-water mix
ture as a starting solution. Large transparent 
pieces of silica aerogel for application in high 
energy Cerenkov detectors were made in Ham- 
burg/DESY and in Lund in the early eighties 
[6,7]. Another stimulating idea was the use of 
aerogels for Trombe walls in solar architecture 

[8], A facility with a large 300 1 autoclave was 
installed in Sweden to pursue this idea. After 
60 X 60 cm2 aerogel tiles were made the main 
gasket of the autoclave failed in August 1984. 
More than 1000 1 of methanol were ejected into 
the building. The following explosion destroyed 
the whole facility. It is obvious that an important 
precondition for large-scale application of aero
gels is a cheap, simple and safe production 
method.

A procedure [9] commonly used by microbiolo
gists is the exchange of water in biological tissue 
by supercritical CO2 (Tc = 31.1°C and pc = 73.9 
bar). This method is also used to dry gels without 
shrinkage, instead of the high-temperature 
methanol process (Tc = 239.4°C, pc = 80.9 bar). 
The fabrication of granular aerogels by BASF 
[10] is promising for mass application. The start
ing materials, waterglass and sulfuric acid, are 
injected by a mixing jet and transformed into 
spherical hydrogels with diameters between 1 and 
8 mm. Supercritical drying is performed with 
respect to CO2. The aerogel granules produced 
are translucent due to small imperfections in the 
bulk and surface and they lack the clear trans

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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parency of high quality aerogel tiles. This, how
ever, is not relevant for passive solar usage in 
solar walls. For day-lighting purposes, sunlight 
scattering in the granular layer is advantageous 
since a more diffuse irradiation of rooms is 
achieved.

Non-transparent opacified granular SiO2 aero
gels are also fabricated by BASF. Materials known 
for their large infrared absorption/scattering 
power such as carbon soot, iron oxide or titania 
powder are integrated in the gel. Opacification is 
very effective in diminishing radiative heat trans
fer through aerogels at ambient and elevated 
temperatures. Production of opacified aerogel 
monoliths has recently started at Thermalux/ 
Richmond, California, USA. Opacified aerogels 
can be considered as valuable substitutes for 
CFC-blown insulating foams [11], SiO2 aerogels 
can be made in a large density range. Scientists 
from LLNL, Livermore [12], using a two-step 
process succeeded in covering the density range 
5-500 kg m-3. Other inorganic aerogels have also 
been made and investigated (see ref. [3]). Produc
tion of organic aerogels by a group at LLNL, 
Livermore [13], must also be mentioned. The 
aqueous polycondensation of resorcinol with 
formaldehyde and of melamine with formalde
hyde leads to a sol-gel transition and allows 
production of transparent monolithic organic 
aerogels, if supercritical drying with respect to 
CO2 is employed. Pyrolysis at 1100°C leads to 
formation of vitreous carbon aerogels.

2. Modification of aerogels

Aerogels can be densified at relatively low 
temperatures [14], The advantage of this proce
dure compared with conventional glass melt pro
cesses is not only the low temperature required, 
but also the purity and homogeneity that can be 
achieved. Below temperatures at which densifica
tion takes place, some weight loss occurs. Phys- 
isorbed water is evaporated at temperatures be
tween 100 and 200°C; above approximately 300°C, 
oxidation of unhydrolyzed alkoxy groups starts. 
This baking process results in an active surface 
and the formation of new siloxane bonds. Further 

cross-linking occurs via condensation of neighbor
ing silanol groups. After this oxidation heat treat
ment, the network becomes stiffer and the inner 
surface area is slightly decreased and smoothed.

Densification via sintering is a process driven 
by the interfacial energy between solid and vapor 
phase. Material transport by viscous flow de
creases the inner surface area as well as the 
porosity. Sintering kinetics can be described on a 
dimensionless timescale by means of simple geo
metric models [15], Sintering of micropores is 
expected to occur faster than larger pores. Al
though the predicted density variation could be 
confirmed by a recent investigation of isothermal 
sintering of base-catalyzed aerogels, preferential 
sintering of larger pores was found in the early 
stages of densification [16],

Since the structure of partially sintered aero
gels is strengthened, it may be able to withstand 
the tensions of a solid-liquid interface. Densified 
aerogels can be doped in the liquid phase and 
may serve as a porous host material. Doping can 
also be performed in the gas phase, which is 
applicable to low density, non-sintered aerogels. 
This allows aerogels to be stained with fluores
cent dyes [17], or improvement of hydrophobiza- 
tion using vapors of dimethyldichlorosilane. 
Opacifiers such as iron oxide, titania or carbon 
soot [11] can be integrated during gelation. This 
enlarges the infrared extinction and diminishes 
radiative thermal transport.

Sintering of aerogels at high temperatures, e.g., 
1200°C, leads to non-porous SiO2 glass bodies, 
which may be used for production of high purity 
optical glass fibres [18],

3. Structural investigations

Several methods are being used to probe aero
gel structure. The specific surface area of accessi
ble sites in the aerogel skeleton can be derived 
from LN2-adsorption measurements. The pore 
size distribution extracted and the total pore vol
ume are not reliable [19], In mercury porosime- 
try, due to the low compressive modulus of aero
gels, at low Hg pressures only compression of the 
tenuous body as a whole occurs, instead of pene
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tration [10]. Pores much larger than those present 
are in reality faked. He-pycnometry is performed 
to determine the skeletal (solid phase) volume of 
aerogels. Skeletal densities of silica aerogels in 
the range of 1700-2100 kg m 3 were found [10,20] 
which corresponds to a porosity of the aerogel 
backbone of 5-20%. In order to derive accurate 
skeletal densities, efficient temperature stabiliza
tion is indispensible. Adsorbed gases, especially 
water, must be completely removed from the 
large inner surface.

In electron micrography, the major problem is 
the interaction between the impinging electron 
beam and the tenuous aerogel skeleton. Even for 
small electron beam currents, the energy de
posited may cause sintering. A beautiful TEM 
study of low-density silica aerogels has been per
formed by Bourret [21].

Nuclear magnetic resonance spectroscopy 
(NMR) is often employed to explore non-intru- 
sively the structure on a molecular level. The 
extent and kinetics of hydrolysis and condensa

tion can be studied during early polymerization 
stages prior to gelation and aging [15].

Scattering techniques are the most powerful 
and reliable methods to probe structures. The 
specimen is irradiated by monoenergetic photons 
(light, X-rays) or particles (neutrons); part of the 
incoming beam is scattered by sample inhomo
geneities. Scattered intensity depends on scatter
ing unit concentration and the contrast between 
solid phase and voids and the radiation type. 
Characteristics of the scattering pattern can be 
related to the different structural features on the 
respective scale length [22], for example, the 
(fractal) morphology of network and particles, 
mean cross-section lengths of pores, clusters and 
particles, and the specific surface area (fig. 1).

4. Applications

Aerogels are valuable materials for science 
and engineering due to their high porosity which 

measured :

q - ( Ate / A ) • sin( 0/2 )

(b)
continuum network surface

cluster particle atoms

Fig. 1. (a) Scheme of a scattering experiment, (b) Typical scattering curve of a disordered particle network. All structural features 
appear in the corresponding regions of scattering vector q. R and r denote a mean cluster and particle size, respectively; the 
exponents D and Ds, determining a power-law decay, are a measure of the morphology of aggregates and particle surfaces, 

respectively
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is restricted to the 1-100 nm size range. They 
display extraordinary small Young’s modulus, 
small thermal conductivity and an excellent ac
cessibility of the inner surface. In some applica
tions, high optical transparency is of importance.

Their use in Cerenkov counters [6] for detec
tion of relativistic particles at CERN/Geneva 
and DESY/Hamburg promoted fabrication of 
several thousand liters of highly transparent SiO2 
aerogel. The small index of refraction allows the 
momentum of relativistic particles to be deter
mined in a range which is not covered by com
pressed gases or by liquids. Impinging particles 
produce electromagnetic shock waves, the cone 
angle of which depends on the particle velocity 
and the group velocity within the medium. Stacks 
of aerogel tiles sintered to different densities and 
thus different index of refraction have recently 
been used in Cerenkov threshold detectors flown 
in stratospheric balloons [23].

One of the most promising applications of 
SiO2-aerogels is their use in transparent thermal 
superinsulations in solar architecture (see, for 
example, ref. [1]). Extensive studies of transpar
ent aerogels have shown that thermal resistance 
and solar transmission are sufficiently high to 
make these materials suitable for passive solar 
usage. The large thermal resistance [24] is caused 
by the high porosity of the gel network which has 
a very small solid the thermal conductivity and 
the partial suppression of gaseous thermal con
duction. The mean free path of the gas molecules 
at ambient pressure is comparable with the pore 
size. Thermal radiation at 300 K is effectively 
absorbed in aerogel layers 1-2 cm thick, while 
visible light is transmitted. The ratio of extinction 
coefficients eIR/evis is typically larger than 100.

An aerogel layer sandwiched between two glass 
panes and positioned in front of a highly absorp
tive, massive south-oriented house wall (fig. 2) is 
used for passive solar energy. Solar radiation 
penetrates the transparent layer and is absorbed 
at the dark surface of the house wall, which is 
heated. Due to the excellent thermal insulation 
of the aerogel layer, only a small fraction of the 
collected heat is lost; thus, the major fraction is 
available for heating. A convincing example is the 
use of granular silica aerogels as non-evacuated

shade

Fig. 2. A transparent insulation (TI) is installed in front of a 
massive brick wall, the surface of which is painted black. The 
TI consists of granular silica aerogel between two protective 
glass panes. The solar radiation transmitted through the TI is 
absorbed by the black surface; most of the produced heat is 
transferred into the house, only little is lost into the environ
ment. To prevent overheating, a shading device is necessary.

transparent insulation in a two-family house in 
Ardon, Switzerland. The energy consumption for 
heating purposes is exceptionally low at about 
300 1 of oil per year and the total investments 
were smaller than for a conventionally insulated 
house [25].

Another aerogel-insulated house was recently 
built at Tingen/Freiburg, Germany, under super
vision of the Fraunhofer Institut fur Solare En- 
ergiesysteme, Freiburg.

Other possible applications for aerogels are in 
frosted windows or in superinsulating covers for 
solar panels. Also, aerogel-insulated solar storage 
collectors are being investigated, which can be 
operated in a middle-European climate without 
use of an anti-freeze agent [26].

Radiative thermal transport in aerogels can be 
reduced further by an opacifier added to the 
silica sol. The specific IR extinction in this case is 
strongly increased in the 2-8 |xm range. Around 
300 K, such powderous aerogels have total con
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ductivities of about 0.017 W m_1 K“1 in air, 
while for monoliths a conductivity of 0.013 W 
m 1 K_1 (fig. 3) results [27]. If enough opacifier 
is used (e.g. 15% carbon soot), even at 500 K 
conductivities around 0.020 W m_1 K_1 are not 
surpassed. These are by far the lowest conductiv
ity values of all powders and solid bodies for the 
given temperatures at 1 bar (fig. 4) air pressure. 
Evacuation reduces the above values to 0.002 and 
0.006 W m1 K ', respectively (fig. 3). There are 
many applications for opacified aerogels in non
evacuated thermal insulation systems as well as in 
(evacuated) superinsulations, for refrigerators or 
heat storage systems where CFC-blown poly
urethane foams have been employed [28]. Typical 
thermal conductivities for polyurethane freshly 
blown freon (Fll) insulations are 0.018 W/m_1 
K_1 at 300 K. Aging of polyurethane foams leads 
to diffusion of air into the foam and freon F 11 
into the environment, which causes a gradual

Fig. 3. Variation of total conductivity, A, with air pressure, 
pG, at 300 K for various aerogel insulants: •, monolithic 
aerogels with density, p0 = 120 kg m3; a, coarse granular 
aerogel fill with grain density, p = 230 kg m3, and an appar
ent density, papp = 135 kg m 3; ■, powderous aerogel fill 
with the same p0 and papp. All three specimens contain about 
5% carbon soot. In addition, data for an optimized fill (X) 
with a broad grain size distribution, a smaller grain and 
apparent density (p0 ~ 160 kg m-3, papp = 90 kg m3) and a 
soot content of about 10% are shown. Optimized with respect 
to the evacuated state is an aerogel powder fill with 10% soot, 
po = 21O kg m 3 and papp = 160 kg m-3 (*). The external 
mechanical load onto the three fills was about 0.1 bar; at 1 
bar, the solid conductivity increases by 0.001 W m-1 K 1 at 

most [27].

Fig. 4. Variation of thermal conductivity, A, with temperature, 
T, for non-evacuated insulants: ♦, optimized aerogel fill 
(density 90 kg m-3); O. WDS insulation board (300 kg/m3); 
□ , aged CFC-blown polyurethane foam; *, fiber mat (160 kg 

m-3); a, microsilica (300 kg/m-3) [27],

increase of the thermal conductivity to 0.025 or 
0.030 W m 1 K Since the CFCs must be 
abandoned for environmental reasons, insulating 
foams can be expected to have thermal conductiv
ities around 0.030 WnT K 1 in the future. The 
need for effective environmentally friendly, non- 
hazardous, non-inflammable thermal insulations 
is thus obvious.

The mechanically soft, but elastic SiO2 aerogel 
structure is a promising acoustic material, with 
applications in delay lines or high-temperature 
sound isolation. Aerogels may also be used in 
ultrasonic sensor systems for impedance matching
[29] , As a result of high porosity, the longitudinal 
sound velocity, v{, is typically 100 m s' (fig. 5). 
The lowest sound velocity in non-evacuated aero
gels is ~ 60 m s_1, while for evacuated aerogels 
with a density of 5 kg m-3, 20 m s“1 is observed
[30] .

The acoustic impedance Z = pui, of aerogels 
can be conveniently changed in the range I03-107 
kg m 2 s“1. This allows use of quarter wave 
layers of aerogels to match high impedance 
piezoceramics (Z = 1.5 X 107 kg m 2 s') with 
the low impedance of air (Zo = 400 kg m-2 s'). 
According to Z = (ZpZ0)1/2, an aerogel 
impedance Z ~ 8 X 104 kg m“2 s_1 is required 
for matching. This can be met with aerogel densi
ties of about 200 kg m-3. This can lead to a
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g / 103-kg m'3

Fig. 5. Longitudinal sound velocity. vt, of porous systems 
versus density, p [30]. X, vitreous silica; ◄ opal; +, xerogels 
for drying purposes; •, aerogels (DESY, Hamburg); ■, aero
gels (Airglass, Staffanstorp); ▲, aerogels (LLNL, Livermore); 
► , aerogel pellets (BASF, Ludwigshafen); ■, sintered SiO2 

aerogels; A, evacuated LLNL aerogels.

theoretical level increase of about 40 dB. A gain 
of 25 dB has been experimentally realized [31].

5. Other applications

Other possible applications of aerogels being 
discussed or pursued include the following.

The special structure could be employed to 
use aerogels as gas filters in the 20-100 nm 
region [32],

Aerogels can be used as substrates for catalytic 
materials [33], due to the large internal surface, 
which is more easily accessible than in xerogels.

Small high velocity particles in space can be 
captured by low density aerogels [12]; since these 
particles easily penetrate the porous material, 
they are gradually decelerated, thus achieving 
‘soft landing’. In transparent aerogels, the parti
cles stopped can even be inspected in situ, by eye 
or with a microscope. Aerogels from low-Z ele
ments might be used in laser fusion. Li2O/B2O3 
aerogels were made for this purpose [34], Low 
density silica aerogels have been used to improve 
output of radioluminescent light sources. In these 
systems the phosphor is integrated into the gel 

instead of being attached to the surface of a glass 
tube [35],

Since the number of research groups partici
pating in aerogel R&D work is still growing [36], 
we can expect that additional applications will be 
discovered and promoted.
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The status of the theory and practice of drying is reviewed, with emphasis on work published in the last few years. 
Advances have been made in (1) the theory of drying stresses and the causes of cracking, (2) detailed and precise 
observations of phenomenology and drying, and (3) preparation of monolithic gels of commercial interest.

1. Introduction

The difficulty of drying gels without cracking 
has prevented the economical production of large 
objects (monoliths) and thick films by sol-gel 
processing, so there is a strong incentive to im
prove our understanding of the physics of drying. 
In recent years, there has been some progress in 
the theory of stress development and cracking of 
gels. New techniques have been employed to ob
tain more detailed information about the kinetics 
of the process, and the physical and chemical 
changes that occur during drying. Some advances 
have also been made in the preparation of rela
tively large objects at reasonable rates. This re
view briefly describes the progress in the theory, 
phenomenology, and practice of drying, and sug
gests some topics requiring further study. To put 
these advances in perspective, we begin with a 
discussion of the origin of drying stresses and 
cracking.

2. Theory

The initial period of drying is called the con
stant rate period (CRP), because the rate of 
evaporation of liquid is nearly constant. Evapora
tion gives rise to capillary tension in the liquid, P, 
and that tension is balanced by compressive 
stresses on the solid phase, which cause it to 

contract. During the CRP, the volumetric shrink
age of the gel is equal to the volume of liquid that 
evaporates, so the pores remain full of liquid. As 
long as the network remains compliant, P re
mains small (because little force is required to 
produce a contraction rate equal to the evapora
tion rate). As the gel shrinks it becomes increas
ingly rigid and resistant to the compressive 
stresses exerted on it by the liquid, so P must 
increase. In some systems, the stiffness of the 
network may be strongly influenced by van der 
Waals and electrostatic forces [1]; in silicates it 
depends principally on condensation reactions 
that form new bridging bonds. Shrinkage stops at 
the ‘critical point’ when the gel network becomes 
stiff enough to resist the compressive stresses 
imposed by capillary forces; further evaporation 
forces the liquid/vapor interface to move into 
the pores of the gel. On a macroscopic scale, the 
interface (or, ‘drying front’) may be smooth or 
fractally rough, depending on the pore structure 
and drying rate [2,3], When the front is rough, 
islands of saturated pores may be large enough to 
scatter light, making the gel opalescent or opaque; 
once all of the liquid has evaporated, the dry gel 
becomes clear again.

The maximum capillary tension occurs at the 
critical point, when the menisci enter the pores, 
and the radius of curvature of the meniscus, rm, 
is related to the pore radius, r , by rm = ~rp/ 
cost?, where 0 is the contact angle. Then the 
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tension at the drying surface is given by Laplace’s 
equation:

pmax
2yLV cost?

(1)

where yLV is the liquid/vapor interfacial energy. 
Very little shrinkage occurs after the menisci 
move into the pores, so the pore size measured in 
a dry gel is established by the forces exerted at 
the critical point. In very compliant materials, the 
network cannot resist the capillary forces (which 
increase continuously as rp decreases), so there is 
no critical point, and the pores collapse com
pletely [4],

The stresses that cause shrinkage, warping, 
and cracking of the gel network during drying 
result from the capillary tension in the liquid. If 
P were uniform (i.e., hydrostatic), the solid net
work would be uniformly compressed, and there 
would be no warping or cracking. Instead, how
ever, a pressure gradient, VP, develops within the 
drying body, leading to non-uniform contraction 
of the network. The theory of drying stresses has 
been discussed in detail in recent publications 
[5-7], so only the essential points will be repeated 
here. The liquid moves through a porous mate
rial, such as a gel, in response to a pressure 
gradient according to Darcy’s law:

D
J=—VP, (2)

Vl 
where J is the flux of liquid, D is the permeabil
ity, and 7]l is the viscosity of the liquid; P is 
defined as a stress, rather than pressure, so it is 
positive when tensile. Diffusion may be important 
if the pores contain a solution of liquids whose 
intrinsic diffusion coefficients differ greatly [8]; 
generally, however, diffusion is expected to be 
less important than flow. During the CRP, the 
flux to the surface of the drying body matches the 
evaporation rate, KE, so eq. (2) requires

^(surface = V1Ye/^- (3)
Thus the gradient in tension that causes damage 
to the gel is proportional to the evaporation rate 
(so slower drying is safer), and is inversely pro
portional to the permeability. Since D is related 
to the square of the pore diameter, the perme

ability of gels is very small compared with that of 
ordinary ceramics; the smallness of D (in addi
tion to low strength) is why slower evaporation 
rates must be used for gels than for conventional 
ceramics.

For a plate of gel (with thickness 2L) dried at 
a moderate evaporation rate, the total stress at 
the surface is [5]

3D (4)

where CN = (1 - 2V)/(1 - N), and N is the 
Poisson’s ratio of the network; recent studies [9] 
indicate that N ~ 0.2, so CN = 0.75. Thus, the 
stress increases in proportion to the thickness of 
the gel; a similar expression describes the circum
ferential stress in a cylinder or sphere. Equation 
(4) shows that the total stress goes to zero as the 
evaporation rate does, so the drying stresses can 
be very small, even though the capillary tension 
in gels can be enormous (Pmax = 100-250 MPa at 
the critical point, because of the small pore sizes 
[6]). The explanation for this apparent contradic
tion is that the stress results from the gradient in 
P, not the absolute value of P, and the gradient 
is small when the evaporation occurs slowly.

The total stress at the drying surface at the 
critical point is related to the tension in the liquid 
by ([6], p. 486) *

Pmax ’ (5)

where KG is the bulk viscosity of the network; 
this approximation applies when the quantity in 
parentheses is < 1. From eqs. (4) and (5), we find 
that the critical point occurs when

Pma^KGVE/L. (6)
Since Ve/3L is the volumetric shrinkage rate of 
the gel, eq. (6) states that the capillary tension is 
equal to the stress needed to deform the network 
at such a rate that the pores remain full liquid. 
When Kg becomes so large (as a result of stiff
ening during shrinkage) that the required tension

* Here we do not use the approximation ■ N ~ 0, CN ~ 1 
employed in ref. [6]. 
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is > Pmax, then the CRP is over and the meniscus 
moves into the pores. If the network is very 
compliant (so that the quantity in parentheses in 
eq. (5) is » 1), then a different approximation 
applies:

ax~CNVE}H~VjJD, (7)

where HG is the longitudinal viscosity of the gel, 
Hg = 3KC(1 — 7V)/(1 + N). In this case, the gel 
may shrink until the pores collapse completely, 
and the stress will never be large because of the 
small value of HG. Indeed, if the porosity goes to 
zero, then the network becomes incompressible, 
so N 0.5 and CN 0, and the stress decreases 
accordingly.

The total stress is the sum of the forces on the 
network and on the liquid, so ax can be positive 
(tensile) when the stress on the network itself, <rx, 
is compressive. These quantities are related by 
[5,6] **

** In my earlier publications in this journal [JNCS 87 (1986) 
199 225; 92 (1987) 375-382], the distinction between total 
and network stresses was not handled correctly. The anal
ysis was corrected in ref. [5], and is employed in later 
publications (e.g., refs. [6-8], and analyses of syneresis, 
JNCS 108 (1989) 18-27, and permeability, JNCS 113 
(1989) 107-118), but the terminology is sometimes care
less. That is, <rx is sometimes improperly called the ‘stress 
on the network', in view of its role in crack propagation.

°x = i?x+ (1 (8)
where p is the relative density of (volume fraction 
of solids in) the gel. One might reasonably expect 
that the stresses on the network would cause 
fracture, but the situation is not so simple. It is 
the total stress that acts on the faces of a flaw, 
such as that shown in fig. 1, so the crack will open 
whenever crx > 0. For large enough flaws, the 
crack opening will cause stretching of the solid 
phase at the crack tip, reversing the local stress 
state from compressive (crx < 0) to tensile, and 
allowing the crack to propagate. The stress con
centrated at the crack tip is

<rc = 2y4crxyc/rc , (9)

where A is a constant (A ~ 1), c is the length of 
the crack, and rc is the radius of the crack tip.

Fig. 1. The curvature of the meniscus in a crack, rm, depends 
on the capillary tension in the liquid, P, according to Laplace’s 
equation, P = 2 yLV/rm. If P is large enough that rm = rc, 
where rc is the radius of curvature of the crack tip, then the 
crack is empty and the total stress, <rs, acts on the faces of the 
crack. The stress, trc, at the tip of a crack of length c is 

<rc = lAcr^c/rc , where A ~ 1 [10],

The crack will propagate when [10]

(2//nr)7iIc-dixV/r7
2-4Vc - 

(10)

where Klc is the critical stress intensity. Since the 
terms in rc are small, this reduces to the usual 
fracture criterion,

>Klc. (11)

Thus it is the total stress that controls fracture 
during drying.

When a gel is- deposited on a rigid substrate, 
the network is prevented from contracting in the 
plane of the substrate, and the total stress is very 
nearly equal to the tension in the liquid (crx = P) 
[6]. This is such a large stress that cracking of 
films would seem to be inevitable. However, it is 
commonly observed that films can easily be pre
pared with no control over the drying rate, if the 
thickness of the film is below some critical value, 
/zc; typically, hc — 0.5—1 pm [6], The reason for 
this surprising behavior is that very thin films do 
not release enough energy when they crack to 
compensate for the energy expended in mechani
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cal damage at the crack tip. For the propagation 
of cracks [11] or the growth of pinholes [12], the 
critical thickness is given by

hc = (Ku/<rxfl)2, (12)

where fl is a function that depends on the ratio 
of the elastic moduli of the film and substrate; for 
the small values of this ratio expected for gel 
films, fl ~ 1.

The stresses created by drying are macro
scopic, in the sense that the pressure gradient 
extends through the thickness of the body. If the 
stresses were localized on the scale of the pores, 
the body would crumble to dust as the drying 
front advanced; instead, drying bodies often crack 
into only two or three pieces, because the crack 
propagation is driven by a stress field that ex
tends across the body. Warping during drying is 
another clear indication of the macroscopic na
ture of the stresses. On the other hand, the flaws 
that lead to failure might be created by local 
stresses [13] (resulting, for example, from non- 
uniform pore sizes [14]), then propagated by the 
macroscopic stresses.

3. Phenomenology

3.1. Stages of drying

If the pores of a gel contain a pure liquid (e.g., 
water), the rate of evaporation is constant until 
the critical point is reached [6,15]. However, most 
alkoxide-derived gels contain a mixture of water 
and alcohol, so the composition of the vapor 
changes with time, and a CRP may not be ob
served. Kawaguchi et al. [16] found that the evap
oration rate and vapor composition were initially 
constant, and the slope of a plot of gel mass 
versus volume was equal to the density of the 
pore liquid, pL. Later, the evaporation rate slowed 
and the water/ethanol ratio in the vapor in
creased; curiously, the composition of the vapor 
was that of the pore liquid (~ 89 wt% ethanol), 
not the azeotrope (95.5 wt% [17]). Wilson [18] 
found a continuously decreasing evaporation rate 
(i.e., no CRP) in his silica gels. This was at
tributed [18,19] to the depression of the vapor 

pressure by capillary tension, but that cannot be 
correct, because the capillary forces are too small 
at the early stages of drying to have a noticeable 
effect; the variation in VE must result from com
position change. (The evaporation rate from a gel 
cannot be expected to equal that from a dish 
containing a solution of the same composition as 
the pore liquid, because there is no convection 
within the gel; the composition in the dish is 
homogenized by convection, but only diffusion 
operates within the pore liquid. §)

If a gel is partially dried (i.e., before the criti
cal point), then immersed in liquid, it expands 
[16], This is expected, because the liquid/vapor 
interface and the corresponding capillary forces 
are eliminated, so the elastic strains stored in the 
network are released; in addition, there may be a 
chemical reaction, as the amount of expansion 
was found to be greater in water than in ethanol. 
A similar, but smaller, effect is seen beyond the 
critical point: when the last of the liquid evapo
rates, so that the volume of liquid exerting capil
lary forces on the network decreases, the com
pressive forces on the network decrease and the 
gel expands by ~ 1% linearly [20], Kawaguchi et 
al. [16] examined the dilatation of a gel during 
the last stage of drying as a function of the 
ethanol/water ratio in the pore liquid. They 
found that the total shrinkage increased with 
water content (presumably because of the higher 
surface tension of water), but the springback de
creased (probably because irreversible viscous de
formation is easier in the presence of water [9]).

Measurements of the weight and volume of 
drying gels show that the pores remain full of 
liquid until shrinkage stops [16,20], Recently the 
same observation has been made using magnetic 
resonance imaging [21], As the liquid/vapor in
terface recedes into the pores, opacity may occur 
as light scatters from isolated pockets of liquid- 
filled pores. Wilson [18] observed an opaque tran
sition region between the fully saturated and fully 
dried parts of the gel, as indicated schematically 
m fig. 2.

§ Note that movement of the liquid relative to the network 
occurs by hydrodynamic flow (except in certain cases [8]), 
but movement within the liquid phase occurs by diffusion.
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Fig. 2. Schematic illustration of opaque region in drying gel disk, seen from top (profile) and in cross-section. (From ref. [18].)

Transparent Opaque

Once the gel is fully dried, it tends to crack on 
re-wetting. This phenomenon has been systemati
cally studied by Adachi and Sakka [22-24], The 
pore liquid in their gels at the last stage of drying 
was dimethyl formamide (DMF), and they found 
that the gels could be rewet safely with liquids 
having a surface tension, yLV, less than or equal 
to that of DMF; liquids with higher -yLV caused 
cracking. Damage results from contraction of the 
surface of the body relative to the interior as 
liquid condenses in, or flows into, surface pores.

Some gels are so compliant that the pores 
collapse completely during drying. This has been 
observed in certain acid-catalyzed silica films [25], 
in which the silicate polymers are expected to be 
relatively lightly crosslinked; in sols at higher pH, 
the silicate polymers are more robust, and the 
films made from such sols are highly porous. Pore 
collapse is also observed in gels containing 47 
A12O3 • 53 SiO2 (by weight), if the pore liquid is 
mostly water [26]; remarkably, compositions dif
fering only slight in alumina content retain open 
pores and high surface areas [27]. Presumably 
there is an anomaly in the mechanical properties 
of gels at this composition, but this has not yet 
been investigated.

3.2. Structural evolution

A novel method for characterizing the pore 
structure of saturated gels is nuclear magnetic 
resonance (NMR) [28], Since the mobility is dif
ferent for solvent molecules near the wall of a 
pore and for those in bulk liquid, an analysis of 
the kinetics of relaxation of the magnetization 
permits calculation of the surface-to-volume ratio 
of the pore space in the gel; the hydrodynamic 
radius ( = ratio of pore volume to surface area) is 
then reported as the apparent pore size. This 
technique reveals that the surface area of the 
network drops rather suddenly during the last 
stage of drying [29], presumably as a result of the 
high capillary stresses generated at that time.

Another method of microstructural characteri
zation is a calorimetric technique called thermo- 
porometry [30,31]. This method depends on the 
fact that the pore liquid freezes at a lower tem
perature than bulk liquid, because of the curva
ture imposed on the liquid/crystal interface by 
the pore wall. Thermoporometry directly mea
sures the size and volume distribution of meso
pores (radii of 1-30 nm); liquid in smaller pores 
(micropores) does not freeze [30], and liquid in 
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larger pores (macropores) freezes too close to the 
normal melting point, Tm, for the undercooling to 
be accurately determined. However, the volume 
of macropores can be determined indirectly by 
comparing the amount of liquid that freezes at 
Tm with the known amount of bulk liquid outside 
the gel sample. In that way, it has been shown 
[32] that both acid- and base-catalyzed silica gels 
contain considerable volumes of macropores; in
deed, it is well known that such pores exist in 
aerogels made by supercritical extraction of the 
pore liquid [33,34], In the supercritical state, there 
is no liquid/vapor interface, so there is no capil
lary pressure [35]; shrinkage occurs only as a 
result of chemical reactions, not drying stresses 
[36], Nevertheless, thermoporometry reveals that 
those processes can substantially reduce the 
macropore volume and virtually eliminate micro
pores during supercritical drying [32], Kawaguchi 
et al. [16] found that macropores were partially 
collapsed during evaporative drying of gels if the 
pore liquid was pure ethanol, and were com
pletely collapsed if it was water; this difference is 
expected, because yLV is higher for water than 
for ethanol.

3.3. Structure /property’ relations

With regard to avoiding cracking, the most 
important mechanical property of the gel is the 
critical stress intensity, KIc. Unfortunately, how
ever, there has only been a single report of mea
surement of that quantity for a wet gel [37]. By 
contrast, there have been many studies of the 
modulus of rupture and elastic moduli of gels. It 
has been shown that silica gels are viscoelastic 
when the pore liquid is a water/alcohol solution 
[38]; the relaxation process is assumed to result 
from chemical attack by water on strained silox
ane bonds. When the pore liquid is replaced by 
pure alcohol, syneresis is arrested [39] and so is 
viscoelastic load relaxation [9], The elastic shear 
modulus of the network, Gp, increases rapidly as 
the gel contracts, and the relation between modu
lus and density is only weakly dependent on the 
means used to produce the shrinkage (e.g., aging 
in various liquids or partial drying) [40], Poisson’s 
ratio for a cellular material, such as a gel, is

Fig. 3. Bulk modulus of B2-type silica gel versus volume (data 
from ref. [40].)

expected to be independent of density [41], and 
this is supported by measurements made on aero
gels [42], hydrothermally aged gels [36], and alco
gels [9] of silica, all of which yield a value of 
N = 0.2. Therefore, the trends found for Gp are 
expected to apply for Young's modulus, Ep, and 
the bulk modulus, Kp. Assuming N =0.2, the 
results of ref. [40] for alcogels can be fitted to 

Kp=K0(K0/U)m=K0(p/p0)m, (13)

where Ko is a constant, and VQ and p0 are the 
initial volume and relative density of the gel, 
respectively. Figure 3 shows the quality of the fit, 
with Ko = 0.4 MPa and m = 3.8. The same type 
of power law relates the elastic moduli of aero
gels to their density [43,44], with a very similar 
exponent (3.2-3.8). The modulus of rupture in
creases much more slowly [40]; for aerogels, the 
power law relating the strength to the density has 
an exponent of 2.6 [45]. Percolation theory sug
gests such a power law [46]. However, as Woignier 
and co-workers point out [43,45], it is not clear 
what feature of gel structure (e.g., density, 
monomer concentration) should be used to repre
sent the ‘bonds’ or ‘sites’ of percolation theory.

The moduli of gels are much lower than would 
be expected merely on the basis of their porosity 
[40], In part, this is a result of the low connectiv
ity of the solid phase; that is, there is a high 
number of non-bridging bonds (resulting in a 
skeletal density much lower than that of the 
corresponding oxide [6]) that reduces the rigidity 
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of the solid phase. Another important factor is 
the apparent weakness of the connectivity on a 
macroscopic scale (perhaps reflecting the rela
tively small number of links between the clusters 
that grew to form the gel). This was demon
strated by Dumas et al. [47], who prepared a 
series of gels with different solids contents and 
used thermoporometry to evaluate the pore struc
ture. The moduli of the gels varied dramatically, 
while the mesoporous volumes changed little; 
however, the moduli were related to the volume 
of macropores. Thus, the large-scale structure of 
the gel seems to have a profound influence on 
the mechanical behavior.

3.4. Film deposition

Whereas monolithic gels are usually molded, 
aged, and then dried, the deposition and drying 
of films are concurrent processes. Hurd and 
Brinker [48] have undertaken an elegant series of 
experiments using ellipsometry and FTIR spec
troscopy to follow the physical and chemical evo
lution of a sol to a film during dip-coating; this 
work has recently been reviewed by Brinker et al. 
[6,49]. As a substrate is drawn out of a sol, a 
steady state is achieved, as indicated schemati
cally in fig. 4. At the drying line (x = 0) the 
thickness, h, of the film decreases rapidly, varying 
approximately as h ~xl/2. The sudden variation 
in h reflects the relative ease of vapor transport 
near the drying line: at large x, vapor can only 
diffuse away from the film in a direction normal 
to the substrate, but at x = 0, it can also diffuse 
parallel to the substrate. The structure of the dry 
film depends on competition between two fac
tors: capillary forces that compress the network, 
and condensation reactions that stiffen the net
work (allowing it to resist compression). The same 
factors control the structure of monolithic gels, 
but the timescale is very different, since film 
drying occurs in a matter of seconds and mono
liths dry over days or weeks. Consequently, there 
is little time for network formation during film 
deposition, and the structure of the film is largely 
controlled by the structure of the clusters in the 
sol from which it is formed [6,50]. If those clusters 
are compliant, the enormous capillary forces can

SOL-GEL DIP-COATING

Fig. 4. Schematic illustration of dip coating showing steady
state thickness profile, h(x), which extends over a distance, 
Xo, from the drying line (x = 0) to the reservoir of sol; 
deposited film is dry above x = 0. The substrate is withdrawn 
from the sol at speed, Uo; the initial thickness of the liquid 
layer is A =(Tj[/(l/pg)1/2, where p and p are the viscosity 
and density of the sol, and g is the gravitational acceleration.

(Figure courtesy of C.J. Brinker.)

cause complete collapse of the network, resulting 
in a non-porous film [25], even though a monolith 
from the same sol would have high porosity and 
surface area.

The solvent is generally not a pure liquid, and 
differences in evaporation rates of the con
stituents result in compositional variation along 
x, typically leaving a water-rich region near x = 0 
[6]. Consequently there is a gradient in -yLV along 
the surface of the film, resulting in flow of liquid 
toward regions of higher surface tension (a phe
nomenon known as the Marangoni effect). The 
influence of such factors on the thickness and 
structure of gel films is under study by direct 
observation and numerical simulation [49].

The stresses produced during drying of films 
have been measured by Voncken et al. [51] by 
depositing a film (of alumina) on a flexible sub
strate and observing the deflection of the sub
strate. Stresses on the order of 200 MPa are 
routinely measured, in keeping with expectations 
[6]. Such stresses create cracks if the film is too
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thick, and the crack patterns observed experi
mentally [52] are in qualitative accord with those 
predicted by computer simulations [53,54]: ini
tially isolated defects appear and the rate of bond 
breaking is slow; then the concentration of forces 
on bonds near defects causes cracks to appear 
and grow, relaxing the stresses and decreasing the 
rate of bond breaking. The result is a fractal 
pattern resembling mud-cracking. The mean 
spacing of the cracks can be estimated theoreti
cally, and experiments by Atkinson and Guppy 
[55] show semi-quantitative accord with predic
tions based on the assumption that partial delam
ination occurs along the crack [56], It would be 
desirable to have more studies of this type, com
bined with measurements of the elastic properties 
and critical stress intensity for the film materials.

4. Practice

The most practical and important applications 
of sol-gel processing are in the preparation of 
films and powders, and that situation is not likely 
to change. However, optical quality silica glass 
monoliths made from gels are now commercially 
available [57-59], and considerable progress has 
been made toward the preparation of optical 
fibers from gel-derived rods [60]. Generally the 
details of fabrication are not available for such 
products, but unofficial information indicates that 
aging at elevated temperatures and slow, careful 
drying are required. We have seen that the drying 
stress decreases in proportion to the evaporation 
rate, but the ‘safe’ rates are so slow that objects 
thicker than ~ 1 cm usually require uneconomi- 
cally long times to prepare. (There is speculation 
[61] that Libyan desert glass, nearly pure silica 
found in pieces as large as 30 cm, was formed by 
a natural sol-gel process, but successful indus
tries do not operate on a geological timescale!) 
Fortunately, several procedures are known that 
can substantially increase the permissable drying 
rate, most of which are based on long established 
principles [14],

The most obvious thing to do is to increase the 
pore size, since it is the small pores of gels that 
create the low permeability and high capillary 
pressures that result in cracking. This method 
was pioneered by Shoup [62], who used colloidal 
silica particles as ‘seeds’ for the growth of silica 
gel from a potassium silicate solution. A similar 
approach was adopted by Toki et al. [63], who 
mixed silica particles (made either in the vapor 
phase or by a sol-gel method) with tetraethoxysi
lane to produce gels with relatively large pores. 
Okazaki et al. [60] have shown that this proce
dure also increases the strength of the gel. Some 
workers [64-68] have used flame-generated col
loidal particles to make gels that are relatively 
easy to dry, and yield glass of optical quality. The 
disadvantage of this approach is that the large 
pores reduce the driving force for sintering, so 
relatively high firing temperatures are needed to 
obtain a dense ceramic. If low-temperature pro
cessing is the goal (as when a layer is to be 
deposited on a substrate), then the use of large 
pores is counter-productive.

If high stresses cannot be avoided (because of 
the need for small pores to facilitate sintering), 
then it is helpful to increase the strength of the 
gel. It is well known, for instance, that hydrother
mal treatment reduces the shrinkage during sub
sequent drying [69], presumably by accelerating 
condensation reactions that stiffen and strengthen 
the gel, and this has been applied to reduce 
cracking [70], The same chemical processes can 
be enhanced by chemical treatments, such as the 
4 N HC1 rinse used by Mizuno et al. [71,72] that 
reportedly increases that allowable drying rate by 
an order of magnitude. Even extended aging at 
modest temperatures reduces drying shrinkage
[73.74] and increases the strength of the gel
[14.75] . A recent study by Wijnen et al. [76] found 
that aging produced an increase in connectivity of 
the silica network (revealed by 29 Si NMR); small 
angle X-ray scattering indicated slow growth of 
the primary particles and a decrease in the fractal 
dimension of the network. The latter effect was 
attributed to migration of material from the tenu
ous fringes of the constituent clusters toward 
their centers, thus reducing the net surface area 
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and increasing the density gradient within the 
clusters. The rate of aging was found to be much 
faster at higher pH, where the solubility of silica 
is greater.

The capillary pressure can be directly reduced 
by use of surfactants [14] or choosing a solvent 
with a low surface tension. In alkoxide-derived 
gels, the pore liquid is usually a water/alcohol 
solution, but the alcohol (with yLV ~ 0.025 J/m2) 
evaporates first, leaving mostly water (yLV = 0.072 
J/m2). This situation can be reversed by using a 
solvent with a lower volatility than water that also 
has a low yLV. For example, Adachi and Sakka 
[22] added dimethyl formamide (DMF) to tetra
methoxysilane in the preparation of a base-cata
lyzed gel, and dried the gel by slowly increasing 
the temperature to 150°C. This procedure caused 
the methanol and water to evaporate first, leaving 
the DMF (yLV = 0.036 J/m2) in the pores; in 
addition, the elevated temperature (and possibly 
some chemical effect produced by DMF) resulted 
in larger pores in the dry gel. Similarly, Mori et 
al. [77] report reducing defects by immersing a gel 
into perfluoroalkyl polyether, then gradually 
heating to 105°C, and finally heating to 300°C to 
remove the polyether. It is probable that the 
thermal aging involved in these processes is more 
important than the reduction of yIV, because, as 
eq. (4) indicates, the drying stress does not de
pend on the magnitude of the capillary pressure.

The surface tension of a liquid can be reduced 
simply by increasing the temperature, and beyond 
the critical temperature and pressure there is no 
tension at all [69]; of course, when P = 0, VP 
must be zero, so no stresses can appear. Super
critical drying has been extensively studied and 
has led to the production of large gels with rela
tive densities as low as p ~ 0.0013 [78], The pro
cess has recently been reviewed [79] and is the 
subject of a series of biennial conferences [80,81], 
so further discussion here is not warranted. A 
method for avoiding interfacial tension that has 
been less successful is freeze-drying (to produce 
‘cryogels’). Frozen gels are generally reduced to 
powder [82] or develop a very coarse pore struc
ture [83,84], apparently as a result of damage 
done by growing crystals of the solvent. A gel 
must be cooled below the normal melting point 

for crystals to form [30,85], so it is likely that 
crystallization will nucleate outside (or on the 
surface of) the gel, whereupon liquid will flow 
from the pores to the crystal at the surface. This 
will produce a flux toward the surface in a man
ner strictly analogous to evaporative drying, and 
will produce similar stresses. Therefore, it is not 
surprising that freezing usually produces crack
ing. The driving force that draws liquid from the 
gel to the crystal is proportional to the entropy of 
fusion, which is much lower for organic liquids 
than for water; this may help explain the observa
tion [82] that less damage is produced if the pores 
initially contain butanol, rather than water. The 
only report of successful preparation of a mono
lithic cryogel from water is in a patent application 
by Yoshida et al. [86] that describes a process 
involving immersion of a gel in water, followed by 
slow heating to 95°C to remove all alcohol from 
the pores, then freeze-drying at — 5°C. If all the 
liquid freezes at -5°C, then (according to the 
Gibbs-Thompson equation) the smallest pore 
must have a diameter exceeding 27 nm. Such 
large pores, presumably produced by the high- 
temperature aging in water, could account for the 
absence of cracking. A version of freeze-drying 
that has been proposed [6], but apparently never 
applied, is to use a glass-forming liquid in the 
pores of the gel to avoid all damage associated 
with crystallization.

The use of certain organic compounds (includ
ing glycerol, formamide, and oxalic acid) as ‘dry
ing control chemical additives’ (DCCA) [87] has 
attracted considerable attention, because it is re
ported that gels > 1 cm thick can be dried in ~ 1 
day by their use. The exact role of these com
pounds during drying is not clear, but is is known 
that they increase the hardness (and presumably 
the strength) of the wet gel [88]; unfortunately, 
they are hard to remove [89], and tend to cause 
foaming when the gel is sintered. Glycerol has 
been found beneficial for preventing cracking in 
alumina gels [90] and alumina-matrix composites 
[91], but Hench [89] notes that it tends to form 
carbonates when decomposed at high tempera
tures. By adding 5-10 vol.% glycerol, Luo and 
Tian [92] were able to make large silica gel disks 
(68 mm X 13 mm) with drying times of 3-4 days, 
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but the glass bloated after densifying, probably as 
a result of decomposition of residual glycerol. 
Hayashi et al. [93] report that the DCCA (for
mamide, in their gels) can be removed and bloat
ing can be avoided if the gel is dipped in a 1/1 
mixture of water and ethanol for 1 day before 
drying; however, the drying period is then ~ 10 
days, so it is not clear that the use of a DCCA 
provides any advantage.

Another type of organic modification is the 
addition of polymerizable organic groups along 
with metal alkoxides to produce hybrid organic/ 
inorganic networks. These materials, pioneered 
by Schmidt [94] and now widely studied [95], are 
readily dried because the organic constituents 
provide resilience (i.e., lower Ka and higher Klc) 
to the network. They collapse to non-porous solids 
because of their compliance; given the absence of 
pores, the last stages of drying probably involve 
diffusion rather than flow of liquid, and that 
tends to reduce stress [8]. Usually the organics in 
this type of hybrid have a beneficial effect on 
properties, and are not burned out. However, 
Schmidt et al. [96] point out that the organics can 
be used to reduce the connectivity of the network 
and thereby help ‘relax stresses’, and can then be 
burned out to yield dense monolithic ceramics. In 
terms of the theory presented in section 2, we 
expect that the stresses in these compliant gels 
remain low in obedience to eq. (7). Reduced 
connectivity can be achieved by binding chelates 
to the metal atoms (e.g., acetyl acetonate on 
aluminum butoxide) or by using a silica precursor 
with non-hydrolyzable groups. As an example of 
the latter method, the phenyl ligands on 
Si(OH)2(C6H5)2 were used to reduce connectiv
ity in a sodium aluminosilicate composition that 
was deposited as a film 20 fim thick without 
cracking; some cracking did occur when the or
ganics were burned out [96], Schlichting [97] has 
prepared films ~ 10 jcrri (after firing) by dipping 
a substrate in neat alkoxides and allowing hydrol
ysis by ambient moisture, a procedure that proba
bly results in a high concentration of retained 
organics (and many non-bridging bonds) in the 
dried film. Garino [52] deposited films of similar 
thickness by using a low water/alkoxide ratio, 
but they cracked when fired to ~ 400°C.

5. Topics for further study

Although progress is being made in our under
standing of drying, there are many things that 
remain to be done. Theoretical expressions are 
available for the distribution of stress in drying 
bodies [5], but no direct measurements of <rx or P 
have yet been made (except in films [51] where it 
is expected [6] that ax ~ P). The role of diffusion 
in the liquid phase, which is predicted to have a 
profound impact on stress [8], has not been ex
plored. Transient opacity is often observed after 
the critical point, but it is not known what factors 
(pore size distribution, liquid viscosity, evapora
tion rate) control that phenomenon, nor is it 
known whether the irregular interface does harm 
by generating defects [13], or beneficially diffuses 
the stress. The problem of crack initiation and 
growth is of critical importance, but very little 
effort seems to have been devoted to it.

Freeze-drying of gels is a potentially valuable 
way of preparing monoliths, but it has not yet 
been particularly successful. To date, little rele
vant work has been reported on the mechanism 
of crystal nucleation and growth in gels, or the 
mechanisms by which damage occurs during 
freeze-drying.

Some measurements are now available of the 
properties of gels that are relevant to drying 
stresses (permeability, rheology, strength), but no 
systematic study has yet been done of the depen
dence of structure on properties. In particular, it 
is essential to know how the properties change 
during aging and drying. It is remarkable that 
only one study has been reported on the critical 
stress intensify of a wet gel [37]. The influence of 
structure - and particularly of organic additions 
- on Klc must be established.

Several studies indicate that macropores exist 
in alcogels, but pore size distributions have not 
been determined. More information on structure 
on the macropore scale is important, because that 
level of structure seems to have a strong influ
ence on the modulus and strength of the gel, and 
should be important to the permeability. Finally, 
the connectivity (i.e., the spatial distribution of 
bonds) must be known so that the structure can 
be related to the mechanical properties.
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Drying process in the formation of sol-gel-derived TiO2 
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Accurate drying data for thin titania gel layers dried at 40°C and 20% relative humidity (RH) are given. The drying rate 
versus free moisture content diagram should show three regions as predicted by the classical drying theory. They are the 
constant rate period, the first falling rate period and the second falling rate period. The second falling rate period was not 
observed in the present case, because at 40°C and 20% RH the equilibrium moisture content will be enough to provide a 
continuous fluid network in the gel. The total drying time in the falling rate period increases with layer thickness. The drying 
mechanism in the first falling rate period was identified as capillary flow.

1. Introduction

Ceramic membranes are a new generation of 
multi-functional engineering ceramic systems ap
plied for water desalination, ultrafiltration and 
separation of gas mixtures. They are also pro
jected as potential candidates for catalytic active 
and carrier membranes. The initial stage in the 
formation of ceramic membranes consists of 
preparation of a stable sol and gelling it on a 
porous support by a dipping procedure [1]. Most 
published works have concentrated on the prop
erties and applications of membranes. Few have 
dealt with the formation process. Burggraaf and 
co-workers [1,2] have shown that the formation of 
a gel layer on a porous support is by a slip casting 
mechanism. The present work is carried out with 
a view to understand the drying and gelling phe
nomena and the accompanied nanostructural 
evolution of hydrogel layers supported on both 
porous and nonporous supports.

Drying is one of the most crucial steps in the 
formation of ceramic membranes because mem
branes tend to crack during the process, and 
avoiding cracking requires very slow drying rates. 
Early analysis [3] of isothermal drying was based 
on Fick’s second law in which shrinkage was 

taken into account by introducing appropriate 
diffusion coefficients. An alternative approach to 
drying phenomena based on capillarity was sug
gested by Coming and Sherwood [4] and Hougen 
et al. [5] to show the limitation of the diffusion 
model. A useful summary of the drying literature 
is given by Simpkins et al. [6].

One of the first attempts to understand the 
drying of ceramic green bodies was by Cooper [7], 
He analyzed drying of clay bodies based on a 
diffusion model. The first attempt to study the 
drying of gels was made by Zarzycki [8], He 
suggested a modification to Cooper’s model by 
introducing a global term called ‘moisture stress’. 
Moisture stress can be considered as equivalent 
to the work done in removing a unit mass of 
water from the water-gel system to a free water 
surface at the same temperature and head. Ther
modynamically, it is partial Gibb’s free energy of 
water in the system. The term takes into account 
the contributions from capillary pressure, osmotic 
pressure and disjoining pressure (electrostatic). 
Drying due to capillarity applies to all water in 
excess of the equilibrium moisture content at 
atmospheric saturation. However this model does 
not account for the fact that fluid in a porous 
body flows according to Darcy’s law [9]. Also, the 
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model does not consider the mechanical proper
ties of the gel. Recently Scherer [9] has proposed 
a quantitative model for the drying behaviour of 
gels based on a combined capillary flow and 
diffusion mechanism. Experimental results on 
drying of thin sol-gel layers are very rare. Experi
mental results on drying of alumina gels were 
reported by Dwivedi [10]. The purpose of this 
work is to study the drying and the accompanied 
processes such as stress development [11] in this 
sol-gel ceramic membrane layers. In the present 
paper, we report the results of the systematic 
investigation on the drying behaviour of titania 
gel layers. These data were used to identify the 
mechanism of drying during the formation of 
supported ceramic membranes. This knowledge is 
necessary to interpret the results of stress mea
surement during drying [11],

2. Theory of drying

When a piece of gel is dried, in the first stage 
of drying, the volume shrinkage will be equal to 
the volume of water lost by evaporation. This will 
keep the fluid meniscus at the surface of the gel 
body as shown in fig. 1(a). This stage will con
tinue till the solid skeleton attains certain 
strength. In this situation, the volume shrinkage 
rate will no longer maintain the fluid meniscus at 
the surface; the liquid will try to flow to the 
surface of the gel to avoid the more energetic 
solid/vapour interface (fig. 1(b)). This is the first 
falling rate period. This situation will continue 
until the flow from the interior is enough to 
balance the evaporation rate. In the last stage of 
drying, called the second falling rate period, the

gel skeleton

III III III
pore fluid

cba
Fig. 1. Three different stages of drying: (a) constant rate 
period, (b) first falling rate period and (c) second falling rate 

period. 

funicular distribution of water inside the pores 
will become pendular. Now the liquid transport is 
only by diffusion of vapour from the interior (fig. 
1(d)). An excellent review on drying of gels has 
been given by Scherer [9],

3. Experimental

Drying experiments were carried out in a cli
mate chamber (Heraeus VTRK 300). Weight loss 
versus time data of this titania sol-gel drying 
layers were collected at different temperatures 
and relative humidities. In the actual membrane 
formation process, the weight of membrane pre
cursor (hydrogel layer on the porous support just 
after dipping) is very small compared with the 
weight of the support. So the absolute amount of 
water present in the hydrogel layer will be in the 
order of few milligrams. This will make the drying 
experiment with the support/hydrogel layer sys
tem practically impossible. To avoid this diffi
culty, all the drying experiments were performed 
by pouring a dilute (0.3 mol) TiO, sol on a glass 
petri dish. Weight change with time was mea
sured very accurately by using a Mettler mi
crobalance and the data is directly downloaded to 
a PC. The weight of the drying gel was collected 
every 5 min until the weight remained constant. 
This is automatically done by the balance. Experi
ments were carried out with varying amounts of 
starting sol to get drying diagrams for gels with 
different dried thicknesses. Titania sol was pre
pared from titanium iso-propoxide. Preparation 
details are given in ref. [2].

4. Results

The drying experiments described above are 
different from the actual membrane drying in the 
following ways. (1) Water present in the pores of 
the support will interfere with the drying and 
stress relaxation behaviour because water inside 
the pores of the support will act as reservoirs and 
thereby extends the first stage of drying. (2) Inter
face bonding between glass and the gel layer is 
different from that of the support (porous Alu-
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Fig. 2. The weight loss versus drying time data for supported titania gel layers dried at 40°C and 20% relative humidity, +, 60 pim; 
A. 46 pirn; □, 35 pirn, •, 25 pirn; O, 17 pirn.

mina) and gel layer. Even though in many cases 
membranes showed a tendency to delaminate 
from the glass support after drying, for all practi
cal purposes glass/membrane system can be con
sidered as supported membrane at least during 
drying. (3) In the model experiment, thickness of 
the dried layer is always > 10 p.m, whereas the 
thickness of the actual supported membrane layer 
after drying is about 2-6 jim. However, it is 

assumed that in both the cases drying occurs only 
from the top surface.

Figure 2 shows the weight loss versus time 
data of titania gel layers of different dried thick
ness dried at 40°C and 20% relative humidity 
(RH). The data are presented without statistical 
smoothing. We can clearly see that, unlike the 
reported drying data [10], there is practically no 
scatter from the smooth centre line. The weight 

Fig. 3. Diagram showing the change of free moisture content with time. +, 60 |±m; A, 46 p.m; □, 35 p.m; •, 25 p.m; o, 17 pum.
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loss versus time data represented in fig. 2 can be 
converted into a more useful form. It can be 
recalculated into free moisture content versus 
time form. Free moisture content of a wet gel is 
the amount of water which is present in excess of 
the equilibrium moisture content at the given 
temperature and relative humidity. If is the 
total weight of the wet gel (water + dry solid) and 
Ws is the weight of the dry solid content, then the 

fraction of water present at time, t, is given by 
[12]

Xt = (Wt-Ws)/Ws, (1)

and the fraction of water present after drying at 
the given drying condition is given by

Xe = (We-WJ/Ws, (2)

where We is the weight of gel after drying at the 

Free moisture content in Kg H2O/Kg solid

Free moisture content in Kg H2O/Kg solid

Fig. 4. Typical drying rate diagrams for titania gel layers of (a) 60 |im and (b) 35 |xm thickness, dried at 40°C and 20% relative 
humidity.
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set condition. From Xt and Xe, the free moisture 
content, X, can be calculated:

X = Xt—Xe. (3)

Substituting the values of Xt and Xe from eqs. 
(1) and (2) in eq. (3), we obtain the expression for 
the free moisture content:

X=(Wt-We)/Ws. (4)

Using eq. (4), the data presented in fig. 2 are 
recalculated and plotted as free moisture content, 
X, versus time diagram and presented in fig. 3. It 
can be noted from fig. 3 that the initial free 
moisture contents for all the experiments were 
the same irrespective of the layer thickness: it 
was about 42 (kg of water/kg solid). In the case 
of the gel layer with 60 |xm thickness, the initial 
straight line portion extends up to about 540 min, 
representing the constant rate period of drying 
(CRP). This is about 70% of the total drying time 
in this case. The 46 |im thick membrane also 
shows similar behaviour. When the thickness de
creases to about 35 |im, the transition from the 
CRP becomes less sharp compared with the 
thicker membranes. Moreover, the falling rate 
period starts after about 50% of the total drying 
time for the case of thinner membranes (see 
thicknesses < 35 jim).

Drying rate curves can be obtained using 
graphical differentiation by drawing tangents at 
every point in the free moisture versus time curve 
given in fig. 3. Analytically, drying rate, R, can be 
calculated as

R = ~(WS/A) dX/dt, (5)

where A is the area available for drying. In the 
present case, A is about 5.28 X 10~3 m2.

5. Discussion

Drying rates were calculated using the eq. (5) 
and presented in fig. 4. Figures 4(a) and (b) 
represent two typical drying diagram (drying rate 
versus free moisture) of titania gel layer of 60 and 
35 |xm, respectively, dried at 40°C and 20% rela
tive humidity. The straight line portions perpen
dicular to the drying rate axis represent the con

stant rate period of drying. At this stage, the 
drying takes place from the water layer in the 
surface of the gel and there is no fluid meniscus. 
According to the classical drying theory, the dry
ing rate at this stage corresponds to the rate of 
evaporation of the water from a free water sur
face. This prediction is in fact not in good agree
ment with the experimental results. The water 
evaporation rate at 40°C and 20% relative humid
ity was found to be about 1.5 X 10”4 kg/(m2 s) 
whereas the drying rate in the constant rate pe
riod for the titania gel layer is about 1.2 X 10“4 
kg/(cm2 s) which is about 20% less than the 
value for pure water. This difference can proba
bly be due to the fact that the pore fluid is not 
pure water, but a dilute solution of water and a 
higher alcohol. In the present case it is isopropyl 
alcohol. Moreover, the effective drying area avail
able in the constant rate period may be little less 
than the actual area. In all drying experiments, 
the drying rate was slightly higher in the begin
ning of the CRP. This can be clearly seen in fig. 
4(a). This is because at the beginning of drying 
the surface temperature of the gel is higher than 
the wet bulb, Tw, temperature, which is about 
22.1°C at 40°C and 20% RH. When drying pro
gresses, the gel surface will attain the wet bulb 
temperature and then the drying rate will remain 
constant throughout the CRP.

The changing over from CRP to falling rate 
period is relatively sharp in the case of the thick 
gel layer (fig. 4(a)). For thin layers (35 |xm), we 
observe a smooth transition from CRP to falling 
rate period (fig 4(b)). At this stage, the reason for 
this behaviour is not understood properly. A 
probable explanation may be that the thinner 
layers may have more open network structure. 
When the layer thickness increases, the support 
constraint will have less and less influence on the 
overall layer. Moreover densification and rear
rangement due to shearing is easier with thicker 
layers compared with the thinner ones.

The constant rate period starts when the vol
ume shrinkage rate of the gel network can no 
longer cop-up the volume evaporation rate of the 
pore fluid [9]. In this stage, the mass transport is 
predicted to be through a capillary flow mecha
nism [9]. The falling rate period can be approxi-
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Fig. 5. ln('A’/A'c) versus time plot of a gel layer of 60 p.m thickness dried at 40°C and 20% RH, a, experimental points; ---------
best fit line.

mated to a straight line drawn from zero moisture 
content to the critical moisture content, Xc. Criti
cal moisture content is the free moisture present 
in the gel at the changing over from CRP to 
falling rate period. Drying rate at this stage can 
approximately be represented as
R = kX (6)
where k is a constant, which is equal to RC/ATC;

R,. is the drying rate at CRP. Combining eqs. (5) 
and (6) and integrating for time, we obtain 
t = (W,X!:/ARc) ln(Jfc/Jf). (7)
If the mechanism is in fact capillary flow, then 
the slope of the best fit line on the time versus 
X/Xc data should be equal to (WSXC/ARC). From 
this value, the drying rate at CRP can be calcu
lated and compared with the experimental re
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Fig. 6. Diagram showing the time required to reach a given level of free moisture content for membranes of different thickness 
dried at 40°C and 20% RH, A, 25; O, 20; +, 15.
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suits. A plot of time versus X/Xc is given in fig.
5. The Rc value calculated from fig. 5 is in good 
agreement with the experimental value of Rc. 
Therefore we have concluded that the flow mech
anism in the first falling rate period is in fact 
through capillary flow.

The time required to attain a given level of 
free moisture content in the CRP as a function of 
layer thickness is presented in fig. 6. The num
bers in the legends represent the free moisture 
levels reached. As expected, the time required to 
reach a given level of moisture content in the 
CRP will increase with layer thickness. These 
diagrams can be used for predicting the free 
moisture content levels in CRP for titania gel 
layers drying at a given condition.

6. Conclusion

Drying data of sol-gel-derived titania thin lay
ers are reported. In the drying condition studied 
the drying rate versus free moisture content dia
gram showed the constant rate period and the 
first falling rate period as predicted by classical 
drying theory. The second falling rate period was 
not observed because at 40°C and 20% RH the 
equilibrium moisture content will be enough to 
provide a continuous fluid network in the gel. 
The total drying time in the constant rate period 

increases with layer thickness. The drying mecha
nism in the first falling rate period was identified 
as capillary flow. Work is in progress to elucidate 
the mechanism of fluid transport in the second 
falling rate period.
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Silica aerogels were obtained by destabilization of colloidal silica solutions. Samples of different densities, obtained from 
identical elementary spherical particles of known distribution, were prepared. Transmission electron microscopy images of 
the aerogels show the very tenuous structure of an aggregate of spheres, whose average diameter was measured. This 
structure has been analyzed by small-angle neutron and X-ray scatterings. The power-law dependence of the scattered 
intensity, a characteristic of fractal structures, is observed for the lightest sample. A model of the density-density correlation 
function gives a satisfactory account of the experimental result. The different materials have the same fractal dimension, and 
are thus mutually self-similar. The particle sizes measured in both real and .reciprocal space are in good agreement.

1. Introduction

The physical properties of fractal solids de
pend on both the structure and the connectivity 
of the materials. The influence of the sample 
connectivity can be investigated by comparing the 
properties of samples having the same fractal 
dimension, D, but exhibiting differences in the 
way the particles are connected at the micro
scopic or mesoscopic scale.

Silica aerogels are excellent examples of frac
tal materials. It is known that these materials can 
be prepared under various physical and chemical 
conditions, leading to strongly different structural 
and textural characteristics 111. Very different 
fractal dimensions, particle sizes and connectivi
ties have been experimentally observed [2].

2. Experimental techniques

We have used the method of destabilization of 
silica sols to prepare aerogels which are expected 
to have a structure very different from that of 
similar samples obtained by chemical reaction of

organosilicates. In this paper, we present the 
results of a structural characterization of one 
series of such ‘colloidal’ aerogels. Samples were 
prepared using the commercial sol Ludox TM, 
manufactured by E.I. Dupont de Nemours and 
Co. After gelation and subsequent solvent ex
change, samples were hypercritically dried to ob
tain aerogels. Transmission electron microscopy 
(TEM) observations were performed using a Jeol 
2000 instrument. The specimens studied were 
small pieces of aerogel obtained by crushing, and 
deposited on a carbon coated copper grid. Thin 
regions of the aerogel transparent to electrons 
were imaged in the microscope. A typical micro
graph is shown in fig. 1. The sample of bulk 
density 250 kg m-3 shows the very tenuous struc
ture of an aggregate of spheres, with an average 
radius, r0 — 135 A. The polydispersity, as shown 
on the figure, is small: Ar0 - 25 A. It is clear that 
the spherical shape of the sol particles is retained 
in the aggregates which constitute the aeorgel. It 
must also be noted that the connection between 
spheres occurs through narrow necks. Small-an
gle neutron scattering (SANS) experiments were 
carried out on the PAXE spectrometer at the

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Transmission electron micrograph of the colloidal aerogel of density, p = 250 kg m

Laboratoire Léon Brillouin in Saclay, France. In 
order to cover a broad region in the wavevector, 
q, two wavelengths of 6.5 and 18 A combined to 
two sample-to-detector distances of 1.5 and 4.8 m 
were used. The corresponding q values range 
from 2 X 10“3 to 0.3 A1. The background cor
rection was carried out by subtracting an empty- 
cell spectrum from the sample data. The correc
tion for detector efficiency was obtained by divid
ing the data by the spectrum from a purely inco
herent scattering sample, such as water. This also 
provides a normalization of the relative intensi
ties.

3. Results

Figure 2 shows the elastic intensity as a func
tion of q for aerogels of density p = 250, 380, and 
450 kg m-3. It must be noted that the shape of 
the three curves is very similar for q values above 
~ 10“2 A '. In this g-range, the only clear sam
ple dependence occurs in a ^-independent inten-

Fig. 2. Elastic intensity as a function of q for three aerogels of 
different densities. The different symbols refer to different 
set-ups of the instrument. Solid lines are fits as explained in 

the text.



384 M. Foret et al. / The structure of colloidal aerogels

sity factor related to the mass of the scattering 
material. The oscillations at large q are best seen 
in the plot of I(q) X q^ vs, q, shown in fig. 3 for 
the lowest density sample. These oscillations are 
characteristic of the form factor for spherical 
particles. At low q, the power-law dependence 
characteristic of fractal structures is observed over 
about one decade for the lowest density sample, 
(figs. 2 and 3). The value D = 1.8 is deduced from 
the slope value.

A quantitative analysis of these oscillations has 
been performed using the form factor for spheri
cal particles, P{q):

where p is the scattering-length density of the 
silica network and u0 is the volume of the parti
cle. Introducing a distribution in the particle radii 
results in a decrease of the amplitude of the 
oscillations in P{q). The form factor in this case 
tends to the well-known Porod law behavior, 

/J(A/) oc </ 4.
A fit of the entire curve has been successfully 

attempted by introducing the structure factor, 
S(q\ describing the spatial arangement of the 
particles in the fractal aggregates [3], In this case, 
the scattered intensity, I(q), can be written as 
I(<?) a5(«)P(i).

1O“3 ■ T ' - 1 ---------------- 1------------------- -T-------------- T — —r-

Density
250 Kg.m-3

IO"7 - !.. 1 ! . !
2.10"3 10~2 10"1

Wave vector q ( A-1 J

Table 1
Numerical values of the fitting parameters

TEM SANS

r0 (Â) Ar0 (Â) r0 (Â) Ar0 (Â) D

140 30 135 25 1.85

The fitting procedure will be described in more 
detail elsewhere [4], The fitting parameters are 
the fractal dimension, the average radius and the 
polydispersity of the spheres, and a g-indepen- 
dent intensity factor. The results of the fits are 
shown as solid lines in figs. 2 and 3. The numeri
cal values of the fitting parameters are given in 
table 1. The value of r0 is in excellent agreement 
with the TEM observation.

The similarity between the intensity curves for 
the three samples strongly suggests their mutual 
self-similarity [5]. The three aerogels are made of 
the same constitutive particles, and the fractal 
structure of the aggregates is sample-indepen
dent. The only difference must be in the average 
size of these clusters, which is expected to lead to 
a crossover at small q, outside the investigated 
wavevector range.

4. Conclusion

A family of colloidal aerogels obtained by 
destabilization of silica solutions differing only by 
their silica-part iclc concentration was prepared. 
The structure of these samples was investigated 
by TEM and SANS. The size of the spherical 
primary particles was clearly determined by the 
oscillations of the scattered intensity at large q. 
At small q, fractal behaviour was demonstrated 
on the lightest sample with a fractal dimension of 
1.8. This series of samples has a fractal dimension 
very close to that of aerogels prepared from 
organosilicate precursors under base catalysis. A 
comparison of the vibrational excitations on col
loidal and base-catalyzed aerogels should allow 
analysis of the influence of the microstructure on 
the dynamics of these materials.

Fig. 3. Same as fig. 2, plotted as /(<?)x </4 vs. q for the lowest
density sample.
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Monolithic aerogels of hydrated V2O5 containing 0, 5 and 10 mol% GeO2 were prepared from metal alkoxides by 
hydrolysis and supercritical drying. The porosity of the aerogels was > 90%. The aerogels consisted of microfibrils. 
Although temperature was increased to 250°C during drying, higher than the crystallization temperature of V2O5 xerogels, 
X-ray diffraction peaks of crystalline vanadium oxides were not observed for the aerogels. The microhardness of the 
aerogels increased with addition of GeO2. DC conductivity of aerogels was lower than that of bulk xerogels by one order of 
magnitude and was comparable with that of the xerogel coatings in the direction perpendicular to the surface.

1. Introduction

Hydrated V2O5 gels are known to be semicon
ductors with high anisotropic conductivity [1], 
They can be applied to conductive thin coatings, 
switching devices, electrochromic films, elec
trodes for Li-batteries, catalysts, etc. For some 
applications, such as catalysts, electrode materials 
and gas sensors, micro-porous gels may be appro
priate because of their extremely high surface 
area. The structure of micro-porous gels is also 
interesting. In this study, V2O5 aerogels were 
prepared from vanadyl ethoxide. Many results for 
silica and silicate aerogels made by supercritical 
drying have been reported. However, few papers 
on aerogels of non-silicate oxides have been pub
lished. Silica aerogels usually consist of granular 
particles. On the other hand, V2O5 gels are known 
to have a fibrous structure. The authors previ
ously reported preparation of V2O5 gels from 
vanadyl alkoxides and their microstructure [2,3]. 
Effects of additive oxides on physical properties 
of V2O5 gels have been also reported [3,4]. Elec
trical conductivity decreased with addition of TiO2 
or GeO2, but mechanical strength was improved 
by these additives. In this study, the effects of 
GeO2 additions on the physical properties of 
V2O5 aerogels are also discussed.

2. Experimental procedure

V2O5 wet gels containing 0, 5 and 10 mol% 
GeO2 were prepared from VO(C2H5O)3 and 
Ge(C2H5O)4, 99.9%, supplied by Soekawa Rika- 
gaku Co., Tokyo, by hydrolysis in ethanol solution 
without catalyst [2], After aging for 1-3 weeks, 
the wet gels were supercritically dried using an 
autoclave, at 255°C and 210 atm for 1 h. Bulk 
density, volume change and X-ray diffraction of 
the dried gels were measured. Pore size distribu
tion and specific surface area of the aerogels 
were measured by Hg-porosimetry and BET 
method using N2, respectively. DC conductivity 
of the aerogels was measured by the two-terminal 
method using vacuum-evaporated Au films as 
electrodes. The microstructure was observed by 
scanning electron microscopy (SEM). Dynamic 
microhardness of the aerogels was measured us
ing a trigonal diamond pyramid indenter 
(Shimadzu, DUH-200). Bulk xerogels, dried un
der an atmospheric pressure, were also prepared 
for comparison.

3. Results

During aging, shrinkage was observed for the 
wet gels. The shrinkage during aging for 1 week

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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Fig. 1. SEM photographs of fracture surface of the aerogels, (a) V2O5 aerogel, (b) 90V2O5 ■ 10GeO2 aerogel.

was 25-30% in volume. Shrinkage during super
critical drying was < 10% in volume. The bulk 
density of aerogels was about 0.07 g/cm3. This 
value is about 4% of the density of V2O5 xerogels 
(2.0 g/cm3). The porosity of aerogels was larger 
than 90%. The specific surface area of the aero
gels was 140-200 m2/g. The aerogels were black 
in color. This suggests that the aerogels contain 
reduced V ions. The fraction of reduced V ions, 
[Vitali determined by wet chemical analysis or 
estimated from the weight gain by heating in air, 
was 0.2-0.25. These values are nearly the same as 
those of xerogels prepared from vanadyl alkox
ides.

The structure of the aerogels (fig. 1), consists 
of micro-fibrils of less than 10 nm in diameter.

Fig. 2. X-ray diffraction patterns of V2O5 gels (CuKa). (a) 
V2O5 xerogel, heat treated at 260°C for 2 h. ‘o’ - V2O5 
(orthorhombic); (b) V2O5 aerogel, as dried; (c) 90V2O5- 

10GeO2 aerogel, as dried.

The diameter and the length of the micro-fibrils 
seem to decrease with GeO2 addition. Although 
the temperature in an autoclave went up to 255°C, 
no X-ray diffraction peak of crystalline vanadium 
oxides was observed for the aerogels (fig. 2).

The aerogels exhibited a bimodal pore size 
distribution; one is < 20 nm in diameter while 
the other is > 100 nm in diameter (fig. 3). SEM 
photographs also suggest that there are two types 
of pores in the aerogels, small pores of the same 
size as the diameter of micro-fibrils and larger 
pores (fig. 1).

The dynamic microhardness of the aerogels 
was very low in comparison with ordinary glasses 
(table 1). The microhardness increased remark
ably with GeO2 addition. The mechanical strength 
of the aerogels without additives was too low to 
prepare samples for conductivity measurements.

DC conductivity of bulk aerogels was lower 
than that of bulk xerogels by about one order of
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Fig. 3. Pore size distribution of V2O5 aerogel. Pore volume: 
[cumulative volume of pores]/[total pore volume].
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Table 1
Dynamic microhardness of aerogels

Sample Dynamic microhardness
(gf/m2)

V2O, aerogel 3.73
90V2O5 ■ lOGeO, aerogel 10.99
Microscope slide glass 160
Silica glass 250

[GeO2] / mol°/o

Fig. 4. DC conductivity of V2O5 gels at 25’C. 1, xerogel 
coating, parallel to the surface; 2, xerogel coating, perpendicu

lar to the surface; 3, bulk xerogel; 4, bulk aerogel.

magnitude (fig. 4), and was near to the value of 
the xerogel coatings measured in the direction 
perpendicular to the surface (the low-conductivity 
direction).

4. Discussion

Several broad and weak diffraction peaks were 
observed for V2O5 aerogels (fig. 2(b)). The 
diffraction pattern was different from that of 
vanadium oxide such as V2OS, V3O7 and VO2. 
The molar ratio of [H2O]/[V2O5] of the aerogels, 
kept in a desiccator with silica gel, was about 0.5, 
nearly the same as that of the xerogels dried at 
120°C. The fraction of reduced V ion was nearly 
the same as that of the xerogels. V2O5 xerogels 
crystallized when heated at temperatures higher 
than 200°C (fig. 2(a)). These results suggest that 
hydrated V2O5 gel is stabilized by high pressure 
during supercritical drying.

The porosity of the V2O5 aerogels was as high 
as 96%. However, the specific surface area was 

low in comparison with that of silica aerogels, 
which has been often reported larger than 500 
m2/g [5], This result could be attributed to the 
difference in microstructure of the aerogels. V2O5 
aerogels consist of micro-fibrils while silica aero
gels consist of granular particles. Further study is 
needed to clarify the reason for the low specific 
surface area of the V2O5 aerogels.

The dynamic microhardness of the aerogels 
increased with GeO2. The addition of GeO2, 
which can make a 3-dimensional network struc
ture, may introduce a bridge structure in the 
layer-like structure of V2O5 gels, and enable the 
hardness of the gels to increase.

The electrical conductivity of the aerogels was 
isotropic and low. The low conductivity of the 
aerogels may be attributed to high porosity.

5. Conclusions

(1) V2O5 aerogels were obtained by supercriti
cal drying of wet gels prepared from vanadyl 
ethoxide. The porosity was > 90%.

(2) Microhardness of the aerogels was very 
low, but increased with the addition of GeO2.

(3) DC conductivity of the bulk aerogels was 
isotropic and lower than that of the bulk xerogels 
by one order of magnitude.

The authors are very grateful to Professor M. 
Yamane, Dr A. Yasumori and Mr M. Iwasaki of 
Tokyo Institute of Technology for their useful 
advice and help to prepare aerogels.
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Texture evolution of zirconium oxide xerogels prepared 
by sol-gel process
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Zirconium propoxide was hydrolyzed in methoxyethanol in order to obtain zirconia gels. The gels were dried at 110°C to 
get xerogels. The textural and crystalline evolution of these xerogels was investigated as a function of temperature between 
110 and 800°C. The influence of hydrolysis ratio of the zirconium propoxide, as well as the effect of stabilizers such as 
calcium, magnesium and yttrium cations, were studied in order to define the most suitable experimental conditions to obtain 
dense bulk zirconia ceramics.

1. Introduction

It is hoped that the sol-gel process will allow 
production of monolithic zirconia gels which may 
be converted into sintered ceramics by a suitable 
thermal treatment [1], To this end, two conditions 
must be fulfilled: (i) a controlled removal of the 
porosity must be achieved, (ii) cracking of the 
product must be avoided during crystallization.

The metal alkoxides are generally used to pre
pare inorganic oxide gels [2]. In the case of zirco
nium alkoxide, it is known that these alcoholates 
have to be stabilized to avoid early precipitation 
[1,3], In this study, the gels are prepared by 
hydrolysis of zirconium propoxide in methoxyeth
anol without addition of acid or basic catalyst.

The existence of four solid phases of different 
densities prohibits the use of pure zirconia ce
ramics in thermomechanical applications. The 
addition of cations to stabilize zirconia results in 
satisfying mechanical properties. The aim of this 
work is to describe the texture of zirconia gels 
containing magnesium, calcium or yttrium cations 
as well as their sinterability, with the objective of 
preparing dense bulk ceramics.

2. Experimentation

All chemicals are of the highest commercially 
available purity. Zirconium propoxide, magne
sium ethoxide and tetrahydrate calcium nitrate 
were obtained from Aldrich Chemie, and 
methoxyethanol was obtained from Merck.

Zirconia gels containing magnesium oxide 
([MgO]/([ZrO2] + [MgO]) = 0.07) or calcium ox
ide ([CaO]/([ZrO2] + [CaO]) = 0.09) were ob
tained as follows: 20 ml of a IM solution of 
zirconium propoxide and magnesium ethoxide or 
tetrahydrate calcium nitrate (Ca(NO3)2 • 4H2O) 
in methoxyethanol was introduced into a glass 
vessel; 20 ml of a water solution in methoxyethan
ol (2, 3, 4 or 6M) were added under vigorous 
stirring. The complete experiment was conducted 
under inert gas flow. The glass vessel was then 
closed.

After gelation at room temperature and in 
order to complete polycondensation reactions, the 
mixture was aged for 24 h at 50°C. Then the gels 
were dried very slowly at 100°C by opening a 
narrow orifice at the top of the glass vessel.

The gels were ground, heated at a rate of 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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5°C/min under a dry air flow to reach a fixed 
temperature level - the calcination temperature 
- which was maintained for 2 h and cooled to 
room temperature by switching off the oven.

The calcium and magnesium concentrations 
required to partially stabilize zirconia must be 
< 16 mol%. Over 16 mol%, the cubic phase is 
totally stabilized with occurrence of ZrCaO3 or 
MgO.

The nitrogen adsorption-desorption isotherms 
were determined at liquid-nitrogen boiling tem
perature by the classical volumetric method with 
a Sorptomatic Carlo Erba Series 1800 apparatus 
controlled by an IBM Personal Computer. Nitro
gen of high purity (99.98%) was used. Analysis of 
the isotherms was conducted following the 
methodology proposed by Lecloux [4].

Three parameters characterize a sample: the 
hydrolysis ratio, the calcination temperature and 
the stabilizing cation (Mg, Ca, Y). The sample 
identification is based on these three parameters. 
For example, 3H110Ca means a sample with a 
hydrolysis ratio h equal to 3, a calcination tem
perature of 110°C and calcium as stabilizing 
cation.

3. Results

3.1. Influence of zirconium propoxide hydrolysis 
ratio

The hydrolysis ratio is defined by h = 
[H2O]/[Zr(OPr)4]. The gelation rate increases 
and the porous texture is strongly modified with 
the increase of the ratio h.

According to BDDT classification, the sample 
nitrogen adsorption-desorption isotherm shape is 
of type I with a weak hysteresis loop of type B. 
The isotherm type is characteristic of the prepon
derant presence of slit-shaped micropores (width 
w <2 nm) whereas the hysteresis type is charac
teristic of the presence of slit-shaped mesopores, 
i.e., pores constituted by the superposition of 
crystalline parallel plates. Figure 1 is an example 
of these measurements for samples containing 
magnesium cations. The result was qualitatively 
identical with calcium and yttrium [5].

Fig. 1. Nitrogen adsorption-desorption isotherms obtained 
for zirconia xerogels containing magnesium cations. □, ad

sorption; A, desorption.

The BET specific surface area, SBET, strongly 
increases with the hydrolysis ratio. SBET increases 
from very low values (< 0.5 m2/g) to several 
hundreds of m2/g. Likewise, the porous volume, 
V , defined as the volume of the liquid equivalent 
to the gas quantity adsorbed per sample mass 
unit at the saturation pressure, increases with h. 
The generalized v-t plots [6] exhibit a downward 
deviation from the straight line passing through 
the origin (fig. 2). This is observed when micro
pores or slit-shaped pores are present in the 
solid. This result corroborates the above qualita
tive analysis of the isotherm and hysteresis shapes.

Fig. 2. The v-t plots corresponding to the isotherms in fig. 1.
□ , sample 6H110Mg; a, sample 4H110Mg; O, sample

3HU0Mg.



A. J. Lecloux et al. / Texture evolution of zirconium oxide xerogels 391

Fig. 3. Specific surface area distribution curve determined by 
the Brunauer method.---------, sample 6H110Mg;-------------- ,

sample 4H110Mg; • • ■ ■, sample 3H110Mg.

The slope of the linear part of v-t plot passing 
through the origin is another measure of the solid 
specific surface area. This specific surface area, 
St, agrees very well with corresponding SBET. 
Notice that the linear part for high t values is 
nearly horizontal which shows that the large 
mesopore contribution to the specific surface area 
is very small.

Since the v-t plot exhibits a downward devia
tion from the straight line, the specific surface 
area and the microporous volume distributions 
can be determined by the Brunauer method (fig. 

3). The micropore width corresponding to the 
maximum of the distribution ranges about 1 nm. 
The Brunauer specific surface area, Sc®m, agrees 
very well with corresponding SBET and .S’t (table 
1).

The mesoporous cumulative specific area, 
and the mesoporous cumulative specific 

volume, are calculated by the Broekhoff-de
Boer method from the desorption isotherm using 
a shape factor f=l which is valid for slit-shaped 
pores. The contribution of the mesoporous sur
face area to the total surface area, given by the 
ratio ■S',^/SBET, is small. The microporous vol
ume calculated by the Dubinin-Radushkevich 
method, Rdr, is slightly inferior to the total 
porous volume, V, (table 1) which confirms the 
preponderant contribution of microporosity to the 
total porosity. The volume KDR is larger than the 
volume obtained by the Brunauer method, Kum, 
which would indicate that ultramicropores non- 
accessible by the Brunauer method also con
tribute to the microporosity [7],

To summarize, the qualitative and quantitative 
analysis of nitrogen adsorption-desorption 
isotherms gives a coherent description of the tex
ture of zirconia xerogels stabilized by magnesium, 
calcium and yttrium cations. The xerogels are 
constituted by a more or less regular packing of 
bidimensional lamellae, in particular when the 

Table 1
Effect of zirconium propoxide hydrolysis ratio on specific surface area and porous volume of zirconia xerogels

Xerogel Iso
therm

Hyster
esis

CBET SBET 
(m2/g) (cm3/g)

St 
(m2/g)

cB ‘-’cum 
(m2/g)

JZBr cum
(cm3/g)

wmax
(nm)

eBdB 
cum 

(m2/g)
pzBdB
’cum
(cm3/g)

^DR
(cm3/g)

2H110Mg <0.5
3HU0Mg I B 51 55 0.042 55 56 0.019 1.10 15 0.027 0.032
4H110Mg I B > 300 205 0.126 206 204 0.041 1.00 15 0.036 0.110
6H110Mg I B 161 284 0.181 289 287 0.118 0.95 39 0.076 0.163

3H110Ca <0.5
4H110Ca I B >300 162 0.090 165 178 0.041 0.90 3 0.017 0.085
6H110Ca I B >300 174 0.090 179 196 0.068 0.80 5 0.009 0.090

3H110Y I B 141 120 0.076 122 117 0.039 0.85 26 0.069 0.061
4H110Y I B 148 247 0.127 251 249 0.097 0.90 35 0.051 0.110
6H110Y I + IV E 81 325 0.225 323 336 0.179 1.30 184 0.175 0.170

CBET, constant of the BET equation; SBET, BET specific surface area; JZp, porous volume; St, specific surface area obtained by the 
generalized t-method; Brunauer specific surface area; Ecpm, volume obtained by Brunauer method; >vmax, maximum width of 
micropores; S^, mesoporous cumulative specific area; Kum'’ mesoporous cumulative specific volume; For, microporous volume 
calculated by the Dubinin-Radushkevich method.
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gelation rate is slow [8,9], In the electron micro
graph of sample 4H110Mg, parallel lines are ob
served, which confirms the lamellar structure (fig. 
4). Indeed, these lines probably correspond to 
parallel gliding planes caused by internal tensions 
occurring during the drying.

3.2. Calcination temperature

The shape of the nitrogen adsorption-desorp
tion isotherms and the shape of the v-t plots of 
xerogels calcined between 110 and 400°C are not 
modified during treatment. The solids remain 
microporous.

The evolution of the specific surface area as a 
function of calcination temperature is given in fig. 
5 for xerogels of zirconia partially stabilized by 
magnesium cation.

The specific surface area decreases and finally 
disappears when calcination temperature rises. 
The smaller the hydrolysis ratio, the lower the 
disappearance temperature.

For sample 6H110Mg, the phenomenon seems 
to occur following two different mechanisms al
ready evidenced for other samples especially for 
zirconia stabilized by yttrium cations [5,10].

The X-ray diffraction shows that xerogel sam
ples of zirconia partially stabilized by magnesium 
and calcium cations crystallize above 500°C in

Fig. 4. Scanning electron micrograph obtained for sample 
4H110Mg.

n
250

O»

300

100 150 200 250 300 350 400 450

T (°C)

3H110Mg ' 4H110Mg □ 6H110Mg

Fig. 5. Evolution of specific surface area as a function of 
calcination temperature for: □, sample 6H110Mg; a, sample 

4H110Mg; O, sample 3H110Mg.

cubic structure, whereas sample 3H110Mg cal
cined at 800°C exhibits, aside from MgO, three 
crystalline solid phases of zirconia, i.e., the mono
clinic, the tetragonal and the cubic phases [11].

Differential scanning calorimetry and IR spec
troscopy show that the transformation of ZrO2 • 
2H2O to ZrO2, corresponding to the elimination 
of water of hydration, takes place in the tempera
ture range between 110 and 400°C [11,12],

4. Conclusions

Hydrolysis of zirconium propoxide in methoxy
ethanol leads to gel formation. These gels dried 
at 110°C give xerogels constituted by ZrO2 • 
2H2O. The gelation rate very markedly increases 
with the hydrolysis ratio. These xerogels which 
contain a few percent of calcium, magnesium or 
yttrium exhibit large specific surface areas and 
are microporous. The pores correspond to ‘slit
shaped’ pores following BDDT classification. An 
increase of the zirconium propoxide hydrolysis 
ratio leads to an increase of the total specific 
surface area, of the total porous volume and of 
the microporous volume.

When the samples are calcined at tempera
tures > 110°C, the specific surface area and the 
porous volume progressively disappear and falls 
beyond the measurement range between 150 and 
400°C depending on the hydrolysis ratio and the 
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stabilizing cation. The samples crystallize in cubic 
structure at temperatures of about 500°C.

This preliminary study shows the possibility of 
controlling the densification of zirconia ceramics 
by monitoring the synthesis and heat treatment 
conditions.
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Section 8. Fibers

Fibers from gels
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The preparation of glass and ceramic fibers via sol-gel processing is reviewed. The sol-gel method enables preparation of 
not only glass fibers but also ceramic fibers which cannot be obtained or are very difficult to obtain by conventional melting. 
The occurrence of spinnability of a sol is discussed in relation to the shape of condensed polymers formed in the sol and the 
rheological behavior of the sol. Examples of the sol-gel-derived glass and ceramic fibers prepared to date are given, with 
potential applications.

1. Introduction 2. Basic aspects of the sol-gel fiber drawings

Sol-gel processing has become one of the most 
important methods for preparing new functional 
inorganic and inorganic-organic hybrid materials. 
This is due to the versatility of the sol-gel method 
which (1) can significantly improve properties of 
products, (2) produces new materials with new 
functionality, and (3) produces directly shaped 
materials in bulk, fiber and thin film form [1],

Sakka, Kamiya and co-workers [2-8] have 
drawn SiO2 and several silicate gel fibers through 
hydrolysis and polycondensation of tetraethoxysi
lane (TEOS) and other metal alkoxides. Since 
then, a tremendous number of works have been 
made to prepare not only glass fibers, but also 
ceramic fibers which cannot be obtained by con
ventional melt-drawing. This paper presents the 
basic aspects of sol-gel fiber drawings and intro
duces the practical applications.

Fiber drawing from the sol is one of the most 
important aspects of the method, because this 
makes it possible to produce continuous ceramic 
fibers which cannot be obtained by other meth
ods. In order to draw precursor gel fibers from a 
sol, the rheological behavior of the sol should be 
first taken into account. Next, various parameters 
affecting the spinnability of the sol have to be 
considered.

2.1. Rheological behavior and spinnability

It should be noted that all sols do not exhibit 
spinnability [6]. Figure 1 shows the time depen
dence of the viscosity for TEOS-H2O-C2H5 
OH-HC1 (or NH3) solutions with different com
positions as listed in table 1. In all the solutions, 
the viscosity increases gradually in the early stage

Table 1
Gelling characteristics of Si(OC2H5)4 solutions of various compositions [6]

Solu
tion

Composition of solution (g) Catalyst a) h2o/
Si(OC2H5)4 
(mole ratio)

Volume
(cm3)

Content
SiO2 
(g/100 cm3)

Gelling 
time 
(h)

Spinn
ability

Appearance 
of gelSi(OC2H5)4 H2O C2H5OH

1 169.5 14.7 239.7 HC1 1 510 9.61 525 Good transparent
2 382.0 33.0 83.4 HC1 1 550 20.1 360 Good transparent
3 169.5 292.8 37.5 HC1 20 500 9.8 248 No a little turbid
4 50 3.8 47.6 NH4OH 1 118 12.2 565 No a little turbid
5 50 7.6 47.6 nh4oh 2 120 12.0 742 No a little turbid

a) The mole ratio [HCl]/[Si(OC2H5)4] or [NH4OH]/[Si(OC2H5)4] is 0.01.

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Aging time/h

Fig. 1. Variation of the viscosity of Si(OC2H5)4 solutions with 
time. Crosses indicate the gelation [6].

of hydration and condensation and then sharply 
in the later stage up to 102-103 Poise where 
gelation takes place. Only solutions 1 and 2 which 
are hydrolyzed with a small amount of water and 
catalyzed by acid become spinnable at viscosities 
higher than 10 Poise. On the other hand, solution 
3 hydrolyzed with a large amount of water and 
solutions 4 and 5 catalyzed by NH3 do not be
come spinnable even though the viscosity reaches 
10 Poise.

It is generally known that only a solution con
taining elongated particles is spinnable [6]. The 
shape of polymers formed in a sol can be evalu
ated to some extent by means of rheological 
treatment. Solutions containing chain-like or lin
ear polymer and spherical particles, respectively, 
give the following relations between the reduced 
viscosity, 77sp/C, and the concentration of poly
mers, C:

7jsp/C = [77] + Æ[t7]2C (for linear polymers) 
and
7)sp/C = k'[ 77]/p (for spherical polymers), 

where 77 sp is the specific viscosity, [77] is the 
intrinsic viscosity, p is the density of particles and 
k, k' are constants.

Figures 2(a) and (b) show the concentration 
dependence of the reduced viscosity for solutions 
1 and 5 catalyzed by acid and base, respectively, 
as a function of the normalized reaction time, 

r/tg, where tg is the gelation time [6]. In solution 
1, the slope of straight lines in the early stage of 
hydrolysis is as small as that of Ludox containing 
only spherical particles and the lines become 
steeper especially in the later stage like an alkali 
metasilicate solution containing linear silicate 
oligomers. This indicates the formation of linear 
oligomers responsible for spinnability in solution 
1. Solution 5 exhibits no spinnability and the 
reduced viscosity, T]sp/C, is independent of con
centration, C like Ludox. This indicates that the 
shape of polymers is neither linear nor chain-like, 
but spherical.

The intersection of the 77sp/C vs. C plot with 
the ordinate in fig. 2 gives an intrinsic viscosity, 
[77], which can be related to the number average 
molecular weight, Mn, by the equation [9] 

[77]=™“,
where k" is a constant and a a constant depend
ing on the shape of polymers, i.e., a = 0 for rigid, 
spherical particles, a = 0.5-1.0 for flexible, 
chain-like or linear polymers, a can be evaluated 
from the log-log plot of [77] vs. Mn as shown in 
fig. 3. Solutions 1 and 2 where r = [H2O]/ 
[TEOS] = 1 and 2 give the slopes of the log [77] 
vs. log Mn plots of 0.75 and 0.64, respectively. 
This indicates that elongated polymers are formed 
in these solutions. In solution 3 with r = 5, elon-

Fig. 2. Concentration dependence of the reduced viscosity, 
i7sp/C, of solution 1 (a) and solution 5 (b) at different f/t 

[6].
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Fig. 3. Relation between Mn and [77] of the trimethylsilylated 
siloxane polymers for Si(OC2H5)4 solutions with different 

ratios of H2O to TEOS, r [9],
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Fig. 4. Model of siloxane oligomers formed at the early stage 
of the hydrolysis of Si(OC2H5)4 with /'-values of 1.0, 1.7 and 2 

[10],
gated polymers are formed in the early stage and 
then develop into three-dimensional or spherical 
polymers in the later stage just before gelation as 
shown by the change of a from 0.5 to 0.2 on 
proceeding of the reaction. In solution 4 contain
ing a large amount of water of r = 20, a is as 
small as 0.34 throughout the hydrolysis and con
densation process, indicating that three dimen
sional or spherical polymers are formed. The 
results stated above are summarized in table 2.

Kamiya et al. [10] examined the hydrolysis and 
condensation reactions of TEOS at 80°C in the 
low r range from 1 to 2 by means of gas chro-

matography and molecular weight analysis. They 
found that siloxane oligomers with the average 
polymerization degree, n, of 2-7 depending on r 
are formed in the early stage as shown in fig. 4 
The polymerization and the number of silanol 
group per oligomer increase with increasing r. 
The Si-OH groups of an oligomer, which are 
active sites, undergo further condensation reac
tion to form the higher degree of polymers in the 
later stage where the solution becomes spinnable. 
Since the number of active sites per oligomer is

Table 2
Compositions and properties of Si(OC2H5)4 solutions [6]

Solution a> Si(OC2H5)4
(g)

H2O,
rb>

c,h5oh
(ml)

Concentration
of SiO2 (wt%)

Spinnability Time for gelling
(h)

1 169.5 1.0 324 33.3 yes 233
2 178.6 2.0 280 42.3 yes 240
3 280.0 5.0 79 61.0 no 64
4 169.5 20.0 47 33.5 no 138

a) The ratio [HCl]/[Si(OC2H5)4] is 0.01 for all glasses.
b) r expresses the ratio [H2O]/[Si(OC4H5)4J.
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Fig. 5. Model of linear polymers consisting of siloxane 
oligomers formed at the later stage of the hydrolysis and 
condensation of Si(OC2H5)4 with small /--values of 1.7 (after 

Kamiya et al. [10]).

limited due to a small amount of added water, 
such oligomers do not form highly branched poly
mers but less branched, elongated polymers as 
shown in fig. 5. This model is in fair accordance 
with the results obtained by Brinker and Assink 
[11] using 29Si NMR, that the most dominant Si 
species in the spinnable solutions are Q2 and Q3 
for r = 1.5 and Q3 for r = 1.7.

Sacks and Sheu [12] examined flow properties 
of SiO2 sols at various shear rates and found that 
the best spinnability occurs in the sol which shows 
the maximum degree of shear thinning behavior 
without exhibiting thixotropy. This condition can 
be accomplished by choosing the appropriate 
chemical composition with low water content (r 
= 1.5-4) and acid catalyst.

Kozuka et al. [13] also found very important 
phenomena in the system Si(OC2H5)4-H2O- 
C2H5OH-HC1 at the molar ratio of H2O to 
Si(OC2Hs)4 fixed at 2: the sol becomes spinnable 
at viscosities of 10-100 Poise during aging in the 
open system where the vaporization of solvents 
can take place, while spinnability is completely 
absent when the sol is aged in a closed system 
where no vaporization loss occurs. The viscosity 
measurements of the sols at different shear rates 
revealed that sols aged in an open system exhibit 
Newtonian flow behavior until gelation, while sols 
prepared in a closed system change from Newto
nian to shear thinning to thixotropic during aging.

From these results, the following conclusions 
can be drawn. The spinnable sol aged in the open 
system is made up mainly of long-shaped poly

mers which are not highly branched but less 
branched even in the later stage of reaction as 
stated above [10], Such a sol becomes spinnable 
as the vaporization of solvents proceeds and, ac
cordingly, the viscosity increases as a result of the 
concentration of the sol. This indicates that mod
erate vaporization of solvent and water during 
aging is necessary for obtaining spinnable sols. 
On the other hand, non-spinnable sol aged in the 
closed system contains highly branched, three-di
mensional polymers in the later stage of reaction 
even though the water content is limited to a 
molar ratio as small as 2 relative to Si(OC2H5)4.

2.2. Other parameters affecting the spinnability

2.2.1. The types of alkoxy I groups
There are many types of metal alkoxides com

mercially available with different alkoxyl groups. 
Sakka and Kozuka [14] examined the occurrence 
of the spinnability of sols prepared from various 
silicon alkoxides such as Si(OCH3)4, Si(OC2H5)4, 
Si(OiC3H7)4 and Si(OC4H9)4. They found that 
spinnability appears at viscosities from 10-100 
Poise in all the sols irrespective of the types of 
alkoxyl groups when the H2O/Si(OR)4 molar 
ratio of the starting solution is kept at 2 and an 
acid catalyst is used. A big difference in gelation 
time is observed between them. The time when 
the sol becomes spinnable is retarded and the 
time period when the sol remains spinnable is 
prolonged as the size of alkoxyl group becomes 
larger.

2.2.2. Di- and tri-functional silane
The spinnability of sols prepared from 

(CH3)Si(OC2H5)3 or (CH3)2Si(OC2H5)2 which 
has a number of functional groups lower than 
Si(OC2H5)4 [15] is of interest. The tri-functional 
(CH3)Si(OC2H5)3 shows a polycondensation be
havior similar to tetra-functional Si(OC2H5)4, 
yielding spinnable sols before gelation. On the 
contrary, the bi-functional (CH3)2Si(OC2H5)2 
which is more likely to form linear polymers on 
hydrolysis and condensation does not give any 
spinnable sols because of the formation of non
linear, ring-shaped oligomers in the sol as re
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vealed by the relation between [77] and Mn, and 
infrared spectra.

2.2.3. Content of HCl as catalyst
As stated previously, an acid has to be added 

to alkoxide-water-alcohol solutions in order not 
only to catalyze the hydrolysis reaction but also to 
form linear polymers [6], In addition, the acid is 
known to play a very important role in narrowing 
the immiscibility gap in the system Si(OR)4- 
H2O-ROH. Addition of HCl of 0.001 in the 
molar ratio to Si(OR)4 drastically broadens the 
miscibility region as shown in fig. 6; however, 
beyond 0.01 no difference is observed [16],

Next, we consider how HCl affects the 
spinnability of sols. Figure 7 shows the variations 
of the spinnable region (A) of sols aged at 30 and 
80°C with HCl content in the molar ratios of HCl 
to Si(OC2H5)4, h, of 0.001, 0.01 and 0.1 [16]. The 
increase in HCl content shifts the spinnable re
gion slightly to the ethanol-rich and water-poor 
side. This can be explained as follows. Since HCl 
promotes the hydrolysis and subsequently the 
polymerization, more dilute or lower water sols 
are favorable to form less branched polymers.

2.2.4. Reaction temperature
Increase of the reaction temperature causes 

narrowing of the spinnable region in

(mol7.)

Fig. 6. Variation of miscibility region in the Si(OC2H5)4- 
H2O-C2H5OH-HC1 solutions with different HCl/ 

Si(OC2H5)4 molar ratios, h [16].

Fig. 7. Variation of the spinnable region (A) in the
Si(OC2H5)4-H2O-C2H5OH-HCl solutions with different
HCl/Si(OC2H5)4 molar ratios, h: (a) at 30°C and (b) at 80°C; 

.......... , h = 0.001;----------- , h = 0.01;--------- , h = 0.1 [16],

Si(OC2H5)4-H2O-C2H5OH-HCl system as 
seen from fig. 7 [16]. However, the most remark
able effect of rising reaction temperature is to 
shorten the gelation time by about two orders of 
magnitude, which is industrially very important.

3. Application

Examples of the sol-gel derived glass and ce
ramic fibers made so far are listed in table 3.

3.1. Silica and silicate glass fibers

The sol-gel technique makes it possible to 
synthesize SiO2 glass fibers at temperatures be
low 1000°C, which are of great technological im
portance. Continuous SiO2 glass fibers are now 
industrially drawn by Asahi Glass Co., from which 
products such as cloth, tape, sleeve, mat and 
paper are fabricated as shown in fig. 8 [17]. Such 
products have: (1) extremely high purity, (2) high 
tensile strength at high temperature, (3) low dete
rioration compared to fused quartz fibers and (4) 
low dielectric constant and loss. These outstand
ing features can meet special demands of the 
semiconductor industry.

Several silicate glass fibers were prepared in 
the systems SiO2-TiO2 (TiO2: 10-50%) [2], 
SiO2-Al2O3 (30%) [4], SiO2-ZrO-> (ZrO2: 7- 
48%) [5,18] and SiO2-ZrO2-Na2O [5], SiO2- 
TiO2 fibers are characterized by zero thermal 
expansion. High ZrO2-containing silicate fibers 
are very important due to high alkali resistance
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Table 3
Examples of fibers made by the sol-gel method

Fibers (systems) Characteristics Ref.

Silica and silicate glass
SiO2 insulating [6-8,17]

Si0o-Ti02 (10-50%) zero expansion [2]
SiO2-Al2O3 (30%) insulating [4]
SiO2-ZrO2 (7-48%) alkali resistant [18]
SiO2 -ZrO2 -Na2O [5]

Alumina and aluminate
Al2O3-SiO2-(B2O3)
AI2O,-Na,O

high modulus [19-22]

(p-alumina) ion conduction [23]

Stabilized zirconia
ZrO2: Y2O3 insulating [24-26,30]
ZrO2:CaO insulating [27-29]
ZrO2:CeO2, CuO [29]

Titania and titanate
TiO2 insulating [31]
BaTiO3 ferroelectric [32]
PbTiO3 non-linear 

optic
[33,34]

Niobate
LiNbO3 dielectric, SHG [35]

Nitride
Si-O-N high modulus [36]
TiN electron-

conducting [37]

Superconductor
YBa,Cu3O7_v super- [38,39,41]
Bi-(Pb)-Ca-Sr-Cu-O conducting [42]

[43]

which permits their use for reinforcing cement 
products.

3.2. Alumina and aluminate fibers

A12O3 ceramic fibers containing 15% SiO2 with 
tensile strength of 1.8 GPa are fabricated from 
the sol containing aluminoxane polymers by Sum
itomo Chemical Company in Japan [19]. They 
consist of -y-Al2O3 particles of 5 nm grain size. 
SiO2 is added to prevent transformation to a- 
A12O3. 3M Company in USA [20] also fabricated 
Al2O3-SiO2-B2O3 ceramic fibers from concen
trated A12O3 sol, SiO2 sol and boric aid. Nextel

Fig. 8. Some silica fiber products (Asahi Glass Company).

400 fibers consisting of t|-A12O3 have a tensile 
strength of 2.1 GPa. Nextel 480 consisting of 
mullite phase has a tensile strength of 1.7-2.4 
GPa. Maki and Sakka [21,22] made A12O3 fibers 
from sols using aluminum inorganic salts such as 
A1C13 and A1(NO3)3 • 9H2O. They also showed 
that only the alumina sol which shows near New
tonian behavior becomes spinnable based on the 
rheological measurement.

|J-A12O3 can be fabricated into fibers from 
sols prepared using A1(NO3)3 • 9H2O and NaNO3 
as starting materials [23],

3.3. Zirconia and zirconate fibers

Partially stabilized zirconia (PSZ) or tetragonal 
zirconia polycrystals (TZP) are important struc
tural and refractory materials. Fibers of these 
materials can be potentially used as high temper
ature insulating and fiber reinforcing materials.
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Diameter/um

Fig. 9. Tensile strength of 1000°C fired llCaO-89ZrO2 fibers 
from Ca(NO3)2 plotted against the cross-sectional area. The 
broken line denotes the envelope for those from 

Ca(CH3COO)2 [29],

ramic fibers from Ca(NO3)2 is larger than that 
from Ca(CH3COO)2, especially when the fiber 
diameter is > 20 |xm, as seen from fig. 9. This 
can be explained as follows. The acetate groups 
involve abrupt decomposition at 450°C, leading to 
damage of the ceramic fibers, while the nitrate 
groups decompose gradually as revealed by the 
DTA-TG analysis.

Kamiya et al. [29] also made CeO2-stabilized 
ZrO2 fibers containing 10 and 19 mol% CeO2 
using Zr(OC3H7)4 and Ce(NO3)3. The tetragonal 
ZrO2 phase is fully maintained up to 1100°C for 
10CeO2ZrO2 and up to 1400°C for 19CeO2 • 
81ZrO2 fibers. The maximum tensile strength is 
1.1 GPa for 19CeO2 ■ 81ZrO2 fibers heated at 
1000°C. Moreover, the addition of 1 mol% CuO 
was found to improve the tensile strength to as 
high as 1.8-2.0 GPa for fibers of about 10 |xm in 
diameter. It is considered that CuO effectively 
acts as sintering agent.

Sakurai -et al. [30] developed an interesting 
method for fabricating Y2O3-stabilized ZrO2

Y2O3-stabilized ZrO2 fibers with tensile 
strength of 0.3-0.7 GPa are commercially fabri
cated by the so-called polymeric fiber precursor 
process method, in which rayon fibers are loaded 
with ZrOCl2 in aqueous solution and then fired 
[24]. However, this method involves many compli
cated processes thus the fibers obtained are very 
expensive.

Leroy et al. [25] and Marshal et al. [26] pre
pared Y2O3-stabilized ZrO2 fibers using ZrO 
(CH3COO)2 and Y(NO3)3 • nH2O as starting ma
terials. Marshal et al. obtained the tensile strength 
of 1.5-2.6 GPa per 15 fibers of 2-5 |xm in diame
ter. The value is lower than expected by about 
two orders of magnitude. This lower strength is 
probably due to the use of acetate.

Kamiya and co-workers [27-29] investigated 
the CaO-stabilized ZrO2 fiber drawings in the 
system Zr(OC3H7)4-Ca(CH3COO)2 or 
Ca(NO3)2-H2O-C2H5OH-HCl and established 
the spinnable composition regions. Although no 
significant difference in hydrolysis and polycon
densation reaction between Ca(CH3COO)2 and 
Ca(NO3)2 used as CaO source is observed, the 
tensile strength of the CaO-stabilized ZrO2 ce

Zr(o-OBu)< 1 90 wt%
J BuOH solution

30 wt%
aqueous solution

1—

| Mixing | 

j

BuOH Evaporation--- y
Transparent sol

♦
Concentration at 60°C

ZrO2 fibers

Fig. 10. Flow chart for preparing Y2O3-stabilized ZrO2 fibers 
from the sol containing H2O2 [30].
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fibers from Zr(OC4H9)4-Y(NO3)3-C4H9OH- 
HtO2-HNO3 solution, as shown in fig. 10. In this 
method, butanol used as solvent and produced 
during hydrolysis is removed at 60°C under vac
uum. This concentration process gives rise to a 
spinnable sol, from which transparent gel fibers 
can be drawn. Since the sol does not contain any 
organics, high purity ZrO2 fibers free from resid
ual carbon are obtained. IR and Raman study 
reveals that H2O2 is assumed to form Zr-O-O- 
Zr and 

bondings. Based on this result, the following lin
ear polymer is proposed:
— O—Zr—O —O—Zr —

-6— Zr—6-0 — Zr—.

3.4. Titania and titanate fibers

TiO2 fibers of 10-100 |im in diameter were 
prepared by Kamiya et al. [31] from TiO2-H2O- 
C2H5OH-HC1 solutions where the molar ratio of 
H2O to TiO2 ranges from 1 to 4. As-drawn 
amorphous gel fibers were crystallized to anatase 
crystals on heating. A part of anatase phase 
transformed to rutile at 700°C. Fibers fired at 
700°C were transparent in appearance due to 
crystallite size of less than 25 nm. Fibers fired at 
750°C consist of rutile phase only and become 
translucent.

Complex oxide fibers of BaTiO,, which is one 
of the most important ferroelectric materials, 
have been prepared by Yoko et al. [32] from 
Ti(OiC3H7)4-Ba(OC2H5)2 or Ba(CH3COO)2- 
H2O-C2H5OH-CH3COOH solutions. In this 
system, the addition of large amounts of acetic 
acid was required in order to obtain spinnable 
sols. Spinnability appears even when no water is 
contained in the sols. Therefore, it is assumed 
that the formation of linear polymers was com
posed of bridging acetate groups such as Ti-O- 
C(CH3)-O-Ti rather than metalloxane bonding 
of Ti-O-Ti. Single phase perovskite BaTiO3 
fibers are obtained by heating above 600°C. Curie 

temperature is observed for the BaTiO3 fibers 
heated above 600°C.

Amorphous and crystalline perovskite PbTiO3 
fibers can be drawn from the sol containing care
fully hydrolyzed Pb-Ti complex oxide according 
to Kamiya and co-workers [33,34]. The sol with 
less water content, i.e., smaller molecular weight 
polymers, is favorable for obtaining amorphous 
fibers, while those with larger water content are 
likely to give PbTiO3 perovskite fibers with a high 
degree of crystallinity. Ammonia water treatment 
of the as-drawn amorphous PbTiO3 fibers in
creases the transparency due to the removal of 
acetate groups. This may suggest that the trans
parent amorphous PbTiO3 fibers can be applied 
to the non-linear optical uses. The crystalline 
PbTiO, fibers can be used for pyroelectric 
sensor.

3.5. Lithium niobate fibers

Lithium niobate is also an important piezo
electric and pyroelectric materials, which is ap
plied to the surface acoustic wave (SAW) devices 
and the electrooptic devices for optical switches 
and second harmonic generation (SHG). Hirano 
et al. [35] prepared LiNbO3 fibers from 
Li(OC2H5) and Nb(OC2H5)5-H2O-C2H5OH 
viscous sol. As-drawn gel fibers crystallize directly 
to single phase LiNbO3 fibers upon heating at 
450-600°C and have a dielectric constant of 10 at 
10 MHz.

3.6. Oxynitride and nitride fibers

It is known that the partial nitridation of oxide 
glasses increases the elastic moduli, hardness, 
softening temperature and chemical durability. 
Kamiya et al. [36] prepared Si-O-N fibers from a 
viscous CH3Si(OC2H5)3-H2O-C2H5OH-HCl 
sol. The use of monomethyltriethoxysilane makes 
it possible to incorporate larger amounts of nitro
gen on heating in ammonia atmosphere than the 
use of Si(OC2H5)4. Nitride silica fibers contain
ing 6.2 wt% N have much higher alkali-resistance 
than non-nitrided silica fibers.

TiN fibers were prepared by heating the sol- 
gel-derived TiO2 fibers in ammonia atmosphere
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above 900°C by Kamiya et al. [37]. The fibers are 
gold in color and have metallic conduction.

3.7. Cuprate superconducting fibers

A number of attempts have been made to 
prepare YBa2Cu2O7_x superconducting fibers 
from various types of starting materials such as 
alkoxides [38-40] and acetates [41], Since the 
alkoxides of the constituent metals, in general, 
have low solubility in alcohol, selection of the 
solvent is very important. The as-drawn gel fibers 
turn into ceramic fibers on heating at 900-950°C 
but they are often hollow and porous. To avoid 
this, a very low heating rate (0.16°C/min) or 
addition of fine superconducting oxide powders 
prepared beforehand is effective.

Bi-Pb-Sr-Ca-Cu-O superconducting fibers 
were prepared by Zhuang et al. [42] from aque
ous solutions containing metal acetates. They be
come homogeneous and spinnable when a tar
taric acid is added. Heating of as-drawn gel fibers 
to 835-845°C results in superconducting fibers 
mainly consisting of high-Tc phase with Tc(end) = 
98 K.

Nasu et al. [43] also prepared superconducting 
fibers of Bi: Sr: Ca: Cu = 2:2:1:2 from metal 
naphthenate solution mixed with oxide powders 
of corresponding composition. Heating of as- 
drawn gel fibers to 840°C for 24 h gives the 
BijSrjCajCuiOy fibers with TJonsct) = 85 K and 
Tc(end) = 58 K, Addition of Ag2O increases the 
Tc(end) from 58 to 72 K.

The authors are greatly indebted to Professor 
Kanichi Kamiya of Mie University for providing 
the recent data.
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Characterization of sol-gel derived coatings on optical fibers
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TiO,, ZrO2, SiO2-TiO2 and TiO2-ZrO2 thin layers were prepared on a quartz fibre substrate by dip-coating. The 
coating thickness and composition was measured by interferometry, electron miscroscopy EDAX and X-ray. The coating 
thickness was observed to increase with fibre diameter. A theoretical model analogous to the Landau-Lewich equation was 
derived and tested on experimental data to explain this dependence.

1. Introduction

The preparation of thin glassy or ceramic lay
ers on optical fibres offers new possibilities in the 
development of optical fiber sensors. The electric 
field fiber sensors have been developed based on 
single-mode optical fiber coated by a piezoelec
tric thin layer prepared by sol-gel processing [1], 
Potential applications of PZT ceramic coated op
tical fiber in medical and in-line acousto-optic 
devices have been shown [2].

The sol-gel procedure is believed to have ad
vantages in coating complex shapes and large 
areas [2], Most applications mentioned require 
preparation of a layer with thickness about 5 |xm. 
The successive procedure with firing each layer 
after each coating cycle was used to obtain a 
thick crack-free layer. Dip-coating [1,2] and a 
continual coating procedure [3,4] have been used 
for layer preparation.

In this work TiO2, ZrO2, SiO2-TiO2 and 
TiO2-ZrO2 thin layers were dip coated on quartz 
fibers of different diameters. A theoretical model 
for the liquid layer thickness on a substrate with 
cylindrical symmetry and dip-coating conditions 
analogous to the Landau-Levich equation was 
derived. The results of characterization of the 
properties of thin oxide layers on optical fibers 
with the electron microscopy, X-ray analysis and 
interferometry are presented. The results of 

thickness of heat treatment layer are used to 
justify the derived model.

2. Theoretical model

Landau and Levich [5] dealt with the case of 
an infinite plate being withdrawn vertically from 
vessel. For low capillary numbers Nca = p,U/a, 
where p is the viscosity of the liquid, U with
drawal speed and a surface tension, they derived 
an equation for the liquid film thickness, f

I V/2 
t = 0.944Ac1/6 — , (1)

where p and g are solution density and gravita
tional acceleration constant, respectively. Straw
bridge and James [6] used the following equation 
for calculation of densified coating thickness, ip, 
prepared from a solution containing polymers: 

(2)

where J is the dimensionless volume flow rate, ps 
is the solvent density and pp is the density of 
densified coating. Equation (2) is valid for both 
low and high capillary number regimes. Guglielmi 
and Zenezini [7] proved that an equation analo
gous to eq. (2) correctly describes the relation 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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between densified layer thickness, withdrawal 
speed and properties of the Si(OC2H5)4 solution.

Experimental measurements of thickness of 
thin films on fiber substrates have shown a de
pendence of densified layer thickness on fiber 
diameter [4]. To explain this observation, an ap
proach analogous to Landau-Levich was used. 
The starting relation can be expressed by the 
steady-state equation of impulse flow:
p d / d<4 \ 1 dP 
pr dr \ dr / p dz

where P is the pressure in the liquid, vz is the 
liquid velocity in the direction of withdrawal z, r 
is the radius, and g and p are as defined above. 
The free surface boundary conditions are ex
pressed by the eq. (4) and the fibre surface 
boundary conditions by eq. (5):

<7
(4)

Table 1
Experimental (tm) and calculated (tc) thickness (nm) of densi
fied coating (withdrawing velocity 25 cm/min, fibers diameter 
160 pm and 300 pm)

System 
(oxide)

C
(mol/1)

Diameter 160 pm Diameter 300 pm

h <c «m
Ti 0.5 25 20 32 20
Zr 0.23 15 - 20 30
Si/Ti 0.16/0.25 19 25 29 20
Ti/Zr 0.26/0.09 16 - 24 20

ance (6) and calculated thickness of liquid layer, 
t:
tCMp = tpPp. (6)

In eq. (6), Mp is the average molecular weight of 
densified coat, and C is the molar concentration 
of alkoxide in the starting solution. The results of 
computation and measurements are shown in fig. 
1 and table 1.

(5)
In eq. (4), R is the radius of free surface curva
ture. The defining equation of R for cylindrical 
surfaces was taken from ref. [8].

Starting equations (3)—(5) were numerically in
tegrated. The thickness of densified layer was 
calculated by using of the equation of mass bal-

3. Experimental

3.1. Solutions preparation

Precursor solutions were prepared by mixing 
alkoxide with solvent and HC1 (36 wt%).

l__¡120

<n m

ZrÔi 25 cm/min
TIOt 10 cm/mln

TIOi 10 cm/mln
TIO» 25 cm/min
ZrOi 10 cm/min

-H-H-FMeas. T7O» 25 cm/min 
ZrO> 10 cm/min 

>c <Meas. ZrO. 25 cm/mln

140

270
Fibre Diameter [jim]

Fig. 1. Comparison of the calculated and measured TiO2 and ZrO2 coating thickness (C = 1.6 and 1.51 mol/1, respectively).
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Table 2
Characterisation of the precursor solutions

E, ethanol; IP, isopropanol; B, butanol; DEG, diethylenglycol; 
AC, acetylacetone; PD, 1,2 propandiol; T, Triton X-100; /?w, 
ratio H2O/alkoxide.

System
(oxide)

C
(mol/1)

p.X103
(Pa s)

5 X103

(N/m)
Remark

Ti 0.6 0.6 3.6 22.2 IP, PD
Ti 1.6 3 9.5 26.9 IP, AC
Zr 0.23 1.9 4.4 21.9 IP, DEG, T
Zr 1.51 8 9 28.9 B, AC
Si/Ti 0.16/0.25 2.6 3.5 22.9 E, PD
Ti/Zr 0.26/0.09 2.1 4 23.2 E, PD

Si(OC2H5)4, Ti(i-OC3H7)4 and Zr(n-OC3H7)4 
(70% solution in propanol) were used as starting 
materials (Alfa products). The coating solution 
composition, viscosity and surface tension are 
shown in the table 2. Viscosity of the solution was 
measured with an Oswald viscosimeter; surface 
tension was measured by capillary tension 
method, and density by pycnometry after ultra
sonic stirring of the solutions for 30 min. The 
precursor solution was pressure filtered through 
a membrane (f. Millipore) with pore diameter 
< 1 |im.

3.2. Coating procedure

Silica fibers with diameter 160, 200 and 300 
ixm were used as substrates. Surfaces were 
washed in detergent, cleaned in a ultrasonic bath, 
rinsed with distilled water and dried. Coatings 
were deposited in a closed chamber at 21°C in an 
atmosphere with 60% relative humidity for with
drawal speeds of 10 and 25 cm/min. The samples 
were heated at 500°C for 30 min after 15 min 
standing in the chamber.

4. Thickness measurements

The surface curvature, small diameter and com
plex structure of the optical fiber with coating 
present difficulties in coating thickness determi
nation.

4.1. Interferometry

The thickness of refractive index of the coating 
can be measured by interference methods. The 
Shearing immersion interference methods were 
used in reflected and transmitted light. There is a 
low intensity of reflected light from the surface of 
coated (about 20%) and uncoated fiber (about 
4%).

In the case of transmission interference, the 
optical path difference, A, can be expressed by 
the relation

A = (nf — nf)df + 2ncdc, (7)

where nf, df, nc, dc, n{ are the refractive index 
of fiber, diameter of fiber, refractive index of a 
coating, thickness of the coating and refractive 
index of immersion, respectively. Thickness mea
surement accuracy depends on the refractive in
dex difference, n{ — nc, and on the refractive 
index value, nc. Layers on fibers with diameter 
> about 300 |xm can be hardly measured by this 
method. Complex refractive profile of the fiber 
can bring about uncertainty in the interpretation 
of interference pattern.

An Interphako interference microscope (Carl 
Zeiss Jena) was used for the interference mea
surements. Glycerol and distilled water were used 
for the immersion. The refractive index of the 
immersion was measured by refractometer.

Fig. 2. Example of TiO2 coating thickness measurement by 
electron microscopy.
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Fig. 3. Example of TiO, coating composition measurement by 
EDAX analysis.

4.2. Electron microscope

The electron microscope with EDAX analysis 
was used for characterisation of coating thickness 
and composition. To prepare the sample for mea
surement, the fiber with the coating was scored 
with a diamond cutting tool, broken and mea
sured. The surface was covered by Ag before 
measurement. An example of TiO2 coat thickness 
and composition is demonstrated in fig. 2 and fig. 
3, respectively. The diagram in fig. 2 was drawn 
on the basis of computer analysis of photography.

4.3. X-ray analysis

The thickness or density of the coating in this 
method can be calculated from the experimen
tally or theoretically determined dependence of 
intensity of X-ray radiation on the thickness and 
properties of material. For the estimation of 
thickness, the density of material must be known. 

In the case of partially sintered coats, great errors 
can arise unless the coating density is indepen
dently determined.

The methods described above were tested for 
the measurements of coat thickness. The results 
are reported in table 3.

5. Discussion

It has been observed (table 1, fig. 1) that the 
coating thickness on cylindrical symmetry sub
strates depends on the radius of the substrate. 
Coating thickness increases with increasing sub
strate diameter. The model derived correctly pre
dicts the trend of coating thickness dependence 
on fiber diameter. The observed difference can 
be explained by errors of measurement and the 
simplifications including in the model.

Analysis of results of experimental thickness 
determination shows that the direct thickness in
formation can be gained from electron mi
croscopy. Some disturbances of the coat geometry 
can be observed in fig. 2. It is practically impossi
ble to decide if the disturbances are caused dur
ing coating preparation, by sample measurement 
or by boundary effects. Other information about 
of coating density or refractive index must be 
obtained to permit calculation of the coating 
thickness. Because of the small fiber diameter, 
independent measurement of the quantities will 
be hardly possible. Most applications of such 
fibers fortunately need coating thickness higher 
than 0.5 |j.m. In such cases, optical microscopy 
can be used. From a knowledge of coating thick
ness and interference measurements, the refrac
tive index of coatings and therefore its porosity 
can be estimated.

Table 3
Comparison of TiO2 coating thickness measured by various 
method

Method Thickness TiO2 layer (41m)

Interferometry 0.09 ±0.05
Electron microscopy 0.18 + 0.1
X-ray analysis 0.14 + 0.05

6. Conclusions

The coating thickness on the cylindrical sub
strate has been shown to depend on substrate 
geometry. A model was derived to correlate the 
dependence of layer thickness on dip-coating pro
cess parameters and solution properties. X-ray 
analysis, interference methods and electron mi
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croscopy have been determined to be useful for 
thickness and composition measurements.
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Section 9. Thin films and coatings

Electrical and optical properties of chemically derived 
ferroelectric films

D.R. Uhlmann, G. Teowee, J.M. Boulton, S. Motakef and S.C. Lee
Department of Materials Science and Engineering, Arizona Materials Laboratories, University of Arizona, Tucson, 
AZ 85721, USA

Wet chemical (sol-gel) methods have been used to synthesize a variety of ferroelectric (FE) thin films, most notably lead 
zirconate titanate. Ferroelectric films have a wide variety of applications ranging from non-volatile memory devices to 
pyroelectric detectors. Recent progress in this area of sol-gel processing is surveyed, and examples are illustrated by results 
from the authors’ laboratory. It is concluded that impressive results have been achieved in the chemical processing of FE 
films, but that more effective collaboration needs to be established between chemists/ceramists knowledgeable about wet 
chemical processing, and device technologists knowledgeable about the characteristics of coatings.

1. Introduction

Chemically derived thin films are receiving in
creased attention for their electrical and optical 
properties. Among such films, those of ferroelec
tric (FE) ceramics appear to offer particular 
promise for device applications [1,2], To date, 
major emphasis has focused on the PbO-ZrO2- 
TiO2 (PZT) system. Comparison of sputtered and 
wet chemical derived lead zirconate titanate 
(PZT) films shows that the latter films have gen
erally superior FE properties and offer enhanced 
ease of fabrication [1,2], Besides the PZT system, 
a range of other FE compositions have been 
explored in some depth. The present paper re
views progress in these areas. It represents an 
update of previous reviews [1,2], widened to in
clude LiNbO3, LiTaO3, KNbO3, Bi4Ti3O12 and 
various relaxor compositions including recent data 
from our laboratory.

2. Lead titanates

Numerous PbTiO3-containing films, such as 
PZT and PbO-La2O3-ZrO2-TiO2 (PLZT), have 
been prepared using wet chemical methods. The 

methoxyethanol-based approach is common, but 
MOD (metallorganic decomposition) using car
boxylate precursors has received increasing atten
tion [3], Recent papers on sol-gel-derived PZT 
films have concentrated on characterization, par
ticularly of properties relating to reliability [4-6]. 
Studies of the chemical aspects such as degree of 
hydrolysis, solution pH, and catalysts [7] repre
sent only discrete parts of the larger picture. 
Issues such as control of pore size and distribu
tion, sintering kinetics and crystallization path
ways remain to be explored.

Emphasis has been placed on materials and 
process optimization, especially for FE memory 
applications [8], Fatigue studies of PZT have dealt 
with long-term reliability during dynamic opera
tion [4], The present circuit used for data storage 
remains the transistor-and-FE capacitor scheme. 
Ferroelectric field effect transistors (FETs) were 
explored in the past (e.g., Bi4Ti3O12 on Si) [9], 
but they suffer from excessive leakage current 
and poorly controlled surface states at the semi- 
conductor-FE interface [9], An infrared optical 
FET based on sputtered PbTiO3 has been devel
oped; however, this device is predominantly uti
lized as a sensor [10], Certain PLZT compositions 
can be used for optical data storage applications

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved



410 D.R. Uhlmann et al. / Properties of chemically derived ferroelectric films

[11] and for high er dielectric films, particularly in 
the paraelectric lead lanthanum titanate system
[12] , Newer circuit schemes are needed to ad
dress the stored data bits in such a way that 
fatigue can be minimized or use a more compact 
configuration to increase packing density. This is 
an area where synergism between the circuit de
signer and materials scientist is needed.

On firing sol-gel-derived PZT films, it was 
found that crystallization can begin before final 
organic burnout or densification. It is difficult to 
obtain a fully dense amorphous PZT coating. For 
both sputtered [12] and sol-gel-derived [13] films, 
the paraelectric pyrochlore phase is observed for 
films heat treated at lower temperatures. In sol
gel films, temperatures higher than 525°C for 
PZT [14] or 600°C for PLZT [15] are required to 
obtain monophasic perovskite. Films treated at 
higher temperature can suffer from Pb loss, lead
ing to the formation of a Pb-poor pyrochlore such 
as PbTi3O7 [16],

Sol-gel-derived films typically have mi
crostructures consisting of micrometer-sized 
‘rosettes’ (each radial arm emanating from a cen
tral nucleation site is a PZT single crystal per
ovskite), surrounded by fine grained (< 200 A) 
pyrochlore, especially in films with high Zr/Ti 
ratios [17], Figure 1 shows a typical rosette in our 
PZT 65/35 film on SiO2 heated at 850°C. No

0006 15KU X10,000 In» HD 6
Fig. 1. Typical rosette microstructure in a PZT65/35 film 

heated at 850°C. 

such crystallites are observed in sputtered films 
(see, for example, ref. [12]). This observation may 
reflect differences in the chemical composition of 
the pyrochlore phase present in the films. In 
sputtered films, the pyrochlore phases consist 
nominally of Pb2Ti2O6 or PbTi3O7, while those 
in sol-gel PZT films contain Zr, i.e., 
Pbo.75Zri.5Tio,5Or or Pb12Zr12TiogOA. [18]. The 
presence of Zr in the pyrochlore phases attests to 
the chemical homogeneity of the latter films.

Sol-gel PZT films exhibit a finer perovskite 
grain size excluding the rosettes [2]. Such fine 
grain microstructures, coupled with better control 
of stoichiometry and enhanced homogeneity, are 
responsible for superior dielectric behavior com
pared with sputtered films [2],

Reliability is probably the most important is
sue in the commercialization of sol-gel PZT films. 
The conduction of charge in a FE film is a 
complex phenomenon which involves grain 
boundary scattering, domain switching and polar
ization saturation at higher applied voltages, ionic 
motion, traps within the film and localized film
electrode electrochemical reactions. More explo
ration of these phenomena is needed if highly 
reliable PZT films are to be achieved. Aging, 
fatigue, leakage current, radiation hardness and 
time-to-dielectric breakdown need considera
tions. The conduction process across FE capaci
tors can involve field and/or thermal activated 
processes such as Schottky or Frenkel emission, 
and space charge limited or ohmic conductions.

One study of current density vs. voltage, V, 
characteristics of PZT films indicates an ohmic 
conduction at low field and an exponential de
pendence on V at moderately high field [4]. An
other study [8] showed Frenkel’s Law behavior, 
with current density aE1/2. The activation energy 
for conduction ranges from 0.33 to 1.44 eV, sug
gesting a strong functional dependence of mate
rial properties on processing variables. The high 
values of polarization in PZT films reflect their 
superior leakage current characteristics com
pared with conventional paraelectric oxides such 
as Ta2O5. Space charge conduction arising from 
oxygen depletion at the PZT-Pt interface has 
been detected, especially after fatiguing for 1010 
cycles [19], The leakage current is a strong func-
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Fig. 2. Effects of cycling frequency on fatigue of a PZT 53/47 film heated at 725°C.

500Hz

1kHz

20kHz

tion of the electrode metal used (i.e., the work 
function of the metal).

Time-to-dielectric breakdown (TDDB) is a 
pressing reliability issue. In most TDDB studies, 
at constant applied voltage, the current steadily 
decreases before catastrophic breakdown. For a 
conventional oxide capacitor (e.g., SiO2) and some 
PZT films [4], the leakage current initially de
creases with time due to filling of traps within the 
oxide until breakdown occurs, at which time the 
current increases dramatically by orders of mag
nitude. In our films heated at 700°C and those of 
other researchers [5], the leakage current in
creased gradually rather than decreasing with 
time. While the leakage current of our film was 
high, no breakdown occurred for applied voltages 
of 10 and 15 V within 1000 s.

Many recent papers on PZT films deal with 
FE memory applications, with emphasis on fa
tigue and switching issues [19,20], Proposed den
drites of conductive Ti3+ filaments have yet to be 
directly confirmed by microscopy; however, theo
retical modelling [20] based on a dendritic growth 
model provides good agreement with switching 
data on sol-gel PZT films.

A fatigue life of less than 1013 cycles has been 
observed [5], even though a projected fatigue life 

as high as 1016 cycles has been suggested [6]. 
Results shown in fig. 2 obtained from our PZT 
films indicate that fatigue resistance is higher for 
higher cycling frequencies. This observation would 
be expected because at higher frequencies, the 
number of domains able to respond to the field 
and switch is smaller. This fact is illustrated in 
fig. 3 for our PZT 53/47 film heated at 700°C. 
Here the dielectric constant was measured as a 
function of frequency. Note the lower value of er 
measured at higher frequencies. At high frequen
cies, only a few domains will be able to switch;

Fig. 3. Dielectric constant with frequency of a PZT 53/47 film
heated at 700°C.
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also, cycling will not fatigue the majority of the 
domains. Several fatigue studies have employed 
high cycling frequencies such as 1 MHz [3] and 
625 kHz [21],

There is, unfortunately, no widely used proto
col for fatigue testing. Ideally, one should fatigue 
at a frequency where the hysteresis loop is mea
sured, but this may require considerable time 
since 108 cycles at 60 Hz requires 19 days. I-V 
data from our PZT 53/57 film heat-treated at 
700°C showed that 109 polarization reversals in
duced severe fatigue degradation, leading to a 
dramatic increase in leakage current. Another 
interesting manifestation of fatigue in that same 
film is the appearance of an internal built-in field 
arising from space charge accumulation which 
shifts the hysteresis loop along the coercive field 
axis.

Our recent work demonstrated that the resis
tance to fatigue of PZT films can be strongly 
influenced by processing [22], This is illustrated 
by the data shown in fig. 4 for PZT 53/47 films. 
While films processed by some routes exhibit 
significant decreases in remanent polarization af
ter about 106 cycles, films processed by other 

routes show no significant fatigue to about 108 
cycles.

Considerable effort has been directed towards 
tailoring the orientation of PZT films to optimize 
FE properties. Epitaxy has been amply demon
strated; e.g., (Ill) PLZT on sapphire [12], (111) 
PZT on (111), platinum [23], and c-axis PbTiO3 
on MgO [24]. c-axis PbTiO3 films are desired due 
to the low dielectric constant, er, and high pyro
electric coefficient which maximizes the pyroelec
tric figure of merit. The degree of preferred 
orientation and its direction are important in 
determining the final film properties since the 
spontaneous polarization is directed along the 
direction of the preferred orientation, namely 
c-axis. The er is lowest measured along the polar
ization direction; this fact explains why c-axis 
oriented PbTiO3 films exbibit low er, since the c 
direction is the same as that of the polarization 
(see fig. 5).

Our results on PZT 53/47 films treated at 
700°C for 30 min demonstrated that films with a 
strong (100) preferred orientation exhibit a higher 
dielectric constant (er ~ 1800) than that of a ran
dom oriented film (er ~ 1300). It is easier to

No. of Switching Cycles

Fig. 4. Effect of fatigue on PZT 53/47 film heated at 700°C.
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a-axis oriented 
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Fig. 5. Correlation between preferred orientation and direc
tion of spontaneous polarization for tetragonal PZT films.

obtain epitaxial effects with tetragonal PZT films 
than rhombohedral films. (Ill) oriented PZT 
40/60 films have been reported on (111) oriented 
Pt [21], while PZT 60/40 films on (111) Pt did 
not exhibit preferred orientation [3]. Note that in 
rhombohedral PZT, the spontaneous polarization 
lies in the (111) direction. The relative preferred 
orientation of the underlying Pt layer also affects 
the overall hysteresis loop shape of the PZT 
films, especially the polarization; however, the 
coercive field remains the same [17],

The switching time in PZT films during polar
ization reversals should be as small as possible to 
maximize the data transfer rate in FE memory 
applications. Domain reversal upon application 
of an electric field can occur through domain 
nucleation, domain growth along the field direc
tion and/or sidewards motion perpendicular to 
the field direction (see, for example, ref. [25]). 
Differences in switching times for PZT films can 
be attributed to differences in switching mecha
nisms (i.e., whether domain nucleation or growth 
is the limiting step) or device geometry or 
specifics. Switching times of 1.8 ns have been 
reported [25], although this value represents the 

measuring instrument limit. A BaTiO3 film is 
predicted to switch in 0.1 ns [25], Often external 
circuit capacitive parasitics affect the measured 
switching time. The effective switching mecha
nisms are highly dependent on the applied field, 
thickness of film, temperature (relative to Tc) and 
domain structure of the film.

PbTiOj-based films are utilized more for their 
electrical than their optical properties, except in 
the case of PLZT films which are used in elec- 
trooptical applications [1]. Most sol-gel-derived 
thin films are polycrystalline and at best epitaxial, 
which is a serious drawback for their exploitation 
in optical devices. Grain boundaries in polycrys
talline films provide regions of either composi
tional or structural discontinuity which produce 
undesirable variations in refractive index leading 
to elevated scattering loss. There are a few re
ports on waveguides based on sol-gel PbTiO3- 
based films (see, for example, ref. [26]), but the 
losses are high and were not reported in detail.

The indices of refraction of various sol-gel 
derived and sputtered PbTiO3-based films are 
tabulated in table 1. The index is high (~ 2.5), 
reflecting the presence of lead which provides a 
high polarizability. Low Pb-content films such as 
PbTi4O9 have an index of ~ 2.1. Incorporation 
of La tends to increase the index as indicated in 
table 1. Okada found that a pyrochlore PZT 
52/48 film had an index of ~ 1.65, compared 
with a value of ~ 2.36 for the corresponding 
perovskite film [33].

Table 1
Refractive index of various lead titanate films

Materials Refractive index Ref.

Sol-gel PbTi4O9 2.10 26
Sol-gel PbTiO; 2.35-2.65 27
Sol-gel PZT 2.6 28
Sol-gel PbTiO, 2.4-2.Ó 29
Sputtered PLZT 28/0/100 2.55 30
Sputtered PbTiO ; 2.4 12
Sputtered PLZT 28/0/100 2.4-2.7 12
Sputtered PLZT 28/0/100 2.6 31
Sputtered PLZT 28/0/100 2.5 32
Sputtered PZT 52.48 2.36 33

Pyrochlore 1.65 33
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Table 2
Variation of refractive index with heat treatment temperature 
for PZT (53/47) films on silicon and platinized silicon sub
strates

Temp. (°C) Index of refraction Substrate

As-dried 1.32 Si
200 1.57 Si
300 1.71 Si
400 1.73 Si
500 1.65 Si
650 2.00 Pt/SiO2/Si

The index of our chemically derived PZT 
(53/47) films was determined as a function of 
heat treatment conditions. As shown in table 2, it 
increases with increasing heat treatment temper
ature reflecting the effect of film densification. 
At temperatures above 400-500°C for films de
posited directly on Si, the index begins to de
crease. This decrease is due to interfacial reac
tions at the PZT-Si interface leading to the for
mation of SiO2 and/or lead silicate species. When 
the films are deposited on platinized wafers, the 
index continues to increase significantly above 
500°C, reflecting the absence of interfacial reac
tions (see table 2). Selected dopants have a con
siderable effect on the index of PZT films. We 
have found that incorporation of only 2.4 at.% 
Ta, for example, increases the index by 13% to a 
value of 2.26.

The electro-optic properties of chemically de
rived PbTiO3-based films were discussed previ
ously [1], The linear and quadratic electro-optic 
coefficients of such films are summarized in table
3. The linear coefficient increases with increasing 
Zr/Ti ratio [28] in sol-gel-derived PZT films.

Table 3
Electro-optic coefficients of chemically derived PbTiO3-based 
films

Composition Linear coefficient
(10“10 m/V)

Quadratic 
coefficient 
(10~16 m2/V2)

Ref.

50/50 0.4 0.4 11
8/65/35 0.3 0.5 15
60/40 0.2 0.01 28

PLZT films can exhibit non-linear optical phe
nomena. Results from our laboratory, reported 
elsewhere at this meeting, show that second har
monic generation from sol-gel-derived PbTiO3 
thin films on quartz depends on processing, com
position, orientation and microstructure [34].

Chemically derived PbTiO3-based films are 
used in some optical devices. An optical connec
tor based on the transverse field modulated elec
trooptic effect in PLZT waveguides has been 
proposed [29]. A PZT/Si heterojunction exhib
ited photocurrent and photovoltaic effects upon 
illumination [35]. The photosensitivity of PZT 
50/50 films at near UV wavelengths was mea
sured as 10 3 cm2 erg-1. This was 103 times 
larger than that of bulk ceramics and is attractive 
for optical storage [11].

3. LiNbOj, LiTaO3, KNbO3

LiNbO3, LiTaO3 and KNbO3 thin films for 
optoelectronic applications should: (1) be single 
phase perovskite for KNbO3, and single-phase 
ilmenite for LiTaO3 and LiNbO3; (2) be electri
cally insulating for large applied electric field 
(> 200 kV/cm); (3) have low optical loss; and (4) 
be ferroelectric.

KNbO3 thin films are the hardest to fabricate 
due to the appearance of multiple phases during 
processing [36]. Hence more attention has been 
directed to LiNbO3 and LiTaO3, which display 
large linear and non-linear optical effects and 
excellent acoustic properties for surface acoustic 
wave devices [37]. LiTaO3 has a lower Tc which 
makes it easier to depole and less stable for 
surface acoustic wave applications but provides 
higher pyroelectric coefficients [38]. LiNbO3 is of 
interest in piezoelectric and electro-optic applica
tions including second harmonic generators [39], 
surface acoustic wave devices, dielectric wave
guides [39], optical parametric oscillators [40] and 
optical modulators [40].

Molecular beam epitaxy and rf sputtering have 
been used to prepare thin layers of LiNbO3; 
however, liquid phase epitaxy is still favored to 
obtain single crystalline layers [41,42], Growth of 
single crystals is susceptible to incongruent melt
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ing and requires substrates which can withstand 
high melting temperatures such as LiTaO3 [43], 
They are typically grown from a congruent melt, 
but a non-stoichiometric composition, 48.6% 
Li2O, is employed to minimize compositional 
fluctuations which affect birefringence [43],

Baumann et al. [44,45] have recently rf sput
tered high quality thin films of LiNbO3 on Si. 
The films showed c-axis preferred orientation if 
the substrate was Si(lll) and many preferred 
orientations on Si(100). Difficulties encountered 
include different sticking coefficients of the con
stituents and secondary phases.

Sol-gel processing of LiNbO3 can be carried 
out at low temperatures and provides high purity 
and control of stoichiometry. Hirano et al. [46] 
reported a sol-gel method of forming stoichio
metric Ti-doped LiNbO3 films, epitaxially crystal
lized at 400°C on sapphire substrates. The index 
of these films is controlled by the amount of Ti 
present with more dopant producing higher index 
values. Ti ions are considered to remain in the 
LiNbO3 film without diffusion to the substrate 
due to the low processing temperature. The er is 
~ 22; however, there are no data on attenuation 
losses in sol-gel-derived LiNbO3 films. Such 
losses from epitaxial films are expected to be 
comparable to those from sputtered epitaxial 
LiNbO3 or LiTaO3 (~8dB/cm) [47], The value 
of tan <5 depends on the choice of metal contacts 
used [47],

Amorphous LiNbO3 films prepared on Si or 
sapphire single-crystal substrates from controlled 
alkoxide solutions begin to crystallize at tempera
tures as low as 250°C. Films on sapphire sub
strates crystallize with a preferred orientation, 
but not on Si(lOO) and Si(lll) substrates [48]. 
The crystallinity of the initial thin-film coating of 
LiNbO3 significantly influences the crystallization 
of films deposited subsequently [49]. When sin
gle-crystal LiNbO3 is used as a substrate, sol-gel 
processing results in an epitaxial growth of the 
films [50],

Hagberg and Payne recently studied the elec
trical and optical properties of grain-oriented 
(006) LiNbO3 deposited by sol-gel methods on 
polycrystalline Pt and (0001) sapphire [51]. Layers 
on Pt exhibited grain orientation with a loss tan

gent of 0.005 at 25°C and 1 MHz. No variation in 
index was observed as a function of increasing 
thickness; however, it was observed to increase 
with degree of crystallinity (1.93-2.05) and in
creasing Ti content (2.05-2.12). Such tailoring of 
the index is used in preparing waveguides [51]. 
Finally, LiNbO2 layers were found to be highly 
transmitting from 1000 to 3200 cm-1 [52],

Hysteresis loops from amorphous sol-gel-de- 
rived LiNbO3 films annealed at 110°C have been 
reported [53], The films were amorphous by elec
tron and X-ray diffraction. This finding is unex
pected considering that lack of centrosymmetry is 
a prerequisite for ferroelectricity. By contrast, 
our amorphous PZT films do not exhibit FE 
behavior, after heat treatment at 450°C. The P-E 
relation is a straight line, as seen in fig. 6(a).

Ferroelectric switching measurements on rf- 
sputtered single-crystal LiNbO3 have also been 
reported [54]. Single crystal LiNbO3 platelets, 
30-35 |±m thick, were switched and the sponta
neous polarization was calculated to be 71 
p,C/cm2. The switching transient was completed 
in about 500 ns [54],

In piezoelectric applications, LiTaO3 has at
tracted much interest because of its excellent 
quality factor and high electromechanical cou
pling [38]. It also has excellent potential for res
onators and filters because certain combinations 
of cut angle and mode of vibration exhibit zero 
temperature coefficient of frequency [38]. LiTaO3 
single crystals have also been used for surface 
acoustic wave devices [38]. The pyroelectric prop
erty of LiTaO3 is applicable in infrared detectors 
and structures with good performance, and high 
reliability suited to mass production have been 
developed [55].

Much of the research in the area of LiTaO3 
single-crystal films has involved growth from the 
meh or from solution [56], Optical quality layers 
of LiTaO3 have also been grown by sputtering. 
Kanata et al. [56] have grown epitaxial LiTaO3 on 
A12O3 using rf magnetron sputtering from targets 
containing excess Li2O. A strong correlation be
tween the optical properties of the films and the 
sputtering power and deposition rates was re
ported. A lower sputtering power caused unre
lieved stress which resulted in higher optical
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(a)

Fig. 6. Hysteresis loops from (a) amorphous (fired at 450°C) 
and (b) perovskite (fired at 700°C) PZT 53/47 films. Scale per 

division: horizontal, 60 kV/cm; vertical, 15 |xC/cm2.

(b)

propagation loss and shifted Raman mode fre
quencies.

In sol-gel processing of LiTaO3, stoichiomet
ric crystalline fine powders and films have been 
synthesized at temperatures as low as 250°C by 
the controlled hydrolysis of double alkoxide solu
tions [48]. LiTaO3 films on sapphire substrates 
showed preferred orientation, but not on Si sub
strates [48]. The causes of the granular structure 
of LiTaO3 on sapphire substrates include rapid 
hydrolysis during heating and the anisotropic 
thermal expansion of LiTaO3 [48], No FE mea

surements of sol-gel processed LiTaO3 have been 
reported.

LiTaO3 is also considered an appropriate sub
strate for LiNbO, thin films. The lattice con
stants of LiNbO3 are very close to those of LiTaO3 
and the thermal expansion matches in the Z 
direction. Since the index of LiNbO3 is consider
ably larger than that of LiTaO3, a thin layer of 
LiNbO3 on LiTaO3 should guide light [57].

KNbO3 is potentially the highest speed trans
verse electro-optic modulator material and is ap
plicable for integrated optic device miniaturiza
tion in areas of guided wave optics and optical 
shutters. Other applications include high-speed 
infrared detection and phase conjugation [58-60]. 
KNbO3 also fulfils the requirements for second 
harmonic generation from pulsed Ga^Al^As 
injection lasers operating at room temperature 
[61].

KNbO3 crystals melt incongruently and un
dergo phase transitions upon cooling which can 
lead to cracking [62], Computer-controlled ion 
beam sputtering has recently been used to de
posit thin films of KNbO3 [63], The KNbO3 lay
ers were polycrystalline on Si (100) at a substrate 
temperature of 600°C, while layers grown on MgO 
(100) at the same temperature were mostly single 
crystal. Low optical scattering loss was measured 
for the epitaxial layers.

Tuttle et al. [36] reported the first FE mea
surements of chemically prepared KNbO3 thin 
films. Polycrystalline KNbO3 thin films were fab
ricated by dip coating Pt film substrates and 
(0001) sapphire wafers in methanolic solutions of 
KOH and Nb(OEt)5. Perovskite KNbO3 was ob
tained for both bulk gels and films by firing at 
800°C. Table 4 summarizes the measurements in

Table 4
Electrical and ferroelectric properties of chemically derived 
KNbO3 films [36]

Electrical resistivity: 1010 £l cm
Dielectric constant: 300
Dissipation factor: 0.04
Remanent polarization: 4.5 (jiC/cm2
Spontaneous polarization: 8.3 |iC/cm2
Coercive field: 55 kV/cm



Table 5
Sol-gel-derived ferroelectric relaxor films

Composition Ref.
Pb(MgI/3Nb2/3)O3

Substrate a) Electrical properties CommentsPrecursors

alkoxides p-MgO, sc-MgO, Pt/Si er = 1800, tan 8 = 0.03 (1 kHz and (111) orientation
0.1 Vrms at RT) (0.5 pm film. heating rate affects
700°C/30 min) orientation on Pt

2-methoxyethanol route Pt/Si er = 1000-1250, tan 8 = 0.11-0.04 
(36 and 12 kV cm at RT); Ec =
18 kV cm1. Ps = 6 pC cm 2

(100) orientation

75-77

70

Pb[(Mg i/3Nb2/3)0 9Ti0 JO, 2-methoxyethanol route Pt/Si er = 2200, tan 8 = 0.030 (100 kHz 
and 0.1 Vrms at RT)

Ec = 28 kV/cm, Pr = 6.3 pC/cm2 for a
0.25 pm film

(100) orientation.
Properties influenced by 
additives, relative 
water content, 
concentration and the 
use of excess Pb.
Perovskite contents of 
~ 99% could be obtained

78

Pb(Fe1/2NbI/2)O3

Pb0.37Ba0.63Nb2O6

Sro.6Ba0.4Nb206
1 kHz) be prepared by poling
Ec = 51 kV/cm, Pr = 34 pC/cm2 (n-Si) b) during firing
Ec = 68 kV/cm, Pr = 18 pC/cm2 (p-Si)
(0.9 pm films)

alkoxides p-MgO, sc-MgO, Pt/Si - - 76
2-methoxyethanol route Si er = 81. tan 8 = 0.22 (10 kHz) tr decreases in firing 

above 300°C attributable 
to Si oxidation

83

alkoxides Si Ec = 32 kV/cm, Pr = 34 pC/cm2 (n-Si) 
Ec = 65 kV/cm, Pr = 13 pC/cm2(p-Si)

b> _ 35

1.1 pm film

alkoxides Si, GaAs, SiO2 f r = 145 (30°C, 0.3 pm film on Si, Orientated films could 86-89

Pb(Sc1/2Ta1/2)O3 two-layer process sc-MgO Significant spallation 91, 92
(ScTaO4 and PbO) sc-sapphire of film

a) p = polycrystalline; sc = single crystal.
b' Values here are not intrinsic film values, but are more representative of the FE/semiconductor configuration.
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response to a 1 kHz, sinusoidal field of 300 
kV/cm.

In the most recently reported sol-gel study 
[62], single phase KNbO3 has been successfully 
prepared by two methods: (1) hydrolysis of 
KNb(OC3H7)6/propanol solutions and (2) hydro
lysis of KNb(OC2H5)6/ethanol solutions using 1 
mol of water per mole of ethoxide. Careful con
trol over the hydrolysis rate of the bimetallic 
alkoxide is critical for preparing single phase 
KNbO3. In order to form KNbO3 thin films by 
this method, a calcination temperature at 700°C 
is required to obtain the orthorhombic phase.

4. Relaxor ferroelectrics

Relaxor FEs (also known as diffuse phase 
transition FEs) have a broad Curie maximum 
rather than the sharp and distinct Tc of normal 
FEs. This effect arises from the micro-inhomoge
neous microstructure which consists of paraelec
tric and ferroelectric regions. Each region has its 
own Tc. Lattice and/or cation disorder is respon
sible for the compositional heterogeneity.

4.1. PMN

Pb(Mg1/3Nb2/3)O3 is the most widely studied 
relaxor [64]. Its high peak value of dielectric 
constant, er, of > 15000 [65] makes it an attrac
tive candidate for ceramic multilayer capacitors. 
The preparation of pure perovskite PMN is not 
trivial. Conventional solid state reaction of mixed 
oxides results in the co-formation of pyrochlore 
which markedly reduces er [64], This problem has 
been overcome by first reacting MgO with Nb2O5 
to form MgNb2O6, which is then reacted with 
PbO to form perovskite PMN [64]. Other success
ful approaches have been the use of excess MgO 
[66,67] and excess PbO with an optimized firing 
schedule [68], Excess MgO addition results in 
pure perovskite and a 10 mol% excess MgO 
composition had a peak er of 19500 at 100 Hz 
[67], The purity of the starting materials has also 
been shown to have a significant effect on dielec
tric properties despite the formation of py
rochlore (~ 3%) [69]. PMN ceramics prepared 

from ultra-high purity precursors had peak er 
values similar to single-crystal material [69].

PMN, in bulk and film form, has been pre
pared by various wet chemical routes [70-74], 
The 2-methoxyethanol route using Pb(OAc)2 • 
3H2O, Mg(OEt)2 and Nb(OEt)5 has been used to 
prepare powders [70-73]. Perovskite contents of 
~ 95% [70] and ~ 98% [71] were formed on 
firing at 775°C for 5 min and 2 h, respectively. 
After sintering at 1200°C for 2 h, a peak er of 
~ 18000 at 100 Hz was observed. Seeding the 
gels with 1% perovskite PMN seeds promotes 
perovskite crystallization [72]. PMN aerogels have 
been prepared by an all-alkoxide route [74], which 
yielded pure perovskite PMN on firing to 800°C.

Several wet chemical routes to PMN films 
have been studied [70,74-77], The results are 
summarized in table 5. In the all-alkoxide route, 
pure perovskite was formed at 800°C on single
crystal MgO; however, on Pt/Si, a small amount 
of pyrochlore remained. Oriented films could be 
prepared on Pt/Si, with high initial heating rates 
(~ 1 X 105 °C/h) favoring (100) over (111) orien
tation [76], For the 2-methoxyethanol route, (100) 
oriented films were obtained on fast-firing at 
800°C for 5 min [70]. Small amounts of pyrochlore 
were also observed.

In summary, the values of er of PMN films 
(< 1800) are low compared with bulk polycrys
talline and single-crystal material. The higher er 
of (100) compared with (111) oriented films is 
expected, since in the former case the measure
ment is perpendicular to the spontaneous polar
ization direction (as seen in our sol-gel PZT 
films discussed earlier).

4.2. PMN-PT

The peak of the Curie range of PMN is ap
proximately - 12°C [65]. It can be shifted to higher 
temperature by the formation of a solid solution 
with the normal perovskite FE, PbTiO3 (PT) and 
additions of PT also increase Ps [78], The PMN- 
PT system shows a morphotropic phase boundary 
(MPB) in the vicinity of x ~ 0.4 for (1 - 
x)Pb(Mg]/3Nb2/3)O3-xPbTiO3 [79]. As in other 
systems, such as PZT, anomalously large dielec- 
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trie and piezoelectric properties are observed near 
the MPB [79],

Wet chemical routes have been used to pre
pare both PMN-PT powders [80] and films 
[78,81,82], The dielectric properties of the films 
are summarized in table 5. As found for PMN, 
PMN-PT films had a value of er much lower 
than in bulk samples (~ 19500 for bulk ceramic 
prepared from wet chemically derived powder, 
sintered at 950°C for 2 h); however, the maximum 
value of 2200 is one of the highest recorded er of 
any sol-gel-derived FE film.

4.3. PFN

Pb(Fe1/2Nb1/2)O3 has a peak in the Curie 
range of ~ 114°C [65], Films have been prepared 
by an all-alkoxide route [76] and a 2-methoxyeth- 
anol route from Pb(OAc)2, Fe(OAc)(OH)2 and 
Nb(OEt)5 [68] (see table 5). Bulk nucleation was 
observed in the all-alkoxide PFN film, vs. 
film/substrate nucleation in PMN films. Per
ovskite crystallization occurred at a lower tem
perature in PFN ( < 500°C). No dielectric proper
ties were reported, although the authors stated 
that significant amounts of pyrochlore remained 
in films deposited on Pt/Si; hence, the er values 
should be low. For the 2-methoxyethanol route, a 
maximum er of 81 was obtained for films de
posited on Si and fired at 300°C. Firing at higher 
temperatures resulted in a decrease in er. The 
poor er values of these films (the peak er of 
conventionally sintered PFN is ~ 12000 [65]) was 
attributed to oxidation of the underlying Si sub
strate. This finding highlights the undesirability 
of using Si as a substrate for sol-gel-derived FE 
films. PFN gels have also been prepared from 
Pb(OAc)2 • 3H2O, Fe(acac)3 and Nb(OEt)5, but 
no dielectric data were presented [84],

4.4. SBN

SrxBa,_rNb2O6 (0.25 <x < 0.75) has the FE 
tetragonal tungsten-bronze structure. It has been 
widely studied for pyroelectric and electro-optic 
applications; also, single crystal Sr0 75Ba0 25Nb2O6 

(SBN 75) has the highest reported linear electro
optic coefficient [85].

An all-alkoxide route to SBN and Cu-doped 
SBN films has been reported (see table 5) [86-90], 
Again, values of er of thin films are significantly 
lower than bulk material. A preferentially ori
ented SBN 60 film on SiO2 was formed by apply
ing a de electric field (~ 1 kV/mm) parallel to 
the surface of the film during heat treatment. 
The c-axes in the grains were found to have 
preferred orientation parallel to the direction of 
the applied field [87]. Photocurrent and photo
voltaic effects were demonstrated using a trans
parent conductor (indium tin oxide)/SBN/Si 
configuration. Undoped and Cu-doped polycrys
talline SBN 60 films were also shown to be pho- 
torefractive by a two-wave mixing experiment. 
The pyroelectric coefficient of a film poled at 
100°C was ~ 2 X 10“8 Ccm 2 Kat room tem
perature, the same order of magnitude as single
crystal materials [88].

4.5. Other relaxor FEs

PBN, (Pb, _tBaANb2O6), is a Pb-containing 
tungsten bronze type FE relaxor with a mor- 
photropic phase boundary. It has potential in 
electro-optic and pyroelectric device applications 
[75], PBN films of the composition 
Pb037Ba0 63Nb2O6 have been reported [35] (see 
table 5).

PST, (Pb(Sc1/2Ta1/2)O3), sol-gel-derived films 
have been reported [91,92], Major attention was 
paid to microstructural development and no di
electric data were presented. PST films prepared 
by MOCVD and fired at 900°C for 10 h gave a 
peak er of 3000 and a loss of 0.21 [93], PST 
powders have also been prepared by a precipita
tion method [94].

Single crystals of PZN-PT, Pb(Zn1/3Nb2/3)O3 
PbTiO3, show unusually large dielectric and 

piezoelectric constants and electro-mechanical 
coupling coefficients. PZN-PT has potential for 
sonar applications, but conventional solid-state 
synthesis has been unsuccessful. Sol-gel routes 
are promising [95,96], but so far only bulk sam
ples have been prepared.
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5. Barium sodium niobate and bismuth titanate

Single crystal BNN, Ba2NaNb5O15, is re
garded as the most efficient non-linear optical 
material for frequency doubling, particularly at 
1.06 |xm [97]. However, the material has not been 
widely used because cracking often occurs during 
crystal growth due to a large thermal expansion 
coefficient in the c-direction. Other drawbacks 
are the degradation of crystal quality by twinning 
in the orthorhombic state and striation resulting 
in a distribution of refractive index and birefrin
gence [98].

BNN films have been prepared by sputtering 
[98-101], Amorphous as-deposited BNN films ex
hibited a refractive index of 2.35 and a loss of 
12.8-17.5 dB cm-1 [98], Upon heating above 
500°C, the films underwent crystallization and the 
loss became immeasurably high. The films were 
reported to exhibit preferred orientation along 
the (440) direction. In another sputtered BNN, 
however, the film was found to be oriented with 
the (001) direction normal to the substrate and to 
have a refractive index of 2.2 [101],

BiT, Bi4Ti3O12, is a layered structure FE with

ROTATION ANGLE ( DEGREE )

ROTATION ANGLE ( DEGREE )

Fig. 7. Second harmonic generation (SHG) from (a) barium 
sodium niobate and (b) bismuth titanate films on fused silica 

(heated at 850°C/30 min.).

perovskite subunits. The spontaneous polariza
tion is very anisotropic and unique in BiT. Since 
there are two independently reversible polariza
tion components along the a- and c-axes with 
values of 4 and 50 |xC cm 2, respectively, switch
ing of this c-axis component leads to a large 
rotation in optical indicatrix. This phenomenon 
affords potential for BiT as an optical data stor
age medium [102], There are numerous reports of 
sputtered films (see, for example, refs. [103-105]). 
BiT was initially proposed as the FE gate mate
rial for FET devices 1974 [0], Similar to PZT, a 
pyrochlore phase was also detected at elevated 
temperatures [104] in these films.

Sol-gel-derived BNN and BiT films have been 
prepared in our laboratory. These films exhibited 
significant second harmonic generation activity as 
depicted in fig. 7. Further research is being di
rected to improving the non-linear optical activity 
of these films.

6. Conclusions

A wide range of oxide FE films have been 
prepared by wet chemical methods. With appro
priate chemical understanding, it seems feasible 
to prepare any oxide FE in film form. Among 
various deposition methods, the wet chemical ap
proach seems highly attractive. Chemically de
rived films offer superior FE properties in many 
aspects compared with physically deposited films. 
In PZT films, for example, wet chemical process
ing is advantageous in terms of improved chemi
cal homogeneity, the ability to obtain near-bulk 
properties, enhanced ease of tailoring properties, 
ease of fabrication, and the ability to obtain films 
with small grain sizes where desired.

Much attention during the past two years has 
been directed to a single application (non-volatile 
memory) and a single FE system (PZT). In the 
judgement of the present authors, other composi
tions should be considered for this application, 
and more broad-based consideration should be 
given to other applications of FE films. It should 
also be noted that a standard protocol for report
ing FE film properties is sorely needed to provide 
an objective evaluation of the relative merit of 
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different FE systems and preparation methods. 
The lack of such a standard protocol severely 
handicaps progress.

While normal perovskite FE films exhibit 
properties similar to those of bulk materials, thin 
films of relaxor FEs consistently show inferior - 
often greatly inferior - properties compared with 
those of bulk ceramics. The origins of this dis
crepancy seem deserving of close scrutiny, not 
only because of the technological potential of 
such films but also because of the potential for 
obtaining new insight into the behavior of such 
films.

Finally, chemically derived PZT films are on 
the verge of commercialization for non-volatile 
memory applications, and films of other ceramic 
FEs offer important potential for a range of other 
applications. If anything like this potential is to 
be realized, however, more effective collabora
tion needs to be established between chemists/ 
ceramists who are knowledgeable about the intri
cacies of wet chemical processing, and device 
technologists who are knowledgeable about the 
chemistries/ structures/ properties of coatings 
which can have major impact upon technology in 
optics and electronics. If such collaboration can 
be established, the present authors are optimistic 
about the prospects for widespread technological 
utilization of these films, even within the present 
decade.
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Dr Donald R. Ulrich

This meeting, the 6th International Workshop 
on Glasses and Ceramics from Gels, is dedicated 
to the memory of Dr Donald R. Ulrich. Even 
before the first Workshop was held in Padua in 
1981, Don had identified wet chemical processing 
as an area of particular promise for the synthesis 
of glases and ceramics; also, he had already be
gun to support research in the area. Early on, he 

concluded that success in the area would depend 
critically upon effective dialogue and interaction 
between chemists and ceramic scientists; and he 
used his influence at the AFOSR to promote 
such interaction and collaboration. He committed 
his own efforts in supporting and serving as edi
tor of the proceedings of the other two series of 
conferences in which reports of wet chemical 
processing were highlighted. These are the MRS 
Symposia on Better Ceramics Through Chemistry 
and the Conferences on Ultrastructure Process
ing.

His influence on the development of a science 
of chemical processing of glasses and ceramics 
cannot be overemphasized. He identified workers 
across a broad spectrum of disciplines who could 
make importance contributions, provided them 
with encouragement as well as financial support, 
stayed in close touch with the work of each group, 
and provided perspective on how different activi
ties could be integrated. He not only promoted 
interactions among scientists in the US but also 
put in place a series of collaborations which tran
scended national boundaries.

Besides his early identification of wet chemical 
processing as an area of outstanding promise, 
Don also was one of the first to recognize the 
potential of novel optical materials and their pro
cessing for technologies of the 21st century. Once 
again, he put in place imaginative and far-sighted 
research programs; once again, he promoted in
teraction among different investigators; and once 
again he fostered an interdisciplinary approach as 
well as international collaboration.

As one who was fortunate enough to have 
counted Don as a friend long before he joined 
AFSOR, the senior author of the present paper 
wants to express both deep appreciation for his 
accomplishments and a deep sense of loss at his 
passing. He truly appreciated good science and 
good technology, and did everything he could to 
foster them. He was supportive at times when 
support was needed, and critical (always in a 
constructive way) when criticism was warranted. 
He was a devoted husband and father; and be
cause of his dedication to science, many of us 
became members of his extended family. He will 
be sorely missed.
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Review of sol-gel thin film formation
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Sol-gel thin films are formed by gravitational or centrifugal draining accompanied by vigorous drying. Drying largely 
establishes the shape of the fluid profile, the timescale of the deposition process, and the magnitude of the forces exerted on 
the solid phase. The combination of coating theory and experiment should define coating protocols to tailor the deposition 
process to specific applications.

1. Introduction

Despite significant advances in technologies 
based on sol-gel thin film processing (e.g refs. 
[1-29]) there has been relatively little effort di
rected toward understanding the fundamentals of 
sol-gel coating processes themselves (see for ex
ample refs. [30-39]). This paper reviews recent 
studies that address the underlying physics and 
chemistry of sol-gel thin film formation by dip- 
(or spin-) coating. We first discuss the salient 
features of dip- and spin-coating with considera
tion of single component fluids and binary fluid 
mixtures. We then address the deposition of inor
ganic sols with regard to timescales, drying the
ory, tendency toward cracking, and development 
of microstructure. We conclude with a discussion 
of topics for future study.

2. Dip-coating

In dip-coating, the substrate is normally with
drawn vertically from the coating bath at a con
stant speed, Uo (see fig. 1) [40]. The moving 
substrate entrains the liquid in a fluid mechanical 
boundary layer that splits in two above the liquid 
bath surface, returning the outer layer to the bath 
[38]. Since the solvent is evaporating and drain

ing, the fluid film acquires an approximate 
wedge-like shape that terminates in a well-de
fined drying line (x = 0 in fig. 1). When the 
receding drying line velocity equals the with
drawal speed, Uo, the process is steady state with 
respect to the liquid bath surface [39], For alco
hol-rich fluids common to sol-gel dip-coating, 
steady state conditions are attained in several 
seconds.

The hydrodynamic factors in dip-coating (pure 
liquids, ignoring evaporation) were first calcu
lated correctly by Landau and Levich [41] and 
recently generalized by Wilson [42], In an excel
lent review of this topic, Scriven [38] states that 
the thickness of the deposited film is related to 
the position of the streamline dividing the up
ward and downward moving layers. A competi
tion between as many as six forces in the film 
deposition region governs the film thickness and 
position of the streamline: (1) viscous drag up
ward on the liquid by the moving substrate; (2) 
force of gravity; (3) resultant force of surface 
tension in the concavely shaped meniscus; (4) 
inertial force of the boundary layer liquid arriving 
at the deposition region; (5) surface tension gra
dient; and (6) the disjoining (or conjoining) pres
sure (important for films less than 1 p.m thick).

When the liquid viscosity, 17, and substrate 
speed are high enough to lower the curvature of

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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the gravitational meniscus, the deposited film 
thickness, h, is that which balances the viscous 
drag (a rjUg/h) and gravity force (pgh) [38]: 

ft =c1(r7i70/pg)1/2, (1)

where the constant cx is about 0.8 for Newtonian 
liquids. When the substrate speed and viscosity 
are low (often the case for sol-gel film deposi
tion), this balance is modulated by the ratio of 
viscous drag to liquid-vapor surface tension, yLV, 
according to the relationship derived by Landau 
and Levich [41]:

ft = 0.94(r7t/0)2/7yt/v6(pg)1/2. (2)

Figure 2 plots the logarithm of the product of 
thickness and refractive index minus 1 * versus 
the logarithm of Uo for films prepared from a 
variety of silicate sols in which the precursor 

* Since the quantity (n — 1) is proportional to the volume 
fraction solids, </>, the product h(n -1) is proportional to 
the mass per unit area of film and takes into account the 
film porosity.

structures ranged from rather weakly branched 
polymers characterized by a mass fractal dimen
sion to highly condensed particles [40], The slopes 
are quite close to 0.66 in keeping with the expec
tations from eq. (2). This reasonable correspon
dence between the thickness of the deposited

Fig. 2. Product of film thickness and refractive index minus 1 
(proportional to film mass/unit area) versus withdrawal rate 

plotted according to eqs. (1) or (2).
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films and a theory developed for gravitational 
draining of pure fluids suggests that the entrain
ment of the inorganic species has little effect on 
the hydrodynamics of dip-coating, at least in the 
early stages of deposition where the entrained sol 
is quite dilute. Thus, some insight into sol-gel 
film deposition may be gained by closer examina
tion of the details of gravitational draining (and 
evaporation) of pure (and binary) fluids.

2.1. Film thickness profiles during dip-coating: pure 
fluid

Previous theories of gravitational draining of 
pure fluids have not taken into account simulta
neous evaporation. Although the thickness of the 
fluid entrained at the bath surface is apparently 
not sensitive to evaporation, the film is progres
sively thinned by evaporation as it is transported 
by the substrate away from the coating bath. For 
depositing sols, thinning by evaporation causes a 
corresponding increase in sol concentration, 
hence an understanding of simultaneous draining 
and evaporation is essential to the underlying 
physics of sol-gel film deposition.

In order to address this problem, Hurd and 
Brinker [39] developed an imaging ellipsometer 

that allows aquisition of spatially resolved thick
ness and refractive index data over the entire 
area of the depositing film. A thickness profile of 
an ethanol film obtained by imaging ellipsometry 
is shown in fig. 3 [43]. Instead of the wedge 
expected for a constant evaporation rate, the film 
profile is distinctly blunt near the drying line 
(x = 0 in figs. 1 and 3), indicative of more rapid 
thinning and, hence, a greater evaporation rate 
there.

This position sensitive evaporation rate is a 
consequence of the film geometry: the blade-like 
shape of the depositing film in the vicinity of the 
drying line enhances the rate of diffusion of va
por away from the film surface [43] (at large x, 
the strongest concentration gradients of vapor are 
normal to the surface, while near x = 0, stronger 
gradients are established parallel to the surface). 
Near any sharp boundaries, the evaporation rate, 
E, diverges, but the vaporized mass must remain 
integrable. For the knife blade geometry (infinite 
sheet), E varies with x as follows [43]:

E(x) = -£>v<2jX_1/2, (3)

where Dv is the diffusion coefficient of the vapor 
(~ 0.1 cm2/s) and ai is a constant. Since thick
ness varies inversely with evaporation rate, the 

Fig. 3. (a) Thickness profile of dip-coated ethanol film (solid dots). The profile is quite well fit by the form h ~ x" with 
u = 0.5 + 0.01 (solid line). From Hurd and Brinker [43], (b) Thickness profile of a titanate sol during dip-coating as determined by 

imaging ellipsometry. Position x is defined in fig. 1. From Brinker et al. [37].
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divergence in the evaporation rate as x —> 0 ac
counts for the blunt profile shown in fig. 3, where 
the data are fit to the form

h(x) ~ 1/E(x) ~xv, v = 0.50 ±0,01, (4)

according to the expectations from eq. (3).
The singularity strength (exponent) in eq. (4) is 

sensitive to the geometry of the film. For coating 
a fiber, we would expect a logarithmic singularity 
[44], and as a coated cylinder decreases in radius, 
the profile should pass smoothly from x1/2 to
ward lnx. Although some .experimental evidence 
exists for this behavior by extrapolating to small 
cylinder diameters [44], it is a difficult proposition 
to prove experimentally. Surface tension effects 
make it difficult to coat a fiber fast enough for 
the drying line to be well-separated from the 
gravitational meniscus at the reservoir surface.

2.2. Film thickness profiles during dip-coating: bi
nary fluid

The most common coating sols are composed 
of two or more miscible liquids, e.g., ethanol- 
water. Differences in their evaporation rates and 
surface tensions alter the shape of the fluid pro
file in the vicinity of the drying line and, in some 
cases, create rib-like instabilities in a region near 
the liquid bath surface. Ellipsometric images [44] 
of depositing alcohol-water films show two 
roughly parabolic features (fig. 4), that corre
spond to successive drying of the alcohol- and 
water-rich regions, according to the non-constant 
evaporation model (eq. (4)). This suggests that 
each component has an independent evaporation 
singularity. If the water-rich phase is denoted as 
phase 1 and ethanol is phase 2, then the indepen
dent profiles are additive:

/q = tqx'/2, x > 0, (5)

h2 = a2(x — x2)1/2, X >x2, (6)

/i2 = 0, X <x2, (7)

where h is the total thickness, hY + h2, and x2 is 
the position of the ‘false’ drying line created by 
the substantial depletion of ethanol.

proponol/water (50:50)

X2 X1

Fig. 4. Thickness profile of 50:50 propanol: water film (volume 
ratio). The double parabolic profile is due to differential 
volatilities and surface tension gradient driven flows, x, is the 
position of the drying line; x2 is the position of the ‘false’ 
drying line created by the depletion of the ethanol-rich phase. 
Film thickness equals approximately the fringe order times 

240 nm. From Hurd [44],

The ‘foot’ feature in fig. 4 typical of binary 
solvents is not due to differential volatility alone. 
Since each component has a different surface 
tension, y, surface tension gradients are estab
lished [44]:
dy/dx = (?! - y2) dt^/dx (x >x2)

= 0 (0 <x <x2), (8)

where the surface tension is assumed to follow a 
simple mixing law, y = 4>1y1 + <t>2y2 where </>,■ is 
the volume fraction of component i. * * Since at 
the liquid-vapor boundary the viscous shear force 
must balance the force imposed by surface ten
sion gradients, p du/dz = dy/dx(z = h), liquid 
flows into the water-rich foot with velocity, u: 
u = l/p[dy/dx]z - u0, (9)

the so-called ‘Marangoni effect’. The foot slowly

* * For ethanol-water mixtures, the surface tension does not 
obey a simple linear mixing law. The surface tension can 
be approximated by l/(-y2'7) = </>H/(yfi7)+</>E/(-yg7) 
where the subscripts H and E refer to water and ethanol, 
respectively [69]. 
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grows until this flux is balanced by that of evapo
ration from the expanding free surface.

The surface tension gradient driven flow of 
liquid through the thin neck created by the pref
erential evaporation of alcohol can create quite 
high shear rates during dip-coating. A striking 
example is that of toluene and methanol [44]. The 
surface tension gradient driven flows are strong 
enough to greatly distort the double parabolic 
profile. The film thins then thickens, creating a 
‘pile-up’ of toluene near the drying line. A crude 
estimate of the surface tension gradient, A-y/Ax 
— (10 dyn/cm)/10 1 cm, leads to a shear rate, 
du/dz = 104 s ', in the thin region, from eq. (9), 
assuming r? = 0.01 P. Conceivably these shear 
fields may be sufficiently strong to align or order 
the entrained inorganic species.

3. Spin-coating

Spin-coating differs from dip-coating in that 
the depositing film thins by centrifugal draining 
and evaporation. Bornside et al. [45] divide spin
coating into four stages: deposition, spin-up, spin
off and evaporation, although for sol-gel coating, 
evaporation normally overlaps the other stages. 
An excess of liquid is dispensed on the surface 
during the deposition stage. In the spin-up stage, 
the liquid flows radially outward, driven by cen
trifugal force. In the spin-off stage, excess liquid 
flows to the perimeter and leaves as droplets. As 
the film thins, the rate of removal of excess liquid 
by spin-off slows down, because the thinner the 
film, the greater resistance to flow, and because 
the concentration of the non-volatile components 
increases, raising the viscosity. In the final stage, 
evaporation takes over as the primary mechanism 
of thinning.

According to Scriven [38], an advantage of 
spin-coating is that a film of liquid tends to 
become uniform in thickness during spin-off and, 
once uniform, tends to remain so, provided that 
the viscosity is not shear-dependent and does not 
vary over the substrate. This tendency is due to 
the balance between the two main forces: cen
trifugal force, which drives flow radially outward, 
and viscous force (friction), which acts radially 

inward. The thickness of an initially uniform film 
during spin-off is described by

h(t) =h0/(l + 4P(o2/i^/3V)1/2 (10)

where h0 is .the initial thickness, t is time, p is 
the density, and a> is the angular velocity. Even 
films that are not initially uniform tend monoton
ically toward uniformity, sooner or later following 
eq. (10).

Equation (10) pertains to Newtonian liquids 
that do not exhibit a shear rate dependence of 
the viscosity during the spin-off stage. If the liq
uid is shear-thinning (often the case for aggregat
ing sols), the lower shear rate experienced near 
the center of the substrate causes the viscosity to 
be higher there and the film to be thicker. This 
problem might be avoided by metering the liquid 
from a radially moving arm during the deposi- 
tion/spin-up stage.

4. Effects of entrained condensed phases

The preceding discussion has ignored the ef
fects of the entrained inorganic species, either 
polymers or particles, on the film deposition pro
cess. During dip-coating, these species are ini
tially concentrated by evaporation of solvent as 
they are transported from the coating bath to
ward the drying line within the thinning fluid film 
(see fig. 1). Steady-state conditions in this region 
require conservation of non-volatile mass; thus, 
the solids mass in any horizontal slice of the 
thinning film must be constant [43]:
h(x)d>s(x) = constant, (11)

where </>s is the volume fraction solids. From eq. 
(11), we see that </>s varies inversely with h. Since 
for a planar substrate we expect a parabolic 
thickness profile, <6S should vary as 1/h = x_1/2 
in the thinning film. When coating a fiber, we 
expect <)>(*)  ~ (Inx)

The rapid concentration of the entrained inor
ganic species by evaporation is more evident from 
consideration of the mean particle (polymer) sep
aration distance, <r), which varies as the inverse 
cube root of <£>, (r) ~xl/A. This is a very precipi
tous function: half the distance between particle 
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(polymer) neighbors is traveled in the last 2% of 
the deposition process (~0.1 s). The centrifugal 
acceleration needed to cause an equivalent rate 
of crowding is as much as 106 G’s! § The increas
ing concentration can lead to aggregation, net
work formation, or a colloidal crystalline state, 
altering the sol rheology from Newtonian (dilute 
conditions) to shear-thinning (aggregated sys
tems) or thixotropic (ordered systems). For poly
meric sols, the reduced viscosity shows a strong 
concentration dependence [46], and, in general, 
the viscosity increases abruptly at high concentra
tions. Bornside et al. [45], in their studies of 
spin-coating, assumed the following relationship:

=’7o(1-Xa)4 + i7s> (12)

where 17 is the viscosity of the sol, 17 s is the 
viscosity of the solvent, 77 0 is the viscosity of the 
polymer, and is the mass fraction of solvent.

In dip-coating, the thickness of the entrained 
film (oc i/02/3) and the evaporation rate establish 
the timescale of the deposition process, which is 
typically several seconds. The forced convection 
created during spin-coating increases the evapo
ration rate, establishing an even shorter timescale. 
These short timescales significantly reduce the 
time available for aggregation, gelation, and aging 
compared with bulk gel formation. We anticipate 
several consequences of the short timescale of 
the film deposition processes.

(1) There is little time available for reacting 
species to ‘find’ low energy configurations. Thus 
(for reactive systems) the dominant aggregative 
process responsible for network formation may 
change from reaction-limited (near the reservoir 
surface) to transport-limited near the drying line.

(2) For sols composed of repulsive particles, 
there is little time available for the particles to 
order as they are concentrated in the thinning 
film.

(3) There is little time available for condensa
tion reactions to occur. Thus gelation may actu
ally occur by a physical process, through the

This assumes that there exists no steric barriers to concen
tration; often aggregation/network formation will interupt 
this dramatic compaction process. 

concentration dependence of the viscosity (e.g., 
eq. (12)), rather than a chemical process. (In 
some systems this is evident by the fact that the 
deposited film is quickly re-solubilized when im
mersed in solvent.)

(4) Since the gels are most likely more weakly 
condensed and hence more compliant than bulk 
gels, they are more easily compacted, first by 
evaporation and then by the capillary pressure 
exerted at the final stage of the deposition pro
cess (see fig. 1). In such compliant materials the 
effects of capillary forces are enhanced, because 
greater shrinkage precedes the critical point, 
causing the pore size to be smaller and the maxi
mum capillary pressure to be greater.

5. Drying of films

5.1. Capillary pressure

As stated above, drying accompanies both the 
dip- and spin-coating processes and largely estab
lishes the shape of the fluid film profile. The 
increasing concentration that results from drying 
often leads to the formation of an elastic or 
viscoelastic gel-like state. Further evaporation 
gives rise to capillary tension in the liquid, P, and 
that tension is balanced by compressive stresses 
on the solid phase, causing it to contract further 
[47]. The maximum capillary tension occurs at the 
critical point, when the menisci enter the pores, 
and the radius of curvature of the meniscus, rm, 
is related to the pore radius, r , by rm = rp/cos 0, 
where 0 is the contact angle of the receding 
meniscus within the emptying pore [47], Then the 
tension at the drying surface is given by Laplace’s 
equation:
Pmax = 2yLvAm = 2yLV COS(0)/rp. (13)

Since rp can be of molecular dimensions, the 
magnitude of Pmax can be very large. Using values 
of minimum menisci radii, rmin, determined from 
desorption isotherms and assuming complete wet
ting (cos# = 1), it is possible to estimate from eq. 
(13) the maximum capillary tension of the liquid 
prior to tensile failure [48]. For ethanol (yLV = 
22.75 dyn/cm at 20°C), rmin is estimated to be 
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about 1.3 nm, and Pmax - 348 bar. For water 
(yLV/= 72.8 dyn/cm at 20°C), rmjn is estimated 
to range from 1.1 to 1.55 nm, so Pmax ranges from 
940 to 1320 bar! These large tensile pressures 
drive the solvent into metastable states analogous 
to superheating. Burgess and Everett suggest that 
the liquid does not boil, because nucleation can
not occur in such small pores [49].

Very little shrinkage occurs after the menisci 
recede into the pores, so the pore size in a dry gel 
is largely established by the forces exerted at the 
critical point [47]. For very compliant materials, 
the network cannot resist the capillary forces 
(which increase continuously as r decreases to
ward rmin), so there is no critical point, and the 
pores collapse completely [37,50], Conversely, for 
stiffer materials, shrinkage ceases at an earlier 
stage of drying, causing rp to be larger and Pmax 
to be smaller. This situation leads to porous films.

5.2. Stages of drying

Scherer [40,47] divides the drying of gels into 
two stages: a constant rate period (CRP) and a 
falling rate period. During the constant rate pe
riod, mass transfer is limited by convection away 
from the gel surface, whereas during the falling 
rate period, mass transfer is limited by the per
meability of the gel. Extending these ideas to 
dip-coating, we might expect that a CRP would 
obtain throughout most of the deposition process, 
since the liquid-vapor interface remains located 
at the exterior surface of the thinning film except 
at the final stage of drying (see fig. 1). A constant 
evaporation rate implies a wedge-shaped film 
profile. This is not observed for pure fluids, nor is 
it observed for inorganic sols. Figure 3(b) shows 
the film profile of a titanate sol prepared in 
ethanol. Thickness varies with distance from the 
drying line as /i(x)~x0-62, which indicates that 
the evaporation rate increases as x -> 0 (see eqs. 
(3) and (4)) although not as rapidly as for pure 
ethanol (7i(x) ~x05). Thus, even for the deposi
tion of inorganic sols, the film profile, and hence 
the concentration profile, are largely established 
by the dependence of the evaporation rate on the 
geometry of the depositing film. For sols contain
ing fluid mixtures of differing volatilities, the fluid 

composition changes with distance, x, contribut
ing to further changes in the evaporation rate. In 
the CRP, the rate of drying is usually calculated 
from an external mass transfer correlation such 
as [51]
mass flux /unit area = k mt ( ps - p,), (14)

where ps is the theoretical density of solvent in 
equilibrium with the surface of the coating, is 
the theoretical density of solvent vapor far re
moved from the coating surface, and kmt is the 
mass transfer coefficient (m/s). For modeling 
sol-gel dip-coating, kmt must be position-depen
dent.

The critical point should mark the beginning 
of the falling rate period. Depending on the 
distribution of the liquid in the pores, for exam
ple funicular or pendular, the drying rate is lim
ited by flow (funicular state) or diffusion (pendu
lar state) [40], For compliant molecular networks 
that are collapsed prior to the critical point, dry
ing occurs by Fickian diffusion if the temperature 
is above the glass transition temperature of the 
mixture [52], The onset of a falling rate period 
near the drying line may account for the differ
ences in the exponents that describe the shape of 
the pure fluid and the titanate sol film profiles 
(compare figs. 3(a) and 3(b)).

5.3. Drying stress and cracking

As the film dries, it shrinks in volume. Once 
the film is attached to the substrate and unable to 
shrink in that direction, the reduction in volume 
is accommodated completely by a reduction in 
thickness. When the film has solidified and 
stresses can no longer be relieved by flow, tensile 
stresses develop in the plane of the substrate. 
Croll [53] estimated the stress, a, as 

o-=[£/(l-l,)][(/s-/r)/3] (15)

where E is Young’s modulus (Pa), v is Poisson’s 
ratio, /s is the volume fraction solvent at the 
solidification point, and fT is the volume fraction 
of residual solvent in the ‘dry’ film. The solidifica
tion point was defined for a polymer film as the 
concentration where the glass transition tempera
ture has risen to the experimental temperature.
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Thus stress is proportional to Young’s modulus 
and the difference between the fraction solvent at 
the solidification point and the dried coating. 
Scherer [40,47] states that the stress in the film is 
very nearly equal to the tension in the liquid 
{ff-PY Despite such a large stress, it is com
monly observed that cracking of films does not 
occur if the film thickness is below a certain 
critical thickness hc- 0.5-1 |im [40]. For films 
that adhere well to the substrate, the critical 
thickness for crack propagation or the growth of 
pinholes is given by [54,55]

/^(^/afl)2 (16)

where Klc is the critical stress intensity and fl is 
a function that depends on the ratio of the elastic 
modulus of the film and substrate (for gel films 
jQ = 1). For films thinner than hc, the energy 
required to extend the crack is greater than the 
energy gained from relief of stresses near the 
crack, so cracking is not observed [40].

When the film thickness exceeds hc, cracking 
occurs, and the crack patterns observed experi
mentally are qualitatively consistent with fractal 
patterns predicted by computer simulation [56]. 
Atkinson and Guppy [57] observed that the crack 
spacing increased with film thickness and at
tributed this behavior to a mechanism in which 
partial delamination accompanies crack propaga
tion. Such delamination was observed directly by 
Garino [58] during the cracking of sol-gel silicate 
films.

Based on eqs. (15) and (16) above, strategies to 
avoid cracking include: (1) increasing the fracture 
toughness, Klc, of the film, (2) reducing the mod
ulus of the film, (3) reducing the volume fraction 
of solvent at the solidification point, and (4) re
ducing the film thickness. In organic polymer 
films, plasticizers are often added to reduce the 
stiffness of the film and thus avoid cracking [51], 
For sol-gel systems, analogous results are ob
tained by organic modification of alkoxide pre
cursors [32], chelation by multidentate ligands 
such as p-diketonates [59], or a reduction in the 
extent of hydrolysis of alkoxide precursors [158],

It should be noted that for particulate films 
Garino [60] observed that the maximum film 
thickness obtainable without cracks decreased 

linearly with a reduction in particle size. Since, 
for unaggregated particulate films, the pore size 
scales with the particle size, this may be due to an 
increase in the stress caused by the capillary 
pressure (cr = P) and/or an increase in the vol
ume fraction solvent at the solidification point 
resulting from the manner in which the electro
static double layer thickness (estimated by the 
Debye-Huckel screening length) varies with par
ticle size [40],

6. Control of microstructure

The final film microstructure depends on the 
structure of the entrained inorganic species in the 
original sol (for example, size and fractal dimen
sion), the reactivity of these species (for example, 
condensation or aggregation rates), the timescale 
of the deposition process (related to evaporation 
rate and film thickness), and the magnitude of 
shear forces and capillary forces that accompany 
film deposition (related to surface tension of the 
solvent or carrier and surface tension gradients). 
The most common means of controlling the film 
microstructure is to control the particle size. For 
unaggregated monosized particulate sols, the pore 
size decreases and the surface area increases with 
decreasing particle size. Asymmetric, supported 
membranes have been prepared successfully from 
particulate sols for use in ultrafiltration [18,19], 
As noted above, difficulties arise when trying to 
prepare microporous membranes due to an in
creased tendency for cracking. Particulate sols 
may be intentionally aggregated prior to film for
mation to create very porous films (e.g., > 65 
vol.% porosity) [40], For electrostatically stabi
lized silica sols, a transition from random close 
packing to ordered packing is observed with in
creasing substrate withdrawal rates, Uo. This may 
be due to a longer timescale of the deposition 
process (providing more time for ordering) or an 
increase in the shear rate accompanying deposi
tion for higher Uo [37],

A second strategy for controlling porosity is 
based on the scaling of mass, Mf, and size, rf, of 
a mass fractal object [40]:

(17)
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Table 1
Refractive index, % porosity, pore size, and surface area of multicomponent silicate films versus sol aging times prior to film 
deposition

Sample 
aging 
times a)

Refractive 
index

Porosity b) 
(%)

Median
pore 
radius (nm)

Surface 
area 
(m2/g)

Applications

unaged 1.45 <0.2 1.2-1.9 Dense protective, 
electronic and 
optical films

0-3 days Microporous films 
for sensors and 
membranes

3 days 1.31 16 1.5 146
Mesoporous

1 week 1.25 24 1.6 220
*

films for sensors, 
membranes.

2 week 1.21 33 1.9 263 catalysts, optics
3 week c) 1.18 52 3.0 245

a) Aging of dilute sol at 50°C and pH3 prior to film deposition.
b) Determined from N, adsorption isotherm.
c) The 3-week sample gelled. It was re-liquified at high shear rates and diluted with ethanol prior to film deposition.

where D is the mass fractal dimension (in three- 
dimensional space, 0 < D < 3). Since density 
equals mass/volume, the density, pf, of a mass 
fractal object varies in three dimensional space as 
pf ~ rfD/rf, and the porosity varies as 1 /pf ~ 
r(3-r>\ Thus, the porosity of a mass fractal object 
increases with its size. Providing that such fractals 
do not completely interpenetrate during film for
mation (i.e., they are mutually opaque, requiring 
D > 1.5 [40]), the porosity may be controlled by 
the size of the entrained fractal species prior to 
film formation. The efficacy of this approach is 
illustrated in table 1 [37] where the refractive 
index, % porosity, pore size, and surface area are 
seen to vary monotonically with aging time em
ployed to grow the fractal species prior to film 
deposition. §§ The extent of interpenetration of 
colliding fractals depends on their respective mass 
fractal dimensions and the condensation rate or 
‘sticking probability’ at points of intersection. A 
reduction of either D or the condensation rate 
increases the interpentration and decreases the 
porosity [37,40]. From eq. (17) and surrounding

The film porosity, pore size, and surface area were mea
sured in situ using a surface acoustic wave technique 
developed by Frye et al. [14], 

discussion, it follows that, to generate porosity 
using this fractal scheme, rf should be large, 
1.5<s£)<k3, and the condensation rate should 
be high. Conversely dense films should be formed 
from small, unreactive precursors consistent with 
observation [61].

The magnitude of the capillary pressure, Pmax, 
should also be quite influential in determining 
microstructure. For bulk gels, elimination of sur
face tension by supercritical processing results in 
highly porous aerogels. Deshpande et al. have 
recently shown that, for aprotic pore fluids, the 
surface area, pore volume, and pore size of bulk 
silica xerogels are all reduced monotonically by 
an increase in surface tension of the pore fluid 
[62], Such studies are more difficult for films, 
since it is not possible to wash the coating sol and 
distillation of solvents often leads to premature 
gelation. The most revealing studies are those 
comparing the effects of different hydrolysis ra
tios, H2O/M(OR)„, on film properties. Since the 
theoretical ratio for complete hydrolysis and con
densation is n/2, greater ratios must produce 
‘excess’ water. As described above, in mixed sol
vent systems, the least volatile component sur
vives to the drying line and therefore dictates the 
magnitude of the capillary pressure, Pmax. In
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mixed alcohol/water systems, the composition of 
the fluid near the drying line is enriched in water 
due to preferential evaporation of alcohol and 
surface tension gradient driven flows. We have 
shown that as the vol.% ‘excess’ water is in
creased from 0.5 to 6.0 vol.%, the refractive index 
of silica films deposited by dipping increases from 
1.342 to 1.431, corresponding to a reduction in 
porosity from 22 to 7% [63]. Further increases in 
the excess water content cause a reduction in 
refractive index (increase in porosity). Since wa
ter increases both the surface tension and the 
extent of condensation of the silicate matrix, this 
behavior reflects the competition between capil
lary pressure, which compacts the film, and aging, 
which stiffens the film increasing its resistance to 
compaction. These results differ from those of 
Glaser and Pantano [64] who observed a mono
tonic increase in refractive index with water con
centration for spin-coated silicate films. The dif
ference between dip- and spin-coating is the 
evaporation rate and correspondingly the time 
available for aging. Spinning creates a strong 
forced convection in the vapor above the sub
strate [38], increasing the evaporation rate. Thus 
there is little time for aging to occur, and the 
structure of the film is dominated by the effects 
of capillarity. In a similar dip-coating study, War
ren et al. [12] observed that, for silica films an
nealed at 800°C, the dielectric strength increased 
and the HF etch rate decreased as the hydrolysis 
ratio of the coating sol increased from 1 to 7.5. 
Further increases caused the reverse behavior. 
This implies that the effects of capillarity and 
aging also strongly influence the subsequent con
solidation process.

Finally, it is anticipated that shear forces ac
companying film formation could influence mi
crostructure. Although the withdrawal rates, Uo, 
are often very low in dip-coating, we have shown 
that surface tension gradient driven flows can 
cause high shear rates (104 s'1) near the drying 
line. Such shear rates might be partially responsi
ble for the ordering of monosized particulate 
films [63]. Spin-coating is characterized by higher 
shear rates. Several studies have shown that the 
refractive index increases or decreases with in
creasing rotational speed [40,64]. Presumably 

these conflicting results are explainable by con
sideration of the effects of both time scale and 
shear on microstructural development: increasing 
the rotational speed increases the shear rate and 
reduces the characteristic time scale.

7. Topics for further study

7.1 Modeling

Accurate theories of dip- and spin-coating 
would permit better control of these processes 
and would allow the design of specific coating 
protocols for specific applications. Both dip- and 
spin-coating are transient processes of flow and 
mass transfer. Falling diffusivity, rising viscosity, 
and changing rheology as solvents evaporate from 
the remaining film further complicate the pro
cess. Bornside et al. [46] have outlined the basic 
principles of the flow mechanics, solvent trans
port, and film formation during spin-coating. 
Schunk [65] has developed a finite element model 
of the complete convective-diffusion problem as
sociated with dip-coating an ethanol-water mix
ture. His strategy is to combine the theory of 
convection and diffusion in the liquid with a mass 
transfer model in the gas. Models and constitu
tive equations are used to account for liquid
vapor equilibria and surface tension. Thus far 
thermal effects induced by latent heat of evapora
tion and diffusion-driven convection are ne
glected + and water is assumed to be relatively 
non-volatile. Conservation of mass and momen
tum (of both liquid and volatile species) leads to 
solutions for the position of the free surface 
(which locates according to the capillary hydrody
namic forces and ethanol loss by evaporation) 
and the concentration profiles as shown in fig. 5 
[65]. Preferential evaporation of ethanol enriches 
the free (liquid-vapor) surface in water. In the 
vicinity of the drying line, the more volatile alco
hol may be substantially depleted, leaving behind 
a water-rich film. He finds that the concentration

+ Bornside et al. [45] have shown that, for spin-coating with 
volatile solvents, the temperature change of the depositing 
fluid is negligible ( « 1 K at 3000 rpm).
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contours in the thinning film are very sensitive to 
the composition of the overlying vapor phase. 
This suggests the possibility of managing the sol
vent partial pressure to gain more control of the 
process. A similar conclusion was arrived at by 
Bornside et al. for spin-coating [45].

7.2 In situ characterization of film deposition

Deficiencies in modeling efforts arise due to 
the lack of available data concerning changing 
viscosity, solvent composition, capillary pressure, 
mechanical properties, etc., during coating. The 
steady-state film profile established during dip
coating creates an opportunity to acquire optical 
or spectroscopic data as a function of height 
above the reservoir surface and thus to provide 
information about the continually changing envi
ronment within the depositing film. Imaging ellip-

Fig. 5. Fluid streamlines and EtOH concentration contours of 
30 wt% EtOH-70 wt% H2O solution during dip-coating 
predicted by the finite element model. The overlying satura
tion of EtOH was assumed to vary linearly from 10% at the 
reservoir surface to 0% at the drying line. The change in 
ethanol concentration along the free (liquid-vapor) surface 
results in a steep gradient in surface tension. Substrate is 
represented in the bottom two plots by the vertical line on the 

right. From Schunk et al. [65].

Wavelength (nm)

Fig. 6. Emission spectra of pyrene in silicate coating sol 
(1X10-3 M) and in corresponding film prepared by dip-coat

ing.

sometry [39] has proven to be extremely valuable 
in determining thickness and refractive index pro
files. FTIR microscopy [37] has been employed to 
monitor changes in solvent composition. A re
lated approach is to use various fluorescent 
molecules, ions, or crystals as photophysical or 
photochemical probes. The probes are entrained 
in the depositing film and transported to the 
drying line along with the dispersed inorganic 
phase. Acquisition of emission spectra as a func
tion of height above the reservoir surface should 
provide structural information related to the sur
roundings of the probe on a length scale of one to 
several nanometers. This approach has been used 
successfully to characterize gelation, aging, and 
drying in bulk systems [66,67]. It benefits from the 
availability of literally thousands of potential 
probes that are sensitive to changes in viscosity, 
solvent polarity, local geometry, rigidity, pressure, 
etc. Figure 6 compares the emission spectrum of 
pyrene in the coating sol and in the correspond
ing film. Changes in intensity of the PyPy * emis
sion band at 470 nm are attributed to changes in 
the geometry, surface irregularity, and/or poros
ity of the film [66]. N2 adsorption-desorption 
isotherms, obtained for the film using a SAW 
technique indicate that this film is completely 
collapsed during drying [37]: there are no pores 
accessible to N2 (kinetic diameter - 0.4 nm). 
Trapping of pyrene within such small ‘pores’ ap
parently precludes excimerization, Py + Py * —> 
PyPy*.
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7.3 Development of porosity in non-silicate films

The control of porosity in silicate films is facili
tated by the wide range of silicate sol structures 
that result from changes in synthesis parameters 
such as choice of catalyst and hydrolysis ratio. 
Due to the much faster hydrolysis and condensa
tion rates of alkoxides of more electropositive 
elements such as Ti or Zr, it has proven difficult 
to synthesize polymers with an equivalent range 
of structural diversity. Multidentate molecules 
such as |3-diketonates, glycols, or alcohol amines 
have been used successfully to chelate the metal 
alkoxides and thus retard reaction rates, but to 
date control of molecular weight, extent of 
branching, and fractal dimensionality has not been 
documented [68], If stable fractal structures could 
be prepared, aggregation could be exploited 
{rather than avoided) to form films with a range 
of porosities as demonstrated for silicates (see 
table 1).
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Characterization of SiO2 films on glass substrate by sol-gel and 
vacuum deposition methods
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Silica films were deposited on soda-lime-silica glass substrate by two methods, sol-gel dip-coating and electron beam 
(EB) evaporation. Refractive index, infrared (IR) spectrum and effectiveness of the protection against H+ attack were used 
to investigate structure of the films. Sol-gel films have porous structure and contain many residual -OH groups in 
comparison with EB evaporated films. A scratch test, which enables the tribological properties of a surface to be measured, 
was performed to evaluate the adhesion forces of the films on glass substrate. The adhesion of sol-gel films was markedly 
improved by heat treatment, whereas that of EB evaporated films was lower by annealing.

1. Introduction

The coating of thin oxide films is one of the 
most important applications of the sol—gel pro
cess. Much work has been done on SiO2 films 
derived from TEOS or TMOS [1-4].

SiO2 films can be deposited by evaporation [6], 
sputtering and chemical vapor deposition [7] and 
other methods [5], Thus, it is necessary to under
stand the fundamental properties of the SiO2 
films for purposes of their application.

This paper describes the properties of sol-gel 
film, especially the structure and the adhesion on 
the glass substrate in comparison with those of 
EB evaporated films.

2. Experimental

2.1. Preparation of SiO? films

Silica sol was prepared using acidic hydrolysis 
from TEOS, which is generally used in order to 
produce SiO2 film of good uniformity and 
smoothness [1,4]. TEOS and ethanol were mixed 
by stirring in a flask. Then, the mixture of water 

catalyzed with HC1 (0.1N) and ethanol was added 
into the flask. The sol was stirred for 4 h and 
then kept without stirring at room temperature 
for 2 days. Table 1 gives the composition of the 
sol studied here.

Sol-gel SiO2 coatings were obtained with a 
dipping procedure. The deposited sol-gel films 
were annealed at different temperatures for 30 
min after drying in an oven at 100°C for 30 min.

Evaporated SiO2 coatings were obtained by 
electron beam evaporation of SiO2 powder. The 
vacuum chamber was evacuated to 5 X 10“6 Torr, 
then back filled to 2 X 10“4 Torr by introducing 
oxygen. The substrate temperature was 100°C 
and subsequent annealing was carried out for 30 
min at different temperatures.

The sol-gel and evaporated coating films were 
deposited on soda-lime-silica glass and Si wafer

Table 1
Silica sol

Quantity (g) Mol ratio

TEOS 20.8 1
ethanol 27.6 6
0.1NHC1 18.0 10

0022-3093/92/505.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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for measuring IR spectra. The film thickness was 
determined by use of a Sloan Dektak 3030 pro
filometer in the range from 100 to 150 nm.

2.2. Characterization of film structure

The index of film, n, was determined by Fres
nel’s equation:

R = (n2-ng/n2+ ng) ,

where ng is the index of glass substrate (1.516) 
and R is the minimum reflectance from film side 
of the sample. The opposite side was blackened 
in order to minimize reflection from the back side 
of glass. The reflection spectra were measured 
using a Hitachi U-3400 spectrophotometer.

The index depends not only on porosity of 
SiO2 films but also on compositional change or 
partial crystallization of the films. Therefore ef
fectiveness of the protection against H+ attack 
was used to investigate the porosity of films di
rectly. SiO2 films coated over ZnO film, which 
has poor durability against H+attack and a clean 
absorption band in UV region. Samples were 
immersed in 0.1N H2SO4 solution for different 
times. Since SiO2 films have good durability 
against H+ attack, the penetration of H+ through 
fine open pores can be estimated by measure
ment of the increase of optical transmittance at 
350 nm owing to dissolution of ZnO under SiO2 
films.

Infrared IR spectra were obtained on a Shi- 
madzu FTIR-4200 Fourier-transform infrared 
spectrophotometer for SiO2 films deposited on Si 
wafer.

2.3. Characterization of the adhesion on glass sub
strate

The adhesion between film and glass substrate 
was determined by use of a Rhesca CSR-02 
scratch tester. This scratch tester has been devel
oped recently to examine fracture or friction phe
nomena of thin films [8]. The diamond stylus 
(radius: 15 pm) of the cartridge is driven to swing 
sinusoidally in parallel to the film surface with an 
amplitude of 0.1 mm. As the stylus moves across

Fig. 1. Schematic illustration of the testing block of the 
scratch tester.

the film to be tested with an increasing load, a 
voltage signal which reflects the frictional proper
ties of the surface is generated in the cartridge. 
The configuration for the instrument is shown in 
fig. 1. Friction force in proportion to applied load 
is observed while no fracture occurs. However, 
the moment when film removal occurs can be 
detected because the stylus swing changes drasti
cally as shown in fig. 2. The critical load for the 
fracture was also confirmed by observation of the 
scratched track with an optical microscope.

3. Results

3.1. IR absorption spectra

Figure 3 shows IR absorption spectra for sol
gel SiO2 film at different annealing tempera
tures, Ta. The absorption bands at about 1080 
and 800 cm-1 are assigned to a stretching mode 
and a bending mode of Si-O-Si in stoichiometric 
non-crystalline SiO2 [7]. These absorption bands 
increased and sharpened with an increase in T,d,

Load 1 mN 1
Fig. 2. An example of the signal versus load curve where the 

film removal occurred during the loading process.
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Annealinq terwerature FC1
Fig. 5. Change of refractive index for SiO2 films versus Ta: o, 

sol-gel films; a , EB evaporated films.

Wavenumber [cm"']
Fig. 3. IR absorption spectra for sol-gel SiO2 films on Si 
wafer at different Ta’s: a, b, c, d and e annealed for 30 min at 

100, 200, 300, 400 and 500C. respectively.

while the absorption band due to a stretching 
mode of Si-OH at about 940 cm-1 decreased.

Figure 4 shows IR absorption spectra for evap
orated SiO2 film at different Ta’s. The absorption 
band due to Si-OH was hardly detected but the

Wavenumber Icm’1]
Fig. 4. IR absorption spectra for EB evaporated SiO2 films on 
Si wafer at different Ta’s: a, b, c, d and e annealed for 30 min 

at 100, 200, 300, 400 and 500C, respectively. 

absorption band due to a stretching mode of 
Si-O-Si in Si2O3 [5] was detected at about 880 
cm-1. This band decreased with an increase in Ta 
and only the band due to Si-O-Si in SiO2 was 
observed in the spectrum of the sample annealed 
at 500°C.

3.2. Refractive index

The change of refractive index for sol-gel and 
evaporated films versus Ta is shown in fig. 5. The 
index of sol-gel film increased monotonically with 
an increase in Ta. This can be mainly attributed 
to an decrease in the porosity of the films be-

Annealing temperature [°C 1

Fig. 6. Change of critical load in the scratch test and R, in IR 
spectra for SiO2 films versus T,: o, critical load for sol-gel 
films; a, critical load for EB evaporated films; •, R, for 
sol-gel films. R; = tsi-OH/^Si-o-Si 's the ratio of the IR 
peak intensity due to Si-OH (940 cm ' ) to that due to 

Si-O-Si (1080 cm“1). 
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cause IR spectra and X-ray diffraction indicate 
neither compositional change nor crystallization.

The index of evaporated film versus Ta is 
shown in fig. 5. The index of the film, which was 
high (1.47) as deposited at 100°C, gradually de
creased with an increase in Ta and reached 1.46 
after annealing at 500°C.

3.3. Scratch test

Figure 6 shows change of the critical load for 
fracture versus Ta. The critical loads of sol-gel 
films increased markedly with an increase in Ta, 
whereas those of the evaporated films were lower 
and increased slightly.

4. Discussion

4.1. Structure of SiO2 films

Infrared spectra and refractive index indicate 
that sol-gel films have porous structure with much 
residual -OH and become denser by formation 
of Si-O-Si bonds derived from the condensation 
between silanol groups. Sol-gel films seem to 
have porous structure after annealing at 500°C 
because the index did not increase to 1.46, which 
is the index of fused silica glass.

Immersing time [day]
Fig. 7. Change of transmittance at 350 nm for SiO2 films 
coated over ZnO film versus immersing time in 0.1N H2SO4 
solution: O, sol-gel film annealed at 500°C; a, evaporated 
film deposited at 100°C; ▲ , EB evaporated film annealed at 

500°C.

The optical measurements also indicate that 
evaporated film contains silicon suboxide (SiOx, 
x < 2) owing to decomposition of SiO2 during 
deposition, so that the indices were higher than 
1.46. However, it decreased to 1.46 by annealing 
because SiOc was oxidized to SiO2.

To estimate the porosity of the films more 
clearly, the change of transmittance at 350 nm 
was measured for the SiO2 films coated over 
ZnO film after immersing them in 0.1N H2SO4 
solution for various times. The transmittance for 
the sol-gel film increased soon after immersion 
as shown in fig. 7, because it is porous even after 
annealing at 500°C. This supports the result of 
index change with Ta. Transmittance for the 
evaporated film did not increase in comparison 
with that for the sol-gel film. These results indi
cate that both evaporated films have denser 
structure.

4.2. Adhesion of SiO2 films on glass substrate

Michalske and Keefer showed that silica sur
faces can be bonded by hydrogen bonded water 
molecules, cationic bridges between alkali ions 
and deprotonated silanol groups, or siloxane bond 
formation [9]. It is very difficult to analyze silanol 
groups or siloxane bonds on the interface di
rectly. Thus, authors supposed that the amount of 
silanol groups or siloxane bonds in the film corre
sponds to that on the interface. According to this 
supposition, the amount of the interfacial bonds 
was estimated by use of IR spectra. Change of Rt 
for the sol-gel film versus Ta is also shown in fig. 
6, where is the ratio of the IR peak intensity 
due to a Si-OH stretching mode around 940 
cm 1 to that due to a Si-O-Si stretching mode 
around 1080 cm“1. Rt for the sol-gel film 
markedly decreased with an increase in Ta. These 
data suggest that the adhesion of sol-gel film 
corresponds to the decrease of silanol groups in 
the film or on the interface. In other words, the 
adhesion force is mainly attributable to siloxane 
bond formation derived from the condensation 
between silanol groups. This also explains the 
weak adhesion of the evaporated film because 
Si-OH was hardly detected in the film.
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5. Conclusions

(1) Sol-gel SiO2 films have porous structure 
with residual Si-OH. The sol-gel films became 
denser by the siloxane bond formation derived 
from the condensation between silanol groups 
during heat treatment. However, they were porous 
even after annealing at 500°C.

(2) The adhesion force of sol-gel SiO2 films 
on soda-lime-silica glass was higher than that of 
EB evaporated SiO2 films and markedly in
creased with heat treatment. The strong adhesion 
of sol-gel SiO2 films is mainly attributable to the 
siloxane bond formation derived from the con
densation at silanol groups at the interface.
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Mixed oxides with Fe/Y ratio of 5/3 were prepared by a sol-gel method using organic polydentate ligands. The effect of 
the ligands, glycerine and five diols, on the structure of the metal oxides was investigated. When the ligands were long chain 
diols, 1,2-decanediol and 1,2-dodecanediol, garnet structure tended to appear as the main crystalline phase in the mixed 
oxide with calcination at 700°C. This tendency was present in films. It was shown that the transparent magnetic films can be 
prepared on mica and quartz substrates.

1. Introduction

Selective production of garnet phase at low 
temperature is very difficult in the system yt- 
trium-iron-oxide, because the system can pro
duce hematite, magnetite, maghemite, yttrium ox
ide, orthoferrite and yttrium iron garnet [1]. It is 
thus important to obtain selectively a specific 
structure among possible crystalline phases of a 
mixed oxide. Studies of such structural regulation 
in the preparation of metal oxides are limited as 
compared with synthesis of organic and coordina
tion compounds. This seems be a consequence of 
the fact that conventional preparation methods of 
metal oxides lack the concept of designing the 
metal oxide structure at the atomic or molecular 
level. Sol-gel processes have recently been at
tracting considerable attention, because they have 
potential to design the structure of metal oxide 
polymers.

We have proposed the concept of using a 
complexing agent or an organic polydentate lig
and in sol-gel process for the design of metal 
oxide polymers [2-6]. The ligand is expected to 
play a key role in the process to control the rate 

and degree of hydrolysis and polymerization/ 
condensation reactions [2], to provide a mold that 
determines polymer structure [4,5], to provide a 
tie linking metal ions together [2] and to provide 
a core that determines the size and shape of the 
pore in the metal oxide [6]. The effect of the 
polydentate ligand on stability and structure of 
metal complexes [7] and the role of amines in 
zeolite synthesis [8] have been demonstrated. This 
paper describes the selective formation of iron 
garnet structure in yttrium/iron mixed oxide by 
the sol-gel process using long chain diols as the 
polydentate ligand.

2. Experimental

2.7. Preparation of powder

Fe(NO3)3 • 9H2O and Y(NO3)3 • 6H2O (molar 
ratio 5:3) were dissolved in 2-methoxyethanol. 
To the solution, an appropriate amount of diol or 
glycerine was added, then heated at 100-120°C 
and at 120-150°C, respectively, for 3 h. On heat
ing, NOx gas was evolved and the solution 
changed to a viscous sol. The solvent and the 
excess complexing agent were distilled off in vac
uum at 130°C to give a YIG precursor polymer.. 

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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The polymer was calcined stepwise at 600, 700, 
800, 1000 and 1150°C for 4 h.

For comparison, two types of powder were 
also prepared by conventional coprecipitation and 
powder mixing methods. In the precipitation 
method, the precipitate was obtained by adjusting 
the pH of an aqueous solution of Fe(NO3)3 • 
9H2O and Y(NO3)3 • 6H2O (molar ratio 5:3) to 
10 with aqueous ammonia and in the powder 
mixing method a mixed powder of Fe2O3 and 
Y2O3 (molar ratio 5:3) was calcined under the 
same conditions as described above.

2.2. Preparation of coatings

The above polymer was dissolved in ethanol, 
and applied on quartz and mica substrates by 
spin coating. Gel films thus obtained were cal
cined in a manner similar to the above. The 
thickness of the film was increased by repeating 
the coating cycle.

2.3. Characterization of powder and coatings

The powder and coatings were characterized 
by TGA (MAC Science TG-DTA 2100), XRD 
(Philips PW 1700 and MAC Science MXP 18),

Calcination Temperature (°C)

Fig. 2. Magnetization at 15 kOe field for yttrium iron oxide 
powder prepared using different amount of 1,2-decanediol 
and calcined for 4 h at various temperatures: O, 0 equivalent; 
•, 1 equivalent; A, 3 equivalents; a, 4 equivalents; □, 5 

equivalents; X, 10 equivalents.

SEM (JEOL JSM-5300), magnetometry (Tama- 
gawa Co., TM-VSM1550HGC) and UV-visible 
spectra (JASCO U-best-50). The film thickness 
was determined directly by SEM observation of 
the fracture cross-sections of the films. All mea
surements were carried out at room temperature.

Calcination Temperature (°C)

Fig. 1. Magnetization at 15 kOe field for yttrium iron oxide 
powder prepared using different complexing agents and cal
cined for 4 h at various temperatures: O, no complexing 
agent; •, glycerine; A, ethylene glycol; ▲, 1,2-pentanediol; 
□ , 1,2-octanediol; X, 1,2-decanediol; *, 1,2-dodecanediol (5 

equivalents, respectively).

3. Results and discussion

3.1. Powder

Seven types of powder samples were prepared 
by the sol-gel method with 2-methoxyethanol as 
the solvent, and glycerine, ethylene glycol, 1,2- 
pentanediol, 1,2-octanediol, 1,2-decanediol and
1,2-dodecanediol  were the complexing agents. 
Figure 1 shows the magnetization at 15 kOe field 
for the samples calcined stepwise at temperatures 
of 600 to 1150°C. There are two different modes 
of magnetization. In one mode, the magnetiza
tion increases as the calcination temperature is 
raised and in the other mode, the magnetization 
first decreases and then increases with an in
crease in the calcination temperature after reach
ing the minimum point. It is also found that the 
sample prepared using 1,2-decanediol as the
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Table 1
XRD results of yttrium iron oxide powder prepared using different complexing agents and calcined for 4 h at various temperatures

Complexing agent 
(five equivalents)

Calcination temperature (°C)

600 700 750 800 1000 1150
none OF,Y OF > Y > YIG OF > YIG,Y OF > YIG,Y OF > YIG YIG » OF
glycerine Y OF>Y OF > YIG > Y OF > YIG - YIG > OF
ethylene glycol OF,Y,Fe Y > OF, Fe - OF, Y > YIG IF > YIG YIG > OF
1,2-pentanediol Am OF, Y OF, Y>YIG OF > YIG - YIG > OF
1,2-octanediol Am OF, YIG - YIG > OF YIG > OF YIG > OF
1,2-decanediol Am YIG > OF - YIG > OF YIG » OF YIG »OF
1,2-dodecanediol Am YIG > OF YIG > OF YIG » OF YIG » OF

Am, amorphous; YIG, yttrium iron garnet (Y3Fe5O10); OF, orthoferrite (YFeO3); Y, yttrium oxide (Y2O3); Fe, iron oxide (Fe2O3).

Table 2
XRD results of yttrium iron oxide powder prepared using different amount of 1,2-decanediol and calcined for 4 h at various 
temperatures

Complexing agent 
(1,2-decanediol)

Calcination temperature (°C)

600 700 800 1000 1150
none OF, Y OF>Y>YIG OF > YIG > Y OF > YIG YIG » OF

1 eq. Am OF, Y, Fe OF > YIG YIG » OF YIG » OF
3 eq. Am OF > Y, Fe OF > YIG YIG » OF YIG » OF
4 eq. OF, Y, Fe OF, Fe > Y OF > YIG YIG » OF YIG » OF
5 eq. Am YIG > OF YIG > OF YIG » OF YIG » OF

10 eq. OF, Y, Fe OF > Y, Fe OF > YIG YIG > OF YIG > OF

Am, amorphous; YIG, yttrium iron garnet (Y3Fe5O10); OF, orthoferrite (YFeO3); Y, yttrium oxide (Y2O3); Fe, iron oxide (Fe-,O3).
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Fig. 3. XRD pattern of yttrium iron oxide powder calcined for 4 h at various temperatures, (a) prepared using only the solvent, 
(b) prepared using five equivalents of 1,2-decanediol to the total metal ions; O, YIG; •, orthoferrite; □, yttrium oxide.
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complexing agent shows the higher magnetization 
for all calcination temperatures. The effect of the
1,2-decanediol  concentration on the magnetiza
tion was investigated and is shown in fig. 2. In 
this case, modes similar to those in fig. 1 are 
observed, i.e., only when the molar quantity of
1,2-decanediol  used is five times the total molar 
quantity of metal compounds used (five equiva
lents), the magnetization monotonicly increases 
with an increase in the calcination temperature 
and does not show a minimum. This sample, 
prepared by the sol-gel method, was compared 
with two samples prepared by the conventional 
co-precipitation and powder mixing methods. The 
magnetization of the sol-gel sample is about three 
and ten times those of the co-precipitation and 
powder mixing samples, respectively, in the calci
nation temperature range of 600-1150°C.

The magnetization phenomena can be ex
plained on the basis of the XRD results of the 
powder samples. Tables 1 and 2 show the effect 
of the complexing agents and the 1,2-decanediol 
amount on the structure of the samples calcined 
at the temperatures of 600-1150°C, respectively. 
Figure 3 shows the XRD results of the samples 
prepared using only the solvent and five equiva
lents of 1,2-decanediol. In the samples, whose 
magnetizations monotonicly increase with an in
crease in calcination temperature, prepared using 
five equivalents of diols, 1,2-octanediol, 1,2-de-

Fig. 4. XRD pattern of the yttrium iron oxide film prepared 
on a quartz substrate by performing ten coating cycles and 
calcined for 4 h at 1000°C (ligand: 1,2-decanediol, five equiva

lents); O, YIG; A, magnetite; □, yttrium oxide.

Fig. 5. FE-SEM image of the yttrium iron oxide film prepared 
on a quartz substrate by performing ten coating cycles and 
calcined for 4 h at 1000°C (ligand: 1,2-decanediol, five equiva

lents).

canediol and 1,2-dodecanediol to the total metal 
ions, yttrium iron garnet structure is formed as 
the main crystalline phase from the temperature 
at which a crystalline phase initially appears. In 
all samples which show minima in the magnetiza
tion curves, orthoferrite appears as the main crys
talline phase at the calcination temperatures of 
700-800°C which give minimum magnetization 
values for the samples.

As mentioned above, hematite, magnetite, 
maghemite, yttrium oxide, orthoferrite and yt
trium iron garnet are expected to appear as crys
talline phases in the system yttrium-iron-oxygen. 
Among these metal oxides, only magnetite, 
maghemite and yttrium iron garnet show strong 
magnetism and other metal oxides show very weak 
magnetism. This suggests that samples achieving 
garnet structure from iron oxides via orthoferrite 
show minima in the magnetization curves. Sam
ples assuming the garnet structure directly from 
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the amorphous mixture show monotonic in
creases in the magnetization especially if the mix
ture is more homogeneous. Thus, it is found that 
the results of figs. 1 and 2 are in good agreement 
with those of tables 1 and 2 and fig. 3.

3.2. Coatings

The ethanol solubilities of YIG precursor 
polymers prepared from iron and yttrium nitrate 
hydrates by sol-gel method using the complexing 
agents were measured. It was found that only the 
polymers derived from 1,2-decanediol and 1,2- 
dodecanediol give sol solutions suitable for coat
ings on quartz or mica substrates.

The film prepared by ten coatings of an ethanol 
solution of the 1,2-decanediol-derived polymer on 
a quartz substrate and calcining the gel film step- 
wise to 1000°C was about 370 A thick. This film 
gave about 80% transmittance for wavelengths 
< 600 nm in the UV-visible spectra. This film 
yielded a magnetization of 17.9 emu/g at 15 kOe 
field. An eight-layer coating on a mica substrate 
gave a magnetization of 17.7 emu/g. Figures 4 
and 5 show the XRD pattern and FE-SEM obser
vation of the ten-layer coating on quartz. The 
XRD result indicates that the main crystalline 
phase is garnet, although yttrium iron garnet and 
magnetite are present in the film. The film has a 
grain size of about 3000 A based upon the SEM 
observation.

4. Conclusions

(1) In mixed oxide powder prepared from iron 
and yttrium nitrate hydrates by the complexing 

agent-assisted sol-gel method, YIG structure can 
be selectively formed with a suitable complexing 
agent.

(2) Long chain diols, 1,2-decanediol and 1,2- 
dodecanediol used as a complexing agents at five 
equivalents to the metal compounds, give YIG 
structure as the main phase even at 700°C.

(3) YIG precursor polymers obtained using the 
above long chain diols are soluble in common 
organic solvents and transparent films whose main 
crystalline phase is YIG can be easily prepared by 
applying a solution of the polymer on quartz and 
mica substrates and calcining the gel films at 
1000°C.

References

[1] H.J. Van Hook, J. Am. Ceram. Soc. 45 (1962) 162.
[2] S. Niwa, F. Mizukami, S. Isoyama, T. Tsuchiya, K. Shimizu, 

S. Imai and J. Imamura, J. Chem. Tech. Biotechnol. 36 
(1986) 491.

[3] F. Mizukami, S.Y. Matsuzaki, F. Furukori, S. Niwa, M. 
Toba and J. Imamura, J. Chem. Soc. Chem. Commun. 
(1986) 678.

[4] G. Mizukami, Y. Kobayashi, S. Niwa, M. Toba and K. 
Shimizu, J. Chem. Soc. Chem. Commun. (1988) 1540.

[5] K. Maeda, F. Mizukami, S. Miyashita, S. Niwa and M. 
Toba, J. Chem. Soc. Chem. Commun. (1990) 1268.

[6] M. Toba, F. Mizukami, S. Niwa and K. Maeda, J. Chem. 
Soc. Chem. Commun. (1990) 1211.

[7] F. Basolo and R.G. Pearson, Mechanisms of Inorganic 
Reactions, A Study of Metal Complexes in Solution (Wi
ley, New York, 1968).

[8] E.G. Derouane, J.B. Nagy and Z. Gabelica, Zeolites 2 
(1982) 299.



IOURNAL OF
Journal of Non-Crystalline Solids 147&148 (1992) 447-450
North-Holland NON-CRYSTALLINESOLIDS

Fine patterning of thin sol-gel films
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An embossing technique was used to fabricate surface reliefs in organically modified ceramics of the Ormocer type, 
synthesized via the sol-gel route. Embossing techniques for these materials are described and results of embossed grids and 
gratings with up to 2400 lines/mm and peak-to-trough values up to 3 p.tn are presented.

1. Introduction

Integrated optical components such as wave
guide gratings are typically fabricated by hologra
phy combined with ion milling [1] or direct elec
tron beam writing [2]. These techniques are time 
consuming and expensive, so that mass produc
tion is ineffective. Because of numerous practical 
applications of such waveguide gratings such as 
planar waveguide couplers [3], beam splitters [4] 
and focusing elements [5], high production rates 
are worthy objectives. One approach to generate 
surface relief structures is embossing of sol-gel 
thin films, which offers a convenient alternative 
to vacuum methods. Embossing techniques for 
organic materials [6], for thin gel films prepared 
from organometallic compounds in solution and 
PEG-modified SiO2/TiO2 gels have been re
ported [7-10], The sol-gel films are prepared by 
dip or spin coating and baked at 500°C. These 
films shrink 40-70 vol.% and a final film thick
ness of only 80-200 nm can be obtained. That 
means near net shaping is not possible. The opti
cal loss of such SiO2/TiO2 waveguides is less 
than 1 dB/cm.

One of the problems with embossing inorganic 
gel layers is the thickness limitation and re
stricted plasticity. The embossing depth obtained 
by this technique generally is extremely low and 
not suitable to produce channel waveguides for 
multimode applications.

To overcome these problems, materials have 
to be developed which can be prepared with 
thicknesses up to 10 |im with sufficient softness 
during the embossing step, good mechanical 
properties after embossing and low optical loss. 
Therefore a concept of synthesizing inorganic 
nanocomposites was developed in order to mini
mize shrinkage by high nanoparticle packing 
[11,12].

2. Experimental

The coating material was synthesized from 
methacryloxypropyl trimethoxy silane (I), 
methacrylic acid (II) and zirconium-n-propoxide 
(III) precursors. A zirconium propoxide/metha
crylic acid complex was formed by reacting the 
alkoxide with methacrylic acid. After addition of 
the silane (I), hydrolysis and condensation was 
performed by adding the appropriate amount of 
water to the mixture. A detailed description of 
the synthesis procedure is described elsewhere 
[11,12].

Films were fabricated by dip coating cleaned 
silica substrates using a withdrawal velocity of 5 
mm/s. A viscosity of 17.1 mPa s was chosen. In 
order to avoid coating both sides of the substrate, 
one side was covered by a protective tape. A film 
of 3 |xm thickness was obtained after drying in air 
for 1 min. Embossing and UV-curing was carried

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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T

— stamper
-- matrix

- ORMOCER
— substrate

- substrate
holder

thermostat
25°C

Fig. 1. Schematic apparatus for embossing in combination with UV curing.

out using the device shown in fig. 1. ft includes a 
UV double beam source with a maximum ad
justable total power consumption of 500 W, a 
water filter of about 10 cm length to remove IR, a 
shutter allowing control of the irradiation time 
and a UV-reflecting mirror.

A defined pressure between 10 and 100 N 
cm 2 was applied to the stamper which presses 
the deformable gel film against the master grat
ing. After an embossing time of 10 min, the 
stamper was removed and the formation of the 

inorganic network in the layer completed by ther
mal treatment at 130°C for 1 h.

3. Results

The system described was chosen for several 
reasons. Compound (I) is commercially available 
and can act as a precursor to build a sol-gel-de

Fig. 2. Reaction scheme for the photocuring process.
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Fig. 3. Model for the ‘ZrO2’ cluster formation.
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rived inorganic backbone and, second, the 
methacrylate group can be polymerized with (II) 
to form organic chains. In addition, a chemical 
link to the inorganic network former Zr is at
tained by formation of a stable complex with (II) 
[12]. The inorganic component Zr in such systems 
provides a hard surface and high mechanical sta
bility [13]. Moreover, addition of Zr increases the 
refractive index of such a composite [14,15], which 
should be greater than that of the fused silica 
substrates for optical applications. An inorganic 
network including Zr- and Si-containing units 
should be formed by hydrolysis and condensation. 
Direct formation of Zr-O-Si bonds seems un
likely from the chemistry of these elements. As 
shown in ref. [16], ZrO2-containing clusters of 
5-10 nm diameter are formed under these reac
tion conditions with complex bonds of methacrylic 
acid to Zr. The complex bond is stable under 
hydrolytic conditions [12] and thus provides a 
means of incorporating the ZrO2-containing clus
ters into the matrix of silane(I) polycondensates 
by photopolymerization of the methacryloxy 
groups to the methacrylic ligands. The viscous 
liquid obtained by hydrolysis and condensation 
shows a surprisingly low shrinkage during densifi- 
cation (~ 5 vol.%), which is the basis for a near 
net shape embossing process. Polymerization 
takes place during the UV-initiated embossing 
step, as shown in fig. 2. The resulting nanocom
posite can be considered as a 0-3 composite 
consisting of clusters connected by flexible units 
(fig. 3).

The build-up of the inorganic backbone takes 
place during the sol-gel synthesis, while the final 
polymerization takes place during embossing.

The refractive index of a system of the compo
sition I: II: III = 10:1:1 (molar ratio) was deter
mined to 1.52 (nD). The optical loss of the films 
has been determined to 1 dB/cm at 632.8 nm, 
which is a promising starting value. Squared pat
terns with an edge width of about 10 |xm and a 
grating with 2400 lines per mm have been pre
pared. In figs. 4(a) and (b), the SEM micrographs 
of the squared patterns are shown. The pattern is 
characterized by sharp edges and a high flank 
steepness. Film thickness is about 3 pun. Such 
structures can be used as transmission gratings.

Fig. 4. (a,b) SEM micrographs of the embossed pattern gener
ated by a grid.

Scanning electron micrography micrographs of 
the replica of a master reflection grating with 
2400 lines per mm are shown in figs. 5(a) and (b). 
The embossed patterns show near net shape of 
the original sinusoidal surface of the stamper and 
demonstrate the ability of the system to repro
duce fine lines exactly.

Low shrinkage is essential for near net shaping 
in case of high peak-to-trough values of some 
|jtm. As can be seen in fig. 4, peak-to-trough 
values of 3 pun are attainable for the composite 
materials. In principle, it is no problem to pre
pare films up to 10 ptm and higher.

Some difficulties in the fabrication of the pat
terns are related to adhesion of the composite to
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gratings to be fabricated. The index of refraction 
can be varied by the composition. The composite 
has low optical loss, synthesis-controlled homo
geneity and low shrinkage which allows structures 
with peak-to-trough values of some pm to be 
produced. Adherence problems between master 
grating and gel film still have to be solved.

The authors wish to thank the Minister for 
Science and Education of the State of Saarland 
for his financial support.

Fig. 5. (a,b) SEM micrographs of an embossed pattern gener
ated by a commercially available reflection grating with 2400 

lines/mm.

the stamper. Therefore proper coatings have to 
be chosen. For reducing the loss, which, at pre
sent is due to dust particles, clean room condi
tions must also be improved.

4. Conclusion

Combination of dip coating and embossing 
techniques permits good quality surface relief
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Oxynitride film preparation via ammonolysis and ion implantation procedures was investigated. SiO2-TiO2 thin coatings 
were deposited by spinning on silicon substrates. .The ammonolysis was performed at 1000°C on samples that were 
pretreated by (a) firing at 1000°C, (b) drying at 200°C, and (c) firing at 1000°C followed by implantation with Ar+ ions. 
Nitrogen ion implantation was performed on (a)-type samples. The effects of the various treatments were analyzed by 
nuclear reaction analysis, Rutherford backscattering spectrometry, elastic recoil detection, X-ray diffraction, Fourier 
transformed infrared spectroscopy and X-ray photoelectron spectroscopy.

1. Introduction

Nitride and oxynitride films are interesting for 
their chemical, dielectric, thermal and mechani
cal properties. The reaction of oxide films with 
ammonia is a common method for the prepara
tion of oxynitride films. It was applied to ther
mally grown silicon dioxide [1,2] and to sol-gel- 
derived silica films [3], but it was demonstrated 
that the latter are more suitable for the nitrida
tion reaction because of their microporous struc
ture which allows both a significant incorporation 
of nitrogen and its more uniform distribution 
through the films. Reaction with ammonia gas 
was performed on borosilicate thin films [4] and, 
more recently, on TiO2 coatings to form TiN [5].

A different method which enables the trans
formation of oxide films into oxynitride ones is 
ion implantation. Formation of silicon oxynitrides 
with a uniform nitrogen distribution by implanta
tion of nitrogen ions in silica glass [6,7] has re
cently been reported.

The study was initiated on the SiO2-TiO2 
system, by characterizing oxide coatings with dif
ferent compositions and treated at different tem
peratures [8]. This paper reports results obtained 
on nitridation of coatings in this system. An 
equimolar composition was chosen in order to 
compare the attitude of the two oxides to be 
nitrided. It is known that glasses in this system 
can be obtained up to about 10 mol% TiO2. A 
larger amount of titania is not retained in the 
amorphous network and separates as a crystal 
phase [9], In the previous study [8], it was shown 
that equimolar coatings prepared by the sol-gel 
method were amorphous after treatment at 500°C, 
but were constituted of crystalline titania in an 
amorphous silica matrix after treatment at 1000°C. 
In this work, the nitridation was performed on 
coatings treated in different ways in order to vary 
their structure and to look for its influence on the 
amount of nitrogen incorporated in the films and 
the nature of products obtained. A comparison 
was made between the two nitridation methods.

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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2. Experimental

Coatings with a composition 50SiO2- 
50TiO2(mol%) were deposited by spinning a suit
able solution onto silicon substrates. The solution 
was prepared by mixing an ethanolic solution of 
prehydrolyzed TEOS (H2O/TEOS = 1; HC1/- 
TEOS = 0.01; 2 h reflux at 70°C) with Ti(OBu)4 
dissolved in glacial acetic acid (TiO2/ acid = 1).

The nitridation was carried out by treatment 
with gaseous dry NH3 (-A samples) or by N+ ion 
implantation (-N sample). In the first case, it was 
performed on films pretreated by (a) firing at 
1000°C for 15 h (sample 1000), (b) drying at 200°C 
for 15 h (sample 200), and (c) firing at 1000°C 
followed by implantation of Ar+ ions (100 keV, 
dose of 1 X 1017 cm 2) (sample 1000-Ar).

The samples were heated in a SiO2 glass tube 
furnace under NH3 gas at a heating rate of 
10°C/min up to 1000°C and held there for 5 h. 
The furnace was previously flushed with N2 at 
room temperature for 30 min and then N2 was 
replaced by Nil3 (approximately 250 ml/min). 
The cooling was performed under N2 flux. Nitro
gen ion implantation was performed on samples 
fired at 1000°C, irradiating with 50 keV ions at 
the dose of 5 X 1017 cm“2.

The effects of the various treatments were 
analyzed by nuclear reaction analysis (NRA), 
Rutherford backscattering spectrometry (RBS), 
elastic recoil detection (ERD), X-ray diffraction 
(XRD), Fourier transformed infrared spec
troscopy (FTIR) and X-ray photoelectron spec
troscopy (XPS) as previously described in refs. 
[7,8],

3. Results

3.1. RBS, NRA and ERD

The density of the coatings before nitridation 
was calculated from the composition and the real 
density determined by RBS, NRA and ERD and 
from the thickness measured by a stylus instru
ment.

The compositions after drying at 200°C and 
after heating at 1000°C were, respectively, Ti05-

Table 1
Atomic percentage of nitrogen in the films, determined by 
NRA, and corresponding N/(N + O) ratio after the nitrida
tion processes. Reported values have an estimated maximum 
error of 5%

Sample N N/(N + O)

1000-N 6.1 0.09
200-A 12.5 0.18

1000-A 8.9 0.13
1000-Ar-A 11.2 0.16

Si05O2H04C04 and Ti05Si05O2 (the stoichiome
try error was within 5%). The thicknesses were o
3500 and 2500 A and the calculated densities 
were 2.1 and 2.5, respectively (±5%). The amount 
of nitrogen detected by NRA in the samples after 
the nitridation processes is reported in table 1.

It can be observed that the reaction with am
monia gas was more effective than ion implanta
tion with respect to the amount of nitrogen incor
porated into the coatings.

The differences among ammonia-reacted films 
deserve some comments. Sample 200 was charac
terized by a lower density with respect to sample 
1000. This allowed ammonia to easily enter the 
film and react with the larger available surface, 
probably starting the reaction at temperatures 
much lower than 1000°C to form M-NH, and 
M=NH species [10]. On the other hand, the pre
implantation of sample 1000 with Ar+ ions en
hanced the reactivity with ammonia. A similar 
effect was previously observed [7] in N+ ion im
plantation experiments and attributed to argon- 
induced radiation damage which produces radical 
active species.

3.2. XPS

In table 2 the Ti/(Ti + Si) and N/(N + O) 
atomic ratios for all the samples are reported. 
Sample 1000 showed a Ti/(Ti + Si) value which 
is far from the nominal one (0.50). This effect has 
been already documented [8,11], and attributed 
to an energetically favoured surface segregation 
at 1000°C of silicon atoms. The BE values of the 
Ti(2p) and Si(2p) peaks were close to the litera
ture values of SiO2 and TiO2. This evidence
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Table 2
Surface atomic ratios of the SiO2-TiO2 coatings according to 
the XPS measurements

Sample Ti/(Ti + Si) N/(N + O)

1000 0.11 0.0
1000-N 0.53 0.03
200-A 0.44 0.37

1000-A 0.39 0.33
1000-Ar-A 0.52 0.31

confirms the reported finding [8] of the presence 
of discrete TiO2 crystallites mixed with an amor
phous SiO2 phase. Accordingly, the O(ls) peak 
showed two well resolved components.

The surface effect of the N+ implantation 
(sample 1000-N) was rather extensive even if ni
trogen retention on the surface of the coating was 

low (N/(N + O) = 0.03). A remarkable ion-mix
ing was induced by nitrogen implantation chang
ing the Ti/(Ti + Si) surface ratio to the nominal 
value. The Ti(2p) peak was practically unshifted 
after the nitrogen implantation, whereas the 
Si(2p) one was shifted towards lower BE by 0.7 
eV. This latter effect has been attributed in liter
ature to the formation of SiOvN(1 species [12]. 
The O(ls) peak showed a large intensity decrease 
of the higher BE component, as expected if the 
SiO2 component had been partially transformed 
into SiOvNy.

The surface nitrogen retention was much more 
extensive when nitridation was carried out by 
ammonolysis at 1000°C (N/(N + O) = 0.33). In 
this case (sample 1000-A), the titanium atoms 
were drawn into the surface region by the chemi
cal reaction instead of the physical ion mixing, 

L..i....L..i....I....i....L..i.-.I....i..J....i....I....i....I...j....1....i....L..i....I
98 100 102 104 106 108 eV

Irli I .1 I I I 1 till, i .1. t ... i. ■...J
393 395 397 399 401 403 eV

Fig. 1. XPS O(ls), N(ls), Ti(2p) and Si(2p) regions for the studied coatings.
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and a Ti/(Ti + Si) surface ratio of 0.39 was ob
tained. The fact that titanium preferentially re
acts with NH3 was demonstrated by the change 
of the Ti(2p) peak (fig. 1), which showed at least 
three components, related with TiO2, TiOxNv 
and TiN [13], The Si(2p) peak showed a smaller 
shift with respect to sample 1000-N, indicating 
only a partial conversion to SiOxNy and, accord
ingly, the higher BE component of the O(ls) peak 
did not decrease as in sample 1000-N. The N(ls) 
peak was complex and two components were 
easily distinguished and attributed to SiOxNy (at 
approximately 398.5 eV) and TiOxNy and TiN (at 
approximately 397 eV). The titanium-bonded 
component was predominant over the silicon- 
bonded one.

In the case of sample 1000-Ar-A, which was 
Ar+ implanted prior to the ammonolysis, the 
Ti/(Ti + Si) surface ratio of 0.52 was obtained 
with a retention of nitrogen similar to sample 
1000-A. This means that the implantation with 
argon did not influence the degree of nitridation 
of the surface region. The Ti(2p) peak band enve
lope was very similar to that of sample 1000-A, 
indicating the presence of TiO2, TiOxNv and 
TiN. Very surprisingly, the N(ls) region showed a 
single component in the region of the Ti-N bonds. 
However, a shift to lower energies of the Si(2p) 
peak indicated the presence of silicon oxynitride.

Sample 200-A exhibited XPS spectra very simi
lar to those of sample 1000-A.

3.3. XRD

The crystalline phases detected, along with the 
semiquantitative data for the corresponding areas 
of the peaks, are reported in table 3. The data on 
the oxide coatings treated at 200 and 1000°C are 
in agreement with the previous study [8]. After 
drying at 200°C, the films were amorphous, while 
crystalline titania (anatase) was detected in the 
1000°C heat treated samples. The implantation of 
N+ and Ar+ amorphized the crystalline films. 
None of the nitrided samples exhibited crystalline 
silicon nitride or oxynitride species. Most of crys
talline titanium oxide present in sample 1000-A 
was converted, after ammonolysis, into crystalline

Table 3
XRD results

Sample Crystalline species Area of peaks b)

200 a -
1000 T vs
1000-N a -
1000-Ar a -
200-A T t

1000-A T + TN vw(T) + m(TN)
1000-Ar-A TN VS

a) a, amorphous; T, anatase (TiO2); TN, titanium (oxy)nitride.
b) t, traces (0-5 arbitrary units); vw, very weak (5-20); m, 

medium (40-60); vs, very strong (80-100).

titanium (oxy)nitride, with crystallites of about 
100 A in size.

In the case of sample implanted with Ar+ 
(amorphous), only crystalline TiN was present 
after nitridation. Further, in this sample the TiN 
peak area was larger than in sample 1000-A and 
the cell parameter was closer to that characteris
tic of pure TiN, indicating a lesser amount of 
oxygen in the nitride [5]. Crystallite size was about 
200 A.

After the treatment at 1000°C in ammonia of 
the sample pretreated at 200°C (initially amor
phous), only traces of anatase were detected and 
no crystalline titanium (oxy)nitride was found.

3.4. FTIR

Fourier transformed infrared spectroscopy 
spectra were recorded for all the samples in the 
range 4000-200 cm-1. Figure 2 shows the part of 
the absorption spectra of samples 200 and 1000 
relative to the region 2000-250 cm-1.

The presence of hydroxyl groups, physically 
adsorbed water and organic residuals was evi
denced in sample 200 by a large absorption band 
in the region between 3700 and 2800 cm-1 (not 
shown) and by the 1630 cm-1 3(OH) bending, 
the 1440 cm1 3(CH) bending and the 935 cm-1 
u(SiOH) stretching vibrations. These features 
were not present in the spectrum of the sample 
heat treated at 1000°C, indicating burning of 
residual organics and removal of hydroxyl groups 
by condensation reaction.
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In the spectrum of sample 1000, the three 
principal absorption bands of amorphous silica, 
connected to transversal optical vibration modes 
were identified. The rocking mode near 460 cm ', 
the bending vibration at about 810 cm-1 and the 
asymmetric stretching vibration at 1088 cm-1 are 
present. Bands connected to TiO2 vibrational 
modes were present in the region between 900 
and 200 cm’1 with two vibration modes centered 
at 630 and 330 cm 1 evident, while one at about 
460 cm-1 was covered by the Si-O rocking mode. 
From the absence of an absorption band between 
400 and 420 cm“1 typical of the TiO2 rutile 
phase, it can be inferred that TiO2 was present 
only in the anatase form.

Figure 3 shows the absorption spectra of sam
ples 1000-A, 200-A and 1000-N. After reaction 
with ammonia, a small shift to lower wavenum
bers 3-6 cm“1) was observed for the Si-O 
stretching vibration in sample 1000-A. In addi
tion, a new band located at about 960 cm“1 was 
observed. This band is likely to be due to Si-N 
stretching vibration of a silicon oxynitride. In fact, 
it was observed at 980 cm“1 in nitrided SiO2 
films [14] and at 970 cm“1 in silicate gels reacted 
with ammonia [15], The sample 1000-Ar-A 
showed the same features, with higher intensity 
of the 960 cm“1 band. This is consistent with 
NRA results reported in table 1, which indicates 
a larger amount of nitrogen in this film, with 
respect to the 1000-A one.

Fig. 2. I TIR absorption spectra of oxide films treated at 200 
and 1000°C.

Fig. 3. FTIR absorption spectra of nitrided samples 200-A, 
1000-A and 1000-N.

The spectrum of the film obtained by reaction 
with ammonia of sample 200 showed two broad 
bands centered at 1085 and 950 cm“1, which can 
be assigned to the Si-O and Si-N stretching 
modes.

The film obtained by nitrogen implantation 
exhibited a shift of the Si-O stretching mode and 
a change of the band shape due to overlapping of 
weak oxynitride vibration mode in the region 
1000-900 cm“1. The titanium species formed in 
samples after nitridation, although evident modi
fications of the corresponding absorption region 
were observed, are uncertain and require more 
experimental work.

4. Discussion

As found in previous experiments [8], after a 
treatment at 1000°C the film microstructure was 
constituted of anatase crystals in an amorphous 
silica matrix, as evidenced by XRD. XPS indi
cated a segregation of silica to the surface.

RBS, NRA and ERD techniques enabled cal
culation of film density indicating that, regardless 
of heat treatment at 1000°C, the densification was 
not complete, reaching about 85% of a fully den
sified material.

A lower density (about 70%) was found in 
samples dried at 200°C. In these coatings, both 
nuclear analyses and FTIR indicated the pres
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ence of organic residuals and hydroxyl groups. 
The structure was, at this stage, amorphous.

The sample treated at 1000°C and implanted 
with Ar+ ions was amorphous, at least in the 
limits of the XRD technique. In this case, amor- 
phization of the existing crystalline structure was 
clearly due to ion implantation. The same effect 
was also observed in the sample implanted with 
nitrogen ions. Another effect of implantation was 
restoration of the surface Ti/(Si + Ti) ratio to 
the nominal value. In the N-implanted sample 
both XPS and FT-IR spectra indicated the ni
trided silica species, while the Ti(2p) region of 
XPS spectrum remained unaffected. This sug
gests that the small amount of nitrogen detected 
in the surface reacted only (or mostly) with SiO2.

A different situation was found in samples 
reacted with ammonia. In this case, nitrogen ap
peared to react with titania more easily than with 
silica, as expected from thermodynamic consider
ations. It is interesting to observe that the previ
ously described surface segregation almost disap
peared after reaction with ammonia. Titanium 
atoms were probably drawn into the surface by 
chemical reaction.

5. Conclusions

Ammonolysis was more effective than ion-im
plantation and the reaction with NH3 was en
hanced both by the larger surface of less dense 
films and by the damage induced by argon ions. 
The discrepancy between values obtained by NRA 
and XPS is due to the different analyzed depth in 
the two techniques and to the nitrogen distribu
tion in the film. The reaction with ammonia, 
which proceeds from the surface, should give rise 
to a diffusion-like profile, while implantation de
posits nitrogen inside the film. Thus, the N/(N + 
O) ratio at the surface detected by XPS was 
higher than the one averaged by NRA on the 
whole film thickness in the case of ammonolysis, 
while the contrary was the case for the ion-im
planted sample.

Silicon nitride or oxynitride was present only 
as an amorphous phase. Crystalline titanium 
(oxy)nitride was found in samples 1000-A and 
1000-Ar-A, but not in sample 200-A. However, 
XPS spectra of this sample were quite similar to 
those relative to sample 1000-A, suggesting that 
titanium (oxy)nitride was present also in sample 
200-A, but as an amorphous phase.

This work was supported by ‘Progetto Finaliz
zato Materiali Speciali per Tecnologie Avanzate’ 
of CNR.
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Laser processing of sol-gel coatings

D.J.  Taylor and B.D. Fabes
Department of Materials Science and Engineering, University of Arizona, Tucson, AZ 85721, USA

Laser irradiation was used to densify sol-gel-derived silica coatings on SiO2 and Si substrates. Index of refraction, 
shrinkage, infrared spectra, composition, and hardness of laser- and furnace-fired samples were studied during the course of 
densification. The evolution of the composition and properties of the laser-fired samples were different than for 
furnace-fired samples. At approximately 35% shrinkage, however, the properties of both laser- and furnace-densified 
coatings were identical to those of fused silica. Part of the differences in evolution is shown to be due to the rapid heating 
and cooling which occurs during laser processing, which results in concomitant trapping of hydroxyl in the films.

1. Introduction

The use of laser light to densify sol-gel coat
ings has been studied by a number of groups over 
the past few years, with great emphasis on the 
formation of waveguiding structures [1-6], While 
it has been shown that laser densified tracks are 
capable of guiding light [1,3] it has been observed 
that the optical losses are higher in laser-densified 
coatings than in coatings of the same composition 
that are densified using traditional, furnace fir
ing. We have also observed that, for a given 
amount of shrinkage, the refractive indices of 
some laser-fired SiO2-TiO2 and Ta2O5 coatings 
are higher than that of coatings fired in a furnace 
[2].

Since the heating and cooling occurs extremely 
rapidly during laser firing (the entire process can 
be finished in only a few milliseconds, depending 
on the laser beam parameters [7,8]) it is likely 
that the structure and/or composition of laser- 
fired sol-gel coatings are different from furnace- 
fired coatings, where heating and cooling take 
place in minutes, or even hours. Specifically, the 
products of condensation reactions (e.g., carbon 
and water) might be trapped in laser-fired coat
ings. Such contaminants could act both to in
crease the optical loss (due to scattering and/or 
absorption) as well as to increase the index of 
refraction. Non-equilibrium structures, such as 
peroxy linkages, non-bridging oxygens, or three- 

and four-membered rings, might also be present, 
and affect the optical properties.

The goal of this study was to gain insight into 
the causes of high optical loss and refractive 
index in laser-densified sol-gel coatings. Much of 
the previous work on coatings has been on com
positions which tend to crystallize (e.g., SiO2- 
TiO2, TiO2, and Ta2O5). Therefore, we exam
ined the evolution of the composition and prop
erties of SiO2 coatings, a single-component sys
tem that is reluctant to crystallize. Here we re
port on the evolution of shrinkage, composition, 
refractive index, and hardness of tetraethoxy
silane (TEOS) coatings as the porous gel is heated 
to produce dense SiO2. Comparisons of the evo
lution toward fused silica are made with furnace- 
fired coatings. We also compare the properties of 
fully laser-densified silica coatings with those of 
fused silica.

2. Experimental

2.1. Coating preparation

Coating solutions were made by mixing 4 mol 
ethanol with 1 mol TEOS. Two moles of acidified 
water (0.36M HC1) were added to hydrolyze the 
TEOS and catalyze the reactions at a final pH of 
2. Fused silica substrates were used for most 
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parts of this study. Double polished silicon sub
strates were used for infrared (IR) examination, 
where transmission in the IR was necessary.

Coatings were formed by dip coating at 20- 
22°C in an atmosphere of 25-35% relative hu
midity. Immediately after coating all samples were 
dried in air at 100°C. The resulting dry, porous 
coatings were 200-250 nm thick.

2.2. Densification

Depending on the substrate one of two meth
ods, shown schematically in fig. 1, was used for 
densifying the coatings with the laser. For sam
ples on silica substrates laser heating was done by 
exposing the samples to the 10.6 gm line from a 
CO 2 laser. In this direct heating method (fig. 
1(a)), the porous oxide coating, as well as the 
substrate, strongly absorb the CO2 laser light.

Pattern defined by laser Pattern defined by overlayer
Fig. 1. Schematic of laser processing, (a) direct heating;

(b) indirect (surface) heating.

Direct Heating ——Substrate —•- Indirect (surface) Heating
(a) (b)

Samples on silicon substrates were densified 
using the 1.06 gm line from a Nd:YAG laser in 
an ‘indirect heating’ (fig. 1(b)) mode. Since nei
ther the coating nor the substrate absorb strongly 
at the Nd: YAG wavelength, a 40 nm Au-Pd film 
was sputtered on each of these samples before 
laser firing. The metal layer absorbs the laser 

Fig. 2. FTIR spectra for laser-fired TEOS coatings, showing absorption bands due to Si-O-Si rocking and bending (460-450 
cm-1), O-Si-O bending (820-800 cm-1), and TO Si-O stretching (1080-1065 cm-1), with no evidence of carbon in either the 
Si-O-C stretch (1280 cm-1) or Si-C stretch (790 cm-1). Note the disappearance of the silanol peak (960 cm-1) with increasing 
power. All IR samples were fired with the Nd:YAG laser in continuous, multi-mode operation at 20 W (upper curve), 15 W 

(middle curve), and 10 W (lower curve). Each sample was translated at 10 mm/s.
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radiation and provides indirect, localized heating 
at the surface of the gel.

Depending on the laser power and scan rate, 
single pass laser fired channels were 100-150 |im 
wide. For spectroscopic analysis and hardness 
measurements, larger densified areas were made 
by scanning the laser back and forth across the 
samples. By moving the laser 50 |xm between 
scans, large laser-densified regions were created 
while maintaining a smooth profile of the lased 
area.

Furnace heating was carried out in air, by 
placing the samples directly into the hot furnace 
for 30 min.

2.3. Characterization

Mechanical and optical profilometry was used 
to determine the depth and shape of the laser 
densified channels and the shrinkage of furnace 
fired samples.

Multiple angle ellipsometry [9,10] was used to 
determine refractive index and thickness of the 
laser and furnace fired samples. Measurements 
were taken at 50, 60, and 65° for samples on silica 
and 60, 65, and 70° for samples on silicon. The 
raw data (Vz and 4) were read from the ellip

someter at each angle and fed into a computer 
program [9] to determine the thickness and re
fractive index, using kSi = 0.02, nsi = 3.871, kSiO2 
= 0.0, and nSiO2 = 1.458.

Structural and compositional information was 
obtained using Fourier transformation infrared 
(FTIR) spectroscopy for samples on the double 
polished silicon substrates. Composition was also 
determined using Auger spectroscopy (PHI, 
model 660 Scanning Auger Microprobe, operated 
at 52 nA beam current) for samples on fused 
silica substrates. To remove surface contamina
tion, the coatings were sputtered with Ar+ ions (2 
kV, 10 |xA/cm2) for 1 min before characteriza
tion. Optical absorption was determined using 
UV-VIS spectrophotometry, and hardness was 
determined using a nanoindenter [11,12] at an 
indentation depth of 40 nm.

3. Evolution of structure and properties

The IR spectra for laser heated coatings are 
shown in fig. 2. A characteristic silanol band (960 
cm-1), and absorption bands due to Si-O-Si 
rocking and bending (460-450 cm-1), O-Si-O 

Power (W)

Temperature (°C)
Fig. 3. Change in refractive index of laser-densified (open circles) and furnace-fired (closed circles) TEOS coatings. Both plots are 
scaled so that full densification (defined by the point at which the refractive index is equal to that of fused silica, 1.458) occurs at 

the boundary of the shaded regions.
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bending (820-800 cm1), and transverse optical 
Si-O stretching (1080-1065 cm-1) are present. 
As condensation progresses during firing, the in
tensity of these rocking, bending, and stretching 
bands increases and that of the silanol decreases. 
Qualitatively, these changes are similar in both 
laser- and furnace-fired samples.

The quantitative details of the evolution of the 
structure are not the same in the laser- and 
furnace-fired samples, however. For example, the 
change in refractive index with laser power and 
furnace temperature is shown in fig. 3, and the 
evolution of the shrinkage is shown in fig. 4. The 
power in both figures is scaled so that 2.75 W 
corresponds to 1050°C, the point at which the 
refractive index of each curve is equal to 1.458, 
which is the refractive index of fused silica. In 
other words, densification is complete in both the 
laser- and furnace-fired coatings at the shaded 
part of figs. 3 and 4.

As observed in SiO2-TiO2 and Ta2O5 coat
ings [2]. the refractive index of the laser-densified 
SiO2 coatings evolves differently during densifica
tion than it does in the furnace-fired coatings.

Power (W)
50

0 1.0

40

30

20

3.02.0

O laser fired
• furnace fired

10

0
0 200 400 600 800 1000 1200 1400

Temperature (°C)
Fig. 4. Change in shrinkage of laser-densified (open circles) 
and furnace-fired (closed circles) TEOS coatings. Both plots 
are scaled so that full densification (defined by the point at 
which the shrinkage is equal to 35%, which is the maximum 
amount of shrinkage for the furnace-fired coatings) occurs at 

the boundary of the shaded regions.
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Fig. 5. AES spectrum for laser-fired TEOS coating, after 1 
min of Ar+ sputtering. Composition analysis of this spectrum 

shows < 1 at.% C.

For the laser-fired coatings, the refractive index 
increases steadily throughout most of the densifi
cation process. For the furnace-fired samples, on 
the other hand, the index of refraction is rela
tively constant (between 1.424 and 1.428) 
throughout most of the densification process. For 
the first 25-30% of shrinkage, the porosity de
creases, which tends to increase the refractive 
index; however, this is offset by loss of volatiles, 
which tends to decrease the refractive index. It is 
only during the last 5-10% of shrinkage that the 
index of refraction increases for the furnace-fired 
material.

Since the shrinkage in the laser-fired samples 
is relatively constant over much of the densifica
tion process, the differences between the refrac
tive indices of laser- and furnace-fired samples 
must be due to more than just differences in 
shrinkage. In laser-fired SiO2-TiO2 coatings, 
residual carbon has been observed in the final, 
fired coating [3], and this could increase the re
fractive index of laser-densified coatings. As 
shown in fig. 5, however, < 1 at.% C was de
tected by Auger spectroscopy in laser-densified 
silica coatings. This was confirmed by IR spec
troscopy (fig. 2) which showed no trace of Si-C 
(790 cm ') or Si-O-C (1280 cm-1) absorption 
bands in the spectra. Also, UV-VIS spectra 
showed no discernable difference between fused 
silica and sol-gel coatings, indicating that there 
was no more than approximately 2 at.% C in the
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Firing Temperature (°C)

Fig. 6. Change in Si-OH (960 cm ' ) absorption for laser-fired 
(open circles) and furnace-fired (closed circles) TEOS coat
ings. The laser firing was done with the Nd:YAG laser, which 
had a 150 pm beam diameter, and the samples were trans

lated at 10 mm/s.

coatings. * Thus, for the TEOS coatings investi
gated here, spectroscopy indicates that there is at 
most 1 at.% C carbon in these coatings after laser 
firing.

Water, if trapped in the coatings after densifi
cation, could also contribute to an increase in 
refractive index. By following changes in the 
silanol band (960 cm-1) in the IR spectra of the 
coatings, the decrease in hydroxyl content was 
determined for both laser- and furnace-fired sam
ples. As shown in fig. 6, ** water is removed 
from furnace-fired samples more readily than for 
laser fired samples. Retention of water, thus, 
appears to contribute to the increase in refractive 
index of the laser-fired samples.

* Assuming an absorption coefficient of 105 cm-1 [13], 
amorphous carbon contents of > 1-2 at.% should be 
discernable as a 2-4% decrease in the transmission at a 
wavelength of 300 pm.

** Since the Nd:YAG laser was used to prepare the IR 
samples, the power range shown in fig. 5 is not the same 
as that for the CO2 laser. The power is still scaled, 
however, so that the shaded area of the figure indicates 
the power and temperature where both furnace- and 
laser-fired coatings reach full density.

Distance (|xm)
Fig. 7. Hardness profile of a laser-densified channel. The laser firing was carried out with the CO, laser at 2.75 W, with a 100 pm 

beam diameter, and scanned 10 times at 10 mm/s.
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4. Comparison of fully dense coatings

At a shrinkage of approximately 35%, neither 
laser- nor furnace-fired samples contain hydroxyl, 
the refractive index of both laser- and furnace- 
fired samples is equal to that of bulk fused silica, 
and the IR spectrum of laser-densified silica is 
indistinguishable from that of furnace-densified 
silica. In addition, the hardness of the laser- 
densified coatings is equal to that of fused silica 
(fig. 7) at this shrinkage.

5. Summary

The evolution of refractive index, shrinkage, 
and composition of sol-gel coatings during densi- 
fication depends on the heating method em
ployed. Laser heating, which results in extremely 
rapid heating and cooling, leads to an increase in 
refractive index for most of the densification pro
cess. Part of this difference can be attributed to a 
difference in shrinkage behavior. For the TEOS 
coatings studied here, this increase is also due in 
part to sluggish removal of hydroxyl. In other 
systems, it is likely that carbon is also trapped, 
which would further increase the index. Despite 
the differences in evolution, dense silica coatings 
which are essentially indistinguishable from fur
nace densified coatings can be prepared using 
laser processing.
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Sol-gel preparation of YIG (Y3Fe5O12) thin film showing 
opto-magnetic effect

T. Tsuchiya a, T. Sei a and H. Kanda b
“ Faculty of Industrial Science and Technology and b Faculty of Science and Technology, Science University of Tokyo, Noda, 
Chiba, 278, Japan

Y3_xBixFe5O12 (Bi: YIG) is a soft ferrite material used in devices for its opto-magnetic effect. Films of Bi: YIG have 
been prepared by dipping a silica glass plate or a gadolinium garnet single crystal. Single phase Bi: YIG was obtained upon 
heat treatment at 700°C for 5 h in air. The film thickness was about 8.0 nm. The transmittance of these films was about 70% 
in the range 500-700 nm. The saturation magnetization, <rs, of the films in the composition of Y3 _ t Bi, Fe5O, , (x = 0.4-1.8) 
was 50 emu/cm3 after heat treatment at 700°C for 5 h. The Faraday rotation angle, 0F, of sol-gel films was shown to be 
much larger than for the single crystal thin film prepared by liquid phase epitaxy.

1. Introduction 2. Experimental

Bi: YIG is potentially useful for the next gen
eration opto-magnetic recording media due to its 
large opto-magnetic Faraday rotation, small opti
cal absorption, and high environmental stability. 
Films have been prepared by liquid-phase epitaxy
[1],  pyrolysis [2], and sputtering [3]. The dip-coat
ing sol-gel method is a very simple film-synthe
sizing method in which a substrate is dipped in a 
solution (sol), withdrawn from the solution, dried, 
and heat treated. We have succeeded in fabricat
ing ferromagnetic oxide films such as Ba-hexafer- 
rite (BaFe12O19) [4], spinel-type ferrite (MFe2O4) 
(M = Li, Ni, Co, Zn, etc.) [5], and ferroelectric 
PLZT (Pb,La)(Zr,Ti)O3 [6] using this method. In 
the present study, we attempted to prepare Bi: 
YIG polycrystal films and single crystal films by 
gel coating silica glass or gadolinium garnet single 
crystal plates. The film structure, surface mor
phology, as well as magnetic and opto-magnetic 
properties of the films were measured in order to 
investigate the crystal growth process of the films.

Starting materials were nitrates of the metal 
ions mixed according to the formula 
Y3xBixFe5O12(x = 0-1.8). Ethylene glycol or 
ethyl acethyl acetate was used as a solvent. They 
were stirred at room temperature and dissolved 
to form a coating solution. A transparent silica 
glass and gadolinium garnet single crystal were 
used as a base plate. The plate was dipped in the 
solution and withdrawn at a rate of about 0.2-0.4 
cm/s, causing a film to form on the plate. The 
film was dried at 80°C and 200°C for 2 h each and 
successively heated to 400°C for 2 h and heat 
treated at 500-700°C for 5 h to form an opto- 
magnetic film. Thicker films (~ 0.3 p.m) were 
obtained by repeating the coating and drying 
processes. Electron probe microanalysis (EPMA) 
of film composition agreed well with that of the 
starting solution. The magnetic moments of the 
films were measured with a vibrating-sample 
magnetometer (VSM). Measurement of the 
opto-magnetic Faraday effect at A = 530 nm was 
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carried out at room temperature with an opto- 
magnetic hysteresis looper using the polarization 
modulation method. The crystal structure of films 
was examined by X-ray diffraction (XRD) using 
Cu Ka radiation.

The nitrate precursors were all soluble in ei
ther ethylene glycol or mixed ethylene glycol and 
ethyl acethyl acetate. Ethylene glycol was added 
to promote gel reaction to form long chain or
ganic complexes (as some ethylene glycoxide) and 
ethyl acethyl acetate was added to promote gel 
reaction to form multidentate complex.

3. Results

Figure 1 shows the thin film X-ray diffraction 
analysis of Y2.0Bi10Fe5O12 on gadolinium garnet 
single crystal substrates heat treated at 700°C for 
5 h. The diffraction lines of YIG single phase 
began to appear when the calcination tempera
ture was increased to 650°C and became sharp at 
700°C, indicating that the formation of YIG pro
ceeds very rapidly near this temperature. Densely 
packed crystals smaller than 0.1 pm were ob
served by SEM. Figure 2 shows the linear rela
tionship between film thickness and number of 
dips. A film thickness of about 0.08 pm was 
obtained by one dip coating.

Figure 3 shows the composition dependence of 
magnetization of Bi: YIG powders heat-treated 
at 700°C for 5 h. The magnetization shows a 
constant value up to x = 1.0 and decreased with
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Fig. 1. The thin film X-ray diffraction analysis of 
Y^qB, (TAsT: on gadolinium garnet single crystal substrate 

heat treated at 700°C for 5 h.

Fig. 2. The relationship between film thickness and number of 
dips.

increasing Bi content for films prepared in ethy
lene glycol.

With mixed ethylene glycol and ethyl acethyl 
acetate solvents, the magnetization was constant 
up to x = 1.8 and then decreased with increasing 
Bi content. A similar relationship was found in 
the lattice constant compositional dependence. 
Figure 4 shows the calcination temperature de
pendence of the magnetization for samples pre
pared in ethylene glycol with various Bi contents. 
The magnetization shows a minimum value near 
500°C and then increases with increasing calcina
tion temperature.

Fig. 3. The magnetization of the powder in the composition of 
Y3_tBivFe5O12. Heat treatment temperature = 700-800°C 
for 5 h; precipitation temperature of garnet single phase 

decreased with increasing Bi content.



T. Tsuchiya et al. / Sol-gel preparation of YIG thin film 465

Calcination Temperature (°C)
Fig. 4. The calcination temperature dependence of the mag
netization of the powder having various Bi contents, using 

ethylene glycol only (composition: BirY3-xFe5Or).

The low-temperature magnetization for sam
ples heated from 300 to 400°C is due to the 
7-Fe2O3, and the minimum near 500°C is due to 
the 7-Fe2O3 to a-Fe2O3 phase change. The dras
tic increase above 600°C is due to the growth of 
the garnet phase (Bi10Y20Fe5O12). Magnetiza
tion decreases with increasing Bi content and this 
effect is not observed for x = 3.0 Bi content. 
Crystal growth occurs by an initial precipitation 
of 7-Fe2O3 which nucleates garnet.

The magnetization increased with Bi substitu
tion up to x = 1.8 for the mixed solvent system. It 
was seen from the XRD analysis that single phase 
garnets (as fig. 1) were obtained if the Bi content

Fig. 5. The optical transmittance as a function of wavelength 
for (a) one dip (0.08 pm), (b) three dips (0.24 pm) and (c) five 
dips (0.39 pm) on gadolinium garnet single crystal substrate in 

the composition of Bij 0Y20Fe5O12.

Fig. 6. The Faraday rotation spectra in the composition of 
Bij 0Y20Fe5OI2. Heat treatment temperature: 700°C for 5 h. 
SiO2, garnet single phase thin film on silica glass substrate; 
GGG, garnet single phase thin film on gadolinium single 
crystal substrate; LPE, garnet single crystal film by liquid 

phase epitaxy method.

x does not exceed 1.2 for ethylene glycol and 1.8 
for mixed solvents. Phases other than garnet, 
such as Bi2O3 and a-Fe2O3, are formed at > 1.2 
for ethylene glycol. BiFeO3 and YFeO3 are 
formed at above 1.8 for mixed solvents. The mixed 
solvent sol-gel process is thus considered as a 
very useful method for the preparation of the 
high Bi content Y3_A.BiAFe5O12. However, details 
of the mechanism of the solvent effect is not 
clear.

Figure 5 shows the optical transmittance of 
Yl(lBi20Fc5O12 as a function of wavelength for 
(a) one dip (0.08 jim), (b) three dips (0.24 p,m) 
and (c) five dips (0.39 jim) on gadolinium garnet 
single crystal substrates. The transmittance was 
> 60% in the range from 500 to 900 nm. Figure 6 
shows the Faraday rotation spectra for the com
position of Bi10Y20Fe5O12. The Faraday rota
tion, 0F, increased with Bi content increasing 
from 0 to 1.2. The large Faraday rotation is 
thought to be due to two mechanisms: charge
transfer transition and orbital-driving transition. 
The detailed mechanism is not clear.

4. Conclusions

(1) A uniform thin film was prepared by using 
nitrates as raw materials with ethylene glycol and 
ethyl acethyl acetate as solvents.
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(2) The Bi: YIG crystalline phases of films 
were produced by heat-treatment at 700°C.

(3) The transmittance was > 60% in the range 
from 500 to 900 nm.

(4) The Faraday rotation of the film prepared 
by dip-coating showed a maximum value for x = 
1.2 in the composition of Y3 _zBi t Fc5O12, and its 
value was the same as a film prepared by the 
liquid phase epitaxy method.
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Thick aluminosilicate coatings on carbon steel via sol-gel
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Sol-gel aluminosilicate coatings were deposited on a carbon steel substrate. Three application methods were compared: 
wet deposition techniques as dipping and spraying of the sol and xerogel thermal spraying with flame torch. Characterization 
by X-ray diffraction and scanning electron microscopy shows that amorphous thick coatings ( > 5 pm) were obtained. 
Coatings present an acceptable oxidation resistance in air atmosphere at 600°C.

1. Introduction

The sol-gel process for thin ceramic coatings 
on ceramic and metal substrates has become pop
ular. Coatings by sol-gel are usually made by 
applying the ceramic precursors in the liquid state 
(sol), by dipping, spraying, brushing or by elec
trodeposition processes.

When the purpose of the coatings is to im
prove the oxidation resistance of a metal surface, 
the thickness of the layer is a critical parameter, 
and becomes the principal limitation of the sol
gel coating method. Only thin films ( < 1 |xm) 
have been obtained because of the high shrinkage 
that takes place during densification [1-7], To 
build up a significant thickness, a large number of 
layers are usually required. For this reason, more 
expensive methods such as CVD, PVD, plasma 
spraying or sputtering are sometimes preferred to 
obtain thick coatings for an oxidation barrier.

Sol-gel protective coatings have been mainly 
applied on stainless steel surfaces [1,3,5]; how
ever, the low densification temperatures of ce
ramics obtained via sol-gel allow use of a carbon 
steel substrate.

We present three deposition methods to ob
tain thick aluminosilicate coatings (2SiO2-3Al2 
O3) via sol-gel on carbon steel (SAE 1020). Coat
ings obtained by wet deposition techniques, such 
as dipping and spraying of the sol, are compared 

with the xerogel thermal spraying with a flame 
torch. Taking advantage of the high plasticity 
shown by the xerogel arround 1000°C, we present 
a practical method for obtaining very thick ce
ramic coatings. Our purpose is to develop a low 
cost oxidation resistant material for application at 
moderate temperatures (400-600°C).

2. Experimental procedure

In the sol preparation, we used a slow hydroly
sis rate method based on the procedure proposed 
by Suchitra and Thiagarajan [8], Tetraethylortho
silane (TEOS) was diluted in ethanol with a mo
lar rate (alcohol/alkoxide) of 4 and refluxed for 
few minutes under vigorous stirring, until the 
solution reached 82°C. Then we added the alu
minium tri-sec butoxide (TBA) diluted with iso
propanol, at the same molar rate used for TEOS. 
The batch solution was stirred for 3 h, keeping 
the temperature constant, and the sol was cooled. 
The sol hydrolysis took place by reacting with the 
atmospheric moisture during aging at room tem
perature. A transparent sol with near neutral pH 
was obtained.

In the wet deposition techniques, we used the 
aged sol, i.e., a sol hydrolyzed by atmospheric 
exposure for 3 days and then kept in a closed 
container until use. The xerogel used in the flame 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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spraying process was obtained from a sol exposed 
to atmospheric moisture until gelation (~ 12 
days), then dried at 115°C for 2 h, ground in a 
porcelain mortar and sieved to less than 180 |xm.

Samples of SAE 1020 steel, 10 X 20 X 3 mm, 
were prepared by initially cleaning by abrasion 
with sand paper, degreasing ultrasonically in xy
lene and then sandblasting with steel abrasive 
powder to obtain a roughness of approximately 5 
lim. The sandblasting was an essential step to 
achieve the adhesion of the coatings in the flame 
sprayed samples. This procedure was also adopted 

for samples coated by the wet deposition tech
niques, in order to obtain thick films and to 
improve adherence of green coatings.

Immediately after sandblasting, the substrates 
were immersed during 1 h in a phosphatizing 
bath (1:1 in vol. solution of H2PO4 and CH3OH). 
The samples were then rinsed in distilled water, 
dried with an air stream and preserved in a dryer. 
The purpose was to obtain a light, amorphous 
and adherent iron phosphate coating [9], in order 
to protect the substrate against oxidation during 
storage and especially during the first stages of

Coating steel

Fig. 1. SEM micrographs of coatings obtained by sol deposition methods: (a) SD600 coating surface, (b) SS600 coating surface, (c) 
detail of the coating surface in SS600, (d) detail of a denser particle adhered to the coating surface in SS600, (e) cross-section of the 

SS600 coating.
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the thermal spraying process. We also expected 
that this film would provide an appropriate inter
face, enhancing the adherence between the coat
ing and the substrate since phosphorus readily 
replaces silicon in silicate structures.

Steel substrates were dipped into the aged sol 
at a constant rate of 0.04 m/min and withdrawn 
at the same speed. The coated samples were kept 
at room temperature for slow drying during 180 
min, before the final dry at 115°C for 30 min.

Coating densification was attained by heating 
in a tubular furnace in argon atmosphere. Sam
ples were heated at a low rate (5°C/min) to 

400°C and kept at this temperature for 30 min. 
Then we used a heating rate of 10°C/min to 
reach the final temperature (600 or 800°C) and 
the samples were isothermally heated for 30 min. 
The cooling was done in the oven, keeping the 
argon flow on until reaching 400°C. These sam
ples were identified by the code SD (sol-dipping) 
followed by three digits, identifying the final den
sification temperature.

Aged sol was sprayed with compressed air at a 
pressure of 14 kPa for 5 s on each large face, at 
10 cm distance. The drying conditions and further 
heat treatment were identical to those of the

Coating steel

Fig. 2. SEM micrographs of xerogel flame sprayed coating: (a) green xerogel powder, (b) as-sprayed coating surface, (c) XT800 
coating surface, (d) and (e) XTRF coating surface, (f) XT800 cross-section.
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previous case. We use the following coding for 
the samples: SS (sol-spraying) and three digits 
wich indicate the heat treatment. Thermal spray
ing methods are commercially used for applying 
metal and ceramic coatings and have been dis
cussed elsewhere [10-13],

Since the xerogel is hygroscopic, it is necessary 
to dry the material for 30 min at 115°C before 
applying it with the spraying torch in order to 
improve rheology. The thermal spraying was car
ried out by injecting the powder into the hot gas 
stream of an oxy-acetylene flame torch (Terodyn 
2000 from Eutectic & Castolin). Spraying was ac
complished at a distance of 18 cm from the 
sample with the flame oriented at 90° to the 

surface. Under these conditions, three layers were 
deposited on each sample face.

Two thermal treatments were employed for 
these samples: (1) furnace heating in argon at
mosphere up to 800°C at a heating rate of 
10°C/min. Cooling was done under the same 
condition used for the wet deposition methods; or 
(2) heating with a reducing flame, as specified for 
commercial self-fusing coatings [13], i.e., until ob
taining a brilliant orange coloration (~ 950°C). 
Cooling was achieved in air atmosphere. These 
samples were tagged XT for xerogel thermal 
spraying followed by three digits, specifying the 
final heating temperature or RF for reducing 
flame.

Fig. 3. SEM micrographs of samples after oxidation test: (a) SS600 coating surface, (b) SS600 cross-section, (c) XT800 coating 
surface, (d) XT800 cross-section.
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Surface and cross-section of the coated sam
ples were inspected using a scanning electron 
microscope (SEM) Hitachi S-500. For cross-sec
tion observation, the samples were sliced with a 
diamond saw and polished to specular finish with 
alumina powders. The cross-section was etched 
by immersion in a Nital solution (2% HNO3 in 
ethanol), so that the coating could be easily dis
tinguished from the substrate.

A simple approach for evaluating the resis
tance against oxidation of the coating was carried 
out by measuring the increase in weight of the 
samples after isothermal heating in air at 600°C 
for 5 and 15 h. Samples submitted to oxidation 
test were also observed by SEM.

Coated surfaces were analyzed before and af
ter the oxidation tests by X-ray diffraction (XRD) 
using the CuKa radiation, at a scanning speed of 
2° min-1 between 10 and 70°

3. Results

The SEM micrographs of surface and cross
section of coatings obtained by wet deposition 
methods and fired at 600°C are showed in fig. 1. 
A representative image of the cross-section of 
these coatings can be seen in micrograph 1(e). 
The observation of many samples indicated typi
cal variations of the thickness of coatings between

Table 1

Coating process Weight increase

after 5 h after 15 h

Dipping and firing at
600°C

3.6 11.2

Sol spraying and firing 
at 600°C

6.2 15.8

Sol spraying and firing 
at 600°C

3.6 9.4

Xerogel thermal spraying 
and firing at 800°C

1.5 6.3

Xerogel thermal spraying 
and heating with redu
cing flame

1.0 8.7

Polished steel substrate 60.4 112.1

5 pm at the peak substrate roughness and 15 pm 
at its valley.

The characteristic aspects of the xerogel pow
der and of flame-sprayed coatings are presented 
in fig. 2. These coatings showed a typical thick
ness between 25 and 40 pm. XRD revealed only 
Fe diffraction peaks. The ceramic layers remain 
amorphous after thermal treatment.

The weight gains experienced during the oxi
dation tests by coated samples and the polished 
substrate are compared in table 1. The coatings 
reduced the weight gain due to substrate oxida
tion at 600°C about 10 times. The XRD analysis 
carried out after oxidation showed that the three 
iron oxides (wustite, magnetite and hematite) are 
present. The SEM micrographs of oxidized sam
ples can be seen in fig. 3.

4. Discussion

SEM photographs 1(a) and 1(b) show that 
coatings obtained by dipping and by spraying of 
the sol have a similar porous microstructure with 
irregular-shaped and apparently denser particles 
adhered to its surface. These particles, more 
clearly shown in fig. 1(d), result from cracking of 
the outer layer of the coating which gels faster 
due to its direct contact with the atmosphere. 
Once the gel is formed at the surface, hydrolysis 
and evaporation rate decrease inside. Due to the 
high content of organic radicals, micropores are 
generated in the inner coating, during thermal 
treatment. It can be seen in the micrograph 1(c), 
that this region is made up by spherical particles 
of aproximately 0.2 |xm in diameter. With the 
resolution used, no structure modification was 
detected at higher temperature; samples heat 
treated at 800°C present identical morphology to 
those previously described.

The cross-sections (fig. 1(e)) show that coatings 
have closed porosity of elongated shape, situated 
mainly near the substrate. At the coating/ 
substrate interface some fissured zones appear; 
however since the cutting of the samples was 
accomplished without protecting the coatings and 
there was no apparent damage, we infer that 
there was good adhesion to the substrate.
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Micrograph 2(a) shows that the green xerogel 
powder consists of irregular polyhedric particles 
with glass-like fracture surfaces with a bimodal 
size distribution. The big particles present a di
ameter between 100 and 150 |xm and the small 
ones are less than 10 jim.

The as-sprayed coating (fig. 2(b)) forms a high 
roughness layer in which the original xerogel 
powder particle cannot be distinguished. Compar
ing micrographs 2(a) and 2(b), we conclude that, 
during the flame-spraying process, the xerogel 
particles experience viscous flow. The splashing 
of the xerogel particles illustrates this high plas
ticity, as can be seen at the bottom of micrograph 
2(b). Further evidence of viscous flow is the ap
preciable morphological change experienced by 
the smaller particles (<10 jim), which become 
spherical.

The roughness of the sprayed surface is re
duced by firing up to 800°C. A finer and more 
compact microstructure can be observed in mi
crograph 2(c). When heating is made with a re
ducing flame up to 950°C, the microstructure 
change is even more drastic (micrograph 2(d)). 
The very smooth surface where the spherical 
particles sank in indicates plastic flow during heat 
treatment. In micrograph 2(e), we see that the 
apparently smooth surface shown in fig. 2(d) pre
sents homogeneously distributed closed microp
orosity. This can also be observed throughout its 
thickness in micrograph 2(f).

Results of oxidation tests indicate that the 
coated samples did not show a great difference in 
weight gain, due to their final heating tempera
ture or to the deposition method; however sam
ple XT800 has a slightly better oxidation resis
tance. These results show the versatility of the 
sol-gel process; for each particular application, 
we could choose the most appropriate deposition 
method.

Comparing picture fig. 3(a) with fig. 1(c), it can 
be noted that sample SS600, which showed the 
largest weight gain, presents a drastic modifica
tion in its surface morphology. Micrograph 3(b) 
also shows globular features growing at the ce
ramic/substrate interface. This indicates that ox
idation takes place by oxygen diffusion as well as 
by iron diffusion, forming oxidation products at 

the ceramic/metal interface and at the coatings 
surface respectively. In samples XT800 which 
showed the least increase in weight during oxida
tion test, we observed crystal growth only at the 
coating surfaces (figs. 3(c) and 3(d)).

5. Conclusions

Mechanically stable ceramic coatings of amor
phous aluminosilicate have been applied on a 
carbon steel substrate, using the sol-gel process, 
by the traditional dipping or wet-spraying meth
ods and by thermal spraying with an oxy-acetylene 
flame torch.

The coatings showed an acceptable oxidation 
protection with a slight improvement in the 
flame-sprayed coating. This might be due to the 
thicker and denser film. However, a more de
tailed characterization of the coatings is required 
in order to optimize the deposition parameters.

This study has shown a new possibility to pro
tect metal pieces in an oxidizing atmosphere at 
moderate temperatures probably as a thermal 
barrier. It has also shown a new possibility for the 
manufacturing of thermally sprayable ceramic 
powders.

The authors would like to thank Intevep S.A. 
for their financial support.

References

[1] M.J. Bennett, in: Coatings for High Temperature Appli
cations, ed. E. Lang, ch. 6, p. 169.

[2] T.E. Schmid and R.J. Hecht, Ceram. Eng. Sci. Proc. 9 
(1988) 1089.

[3] K. Izumi, M. Murakami, T. Deguchi, A. Morita, N. 
Tohge and T. Minami, J. Am. Ceram. Soc. 72 (1989) 
1465.

[4] L.C. Klein, B. Abramoff and H. de Lambilly, Ceram. 
Eng. Sci. Proc. 9 (1988) 1261.

[5] R.L. Nelson, J.D.F. Rasmay, J.L. Woodhead, J.A. Cairns 
and J. Crossley, Thin Solid Films 81 (1981) 329.

[6] C.J. Brinker, Ceram. Eng. Sci. Proc. 9 (1988) 1103.
[7] L.C. Klein, Ceram. Eng. Sci. Proc. 5 (1984) 379.
[8] S. Suchitra and S. Thiagarajan, Ceram. Int. 14 (1988) 77.



A.R. Di Giampaolo Conde et al. / Thick aluminosilicate coatings 473

[9] T.W. Cape, in: Metals Handbook, 9th Ed., Vol. 13 p. 383.
[10] J.H. Clare and D.R. Crawmer, ASM Metals Handbook,

Vol. 6 (American Society for Metals, Metals Park, OH, 
1982) p. 361.

[11] H.D. Steffens, in; Proc. Agaro Nato Congress, 1980, 
paper 5.1.

[12] M.G. Fontana and N.D. Greene, Corrosion Engineering 
(McGraw-Hill New York, 1978) p. 214.

[13] Eutectic Corporation Flushing, Eutectic-Castolin, Tero- 
dyn System 2000 (process manual) 1985.



¡OURS AL OR
Journal of Non-Crystalline Solids 147&148 (1992) 474-477
North-Holland NON-CRYSTALLINESOLIDS

Borosilicate coatings on mild steel
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Borosilicate glass coatings were obtained on mild steel substrates by the dip-coating sol-gel technique. Different coating 
solutions were used in fresh and aged conditions. The samples were characterized by optical microscopy, scanning electron 
microscopy (SEM) and X-ray diffraction (XRD). Adhesion to the substrate was evaluated by scotch tape and scratch tests 
and the effects of coating thickness, solution aging and substrate pretreatment were considered. The capability of 
borosilicate coatings to improve the oxidation resistance was investigated using the ASTM static oxidation test at 550°C. 
Oxidation of the substrate was followed by measuring weight gain with time and following the formation of iron oxides by 
X-ray diffraction.

1. Introduction

Deposition of thin films with the sol-gel 
method is a versatile technique for coating differ
ent materials. An interesting possibility is the 
realization of protective coatings on metals. Ad
vantages arise from low processing temperature 
and ease of processing. Difficulties include con
trol and measurement of adhesion between film 
and substrate, oxidation of the substrate during 
film densification and tension arising in the film 
due both to shrinkage during heat treatment and 
to thermal expansion mismatch. The few reports 
that have been published include mainly studies 
on the protection of stainless steels using ZrO2 
[1,2], CeO2-stabilized ZrO2 [3] and SiO2 [4] sol
gel films.

2. Experimental

Precursor solutions used to coat mild steel 
substrates include solution BS1 and solution BS2 
which were prepared from Si(OC2H5)4 (TEOS) 
and B(C2H5O)3 (TEOB), with a B2O3/SiO2 mo
lar ratio of 20/80 and 30/70, respectively. The 
solution was obtained by prehydrolyzing TEOS in 
ethanol (EtOH) with 6 mol H2O per mol TEOS, 
using HNO3 as catalyst (HNO3/TEOS = 0.07).

After refluxing at 110°C for 4 h and cooling, 

TEOB was added and the solution was refluxed 
for an additional 4 h at 110°C. Solution BSN was 
prepared from TEOS, B(OCH3)3 (TMOB) and 
NaOCH3. A TEOS in ethanol solution was pre
hydrolyzed with 2 mol H2O per mol TEOS, using 
HC1 as catalyst, at 35°C for 1 h. TMOB was 
added to this solution and after 3 h it was mixed 
with NaOCH3 to give the composition 20B2O3 • 
75SiO2 • 5Na2O. Gelation occurred in 6 h. Solu
tion BSC, of composition 80SiO2 • 19B2O3 • ICoO, 
was prepared using TEOS, TEOB and 
(CH3CO2)2Co • 4H2O, and following the proce
dure used for solutions BS1 and BS2. The cobalt 
compound was added after the last reflux. All 
solutions had a concentration of 100 g of oxide 
per liter. Aging was monitored by measuring vis
cosity.

Figure 1 shows the change of viscosity with 
time of solution BS1; solutions BS2 and BSC 
exhibited a very similar behaviour, while solution 
BSN gelled after a short time.

Samples were prepared with fresh and aged 
solutions as described in table 1.

Mild steel plates were used as substrates. Some 
samples were mechanically abraded to increase 
their roughness which was measured with a pro
filometer. However, because no significant varia
tions were found in the protective effect between 
unabraded and abraded surfaces, the latter will 
not be considered henceforth.

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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Fig. 1. Variation of viscosity with aging time for solution 
20B203-80Si02.

Steel stamples were degreased ultrasonically in 
acetone and rinsed with ethanol before being 
coated. Dipping was performed in a humidity- 
controlled box at less than 20% relative humidity 
at 30°C. All films were deposited at a withdrawal 
speed of 12.5 cm/min.

Samples were dried at 60°C, heated to 500°C 
at 5°/min and immediately cooled. X-ray diffrac
tion performed after heat treatment did not show 
oxidation of the substrate.

The thickness was measured, by a profilome
ter, on films deposited on soda-lime glass slides 
in the same conditions of metal samples. The 
thickness was about 0.3 pm for samples obtained 
from fresh solutions and about 0.7 pm for those 
prepared with aged solutions. The effect of coat
ing thickness was checked by coating up to three 
layers.

The surfaces of coated samples were observed 
by SEM.

Table 1
Solutions used to prepare coatings

Sample Solution Aging

SI Solution BS1 fresh
S2 Solution BS2 fresh
S3 Solution BS1 aged (70 days)
S4 Solution BSC fresh
S5 Solution BSN fresh
S6 Solution BSC aged (70 days)

The film adhesion was evaluated by the scotch 
tape and scratch test. The oxidation resistance 
was followed by weight gain using an analytical 
balance and the change in X-ray diffraction pat
terns at different heat treatment times in air at 
550°C.

3. Adhesion

One of the most important issues is adhesion. 
The measurement of adhesion of brittle thin coat
ings on metals is very difficult. Some of the com
monly used tests give only information about sub
strate-film adherence. The scotch tape test is, for 
example, a qualitative method. The scratch test 
may give quantitative results which are affected 
by the difficulty of determining the onset of adhe
sion loss and by the fact that they cannot be used 
for comparing different coating-substrate sys
tems [5]. Despite these limitations, the scotch 
tape test was used for a qualitative evaluation 
and the scratch test was performed to determine 
the critical load at which a clear delamination is 
observed. The scratched samples were observed 
by both optical microscope and SEM. An exam
ple is shown in fig. 2.

The tests were performed on the entire set of 
samples. With the exception of specimens coated 
with B2O3-SiO2-Na2O and aged B2O3-SiO2-

Fig. 2. SEM micrographs of S3 sample. The scratch was 
performed with a load of 200 g.
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Table 2
Results of scratch adhesion test performed on multilayer 
samples

Layers Thickness 
(ixm)

Aging time 
(days)

Lc
(g)

1 0.63 70 300
2 1.21 70 50
3 1.89 70 15

CoO solutions, adhesion was found to be gener
ally very good. The critical load was > 500 g for 
samples obtained from fresh solutions, i.e., with 
thinner coatings.

The effect of thickness on adhesion is illus
trated in table 2. From the data reported, it 
appears that the critical load strongly decreases 
with increasing thickness. This suggests that the 
energy term due to the intrinsic stress in the film 
probabily dominates the other energy terms in
volved in the scratch test [6],

4. Oxidation resistance

Coated samples were treated in air at a tem
perature of 550°C for different times. The oxida
tion was calculated from measured weight differ
ence per unit area. Figure 3 shows the behaviour

Fig. 3. Effect of heating time on the weight gain of coated 
samples and of the steel substrate. Weight gain is given with 
an error of ±0.5 g/cm2 x 10-4. The thickness of the samples 
is (±0.01 jim): SI (0.23 |im), S2 (0.2 p.m), S3 (0.63 jim), S4 

(0.23 p.m), S5 (0.21 p.m), S6 (0.7 p.m).

Fig. 4. Oxidation test performed on multilayer coatings with 
BS1 solution.

of coated samples in comparison with that of the 
steel substrate.

The protective action of the coating is evident. 
It can be observed that aging and B2O3 content 
do not significantly influence the resistance to 
oxidation of samples prepared from solutions BS. 
Addition of Na2O to the borosilicate solution had 
a negative effect on the oxidation, but the reason 
of this behaviour is not clear. The microscope 
observation of the sample surface excluded the 
presence of cracks which could affect the protec
tion ability. The cobalt-containing film exhibited 
aging-dependent behaviour, since the weight gain 
of S6 sample (prepared from aged solution) is 
about half that of S4 sample (fresh solution). It 
must be remembered that sample S6 is thicker 
than S4, but its adherence to the substrate was 
worse.

The protective behaviour with increasing 
thickness is shown in fig. 4. The effect is not very 
important, but it can be seen that, while an 
increase of protection may be achieved with a 
second layer, the third layer is ineffective. A 
continuous improvement of heat resistance with 
increasing thickness was reported in ref. [1] for 
ZrO2 coatings on stainless steel. However the 
maximum thickness in that work was only 0.13 
ixm. The three-layer coating described in this 
paper is one order of magnitude thicker; an evi
dent loss of adherence was observed, as previ-
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Table 3
Values of the ratios between the area of main Fe2O3 and 
Fe3O4 peaks and the area of main a-Fe peak for samples 
coated with different films and heated for 5 and 10 h at 
550°C. Reported values have an estimated standard deviation 
of 5%

Sample 5h 10 h

Fe2O3 Fe3O4

a-Fe

Fe2O3 Fe3O.

a-Fe a-Fe a-Fe

SI 0.40 0.43 1.30 1.40
S2 0.74 0.73 1.30 2.30
S3 0.70 0.54 2.70 1.80
S4 0.58 0.59 2.20 3.70
S5 2.00 2.80 2.70 4.20
S6 0.35 0.48 0.76 2.60

ously described, at this thickness, which is re
sponsible for the inversion of protective be
haviour.

The results obtained by the static oxidation 
test were supported by X-ray diffraction analysis 
performed on the same samples. This technique 
showed that weight gain was due to the formation 
of iron oxides. A semiquantitative valuation of 
oxidation was obtained by calculating the area 
ratio between the main peaks of iron oxides and 
that of iron of the substrate. An improved fitting 
method using a pseudo-Voigt representation for 
the line profiles was used to obtain the corre
sponding peaks areas [7]. Results are reported in 
table 3. They are in good agreement with the 
static oxidation test.

Uncoated steel substrate showed only oxidized 
phases after heating.

5. Conclusions

It was demonstrated that the oxidation of mild 
steel at 500°C can be significantly delayed by 
application of borosilicate sol-gel coatings. Small 
changes in composition may have important ef
fects on the protective action, but the fundamen
tal reasons have not yet been clarified.

Coatings adhesion was found to depend on 
composition and coating thickness. Adhesion 
could have a role in the overall protection be
haviour, but it is not the unique nor the most 
important parameter.

The work has been supported by the ‘Progetto 
Finalizzato Materiali Speciali per Tecnologie 
Avanzate’ of CNR, Rome.
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Organic fluorescent dyes in organically modified Al2O3-SiO2 or 
TiO2-SiO2 coatings with varying polymethylmethacrylate content

Andreas Hinsch
Fraunhofer Institute for Solar Energy Systems, Oltmannstr. 22, W- 7800 Freiburg, Germany

Fluorescence and photostability of organic fluorescent dyes incorporated in organically modified Al2O3-SiO2 and 
TiO2-SiO2 (ormocer) coatings were examined with the aim of combining the fluorescence properties of Lumogen F dyes 
[G. Seybold and G. Wagenblast, Dyes Pigments 11 (1989) 303] in PMMA with the advantages of a more rigid ormocer matrix 
and the good coating properties of ormocer solutions. Dissolved PMMA was added to the ormocer to study the influence of 
an increasing PMMA content, in particular on the UV stability of the dye. The degree of polymerisation of the organic 
component was observed by IR spectroscopy. Thin fluorescent coatings with good optical qualities allow the preparation of 
fluorescent light concentrators with high concentration ratios for diffuse light, which is interesting for example in solar 
applications.

1. Introduction 2. Ormocer coatings

Organically modified silicate glasses copoly
merized with A12O3 or TiO2 via the sol-gel pro
cess [1] show good optical properties. When ap
plied to a substrate, mechanically hard coatings 
can be achieved at temperatures < 150°C. This 
makes the materials interesting as an alternative 
host material for organic fluorescent dyes, replac
ing a pure organic matrix such as PMMA. Re
cently, several investigations on dye-doped organ
ically modified glasses have been reported, mainly 
for laser applications concerning the laser dyes 
Rhodamine and Coumarin, [2,3]. An increased 
photostability of the dyes to the excitation laser 
light, as compared with pure PMMA, was re
ported in bulk materials. Because the dye-doped 
coatings were intended for solar applications, they 
were exposed to a xenon solar simulator (‘Hanau 
Suntest’, 1 kW/m2). Under these exposure con
ditions, photodegradation effects induced by ul
traviolet light in the matrix can play a dominant 
role on the stability of the dye, which is not the 
case for laser excitation in the visible light region. 
For comparison, degradation measurements were 
carried out with and without UV step filters.

2.1. Sample preparation

The Ormocer solutions were synthesised by:
(1) prehydrolysis of TMSPM (3-(trimethoxysi- 

lyDpropylmethacrylate), with 0.01N HNO3 as a 
catalyst (molar ratio TMSPM/H2O 1:1). In the 
case of TiO2 ormocer, prehydrolysed TMOS (te
tramethoxysilane) was also added;

(2) dilution to a factor of 2 with a 10:1 tetra
hydrofuran ethylacetate mixture.

(3) addition of aluminium tri-sec-butylate 
(ATB) or tetraisopropylorthotitanate (TIOT), re
spectively, dissolved in tetrahydrofuran (con
centration 1.2M);

(4) hydrolysis of the remaining bonds 
(H2O/OR ratio 1.3:1). The molar ratios were 
2:1 for TMSPM : ATB and 2:1:1 for 
TMSPM: TMOS: TIOT.

Samples were prepared by dip-coating the 
iron-free glass substrates in the corresponding 
solutions and tempering them at 150°C for 30 min 
to form transparent, hard coatings. The thickness 
of the coatings determined from interferometry 
was 1.0-3.0 jxm depending on the coating solu-

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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wavenumber <l/cm>
Fig. 1. IR extinction spectra of Al2O3-SiO2 ormocer coat
ings, derived from reflection measurements on aluminium 
substrates. The content of additional PMMA in the coatings is 
varied. Note the disappearance of the C=C vibration mode 

after tempering.

tion. Variation in PMMA content was achieved 
by dissolving PMMA granulate in ethylacetate 
and adding it to the above solutions. For small 
amounts of PMMA (< 20%), coatings tended to 
form white, light scattering surfaces. This effect 
could be reduced by using very freshly prepared 
solutions, probably due to the lack of larger inor
ganic prepolymers. The coatings with higher 
PMMA concentrations were again transparent.

2.2. IR spectra

The IR spectra of Al2O3-SiO2 ormocer coat
ings on aluminium with a varying content of addi
tional PMMA (fig. 1) demonstrate the polymeri
sation of the organic network after tempering 
(C=O peak remains, C=C peak disappears).

3. Dyes

Two red perylene dyes were tested, Lumogen 
F 300 and its modified version BA6341 /36 with a 
more polar structure. Lumogen F 300 was espe
cially designed for use in PMMA, whereas the 
modified version is not soluble in pure PMMA. 
Thus differing photophysical and photochemical 
behaviour of the dyes to the varying PMMA 
content in the ormocer is also expected. The laser 
dye Rhodamine 6G was chosen as a reference.

3.1. Fluorescence

The fluorescence quantum efficiency of Lumo
gen F 300, BA6341/36 and Rhodamine 6G in the 
various coatings is shown in table 1. The experi
mental set-up used is described in ref. [4].

4. Photodegradation

The photostability was determined from the 
extinction spectra of the dyes in the coatings at 

Table 1
Relative fluorescence quantum efficiency of organic dyes in ormocer coatings with varying PMMA content. The concentration of 
the dyes in the coating solution is 4X 10“4 mol/1

Ormocer PMMA content (%) Lumogen F300 BA634/36 Rhodamine 6G

Al7O3-SiO2 0 0.70 - -
54 0.91 -

too 1.00 - -

0 - 0.86 0.97
37 - 0.85 0.90
70 - 0.71 0.85

too - - 0.57

TiO7-SiO2 0 0.75 - -
too 1.00 - -
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peak wavelength relative to that of the unexposed 
samples. Figure 2 shows the result of irradiation 
with unfiltered light from the xenon solar simula
tor. For Lumogen F 300, the photostability was 
strongly affected by the amount of PMMA in the 
coatings. An increasing PMMA content stabilises 
the dye effectively. This was not the case for the 
modified Lumogen dye and only slightly the case 
for Rhodamine 6G. When irradiated under a step 
filter (Schott GG475), the photostability was en
hanced but the functional dependence on PMMA 
content remained unchanged (fig. 3).

Infrared measurements were carried out to 
detect the influence of the unfiltered light on the 
ormocer matrix (fig. 4). Especially in the case of 
TiO2-SiO2 ormocer coatings without additional 
PMMA, where the UV degradation of the dyes 
was the most severe, the IR spectrum after irradi
ation changed strongly. The C-H peaks at 2800- 
3000 cm-1 and the C=O peak at 1720 cm-1 
vanished almost completely. Also, the Si-O-Si 
asymmetric stretching mode at 1080 cm 1 was 
affected. For the Al2O3-SiO2 ormocer coating, 
these changes were not so severe but also observ
able.

Fig. 2. Photostability of Lumogen F 300, BA6341 /36 and 
Rhodamine 6G in Al2O3-SiO2 ormocer coatings exposed to 
light from a solar simulator (1 kW/m2) for 20 h and 2.5 h, 
respectively. The photostability is influenced by the PMMA 

content in the coatings.

Fig. 3. As fig. 2, but irradiated under a step filter (Schott 
GG475) cutting off the ultraviolet and blue part of the solar 

simulator spectrum.

5. Summary and conclusion

Two perylene dyes and one xanthene dye in
corporated in ormocer coatings were examined. 
Incorporation of dissolved PMMA in the ormocer 
solutions had a stabilising effect on the Lumogen 
F 300 dye, reducing the strong UV degradation of 
the dye in the coatings. This was not the case for 
the polar, modified version of Lumogen F 300. 
Taken together with the observed behaviour of 
the fluorescence as a function of the PMMA 
concentration, one may conclude that structural 
effects play an important role. A possible expla
nation is that the modified Lumogen dye is situ
ated near photochemically active centres in the 
ormocer matrix, whereas the Lumogen F 300 
molecules are shielded by the PMMA polymer 
chains. The occurrence of photochemical reac
tions in the matrix was also observed from IR 
measurements. More long-term measurements 
have to be made to compare the photostability of 
the dyes in the different ormocer coatings with 
pure PMMA coatings under UV filtered radia
tion. For solar applications, the need to filter out 
the ultraviolet part of the sun light completely 
would require good UV-protective coatings and 
reduces the choice of fluorescent dyes to those



A. Hins ch / Organic fluorescent dyes 481

o

O 
_o

6

q
o

4000.03500.0 3000.0 2500.0 2000.0 1500.0 1000.0 500.0
wavenumber <1/cm>

Fig. 4. IR absorption spectra of tempered ormocer coatings without additional PMMA before (solid curves) and after (dotted 
curves) irradiation for 20 h with the unfiltered solar simulator lamp, (a) TiO2-SiO2 ormocer; (b) Al2O3-SiO2 ormocer.

LQ 
Ö

<D u. 
V

o



482 A. Hinsch / Organic fluorescent dyes

with their main absorption band in the yellow and 
red part of the spectrum.

This work was supported by the Volkswagen 
Foundation.
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Influence of firing conditions on adhesion 
of methyltrialkoxysilane-derived coatings on steel sheets
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The properties of coatings prepared from methyltriethoxysilane (MTES) on stainless steel sheets (SUS) are studied under 
various firing conditions and discussed in connection with structural changes of the films. Microhardness and abrasion 
resistance of the coating films increased with an increase in the firing temperature. However, good adhesion of the coating 
films to SUS substrates at the formed portion was obtained in the limited range of firing temperatures from 200 to 300°C. 
The increasing microhardness and abrasion resistance of the coating films were due to the formation of Si-O-Si network 
and also the densification resulting from the polycondensation of Si-OH groups and the burning of CH3 groups. Good 
adhesion of the coating films prepared from MTES to SUS substrates was ascribed to the flexible structure of the films 
resulting from the remaining Si-CH3 and Si-OH bonds.

1. Introduction

Coatings are one of the most practical applica
tions of the sol-gel method. There have already 
been a number of reports on sol-gel coatings on 
glass substrates for surface modification [1-3]. 
Coatings on metal substrates, such as stainless 
steel, aluminum and galvanized steel, are also 
recognized to provide heat resistance or weather
ing resistance in practical applications [4,5]. How
ever, for metal substrates, it is necessary for the 
film coatings to have a good adhesion to the 
substrates in bent, drawn or press-formed por
tions of the substrates. Poor elasticity of sol-gel 
coatings on steel sheets often causes cracking 
and/or peeling at processed locations. Hardness 
of the coating films is also a required property 
from the point of view of the scratch resistance of 
abrasion resistance in the forming process.

We have reported that coating films prepared 
from methyltriethoxysilane (MTES) showed bet
ter elasticity than that from tetra-ethoxysilane 
due to the remaining CH3 groups [6], In this 

work, microhardness, abrasion loss and adhesion 
at the formed portion of stainless steel sheets 
coated with the films prepared from MTES have 
been examined under various firing conditions 
and discussed in connection with the structural 
changes in the coating films.

2. Experimental

Reagent grade methyltriethoxysilane, CH3Si 
(OC,H5)3 (MTES) was used as the starting mate
rial. MTES was mixed with ethylene glycol 
monobutyl ether (EGBE) as a solvent where the 
molar ratio of MTES/EGBE was adjusted to 1. 
Then, CH3COOH diluted with water was added 
to the solution, so that the molar ratio of 
H2O/MTES was adjusted to 4 and CH3COOH/ 
MTES to 0.05. The final coating solution, to 
which 10% of MnO2 powders were added as 
pigments for the purpose of blacking and obtain
ing thick films, was stirred at room temperature 
for 24 h.

0022-3093. 92 . $05.00 © 1992 - Elsevier Science Publishers B.V. AU rights reserved
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Degreased stainless steel sheets (SUS), 0.4 mm 
thick, were used as substrates in this study. Coat
ing films were formed on SUS substrates by the 
bar-coating method using a control coater (RK 
Print Instruments). After being dried, the SUS 
substrates with coating films were fired for one 
minute in air at various temperatures. The thick
ness of the coating films after firing was con
trolled to be about 3 |xm.

Microhardness of the coating films under vari
ous firing conditions was determined with a dy
namic ultra-microhardness tester (Shimadzu 
DUH-200). Abrasion loss of the coating films was 
measaured with an abrasion tester (Suga NUS- 
ISO-1) by rubbing with A12O3 abrasive paper 
under loading force of 500 gf.

Adhesion of the coating films to SUS sub
strates was evaluated by the following manner: 
SUS substrates with the coating films were sub
jected to the impact test (Tester; Toyo Seiki, 
JIS-K5400), and then the peeling test with scotch 
tape was carried out. Adhesion was evaluated 
from the area of the remaining portion of the 
film on the substrates.

Thermogravimetric and differential thermal 
analyses (TG-DTA) (Rigaku Denki TG-8110) 
were conducted using bulk gels obtained from 
MTES under a heating rate of 10°C/min. Struc
tural changes during the firing of the coating 
films prepared from MTES were studied by a 
Fourier-transformed infrared (FTIR) spectropho
tometer (Shimadzu FTIR-4000); the spectra were 
measured by the reflection method.

3. Influence of firing conditions

Figure 1 shows microhardness and abrasion 
loss of the coating films prepared from MTES as 
a function of firing temperature. Microhardness 
of the coating films increases with an increase in 
firing temperature. Increasing microhardness of 
the coating films with firing temperature is in
duced at around 450°C. This suggests that a 
structural change of coating film occurs at this 
temperature. Abrasion loss of the coating films 
decreases with an increase in firing temperature 
and reaches almost zero at temperatures > 500°C.

Fig. 1. Microhardness and abrasion loss of the coating films 
prepared from methyltriethoxysilane on stainless steel sheets 

as a function of firing temperature.

Figure 2 shows the evaluation of adhesion of 
the coating films to SUS substrates at formed 
portions at various firing temperatures. The coat
ing films adhered to the substrates in the firing 
temperature range from 175 to 400°C, and excel
lent adhesion is achieved in the limited range of 
firing temperatures from 200 to 300°C. For the 
coating films fired in this temperature range, 
peeling was not observed in the formed portion, 
as shown in fig. 3; the photographs show the 
appearance of stainless steel sheets coated with 
the films after various formings.

Fig. 2. Adhesion of coating films to stainless steel sheets vs. 
firing temperature.
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4. Structural change of coating films during 
firing

Figure 4 shows TG-DTA measurements of 
gels prepared from MTES. Weight losses and 
exothermic peaks are observed at around 250 and 
450°C. These peaks are due to the burning of 
remaining -OC2H5 and CH3 groups, respec
tively.

Figure 5 shows FTIR spectra of the coating 
films: fig. 5(a) is recorded in the range 4000-500 
cm”1 with films fired at relatively low tempera
tures from 150 to 500°C, and fig. 5(b) is recorded 
in the range 1500-500 cm-1 with films fired at 
relatively higher temperatures from 500 to 800°C. 
The absorption peaks at 1260, 1120 and 760 cm-1, 
which are observed for all the films fired at 
temperatures lower than 500°C, are due to Si- 
CH3 bonds. The presence of these absorption 
peaks clearly indicates that the CH3 groups re
main in the coating films fired below 400°C. How
ever, the intensity of the strong absorption peaks 
corresponding to Si-CH3 decrease by firing at 
500°C, and disappear completely at 600°C (fig. 
5(b)). The remarkable decrease of these peaks in 
intensity is ascribed to the burning of CH3 groups. 
The absorption peaks at around 3400 and 910 
cm”1 are related to Si-OH bonds. These peaks 
decrease gradually in intensity with an increase in 
firing temperature and almost disappear at 500°C. 
Decrease of the absorption peaks due to Si-OH 
bonds indicates the formation of a three-dimen

sional Si-O-Si network by the polycondensation 
between Si-OH bonds. It is seen that the absorp
tion peak due to Si-O-Si bonds at around 1000- 
1100 cm”1 are only observed in the films fired at 
temperatures > 600°C. This peak becomes 
sharper and shifts to higher wavenumbers with an 
increase of firing temperature. Shifting to higher 
wavenumbers and sharpening of the absorption 
due to Si-O-Si bonds are interpreted as the 
increase of polymerization degree of Si-O-Si 
network [7],

Figure 6 shows semiquantitatively the change 
in the absorption intensity of Si-OH (910 cm”1) 
and Si-CH3 (1270 cm”1) with firing temperature. 
The intensity is expressed as the ratio of each 
absorption intensity in the films to that of the 
films fired at 150°C. The absorbance quotient 
related to Si-OH decreases gradually between 
150 and 500°C. However, the absorbance quo
tient related to Si-CH3 remarkably decreases in 
the narrow range from 400 to 500°C. These find
ings show that the increasing microhardness and 
abrasion resistance of the coating films (fig. 1) are 
due to the strengthening of the films by the 
formation of Si-O-Si network resulting from the 
polycondensation of Si-OH groups, and that the 
densification of the films by the burning of CH3 
groups at temperatures from 400 to 500°C also 
improves these properties.

Adhesion of coating films to stainless steel 
sheets at the formed portions must be deter
mined by the flexibility of the coating films. Im-

Fig. 3. Appearance of stainless steel sheets coated with methyltrialkoxysilane-derived films, which were subjected to various 
formings, such as bending, impact, drawing and press-forming.
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Fig. 4. Thermogravimetric and differential thermal analyses of 
bulk gels prepared from methyltriethoxysilane.

provement of adhesion with firing at around 175°C 
(fig. 2) indicates the beginning of Si-O-Si cross
linking between residual Si-OH bonds and/or 
Si-OC2H5 bonds in the coating films. Coating 
films fired below this temperature were opaque 
and adhesion was very weak. Good adhesion ob
tained by the firing from 200 to 300°C is caused 
by the flexible structure due to the remaining 
Si-OH and Si-CH3 groups in the coating films. 
Rapid deterioration of adhesion in the films fired 
at temperatures from 300 to 400°C can be as-

Fig. 6. Change in absorbance quotient of Si-OH bonds at 910 
cm ~1 (solid line) and Si-CH3 bonds at 1270 cm 1 (broken 
line), relative to the absorbances in the films fired at 150°C as 

a function of firing temperature.

cribed to the decreasing elasticity resulting from 
the development of Si-O-Si network due to 
polycondensation of Si-OH bonds. In this firing 
temperature range, coating films still contain CH3 
groups. The burning of CH3 groups at 400 to 
500°C further deteriorates the adhesion by the 
loss of flexibility.

Wavenumber / cm” Wavenumber / cm”

Fig. 5. Fourier-transformed infrared spectra of coating films prepared from methyltriethoxysilane on stainless steel sheets; 
(a) firing temperatures from 150 to 500°C. (b) Firing temperatures from 500 to 800°C.
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5. Conclusions

The influence of firing conditions on the prop
erties of sol-gel-derived coating films on stainless 
steel sheets from MTES was studied and their 
structural changes during firing were discussed. It 
was found that the microhardness increased with 
an increase in firing temperature due to the for
mation of Si-O-Si bonds resulting from polymer
ization of Si-OH bonds and/or burning of CH3 
groups. Adhesion of coating films at the formed 
portion was determined by the flexibility of the 
films, and excellent adhesion was obtained for 
the coating films fired at temperatures from 200 
to 300°C, in which the Si-OH and Si-CH3 bonds 
remained in the structure. Adhesion and hard
ness in the coating films prepared from MTES 
were the contradicted properties. However, stain

less steel sheets with coating films fired at tem
peratures from 250 to 350°C indicated good pro
perties for practical applications.
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38402 Saint Martin d'Hères, France

The ultrasonic atomization method has been adapted to the deposition of gel coatings. The technique consists of 
ultrasonic pulverization of an alkoxide liquid solution. The aerosol is transported by a carrier gas to a substrate and then is 
polymerized on the substrate surface. This technique allows a continuous growth of the polymer film and, as a result, the 
deposition kinetics and film thickness (0.1-1 p.m or more) can be accurately controlled. Thermal treatment of the polymer 
films leads to ceramic, glass-ceramic or glass coatings.

1. Introduction

Over the past two decades, sol-gel thin film 
coatings have been widely developed for many 
industrial applications including optical, micro
electronic, optoelectronic and protective pur
poses. Sol-gel deposition procedures likely to be 
considered include spin and dip coating which 
are based on the centrifugal or linear spreading 
of an alkoxide liquid solution on a substrate. The 
liquid film deposition may be described as a 
competitive coating and drainage two-step pro
cess [1]. The film thickness is controlled by the 
solution viscosity and substrate radial or with
drawal speed. The coating polymerization, e.g., 
the alkoxide hydrolysis-polycondensation, gener
ally takes place after deposition. The ultrasonic 
pulverization technique [2] has been adapted to 
the deposition of gel coatings. Under proper con
ditions, film deposition consists of a simple con
tinuous and homogeneous growth since no liquid 
drainage has to be considered. This technique 
allows precise and flexible control of experimen
tal conditions. The film thickness can be moni
tored by independently varying the source com
pound dilution, ultrasonic excitation power (which 
controls the aerosol production), carrier gas flow 
or deposition duration. Using this technique, 
glass, glass-ceramic and ceramic films of composi
tion including TiO2, ZrO2, Pb TiO3, SiO2 or

SiO2-ZrO2 [3] have been deposited. Initial re
sults on SiO2 films are described here.

2. Experimental

The experimental reactor has been described 
elsewhere [3], It is similar to devices which were 
used for the pyrosol process [4]. The liquid solu
tion was stored in a glass vessel whose bottom 
was fitted with a piezoelectric transducer. Excita
tion of the transducer at resonance (about 800 
kHz) led to formation of a mist of microscopic 
droplets at the liquid surface. The ultrasonically 
sprayed aerosol flow is a growing function of the 
ratio, Ps/ai], where Ps is the liquid saturated 
vapour pressure, a its surface tension and 17 its 
dynamic viscosity [4], Solvent vapourization in the 
pulverization chamber temperature must be as 
low as possible in order to prevent an untimely 
alkoxide reaction. These different criteria show 
how an appropriate choice of the solvent ap
peared essential. Alcoholic solvents CH3(CH2)„- 
OH, with n = 0-7, were tested. Butanol allowed 
a good compromise between pulverization perfor
mances and source solution stability and was used 
for every compound deposited. The ultrasonic 
excitation power was fixed at a level which al
lowed an aerosol flow of about 200 cm3/h. At 
this power level, an equilibrium temperature of 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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about 50°C was reached in the pulverization 
chamber. The chemical stability of the alkoxide in 
the pulverization chamber and during the aerosol 
transport was preserved by a suitable dilution 
level in the alcohol solution. The aerosol was 
transported by an air flow (typically 10 1/min) 
through a spray nozzle to the substrate. The 
substrate was fixed perpendicular to the aerosol 
flow on a temperature-regulated copper holder. 
Soda-lime glass, silicon wafers, fused quartz, al
loys and ceramics were successfully coated. A 
typical substrate temperature of about 25°C was 
found to be suitable for every compound de
posited. At this temperature the aerosol rapidly 
coated the two inch diameter substrate to form a 
wet continuous film, after which the aerosol flow 
was cut off. Solvent vapourization was allowed to 
take place during the next few minutes. In the 
same time, the alkoxide precursor compound hy
drolyzed with water present in the surrounding 
moisture or in the source solution and con
densed, leading to a transparent adherent poly
mer film. For a given ultrasonic power level (fixed 
aerosol flow), the film thickness after solvent 
vaporization was directly controlled by the depo
sition time (fig. 1) which was typically fixed be
tween 8 and 40 s for a film thickness of 0.1-1 
|xm. The thickness range was monitored by the 
alkoxide dilution level in the source solution.

Tetraethylorthosilicate, Si(C2H5O)4 (TEOS), 
was used as a precursor. TEOS is a highly volatile 

and slowly hydrolyzable compound. It was there
fore necessary to perform a partial preliminary 
hydrolysis-polycondensation before pulverization 
in order to obtain stable species in solution. Oth
erwise TEOS vapourized before polymerization 
on the substrate and no coating was obtained. 
The solution preparation consisted of dilution of 
TEOS in butanol followed by a controlled drop
wise addition of acidified water under vigourous 
stirring. The TEOS concentration and H2O/ 
TEOS molar ratio were varied in the range 0.1- 
1M and 2-10, respectively. HC1 at a concentra
tion of 3 X 10“3 mol per mol of TEOS was used 
as a catalyst for hydrolysis. The solution was then 
stirred at room temperature during at least 24 h 
in order to complete the reaction. Progress of the 
polymerization process in the solution was exam
ined by Raman spectroscopy. The solution spec
trum did not exhibit characteristic TEOS bands 
but did exhibit bands characteristic of ethanol 
which is a reaction product of TEOS hydrolysis 
and polycondensation [5], Raman and viscosity 
measurements confirmed that the source solution 
remained stable during several weeks even after 
repeated ultrasonic deposition experiments. A 
constant viscosity of about 3 cP was measured.

As mentioned above, the alkoxide dilution level 
in the source solution could be varied over a large 
range in order to control accurately film thick
ness. Concentrations higher than IM were not 
used in order to achieve a better control of the

Fig. 1. Time dependance of the film thickness during deposition for a source solution concentration of (a) IM and (b) 0.3M (in this 
case 2 vol.% ethyleneglycol was diluted in the solution).
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Fig. 2. Effect of the annealing temperature on the film thickness for a water/alkoxide ratio of 4 (---------) and 2 (-----------). The
film thickness has been reduced to the non-annealed corresponding film thickness.

film thickness. Low concentration solutions (< 
0.3M) led to wet coatings which spread inhomo
geneously on the substrate during solvent vapor
ization. This drawback was compensated for by 
addition of 2-5 vol.% ethyleneglycol. We believe 
that the ethyleneglycol viscosity favoured homo
geneous liquid spreading on the substrate. The 
exact role of ethyleneglycol is not yet known and 
it is possible that this liquid also reacts with 
TEOS to give a glycolate derivative [6]. This 
assumption was confirmed by aging effects ob

served in the case of ethyleneglycol containing 
solutions.

The coating quality was not altered by varying 
the H2O/alkoxide ratio between 2 and 10. Higher 
ratios were not studied, since it has been shown 
that high water content solutions led to colloidal 
suspensions [7] whose study was beyond the scope 
of this work. Decreasing the H2O content in the 
source solution led to decreasing the hydrolysis 
degree and the overal polymer connectivity (num
ber of bridging oxygens associated with each sili

Fig. 3. Effect of the annealing temperature on the film refractive index at 400 nm for a water/alkoxide ratio of 2 and a heating rate 
of loC/min (---------) and 10°C/min (-----------).
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con) [8]. This means that the lower the H2O/al- 
koxide ratio, the higher the non-reacted OR and 
OH groups content in the film obtained after 
solvent vapourization. Films obtained from solu
tions with a water/alkoxide ratio lower than 2 
did not keep their integrity during the post depo
sition solvent vapourization or annealing treat
ment as a result of low silica polymer connectiv
ity. The effect of the H2O/alkoxide ratio is illus
trated in fig. 2, which shows the film thickness 
evolution after annealing the film for 90 min at 
various temperatures. The shrinkage related to 
elimination of non-reacted OR and OH groups 
during annealing appears significantly more im
portant in the case of films deposited from a 
lower water content solution.

Refractive index and thickness of films ob
tained from a water/alkoxide ratio of about 4 
(fig. 2) did not change consistently when increas
ing the annealing temperature above 600°C. This 
means that sintering and densification of these 
films could be considered as complete at this 
temperature. For a water/alkoxide ratio of 2, a 
strong shrinkage was observed when increasing 
the annealing temperature to 600°C. Increasing 
the temperature above 600°C led to a slight in
crease of the film thickness which could be due to 
a slower film condensation related to the under 
stoichiometric water/ alkoxide ratio. Such an in
crease was reported as a possible effect of the 
thermal expansion of enclosed volatile compo
nents (desorbed water or ethanol formed by fur
ther condensation of silanol groups in the deeper 
film layers) whose escape from the film could be 
hindered by a more condensed film surface layer 
[9].

The annealing temperature dependence of the 
refractive index was closely related to the heating 
rate (fig. 3). However, for every film the refractive 
index appeared very close to the bulk silica value 
(1.47), indicating a high film density. We believe 
that the film compactness is the effect of an 
acid-catalyzed hydrolysis in a highly dilute 
medium. The hydrolysis reaction in acidic solu
tions proceeds by an electrophilic reaction mech
anism which leads to weakly crosslinked linear 
chains [10], In our case, the chains obtained are 
believed to be rather short as a result of the 

dilution effect which limits the chemical interac
tion probability of the reacting species [5]. In the 
case of rather long chains constituting a solid 
polymeric network, the annealing treatment leads 
to two consecutive thermal process. First, a porous 
xerogel film or porous silica film is obtained 
depending on the annealing temperature. The 
porosity is caused by residual solvent vapouriza
tion and partial pyrolysis of non-reacted organic 
and hydroxyl groups. In a second step, sintering 
and densification of the silica film take place 
leading to pore disappearance. A significant de
crease followed by a subsequent increase of the 
refractive index are associated to these two ther-

Fig. 4. TEM micrograph of film-substrate interface for a SiO2 
film deposited on a Si wafer.
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mal process [11]. Such a variation of the refrac
tive index was observed in our case (fig. 3). How
ever the refractive index did not vary significantly 
and remained at a rather high value. This may be 
related to the mobility of the short linear polymer 
chains which is high enough to follow a film 
volume reduction [12], Thus, the OR/OH elimi
nation and the densification occurred competi
tively and the film densified rapidly. The film 
compactness was supported not only by the high 
refractive index measured after each annealing 
treatment but also by TEM observation which did 
not allow detection of porosity (fig. 4). The film 
compactness could be also caused by good pack
ing characteristics of the fine ultrasonically 
sprayed droplets that cover the substrate during 
deposition. Further work is in progress in order 
to study the respective roles of sol-gel chemistry 
and of ultrasonic deposition on film density and 
other properties.

3. Conclusions

Ultrasonic pulverization of an alkoxide aerosol 
has been demonstrated to be a convenient tech
nique for deposition of homogeneous sol gel coat
ings. It does not require the use of critically 
controlled source solution compositions; thus, it 
is possible to vary widely the solution dilution and 
to control accurately film thickness which is di
rectly related to deposition time. This technique 

appears very promising for the deposition of dense 
layers.

This work was performed with a financial sup
port from CEA/CEREM, Grenoble. The authors 
are grateful to F. Bertin, A. Chabli and M. Dupuy 
(LETI, Grenoble) for their helpfull contribution 
in optical measurements and TEM observations. 
They thank L. Abello (LIES, Grenoble) for valu
able assistance in Raman experiments.
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Synthesis and properties of tantalum oxide films prepared by 
the sol-gel method using photo-irradiation

T. Ohishi, S. Maekawa and A. Katoh
Hitachi Res. Lab., Hitachi Ltd., 3-1-1 Saiwaicho, Hitachi-shi, Ibaraki-ken, 317 Japan

Recently, interest in the sol-gel method has been increasing, especially in preparing dielectric thin films with high 
dielectric constant. Tantalum oxide (Ta2O5) films are good candidates for insulators in LSI devices, electroluminescent 
devices and film capacitors because of their large dielectric constant. In the present paper, the preparation method and 
properties of Ta2O5 films, fabricated by a new process consisting of sol-gel process together with the photo-irradiation 
process, is reported. In this method, it became possible to fabricate Ta2O5 films at low temperature. Electric characteristics 
of these Ta2O5 films were almost the same as those Ta2O5 films prepared by sputtering and chemical vapor deposition.

1. Introduction

Dielectric thin films are used in a variety of 
modern electronic devices such as thin film ca
pacitors, LSIs (large scale integration) and elec
troluminescent devices [1], Recent trends towards 
both higher performance and integration in these 
devices have called for dielectric thin films with a 
higher dielectric constant and improved break
down-voltage characteristics [2],

The sol-gel method has been applied to the 
preparation of dielectric thin films [3] because it 
has many advantages such as high purity, homo
geneity and low processing temperature using 
simple equipment. However, since organometallic 
compounds as starting materials are used in the 
sol-gel method, organic materials are liable to 
remain in the thin film after processing. Their 
removal requires heat treatment at several hun
dred degrees centigrade.

This paper presents a new technique for 
preparing thin films at even lower temperatures 
by using the sol-gel process combined with a 
photo-irradiation process. Preparation and prop
erties of tantalum oxide (Ta2O5) thin films having 
a high dielectric constant are described.

2. Experimental

To an ethanol solution (4 ml) of tantalum 
ethoxide (Ta(OC2H5), 0.5 mol/1), an ethanol so
lution (16 ml) of water (H2O, 0.5 mol/1) and an 
ethanol solution (2.5 ml) of hydrochloric acid 
(HC1, 0.1 mol/1) were added with stirring. The 
mixed solution was irradiated with 254 nm ultra
violet rays (intensity: 12 mJ/cm2). The reaction 
was followed by measuring the ultraviolet spectra 
of a sample from the ethanol reaction mixture at 
regular time intervals. After exposing this solu
tion to 254 nm ultraviolet rays for different fixed 
time periods, quartz substrates (34 mm X 34 mm 
X 1 mm (thickness)) mounted with a transparent 
electrode (ITO) were dipped into the reacted 
solution and withdrawn at a speed of 5 mm/s. In 
this way thin films were prepared on the sub
strate surfaces as shown in fig. 1. These films 
were irradiated with 184 nm ultraviolet rays to 
cause ozone-oxidation. All experiments were car
ried out in dry air.

Cross-sections of the thin films were observed 
using a scanning electron microscopy (Hitachi 
S-800). Infrared spectra (Nicolet 170SX) of thin 
films on Si substrates were measured by a trans

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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mission method. X-ray spectra were measured 
after peeling films off substrates and pulverizing 
them. Thin film composition and C content were 
calculated according to peak area ratios of each 
element obtained from ESCA spectra (Chratos 
XSAM 800). Absorption spectra (Hitachi 340) of 
the solution were measured to follow the sol-gel 
reaction. Specimens with the Al/Ta2O5/ITO 
structure were fabricated to measure the electric 
characteristics of the Ta2O5 films.

3. Absorption spectra of the photo-irradiated 
solution

The sol-gel reaction was followed by measur
ing absorption spectra of the solution. Figure 2 
shows the changes over time of the absorption 
spectra for the solution irradiated with 254 nm 
ultraviolet rays. Ta(OC2H5)5 has an absorption 

maximum at 254 nm. This peak position is shifted 
to the shorter wavelength side with reaction time, 
eventually reaching a fixed wavelength of 210 nm. 
Since Ta2O5 has an absorption maximum at 205 
nm, this shift of the Ta(OC2H5)5 absorption max
imum to shorter wavelengths indicates the gener
ation of a precursor of tantalum oxide polymer in 
the solution. The shifting of the absorption maxi
mum to a wavelength of 210 nm indicates the 
existence on unreacted alkoxy groups in the film.

Figure 3 shows a comparison of the change in 
the peak position over time between photo-irradi
ated and non-photo-irradiated solutions. In both 
cases, the peak position of the 254 nm absorption 
maximum is shifted to the shorter wavelength 
side with reaction time, approaching the tantalum 
oxide position. The final absorption maximum for 
the photo-irradiated solution reaches 210 nm 
within about 1 h, while several hours are required 
to reach a final absorption maximum of 220 nm

o o o o o o
Fig. 1. Synthetic procedure of Ta2O5 films prepared by the sol-gel method using photo-irradiation.
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Wavelength (nm)
Fig. 2. Changes in absorption spectra of the photo-irradiated 

solution.

Fig. 4. Cross-section of Ta2O5 thin film prepared by the 
sol-gel method using photo-irradiation.

for the non-photo-irradiated solution. The final 
absorption wavelength for the photo-irradiated 
solution is a shorter wavelength near the Ta2O5 
absorption.

Fig. 3. Changes of peak positions in absorption spectra with 
reaction time.

4. Structure and properties of Ta2Os film

Figure 4 shows a SEM photograph of a cross
section of Ta2O5 film prepared by this process. A 
fine film with uniform thickness is formed on the 
ITO film. Minute Au-Pd particles on the film 
which form a metallic coating to provide conduc
tivity can be observed. Although films prepared 
by the sputtering method tend to foiin columnar 
structures [4], such structures are not observed in 
Ta2O5 films prepared by the process proposed 
here.

The Ta2O5 films prepared by this process are 
amorphous. Figure 5 shows X-ray diffraction pat
terns for Ta2O5 films heat-treated at different 
temperatures. The amorphous state continues up 
to about 600°C, while peaks begin to appear at 
700°C, signalling the start of crystallization. The 
Ta2O5 film is completely crystallized by heat 
treatment at 800°C and the characteristic peak 
for p-Ta2O5 appears in this last spectrum.

Figure 6 shows infrared spectra for Ta2O5 
films prepared by photo-irradiation, the usual 
sol-gel method without photo-irradiation, and 
heat treatment at 500°C. In all specimens, the 
absorption bands at 800-400 cm 1 due to Ta-O- 
Ta and Ta-O stretching are observed. This indi
cates formation of Ta2O5. In films prepared by
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600°C
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Fig. 6. IR spectra of Ta2O5 films.2 0
Fig. 5. X-ray diffraction patterns of Ta2O5 films after heating 

at various temperatures.

the usual sol-gel method without photo-irradia
tion (fig. 6(a)), sharp absorption peaks assignable 
to the C-H vibration in unreacted alkoxy groups 
are observed around 2800 cm-1 and 1400 cm ’. 
It is well-known that the absorption peaks for 
alkoxy groups appear in these areas [5], For the 
photo-irradiated thin film (fig. 6(b)), on the other 
hand, hardly any absorption peaks due to alkoxy 
groups are present. This indicates that the amount 
of unreacted alkoxy groups in the film is less than 
that in the non-photo-irradiated sample. Al
though the absorption band around 3500 cm-1

indicates the presence of H2O, this water can be 
removed by heating the substrates during the 
ozone-oxidation step. The spectrum for the 
photo-irradiated thin film is nearly the same as 
that for the film heat-treated at 500°C (fig. 6(c)). 
This means that the same type of thin film as that 
heat-treated at 500°C can be obtained by using 
photo-irradiation at room temperature.

5. Electrical characteristics

Table 1 gives a comparison between electrical 
characteristics, chemical composition and C con-

Table 1
Comparison of characteristics of Ta2O5 films

TaOx 
composition 
(O/Ta)

C content
(at.%)

Resistivity
(!1 cm)

Dielectric 
constant, 
e

Breakdown 
voltage 
(mV/cm)

Non-photo-irradiation 1.6 11.0 10" 14 2.5
Photo-irradiation 2.2 4.0 10" 28 2.8
Heat treatment 2.1 4.7 ~1012 21 2.8
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tent for the non-photo-irradiated film, the 
photo-irradiated film and the heat-treated film. 
The non-photo-irradiated film shows a TaOx 
composition rate (O/Ta) of 1.6, while the photo
irradiated film shows one of 2.2 which is near the 
stoichiometric ratio of 2.5. This value is greater 
than the 2.1 ratio for the heat-treated film. The C 
content is reduced significantly from 11 at.% for 
the non-photo-irradiated film to 4 at.% for the 
photo-irradiated film. This latter value is smaller 
than the 4.7 at.% C content of the heat-treated 
film.

Both the non-photo-irradiated film and the 
photo-irradiated film show a resistivity of 1011 il 
cm, slightly smaller than the 1012 il cm for the 
heat-treated film. The dielectric constant in
creases from 14 for the non-photo-irradiated film 
to 28 for the photo-irradiated film. It seems that 
this large increase of the dielectric constant is 
attributable to the removal of organic materials 
having a low dielectric constant in the non- 
photo-irradiated film, from analogy of the results 
obtained in the infrared spectral study. The 
breakdown voltage increases from 2.5 MV/cm 
for the non-photo-irradiated film to 2.8 MV/cm 
for the photo-irradiated film. This value is the 
same as that for heat-treated film.

Table 2 gives a comparison between the same 
properties for Ta2O5 films prepared by the pro
posed process, chemical vapor deposition (CVD) 
[6,7] and sputtering [8], The TaOx composition 
ratio (O/Ta) of 2.2 for photo-irradiated film is 
closer to the stoichiometric ratio than that of 
CVD or sputtering. In addition, the carbon con
tent of 4.0 at.% for photo-irradiated film lies in 
the middle of the 2.5-7.0 at.% range for photo- 

CVD film. This range of C-content values for 
photo-CVD film is due to changes in substrate 
temperature during film preparation [6], The C 
content of the thermal-CVD film was not found 
in the literature. As for films prepared by sputter
ing, although there is no C content from process
ing. Ar from the sputter gas remains in the film. 
The amount of this Ar is 2.0-10.0 at.% depend
ing on film processing conditions [8]. The resistiv
ity for the photo-irradiated film is almost the 
same as that of photo-CVD but lower than that 
of thermal-CVD and sputtering. The dielectric 
constant is higher for the photo-irradiated film 
than for sputtering, and the breakdown voltage 
for the photo-irradiated film is lower than that of 
thermal-CVD, but is equal to the average of that 
of sputtering.

As shown above, Ta2O5 films prepared by 
this process have almost the same properties as 
those prepared by CVD and sputtering. CVD and 
sputtering methods require substrates heated to 
> 200°C during film formation and use of expen
sive equipment.

6. Conclusions

A technique for film preparation at low-tem
perature has been developed in which photo
irradiation is combined with the sol-gel method. 
This has been used to synthesize Ta2O5 film. 
Subjecting the sol-gel reaction to photo-irradia
tion accelerated the reaction and organic materi
als remaining in the film were reduced.

The Ta2O5 film obtained was amorphous with 
near stoichiometric composition. The Ta2O5 film

Table 2
Comparison of characteristics of Ta2O5 films prepared by various methods

TaOv 
composition 
(Ta/O)

C content 
(at.%)

Resistivity 
(ii cm)

Dielectric 
constant, 
e

Breakdown 
voltage 
(mV/cm)

Photo-irradiation 2.2 4.0 1011 28 2.8
Thermal-CVD 1.8 _ a) ~1012 19-22 2.9-3.5
Photo-CVD 2.1 2.5-7.0 1011 20-25 _ a)
Sputtering 1.8-2.2 _ b) ~1012 21-27 2.2-3.5

a) No reported value.
b) Ar content 2.0-10.0 at.%.
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had fine structure, and lacked the columnar 
structure of films prepared by sputtering. The 
electrical characteristics of the Ta2O5 film were 
nearly the same as those of films prepared by 
sputtering, heat treatment or CVD.

This technique allows preparation of films on 
low heat-resistant organic substrates and on 
metallic substrates having a thermal expansion 
coefficient greatly different to that of the film.
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Xerogel and aerogel SiO2-Nb2O5 thin films were obtained and characterized by UV, visible and IR microscopy. The 
aerogel sheet shows a A 4 evolution close to monolithic one. Water and silanol contents are also analyzed for each type of 
thin sheets. Glass surface treatment before dip-coating was investigated using SEM, ellipsometry, reflectance measurement 
and contact angle. The best washing schedule was deduced. One to eight successive coatings were usually done and 
analyzed. Refractive indexes and thickness of the coatings are presented.

1. Introduction 2. Experimental

One of the most natural applications of sol-gel 
processes is production of coatings. Dip-coating 
or spinning are usually used but some attempts to 
prepare thin sheets have also been reported. 
Commercially available organometallic com
pounds were first used and pure or mixed coat
ings of SiO2, TiO2, ZrO2 ... are now easily ob
tained. Films with special properties need new 
precursors, thus, a new field of investigations is 
now open.

Synthesis of SiO2-Nb2O5 gels and aerogels [1] 
from TMOS and chloroalkoxides prepared using 
Alquier [2] process was reported. Physical proper
ties of these mixed gels are influenced by the 
nature of the chloroalkoxide and can be adapted 
to special uses. Controlled crystallization of ‘high 
pressure’ or ‘high temperature’ phases can lead 
to new glass-ceramic films. Absorption bands in 
the visible and UV region depend on the valence 
state of niobium [3]. Protection of UV sensitive 
materials can be achieved and photochromic ef
fects can be used for special films.

The purpose of this work is to develop pro
cesses leading to the preparation of SiO2-Nb2O5 
thin films.

The reaction between NbCl5 and alcohols leads 
to niobium chloroalkoxides [2]:

NbCl5 + nROH -> NbCl5_„(OR)„ + nHCl.

Niobium chloroalkoxide hydrolysis depends on 
the alcohol used [4]. For example, with stoichio
metric conditions (lNb/5H2O) a gel is rapidly 
obtained with isopropyl alcohol but not with 
methanol. With excess water, gels are always ob
tained whatever alcohol is used but gelation is 
quite instantaneous with isopropyl, rather slow 
with ethyl alcohol and will take many days with 
methyl alcohol.

Methyl alcohol was used in chloroalkoxide syn
thesis. A 2 mol I-1 solution of NbCl5 in methyl 
alcohol was stirred at 20°C during at least 15 min 
to allow the release of most of the HC1. This 
solution was, then, added to a prehydrolyzed 
TMOS solution and the sol was adjusted to a 
90/10 Si/Nb molar concentration, a volume frac
tion TMOS/alcohol of 0.5 and 1 mol H2O per 
mol TMOS. (A50-90Si-10Nb). These conditions 
were used for gel and aerogels preparation [1].

Three mol H2O per mol TMOS are added to 
the initial sol. The new sol was poured on a flat 
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substrate and placed in a closed box to lower the 
alcohol evaporation speed. After gelation, the 
film was gently dried several days and crack-free 
unsupported xerogel films were obtained. In an
other preparation, methyl alcohol was added just 
after gelation and hypercritical drying was em
ployed to give a thin crack-free aerogel film (3 
cm2 and 50 pm thick).

The substrate used must be a compromise 
between

(i) good wetting power and contact angle close 
to zero,

(ii) low coefficient of fraction between the gel 
and the substrate during aging,

(iii) low adhesion to allow shrinkage and avoid 
craks during drying (xero and aerogels),

(iv) homogeneous drying of upper and lower 
surfaces of the film to prevent its bending due to 
inhomogeneous repartition of meniscuses be
tween these surfaces.

As reported [5], washing and cleaning of the 
glass are very important process steps. A system
atic investigation was carried out using SEM, 
ellipsometry, reflectance measurement and con
tact angle measurements in order to optimize the 
surface treatments. The washing schedule used 
employs washing in hot sulfochromic solution 
(about 50%), washing with de-ionized water and 
washing with absolute ethyl alcohol. All these 
treatments were carried out in an ultrasonic bath.

Fig. 1. Transmission spectra in the 300-2500 nm range, (a) 
For xerogel; (b) for aerogel. Abs. (%) = 100 (/0-/)//0 where 
Io is the incident light intensity and I the transmitted light 

intensity.
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Fig. 2. SEM X-ray analysis of aerogel (down) and xerogel (up).

The slides were, then, dried at room temperature 
and stored in a dessicator before use.

The initial sol was diluted in methyl alcohol 
until an equivalent SiO2 + Nb2O5 weight of 20 g 
I'. A 2.5 cm X 7.5 cm flat glass slide was, then, 
dipped into sol and withdrawn at 20°C at a rate 
of 6 cm min 1 in order to obtain homogeneous 
coatings. After hydrolysis by atmospheric mois
ture and polycondensation of the film, the slide 
was dried at 60°C for 5 min prior to further 
dipping (1-8 successive coatings were usually 
done). After drying, the slides were stored in a 
dessicator. The densification was carried out by 
heat treating for 2 h at 400°C. Coatings so ob
tained were always free of cracks.

3. Optical properties

Transmission spectra of thin sheets in the 
UV-visible and near IR are given in fig. 1. In the 
near IR, spectra are close to that found in the 
literature for bulk [6], Higher water content is 
observed in the xerogel but silanol groups seem 
to be more important in aerogel. This is in good 
agreement with SEM chemical analysis on bulk 
that shows some chlorine in xerogel due to Nb-Cl 
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residue which could be substituted by an hydroxyl 
group during hypercritical evacuation (fig. 2).

In the UV-visible range, xerogel sheets exhibit 
a cut off near 340 nm and about 90% transmis
sion from 1300 to 340 nm. Aerogel samples show 
the usual A-4 evolution observed in monolithic 
samples, due to light scattering by clusters.

Reflection spectra (300-800 nm) for various 
aging times of the sol are given in figs. 3 and 4. 
The refractive index, nc, and the thickness, d, of 
the layer can be deduced by solving the usual 
formula for the reflectance, Rc, at normal inci
dence [11]:

«!(«]— noy cos2y + — «Qnf) sin2y
c 7 , .2 7 / 7 \2 . 2 ’

n^(n1+n0) cos v + {n~ + «0«^ sin y
(1) 

with y, the propagation factor,
y = 2pncd/X, (2)

where A is the wavelength, the refractive index 
of the supporting material and n0 the refractive 
index of the medium (usually air).

Thickness and refractive index of the layer are 
deduced from the best fit of experimental curve 
(first nc approach value is obtained from the 
reflectance at the first maximum).

From results given in table 1, it can be de
duced that (i) the layer thickness for same diping 
process (two, four or six successive dips) decrease

Fig. 3. Reflection spectra (300-800 nm) for various layers 
obtained with an aging time of 28 h.

Fig. 4. Reflection spectra (300-800 nm) for various layers 
obtained with an aging time of 124 h.

with aging time of sol, (ii) the refractive index 
increases when layer thickness decreases, and (iii) 
rather high refractive indexes are obtained due to 
the niobium [7,8]. Points i and ii are in good 
agreement with results obtained by Brinker et al. 
[9]. That is to say, a low condensation rate of 
silicates (such effect is enhanced by chloroalkox
ides when H2O/TMOS molar ratio is low) lead
ing to weakly branched ‘polymers’ during aging. 
Thus, the ‘polymer’ structures are mutually trans
parent (this effect increases with aging) and freely 
interpenetrate during film formation. This in
duces a more densely packed configuration of the 
coating so that, for the same number of dips, the 
thickness decreases and the refractive index in
creases (according to the Lorentz-Lorenz rela
tionship [10]) with sol aging.

Table 1
Refractive indexes, n, and layer thickness, e (nm), obtained 
for dip-coating

Aging time
(h)

No. of 
dips

e n

28 2 38 1.59
4 76 1.565
6 114 1.539

124 2 25 1.62
4 50 1.59
6 75 1.57
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4. Conclusion

Mixed Nb-Si seems to be a fruitful way to 
prepare thin sheets and coatings. Such films are 
of considerable practical interest for new materi
als with non-linear optical coefficients, semicon
ducting, piezoelectric and refractive index.
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Hydrothermal processing was used to produce colloidal monoclinic zirconia suspensions from zirconium carboxylate 
solutions. The colloidal suspensions exhibit high stability with respect to aggregation and films can be obtained by solvent 
evaporation. The as-prepared films yield dense monoclinic zirconia ceramics with average grain sizes of 60 nm after firing at 
a temperature of 1100°C. The distribution of colloidal zirconia particles in aqueous suspension was investigated by 
small-angle X-ray scattering. The scattering curves showed a broad peak, the position of which shifted to higher angles with 
increasing particle volume fraction. The average interparticle distance was estimated using this interference peak position. 
Sintering of the colloidal films was monitored by dilatometry, scanning electron microscopy and small-angle X-ray scattering.

1. Introduction

Ceramists are interested in processing fine 
particles to improve uniformity of ceramic mi
crostructures and to decrease sintering tempera
tures. Slurries, i.e., ceramic particle suspensions, 
are convenient for forming technologies such as 
slip casting, tape casting and electrophoretic de
position used to produce green ceramic bodies. 
Ceramic nanostructure materials exhibit specific 
characteristics due to their nanoscale microstruc
ture and the usefulness of these materials has 
become increasingly evident [1], Preparation of 
stable colloidal monoclinic zirconia suspensions 
and their use as ceramic slurries for the fabrica
tion of nanoscale ceramic materials are de
scribed. The concentration dependence of the 
colloidal zirconia particle distribution was investi
gated by small-angle X-ray scattering (SAXS).

2. Experimental

The precursor of colloidal zirconia was a zirco
nium oxyacetate previously described [2]. Col
loidal zirconia was prepared by hydrothermal 
treatments of the zirconium oxyacetate solutions 
in an autoclave system of 600 cm3 volume at 
temperatures from 150 to 270°C. Hydrolysis of 

zirconium oxyacetate has been shown to be in
complete during hydrothermal treatment. The 
amount of unreacted acetate of the as-obtained 
colloidal zirconia was determined by thermo
gravimetry and the hydrolysed molar fraction, a, 
of zirconium oxyacetate was deduced. Colloidal 
suspensions were cast in PTFE plates and films 
were prepared by slow evaporation of the solvent.

Small-angle X-ray scattering data were ob
tained with a slit laboratory camera using CuKctj 
radiation provided with a double channel cut 
germanium monochromator. The detector was a 
position sensitive proportional counter with an 
effective length of 55 mm and a sample to detec
tor distance of 500 mm. The scattering vector 
H = 4ttà j sin 8, where 8 is the Bragg angle and 
À the X-ray wavelength, was ranging from 0.06 to 
2 nm-1. Experimental results were corrected for 
parasitic scattering and normalised to equivalent 
sample thickness, intensity and counter effi
ciency. Colloidal zirconia particles and their ther
mal evolution were studied with scanning elec
tron microscopy (SEM) and transmission electron 
microscopy (TEM) to evaluate particle size and 
microstructure, X-ray diffraction (XRD) and 
electron diffraction, respectively, to examine the 
films and to identify crystallinity of individual 
particles. Shrinkage to 1300°C was measured di
rectly from the thickness of the films in a vertical 
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dilatometer with alumina as a reference at a 
heating rate of 3°C min-1.

3. Preparation and characterisation of colloidal 
zirconia suspensions

Precipitation of colloidal zirconia is achieved 
by two-step hydrolysis of the zirconium oxyac
etate precursor. Dissolution of the precursor in 
water, at room temperature, produces a homoge
neous system according to the reaction [2]

ZrOj 35(OAc)] 3Q, AcOH cryst. + ^2^

—> [ZrOj 35(OAc)130]aq + AcOHaq.

Hydrolysis of the acetate ligands, which leads to 
zirconium oxide formation, is obtained by heating 
the zirconium oxyacetate solution to 270°C. This 
reaction can be represented as
[ZrOj 35(OAc)! 30]aq + H2O

ZrO2cryst + AcOHaq .

Figure 1 shows the plot of hydrolysed fraction, a, 
against temperature. It illustrates that the hydrol
ysis of the acetate groups according to the latter 
reaction begins suddenly. Since the solubility of 
zirconia in the hydrothermal conditions used in 
this work is supposed to be very low, we conclude 
that nucleation occurs in a very short time inter
val. Consequently, the main requirement for 
monodispersed colloidal suspension, a single burst 
of nucleation, is met [3],

Figure 2 shows the TEM micrograph of the 
colloidal zirconia particles. Lattice imaging and 
electron diffraction pattern characterize single 
crystals of monoclinic ZrO2. This result is veri
fied by XRD measurements (fig. 3). The mean 
crystal size as determined by the Scherrer rela
tion is 27? = 11 nm, in good agreement with the 
size evaluated from TEM.

Colloidal zirconia suspensions were examined 
by the SAXS technique. The scattering curves of 
the as-obtained suspension with a 20 wt% con
centration (5.1 vol.%) show a single broad peak 
which suggests that the zirconia particles are dis
tributed in an ordered manner [4,5]. The inter
particle interference effect can be removed from
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Fig. 1. Hydrolysed fraction, a, of zirconium oxyacetate as a 
function of temperature for a 1 min (•) and a 9 h (a) 

hydrothermal treatment.

the SAXS curve by decreasing the concentration 
to 0.4 wt%. In this case, the scattering intensity is 
proportional to single particle scattering and a

20 nm

Fig. 2. TEM micrograph of the colloidal zirconia particles.
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Guinier analysis can be applied to the small angle 
region. A radius of gyration, Rg of 9 nm was 
measured and, using the relation R2 = |7?| for 
spherical particles whose radius is R, the size of 
the colloidal particles was found to be 27? = 24 
nm. The Log I(II) versus Log H plot showed 
slight departure from the Porod law. A power law 

was clearly distinguished but the D 
value was 3.6 instead of 4.

The results of the SAXS, XRD and TEM 
studies can be interpreted in the following way. 
We can describe colloidal zirconia particles as 
aggregates (27? = 24 nm) of a few smaller crystal
lites of monoclinic ZrO2 (27? = 11 nm). In addi
tion, we can assume that the crystallites in a 
colloidal particle are cemented together by the 
amorphous zirconium oxyacetate which has not 
reacted during hydrolysis. This assumption fully 
agrees with the measured D value of 3.6 which 
characterises a rough colloid [6].

Therefore, it is worth noting that remaining 
acetate groups are supposed to cover the col
loidal particle and appear to work as a protective 
agent against coarsening. The as-prepared col- Fig. 4. Concentration dependence of the SAXS curves of the 

colloidal zirconia suspensions.

Fig. 3. Temperature evolution of the XRD patterns of col
loidal zirconia.

loidal suspensions are stable with respect to 
coarsening. Neither aggregation nor coalescence 
of the particle occurred in a period of three 
years.

4. Film formation and sintering

Since an interparticle interference effect was 
observed in the SAXS experiment, the colloidal 
particles are not considered to be distributed 
randomly. However, because of the lack of a 
second-order peak, the particles form a highly 
distorted array in the suspension. Matsuoka et al. 
[5] demonstrated that the position of the first- 
order peak is not affected by the distortion and 
can serve to evaluate the nearest-neighbour inter
particle distance, d, using the Bragg equation.

Figure 4 shows the concentration dependence 
of the scattering curve of colloidal zirconia sus
pensions. As expected, the peak position shifted
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Fig. 5. Log-Log plot of the position of the SAXS peak versus 
the volume fraction. The dashed line is the theoretical curve 
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Fig. 7. Densification curve for a colloidal zirconia film.

Fig. 6. Temperature evolution of the SAXS curves of colloidal 
zirconia films.

to higher scattering vectors H, with increasing 
concentration. Figure 5 illustrates the relation
ship between the peak position, Hmwi, and the

Fig. 8. SEM micrograph of the top surface of a monoclinic 
zirconia film fired in air at 1100°C for 1 h. (Bar = 100 nm.)
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concentration (volume fraction, i>). Assuming a 
continuous distribution array and a constant par
ticle size, a linear regime should be obtained with 
a slope of 1 /3 as represented in fig. 5 for an fee 
array and a particle size of 24 nm. We observe 
that the experimental points fit this theoretical 
behaviour when the volume fraction of the sus
pension increases. Moreover, the position of the 
interference peak for the film sample leads to an 
interparticle distance of 24 nm which is the same 
as the colloidal particle diameter (27? = 24 nm). 
We conclude that no aggregation occurs during 
the increase in the volume fraction of the suspen
sion and a nearly perfect compact packing of the 
initial particles is obtained. Coarsening of the 
zirconia particles during thermal treatment was 
evidenced by SAXS study. The particle size de
duced from the position of the interference peak 
(fig. 6) increases markedly above 500°C. As ex
pected [2], the same behaviour was observed for 
the crystallite size measured from broadening of 
XRD peaks (fig. 3). However, for the same tem
perature the crystallites were always found to be 
smaller than the particles; for example, 22 nm 
and 58 nm, respectively, at 800°C. Figure 7 shows 
the densification behaviour of a zirconia film 
sample prepared by drying the colloidal suspen
sion. It is shown that, first, the remaining acetate 
groups are removed between 250 and 400°C as 
was confirmed by thermogravimetry and, second, 
the densification begins below 1000°C and is 
nearly complete when the martensitic transforma

tion M-ZrO2 -»T-ZrO, occurs. Figure 8 illus
trates the ability of a colloidal monoclinic zirco
nia film to densify completely at 1100°C and to 
give a regular nanoscale microstructure.

5. Conclusion

Small-angle X-ray scattering measurements 
demonstrate the stability of the colloidal mono
clinic zirconia suspensions prepared by thermohy
drolysis of a zirconium oxyacetate precursor. Very 
efficient packing of initial colloidal particles was 
observed in green films obtained by evaporation 
of the solvent and zirconia materials with strongly 
decreased sintering temperature and consequent
ly small grain size were fabricated.
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This paper reviews the processing of organic-doped sol-gel gel-glasses for optics and electro-optics. The coupling of 
low-temperature processing and gel-glass doping with organic photoactive or electroactive molecules opens new opportuni
ties for optical and electro-optical applications. The manuscript focusses on the requirement of precise control of 
compositional and pore surface variations in cage trapped molecules of different optical and electro-optical gel-glasses. The 
methods used for achieving this goal are related. These involved combinations of molecular precursors and polymerizing 
conditions. Examples are given for fluorescent gel-glasses, room-temperature phosphorescent gel-glasses and photochromic 
gel-glasses with a combination of optical properties. Gel-glass dispersed liquid crystal (GDLC) with electro-optical 
properties are also described. The sensitivity and the photophysical behavior and properties of the trapped organic 
molecules have been used to observe the structural changes that occur in a polymerizing system of silicon alkoxides in 
ceramer composites and in a reversed phase silica obtained by the sol-gel technique.

1. Introduction

Glasses have, until recently, been prepared by 
melting their components at very high tempera
tures. This has limited the use of additives, such 
as glass colors, to inorganic compounds which can 
resist the glass preparation temperature. The 
ability to use only inorganic additives has been a 
severe limitation because of the vast majority of 
the known chemicals being organic materials 
which are decomposed at a few hundred degrees. 
For instance, the very large family of organic dyes 
could not be used as additives in glass prepara
tion.

We recently offered a solution to this issue [1], 
and it is now feasible to incorporate organic 
molecules in an inorganic oxide glass. The idea 
was based on developing technology of sol-gel 
gel-glass preparation which starts with room-tem
perature polymerization of metal alkoxides [2].

Most activity in this field has been devoted to 
two basic lines: first, the study of photoprocesses 
of probe molecules added to the polymerizing 
sol-gel system [1,3-10]. Photochemistry and pho
tophysics today offer a wide variety of probes 
which show selective high sensitivity to environ

mental parameters such as polarity, viscosity, 
porosity and local geometry. Examples for previ
ous studies in which photoprobes were utilized 
for investigating the sol-gel process include the 
use of Eu3+ emission as a probe for local geomet
ric symmetry [5], the use of Rhodamine 6G ab
sorption and emission to probe the silica cage 
polarity and the ability to isolate trapped 
molecules [1]; the use of pyrene excimerization 
[10], photochromic dyes [11] and 4-BPCA room
temperature phosphorescence (RTP) [12] as 
probe systems for the evolution of pore network 
during the polymerization; and the use of 
excited-state strong acids to probe the rate of 
water consumption at the early stages of this 
process [7], In this study, the use of a pho
tochromic dye as a probe for the events leading 
from the monomer to the porous xerogel is 
described.

Second, and of particular practical interest, is 
the ability to trap organic photoactive, reactive 
and bioactive molecules in the ceramic matrix at 
room temperature [8,10,13-15]. The classical 
high-temperature techniques excluded the possi
bility of preparation of such composite materials. 
We have demonstrated the feasibility of this idea 
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by first trapping the laser-dye Rhodamine 6G in a 
monolithic block of SiO2 [1] and then by trapping 
many other molecules [4,8,10], and showed the 
advantages of this matrix over plastic ones. For 
other trapping studies, see the works of Tani and 
co-workers [15], Pope and co-workers [16], Locher 
et al. [17], Dunn and co-workers [18], Reisfeld 
and co-workers [19], Zusman et al. [14], Braun et 
al. [13], and others [20]. The ability to incorporate 
organic materials in inorganic matrices, in the 
form of monolithic gel-glasses or thin films, and 
recently in spherical metal oxide particles [21], 
opens the way to many possible applications in 
optics, electro-optics, as chemical sensors, in biol
ogy and in modern materials science. Among 
these applications, in this paper the trapping of 
fluorescent dyes, photochromic molecules, phos
phorescent molecules and liquid crystals in sol
gel gel-glasses are described.

I emphasize that the content of this article is 
devoted mainly to my own investigation, although 
excellent articles on this topic covering other 
aspects of sol-gel glasses for optics and electro
optics have been published.

2. Sol-gel glasses for optics

2.1. Fluorescent and laser sol-gel gel-glasses

2.1.1. Trapping of fluorescent dye lasers in block 
gel-glasses

Organic laser dyes have been found to play an 
important role in the development of a variety of 
applications in optical systems, spectroscopy and 
lasers. Rhodamine 6G (R6G) has been one of the 
most frequently used probes in these studies, due 
to its high quantum yield range and good laser 
properties. One of the key problems in the inves
tigation and application of organic laser dyes is 
the matrix which hosts the dye. The nature of the 
host matrix affects all characteristics of the dye, 
e.g., it causes spectral shifts of both absorption 
and emission spectra, it affects photostability and 
it alters the distribution between processes the 
excited state undergoes, such as intersystem 
crossing, collisional energy loss, and consequently 
also fluorescence lifetime.

Fig. 1. Absorption spectra of Rhodamine 6G:-------------- ,
1.4x10 4M in water; the dimer is clearly visible at 496 nm. 

-------- , 1.6X1O_4M in gel glass;------------ , undoped glass.

Special attention has been given to solid matri
ces such as polymeric blocks and polymeric thin 
films in which the dye is homogeneously dis
tributed. The disadvantages of these heteroge
neous environments have been described in detail 
elsewhere [1]. The inorganic SiO2 matrix, pre
pared by the sol-gel method, was used by other 
authors to incorporate organic molecules. Among 
the properties reported to date are photochemi
cal hole burning, photoconductivity and laser 
emission [15-18], solar light concentrators [22], 
non-linear optical effects [20a,22,23] and several 
advantages described below.

The gel-glass formed in the sol-gel process is 
transparent to UV and visible wavelengths (fig. 1) 
in comparison to the commonly used dye carrier 
poly(methylmethacrylate) (PMMA) which filters 
light < 330 nm.

The dimerization and aggregation processes of 
laser dyes have a strong effect on spectral and 
lasing properties. At 1 X 10 4M in water, R6G 
does not lase due to dimerization. When R6G is 
trapped in silica sol-gel gel-glasses, it does not 
aggregate much behind the limit of 1 X 10 4 
(moles of dye per liter of glass) (e.g. fig. 1). The 
fact that no dimers are observed may serve as an 
indication of the cage size roughly that of a single 
molecule, i.e., 10 A. Under this restricted cage 
freedom, the molecule excited-state stabilization 
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will take place by interactions with the surround
ing cage. Otherwise, sufficient water would be 
trapped to form dimers at the high concentration 
employed.

Another important observation made is the 
increase in photostability. Trapping the dye 
molecules, their photodecomposition products, 
and other impurities; disaggregation; and reduc
tion of both vibrational and rotational modes of 
energy dissipation all contributed to the en
hanced stability. This seems to us to be of impor
tant practical consequence for dye blocks for dye 
lasers.

Many efforts have been devoted to enhance 
the photophysical properties of the trapped 
molecules by host matrix improvements. Pope 
and co-workers [16] and Capozzi et al. [20a] pre
pared a new class of transparent silica-gel- 
PMMA composites improving physical, mechani
cal and optical properties by increasing the de
gree of chemical coupling between the silica gel 
and PMMA phases. Nogues and Moreshead [24] 
reported the preparation of dense pure silica 
glasses which can be impregnated with organic or 
inorganic optically active components. Bagnall 
and Zarzycki [25] used two different methods to 
prepare cadmium selenium sulfide doped silica 
gels which have different optical properties. The 
first was prepared by acid catalysis of tetra
methoxy silane in a ethanolic solvent, while the 
other was a solventless method using ultrasonic 
processing [26],

2.1.2. Fluorescent thin films
Radiative energy transfer experiments showed 

the importance in the development of the thin 
films as solar or laser light guides [27]. The ability 
to trap photoactive organic molecules in the form 
of thin sol-gel films is shown in fig. 2, in which 
the emission spectra of a variety of dyes belong
ing to various families are shown. Similar results 
are obtained for mixed titania-silica (gel) thin 
films. As in the case of the blocks, disaggregation 
and leachability tests proved that the dyes are 
trapped in closed cages. Photostabilization of the 
trapped dyes, observed in the monolithic glasses, 
is also observed in the thin films.

Fig. 2. Emission spectra of dyed silica or silica-titania thin 
films.

2.1.3. Methods of incorporating organic laser dyes 
in gels

(a) Solid blocks: A standard procedure was 
used in which monolithic silica gel-glasses were 
prepared by hydrolysis of Si(OCH3)4 [1], followed 
by slow condensation polymerization at room 
temperature. The resulting gel-glass was further 
dried to remove physisorbed water and methanol.

(b) Thin films: A special feature in preparation 
was the use of surface active agents added to the 
starting solution [27]. This results in greatly im
proved homogeneity and in a remarkably smooth 
surface. Removal of this constituent resulted usu
ally in dense cracking of the film.

2.2. Phosphorescent gel glasses

2.2.1. Trapping of phosphorescent molecules
In the above sections, we dealt mainly with 

emission from the singlet, i.e. fluorescence; here, 
we briefly describe some interesting results con
cerning the emission from the triplet, i.e. phos
phorescence. Phosphorescence is differentiated 
from fluorescence by the long-lived emission of 
light after extinction of the excitation source. The 
sensitivity of phosphorescence spectroscopy is 
comparable to that of fluorescence spectroscopy 
and complements the latter technique. The reluc
tance to use phosphorescence spectroscopy prob
ably arises from the practical aspect of measuring 
the signal since cryogenic temperatures, using 
liquid nitrogen at 77 K, are normally required. 



D. Levy / Sol-gel glasses for optics and electro-optics 511

Recent developments in room-temperature phos
phorescence (RTP) have given rise to practical 
and fundamental advances which should help 
stimulate interest in phosphorimetry.

One of our main findings has been that trap
ping a wide variety of organic molecules in sol-gel 
gel-glasses enables one to observe RTP from the 
trapped molecules [10,12]. This has been demon
strated on the molecules phenanthrene, naphtha
lene, quinine, 4-biphenyl carboxylic acid (4- 
BPCA), 1-naphthoic acid, eosin-Y, and pyrene. 
The RTP characteristics of these organic 
molecules trapped in silica gel-glasses are observ
able only under special conditions of reaction as 
described in ref. [12], The gel-glass itself is nei
ther fluorescent [1] nor phosphorescent [12] and 
the trapped molecules are only slightly affected 
by external conditions like moisture and oxygen. 
A detailed study on the luminescence properties 
of 4-BPCA and 4-BPCA/NaBr molecules (fig. 3) 
showed that phosphorescence intensity from the 
molecules trapped in the gel matrix is highly 
sensitive to environmental (cage) effects. Changes 
in the luminescence properties of this trapped 
molecule were studied as a function of several 
parameters that are responsible for the structural 
properties of the isolating matrix, such as varia
tion of catalytic conditions of gelation, the addi
tion of heavy-atom perturbers to the starting mix
ture of the components of the gelation and heat 
treatment of the wet gel. When a NaOH solution 
was employed (instead of water) for the polymer
ization and trapping of 4-BPCA, the results 
showed that a 0.5M NaOH (fig. 4(b)) concentra
tion provides the best conditions for the observa
tion of phosphorescence, which was attributed to 
the anion of 4-BPCA. Concentrations higher than 
0.5M NaOH (fig. 4(c)) provide strong delayed 
fluorescence and weak phosphorescence intensi
ties. These originate from a mixture of the anion 
and non-dissociated states of 4-BPCA. Lowest 
NaOH concentrations and neutral conditions of 
reaction provide only delayed fluorescence (fig. 
4(a)). The addition of a heavy-atom perturber to 
the initial solution results in an increase in phos
phorescence intensity (fig. 3). Drying enhances 
the phosphorescence intensity and lengthens the 
triplet lifetime by three orders of magnitude [12].

X (nm)
Fig. 3. Fluorescence (---------) and RTP (-------------- ) spectra
of 4-BPCA trapped in SiO2 gel-glasses prepared under neu
tral conditions (A) and when NaBr is present in the starting 
solution (B). The solution spectra of 4-BPCA (C) was recorded 

for comparison (10 3 M, methanol).

The spectroscopic changes were explained in 
terms of both solvent evaporation as well as in
crease in matrix density and cage rigidity [12], In 
some cases, these changes eliminate most non- 
radiative processes by collisional deactivation of 
the triplet state of the molecule in the case of 
RTP. Molecular isolation is very efficient and the 
resulting phosphorescence is stable for a long 
period of time (at least one year).

2.2.2. Method of preparation
It was observed that most dyes emitted either 

phosphorescence or both delayed fluorescence
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X (nm)
Fig. 4. Phosphorescence and/or delayed fluorescence 
(---------- ) and fluorescence (--------- ) of 4-BPCA trapped
in silica gel-glasses prepared with different [NaOH]: 
(A) 10 'M NaOH; (B) 0.5M NaOH and (C) 6M NaOH.

Acxc = 290 nm.

and phosphorescence when the optimum condi
tions for gelation were established [12], For ex
ample, under neutral conditions of gelation, 
phenanthrene, naphthalene and quinine show 
good RTP signals. Basic conditions of gelation 
are required to observe phosphorescence emis
sion for 4-BPCA, 1-naphthoic acid and eosin-Y, 
and the presence of a heavy atom perturber is 
necessary for the observation of the phosphores
cence for pyrene. In some cases, RTP can be 
obtained from wet samples so that drying is not 
essential. Drying, however, always enhances the 
RTP.

2.3. Photochromic gel glasses

2.3.1. Trapping of photochromic dyes
Photochromism is the phenomenon in which 

absorption of electromagnetic energy by a mate
rial results in a reversible change of its color. The 
activating radiation is in the near ultraviolet or 
blue part of the visible spectrum. The pho
tochromic material is usually more intensely col
ored in the activated state than in the initial 
state. In many cases the reverse reaction involves 
crossing a potential energy barrier, the energy 
being supplied either thermally or by optical exci
tation. The important characteristics of a pho
tochromic system include the absorption spectra 
and the extinction coefficients of the parent com
pound and the photoproduct, and the effect of 
environmental factors such as solvent and tem
perature. Photochromic molecules have served 
for a variety of information-recording applica
tions. Examples include chemical switches for 
computers, signal processors, reusable informa
tion storage media, micro-imaging materials, pro
tective materials against irradiation, photomask
ing and photoresisting materials.

There were two aspects for the motivation to 
trap these dyes. First, the currently used pho
tochromic glasses are based on a very limited 
selection of inorganic dopants. The ability to trap 
organic photochromic dyes in sol-gel glasses 
[11,28] opens the possibility to use the thousands 
of organic photochromic molecules with the abil
ity to tailor desired properties such as the nature 
of color change, the activating wavelength, the 
rates of response to light and of the subsequent 
fading, etc. The second aspect is to use the sensi
tivity of photochromic process to environmental 
parameters in order to follow the structural and 
chemical changes that occur along the formation 
of the trapping gel glass, especially during the 
gel-xerogel transition.

Figure 5 presents the photochromic response 
for a number of spiropyrane dyes trapped in 
silica-gel glass (SiO, glasses). Spectral changes, 
substituent effects describable in terms of the 
Hammett equation, and photochromic kinetic 
changes were studied, in analyzing the response 
of the photochromic reaction to a continuously
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Fig. 5. Absorption spectra of the SE class of photochromic 
materials. The colorless base-line before irradiation (b.i.) is 

also shown (typical for all dyes) [28],

changing environment [11]. A common observa
tion for all the photochromic compounds used 
has been that photochromism (PM) changes grad
ually to reversed photochromism (RPM) along 
the gel-xerogel transition (the stable forms in the 
dark are the colored ones, which could be 
bleached then by UV irradiation) (fig. 6). An 
interesting observation has been that some of the 
spectral parameters shown in fig. 6 are affected 
by the nature of substituents on the spiropyrane 
ring system. In addition, the absorption maximum 
was blue-shifted quite significantly (about 50 nm) 
during the sol-gel process.

These observations could be rationalized in 
terms of both the accompanying changes in the 
environmental polarity and a gradual change in 
the environment of the photochromic molecule 
[11]. This molecule passes from a liquid solution 
medium to an adsorbate on a gradually forming 
SiO2 surface. Molecular isomerizations as a re
sult of irradiation become restricted as the poly
merization proceeds, because of the reduction in 
the size of the effective ‘free-volume’ for these 
rotations, and the photochromic material is stabi
lized by strong hydrogen bonds to the silanols of 

the silica cage in the SiO2 glasses. These pho
tochromic materials suffer two problems: the 
photochromism was reversed and, even more lim
iting, the photochromism stops at the final dry 
xerogel stage. The final material obviously could 
not have any practical applications.

We have solved these problems by applying 
pore surface variations in cage (SiO2 glasses) 
trapped molecules [28]. As a result, we have 
prepared silane-ethyl glasses (SE glasses) with an 
apolar cage surface composed of Si-CH2CH3 
groups which do not stabilize the colored form of 
the trapped dye; hence, normal photochromism is 
obtained. On the other hand, the addition of 
polydimethylsiloxanes (PDMS, SP glasses) in
duces sufficient flexibility into the matrix, allow
ing reversed photochromism in the final glass. 
The reversed photochromism in the SP glasses 
might be understood in similar terms to those of 
the SiO2 glasses, i.e., in the final glass, the imme
diate environment is of Si-OH groups, and not of 
the added PDMS. In the SE glasses (fig. 6), this 
necessary flexibility is obtained from the reduced 
cross-linking in the final xerogel: only three of the 
Si bonds participate in the polymerization, com
pared with four in the pure SiO2 glasses. There
fore, the direction of photochromism, either nor
mal or reversed, is controllable; and the pho-

t (h)
Fig. 6. Changes in the photochromic properties of trapped 
5-bromo-8-methoxy-6-Nitro-BIPS along the sol-gel-xerogel 
transition in polymerizing silicon tetramethoxide. A, intensity 

before irradiation; ▲, intensity after irradiation.
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tochromism properties remain in the final mate
rial with good stability.

2.3.2. Method of preparation
Three types of matrices were employed. The 

first was prepared from the hydrolysis of 
Si(OCH3)4 [11], resulting in a photochromic ma
terial which suffers from the disadvantages men
tioned above. The second material involved the 
polymerization of CH3CH2-Si(OC2H5)3 (SE 
glasses) [28]; the third material involved the co
polymerization of Si(OCH3)4 with (PDMS) (SP 
glasses) [28] which results in flexible transparent 
materials. The key to the successful preparation 
of the photochromic materials has been in the 
choice of the catalyst with Na-acetate, creating 
mild basic conditions. Polymerization and gela
tion were carried out without heating.

3. Sol-gel gel-glasses for electro-optics

3.1. Gel-glass dispersed liquid crystal (GDLC)

Electro-optical effects combined with certain 
processing steps can provide the basis for a wide 
variety of information-processing and non-linear 
optical devices such as optical switches and mod
ulators. Liquid crystals (LCs) have gained a rec
ognized role in physical science and in several 
electronic-related technologies. The present ap
plications of LCs are basically in the preparation 
of commercial electronic displays as well as low- 
voltage, easily driven electro-optical devices. At 
present, a major obstacle in the development of 
electro-optical devices is the lack of suitable ma
terials which have both the required electro-opti
cal properties and can also be made into usable 
forms such as thin films and bulk pieces.

Fig. 7. Picture with crossed polarizers of the microdroplets at room temperature showing K15 in a liquid crystal state filling the 
pores of the thin film (parallel polarizers gave a black image). 1 cm = 50 p.m.
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The modified sol-gel process is well suited to 
provide a molecular oriented surface for the 
preparation of GDLC in thin films. In general, 
the sol-gel process has been used to avoid unde
sirable dye aggregation usually observed in aque
ous solutions. Levy et al. [29] showed the feasibil
ity to trap a ‘bunch’ of molecules, in a thin film. 
In order to change the trapping technique to 
modify the material properties, these authors used 
a polymerizing organoalkoxysilane (e.g., CH3- 
CH2-Si(OCH2CH3)3). Therefore, their main 
concern has been to ascertain whether the sam
ple manufacturing preserves the LC structure. 
The trapping process does not alter the electro- 
optical and thermal response of the LC. The 
trapping technique provides a convenient method 
for protection of liquid crystals from physical 
damage and extends the range of applications 
through increased flexibility in handling of the 
material.

The physical and optical properties of nematic 
microphases in GDLCs exhibit marked changes 
with temperature. Phase transitions, e.g., from 
nematic to isotropic phases, were marked by a 
sudden change in anisotropy and optical charac
ter. Micronematic phases are stable at room tem
perature (fig. 7) and their structure is maintained. 
It was suggested that order arises as a conse
quence of the chemical affinity between the apo
lar character of the pore surface and the lipophilic 
groups of the LC.

Several monomers and mixtures at different 
reaction conditions were investigated [30], in or
der to vary the pore size and surface properties of 
the silica cages. GDLCs have been prepared with 
these matrices using different LCs. Large varia
tions in reaction times, thresholds and droplet 
sizes were found.

Reorientation of the GDLCs has been achieved 
with electrical and optical fields. An Ar+ laser 
focused onto the sample produces several diffrac
tion patterns, which have been previously de
scribed in planar and cylindrical LC samples. 
This feature is observed in positive and negative 
nematic LCs, as expected. Reorientation of nega
tive LCs applying voltage is observed by evolution 
of polarization textures in the microscope. To the 
naked eye, positive nematic LCs show switching. 

Macroscopically, the films scatter light strongly in 
the unexcited state, becoming more transparent 
when an electric field is applied. No attempt has 
been made to match the refractive index of the 
matrix (~ 1.43) with the ordinary index of the 
LC; therefore complete transparency is not 
achieved for the moment (e.g., Ton about 10- 
20%), and the contrast is poor (about 2-5:1). 
Switching times from several milliseconds to hun
dreds of milliseconds have been found. Much 
work has to be done to characterize and optimize 
GDLCs in order to produce practical devices.

3.2. Method of preparation

An important factor to avoid textural inhomo
geneities in nematic microdomains is the produc
tion of a orienting surface, i.e., using Si-CH2CH3 
groups on the pore cage [29]. It may provide a 
lamellar structure for the LC molecules at the 
surface, an action that could be called a ‘molecu
lar hair combing’ that is sufficient to obtain 
molecular orientation and microliquid crystalline 
phases. In addition, Si-CH2CH3 groups provide 
flexibility to the matrix needed for deformations 
and reorganizations of the microdomains at the 
time that an electric field is applied to the doped 
thin film. Either single monomers or mixtures of 
two monomers have been employed to prepare 
GDLCs with different electro-optical responses 
[30], In the second case, one of the monomers has 
four functionally reactive-site leaving groups, 
whereas the other has only three.

4. Summary

The number of potential applications of or- 
ganic-doped sol-gel gel-glasses is very large. Im
portant possibilities include optics and electro
optics, chemical sensors, and bioactive gel-glasses. 
Development of these applications requires un
derstanding of the structure of the doped sol-gel 
matrices, the properties of the matrices on the 
molecular level, and the conditions that the oxide 
network imposes on the optical properties of the 
dopant. Little is known concerning the funda
mental aspects of the interactions between or
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ganic dyes and the inorganic host matrix when 
molecules are truly entrapped and not merely 
adsorbed on the surface of the exterior of the 
pores. For a more comprehensive review on doped 
sol-gel gel-glasses, see ref. [31],
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The use of membranes for gas separation is a relatively recent but rapidly growing technique. There are polymeric 
membranes for gas separations, but they are chemically and thermally unstable for some applications. Ceramic membranes 
can provide stability under drastic conditions, and for combustion gas purification they are probably the only useful 
membranes. The sol-gel technique facilitates preparation of thin ceramic layers with controlled pore size. Ceramic 
membranes were made by slip-casting sols on a support which was composed of two ceramic layers. Membranes made of 
pure A12O3, a mixture of Al2O3-TiO2, and a mixture of Al2O3-SiO2 were tested for their ability to separate the gas 
mixtures N2-O2, N2-CO2 and N2-SO2. The mechanisms of flow through the porous membranes are discussed in relation 
to their efficiency of gas separation.

1. Introduction

Membrane technology can compete with other 
gas separation methods in several industrial ap
plications [1], and new products and processes 
based on membrane gas separations are continu
ally appearing. The range of possible applications 
can be extended if membranes are developed that 
provide stability necessary for the very drastic 
conditions of many processes. This stability can 
be obtained by means of ceramic membranes.

In the past few years, a number of papers have 
been published concerning the preparation of 
ceramic membranes having both ultrafine pores 
(2.5-5 nm) and narrow pore size distributions 
[2-4]. Some of these membranes were tested for 
gas separations [5,6].

The separation capacity of polymeric non-por- 
ous membranes is based on solubility and diffu
sivity differences among the gases to be sepa
rated. Ceramic membranes are porous and their 
separation capacity is based on molecular weight 
differences (molecular flow) or surface diffusivity 
differences (adsorbed flow). Laminar flow has an 
opposite effect to separation capacities [6]. Given 
the low theoretical limit in separation which can 
be achieved by molecular flow, except for H2 or 

He separation from other gases, ceramic mem
brane developments must be directed to exploit 
differences in surface diffusion among the species 
to be separated.

In this work, different membranes are pre
pared and tested for several gas separations in
volved in combustion processes. Results are dis
cussed from the point of view of flow mechanisms 
causing the separation.

2. Experimental

Supports were prepared by molding, at a pres
sure of 15 MPa, spray-dried illite with a maxi
mum diameter of particles of 100 gm and 6% 
water. The supports were disk-shaped 4 cm in 
diameter and 5.5 mm thick. Supports were sin
tered at 960°C for 1 h. The final porosity for the 
supports was 13%. The pore size distribution, 
measured according to ASTM F 316, shown in 
fig. 1.

In order to decrease the pore size of support 
where the sol will be deposited, a layer of a 
kaolinite with an average diameter of particle of 
2 gm was deposited by slip-casting. These modi
fied supports were dried at room temperature

0022-3093/92/Í05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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Fig. 1. Fig. 1. Pore size distribution of ceramic support.

and sintered at 960°C. The resulting kaolinite 
layer was 0.15 cm thick. A narrow pore size 
distribution, as shown in fig. 2, was obtained.

Sols of alumina were prepared by hydrolysis of 
aluminium sec-butoxide at 90°C with a water/al- 
koxide ratio of 100 for 1 h, followed by peptiza
tion with a HCl/alkoxide ratio of 0.25, also at 
90°C, for 0.5 h. The resulting sol was diluted to 
1 /3 with water.

Sols of titania were prepared by hydrolysis of 
titanium tetraisopropoxide at 80°C for 12 h. The 
water/alkoxide ratio was 300 and nitric acid at a 
ratio HNO3/alkoxide of 0.5 was used as catalyst. 
Concentration of Ti during hydrolysis was ad
justed with isopropyl alcohol to 1.6 X 10“1 mol/1. 
The resulting sols were diluted with water to 
1/15.

Sols of silica were prepared by hydrolysis of 
silicon tetraethoxide at room temperature for 24

Fig. 2. Pore size distribution of kaolinite layer.

h. Water/alkoxide ratio was 10, and ammonium 
at a ratio NH3/alkoxide of 0.5 was used as cata
lyst. Concentration of Si during hydrolysis was 
adjusted with ethanol to 5 X 10 1 mol/I. The 
resulting sols were diluted with water to 1 /4.

Alumina membranes were obtained by slip
casting aluminal sols on the support, drying the 
resulting gel at room temperature for 24 h, and 
sintering at 500°C with heating and cooling rate 
loC/min.

Mixtures of sols of alumina-silica or 
alumina-titania were obtained by mixing the 
above-mentioned sols in proportions to obtain 
ratios of aluminium/silicon and aluminium/ 
titanium of 19, followed by sonication of the 
mixtures. These mixtures were used in the same 
way as alumina sols to obtain Al2O3-SiO2 and 
Al2O3-TiO2 membranes.

Gas separation capacity of the membranes was 
measured in a permeability cell at different tem
peratures and pressures for the gas mixtures N2- 
O2 (20% O2), N2-CO2 (4.95% CO2) and N2-SO2 
(0.197% SO2). Concentrations in CO2 and SO2 
correspond to typical combustion gases. The 
pressure drops through the membranes were fixed 
at 100, 300 and 500 kPa with one of the mem
brane sides at atmospheric pressure. Tempera
tures tested were 0, 30 and 70°C.

Compositions of feed, permeate and reject for 
the different gases with the different membranes 
were analyzed by gas chromatography to deter
mine molar fractions of components in minor 
proportion xF, xR and yp (see fig. 3 for relevant 
variables).

Permeate and reject volumetric flows were 
measured and the permeate/reject flow ratio was 
fixed at 1 for all experiments by regulating the 
reject flow with a valve.

3. Results

The mass balance applied to the system is 
given by
QFxF = qRxR+qpyp (1)

and

— "f ? (2)
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where x and y are molar fractions of the compo
nents in minor proportion (O2, CO2, SO2), and q 
are flow rates in mol/s, determined assuming 
ideal behaviour for the gases. Subscripts, F, R 
and p represent feed, reject and permeate, re
spectively. If 6 and a are defined as in fig. 3, and 
xF and 9 are fixed, results can be given in terms 
of separation factor, a, and total molar perme
ability, qp; the other variables (qF, qR, xR and 
y ) are then determined.

When a = 1, there is no separation. When 
a < 1, the N2 passes preferentially through the 
membrane. When a > 1, the other gases - O2, 
CO2, SO2 - pass preferentially through the mem
brane. The separation is more efficient when the 
difference between a and 1 is greater.

Experimental results are shown in figs. 4-6 for 
the gas mixtures N2-O2, N2-CO2 and N2-SO2, 
respectively. In each figure, results for the three 
membranes tested are presented. The separation 
factor, a, is represented against pressure, and 
temperature and permeate flow (mol/s X 105) is 
indicated for each point. The lower curve in each 
graph corresponds to pure molecular flow.

Experiments with pure N2 and alumina mem
brane showed that permeate flow rate is not 
affected by pressure. This means that the flow is 
by molecular flow through this membrane. On 
the other hand, flow of N2 through silica and 
titania doped membranes showed dependence on

□ 0 oC « 30 oC ■ 70 oC

Fig. 4. Experimental results for the N2-O2 gas mixture.

pressure, indicating that molecular and laminar 
flow occur simultaneously.

Dashed lines correspond to the predicted sep
aration factor without adsorbed flow, that is using 
equations corresponding to molecular flow and 
laminar flow simultaneously. For the alumina 
membrane the dashed line coincides with the 
curve for the pure molecular flow.

4. Discussion

Adsorbed flow is favoured by low tempera
tures (if surface diffusion is not controlling) and 
high pressures, so that extreme conditions for

Fig. 3. Scheme of permeability cell with the definitions of
relevant variables.
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adsorbed flow are 500 kPa and 0°C, which corre
spond to the highest adsorbed flow, and 100 kPa 
and 70°C, which correspond to the lowest ad
sorbed flow.

Results for the N2-O2 mixture (fig. 4) show 
that, in membranes with silica or titania, ad
sorbed flow is not important because there are no 
differences between the points with extreme con
ditions. For these two membranes, the separation 
factor, approximately 0.99, indicates that laminar 
flow predominates over molecular flow.

Results for the pure alumina membrane and 
the same gas mixture show that separation due to 
molecular flow is important, but this separation 
can be reduced by adsorbed flow, as the separa-

□ 0 oC X 30 oC ■ 70 OC

Fig. 5. Experimental results for the N2-CO2 gas mixture.

o 0 OC x 30 oC ■ 70 OC

Fig. 6. Experimental results for the N2-SO2 gas mixture.

tion factor at 0°C indicates. In this case, O2 
would be preferentially adsorbed. The absence of 
laminar flow in pure alumina membranes indi
cates that pore size in alumina membranes is 
lower than in membranes with silica or titania. 
These differences in pore size can permit no 
significant adsorbed flows with respect to laminar 
flow in membranes with silica or titania for a 
species as slightly adsorbable as O2. However, the 
behaviour of silica- and titania-doped membranes 
with the N2-O2 gas mixture could be also ex
plained by a change in the surface chemistry 
decreasing the adsorption capacity of O2 with 
respect to pure alumina membranes.
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For the gas mixture N2-CO2 with a more 
adsorbable species, CO2, results (fig. 5) show that 
adsorbed flow neutralizes separation due to 
molecular flow for the three membranes.

Pure alumina membranes present relatively 
high separation factors for all conditions of pres
sure and temperature. The highest results corre
spond to the lower temperature and higher pres
sure. Results also indicate that the temperature is 
more important than the pressure to augment the 
adsorbed flow.

Separation factors of CO2 for the membrane 
with titania are only slightly greater than 1 for the 
extreme conditions of the highest pressure or 
lowest temperature, indicating that adsorbed flow 
compensates separation due to molecular flow. 
However, laminar flow does not permit great 
separation factors, and because of that only slight 
variations of a with temperature and pressure 
were observed.

For the silica membrane, the separation due to 
molecular flow is compensated by the preferen
tial adsorbed flow of CO2 for all conditions of 
pressure and temperature (a > 1). There is no 
great effect of temperature or pressure on sepa
ration factors because laminar flow opposes sepa
ration due to adsorbed flow; however, separation 
factors slightly increase when temperature is de
creased or pressure is increased. In each case, 
separation factors are much lower that obtained 
in pure alumina membrane.

Similar conclusions can be deduced from the 
results for the N2-SO2 gas mixture, indicating 
that the membranes have a higher adsorption 
capacity for SO2 than CO2.

Separation factors for SO2 in pure alumina 
membrane increase with increasing temperatures, 
indicating that, in this case, the process could be 
controlled by the kinetics of surface diffusion and 
not by the adsorption equilibrium.

5. Conclusions

Two important aspects in economical mem
brane separation are the separation factor and 
the total permeability. Both should be high, but 
normally when one is high the other is low. In our 
case, we found that the alumina membrane al
ways has high separation factors and low perme
ability. In many cases it is better to have a moder
ate permeability and separation factor than a 
lower permeability and a higher separation fac
tor. The addition of 5% silica significantly im
proves the total permeability. In the case of N2- 
SO2, with this addition the separation factor is 
still high and probably this membrane with silica 
can be compared favourably with the pure alu
mina membrane for economical separation of 
N2-SO2.

This type of composite alumina membranes 
can be utilized to obtain an optimum weighting of 
the separation factor and the total permeability 
for each separation problem.

The authors wish to express a sincere appreci
ation to Miss Maria Jose Vicente for her experi
mental help and to CIRIT for financial assistance 
within the program Fine Chemicals.
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Cordierite-ZrO2 and cordierite-Al2O3 composites obtained 
by sonocatalytic methods
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Cordierite-matrix-based composites were prepared by the sol-gel process involving sonocatalysis during preliminary 
chemical reactions. ZrO2 and A12O3 ceramic fibers were employed as reinforcing phases. Sintering was accomplished by 
hot-pressing techniques. Devitrification of sintered cordierite sonogels showed that, when |x- and a-cordierite forms appear, 
a substantial increase in the mechanical strength is observed. Addition of the nucleant agent TiO2 further improves 
mechanical properties.

1. Introduction 2. Experimental procedure

Sol-gel processing is a relatively new method 
of preparing ceramic composites. Reinforcing 
phases are infiltrated with a low viscosity solution 
which may be helped by the application of an 
external pressure. This promotes formation of an 
intimate interface between the matrix and rein
forcing phase after gelation, resulting in a high 
interfacial bond strength which should improve 
mechanical performances.

Recent studies on the application of ultrasonic 
radiation to the sol-gel process [1] have shown 
that high density ‘sonogels’ with a larger specific 
surface than those observed for ‘classic gels’ [2,3] 
could be obtained by this method, this would 
constitute a great advantage for the sintering 
process, since densification may be carried out at 
lower temperatures. Using the sonocatalytic ap
proach, composites in the SiO2-SiO2 system were 
obtained by introducing fine silica particles 
(Aerosil) into a SiO2 sonosol [4],

In the present work sonogels of cordierite 
(5Si2-2Al2O3-2MgO), a low expansion ceramic 
compound, were used in the preparation of the 
matrix for ceramic-ceramic composites. Rein
forcing phases used were ceramic industrial A12O3 
and ZrO2 fibers (Zircar Products).

2.1. Preparation of pure cordierite matrix

Tetraethoxysilane, Si(OEt)4 (TEOS), (Fluka) 
was used as a source of silica, aluminium sec- 
butoxide Al(OBus)4 (ASB) for alumina and mag
nesium acetate tetrahydrate Mg(Ac)4H2O for 
magnesia. The solvent used was 2-methoxy- 
ethanol (2-MeOEtOH).

Because hydrolysis and polymerization of alu
minium alkoxide is faster than that of TEOS, 0.6 
mol of acetic acid per mole ASB was added drop 
by drop under the effect of ultrasound to a solu
tion containing ASB and 20 vol.% of 2- 
methoxyethanol.

The TEOS was then added and the resulting 
solution (A) was homogenized under the effect of 
ultrasound. This solution was left for 24 h at 
room temperature. After this time, a separately 
prepared solution (B) containing magnesium ac
etate which was dissolved under sonication in 
2-methoxyethanol was slowly added to the solu
tion (A). Precipitates of aluminium hydroxide ap
peared and were redissolved with another ultra
sonic dose until a clear and transparent sonosol 
(C) was obtained which was left at room tempera
ture for another 24 h. The last step was the 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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addition of water of pH = 2 to the solution (C), 
such that [H2O] : [TEOS] = 33 :1. The reaction 
was sonocatalyzed and the final solution was 
gelled at room temperature. The gelation time 
observed was about 30 min and the resulting 
sonogel was transparent. This route is shown 
schematically in fig. 1(a).

In other cases, cordierite gels were obtained 
containing 7-11% mol of TiO2. Titanium oxide 
was added as tetrabutyl orthotitanate Ti(OBun)4 
(TBOT) to the final sonosol of cordierite before 
gelation. The resulting solution was submitted to 
an additional dose of ultrasound (= 100 J cm-3).

An alternative route (see fig. 1(b)) to prepare 
cordierite gels was used in order to reduce pro
cessing time from about 3 days previously de
scribed to a few minutes.

In this route, propanol-2 was used as a solvent 
for TEOS and 5.3 mol of 2-PrOH per mole 
TEOS was employed. Mixing was carried out 
under ultrasound. This solution is designated as 
solution (A').

A stoichiometric quantity of alumina was added 
in the form of a solution of ASB containing 1 mol 
of acetylacetone (CH3COCH2COCH3) per mole 
ASB. The resulting solution (B') was homoge
nized with another dose of ultrasound. Immedi
ately afterwards, the magnesium acetate dissolved 
in 55 mol of distilled water per mole magnesium 
was added under ultrasonic radiation to promote 
hydrolysis. The gelation time of this solution was 
about 3 min.

Organic residues trapped in this gel were elim
inated by thermal treatment according to the 

<a> (b)

Fig. 1. Schematic routes for preparing cordierite sonogels.
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results obtained from a thermogravimetric analy
sis previously effected. The sequence of steps 
followed is given in fig. 2.

Differential thermal analysis (DTA) and X-ray 
diffraction studies were performed.

Hot-pressing of cordierite sonogels was carried 
out at 20, 30 and 40 bar pressure at temperatures 
between 700 and 1000°C for 15-60 min. Fully 
densified cordierite samples were obtained in the 
form of a disk 26 mm in diameter and 2-4 mm 
thick.

2.2. Preparation of composites

Composites were made by dispersing the rein
forcing phase in sonosolutions of cordierite and 
cordierite-TiO2 before gelation. A high speed 
rotatory blender (Ultraturrax TP 18/10) operat
ing at 20000 rpm was used to produce a disper
sion of fibers. In some cases, the reinforcing 
phase was dispersed in the matrix sonosolution 
under the effect of a heavy dose of ultrasound. 
Gelation occurred in a few seconds to 3-4 min. 
After gelation, composite preforms were aged for 
24-48 h in hermetically sealed containers and 
then dried following the same thermal schedule 
as for cordierite sonogels without reinforcement. 
Monolithic pieces of calcined composites were 
submitted to conventional sintering by soaking at 

different temperatures from 900 to 1400°C for 
1-24 h.

In other cases, the sample was crushed and the 
sintering of composite powders was accomplished 
by hot-pressing, in the same conditions as already 
mentioned for pure cordierite sonogels.

A complete study of the densification process 
under pressure was made both for cordierite 
sonogels and cordierite based composites, using 
the Murray, Rodgers and Williams treatment [5] 
deduced from the Mackenzie and Shuttleworth 
model [6] for viscous flow sintering.

According to Murray et al. [5], the densifica
tion kinetics are expected to obey eq. (1):

3P
ln(l-D) = — i + lnfl-Dj), (1)

4m

where PA is the applied pressure, D is the rela
tive density, Lf the starting relative density and p. 
the shear viscosity.

Since the hot-pressing experiments were car
ried out at constant heating rate, eq. (1) is trans
formed into eq. (2):
dln(l-D) 1 3Pa 

where v = dP/di is the constant heating rate.
Viscosity values, p(T), during sintering were 

obtained from the slope of the Ln(l - £>) vs. T

Fig. 2. Sequence of steps followed for the elimination of organic residues of cordierite sonogels and composites.
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Table 1
Physical properties of cordierite ceramics obtained from hot-pressing of sonogel powders

Composition Hot-pressing Matrix 
form

Relative 
density

Strength 
(MPa)T

(°C)
P 
(bar)

t
(min)

Cordierite 750 30 15 glass 0.65 6.30
820 30 15 glass 0.75 25.60
900 30 15 glass 0.96 53.00
950 30 30 p.-cord 0.99 93.20

1000 30 20 a-cord 0.97 70.00

Cord (ll%TiO2) 750 30 15 glass 0.70 9.70
850 30 15 glass 0.80 18.70
900 30 15 p_-cord 0.99 65.00
950 30 15 p.-cord 0.99 96.70

Cord (7%TiO2) 1150 30 20 a-cord 0.98 43.10

plot. From these values, and admitting Arrhe
nius-type dependance, the activation energy, E*,  
of the densification process by viscous flow for 
cordierite ceramics, cordierite-ZrO2 and 
cordierite-Al 2O3 composites was also obtained. 
These values are very similar and ranged from 70 
kcal/mol for pure cordierite to 76 kcal/mol for 
cordierite-Al 2O3 composites.

Cordierite-ZrO2 monolithic specimens sin
tered in air at 1400°C for 24 h were submitted to 
the ‘Brazilian test’, in which a cylindrical speci
men is tested in compression perpendicular to 
the axis of the cylinder. The fracture stress, at, is 
obtained from the relation at = 2P/~dL, where 
P is the load at failure, d the diameter and L the 
length of the cylinder. In order to minimize de

Table 2
Physical properties of cordierite-based composite ceramics obtained from hot-pressing of sonogel powders

Composition Hot-pressing Matrix 
form

Relative 
density

Strength 
(MPa)I

(°C)
P
(bar)

t
(min)

Cord/Al2O3 750 30 15 glass 0.60 0.60 2.00
950 30 15 glass 0.93 0.52 38.00

1000 30 15 p,-cord 0.99 0.49 110.15
900 40 15 a-cord 0.98 0.48 93.20

1150 - 120

Cord (7%TiO2) 1000 40 20 p.-cord 0.95 0.51 158.0
/ A12O3 1000 40 20 a-cord 0.92 0.52 106.0

1050 - 120

Cord/ZrO2 750 30 15 glass 0.64 0.63 1.40
800 30 15 glass 0.87 0.61 23.00
950 30 15 glass 0.90 0.62 45.00
980 40 60 ji-cord 0.90 0.64 105.20

1000 30 15 p.-cord 0.91 0.65 58.50
980 40 60 a-cord 0.90 0.66 74.00

1050 - 120

V{, volume fraction.
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formation on the contacts, thin sheets of plastic 
were inserted between the cylinder and compres
sion plates. The tests were accomplished with a 
cross-head speed of 2 mm/min. The D values 
ranged from 0.6 to 1.2 cm and L was about 2 cm.

Other mechanical properties of composites and 
pure cordierite matrix hot-pressed samples were 
determined by means of a three-point loading 
bending test using an Instron 1195 testing instru
ment with a cross-head speed of 0.5 mm/min. 

Fig. 3. X-ray diffraction spectra for: (a) pure cordierite sonogels; (b) cordierite-ZrO2 composites; (c) cordierite-Al2O3 composites. 
•, p,-cordierite; a, a-cordierite; o, a-alumina; a, tetragonal zirconia.
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The dimensions of samples were about 20 mm 
length, 5 mm width and 2 mm thickness.

Cross-sections of composite specimens after 
failure were examined by scanning electron mi
croscopy (SEM) to determine the fracture mor
phology.

3. Results

3.1. Physical properties

The physical properties of cordierite ceramics 
obtained from hot-pressing sonogel powders are 
summarized in table 1, and table 2 gives the 
results for composites.

Differential thermal analysis (DTA) combined 
with X-ray diffraction showed the presence of 
p-cordierite (hexagonal) (850-980°C) metastable 
low temperature form and a-cordierite (ortho
rhombic) (980-1465°C) stable high temperature 
form. Figure 3 shows the diffraction patterns 
obtained for pure cordierite which give the struc
tural evolution of the matrix with temperature.

(There exists a third modification, p-cordierite, 
obtained only from hydrothermal conditions from 
the glass at temperatures lower than 830°C which 
was not observed in our experiments.)

Table 3 shows the evolution of final apparent 
densities of cordierite-based composites obtained 
by conventional sintering for different tempera
tures and soaking times.

Fig. 3. (continued).
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3.2. Mechanical properties

Results for cordierite and cordierite-titania 
ceramics and composites reinforced with fibers 
show an initial elastic behaviour followed by a 
catastrophic failure typical of brittle ceramics.

Table 3
Evolution of final apparent densities of cordierite-based com
posites obtained by conventional sintering for different tem
peratures and soaking times

Matrix Filler Apparent density (g cm 3)

600°C 1400°C
(1 h)

1400°C
(24 h)

Cordierite A12O3 0.56 0.60 0.61
ZrO2 0.50 0.70 4.36

Mechanical resistance for hot-pressed pure 
cordierite samples and composites are shown in 
tables 1 and 2. Hot-pressed cordierite fiber rein
forced composites show the same characteristic 
elastic regime up to the final crack, but higher 
breaking stresses are observed. The highest 
strength, <rt, obtained for cordierite-ZrO2 com
posites sintered in air at 1400°C is 35-40 MPa for 
a volume fraction Kf = 0.5 of reinforcing fibers. 
This value decreases rapidly for higher Vt.

4. Discussion

From the DTA diagram, it can be seen that 
devitrification in cordierite-(7%TiO2) samples 
occurs at lower temperatures (930°C) than for
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cordierite samples without nucleant agent 
(970°C). A second peak (1150-1200°C) observed 
in the thermogram is attributed to the presence 
of a-cordierite.

Relative densities of cordierite hot-pressed 
sonogels samples increase with sintering tempera
ture, from 0.65 at 700°C to 0.99 at 950°C, and 
decrease at higher temperatures at the moment 
of structural change from the |i-cordierite to the 
a-form. Since the high temperature form of 
cordierite has larger crystallographic parameters 
than the |x-form, this induces a volume increase 
experimentally observed for the samples.

The data reported in table 3 show that only 
cordierite-ZrO2 composites could be sintered in 
the absence of an external pressure. The matrix 
was found to exist in a glassy state in this sample 
which was sintered for 24 h at 1400°C. Fusion was 
probably due to the extreme conditions of sinter
ing. The mechanical strength obtained for these 
sample (~ 40 MPa) was increased to 105 MPa 
when hot-pressed samples technique is used.

A chemical incompatibility between the im
pregnating cordierite sonosol and some impuri
ties on the surface of A12O3 fibers is probably the 
reason why cordierite-Al 2O3 composites could 
not be sintered under the same conditions as 
cordierite-ZrO2 samples, and hot-pressing was 
required to accomplish their densification.

The maximum matrix strength (95 MPa) found 
in a hot-pressed cordierite-11% TiO2 sample 
was increased with the addition of reinforcing 
phases and hot-pressing up to 105 MPa for a 
|x-cordierite-ZrO2 composite, and 160 MPa for a 
|x-cordierite(7% TiO2)-Al2O3 composite.

Stress-strain curves obtained in the flexural 
test indicate that both cordierite-ZrO2 and 
cordierite-Al2O3 composites seem to fail in the 
same brittle way as the isolated ceramic matrix. 
From SEM observations of the surface of failed 
composites, the absence of porosity can be seen 
in the matrix for samples with the p-form and, 
according to fracture stress data obtained, we 
estimate that the fracture origin in these samples 
is caused by some discontinuities created at the 
matrix-fiber interface during sintering. Moreover 
a large porosity is observed in composites where 
a-cordierite is the matrix form, which could ex

plain the lower fracture stress observed in com
parison with the other samples with the p-form.

The highest strength was obtained for compos
ites where TiO2 was employed to control devitri
fication of the matrix. This resulted in a decrease 
of the particle size, leading to an improvement of 
the intergranular zones in the matrix and of the 
bonding at the matrix-fiber interface. This also 
contributed to the elimination of the residual 
porosity which is apparent in samples without 
nucleant agent.

The highest fracture stress values were ob
tained for a p-cordierite (7% TiO2)-Al2O3 com
posite (160 MPa). Lower stress was however ob
tained for composites using ZrO2 fibers (105 
MPa). This is attributed to a dispersion of A12O3 
fibers in the starting sonosol better than of ZrO2 
fibers, which provided a better stress distribution 
in the composite.

The ZrO- fibers appear as bundles of agglom
erated elementary microfibers and this hinders 
their dispersion.

5. Conclusions

Sonocatalysis in the sol-gel process provides 
an interesting method in the synthesis of ce
ramic-ceramic composites.

A highly homogeneous and low viscosity 
sonosolution of the matrix composition can be 
obtained and its gelling time may be substantially 
reduced by a special preparation method.

After gelation, a gel preform of composite is 
obtained with excellent interfacial bonding 
strength characteristics and which can be success
fully densified by hot-pressing or conventional 
techniques.

Fracture resistance of pure cordierite and 
cordierite composites obtained are increased by 
the addition of 7-11 mol% of nucleant TiO2, in 
alkoxide precursor form to the starting cordierite 
sonosol.

Hot-pressing substantially improves the me
chanical characteristics of these composites.

The authors gratefully acknowledge the finan
cial support of the AFOSR under contract No. 89 
0533 A and of the project MAT-1022/91.
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Synthesis of monoclinic celsian glass-ceramic from alkoxides

M. Chen, W.E. Lee and P.F. James
School of Materials, University of Sheffield, Sheffield, S10 2TZ, UK

Monoclinic celsian can be made from stoichiometric alkoxide-derived gel glass by prolonged heating at high temperature, 
cold-pressing glass frit prior to sintering, doping with Li,O, and seeding gel glass with monoclinic crystals. Completely 
monoclinic celsian samples were obtained most easily in Li2O-doped samples. Almost full density was achieved on sintering 
the gel glasses prior to extensive crystallisation.

1. Introduction 2. Experimental procedure

Celsian is considered a possible precursor ma
trix material for refractory composites [1-3] due 
to its high melting temperature (1760°C) and good 
oxidation resistance. Additionally, the monoclinic 
form of celsian has low thermal expansion (2.29 
X 10_6/°C) and excellent phase stability up to 
1590°C. However, even though monoclinic celsian 
is the thermodynamically stable phase < 1590°C, 
hexacelsian (a hexagonal polymorph of celsian) is 
frequently the first phase to crystallise from stoi
chiometric glass and the hexagonal-to-monoclinic 
transition is sluggish [4], Studies of crystallising 
melt glass indicate that monoclinic celsian can be 
obtained by adding celsian seed crystals to glass 
frit [4], adding mineralisers such as Li2O to the 
melt [5], or cold isostatically pressing glass pow
der prior to sintering [5].

Celsian glass has also been synthesised via an 
all-alkoxide gel route [3], Crystallisation of this 
glass indicated that a trace of monoclinic celsian 
may form at 900°C but is engulfed by rapid vol
ume crystallisation of two hexacelsian poly
morphs a and (3 and the particular polymorph 
crystallised appears to be a function of the parti
cle size of the gel glass powder [6], The present 
study concerns the formation of monoclinic cel
sian from alkoxide derived barium aluminosili
cate (BAS) glass.

Details of preparation of celsian glass by an 
all-alkoxide route have been described previously 
[3], Glasses of composition xLi2O • (100 - 
x)BaAl2Si2O8, with x = 2.5, 5, 10, and 50 mol% 
Li2O, were prepared using LiOC3H7 as the 
source of Li2O. Monoclinic seeds < 38 pm diam
eter derived from Li2O-doped celsian were added 
to the sol to examine their ability to act as hetero
geneous nucleation sites for monoclinic celsian 
formation. The effect of cold pressing on the 
formation of monoclinic celsian from glass frit 
was also examined. Celsian gel was first fired to 
700°C for 3 h to remove residual volatiles and 
then ground to a particle size < 38 pm. The frit 
was then uniaxially cold pressed into pellets using 
pressures of 250, 369, 553 and 738 MPa. Subse
quently, all samples were heat treated in air in a 
box furnace using a 10°C/min heating rate to the 
holding temperature before cooling to room tem
perature by switching the furnace off.

Differential thermal analysis (DTA) was per
formed with a Stanton Redcroft DTA 673-4 sys
tem operating in static air at a heating rate of 
10°C/min. Crystal phases were analysed with a 
Philips X-ray powder diffractometer using CuKa 
radiation operating at 50 kV and 30 mA. Densifi- 
cation of gel fragments (about 5 mm size) or 
pressed pellets was monitored by measuring 

0022-3093/92/505.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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length change versus temperature. The pellets 
were made from < 38 |+m powder cold pressed 
at 250 MPa. These samples were heated at 
10°C/min to temperature with a 2 min hold. 
Densities of heat-treated gel samples were deter
mined using a mercury immersion technique.

3. Results

3.1. Monoclinic celsian by prolonged heat treat
ment of stoichiometric gel glass

Hexacelsian was the dominant phase crys
tallised from stoichiometric gel-derived glass frit 
( < 38 jim diameter) after heating above the peak 
temperature, Tc, of the crystallisation exotherm 
(table 1) and was still present after 1-20 h at 
1200°C (fig. 1(a)). After 28 days at 1320°C, how
ever, it had completely converted to monoclinic 
celsian (fig. 1(b)).

3.2. Effect of cold pressing on crystallisation of 
stoichiometric gel glass

Differential thermal analysis showed that use 
of higher uniaxial pressure had no effect on Tc

Table 1
Effect of cold pressing, seeding and Li2O doping on Tc of 
BAS gels in bulk and powder form

a) Refers to polymorph present just above 7/ h and m are 
hexacelsian and monoclinic celsian, respectively.

Sample Additives 
(mol%)

Particle 
size 
(pm)

T 
(°C)

Poly
morph a)

BAS b) 0 <38 1055 h
0 > 104 1089 h

BAS Cold press < 38 1053 h
738 MPa >104 1089 h

BAS + Li2O 2.5 <38 1030 m + h
5 <38 985 m

10 < 38 876 m

BAS + seeds 1.2 bulk 1088 m + h
3.7 bulk 1077 m + h
7.1 bulk 1075 m + h
7.1 <38 1059/1075 m + h
7.1c) <38 1037/1052 m + h

b) Ref. [6],
c) Heating rate = 5°C/min; all others = 10°C/min.

Fig. 1. XRD of stoichiometric gel glass which remains hexago
nal (a) unless given extensive heat treatment at high tempera

tures (b).

(table 1) and little monoclinic celsian was de
tected in samples pressed at 738 MPa after 1 h at 
1200°C. However, XRD from glass which had 
been pressed and heat treated for 20 h at 1200°C 
contained substantial monoclinic peaks. The 
monoclinic peaks in an unpressed sample after 20 
h at 1200°C were 15 times smaller and only just 
detectable. In both the latter samples, however, 
hexacelsian was the predominant phase.

3.3. Monoclinic celsian by doping gel glass with 
Li2O

With increased Li2O content the crystallisa
tion temperature of the < 38 gm diameter frit 
was reduced substantially (table 1) and was only 
876°C with 10 mol% Li2O compared to 1055°C 
for undoped frit. This lower Tc may be attributed 
either to a reduced viscosity (lower T) in the 
presence of Li2O or to the formation of the 
monoclinic polymorph. XRD on gels heated to 
above Tc (fig. 2) indicates that, while the glass 
with 2.5 mol% Li2O yielded a mixture of mono
clinic and hexagonal phases after short heat 
treatments, all samples doped with higher Li2O 
contents were monoclinic. In the gel with 2.5 
mol% Li2O, crystallisation of monoclinic and 
hexagonal polymorphs appears to have occurred 
concurrently since only one exotherm was present 
on the DTA trace. With 50 mol% Li2O addition,
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extra peaks from a second phase were present 
(fig. 2(c)) although this phase has not been identi
fied. The d-spacings could not be matched to any 
lithium aluminosilicate phases in the JCPDS in
dex. After 20 h at 1200°C, this sample was fused 
and bloated indicating it is a poor refractory 
material. At a given Li2O content, particle size 
had no effect on Tc, suggesting that crystallisation 
of the monoclinic form in Li2O-doped gel glass 
may be nucleated in the bulk.

3.4. Monoclinic celsian by seeding glass frit with 
monoclinic crystals

Tc for bulk gel glasses decreased with increas
ing seed addition (table 1) indicating that the 
presence of seed crystals facilitated crystallisa
tion. Although DTA showed only a single peak 
for the bulk gel, both monoclinic (with XRD peak 
heights about 7 times higher, fig. 3(b), than the 
uncrystallised seed content, fig. 3(a)) and hexago
nal polymorphs were detected on XRD of pow
der ground from it. However, DTA of glass frit of 
< 38 |xm particles with > 3.7 mol% seeds showed 
two peaks at 1059 and 1()75°('.

Fig. 3. XRD of seeded gels: (a) 7.1% seeds heated to just 
below Tc, (b) 7.1% seeds heated to just above rc, (c) 3.7% 

seeds after 12 h at 1200°C.

BAS gel doped with LkO 
HR10°CAnin
h: hexacelsian
nr. monoclinic

m mmm

m?
m i F(c)50mot%,WCrW0h I | |l h>|

kS dJu Wllu
mm m m

Fig. 2. XRD showing the effect of Li2O content in assisting 
formation of monoclinic celsian. (?) indicates peaks from an 

unidentified phase.

X-ray diffraction from bulk samples seeded 
with varying amounts of monoclinic crystals is 
shown in fig. 3. Figure 3(a) is for a sample con
taining 7.1 mol% of seeds heated to just below Tc 
(1075°C) and indicates approximately the amount 
of monoclinic celsian arising just from the seed 
crystals even though some hexacelsian has al
ready started to form at this temperature. After 
firing to just above Tc (1075°C), large amounts of 
both monoclinic and hexagonal celsian are pre
sent (fig. 3(b)). Longer heat treatments led to a 
gradual increase in the monoclinic peak intensity 
at the expense of hexagonal as illustrated for a 
sample with 3.7 mol% seeds after 12 h at 1200°C 
(fig. 3(c)), suggesting that hexacelsian is trans
forming to monoclinic.

3.5. Gel densification

The densification of fragments of bulk gel and 
cold-pressed pellets was studied (illustrated for 
the case of Li2O-doped glass in fig. 4). Densifica
tion of stoichiometric celsian gel, a gel with 7.1 
mol% seeds, and gel with 5 mol% Li2O addition 
was examined. The final bulk density of all sam
ples was determined when their maximum density
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Fig. 4. Densification behaviour of fragments of bulk gel and 
pellets pressed from gel +5% Li2O. Samples heated to 
temperature and held for 2 min before cooling to room 

temperature and measuring shrinkage.

had been obtained (table 2). The bulk gel densi
fied more than pressed pellets but high densities 
were achieved in both cases.

4. Discussion

The alkoxide-derived stoichiometric celsian gel 
glass showed behaviour similar to melt glass [4] in 
that the hexacelsian-to-monoclinic celsian transi
tion was sluggish. Bahat [4] showed that, in stoi
chiometric melt glass, a small particle size in
creased the transformation rate but it was still 
slow, requiring many days at high temperature for 
full conversion. This result was also found for the 
gel-derived powders of this study. Cold uniaxial 
pressing of glass frits did assist formation of mon
oclinic celsian on subsequent heat treatment but 
not to the same extent as was observed for the 
case of cold isostatic pressing of melt glass [5], 

where fully monoclinic celsian could be obtained. 
Uniaxial pressing of gel glass frits increased the 
amount of monoclinic celsian over loose powder 
but the predominant phase was still hexacelsian. 
Crystallisation of hexacelsian from gel glass is 
unaffected by pressing since Tc remains un
changed (table 1). However, after holding for 20 
h at 1200°C, more monoclinic celsian forms in the 
pressed samples than in the unpressed frit. The 
most likely explanation of these results is that 
cold pressing increased the tendency of hexacel
sian to transform to monoclinic celsian rather 
than encouraging direct nucleation of monoclinic 
celsian in the glass since only small amounts of 
monoclinic are detected after 1 h at 1200°C. How 
cold pressing achieves this is not obvious.

A better way of forming monoclinic celsian is 
to avoid forming hexacelsian altogether and this 
can be achieved by adding 5 mol% Li2O which 
also reduces Tc to 985°C and probably promotes 
volume nucleation. This result is significant in 
that fabrication of ceramic matrix composites 
containing commercial SiC fibres must be carried 
out below 1000°C to avoid damage to the fibres 
from grain growth. Lower Li2O contents do not 
completely suppress hexacelsian formation and 
much higher contents lead to the presence of 
other, as yet unidentified, phases. Future work 
must check that the presence of Li2O does not 
degrade the refractoriness of the matrix or affect 
the fibre/matrix interface.

Seeding was also successfully used to form 
monoclinic celsian although some hexacelsian re
mained after 12 h at 1200°C (fig. 3(c)). In bulk 
gel, the Tc (table 1) was reduced with increasing 
seed content suggesting that crystallisation is eas
ier. XRD of the bulk gel heated to just above Tc 

Table 2
Bulk density of gel fragments and powder pellets a)

BAS BAS+ 5 mol% Li2O BAS+ 7.1 mol% seed
bulk pellet bulk pellet bulk pellet

Density (gem 3) 3.28 3.13 3.11 3.05 3.20 3.09
Density b) (% theor) 97 95 92 90 95 94

a| Bulk samples heated to 1050°C and pellets to 1100°C.
b) Density of BaAl2Si2O8: Glass = 3.38, monoclinic celsian = 3.39, hexacelsian = 3.296 gem
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(fig. 3(b)), however, indicated both monoclinic 
and hexagonal forms were present. Since there 
was no evidence to suggest that hexacelsian could 
transform to monoclinic celsian martensitically 
during the grinding to prepare powder XRD 
samples, it would appear that the single Tc repre
sents simultaneous crystallisation of both forms. 
DTA of gel powder ground to < 38 |xm before 
crystallisation, however, revealed two exothermic 
peaks at 1059 and 1075°C, while XRD indicated 
both hexacelsian and monoclinic celsian (greater 
than the seed content) were present. Equivalent 
( < 38 |xm) unseeded gel glass [6] had a single Tc 
at 1053°C attributed to the low-temperature form 
of hexacelsian (a), suggesting that the 1059°C 
peak is from crystallisation of a-hexacelsian and 
the 1075°C peak from crystallisation of mono
clinic celsian or transition of hexacelsian (h) to 
monoclinic (m) celsian.

Comparing the unseeded (fig. 1(a)) with seeded 
(fig. 3(c)) samples heated at 1200°C for 20 and 12 
h, respectively, indicates that the seeding has 
successfully assisted formation of monoclinic cel
sian. Figure 3(b) shows that monoclinic grows 
from the seed nuclei but also that hexacelsian 
crystallises from the glass. However, seeding must 
also be assisting the h-m transition since the h 
peak height is much reduced after 12 h at 1200°C 
in seeded samples (fig. 3(c)) but not after 20 h at 
1200°C in unseeded ones (fig. 1(a)). This assis
tance may be associated with the increased pro
portion of monoclinic crystals in contact with 
hexacelsian crystals acting as heterogeneous nu
cleation sites for the transition.

Densification initiated in all samples at low 
temperature (500-600°C) as shown in fig. 4. Be
tween 800 and 900°C, the bulk gel fragment den
sification curves cross over the pellet curves. Sub
stantial densification occurs about 30°C lower for 
bulk samples than pellets. Nearly full density was 
achieved in the range 900-1000°C for all bulk 
samples, occurring at about 1000°C for stoichio
metric and seeded gel and about 950°C for 5 

mol% Li2O-doped gel. This result is significant 
because in all cases nearly full density (table 2) is 
achieved from viscous sintering before the crys
tallisation temperature (table 1). Once crystallisa
tion occurs, it will effectively prevent further den
sification. The slightly lower densities achieved in 
Li,O-doped samples arose because crystallisation 
occurred and prevented further densification.

5. Conclusions

(a) To yield completely monoclinic celsian 
from stoichiometric gel-derived glass frit requires 
4 weeks heat treatment at 1320°C.

(b) Cold-pressed stoichiometric gel-derived 
glass yields a significant proportion of monoclinic 
celsian after only 20 h at 1200°C, although it is 
predominantly hexacelsian.

(c) With 5 mol% Li2O or more added to the 
stoichiometric gel-derived glass, completely mon
oclinic celsian is obtained after 2 min at 1100°C.

(d) Adding 3.7 mol% monoclinic celsian seeds 
< 38 p.m yields mostly monoclinic celsian after 12 
h at 1200°C, although a substantial amount of 
hexacelsian remains.

(e) Almost full density is achieved in all glasses 
prior to extensive crystallisation.
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Preparation of spherical powders of hydroxyapatite 
by sol-gel process

A. Deptula a, W. Lada a, T. Olczak a, A. Borello b, C. Alvani b and A. di Bartolomeo b
“ institute of Nuclear Chemistry and Technology, Warsaw, Poland
h ENEA CRE, Casaccio, Italy

Spherical powders of hydroxyapatite with particle diameters below 100 |xm were prepared using the water extraction 
variant of the sol-gel process. A freshly prepared solution of calcium acetate and phosphoric acid (molar ratio Ca/P = 1.67) 
was emulsified in dehydrated 2-ethyl-l-hexanol. Drops of the emulsion were solidified by extraction of water with this 
solvent. The process was carried out continuously. The separated gel particles were calcined to hydroxyapatite particles with 
preservation of the spherical shape. This process was studied using differential thermal analysis, thermal gravimetric 
analysis, X-ray diffraction analysis and infrared spectroscopy. During thermal treatment, the formation of calcium 
carbonates is observed first. Above 400°C, the formation of hydroxyapatite starts and then at 580°C formation of carbonate 
hydroxyapatite starts. The last step, decomposition to hydroxyapatite, proceeds above 750°C.

1. Introduction

The system of CaO-P2O5-H2O includes 12 
compounds with molar ratios Ca/P ranging from 
0.5:1 to 2.0:1 [1]. One of them, calcium hydrox
yapatite (HA) Ca10(PO4)2(OH)2, is the principial 
constituent of the hard tissue, such as bone, den
tine and enamel [2,3],

There are many methods of the preparation of 
Ha in an aqueous medium. However, according 
to ref. [4], “pure HA may only be obtained in 
small quantities and only after using time-con
suming and tedious methods. It is a great chal
lenge to prepare large amounts of HA ... ”,

This work has been undertaken to obtain 
spherical particles of hydroxyapatite using the 
sol-gel process. Spherical shape of the ceramics 
materials facilitates [5]

(i) preparation of coatings on metallic devices 
by plasma spraying technique;

(ii) feeding of automatic press;
(iii) filling of voids.
All these advantages are important for practi

cal applications of hydroxyapatite powders to fab
rication of implants or bone cavity filling. Com-

1.8MCa(CH3COO )2 SOLUTION

2-ETHYLHEXANOL + SPAN-80(2EH) -->

V^o/i
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Fig. 1. Flow sheet of the sol-gel process for preparing gel
microspheres of HO precursor.
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paction of spherical particles of various porosity 
can lead to a porous body [9], which permits 
tissue ingrowth to implants and thus mechanical 
bond with the bone [9].

2. Experimental

In this study, modified water extraction variant 
of the sol-gel process [6] was used. Since calcium 

Fig. 2. Equipment for preparation of gel microspheres. 1, feed tank; 2, magnetic stirrer; 3, metering pumps; 4, vibrator; 5, vibrating 
capillaries; 6,7, reactors for gelation; 8, sedimentation columns; 9, microsphere containers; 10, heater; 11, distillation equipment;

12, retentive reservoirs; 13, coolers; 14, separator.

Fig. 3. Microphotograph of HA precursor (dried at 50°C).
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hydroxide does not form concentrated sol [5], it 
was necessary to prepare a special ‘broth’ solu
tion consisting of calcium acetate and phosphoric 
acid. The flow sheet of the process and the equip
ment used in this work are shown in figs. 1 and 2.

The thermal decomposition of the gel (TG, 
DTA) was studied using a Hungarian MOM 
Derivatograph. X-ray diffraction measurements 
(using Co KI radiation) were carried out with a 
positional sensitive detector (Ital Structure). In
frared-spectra of the ground samples dispersed in 
KBr (1 mg/300 mg pellets) were recorded using 
Perkin-Elmer IR-spectrophotometer 983.

3. Results

The white gel microspheres of diameters rang
ing from several to several tend of micrometres

■t,°c

Fig. 5. Infrared spectra of sol-gel-derived products.

(after drying at 50DC) are shown in the fig. 3. 
Chemical analysis of the gel has shown the fol
lowing molar ratios of the components: 
Ca2+ : PO43-: CH3COO~(Ac): H2O = 1:0.6:0.8: 
2.5.

Thermal analysis of the gel is shown in fig. 4.
Infrared spectra and XRD patterns of the gel 

and its calcination products at various tempera
tures are shown in figs. 5 and 6, respectively

4. Discussion

In the gel dried at 50°C, only calcium acetate 
structure can be observed. The gel network is 
formed by hydrogen bonds of various types (large 
OH stretching band at 3000-3500 cm-1) and 
bidentate coordinated acetate since, according 
Nakamoto [7], the 1610 cm 1 band can be as
signed to assymetric CO stretching vibrations in 
bidentate acetate group.

When heating the gel (fig. 4), a weight loss 
accompanied by endothermic effects at 140°C andFig. 4. Thermal analysis of HA precursor gel.
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Fig. 6. XRD patterns of sol-gel-derived products.

of carbonate hydroxyapatite (HA • CO3): Ca10 
(PO4)6(OH)2_x(0.5CO3\. This conclusion is sup
ported by IR spectra of the product calcined at 
600°C, where very distinct carbonate bands and 
free OH band at 3570 cm'1 were observed. The 
XRD pattern of this product is similar to that of 
crystalline hydroxyapatite.

The last small weight loss starts above 750°C 
and is accompanied with endothermic effect. 
Since the final product calcined at 920°C has a 
well defined crystalline structure of hydroxyap
atite (fig. 6) with free OH group (fig. 5) without 
COf- (the bands at 875 and 1430 cm"1 bands 
vanish), it can be concluded that in this reaction 
transformation of HA=CO3 -» HA + ÎCO2 takes 
place.

The final powders consists of spherical grains 
(fig. 7) which exhibit high open porosity (fig. 8) 
formed by evolution of gases during the thermal 
treatment.

5. Conclusions

A very efficent method of preparation of 
spherical particles of gel precursor for hydroxyap
atite powders has been described. Thermal treat
ment of this gel at 580°C leads to carbonate 
hydroxyapatite which above 750°C forms crys-

220°C are observed. These indicate escape of 
water and partially acetate. After heating at 
200°C, the product was still amorphous and indi
cated some calcium acetate and carbonate (fig. 
6). The IR spectrum points also formation of 
calcium carbonate (v2CO3 band with frequency 
875 cm-1 and the band at 1430 cm-1).

Thermal analysis (fig. 4) shows further drastic 
weight loss in the region 220-560°C accompanied 
by large exothermic effect with a maximum of 
420°C. The IR spectrum and XRD patterns of 
the product calcined at 400°C show that this 
effect can be due in addition to oxidation of the 
organic residuals, to the formation of hydroxyap
atite and calcium carbonate.

The next exothermic effect at 580°C without 
weight loss can be associated with the formation

Fig. 7 Microphotograph of hydroxyapatite prepared by the 
sol-gel process.
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Fig. 8. SEM micrograph of hydroxyapatite prepared by the sol-gel process.

tailine hydroxyapatite powders. The final product 
has (spherical shape and open porosity) desired 
in bioceramics applications.

This work has been done in the framework of 
Italian-Polish ENEA-PAA scientific callabora- 
tion. The authors would like to thank Mrs 
B^dkowska, Mrs Goszczynska and Mr Hahn for 
their assistance in the experimental.
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Tetragonal zirconia powders from the zirconium 
n-propoxide-acetylacetone-water-isopropanol system

R. Guinebretière, A. Dauger, A. Lecomte and H. Vesteghem
Laboratoire de Céramiques Nouvelles, UA 320 CNRS, ENSCI, 47 Avenue Albert Thomas, 87065 Limoges, France

As a part of a work concerning densification and toughening of silicate ceramic products, this paper describes the 
preliminary characterization of a zirconia precursor fabricated through a sol-gel route in the zirconium n-propoxide- 
acetylacetone-water-isopropanol system. When the molar ratio R = [acac]/[Zr] increases from /? = 0 to R = 0.8, the 
precursor changes from a colloidal precipitate to a polymeric gel with an increasing gelation time. Drying and firing the 
precipitates leads to the monoclinic stable form of zirconia while the first crystalline phase obtained beyond 500°C from the 
gel is the metastable tetragonal one. Successive steps of the reactions are investigated by small angle X-ray scattering, 
differential thermal analysis, thermogravimetry and X-ray diffraction.

1. Introduction

It is well established that dispersing zirconia 
particles in an oxide matrix can improve the 
mechanical properties of the ceramic body [1]. 
The size and dispersion state of ZrO2 particles, 
together with their crystallographic structure, are 
the main parameters controlling the toughening 
[2].

The sol-gel process is a straightforward route 
to obtain homogeneously dispersed fine particles. 
Direct hydrolysis of a zirconium n-propoxide so
lution leads to small ZrO2 precipitates [3], Trans
parent monolithic gels can also be achieved [4,5], 
using a suitable additive such as acetylacetone to 
control reaction kinetics.

We describe here the preliminary characteriza
tion of a zirconia precursor used to incorporate a 
ZrO2 second phase in various oxide ceramics. We 
discuss the influence of the alkoxide concentra
tion in the sol and of the amount of acetylacetone 
added. The nanostructure and crystalline state of 
zirconia particles are studied by small angle X-ray 
scattering (SAXS), thermal analysis (DTA, TGA) 
and X-ray diffraction (XRD).

2. Experimental

Zirconium n-propoxide (Alfa Products, Dan
vers, MA 01923, USA) was used as precursor and 
isopropanol as solvent to prepare the sols. Modi
fication of Zr-n-propoxide was achieved by addi
tion of an acetylacetone (acac) solution in iso
propanol and the molar ratio R = [acac]/[Zr] was 
studied between 0.4 and 0.8 depending on the 
concentration, C, of Zr in the sol (0.1 < C < 1.5).

The water used for hydrolysis in solution with 
isopropanol was added under mechanical stirring 
of the sol, and the molar ratio W= [H2O]/[Zr] 
was fixed to 5.

Small angle X-ray spectroscopic data were ob
tained with a point-like camera. Two monochro
mators, a quartz monochromator giving a poor 
resolution but high incident intensity and a dou
ble-channel cut germanium monochromator with 
high resolution and low intensity, were available 
following the level of scattered intensity. The 
detector was a position-sensitive proportional 
counter with an effective length of 55 mm and a 
sample to detector distance of 500 mm. The 
scattering vector H = 4—A 1 sinh, where 6 is the 
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Bragg angle and A the X-ray wavelength, ranged 
from 0.06 to 2 nm“1. Experimental data were 
corrected for parasitic scattering and normalized 
to constant sample thickness, direct beam inten
sity and counter efficiency.

Thermal analysis experiments (TGA and DTA) 
were carried out in air flowing with ‘Rigaku’ 
equipment up to 1000°C at a heating rate of 10 
K/mirL The X-ray diffraction apparatus was 
equipped with a forward quartz monochromator, 
a plate sample holder and a curved position-sen
sitive proportional counter INEL - CPS 120. NiO 

powders were incorporated in samples as a stan
dard.

3. Results

Transparent monolithic gels are obtained for a 
range of R values which depend on the concen
tration, C (see table 1 ). For a given C, when R is 
too low, precipitation instantaneously occurs. 
When R is increased, we observe successively 
cloudy gels, transparent gels and stable sols.

Fig. 1. (a) SAXS spectra of wet gels (C = 0.1, W = 5). Scattering curves, normalized intensities versus H and log-log plots, show the 
molecular nature of scattering entities, (b) SAXS spectra of wet gels (C = 1.5, W = 5) with intensity versus H and log-log plots. A 

broad maximum appears on the scattering curves, revealing some interparticle ordering effect.
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Table 1
Range of R = [acac]/[Zr] values needed to obtain transparent 
gels as a function of the Zr- n-propoxide concentration, C

c R

0.1 0.4-0.55
0.5 0.5-0.75
1 0.55-0.8
1.5 0.7-0.85

The polymeric nature of particles in transpar
ent gels is clearly shown by SAXS (fig. 1(a)), in 
the case C = 0.1, even though the linear be
haviour of the scattered intensity versus H, in a 
log-log plot, is rather poor. The observed slope, 
limited to the 0.2-1 nm“1 range, is near 2 and 
seems to decrease with increasing R.

Particle size obviously decreases when R in
creases at given C, or when C is increased. For 
example, the radius of gyration of particles, as 
measured in the gel C = 0.5, goes from Rg = 9 to 
3.5 nm when R increases from 0.55 to 0.75.

The main feature observed on the scattering 
curves is a single broad maximum (fig. 1(b)) which 
is more and more evident as the particle size 
decreases, that is when C, and R, increase. This 
interparticle effect shows that particles are dis
tributed not randomly, but in a more or less 
ordered manner. Such a short-range order be
tween scattering entities makes evaluation of the 
radius of gyration and fractal dimension difficult.

After gelation, the product is dried for 12 h at 
110°C, and then fired. Figure 2 shows the thermal 
behaviour of the dried gels, C = 0.5, through DTA 
diagrams. The well known ‘glow phenomenon’ [6] 
occurring at about 430°C, is characteristic of the 
sudden crystallization of zirconia and gives rise to 
a sharp exothermic peak which disappears when 
R increases.

For higher values of R, the crystallization ki
netics become quite different with a broader peak 
occurring at higher temperatures (525°C). This 
effect clearly goes with the drastic increase of 
gelation time when R increases and gives evi
dence of a different crystallization mechanism 
associated with the chemical modification of zir- 
conium-n-propoxide by acetylacetone.

An additional mass loss is associated with the 
new crystallization peak as shown by fig. 3, here 
in the case of C = 1.5 and R = 0.8. The same 
effects are observed whatever the concentration 
C in the explored range.

Calcination of dried gels, for 1 h at 600°C, 
leads to crystalline powders. SAXS experiments 
performed on compacted xerogels of initial con
centration C = 0.1 are shown in fig. 4. The col
loidal nature of particles appears on the log-log 
plot where Porod’s law is approximately obeyed, 
for calcined gels as well as for precipitates (R = 0).

The scattering curves exhibit a sharp increase 
of intensity towards small H values which is 
ascribed to the sample surface and powder ef
fects. More surprising is the fact that the ordered 
arrangement observed in wet gels is maintained

Fig. 2. Modification of DTA traces with the R ratio (C = 0.5. 
m = 5).
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in xerogels, with characteristic distances varying 
from 15 to 25 nm very close to the mean particle 
diameter. The spatial distribution of elementary 
particles is quite different in the precipitates 
which appear to be large and non-dense aggre
gates, since no interference effect is observed. 
The size of these aggregates is much larger than 
the resolution limit of our apparatus. The 
schematic representation of fig. 5 shows the cor
responding proposed nanostructures.

X-ray diffraction measurements (fig. 6) show 
that the first crystalline phase observed in the 
xerogels is a fine-grained tetragonal zirconia 
(about 6 nm after firing at 500°C). The transfor
mation towards the stable monoclinic phase be
gins rapidly. The perfect crystallinity of powders

Fig. 3. Coupled thermogravimetric and thermodifferential 
analysis of a xerogel.

Fig. 4. SAXS spectra of the xerogels and the precipitate 
(C = 0.1, W = 5). For xerogel powders (R = 0.4 and R = 0.55) 
a more or less ordered internal arrangement of elementary 
particles is still observed, while precipitate aggregates (R = 0) 
exhibit an open internal structure. In both cases, the Porod 
law is nearly obeyed, as shown in the log-log plots, indicating 

that elementary entities are now rather smooth particles.

has been confirmed by high-resolution electron 
micrographs [7],

The monoclinic phase is clearly favoured (fig. 
7) during calcination of precipitates obtained 
without addition of acetylacetone. This result is 
also confirmed by FTIR experiments on powder 
fired at 450°C. Precipitate products exhibit the 
three monoclinic zirconia characteristic peaks, 
which are not observed for the xerogel in the 
same conditions.

This difference of behaviour cannot be ex
plained by a size effect. The chemical modifica
tion by acetylacetone is very likely at the origin of
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Fig. 5. Schematic representation of the nanostructure of gel, 

xerogel and precipitate.

Fig. 7. XRD spectra of xerogel and precipitate fired for 1 h at 
600°C.

the preferred crystallization in the metastable 
state, even though its exact role is not yet estab
lished.

4. Conclusion

The role of acetylacetone in the processing of 
zirconia gels from Zr-n-propoxide in isopropanol 
has been investigated. It makes the hydrolysis 
step slower and transparent gels with a short- 
range ordered distribution of polymeric particles 
can be fabricated. After drying and calcination of 
the gels, the first crystallographic phase appear
ing at 500°C is the tetragonal metastable zirconia. 
This behaviour is opposite to that of the precipi
tate where no ordered arrangement of elemen-

Fig. 6. XRD spectra of the xerogels as function of tempera
ture (C = 0.5, R = 0.65. W = 5)
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tary particles is observed and where the crystal
lization occurs directly in the stable monoclinic 
phase.

This precursor has soon been utilized for the 
fabrication of fully densified cordierite-zirconia 
composite material [8].
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Yoldas’ method of preparing 7-alumina membranes has been modified to produce membranes with mean pore radii of 11 
A. Silica sols have been synthesized by an interfacial reaction between tetraethyl orthosilicate and alkaline water that does 
not require the use of alcohol as a cosolvent. After these sols are acidified, membranes prepared from the sols have mean 
pore radii at or below the limit of resolution of the N2 sorption technique (7 or 8 A). Mixed alumina-silica membranes have 
been prepared by mixing alumina and silica sols and firing the resulting xerogels. These membranes have mean pore radii of 
~ 18 A. Their specific surface areas are linearly related to their compositions and, for membranes with a mullite 
composition, to the firing temperature. Attempts have also been made to synthesize molecularly mixed, single-phase 
aluminosilicate membranes. These materials display behavior similar to the mixed alumina-silica membranes.

1. Introduction

Due to several attractive features (e.g., chemi
cal, mechanical and thermal stability), ceramic 
membranes are gaining increased importance in 
separation processes and catalysis. Most commer
cially available ceramic membrane systems are 
fabricated by slip-casting suspensions of ceramic 
powders onto porous supports. However, low 
temperature sol-gel processes can also be used 
to prepare these materials. Sol-gel methods offer 
many advantages over conventional slip-casting, 
including the ability to produce ceramic mem
branes that are purer, more homogeneous, more 
reactive and contain a wider variety of composi
tions than slip-cast membranes.

Alumina ceramic membranes have been fabri
cated and intensively studied by Yoldas, who 
used sol-gel methods to prepare these mem
branes [1,2], Modifications of his methods have 
reduced the mean pore radii of alumina mem- 

o o
branes from about 39 A to about 16 A [3-7], 
Silica gels have also been prepared and charac
terized extensively, primarily for use in fabricat
ing glasses of novel compositions [8], Since hydro
lysis and condensation reactions in silica systems 
are slower than most other alkoxides, the reac

tions can be controlled more easily. However, 
there has been little emphasis on preparing silica 
membranes.

Many aluminosilicates have useful catalytic 
properties (e.g., zeolites, clays) and can be used 
to strengthen glasses. However, conventional high 
temperature melt processes produce only mullite 
(3A12O3 • 2SiO2) as a stable product. Several pub
lished studies apply sol-gel techniques to prepare 
various aluminosilicates as either dense mono
liths or powders [9-16], To our knowledge, no 
one has described the synthesis of aluminosilicate 
ceramic membranes other than by embedding 
zeolites in non-porous silica matrices.

In this paper, we discuss the synthesis of 
nanoparticle alumina, silica, mixed alumina-silica 
and aluminosilicate sols. Ceramic membranes 
prepared from these sols are also characterized. 
Since these materials will be used in gas phase 
and reverse osmosis separation processes, our 
synthetic schemes are designed to reduce particle 
sizes and thus pore sizes in the resulting mem
branes. Because of their possible high tempera
ture applications, the development of aluminosili
cate membranes is especially interesting.

Several methods have been employed to mini
mize the size of the particles in the precursor 

0022-3093/92/Î05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved



Guangyao Sheng et al. / Nanoparticulate alumina, silica and aluminosilicate membranes 549

sols, and thus the size of the pores in the result
ing membranes. In the alumina system, acidic 
hydrolysis is known to increase the hydrolysis rate 
of aluminum tri-sec-butoxide (ATSB, the precur
sor alkoxide) and form smaller nuclei in the sol 
[4]. According to the theory of homogeneous nu
cleation of solids in liquid dispersions, low tem
perature hydrolysis also produces suspensions 
containing smaller, more numerous particles [17]. 
However, hydrolysis of ATSB at temperatures 
< 80°C ultimately produces bayerite, a material 
that cannot be peptized. By heating the system to 
boiling shortly after hydrolysis, the particles that 
are produced initially are converted to boehmite 
which can be peptized [1], Once boehmite parti
cles form, their size is not affected by nitric acid 
addition and heating [18].

In general, silicon alkoxides are hydrolyzed in 
alcoholic solvents to ensure that a homogeneous 
reaction system is present [19-21]. However, the 
same reactions will occur without added alcohol 
if the resulting two-phase mixture is stirred or 
shaken vigorously. Alkaline hydrolyses have been 
utilized for these syntheses so that highly con
densed particulate sols would be favored, rather 
than the linear chain ‘polymeric’ systems pro
duced during acidic hydrolysis [8, p. 112], The 
reaction rates during these hydrolyses could be 
controlled by varying the concentration of ammo
nium hydroxide.

These alkaline systems contain large amounts 
of dissolved silicate ions. The resulting solutions 
are dialyzed against distilled water to precipitate 
much of this dissolved silica. Dialysis provides 
one with some control over the rates of nucle
ation and particle growth in these systems, thus 
leading to the formation of nanoparticulate silica.

Mixed membranes can be fabricated either by 
mixing separate sols of alumina and silica and 
firing the resulting xerogels or by mixing the 
precursor alkoxides (ATSB and tetramethyl or
thosilicate, TMOS) and allowing them to react. In 
the latter case, ATSB and TMOS react with each 
other when they are mixed in butanol, thus un
dergoing chemical modification. The mechanisms 
and products of these reactions are currently 
under study. However, the addition of water to 
this system causes the products of the modified 

alkoxides to hydrolyze immediately. A general 
equation for the overall reaction can be written 
as
xA1(OC4H9)3 +ySi(OCH3)4 + (2x + 4y)H2O

= [AIO(OH)] x[Si(OH)4] y + 3xC4H9OH

+ 4yCH3OH.

2. Experimental procedure

2.1. Alumina (Al2O3) membranes

Boehmite sols are prepared by adding, with 
vigorous stirring, ATSB (used as received from 
Aldrich Chemical Co.) to cold deionized water 
containing a small quantity of concentrated nitric 
acid. (3.6 L H2O and 0.07 mol HNO3 per mol of 
ATSB were used to prepare this sol.) After hy
drolyzing for 10 min, the system is heated to its 
boiling point and held at that temperature for 2 h. 
Since the resulting boehmite sol is cloudy, it is 
centrifuged and the supernatant is decanted. This 
clear sol is evaporated in disposable polystyrene 
weighing dishes at room temperature to form 
xerogels. Unsupported alumina membranes are 
prepared by firing xerogels at 2°C/min to 500°C 
and holding the membranes at this temperature 
for 5 h.

2.2. Silica (SiOA membranes

Silica sols are prepared by adding 4.5 ml. of 
tetraethyl orthosilicate (TEOS, 98%, used as re
ceived from Aldrich) to alkaline water (1 mL of 
concentrated ammonium hydroxide dissolved in 
30 mL of deionized water) at room temperature 
and stirring vigorously for 1 to 2 h. During this 
period, the initial two-phase system becomes a 
clear sol. This sol is then dialyzed against water, 
using a SpectraPor membrane with a molecular 
weight cutoff of 3500, to remove the by-product 
alcohol and most ammonia. Dialysis is continued, 
replacing the water every few hours, until the sol 
reaches a pH value between 8 and 9. Some sols 
were then acidified to pH 3 by adding nitric acid. 
Careful evaporation of either type of sol produces 
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xerogels that can be converted into ceramic mem
branes by heating at 2°C/min to temperatures as 
high as 900°C and holding at the desired temper
ature for 1 h.

2.3. Mixed alumina-silica (Al2O3-SiO2) mem
branes

These diphasic membranes are prepared by 
mixing the boehmite and silica sols described 
above in different A12O3: SiO2 ratios. Before 
mixing, the pH of the silica sol, which is near 8, is 
adjusted to a value between 3.0 and 3.5 by adding 
nitric acid. This pH value is similar to that of the 
boehmite sol. Al2O3-SiO2 ceramic membranes 
are obtained by drying the mixed sol at room 
temperature to form xerogels, which are subse
quently heated at 2°C/min to 500°C and held at 
that temperature for 5 h.

2.4. Aluminosilicate ((Al2O3)x(SiO2)y) mem
branes

Aluminosilicate sols are prepared in which 
molecular- or atomic-scale mixing of alumina and 
silica can occur to give a single-phase solid. Solu
tions of TMOS (at varying concentrations in bu
tanol) and ATSB (0.28M in butanol) are mixed in 
the desired Al: Si ratio and allowed to react for 1 
h. An equal quantity of butanol containing a 
small amount of H2O and concentrated HNO3 is 
dropped into the mixed alkoxide system slowly at 
room temperature. The final solution, containing 
1 mol H2O and 0.07 mol concentrated HNO3 per 
mol total alkoxide (TMOS + ATSB), is heated at 
the boiling point for 2 h. The resulting cloudy 
solution is centrifuged to obtain a transparent sol. 
This sol is slowly dried at room temperature to 
form xerogels. Ceramic membranes are formed 
by heating the xerogels at 2°C/min to 500°C and 
holding them at this temperature for 5 h.

2.5. Analytical methods

Specific surface areas (SSA) and mean pore 
radii of the membranes are determined by analyz
ing N2 sorption measurements using the BET

Pore radius (Â)

Fig. 1. Typical pore size distribution for alumina membranes.

equation and the Kelvin equation, respectively. 
X-ray diffraction analyses are performed on a 
Scintag powder X-ray diffractometer using 
monochromic CuKa radiation.

3. Results and discussion

3.1. Alumina membranes

Sols produced by the described technique are 
somewhat cloudy, indicating the presence of ei
ther larger particles or aggregates of particles. 
This problem is alleviated by centrifuging the 
suspensions to obtain clear sols.

Figure 1 presents the pore size distribution 
computed from the desorption branch of the 
isotherm for a typical A12O3 membrane (SSA = 
200 m2/g; porosity = 32.8%). This curve indicates 
that much of the membrane porosity is due to 

o
pores with a radius of 11 A. X-ray diffraction 
analysis verifies that the membranes are com
posed of y-Al2O3.

One concern in these systems is the possibility 
of aging and growth of the boehmite sols. In 
order to investigate this question, a boehmite sol 
was aged for 3 weeks. y-Al2O3 membranes were 
prepared from this sol at different times during 
the aging process, and the SSA and mean pore 
radius of each of these membranes was deter
mined. The results of this analysis are shown in 
fig. 2, which indicates that the sol is very stable.
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Day
Fig. 2. Stability of a boehmite sol as determined by monitoring 
changes in the specific surface areas (SSAs) and mean pore 
radii of membranes prepared from the sol at different times.
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3.2. Silica membranes

These hydrolyses produced sols with pH values 
between 10 and 11. When particles form under 
such conditions, they develop a negative charge 
which stabilizes the suspension. However, in this 
pH region, silica particles are very soluble, so 
particle growth by Ostwald ripening can occur. 
These high pH sols were dialyzed against water 
until the pH fell to about 8 in order to decrease 
the solubility of silica while not affecting the 
particle charge. Not only does dialysis produce 
conditions that minimize particle growth, it also 
removes most of the ammonia and alcohol from 
the sol. Silica sols stored at pH 8 have remained 
clear for more than one year, indicating that 
particle growth in these sols is in fact minimal.

Some silica sols were treated by acidification 
to pH 3. The properties of membranes prepared 
from sols at pH 3 and 8 are compared in table 1. 
Significant differences were observed in the two 
systems, and the reasons for these differences are 
under study. It was noted that sols at pH 3 were 
not stable and would turn cloudy after a few days. 
This observation indicates that the particle charge 
in these sols had decreased, as expected, and that 
the particles were slowly aggregating.

3.3. Mixed alumina-silica membranes

Although the particles in the two sols have 
opposite charges before they are mixed (boehm
ite positive and silica negative at a pH between

Table 1
Characteristics of silica membranes prepared under different 
conditions

Type Method of 
preparation

pH of 
the sol

Porosity
(%)

Mean 
pore
Tadius
(Â)

Loose- hydrolysis of
packed TEOS in NH40H 8-12 45-50 18

Tight- HNO3 added to
packed above sol 3 33 8

3.0 and 3.5), no precipitate is produced by mixing 
the two sols. However, the gelling time for the 
mixed sol depends on the composition of the sol. 
A sol with a 1:1 mole ratio of A12O3 to SiO2 has 
the shortest gelling time (as short as several min
utes). This phenomenon is likely to be related to 
the electrostatic attraction between the particles.

The effect of the membrane composition on 
the SSAs and mean pore radii of these mem
branes is shown in fig. 3. The SSAs decrease 
linearly as the alumina: silica ratio increases, al
though the pore radii of all samples remain con
stant at ~ 17.5 A. In general, the SSA and the 
mol% A12O3 are correlated by the equation 

SSA(m2/g) = 866.4 - 745.5 mol% A12O3,

r2 = 0.996.
The one exception was the sample containing 
34.5 mol% A12O3. The SSA of this sample was 
significantly lower than predicted by the regres-

19

18 ■<
<0
3
TJ 

17 g
a> k o
O.

16
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AI2O3 mol%

Fig. 3. Effect of the composition of mixed alumina-silica 
membranes on the specific surface areas and mean pore radii 

of those membranes. 
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sion equation. This anomaly is unexplained but 
agrees with the report by Hietala et al. that 
silica-alumina gels have anomalously low surface 
areas in the vicinity of 47wt% A12O3 (34.5% 
mol% A12O3) [15],

The data in fig. 4 show the effect of firing 
temperature on SSAs and mean pore radii of 
membranes with a mullite composition (60 mol% 
A12O3). Below 1200°C, the SSAs decrease lin
early as the firing temperature increases, while 
the mean pore radii of all samples remain con- 

o
stant at ~ 17.5 A. In this temperature range, the 
SSA and the firing temperature, T, are correlated 
by the equation

SSA(m2/g) = 978.1-0.8T (°C), r2 = 0.976,

At temperatures above 1200°C at this composi
tion, A12O3 reacts with SiO2 to form mullite, 
leading to a significant increase in SSA as well as 
opening of the pores f9].

X-ray diffraction spectra of mixed Al2O3-SiO2 
membranes consist of two parts: a very wide peak 
which is ascribed to very poorly crystallized silica 
and several sharp peaks from 7-AI2O3. These 
spectra indicate that the mixed membranes are 
diphasic and consist of separate alumina and 
silica particles until the membranes are calcined 
above 1200°C.

3.4. Aluminosilicate membranes

To date, only a few aluminosilicate membranes 
have been fabricated. The mean pore radii and

800 900 1000 1100 1200
Firing Temperature (°C)

Fig. 4. Effect of the firing temperature on the specific surface 
areas and mean pore radii of membranes composed of 60 
mol% A12O3 and 40 mol% SiO2, the composition of mullite.

Table 2
Specific surface areas and mean pore radii of some alumi
nosilicate membranes fired at 500°C

Mole ratio
Al2O3:SiO2

Specific 
surface area 
(m2/g)

Mean pore 
radius 
(Â)

1.5 472 17.2
4.2 456 21.5
4.4 384 21.5
5.6 217 22.1

SSAs of these membranes are listed in table 2. As 
was observed with mixed silica-alumina mem
branes, the SSAs of the aluminosilicate mem
branes decrease as the Al2O3:SiO2 mol ratio 
increases. The mean pore radii of these mem- 

o
branes are constant at ~ 22 A except for the 
membrane with an AI2O3 : SiO2 ratio of 1.5 (Le-, 
the mullite composition). This latter membrane 
has a mean pore radius of 17 A. X-ray diffraction 
studies of these membranes have not yet been 
performed.

4. Conclusions

(1) The method described by Yoldas for 
preparing boehmite sols has been modified so 
that the mean pore radii of the resulting 7-Al2O^ 
membranes have been reduced from about 16 A 
to about 11 A.

(2) By allowing the reaction to occur at the 
TEOS-alkaline water interface, particulate silica 
sols have been synthesized without using alcohol 
as a cosolvent. The mean pore radii of the result
ing membranes < 7 A.

(3) Mixed alumina-silica membranes have 
been fabricated by mixing these boehmite and 
silica sols. The mean pore radii of the resulting

o
membranes are ~ 17.5 A, while their specific 
surface areas are linearly related to their compo
sitions. For membranes with a mullite composi
tion but fired at temperatures below the tempera
ture at which mullite actually forms (1200°C), the 
specific surface areas are linearly related to the 
firing temperature.
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(4) Aluminosilicate sols have been prepared 
by hydrolyzing Al and Si alkoxides mixed in bu
tanol. Only a few compositions of membranes 
have been fabricated from these sols. For these 
compositions, the behavior of these membranes is 
similar to that of the mixed alumina-silica mem
branes described above. Further studies will be 
performed on these systems.
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Synthesis of cordierite powder by spray-drying

André Douy
CNRS, Centre de Recherches sur la Physique des Hautes Températures, ID, Avenue de la Recherche Scientifique, 
45071 Orléans cédex 02, France

Homogeneous multicomponent silicate powders may be prepared when a silicon alkoxide is hydrolyzed in an acidic 
aqueous solution of metallic salts and the resulting sol rapidly transformed into a powder. By spray-drying a sol of Al and 
Mg nitrates and TEOS at 200°C, followed by calcination to 750°C, a cordierite precursor powder is produced which 
crystallizes into a-cordierite via p-cordierite, but expands upon heating instead of sintering. If a water-soluble organic 
polymer is added to the sol before spray-drying, the chemical homogeneity of the powder is improved, the specific surface 
area greatly increased and the compacted powder densifies before crystallizing.

1. Introduction

In the preparation of multicomponent oxide 
ceramics and glasses, sol-gel chemistry has en
abled improved synthetic methods, control over 
structure and lower processing temperatures, re
sulting in better material properties. Silicate gels, 
films, fibers and powders prepared mainly from 
alkoxides in organic medium, by hydrolysis, con
densation and polymerization have been widely 
studied. However, when the number of cations 
increases, much care has to be taken for achiev
ing a true copolymerization because of great dif
ferences of reactivity between the alkoxides.

It has been shown that, for the elaboration of 
multiple oxide powders, the polyacrylamide gel is 
a convenient auxiliary [1]. This organic hy
drophilic gel may be associated with the 
‘amorphous citrate process’ [2], since practically 
all aqueous solutions may be gelled at acidic or 
neutral pH. The aqueous gel is then directly 
calcined in a ventilated oven. The chemical ho
mogeneity of the powder results mainly from the 
cations complexation by the citric acid, but the 
organic gel has also its own contribution. This 
may thus be considered as a simplification and an 
improvement of the citrate process. The poly
acrylamide gel may also be applied to other aque
ous chemical processes such as homogeneous hy

droxide co-precipitation by thermal decomposi
tion of urea in solution [3]. The co-precipitation 
domains are then confined within the gel pores. 
By further calcination, ultrafine and chemically 
homogeneous powders are obtained. A great 
number of complex oxide compositions may be 
prepared by aqueous polyacrylamide gel-assisted 
processes. However, the case of silicates is differ
ent because silicon cannot be chelated in aqueous 
medium. However, the elaboration of mullite, 
3AI2O3-2SiO2, a binary oxide [4], and cordierite, 
2MgO-2Al2O3-5SiO2, a ternary oxide [5], has 
been studied, by the aqueous route, using poly
acrylamide gel, and also by the alcoholic route 
with the aid of poly-(2-hydroxyethyl)-methacry- 
late (pHEMA) gel.

For the aqueous preparation, a silicon alkox
ide, tetraethylorthosilicate (TEOS) Si(OC2H5)4, 
or 3-(triethoxysilyl)-propylamine (TESPA) 
(C2H5O)3Si(CH2)3NH2, is hydrolyzed in a di
luted aqueous solution of Al salt (nitrate, citrate, 
chloride or sulphate) for mullite, or Al and Mg 
salts (nitrates or citrates) for cordierite. The re
sulting clear solution (sol) is then gelled by in situ 
formation of the organic network and this aque
ous gel is transformed into a powder by mi
crowave heating and calcination in air to 750°C. 
The properties and characteristics of the powders 
depend on the nature of the precursor salts and 
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alkoxide. For mullite, the powder made from 
aluminium citrate and TESPA crystallizes com
pletely into mullite at 970°C for a heating rate of 
10 K min-1, through a strong exothermic peak. 
For cordierite, starting from aluminium and mag
nesium nitrates and TEOS, a powder is obtained 
which crystallizes first into p-cordierite and then 
transforms into a-cordierite, the stable phase, 
with only a little amount of MgAl2O4 spinel as 
secondary phase. This powder, when compacted 
and heated, densifies completely by a viscous flow 
before crystallizing, at low temperature (below 
1000°C).

The alcoholic route consists in dissolving ni
trates and TEOS in 96% ethanol, gelling the 
solutions by pHEMA and calcining the gels. Very 
homogeneous powders are obtained. For the bi
nary oxide, a nearly complete crystallization into 
mullite occurs at 970°C while, for the ternary 
oxide, the stable phase, a-cordierite, is obtained 
at a particularly low temperature, at 1000°C for a 
heating rate of 10 K min-1, without any trace of 
secondary phase.

The use of organic gels is thus very promising 
in the preparation of chemically homogeneous 
silicate powders, and one interesting point is the 
attainment of low temperature-sinterable cordi
erite powders by an aqueous route. It has been 

noted that the quantity of secondary phase, 
MgAl2O4, is the lowest when the fresh solution 
(sol) made by hydrolyzing TEOS is an aqueous Al 
and Mg nitrates solution is gelled by polyacryl
amide at room temperature and rapidly trans
formed into a dry solid by microwave heating and 
further calcined. TEOS is hydrolyzed into silicic 
acid, which further condenses and polymerizes 
into silica gel, the kinetics of these reactions 
depending on concentration, temperature and pH 
[6]. By a rapid treatment, the transitory step in 
hot aqueous medium, which is favourable for 
accelerating the colloid growth, may be partly 
avoided and the resulting powder will be more 
chemically homogeneous. The present paper deals 
with spray-drying of cordierite powders, which 
achieves more efficiently the rapid transforma
tion of a sol into a powder.

2. Experimental

The precursor sol (about 0.06 mol l-1) is made 
by hydrolyzing TEOS in an aqueous solution of 
Al and Mg nitrates, under strong stirring. It is 
then spray-dried at 200°C (Büchi 190 mini spray 
dryer) and the powder is calcined to 750°C for 5 h 
(cord A).

Fig. 1. DSC curve of the powder A, after annealing for 2 h at 875°C; heating rate: 10 K min
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3. Results

3.1. Cord A

Cord A precursor powder is made of hollow 
spherical particles (5-15 p,m diameter). The spe
cific surface area is 5 m2 g"1, suggesting an 
impermeable coating of the particles. This pow
der, after compaction, and when heated at 5 K 
min ', expands considerably instead of sintering, 
between 860 and 970°C, and a porous and very 
low density (0.2-0.3 g cm-3) cordierite ceramic is 
obtained. This expansion results from a gas re
lease, confirmed by thermogravimetric analysis, 
beyond the glass transition temperature (833°C). 
Figure 1 shows the differential scanning calorim
etry (DSC) curve of the powder, after annealing 
at 875°C for 2 h. There are two crystallization 
peaks: jr-cordierite at 955°C and a-cordierite at 
1053°C. A trace of MgAl2O4 spinal is noticed on 
the X-ray diffraction patterns.

i i i

800 1000 1200
TEMPERATURE (°C)

Fig. 2. DTA curve of the powder B; heating rate: 10 K min

Cord B is obtained by the same manner but 
after addition of a water-soluble organic polymer 
(polyacrylamide, Mw 50000) to the precursor so
lution (2 g of polymer for 10 g of oxide).

Cord C is prepared as cord B, but after aging 
the precursor sol for 5 weeks at room tempera
ture.

3.2. Cord B

Cord B powder does not appear very different 
from cord A, except the specific surface area is

Fig. 3. XRD diagrams of the cord B powder, heated at 10 K min 1 to (a) 980°C and (b) 1100 (.
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TEMPERATURE (°C)
Fig. 4. DSC curve of the powder C: heating rate: 10 K min

increased to 260 m2 g Thus the particles are 
porous, the powder more reactive and the com
pacted samples densify at low temperature, as for 
homogeneous cordierite powders synthesized by 
the sol-gel method [7-9], Final densities of 98% 
dth are obtained by annealing for 2 h at 950°C. 
Moreover the chemical homogeneity is increased, 
the crystallization temperature of a-cordierite is 
lowered and even a single crystallization exotherm 
may be observed by thermal analysis (fig. 2). At 
the end of this peak single phase a-cordierite is 
obtained, while for the sample just heated to 
980°C at 10 K min ‘, the two crystalline struc
tures |i and a are present (fig. 3). No trace of 
spinel has been detected for this powder.

Thus, by just adding an organic polymer in 
solution before spray-drying, a very homogeneous 
powder is produced with high specific surface 
area. This can be understood by a greater viscos
ity of the sol during the dehydration step in the 
spray dryer, preserving the chemical homogene
ity, and porosities in the particle shells created by 
the thermal decomposition of the organic addi
tive.

3.3. Cord C

The precursor solution, after 5 weeks aging, 
has changed to a slightly opalescent sol, by the 

growth of silica colloids. However, after addition 
of organic polymer, spray-drying and calcination, 
a cord C powder is obtained which crystallizes 
into a-cordierite via p-cordierite (fig. 4) but the 
stable form appears at higher temperature. A 
little amount of spinel is again revealed on the 
XRD patterns. This powder is thus less homoge
neous but the speed of the transformation of the 
sol into a powder makes possible the obtainment 
of a cordierite powder which has still a good 
densification behaviour before crystallization.

Similar results have been obtained for another 
glass-ceramic composition: 0.5MgO-0.5Li2O- 
Al2O3-4SiO2, and with another organic polymer 
(polyvinyl alcohol). Without organic polymer the 
spray-dried powder expands; with-addition of or
ganic polymer to the sol, the compacted samples 
densify before crystallizing.

Kanzaki et al. [10] obtained very homogeneous 
mullite precursor powder by spray pyrolyzing at 
350-650°C a solution made by hydrolyzing TEOS 
into a water-methanol solution of aluminium ni
trate. This powder crystallized completely into 
mullite at 970°C. This illustrates again the impor
tance of the speed in the transformation of a 
solution (sol) into a powder when a silicon alkox
ide is completely hydrolyzed in a large excess of 
water.
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4. Conclusion

Silicate powders are usually synthesized by the 
alcoholic route starting from alkoxides, or by the 
aqueous route from salts and sols. In organic 
medium, the major difficulty in achieving a 
monophasic copolymerization is in the great dif
ferences in the reactivities of the alkoxides. For 
the aqueous preparation, when starting with sols 
which are homopolymers, the medium will be 
multiphasic and the chemical homogeneity will be 
reached only at higher temperatures. The direct 
hydrolysis of TEOS into an acidic solution of 
metallic salts (nitrates), and the rapid transforma
tion into a powder is thus a very simple process 
for aqueous preparation of silicate powders. 
Moreover the addition of an organic polymer in 
solution before spray-drying makes the powders 
more chemically homogeneous and more reactive 
by increasing the specific surface areas.

The author wishes to thank Mrs J. Coutures, 
Mr P. Canale and Drs M. Gervais and P. Odier 
for stimulating discussions and technical assis
tance.
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Enstatite ceramics: a multicomponent system via sol-gel

Lina M. Echeverria
Coming Incorporated, RD&E Division, Sullivan Park, FR-5-1, Corning, NY 14831, USA

Submicrometre particles with enstatite stoichiometry were prepared by flame-aerosol technique, using a solution of 
magnesium ethoxide and TEOS in ethylene glycol monomethyl ether. The solution was run through an aerosol generator 
with a nozzle that delivered the aerosol stream into a highly focused burner. This produced unagglomerated, 300-600 A 
spherical particles, with a surface area of 108 m2/g. The powder consists of an amorphous (siliceous) phase + forsterite+ 
periclase. Pure enstatite monoliths made by dispersing, casting and gelling these powders were sintered with various 
atmospheres and thermal histories. A reducing atmosphere results in transient viscous flow, which is the key to effective 
densification. Samples could be sintered at temperatures as low as 1075°C without cracking due to volume changes. After 
processing at 1075°C, the microstructure consists of interlocking 0.5 p.m grains of ortho-, proto-, and clinoenstatite whereas 
1100°C processing gives protoenstatite grains 1-2 p.m in size. Fracture toughness for these enstatite monoliths averages 4.2 
MPa m1/2.

1. Introduction

Natural chain silicates, such as jade, exhibit 
outstanding mechanical properties [1]. Similarly, 
glass-ceramics based on chain silicates have un
usually high toughness and strength [2,3]. One 
chain silicate, enstatite (MgSiO3), is particularly 
interesting because of its high refractoriness, and 
electrical and mechanical properties. Enstatite 
occurs in three polymorphs. The low temperature 
clino- and orthoenstatite are stable from RT to 
660°C and 980°C, respectively, and protoenstatite 
is stable from 900 to 1557°C. Relatively slow 
order-disorder transitions occur between the 
proto- and ortho- phases, and rapid martensitic 
transformations occur between proto- or ortho- 
and clinoenstatite [4]. The existence of these 
martensitic transformations could enhance the 
mechanical performance of enstatite ceramics. 
Enstatite, however, does not form a stable glass 
and, hence, a monophase glass-ceramic of this 
composition cannot be attained. Echeverria and 
Beall [5] investigated glass-ceramics based on 50- 
85 wt% enstatite, with zirconia and/or quartz. In 
the presence of these diluents, good properties 
such as strength of 207 MPa, toughness of 3.5 

MPa m1/2, and dielectric constants of 5-7 were 
achieved. The colloidal gel approach was investi
gated as a route to synthesizing a pure MgSiO3 
ceramic.

Experience has shown that synthesis and den
sification of multicomponent materials is not eas
ily achieved through mixing oxide precursors. 
Thus, for mullite, conventional diffusion and 
quench experiments [6] of mixtures of SiO2 and 
A12O3 glass particles show this material to be 
stable from 1753 to 1815°C. Following the work 
of Kumagai and Messing [7], Mroz and Laughner 
[8] seeded mixtures of colloidal gels, and sintered 
mullite at 1700°C. More intimate mixtures of the 
starting compounds as achieved by mixing col
loids of alumina and silica [9,10] have demon
strated synthesis starting as low as 1270°C, with 
densification occurring between 1375 and 1550°C. 
Recently, transient viscous sintering [11] of parti
cles with an alumina core and an outer coating of 
amorphous silica resulted in densification at 
1300°C, and transformation to mullite above 
1500°C.

This paper discusses synthesis of a highly re
fractory multicomponent material from an ini
tially homogeneous fine-grained powder, where 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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each particle has the composition of the final 
compound. Densification was accomplished 
through transient viscous flow below 1100°C.

2. Experimental procedure

A solution with MgSiO3 stoichiometry was 
prepared from magnesium ethoxide and TEOS in 
ethylene glycol monomethyl ether. The solution

was delivered into the central burner tube of an 
aerosol generator consisting of two concentric 
tubes positioned in the center of a burner. As the 
solution stream exits into the tube, it is broken 
into droplets by pressurized nitrogen gas (0.4 
MPa) flowing along the outer burner tube. The 
droplets are swept through the flame, where they 
coalesce and oxidize. This process yields unag
glomerated, 300-600 A (fig. 1(a)) solid spheres 
with a surface area of 108 m2/g. No particle 

Fig. 1. (a) Transmission electron micrograph of particles produced with the aerosol-burner set-up using magnesium ethoxide+
TEOS in ethylene glycol monomethyl ether. Scale bar = 1 p.m. (b) TEM replica of a fractured surface of a dried gel of enstatite. 

Scale bar = 0.5 p.m.
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inhomogeneity was detectable using STEM tech
niques, and the stoichiometry of the particles was 
reproducible to within ±0.5 wt%.

The submicrometre powders thus produced 
were dispersed in ethanol/Triton-X-171 to pro
duce colloids with 25 vol.% of solids, which could 
be gelled by exposure to gaseous ammonia follow
ing the process described by Scherer [12] for 
simple oxides. Crack-free cylinders 3-4 cm in 
diameter and 7-8 cm long were dried in 10-14 
days. Upon drying, the resultant green body con
sisted entirely of particles with enstatite stoi-

Fig. 2. (a) Scanning electron photomicrograph (SEM) of a 
fractured surface of enstatite (sample 3MS-116) sintered in air 
to 1450°C, with a 30 min hold at that temperature. The 
microstructure consists of grains > 50 p.m, with trapped pores 
1-5 firn in diameter, (b) SEM of a fractured surface of 
enstatite (sample 9MS-116) sintered in forming gas (H2/N2) 
to 1450°C, with a 30 min hold at that temperature. The 
microstructure consists of interlocking grains of enstatite 1-2 
pum in size. Notice the polysynthetic twinning resulting from 
partial transformation, and which enhances mechanical re

sponse through slippage along twin planes.

chiometry. Figure 1(b) shows a TEM replica of a 
dried gel. As can be seen, the green bodies are 
dense and uniformly packed owing to homoge
neous initial dispersion.

X-ray diffraction results indicate that the pow
der is amorphous, with trace amounts of forsterite 
(Mg2SiO4), and periclase (MgO). Porosimetry 
data indicate that the median pore size for the 
dried gels (50% penetration) is 0.18 pm, and the 
density of the gels is 55-60% of theoretical, con
firming the packing observed in fig. 1(b). The 
density of these starting particles is found to be 
2.08 g/cm3 which is, as expected, lower than that 
of the crystalline equivalent.

Sintering was carried out on 7-11 mm long 
rectangular prisms cut from the dried gel. Shrink
age during sintering was monitored with a single 
push rod Theta 1600C dilatometer. The aim of 
sintering was to obtain a dense body and optimize 
mechanical performance through martensitic be
havior by minimizing the proportion of clinoen
statite present in the sintered body

3. Results

Regardless of thermal history, oxidizing atmo
spheres (air, oxygen) result in a ‘Swiss cheese’ 
texture with closed intragranular pores and very 
coarse grain size. A reducing atmosphere, such as 
forming gas (92% N2:8% H2) fosters densifica- 
tion with no secondary grain growth. Neutral 
atmospheres (He, Ar) result in intermediate grain 
size and relatively good densification. Samples 
sintered with the same thermal history with dif
fering atmospheres result in a grain size of 50 pm 
in oxygen, but 1-2 pm in forming gas (fig. 2). 
Forming gas is interpreted to reduce the carbon 
present in the dried dispersant, thereby freeing it 
to react with Si and Mg to form volatile com
pounds such as SiO and Mg3N2 or magnesium 
alkoxide.

Evidence of the extraction of Si and Mg from 
the enstatite monolith during sintering was visible 
on the dilatometer sample and protection tubes. 
During sintering runs made in forming gas only, 
these alumina tubes were partially covered with a 
dark gray deposit. Upon cleaning (heating at
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1200-1400°C in flowing oxygen), chrysotile, 
Mg >Si ,O5(O11)4, formed on the surface of the 
tubes downstream from the hot zone of the fur
nace. The Si, Mg, and H could only have been 
deposited by the gas flowing downstream from 
the samples, on the cooler sections of the tubes. 
Subsequent reaction with oxygen produced the 
hydrated phase, chrysotile. Extraction of Mg and 
Si from enstatite in the proportion required for 
chrysotile creates a slight silica enrichment. As 
discussed earlier, chemical analyses show the 
powder to be reproducibly stoichiometric MgSiO3. 
However, this early reaction process enhances the 
silica enrichment independently created by the 
early crystallization of forsterite, as discussed be
low. This enrichment is sufficient to allow the 
transient viscous flow of silica to take place only 
when both processes occur. Thus, densification is 
accomplished by transient viscous sintering in a 
manner similar to that discussed by Sacks et al. 
[11].

4. Discussion

As enstatite is refractory with a melting point 
of 1557°C, initial sintering experiments were car
ried out at temperatures in excess of 1350°C. At 
these high temperatures, densification could not 
be achieved in an oxidizing atmosphere.

Reducing the maximum hold temperature does 
not have as pronounced an effect on microstruc
ture as varying the sintering atmosphere. At tem
peratures below 1250°C, little densification oc
curs if the atmosphere is oxidizing. At or above 
this temperature, the microstructure consists of 
unsintered, necked particles with pores up to 0.3 
|xm in diameter (sample 2MS27 sintered at 1275°C 
in air, fig. 3(a)). By contrast, a sample (7MS134) 
sintered at 1225°C in forming gas (fig. 3(b)) has a 
dense microstructure consisting of interlocking 
1-2 pim grains. With further drop in temperature 
under reducing conditions, there is a slight de
crease in average grain size: 1 |im at 1100°C and 
0.5 |xm at 1075°C (fig. 4, sample 8MS133). Densi
fication of pure enstatite monoliths was achieved 
at 1075°C in forming gas by interrupting the flow 
of gas during shrinkage. This is well below the

Fig. 3. (a) SEM of fractured surface of enstatite (sample 
2MS-27) sintered in air to 1275°C, with a 30 min hold at that 
temperature. The sample consists of unsintered, necked parti
cles, with large pores up to 0.3 pm in diameter, (b) SEM of 
fractured surface of enstatite (sample 7MS-134) sintered in 
forming gas (N2/H2) to 1225°C, with a 30 min hold at that 
temperature. The microstructure consists of interlocking grains 

of enstatite 1-2 pm in size.

1650°C needed to form glasses with 50-85 wt% 
enstatite [5].

Maximum hold temperature plays a significant 
role in the phase assemblage present in the sin
tered sample. The starting powder consists of 
amorphous MgSiO3 + forsterite + / - periclase. 
Dilatometry data show that there is approxi
mately 26% shrinkage between 800 and 850°C. At 
800°C, the assemblage has not changed from that 
of the starting powder, but by 850°C it consists 
principally of forsterite with traces of enstatite, 
plus residual MgO + amorphous phase. After 45 
min at 1000°C, the assemblage is unchanged but 
the degree of crystallinity increases (sample 3MS- 
134, table 1).
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Fig. 4. SEM of fractured surface of enstatite (sample 8MS-133) 
sintered in forming gas (H2/N2) to 1075°C, with a 240 min 
hold at that temperature. The flow of forming gas was inter
rupted during shrinkage (800-850°C as determined by on
going dilatometry). The microstructure consists of closely in
terlocking. fine grains 0.5 gm in size. Note polysynthetic 

twinning in some grains.

The above data indicate that shrinkage corre
sponds to the transition from the amorphous to 
the crystalline state, coupled with viscous flow of 
the silica-enriched phase to account for the ex
cess shrinkage. This transient flow, probably oc
curring between 850 and 1100°C, permits early 
densification. Forsterite is thermodynamically un
stable relative to enstatite at and below 850°C, 
the temperature at which the first enstatite peaks 
are observed by XRD. Forsterite is the first phase 
to appear because it grows epitaxially on forsterite 

nucleii that are present in the starting powder. 
Forsterite persists metastably at these low tem
peratures, and it is not until higher temperatures 
that there is enough thermal energy to overcome 
the kinetic barrier for reaction. In forming gas, 
considerable forstersite persists at 1100°C (sam
ple 4MS-133, table 1) but by 1200°C it is reduced 
to trace amounts (sample 5MS-134, table 1).

Once forstersite disappears, processing at 
higher temperature yields a larger proportion of 
protoenstatite to clinoenstatite, which should im
prove mechanical behavior due to the martensitic 
transformation to clinoenstatite. At or above 
1200°C, clinoenstatite can be virtually eliminated 
in favor of protoenstatite in 30 min (sample 5MS- 
134, table 1). At lower temperatures the complete 
reaction requires hold times over 4 h (sample 
4MS-133).

High sintering temperatures are not desirable, 
however, because they lead to sample cracking. 
The transformation from clino- to protoenstatite, 
involving a positive volume change of 5-6% [13], 
is probably responsible for the observed cracking. 
The corresponding expansion has been observed 
on dilatometry plots of samples sintered at tem
peratures as low as 1100°C, and the higher the 
temperature of the run, the more severe the 
cracks. At 1100°C, cracks are visible only under 
the binocular microscope. Crack-free samples 
have been sintered at 1075°C.

Dilatometry data suggest that, at slower heat
ing rates (2°C/min), cracking starts at a lower 

Table 1
Sintering of colloidal enstatite monoliths

Sample
no.

Ramp
(°C/min)

Temperature 
(°C)

Hold 
(min)

Atm. Phases 
presenta)

Grain size
(|xm)

2MS-27 5 1250 30 air CE + PE 0.1-0.3 b)
3MS-116 5 1450 30 air CE + OE 50 c)
9MS-116 25 1450 30 H2/N2 PE (tr CE) 1-3
3MS-134 2 1000 30 h2/n2 FO + PC (tr OE)
5MS-134 2 1200 30 ^2 /^2 PE 1-2
7MS-134 2 1225 30 H2/N2 PE (tr CE + CO) 1-3
4MS-133 2 1100 240 h2/n2 PE + CE + OE 1
8MS-133 2 1075 240 h2/n2 d> PE + CE + OE 0.5

a) PE, CE, OE: Proto-, clino-, and orthoenstatite; FO, forsterite, PC, periclase, CO, cristobalite.
b) Unsintered spheres.
c) Intragranular porosity.
d) Flow interrupted during shrinkage.



564 L.M. Echeverría / Enstatite ceramics

temperature (1125°C) than at fast heating rates, 
and at rates in excess of 15°C/min the expansion 
has been observed to start at around 1300°C. The 
slower heating rate seems to allow the system to 
approach equilibrium, so the transformation takes 
place closer to the equilibrium temperature of 
the reaction.

The toughness of colloidal enstatite monoliths 
was measured by the indentation technique, which 
underestimates toughness in chain silicate glass
ceramics [3] by comparison with short bar or 
chevron notch techniques. The average measured 
indentation toughness value was 2.5 MPa m1/2. 
For comparative purposes, a ‘richterite factor’ 
(RF), the ratio of fracture toughness to indenta
tion toughness (RF = 3.1/1.84) for richterite 
glass-ceramics, can be used. Multiplying the in
dentation toughness values obtained for enstatite 
monoliths by RF, one arrives at an equivalent 
fracture toughness of 4.2 MPa m1/2. Fracture 
toughnesses for glass-ceramics with 50-80 wt% 
enstatite are near 3.5 MPa m1/2. Pure enstatite 
monoliths have toughness greater than glass
ceramics, which contain up to 20 vol.% of other 
phases.

5. Conclusions

Treatment of a solution of magnesium ethox
ide and TEOS in ethylene glycol monomethyl 
ether in an aerosol/burner system yields unag
glomerated, 300°600 A solid spheres, with uni
form and reproducible stoichiometry.

Sintering atmosphere has a profound effect on 
densification of enstatite monoliths. Oxidizing at
mospheres preclude densification. Reducing at
mospheres, such as forming gas, result in a dense 
aggregate of fine (1-3 pm), interlocking grains.

Densification is the result of transient viscous 
flow, occurring between approximately 850 and 

1100°C, of a silica-enriched phase that most likely 
results from differential extraction of Si and Mg 
in a reducing atmosphere coupled with the early 
metastable crystallization of forsterite.

Densification can be accomplished by sintering 
at 1075°C for 4 h in forming gas, which results in 
a crack-free interlocking aggregate of proto-, or
tho- and clinoenstatite 0.5 pm grains.

The fracture toughness of pure enstatite 
monoliths prepared by this procedure is esti
mated to be as high as 4.2 MPa m1/2.
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Ultrafine pure mullite powder prepared by sol-gel method
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Ultrafine pure mullite powder (3Al2O3-2SiO2) was prepared by the sol-gel method using silicon tetraethoxide and 
aluminum nitrate as starting materials. The phase transformation process and the effects of a catalyst on mullite gels were 
determined by differential thermal analysis (DTA) and X-ray diffraction (XRD). The results show that a pure mullite phase 
was obtained at 980°C in a nitric acid-catalyzed gel. In an ammonia-catalyzed gel, a pure mullite phase forms at 1200°C, 
while a spinel appears at 980°C. In an ammonium acetate-catalyzed gel, mullite and a-alumina form at 980°C and the main 
phase mullite appears at 1200°C. A pure mullite phase was obtained at 1300°C. The mean particle size of the mullite powder 
obtained from the nitric acid-catalyzed gel is <0.5 p.m and its particle size distribution is narrow. Mullite ceramics 
hot-pressed at 1600°C under 25 MPa for 90 min have a density of 3.168 g/ml, and flexural strength at 1200°C of 280 MPa.

1. Introduction

Mullite (3A12O3 • 2SiO2) exhibits many favor
able characteristics which establish it as an excel
lent prospect for engineering applications and for 
use as an infrared transmitting materials [1,2], 
Preparation of ultrafine pure mullite powder is 
the key step in preparation of high-quality mullite 
ceramics. Mullite formation and the preparation 
of mullite powder by the sol-gel method from 
different starting materials have been extensively 
discussed, but no report has established that pure 
mullite powder formation below 980°C [3-8] is 
known. DTA and XRD are used to study the 
thermodynamic properties of gels and the effects 
of nitric acid, ammonia and ammonium acetate 
catalysts on the phase transformation process.

2. Experimental procedures

AR-grade silicon tetraethoxide Si(OEt)4 and 
aluminum nitrate A1(NO3)3 • 9H2O were used as 
starting materials. A1(NO3)3 • 9H2O was dis
solved in absolute ethanol. Si(OEt)4 was added 
and swirled so as to hydrolyze. Nitric acid, ammo
nium acetate, CH3COONH4, and ammonium hy
droxide, NH3 • H2O, were used as gelation cata
lysts. The gels were dried in an oven at 100°C for 
24 h and then heated at 980, 1200 or 1300°C for 6 
h. The molar ratio of A12O3 to SiO2 was 3:2. 
A1(NO3)3 • 9H2O ethanol solution (126 ml) and 
Si(OEt)4 (10 ml) were used. Table 1 describes the 
samples investigated.

A Model CRY-2 DTA apparatus with a heat
ing rate of 10°C/min was used to characterize

Table 1

Samples investigated

Sample A1(NO3)3-9H2O
(g)

Si(OEt)4 
(ml)

hno3
(ml)

NH3H2O
(ml)

CH3COONH4
(g)

Nitric acid-catalyzed 50.4 10 5 - -
Ammonia-catalyzed 50.4 10 25 -
Ammonium acetate-catalyzed 50.4 10 - - 34

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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thermal processes in the gel during heat treat
ment. The phase transformation processes were 
determined by a Model D/Max-RA XRD. The 
particle size and particle size distribution were 
determined by a Model LKY-2 microparticle ana
lyzer made by the Shanghai Balance Co. Density 
and flexural strength of the sintered body were 
also determined.

CO
CL
O

UukaLl
3. Results

Figure 1 depicts the results of DTA for nitric 
acid and ammonium acetate-catalyzed samples. 
The curve for nitric acid catalyzed sample shows 
that the endothermic peak occurs between 100 
and 350°C, and the exothermic peak at about 
980°C. For the ammonium acetate-catalyzed sam
ple, only an endothermic peak appears between 
100 and 350°C. Figure 2 shows the result of XRD 
for the nitric acid-catalyzed sample in which the 
pure mullite phase forms after heat-treated at 
980°C. Figure 3 shows the results of XRD for the 
ammonia-catalyzed sample. After heat treatment 
at 980°C, the sample contains spinel and amor
phous phase while the pure mullite phase ap
pears after treatment at 1200°C. Figure 4 shows 
the results of XRD for the ammonium acetate- 
catalyzed sample. When it is heat-treated at 
980°C, the main phase is amorphous and the 
minor phase is mullite and a-alumina. At 1200°C, 
the main phase is mullite and the minor phase is 
y-alumina. Finally, pure mullite forms at 1300°C.

20 40 60
29

Fig. 2. XRD pattern of nitric acid-catalyzed sample.

Fig. 3. XRD pattern of ammonia-catalyzed sample.

Fig. 4. XRD pattern of ammonium acetate-catalyzed sample.
Fig. 1. DTA curves of gels: (A) nitric acid-catalyzed sample,

(B) ammonium acetate-catalyzed sample.
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DIAMETER (urn)

Fig. 5. Particle size distribution of mullite powder for nitric 
acid-catalyzed sample (weight fraction ~ diameter).

Figure 5 shows the results of particle size 
distribution analysis for a nitric acid-catalyzed 
sample heat-treated at 980°C for 6 h. The particle 
size distribution of mullite is narrow and the 
average particle size is 0.56 m. Figure 6 shows the 
SEM micrograph of mullite powder for a nitric 
acid-catalyzed sample heat-treated at 980°C for 
6 h. It shows that the particle size is less than 
0.5 |xm, the particle shape is spherical, and the 
particle size distribution is narrow.

A sintered mullite body using a nitric acid- 
catalyzed gel was obtained at 1600°C, under a 
pressure of 25 MPa for 90 min. The density of the 
sintered body was 3.168 g/ml, or a relative den
sity of 99.6%. The flexural strength at 1200°C was 
280 MPa.

Fig. 6. Scanning-electron micrograph of mullite powder for 
nitric acid-catalyzed sample.

4. Discussion

Figures 2-4 show that the mullite formation 
processes vary with catalyst. In the Al2O3-SiO2 
system, gels are either single phase or diphasic, 
depending on whether the silica and alumina is 
present as two phases or as a homogeneous phase. 
The structural differences of gels are the source 
of differing thermodynamic properties (i.e., phase 
transformation process [8]). Two-component ma
terials, SiO2 and A12O3, react differently when 
the pH is varied [7], In HNO3 catalysis, silica and 
alumina copolymerize to form a one-phase homo
geneous gel. The amorphous mullite composition 
forms after evaporation of water, ethanol and 
nitrates. The amorphous mullite composition 
transforms directly to mullite phase at a tempera
ture as low as 980°C. In NH3 • H2O catalysis, 
silica and alumina coprecipitate to form an alu
mina-rich inner part and a silica-rich part. There
fore, the spinel phase formation in the intermedi
ate stage of mullite occurs at 980°C, and further 
transforms to mullite phase at 1200°C. In 
CH3COONH3 catalysis, silica and alumina form 
a diphasic gel. During the heat treatment process, 
amorphous Al2O3transforms into y-Al2O3 and 
further into a-Al2O3. A fair amount of mullite 
forms. Therefore, the phase transformation pro
cess is: amorphous -> y-,a-Al2O3, mullite, SiO2 
-> mullite, -y-Al2O3, SiO2 -> pure mullite.

The appearance of an endothermic peak 
about 100-350°C in nitric acid-catalyzed gel is 
due to the evaporation of water, ethanol and 
nitrate as shown in fig. 1. The appearance of the 
exothermic peak at 980°C is due to the formation 
of mullite [7], The endothermic peak around ~ 
100-350°C in ammonium acetate-catalyzed gel is 
similar to that of nitrite acid-catalyzed gel, but 
mullite does not form at 980°C.

5. Conclusions

(1) Mullite powder was prepared at low tem
perature by the sol-gel method using silicon te
traethoxide and aluminum nitrate. The formation 
temperature for pure mullite varies with different 
gelation catalysts. For HNO3 catalysis, the forma
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tion temperature for pure mullite is 980°C. For 
NH3 • H2O catalysis, pure mullite forms at 
1200°C. Also, for CH3COONH3 catalysis, pure 
mullite forms at 1300°C.

(2) The phase transformations vary with gela
tion catalyst. For HNO3, the phase transforma
tion is amorphous -> mullite; for NH3 • H2O, 
amorphous -» spinel mullite; and for CH3 
COONH4, amorphous mullite, 7-, a-alumina, 
SiO2 —> mullite.

(3) In HNO3 catalysis, for mullite powder 
heat-treated at 980°C, the particle size is 0.56 
|xm. The mean particle shape is spherical and the 
particle size distribution is narrow.

(4) For mullite ceramics hot-pressed at 1600°C 
under 25 MPa for 90 min, the density is 3.168 
g/ml, the relative density is 99.6%, and the flexu
ral strength at 1200°C is 280 MPa.
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TeO2 was made by sol-gel processing from tellurium chloride and tellurium isopropoxide precursors. The isopropoxide 
synthesis of the alkoxide was achieved by reaction of sodium isopropoxide with TeCl4. TeO2 powders have been obtained 
with both precursors. Their structures were studied by X-ray diffraction, infra-red transmission, scanning electron 
microscopy and BET porosimetry. Powders made from the inorganic salt were crystalline, with a composition TeO2 0.5H2O, 
while those obtained from the alkoxide were crystalline or X-ray amorphous depending on the hydrolysis water ratio. The 
powder transformation during heat treatment was examined by thermogravimetric analysis and differential thermal analysis 
and the sintering behaviour of TeO2 is presented.

1. Introduction

Tellurium dioxide is an oxide used as a low 
melting sealant [1] with potentially interesting 
conductive and optical properties [2], TeO2 is a 
glass former and glasses may be easily obtained 
by melt-quenching technical grade TeO2 powders 
containing trace amounts of impurities [2-5], 
Glass formation is more controversial in high 
purity TeO2 [2,6].

Sol-gel processing of this material might offer 
an alternate glass formation technique, but it has 
not been investigated. Results of a first study on 
TeO2 synthesized in a liquid medium from pre
cursor metal salt TeCl4 and alkoxide, the iso
propoxide Te(OPr‘)4, are reported here.

2. Experimental procedure

A first synthesis procedure was performed with 
TeCl4 prepared by dissolution of reagent grade 
TeO2 in HC1. A second synthesis procedure was 
carried out with tellurium isopropoxide, Te- 
(‘OC3H7)4. The latter was made according to a 

method derived from one by Mehotra and Mathur 
[7], In a primary step, fresh sodium isopropoxide 
was prepared by reaction of sodium with excess 
isopropanol. A viscous Na(‘OPr) solution forms 
at 80°C and solidifies at room temperature and 
can be dissolved in cyclohexane. Reagent grade 
TeCl4 is separately dissolved in isopropanol. In a 
second step, the TeCl4 solution is added to the 
Na(’OPr) solution, in stoichiometric proportions 
for the reaction

TeCl4 + 4Na('OC3H7) -> Te(iOC3H7)4 + 4NaCl.
(1)

This reaction, carried out by refluxing under ar
gon, is exothermic and needs to be cooled in an 
ice-water bath. NaCl forms as a fine, difficult to 
filter dispersion from the complex tellurium iso
propoxide solution. This solution must be stored 
near 0°C, so as to avoid decomposition and liber
ation of free Te metal.

The hydrolysis of tellurium chloride precursor 
was carried out by slowly adding TeCl4 solution 
to aqueous ammonia. The pH first decreased, 
until it reached about pH 8 where it was stabi
lized by further addition of ammonia. The hydrol

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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ysis of the alkoxide precursor was conducted 
without acid or base catalyst. It can be described, 
overall, by

Te(iOC3H7)4 + 2H2O TeO2 + 4C3H7OH.

(2)

Hydrolysis of the tellurium isopropoxide was con
ducted with excess water, with a molar propor
tion of water per mole of tellurium, rh = 10, and 
under-stoichiometric water proportion with rh <
4.

The material made in excess water was washed 
with distilled water to eliminate the NH4C1 or 
NaCl formed and samples were dried in an oven 
between 90 and 100°C. The chemically bound 
water was measured by thermogravimetry. Sam
ple structure was analyzed by infrared spec
troscopy after drying and by X-ray diffraction (Cu 
Ka Ni filtered radiation) after drying and after 
heat treatments at 250, 400 and 620°C. Their 
pore structure was investigated by BET and SEM. 
Sintering behaviour in air was studied on samples 
obtained from both precursors up to 620°C.

3. Experimental results

TeO2 begins to precipitate at pH 8.8 when 
synthesized from TeCl4. According to thermo- 
gravimetric data, a hydrated oxide with global 
composition TeO20.5H2O is obtained. Most 
chemical water is removed between 150 and 
210°C. However, when synthesized from the 
alkoxide, most water is removed below 100°C.

Infrared data show weak bands corresponding 
to chemical water in samples synthesized from 
TeCl4 after drying at 90°C. These bands disap
pear after heat treatment at 250°C. The remain
ing three main bands (225, 340 and 650 cm1) 
belong to crystalline TeO2. The IR spectrum is 
consistent with crystalline paratellurites for tel
lurium isopropoxide hydrolyzed in excess water. 
Infrared spectra of the isopropoxide sample hy
drolyzed with a low water show broad bands, 
consistent with an amorphous structure and two 
more bands with wavenumbers close to values 
attributable to Si-O. The residual water in the

20 (Cu Ka) 
Fig. 1. X-ray diffraction pattern of TeO2 made from 
Te(‘OPr)4: (a) and (b) in excess water before and after wash

ing; (c) with a low water proportion.

as-dried sample appears as H2O groups, not OH 
groups.

X-ray diffraction patterns of samples synthe
sized from TeCl4 correspond to crystalline 
paratellurite [8]. The same is true with the tel
lurium isopropoxide hydrolyzed in excess water 
(fig. 1(a) and (b)). However, with the tellurium 
isopropoxide hydrolyzed with a low water, an 
X-ray amorphous material is obtained. This ma
terial is mixed with a small proportion of NaCl 
which is difficult to wash without crystallizing the 
sample (fig. 1(c)).

The specific surface area of sample made in 
this study depends on the water proportion used 
for hydrolysis. TeO2 with low specific area (about 
2 m2/g) is obtained from TeCl4 precursors and 
tellurium isopropoxide hydrolyzed in excess wa
ter. A specific area, of the order of 21.5 m2/g, is 
obtained when the isopropoxide is hydrolyzed 
with a low water proportion. The adsorption-de
sorption isotherm in this case shows most pores 
have a diameter between 50 and 300 A, with an 
estimated average pore size of 210 A.

These observations are consistent with those 
of the SEM. Te(‘OPr)4 hydrolyzed in excess wa
ter, for instance, has dense plate-like particles 
with a size of the order of pm, agglomerated into 
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lamellar structures (fig. 2). The isopropoxide hy
drolyzed with a low water proportion, produced 
colloidal particles with a size smaller than 0.1 
p,m, aggregated in fluffly units (fig. 3).

The amorphous material made from the iso
propoxide precursor with low water still shows 
broad X-ray diffraction peaks after heat treat
ment at 250°C (fig. 4). One of these broad peaks, 
labelled ‘g’, is identical to that observed in the 
as-dried sample with 20 position near that of the 
crystalline paratellurite main peaks. Two supple
mentary broad peaks have appeared, compared

Fig. 2. SEM micrographs of powder made from Te('OPr)4 
hydrolyzed in excess water: (a) primary particles; (b) lamellar 

agglomerate.

Fig. 3. SEM micrographs of powder made from Te(‘OPr)4 
hydrolyzed with a low water proportion: (a) colloidal particles;

(b) agglomerate.

with the dried sample. Crystalline paratellurite is 
clearly formed after heat treatment at 400°C. At 
620°C, the material melted and a glass formed 
during cooling. The only observable diffraction 
peak in the glass is broad and identical to the 
diffuse ‘g’ peak of powder from the isopropoxide 
with low water mentioned previously. The main 
difference between the diffraction patterns of the 
glass made at 620°C and the dried sample shown 
in fig. 3 is the presence of a more intense central 
diffusion in the glass.
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Fig. 4. Variation of the X-ray diffraction pattern of TeO2 
made from Te('OPr)4 with a low water proportion, after heat 

treatments at different temperatures.

Differential thermal analysis (DTA) analysis 
showed the X-ray amorphous material from the 
isopropoxide with low water crystallized near 
380°C and melted near 450°C. Other slightly 
exothermic transformations were observed near 
300°C, 320°C and above the melting point near 
610°C; however, they could not be attributed to a 
particular transformation. Upon cooling, solidifi
cation occurred near 520°C. The DTA of crys
talline material from isopropoxide with excess 
water did not show a transformation like the 
crystallization of sample from isopropoxide with 
low water, but rather an exothermic transforma
tion around 520°C. Pellets made from the crys
talline powder obtained with both precursors did 
not densify well during heat treatments up to 
620°C. No linkage developed between the powder 
particles. The addition of 2-3% camphor allowed 
one to partly overcome this problem. Nonetheless 

after 15 h at 620°C, the density reached was still 
only 70.5% of theoretical.

4. Discussion

Tellurium can have coordination numbers 3 or 
4, and oxidation number +6 or +4. The latter 
oxidation number is more frequently observed 
than the former one. It corresponds to paratellu
rite TeO2 which occurred in most samples made 
here. It is possible that the sample from the 
isopropoxide with low water corresponds to a 
random mixture of both forms after drying, hence 
the amorphous aspect. Also, IR data from this 
sample are difficult to attribute to TeO^-. How
ever, some bands may correspond to Si-O bonds. 
These characteristics are absent in the samples 
made from TeCl4, or from the isopropoxide in 
excess water. TeO2 is a very reactive material and 
it is possible that, when synthesized as a colloid 
as in the sample from isopropoxide with low 
water, its reactivity is even higher. It may there
fore have attacked the glassware and liberated 
some silicate to make a small amount of tellurium 
silicate, in a proportion not sufficient to be ob
servable under X-ray, but sufficient to consider
ably lower the melting point.

Because of a 5s2 lone electron pair, Te does 
not take the same perfect tetrahedral configura
tion in paratellurite TeO2 as does Si in SiO2. It 
consists of a triangular bipyramid, with one equa
torial corner occupied by the lone electron pair 
[9]. The Te-O bond is also more ionic than the 
Si-O one. Hence the glass-forming tendency of 
TeO2 is lower than that of SiO2, and is helped by 
ionic additives which make the Te-O bonding 
more covalent. It is known for instance [10] that 
trace proportions of alumina help glass formation 
with TeO2. The formation of glass with our sam
ples, above 620°C, could indeed be attributed to 
reaction with the alumina crucibles used in our 
heat treatment. Similarly the exothermic transfor
mation above the melting point in DTA could be 
attributed to a reaction with the platinum cru
cible.

The difficulty in sintering the present samples 
could be related to oxygen non-stoichiometry re
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suiting from the two possible oxidation numbers 
of Te.

5. Conclusions

In aqueous media processing, an ionic precur
sor such as TeCl4 leads to the formation of a 
crystalline material, in agreement with what oc
curs with many metal salts. The particles ob
served under the SEM are dense and show a well 
defined crystallographic shape. However, X-ray 
diffraction and thermogravimetric data indicate 
this is not a hydroxide, but rather a hydrous 
oxide. The hydrolysis and condensation process 
can therefore be summarized by the global reac
tion
TeCl4 + 4NH4OH -> 4NH4Cl(sol.)

+ TeO20.5H2O +1.5H2O. (3)
The formation of a crystalline oxide from 

Te('OPr)4 in excess water is also not surprising. 
The structure of material obtained with a low 
ratio of hydrolysis water is consistent with that 
often obtained with many cations in such condi
tions. The packing of colloidal particles was tight 
with the material from isopropoxide with low 

water; however, the formation of a true gel might 
be expected when tellurium alkoxide can be ob
tained without residual NaCl and hydrolysis-con
densation can be modified by catalysts.
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Photoconductivity of PbO-doped borosilicate glass prepared 
by the sol-gel process
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Partially crystallized lead borosilicate glasses were prepared from 0.65PbO-0.20B203-0.15Si02 gels. The microstructure 
and photoconductive characteristics of the materials thus obtained were studied. Photoconductive measurements performed 
on films (200-250 p.m thick) indicate an efficiency (1.73) higher than that (1.45) obtained on homologous glass-ceramics 
prepared by melting of oxides at T > 900°C.

1. Introduction

Lead monoxide is well known as a photosensi
tive material with interesting properties in the 
visible and X-ray domains. Because of its high 
photoconductivity and a low dark current, this 
material was used in TV camera tubes, imaging 
electrophotography and electroradiography [1-3],

Lead monoxide is usually formed into thin 
films by vacuum techniques [4,5] or as thick films 
using powder dispersion [3-6], It is difficult to 
obtain large homogeneous areas for desired 
thickness. The oxide glass route can be a simple 
and efficient technique to obtain large and thick 
photoconductive films.

Glasses containing cadmium and lead oxide 
prepared by conventional techniques were inves
tigated by Strickler and Roy [7]. The high vapor 
pressure of lead can induce Pb loss during melt
ing, which leads to a non-stoichiometric material. 
The sol-gel process involves low process temper
atures and results in better homogeneity and 
stoichiometry of the material. This process was 
successfully used to prepare oxide glasses [8,9].

The aim of the present study is the prepara
tion and characterization of PbO doped borosili
cate glasses with composition 0.65PbO- 
0.20B203-0.15Si02 corresponding to the compo
sition for optimal photoconductive characteristics 

[7]. The relationships between microstructure and 
photoconductive properties of these glasses are 
discussed.

2. Experimental

2.1. Glass preparation

Lead borosilicate glasses were prepared by the 
sol-gel process from Pb(CH3COO)2-3H2O, 
B(CH3O)3 and Si(C2H5O)4. The three precur
sors in the molar ratio 0.65, 0.20, 0.15 were dis
solved in dimethylsulfoxide (dilution ratio = 
1/10). They were then simultaneously hydrolyzed 
by adding water to the solution maintained at 
60°C. The quantity of water added corresponded 
to an hydrolysis ratio 4. The solution was then 
stirred for 2 days and a monolithic gel was ob
tained after drying for 1 day at 60°C. The gel was 
heated at 120°C/h to 450°C and held for 4 h.

Powders thus obtained were free of organic 
compounds as determined by chemical analysis. 
The powders were then melted at 600°C and 
quenched at liquid nitrogen temperature or at 
room temperature. Annealing of the room tem
perature quenched sample at 300°C for 3 h was 
performed to homogenize the materials. The glass 
transition temperature measured by DSC was 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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found to be 341°C. All these materials are char
acterized by a yellow color.

2.2. Glass characterization

X-ray diffraction measurements were carried 
out using a Philips PW 1380 diffractometer with 
CuKa radiation. Raman spectra were obtained 
on a Omar 89 Dilor spectrometer coupled with a 
Spectra Physics 164 laser (Ar 514.5 nm).

2.3. Photoconductivity measurements

Lead glass layers of 200-250 |xm in thickness 
were deposited on pyrex substrates coated with a 
transparent electrode (ITO). A gold electrode 
was then sputtered on the surface of the glass 
layers.

Mechanically chopped light was incident 
through the transparent electrode in parallel with 
the applied electric field. The resultant current 
was measured via gold electrode using a picoam
peremeter (Sefelec DM 500 A). The white light 
source was a halogen lamp (Ostra, 100 W).

The samples were loaded in a dark shielded 
box. The two electrodes were short circuited for a 
few minutes between each set of experiments so 
that an equilibrium could be reached and surface 
or polarization charges could be avoided.

3. Results

Lead glass-ceramics obtained by gel melting 
and quenching from 600°C to liquid nitrogen tem
perature or room temperature followed by an
nealing at 300°C exhibit different microstruc
tures.

Liquid nitrogen quenching leads to an amor
phous compound with no observed diffraction 
peak whereas an X-ray spectrum characteristic of 
lead silicate 2PbO-SiO2 is obtained for the room 
temperature quenched and room temperature 
quenched and annealed samples.

The Raman spectra of all the materials are 
very similar to that of borosilicate glasses in the 
frequency domain 500-1000 cm-1 [10], A band at 
710 cm 1 is indicative of B-O-Si bonds, while

Fig. 1. Raman spectra of room temperature quenched (RTQ), 
liquid nitrogen quenched (LNQ) and PbO samples.

one at 830 cm 1 corresponds to B-O-B bonds 
and the Si-O bond gives a band at 900 cm-1. At 
lower frequency, all the Raman spectra present 
two bands at 110 and 148 cm 1 as shown in fig. 1.

The band at 110 cm-1 can be attributed to 
elongation vibrations of Pb-O bonds from Pb- 
O-Si link such as those in binary PbO-SiO2 [11]. 
According to the Raman spectrum of PbO [12], 
the band at 148 cm ’1 can be attributed to vibra
tions of free Pb-O bonds. A significant increase 
of the vibration band at 148 cm-1 is observed in 
the Raman spectrum of liquid nitrogen quenched 
samples compared with that of room temperature 
quenched and room temperature quenched and 
annealed samples. These results indicate the 
presence of an important quantity of PbO crystal
lites dispersed in the liquid nitrogen quenched 
glassy matrix. These crystallites are too small to 
be detected by X-rays. The larger intensity of the 
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vibration band at 110 cm* 1 for the Raman spec
tra of the room temperature quenched sample 
compared with that of the liquid nitrogen 
quenched sample is in agreement with the pres
ence of 2PbO-SiO2 microcrystallites detected 
X-ray diffraction in the room temperature 
quenched matrix.

All glasses present a strong absorption edge 
near 3.65 eV. Lead monoxide exists in the a (gap: 
2 eV) or metastable |3 (gap: 2.6 eV) forms. This 
shift of the absorption edge toward values higher 
than those observed in crystalline materials was 
previously observed in other glasses [13]. The 
screen effect may be due to the small size of the 
PbO microcrystallites and to the glass matrix 
strength. In addition, the ground powder ob
tained from the liquid nitrogen quenched glass 
presents a displacement of the absorption edge at 
3.44 eV. The p —> a phase transition is easily 
induced by mechanical stress [14], The shift of the 
absorption edge of the ground glass can be ex
plained either by a decrease of the glass matrix 
strength or by the phase transformation of PbO 
crystal due to grinding.

The current-voltage (/-K) variation for the 
samples was measured. Linear dependence of 
dark current vs. voltage was observed below a 
threshold voltage, F,, while the dependence be
comes sublinear above Kt. This indicates an ohmic 
contact below Vt and an injecting contact above 
Vt. Vt is about 450, 600 and 400 V for liquid 
nitrogen, room temperature quenched and room 
temperature quenched and annealed samples, re
spectively. The different Vt probably results from 
the thermal treatments which modify the glass/ 
electrode contact.

Figure 2 shows a typical time dependence of 
the photocurrent before (off state) and after 
switching (on state). The decrease of dark current 
with time under a de field may be the result of 
ionic conduction in the lead glass-ceramic due to 
the presence of impurities or the result of elec
trochemical charging of the capacitor formed at 
the electrode/dielectric interface. The dark cur
rent is stabilized after a few minutes.

The shape of the photocurrent depends 
strongly on the applied voltage, the light intensity 
and the nature of the contact electrode/ insulator. 

A switching test consists of inducing structural 
transformation of the glass or formation of an 
intermediate layer between electrode and dielec
tric material. Switching events have easily taken 
place in the glass under electric field effect.

The photocurrent increase and decay vary 
slowly in the ‘off state’, as shown in fig. 3. A slow 
process is observed for lead bismuth silicate 
glasses [7] and is related to the presence of deep 
traps or to the photoabsorption of hydroxyl 
species which were bounded in the framework or 
absorbed at the surface.

The photocurrent response changes in an irre
versible way after a high voltage (800 V or 50 
kV/cm) has been switched on. The glasses are 
then in the ‘on state’ (fig. 2, curves B-D). The 
photocurrent increases rapidly to a peak value 
and begins to increase again versus time. This 
time dependence behavior was observed for BGO 
crystals (Bi12GeO20) [15,16] and for PbO powder 
dispersed in a thick layer [6]. In these two latter 
cases, after a first peak, the photocurrent reaches
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Fig. 3. Voltage dependence of ratio Ip/Id (RTQA is room temperature quenched and annealed).

a steady state or rises again when the applied 
voltage exceeds a critical value.

4. Discussion

The peak photocurrent can be explained by a 
photoelectric effect. The interface electrode/ 
insulator is blocked under illumination. This leads 
to the formation of a space charge region. The 
photogeneration occurs mainly in a region close 
to the front face since other parts of the material 
are not illuminated. The photocarriers go from 
the front face to the back face but the drift 
mobility decreases with increase of space charge 
density. The charge density thus created induces 
an internal polarization voltage which opposes 
the applied voltage. The potential distribution in 
the material was observed in a BGO crystal using 
a polarization microscope [15].

The resulting potential decreases with time 
until equilibrium is reached. The photocurrent 
then reaches a steady state. This behavior was 
observed for PbO composite layers [6], Glass/ITO 
structures show a second increase after the first 
peak (fig. 2, curves B-D). The photocurrent in
creases continuously with time. This observation 

can be explained by an injection effect. When the 
field strength at the electrode reaches a critical 
value, the distortion becomes large enough to 
compensate the potential barrier and the electron 
injection occurs at some points on the electrode. 
The flux of injected electrons induces a continu
ous photocurrent increase.

The decay of photocurrent in the on state is 
larger than that in the off state. The residual 
conductivity is due to thermal release trap. The 
difference (Azd, fig. 2, curve D) between the 
initial dark current and the dark current after 
removal of illumination is linked to the polariza
tion effect. The depolarization current can be 
collected during the short circuit following illumi
nation. The amount of depolarization charge de
pends on the insulator and on the potential con
tact. It is constant for the same structure. This 
explains the fact that the photocurrent peak is 
not observed at certain high voltage (fig. 2, curve 
B).

The voltage dependence of photocurrent is 
similar to that of dark current. Table 1 summa
rizes the value of dark current and photocurrent 
at 21 kV/cm.

The variations of dark current and photocur
rent versus thermal history of the samples are in
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Table 1
Dark and photocurrent of lead doped borosilicate glasses at
21 kV/cm

Sample K Zd (PA) I*  (pA) a) /P/4
LNQ 450 37 65 1.73
RTQ 600 2040 300 0.15
RTQA 400 2940 260 0.09

a) I* is the peak value, i.e., the photocurrent measured 
immediately after illumination.

agreement with glass structures. Low dark cur
rent (pd = 1013 il cm) is observed for the sample 
quenched at liquid nitrogen temperature. The 
microstructure of the liquid nitrogen quenched 
sample consists of microcrystallites of PbO sur
rounded by a glass phase. The higher dark con
ductivity (p = 1011 il cm) of room temperature 
quenched and room temperature quenched and 
annealed samples is probably due to partial re
combination of PbO in a 2PbOSiO2 crystallized 
phase. Annealing of a room temperature 
quenched sample at 300°C increases PbO recom
bination thus dark current increases.

The characteristic ratio /p//d indicates that 
the best efficiency is observed for the liquid nitro
gen quenched sample at 350-400 V (fig. 3) just 
before electron injection occurs.

5. Conclusion

Low dark current and good photoconductivity 
efficiency were obtained for samples prepared by

the sol-gel process. Sharp photoresponse de
pends strongly on the voltage, luminous intensity 
and contact potential. Structures using lead glass 
ceramic of 200-250 gm in thickness and ITO 
transparent electrode exhibit an ohmic contact in 
the dark and a blocking contact in light. Injection 
effects occur when a high electric field is applied. 
A shift of the absorption edge to higher energy is 
observed in the glassy matrix.

References

[1] H.J. Hirsch, J. Photogr. Sei. 25 (1977) 60.
[2] J.E. Ralph and Plummer. Appl. Phys. Lett. 31 (1978) 744.
[3] R. Clasen, J. Photogr. Sei. 28 (1980) 226.
[4] J.C. Schottmiller. J. Appl. Phys. 37 (1966) 3505.
[5] J. Brock and A. Netten. Philips Res. Rep. 25 (1970) 145.
[6] J. Moreau and M. Pham Thi, Rev. Phys. Appl. 25 (1990) 

799.
[7] D.W. Strickler and R. Roy, Mater. Sei. 6 (1971) 200.
[8] E.M. Rabinovich, D.W. Johnson, J.B. MacChesney and 

E.M. Vogel, J. Am. Ceram. Soc. 66 (1983) 683.
[9] Ph. Colomban, Ceram. Int. 15 (1983) 23.

[10] A.S. Tenny and J. Wong, J. Chem. Phys. 56 (1972) 5516.
[11] C.A. Worell and T. Henshall, J. Non. Cryst. Solids 29 

(1978) 283.
[12] RJ. Thibeau and C.W. Brown, J. Electrochem. Soc. 127 

(1980) 1702.
[13] A. Durau and L.R. Jurado, J. Mater. Sei. Lett. 5 (1986) 

925.
[14] C.A. Sorrell, J. Am. Ceram. Soc. 55 (1972) 47.
[15] R. Oberschmidt, Phys. Status Solidi (a)89 (1985) 657.
[16] N. Katsavet, E.L. Leonov, E.B. Shandrin and A.G. 

Shcherborkov, Sov. Phys. Tech. Phys. 29 (1984) 348.



/OUR NAL OF
Journal of Non-Crystalline Solids 147&148 (1992) 579-581
North-Holland NON-CRYSTALLINESOLIDS

The production of small colloidal silver particles in thin SiO2 
sol-gel glass layers
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The main problem in producing concentrated silver colloids (several volume percent) via the reduction of silver salts in 
solution is stabilisation of the colloid. This problem can be avoided in a solid gel-glass matrix. Several methods to produce 
small ( < 100 nm) colloidal silver particles in thin SiO2 sol-gel glass layers were investigated. Silver is added to the sol-gel 
solutions in the form of AgNO3 or AgBF4 salts and is thermally or photochemically reduced in the solidified sol-gel layers 
at temperatures up to 250°C. Introduction of Ce3+ salt effectively influences the development process of the colloid. 
Photo-sensitive processes with Agi in a double layer system containing I and Ag+ ions were also examined. Absorption 
measurements in the UV-VIS at 0° and 60° angles of incidence, s- and p-polarised, are used to characterise the silver 
particles in the layers.

1. Introduction

The sol-gel technique is a good method to 
incorporate a high volume fraction of small metal 
particles into glasses without melting via the re
duction of dissolved metal salts or other metal 
compounds in the solidified gel-glass. Up to now, 
few investigations on silver colloidal particles in 
sol-gel glasses have been reported [1-3]. We 
examined different methods to produce small sil
ver particles in thin SiO2 gel-glass layers. The 
formation of the silver particles gave rise to a 
strong absorption band in the visible light range 
which might be interesting for optical applica
tions.

a polarising filter unit. The samples could be 
rotated relative to the analysing beam. The un
coated glass substrate was used as a reference.

3. Thermal and photochemical reduction

Tempering and UV irradiation of the Ag+- 
doped layers produce absorption spectra which 
are typical of small colloidal silver particles [4]. 
The reduction mechanisms are not known, but 
organic compounds remaining in the gel-glass may 
play an important role. Figure 1 shows that the 
form of the spectra and therefore the parameters 
of the silver colloid can be influenced by pre
treatment.

2. Experimental procedure

Samples were prepared by dip-coating iron 
free glass substrates in the SiO2 sol-gel solution, 
as described in ref. [2]. The silver salts were 
incorporated in the solution using ethanol as a 
solvent.

The absorption measurements were carried out 
on a Perkin-Elmer Lambda 9 spectrometer with

4. The influence of Ce 3 +

Ce(NO3)3 can act as a weak oxidising agent 
and is known to reduce the contrast in photo
graphic negatives. For layers which were doped 
with cerium salt, a similar effect was observed 
during tempering. The overall absorption of the 
layers (fig. 2) decreased with increasing cerium

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved



580 A. Hinsch, A. Zastrow / Production of small colloidal silver particles

wavelength <nm> wavelength <nm>

wavelength <nm>
Fig. 1. Optical absorption spectra of thin (¿7 = 400 nm) SiO2 
gel-glass layers doped with AgBF4 (molar ratio 4.8% Ag+/Si). 
(a) 1, untreated; 2, 0.6 h exposed to xenon lamp (1 kW/m2); 
3, tempered 30 min at 150°C; 4, as 2 and 3. (b) Samples 1-4 

successively tempered for 30 min at 25(f'C.

content while the absorption band became 
sharper, indicating more uniformly shaped parti
cles. In the absorption spectra with p-polarised 
light, a second peak at 360 nm appeared for 
non-normal incidence. This might be explained in 
terms of an effective medium theory, demanding 
mean distances and sizes of the particles much 
smaller than the wavelength of light [5,6].

5. Photographic process with Agl

Silver iodide in the gel-glass layers was pro
duced by diffusion of Ag+ and I- ions. A first

wavelength <nm> 

wavelength <nm>
Fig. 2. Optical absorption spectra of thin SiO2 gel-glass layers 
doped with AgBF4 (molar ratio 4.8% Ag+/Si), and additional 
Ce3+ salt (molar ratio indicated in percent Ce3 + /Si). The 
samples were tempered for 15 min at 250°C. Angle of inci

dence 0°, and 60° with s- and p-polarisation.
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wavelength <nm>

wavelength <nm>
Fig. 3. Optical absorption spectra of a thin SiO2 gel-glass 
double layer system containing Agl, processed via thermal 
diffusion of Ag+ and I- ions from the corresponding layers 
(molar ratio Ag+/I 3:1). The spectra were recorded before

and after irradiation with a xenon lamp for 5 min.

layer containing Ag+ ions was dip-coated on the 
glass substrate and dried at room temperature. 
Then a second layer containing dissolved KI salt 
was added. To accelerate the diffusion process 
initiated thereby, samples were tempered at 150°C 
for 30 min. As fig. 3 shows, the unexposed layers 
had a strong absorption band in the ultraviolet 

region which can be identified as due to colloidal 
silver iodide [7], In the visible part of the spec
trum the layers were transparent.

Exposing the samples to a xenon lamp for 5 
min gave rise to a strong absorption band in the 
visible, which is broader and at longer wave
lengths than in the case of thermally prepared 
silver colloids. To observe this photo-sensitive 
effect, an excess of Ag+ to I of 3:1 was neces
sary.

6. Summary and conclusion

Strong absorbing layers can be produced by 
doping sol-gel glass layers with silver colloidal 
particles. As absorption measurements demon
strated, the parameters of the silver particles 
could be influenced by various means. For fur
ther investigations, it would be promising to test 
the presented double layer system containing sil
ver iodide with respect to photochromic proper
ties.

This work was supported by the Volkswagen 
Foundation.
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Sintering of titania-silica powder compacts 
with a bimodal pore-size distribution
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The sintering of 7.3% TiO2-SiO2 powders that were synthesized by the spontaneous emulsification of metal alkoxides 
was studied. The particles were ~ 130 nm in diameter and consisted of primary particles of 32 nm diameter. The bimodal 
pore size distribution of powder compacts resulted in a two-stage sintering process with the individual particles sintering to 
full density at 1075°C and the interparticle porosity requiring 1200°C for complete removal. By using the compact density at 
the beginning of the interparticle stage of densification, it was determined that the sintering of the glass powders fits 
Scherer’s open pore, viscous sintering model. The viscosities of the TiO2-SiO2 glass derived from the model are in 
reasonable agreement with literature reports for titania-silica glasses.

1. Introduction

Glass powder compacts densify by viscous flow 
at temperatures well below their melting point. 
Scherer [1] modified the MacKenzie-Shuttle- 
worth [2] closed pore densification model to ac
count for open porosity and non-spherical parti
cles in an effort to derive a model more applica
ble to powder compact densification. The primary 
feature of the model is the description of the 
porous body in terms of a cubic array of solid 
intersecting cylinders whose radii are equated to 
the average particle size in the compact. Densifi
cation is related to a reduced time equal to 
K(t — t0), where t is the isothermal densification 
time, t0 is a fictional time when the cylinder 
radius is equal to zero, and

(yA/oiCPs/Po)173» (0

where y is the surface energy, rj is the glass 
viscosity, p0 is the initial compact density, ps is 
the theoretical density, and Zo is the initial cell 
dimension calculated from

^2/4=(Z0-2«)2, (2)

where d is the interparticle pore diameter and a 
is the average particle diameter.

The application of this model to compact den
sification requires the initial pore size of the 
compact, density and particle size. Under isother
mal sintering conditions, the compact density at a 
given time is compared with the theoretical curve 
to obtain reduced time. The relationship between 
reduced time and sintering time is linear if the 
model applies over the entire densification range. 
If linear, a value for K can be determined and 
glass viscosity estimated as a function of sintering 
temperature.

Scherer also derived a viscous densification 
model for compacts with bimodal pore distribu
tions. He predicted the densification of such com
pacts is governed by the large pore size distribu
tion of the compacts [3].

Johnson et al. [4] densified colloidal silica gel 
compacts prepared by the double dispersion 
method. The porous aggregates pack to produce 
large interaggregate porosity and thus a bimodal 
pore size distribution. In this case, rapid initial 
densification was followed by a slower densifica
tion rate. They concluded that densification ki
netics were not described by Scherer’s model due 
to the presence of a large pore size distribution 
and the poor correlation between the actual pore 
geometry and that assumed in the model.

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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In addition to geometric and structural 
changes, several other factors affect sintering be
havior, including atmosphere, residual carbon and 
crystallization. Water vapor can have a direct 
influence on the viscosity and surface tension of 
the glass [5,6] and thus its sintering behavior. If 
gas is entrapped during the closed pore stage of 
densification, its relatively slow diffusivity in the 
glass limits the attainment of full density.

This paper presents the densification behavior 
of porous TiO2-SiO2 particles synthesized by the 
spontaneous emulsification of the metal alkoxides 
[7,8]. Because the particles are porous after syn
thesis, their compacts have a bimodal pore size 
distribution consisting of fine intraparticle pores 
and larger interparticle pores. The densification 
of these compacts is of general interest since 
most gel-derived particles [9] are porous.

2. Experimental procedure

Particles were produced by spontaneous emul
sification of partially hydrolyzed alkoxides as pre
viously described [7]. The TiO2-SiO2 powders 
with 7.3 wt% TiO2 were synthesized by reacting a 
0.944:1.3 :9.0:0.0027 molar ratio of Si(OC2H5)4:- 

H2O : C2H5OH : HCI for 90 min in a closed con
tainer at 25°C before the addition of 0.056 mol 
titanium ¿so-propoxidc. After an additional 120 
min at 25°C, emulsification was induced by adding 
two volumes of 3% NH4OHaq to one volume of 
the above composition. Gelation of the droplets 
results in a 2.7 wt% dispersion of porous TiO2- 
SiO2 particles.

Although compacts can be produced by con
ventional methods from these powders [8] densifi
cation studies were performed on samples pro
duced by colloidal gelation. By drying the col
loidal dispersion, the particles pack to a homoge
neous microstructure with a high packing density. 
The samples were dried under ambient condi
tions. For the sintering studies, all compacts were 
prepared from the same powder, since minor 
variations in the synthesis conditions can influ
ence green body microstructure.

Compacts between 0.2 and 0.4 g were isother- 
mally sintered in a mullite tube furnace. Twenty 
to thirty samples were placed in a platinum boat 
and heated in dry, flowing air at 10°C/min. All 
heating schedules included a 2 h dwell at 900°C 
to allow structural relaxation prior to densifica
tion. Heating rates were resumed at 10°C/min to 
the isothermal sintering temperature. For sinter
ing kinetics, two samples were withdrawn from 

Fig. 1. SEM micrograph of porous particle compact.
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the sample boat after it was briefly removed from 
the hot zone of the tube furnace. Because of the 
thermal mass of the samples and the ceramic 
boat, the relatively short time out of the hot zone 
and corrections for the time out of the hot zone, 
the quoted sintering times are reasonably accu
rate except for sintering times of < 1 min. Each 
density reported is the average of two samples. 
Samples were sintered in air at 1075, 1150, 1200 
and 1250°C. A sintering time of zero is defined as 
the moment the furnace reached the sintering 
temperature.

The bulk density of compacts was determined 
dimensionally, by mercury porosimetry and 
Archimedes’ method. Surface areas were mea
sured by single point BET. Pore size and the 
distribution were measured by mercury porosime
try, and particle sizes were determined from SEM 
and TEM micrographs. The initial skeletal den
sity of the glass particles was measured by helium 
pycnometry.

3. Particle and compact characteristics

The colloidal particles are composed of pri
mary particles 32 nm in diameter [7,8] and have 
an initial skeletal density of 2.06 g/cm3 (theoreti
cal density of the titania-silica glass is 2.2 g/cm3). 
As determined by TEM, no residual gel from the 
synthesis process exists between the particles. The 
average particle size is 130 nm and the powder
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at 1075°C.

surface area is 310 m2/g. The particles have a 
density of 1.3 g/cm3 or ~ 63% of theoretical and 
randomly pack in the colloidal compact to a bulk 
density of 0.90 g/cm3 (~ 44% of theoretical based 
on a skeletal density of 2.06 g/cm3) (fig. 1). For 
later comparison, if the particles were fully dense 
glass and there was no interparticle sintering, 
then the compact would have a density of 1.52 
g/cm3 or 69% of theoretical density. The com
pact has a bimodal pore size distribution with 
modal pore diameters of 6 nm and 50 nm due to 
the intraparticle and interparticle pores, respec
tively.

4. Sintering kinetics

Figure 2 shows that rapid densification occurs 
at > 1200°C, while lower temperature sintering 
appears to occur in two stages as evidenced by 
the slope change in the densification data. The 
kinetics of surface area reduction of the compacts 
at 1075°C are plotted in fig. 3. The loss in surface 
area to ~ 21 m2/g after 100 min corresponds 
approximately to the surface area for dense or 
closed porosity particles. In fig. 2, the compact is 
seen to be ~ 70% dense for this sintering condi
tions. SEM micrographs of samples after sinter
ing for 160 min at 1075°C show no neck forma
tion between the individual particles. The TEM 
micrograph (fig. 4) of particles sintered for 105 
min at 1075°C clearly demonstrates that the parti
cles are dense at this stage. From these data, we

Fig. 2. Compact density as a function of sintering time be
tween 1075 and 1250°C.
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Fig. 4. TEM micrograph of the titania-silica glass particles 
after sintering at 1075°C for 105 min.

conclude that densification at 1075°C can be at
tributed solely to intraparticle sintering. Due to 
the shrinkage of the particles, the pore size distri
bution of the compact becomes distinctly nar
rower and the median pore diameter decreases to 
21 nm.

At 1150°C, the slope change occurs at ~ 75% 
relative density instead of 70% because of inter
particle densification. The slope change is ex
pected because interparticle densification kinetics 
are slower as a result of the larger pore size than 
intraparticle densification. Above 1200°C, no 
densification rate change is obvious due to the 
rapid and complete shrinkage of intraparticle 
porosity during the heating of the compact to the 
sintering temperature. Thus, at these tempera
tures, the intraparticle porosity is removed within 
times too short to measure using individual sam
ples. It is interesting to note that, at these tem
peratures and rapid sintering rates, there was no 
evidence for trapped gases or gas diffusion-limited 
densification of the individual particles. This is 

probably a result of particle dehydration during 
the 2 h isothermal hold at 900°C.

During the second stage of sintering, compact 
densification occurs solely by interparticle pore 
shrinkage. SEM analysis of compacts at 84% den
sity show them to be primarily composed of a 
matrix of fine porosity with a few large (0.1 jim) 
elliptical pores. At this stage, the particles have 
undergone significant necking. As densification 
continues to 96% relative density, fine pores are 
eliminated and the large pores reduced in size, 
but are still irregularly shaped. The larger pores 
may be due to agglomerates formed prior to 
compact gelation. Because of the long sintering 
times at lower temperatures, crystallization pre
vented full densification (i.e., 100%) below 
1200°C, but at higher temperatures, compacts 
were sintered to transparency and densities > 
99.5%.

5. Densification analysis and viscosity determi
nation

Densification kinetics were analyzed with 
Scherer’s open pore model. Reduced time for 
each sintering condition was used to derive the 
relationship for each temperature, as presented 
in fig. 5. As shown above, the interparticle and 
intraparticle densification stages increasingly 
overlap with increasing temperature. However,

100 150 200 250 300
Time (minutes)

1150°C
A A A 

a 1075°C

Fig. 5. Reduced time as a function of time for densification of 
compacts between 1075 and 1250°C.
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after the slope change, densification only occurs 
by interparticle sintering. The linear relation be
tween the reduced time and sintering time at 
1075°C indicates that Scherer’s model is applica
ble for the intraparticle stage of densification. 
Unfortunately, we do not have other data at this 
or lower temperatures and, thus, could not fur
ther analyze the process of intraparticle densifi
cation.

At 1200 and 1250°C, intraparticle densification 
is so rapid that it is complete within the first 10 
min. Thus, the linear relation between reduced 
time and sintering time at 1200 and 1250°C is for 
interparticle densification alone. These results 
imply that densification of the porous particle 
compacts can be modeled as two separate com
pact geometries, correlating to the densification 
of the individual porous particles and the densifi
cation of the compact. Unfortunately, the rapid 
sintering kinetics of the intraparticle porosity and 
the experimental overlap of the two stages at 
higher temperatures complicate the analysis of 
the interparticle porosity with Scherer’s model. 
Clearly, dilatometer experiments would be more 
precise in separating the two sintering stages.

The second densification stage is solely due to 
densification between particles, and, thus, data at 
1200 and 1250°C can be analyzed to derive glass 
viscosity. It is assumed that the initial stage of 
sintering has no effect on the second stage kinet
ics because the particles are completely dense 
after the first stage. The initial physical parame
ters used in the viscosity analysis are as follows: Zo 
is 259 nm and p0 is 75% of theoretical density. 
The surface tension was assumed to be 280 
dyn/cm, the same as silica, since the presence of 
titania in the glass has little influence on the 
surface tension [5].

From the slope, K, the calculated viscosities 
are 2.4 X 1010 Poise at 1200°C and 5.2 X 109 Poise 
at 1250°C. Corning Inc. reports a temperature 
difference of 80-85°C in the viscosity curves be
tween titania-silica and silica glasses over the 
temperature range of 1000 to 1500°C [10], The 
viscosity curve for fused silica differs from our 
calculated viscosities by 55-145°C. Therefore, the 
experimentally derived viscosities are within the 
expected viscosity range of the glass.

Using data for only interparticle densification, 
the activation energy, E, for viscous flow between 
1200 and 1250°C was calculated from
lnr) = ln7]0 + (E/kT). (3)
The activation energy for viscous flow during the 
second stage of sintering is estimated to be 136 
kcal/mol. This correlates well with activation en
ergies between 170 kcal/mol and 122 kcal/mol 
reported by Hetherington et al. [6] for silicas 
produced by various techniques.

6. Conclusions

The densification kinetics of compacts pro
duced by random packing of porous titania-silica 
spherical particles has been characterized. The 
porous particles result in an initial bimodal pore 
size distribution with modal sizes centered at ~ 6 
nm and 50 nm, and consequently two distinct 
regions of densification. The initial stage of sin
tering involves intraparticle densification and the 
second stage is due to the densification of the 
dense particles.

The second stage of densification has been 
analyzed by Scherer’s open pore model for vis
cous sintering. Calculated viscosities ranged from 
2.4 X 1010 Poise at 1200°C to 5.2 X 109 Poise at 
1250°C. These values correlate well with docu
mented values for titania-silica glasses [10]. These 
results clearly demonstrate that porous particle 
sintering can be analyzed with Scherer’s model by 
simply renormalizing the sintering data for the 
onset of the second stage of densification be
tween the dense particles. Our results suggest 
that a reassessment of the densification kinetics 
of double dispersed gels by first eliminating the 
intraparticle sintering stage and then renormaliz
ing the density to take into account the densifica
tion of the aggregates would also result in good 
agreement with the Scherer model.
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Synthesis and characterization of V2O5-SiO2-ZrO2 pigments 
by sol-gel method
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Polymeric gels in the V2O5-SiO2-ZrO2 system were prepared from tetraethylorthosilicate (TEOS), zirconium(IV)-n-pro- 
poxide and vanadium(IV) oxyacetylacetonate, precursors. The effects of prehydrolysis time of TEOS and drying gel method 
on the stabilization of tetragonal zirconia in the silica amorphous matrix, nucleation and growth of the zircon (ZrSiO4) 
phase, and stabilization of the blue and green stains of vanadium zircon were studied. Results provide evidence that long 
time of prehydrolysis and fast drying do not favour zircon crystallization but stabilize the tetragonal zirconia in the 
amorphous matrix.

1. Introduction

The blue and green ceramic stains of the 
V2O5-SiO2-ZrO2 ternary system are widely used 
in industrial processes. The pigment is a zircon 
structure-based solid solution containing vana
dium as dopant [1,2], There is, however, contro
versy about the oxidation state of vanadium ion 
and its localization in the zircon lattice and the 
role of mineralizers [1,2]. One of the main diffi
culties in the preparation of solid solution by 
conventional synthesis is obtaining high degrees 
of reaction. Preparation of V-ZrSiO4 solid solu
tions by sol-gel techniques has been reported 
[1,2], From this experimental research, it must be 
concluded that higher degrees of reactivity at 
lower temperatures have been reached from col
loidal and polymeric gels, so a significant increase 
in the process efficiency was obtained.

Important factors which affect the polymeric 
gel route include the nature of precursors and 
solvent, temperature, catalyst, and alkoxide: water 
and H+ : water molar ratios. We have studied the 
effect of different starting organic materials on 
the polymeric gel method [3], For multicompo
nent systems in which starting organic materials 
are completely different from the point of view of 

hydrolysis and condensation kinetics, as in this 
case, it is important, when trying to reach an 
adequate inorganic network in gel, to engage the 
hydrolysis and condensation process of different 
components by partial hydrolysis of the slowest 
hydrolyzing species prior to addition of other 
alkoxides. This paper reports on the effect of 
partially hydrolyzed TEOS in the preparation of 
ternary system gels an their reactivity.

2. Experimental

Gels with (ZrO2)0 9(SiO2) • (V2O5)005 compo
sition were prepared from tetraethylorthosilicate 
(TEOS), zirconium(IV) propoxide and 
vanadium(IV) oxyacetylacetonate, as described in 
refs. [1,3], In this method, absolute ethanol 
medium was used. 3M HNO3 solution and vana- 
dium(IV) oxyacetylacetonate were added to 
TEOS solution in ethanol, keeping the molar 
ratios TEOS: ethanol = 1:13 and TEOS: H + = 
1:0.05. Water was added as 3M HNO3 (TEOS: 
H2O = l: 08). The mixture was refluxed with 
continuous stirring at 70°C for 2, 15 or 39 h, with 
the aim to reach different prehydrolysis degrees. 
Zirconium (IV) propoxide was added to the pre-

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved



G. Monros et al. / V2O5-SiO 2-ZrO 2 pigments 589

Time (h)

Table 1
IR bands (cm "') detected in gelled samples

0 0.5 1 2 4 6 48

OH 3423, 162 3448, 1659 3445, 1610 3434, 1621 3398, 1614 3392,1571 3390, 1566
Si-O 1065 1063 1062 1014 1016 1010 1013
Si-O“ 944 943 944 - - - -
Si—OSi - - - 787 771 773 773
V-O 1370, 944 1371, 943 1371, 599 1371, 606 1371, 604 1370, 608 1371, 386

380, 338 1433, 662 382, 336 382 383, 340 378, 339
598

Zr-O - - - 408 408, 340 407, 357 -
ZrO8 - - - - 311 660, 310 613,314
NO3" 1370 1371 1371 1371 1371 1370 -
Others 1964 1986 1965 1966

hydrolyzed samples and the mixture was refluxed 
for 24 h with constant stirring. Gels were dried by
(1) leaving them at room temperature (20°C) in 
the open air or (2) by slow drying, covering the 
gel with a plastic film to slow down solvent loss by 
evaporation. The film was drilled with a needle to 
control the speed of evaporation [4], In the sam
ple with 2 h prehydrolysis time of TEOS, aliquots 

of 3 cm3 from mixture solutions were taken and 
left at room temperature in air until gelation.

The xerogels were redried at 70°C/12 h and at 
110°C/48 h. Then, the gels were thermally treated 
at several temperatures between 300 and 900°C 
with 12 h soaking time. Chemical and structural 
evolution of dried gels after thermal treatment 
were followed by X-ray diffraction (XRD) carried 

T (°C) Sample a)

Table 2
Crystalline phases and colour evolution of the samples with firing temperature

2-1 2-2 15-1 15-2 39-1 39-2

300 Ab> A A A A A
b c) b b b b b

500 A A A A A A
b y b y b y

600 A A A A A A
b y b y b y

700 A A A A A A
b y-or b or b or

750 T(m) d) M(m)T(m) T(w) T(m)M(m) T(m) T(m)M(w)
b g b g b g

800 Z(m)M(m) Z(s)M(vw) Z(m)M(m) Z(s)M(vw) Z(m)M(m) Z(m)M(m)
y-g g y-g y-g y-g y-g

900 Z(s) Z(s)C(vw) Z(s)C(vw) Z(s) Z(s) Z(s)
g-bl g-bl g-bl g-bl g-bl g-bl

a) First number is prehydrolysis time and second the drying method.
b) Crystalline phases: Z, zircon; T, tetragonal zirconia; M, monoclinic zirconia; C, cristobalite; A, amorphous.
c) Colour of monoliths; b, black; y, yellow; g. green; bl, blue; or, orange.
d) Peak intensity: vw, very weak; w, weak; m, medium; s, strong.
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out with a Philips X-Ray Diffractometer using 
nickel filtered and Cu Ka radiation and UV-V 
spectroscopy between 200 and 800 nm, to obtain 
information about the evolution of the oxidation 
state and coordination environment of the vana
dium during hydrolysis. Infrared spectroscopy 
(IR) was conducted between 200 and 4000 cm-1 
by the KBr pellet method on gels obtained by 
gelation, of the 3 cm3 aliquots removed from the 
solution during the hydrolysis process in open air. 
Differential thermal analysis (DTA) and thermo- 
gravimetric analysis (TGA) were carried out in a 
Perkin-Elmer spectrophotometer under air pres
sure, using a platinum crucible and a heating rate 
of 20°C/min. Finely powdered alumina was used 
as a reference substance.

3. Results

The IR bands detected in gelled samples for 
different hydrolysis times in the sample with pre
hydrolyzed TEOS of 2 h are given in table 1. In 
fig. 1 the UV-V spectra of samples are shown at 
different times of reaction. The evolution of the 
crystalline phases from gels with increasing tem
perature is given in table 2. The DTA and TG of 

samples with prehydrolysis for 2 h and both dry
ing processes are shown in fig. 3.

4. Discussion

Table 1 indicates times under 2 h of hydrolysis 
treatment (before adding zirconium-n-propoxide) 
and bands by 3470 and 1650 cm-1 which are 
associated with stretching vibrations of OH groups 
and molecular water respectively. Some low in
tensity bands appear which can be assigned to 
V-O bond and NO/ ion from the catalyst (these 
two components had low concentrations in sam
ples). After adding zirconium-n-propoxide to the 
mixture, the 940 cm-1 band was not observed; 
however, a band at 780 cm"1 was detected and it 
can be associated with bending modes of Si-O-Si. 
This fact might indicate the formation of the 
silica gel-network. Bands by 620 and 310 cm"1 
which can be assigned to ZrO8 groups were ob
served in samples after 6 h of reaction.

The changes suffered by vanadium species in 
solution were observed by UV-V spectra. The 
colour of samples changes from green to red. 
After adding zirconium-n-propoxide, the colour 
became yellow then greenish and later changed 
to coffee colour. As can be seen on fig. 1, before 
adding zirconium-n-propoxide the solution 

Fig. 1. UV-V spectra of solution mixture at different times of reaction.
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showed a band at 720 nm. The band at 580 nm 
disappeared after 0.5 h of reaction. This suggests 
that some change of the vanadium chemical envi
ronment takes place, which presumably could in
dicate some polymerization reactions of vana
dium. Finally when zirconium is added (2 h), it 
appears that both original bands shifted to lower 
wavelengths (650 and 560 nm, respectively). After 
4 h from the starting time no bands were ob
served in the visible region above 500 nm, which 
means that vanadium is in the (V) oxidation state 
II]-

As mentioned above, gels obtained with differ
ent prehydrolysed samples for several times were 
dried by two procedures. As we can see in fig. 2, 
gels subjected to a slow drying (drying mode 2) 

are presented in a monolithic, translucent form. 
The gels from a longer prehydrolysis (39 h) be
came more compact, hard monolithic after a sharp 
drying process at 70°C for 12 h and 110°C for 48 
h. Samples dried by method 1, however, were 
disrupted and present a particulate form. In gen
eral, this behaviour is in agreement with the 
method proposed by Zarzycki et al. [4] to obtain 
monolithic gels.

From table 2, the mechanism of formation of 
the solid solution is in agreement with previously 
reported results [1,2]. First, ZrO2(tetragonal) ap
pears; then, a phase transformation to ZrO2(mo- 
noclinic) takes place. In all cases the ZrSiO4 
phase is detected after the transition phase. Simi
larly, according to the literature nucleation and 

Fig. 2. Photographs of gels according to the TEOS prehydrolysis time and drying method.
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growth of the end phase take place in a very 
narrow range of temperatures.

In samples dried by controlled evacuation, we 
observe a higher reactivity because ZrO2(mono- 
clinic) is crystallized at 750°C and the ZrSiO4 end 
phase is completely developed at 800°C. There 
are no significant differences between samples 
with different prehydrolysis times. However, 
longer times seem to show a slower reactivity.

The great stability of the amorphous system ob
served in a previous report [3] is remarkable. In 
gels obtained with prehydrolyzed mixtures of 
TEOS and vanadium(IV) oxyacetylacetonate, and 
dried by method 2, the amorphous samples be
came yellowish, by contrast with the black colour 
presented in samples from gels dried at room 
temperature (mode 1). Blackening of amorphous 
samples from dried gels (mode 1) indicates the 

Fig. 3. DTA and TG curves with 2 h of TEOS prehydrolysis time, (a) Drying mode 1. (b) Drying mode 2.
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samples contained considerable amounts of car
bon from the organic precursor. In a more con
trolled drying (mode 2) in which gel is aged, 
condensation continues, so the amount of organic 
groups in gel network is lower. At 800°C, the 
sample colour is green or yellow-green and 
changes into blue-green colour at 900°C. In this 
sense, no improvements are observed on stabi
lization of blue colour or in the colour intensity 
by varying the prehydrolysis time of TEOS.

The results obtained by DTA an TG analysis 
confirm the reaction mechanism proposed above. 
In fig. 3, one endothermic and three exothermic 
peaks are observed, and they can be associated to 
loss of entrapped solvent, oxidation of organics, 
crystallization of ZrO ¿(tetragonal) and formation 
of ZrSiO4 end phase (blue and green), respec
tively.

5. Conclusions

(1) Translucent polymeric gels in the V2O5- 
SiO2-ZrO2 multicomponent system can be pre

pared by sol-gel processes from prehydrolyzed 
TEOS and vanadium(IV) oxyacetilacetonate mix
tures in ethanol, followed by addition of zirco- 
nium(I V )-n-propoxide.

(2) Gels dried by a slow method lead to strong, 
hard and monolithic gels, and favour the ZrSiO4 
crystallization. Gels dried by a fast method yield 
particulate gels and tetragonal zirconia composite 
which seem to be more thermally stable.

(3) The reactivity of the gels to obtain ceramic 
pigments is no different for the several prehydrol
ysis times for TEOS. However, long times seem 
to decrease the degree of reaction.
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Preparation and processing of metal-ceramic composite materials
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The preparation of nanometer-sized Ni particles in a SiO2 matrix by a three-step procedure is reported. In the first step, 
metal-organic Ni compounds are dissolved in water and reacted with the ethylenediamine derivative 
H2NCH2CH2NH(CH2)3Si(OEt)3 (Et =-CH2CH3). During this reaction, ammonia-catalysed hydrolysis and condensation 
of the alkoxy groups take place. After the removal of the solvent, the resulting gel is dried and pyrolysed under oxidation 
conditions in the second step. The last step involves the reduction of the NiO/SiO2 composite material in pure hydrogen. 
The as-prepared product contains homogeneously dispersed Ni particles in the SiO2 matrix. Depending on the metal 
loading, the oxidation and reduction conditions, and on the further heat treatment the particle size distribution can be 
varied in a wide range.

1. Introduction

Growing interest in composite materials can 
be observed because it is likely that the combina
tion of the advantages of the single components 
leads to novel and interesting applications. The 
development of ‘ductile’ ceramics or self-lubricat
ing high-temperature materials seems to be possi
ble. Nanometer-sized metal particles in a ceramic 
matrix are already applied as catalysts [1] and 
recent investigations by Nimtz and Marquardt 
and co-workers [2,3] show unexpected electronic 
properties. They observed that the conductivity of 
discrete metal particles is size-dependent. With 
decreasing metal particle size, the conductivity of 
the composite decreases as well. This phe
nomenon is known as the SIMIT (size induced 
metal insulator transition).

One possible way to realise ultrafine metal 
particles in an insulating ceramic matrix is the 
sol-gel route. The use of bifunctional ligands 
offers the possibility to complex the metal compo
nent and to build up an inorganic network. Thus, 
a homogeneous distribution and a fixation of the 

metal complex in the matrix material is possible. 
As shown in fig. 1, amino-modified alkoxysilanes 
of the type X(CH2)3Si(OEt)3 (X = -NH2, 
-NHCH2CH2NH2) are suitable ligands.

The formation of an inorganic network pro
ceeds via hydrolysis and condensation of the 
alkoxy groups of both the bidentate ligand and 
the tetra-alkoxysilane. So it is possible to control 
the metal loading in the resulting composite by 
the amount of Si(OR)4 added to the reaction 
mixture [4], Without Si(OR)4, the maximum metal 
content is obtainable. A great variety of transition 
metals can be used for this preparation method
[4] if they form stable complexes with the biden
tate ligands. In this paper we report details on 
the preparation and the characterisation of 
Ni/SiO2 composites.

2. Experimental

To an aqueous solution of Ni(II) acetate, an 
equivalent amount of H2NCH2CH2NH(CH2)3Si- 
(OEt)3 was added and stirred during 2 h. After 

0022-3093/92/505.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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the addition of the calculated amount of 0.2N 
ammonia that corresponds to a 7.5-fold excess of 
water (relative to the amount of water necessary 
to hydrolyse all Si-OEt groups), the reaction 
mixture is heated to 65°C for 75 h in a closed 
vessel. Then the solvent is removed at 65°C under 
reduced pressure and the resulting gel is dried at 
45°C in vacuo to remove adsorbed water and 
alcohol.

The as-prepared polycondensate is placed in a 
horizontal quartz tube and heated in a tube oven 
at 525°C for 2 h in pure oxygen (gas stream of 200 
ml/min). Elemental analysis of the material ob
tained shows only traces of residual carbon and 
nitrogen.

The NiO/SiO2 composite is typically reduced 
at 500°C for 2 h in pure hydrogen. The resulting 
material contains 49.4 wt% Ni as determined by 
atomic emission spectroscopy (AES).

The preparation scheme is given in fig. 2.

3. Results

Ni/SiO2 composites prepared by the given 
procedure exhibit a very homogeneous distribu
tion of the metal component in the matrix mate
rial. Figure 3 shows a scanning electron (SEM) 
micrograph of an edge of fraction of a Ni/SiO2 
platelet prepared by hot pressing. The Ni parti
cles can be recognized as the white balls enclosed 
in the grey SiO2 matrix. The particles are well 
separated from each other and their diameters 
are very small.

Average Ni particle size was also obtained by 
X-ray diffractometry (XRD) measurements. The 
crystallite size was estimated by the Scherrer 
method using the broadness of the reflection 
peaks. The results are as summarized in fig. 4.

Elevated sintering temperatures lead to larger 
Ni particles, but the critical particle size of 1 |xm 
above which no SIMIT effect occurs is never 
reached. The hot-pressed sample (1200°C for 15 
min at 750 MPa) exhibits an average Ni particle 
size of about 60 nm.

Further attention was directed to the phase 
formation in the Ni/SiO2 system. Cold-pressed 
bars were sintered at different temperatures in

ML + X^/\Si(0R)3+ Si(0R)4

n(MxOy) - mSiO2

h2/t

nM • mSiO2

Fig. 1. Preparation scheme of metal/ceramic composites 
(M = metal atom; L = metal ligand; X = amino function of 
the bidentate ligand; OR = alkoxy group; n, m = molar ratio 
factors; x, y = stoichiometric indices; elevated temperature).

nitrogen for 2 h each. At a temperature of 1000°C, 
only Ni can be detected as a crystalline phase. 
Elevation of the temperature above 1100°C leads

Table 1
Densification methods and resulting densities

Composition Preparation conditions Density
(%of 
theoretical 
density)

Ni 
content 
(vol.%)

NiSiO2 Cold isostatic pressing 
at 750 MPa, pressureless 
sintering at 1100°C/2 h

74.8 ±1 15.1

NiSiO2
•0.4B2O3 Cold isostatic pressing 

at 750 MPa, pressureless 
sintering at 1100°C/2 h

92.4 ±2 12.9

Ni-SiO2 Hot pressing at 30 MPa/
1200°C/15 min

98 20
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Fig. 2. Preparation scheme of Ni/SiO2 powders.

Fig. 3. SEM micrograph of a Ni/SiO2 composite, prepared by 
hot pressing at 1200°C for 2 h with 750 MPa (scale bar 3 |im).

to the crystallisation of the matrix material (cris
tobalite). Figure 5 shows the XRD plots of the 
samples.

The densification behaviour of cold isostati- 
cally pressed samples of a Ni/SiO2 composite, 
which contains 20 vol% Ni, is shown in fig. 6. The 
highest densification rate occurs between 956 and 
1256°C.

Pressureless sintering of Ni/SiO2 composites 
under optimised conditions (750 MPa, 1100°C, 2 
h, N2) leads to only 74.8% of the theoretical 
density. Addition of 20 wt% B2O3 improves the 
sintering behaviour but also causes reduction of 
the Ni loading to about 13 vol%. Sintering is
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Fig. 4. Average Ni particle size as a function of the sintering 
temperature determined by XRD measurements (sintered in 

N2 for 2 h).

0 10 20 30 40 50 60 70 80
2 e (degree)
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M I

Ni
Ni

1 400 °C
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---  1 200 °C
1

. . _________ 1 100 °C

1 1 1 000 °C

7 ' ’
L¡i

I ■ ■__ 525 °C
1

Fig. 5. XRD plots of cold-pressed Ni/SiO2 composites sin
tered at different temperatures.

faster and the final density of the sintered body is 
92.4% of the theoretical value. Preliminary exper
iments show that higher densities (about 98%) 
can be reached by hot pressing at 1200°C under 
N2 atmosphere with 30 MPa for 15 min. The 
preparation conditions and the resulting densities 
are summarised in table 1.

4. Conclusions

A composite containing uniform, nanometer
sized Ni particles dispersed in an insulating SiO2 
matrix was prepared by a three-step procedure. 
In the first step, metal-organic Ni compounds 
and an ethylene diamine derivative H2NCH2- 
CH2NH(CH2)3Si(OEt)3 (Et = -CH2CH3) are 
processed by the sol-gel method. In the second 
step, all organic ligands and compounds are py
rolysed under oxidation conditions. The resulting 
product consists of pure metal oxide particles in a 
SiO2 matrix. The final step involves the reduction 
of the NiO/SiO2 composite in pure hydrogen, 
which leads to homogeneously distributed Ni par
ticles in the SiO2 matrix. By addition of different 
amounts of Si(OR)4 in step one, the metal load
ing of the composite can be varied in a wide 
range. The average particle size depends on the 
oxidation and reduction conditions and on the 
sintering temperature of the composite material. 
The maximum density of the composite attained 
so far is 98% of the theoretical density

Fig. 6. Densification behaviour of a cold pressed Ni/SiO2 
composite.
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Ultrafine alumina powders were synthesized through a combined sol-gel and emulsion technique. Optimal synthesis 
conditions were derived from various physico-chemical characterizations of resulting powders.

1. Introduction (w/o) emulsion), where a gelation process occurs
in aqueous droplets [1]. In this procedure,

Fine ceramic powders may be producted with cation-containing aqueous sols, dispersed and sta- 
success in reverse emulsion systems (water-in-oil bilized in an organic solvent, may be transformed

Table 1
Flowchart of the experimental procedure

Aqueous sol (W) Organic solvent (O)
+ surfactant (S)

Ultrasonicate
1

NH3 gas, bubbling
4

Water removal
hot drying
or Dean-Stark apparatus
or addition of 50 ml 2-butanol
1

Filtration
i

Wash
NH4OH or
NH3(g)/C2H5OH then
C2H5OH then
organic solvent (O)
4

Dry
drying under vacuum
4

Calcination /air
550 ° C, 700 ° C, 900 ° C, 1100 ° C, 1200 ° C

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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into solid particles by (according to ref. [1]): (1) 
emulsion plus trigger (heat or light), (2) mixing of 
two emulsions containing respective reactants, or 
(3) emulsion plus a second reactant (organic base, 
reacting gas, organic reactant). This paper de
scribes the above-mentioned procedure, using 
method (3), to produce ultrafine alumina pow
ders. A further paper will detail more precisely 
the fundamentals of this methodology

2. Experimental

The preparation method, described in table 1, 
was inspired by ref. [2]. 1.05 gram of A1(NO3)3 • 
9H2O was first dissolved in 2 ml of distilled 
water, heated and stirred at 90°C for a few min
utes. In the same time, a non-ionic surfactant and 
200 ml of an organic solvent were mixed and 
ultrasonically agitated. Dropwise addition of the 
A1(NO3)3 sol to the oil produced very small aque
ous droplets. After 8 min, NH3 gas was bubbled 
through the suspension using a gas diffuser for 5 
min. Ultrasonication was maintained during all 
the process.

In order to eliminate water from the suspen
sion of gelled droplets, various methods were 
tested: (a) the addition of 50 ml of 2-butanol (to 
break the emulsion); (b) a water distillation in a 
Dean-Stark apparatus [2-5]; (c) a hot drying 
process [6,7], which consists in a dropwise addi
tion of the emulsion in a heated oil bath. Solid 
particles were recovered by filtration followed by 
rinsing (first with an aqueous or alcoholic ammo
nia solution [8], and second by the operating 
organic solvent). Drying under primary vacuum 
and calcination in a box furnace at increasing 
temperatures were further applied to obtain alu
mina powders.

A1(NO3)3 • 9H2O salt *,  organic solvents ** 
(xylene, heptane, hexane, decane, dodecane), 2- 
butanol ** and surfactants ** (Tween 80, Span 
20, 40, 80 and 85) were certified pure reagent 
grade.

* E. Merck, Darmstadt, Germany.
* * Fluka Chemie AG, Germany.

The as-prepared solids were characterized by 
XRD (Siemens D5000 diffractometer equipped 
with a monochromator and a Cu X-ray tube). 
Scherrer equation was used to determine the size 
of individual crystallites. Optical microscopy 
(Olympus BH2) and SEM (JEOL T3304) were 
devoted to the observation of the morphology of 
aqueous droplets (prior and after NH3 bubbling), 
and to the observation of the calcined particles. 
Laser Raman Spectroscopy (LRS) was performed 
with a Jobin-Yvon Raman microprobe, which 
allows particle by particle analysis. The 488 nm 
line of a Lexel Ar+ ion laser was used for excita
tion with a power at the samples less than 10 
mW. The wavenumber accuracy was 2 cm 2. IR 
spectra were obtained with a Nicolet 510 FTIR. 
Both spectroscopies were operated in order to 
obtain a better insight into the different steps 
involved in the synthetic procedure. XPS was 
applied on washed and non-washed samples with 
a Kratos AEI ES 200B spectrometer equipped 
with an Al X-ray source working at 300 W.

3. Results

Tween 80 (polyoxyethylene sorbitan monoole
ate), whose HLB value (hydrophylic-lipophilic 
balance) is equal to 15, appears to be not satisfac
tory in our study (whereas it was in ref. [2])

Fig. 1. SEM micrograph of an alumina powder calcined at 
550°C and obtained from the xylene-Span 80 system.
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Fig. 2. SEM micrographs of an alumina powder calcined at 550 ° C and obtained from the xylene-Span 40 systems.

because of macro-aggregation problems. Powders 
so-obtained do not have good flow properties. 
Further, calcination of these powders produces 
intense black fumes. On the contrary, many oil—

Span combinations give easy to handle and dry 
powders constituted of spherical micrometre-size 
particles (fig. 1). SEM observation demonstrates 
that powders obtained with Span 20 (sorbitan

Fig. 3. Optical micrograph of aqueous droplets formed in the xylene-Span 80 system 6 min after addition of the aqueous sol.
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Table 2
BET surface areas of non-calcined powders obtained from the 
xylene-Span 80 system

Water removal BET surface area
mode (m2 g ')

Addition of 2-butanol
no NH3 wash 5
NH3 wash 204

Hot-drying
no NH3 wash
Tm = 160°C 13
Thd = 220°C 54

NH3 wash
7’hd = 160°C 220
7hd = 220°C 272

Fig. 4. SEM micrograph of a non-washed alumina powder, 
calcined at 55O°C.

monolaurate, HLB = 8.6) and Span 80 (sorbitan 
monooleate, HLB = 4.3) have the best mi
crostructural characteristics. Electron microscopy 
also indicates that oil phases may be chosen in 
the aromatic family as well as in the aliphatic 
family.

If the overall morphology of powders is rea
sonably good, careful observation of SEM micro-

graphs sometimes reveals certain defects: (1) the 
presence of some sort of peeling on the surface of 
particles (fig. 2); (2) the presence of agglomerates 
(fig. 1). Optical microscopy (fig. 3) shows that in 
the course of the dispersion of the sol (before 
gelation), small aggregates, principally consti
tuted around larger droplets, are forming.

Table 3
Chemical analysis and XRD measurements of alumina powders obtained from the xylene-Span 80 system

No washing Washing

Chemical composition (wt%) d)
Al a> 2.6 41.1
C 6.1 0.5
N 31.7 2.0

SBET (m? 8
non-calcined 5 204
600°C - 125
Crystallite size b) (A)
non-calcined 2000 50

Crystalline state (crystallite size) c)
non-calcined amorphous amorphous
500°C amorphous amorphous
900°C - p.c. -y-AljOj (42,2 A)
1100°C - 7-Al2O3 (41,2 Â)

1200°C - a-Al2O3 (540,7 Â)

a) This percentage is equal to 45 in case of an oxide hydroxide Al (boehmite or diaspore), 35 in case of a trihydroxide Al (gibbsite
or bayerite) and 26 in case of corundum.

b| Evaluated from BET, assuming a spherical shape for individual crystallites.
c) Evaluated from Scherrer equation.
d) Non-calcined powders.
p.c.: poorly crystallized.
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v(cm'l)

Fig. 5. IR spectra (400-4000 cm-1) of a washed sample from 
the xylene-Span 80 system, as a function of the calcination 

temperature.

Scanning electron microscopy indicates that 
irregular particles are mainly obtained when a 
Dean-Stark distillation is applied for elimination 
of residual water. The addition of alcohol is not 
always efficient depending on the nature of the 
organic liquid. Hot-drying efficiency is shown to 
be maximum with kerosene heated at 230°C as 
an evaporating medium (table 2).

To avoid drawbacks resulting from the washing 
with water (i.e., the formation of hard agglomer
ates - see ref. [10]), an alcoholic ammonia solu
tion was prepared by bubbling NH3 gas into 

ethanol. According to SEM observations, the 
number and the size of agglomerates is reduced. 
SEM (fig. 4) and BET surface measurements 
(tables 2 and 3) indicate clearly that the washing 
step reduces the formation of agglomerates and 
tends to give high specific areas (of the order of 
200-300 m2 g“1).

Chemical analysis (table 2) also demonstrates 
that the washing step has a crucial impact on the 
compositional state of the resulting powders. If 
non-calcined washed solids have compositions in
termediate between those of oxide hydroxide Al 
species and trihydroxide Al ones, non-washed 
solids exhibit much lower Al levels. An analysis 
by XPS of two solids prepared in identical condi
tions except washing revealed that non-washed 
solids contain much more superficial nitrogen 
(n^/nA! = 0.44) than washed solids (zi N/zz A, = 
0.05), and that this nitrogen is always present 
under a nitrate form (binding energy of the Nls 
peak = 407.5 eV). Further, SEM tends to prove 
that washed samples contain more regular parti
cles (spherical), but that these particles are a 
little bit larger (micrometre-sized).

Fig. 6. IR spectra (400-4000 cm ') of a non-washed sample 
from the xylene-Span 80 system, as a function of the calcina

tion temperature.
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For washed samples, very intense bands rela
tive to intermolecular C-H bonds (3450 and 1635 
cm-1) and Al-O bonds (620-750 cm-1) domi
nate the IR spectra (fig. 5). Bands due to ionic 
nitrate (820 and 1385 cm-1) are considerably 
more intense for non-washed samples (fig. 6). 
Numerous bands relative to the organic solvent 
(1075 and 1515 cm-1 for aromatics, ...) and to 
the surfactant (1000-1100 cm-1 for C-OH bond, 
1260 cm-1 for O-H bond, 1760 cm-1 for ester 
functions, ...) are present for both types of 
sample.

Contrary to the Raman spectra of washed 
solids which do not display any particular line, 
the grain to grain analysis by LRS of nonwashed 
samples (fig. 7) reveals a line at 1052 cm-1. This 
line may be correlated to NO/ and/or to crys
talline boehmite [11], Moreover, an intense line 
at 1070 cm-1 also appears on the low wavenum
ber side of the broad band currently observed at 
1100 cm-1 on the spectra of y-Al2O3 [12]. This 

former line could be correlated to another hy
droxide of aluminium (i.e., the bayerite), although 
XRD spectra do not reveal the presence of such 
species. Note also that some grains do not give 
any signal in our experimental conditions, proba
bly because of their amorphous character. These 
discrepancies between grains disappear when the 
samples are calcined at 550°C.

Nitrate groups are found to be removed under 
a thermal treatment above 150°C, as demon
strated by IR spectroscopy (figs. 5 and 6). Laser 
Raman spectroscopy (fig. 7) gives evidence of the 
transformation of non-washed precursors into y- 
A12O3 particles, seeing that the broad bands at 
1100 cm-1 and 560 cm-1 only remain at 550°C. 
Spectra of the washed samples stay totally non- 
informative. X-ray diffraction (fig. 8) indicates 
that both types of solid (washed and non-washed) 
are totally amorphous until 900°C, a temperature 
at which a poorly crystallized y-Al2O3 form can 
be observed. At 1200°C, corundum (a-Al2O3)

Fig. 7. LRS spectra of a non-washed alumina powder obtained from the xylene-Span 80 system as a function of the calcination 
temperature. The plasma lines of the laser are indicated by ‘p’
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Fig. 8. XRD spectra of an alumina powder obtained from the 
xylene-Span 80 system as a function of the calcination tem

perature.

finally appears. The Scherrer analysis [13] indi
cates that powders are comprised of ultrafine 40 
A particles (table 3). From 1100 to 1200°C, the 
particle size increases significantly.

4. Discussion

The choice of the surfactant is known to de
pend on the value of the HLB number and the 
composition of the suspension. When using sur
factants with a HLB value larger than ten (i.e., 
Tween 80), particles are shown to closely adhere 
together after the drying step under vacuum. It 
could be due to the presence of a high level of 
organic residues. This observation is in accord 
with previous studies [6] describing emulsifying 
agents with HLB values inferior to ten (and pref
erentially around seven) as being the best for 
production of stable w/o emulsions.

In our conditions, ultrasonication seems to be 
unable to disperse the large droplets which ap
pear at the beginning of the dispersion process 
(before the addition of NH3). The attraction of 
small aqueous droplets around larger ones could 
result from superficial tension phenomena. In
deed, the adsorption of small droplets on their 
surface may induce a decrease of the superficial 
forces.

Hot-drying, which is clearly the most adapted 
way to dehydrate the gel, needs the use of a high 
melting point compound [6,7]. The high tempera
ture achieved with kerosene when boiling this 
solvent may easily explain the good efficiency of 
this process comparative to the other methods. 
An optimal temperature range for the boiling 
bath still has to be searched for because of the 
occasional appearance of some peeling on the 
surface of particles ‘hot-dried’ at elevated tem
perature (i.e., > 200°C). The washing procedure, 
whose necessity was demonstrated here, aims first 
at drastically reducing the level of nitrates, which 
are electrostatically adsorbed [9] onto the crystal
lites. Its second purpose, achieved through the 
washing step with the operating organic solvent 
(consecutive to the washing with NH3/ethanol), 
is to lower superficial tension phenomena in the 
course of the drying procedure, so to preserve 
textural properties of the final powders. The 
washing procedure, such as it was operated in 
this study, appears to be a viable route. The large 
quantity of organic and mineral nitrogen-contain
ing groups present in non-washed samples no
tably illustrates this point.

The occurrence of bayerite in non-washed 
samples, as other hydroxides whose formation is 
deduced from LRS, could be correlated with the 
known evolution of boehmite gels, once they are 
submitted to an aging at a temperature close to 
40°C (ultrasonication elevates the temperature of 
the reaction medium around 35°C). However, one 
cannot neglect that this partial transformation 
may also be caused by the heating effect of the 
laser beam. It is assumed that the significant 
increase of the size of the crystallites between 
1100 and 1200°C results from solid phase diffu
sion phenomena occuring commonly in alumina 
at this temperature range (Tamman temperature 
of alumina is close to 1260°C).
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5. Conclusions

The system described is satisfactory for pro
duction of micrometre-sized alumina powders, if 
the removal of water from the precipitation 
medium and the washing procedure are carefully 
carried out. The nature of the surfactant is of 
primary importance, because it conditions the 
character of the emulsion (w/o or o/w) and its 
stability. Agglomerates found in final powders 
could partly arise from the sticking of sol micro
droplets during the dispersion process. Washing 
procedure is also primordial, since it acts on both 
the morphology and the size of final particles, by 
making them more regular (spherical) but a little 
bit larger (micrometre-sized). Raman spec
troscopy shows, contrary to XRD, that in the 
non-washed solids a bayerite form would appear 
before 550 ° C.
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A radial gradient-index (r-GRIN) glass rod of about 13.5 mm in diameter having a parabolic index profile with the 
maximum index change of 0.055 has been prepared by the sol-gel process. A gel of about 35 mm in diameter and 50 mm in 
length was formed from TMOS, TEOS, boron ethoxide, and aqueous lead acetate. After aging for 5 days at room 
temperature, the gel was subjected to stepwise replacement of the liquid in the micropores by a mixed solution of 
iso-propanol and acetone. The gel was then immersed in an ethanolic solution of potassium acetate for 16 h to form the 
concentration gradient of lead and potassium ions. The gel, once soaked in a bath of acetone to temporarily fix the 
concentration profile of the ions, was again immersed in an ethanolic solution of potassium acetate for 2 h to modify the 
profile of the ions near the edge of the cylindrical gel. The refractive index profile of the glass rods obtained by drying and 
densifying the gel was parabolic in the range from the central axis to 80% of the radius, with the highest value of 1.65 at the 
center.

1. Introduction

As one of the applications of sol-gel process
ing to the formation of special glasses whose 
quality is expected to be superior to those by 
conventional processing, the authors have been 
studying the preparation of radial gradient index 
(r-GRIN) glass rods in which refractive index 
changes in the radial direction in the manner 
given by eqs. (1) or (2):
n(r) = n0 + n3r2 + n2r4 + n3r6 + ■ ■ ■ (1)
[n(r)]2 = ng[l - (gr)2 + h4(gr)4

+ ht(gr)6 + ■■■], (2)

where n0 is the refractive index at the axis of the 
rod, r is the radial distance from the axis, and nx, 
n2, n3, or g, h4, h6 are constants [1].

The application of the sol-gel process to the 
preparation of r-GRIN rods with large diameter 
and large An, i.e., the large change in refractive 
index from center towards the edge, is particu
larly effective. One can hardly produce such ma
terials by the ion-exchange technique, the most 
common technique of r-GRIN manufacture [2,3], 

due to the low diffusion coefficients of index
modifying cations in a solid glass [4]. In addition, 
r-GRIN rods with low chromatic aberration are 
obtainable by the sol-gel process where the con
trol of the concentration profiles of both single- 
and multi-valent cations is possible, whereas it is 
virtually impossible by the ion-exchange tech
nique [5].

The r-GRIN lens of large size with large dif
ference in refractive index between center and 
edge but low chromatic aberration, providing 
many advantages over a homogeneous lens, is 
awaited by optical designers [6-9].

On the basis of this background, investigations 
have been carried out on the PbO-K2O-B2O3- 
SiO2 system using aqueous metal salt solutions as 
the source of index-modifying cations [10-13].

The use of aqueous metal salt solutions as the 
source of index-modifying cations is advantageous 
over the method using metal alkoxides as dopant 
[14-16] because: (a) there is no problem of inho
mogeneous precipitation due to the large differ
ence in the rate of hydrolysis among the alkoxides 
employed; (b) large amounts of index-modifying 
cations can be introduced without using so much 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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organic solvent, which enables the preparation of 
rods with large An; and (c) interdiffusion be
tween cations of different valences is possible in 
the liquid phase which is filling the micropores of 
a wet gel, thus enabling the preparation of rods 
of low chromatic aberration as well as the elimi
nation of gradients in thermal properties in the 
radial direction.

By taking special care to utilize these advan
tages, the authors succeeded in preparing r-GRIN 
rods of about 13.5 mm in diameter and 20 mm in 
length having nearly parabolic profile of refrac
tive index with An = 0.05 [12,13], The primary 
points in the process were: (a) selection of raw 
materials; (b) control of the gelling time of pre
cursor solutions to avoid trapping of bubbles; (c) 
reduction of migration of index-modifying cations 
upon the removal of solvent; and (d) fixing of 
compositional profile of index-modifying cations 
to obtain the refractive index profile given by eq. 
(1).

Results of further study of the improvement of 
the profile of refractive index to attain that given 
by eq. (1) are shown along with a brief descrip
tion of relevant technologies.

2. Experiment

2.1. Gel preparation and pre-treatment

A wet gel of about 35 mm in diameter and 50 
mm in length with the composition corresponding 
to the glass of 26PbO-7B2O3-67SiO2 (mol%) 
was formed in a polypropylene vial from a pre
cursor solution containing tetramethylorthosili
cate (TMOS), tetraethylorthosilicate (TEOS), 
boron triethoxide, aqueous lead acetate solution, 
aqueous HC1 solution and acetic acid, as previ
ously reported [12,14], This process is shown in 
fig. 1.

The use of both TMOS and TEOS as the 
sources for SiO2 was necessary to obtain a gel 
with moderate rigidity and stiffness. A sol from 
TMOS alone gelled too quickly, and TEOS alone 
did not give a rigid gel with proper pore size 
distribution to avoid a crack generation during 
drying. The role of acetic acid was to buffer the

aging
Hydrolysis 

polycondensation gelation

Fig. 1. Flow of the preparation of r-GRIN rods by the sol-gel 
process using lead acetate as the source of index-modifying 

cation.

sol to give a proper gelling time to eliminate the 
inclusion of bubbles in the process of casting.

The gel, subjected to aging for 5 days at 30°C 
to enhance strength, was soaked in a solution of 
isopropanol-water system containing a similar 
concentration of lead acetate to that of the liquid 
in the micropores of the gel (step 1) to extract 
acetic acid which, if it remains, brings about 
undesirable surface crystallization of lead acetate 
in subsequent treatments.

Next, the gel was successively soaked in baths 
of the isopropanol-acetone system of various 
compositions (step 2), to totally replace the liquid 
in micropores with acetone and to precipitate 
microcrystallites of lead acetate on the micropore 
wall of the gel. The volume of the solvent in the 
respective baths was 120 ml each, three times the 
volume of the liquid filling the micropores of the 
gel. This step facilitates the precipitation of mi
crocrystallites of lead acetate which was essential 
in order to control the refractive index profile.

2.2. Formation of concentrational gradient of lead

A wet gel containing microcrystallites of lead 
acetate on its micropore wall was soaked in a 150 
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ml bath of 0.61 mol/1 ethanolic solution of potas
sium acetate at 30°C for 8 or 16 h (step 3), to 
allow the re-dissolution of the microcrystallites 
and the interdiffusion of lead ions with potassium 
ions. The introduction of potassium in the system 
was to compensate the decrease in thermal ex
pansion coefficient from center toward periphery 
due to the reduction in the concentration of lead. 
The concentration of 0.61 mol/1, which is similar 
to that of lead acetate in the liquid phase filling 
the micropores of the gel, was chosen assuming 
that the process was diffusion-controlled and that 
the diffusion constants of Pb and K ions in the 
liquid phase were comparable to each other.

The use of ethanol as the solvent of potassium 
acetate was based on the fact that the moderate 
solubility of lead acetate in ethanol (i.e., about 
2.5 X 10“2 mol/1, compared with 1.2 mol/1 in 
water or 1.2 X 10“4 mol/1 in acetone) would be 
suitable for the re-precipitation of lead acetate 
microcrystallites at a moderate rate in the subse
quent treatment for fixing the concentration gra
dient of lead in a bath of the isopropanol-acetone 
system.

The use of ethanolic solution gave better re
sults than aqueous solution [12], However, the 
profile of refractive index of the final glass ob
tained in the previous study was only partly 
parabolic and deviated to higher index at about 
two thirds of the diameter from the central axis. 
This deviation is due to the migration of lead ions 
during extraction of ethanol after the formation 
of the concentration gradient.

To minimize this deviation, an additional 
treatment, step 4, was introduced in the present 
study as well as the prolonged treatment in step
3. That is, the gels first treated in step 3 for 8 h or 
16 h were soaked in acetone to fix the profile 
temporarily, and then again immersed in the 
ethanolic solution of potassium acetate for a short 
time (i.e., 15-120 min) to redissolve lead acetate 
in the vicinity of the edge and modify the index 
by immersing the gel again in the bath of acetone, 
to fix the concentration gradient of lead perma
nently.

The conditions of the treatments in step 3 and 
step 4 tried in the present study are summarized 
in table 1.

2.3. Drying and sintering of gels

The drying and sintering of the gel were car
ried out by primarily the same method as re
ported in the previous paper [13] with minor 
changes in the temperature of isothermal treat
ment for the final densification of the gel (i.e., 
from 550 to 505°C). This modification of densifi
cation temperature was made to reduce bubbles 
in the final glass.

At the end of final stage, the gel-derived glasses 
were about 13.5 mm in diameter and 20 mm in 
length, and mostly free of bubbles.

The overall process to obtain the r-GRIN glass 
rods of this size takes about 35 days, as indicated 
by the flow chart shown in fig. 1. This is about a 
half of the fabrication time of the r-GRIN rods 
with comparable diameter by double ion-ex- 
change technique [4],

2.4. Measurements of refractive index profile and 
concentration profile of lead and potassium

The measurement of refractive index profile of 
the gel-derived r-GRIN rods was made on disc 
samples about 1 mm thick which were cut out of 
the central part of the rod and polished plane 
parallel. The index profile was obtained by two 
different methods of measurement: by the re
flectance method using d-line (wavelength = 583 
nm), and it was accurately determined on repre
sentative samples by multiple interferometer us
ing a He-Ne laser beam of wavelength 632.8 nm.

The measurements of the refractive indices by 
the critical angle method was also carried out for 
the beams of Ar (488 nm) and He-Ne (632.8 nm)

Table 1
Soaking time carried out in step 3 and step 4 for the treat
ment of the formation of concentrational profile

Sample No. Step 3 (h) Step 4 (h)

No. 4-0 4 0
No. 8-0 8 0
No. 16-0 16 0
No. 16-0.5 16 0.5
No. 16-1 16 1
No. 16-2 16 2



M. Yamane, M. Inami / Variable refractive index systems 609

on some of the samples, to evaluate the disper
sion in radial direction.

The concentration profiles of lead and potas
sium were determined by energy-dispersive spec
troscopy for X-ray quanta (EDS) under- an accel
eration voltage of 20 kV.

3. Results

3.1. Refractive index profile

On the rods obtained by the treatment of step 
3 for 8 and 16 h each (i.e., samples No. 8-0 and 
No. 16-0), the profiles of refractive index in the 
radial direction were determined by the re
flectance method as shown in fig. 2 along with 
that of the rod having the treatment for 4 h in the 
previous study (sample No. 4-0) [13], The profile

radius ( mm)
Fig. 2. Profiles of refractive index in radial direction of gel-de
rived glass rods No. 4-0, No. 8-0, and No. 16-0. ---------,

measured;---------- , calculated based on eq. (1).

of sample No. 16-0 fits eq. (1) in the range up to 
50-60% of the radius, whereas those of samples 
No. 4-0 and No. 8-0 deviate toward the higher 
index side in the vicinity of the central axis. It 
should also be noted that three samples had 
almost the same index at the center, showing that 
the modification of the profile without decreasing 
the refractive index at the central axis was possi
ble through 16 h of treatment in step 3.

The effect of the additional treatment, step 4, 
is demonstrated in fig. 3 which shows the refrac
tive index profiles precisely determined by inter
ferometer and their deviations from regression 
curves representing eq. (1). Only a slight decrease 
in the refractive index is perceptible in the vicin
ity of the edge, and the index at the center axis 
remains unchanged. However, the deviation of 
the profile from regression curve became smaller 
by the treatment for 1 h. As a result, the range 
where the deviation is considered to be within the 
maximum tolerance (i.e., ±2 X 10-4) for an opti
cal element, became much wider.

The curves shown in fig. 4 are the profiles of 
nAr, nd and nHe_Ne determined by the critical 
angle method on the sample No. 16-2. The dis
persion, HAr-nHe-Ne> decreases from center to
ward the edge.

3.2. Concentration profiles of lead and potassium

The results for the EDS measurement on con
centration profiles of lead and potassium are 
shown in fig. 5 for representative samples. The 
convex profile for lead concentration and the 
concave one for potassium show that interdiffu
sion of the two ions took place during the treat
ments in step 3 and step 4.

The similarity of the curvatures of the profiles 
for lead and potassium suggests that the concen
trations of the ions were determined by 
diffusion-controlled processes and the diffusion 
constants of the two ions were almost the same.

The highest concentration of lead at the center 
axis of sample No. 16-2 is about 26 at.% and the 
lowest, in the vicinity of the edge, is about 18 
at.%. These values are slightly higher than those 
expected given the nominal values of 26 mol% in 
the precursor solution; however, an increase in
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Radius (mm) Radius (mm)

Fig. 3. Profiles of modified refractive index by the treatment of step 4 (solid line) and their deviation from those of regression curve 
(broken line) representing eq. (1): (a) No. 16-0; (b) No. 16-0.5; (c) No. 16-1; (d) No. 16-2.
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Fig. 4. Profiles of nAr, n:1 and nHe_Ne in radial direction 
determined on sample No. 16-2 by the critical angle method.

radius (mm)
Fig. 5. Concentrational profiles of lead and potassium ions in 

the r-GRIN rods (samples No. 4-0 and No. 16-2). 

Table 2
Value of n0, nu n2, n3, bn of r-GRIN and the range satisfying the relation in eq. (1)

Sample no. «0 n2, X 10 3 n2, X10 5 «3, X 10 6 bn Range (mm)

No. 16-0 1.650 -2.205 -3.647 4.045 0.052 8.0
No. 16-0.5 1.650 - 2.328 -3.083 3.153 0.055 9.3
No. 16-1 1.650 -2.737 1.841 1.202 0.058 11.9
No. 16-2 1.650 -2.233 -5.174 4.915 0.058 11.5
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lead content during the treatment of step 2 may 
be possible.

4. Discussion

4.1. Profile of refractive index

The profile of refractive index was modified to 
fit to eq. (1) by the prolonged treatment in step 3 
and the additional one in step 4. The respective 
constants, n0, n,, n2, and n3 in eq. (1) which 
represent the characteristics of the lens [1] are 
summarized in table 2, along with the value of 
An and the range where the deviation of refrac
tive index from that of the regression curves is 
within ±2X1O-4. The table reveals that the 
value of n3, which represents the power of the 
lens, increases with the increasing time of treat
ment in step 4. If we assume that the tolerance of 
the deviation of index from eq. (1) to be ±2 X 
10 “4, the ranges shown in table 2 represent the 
effective diameters of the rods, which also in
creased from 8 mm to 11 mm by the prolonged 
treatment in step 4. As the entire diameter of the 
rod is about 13.5 mm, about 1.3 mm from the 
edge (i.e., half of the difference between the 
whole diameter and the effective diameters) of 
sample No. 16-2 is not usable as a lens. However, 
this is not too much if we consider that some of 
the region of a lens is used to mount it in a frame 
in a practical optical device.

In the present study, treatment for longer than 
2 h was not tried in step 4 because excessive 
treatment might result in the reduction in the 
effective diameter due to intermingling of too 
much ethanol to be extracted without migration 
of lead ions. To obtain a rod with An > 0.055 
without decreasing the effective diameter, it is 
better to introduce step 5 for further modification 
of concentration profile of lead in the vicinity of 
the edge.

4.2. Profile of Abbe number

The profile of Abbe number in the radial 
direction estimated from the profile of nAr, nd. 
and «He-Ne on sample No. 16-2 is depicted in fig.

J; 44

52
48

20 4 ’—...........—...............
-8 -6 -4 -2 0 2 4 6 8

radius ( mm )
Fig. 6. Profile of Abbe number estimated from nAr, nd and 

nHe-Ne on the sample No. 16-2.

6. The values of vd which increased from 33 to 40 
toward the edge are comparable to those of ordi
nary flint glasses. These small values of Abbe 
number and their change in the radial direction 
are inevitable as long as we use lead ions as the 
index-modifying cations. In other words, a r- 
GRIN rod obtained by using lead ions is not ideal 
as a lens element to be applied to the optical 
system in which very low chromatic aberration is 
required.

The best candidate of the index-modifying 
cations to obtain desirable r-GRIN rods with 
small variation in Abbe number throughout the 
material is barium [17], For this reason, results of 
the study conducted on the Pb-containing system 
to date should be applied to the Ba-containing 
system, to actually utilize the advantage of sol-gel 
process. The replacement of BaO for Pb() in the 
method of the present study is possible if the 
conditions of solving the problems that arise from 
the different solubilities of the two acetates (i.e., 
lead acetate and barium acetate) in organic sol
vents are established. The value of the An of the 
Ba-containing system, however, will be reduced 
from that of the Pb-containing system, because of 
the smaller contribution of barium than that of 
lead toward the increase in refractive index [18].

One of the ways to compensate the influence 
of this reduction in refractive index is to start 
with the precursor solutions of high barium con
centration. Another way is to introduce step 5 for 
further reduction of Ba concentration in the 
vicinity of the edge.
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The other fact which must be taken into con
sideration for the Ba-containing system is that the 
concentration of potassium at the edge is re
quired to be comparable to or a little higher than 
that of barium at the center in order to obtain a 
material of constant Abbe number in the radial 
direction [13]. From this viewpoint, the concen
tration of potassium shown in fig. 5 is not high 
enough. Thus the treatments of step 3 and step 4 
should be carried out using baths of higher con
centration of potassium acetate.

4.3. Profile of thermal expansion coefficient

Among various properties which change in a 
radial direction according to the concentrational 
gradient of constituent ions, thermal expansion 
coefficient is one of the most important factors to 
be taken into consideration as well as optical 
properties. If the thermal expansion coefficient 
increases from center toward the edge, the r- 
GRIN rod obtained by sintering of a gel is sub
jected to tensile stress which develops while cool
ing.

On the contrary, if the rod has higher thermal 
expansion coefficient at the center axis, the mate
rial is subjected to compressive stress and may 
develop a birefringence, which is also not desir
able.

The direct measurement of the profile of ther
mal expansion coefficient is not possible. How
ever, it can be estimated from the concentrational 
profiles of constituent atoms by the additivity law

radius ( mm )

radius ( mm )
Fig. 8. Profile of thermal expansion coefficient estimated on a 
hypothetical r-GRIN rod of Ba-system with similar concentra

tional profiles of constituents ions.

[19], The results for such an estimation on sample 
No. 16-2 are shown in fig. 7. The profile is not 
flat but concave, showing the higher expansion 
coefficient at the edge.

This increase in thermal expansion coefficient 
from center toward the edge is due to the exces
sive introduction of potassium ions through the 
treatments for step 3 and step 4. Therefore, the 
easiest way to modify the profile of thermal ex
pansion coefficient of the Pb-containing system is 
to reduce the concentration of potassium in the 
bath for step 3 and step 4, although the concen
trational profile of index-modifying cations may 
vary in a complicated manner with experimental 
conditions.

The curve in fig. 8 is the profile of thermal 
expansion coefficient for a hypothetical BaO- 
K2O-B2O3-SiO2 system estimated by assuming 
that the lead in the present study was replaced by 
barium. In this case, the profile is slightly convex 
in the opposite direction. This is due to the 
smaller effect of barium than lead toward increas
ing thermal expansion coefficient. The convex 
profile of estimated thermal expansion coefficient 
suggests that the practical profile will approach to 
flat if the concentration of potassium acetate in 
the bath is increased to obtain r-GRIN rods with 
constant Abbe number. In other words, the com
bination of barium and potassium as index-mod
ifying cations is ideal to satisfy the requirements 
of flat profile of thermal expansion coefficient 
and constant Abbe number.

Fig. 7. Profile of thermal expansion coefficient estimated on
sample No. 16-2 by additivity law.
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5. Conclusion References

r-GRIN rods with diameter of about 13.5 mm 
and An = 0.055 were prepared by soaking gels 
containing lead acetate microcrystallites on their 
micropore walls in an ethanolic solution of potas
sium acetate and subsequent drying and sinter
ing.

The soaking time of 16 h was necessary in 
order to obtain rods with acceptable profile of 
refractive index as optical elements. The addi
tional soaking after the temporary fixing of the 
compositional gradient of lead was effective in 
the improvement of the profile of refractive in
dex.

The effective diameter of the r-GRIN rods 
increased from 8 mm to 11 mm by the introduc
tion of this additional treatment. The Abbe num
ber of the rod was 33 at the center, which in
creased to 40 toward the edge. Thermal expan
sion coefficient of the rod varied continuously 
from center toward the edge from 88 X 10 ~7 to 
100 X 10_7oC_1.

The application of the process to the prepara
tion of Ba-based r-GRIN rod, which is expected 
to have constant Abbe number and thermal ex
pansion coefficient throughout the material, is 
possible if the conditions of solving the problems 
that arise from the different solubilities of Pb- 
and Ba-acetates to organic solvents are estab
lished.
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Thermochemically induced photoluminescence in sol-gel-derived 
oxide networks

Bulent E. Yoldas
PPG Industries, Inc., Technical Center, Discovery Research, 440 College Park Drive, Monroville, PA 15146, USA

Chemical and thermal processes can lead to the creation of photoluminescence centers in sol-gel-derived oxide systems. 
Photosensitivity commences upon heating the gel to ~ 300-350°C, coinciding with the chemical bond cleavage tempera
tures, and diminishes with heat treatments about ~ 650-700°C in air. Photoluminescence absorption peaks occur at ~ 360 
and ~ 225 nm (3.4 and 5.5 eV) in binary Al2O,SiO2. The emission spectra cover the entire visible spectrum, peaking at 
~ 425 and ~ 500 nm (2.9-2.5 eV). A strong phosphorescence is also associated with these centers. Luminescence lifetime 
measurements show relatively long decay time, and indicate at least two mechanisms for the phosphorescence. Electron 
paramagnetic resonance measurements indicate paramagnetic states which are attributed to paramagnetic states of oxygen, 
carbon and E' centers. The initial observations are consistent with the model that photosensitivity is related to chemical 
bond cleavage and resultant carbon formation and/or non-stoichiometry. Coordination states appear to play a significant 
role in the alumina system.

1. Introduction

It was reported that a strong photosensitivity 
may arise in chemically polymerized oxide sys
tems due to processing parameters [1]. In alkox
ide-based sol-gel processes, hydrolytic polycon
densation reactions create polymeric species hav
ing oxide networks of various morphologies and 
sizes framed by hydroxyl and organic groups. The 
organic groups are thermally removed to obtain 
oxides. This thermal degradation essentially takes 
place in a self-generated internal environment at 
the molecular boundaries and necessitates cleav
age of the structural chains, e.g., sSi-O-R, at a 
‘configurationally frozen’ state. The proximity of 
bond energies also leads to a significant depen
dence of the type of bond cleavage on thermo
chemical environment at the molecular bound
aries. The chemical nature of this environment is 
determined by the gaseous decomposition prod
ucts as modified by diffusive exchange with fur
nace atmosphere. This diffusion-dependent mod
ification varies within the sample and is affected 
by sample size, heating rate, etc. Under certain 

conditions, removal of network oxygen along with 
organics, and carbon deposition occur.

By thermal degradation, broken bonds are cre
ated at a temperature where healing of the frag
mented bonds and normalization of the coordina
tion state are thermodynamically prohibited. 
Charge unbalances are rectified by localization of 
electrons and electron holes at the defect sites. 
This gives rise to photoluminescence and phos
phorescence through electron-photon coupling 
[1].

Process-induced photoluminescence in A12O3 
and Al2O3-SiO2 binary is reported here. No di
rect evidence for any particular defect will be 
given since the exact defect structure and absorp
tion mechanism of the bands have not yet been 
investigated. Such studies have been conducted 
for luminescence centers produced by other pro
cesses [2-6], and available data are consistent 
with a model that relates the overall tendency for 
defect formation and photoluminescence to spe
cific thermochemical conditions in sol-gel sys
tems.

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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2. Experimental

Aluminum oxides were prepared by two differ
ent methods from aluminum sec-butoxide, 
A1(OC4H9)3. These are referred to as colloidal 
and polymeric aluminas. Colloidal alumina sol 
was prepared by hydrolyzing 1 mols aluminum 
secondary butoxide, A1(OC4H9)3, in 100 mol wa
ter at 70°C and peptizing it with 0.07 mol HNO3 
acid to a clear state at 90°C. This sol contains 
10-30 nm size AIO(OH) colloids, the detailed 
preparation of which is given elsewhere [7], The 
polymeric alumina was formed by 0.5-1.0 mol of

Fig. 1. Chemical condensation process for polymeric alumina 
and aluminosilicates. Polymeric A12O3 is obtained from clear 
polyorganoaluminum solution without adding silane.

* Dry ethanol is used to assure 0.5-1.0 mol total water 
present; for best results, use at least 10 mol ethanol/mol 
alkoxide.
** Water should be diluted in alcohol, 1/10 ratio, to prevent 

inhomogeneous gelling.

water hydrolysis of A1(OC4H9)3 in ethanol [8]. 
The experimental solution used in this investiga
tion was prepared by adding 6 g water into 375 g 
dry ethyl alcohol in a glass jar. To this, 123 g 
A1(OC4H9)3 (0.5 mol) was added and vigorously 
shaken. The resultant white slurry was kept at 
50°C until it turned into a water clear liquid, 
which happens within an hour, only when the 
total water present is between 0.5 and 1.0 mol per 
mol alkoxide.

Aluminosilicate samples were prepared by re
acting the colloidal and polymeric alumina sols 
with tetramethylorthosilicate, Si(OCH3)4. The 
colloidal sol was concentrated to 10 wt% eq. 
A12O3 level by evaporation of H2O and diluted 
back to a 5 wt% level by methanol addition to 
facilitate miscibility of Si(OCH3)4. Mixing of these 
two components leads to gelation within a short 
period of time. Drying and heat treating the gel 
yields large transparent granules.

The preparation method of polymeric alumi
nosilicate is schematically represented in fig. 1. 
Replacement of Si(OCH3)4 with other alkoxides 
allows preparation of various compositions in this 
process. Mullite composition sample Al3SiO65 is 
prepared by this method. In addition a commer
cial double alkoxide was obtained, di-s- 
butoxyaluminoxytriethoxysilane; AlSiO3 5 sample 
was prepared from this compound under acidic 
hydrolysis in ethanol. Gels were dried at 100°C 
and heated to various temperatures in air.

The emission and excitation spectra were 
recorded in front face configuration on SPEX 
fluorolog (model F112A) at room temperature at 
the University of California Los Angeles (UCLA). 
The excitation spectrum of each sample was mea
sured by monitoring the corresponding emission 
peak. The luminescence lifetime was measured 
using HP 54502A 400 MHz digitizing oscilloscope 
and type R928 PMT manufactured by Hama
matsu. The samples were pumped with PTI PL 
2300 nitrogen laser and 337 nm and luminescence 
was monitored at 450-460 nm by placing a band
pass filter in front of the PMT.

27A1 MAS-NMR spectra were obtained by a 
spectrometer * operating at 94.7 MHz. The sam-

* Model 360-1, Spectral Data Services, Inc., Champaign, IL, 
USA.
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Fig. 2. Relative emissions spectra of four polymeric oxide 
samples in visible spectrum under 365 nm irradiation.

Fig. 3. Normalized emission spectra of the samples in the 
visible spectrum under 365 nm irradiation.

pies were spun 8-10 kHz with a 2.1 |xm pulse. At 
least 5000 scans were accumulated for the Fourier 
transformation.

Electron paramagnetic resonance (EPR) inves
tigations were conducted at Vanderbilt University 
using a Homodyne spectrometer (Briiker model 
ER 200D) in the absorption mode. K-band (34.2 
GHz) EPR measurements were carried out at 
room temperature in the air. The oxide powder 
was placed in a quartz tube (~ 1 mm diameter). 
The microwave power was 20 dB (~ 2 mW), 
g-values were obtained using the resonance equa
tion, hv where hv is the transition en
ergy, is the Bohr magneton, and H is the 
magnetic field at resonance.

3. Results

The relative emission spectra of four samples 
under 365 nm irradiation is shown in fig. 2. These 
samples were prepared by polymeric methods 
described in the previous section and heated at 
10°C/min to 500°C. Figure 3 shows the normal
ized emission spectra. The emission spectra cov
ers the entire visible range, peaking at ~ 425 nm 
(~ 2.9 eV) with a shoulder at ~ 475 nm for all 
samples, except AlSiOm which peaks at 525 nm 
(2.36 eV) as well as having a peak at 425 nm. In 
these experiments, 425 and 525 nm peaks are 
commonly associated with SiO2 system; either 

peak can be the major one depending on process
ing.

Figure 4 shows the relative excitation spectra 
of the same four samples in the 200-400 nm 
range (~ 6-3 eV). Polymeric aluminas and alumi
nosilicates show consistently and significantly 
higher excitation absorption than silicas. In these 
materials, excitation absorption peaks occur at 
~ 350 nm (~ 3.5 eV). Silicas tend to have an 
absorption peak at ~ 220 nm (5.5 eV) as well.

Colloidal A12O3 does not exhibit any photolu
minescence. Colloidally produced aluminosili
cates show photoluminescence only when they 
are heated under fast heating rates (e.g., at 
20°C/min but not at 2°C/min rate), by contrast

Fig. 4. Relative excitation spectrum of the samples in 200-400 
nm (6.2-3.1 eV).
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with the polymeric alumina and aluminosilicates 
where photoluminescence occurs independent of 
the heating rate.

In all photoluminescent materials, the photo
luminescence commences by heating the gels to 
~ 300-350°C. Upon further heating, photolumi
nescence goes through a color change. Its inten
sity increases up to 500-550°C firing. From there 
on, it diminishes and eventually disappears by 
heat treatments above 700°C in air. Photolumi
nescence in silica and aluminosilicates persists 
above these temperatures when heat treatments 
are conducted in a non-oxidizing atmosphere.

The excitation and the emission bands of silica 
are found to be more sensitive to both the con
densation and thermal decomposition parame
ters. Condensation reactions under high water, 
and under basic hydrolysis, e.g., HN4OH, tends to 
destroy photoluminescence. Use of Si(OCH3)4 as 
the precursor for silica promotes photolumines
cence. There is a strong correlation between con
ditions leading to carbon formation and photolu
minescence. Even though photoluminescence ap
pears to outlast the carbon burnoff by heat treat
ment, large granules often exhibit luminescence 
gradient corresponding to the carbon concentra
tion gradient where the center is the brightest. 

pendence of order of bond cleavage in the struc
tural chains on thermochemical environment oc
curs due to the proximity of bond energies. This 
environment may be modified in varying degrees 
within the individual gel granules depending on 
sample size, pore size, heating range, etc., and 
diffusion of the furnace atmosphere.

For example, due to the high energy of CH2 
formation (~ 383 kJ/mol), the initial cleavage of 
the carbon-carbon bonds in =Si-O-CH2-CH3 
chains modifies the intermolecular chemical envi
ronment so as to favor the cleavage of the sili
con—oxygen bonds next [1], This removes a por
tion of the network oxygen along with carbon:

Si„O2„_lt/2(OR)<. -» Si„O2n _v/2 + ^lS\k + k')/2’
(1)

where k'/2 is the net oxygen deficiency created 
by cleavage of Si-O bonds. Removed organics 
and organic radical may deposit carbon by vari
ous reactions, for example:

4CH3 —> C + 3CH4, etc. (2)

At this thermal degradation stage, a very high 
density of broken bonds is created by the reac
tions:

=Si-O^ R R-O^Si= =Si-O Si=

=Sii/ O-R R-CV Si= -»=Si +Si= (3)

=Si-O^ R O-Si= =Si-O O-Si=.

Vertical arrows show the bond cleavage sites, and 
released organics are not shown on the right side 
for clarity.

The above bond cleavages occur at a tempera
ture where healing of the fragmented bonds and 
normalization of the coordination state are ther
modynamically prohibited. Charge unbalances 
created at these sites must be rectified by local
ization of electrons and electron holes. For exam
ple an electron may be localized in the dangling 
sp3 orbital of silicon in SiO3 units if the silicon
oxygen bond is broken, or an electron hole may 
be localized in a 2p orbital of oxygen if the 
carbon-oxygen bond is broken in =Si-O-R 
chains. This would give rise to photolumines- 

4. Discussion

Without invoking any theories or molecular- 
structural considerations, it can be shown that
there are fundamental chemical reasons which 
lead to oxygen non-stoichiometry and carbon de
position in metal-organic-derived oxides when 
their network chains are terminated by organic 
groups. In these cases the alkyl groups, C„H2„ + 1, 
envelop the hundreds of meter square per gram 
surface area. Thermal degradation of these or
ganics require cleavage of the structural chains, 
e.g., =Si-O-R in a self-generated internal envi
ronment since only an insignificant portion of the 
surface area in external (typically few cm2 of 104 * 6 
cm2/g of surface area). The chemical nature of 
this internal environment is established by the 
gaseous products of the decomposition which then 
affect the decomposition itself. A significant de
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cence and phosphorescence through electron
photon coupling.

Electron paramagnetic resonance measure
ments detected relatively weak signals with g-val- 
ues of 2.0044 and 2.0018 for one silica samples 
and 2.0058 and 2.0014 for another. A polymeric 
alumina sample also gave a relatively weak signal 
with g-values 2.0058 and 2.0019. These were at
tributed to paramagnetic states of oxygen (g = 
2.0044 and g = 2.0058), and E'-type of paramag
netic states (g = 2.0018, 2.0014 and g = 2.0019). 
Strong signals were detected with g-values of 
2.0031 for AlSiO35 and 2.0053 for Al3SiO65. 
Based on these g-values and isotropic lineshape, 
the source was thought to be carbon particles [9].

The model relating photoluminescence to bond 
cleavages is consistent with the phenomenological 
observations including the facts that photolumi
nescence commencement temperature coincides 
with the chemical bond cleavage temperature, the 
requirement of the organic terminal groups, ef
fects of heating rate, extinction of photolumines
cence by oxidizing heat treatment, correlation 
between carbon formation and photolumines
cence, etc. However, it does not explain the oc

currence of photoluminescence in polymeric 
A12O3 and aluminosilicates.

Photoluminescence in polymeric alumina, and 
aluminosilicates, in large part appears to be in
trinsic to the material and independent of ther
mal degradation condition, suggesting a second 
mechanism for photoluminescence. The lumines
cence lifetime measurements shown in fig. 5 in
deed show two distinct groupings separated by 
four orders of magnitude in decay time. Unlike 
the silica and silica-like material, the phosphores
cence of polymeric alumina and aluminosilicates 
remains visible to the unaided eye long after the 
excitation is terminated, e.g., 30 s or longer.

In order to elucidate the mechanism of photo
luminescence of polymeric A12O3, it was com
pared with colloidal A12O3 which does not lumi
nesce. Figure 6 compares the 27A1 MAS-NMR 
spectra of the polymeric and colloidal aluminas 
heated to 500°C. The peak at + 7 ppm is assigned 
octahedral and the peak at + 65 ppm is assigned 
to the tetrahedral coordinations [10,11]. These 
are the only peaks exhibited by colloidal A12O3. 
The polymeric A12O3, on the other hand, exhibits 
another peak at +35 ppm. This peak is assigned

log t |sec.|
Fig. 5. Normalized phosphorescence lifetime. The samples were pumped with a nitrogen laser at 337 nm, and luminescence was 

monitored at 450-460 nm.
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PPM

Fig. 6. 27A1 MAS-NMR spectra of colloidal (which is not 
photosensitive) and polymeric (which is photosensitive) alu
mina. The extra peak of polymeric A12O3 at +35 ppm is 

assigned to pentahederal sites.

to pentahedrally coordinated Al, a coordination 
state absent in non-luminescing colloidal A12O3.

If the photoluminescence of polymeric A12O3 
is due to pentahedrally coordinated Al sites, these 
sites should disappear with the heat treatment 
that eliminates the photoluminescence. Indeed 
this occurs. Figure 7 shows 27A1 MAS-NMR spec
tra of the polymeric A12O3 heated to 500 and 
800°C. At 800°C, pentahedrally coordinated sites

Fig. 7. 27A1 MAS-NMR spectra indicating pentahedral sites in 
polymeric A12O3 are eliminated by a heat treatment at 800°C.

Fig. 8. Photoluminescence in polymeric A12O3 is destroyed by 
800°C heat treatment coinciding with the elimination of pen

tahedral sites.

are eliminated which coincide with the extinction 
of photoluminescence as shown in fig. 8.

It is of interest to note that the elimination of 
pentahedral sites in polymeric A12O3 occurs at 
the same temperature as the elimination of pho
toluminescence defect centers in oxygen deficient 
silica gels. This suggests that pentahedral sites in 
this alumina may be considered as defect sites 
brought on by the condensation conditions and 
eliminated by thermal annealing.

5. Summary

Chemical and thermal processes may lead to 
creation of photoluminescence centers in inor
ganic networks condensed from metal alkoxides 
and silanes. There appears to be at least two 
mechanisms for photosensitivity in these materi
als. One relates to a thermal degradation process 
where the removal of structural organics removes 
a portion of the network oxygen in a configura
tionally frozen state, where carbon deposition 
may also occur. In these cases, charge unbalances 
of dangling bonds are satisfied by localization of 
electrons and electron holes at the defect sites. 
This gives rise to photosensitivity through elec
tron-photon coupling. In this case, photolumi
nescence is strongly dependent on the presence 
of organic terminal groups, and heating rates that 
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create a reducing thermochemical environment at 
the molecular boundaries.

In alumina systems, polymeric condensation 
methods create pentahedrally coordinated Al 
sites. The presence of these sites appear to be 
strongly correlated by the occurrence of photolu
minescence in this system. In these cases, photo
luminescence occurs independent of the heating 
rate and has a relatively long luminescence life 
time. In these materials, photosensitivity dimin
ishes and finally disappears with heat treatment 
above ~ 700°C in air by elimination of pentahe
dral sites.

The author gratefully acknowledges that the 
emission and excitation spectra measurements 
were obtained by Professor B. Dunn and his 
student Fumite Nishida at the University of Cali
fornia, Los Angeles (UCLA). EPR investigations 

were conducted at Vanderbilt University by S. 
Park and Professor R.A. Weeks.
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Preparation and optical properties of spherical metal oxide 
particles containing fluorescent dyes

M. Ocana, D. Levy and C.J. Serna
Institute de Ciencia de Materiales, CSIC, Serrano 115 dpdo., 28006 Madrid, Spain

A procedure for room temperature entrapping of organic dyes (e.g., rhodamine 6G, rhodamine B and fluorescein) on 
metal oxide particles (TiO2, ZrO2, A12O3 and SiO2) is reported. The method consists of hydrolysis of metallic liquid 
aerosols, enabling production of porous spherical particles with diameter from 0.2 to 7 p.m. Resulting composite powders 
show strong absorption and emission bands in the visible region, are non-leachable and have high chemical stability.

1. Introduction

Preparation and characterization of powders 
composed of particles with homogeneous shape 
and size have been the subject of much attention 
in the last years, due to their advantages over 
conventional powders [1,2]. For example, they 
can improve the processing of materials and en
sure the reproducibility of their properties. Most 
of the work has been done on inorganic solids 
and a few attempts have been carried out to 
produce composite powders of an inorganic ma
trix with an organic compound incorporated which 
confers interesting optical [3] and electrical [4] 
properties to the new materials.

Recently, sol-gel glasses doped with organic 
dyes have been prepared with some potential 
applications such as optical and electro-optical 
devices [5]. As an alternative synthesis route to 
multicomponent systems, experimental results at 
our laboratory offer new opportunities for synthe
sizing spherical organic doped metal oxide parti
cles at room temperature. This report describes a 
very simple and continuous procedure for room 
temperature preparation of composite powders 
consisting of spherical particles of an inorganic 
matrix (TiO2, ZrO2, A12O3 and SiO2) with an 
organic fluorescent dye (rhodamine 6G, rho
damine B and fluorescein) incorporated. The 
method is based on the hydrolysis of a liquid 

aerosol generated by spraying a metallic com
pound to which an aliquot of an organic solution 
of the dye was previously added. A systematic 
study of the influence of the experimental condi
tions on the morphological characteristics of the 
resulting particles was carried out on the TiO2- 
rhodamine 6G system which was studied in detail 
as a representative example. Optical properties of 
the systems prepared were also evaluated.

2. Experimental

Titanium ethoxide (Aldrich), aluminum sec- 
butoxide (Fluka), zirconium n-propoxide (Fluka), 
and silicon tetrachloride (Fluka) were selected as 
starting metallic compounds because of their 
highly hydrolyzable character. Chloroform (Fluka) 
and ethanol (Aldrich) of spectroscopical grade 
were used as solvents. Rhodamine 6G (R6G, 
Aldrich), rhodamine B (RB, Kodak) and fluores
cein (FLU, Kodak) were employed. All chemicals 
were used without further purification.

Spherical metal oxide particles containing flu
orescent dyes were generated in the apparatus 
schematically represented in fig. 1, which is a 
modification of that previously reported by 
Salmon and Matijevic [6]. A mixture of the start
ing metallic liquid and an aliquot of the dye 
solution (d) was sprayed into an expansion cham-

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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Fig. 1. Schematic diagram of the apparatus used to produce 
spherical particles of metal oxide powders containing fluores
cent dyes: (a) N2 tank, (b) manometer, (c) glass nozzle, (d) 
starting liquid container, (e) expansion chamber, (f) injection 
manifold, (g) hydrolysis chamber, (h) heated tube, (i) nylon 

sieves, (j) flowmeter, and (k) bubbler.

ber (e) using a glass nozzle (c) and N2 (a) at 
constant pressure (b) (0.5-1 kg cm-2) as a carrier 
gas. The aerosol generated was hydrolyzed (g) 
with water injected in the aerosol stream (f) by 
bubbling N2 at constant flow rate (2 dm’ min-1) 
(j) through a water container (k). The resulting 
composite particles were then introduced into a 
heated tube (150°C) (h) in order to complete the 
reaction, and finally collected on several consecu
tive nylon sieves (i) of 40 |xm mesh size.

The effects of experimental conditions, such as 
N2 pressure and dilution (in ethanol) of the start

ing liquid, on the characteristics of the final pow
ders were investigated.

In general, the initial dye solution ( = 3 X 10-3 
mol dm-3) was prepared in chlorofom, except in 
the case of fluorescein which is insoluble in this 
solvent for which ethanol was used. It must be 
mentioned that, in the alumina-R6G system, the 
alkoxide was diluted with chloroform in the vol
ume ratio 3:1, in order to decrease its viscosity. 
Hydrolysis of the aerosol in the silica-R6G sys
tem was carried out in the presence of NH3 to 
increase the reaction rate which is not fast enough 
to produce solid particles in the short reaction 
time involved in this procedure. NH4OH solution 
2.7 mol dm-3 was used in (k) instead of pure 
water. As a consequence, NH4C1 was produced 
as a by-product, which was eliminated by washing 
with distilled water.

The morphology of the particles was examined 
with a scanning electron microscope (SEM, Zeiss, 
DSM-950) and their particle size distribution was 
determined from electron micrographs. X-ray 
diffraction (Philips 1710) and infrared spec
troscopy (Perkin-Elmer 580B) were used to elu
cidate the crystalline structure and the chemical 
composition of the composite powders. Differen
tial thermal (DTA) and thermogravimetric (TGA) 
analyses were performed in a Stanton STA 781 
apparatus in air at a heating rate of 10° C min-1.

Fig. 2. Scanning electron micrographs of TiO2-R6G powders, obtained under the following conditions. (A) volume ratio titanium 
alkoxide/dye solution, 40; pressure of the N2 used to generate the aerosol, 0.7 kg cm-2; flow rate of the N2 bubbled through the 
water container, 2 dm3 min-1; temperature of the heated tube, 150°C. (B) Same conditions as in (A) but diluting the titanium 

alkoxide four times with ethanol.
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Reflectance spectra were registered on a Var- 
ian Cary 2300 spectrophotometer. Fluorescence 
spectra were recorded in front face configuration 
on a Perkin-Elmer LS5 spectrofluorimeter at 
room temperature. Reference samples for these 
studies consisted of spherical particles which did 
not contain the dopant. These reference samples 
are not fluorescent and did not absorb at the 
same frequencies as the dopants. In several cases, 
samples were dried for 24 h under vacuum at 
60°C.

Leaching of the composite particles was exam
ined by dispersing about 10 mg of the sample in 
10 cm3 of water, ethanol or acetone and keeping 
the dispersion at room temperature for 24 h 
under stirring. After this period of time, the 
dispersion was centrifuged and the supernatant 
analyzed by visible absorption spectrophotometry.

Fig. 3. Infrared spectra of the composite powders consisting of 
rhodamine 6G incorporated to different metal oxide matrices: 

(a) TiO2, (b) ZrO2, (c) SiO2 and (d) A12O3.

3. Results and discussion

3.1. TiO¿-rhodamine 6G system

Figure 2(A) shows a typical example of TiO2 
spherical particles doped with R6G obtained by 
hydrolysis of the aerosol generated under the 
conditions described. Particle size analyses 
showed a broad size distribution with diameters 
ranging from 0.2 to 7 p.m. An increase in the N2 
pressure to 1 kg cm-2 did not produce any signif
icant effect on the characteristics of the powder. 
The dilution of the starting alkoxide also did not 
affect particle size but gave rise to a mixture of 
spheres and irregular particles with holes (fig. 
2(B)) which are probably due to the solvent evap
oration, since the number of holes increased with 
dilution. The composite powders prepared with 
the procedure described were found to have a 
high chemical stability. Thus, no leaching was 
observed for the TiO2-R6G sample in aqueous 
solutions of pH from 0 to 14 and only a slight 
leaching was detected in ethanol or acetone.

The TiO2-R6G composite powders were 
amorphous to X-ray diffraction. In agreement, 
the IR spectrum of sample TiO2-R6G (fig. 3) 
shows Ti-O vibrations at < 1000 cm-1, charac

teristic of amorphous TiO2 [7], In addition, weak 
bands between 3000 and 2800 cm’1 which must 
be attributed to C-H vibrations of organic groups 
(residual alkoxide groups, dye and adsorbed chlo
roform and ethanol) [8] and strong absorptions at 
= 3.300 and 1625 cm’1, indicating a high water 
and -OH content, can be also observed. The 
DTA and TGA curves of the TiO2-R6G sample 
are shown in fig. 4, along with those observed for 
a blank (pure amorphous TiO2 powder). Both 
DTA curves show an endothermic peak around 
150°C due to the release of weakly adsorbed 
species (water and ethanol). It should be noted 
that the weight loss associated with this process is 
significantly lower for the blank (= 13%) than for 
the composite powder ( = 22%), the total weight 
losses being similar for both samples (=23%). 
This seems to indicate that the dye avoids closing 
pores at the initial steps of the heating allowing 
most of organic solvents to desorb at lower tem
perature. An exothermic effect at ~ 320°C as
signed to the decomposition of residual organic 
groups is also detected for both samples which is 
asymmetric and stronger for the blank. Such a 
peak could include crystallization of anatase 
which was confirmed by X-ray diffraction, taking 
place in the TiO2-R6G sample at 420°C (fig. 4). 
Finally, the strong exothermic effect at 550°C 
detected for the blank could correspond to the
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release of carbon, as substantiated by the slight 
weight gain at ~ 510°C, probably due to oxygen 
adsorption, followed by the weight loss of = 3% 
at 550°C.

3.2. Other doped metal oxide systems

The other composite systems (ZrO2, A12O3 
and SiO2 doped with R6G, and TiO2 doped with 
RB and FLU) show amorphous character and 
particle size distribution similar to that of sample 
TiO2-R6G. In the SiO2-R6G system, the spheres 
showed an irregular surface that may be due to 
the holes left by washing the NH4C1 by-product.

The IR spectra of ZrO2-R6G, A12O3-R6G 
and SiO2-R6G samples (fig. 3) show metal- 
oxygen absorption bands characteristic of each 
amorphous oxide matrix (< 1250 cm-1) [7] as 
well as weak bands due to C-H vibrations of 
organic groups (3000 and 2800 cm"1). In addi-

A(nm)

Fig. 5. Emission spectra of ZrO2, SiO2 and AI2O3 particles 
doped with rhodamine 6G (Aexc = 523 nm).

TEMPERATURE (°C)

tion, a high water and -OH content in all systems 
is suggested by strong bands about 3400 and 1630 
cm"1. The spectra of the samples ZrO2-R6G 
and A12O3-R6G (figs. 3(b) and 3(d)) also present 
a doublet around 1450 cm"1 attributed to the 
presence of adsorbed carbonate anions [9]. As 
expected, the IR spectra of the powders consist
ing of TiO2 with RB or FLU incorporated does 
not show significant differences to that recorder 
for the TiO2-R6G sample.

All systems studied presented similar chemical 
stability and leachability against ethanol, acetone 
or water to sample TiO2-R6G, except the 
AI2O3-R6G powders which dissolved, as ex
pected, in strong acidic or basic media. The 
SiO2-R6G sample also dissolved in very strong 
basic solutions.

3.3. Spectral studies

Strong luminescence was observed for all sam
ples in figs. 5 and 6. The steady-state emission 
spectra of the FLU, R6G and RB dyes trapped 
on TiO2 spherical particles (fig. 6) demonstrate 
the possibility of fluorescence light emission in a 
wide range of the visible spectrum from these 
systems.

Fig. 4. Differential thermal (---------) and thermogravimetric
(---------- ) curves for pure TiO2 and TiO2 with R6G incorpo

rated.
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Fig. 6. Emission spectra of TiO, spherical particles doped 
with fluorescein natrium (Aexc = 473 nm), rhodamine 6G (Aexc 

= 523 nm) and rhodamine B (Aexc = 520 nm).

The chemical composition of the different ma
trices was found to strongly affect the fluores
cence emission maxima of the trapped dyes. (fig. 
5 and TiO2-R6G sample in fig. 6). The shifts in 
the emission maxima of the fluorescence may be 
attributed to the nature of the interaction be
tween the guest dye molecule and the local envi
ronment of the different host oxide particles. 
These great differences are probably the result of 
the different medium polarities affecting the elec
tronic excited states of the trapped molecules.

Among the dyes tested, R6G and RB tend to 
dimerize and aggregate at moderate concentra
tion in aqueous solution. Dimerization signifi
cantly reduces the quantum fluorescence yield 
and other photochemical properties [10], Dimer 
formation on solid matrices was observed in silica 
gel-glasses and alumina films doped with R6G 
and RB [11—13]. The reflectance spectra (fig. 7) 
of R6G trapped on all matrices tested show the 
shorter-wavelength band ascribed to the dimer. 
At this stage, in agreement with the IR spectra 
and thermal analyses, the material is a rigid parti
cle that contains water and organic solvents. Dry
ing the composite particles for a long time at 
moderate temperature under vacuum allows 
dimeric molecule disaggregation to their isolated 
monomeric form. Figure 8 shows the disaggrega
tion effect after drying the ZrO2-R6G particles. 
Drying causes the evacuation from the matrix 
pores of the solvents and the reaction products 
[14] which eventually act as solvating medium.

The effect of particle drying has also been 
investigated for emission and reflectance spectra

Fig. 7. Reflectance spectra of rhodamine 6G trapped on
TiO2, ZrO2, SiO2 and A12O3 spherical particles prepared 

under similar conditions.

of rhodamine 6G trapped on TiO2 particles. 
Spectroscopic consequences of drying are inti
mately connected with solvatochromism [14] to a 
large extent modifying the position of each ab
sorption and emission band. Before drying the 
samples, a bathochromic (red) shift is observed in 
the emission spectra (about 15-19 nm) and in the 
reflectance spectra (about 12 nm) compared with 
those of the R6G in water. These shifts indicate

Fig. 8. Reflectance spectra of rhodamine 6G trapped on ZrO2 
(a) before particle drying (the dye concentration is ten times 

higher than in fig. 7). (b) After drying the doped particles.
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that the local environment around the dye 
molecules in the composite materials is very much 
less polar than in water [15,16], After drying the 
samples, a hypsochromic (blue) shift about 15-20 
nm (emission spectra) and about 6-8 nm (reflec
tance spectra) is observed for the rhodamine 6G 
doped particles. During the drying process, the 
chloroform or ethanol are eliminated and the 
pores become relatively water richer. Residual 
water after drying under these conditions was 
confirmed by the infrared spectra.

4. Conclusions

A continuous aerosol procedure for spherical 
particle generation was used to trap different 
laser dyes (R6G, RB and FLU) in ZrO2, A12O3, 
SiO2 and TiO2 matrices. Strong luminescence 
was observed from all dyes tested. Solva- 
tochromic effects were observed as a result of 
particle drying causing dissagregation of the en
trapped laser dye molecules.
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Using the sol-gel process, organic dye molecules have been trapped and individually encaged in a solid xerogel matrix. 
These doping molecules were aligned by a focussed femtosecond laser pulse, thus creating a local birefringence. The 
molecule alignment is permanent. An optical memory matrix is thus experimentally achieved.

1. Introduction

Numerous studies on optical treatment of in
formation have been devoted to materials in which 
the birefringence can be controlled. Such materi
als used in a Kerr cell allow an on/off optical 
switch to be obtained. Those devices are usually 
controlled by an electrical command and display 
several inherent problems. The medium used is 
either an inorganic or an organic crystal. The 
former has a high damage threshold but only a 
small birefringence. The latter has a large natural 
microscopic birefringence but only a small macro
scopic birefringence if the organic molecules are 
not well aligned. The difficulty results in the 
relatively low control of the alignment. Several 
authors recently reported [1-8] optical properties 
of transparent porous silica and alumina media 
prepared at low temperature by the sol-gel pro
cess and doped with organic dyes. The goal of 
this work was to obtain a material using the high 
microscopic birefringence of organic molecules, 
and providing a good control of the alignment of 
the molecules. A xerogel matrix doped with or
ganic molecules was synthesized. The alignment 
of the organic molecules should be controlled 
and the interactions between the matrix and the 

doping molecules should be strong enough to 
prevent thermal disorientation.

2. Experimental

Oxide matrices are prepared via a sol-gel pro
cess. The hydrolysis of the alkoxides diluted with 
a solvent was carried out without catalyst or addi
tive using atmospheric moisture [9]. The alkox
ides (Si(OEt)4 and Zr(OBu)4) which are used 
exhibit different rates of hydrolysis. Therefore 
the zirconium alkoxide is rapidly hydrolyzed 
and active polymerizing species, such as 
Zr(OH)x(OR)4_x are formed. Then, self-polymer- 
izing species are formed from Zr(OBu)4, creating 
microscopic inhomogeneities based on Zr-O-Zr 
linkages [10], releasing water, which initiates the 
slow hydrolysis of the silicon alkoxide. This starts 
the polymerization of the silica network (29Si 
NMR data [11]) which proceeds homogeneously 
in the bulk and allows the preparation of large 
samples of dense oxide gels. The preparation of 
doped xerogels has been described in previous 
papers [12,13]. Raw materials are mixed in a dry 
atmosphere using ethanol as the solvent. The 
solution is doped with organic dye (such as Rho

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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damine 640) and the hydrolysis is performed in a 
Petri dish. The mixture becomes viscous and gela
tion occurs within 1 week at room temperature 
(RT). Gels are then dried in air for 1 month at 
RT. Dense (d ~ 1.8 g/cm3) monolithic and opti
cally clear xerogels can be produced by this route. 
After immersion in solvents (water or alcohol), no 
detectable leakage of dye is observed from doped 
samples, showing that the dye molecules are com
pletely trapped in a surrounding rigid cage (fig. 
1).

Optical properties of the samples were ana
lyzed with a Kerr cell (fig. 2). A probe beam 
crosses a polarizer, then the sample and finally an 
analyzer. The axis of the analyzer is perpendicu
lar to that of the polarizer. If the sample is 
optically isotropic, no light will be transmitted 
through the analyzer. If the medium is birefrin- 
gent, the electric field of the light probe beam 
sees two different indices, n0 and ne (provided 
the sample is not oriented such that the light 
electric field propagates along one of the neutral 
axes). The two projections of the electric field on 
the neutral axes do not propagate at the same

♦

♦ water in excess
• lack of water
■ slow hydrolysis

♦ b)

Time (min)
Fig. 1. Change of optical absorption of an ethanol solution 
with time, in which a dye-doped xerogel is immersed at t = 0. 
The samples studied here are of the type (a) synthesized with 
no water added to the sol. Curves (b) and (c) are obtained 
with more or less water added to the initial sol. Our sample 
(a) definitely encages the dye as opposed to classical gels (b) 

and (c) which do not.

Fig. 2. Experimental set-up. The optical devices are explained 
in the text.

speed in the medium. The two propagating times, 
t0 along the ordinary axis and te along the ex
traordinary axis, will be equal to
t0 = en0/c and te = ene/c,

where c is the velocity of the light in the vacuum 
and e the sample thickness. This time difference, 
te —t0, is equivalent to a phase shift, A<£>, be
tween the two projected waves,

A<f> = 2ir(ne — n0)e/A,

where A is the wavelength of the probe beam.
Since the total electric field is the sum of the 

projected ordinary and extraordinary electric 
fields, it becomes generally elliptically polarized. 
The intensity after the analyzer, IA, is the projec
tion of the elliptical light intensity on the axis of 
the analyzer. If polarizer and analyzer are ori
ented at 45° from the neutral axes, one obtains 

IA = I0 sin2(A3>/2),

where Io is the intensity of the light on the 
polarizer. The transmission of the Kerr cell is 
then T = Ia/I0.
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Our sample is initially isotropic. To induce a 
birefringence, we focus a pump beam on the 
point analyzed by the probe beam.

The pump beam consists of femtosecond 
pulses. They are produced by a colliding pulse 
passively mode-locked dye laser. Amplification is 
provided by a four-stage dye amplifier pumped by 
a frequency doubled Nd-YAG laser (532 urn. 10 
ns) working at 50 Hz [14], The energy of the 
pump pulses is about 1 pJ and is focussed onto a 
50 |xm diameter spot. Thus, the peak power 
density is about 6.4 GW/cm2. The corresponding 
electric field of such a pulse is about 70 MV/crm

3. Results

Initially the transmission coefficient is zero 
irrespective of sample orientation. By locally ap
plying about a hundred pump pulses, we are able 
to induce a birefringence leading to transmission 
ratio, T, about 6% at 632.8 nm (fig. 3). The 
difference of the refractive indices becomes 

ne — n0 = An = (AT1/2/7re) ~ 0.7 X 10-4.

If we stop to apply pump shots, the transmission 
ratio slowly decreases during the next few days to 
stay at around 70% of its initial value.

Fig. 3. Transmission of the probe beam as a function of the 
number of pump shots.

Fig. 4. Alternately rotating the polarization of the output 
command pulses between 0 and 45°, determines the level of 
the output. Stopping the pump beam memorizes the output 

status.

If the pump beam polarization is turned so 
that it is parallel to either the polarizer or the 
analyzer and applied again on the sample, the 
transmission coefficient decreases toward zero. 
Alternatively rotating the polarization direction 
of the pump beam and applying a few hundred 
shots each time, we can alternately obtain a high 
(T ~ 6%) or low (T < 0.5%) output level (fig. 4).

Since the inscription is permanent, we can 
apply our pump beam to another spot of the 
sample. Thus, the xerogel then can be used as an 
optical matrix.

4. Discussion

We interpret those results as the possibility of 
aligning our doping organic molecules. A static 
electric field induces a dipole in the molecule, 
exerts a torque on this dipole and thus tends to 
align the molecule parallel to its direction. The 
optical electric field has no action on the molecule 
via its permanent dipole. In fact the torque tends 
to orient the permanent dipole in the electric 
field direction and orientation. Thus, the torque 
exerted on the permanent dipole by the electric 
field changes sign twice every optical cycle (~ 
10“15 s); the average of this effect is zero. On the 
contrary, the torque exerted on the induced dipole 
by the electric field keeps the same sign all 
through the duration of the optical pulse. This 
mechanism can explain the inscription process. 
At the beginning, the doped xerogel is optically 
isotropic and the transmission of the Kerr cell is 
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zero. The first inscription process leading to T = 
6% creates the neutral axis. Further erasing/ 
writing cycles only rotates the neutral axis. When 
no pump beam is applied, the organic molecules 
are held by the xerogel matrix. The interaction 
probably occurs via hydrogen bonds; it prevents 
thermal disorientation.

Yet we think that some molecules are not 
firmly fixed which could explain the slight initial 
decrease of the transmission ratio.

The polarizability of the organic doping 
molecules and the value of the electric field are 
high enough for the torque to overcome the 
dopant/matrix interaction. The power density 
needed is less than the damage threshold of the 
matrix.

5. Conclusion

The possibility of trapping organic molecules 
in a solid matrix with an interaction energy be
tween thermal agitation and covalent bond en
ergy levels is demonstrated. This allows align
ment of the molecules with powerful optical 
pulses, and local control of the birefringence of 
the solid medium, leading to an all optical device 
allowing recording and erasing of information.
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Preparation of quantum-size CdS-doped Na2O-B2O3-SiO2 
glasses with high non-linearity
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A series of optically transparent quantum-size CdS crystal doped Na2O-B2O3-SiO2 glasses have been prepared from 
NaOAc, B(OC2H5)3, Si(OCH3)4 and Cd(OAc)2-2H2O by a sol-gel process. The glasses with CdS microcrystallites of 
wurtzite structure were developed by exposing CdO in the pre-heated gel to H2S gas and reheating to 590°C to densify the 
gel. Fully densified glasses containing 0.5-8.0 wt% CdS exhibit third-order non-linear susceptibility, x<3)> of (1.2-6.3)X 10 7 
esu for degenerate four-wave mixing (DFWM) with short (7 ns) laser pulses at wavelengths 450 and 460 nm. The average 
microcrystallite diameter observed by transmission-electron microscopy was from 3.5 to 6.0 nm.

1. Introduction

Silicate glasses containing CdSeAS|_x crystal
lites, which are commercially available as sharp
cut filters, have recently received attention as 
they exhibit resonant non-linear optical suscepti
bility, y(3), °f 10“9-10"8 esu with fast response 
time, because of three-dimensional quantum size 
effect caused by carriers confinement [1-9].

Preparation of the CdS-doped glasses of higher 
non-linearity than existing filters by conventional 
melt-quenching technique is difficult because only 
a few crystallites of CdS below 15 nm in diameter 
could be thermally developed from supersatu
rated melt-quenched silicate glass. Diffusion pro
cesses usually result in formation of crystallites 
with a broad size distribution. Recently, Nogami 
and co-workers [10,11] and Toghe and Minami 
[12] tried to prepare CdS-doped silica glass by the 
sol-gel process, expecting to avoid the solubility 
problem and better control the size distribution. 
However, only porous material with CdS particles 
in pores in an unstable state was obtained, be
cause the densification temperatures of silica gel 
are higher than 1000°C, which led to coalescence 
and evaporation or decomposition of CdS crystal

lites. Material used for non-linear optics must be 
fully dense to stabilize the ultrafine particles; 
thus, preparation of a multicomponent silicate 
system with low densification temperature is es
sential in the preparation of CdS-doped non-lin
ear optic materials by the sol-gel process.

This paper reports preparation of optically 
transparent Na2O-B2O3-SiO2 glasses contain
ing a large amount of CdS crystallites. These 
glasses were fully densified at 580 or 590°C and 
exhibit of resonant third-order optical non-linear
ity, x<3), of the order of 10 7- IO 6 esu.

2. Experiment

A matrix glass composition was selected to be 
5Na ,O 20B2(); 75SiO2 (mol%) to permit low 
densification temperature of the gel and CdS 
crystal stability during sintering. A precursor so
lution corresponding to the composition 6.25- 
Na2O-24B2O3-75SiO2 (in mole ratio) previously 
described [13] was used. CdO-containing gel was 
prepared by the same method as that used for 
preparing the gel of the Na2O-B2O3-SiO2 sys

0022-3093/92/505.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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tem [13], except that 38 g/100 ml of the aqueous 
solution of sodium acetate (NaOAc) was replaced 
by a solution of freshly dissolved 0.93 g NaOAc 
and 1.04 or 1.56 g Cd(OAc)2 • 2H2O in 7.2 ml 
distilled water. These correspond to 10 or 15 g 
per 100 g of 5Na2O-20B2O3-75SiO2.

The monolithic dry gel, about 1.7 mm thick 
and 23 mm in diameter, was pre-heated to 420°C 
and held 24 h after isothermal treatments at 120, 
250 and 320°C for 2, 12 and 24 h, respectively, in 
a silica tube with flowing oxygen to convert 
Cd(OAc)2 to CdO. The gel thus obtained is called 
the ‘pre-heated gel’.

The pre-heated gel was exposed to dry H2S 
gas to convert CdO to CdS crystallites at room 
temperature or 150°C for various time intervals in 
a glass reaction tube evacuated by a rotary pump 
before H2S exposure. The gel was then densified 
to a glass disc of about 1 mm thick and 15 mm in 
diameter, by heating to 580 or 590°C and for 12 
or 24 h. The samples were labelled as A, B, C 
and D depending on treatment conditions as 
shown in table 1.

3. Results

The amount of CdS and CdO in pre-heated 
gels and final glasses was determined using \a 
JEOL JSM-T200 scanning electron microscope 
equipped with Seiko EG&G type SED 8600 en
ergy dispersive X-ray analyzer. Results of this 
analysis are shown in table 1 with sample prepa
ration conditions. The glass of higher CdS con
tent was obtained under the combination of con
ditions of lower pre-heating temperature, higher

Wavelength (nm)
Fig. 1. Room-temperature absorption spectra of CdS-doped 
Na2O-B2O3-SiO2 gels and glasses. Analyzed CdS content in 

the glasses: B, 3.8 wt% CdS; D, 0.5 wt% CdS.

H2S reaction temperature, and larger amount of 
CdO in the pre-heated gel.

The sintering process of the gel has a great 
influence on the size of CdS crystallites as shown 
by the absorption spectra of samples B and D in 
fig. 1. These spectra were measured with a Jasco 
Uvidec-610C spectrophotometer using air as ref
erence. Particle size of CdS in the pre-heated gel 
grew during sintering of the gel, which results in a 
large red-shift of the absorption spectra.

X-ray diffraction data were collected on a pul
verized glass sample using a diffractometer 
equipped with a cylindrical position-sensitive de
tector and a multichannel analyzer with 4076 
channels distributed from 0° to 100° using CuKa 
radiation at 45 kV, 22.5 mA irradiated at an 
angle of incidence of 10°. The diffraction pattern 
of a sample doped with 8 wt% CdS scanned for 
9000 s is shown in fig. 2. In addition to the large

Table 1
Synopsis of properties of the samples A, B, C and D with treatment conditions and amount of developed CdS

Sample
ID

Nominal
CdS (wt%)

Analyzed
CdS (wt%)

S/Cd 
(mol)

Average 
diameter 
(nm)

Pre-heat Reaction to H2S Densification

(°C) (h) (°C) (h) (°C) (h)

A 15 8.0 ±0.5 0.73 6.0 ±0.3 420 24 150 24 580 12
B 10 3.8 ±0.5 0.48 3.5 ±0.3 500 24 150 24 580 24

200 24
C 15 1.4±0.2 0.13 4.1 ±0.3 520 24 150 24 580 12
D 15 0.5 ±0.2 0.05 3.8 ±0.3 500 24 R.T 6 590 12
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Cu Kot 20 (deg.)
Fig. 2. Powder X-ray diffraction pattern of the glass contain

ing 8 wt% CdS. A 50nm
broad ‘halo’ which is characteristic of diffraction 
of the matrix glass, three relatively broad peaks 
are observed. These peaks are identified as re
flections from the (110), (103) and (112) planes of 
CdS with hexagonal wurtzite structure.

Transmission electron microscopy (TEM) was 
conducted to determine CdS crystallite size in the 
fully densified glasses using a JEOL TEM-100CX 
electron microscope at 100 kV. Micrographs for 
samples A and B are shown in fig. 3. Crystallites 
appear as dark particles with approximate diame
ters of 6.0 nm for glass containg 8.0 wt% CdS (A) 
and 3.5 nm for glass containing 3.8 wt% CdS (B). 
They are randomly distributed in the matrix glass 
with a large particle number density. The size 
distribution of CdS crystallites is shown in fig. 4.

Nanometer-size ‘granular’ structure due to the 
density fluctuation of the matrix glass or low-con
trast structure with a length scale of the order of 
100 nm caused by separation of matrix glass was 
not observed.

Absorption coefficient of CdS-doped glasses 
near resonance conditions are shown in fig. 5. 
The blue shift of absorption edge of the glasses 
increased with increasing CdS content. This blue 
shift arises from quantum size effects resulting 
from confinement of an electron and hole in a 
small volume. A higher absorption band ap
peared as a shoulder in the spectra of samples B, 
C and D as is evident. The absorption intensity 
increased with increasing CdS crystallite content. 
The higher absorption band could not be ob-

Fig. 3. TEM micrographs of CdS-doped glasses. Analyzed 
CdS content: A, 8.0 wt%; B, 3.8 wt%.

Diameter (nm)
Fig. 4. Size distribution of CdS crystallites in glasses. Ana

lyzed CdS content: A, 8.0 wt%; B, 3.8 wt%.
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Wavelength (nm)
Fig. 5. Room-temperature absorption coefficients of CdS; 
doped glasses near the resonance wavelength. Analyzed CdS 
content in these samples: A, 8.0 wt%; B, 3.8 wt%; C, 1.4 wt%;

D, 0.5 wt%.

served in the spectra of sample A with a sample 
of 50 |xm thick.

The optical non-linear susceptibility, x(3>> of 
these glasses were measured at room tempera
ture by using degenerate four-wave mixing 
(DFWM) with two-beam configuration [14], The 
pump intensity of a N2 excited dye laser pulse (7 
ns in duration) is 10 kW/cm2 for samples B, C 
and D, and 35 kW/cm2 for sample A. The value 
of x<3) near resonance was of the order of 10 7- 
10“6 esu, as shown in table 2.

4. Discussion

The optical property of CdS-doped glass, which 
is dependent on the average size, size distribution 
and the number density of CdS in the matrix, can

Table 2
Third-order susceptibilities measured by DFWM

CdS 
(wt%)

A = 450 nm A = 460 nm

Abs. 
coeff. 
a (cm-1)

/3)
(esu X 10 7)

Abs. 
coeff. 
a (cm-1)

/3)
(esu X 10 7)

8 1833 ~ 4.5 1715 -6.3
3.8 915 -3.1 849 -4.1
1.4 493 - 2.9 417 -3.3
0.5 217 ~1.2 184 -1.3

be affected by processing variables, such as the 
properties of pre-heated gel, the CdO content, 
processing temperature and duration of H2S gas 
treatment, and heat cycle for the sintering of the 
gel. In general, higher CdO content in the gel 
leads to the formation of larger CdS crystallites 
with a broad size distribution. Pre-heated gel 
treated at a higher temperature leads to smaller 
CdS crystallites with a sharp size distribution 
even with high CdO content but with low CdS 
content (table 1).

In order to hinder broadening of CdS crystal
lite size distribution in the glass of high CdS 
content, a pre-heated gel with numerous nano
meter pores is desired. The large red-shift of the 
absorption edge obtained upon sintering the gel 
shown in fig. 1 arises from coalescence of CdS 
crystallites as was observed for thermally treated 
CdS in conventional melt-quenched glass. The 
mechanism is different, and this is under study at 
present.

5. Conclusion

Optically transparent Na2O-B2O3-SiO2 
glasses containing up to 8 wt% of CdS crystallites 
have been prepared by sol-gel processes. The 
average diameter of CdS crystallites is in the 
range from 3.5 to 6.0 nm depending on the con
tent of CdS, i.e., from 0.5 to 8 wt% in the glasses. 
These glasses exhibited a third-order optical 
non-linearity, x(3), of the order of 10~7-10“6 esu 
near resonance.
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T. Onzawa and Mr. R. Ooki for the electron 
microscopy. The authors are grateful to 
SDIO/IST and AFOSR for partial support of 
this work under Contract No. F-49620-87-K-0011.
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Long longevity has been obtained for doped SiO2 gel samples used in a laser cavity by combining the conventional sol-gel 
technique with a new process: impregnation with a sol. Results of laser action several months after preparation and storage 
of the samples are presented.

1. Introduction

Since 1984, when Avnir and co-workers [1-2] 
demonstrated the possibility and applications of 
doping a gel with an organic dye, many authors 
have tried this method to obtain a solid dye laser 
[3-7], The advantage of using an organic dye is 
the wavelength tunability due to the large fluores
cence spectrum. Moreover, the wide range of 
dyes available allows us to cover all the visible 
and near infrared spectrum by using the same 
process of synthesis and changing only the nature 
of the organic dopant. The problem of using such 
dyes in solution at present is the pumping and 
circulation system necessary to transport the liq
uid solution within the optical system. Obtaining 
such dyes in a solid matrix would therefore be of 
great practical interest. Organic polymer matrices 
had been tried without much success prior to 
work on the sol-gel method [8-10]. Organic ma
trices showed weak mechanical properties and 
were temporarily abandoned. The purpose of this 
paper is to present some results obtained with a 
new sol-gel preparation technique: impregnation 
with a sol. This latter process greatly improves all 
the sample characteristics. Such a technique could 
probably be used in numerous similar processes.

The physical and mechanical properties of the 
samples will be presented in detail elsewhere [11],

2. Experimental

Two types of host matrix, ‘classic’ gels and 
‘sono’ gels, were studied. In both cases the or
ganic dye was added to the resulting sol (or ‘sono’ 
sol), under magnetic stirring (for 5 min), prior to 
gelation as described in refs. [4,12], The dopant 
molecules (sulforhodamine 640) were previously 
dissolved in Dl-water. The organic dye concen
tration and volume of solution added were ad
justed to obtain the desired dopant concentration 
in the sol. After mixing, the clear doped sol (or 
‘sono’ sol) was placed in hermetically closed con
tainers, for gelation, at room temperature (ap
proximately 20°C).

All sols were obtained from hydrolysis and 
polycondensation of tetramethoxysilane (TMOS), 
using Dl-water, under acidic conditions (HNO3), 
with methanol as common solvent. Formamide 
was also present in the initial reacting system to 
ensure monolithicity of the resulting gels. The 
molar ratios of TMOS : water : nitric acid : 
methanol: formamide were 1:10:0.45 :3:3 and 

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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the initial volume was 100 cm3. Water/nitric acid 
mixture was added to the TMOS/methanol/ 
formamide, under magnetic stirring in an open 
glass beaker. After 30 min mixing, the dye was 
added as indicated above.

The only difference between ‘sono’ sol prepa
ration and classic sol preparation is the initial 
solventless mixture and the use of ultrasound to 
promote hydrolysis-polycondensation of TMOS. 
The same molar ratios as in classic sol prepara
tion were used. After water/nitric acid mixture 
was added to the TMOS/formamide, initially 
placed in an open glass beaker, the sonification 
treatment began. The apparatus was a sonifier 
(Vibracell, Sonics & Materials, USA), operating 
at 20 MHz. The power supplied was 180 W with a 
13 mm diameter probe. The initial solution vol
ume was 100 cm3 and the ultrasonic energy per 
volume unit delivered to the reacting solution was 
equal to 56.5 J/cm3. The resulting ‘sono’ sol 
gave, by mixing with laser dye solution as already 
described, doped clear ‘sono’ sols.

Seven days after gelation, the containers were 
opened and the pore liquid expelled during 
shrinkage was evacuated. Drying and aging were 
continued for three weeks at room temperature.

One month after gelation, samples were placed 
in a vacuum desiccator and evacuated for 1-2 h 
using a rotary pump. They were then individually 
soaked in the ‘sono’ sol preparated, as described 
above, for 15 min under vacuum and then 45 min 
at ambient pressure.

After impregnation, the gels were rinsed with 
water and placed in an oven at 45°C ± 5°C for 3 
days. The resulting xerogels were then polished 
with 3 pm diamond paste to obtain optical qual
ity surfaces.

The synthesis and physical analysis of the 
doped impregnated xerogels were carried out at 
the University of Montpellier and the optical 
properties were studied at the Institut d’Optique, 
Orsay. The bulk density measurements were ob
tained by the Archimedes’ method in toluene, 
with an accuracy of ±0.01 g/cm3. Thermal gravi
metric analysis (TGA) was carried out to com
pare results before and after the impregnation 
treatment. This analysis was performed on a Se- 
taram G 70 Model thermogravimetric analyzer. 

The balance accuracy was ±0.05 mg, and each 
sample weighed 100.0 ± 0.4 mg. A uniform heat
ing rate of loC/min from room temperature to 
1000°C was used.

The elastic modulus and the fracture stress of 
the samples were measured by three-point bend
ing method using an Instrom 1195 testing ma
chine. Vickers’ hardness was determined by ¡den
tation measurements with a 25 g load using a 
Leitz-Durimet apparatus. The doped impreg
nated xerogel was then studied in view of optical 
application as a laser medium.

When presenting results on laser action with 
organically doped solid matrices, attention should 
be paid to at least four aspects of performance, 
particularly the emission wavelength and its tun
ability.

Lasing threshold, slope efficiency and maxi
mum output achieved energy are also important. 
Unfortunately two problems, usual with such me
dia, have to be reported. First, lifetime: how does 
the output energy evolve when pumping the same 
point of the sample with successives pump shots? 
Second, longevity: how long can the sample be 
stored after synthesis? All these parameters are 
very sensitive to the experimental set-up. Laser 
cavity configuration and pumping characteristics 
should always be linked to the previous parame
ters.

The samples were placed in a 15 cm linear 
cavity consisting of a 80% flat output coupler and 
a r = 2 m aluminium concave mirror (fig. 1). A 
dichroic flat mirror was used to allow longitudinal 
pumping. The pump beam was issued from a 
frequency doubled Q-switched Nd: Yag laser. The 
532 nm pulses, 6 ns duration and ~ 1 mJ energy, 
were focussed on the sample to a 800 |xm diame
ter at about 3 cm from the output coupler.

3. Results

Figure 2 shows the bulk density evolution dur
ing drying for classic and ‘sono’ gels. Both sam
ples stay at a value close to 1.4 g/cm3 after 
drying. The impregnation process leads to an 
increase of bulk density (1.58 g/cm3 for classic 
gels and 1.55 g/cm3 for sonogels) due to the
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Aluminium mirror 
radius of curvature: 2 m

Nd-YAG 
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(10 ns, 532 nm)
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Output coupler 
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Output coupler 
diffraction grating 

(Littrow configuration) 
R=70 % at 632 nm

Dichroic mirror
Rmax 550-650 nm

Tmax 532 nm

TUNABLE CAVITY

Fig. 1. Experimental set-up of the linear laser cavity used.

different texture of gels. It is assumed [13] that 
sonogels have smaller diameter pores which do 
not favour the impregnation process.

The choice of time impregnation (30 days) is 
seen to correspond to the stabilization of appar
ent density at the end of drying. Comparison of 
TGA curves for impregnated and non-impreg- 
nated doped SiO2 classic gels (fig. 3) indicates 
that the impregnation process has drastically con
tributed to eliminate the residual traces (organic 
and water) present in the dried gel (weight losses
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Fig. 2. Bulk density evolution vs. time of classic and ‘sono’

TEMPERATURE (°C)
Fig. 3. TGA data on doped classical gel and the correspond

ing impregnated sample.

at 100-200°C). The difference in total weight 
loss, at 1000°C (51% and 16% for non-impreg- 
nated and impregnated samples, respectively), is 
essentially due to this elimination. Weight losses 
of the organic dye do not clearly appear because 
of the small quantity present in the sample.

Mechanical properties are significantly im
proved by the impregnation process in that the 
sample can then be easily polished for optical 
applications. Table 1 shows the Vickers’ hard
ness, elastic modulus and fracture stress of im
pregnated samples at the same aging time. De
tails of this study will be published elsewhere [11]. 
From the laser point of view, tunability from 600 
to 650 nm and a maximum output efficiency were 
obtained with an impregnated sonogel doped with 
sulforhodamine 640: a 60 jjlJ threshold and a 
10.5% slope efficiency (fig. 4). These values are 
obtained with the first pump shot on a fixed point

Table 1
Effect of the impregnation on the mechanical properties of 
the host matrices

¡7 a)My 
(MPa)

Elastic modulus 
(GPa)

Fracture stress
(MPa)

Non-impregnated gels
classic 4 0.25 3.4
‘sono’ - 0.31 3.4

Impregnated gels
classic 14 1.31 24.2
‘sono’ 19 1.38 19.2

gels. Drying starts at 8 days. a) Hv, Vickers’ hardness.
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Pump pulse energy (mJ)
Fig. 4. Maximum energy output vs. pumping energy. Thresh
old under 100 |j_J and rate efficiency of 10.5% (sonocatalyzed 

impregnated sample) were obtained.

of the sample. As the number of pump shots 
increases, the threshold increases, the efficiency 
decreases and the overall output energy falls 
rapidly to zero. As the output energy decreases, 
the Gaussian spatial mode of the laser beam 
becomes perturbed and the spectral width be
comes larger. The output energy, at less than 
10% of the initial value, can no longer be quali
fied as laser action. It is more like spatially per
turbed superfluorescence if it is still directive. 
The lifetime of a sample can thus be defined by 
the number of pump shots it can absorb, while 
retaining at least 10% of the initial cavity output 
energy value. With some samples, a 2600 pump 
shot lifetime was achieved with the pump beam 
working at a 5 Hz repetition rate with 450 
p.J/pulse energy level. Experimental points fit 
with an exponential decay curve. The lifetime 
changes drastically when parameters such as dye 
concentration, pumping energy level, pumping 
rate, longitudinal and transversal pumping, size 
of the sample, etc., are changed. Thus, all data 
must be carefully specified when speaking of the 
lifetime of a sample.

Another very important parameter is the 
longevity of the sample. How long can it be used 
after synthesis? How do its optical characteristics 
evolve? Unfortunately they usually evolve badly. 
In our case, studying the non-impregnated classi
cal or ‘sono’ gels a couple of months or more 
after their preparation gave very poor results or

Table 2
Slope efficiency and lifetime of different Sulforhodamine 640 
doped xerogels. Lifetime measurement conditions are given in 
the text

Impregnated 
gel

Dye concen
tration a) 
(mol/1)

Slope 
efficiency
(%)

Lifetime 
(no. of shots)

Classical 8.6 X10“5 4.2 <100
1.75 X 10 4 4.5 400
4.7X10“4 4.8 1700

‘Sono’ 8.6X10“5 7.75 200
1.75 X104 10.5 800
4.7X10 4 6 2600

a) Concentration in the initial sol.

no laser action at all. With the impregnation 
process, the samples are still good several months 
after synthesis. All the data reported in this pa
per were obtained with six-months-old samples 
prepared by the impregnation technique. Table 2 
shows the slope efficiency and the lifetime of our 
samples obtained with 450 |xJ/pu!se at 5 Hz.

4. Discussion

We interpret these results as the fact that the 
impregnation process encages the residual water 
and solvant molecules within the pores of the 
vitreous matrix and delays the evaporation pro
cess. The organic dye environment is thus suit
able for a longer time. The molecule needs to 
‘feel’, at least partially, a surrounding liquid. 
When the molecules are blocked in an inorganic 
matrix, the quantum fluorescence efficiency of 
the dye drastically decreases. We also interpret 
the negative results obtained with old classical or 
sonocatalyzed, but not impregnated, samples as 
the fact that, the liquid having evaporated, the 
dye molecules lie on the surface of the pores and 
such an environment is unfavourable to light 
emission. Thus, the fluorescence of the organic 
molecules is not important.

We point out that the optimal dye concentra
tion for lifetime is higher than the optimal dye 
concentration for slope efficiency. This can be 
readily understood. As the organic dye molecules 
are destroyed during pumping, it is better to 
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initially have some excess molecules in order to 
delay the decrease in laser action. A too high dye 
concentration is of course detrimental to lasing 
efficiency. We should also point out that it is not 
at low pumping levels that the longer lifetimes 
are obtained. As the threshold increases while 
the slope efficiency decreases, longer lifetimes 
are obtained for high energy pumping values. We 
are of course limited by thermal problems.

5. Conclusion

It is clear that the impregnation technique 
enhances mechanical properties of the material 
and allows easy polishing. The evaporation pro
cess responsable for breakdown of the sample 
laser characteristics (threshold, slope efficiency 
and lifetime) is delayed. We believe that the use 
of solid dye lasers now lies in the choice of more 
appropriate dyes, since much progress has al
ready been made in the matrix. This technique 
leads to a sample whose lifetime is at least sev
eral months with good optical characteristics. 
Such a process could probably be applied to 
numerous other similar preparation methods.

This work was funded by the Direction 
Recherches Etudes et Techniques under contract 
n° 89/128.
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Characterization of laser-densified sol-gel films for the fabrication 
of planar and strip optical waveguides
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Sol-gel techniques were used to prepare SiO2-TiO2 planar and strip optical waveguides. Thermal densification for 
planar waveguides and laser densification for strip waveguides were performed on films prepared from two different 
solutions on silica and soda-lime substrates. The resulting waveguides were optically characterized and the optical 
differences between furnace- and laser-densified films were shown. A better insight of the effect of the densification 
method, solution and substrate on the resulting film was gained by the study of their chemical composition by nuclear 
analyses.

1. Introduction

Sol-gel technique offers a good possibility to 
produce glass coatings which can be used in many 
integrated optical devices [1,2],

Recently, the interest for laser technology as a 
method to obtain the densification of gel layers 
has grown, both in the case of bulk gels [3-5], in 
which waveguides or refractive index profiles may 
be written by the laser technique, and in the case 
of coatings, which have been densified by differ
ent methods using a laser. One possibly way is, 
for example, to cover the sol-gel film by a metal 
layer that can then be heated by a laser beam, 
without any particular restriction on the wave
length (e.g., Nd : YAG laser) [6,7]. An alternative 
way is to directly focus a CO2 laser beam, which 
is absorbed by glass, on the surface of the film [8].

The effects of laser heating on the film compo
sition, structure and properties are of evident 
importance, but they are not yet well known. A 
preliminary investigation on the differences be
tween laser and normal heating densification is 
presented in this paper. Films resulting from laser 

and furnace densification were analyzed by nu
clear techniques to investigate the effect of differ
ent densification methods on chemical composi
tion and optical attenuation of films.

2. Experimental

The effect of different densification method 
was investigated by analyzing sol-gel films by 
nuclear techniques, which gave information about 
chemical composition. Several samples were pre
pared changing the substrate, starting solution 
composition and densification method. Soda-lime 
microscope slides and silica slides were used as 
substrates. Solutions of TEOS and Ti(O-But)4 in 
ethanol, to obtain coatings with 30 mol% TiO2, 
were prepared with 2 mol water and 0.01 mol 
HC1 (acid catalyst) per mol TEOS, and a concen
tration of 50 g/1 of oxides. Solution 1 also con
tained acetylacetone. The complexing agent was 
not added to solution 2, in order to reduce the 
amount of organics and to limit the residual 
carbon in the film after thermal treatment.

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Furnace-densified films were prepared by mul
tilayer dip-coating with .heat treatment at 500°C 
after each deposition. Samples for laser densifica
tion were obtained with the same procedure, but 
limiting the temperature to 200°C. A maximum of 
four layers could be deposited without cracking 
of the film. All furnace treatments were per
formed in air, by inserting the samples directly 
into the hot furnace. Densification achieved with 
a thermal treatment at 200°C is far from com
plete and further heating will be effective in 
changing the gel characteristics. The laser used 
for heating was a CO . laser focused on the film 
surface. The power was calibrated so that the gel 
could be densified by moving the sample on the 
beam focus at a velocity of 1 mm/s. The non
densified part of the film was etched with a 0.5M 
HF solution for 30 s. The transverse profile of 
one of the strips obtained by this method is 
reported in fig. 1. As can be seen, the dimensions 

and shape are appropriate for optical propaga
tion, if the refractive index is sufficiently high.

Samples for nuclear analyses were prepared 
with the two solutions, on the two types of sub
strates and densifying by thermal treatment in a 
furnace and by laser heating (see table 1 for 
sample description). Films consisted of three lay
ers in both thermal and laser densification. In the 
latter case, since it was necessary for nuclear 
analyses to have a densified area of at least 1 
mm2, the beam was a little defocused, corre
spondingly increasing the incident power, and the 
film was scanned back and forth under the laser 
beam moving it in the transverse direction at the 
same time, until a strip 2 mm wide was obtained.

Elemental analysis of the samples was per
formed by Rutherford backscattering spectrome
try (RBS), elastic recoil detection (ERD) and 
nuclear reaction analysis (NRA).

Rutherford backscattering spectrometry and 
ERD measurements were carried out with the 
4He+ ion beam of the 2.5 MV AN 2000 HVEC 
Van de Graaff at the Laboratori Nazionali of 
Legnaro, which also provided the D+ beam for 
nuclear reaction analysis.

A 2.2 MeV 4He+ ion beam was used for RBS 
and ERD. Backscattered particles were detected 
by a solid state detector positioned at a scattering 
angle 0s = 160° relative to the beam.

Hydrogen concentration profiles were deter
mined by detecting the protons recoiled at a 
scattering angle 0S = 30°, by the 4He+ ions im
pinging on the target at 15° to the sample surface. 
A 9 p,m Mylar sheet was mounted in front of the 

Table 1
Samples for analyses by nuclear techniques

YFSL YFSI YLSL YLSI NFSL NFSI NLSL NLSI

Acetylacetone Yes Yes Yes Yes No No No No
Furnace heat X X X X

treatment
Laser X X X X

densification
Soda-lime X X X X

substrate
Silica X X X X

substrate
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solid state detector in order to stop scattered 
a-particles.

Total carbon content was measured using the 
non-resonant nuclear reaction l2C(d,p)13C with a 
600 keV D + beam. This energy was used in order 
to avoid possible interferences with other (d,p) 
nuclear reactions. The protons produced by the 
mentioned nuclear reaction were detected by 
means of solid state detectors positioned at a 
scattering angle 0S = 150°.

Planar and strip waveguides for optical charac
terization were obtained with eight and four lay
ers, respectively, on soda-lime substrates. The 
films and strips were fabricated by furnace and 
laser densification. The thickness and the refrac
tive index of the planar waveguides were such 
that three propagation modes were supported. 
Dark m-line spectroscopy measurements of the 
propagation constants were performed and the 
optical parameters of the waveguides were ob
tained by fitting the modal dispersion relation to 
measured constants at A = 632.8 nm. The optical 
losses of the waveguides were measured at the 
same wavelength by means of a Vidicon camera 
which permitted detection of the intensity of the 
light scattered out of the plane of the film along 
the direction of propagation. The intensity profile 
obtained was fitted by an exponential curve, from 
which the attenuation coefficient could be de
duced. The propagation of light in the strip wave
guides was also possible and the optical attenua
tion was measured by the same method.

3. Results and discussion

3.1. Analyses by nuclear techniques

The analysis of O, Si and Na was performed 
with an error of about 2.5% by standard RBS 
calculations based both on the spectrum heights 
for scattering from the top surface layer of each 
element and on the determination of the total 
integrated doses (atoms/cm2) for each element 
[9]. The uncertainty in the evaluation of the ratios 
between the elements is about ±5%.

The analysis of the hydrogen was performed 
on the basis of ERD spectra, using algorithms

Results of elemental analysis by nuclear techniques

O/Si Ti/Si Na/Si H/Si C/Si
(±5%) (±5%) (±5%) (±12%) (±10%)

Table 2

NFSL 3.3 0.46 0.58 No 0.055
YFSL 3.3 0.43 0.56 No 0.029
NLSL 3.5 0.45 0.022 0.61 0.088
YLSL 3.5 0.46 0.0020 0.53 0.11
NFSI 3.1 0.46 No 0.39 0.011
YFSI 3.0 0.43 No 0.38 0.024
NLSI 3.2 0.47 No 0.61 0.16
YLSI 3.0 0.43 No 0.57 0.15

similar to those described in literature [10], and 
the concentration of hydrogen was obtained with 
uncertainty of about ± 10%.

In carbon analysis, a precalibrated standard 
was used and total carbon content (atoms/cm2) 
was obtained with error of ±7% [11],

Finally, all the RBS spectra were simulated, 
after collecting all the elemental information, by 
means of a computer program [12], and good 
agreement with the experimental spectra was ob
tained. Results obtained by the elemental analy
sis of the films performed by the nuclear tech
niques are summarized in table 2. The mean ratio 
between titanium and silicon atomic concentra
tion is 0.447 ± 0.018, which is in good agreement 
with the nominal composition of the solution.

The mean value of the ratio between the con
centration of oxygen and silicon atoms in the 
samples with soda-lime substrates is 3.42 and in 
the samples with silica substrates it is 3.06. These 
values are higher than expected for a film com
posed of 70% SiO2 and 30% TiO2, in which the 
ratio should be 2.86. The higher oxygen content 
may be at least partially explained by the pres
ence of non-bridging oxygens bonded to silicon 
and to titanium, as can be derived from the 
experimental values of the ratios H/Si and Na/Si.

Appreciable hydrogen was found in all sam
ples except YFSL and NFSL where the content 
of sodium was equivalent to that of hydrogen in 
other films. This indicates that there was migra
tion of sodium from the substrate to the films 
during the furnace treatment. The correspon
dence of the quantities of sodium and hydrogen 
suggests that sodium atoms may substitute hydro
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gen atoms during migration from the substrate. It 
should be observed that the amount of sodium in 
the two samples, corresponding to about 16 mol% 
Na2O, is enough to affect the sintering be
haviour. Much less sodium was detected, in the 
laser-densified films and this can be explained by 
the short-time laser heating.

Carbon content of samples gives interesting 
information. Surprisingly, the residual carbon 
does not seem to be simply correlated to the use 
of acetylacetone in the precursor solution. Cer
tainly important is, instead, the densification 
method. The laser-treated samples show carbon 
content from two to ten times higher with respect 
to those heated in the furnace. This is due to the 
high velocity of the densification process achieved 
during laser heating of the films which does not 
permit a good burning of the organics before all 
the pores are closed.

3.2. Optical characteristics

Planar optical waveguides were deposited by 
dipping soda-lime substrates in solutions with 
(samples DY) and without (samples DN) acetyl
acetone. Refractive index and loss measurements 
are reported in table 3. The error on loss values 
refers to the accuracy of the measurement 
method. The samples, however, are not really 
homogeneous and losses can be up to 0.5 dB/cm 
higher than the reported values if measured in 
different areas of the same sample. Higher losses 
can be attributed to the presence of a larger 
number of scattering centres (e.g., dust particles) 
in these areas.

Table 3
Results of optical measurements on planar waveguides

Sample Refractive index Losses (dB/cm) 
at À = 632.8 nm

DY1 1.653 ±0.003 1.2±0.1
DY2 1.658 ±0.003 1.3 ±0.1
DN1 1.655 ±0.003 0.2 ±0.1
DN2 1.651 ±0.003 0.3 ±0.1
DY3 1.684 ±0.003 0.5 ±0.1
DY4 1.682 ±0.003 0.8±0.1
DN3 1.689 ±0.003 0.6 ±0.1
DN4 1.692 ±0.003 0.5 ±0.1

Waveguides of series 3 and 4 were heated at 
550°C instead of 500°C. This explains their higher 
refractive index, that is closer to that expected for 
a dense 70% SiO2-30% TiO2 film. If the indices 
of silica and titania are assumed to be respec
tively 1.46 and 2.3 [13], the value of the refractive 
index calculated by a linear interpolation is about 
1.7.

No relevant difference in the refractive index 
between the waveguides prepared from the solu
tion with or without acetylacetone was seen. Nu
clear analyses indicated similar compositions for 
the two types of films. However, since the refrac
tive index of a film also depends on its structure, 
we can say that our results do not support the 
hypothesis reported in literature that gels made 
with complexing agents form weakly crosslinked 
linear units responsible for a loose and open final 
structure of the glass [14,15],

Losses at A = 632.8 nm are lower than 1 
dB/cm with a good reproducibility for all sam
ples with the exception of samples DY1 and 
DY2. Higher losses for these two samples are not 
necessarily correlated with the presence of acetyl
acetone, but could be due, for example, to inef
fective solution filtering before film preparation.

Losses measured in strip optical waveguides 
are higher and have a mean value of about 5 
dB/cm, in correspondence with the higher con
centration of carbon detected in laser-densified 
films. An attempt to burn carbon after densifica
tion was made with a thermal treatment of 24 h 
at 500°C. Results of attenuation measures after 
treatment did not show any appreciable variation 
with respect to the values obtained before, indi
cating that densification achieved by laser treat
ment does not leave sufficient porosity in the film 
to allow carbon residual burning.

4. Conclusions

Laser densification of a sol-gel film has been 
used to produce strip optical waveguides, but 
losses obtained with this method are higher than 
optical losses in planar optical waveguides. To 
obtain a greater understanding of the effect of 
laser treatment, the chemical composition of 
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laser-densified films was studied and compared 
with that of furnace-densified films. The analyses 
revealed that one important problem to be solved 
to achieve optical propagation with low losses in 
laser-densified waveguides is residual carbon. 
Burning of residuals after densification was not 
possible.
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P. Innocente of IGI-CNR (Padua) for giving the 
possibility of performing laser experiments. The 
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The sol-gel process has been used to trap nematic liquid crystal droplets, thus producing thin-film and bulk gel-glass 
dispersed liquid crystals (GDLC). Marked changes of macroscopic optical properties were achieved by controlling pore size 
and chemical surface composition of GDLCs, thus facilitating the design of practical devices. Switching between opaque and 
transparent states and variable birefringence has been demonstrated. Voltages required for droplet reorientation, and 
electro-optical response times, are related to pore-surface chemical composition, droplet size and shape, liquid crystal 
concentration, and anchoring strength of the silica-cage inner surface.

1. Introduction

Effort is currently directed towards develop
ment of electro-optical devices having both the 
required electro-optical properties and an easy 
preparation in thin films and bulk. Such devices 
may be used as optical shutters, displays, or light 
modulators. Polymer dispersed liquid crystals 
(PDLCs) [1,2] may be one of the most promising 
candidates for such devices, since polarizers are 
not required. The feasibility of using sol-gel tech
niques to trap droplets of liquid crystals has been 
recently examined. This technique allows the 
preparation of gel-glass dispersed liquid crystals 
(GDLCs). GDLCs may have, in principle, the 
same performances as PDLCs, the new substrate 
giving enhanced optical and mechanical proper
ties.

The feasibility of the technique was demon
strated [3] and different combinations of liquid 
crystals (LCs) and substrates were studied [4]. 
The most promising GDLCs were selected ac
cording to their electro-optical performance. 
Phenyl silicon and methyl silicon substrates were 
employed as orienting surfaces for trapped micro
droplets of E7 liquid crystal.

The main aim in this work was to separate the 
experimental conditions that may influence the 
optical response of the materials. Several batches 
of low concentration GDLCs with different mi
crodroplet sizes have been prepared.

The possibility of using GDLCs as electrically 
controlled birefringence (ECB) devices was also 
analyzed. In this case, a continuously varying 
phase delay depending on the applied voltage 
must be demonstrated.

2. Experimental

2.1. Materials
Organosilicon compounds used in GDLC 

preparation were phenyltriacethoxy silane and 
methyltriacethoxy silane from Petrarch. The liq
uid crystal employed was the commercial nematic 
mixture E7 from BDH Ltd. The composition of 
this mixture is unknown; it is made of several 
n-alkyl cyanobiphenyl homologues and a choles
teric liquid crystal dopant. Samples for electro- 
optical measurements were made by sandwiching 
the polymerizing solution between indium tin ox
ide (ITO) coated conductive glasses. Uniform cell 
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thicknesses from 30 to 120 |im were obtained by 
placing mylar spacers between the conductive 
glasses.

2.2. Sample preparation

GDLC materials were prepared by mixing ap
propriate amounts of the organosilicon monomer, 
water and the E7 LC. Depending on the starting 
organosilicon compound, two different substrates 
are obtained, where the non-reacting groups are 
methyl and phenyl respectively. Reacting mix
tures contain 0.94 ml of phenyl- (or methyl-) 
triacethoxysilane, 0.27 ml of bidistilled water and 
a variable amount of LC. Further details of syn
thesis procedure have been previously described 
[3-5]. LC concentrations in methyl substrates 
ranged from 2.0 to 8.0 ml of LC per mol of 
reacting groups and from 8.0 to 16.0 ml in phenyl 
substrates. It was previously found [4] that phenyl 
samples need higher concentrations for the mi
crodroplets to be formed. Obviously, once the 
phase separation in GDLC formation takes place, 
the LC concentration becomes simply a figure 
related to the number and density of micro
droplets within the sample.

2.5. Sample characterization

Switching of the GDLC samples was observed 
by applying an ac voltage over threshold (i.e., 
high enough to switch the sample) to the conduc
tive plates. The switching voltage was determined 
by measuring the light transmitted through the 
GDLC cell under ac fields. The voltage needed 
for switching was produced using a pulsed high 
frequency sinusoidal wave generator. The genera
tor employs a 20 kHz sinusoidal carrier ampli
tude-modulated by a 0.5 Hz square wave signal. 
The carrier peak voltage can be varied from 0 to 
120 V. As it is customary in LCs, threshold volt
ages (not electric fields) are used for sample 
characterization. Wherever applicable, samples of 
the same thickness were used for the compar
isons. When no voltage is applied, LC micro
droplets scattered visible light, and the sample is 
white opaque or milky. The voltage reorients the 
LC director and the LC ordinary refractive index 

becomes the only one ‘seen’ by the incoming 
light, thus reducing the index difference between 
LC and substrate. This reduces the scattering and 
the sample becomes more transparent. No polar
izers are needed to produce the effect. If a com
pletely transparent state is desired (i.e., Fresnel 
limited transmission), the substrate refractive in
dex may be modified to match the ordinary index 
of the LC. Even in low concentration unmatched 
GDLCs switching was observed with the naked 
eye.

To characterize the orientation and shape of 
the microdroplets, the samples were switched in a 
microscope between crossed polarizers. Radial 
orientation [6] corresponding to a homeotropic 
surface condition was obtained in all cases, as 
shown by a characteristic ‘Maltese cross’ pattern 
in the droplets. Single domain droplets were ob
tained in all cases but the largest sizes (40-50 
|xm), where multidomains were seldom detected. 
The droplets are spherical, their diameter varying 
+ 20% within each sample. Droplets from 2 to 50 
|jim were obtained by controlling reaction condi
tions.

The experimental set-up (fig. 1) for studying 
optical transmission and electro-optical response 
consists of an optical bench, 5 mW He-Ne laser, 
5 X collimator, polarizers and lenses (if needed), 
the GDLC sample, and Hamamatsu large area 
photodiode. Rise and fall switching times (ton 
and toff, taken from 10 to 90% of signal incre
ment/decrement) are measured by displaying the 
photodiode signal on a Tektronix digital oscillo
scope controlled by a PC microcomputer. Base
lines for clear and dark states are obtained from 
the oscilloscope trace by averaging accumulated

Fig. 1. Experimental set-up used for measuring GDLC switch
ing times and contrasts. Sample switching is due to the output 
signal (V) from the generator. Using the He-Ne laser as a 
light source, the two different transmission states are detected 

by the photodiode and measured with the oscilloscope.
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scans of the square-like electric input signal from 
the photodiode. Once the values for baselines are 
obtained, the switching times are directly read 
from the oscilloscope timebase. Contrast ratios 
were calculated as on/off transmission quotients, 
referred to the dark level.

Relative contrast ratios were used to compare 
samples with different thicknesses and concentra
tions. The contrast for the highest voltage 
(120Kpeak) was chosen as reference. The actual 
contrast ratios obtained in these samples are very 
low, since no attempt has been made to match 
the refractive index of the substrate with the 
ordinary index of the liquid crystal. In other 
words, no Fresnel-limited transmission is 
achieved. Moreover the LC concentration (hence 
the scattering) is quite low; therefore the opaque 
state is not white but translucent, allowing a 
substantial fraction of light to get through the 
sample.

2.4. Measurements

Three different types of experiments have been 
carried out. To study the influence of the unreac

tive organic group on the dynamic response of 
the material, two parallel batches with different 
radicals (methyl and phenyl) were tested over a 
range 0—120P^eak (Kp). The LC concentration and 
its influence on the response times was separately 
studied. Finally, a thorough control of experimen
tal conditions [4] along the preparation allows the 
formation of droplets with different size ranges. 
Two different ranges, 2-5 pm and 20-50 pm 
were tested.

3. Results

3.1. Parameters affecting the GDLC dynamic re
sponse

3.1.1. Substrate and liquid crystal
A different electrooptical behavior was found 

when varying the non-reacting organic group of 
the polymerizing organoacethoxysilane. Figure 2 
shows the switching times ion and toif, of phenyl 
and methyl samples for different applied volt
ages. Concentration ranges for phenyl and methyl 
radicals do not overlap; hence samples with the

Fig. 2. Switching times of phenyl and methyl samples (thickness is 70 p.m) for different applied voltages. (LC concentrations are 16 
and 8 ml per mol of reacting group, respectively.) (a) Phenyl substrates show nearly constant rise time for the whole range whereas 
methyl substrates stabilize in the upper region, (b) Relaxation times are substantially constant in both substrates, except for the 
lowest points of phenyl substrate, below methyl threshold, (c) Normalized contrast ratio. Note the smooth contrast increase in the 

methyl substrate as compared to the sharp phenyl curve.
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Fig. 3. Influence of LC concentration on rise time. Methyl 
substrate, droplet sizes 2-5 |im and 20-50 |xm (sample thick
nesses are 70 p.m). LC concentrations are low (X, 2 ml/mol; 
O, 4 ml/mol and high (*, 6 ml/mol; a, 8 ml/mol of the 
reacting group). Note the slow decrease for higher LC con

centrations in both droplet sizes.

I 1 1 ’ I ' 1 I 1 1 1 I L 1 ■ I I 1--------- 1
20 40 60 80 100 120

Applied VpeQk (V)

same droplet size (average 5 pm) were used for 
comparison. Phenyl samples show a much lower 
threshold voltage (~ 10Kp) than methyl samples 
(~ 25Kp). Once the threshold is surpassed, phenyl 
samples rapidly reach a constant rise time whereas 
methyl samples show a steady decrease over a

360-

300

Fig. 4. Relaxation times for two droplet sizes. LC concentra
tions, droplet sizes and symbols as in fig. 3. Each droplet size 

show its own voltage-independent relaxation time. 

~ 30Fp range. The same behavior is found if 
normalized contrast ratios are plotted vs applied 
voltage.

3.1.2. LC concentration
Figure 3 shows a comparison of rise times for 

four different LC concentrations in the same 
methyl substrate. Two droplet size ranges were 
used. It can be seen that rise time varies with the 
LC concentration, but shows negligible changes 
with droplet size. When the applied voltage is 
increased, rise time reaches a constant value for 
every LC concentration. The lower the LC con
centration, the lower the applied voltage needed 
for ‘saturation’. On the other hand, fall (relaxa
tion) time does not depend on the LC concentra
tion (see below).

3.1.3. Droplet size
Figure 4 shows the relation between relaxation 

time and droplet size in the same methyl sub
strate. To test this effect, two different pore sizes 
have been compared using two concentrations for 
each case. The relaxation time is fairly constant 
for the entire range of switching voltages and 
does not depend on the LC concentration; how
ever, a clear dependence on pore size can be 
observed.

4. Discussion

4.1. GDLC dynamic response

The parameters affecting the GDLC dynamic 
response are related to the relation between the 
substrate and LC mixture, the LC concentration 
and the droplet size. The results in fig. 2 can be 
explained assuming weaker anchoring forces in 
the inner surfaces of phenyl pores than in methyl 
pores. This is confirmed by the longer relaxation 
time (toff) of phenyl samples.

These results are fairly coincident to some 
previous studies reported by us [4]. The lower 
threshold for phenyl substrates was also found in 
that case. However, the samples showed faster 
switching times, as did alkyl homologous series. 
In that work, a slightly smaller pore size (1-2 
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|jim) and a different liquid crystal were used. As 
mentioned above, E7 is a commercial mixture of 
several K15-like nematics and a cholesteric 
dopant. The prior study was made on K15 (p-n- 
penthyl-p'-cyanobiphenyl). Besides the different 
pore size, it is possible that reorienting surface 
anchoring forces are weaker for E7. In any case, 
the conclusion of this comparison between phenyl 
and methyl substrates is that phenyl substrates 
are superior for optical shutters with either liquid 
crystal, whereas methyl substrates are better for 
applications requiring smooth variations of trans
mission with voltage, such as analog grey scales or 
variable birefringence devices.

The influence of different LC concentrations 
on rise time in methyl substrates is shown in fig. 
3. This behavior may be related to the effective 
electric field that reorients the microdroplets in 
every case. The dielectric substrate has a fairly 
constant permitivity, but the presence of LC mi
crodroplets induces inhomogeneities within the 
material. In other words, the electric field affect
ing a single droplet is shielded by the presence 
(and concentration) of other adjacent droplets. 
This can be seen in fig. 3 where a higher voltage 
is needed to reach a steady rise time for higher 
concentrations.

Droplet size, as expected, affects the overall 
rise time values of a sample batch (fig. 4), but 
does not change the tendency of the curves, which 
mainly depends on the LC concentration. How
ever, the fall time is only dependent on LC relax
ation mechanism, which ultimately depends on 
surface anchoring forces. It seems obvious, there
fore, that a larger pore size must increase the 
relaxation time. This effect is easily observed in 
sandwich cells of pure liquid crystal (i.e., without 
substrate), where relaxation times largely depend 
on cell thickness. A thicker cell (or a larger pore) 
means that the wall is further away, and a larger 
amount of material must be reoriented by a pro
portionally smaller surface (the ratio surface/ 
volume decreases).

4.2. GDLC devices

The above results open the possibility of ma
nipulating light signals in photonic systems using 

GDLCs. Two types of device could be derived 
from such materials: optical shutters and polar
ization controllers. The GDLC films presented 
above can be used as optical shutters simply 
matching the matrix refractive index with the 
ordinary index of the LC.

An alternative device can be obtained applying 
transverse electric fields to GDLC bulks. In this 
case, a variable birefringence is obtained (electri
cally controlled birefringence, ECB), the light 
output being controlled by suitable oriented po
larizers. These devices must show a range of LC 
reorientations for different applied voltages, as 
found in methyl-based GDLCs. Some preliminary 
experiments on GDLC-films having methyl and 
phenyl groups on their inner pore surfaces have 
been performed. The birefringence of the ECB- 
GDLC is determined by the ordinary and ex
traordinary refractive indices (n0 and ne) of the 
LC. At the off-state, light depolarization results 
from LC orientation in the microdroplets, con
trolled by anchoring forces and droplet shape. At 
the on-state, the electrically controlled LC reori
entation in the microdroplets modifies the aver
age refractive index. The sample becomes more 
biréfringent, and the output light can be con
trolled with the polarizers. Typically, the trans
mission axis of the first polarizer is oriented along 
the electrical field, and the second is crossed. In 
this case, a variable decrease of transmitted light 
(ideally down to complete extinction) is observed 
for different applied voltages. In a practical de
vice, the substrate refractive index should have an 
intermediate value between n0 and ne to reduce 
the scattering. The characterization and opti
mization of ECB-GDLCs are currently under 
study.

A final point is worth being mentioned. It has 
been shown in PDLCs that the relaxation time 
may be greatly reduced using ellipsoidal-shaped 
microdroplets instead of spherical ones [7], Ellip
soidal droplets can be made by gently shearing 
the glass plates. We have used here spherical 
droplets to avoid spurious influences from the 
droplet shape, since it is quite difficult to achieve 
a constant orientation and aspect ratio in these 
ellipsoidal droplets. In a practical GDLC mate
rial, faster switching times are usually required; 
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in that case, the use of non-spherical droplets is 
mandatory.

5. Conclusions

The sol-gel process has been found to be a 
useful tool to produce electro-optical devices by 
trapping liquid crystal microdroplets and eventual 
control of optical properties using suitable elec
tric signals. Two types of electro-optical device 
have been designed: (i) thin-film gel-glass dis
persed liquid crystals, which commute between 
opaque and transparent states without polarizers, 
and (ii) electrically controlled biréfringent bulks 
where transversal ac fields may be used to control 
optical transmission between polarizers, it has 
been found that reaction conditions and non-re- 
acting groups largely influence the eventual be
havior of the sample. Improved responses of these 
materials, through index matching and ellipsoidal 
shaped droplets are presently under study.
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The sol-gel process has been studied to prepare non-linear optics glasses doped with Cd and Zn chalcogenide 
microcrystals. CdS- or ZnS-doped SiO2 glasses were prepared by heat treatment of gels containing thiourea complexes of 
corresponding metal ions. CdSe-doped glasses were alternatively formed by immersing sol-gel-derived porous CdO-SiO, 
glasses in methanol solutions of selenourea. The size of microcrystals embedded in glasses changed with the amount of 
thiourea complexes in gels for the sulfides and with the immersion time of the porous glasses in selenourea solutions for the 
selenide. Glasses containing these chalcogenide microcrystals showed quantum size effects in optical absorption spectra.

1. Introduction

Glasses doped with semiconductor microcrys
tals in nanometer order have recently attracted 
much attention as non-linear optics materials [1- 
4], The pronounced third-order optical non-lin
earity in these glasses originates from the quan
tum size effects on electrons and holes or exci
tons confined in a potential well. From the point 
of view of materials processing, it is important to 
control (1) crystal size and distribution, (2) crys
tallinity, and (3) stoichiometry of doped micro
crystals. The type and concentration of semicon
ductors to be doped is also an important factor 
affecting the optical non-linearity.

The doping of semiconductor microcrystals into 
glasses has been conducted by various methods 
such as conventional melt-quenching, modified 
melt-quenching [5], sputtering [6], and others. The 
sol-gel method is also promising because it is a 
low temperature process and several variations of 
the process have been reported [7-11], The pre
sent authors proposed a process which consists of 
confinement of thiourea complexes of cadmium 
in gels and subsequent heat treatment to decom
pose the complexes to sulfide microcrystals [9,10],

The present paper describes the formation 
process of CdS microcrystal-doped SiO2 glasses 

from thiourea complex-containing silica gels and 
extension of the process to doping of ZnS. An 
alternative process proposed to dope CdSe mi
crocrystals into glasses consists of immersing sol- 
gel-derived porous CdO-SiO2 glasses in alcohol 
solutions of selenourea. The optical properties of 
the semiconductor-containing glasses obtained by 
the above processes are reported.

2. Experimental

2.1. Sulfide-doped glasses

The glasses were prepared as previously re
ported [9,10], Silicon tetraethoxide Si(OEt)4 was 
hydrolyzed in methanol MeOH with water con
taining 0.3% HC1, molar ratios of MeOH and 
water to Si(OEt)4 being 10 and 8, respectively. 
Cadmium nitrate (Cd(NO3)2 • 4H2O) or zinc ac
etate (Zn(CH3COO)2 • 2H2O) and thiourea 
(SC(NH2)2) in a molar ratio of metal salt/ 
SC(NH,)2=l/2 were dissolved in MeOH and 
then proper amounts of these methanol solutions 
were mixed with the above solutions. The solu
tions thus prepared were kept at around 50°C for 
gelation. The resultant gels containing thiourea 
complexes were heat-treated in air for the elimi
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nation of residual organics and the decomposi
tion of the complexes to sulfides.

2.2. Selenide-doped glasses

An alternative process was adopted for the 
doping of selenides because of instability of sele
nourea complexes of Cd2+ and Zn2+ ions in sols. 
Si(OEt)4 was partially hydrolyzed in ethanol 
EtOH with water containing 0.3% HC1; the molar 
ratios of EtOH and water to Si(OEt)4 were 6 and 
8, respectively. Appropriate amounts of cadmium 
acetate Cd(CH3COO)2 • 2H2O dissolved in 
MeOH were then added to the above solutions. 
The resultant homogeneous solutions were kept 
in polystyrene containers at 50°C for gelation. 
The gel plates obtained of about 2 mm in thick
ness were heat-treated in air at 600°C. The porous 
CdO-SiO2 glass plates were then immersed in 
methanol solutions of selenourea SeC(NH2)2 for 
different periods at room temperature and ultra
sonically rinsed with MeOH.

2.3. Characterization

The formation of thiourea complexes of Cd2 + 
and Zn2 + ions in alcohol solutions was confirmed 
with Raman spectroscopy. Thermal properties of 
the gels obtained were studied by differential 
thermal analysis (DTA) and thermogravimetry 
(TG). The pore distribution of the heat-treated 
gels was analyzed by the BET method using N2 
gas. The microcrystals embedded in glasses were 
examined using a rotating cathode X-ray diffrac
tometer. The optical absorption spectra of the 
glasses were measured on a UV-visible double 
monochrometer. The size and its distribution of 
the microcrystals were inspected using a trans
mission electron microscope (TEM).

3. Results

3.1. Sulfide-doped glasses

Figure 1 shows the Raman spectra of methanol 
solutions containing (a) SC(NH2)2 and (b) both 
Cd(NO3)2 ■ 4H2O and SC(NH2)2 in the molar

Wavenumber / cm'
Fig. 1. Raman spectra of methanol solutions containing 
(a) SC(NH2)2 and (b) both Cd(NO3)2-4H2O and SC(NH2)2 

in the molar ratio of 1:2.

ratio of 1:2. In the spectrum (a), the peaks at 740 
cm 1 and 1098 cm 1 are characteristic of S=( 
and C-N bonds in SC(NH2)2, respectively [12,13]. 
These peaks are obviously shifted to lower 
wavenumbers for the S=C bond and to higher 
wavenumbers for the C-N bond in the spectrum 
(b). The peak shifts observed are indicative of the 
coordination of thiourea through a S atom to a 
Cd2+ ion [12]. Similar Raman peak shifts were 
also observed for methanol solutions containing 
both Zn(CH3COO)2 • 2H2O and SC(NH2)2.

The thermal analyses of the isolated thiourea 
complexes in the molar ratio of metal salt/ 
SC(NH2)2 =1/2 showed melting at 160°C for Cd 
and at 105°C for Zn and decomposition at around 
200°C for both complexes. Gels containing these 
complexes showed exothermic peaks ranging from 
200 to 300°C, accompanied with slight weight 
loss, due to the decomposition and subsequent 
burning of residual organics. The gels were there
fore heat-treated at 350-400°C for 10-15 h in air 
to produce sulfide microcrystals and to eliminate 
the residual organics.

The crystalline phase of microcrystals pro
duced in the glasses was found to be hexagonal 
for CdS and cubic for ZnS. The size of the 
microcrystals was determined from TEM observa
tion and X-ray diffraction peaks using Scherrer 
equation. In fig. 2, the size distributions of CdS 
microcrystals are shown as an example. The aver
age diameter, d, increases with increasing Cd/Si 
ratio. The standard deviations, <r, of diameter are 
within 1 nm, which are rather narrower than
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Fig. 2. Size distributions of CdS microcrystals in the glasses; 
X = Cd/Si. The values of d and a show the average size of 

microcrystals and standard deviation, respectively.

those reported for microcrystals doped by the 
melt-quenching method.

Figure 3 shows the optical absorption spectra 
of the resultant CdS-doped glasses with different 
Cd/Si ratios. The absorption edge of these 
glasses, which is located at shorter wavelengths 
than that of bulk CdS (520 nm), is shifted toward

Wavelength / nm

shorter wavelengths as the Cd/Si ratio is de
creased. Similar blue shift of optical absorption 
edge was also observed in ZnS-doped glasses, 
depending on the Zn/Si ratio.

3.2. CdSe-doped glasses

Various cadmium salts were examined as start
ing materials for CdO-SiO2 gels. The acetate 
was found to give relatively large and less likely 
cracked gels, compared with other salts such as 
nitrate or chloride. The gelation time also de
pended on the salts used. Gelation was facilitated 
with an increase in content of cadmium salts, 
although the acetate shortened the gelation time 
more substantially than the nitrate. These find
ings show that anions in sols also affect the gela
tion process. Through the present study, Cd- 
(CH3COO)2 • 2H,O was used as a source of CdO 
and the Cd/Si ratio was fixed at 0.03.

The gels obtained were heat-treated in air at 
120°C for the evaporation of solvent, at 450°C for 
the elimination of residual organics and at 600°C 
for the partial densification. The above process 
produced transparent CdO-SiO2 glasses, with 
pores of about 2 nm in radius, total pore volume 
of 0.09 cm3 g_1 and specific surface area of 348 
m2 g_1.

The immersion of the porous glasses thus ob
tained in a methanol solution of SeC(NH2)2 gave 
orange to reddish-brown glasses, depending on 
immersion time. The X-ray diffraction analysis 
showed that the microcrystals deposited were 
hexagonal CdSe. Figure 4 shows the optical ab
sorption spectra of the glasses doped with CdSe 
microcrystals of different average diameters, 
which were changed by changing the immersion 
time of porous glasses in selenourea solutions. 
The absorption edge of these glasses is shifted 
toward shorter wavenumbers than that of bulk 
CdSe (730 nm) with a decrease in diameter of the 
deposited CdSe.

4. Discussion

SiO2 glasses doped with CdS or ZnS micro
crystals were prepared via gels containing thiourea

Fig. 3. Optical absorption spectra of CdS microcrystal-doped
glasses; X = Cd/Si. The arrow shows the band gap of bulk

CdS.
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Wavelength I nm
Fig. 4. Optical absorption spectra of glasses doped with differ
ent sizes of CdSe microcrystals. The arrow shows the band 

gap of bulk CdSe.

complexes. It is well known that thiourea forms 
complexes with various metal ions in aqueous 
solutions. The present Raman study proved that 
thiourea complexes of Cd2+ and Zn2+ ions are 
formed in alcohol solutions as well. It is thus 
expected that the thiourea complexes are formed 
in sols and then confined in gels on gelation. The 
narrow size distribution of microcrystals in the 
resultant glasses is ascribable to the uniform con
finement of the complexes in gels. The size of the 
microcrystals was found to be dependent on the 
amount of the complexes doped in gels, whereas 
the process to control the crystal size indepen
dently of the amount of semiconductors doped is 
now under study.

CdSe microcrystals were formed in glasses by 
immersion of sol-gel-derived porous CdO-SiO2 
glasses in alcohol solutions of SeC(NH2)2. The 
above finding shows that SeC(NH2)2 in the solu
tion diffuses through the porous glasses and re
acts with CdO in glass matrix to produce CdSe. 
The size distribution of CdSe was not so narrow 
as that of CdS or ZnS doped via gels containing 
thiourea complexes. The size and its distribution 
are closely related to the pore structure of glasses, 
which governs the diffusion of SeC(NH2)2. The 
optimization of pore structure will improve the 
size distribution of microcrystals.

For the glasses prepared in this work, the blue 
shift of optical absorption edge was observed with 
a decrease in size of microcrystals doped, suggest
ing the quantum size effects. To discuss this point

Fig. 5. Band gap energy of CdS-doped glasses vs. the recipro
cal square of diameter of the microcrystals.

further, the energy gap of CdS- and CdSe-doped 
glasses is plotted against the reciprocal square of 
diameter of microcrystals in figs. 5 and 6, respec
tively. In each plot, there is a linear relation 
between two physical quantities, which is ex
pected from the theory of quantum size effects 
[3,14], It is thus concluded that the blue shift 
observed is due to the quantum size effects, al
though the change in concentration of semicon-

1.9 -

1.8r

1.7 k

>
Q)

Q_ 
CÜ 
O)
>, 
O)4—
CD 
C

LU

Diameter / nm 
7 5 4

------ 1---- 1-------- 1------
2 CdSe-doped glass

2.0 -

Diameter'2x102 /nm'2
Fig. 6. Band gap energy of CdSe-doped glasses vs. the recipro

cal square of diameter of the microcrystals.



656 N. Tohge et al. / Silica glasses containing Cd and Zn chalcogenide microcrystals

ductors doped should be taken into consideration 
for more detailed discussion.

5. Conclusion

CdS, ZnS, or CdSe microcrystal-doped SiO2 
glasses have been prepared by the sol-gel pro
cess. The sulfides were doped by heat treatment 
of gels containing thiourea complexes, whereas 
the selenide was doped by immersing the metal 
oxide-containing porous glasses in alcohol solu
tions of selenourea. The size of the microcrystals 
doped was dependent on process parameters and 
was so small that quantum size effects were ob
served in optical absorption spectra. The present 
study shows that the sol-gel process has potential 
for doping of a variety of semiconductor micro
crystals into glasses.

The authors thank Mr K. Saeki for his technical 
assistance.
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Section 12. Electrical and electronical properties

Semiconductor clusters in the sol-gel process: 
synthesis and properties of CdS nanocomposites

Lubomir Spanhel, Ertugrul Arpac and Helmut Schmidt
Institut für Neue Materialien, W-6600 Saarbrücken, Germany

CdS nanocomposites (CdS cluster sizes < 5 nm) were prepared via multifunctional inorganic-organic sol-gel processing. 
In CdS sols as precursors, the CdS clusters are carrying inorganic components as stabilizing centers, along with bifunctional 
ligands acting as inorganic and organic network formers. Hydrolysis and condensation produces an inorganic skeleton 
yielding viscous liquids useful to prepare films or monoliths. The final organic cross-linking at T < 100°C results in optically 
transparent materials. The nature of stabilizing centers and the starting synthesis conditions influence strongly the resulting 
electronic properties. Cd2+ complexed by mercapto compounds gives smaller cluster sizes with a narrower distribution than 
Cd2+ complexed with amine or carboxylate groups. Mercaptosilane-stabilized CdS clusters synthesized via cleavage of bis 
triethoxy silyl propyl tetrasulfides show an enhanced room temperature photoluminescence compared with similarly 
stabilized clusters prepared through H2S exposure.

1. Introduction

Semiconductors of reduced dimensionality are 
known to possess size dependent electronic prop
erties based on the quantum mechanical ‘particle 
in a box’-like exciton confinement effects [1—3]. 
During studies on doped glasses [4] and colloidal 
semiconductors [5,6] it became evident that small 
clusters might serve as a potentially interesting 
candidates for tunable linear and non-linear op
tics (NLO). The role of chemistry to control NLO 
efficiency determining factors such as the volume 
normalized oscillator strength (via cluster size), 
wavelength selectivity (size distribution), excited 
state relaxation dynamics and photostability 
(surface modifications), and local field enhance
ment (refractive index gradients) is decisive [7- 
10], To take into account these factors in the 
development of workable devices by soft chem
istry routes, variable and flexible processing con
ditions are needed and the sol-gel technique 
therefore offers appropriate means. Thus, semi
conductor quantum dots have been prepared by 
various sol-gel routes. In ref. [11], the consolida

tion of CdS or ZnO clusters to optically transpar
ent materials has been demonstrated and in refs. 
[12,13] an ‘in situ’ CdS cluster growth through 
H2S exposure of Cd2+-doped silica and alumina 
sol-gel glasses was performed. These methods do 
not allow particle growth and stabilization pro
cess independent of the incorporation of the par
ticle into a matrix or consolidation to a solid.

As shown in textbooks of colloid chemistry, a 
variety of means for the stabilization of colloids is 
known. If these stabilizers can be used for consol
idation, a new concept of preparing colloidal 
composites becomes possible. The route of 
preparing colloidal composites by use of bifunc
tional stabilizers was investigated. This route 
seems to be feasible to design materials with a 
high abrasion and mechanical resistance [14,15], 
to fabricate coatings with a very low surface en
ergy [16], to functionalize polysiloxanes and sili
cones [17,18], as well as to use it for synthesizing 
semiconductor quantum dots. The goal of this 
study was to prepare semiconductor sol precur
sors in which the clusters are carrying multifunc
tional polymerizable ligands, and subsequentally

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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to transform them to nanocomposites by ligand 
reactions. The detailed conception of this route is 
given in fig. 1.

The closest layer around the QD represents 
functional inorganic groups (X) acting as the clus
ter stabilizer and the surface modifier (starting 
sol). These groups are covalently linked to the 
inorganic units via short organic chains (three 
CH 2 groups at most). In order to end up with 
groupings able to form inorganic networks and/or 
(in addition to this) organic chains, it is conveni- 
ant to use bifunctional silanes of the general 
formula

L-(CH2)3Si-

where L represents functional groupings either 
being ask to form complexes or bonds to inorgan
ics (e.g., L=-NH2, -SH, -PO3, -SO3) or to 
polymerize (e.g., L = -vinyl, -methacroyl, 
-epoxy). The -Si(OR)3 grouping is able to un
dergo conventional sol-gel reactions.

Cd2*,  (Pb2*,  Ag*  )

2. Experimental

The processing of CdS nanocomposites is sum
marized in fig. 2. Cadmium was introduced as an 
ethoxide (prepared according to the procedure 
for making up water free zinc ethoxide [11]), 
mixed in ethanol with a functionalized tri
ethoxysilane (the organotriethoxysilanes used in 
the preparations are shown in fig. 3) and exposed 
to H2S gas under nitrogen atmosphere. The CdS 
synthesis from bis triethoxysilyl propyl tetrasul
fide occurred under ambient laboratory condi
tions using freshly prepared 0.1M sodium- 
boranate solution (the tetrasulfide to boranate 
ratio was 1). The molar silane/Cd ratio was 20 
and the resulting CdS sols contained a 50% ex
cess of Cd.

Complexation 
in Ethanol

+ H2S

Peroxides
Al-Alkoxides
Amines

♦

HC: inorganic net- 
work generation

thermal organic 
network generation 
at 60°C

NANOCOMPOSITE

Fig. 2. General reaction route to CdS quantum dot nano 
composites; HC, hydrolysis and condensation.

Quantum Dot - Nanocomposites

ORGANIC INORGANIC
NETWORK NETWORK

Si-O-Si 
Me-O-Si 
Me-O-Me

Fig. 1. Scheme of the quantum dot composite preparation 
concept by use of bifunctional stabilizers. X, ligand acting as 
link to CdS; C-Me, hybrid bifunctional group, e.g., NH2- 

Si(OR)3 (with -NH2 = X).

This paper focusses on the preparation route 
to CdS nanocomposites and on the characteriza
tion of optical properties by UV-VIS- and photo
luminescence spectroscopy.
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Amine family

°,«
RO-Si^^-NH2

OR

/-^NH^CH3

-x'~-'bNHx^')^NH2
0

Thiole family
OR

R0-$K''xxSH
OR

S-stable^SH

Carboxylates

0

stable

Fig. 3. Variety and effect of bifunctional ligands used in CdS 
sol stabilization.

In the second step, glycidyloxypropyl trimeth
oxy silane or methacroylpropyl trimethoxy silane 
were added (the ratio silane to Cd was 100). 

Subsequentally, hydrolysis and condensation un
der CO2 atmosphere was performed, the 
Si(OR)3/H2O ratio being 2. After the solvent 
removal, organic polymerization at 60°C was per
formed. Aluminium alkoxides, aminopropyl-tri- 
ethoxy silane or azobisisobytyronitrile were used 
as initiators. The viscous liquids were cured in 
moulds for monolith preparation.

Optical absorption spectra were taken with an 
Omega 30 spectrophotometer (Bruins Instru
ments) and the fluorescence spectra were 
recorded with a 3010 Hitachi spectrofluorometer. 
Cluster sizing was carried out using a JEOL 
200CX transmission electron microscope and 
photon correlationspectroscopy (ALV-5000).

3. Results

Figure 3 shows differently functionalized orga- 
noethoxy silanes chosen to stabilize CdS clusters. 
Within the amine family, monoamine-, diamine- 
and triamine groups gave stable sols. Urea-, 
methylamine- and aniline functions yield turbid 
precipitates. One might speculate that the de
creased stability in the latter cases is caused by 
the electron pull or steric effects leading to 
weaker cadmium complex stabilities, and as a 

Fig. 4. The effect of amine-derived stabilizers on the optical spectra of CdS cluster sols.

-Si-
i

-Si- I
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consequence, to the formation of larger aggre
gates by agglomeration or precipitation.

The thiole family and the succinic carboxy
groups both resulted in stable sols. In the stable 
case, all sols were completely clear. A special 
case is represented by the use of tetrasulfide 
containing silanes which have been employed as a 
H2S generator as well as for stabilizing.

Figure 4 depicts optical absorption spectra of 
three different amino stabilized stable CdS sols, 
characteristic of clusters < 3 nm in size, before 
connecting them by polycondensation or polymer
ization. One recognizes that monoamine modi
fied sols absorb at longer wavelengths, indicating 
a smaller band gap characteristic of cluster sizes 
of about 4 nm, larger than the approximately 2 
nm clusters in the triamine-stabilized sols. The 
amine/Cd ratio is the same in the both cases. 
Since it can be assumed that complex formation 
power of the triamine group is stronger than that 
of monoamine, one can conclude that the CdS 
cluster sizes produced are smaller if Cd amino 
complexes are stronger. The pronounced exci
tonic band at 370 nm in the diamine case indi
cates narrower size distribution than in both other 
cases. All three samples exhibit intense room 
temperature photoluminescence with a quantum 
yield of about 10%. While the photoluminescence 
colour of triamine sols is blue, monoamine sols 

are green-yellow, luminescing when exposed to 
UV which also indicates larger particle sizes in 
monoamine sols.

The effect of mercapto ligands on the cluster 
optical absorption and photoluminescence spec
tra is illustrated in fig. 5. Mercaptopropyl silane- 
stabilized clusters possess remarkable strong exci
tonic band at 302 nm and a weak luminescence 
band with a maximum at 450 nm (cluster sizes 
< 2 nm). In the presence of mercaptomethyl 
silane, broader size distributions exist, as can be 
recognized from the longer absorption tail with 
an onset at 430 nm. The spectra (3) result from 
samples prepared via boranate attack on tri
ethoxysilylpropyl tetrasulfide to release H2S (re
ductive cleavage of S-S bonds) and to induce 
CdS cluster growth. Although the clusters pro
duced are probably stabilized similar to the mer
captopropyl clusters (1), their spectra are red- 
shifted and unstructured; that means larger and 
broader distributed cluster sizes are produced via 
the boranate procedure. However, the boranate 
method produces clusters luminescing five times 
more intensely. The quantum yield is the same 
order magnitude as observed with amine derived 
samples.

Comparing figs. 4 and 5, one can conclude that 
mercapto-based cluster synthesis offers smaller 
and narrower distributed CdS quantum dots than 

Fig. 5. The effect of thiole-derived stabilizers on the CdS cluster optica] absorption and photoluminescence spectra.
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the amine-based preparations. The carboxylate- 
stabilized CdS exhibits spectroscopic properties 
similar to those of via boranate preparation.

It is known from the literature that broader 
size distributions broaden or completely screen 
excitonic peaks within the strong confinement 
regime. From the measured spectra, only a rough 
spectroscopic size estimate can be made.

Note, there are no quantum-mechanical mod
els available yet which would allow correlation of 
TEM with spectroscopic data covering the entire 
quantum size regime of semiconductor quantum 
dots. Monosized quantum dots are required for 
fitting the spectroscopic data but even a high 
resolution TEM does not serve as a trustful 
method to determine cluster sizes in the range of 
some nm due to experimental difficulties and 
possible artifacts; however, TEM data of the clus
ters roughly confirm the spectroscopic estimates.

The generration of organic polymeric network 
by cross-linking the ligands at 60°C does not 
produce significant changes in electronic proper
ties. The resulting optically transparent monoliths 
(or sol-gel coatings) generally show very similar 
spectroscopic properties to the colloidal sols. In 

some cases, differences are noted depending on 
initiator used for polymerization.

As already discussed in the experimental sec
tion, monoliths could be prepared from all com
positions. Figure 6 shows differently shaped 
monoliths with different CdS cluster sizes. With 
increasing cluster size, the monoliths are more 
yellowish colored. The propylmercapto-stabilized 
CdS precursors (excitonic peak at 300 nm) gave 
colourless samples, whereas the carboxylate stabi
lized ones resulted in the most intensively yellow 
colours (bulk CdS crystals without confinement 
are orange).

4. Conclusions

Inorganic-organic sol-gel processing of semi
conductor nanocomposites has been presented. It 
has been shown that functionalized organoalkoxy 
silanes can be used as a stabilizers and surface 
modifiers for semiconductor quantum dots. The 
nature of the chemical environment of different 
quantum dots can be widely varied, and ligands 
other than those used in the present paper may 

Multifunctional CdS Naif^omposites

increasir^ Cluster Size

Fig. 6. Quantum dot CdS nanocomposites of different shapes and cluster sizes.



662 L. Spanhel et al. / Semiconductor clusters in the sol-gel process

be applied additionally. This also opens up the 
possibility of further optimization of the synthesis 
routes and of the electronic properties.

The authors want to thank Dr H. Krug for his 
helpful discussions and Mr M. Schuler for carry
ing out the laser light scattering and TEM mea
surements, and the State of Saarland, Germany, 
for the financial support.
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Electrical conductivity of dry silica gel under high pressure
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J. Kalinowski
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Electrical conductivity of dry silica gel has been measured under high hydrostatic pressure. Gel samples with vacuum 
deposited electrodes were placed in a gas-filled pressure chamber. Samples with ‘open pores’ and samples with ‘closed 
pores’ were used. Pressures in the range 0.1 to 700 MPa were applied. When pressure was applied to a gel with ‘open pores’, 
one order of magnitude decrease of electric current was observed. Two types of effects were observed with closed pores. 
Initially, pressure increase was accompanied by three orders of magnitude non-reversible decrease of electric current. When 
the process of non-reversible changes in gel was completed, a step change of current by five orders of magnitude was 
observed at pressure of about 40 MPa. This effect was reversible. The results are explained by a partial destruction of the 
gel structure and an elastic deformation of the silicon-oxygen chains in the periphery structure of the silica gel.

1. Introduction

Intensive studies of physical properties of gels 
and doped gels in recent years have been mainly 
concerned with structural properties. Relatively 
little is known about electrical properties of these 
structures. The application of pressure as a factor 
radically changing the electrical conductivity of 
silica gel may bring us closer to understanding the 
mechanism of current carrier transport in silica 
gel.

ples containing different amounts of glycol were 
subjected to pressure tests. Samples with 0.66 mol 
glycol content showed the highest mechanical 
strength to applied external pressure and no vi
sual marks or cracks for pressure up to 109 Pa.

The procedure of gelation consisted of (i) gela
tion (T = 323-328 K, t - 5 h), (ii) drying (T = 368 
K, t — 15 h), (iii) hardening (T = 393 K, t ~ 3 h) 
and (iv) vacuum test (T = 393 K, p ~ 50 Pa, t = 1 
h). Samples of area of 1 cm2 and thickness of 
0.01-0.1 cm were cut from the dried gel. Au 
electrodes were vacuum deposited on sample sur
faces. The electrical conductivity of the samples 
strongly depended on the extent to which the 
samples were dried. In equilibrium conditions 
with the surrounding atmosphere of relative hu
midity 40% and temperature T = 300 K, the elec
trical conductivity was about 10-7 il_1 cm-1. 
For strongly dried gel samples (under lowered 
pressure), the conductivity fell to about 10“12 
il_1 cm-1. The required value of silica gel con
ductivity in the range 10_7-10-12 il_1 cm-1 
could be kept steady for a longer period of time 

2. Experimental

Samples of dry silica gel were obtained from 
the initial mixture of Si(OC2H5), H2O and HC1 
in a molar ratio 1:24.6:0.59. No organic solvents 
were used as in ref. [1]. In order to strengthen the 
gel structure and shorten drying time, 0.66 mol 
(in relation to Si(OC2H5)) of ethylene glycol 
(CH2OH)2 was added. Glycol was introduced 
into the mixture before hydrolysis. Dried gel sam

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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by covering the sample, electrodes and wiring 
with a layer of paraffin wax. This was usually 
accomplished under reduced pressure.

Gel samples of conductivity in the range 10 _7- 
10“12 il_1 cm-1 (both those covered with a layer 
of paraffin wax and samples with ‘open pores’ - 
i.e., not covered with paraffin wax and being in 
equilibrium with the surroundings) were placed 
in a high-pressure gas chamber, with argon as the 
working gas. The three-level system of compres
sion enabled us to obtain pressures to 109 Pa. 
High-resistance electrical pressure plugs with 
teflon insulation [2] allowed measurement of cur
rents > 1015 A. Measurement of a steady cur
rent for a given pressure was done automatically 
with the help of a computer-controlled system. 
The computer registered current readings for a 
particular pressure value when 10 consecutive 
current measurements at 1 s intervals showed a 
relative difference of <5%. The relative error of 
the measured pressure values was < 3%.

3. Results

The specific structure of porous materials 
should be reflected in the influence of high pres
sure on the properties of these materials. The 
two extreme cases are a porous material with 
completely open pores and one in which all the 
pores are completely closed. In the first case, the 
working gas may penetrate the porous material. 
In stationary conditions, pressure is exerted only 
on the solid phase of the structure. In the second 
case, external pressure acts on the solid phase of 
the porous material as well as on the pores in it. 
The accomplishment of the former for gels is 
usually impossible; generally, there is a certain 
number of closed pores. The second case may 
occur when all the external pores are closed. In 
our experiment, this was done by covering the 
samples with a layer of paraffin wax. The paraffin 
plays two other roles in that it keeps the conduc
tivity steady inside the sample and minimizes 
surface leakage.

Figures 1 and 2 show current-pressure charac
teristics obtained for gel samples without (fig. 1) 
and with paraffin wax coating (fig. 2). The sample

p(MPd)

Fig. 1. The current-pressure dependence for silica gel sample 
without the paraffin wax coating. First (•), second (a), and 

third (□) cycle of compression.

without the paraffin coating in the first cycle of 
pressure increase up to about 700 MPa showed a 
fall of current from initial value (at atmospheric 
pressure) 7= 5.6 X 10_6Ato I = 1.8 X 10_7A. In 
the successive two cycles in the pressure range 
0.1-70 MPa, a twofold decrease of current value 
was observed, without any visible change between 
the cycles. This is in strong contrast with the 
dependence shown in fig. 2, where in the pres
sure range 0.1-70 MPa, a much stronger de
crease of current was observed, although this 
sample was not subjected to pressure up to 700 
MPa. The current decrease in the three consecu
tive cycles shown in fig. 2 is irreversible. Experi
ments carried out on paraffin-coated gel samples

Fig. 2. The current-pressure dependence for silica gel sample 
with the paraffin wax coating. Three successive cycles of 

compression and two cycles of expansion are shown.
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Fig. 3. Change of current in selected cycles of compression 
and expansion (the cycle numbers shown by numerals). The 
sample was covered with paraffin wax. Between cycles 7 and 
8, the sample was kept by t = 20 h under atmospheric pres

sure.

Fig. 4. An example of the pressure induced transition from 
the high-conductivity to the high-resistivity state of silica gel.

In the first cycle, the pressure ranged up to 230 MPa.

showed that, after a certain number of pressure 
cycles, the current-pressure dependence changes 
its character. Results presented in fig. 3 show 
that, after six pressure cycles, in which the irre
versible changes were mainly visible, in the sev
enth and subsequent cycles current-pressure de
pendence is reversible. In the last case, after an 
initial weak dependence of current on pressure, 
there is a strong fall of current at pressure of 
about 40 MPa. In the range of 40-60 MPa, the 
current decrease was of about three to four or
ders of magnitude. Figure 4 shows that one may 
reach reversible current-pressure characteristics 
after a smaller number of pressure-changing cy
cles, if higher pressures are exerted in the first 
cycle. The transition of gel from the state of 
higher conductivity to the high-ohmic state shown 
in figs. 3 and 4 causes a change of current con
duction mechanism. Such a conclusion may be 
drawn by observing the current-voltage charac
teristics obtained for a number of pressure values 
(fig. 5). For all the applied pressures, current
voltage characteristics are non-ohmic and the de

viation from the Ohm’s law visibly increases at 
the transition of gel to the high-resistance state 
(p>40 MPa). I—U characteristics (for U > 100 
V) may be, to a good degree of approximation, 
described by a relation I ~ U'\ The values of the 
parameter n are presented as a function of pres-

Fig. 5. Current-voltage characteristics of silica gel for selected 
values of pressure.
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Fig. 6. The relation between the exponent n (from the approx
imation: I ~ U" for U > 100 V) and pressure.

sure in fig. 6. A noticable increase of n for 
pressure p > 40 MPa is observed.

4. Discussion

In order to explain the results obtained, one 
must consider the effect of high pressure on gel 
structure and point out the possible connection 
between the changes of gel structure and changes 
of electrical conductivity. SiO2 gel structure is 
quite complex [3,4], especially for temperatures 
T < 200°C, at which the gel skeleton structure 
differs substantially from the fused silica struc
ture [5],

At the outset, the gel structure is formed by a 
skeleton of solid phase with a strongly developed 
internal surface and a system of pores linked with 
each other. The analysis of infrared spectra [3,6] 
shows that, on the gel internal surface, H2O, OH 
groups, OH- ions, H atoms and chains made up 
of (Si,O) atoms and Si-O-H groups are usually 
absorbed. The maximum length of these chains is 
estimated to be about 1 nm. In places where 
pores are narrower and opposite surfaces ap
proach within 1 nm, the peripheral chains from 
both surfaces may form a hydrogen bond [3]. In 
the globular gel model [3], chains joined by 
hydrogen bonds form elastic bridges linking 
globules.

From the point of view of mechanical strength, 
the gel skeleton is a non-homogeneous structure. 

In the case of paraffin-coated samples pressure 
causes the formation of local stresses, as a result 
of which there is a partial destruction of skeleton 
structure (cracks, fragmentary dislocation, granu
lation). Our experiments show that, after a series 
of compression and decompression cycles, the 
mechanical strength of paraffin-coated samples 
falls quite sharply. Careful removal of paraffin 
coating revealed a high degree of gel granulation. 
Gel granulation destroys the initial structure and 
enables formation of a greater number of hydro
gen bonds between walls of granulated gel frag
ments. Other authors [7] have determined experi
mentally that, if pressure is exerted on a granu
lated gel, then an increase in number of hydrogen 
bonds is observed.

Certain experimental facts, such as strong de
crease of electrical conductivity during SiO2 gel 
dehydration, show that electrical conductivity of 
silica gel is based on the motion of ions on the gel 
internal surfaces. In the initial stage, when the 
gel structure is not deformed by pressure, its 
conductivity is relatively high (figs. 1-3). Due to 
the highly developed internal surface and the 
system of linked pores, there is a large number of 
conducting paths. As a result of high pressure, a 
progressive granulation of the gel structure oc
curs and many conducting paths are eliminated. 
These changes are irreversible and lead to a 
continuous, monotonic decrease of electrical con
ductivity (fig. 2 and cycles 1 and 3 in fig. 3). At 
the same time, gel granulation results in an in
crease in the number of places where parts of the 
structure approach close enough to enable pe
ripheral chains to form hydrogen bonds. This 
means that, while the gel conductivity is steadily 
falling, a constantly larger number of charge car
riers will move through narrow gaps formed be
tween parts of granulated fragments of gel skele
ton. At a critical pressure p ~ 40 MPa, the pro
cess of elastic deformation of peripheral chains 
begins and the gaps are narrowed. When the gap 
width is comparable to or smaller than the radius 
of the moving ion, additional energy [8,9] is re
quired to enable further ion motion. One may 
then expect a sharp fall in electrical conductivity 
of the gel. Since the chain deformation is re
versible, removal of high pressure causes an in
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crease of electrical conductivity (fig. 3, cycles 7 
and 8 and fig. 4). When the process of granula
tion of the gel solid phase is completed, one 
should observe only fully reversible changes of 
electrical conductivity with pressure cycling (fig. 
3, cycle 7 and fig. 4, cycle 3).

The experiments carried out do not allow us to 
determine the type of ions responsible for electri
cal conductivity of the gel. One of them may be 
OH ions, the presence of which in gels is con
firmed by infrared spectra.

This problem as well as some related ones will 
be the subject of further studies.

5. Conclusions

The electrical conductivity of dry silica gel 
decreases with an increase of high pressure. This 
effect is stronger in the case of ‘closed pores’, 
where, after an irreversible decrease of conduc
tivity, the gel moves into the region of sharp, 
reversible pressure changes of the electrical con

ductivity. A partial destruction of the gel struc
ture and an elastic deformation of the silicon
oxygen chains in the periphery structure of the 
silica gel are responsible for the observed effects.
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Effect of lithium salts on the ionic conductivity of lithium 
silicate gels
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Lithium silicate gels were prepared by hydrolyzing tetraethyl orthosilicate (TEOS) with various monovalent and divalent 
lithium salts. In addition to lithium nitrate, which has been used before, lithium chloride, lithium sulfate, lithium acetate and 
mixtures were used. All gels had the nominal composition 15 mol% Li2O-85 mol% SiO2. AC conductivity measurements 
were carried out using the complex impedance method. Measurements were made on dried gels heated from room 
temperature to 600°C, with blocking electrodes and frequencies from 0.1 Hz to 65 kHz. Heat treated gels were checked with 
X-ray diffraction for the presence of crystals. Over the temperature range where conductivities were measurable, the lithium 
nitrate gels had the highest conductivities ( > 10-3 (il cm)-1 at 300°C), lithium chloride gels had conductivities two orders 
of magnitude lower, and lithium sulfate and lithium acetate gels had the lowest values and the highest activation energies. 
Only the lithium nitrate gels appeared to have salt crystals which assisted in ionic conductivity.

1. Introduction

Alkali silicate gels and, in particular, lithium 
silicate gels have been studied over the past 10 
years because they represent a new approach to 
preparing fast ion conductors [1-5]. Exactly what 
the nature of the conducting species is and what 
the mechanism for conduction is are two ques
tions which remain. The conducting species are 
said to be the alkali ions [6] but the effects of the 
water and proton conductivity have been re
ported as well [7].

1 Author to whom correspondence should be addressed.

Under the right conditions, it should be possi
ble to identify the conducting species and mecha
nism. The approach taken here was to prepare 
lithium silicate gels by hydrolyzing tetraethyl
orthosilicate (TEOS) with various dissolved 
lithium salts, including lithium chloride, lithium 
sulfate, lithium acetate and lithium nitrate. AC 
conductivity measurements were carried out on 
dried gels over a range of temperatures. The 
results were then compared with pH of the solu
tions, solubility of the salts and microstructure of 
the dried gels. It was found that the transport 
behavior of the lithium in the gel, as indicated by 
the ionic conductivity, depended more on the 
type of lithium salt than the pH.

Table 1
Physical properties of lithium salts

Solubility in 100 ml
water at 23°C
(g)

Melting 
point 
(°C)

Boiling 
point 
(°C)

LiNO3 89.8 264 (decomposes > 600)
LiCl 63.7 605 >1325
LiCOOCH3-2H2O 300 70 (decomposes)
Li2SO4 26.1 (phase transformation 500) 845

CRC Handbook of Chemistry and Physics, 1st Student Edition (CRC, Boca Raton, FL, 1988) B-35.

0022-3093/92/805.00 © 1992 _Elsevier Science Publishers B.V. All rights reserved



H. Wakamatsu et al. / Ionic conductivity of lithium silicate gels 669

Table 2
Formulations for lithium silicate gels (g)

Salt a) TEOS Water Methanol Li salt Acid Total 
weight

pH

N 46.7 32.33 79.0 5.46 1.40 b) 164.85 1.2
C 46.7 32.33 39.5 3.35 1.19 c) 123.07 1.2
A 46.7 32.33 157.8 8.05 5.60 c) 246.07 6.2
S 46.7 64.66 78.9 4.34 5.60 b) 200.20 1.3
N + A 46.7 32.33 157.8 2.73/4.05 1.40 b) 245.01 6.0
N+C 46.7 32.33 79.0 2.73/1.66 - 162.43 4.0

a) N, lithium nitrate gel; C, lithium chloride gel; S, lithium sulfate gel; A, lithium acetate gel.
b) HNO3. c) HC1.

2. Experimental procedure

Lithium silicate gels with batch compositions 
of 15 mol% Li2O • 85 mol% SiO2 were synthe
sized by hydrolysis and polymerization of TEOS. 
The lithium salts used were lithium nitrate (N), 
lithium chloride (C), lithium acetate (A) and 
lithium sulfate (S). Some properties of the salts 
are given in table 1. For monovalent lithium salts, 
the salt, water and methanol were mixed for 1 h 
at 70°C. The solutions were then cooled to room 
temperature. Hydrochloric acid or nitric acid was 
added to adjust the pH of the solutions. TEOS 
was then added drop by drop to the solutions. 
Water to TEOS mole ratios were 8/1 for all of 
the gels with monovalent salts. Also mixtures of 
salts, where half of the nitrate was replaced by 
chloride or acetate, were prepared. For the diva
lent lithium salt, the lithium sulfate was dissolved 
at room temperature in twice as much water.

Another divalent salt tried was lithium carbon
ate. Because the solubility of lithium carbonate is 
so low, a large amount of water was used, as high 
as 70 mol water to 1 mol TEOS along with HC1. 

The effect of the anion was obscured and no 
results for this composition are given. Methanol 
was used to make solutions miscible. All the 
solutions were cast into polystyrene tubes and 
kept at 55°C. Following gelation, drying was con
tinued until no further shrinkage and weight loss 
were recorded. The formulations are listed in 
table 2, and the physical data for them are listed 
in table 3.

AC complex impedance measurements were 
performed on a Solartron 1250 Frequency Re
sponse Analyzer, with an 1186 HP Electrochemi
cal Interface. Platinum paste was used for ioni
cally blocking electrodes. The frequency range 
used was between 0.1 Hz and 65 Hz. The meas
urements were performed in air from room tem
perature to 600°C. The heating rate was 2°C/min.

3. Results

All of the formulations gave monolithic sam
ples. The samples labeled N, C, S and N + C took 
a long time to dry and had high bulk densities.

Table 3
Physical data for lithium silicate gels

Salt Weight loss (%)

at 55°C at 200°C

Gel time 
(days)

BET surface 
area (m2/g)

Bulk density
(g/cm3)

N 85.3 88.0 2 115 1.85
C 81.3 85.5 2 280 2.13
A 91.5 92.8 1 32 0.57
S 85.3 90.5 2 659 1.51
N + A 90.8 92.88 1 71 0.52
N+C 83.4 89.3 1 20 1.10
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Fig. 1. The Arrhenius plot of the conductivity for the lithium 
silicate gels measured in air on heating: N, nitrate; A, acetate; 

C, chloride; S, sulfate.

Fig. 2. The Arrhenius plot of the conductivity for the mixed 
salt gels measured in air on heating.

These solutions had low pH, having been made 
from salts of strong acids. The samples labeled A 
and N + A dried more quickly, were opaque and 
contained salts of a weak base [8].

Figure 1 shows the ionic conductivities for four 
lithium silicate gels. First, the lithium nitrate gel 
(N) has the highest conductivity and the lowest 
activation energy of 4.13 kcal/mol. Next, the 
lithium chloride gel (C) has intermediate values 
of conductivity and an activation energy of 6.17 
kcal/mol. Finally the lithium sulfate gel (S) and 
the lithium acetate gel (A) have the lowest con
ductivities and the largest activation energies of 
17.66 and 14.26 kcal/mol, respectively. The 
lithium sulfate gel, however, showed a jump in 
conductivity to higher values above 500°C *.

* Only the conductivities which increase with increasing tem
perature are considered because they represent ionic con
ductivity once the samples are dehydrated.

Figure 2 shows the ionic conductivities for gels 
in which half of the lithium nitrate was replaced 
by lithium chloride (N + C) or lithium acetate 
(N + A). The conductivities for the lithium ni
trate gel (N) are repeated from fig. 1 for compari
son. The gel with half lithium chloride had con
ductivities closer to those for all lithium nitrate 
gels than those for all lithium chloride gels. For 

temperatures above 200°C, the half lithium chlo
ride gels had conductivities higher by more than 
an order of magnitude than all lithium chloride 
gels. Also in fig. 2 are the conductivities for the 
gel with half lithium acetate. These conductivities 
increase between 200 and 300°C, then decrease 
and again increase between 400 and 600°C. The

Fig. 3. The Arrhenius plot of the conductivity for the lithium 
chloride gels measured in air on heating and cooling.
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values above 560°C in the half lithium acetate gel 
correspond to those for the all lithium acetate 
gel.

Finally, fig. 3 shows the ionic conductivities for 
the lithium chloride gels measured during heating 
and cooling in air. The measurements coincide 
for temperatures above 200°C. At this tempera
ture, the contribution from proton conductivity 
has been eliminated. When the sample is cooled, 
the cooling rate is sufficiently fast that proton 
conductivity is not measured below 200°C.

4. Discussion

The high conductivity of the lithium nitrate gel 
below 250°C is due to crystalline lithium nitrate 
in the pores behaving as a conductive composite 
[3], Above 250°C, the lithium nitrate melts, possi
bly creating a continuous molten phase in the 
pores. Highly ionic fused salts such as N, C, and S 
are conductors above their melting points. 
Lithium chloride gels did not show similar con
duction behavior. Without crystals present in the 
pores, the mechanism for ionic conductivity in the 
LiCl gel should be hopping from site to site 
within the silicate gel. However, the gel contain
ing both chloride and nitrate salts once again 
showed the composite behavior [3].

Lithium sulfate gels exhibited a sudden change 
of conductivity at 550°C. XRD patterns of lithium 
sulfate gels heat treated at 200°C showed hy
drated lithium sulfate crystals. Lithium sulfate 
crystals have a phase change at 500°C which 
accounts for the high conductivity above 500°C.

Since lithium nitrate gels, lithium chloride gels 
and lithium sulfate gels were prepared at around 
the same pH, it can be said that ionic conduction 
in gels is influenced strongly by the molecular 
level interactions rather than pH. The mi
crostructure is influenced by pH because the dis
solution and dissociation of the salts in water is 
controlled by pH. The so-called salt effect oper
ates during gelation. Once gelation and shrinkage 
occur, the pH of the solution is no longer a 

concern. Instead, the highly ionic salts have little 
tendency to dissociate. There is some influence 
from the time it takes to dry and the quantity of 
solvent, especially in the dilute solution for 
Li2SO4, on the distribution of the salt in the gel. 
Overall, the presence or absence of crystals in the 
pores determines the ionic conductivity.

The one gel prepared at high pH (pH = 6) was 
the lithium acetate gel. Lithium acetate gels did 
not show crystallinity even after heat treatment 
up to 450°C. Similar to what was observed in 
lithium hydroxide gels, it appears that lithium 
ions in lithium acetate gels are associated with 
non-bridging oxygens in the silicate network and 
are relatively immobile.

5. Conclusions

The ionic conductivity in the gels is affected by 
the synthesis conditions. The choice of the lithium 
salt has a large effect because the choice leads to 
the presence of crystals in the pores, especially in 
gels prepared with lithium nitrate.

This work was supported by the National Sci
ence Foundation Materials Chemistry Program 
DMR 88-08234. Cosmo Petroleum provided a 
fellowship for H. Wakamatsu.
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Section 13. Rheological, mechanical and other properties

Evolution of mechanical properties during the 
alcogel-aerogel-glass process
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The mechanical properties of silica alcogels and aerogels were measured by the three-point bending technique. Elastic 
moduli and the fracture strength were investigated as a function of concentration of silicon compound, catalysis conditions, 
and aging time. The evolution of modulus and strength was followed during gel to glass transformation. Toughness and 
fracture energy results of aerogels are presented.

1. Introduction

One of the most studied problems in the sol
gel science is how to make large bodies, because 
gels tend to crack during drying [1], Drying 
stresses are attributed to capillary phenomena 
and differential strain which result from a pres
sure gradient in the pore liquid [2]. By supercriti
cal drying (SCD), capillary stresses are eliminated 
and monolithic aerogel can be obtained [3], How
ever, during the SCD procedure, shrinkage, which 
can be as high as 17 linear percent [4], is ob
served. Recently, Scherer [5] has shown that 
stresses can result from this shrinkage and from 
the difference in thermal expansion coefficient 
between solid and liquid. These stresses can lead 
to gel cracking. The magnitude of the stresses 
during a classical drying or SCD can be calcu
lated but the prediction of cracking requires me
chanical property data for aerogels.

Knowledge of mechanical properties of aero
gels and partially densified aerogels is of interest 
for technological application (Cerenkov detector, 
thermal insulator, host matrix) as well as for 
theoretical research.

The evolution of the mechanical properties is 
followed during the alcogel-aerogel-glass pro
cess. The influence of tetramethoxysilane concen
tration, pH of the hydrolyzing solution and aging 

on the mechanical features are also investigated. 
Structural models proposed to account for highly 
porous materials are briefly discussed.

2. Experimental procedure

Alcogels were prepared by hydrolysis and poly
condensation of tetramethoxysilane (TMOS). The 
TMOS was dissolved in various amounts of 
methanol thereby adjusting the oxide content of 
the sol and the final bulk density of the aerogels. 
The solutions were hydrolyzed under neutral, ba
sic (NH4OH, 5 X 10 2 N) or acidic (HNO3, 10~4 
N) conditions and aged at 65°C. The alcogels 
were transformed into aerogels by hypercritical 
evacuation of the solvent [3], For several samples 
the hypercritical heat treatment was not followed 
by evacuation of the superfluid, so the solvent 
reimpregnated the gel during cooling. This proce
dure was to prepare materials full of solvent for 
which the solid network had undergone the same 
heat treatment as classical aerogels. These sam
ples are called ‘rewetted aerogels’. The densifica
tion of the aerogels was obtained by heat treat
ment at 1050°C [3],

The bulk density, p, of the aerogels was deter
mined by weighing samples of known dimensions. 
Bulk density of the solid network of the alcogel 
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was calculated from the bulk density of the aero
gel and the shrinkage measured after the auto
clave treatment. Shrinkage was observed to be 
isotropic within experimental accuracy.

Elastic moduli and modulus of rupture were 
measured by the three-point bending technique 
using an Instron testing machine with a 2000 g 
load cell. The fracture toughness was measured 
using the single edge notched beam (SENB) 
method in the three-point bending. The experi
mental details have been reported previously [6,7]. 
Generally the beam bending data allow calcula
tion of the Young’s modulus, E, but in the case 
of alcogel samples the beam bending test yields 
the shear modulus. Scherer et al. [8] have shown 
that, due to the low permeability of alcogels, the 
fluid forces the network to behave as if it were 
incompressible. Then the volume of the sample is 
unchanged by deformation and the fluid exerts a 
transverse stress on the gel network.

Small angle neutron scattering (SANS) experi
ments were performed on the PACE spectrome
ter at the Léon Brillouin CEA-CNRS laboratory 
in Saclay, France. Scattering vectors, q, ranging 
from 0.0018 to 0.3 A were explored which 
allow a determination of the density-density 
correlation function in the length scale from 3 to 
500 Â.

Table 1
Poisson’s ratio for different sets of aerogels

Set of samples P
(g/cm3)

V Ref.

PDA 2.2 0.17 [15]
2.1 0.21 [15]
0.9 0.19 [15]
0.5 0.24 [15]
0.43 0.17 [15]

Neutral 0.41 0.24 [12]
catalysis 0.38 0.16 [15]

0.36 0.17 [12]
0.33 0.21 [15]
0.32 0.18 [15]
0.29 0.21 [15]

Basic catalysis 0.262 0.22 [14]
0.158 0.228 [14]
0.077 0.205 [14]

3. Results

3.1. Alcogel-aerogel transformation

Studies of the mechanical properties of alco
gels [8-11] or aerogels [12-14], and comparison 
of data suggest that supercritical drying enhances 
the mechanical properties of the samples. If we 
want to follow the influence of the SCD on 
mechanical properties, the shear modulus has 
been measured on alcogels and rewetted aero
gels. We have calculated [7] the shear modulus of 
aerogels from the measurement of E by assum
ing that the Poisson’s ratio is equal to 0.2. The 
shear modulus is related to E by E = 2(1 + u)G. 
Table 1 shows that the Poisson’s ratio measured 
by Brillouin scattering [12,15] and sound velocity 
propagation [14] is close to 0.2 over the entire

range of aerogel density and for different cataly
sis. Values of G calculated from E and v and 
values of G measured on rewetted aerogels give 
similar results.

Figure 1 shows the influence of the SCD on G 
and a of a neutral set of samples. G and a
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Fig. 2. Effect of hypercritical drying on the shear modulus, G, 
as a function of the bulk density (R. aerogels, rewetted 

aerogels).

increase by a factor of 10-20. The effect of con
centration is also shown and the mechanical 
strength increases with the TMOS concentration 
over almost two orders of magnitude. During 
SCD, a 2 to 17 percent linear shrinkage is ob
served depending on the synthesis parameters. 
Increase of mechanical properties could be at
tributed to this shrinkage which increases the 
load bearing solid fraction. In fig. 2, the shear 
modulus of the different sets of samples (neutral, 
basic and acid) have been plotted as a function of 
the fraction of solid. G and a (not shown) of 
rewetted aerogels are still higher by a factor 4-5. 
This figure shows also that, if the acidic and 
neutral samples have nearly the same mechanical 
features, for the basic set, the values of G and <r 
(not shown) are lower.

To explain the strengthening of the materials 
during SCD, we can invoke two types of pro
cesses occurring in the autoclave. The first one 
must be related to formation of siloxane bonds 
between ‘dead ends’ in the alcogel. These dead 
ends contribute to the mass but not to the con

nectivity in the network. When two branches come 
into contact, condensation reactions of silanol 
groups take place, increasing the connectivity. 
This process would increase the stiffness and 
strength, but would also impose stresses on the 
alcogel network which could explain the shrink
age. The second mechanism of strengthening is 
due to the growth of the necks between particles. 
This growth occurs by a mechanism of dissolution 
- redeposition, which transfers silica from the 
particle surfaces to the necks. This process is 
accelerated by temperature and pressure [16],

In the case of acid and neutral sets which 
exhibit large shrinkages [4], the first mechanism is 
more likely. Acid gels are described as made of 
small primary particles forming polymeric chains 
[17]. The chains’ flexibility allows contact and 
condensation reactions. For basic catalysis, it is 
known [16] that the solubility of silica is en
hanced; moreover, the basic alcogels do not shrink 
[4]. The network is built by larger particles [17,18] 
and the branched parts are more widely spaced 
limiting the possibility of new bond formation by 
the first mechanism. For these reasons, we pro
pose that the strengthening of the basic set is 
related to the second mechanism.

The curves obtained by SANS confirm the 
structural differences between basic aerogels and 
neutral or acid aerogels (fig. 3). The principal 
result that we can draw from the SANS curves is 
the fractal dimension, Ds, which is related to the 
mass distribution in the cluster. D{ is calculated 
from the slope of the linear part. The size of the 
fractal cluster, £, and of the elementary particles, 
a, which built the cluster can be estimated from 
the two cross-overs at low and high q [19]. The 
main results of these curves are that the acid and 
neutral aerogels are made with smaller particles 
than the basic network, and the fractal clusters 
are larger and more dense.

The effect of the aging time in the alcogel 
state has been shown to be partly retained even 
though SCD has induced considerable shrinkage 
[4]. We proposed that changes in density pro
duced by aging or by use of a higher TMOS 
concentration have about the same effect on E. 
This assumption is not valid for very long aging 
times (fig. 4: 75 days). Between 15 and 75 days,
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Fig. 3. SANS curves for different sets of materials, basic, acid 
and neutral aerogels. The numbers correspond to the fractal 

dimensions.

Fig. 4. Effect of aging on the mechanical properties of neutral 
aerogels.

the samples continue to densify slightly (for con
centrated samples) but the mechanical features 
are almost constant. Figure 5 shows the SANS 
data obtained with aerogels aged 75 days and 
unaged (1 day). At low concentrations (N10, N18) 
the structural data are not readily modified. For 
the more concentrated samples (N26 and N46), 
the fractal range £/a is strongly reduced both by 
the decrease of £ and the increase of a. If we 
compare the effects of increasing concentration 
in TMOS and a lengthy aging, the effects on £ 
and a are not identical. If both parameters de
crease the fractal range, £/a, the decrease in £ is 
more pronounced by the effect of concentration 
and a long aging leads to the growth of a. It has 
been proposed that mechanical properties are 
strongly influenced by evolution of the macro- 
porous volume in the gel [20]. Since the £ de
creases, this corresponds to a lower macroporous 
volume and the growth of a to the elimination of 
the microporosity; these two effects have differ
ent influences on the mechanical properties. Fig. 5. Effect of aging on the SANS curves of neutral aerogels.
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3.2. Aerogel-glass transformation

Aerogels are easily transformed into dense sil
ica glass oxidation and sintering [3] treatments. 
During these treatments, the structure of the 
aerogel is modified and mechanical properties 
are enhanced. In fig. 6, E and a values are 
plotted as the function of their bulk density. The 
two sets of materials, aerogels and partially densi
fied aerogels (PDA) [21], cover the entire range 
of porosity. Clearly, during sintering the PDA 
strengthens and finally the mechanical features of 
the totally densified material are identical to those 
of conventional silica glass. Strengthening of the 
material is directly related to the decrease of the 
pore volume but also, at a given density, to the 
increase of the connectivity of the network. If we 
compare the E and a values of PDA and aero
gels having the same bulk density, we conclude 
that the heat treatment has induced an increase 
of the connectivity or of the size of the necks 
between particles. During the oxidizing and sin
tering heat treatments, organic species and silanol 
groups are replaced by new siloxane bonds.
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a is also related to the existence of flaws in 
the material. The mechanical feature related to 
the crack growth resistance is the toughness, Klc, 
which is a measure of the stress at the tip of a 
crack that grows spontaneously. Klc increases 
with bulk density and, as previously observed for 
E and a, the PDA materials are tougher by a 
factor of 5 than aerogels having the same p (fig. 
7).

The knowledge of Kic, E and a allows one to 
calculate the critical flaw size, ac, and fracture 
energy, E. The critical size of the fracture initiat
ing flaw may be obtained from [22]

[Z^icl2
a =-------- .

o-

Y and Z are dimensionless terms that depend on 
the test geometry and on the configuration of the 
crack: assuming a Griffith flaw, (Z/Y)2 = 1/ 
(1.21-rr) [23],
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In the literature [26], Klc and F values were 
measured on alcogels obtained by sonocatalysis; 
the values are close to K[c = 0.2 kPa m1/2 and 
F - 0.05 N/m. The comparison of these values to 
those measured on aerogels confirms that SCD 
increases the resistance of the solid network. On 
the other hand, from the FIc values of sonogels 
and an assumed value of lO* 1 MPa for a, Brinker 
and Scherer [1] calculate a critical flaw size, ac, 
close to 1-2 pm. This would suggest that during 
the SCD the size of the critical flaw increases. 
The increase of ac could be due to stresses 
occurring during the SCD which result from the 
shrinkage and the difference in the thermal ex
pansion coefficient between solid and liquid [5], 
The growth of the cracks might not be catas
trophic because the loading rate is low and the 
stress distribution not homogeneous. Thus, owing 
to a local stress, a crack can propagate and stop.

J______________ L_
1 2

p(g/cm3)

Fig. 8. Evolution of a.. and T during the sintering process.

The initiating fracture energy can be calcu
lated from [24]

A = (1 - p2) or 1 depending on whether the stress 
state at the crack tip is closer to plain strain or 
plain stress [25], However in all cases, due to the 
v value, A is close to 1.

Figure 8 shows the evolution of ac and F for 
the two sets of materials, aerogels and PDA; ac 
would vary from 100 to 10 pm depending on the 
sample density. These values are close to those 
found in silica glass (50 pm). With respect to the 
structure of aerogel which is built with clusters 
(- 100 A), we must assume that these flaws are 
traversing a large number of clusters. The frac
ture energy, F, exhibits nearly constant values. 
For the PDA set, F is close to that measured on 
silica glass (F < 4.5 N/m) and around one order 
of magnitude lower for the aerogels.

The supercritical drying would have two oppo
site effects on the crack growth resistance. It 
increases the Flc value but creates also larger 
flaws. However, the overall effect is a strengthen
ing of the network.

Another interesting mechanical feature of 
aerogel and PDA is their ability to resist capillary 
stresses during immersion in a liquid. As for a 
classical drying, the filling of an aerogel by liquids 
induces capillary phenomena. We have seen that 
SCD increases the mechanical strength of alco
gel; nevertheless, if we try to fill an aerogel with 
alcohol, it cracks (that is the reason for the proce
dure employed for rewetted aerogels). To avoid 
cracking during filling, we must use a liquid with 
a low value of surface energy, y, which will dimin
ish the magnitude of the capillary forces, and 
increase the mechanical strength of the material 
by partial densification. In fig. 9 are represented 
the two domains of monolithic and cracked mate
rials as a function of their bulk density and the y 
values of the liquids employed for immersion. 
The y range (22.7-73 dyn/cm) was obtained by 
varying the concentration of water in CH3OH 
(the y value 13.7 dyn/cm corresponds to isopen
tane). It must be noted that the diagram in fig. 9 
is only valid for materials which have undergone 
heat treatment. Even when they have the re
quired bulk density (in the range 0.4-0.5 g/cm3),
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Fig. 9. Diagram showing monolithic and cracked PDA as a 
function of the bulk density and the interfacial energy, y, of 

the impregnating liquid.

aerogels crack during the filling by liquids having 
a low y value. Xerogels typically have a density 
close to 1 g/cm3 and they crack when immersed 
in methanol. Identical behaviour has been ob
served for DCCA xerogel with a bulk density 
close to 0.6 g/cm3 [27].

Fig. 10. Effect of the sintering process on the SANS curves for 
a neutral aerogel.

These results are related to the increase of a 
and Ktc during sintering, but also to the transfor
mation of the microstructure. SANS data reveal 
three different effects on the structure of aero-
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gels during heat treatment (fig. 10). The curves 
indicate a strong decrease of the cluster size and 
growth of the primary particle. Low frequency 
Raman scattering confirms that densification pro
ceeds by coalescence of small particles into larger 
ones [28] which leads to elimination of smallest 
pores. Ds appears rather constant in the initial 
stages of sintering, then tends toward 3. This 
increase indicates rearrangement of clusters and 
must also signify higher connectivity. Heat treat
ment thus has two types of effects on the ability 
of the PDA to remain monolithic after immersion 
in a liquid: it increases mechanical properties of 
the PDA network compared with the aerogel and 
it removes the smallest pores so as to decrease 
the magnitude of capillary phenomena.

4. Discussion

In the literature, many relationships (linear or 
exponential) have been used to relate elastic and 
mechanical properties to porosity of brittle solids 
[29], However, these relationships are generally 
valid for a restricted range of porosity, their expo
nent is empirical and depends on the nature of 
the solid phase.

More recently, Gibson and Ashby [30] have 
proposed structural models (cells) to account for 
the porous volume and calculate the evolution of 
the mechanical properties of the cells as a func
tion of their structural characteristics. Such mod
els have been successfully applied for materials as 
different as alumina [31] or foamed poly- 
methacrylamid [32], In the case of gels, an alter
native percolation model approach has been used 
with respect to the assumed aggregation process. 
The cellular models and percolation-gelation 
analysis seem attractive to describe mechanical 
properties of gels for several reasons. By contrast 
with the empirical relationships, they try to relate 
the physical properties to a description of the 
mean structure or to the aggregation process. 
They predict that the Poisson ratio is constant as 
the function of the fraction of the solid phase and 
we have seen (table 1) that v is close to 0.2 for all 
aerogels and partially densified aerogels studied. 
Recently, v has been also measured on alcogels 
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close to 0.2 [33], Another interesting feature of 
those models is that they predict a power law 
evolution of mechanical properties as a function 
of the fraction of the solid phase. The log-log 
plot of figs. 7 and 8 demonstrates such a behavior 
for E and for G, a and Klc.

In the Gibson and Ashby model, the cellular 
solid is defined as a material built up of struts or 
plates [30] which form edges and faces of cells. It 
could be surprising to model a fractal network 
composed of such structural elements. In fact, the 
fractal structure is only clearly pointed out for 
low density aerogels [19] and fractal features dis
appear completely for PDA materials (fig. 10). 
The most important structural characteristic of 
cellular models is their relative density which can 
be expressed as a function of cell edge length, /, 
and size of the cross-section, t. For an open cell 
foam made of cubic polyhedra, p/ps a (t/l)2.

Elastic and the mechanical features have been 
calculated respectively by refs. [31] and [32]:

The analysis of the results obtained with PDA 
shows that E varies as (p/ps)32±01 and Klc as 
(p/ps)L7±01. To explain why the model fails, we 
have to consider that it assumes that all the solid 
phase is connected and participates in load bear
ing. In fact, the bond area between particles is 
not taken into account and is an important pa
rameter in the case of a real material [34]. Me
chanical properties of PDA must be modeled by 
a cell having a t/l value lower than those de
duced from p. In fact, the material behaves as a 
cellular solid with an effective bulk density lower 
than p. The larger experimental scaling exponent 
can be explained if we consider that during sin
tering the effective bulk density increases rapidly 
by elimination of porosity and increase of the 
bond area.

In the percolation-gelation analogy, the gela
tion process is associated with a random occupa
tion of sites on a lattice and physical properties of 
the system are expected to scale as 

physical property oc (p — pc)A [35], 

where p is the probability for a site to be occu
pied and pc is the percolation threshold related 
to the gelation point; A is the critical exponent 
characteristic of the physical property. The choice 
of a physical parameter such as time [36,37] or 
concentration of monomer [38,39] to describe the 
mathematical parameter (p -pc) could be ques
tionable because it assumes proportionality be
tween the physical parameter and the p scale; 
moreover, the accurate detemination of the per
colation threshold is hard to establish.

The dependance on (p-pc) can be elimi
nated if several scaling properties are measured 
simultaneously [40] (such as mechanical proper
ties and bulk density) and a combined exponent 
can be determined, thus:

Ecc (p-pc)T, 

aa (p-pc)', 

p a (p -pc)p, 

E oc pT//3 a p9

r = 3.6 [41,42];

t>2.5 [43];

0 = 0.4 [44];

and a oc pi//3 a p6 25

The experimental exponents found on the aero
gels sets, t/0 = 3.6 and t/0 ~ 2.6, exclude mod
eling of the aerogels network as a percolative 
system.

Although this method removes uncertainty 
about the percolation parameter (p -pc), agree
ment with a predicted combined exponent is not 
sufficient to prove an analogy with percolation. 
We have seen that plotting E and a as a function 
of p excludes the analogy with percolation, but if 
we use the combined exponent r/t the experi
mental data lead to 1.4 which agree with those 
predicted. This result shows the difficulty in es
tablishing a clear proof of a percolation process 
with only one or two exponents.

5. Conclusion

The possibility to densify aerogels into dense 
silica glass allows us to follow evolution of me
chanical properties over the range of porosity 
from 95 to 0%.

At each step of the process, the increase of the 
elastic moduli and a is related to the gel struc
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ture and several mechanisms are involved. Dur
ing the supercritical drying, flexible dead ends 
can condense and form new links, but the in
crease of the mechanical properties is also due to 
a dissolution-redeposition phenomenon. The 
connectivity is enhanced by the removal of the 
organic groups creating siloxane bonds and, fi
nally, the progressive densification leads to a 
material having mechanical properties identical 
to those of conventional vitreous silica.

For those reasons, modeling of mechanical 
evolution of the material is not obvious and dif
ferent approaches proposed in the literature fall 
within the experimental data.
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Sol-to-gel transition in reversed micelle microemulsions. 
III. Rheology
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A phenomenological description of the sol-to-gel transition consisting of clusters growing through condensation reactions 
until these clusters collide, producing a gel, is given. The sudden change in rheological behaviour near the transition seems 
to be the most accurate way to evaluate the gel time. Titania sols and gels have been characterized using a rotational 
viscometer, which allows dynamic measurements with a large range of amplitudes, -y, and frequencies, a>. The viscous 
contribution, G" (loss modulus), and elastic contribution, G' (storage modulus), have been simultaneously measured at small 
amplitudes giving a more accurate evaluation of sol-to-gel transition. The shift between the elastic response of the system 
and the abrupt change of viscosity near the sol-to-gel transition can be adjusted by controlling hydrolysis and condensation 
reactions using reversed micelle microemulsions as the reactive media. Rheological behaviour of these systems is consistent 
with a recently proposed interpenetrated clusters model. Results are discussed in terms of cluster evolution in the sol and 
the resulting viscoelastic properties of gels.

1. Introduction

Rheology is one of the many ways used to 
examine the structure of materials. In sol-gel 
processing, detection of the gel state is often 
characterized by measuring viscosity evolution. A 
more informative way consists of dynamic rheo
logical tests to characterize interactions among 
structures produced by molecular or colloidal as
sociation. Sol-to-gel transition typically results 
from the association of molecular precursors 
yielding colloidal particles or inorganic networks 
leading to clusters. These clusters grow into the 
sol until they collide, producing a gel at the final 
stage. Gels can be described as viscoelastic sys
tems exhibiting both springiness associated with 
elastic solids and viscous flow characteristics as
sociated with fluids [1]. The linear viscoelastic

Parts J and If of this series appeared in Better Ceramics 
Through Chemistry III (Materials Research Society, Pitts
burgh, PA, 1988) p. 115 and J. Chim. Phys. 87 (1990) 1901, 
respectively. 

response in a sol-gel system gives specific infor
mation on the sol-to-gel transition, provided that 
small strain or stress is imposed on the system. 
The material exhibits linearity if two conditions 
are satisfied: scaling of response and superposi
tion of response related to both stress and strain. 
Small strain and stress can be attained using a 
rheometer equipped with a coaxial cylinder sys
tem generating an oscillating deformation with 
the outer cylinder and measuring the torque re
sponse with the inner cylinder.

Two types of gels can be encountered in sol-gel 
processing. The first category consists of particu
late sols in which interparticulate forces are ruled 
by the dispersion attraction (Hammaker constant, 
Ae{i) and the electrostatic repulsion (surface po
tential, i/p). Increasing the attraction moves the 
system to a macroscopic phase separation with a 
volume-filling gel, the structure of which is deter
mined by the flocculation process. At the transi
tion there is a dramatic structural change leading 
to a network consisting of close packed fractal 
aggregates with the possibility of a percolation 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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phenomena. These gels deform plastically or elas
tically and data in the literature report a power 
law dependence on volume fraction for gels not 
previously exposed to high shear [2]. The second 
category consists of polymeric sols in which pre
cursor molecules connect to form fractal poly
mers leading to a three-dimensional structure at 
the gel point. We have been investigating this last 
type of gelation process for several years with 
titania-based systems. In order to prevent the 
strong reactivity of titanium alkoxides with water, 
the polymerization reaction has been performed 
in decane which is a non-hygroscopic and non-re
active solvent. Hydrolysis and condensation are 
controlled by the water exchange kinetics be
tween reversed micelles according to a previously 
published method [3,4].

2. Principles of viscoelastic measurements

The evolution of molecular structure during 
sol-gel processing has a very pronounced effect 
on molecular mobility which is easely monitored 
by the change in viscosity and elasticity. It has 
been stated in the literature that the initial sol 
has a steady shear viscosity which grows with the 
extent of reaction as the average of molecular 
weight and polydispersity increase [5]. In the ap
proach of the gel point, the viscosity and the 
longest relaxation time diverge. Beyond this point, 
the equilibrium modulus, Ge grows until it reaches 
its full value when the reaction is brought to 
completion. If p is given as the extent of reac
tion, the gel point is reached at a critical value, 
pc, and the divergence of the equilibrium rheolog
ical properties near pc follows power laws:

T] = (pc-p)~S (1)

for the steady shear viscosity of sol;

Ge = (p-Pcy (2)

for the equilibrium modulus of gel.
The measurement of p and Ge fails at pc, 

since steady state conditions cannot be reached in 
a finite time where the relaxation time diverges to 
infinity. This problem can be overcome by mea
suring the small amplitude shear behaviour of the 

evolving sols and gels. With the Haake rotational 
viscometer used in this work, it is possible to 
impose a defined strain and measure a defined 
stress. The two signals can be in-phase or out-of
phase depending on the viscoelastic behaviour of 
the measured material:
y = y0 sin(wt), y0 = max. amplitude of strain;

(3)

t = t0 sin(wt + 5),
r0 = max. amplitude of stress. (4)

The relationship between stress and strain is de
fined as
r = G*y.  (5)
The complex modulus, G*,  includes the complete 
viscoelastic properties including the elastic com
ponent, the viscous component and the phase 
shift between stress and strain:
G* = G' + z'G", (6)
where G' is the storage modulus and G" is the 
loss modulus. These two moduli can be calculated 
using trigonometric identities:
G'=[G*]cos8, (7)
G"=[G*]sin8. (8)
A useful parameter which is a measurement of 
the ratio of energy lost to energy stored is the loss 
tangent:
tan5 = G"/G'. (9)
It has been suggested in the literature that the gel 
point corresponds to a maximum in tan8 or G".

3. Gel preparation and rheological measure
ments

Titania sols and gels have been produced ac
cording to a method published elsewhere [3,4], A 
reversed micelle microemulsion containing water 
for hydrolysis is achieved by mixing suitable 
amounts of water, decane and oil soluble surfac
tant. Initial sols were obtained after adding under 
stirring the micellar solutions in titania isopropox- 
ide. Three main parameters govern sol-to-gel 
transition in this case: the water/surfactant mo
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lar ratio, the water/alkoxide molar ratio, h; 
and the alkoxide molality, m. Gelling times were 
adjusted by giving proper values to the three 
parameters n, h and m. Just after preparation, 
sols and gels were placed in cells appropriate for 
rheological analysis.

Depending on the evolution of the system dur
ing the sol-to-gel transition, either coaxial cylin
ders or plate and plate sensor cells were used. In 
a first set of experiments, the sols selected were 
investigated at small amplitudes y = 2° and at 
frequencies &> = 3 Hz. Different values for n (1.1,
1.3  and 1.5) were investigated with h and m 
fixed, in order to characterize structural evolution 
of the aggregates in the sol when the resulting gel 

time was varied. In a second experiment, a gel 
with n = 1.1 was selected to analyze loss and 
storage moduli evolution versus frequency.

4. Results and discussion

In titania gels produced from reversed micelles 
microemulsions, n is a key parameter which al
lows a continuous regulation of the gelling time 
from a few minutes to several days. The gel time 
is decreased when n increases until large aggre
gates precipite due to an excess of water in the 
reactive medium. That means that there exists a 
limiting value for n beyond which reversed mi
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Fig. 1. Evolution of loss modulus. G" ( + ), and storage modulus. G' (o). versus time for titania gels when varying the 
water/surfactant ratio, n. (a) n = 1.1: (b) magnification of (a) within the first minutes of the reaction; (c) n = 1.3; (d) n = 1.5.
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celle equilibrium does not regulate hydrolysis. 
Changing n also influences the evolution of the 
sol and the structure of the gel. We reported in 
previous papers that both the size of the aggre
gates [4] and the mesoporous texture of the re
sulting gels [6,7] are affected by this parameter. 
However, a difficulty remains with these systems 
when we want to determine the time of gel in an 
accurate way. Rheological experiments can be 
useful to confirm these results by measuring the 
evolution of G' and G" during sol-to-gel transi
tion. Moreover the problem of determining the 
gel point can be overcome using tan 3.

Figure 1 shows the variation of G' and G" 
versus time for three systems with h = 2.2 and 
m = 1.0 fixed and n successively equal to 1.1, 1.3 
and 1.5. Discrete values for G' and G" can be 
measured at the very beginning of the experiment 
as shown in fig. 1(b), which shows, in magnifica
tion, the first minutes of sol evolution. The evolu
tion of G' and G" during sol-to-gel transition 
contains information about the size of the clus
ters developing in the sols and the interactions 
between these clusters in the three different sys
tems investigated in this work. Additional infor
mation derived is the decoupling phenomenon 
between the sudden increase in G" and G' val
ues for the sol state when approaching the gel 
point. This gap clearly appears for n = 1.1, while 
it is reduced for n = 1.3 and suppressed for n =
1.5  (figs. 1(a), 1(c) and 1(d), respectively). The 
variation of tan<5 near the gel point is illustrated 
in fig. 2. According to the literature, a maximum 
has been reported for tan d which has been at
tributed to the gel point in each system.

The behaviour of these systems can be ex
plained according to a model proposed by Ca
bane and co-workers [8,9]. Depending on the size 
and the concentration of fractal aggregates, the 
resulting clusters interpenetrate more or less and 
a gel is obtained as soon as a macroscopic three- 
dimensional network is attained. In a rheological 
approach, the size and the concentration of the 
clusters are related to G" while the interpenetra
tion level is related to G'. Now we can explain 
the response of each system when dynamic rheo
logical tests are performed and compare those 
results with those obtained by DLS, SAXS and

Tan £ = f (t[mn])
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19,2 ■.............---
. I r, t
< “ t 

i i

9,6
i

-I'--- v-

32 64 96 128 160
Fig. 2. Evolution of tan<5 versus time for the sol-gel system 

prepared with n = 1.

SANS on the same category of sols and gels 
[4,10], For n = 1.1, small and monodisperse ag
gregates are created which do not grow much 
before gelation. Figure 1(a) shows that G" and 
G' evolve in a 0-600 Pa range due to small 
particles weakly interpenetrated. A gel is ob
tained within 2 h, while the storage modulus 
remains decoupled from the loss modulus 
throughout the process. For n = 1.3 and n = 1.5, 
the gel times are about 1 h but the remarkable 
point is the evolution of G" and G' in 0-2400 
and 0-3200 Pa ranges, respectively. Decoupling 
of G" and G' is shortened for n = 1.3 and disap
pears for n = 1.5. This is consistent with larger 
and interpenetrated clusters responsible for a sig
nificant increase of G" and G' moduli.

A further insight into structural evolution of 
the system may be obtained by measuring the 
variation of the two moduli versus frequency, w. 
First results with a gel prepared with n = 1 are 
shown on fig. 3. The loss modulus increases with 
w as far as the sample is excitated below the 
natural frequency for cluster motion and stabi
lizes when the excitation frequency becomes 
faster. Two regimes for G' are apparent and they 
can be explained by the structures of the gel and 
of the aggregates. Depending on the frequency, 
different correlation lengths in the structure of 
the gel are concerned with the sinusoidal pertur-
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Fig. 3. Evolution of G" ( + ) and G' (o) moduli versus
frequency, co. for a gel prepared with n = 1.1.

bation. At low frequencies, elasticity between 
weakly bonded clusters is tested and is decreasing 
when to increases. It can be considered as the 
macroscopic mechanical behaviour of the gel. At 
higher frequencies, G' increases with to. In this 
case, the response of the system has been at
tributed to the inner fractal structure of the ag
gregated clusters which corresponds to a correla
tion length much smaller than for inter-cluster 
interactions. These first results have been ob
tained for a gel in which clusters are weakly 
interpenetrated. A more complicated situation 
arises for strongly interpenetrated clusters and 
experiments are underway to probe those gel 
structures.

5. Conclusion

Rheological investigation appears as a well 
suited technique to probe the structural evolution 
of sols and gels during processing. Using an oscil
lating viscometer working at low strain and stress 
and considering the complex modulus G*  is a 
very appropriate way to obtain basic information 
on the local structure of sols and gels. This infor
mation can be related to scattering measurements 
leading to a better understanding of sol-to-gel 
transition phenomena.
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29Si NMR and viscosity study of the sol-gel transition 
and evolution after the gel time
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In order to study the sol to gel transition and the early stage of aging, 29Si NMR and viscosity measurements were 
performed on acid-catalyzed TEOS in excess of water, where evaporation is hindered. NMR spectra evolution was followed 
over an interval running from 0.5tg to 4tg (tg is gelation time). The difference between static spectra and magic angle 
spinning (MAS) spectra, analyzed in terms of anisotropy of the chemical shift, allowed evaluation of the gel weight-fraction. 
Its evolution appeared to be quite slow. A kinetic model of post-gelation aggregation accounts for this time dependance. 
NMR measurements were not very accurate close to the transition. Rheology experiments over a frequency range from 10 2 
Hz to 100 Hz were performed in this region. Scalar percolation transition was observed within a very narrow interval.

2. Experimental

The solution whose gelation is studied here
was prepared in order to complete hydrolysis 

1. Introduction

Numerous nuclear magnetic resonance (NMR) 
experiments have been devoted to the study of 
silicon alkoxide reactions (hydrolysis as well as 
condensation), as a model of sol-gel phenomena 
[1], Probably due to the need of specific tech
niques [2,3], only a very few of these focused on 
the late-gelation process, close to or beyond the 
sol-to-gel transition.

The main goal of this study is to analyze NMR 
spectra in order to evaluate gel and sol weight 
fractions, the degree of condensation in the sol 
phase and the global one. The time dependance 
of these parameters will be an indication of the 
phenomena controlling the aggregation of the 
small clusters to the large one.

From a chemical point of view, the gel weight
fraction is a major indication of the completeness 
of the gelation. Moreover, it is also interesting for 
the physicists, for it represents the order parame
ter of the sol-to-gel transition. 

before condensation takes place. This requires 
acidic conditions. The molar composition was 
TEOS: H2O: ethanol = 1:10:6. Water contain
ing gadolinium nitrate (Gd(NO3)3) in concentra
tion 10“2 mol l“1 was used; it fixed the pH at 
4.3. Gadolinium paramagnetic ion was chosen 
because it enhances 29Si relaxation about four 
times as much as chromium. In order to avoid 
solvent evaporation which may affect the conden
sation, the sample containers were hermetically 
closed.

29Si NMR measurements were performed at 
71.54 MHz, using a Brucker MSL 360 spectrome
ter and a Doty probe allowing magic angle spin
ning (MAS). During the condensation reactions, 
the replacement of an -OH neighbouring group 
by a siloxane bridge (Si-O-Si) leads, in29 Si NMR, 
to a chemical shift of — 9.2 ± 0.2 ppm which 
permits one to distinguish between silicon atoms 
linked through 0, 1, 2, 3 or 4 siloxane bridges. 
These species are denoted, respectively, as Q°, 
Q1, Q2, Q3 and Q4.

Thanks to the gadolinium paramagnetic ions 
relaxation times of every 29 Si species Q' remain 
< 1 s all over the reaction, from the liquid state 
to the rigid-gel state. This permitted a repetition 
time of 3 s. Each spectrum, resulting from 2400 
accumulations, lasted 2 h, which was short enough

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved



L. Mailer et al. / Sol-gel transition and evolution 687

•80 -90 -100 -110 -120 -80 -90 -100 -110 -120

Chemical Shift (ppm)
Fig. 1. 29Si NMR spectra at different times. Thick lines are 
figuring experimental lineshapes, with or without magic angle 

spinning. Calculated lineshapes are presented by thin lines.

stages of the reaction. MAS spectra, changing 
only slightly in width, enable us to follow the time 
dependence of the different above-defined pa
rameters. Even if dramatically broadened, static 
spectrum peaks are still apparent after gelation. 
This indicates that total gelation was not achieved 
at tg, some 29Si atoms still experiencing molecu
lar motion at frequencies much larger than 150 
Hz (linewidth), even far beyond tg.

The sol-to-gel transition can be viewed as the 
occurrence of a large cluster, the gel, which en
sures the rigidity of the whole system, while small 
aggregates remain in solution, forming a phase 
we call the sol. NMR measurements reveal the 
difference between solid-state behavior and liq
uid-like one. When observing the static spectra 
after the gelation time, one could think they 
roughly form a linear superposition of a final 
state spectrum, combined with a liquid state spec
trum, whose relative contribution reduces with 
time. Such a decomposition, if allowable, would 
provide the proportions relative to the Si atoms 
embedded in a rigid lattice and to the ones show
ing a liquid-like motion.

In order to proceed to this decomposition, 
respective references of the gel and sol signals 
were needed. We chose the long-time static spec
trum at t = 9tg, which we checked to be steady 
state, as representative of a gel state (G(<o)). 
Doing so, we assumed the condensation rate 
within the gel, c , remains constant, which is 
consistent with the view of the gel as a rigid 
lattice. As mentioned above, the effect of magic 
angle spinning is to average to zero the broaden
ing due to solid behavior. Thus, each peak ‘z’ 
provides the signal of Q' species affected by a 
rapid motion (compared with 150 Hz), as is the 
case in the sol. For a better decomposition, we 
did not use simply the MAS spectrum as a single 
sol reference, but we separated signals, S/w), 
from the different Q' species and used them as a 
‘multiple sol-reference’. This allows one to vary 
the condensation rate in the sol, cs, indepen
dently of the global one. Contrary to what we had 
previously thought [5], Gaussian lineshapes rather 
poorly account for the long tails of these signals 
S,(w). As Gaussian absorption curves induced a 
discrepancy in the determination of the gel frac

not to excessively average the kinetics (2 h repre
sent about 1% of the gelation time, ig). Measure
ments were followed over an interval running 
from 0.5tg to 4tg.

Before the gelation, liquid state NMR static 
spectrum allows distinction of the different 
species Q', and evaluation of their relative contri
bution (relative concentration is denoted as #,). 
Beyond the time evolution of the a relevant 
parameter to be investigated is the degree of 
condensation, c, defined as c = E,(?,/4.

3. Results

As gelation takes place, NMR static spectra 
lines broaden slowly as shown in fig. 1, preventing 
any evaluation of the degree of condensation. 
This evolution occurs from the combination of 
two main effects. The molecular motion slows so 
drastically it becomes impossible to average the 
dipolar coupling with the protons and the 
anisotropic chemical shift. The rigid-lattice exten
sion multiplies the possible neighbouring configu
rations of the silicon atoms, so it also spreads the 
isotropic chemical shift. While both these broad
ening causes affect static NMR measurements, 
MAS averages the former to zero [4], Figure 1 
compares static and MAS spectra at different
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tion, a less restrictive hypothesis of symmetrical 
lineshapes was used, and MAS spectra was more 
faithfully exploited. Because of the slow broaden
ing due to the isotropic part of the chemical shift, 
we had to perform rather frequent MAS mea
surements. These require a 3 kHz rotation of the 
sample, which certainly leads to uncontrollable 
perturbations of the system (at least centrifuga
tion). We thus prepared different containers filled 
with one unique freshly prepared solution, and 
continuously recorded NMR spectra. Once a day, 
one MAS spectrum was performed, after which 
we changed the container.

The recorded signal y(<w), as well as the refer
ences G(ro) and .S',(iu), was normalized to unity. 
The experimental lineshapes were then decom
posed by a least-square method, through mini
mization of the function, /, defined as 

f= E[y(w) -«G(w) -h2S2(w) -b3S3(io)
Ct)

(1) 

with regard to the parameters a and bt, whose 
time-dependence was then determined every 2 h.

Figure 1 presents experimental and synthetic 
spectra at different times. Thanks to the initial 
normalization, the fitted parameter ‘a’ represents 
the massive fraction of the fixed phase, which we 
identified to the gel fraction, </>g. The condensa
tion rate in the sol, cs, equals Ezi>,/4Ebz, while 
the global one is

c(0 =^g(Ocg + (1-^g(O)cs(i)- (2)

The fig. 2(a) shows the evolution of c(z), ob
tained from the spectrum fit, which agrees, within 
experimental accuracy, with the direct MAS de
termination. This supports our choice of a con
stant gel reference. On fig. 2(b), one can see the 
increase of the gel fraction, <)>g(r), the vicinity of 
the gelation point being detailed in insert.

4. Discussion

Let us first observe the results from a qualita
tive point of view. While the sol-to-gel transition 
is clearly visible on </>g(t), it does not induce any

time (hours)

Fig. 2. (a) Degree of condensation. c(z), obtained from the 
spectrum fit (small dots), and MAS ones (large dots), (b) Gel 
weight-fraction </>g(t). The plain line presents the evolution 

described by eq. (4), with monodisperse conditions.

sensible discontinuity in the evolution of the con
densation rate which remains linear. An impor
tant feature of the gel fraction is its rather slow 
evolution. At i = 2ig, about 20% of the silicon 
atoms are not connected to the gel. It shows 
sol-gel transition is far from meaning complete 
gelation, at least when solvents do not evaporate. 
During the interval from 0.51 to 9(g, only a low 
number of new siloxane bonds are formed. The 
condensation rate increases from 80% to about 
84%. From 1.8tg on, it almost seems to saturate, 
which indicates very slow kinetics.

The increase of the gel fraction from zero 
looks linear, as described by the Flory-Stock- 
mayer theory and contrary to the percolation 
predictions [1], We tried to account for it through 
classical arguments. As has been shown by a 
preceding study [6], gelation begins after an ag
gregation phase which leads to highly functional 
units. In such a case, with the additional hypothe
sis of reaction rate between aggregates propor
tional to their mass, the Smoluchowski equations 
become

9rzit/3t = | £ ijnifij-kn^inj, (3)
i+j=k j

where nk is the number of aggregates containing 
k Si atoms. If, after Zg, one considers reactions 
between the gel and the sol as well as these 
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within the sol, the last summation term is the 
total mass and equals one. The solution is then 
given by [7]
‘Ag(iAg) = 1 - L^k(t = Q) 

k
Xexp[-£(i/tg)</>g(i/ig)]. (4)

Figure 2(b) presents in continuous line the 
evolution of the theoretical gel fraction in the 
case of initial monodispersity. The unique ad
justable parameter is fixed at 185 h. Although 
giving rise to satisfactory fit, this monodisperse 
model is quite surprising on a physical point of 
view, for it assumes gelation starts at t = 0, while 
it is known to succeed an aggregation phase. 
With a more realistic small initial polydispersity 
and a shift on the timescale corresponding to the 
duration of the aggregation phase (about one 
third of t , in agreement with ref. [6]), one ob
tains a better fit [8], It shows that a classical 
description of the gelation with reaction rates 
(kernels) proportional to the mass of the aggre
gates is valid over a large range of time, if not in 
the very immediate vicinity of the gel point.

The gelation time we determine with accuracy, 
as the moment at which </>„ increases from zero 
(about 185 h), is definitely lower than the time 
estimated from the macroscopic freezing of the 
solution (around 210 h). On the one hand, the 
macroscopic gel point is overestimated for it cor
responds to the moment when the gel network is 
strong enough to support its own weight. On the 
other hand, our method counts as part of the gel 
the Si atoms which experience movement slower 
than 150 Hz. This should underestimate tg. In 
order to examine the discrepancy, we performed 
frequency-dependent viscosity measurements, in 
the immediate vicinity of the transition. The vis
coelastic results, combined with the Stokes equa
tion, indicated a radius of about 30 nm, beyond 
which aggregates appear static. Considering the 
starting aggregates of the gelation whose radius is 
a few nanometers, we checked the discrepancy on 
the determination of <pg to be rather small be
cause of the power law mass distribution. More
over, being analogous to finite size effect, this 
estimate is strongly localized around tg. Since this 
might prevent a good observation of the transi
tion, we then led complete viscosity experiment in 

that range. As expected, intrinsic viscosity di
verges and zero frequency elasticity modulus in
creases. Independently determined exponents 
.s( ~ 0.73), t( ~ 2), respectively associated with vis
cosity and elasticity, show a good agreement with 
scalar percolation [1,9]. These exponents can be 
detected over a very narrow range of ±l%t , 
around the gelation point. This agrees with highly 
functional starting units [10]. It also justifies our 
inability to detect critical behavior through our 
NMR experiment.

5. Conclusion

Using NMR spectra, new method to determine 
gel mass fraction and follow condensation has 
been experienced. When isolated from evapora
tion phenomena, the condensation is slow. A 
kinetic model with reaction probability propor
tional to masses accounts for the evolution of the 
gel fraction. Concerning the transition, no critical 
behavior is sensible by NMR. Frequency-depen
dent viscoelasticity experiments showed a scalar 
percolation transition within a very restricted 
range.
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Rheology of alumina sols
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Alumina sols were obtained by hydrolysis of aluminium sec-butoxide according to Yoldas method. Peptization was carried 
out with two different quantities of HC1 and at two different temperatures. The four sols obtained were stored at 40°C, and 
their rheological behaviour was determined for times to 1 year. Rheological measurements were fitted to a slightly modified 
Casson model. Evolution of adjusting parameters, yield stress, consistency index and flow index, with aging time, are 
discussed. Samples with higher HC1 give a yield stress from the day of preparation. Samples with lower HC1 display a 
Newtonian behaviour initially and shear thinning behaviour with increasing viscosity with aging time.

1. Introduction

The determination of rheological behaviour 
can be an important tool to characterize sols and 
the sol-gel transition. Sakka and co-workers [1-3] 
have studied the rheology of silica sols, and the 
sol-gel transition was Theologically studied by 
Sacks and Sheu [4] and Ro and Chung [5] also for 
silica sols. Chane-Ching and Klein [6] related 
rheological behaviour for alumina sols. Rheologi
cal properties of sols or gels are characterized by 
thixotropy in many cases and by the viscosity 
dependence of the shear rate. Viscosity determi
nations must be carried out at well specified 
shear rates and at steady-state conditions. The 
sol-gel transition is sometimes said to occur when 
a certain viscosity value is reached, but the viscos
ity dependence on shear rates makes such defini
tion inadequate, as noted by Sacks and Sheu [7], 
Choi and Krieger [8] classify their dispersions as 
‘fluid’ or ‘gelled’, based on flow at low shear 
stresses. However, the definition of flow is diffi
cult, because it depends on the observation time.

The purpose of this work is to find a general 
equation with appropriate parameters that can 
explain the evolution of some alumina sols. Mate
rials exhibit Newtonian behaviour at low shear 
rates. However, gelled dispersions have a very 
high viscosity at these shear rates and, due to 
experimental limitations in reaching low shear 

rates, a yield stress, r0, is needed to fit the shear 
stress-shear rate data. The yield stress is only an 
extrapolated value for the shear stress at zero 
shear rate, but the real value is always zero. 
Values of extrapolated yield stress can be used to 
determine the viscosity at zero shear rate.

Rheology of alumina dispersions prepared at 
different conditions were studied in this work.

2. Experimental

Sols of alumina were prepared by hydrolysis of 
aluminium sec-butoxide (Merck, > 97%) with 
deionized water at 90°C for 1 h. The molar ratio 
water/ alkoxide was 100 for all samples. The alu
mina precipitate formed was peptized with HC1 
for 1 h at 40 or 90°C. Molar ratios HCl/alkoxide 
of 0.15 or 0.25 were used. In this way four differ
ent samples were obtained:

(i) AA-HCl/alkoxide = 0.25; peptization 
temperature = 90°C;

(ii) AB-HCl/alkoxide = 0.25; peptization 
temperature = 40°C;

(iii) BA-HCl/alkoxide = 0.15; peptization 
temperature = 90°C;

(iv) BB-HCl/alkoxide = 0.15; peptization 
temperature = 40°C.
These four samples were stored at 40°C for 1 
year. At different times, aliquot samples were 

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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Theologically characterized by shear stress mea
surements at several shear rates.

Shear stress measurements were carried out in 
Brookfield DV-II and an Haake LV-100 viscome
ters, thus permitting shear rates from 1.22 to 2673 
s_1.

Shear stress measurements were made at 25°C 
and at increasing shear rates as shown in fig. 1. 
For samples presenting thixotropy, the evolution 
of shear stress with time after a change to a new 
shear rate was fitted to 

where Tj is the initial shear stress, re is the 
equilibrium shear stress, k is a kinetic constant 
with the meaning of time to reduce the shear 
stress to half between and re, and t is time in 
seconds. In this way, a steady-state shear stress 
for each shear rate was determined, with fitting 
errors <1%, for thixotropic samples. For sam
ples displaying no thixotropy, shear stresses were 
measured directly. From shear stress data, the 
steady-state viscosity for each shear rate can be 
determined.

3. Results

The evolution with aging time of viscosities at 
several shear rates for sample AB are shown in 
fig. 2. As can be observed, viscosities increase

■ od * 2d “ 8d
o 35 d x 56 d A 1 y

Fig. 2. Viscosities vs. shear rate for the sample AB at several 
aging times.

during the first 2 days and after that remain 
practically constant. Viscosities for the AA sam
ple remain practically constant.

Viscosity data for samples AA and AB can be 
fitted to models such as Yauda’s:

(2)

where y is the shear rate in s_1, /z.o is viscosity at 
zero shear rate, is the viscosity at infinite 
shear rate, and tf and n are constants. Lines in 
fig. 2 correspond to the fitting curves. A good fit 
is obtained but the parameters have no meaning 
since many sets of values for the parameters can 
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Fig. 1. Example of shear stress measurements at increasing 
shear rate for an AB sample at one year of aging time.

■Od ♦ 4 d * 8d 
□ 16 d ■ 31 d A 1 y

Fig. 3. Viscosities vs. shear rate for the sample BB at several 
aging times.
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fit the data. This indicates that the range of shear 
rates used is not low enough to determine the 
zero shear rate viscosity.

Samples BA and BB initially present Newto
nian behaviour and shear thinning behaviour with 
increasing viscosities later. Evolution of viscosi
ties with aging time for the sample BB is shown 
in fig. 3. Fitting the data to Yauda’s model, the 
parameter q.o acquires meaning, showing a clear 
increase with aging time as can be deduced from 
fig. 3.

4. Discussion

Results for samples with higher acid content 
are very different from those for lower acid con
tent samples, and although all data can be fitted 
to the same model, the parameters obtained have

- AA ♦ AB * BA ° BB

Fig. 4. Correlation of K and n values for all samples.

no meaning for all samples and cannot be com
pared. Common models, with meaningful values 
for the parameters, giving shear stress as a func

Sample AA Sample BA

Sample AB Sample BB

Fig. 5. Evolution of fitting parameters with aging time for the four samples studied.
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tion of shear rate were tested in order to fit the 
data for all samples.

Samples AA and AB present a yield stress and 
shear thinning behaviour. Their behaviour fits 
models such as Casson’s or Vocadlo’s. Samples 
BA and BB do not display yield stress, and their 
shear thinning behaviour can not be described by 
the Ostwald-de Waele model with the same val
ues of the consistency parameter and flow index 
for the entire range of shear rates studied.

In this work a new model derived from Cas
son’s model is used:

/r = yT(l + Ky". (3)

In this model, t0 is the extrapolated value for 
yield stress, K is the consistency index, and n is 
the flow index. The only difference with Casson’s 
model is the flow index, n, whose value for Cas
son, |, does not fit all our rheological data. 
Equation (3) can fit all data on all samples with 
errors <5%. Positive values of were found 
for samples AA and AB. An evolution with aging 
time from zero through negative to positive val
ues for BA and BB samples was found.

The physical meaning of positive values of fa 
parameter is that viscosities at shear rates lower 
than tested in measurements were much higher 
than the highest measured viscosity. If fa is 
negative, it means that viscosities at shear rates 
lower than those studied are lower than the vis
cosity at the lowest shear rate measured. The 
good fit for samples BA and BB with negative 
values of yA for several aging times indicates 
dilating behaviour at low shear rates in these 
samples. This behaviour has been found in other 
systems. Yasuda presented [9] some data which 
become dilating as the shear rate becomes very 
low.

A sample can be considered a gel if it presents 
a high zero shear rate viscosity. Although the 
zero shear rate cannot be exactly determined, a 
positive needed to fit shear stress shear rate 
data indicates very high viscosity at low shear 
rate, v, so that we can consider samples present
ing positive fa as gels. On the other hand, 
samples presenting negative or zero values for fa 
can be considered as ‘fluid’ because negative or 

zero values for A(l indicate relatively low viscosi
ties at very low shear rates.

Parameters K and n seem to be related. In 
fig. 4, the values of K are represented against n 
for the four samples at all aging times studied. A 
correlation can be observed among all values 
except the one corresponding to one year aging. 
The relation between K and n permits the repre
sentation of the evolution of samples with aging 
time because a value for n implies the corre
sponding value of K. In a graphic representing 
fa against n, a point specifies the values for the 
three parameters corresponding to the sample, 
and the variation of shear stress with shear rate is 
completely defined. Maps showing the evolution 
of parameters corresponding to the four samples 
are shown in fig. 5. Each point defines values for 
the three parameters, and corresponds to the 
sample at an aging time (days) indicated. With 
the criteria cited above, the upper region with 
positive values for fa corresponds to gels and 
the lower region corresponds to sols. As can be 
observed from fig. 5, samples AA and AB would 
be gels at all aging times, while samples BA and 
BB present an evolution from sols to gels at one 
year.

5. Conclusion

Viscosity data for samples with high acid con
tent show a slight evolution with aging time. 
Fitting parameters given by eq. (3) show quite a 
different behaviour for these samples. While shear 
stress or viscosity data for aging times between 
two days and two months seem to show no evolu
tion, fitting parameters show a clear evolution 
which can explain the 1 year results. It is remark
able that experimental results and fitting parame
ters are very similar between samples AA and 
AB, showing that the final state of the gel is 
independent of peptization temperature. Experi
mental results for samples with low acid show 
clear evolution with aging and this evolution is 
also reflected in the fitting parameters. Results 
for samples BA and BB at 1 year also show that 
the final state is independent of peptization tem
perature. This final state corresponds to a gel.



694 C. Gonzalez et al. / Rheology of alumina sols

The authors gratefully acknowledge CIRIT for 
supporting this work within the program Fine 
Chemicals.

References

[1] H. Kozuka, H. Kuroki and S. Sakka, J. Non-Cryst. Solids 
95 (1987) 1181.

[2] S. Sakka and H. Kozuka, J. Non-Cryst. Solids 100 (1988) 
142.

[3] H. Kozuka, H. Kuroki and S. Sakka, J. Non-Cryst. Solids 
101 (1988) 120.

[4] M.D. Sacks, R.S. Sheu, in: Science of Ceramic Chemical 
Processing, ed. L.L. Hench and D.R. Ulrich (Wiley, New 
York, 1986) p. 102.

[5] J.Ch. Ro and J. Chung, J. Non-Cryst. Solids 126 (1990) 
259.

[6] J-Y. Chane-Ching and L.C. Klein, J. Am. Ceram. Soc. 71 
(1988) 83.

[7] M.D. Sacks and R.S. Sheu, J. Non-Cryst. Solids 92 (1987) 
383.

[8] G.N. Choi and I.M. Krieger. J. Colloid Interf. Sci. 113 
(1986) 101.

[9] K. Yasuda, PhD thesis. Massachusets Institute of Technol
ogy (1979).



JOUR NAL or
Journal of Non-Crystalline Solids 147&148 (1992) 695-698
North-Holland NON-CRYSTRLLINE SOLIDS

Viscosity behaviour of SiO2-ZrO2 gelling solutions: 
effect of acetic anhydride addition
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The viscosity behaviour of SiO2-ZrO2 gelling solutions in dimethylformamide is affected by addition of acetic anhydride, 
which prolongs the time window suitable for fiber production. This effect is attributed to esterification of the Si-OH 
terminal groups of silica oligomers, avoiding their condensation by cross-linking. The proposed mechanism agrees with the 
loss of effectiveness of acetic anhydride in n-butanol.

1. Introduction

The sol-gel technique is a suitable and versa
tile approach to the formation of organic fibers 
[1-3], Experience in this subject is now suffi
ciently mature so that compositional restrictions 
and processing technology are not limiting fac
tors. In the case of alkoxide-derived solutions, 
maintenance of solution viscosity within 10-100 
Pa s to ensure continuous filament production is 
still a problem.

In previous work [4], the effectiveness of 
dimethyldiethoxysilane, DMDES, in lowering the 
viscosity versus time increase for SiO2-ZrO2 
gelling solutions was reported. Results suggested 
the blocking of reactive Si-OH terminal groups 
by DMDES, leading to considerable quenching of 
the condensation rate between oligomers derived 
from Si(OEt)4 and Zr(OPr)4 hydrolysis. As an 
extension, the effect of acetic anhydride, a power
ful and low-cost esterification agent, to control 
the viscosity of SiO2-ZrO2 gelling solutions with 
two SiO2/ZrO2 ratios is reported here.

2. Experimental procedure

Proper amounts of Si(OEt)4 (TEOS) and Zr- 
(OPrn)4 (TPOZ), leading to oxide ratios SiO2/ 

ZrO2 = 70/30 and 50/50, were dissolved in 
dimethylformamide (DMF) or n-butanol main
taining a constant alkoxide concentration of 3.2 
M (see table 1). For each solution, the amount of 
acetylacetone was selected according to previous 
results [4] in order to homogenize the viscosity 
versus time increase, independently of ZrO2 load. 
After refluxing for 1 h under nitrogen atmos
phere, appropriate amounts of HC1 (12M) or 
HNO3 (15.7M) were added to achieve alkoxide/ 
acid ratios reported in table 1. Water was slowly 
added over 360 min in a ratio of H2O/ 
Si,Zr(OR)4 = 2, using the procedure already de
scribed [4],

Six hundred (±30) seconds after H2O addi
tion was completed, the viscosity increase was 
monitored in air at 25°C every 80 s with a 
cone/plate system by a MC-10 Physica viscosime
ter with constant shear stress of 50 Pa. In M-8 
and M-9B compositions (see table 1), the experi
ments were repeated six times, standard devia
tion of individual viscosity data being ±5%. This 
uncertainty was assumed in all experiments and 
substantiated the reliability of the viscosity versus 
time trends reported here. In all figures reporting 
viscosity data as a function of time, the experi
mental points were fitted with a straight line 
using a standard linear regression analysis, for 
better representation of viscosity versus time 
trends.

0022-3093/92/Î05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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Table 1
Sample labelling and experimental conditions

a) Weight ratio.
b) Molar ratio.
c) IO3 molar concentration.

Sample TEOS/TPOZ a) Solvent Acid/alkoxide b) ACAC/TPOZ b) Ac. anhydride c)
M-9B 75/25 DMF 0.085 HNO3 - -
S-237 75/25 DMF 0.085 HNO, - 2
S-292 75/25 DMF 0.085 HNO3 - 4

S-199 56/44 DMF 0.0007 HC1 0.6
S-293 56/44 DMF 0.0007 HC1 0.6 3.7
S-302 56/44 DMF 0.0007 HC1 0.6 7.4
S-303 56/44 DMF 0.0007 HC1 0.6 37

M-8 75/25 n-butanol 0.085 HNO, -
S-266 75/25 n-butanol 0.085 HNO, - 2

S-198 56/44 n-butanol 0.0007 HC1 0.6
S-304 56/44 n-butanol 0.0007 HC1 0.6 3.7

Fig. 1. Viscosity versus time increase for solutions in DMF: (a) SiO2 /ZrO2 = 70/30; (b) SiO2 /ZrO2 = 50/50,

Time [s] Time [s]

Fig. 2. Viscosity versus time increase for solutions in n-butanol: (a) SiO2 /ZrO2 = 70/30; (b) SiO2 /ZrO-, = 50/50.
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3. Experimental results

Labelling of samples, ratio among compo
nents, additives and solvents are reported in table
1. The determination of viscosity versus time 
trends was carried out immediately after the ad
dition of H2O. Trends starting from 1.0 Pa s, 
irrespective of composition, and experimental de
tails, relevant to the preparation of each sample, 
are reported and discussed here.

Figures 1(a) and (b) compare results obtained 
using DMF as solvent for the two compositions 
investigated. In both cases, the addition of acetic 
anhydride led to a great decrease in viscosity. 
Typically at 800 s, a value around 60-80 Pa s was 
measured for the original solutions, while in the 
presence of acetic anhydride, the viscosity range 
fell below 30 Pa s, assuring a much longer time 
suitable for fiber production.

Experimental results obtained using n-butanol 
as solvent are reported in figs. 2(a) and (b). Here, 
the effect of acetic anhydride addition was irrele
vant.

4. Discussion

For gelling solutions of the SiO2-ZrO2 system, 
the viscosity versus time increase can be homoge
nized independently of ZrO2 load by quenching 
the hydrolysis rate of Zr propoxide with a suit
able amount of acetylacetone [4], This addition 
was also adopted in this research, and accounts 
for the substantial identity of viscosity versus time 
trends of the studied solutions without addition 
of acetic anhydride (see samples M-8, M-9B, S- 
198, S-199).

Comparison of data in figs. 1(a) and (b), which 
refer to DMF solutions, reveals the important 
lowering of viscosity increase after acetic an
hydride addition. This effect appears indepen
dent of the amount of additive above 2 mM. In 
fact, the highest concentration (sample S-303) 
does not lead to further decrease of viscosity 
increment. The viscosity is the same as for the 
least concentrated solution (sample S-293), where 
addition of acetic anhydride was one order of 
magnitude lower. We noted a similar effect using 

DMDES as additive, which suggests that a similar 
mechanism is operative in both cases. In the case 
of DMDES, it was thought that chain termination 
between Si-O oligomers derived from TEOS and 
DMDES hydrolysis resulted in the observed 
quenching of the viscosity increase. Acetic anhy
dride is a powerful esterification agent; thus, it 
can act in a similar way to block Si-OH terminal 
groups. The viscosity increase in alkoxide-derived 
solutions is attributed to condensation processes 
among Si-O-Si oligomers with cross-linking [5,6] 
so that, upon esterification of the terminal Si-OH 
groups, acetic anhydride can hinder the conden
sation process.

In the present case, the addition of acetic 
anhydride was performed after complete hydroly
sis of M-OR groups, since we used a OR/H2O 
ratio = 2 and H2O addition was completed over 
long times. Therefore, silica oligomers and ZrO2 
microparticles had already formed, and esterifica
tion of terminal M-OH groups (M = Si, Zr) in
volved only a small fraction of the original molar 
amount of the corresponding alkoxide precursors. 
This accounts for the great effect of small amounts 
of acetic anhydride. Since it is generally accepted 
that a sudden viscosity increase is accomplished 
by cross-linking of oligomers, esterification obvi
ously leads to a decrease in the slope of the 
original viscosity versus time curve. This interpre
tation is confirmed by the observation that 
log(viscosity) versus time plots are linear, irre
spective of acetic anhydride concentration. Since 
a condensation reaction follows at least first-order 
kinetics, maintenance of the linear trend shows 
that the condensation mechanism is conserved. 
The acetic anhydride effect results from lowering 
of terminal M-OH concentration.

An additional point concerns the different be
haviour of 70/30 and 50/50 compositions. The 
70/30 solution appears to be much more sensi
tive to acetic anhydride addition than its 50/50 
counterpart. In acid catalysis and with OR/H2O 
ratio between 1.5-2.0, TEOS hydrolysis and con
densation preferentially lead to linearly shaped 
oligomers which develop shear-thinning be
haviour upon cross-linking [6]. Lowering the SiO2 
load reduces the amount and linear shape devel
opment of silica oligomers, so that esterification 
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of Si-OH terminal groups is less effective in 
decreasing viscosity trends, in agreement with our 
experimental observations.

Comparison of figs. 2(a) and (b) demonstrates 
that, in n-butanol, the effectiveness of acetic an
hydride addition is lost. This is not surprising 
because the protic solvent positively competes 
with M-OH groups versus esterification with 
acetic anhydride removing the blocking effect on 
Si-OH terminal groups. This fact confirms the 
above interpretation and the proposed mecha
nism of viscosity increase in the case of DMF 
solutions.

5. Conclusions

Results indicate that acetic anhydride is a suit
able agent for controlling the viscosity behaviour 
of SiO2/ZrO2 gelling solutions. Since its action 
influences terminal Si-OH esterification, it ap

pears to be effective for silicon-rich compositions 
and in the absence of protic solvents.

The authors would like to acknowledge SNIA 
FIBRE Spa for financial support of this work.
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Gels were prepared using tetramethoxysilane, methylalcohol, and water. Textural and mechanical properties were studied 
before and after hypercritical treatment. The mesoporous texture was obtained by thermoporometry. The shear elastic 
modulus and the fracture strength were measured by the three-point mechanical flexural test. The shear modulus and the 
mechanical strength increase with silicon concentration over an order of magnitude, while the mesoporous and microporous 
characteristics of alcogels remain nearly identical: so a relationship between the mechanical properties and the macroporos
ity of samples can be assumed. The preceding observations are still valid after a hypercritical treatment of alcogels. During 
such a treatment, a big increase of the mechanical parameters is also noticed. In this case, the porous texture of alcogels 
undergoes a strong evolution: the mesoporous volume increases to the detriment of the microporous and macroporous 
volumes.

1. Introduction

Sol-gel techniques are increasingly used to 
prepare glasses and ceramics. The first stage of 
those processes is the elaboration of the wet gel. 
This is a very porous material which retains in its 
texture liquid residues of its fabrication. It is 
called ‘hydrogel’ or ‘alcogel’ according to the 
preparation solvent: water or alcohol. The precise 
knowledge of the textural and mechanical prop
erties of this intermediate phase is of importance 
in selecting the drying procedure needed to pro
duce useful final products. The study of textural 
and mechanical properties of wet silica gels has 
already been the object of numerous works [1-12]. 
Recent investigations [5,12] of mechanical and 
textural properties of silica alcogels prepared un
der basic and acidic conditions have shown that 
great modifications take place during a hypercrit

ical heat treatment. The aim of this paper is to 
study the influence of such a treatment on the 
porous texture and on the mechanical behavior of 
similar gels obtained under neutral catalysis.

2. Preparation

The alcogels were made, under neutral condi
tions, by hydrolysis and polycondensation of te
tramethoxysilane (TMOS) dissolved in methanol. 
Samples under study, called respectively AL,, 
AL2, AL3, were prepared from solutions diluted 
in order to obtain TMOS volume fractions suc
cessively equal to 26, 33 and 40%. Hydrolysis was 
carried out with 4 mol of distilled water per mole 
of tetramethoxysilane. These alcogels were sub
jected to an autoclave treatment which trans
formed the solvent into a superfluid. For one set 
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of samples, the solvent was evacuated outside the 
autoclave: the aerogels obtained from alcogels 
AL1? AL2, AL3 are respectively labelled A1; A2, 
A3. For another series of samples, the hypercriti
cal heat treatment was not followed by the evacu
ation of the superfluid. So, during cooling, the 
alcogels were rewetted with the solvent: these 
gels, called AR,, AR2, AR3, are obtained re
spectively from the initial alcogels ALj, AL2, 
AL3.

3. Measurement methods

The elastic moduli E, G, and the modulus of 
rupture, a, of the gels were measured by three- 
point flexure technique. It should be noted that 
the three-point flexural test gives two different 
types of elastic moduli according to the sample 
(alcogel, aerogel). For aerogels, this method de
termines the Young’s modulus E, while it pro
vides a measurement of the shear modulus, G, 
for alcogels [3], Thus to compare data measured 
on aerogel and alcogel, the shear modulus of 
aerogel will be calculated from the E determina
tion using the relationship: G = E/2(1 + n), 
where the Poisson’s ratio, n, has been previously 
measured close to 0.2 [13]. The mechanical mea
surements were performed on parallelepiped 
samples with a thickness of about 1 cm and a 
span of 7 cm. The crosshead speed was 0.5 
mm/min.

The mesoporous characteristics (size and vol
ume of pores) of the gels were determined by 
thermoporometry [14,15], This method is based 
on the thermal analysis of the solidification of a 
pure condensate held inside the porous material 
under study. Thus, before characterization by wa
ter thermoporometry:

(i) the alcogels were washed with this conden
sate in order to remove the fabrication residue;

(ii) the aerogels were reimpregnated with wa
ter according to a process already described [16]. 
It has been shown [17] that the reimpregnation 
treatment does not modify the mesoporous tex
ture of samples.

The microporous volume was deduced indi
rectly from thermoporometry measurements: the 

process used has been indicated in ref. [12], The 
macroporous volume was obtained by subtracting 
the mesoporous and microporous volumes from 
the total porous volume, KT. This last volume is 
linked to the skeletal density, ps, and to the bulk 
density, pa [12]. Its calculation was made by as
suming ps = 2 g/cm3 [18] and by using the pa 
values determined experimentally for aerogels 
and calculated in the case of alcogels. The rela
tionship, that allows to determine the bulk den
sity of the alcogels, uses as parameters the bulk 
density and the shrinkage of the aerogels.

4. Results

Figures 1 and 2 show the evolution of the 
elastic (G) and rupture (a) moduli, respectively, 
as a function of the initial TMOS concentration 
in solutions for the three sets of gels, i.e., alco
gels, reimpregnated alcogels and aerogels. For 
each gel set, G and a increase with TMOS 
content over about one decade. For each TMOS 
content, and after a hypercritical heat treatment, 
these moduli undergo much greater variations; 
for dried or reimpregnated samples, moduli val
ues of relatively similar magnitude are obtained. 
The pore size distribution curves drawn in fig. 3 
characterize the mesoporous texture of alcogels 
AL j, AL2, AL3. This porosity was not affected

%TMOS

Fig. 1. Evolution of G as a function of the TMOS concentra
tion: □ , alcogels; □, reimpregnated alcogels; +, aerogels 

(calculated).
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%TMOS

Fig. 2. Evolution of cr as a function of the TMOS concentra
tion: □ , alcogels; □, reimpregnated alcogels; +, aerogels 

(calculated).

, AL,;.......... , AL2;---------- , AL3.

when the TMOS concentration was changed since 
only a slight difference of texture has been de
tected between the AL3 sample and the two 
others. On the other hand, a large modification

of the mesoporous texture is detected after an 
autoclave treatment. For example, pore size dis
tributions (fig. 4) of AR 3 and A3 samples drasti
cally differ from that of the AL3 initial sample: a 
strong increase of the mesoporous volume, is 
noted as well as a shift of the maximum radius

Table 1
Textural and mechanical characteristics of gels

Alcogel Reimpregnated 
alcogel

Aerogel

AL, al2 AL 3 AR, ar2 AR, A, A 2 A3

Pa:
(g/cm3) 0.15 0.17 0.21 0.18 0.23 0.29 0.18 0.25 0.315

Kt:
(mm3/g) 6167 5382 4261 5055 3848 2948 5055 3500 2675

V' macro •
(mm3/g) 5610 4853 3717 3177 1519 749 2598 784 380

V ■ :r micro
(mm3/g) 125 106 78 0 0 0 0 0 0

V meso-
(mm3/g) 432 423 466 1878 2329 2199 2457 2716 2295

DJ'max' 
(nm) 2.7 2.7 2.4 8.4 9.6 9.6 12.8 11.5 10.3

G:
(TO6 P) 0.35 0.85 2.9 3.1 15 40 4.2 18.8 54

E:
(107/Pa) 1 4.5 13

a: a)
(103/Pa) 18 30 160 160 380 900 180 400 960

pa, bulk density; l'T, total porous volume; Fmacm, macroporous volume; Fmicro, microporous volume; Kmcso, mesoporous volume; 
Rmax, radius taken at the maximum of mesopore distribution curves; G, shear modulus; E, Young's modulus; cr, rupture modulus.

<r values are averages of at least three measurements.
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Fig. 4. Mesopore size distribution curves of gels with a con
centration of 40 vol% in TMOS:--------- , AL3: --------- , AR3;

...............> A3-

toward larger values of porous radii, and a broad
ening of the pore range.

The mechanical and textural characteristics of 
gels, measured or calculated are recorded in table 
1.

5. Discussion

Results show that the elastic and rupture mod
uli of original alcogels increase with TMOS con
centration. At the same time the total pore vol

Q

□

ume and the macropore volume decrease while 
the microporous and mesoporous volumes remain 
nearly constant. Thus the total porous volume 
variations are due to those of the macroporous 
volume and a correlation between macroporosity 
and mechanical properties can be assumed.

The preceding observations are still valid after 
a hypercritical treatment of alcogels, although the 
latter leads to a large modification of the textural 
and mechanical properties of gels:

(i) the macroporosity decreases, the microp
orosity disappears while the size and volume of 
mesopores increase. In a previous paper [12], 
similar evolutions have been linked to the synere
sis process which involves a skrinkage and to a 
dissolution-reprecipitation phenomenon of silica 
favored by the hypercritical treatment conditions;

(ii) the elastic and rupture moduli increase 
strongly whereas densification of gels occurs. The 
G and <r variations are related to new siloxane 
bonds created between ‘dead arms’ in the alco
gels.

The representation of G as a function of 
(fig. 5) shows that alcogels, reimpregnated alco
gels, and aerogels having the same total pore 
volume exhibit different elastic behaviors. Taking 
into account this observation, the analysis of the 
parameters, given in table 1 for gels having nearly 
similar densities - i.e. samples AL2, ARX and Ax 
- allows a more precise determination of the 
porous volume influence on the mechanical prop
erties: the increase of G and a being assumed 
inconsistent with that of the mesoporous volume, 
this evolution is related to the decrease of micro- 
porous and macroporous volumes, in a first ap
proach. However, as the volume of micropores is 
small compared with that of macropores for the 
AL 2 sample, and disappears in the case of sam
ples ARX and Av the mechanical properties must 
be considered to depend mainly on the macro
porosity.

2000 3000 4000 5000 6000 7000
3

VT (mm Zg)

Fig. 5. Evolution of G as a function of the total porous 
volume, Et: □ , alcogels; □, reimpregnated alcogels; +, aero

gels (calculated).

6. Conclusion

The existence of three porous populations in 
alcogels prepared under neutral conditions is
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shown. Only the macroporosity and the mechani
cal behavior of gels seem to depend on the TMOS 
content. After a hypercritical heat treatment, 
large textural and mechanical modifications are 
observed. It is worth noting that reimpregnated 
alcogels and aerogels can exhibit different char
acteristics.

Information obtained from the textural and 
mechanical measurements of alcogels before and 
after heat treatment demonstrate that the me
chanical properties of samples depend mainly on 
the macroporosity.
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Section 14. Superconductors

Synthesis of YBa2Cu3O6+x from coprecipitated hydroxides
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Superconducting YBa2Cu3O6+x was synthesized by decomposition of coprecipitated hydroxides. Phase crystallization 
occurs with formation of intermediate phases Ba2Cu3O6+i and Y2O3. In argon atmosphere, single submicrometer phase is 
obtained at temperatures as low as 700°C. In oxygen, a pure phase is obtained only at 800°C. X-ray analysis indicates 
tetragonal structure although it corresponds to oxygen composition x = 0.7. This is caused by microtwins in the (a, c) plane. 
Further annealing at higher temperatures transforms the material to orthorhombic material with twins in the («, b) planes. 
Nitrates in the precipitate induces preferred crystallization of the 124 phase after heat treatment under oxygen at 750°C. 
Transport and magnetic properties are discussed as a function of the microstructure.

1. Introduction

Transport properties of high temperature su
perconducting oxides are very sensitive to the 
microstructure of the ceramics. High critical cur
rents can be obtained only in textured materials. 
This texturing may be obtained through a thermal 
gradient [1], a mechanical stress [2] or orientation 
by a surface as the substrate in the case of thin 
films [3].

Applications such as microwave devices or thin 
film interconnects require deposition of large area 
coatings on various substrates. Melt processing 
techniques must be excluded because of reaction 
with the substrates and thick film synthesis is 
better achieved through metaloorganic deposition 
(MOD) or sol-gel processes.

In the case of the YBa2Cu3O7 superconduct
ing material, many solution processes have pro
vided homogeneous spinable solutions. However, 
most of them are based on precursors such as 
acetates [5], 2-ethylhexanoates [6], methoxy
ethanolates [7], neodecanoates [8] and other car
bon-containing materials. Upon heat treatment, 
decomposition into oxides and carbonates occurs. 

The poor reactivity of resulting mixtures causes 
the reaction to take place at high temperatures 
(T > 850°C) and long times. Contamination by 
reaction with the substrates and coarsening rather 
than sintering occur at such high temperatures.

An alternative is the use of carbon free precur
sors such as hyponitrites [9], thoroughly hydro
lyzed alkoxides [9-12], nitrates [13,14], hydroxides 
[15,16] and trifluoroacetates which decompose to 
fluorides [17],

Superconducting ceramics with properties suit
able for levitation or magnetic bearings have re
cently been obtained by melt texturing. Synthesis 
requires epitaxial growth of the superconducting 
phase YBa2Cu3O7 at the surface of Y2BaCuO5 
crystals during cooling [4], The importance of 
understanding the origin of texturing during the 
phase synthesis and the role of heat treatment on 
texture development [17] is important.

This work focuses on low temperature process
ing of coprecipitated hydroxides and the effects 
of morphology on physical properties of the 
YBa2Cu3O6+x phase. Hydroxides are also pro
duced when alkoxides are hydrolyzed during the 
sol-gel process [9,10], The study of their thermal 
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decomposition is therefore of interest for other 
sol-gel methods.

2. Experimental procedure

A homogeneous coprecipitate of Y-Ba-Cu 
was obtained in alkoholic solvent or in 
acetone/water mixture [15]. Copper and yttrium 
nitrates were first dissolved in pure ethanol (resp. 
acetone/water) whereas a solution of barium hy
droxide was prepared in water. The two solutions 
were mixed and a colloidal barium nitrate formed 
as shown in fig. 1. A 2N solution of NaOH freshly 
dissolved in ethanol was immediately added in 
order to avoid barium nitrate growth. A dark-blue 
precipitate was obtained that turned dark-brown 
after a few minutes. This precipitate was filtered 
and washed twice with 200 ml of a 70% acetone 
and 30% water (in weight) in order to wash out 
the precipitated sodium nitrate. This acetone
water mixture was selected in order to remove all 
the sodium nitrate from the precipitate but not 
the barium hydroxide. The precipitate was then 
dried at 100°C under vacuum and kept in sealed 
vessels in order to avoid carbon dioxide contami
nation. Complete transformation of nitrates to 
hydroxides was demonstrated by the very weak 
absorption peaks characteristic of nitrates found 
in the infrared spectrum.

The stoichiometry was checked through chemi
cal analysis and corresponded to the starting 
YBa2Cu3 composition. Thermogravimetric stud
ies have shown that decomposition occurs with 
endothermic loss of five H2O molecules [18]. For 
each heat treatment, 1 g of the dried precipitate 
was pressed into a pellet (12 mm diameter) under 
a 0.12 GPa pressure for 5 min. Except otherwise 
indicated, each sample was heated to the desired 
temperature at a rate of 300°C per hour, an
nealed at this temperature for 10 h, and then 
cooled at a rate of 60°C per hour. The entire 
treatment was carried out under flowing gas 
(oxygen or argon) in order to protect from CO2.

Under oxidizing atmosphere, the YBa2Cu3Ot 
perovskite appears in the X-ray pattern around 
700°C but it is obtained as a pure phase only after 
10 h at 800°C. Conventional synthesis is done at 

900-950°C. Reactivity is demonstrated by com
plete phase formation in 20 min at 850°C under 
oxygen [15],

Further studies, performed using atmospheres 
such as argon, wet argon and oxygen, are re
ported in table 1. Below 650°C, Y2O3, and 
Ba2Cu3O6_t phases (with traces of CuO and

Fig. 1. Flow chart of the synthesis procedure for the coprecip
itation of hydroxides.
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Table 1
Phases observed in the X-ray diagram after heat-treatment at various temperatures under oxygen and wet argon (phases present as 
the major phase are in bold)

Temperature 
(°C)

In oxygen In argon

400 Y2O3; BaCO,; CuO
550 Ba2Cu3O6, BaCO3, Y2O3
650 Ba2Cu3O6, BaCO3, Y,O, YBa2Cu,O6 + A, BaCuO2,

CuO2, Y2O3, Cu2Y2O5
700 Ba2Cu,O6, BaCO,, Y,O, YBa2Cu,O6+x
750 YBa2Cu3O6+x, Ba2Cu3Ó6

Y2O3
YBa2Cu3O6+x

800 YBa2Cu3O6 + x, Ba,Cu,O6 
y2o3

YBa2Cu,O6, Y2BaCuO5

850 YBa2Cu3O6 + A, BaCuO, Y2BaCuO5, YBa2Cu3O6

BaCO3) were observed. This Ba2Cu3O6_A. phase 
was first synthesized at 680°C from BaO2 and 
CuO in a sealed vessel [19]. It is not reported at 
higher temperatures in the Y-Ba-Cu phase dia
gram [20]. At higher temperatures, Ba2Cu3O6 x 
decomposes to form the 123 material in the pres
ence of yttrium. This behavior is to be compared 

with carbon containing precursors that give phase 
separation into oxides and barium carbonate that 
remains at grain boundaries. Therefore, coprecip
itation of hydroxides yields a reactive binary ox
ide Ba-Cu.

The effect of the oxygen pressure is drastic 
since at 750°C a pure 123 phase is obtained under 

Fig. 2. X-ray pattern for a sample heat-treated at 750°C. (a) In flowing wet argon; indexation corresponds to the 123 phase.
(b) After longer stirring of the nitrate suspension in oxygen; indexation corresponds to the 124 phase, (c) In oxygen.
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argon (fig. 2(a)) whereas this phase just appears 
in oxygen ambient (fig. 2(c)). This is in good 
agreement with other work showing easier phase 
formation under low oxygen pressures [21]. Above 
800°C and under argon pressure, the supercon
ducting phase decomposes into CuO, BaCuO2 
and Y2BaCuO5 because of melting which occurs 
at lower temperatures under reduced oxygen at
mosphere.

If the nitrate solution is stirred for a long time 
before adding the base (step A in fig. 1), the 
precipitate contains an increased amount of ni
trate anions. Upon heat treatment at 750°C un
der oxygen, the YBa2Cu4O8 phase is formed 
instead of the YBa2Cu3O7 compound (fig. 2(b)). 
This phase forms preferentially under 1 atm oxy
gen pressure from a mixture of nitrates [22] or 
from solution techniques when Cu(NO3)2 is used 
as the precursor [11], This phase was not ob
served for heat treatment under low oxygen pres
sure or at higher temperatures.

Low temperature synthesis of perovskite mate
rials is associated with crystalline defects. For 
heat treatments under oxygen, a close look at 
X-ray patterns shows that the phase appears te
tragonal for reaction temperatures below 850°C 
[15], Annealing at 550°C for 12 h had no effect 
although complete oxidation should be ensured 
by this treatment. For samples reacted above 
850°C, the X-ray pattern could be indexed using 
orthorhombic symmetry. The temperature of 
850°C is the transition point since for longer 
times or different synthesis conditions an or
thorhombic phase was obtained.

The oxygen content was measured using iodo
metric titration. The orthorhombic phases ob
tained above 850°C have oxygen composition of 
6.85, whereas the value obtained for heat treat
ments below 850°C is 6.65 but much higher than 
the values usually observed in tetragonal 
YBa2Cu3O6+x in which x < 0.5.

TEM experiments (fig. 3) show microtwins in 
the (n, c) planes [16]. Such twins correspond to a 
90° disordering in the growth direction of the 
c-axis that is characterized by the tripling of the 
perovskite unit cell due to an ordering among the 
Y and Ba sites. This can be explained by rapid 
formation of the perovskite blocks that stack upon

Fig. 3. Transmission electron microscopy micrograph of sam
ple heat-treated at 800°C for 10 h in oxygen. (From ref. [18], t

each other along the three directions in space. 
Twins in the (a, c) plane correspond to a partial 
disordering in the Ba and Y sites. In the case of 
the YBa2Cu3O7 structure, they have been ob
served more frequently in thin films grown along 
the fl-axis. The presence of such twins in all the 
grains of our samples fired below 850°C in oxygen 
demonstrates that they are a feature typical of 
low temperature processing. This explains the 
tetragonal aspect of the X-ray pattern and the 
fixed low oxygen composition due to the disorder
ing in the oxygen conducting planes. Such tetrag
onal phases have been studied by Caignaert et al. 
[23],

The apparent density of our ceramic pellets 
was of the order of 70% after heating at 950°C. 
However, ceramics were preformed at room tem
perature from the coprecipitate and they retained 
their shape upon heat treatment because only 
endothermic losses of water occurred with no 
elimination of organics. Higher density and textu- 
ration should be obtained by partial melting and 
slight changes in the starting composition as al
ready described by McIntyre et al. [17]. This 
partial melting, observed in the DTA around 
920°C, has been associated with the presence of
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Fig. 4. Scanning electron microscopy micrograph of 
YBa7Cu3O6 + v powder heated under oxygen at (a) 880°C and 

(b) 920°C.

BaCuO2 [18]. The presence of this phase has a 
large influence on the sintering of superconduct
ing ceramics [24], Indeed, a sudden change of 
morphology associated to the melting of the 
BaCuO2 phase at the grain boundaries is ob
served between 880°C (fig. 4(a)) and 920°C (fig. 
4(b)).

3. Physical properties

Ceramics obtained by heat treatment at tem
peratures below 850°C for times shorter than 12 h 
exhibit a semiconducting character and supercon

ducting onset around 80 K but never achieve zero 
resistance. At the transition point between tetrag
onal and orthorhombic phases a poorly metallic 
phase with zero resistance around 80 K is ob
tained. A true metallic behavior and sharp super
conducting transition are observed as soon as the 
phase is purely orthorhombic [18]. Another good 
estimate of the samples quality is also the room 
temperature resistivity which is shown in fig. 5 for 
hydroxides precipitated from ethanol or 
acetone/water mixture. They have been com
pared with a mixture of hydroxides precipitated 
separately and mixed together. We conclude that 
a better reactivity is obtained via coprecipitation 
from the ethanol solution. The presence of the 
BaCuO2 at grain boundaries is responsible for a 
singular increase of the resistivity in the samples 
heat-treated at 920°C.

Magnetic measurements confirm all the con
clusions related to the microstructure of these 
superconducting powders. Both ac and de mag
netic susceptibilities were measured on small 
rectangular samples. The geometric correction of 
demagnetization was found to be negligible and, 
for all samples, the volume fraction of supercon
ducting material was estimated to be of the order 
of 85% in fields of 10 Oe.

For materials obtained in oxygen at 880°C (fig. 
6(a)), two transitions are observed at 40 and 90 K 
in the shielding curves (zero-field cooling). We

Fig. 5. Room temperature resistivity for samples obtained 
from ethanol solution, acetone-water and solid state reaction 

of hydroxide powders.
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Fig. 6. Magnetic shielding (zero field cooling and increasing temperature) and Meissner effect (field cooling) for compact powders 
heat-treated under oxygen at (a) 880, (b) 900, (c) 920 and (d) 950°C.

relate the 40 K transition to the oxygen-depleted 
part of the sample and the 90 K phase to the fully 
oxidized defect free part of the sample. The 
assignment of the 40 K transition to the defect 
part of the sample within the grains is confirmed 
by the fact that no transition at 40 K is observed 
in the Meissner curve (decreasing temperature 
measurements) since the magnetic field is already 
expelled from the entire grain. This 40 K transi
tion is also reminiscent of the YBa2Cu3O65 phase 
with oxygen ordering in the (a, b) plane [25],

Upon higher temperature annealing, the 
amount of the 90 K transition increases and after 
heat treatment at 950°C (fig. 6(d)) the usual be
havior with a single sharp transition at 90 K and a 
Meissner effect of about 30% is observed.

For samples heat-treated at 920°C a broad 
transition was observed to start at 90 K and the 
loss of Meissner effect (fig. 6(c)). Since the vol
ume fraction of superconducting material re
mains the same, we conclude that some morpho

logical transition occurs in the ceramic. At this 
point, the 40 K transition vanishes.

4. Discussion and conclusions

Hydroxides may be used as cheap and reactive 
precursors for lowering the synthesis temperature 
of the superconducting perovskite YBa2Cu3O7. 
They may be also obtained through the hydrolysis 
of metal alkoxides.

Heat treatment atmosphere plays an important 
role in determining the physical properties. Un
der argon, diffusion of the spherical monovalent 
Cu+ (3d10) may be faster than Cu2+ (3d + 9) un
der oxygen. Therefore, a pure phase is obtained 
at 700°C within 10 h with a grain size of about 1 
|xm, whereas higher synthesis temperatures un
der oxygen yield grains with microtwins in the 
(a, c) plane. The presence of such twins results in 
a lower oxygen composition and part of the su
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perconducting transition occurs at 40 K as ob
served in magnetic measurements.

Crystallization of YBa2Cu3O7 from hydrox
ides occurs through the formation of a 
Ba2Cu3Oft_t phase that decomposes to react with 
Y or to form BaCuO2. In order to decrease the 
effect of partial melting due to unreacted 
BaCuO2, it is thus necessary to heat the samples 
(films or ceramics) below 920°C until full comple
tion of the reaction. Then, the phase can be 
sintered at higher temperatures. However, a con
trolled amount of remaining BaCuO2 may be 
useful to increase the sintering and the texturing 
effect [17,24],

The authors want to thank D. Ulrich as well as 
the US Air Force for support within the 
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The 110 K class BSCCO superconducting materials with small Pb substitutions for Bi were prepared by the sol-gel 
method. Optimal raw materials, solvents and heat treatment to prepare them were investigated. Specimens whose Tcoff = 108 
K and <zs = -0.18 emu/g (at 78 K and 0.2 kOe) were prepared using metal nitrates as all raw materials and glycerol as a 
solvent. The pure 110 K phase thin film could not be obtained on polycrystal YSZ substrate. An XPS depth profile showed 
that Bi and Pb remained only at the film surface.

1. Introduction

Since the recent discovery of a superconduct
ing phase above 100 K in the Bi-Sr-Ca-Cu-O 
system, many methods were applied to prepare 
this material. For practical use, this supercon
ducting oxide must show high critical current 
density, Jc. For this purpose, the composition 
must be controlled with accuracy [1], Thus, the 
sol-gel method, which allows easy control of 
composition and high homogeneity, has been ap
plied to prepare of this material. When metal 
nitrates are used as raw materials, it would be 
expected that the cost and process would become 
cheaper and easier than for metal alkoxides. Sev
eral studies of this type have been reported [2,3] 
but thin film preparation using metal nitrate raw 
materials by the dip coating method has not been 
reported. Recently, we succeeded in preparing 
the 80 K BSCCO superconducting thin film by 
dip coating using metal nitrate raw materials. 
Those films showed T°ft = 80 K and Jc 8000 A 
at 78 K [4], In this study, we tried to prepare 110 
K BSCCO superconducting thin film by the same 
method. A small part of Bi was exchanged by Pb 
because it was reported that the exchange of Bi 
by Pb enhanced the ratio of the 110 K phase [5], 
Before film preparation, pellet specimens were 
prepared in order to determine optimal prepara

tion conditions for the 110 K phase. The films 
prepared were investigated by X-ray diffraction 
(XRD) and X-ray photo-electron spectroscopy 
(XPS).

2. Experimental procedure

Metal nitrates and glycerol were used as raw 
materials and solvent, respectively. The starting 
solution was made by dissolving metal nitrates in 
glycerol which was 100 times larger than material 
prepared in molar ratio. The composition of ma
terial prepared was Bi: Pb : Sr: Ca : Cu = 1 - 
y : y : 1:1:1.5 where y = 0-0.4. In order to pre
pare a pellet specimen, this solution was dried, 
calcined and then ground into powder in an agate 
mortar. Powder was pressed at 2 ton f/cm2 and 
then sintered. A film specimen was prepared by 
dip-coating on an SiO2 glass. MgO single crystal 
or YSZ polycrystal substrate.

3. Results

It is well known that the 110 K phase grows 
with the 80 K phase and a melt layer surrounds 
the 80 K phase [8], The DTA-TG curve of the 
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starting solution dried at 400°C for 1 h displayed 
two sharp endothermic peaks following a small 
endothermic peak near 800°C at around 840°C. 
DTA-TG analysis of the powder calcined for 12 h 
at various temperatures showed that the shape of 
the peak near 800°C clearly changed at 700°C. 
The peak disappeared with 700°C calcination. 
When calcination temperature was below 700°C, 
a broad peak appeared a little below 800°C. When 
calcination temperature was > 700°C, a sharp 
peak appeared a little above 800°C.

Figure 1 shows the calcination temperature 
dependence of infrared absorption spectroscopy 
(IR) spectrum of the powder calcined for 12 h. 
Peaks near 3500, 1634 and 1045 cm-1 were as
signed to -OH group [7,8], The two peaks near 
2980 cm-1 were assigned to -CH2- group [7,8], 
The peaks near 1769 cm-1 were assigned to 
-COOH group [7,8] which was considered to be 
produced by oxidation of glycerol. This figure 
shows that the solvent glycerol and its oxidization 
products disappear by 700°C. Peaks near 1460, 
876 and 712 cm-1 were assigned to COf- group 
[7,8] and disappear by 780°C. From this figure, it 
was considered that the calcination temperature 
dependence of DTA curves was related to the 
existence of solvent and oxidization products, e.g., 
-COOH groups, which were expected to bond 
with Bi. On the XRD powder pattern measured

780'C

4000 2000 1400 800

Fig. 2. Temperature dependence of resistivity depending on 
calcination temperature. Bi : Pb : Sr : Ca : Cu = 0.7:0.3:1:1:1.5, 
calcined for 12 h, sintered 845°C-24 h and cooled in furnace. 
p, resistivity; p300, resistivity at 300 K. (1) 600, (2) 680, (3) 690, 

(4) 700, (5) 710, (6) 720, (7) 740 and (8) 780°C.

at each calcination temperature, the 80 K phase 
appeared instead of Ca2PbO4 crystal at above 
700°C and the 80 K phase grew further above 
780°C. Following these observation, calcination 
and sintering were carried out near 700°C and 
840°C, respectively.

Figure 2 shows the calcination temperature 
dependence of normalized electric resistivity, 
which was the ratio of the resistivity at some 
temperature, p, to the resistivity at 300 K, p300. 
The p/p-w. ~T curves near the critical tempera
ture, Tcoff, show tailing when the calcination tem
perature was ■ < 700°C. Tailing disappeared at 
700°C and gradually increased with increasing 
calcination temperature.

Calcination time dependence of magnetization 
of the pellets calcined at 700°C and sintered at 
845°C for 24 h was measured at a temperature of 
78 K in a static 0.2 kOe magnetic field. Negative 
magnetization appeared after 8 h calcination and 
showed a maximum value <rs = —0.18 emu/g at 
12 h. After 12 h, the negative magnetization 
gradually decreased with increasing calcination 
time and showed -0.04 emu/g at 24 h. From 
these results, the calcination condition was deter
mined as 700°C-12 h.

The temperature dependence of normarized 
resistivity of the pellets sintered for 24 h at vari
ous temperature was measured. Tailing of the

Wave number (cm1)

Fig. 1. Calcination temperature dependence of IR spectrum.
Bi: Pb: Sr: Ca: Cu = 0.7:0.3:1:1:1.5, calcined for 12 h.



T. Sei et al. / High temperature superconducting BSCCO thin films 713

20/ deg. (Cuka)
Fig. 3. Sintering temperature dependence of powder XRD 
pattern. Bi: Pb: Sr: Ca:Cu = 0.7:0.3:1:1:1.5, calcined 700°C- 

12 h, sintered for 24 h and cooled in furnace.

P/P3oo-^ curves decreased gradually above 830°C 
and T°s showed a maximum value 108 K when 
the sintering temperature was 845°C. Above 
845°C, Tcoff decreased rapidly to below 80 K with 
increasing sintering temperature.

Figure 3 shows the sintering temperature de
pendence of XRD powder pattern of the pellets 
sintered for 24 h. When the sintering tempera
ture was 845°C, the 110 K phase [1,9,10] was the 
strongest observed. When the sintering tempera
ture decreased or increased from 845°C, there 
was an increase in the 80 K phase and impurity 
phases [10] rather than a decrease of 110 K 
phase.

Table 1 shows the sintering temperature de
pendence of inductively coupled plasma spec
trometry (ICP) analysis of the pellets sintered for 
24 h. Pb and Bi decreased slightly with increasing 
sintering temperature.

The temperature dependence of p /p300 of the 
pellets sintered at 845°C for 12-48 h was mea
sured. Tcoff showed a maximum value 108 K when 
the sintering time was 24 h. The change of T°H 
with the sintering time was small and the mini
mum value of T°s was larger than 90 K. From

Sintering Molar ratio

Table 1
Sintering temperature dependence of ICP composition analy
sis. Batch composition is Bi : Pb : Sr : Ca : Cu = 0.7:0.3:1:1:1.5, 
calcined 700°C-12 h, sintered for 24 h and cooled in furnace

temperature
CO

Bi Pb Sr Ca Cu

825 0.69 0.30 1.00 1.00 1.51
830 0.69 0.29 1.01 1.00 1.51
835 0.70 0.29 0.99 1.00 1.49
840 0.69 0.28 1.01 1.00 1.49
845 0.69 0.27 1.01 1.00 1.53
850 0.69 0.27 1.01 1.00 1.53
855 0.68 0.27 1.01 1.00 1.53
860 0.67 0.27 1.00 1.00 1.50

these experimental results, sintering condition was 
determined as 845°C-24 h.

Figure 4 shows the compositional dependence 
of magnetization of the pellets in which Pb was 
substituted for Bi from y = 0-0.4. The maximum 
value of negative magnetization, <rs = —0.18 
emu/g (at 78 K and 0.2 kOe), was obtained when 
y was 0.3. Powder XRD measurement also proved 
that the substitutional ratio y = 0.3 was good for 
the preparation of 110K phase.

Fig. 4. Composition dependence of magnetization. 
Bi:Pb : Sr : Ca:Cu = 1 - y : y : 1:1:1.5, calcined 700°C-12 h, 
sintered 845°C-24 h and cooled in furnace. Magnetic field: 

0.2 kOe; temperature: 78 K.
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Fig. 5. XPS depth profile of thin film. Bi:Pb:Sr:Ca:Cu = 
0.7:0.3:1:1:1.5. Solvent: glycerol; substrate: YSZ. Calcined 
700°C-2 h, sintered 845°C-20 min, etched for each second by

Ar ion accelerated at 600 V.

The relationship between magnetic field and 
magnetization of the pellet showed remarkable 
hysteresis for a superconductor of the second 
type. The optimal heat treatment temperature 
and composition for the pellet preparation was 
applied to the following film preparation.

4. Thin film preparation

Films adhered only to YSZ polycrystal sub
strates after heat treatment. The relationship be
tween film thickness and dipping time was linear 
when dipping, drying and calcination were re
peated before sintering. Film thickness for one 
dipping was 0.5 jim and surface roughness was 
±0.05 |xm when the film was dried at 400°C for 1 
h, calcined at 700°C for 2 h, and sintered at 845°C 
for 20 min. Although the heat treatment time for 
each temperature was varied, pure 110 K phase 
thin film could not be obtained on the YSZ 
substrate.

Figure 5 shows the XPS depth profile of a 
single-coated 0.5 |xm thick film heat-treated at 
400°C for 1 h, at 700°C for 2 h and at 845°C for 
20 min. The film-substrate interface appeared by 
Ar ion etching for 366 s. Pb and Bi remain only 
near the film surface and Cu diffuses into the 
YSZ substrate.

5. Discussion

It was considered that the calcination condi
tion should be determined to remove the solvent 

and oxidization products and to avoid further 
growth of the 80 K phase. The sintering condition 
should be determined to make the melting layer 
surround the 80 K phase and to avoid evapora
tion of Pb, which played an important role in 110 
K phase crystallization. In case of thin film 
preparation, Pb evaporation would be larger than 
pellet preparation because of the larger surface 
area. In order to obtain the 110 K phase thin 
film, we had to avoid the evaporation of Pb by 
some method [6].

6. Conclusions

The BSCCO 110 K superconducting pellet can 
be prepared using metal nitrates a raw materials 
and glycerol as solvent by sol-gel method. The 
optimal heat treatment conditions to prepare the 
110 K phase is drying at 400°C for 1 h, calcining 
at 700°C for 12 h and sintering at 845°C for 24 h. 
Pellets prepared in this way show Tcoff = 108 K 
and as = —0.18 emu/g (at 78 K and 0.2 kOe).
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A solution route based on metal acetate precursors was developed for preparation of YBa2Cu3Ox thin films. Solubility of 
the precursors in the methoxyethanol solvent employed was improved by incorporation of triethanolamine as a chelating 
agent. Conversion of the solution to an oxide superconductor was followed by thermal analysis. X-ray diffraction and 
electron microscopy techniques. For high Tc thin film formation, an inert firing atmosphere (argon) was helpful for 
development of the superconducting phase. For conventional oxygen processing, temperatures up to 950°C are usually 
required to achieve the desired superconducting properties. Using argon atmospheres, lower firing temperatures, ~ 800- 
850°C, are possible, leading to reduced film-substrate interaction. The highest Tc(0) achieved was 84 K for c-axis orientated 
films on yttria stabilised polycrystalline zirconia (YSZ) substrates. The critical current density, jc, was 500 A cm-2 at 77 K.

1. Introduction

With the discovery in 1987 of superconductiv
ity above the boiling point of liquid N2 in 
YBa2Cu3Ox [1] (often abbreviated to ‘123 phase’), 
the scientific world entered a new era of super
conducting research. Thereafter, a series of new 
compounds was discovered with higher Tc values. 
Efforts to improve preparation methods in order 
to maximise the potential for device fabrication 
are being made. Considerable resources are di
rected to thin film research. A wide range of 
processes, including physical vapour deposition, 
molecular beam epitaxy, direct and reactive sput
tering, chemical vapour deposition and laser abla
tion, have been used for film preparation. A 
potential difficulty with these processes lies in 
controlling the chemical stoichiometry of the final 
films over large areas. Alternative sol-gel fabri
cation techniques, in which solutions containing 
the appropriate species are coated onto sub
strates and fired to convert the amorphous coat
ing to an oxide phase, may offer better control 
over chemical stoichiometry, faster deposition 
rates, and non-vacuum operation. A number of 
solution-based routes for YBa2Cu3Ox thin films 
have been reported and most use metal alkoxides 

as starting reagents. Many sol-gel-derived films 
are reported to exhibit Tc(0) (defined by zero 
resistance) values of below 77 K [2-8], One rea
son for this is the high firing temperatures, often 
approximately 950°C, required to produce the 123 
phase in oxygen atmospheres. As a result, interfa
cial reactions between substrate and film are pos
sible and degraded film properties result. The 
formation of BaCO3 as an intermediate decom
position product also results in poor supercon
ducting properties. A novel solution route for the 
production of YBa2Cu3Ox films is now reported.

2. Experimental

Mixed acetate powders of yttrium, barium and 
copper were prepared by freeze drying a 0.01M 
aqueous solution of Y(OOCCH3)3 • 4H2O 
(99.9%+, Alfa Ventron), Ba(OOCCH3)2 (Analar, 
BDH) and Cu(OOCCH3)2 • H2O (99%, Aldrich). 
After freeze drying, the powder was dried under 
reduced pressure at 60°C and stored under N2. 
The solution used for casting YBa2Cu3Ox films 
was prepared by dissolving the freeze-dried pow
der in methoxyethanol, CH3OCH2CH2OH; tri
ethanolamine, N(C2H4OH)3, was added as a 
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chelating agent to improve the solubility of the 
copper ion.

Thermogravimetric analyses (TGA) were con
ducted in air using a Stanton recording balance. 
The powder mixture of acetates in a zirconia 
crucible was heated to 950°C using a heating rate 
of 5°C/min.

The substrates were prepared from bulk YSZ 
ceramics. The latter were cut, ground and finally 
polished using diamond paste. The final dimen
sions of the substrates were 12 X 15 X 0.5 mm. 
Films were prepared by spin coating the solutions 
onto the substrates at 1500 rpm. Each coating 
was pre-fired at 300°C for 2 min on a hot plate 
before being re-coated. Typical film thickness by 
multiple coating was about 1 qm after final firing 
between 800 and 900°C. The coated substrate was 
then cut into 3 X 15 X 0.5 mm pieces for further 
heat treatments in argon and oxygen atmo
spheres.

X-ray diffraction (XRD) was performed using 
a Philips PW1710 powder diffractometer with Cu 
Ka as the radiation source. Scanning electron 
microscopy (SEM) studies were carried out on a 
Camscan microscope. The electrical resistivities 
of 4 X 3 mm areas of the films were measured by 
the standard de four probe method. Films were 
masked and pre-coated with gold contacts, and 
wires were attached using Ag paint. The lowest 
measuring current for Tc tests was 10 p.A.

3. Results

The TGA data for the mixed acetate powders 
used for the process in fig. 1 show a sequence of 
decomposition steps associated with dehydration 
(the weight loss around 100°C) and decomposi
tion of the acetate groups up to a temperature of 
~ 400°C. Thereafter, there is a slight gain in 
weight before a final weight loss between 800 and 
900°C. It is suggested that the latter features are 
a result of the formation of carbonate(s) at 400°C, 
followed by the full decomposition of the carbon
ates at 900°C and the formation of the 123 phase. 
No evidence of BaCO3 was found in XRD pat
terns of the decomposed powders.

Fig. 1. TGA analysis of the mixed acetate powders.

In order to utilise reactive acetate powders for 
thin film preparation, it was necessary to estab
lish an appropriate solvent system. After investi
gating several solvents the polar solvent 
methoxyethanol, CH3OCH2CH2OH was found 
to provide reasonable solubility for the acetates 
but after standing for a few hours a precipitate 
formed. This problem was overcome by addition 
of triethanolamine, N(C2H4OH)3, as a modifying 
chelating agent allowing stable solutions up to an 
equivalent concentration of 0.04M of the 123 
phase to be prepared. The corresponding amine 
concentration was 0.5M.

Thin films fired in oxygen to 900°C were semi
conducting even though they had also been an
nealed in oxygen at 400°C, following established 
annealing sequences that promote superconduc
tivity in bulk YBa2Cu3Or ceramics. X-ray diffrac
tion showed the thin films to comply with the 
patterns reported in the literature [9] for the 123 
phase. Experiments show that firing in an inert 
argon atmosphere at high temperatures, followed 
by low temperature annealing at 400°C for 12 h in 
oxygen, gave very good thin film transport prop
erties. Thus, this technique was adopted as a 
standard schedule.

Films obtained by spin coating and annealing 
the films in the manner described led to crack-free 
dense microstructures. Figure 2 shows a SEM 
cross-section of a film obtained at 800°C for 4 h. 
It has a film thickness of approximately 1 jim.
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Fig. 2. SEM cross-section of a film treated at 800°C for 4 h (bar denotes 3 pm).

The 123 phase began to form at about 700°C. The 
corresponding microstructures were quite porous 
though firing at 800 or 850°C produced reason
ably dense films. A SEM micrograph of a film 
treated at 850°C for 1 h is shown in fig. 3.

The resistivity measurements for films fired in 
argon and annealed in oxygen are shown in fig. 4. 
For the sample treated at 750°C for 12 h, the 
XRD pattern showed the predominant formation 
of the 123 phase, but the 7c(0) value was only 60
K. The normal resistivity before transition was

also very high. This may relate to the fine grained 
microstructure of this film, and trace amounts of 
BaCO3 at grain boundaries. The sample fired at 
800°C for 2 h had an improved Tc(0) of 74 K. 
When the firing time was increased to 4 h at the 
same temperature, the 7'c.(0) increased to 77 K 
and the normal state resistivity dropped slightly. 
This may be due to the denser microstructure 
observed in the film heat treated for 4 h. When 
the firing temperature was increased to 850°C, 
the Tc(0) increased further, with the highest Tc(0)

Fig. 3. SEM micrograph of a film treated at 850°C for 1 h (bar denotes 10 pm).
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Fig. 4. Resistivity measurements of films fired under various schedules in argon followed by oxygen annealing at 400°C for 12 h.

of 84 K achieved after firing for 1 h at 850°C. 
This sample had a critical current density of 500 
A cm2 at 77 K and 2000 A cm 2 at 66 K. 
Examination of this microstructure using 
SEM/EDS showed some minor regions of two

Fig. 5. XRD traces of YSZ substrate and the films treated at 
800°C for 4 h and 850°C for 1 h.

other phases (< 1 vol. %) which were rich in Y 
and Cu, respectively. Firing for longer than 1 h at 
850°C resulted in a sharp drop in Tc(0) and an 
increase in resistivity. This was associated with an 
increase in the amount of these secondary phases 
and may also indicate the occurrence of substrate 
interactions.

X-ray diffraction revealed preferred orienta
tion in films fired at or above 800°C (fig. 5). For a 
film treated at 850°C for 1 h, only (001) reflec
tions were detected, indicating c-axis orientation. 
The observed increase in c-axis orientation with 
increasing firing temperature may further explain 
the better transport properties observed as the 
firing temperature was increased.

4. Discussion

The combination of acetate precursors and 
methoxyethanol solvent together with tri
ethanolamine chelating agent was a novel means 
of producing solutions suitable for producing 
YBa2Cu3Ov superconducting films. The use of 



Y.X. Yang et al. / YBa2Cu3Ox superconducting thin films 719

metal acetates is common in the synthesis of 
superconductors, but they are frequently dis
solved in acetic acid or trifluroacetic acid. The 
latter is reported to reduce the incidence of 
BaCO3 formation during decomposition of the 
coatings [10,11]. Using the alternative solution 
system and annealing conditions, carbonate for
mation is not a significant problem. It should be 
noted that the TGA data of fig. 1, which suggests 
the presence of carbonate phases up to 900°C, 
relate to the decomposition of acetate powder 
precursors at a heating rate of 5°C/min. Thin 
films formed from the methoxyethanol solutions 
of these powders showed no evidence of BaCO3 
in XRD patterns for films fired for > 1 h at 
temperatures > 750°C. This difference is proba
bly a result of the easier volatilisation of carbon 
combustion products from thin films, as well as 
the longer heating times employed. Although we 
suggest interfacial reactions to occur between 
some of our films and the polycrystalline sub
strates, further work is required to confirm the 
extent of reaction.

The Tc(0) of 84 K reported here represents a 
relatively high value for solution-derived films 
coated onto polycrystalline zirconia substrates. 
However, using single crystal substrates such as 
strontium titanate and yttria stabilised zirconia, 
higher Tc(0) values of ~ 90 K, and jc values of 
105—106 A cm-2 at 77 K have been reported 
[10,11], These values reflect in part the superior 
properties that are known to arise for films de
posited on single crystals.

5. Conclusions

A new solution route for the processing of thin 
films of YBa2Cu3Ox has been demonstrated. It 
was shown that by utilising inert atmosphere pro
cessing, oaxis orientated thin films with Tc(0) of 
84 K and jc (77 K) of 500 A cm“2 could be 
prepared at about 850°C on polycrystalline YSZ. 
Similar results could not be achieved by using 
conventional oxygen pyrolysis.
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Preparation of Y-Ba-Cu oxide precursor by the citrate gel process

Aiko Aoki, Satoru Ohno and Yuji Muramatsu
Advanced Powder Processing Division, National Research Institute for Metals, 2-3-12, Nakameguro, Tokyo 153, Japan

The citrate gel process was developed to prepare YBa2Cu3 oxide superconductor. A citrate-nitrate solution was 
dehydrated to yield the precursor gel. The thermal decomposition phenomena were studied using thermogravimetric, 
evolved gas, X-ray diffraction and infrared analyses. The gel was pulverized in air by thermal decomposition at around 
200°C. At this stage, the weight loss was 52%. Gradually the loss reached 68% at around 500°C to yield mixed Y2O3, CuO 
and BaCO, powders. It was proved that the heat process includes elimination of water, and thermal decomposition of metal 
carboxylate and other organic species. Violent reaction during pyrolysis at about 200°C was assumed to be mainly the result 
of an abrupt oxidation of carboxyl groups attached to copper and yttrium ions. Two-step decomposition, first in an inert gas 
and subsequently in an oxidizing gas atmosphere, has been proposed to depress the violent oxidation.

1. Introduction

Since the recent discoveries of the oxide super
conductors, improved chemical procedures have 
been developed to achieve high-quality materials. 
Among these methods current investigations are 
focused on sol-gel, co-precipitation and decom
position of nitrate solutions. Another chemical 
method is the pyrolysis of metal-chelates using 
polyfunctional hydroxyacids such as citric acid 
[1,2], Highly dispersed mixed oxides or oxide solid 
solution of perovskite, spinel and garnet have 
been synthesized by this method. Several workers 
have applied this simple but excellent procedure 
to prepare high-Tc ceramic superconductors such 
as Y-Ba-Cu oxide [3], La-Sr-Cu oxide [4] and 
also Bi-Pb-Sr-Ca-Cu oxide [5,6], Further, Junod 
et al. [7] have proved the superiority of the citrate 
route in the homogeneity of Y-Ba-Cu oxide by 
the specific-heat measurement.

In the previous papers [5,8], we showed how 
we prepared high-Tc superconductors of Y-Ba- 
Cu-O (92 K) and Ba-Pb-Sr-Ca-Cu-O (110 K) 
by this method. However, it was revealed that, in 
the preparation process, to control the thermal 
decomposition stage was very difficult because of 
the violent reaction. In the work reported in this 
paper, we carried out several experiments to clar

ify the decomposition/oxidation mechanism us
ing TG/DTA, TG/MAS, FTIR and XRD.

2. Experimental procedure

The citrate gel precursors were prepared ac
cording to the modified method reported in the 
patent [1,2]. The citric acid was added to a con
centrated aqueous solution which contained all 
the required ions as metal nitrates. In all the 
cases, an acid/metal ratio of 1 g-eq of acid/total 
g-eq of metals was used. The pH of the solution 
was then adjusted with ammonium solution to 
~ 5 and then ethylene glycol of equal mols to 
citric acid was added. The mol ratios of chelating 
acid to metal ions or ethylene glycol is an impor
tant factor on the nature of the oxide obtained 
[9]. In this work, however, these ratios were fixed 
at 1. Then the solution was dehydrated under 
vacuum in a revolving flask at 60-70°C until a 
viscous gel was obtained. Finally dehydration was 
completed by drying in a vacuum oven at 30°C for 
20 h.

The pyrolysis process was studied by differen
tial thermal analysis (DTA), thermogravimetry 
(TG) using a Shinkuriko T-7000 at a heating rate 
of 5°C/min in air. Evolved gas analysis (EGA) 

0022-3093/92/S05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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was carried out by quadrupole mass spectrometer 
using a VG PC-300D fitted to a Mac Science 
TG/DTA-2000. In operation, about 0.01 mg 
sample was heated at a rate of 20°C/min in Ar. 
Thermal decomposition products were examined 
by X-ray diffraction (XRD, CuKa) and Fourier 
transformation infrared spectroscopic (FTIR) 
analyses using, respectively, Rigaku RU-300 and 
JEOL JIR-100 equipment.

3. Result

The precursor gel was a blue glassy solid and 
very hygroscopic in air. This was amorphous to 
XRD, but on storage fine Ba(NO3)2 particles 
were separated and dispersed in the gel. While 
heating at 150°C, it changed to a black tar, sup
posedly because of a partial decomposition of 
citric acid. This was dried and heat treated to 
pulverize at about 200°C.

The result of the thermal analysis is summa
rized in fig. 1. The gel was decomposed exother
mically in the temperature ranges 180-250 and 
380-410°C. Weight loss of 52% was observed up 
to about 220°C and 68% at 400°C. By separate 
studies, two peaks at DTA curve were assumed to 
be the respective reactions of Cu and Y citrates, 
and Ba citrate. Finally the loss reached 78% at 
1000°C. The weight loss was comparable to the 
calculated losses predicted by the stoichiometry

200 Ó00 600 800

TEMPERATURE/°C
Fig. 1. TG and DTA curves of the precursor gel. Heating 

rate = 5°C/min, in air.

of nitrate and citrate in the original solution. 
Table 1 shows the heated products identified by 
XRD. After the first decomposition at 200°C, 
Y2O3, Ba(NO3)2, BaCO, and CuO, Cu2O and 
metallic copper were mainly obtained. By 500°C, 
metallic Cu and Cu2O no longer existed and 
Y2O3, BaCO3 and CuO were the detected phases. 
The powders at this stage were fine and had a 
surface area of 12.7 m2/g, whereas they were 0.5 
m2/g for the first product. These three com
pounds reacted at higher temperature to form 
YBa2Cu3O7_y. Finally, most of the intermediate 
impurities were removed and nearly pure 
YBa2Cu3O7 v. was obtained after calcination for 
2 h at 900°C. X-ray fluorescence analysis (theoret
ical-« method using Philips PW1400) and deter
mination of oxygen content using LECO TC-436

Table 1
Phases identified by XRD

Decomposition 
temperature 
(°C)

YBC-citrate Y-citrate Ba-citrate Cu-citrate

200 y2o„ 
Ba(NO,)2, 
BaCO,. CuO, 
Cu2O, Cu

amorphous Ba(NO,)2 Cu, Cu2O

500 y2o3>
BaCO,, CuO

Y2O3 BaCO, CuO

800 YBa2Cu3O7_y,
Cu2Y2Os (tr),
CuÒ, BaCO,

Y2O3 BaCO, CuO

900 YBa2Cu,O7v
BaCO, (tr)

920 YBa2Cu3O7 y
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TEMPERATURE I °C
Fig. 2. TG and EGA data for decomposition of the precursor 

gel in Ar. Heating rate = 20°C/min.

revealed a molar ratio of Y : Ba : Cu : O = 
1.00:2.03:3.10:6.8. These powders showed su
perconducting properties of Tc about 90 K by 
magnetic susceptibility measurement. It was fur
ther estimated that YBa2Cu3O7_y was initially 
formed at 700-800°C with a small amount of 
CuO, BaCO3 and Y-Cu oxides. The result of the 
alternative XRD investigation of each metal 
citrate gel is also summarized for reference in 
table 1.

Figure 2 shows the result of TG and EGA in 
Ar up to 1000°C. Main gases detected were at 
m/e values of 17, 18, 28, 30 and 44. The initial 
weight loss occurred by dehydration. Above ap
proximately 200°C, the citrate gel decomposed 
rapidly, yielding H2O, CO, CO2 and N2O which 
produces the ions H2O+ (m/e = 18), CO+ (m/e 
= 28), and CO/ and N2O+ at m/e = 44. It is 
interesting that the NO+ ions at m/e 30, which 
occurred as a cracking fragment of N2O, were 
detected at the beginning of decomposition only. 
A sharp and a wide peak at 180-250°C corre
sponded to the first peak at TG/DTA in fig. 1. It 
was assumed that an internal exothermic reaction 
between nitrates and free carboxyl group pro
posed by Courty et al. [10], such as
6NO^ + C6H8O7

= 6NO + H2O + 6CO2 + 6OH-, (1)

takes place. Supposedly some part of OH or 
COOH groups in citric acid were thermally de
composed with evolution of H,O or CO2 to form 
intermediately such compounds as aconitic acid 
(C6H6O6 at 175°C) [11] or itaconic acid (C5H6O4 
at 191°C) [11]. The result of FTIR also showed 
that no significant changes were observed when 
the decomposition temperature was increased to 
400-600°C and that the citric acid structure was 
completely broken down after heat treatment at 
800°C. In addition, the violent uncontrolled oxi
dation was probably because of Cu ion in the gel. 

TEMPERATURE/°C
Fig. 3. Gas evolution behaviors in air (a) and Ar (b). ........ , m/e = 18;------ •

rate = 5°C/min (air) and 20°C/min (Ar).
m / e = 28; m/e = 44; heating
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The fact that metals (i.e., Ag, Fe, Ni, Cu) of 
which oxide is an oxidation catalyst accelerate the 
pyrolysis step has been reported [12]. CO and 
CO 2 were observed at around 400°C and this 
corresponds to the second peak at DTA where 
most of the organic compounds could be re
moved. X-ray diffraction revealed that Y2O3, 
BaCO3 and CuO, Cu2O are detected at this 
stage. CO and CO2 were finally detected in the 
temperature range 620-820°C, where BaCO3 was 
probably decomposed to yield YBa2Cu3 oxide. 
Dehydration at 820-1000°C cannot be clarified at 
present, however, evolution of absorbed water on 
metal oxides at such a higher temperature range 
has been reported [13].

The effect of a gas atmosphere on the decom- 
position/oxidation is subsequently discussed. Fig
ure 3 shows the effect of the atmosphere on the 
pyrolysis at around 200°C in air (a) and Ar (b) 
with the evolved gases of m/e = 18, 28 and 44. 
The gas evolution behavior in air was rapid and 
abrupt compared with Ar, although the heating 
rate was much larger in Ar (20°C/min) than in 
air (5°C/min). These phenomena were typical at 
m/e = 28 (CO). The presence of oxygen acceler
ated the reaction and it seems better to apply an 
inert gas to control the first violent reaction.

4. Conclusion

It was shown by thermal analyses that the heat 
process includes elimination of water, and ther
mal decomposition of metal carboxylate and other 
organic species. Violent reaction during pyrolysis 
at about 200°C was assumed to be mainly the 
result of an abrupt oxidation of carboxyl groups 
attached to copper and yttrium ions. Two-step 
decomposition, first in an inert gas and subse

quently in an oxidizing gas atmosphere, have been 
proposed to control the violent oxidation.
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Application of the sol-gel methods to catalyst preparation

M.A. Cauqui and J.M. Rodríguez-Izquierdo
Departamento de Química Inorgánica, Universidad de Cádiz, Apartado 40, Puerto Real 11510, Spain

Sol-gel methods have been recognized as interesting procedures to prepare catalysts. The versatility of the sol-gel 
techniques allows control of the texture, composition, homogeneity and structural properties of solids, and makes possible 
production of tailored materials such as dispersed metals, oxidic catalysts and chemically modified supports. In this work, 
different approaches, described in the literature, to prepare catalysts by the sol-gel methods, including both aerogel and 
xerogel active solids, are reviewed. In parallel, some of the most relevant catalytic reactions carried out with sol-gel catalysts 
are evaluated.

1. Introduction

The design and characterization of solid cata
lysts is now recognized as an area of major inter
est in chemistry and chemical engeneering. More 
than 90% of the processes carried out by the 
chemical industries take advantage of the use of 
catalysts [1]. In the case of the industrialized 
countries, the use of catalysts is, in some way, 
involved in the generation of about 20% of the 
gross national product. In a recent article about 
the growth of the chemical industry in the USA, 
the key role of several catalysts as promoters of 
the economic development of the country was 
shown [2], The implantation of new technologies 
for energy conversion or for the protection of the 
environment are also in close connection with the 
use of catalysts [1].

The significance of catalysis is often over
looked, probably because its importance lies in 
the magnitude of the products or the interest of 
the processes which require their use, rather than 
in the value of the catalysts themselves. Catalyst 
preparation usually involves complex processes, 
not always understood in detail, the performance 
of the final product being very sensitive to rather 
subtle changes in the synthesis procedures. The 
sol-gel route, because of the possibility of con
trolling many of the variables involved in solid 
synthesis, can be considered as an extremely in

teresting way of preparing materials to be used as 
catalysts.

In the proceedings of previous International 
Workshops on Glasses and Ceramics from Gels 
we found only two papers [3,4] dealing with cata
lyst preparation and use. This has increased in 
the 1991 edition to eight papers, in better agree
ment with the significance of the sol-gel methods 
in catalysis.

In ref. [5] we can find a rough classification of 
different types of solids as a function of their 
catalytic abilities. According to this first ap
proach, we distinguish metals, semiconducting ox
ides, insulator oxides and solid acids. These cat
alytic materials can be prepared as bulk solids or, 
more often, as nanometer-sized particles dis
persed on a matrix, thus leading to composite 
materials usually exhibiting improved catalytic 
performances. As will be shown in this paper, it is 
possible to find literature examples of the prepa
ration of all of the above-mentioned types of 
catalysts through the sol-gel methods. In many 
cases, sol-gel catalysts show rather unique cat
alytic properties.

The goal of catalytic processes is to obtain 
high levels of catalytic activities or high values of 
reaction rates. Since the conversion of reagents 
into products takes place over definite sites on 
the surface of the solid, which are known as 
active sites, the higher the number of sites, and 

0022-3093/92/Î05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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the higher the specific activity per site, the higher 
activity will be exhibited by the solid. This points 
to the interest of increasing the number of sites 
and controlling their nature during the catalyst 
preparation steps in order to obtain high activity. 
It is also important to take care of the accessibil
ity of the reactants to the active sites under 
reaction conditions. For the case of catalytic pro
cesses which can take place throughout several 
parallel or consecutive reactions, it is desirable to 
obtain high yields of definite products. In this 
case, a second goal would be to use a catalyst 
showing good selectivity towards the desired reac
tion products. This property would be also re
lated to the nature of the active sites, the knowl
edge of the reaction kinetics, and the control of 
the operating conditions.

The number and properties of the active sites 
and the reaction kinetics depend on several fac
tors which can be controlled to some extend by 
the sol-gel methods of solid synthesis. These 
factors include: (a) high specific surfaces; (b) con
trolled pore size distribution; (c) textural stability 
under the preparation and reaction conditions; 
for supported catalysts; (d) the active phase must 
be at the surface, and not homogeneously dis
tributed into the solid, and (e) must present a 
good and homogeneous dispersion; (f) structural 
properties must be controlled in order to get the 
desired crystalline variety or an amorphous struc
ture if preferred; (g) purity of the catalyst compo
nents would be as high as possible (contaminants 
use to concentrate at the surface of solids and 
small content of impurities on a weight basis can 
lead to high surface impurities concentration); (h) 
easily controlled composition, especially for the 
preparation of multicomponent catalysts, or cata
lysts promoted by small concentrations of an ad
ditive; (i) mechanical properties must accomplish 
the requirements of the operation conditions; and 
(j) the catalysts should be active for as long as 
possible without severe deactivation due to chem
ical or physical blocking of active sites.

In this article, we discuss examples from the 
literature of some applications of the sol-gel and 
related techniques to the preparation of support 
materials, for the modification of solid surfaces in 
order to obtained catalytically active solids, and 

in the preparation of catalysts in a generic way, 
thus illustrating the contribution of the sol-gel 
methods to the above-mentioned aspects.

The scope of the work is broad, including 
materials prepared from alkoxides in organic me
dia, and from inorganic precursors in aqueous 
solutions. For this reason, a full coverage of all 
the literature on the subject is not possible within 
the extent of this paper.

The number of research groups working sys
tematically on sol-gel methods applied to catalyst 
preparation is very small, although it is easy to 
find papers in which some of the varieties of the 
sol-gel procedures are used in order to synthe
size catalytic materials. There is no doubt that 
the group working at the Claude Bernard Univer
sity in Lyon has made the most extensive research 
in this field, with more than 70 published papers 
on the application of aerogel materials in cataly
sis. For this reason, we will comment first on the 
more coherent work on aerogels, and later the 
more dispersed applications based on the use of 
other methods.

2. Applications of aerogels in catalysis

Many of the significant aspects, pointed out in 
the Introduction affecting number and properties 
of the active sites, can be controlled if the aerogel 
route is used to synthesize a catalyst or a catalytic 
support material. In fact, general properties of 
aerogels include well developed textural proper
ties, high purity, possibility of preparing multi
component systems with broad ranges of compo
sitions, and high homogeneity and good disper
sion of minor components. Several general arti
cles are focussed on [6,7] or make reference to 
[8-10] the use of aerogels in catalysis. A recent, 
comprehensive review by Pajonk [7] deserves spe
cial mention, covering the preparation, character
ization, reactivity and some of the problems asso
ciated to the design of reactors to be operated 
with such a type of solid.

2.1. Claude Bernard University work

In 1968 Nicolaon and Teichner [11] proposed a 
new method for the preparation of silica aerogels 
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starting from alkoxides in alcoholic solution. This 
method was extended to the preparation of other 
single- and multicomponent inorganic oxides [8], 
It is significant that this new way of preparing 
aerogels, which remains the most extensively used 
at present, was proposed by a research group 
working on heterogeneous catalysis. The method 
allowed fast processing of the reactants (a few 
hours), compared with the technique proposed by 
Kistler [12] (several weeks). This new method can 
be considered as one of the most important ad
vances in sol-gel science.

Table 1 presents a general overview of differ
ent types of aerogel materials, developed by 
Teichner, Pajonk and co-workers, and their cat
alytic applications. We focus our discussion on 
several groups of reactions - hydrogenations (and 
spillover effect), selective oxidations and nitroxi- 
dations - which have been considered in detail by 
these authors.

2.1.1. Hydrogenation reactions on aerogel catalysts
This reaction type is characteristic of metal 

catalysts. Cu-A12O3, Cu-SiO2 and Cu-MgO 
aerogels have been used for the selective hydro
genations of cyclopentadiene into cyclopentene 
and of acetylene into ethylene [13-17]. Some of 
these papers deal with engineering problems in 

order to carry out the first reaction under integral 
[16] or fluidized [17] conditions. The selectivities 
were in all cases very high, with less than 5% of 
conversion into total hydrogenation products.

The hydrogenation of benzene has been stud
ied on Ni-MoO2 [18,19] and Pt-MoO2 [20] cata
lysts. MoO2 prepared as aerogel can strongly 
interact with Ni and Pt under reducing condi
tions, leading to the enhancement of the specific 
activities of the metals. The phenomenon seems 
to be related to formation of some type of new 
active site associated with intermetallic com
pounds, such as the MoNi4, and with the exis
tence of electronic interactions between the metal 
and the support. Ni-SiO2 [21] has been used as 
catalyst for a similar reaction (toluene 
methylcyclohexane) which can be of potential in
terest for hydrogen storage. This catalyst can be 
efficient for the conversion of toluene under inte
gral operation conditions.

In most of the works cited above, the support 
material was prepared as an aerogel and the 
metal deposited on the surface by impregnation 
with solutions of metal salts. In these cases, the 
metal must be activated by reduction in hydrogen 
before the catalytic reaction. Alternatively, the 
metal precursor can be introduced in the gelling 
solution to avoid the impregnation step. If deal

Table 1
Aerogel catalytic materials (from ref. [7])

Single oxide Binary oxides Ternary oxides (NO, PO) a) Metal-oxide (H) a)
SiO2 S, SP b) NiO-Al2O3 PO, NO NiO-SiO,-Al,O, Pt-SiO,
A12O3 S, SP NiO-SiO2 NO NiO-Al203-MgO Ni-SiO,
ZrO2 S, SP, P NiO-MgO NO, AS NiO-SiO2-MgO Ni-AHd,
TiO2 S, PH V2O5-MgO AS Ni0-Fe203-Alo03 Ni-SiO2-Al2O3
ThO2 PO Cr2O3-AHO3 NO NiO-V,O5-MgO AS Ni-SiO2-MgO
Cr2O3 PO PbO-Al2O3 NO NiO-MgO-AljO, Cu-A12O3
Fe2O3 PO PbO-ZrO2 NO Fe,O3-NiO-Al2O3 Cu-SiO2
MoO2 s Fe2O3-Al2O3 FT Cr2O3-Al2O3-MgO NA Cu-MgO
NiO Fe2O3-SiO2 FT Cr2O3-Fe-,O5-MgO NA Ni-MoO2
CuO
PbO 
v2o5

CuO-A12O3 PO Cr2O3-Fe2O3-Al2O3 NA Pt-MoO2
Pd-Al2O3
Cu-ZrOj
Cu-ZrO2-Al2O3
Cu-ZnO-Al2O3

a) In parentheses: applications developed for all the series of catalysts.
b) S, support; SP, spillover; H, hydrogenation; PO, partial oxidation; NO, nitroxidation; PH, photocatalysis; AS, ammonia synthesis; 

NA, (NO + NH3); FT, Fisher-Tropsch.
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ing with metals which are easy to reduce, the 
reduction process can take place in the autoclave 
during the hypercritical drying of the metal-sup- 
port gel. It is thus possible to obtain a supported 
metal catalyst in a single step. That is the case for 
the Ni-Al2O3 aerogels [6,22]. It has been proved 
that filling the autoclave with hydrogen can con
tribute to higher levels of metal reduction. Ni- 
A12O3 catalysts prepared in this way have been 
used in the hydrogenolysis of ethylbenzene giving 
benzene, toluene and methane as reaction prod
ucts.

A phenomenon of great relevance in catalysis 
is the spill-over effect [23,24]. Hydrogen can be 
activated and migrate from dispersed metal parti
cles to the support. Teichner and co-workers, 
using aerogel materials, established that migra
tion of hydrogen can take place by mechanical 
contact between a dispersed metal catalyst and 
an oxide material [22], and that this effect can 
generate new active sites on the oxide surface 
with catalytic properties which are attributed to 
metal catalysts [25-29], Silica or alumina aerogels 
can be activated by hydrogen spillover presenting 
catalytic properties in the hydrogenation and hy
drogenolysis of hydrocarbons [25-29]. The high 
specific surface of aerogels, the degree of surface 
hydroxylation and the heterogeneity of their sur
faces can contribute to enhance the spillover 
effect.

2.1.2. Selective oxidation reactions
Single or mixed oxides which include transi

tion-metal cations present catalytic properties for 
oxidation reactions. Partial oxidations, when car
ried out with high selectivities, lead to the forma
tion of products of particularly high added value. 
Teichner and co-workers have studied selective 
oxidation of alkenes and alkanes on NiO-Al2O3 
[30-32], NiO-SiO2-Al2O3 [31] and CuO-A12O3 
aerogels [33].

Isobutene can be converted into methyl- 
acroleine and acetone on NiO-Al2O3 catalysts 
with 67% and 25% selectivities, respectively [30]. 
In the catalysis literature, oxidation of parafins 
has been more scarcely studied because of the 
difficulties of avoiding the total oxidation to CO2. 
Isobutane and propane are transformed into ace
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tone with near 100% selectivities on NiO-Al2O3 
and NiO-SiO2-Al2O3 [30-32], at low tempera
tures (< 300°C). These selectivities can be 
achieved when the catalysts are hydroxylated by 
pretreatment with water vapour at 300°C. This 
pretreatment inhibits the activity of the stronger 
sites which are responsible for the total oxidation 
reactions.

Another example of oxidation of isobutane 
into acetone was reported in ref. [34], A TiO2 
aerogel is compared with other titania samples as 
a photocatalyst for such reaction at ambient 
temperature.

2.1.3. Nitroxidation reactions
Ammoxidation of alkenes (reaction with NH3 

+ O2) is the conventional way of obtaining ni
triles. This type of compound, and acrylonitrile in 
particular, is the starting reagent for the produc
tion of acrylic fibers and nylon 66. A alternative 
process for the production of nitriles from a 
mixture of hydrocarbons and NO, using aerogel 
catalysts, was proposed by Zidan et al. [35,36] and 
developed at Lyon. A review on the use of gel 
catalysts for this reaction has recently appeared 
[37],

NiO-Al2O3 [37-48] and other aerogel materi
als of related composition are very efficient cata
lysts for this reaction leading to selectivities into 
nitriles higher than 90%. The starting hydrocar
bon can be an alkene, such as propylene [38-40, 
48] or isobutene [40,41], an aromatic compound 
such as toluene [47], or even an alkane, such as 
isobutane [41,42], In the last case, dehydrogena
tion to alkane takes place before nitroxidation 
[41], This can be an interesting method of val
orization of alkanes. Selectivity and stability of 
the catalysts with time on stream can be modu
lated by the selection of the support [43—45], 
SiO2-Al2O3, SiO2, MgO-Al2O3, and through 
the addition of some other minor components 
such as MgO [40,43,44,48,49] or Fe2O3 
[41,42,48,49], The active centers for the reaction 
seem to be surface Ni2+ cations in the form of a 
NiAl2O4 spinel-like compound [38,43-47]. The 
acidity of the support, A12O3 or SiO2-Al2O3, can 
produce cracking, leading to lower nitriles 
(acetonitrile from propene), thus decreasing the 
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selectivity in the main nitrile. The addition of a 
component with basic properties, MgO [48], can 
decrease the acidity and avoid this problem. The 
inclusion of Fe2O3 improves the stability of the 
catalyst allowing the conversion of CO into CO2 
by means of the water gas shift reaction [49]. 
Fe2O3 is also interesting as promoter for dehy
drogenation, the first reaction step for the nitrox- 
idation of alkanes [41],

More recently, PbO/Al2O3 catalysts [50] have 
been used for the synthesis of dinitriles starting 
from ortho, meta or para tolunitriles.

2.2. Other works on aerogels

As mentioned above, the number of papers 
from other labs on this subject is limited. We 
comment first on some of those works dealing 
with fundamental catalytic studies and second on 
those concerning the engineering problems asso
ciated with the use of aerogels as catalysts.

2.2.1. Other catalytic applications
Armor et al. [51] prepared Pd-Al2O3, Ni- 

SiO2-Al2O3 and Ni-Al2O3 aerogel catalysts and 
checked their efficiency in a test reaction of the 
selective hydrogenation of nitrobenzene into ani
line. Aluminum sec butoxide, tetramethyl or
thosilicate and metal acetates were used as pre
cursors. The results were quite different depend
ing on the metal. While Pd catalysts were as 
effective as other well developed commercial hy
drogenation catalysts, those prepared with nickel 
gave bad performance.

According to the characterization by XPS, the 
palladium catalysts are reduced during the auto
clave treatment, in agreement with results of 
Astier et al. [6], Electron microscopy allowed the 
determination of the size of palladium crystal
lites. Pd appears as well dispersed particles with 
diameters in the range of 2.0-4.0 nm. Palladium 
catalysts prepared as xerogels do not reach the 
activity level of the aerogels. The textural proper
ties are not as well developed in this case and the 
metal dispersions are lower. The reasons why 
nickel aerogel catalysts do not compete in activity 
with the commercial samples were not studied in 
detail in ref. [51], In this case, the level of sample 

reduction, determined by XPS, is low and further 
treatment of the catalysts in hydrogen is neces
sary before running the reaction. The reasons for 
these differences must be related to the chemical 
structure of the gel, which depends on the chem
istry of the different steps of making the catalysts. 
Different sol-gel routes should be checked in this 
case of nickel catalysts.

Willey et al. [52] have prepared and character
ized Fe2O3-Cr2O3-Al2O3 aerogels. These solids 
show promising properties for the selective cat
alytic reduction of NO with NH3. This reaction is 
of interest for the elimination of NO in flue gases 
from stationary sources, as in power plants. The 
conclusion of this work is that iron and chromium 
oxides do not show a synergic effect when both 
are present in the catalysts. The activity of the 
supported binary oxide system is the result of 
adding the specific activities of iron and chromium 
oxides separately. This conclusion is not in good 
agreement with a former paper of Teichner [53] 
who suggests that the occurrence of interaction 
between iron and chromium oxides leads to im
proved catalysts. In both cases, there is a coinci
dence on the interest of using this type of cata
lysts because of their high activities and low deac
tivation rates.

Colmenares et al. [54] proposed an original 
application based on the use of UOf +-doped 
silica aerogels as photocatalysts for CO and CO2 
hydrogenation, and hydrocarbon hydrogenolysis 
reactions at ambient temperature. Visible radia
tion can produce excitation of the uranyl species 
which can further activate the reactants. C¡ to C4 
hydrocarbons were the main products starting 
from a 2H2: ICO mixture. The transparency of 
these aerogels can be considered as an important 
advantage for this type of photocatalytic activa
tion with visible radiation.

Fanelli et al. [55] developed TiCl4-Al2O3 cata
lysts for polymerization of ethylene. The polymer
ization of olefins, and particularly the catalytic 
production of polyethylenes from ethylene, is one 
of the main processes in the polymer industry. 
This is the first paper dealing with titania dis
persed on aerogels as polymerization catalysts. 
Alumina aerogels are grafted with TiCl4 under 
controlled dry atmosphere. The amount of -OH 
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groups of the alumina can be controlled by means 
of thermal pretreatment. TiCl4 reacts selectively 
with surface -OH groups, forming hydrogen 
chloride. In this way, different Ti loadings can be 
added to the alumina supports. Aerogels pre
pared by this method present activities similar to 
those of conventional TiCl4/tryalkyl aluminum 
catalysts, although a little lower than those of 
new MgCl2/TiCl4 commercial catalysts. Never
theless, the polymer distribution is shifted, in this 
case of aerogels, to high average molecular weight 
polymers which can be of interest for some appli
cations.

The method of preparation used by Fanelli et 
al. is the first example shown in this paper of the 
application of a grafting technique for the prepa
ration of sol-gel-based catalysts.

2.2.2. Engineering problems of aerogel catalysts
Aerogels are usually obtained as very fine 

powders or fragile monoliths. These properties 
are not desirable for the development of indus
trial catalysts. The inherent interest of the funda
mental catalytic properties shown by aerogels 
have prompted to several authors to study possi
ble solutions to these problems.

Armor et al. [56] have proposed a method of 
encasing aerogels in a variety of open form sup
ports which are added during the preparation, 
before the gelling step. The method is described 
for Pd/SiO2 and for Cr2O3 aerogels using alu
mina rasching rings, capillary glass, glass or metal 
tubing, cordierite honeycombs and others. The 
filled supports are useful for operation in fixed 
bed catalytic reactors, avoiding problems of high- 
pressure drops or losses of catalysts which can 
appear when using conventional fine dusty aero
gels.

Chaouki et al. [57] and Li et al. [58] have 
studied the fluidization of aerogel powders in a 
gas flow of reagents. In principle, the low density 
and fine particle size (in the order of microns) 
obstruct the fluidization of aerogel powders in 
catalytic reactors. These studies show that above 
a minimal gas flow velocity aerogel particles form 
agglomerates and fluidize smoothly and homoge
neously. These agglomerates are clusters of the 

original fixed bed materials with new effective 
apparent size (in the order of millimeters) and 
weight. The minimal flow velocity to obtain flu
idization depends strongly on the aerogel used. 
SiO2, Fe2O3-SiO2 and NiO2-SiO2 show impor
tant differences in aglomeration. The addition of 
an inert powder material to the aerogel have 
proved, in several cases, to improve the flow 
characteristics of the solid.

A recent work by Fanelli et al. [59] deals with 
the problem of scaling up the synthesis of alu
mina aerogels to be used as catalyst supports. 
With this aim, they used a high-pressure reactor 
of 814 1 capacity with agitation. According to the 
authors, these runs represent the largest batch
type production ever attempted for an aerogel 
material. Agitation is required in order to main
tain the thermal homogeneity in the reactor ves
sel. The conclusion of the work points out that 
the high-speed stirring produces a negative effect 
on the textural properties of the aerogel. Some 
improvements in reactor design, such as special 
stirring systems or internal heating devices, are 
suggestions proposed in the paper in order to 
approach small-scale autoclave conditions.

3. Other sol-gel methods relevant in catalysts 
preparation

Frequent literature references to the use of 
sol-gel methods other than the aerogel route for 
the preparation of catalysts or inorganic powders 
of catalytic interest appear. Some of these papers 
deal directly with the development of catalytic 
applications, with the focus on the activity mea
surements or the characterization of some chemi
cal properties related to catalytic behaviour. Oth
ers are focused on material preparation. Occa
sionally they have been conceived for applications 
in other areas, but the procedures can be ex
tended to the preparation of catalytic materials. 
Groups working on catalyst development can take 
advantage of the work carried out in other areas 
where sol-gel methods have reached a higher 
degree of development such as glasses, coating 
technology and structural or device ceramics.
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3.1. Preparation of materials

Most work on this topic has the aim to control 
crystalline structure, particle shape, texture 
(specific surface and pore size distribution) or 
surface chemistry (acidity or degree of hydroxyl
ation). The two methods may be classified as 
those starting from organic precursors or those 
based on the use of inorganic salts.

3.1.1. Preparations from organic precursors
Lopez et al. [60] discussed the importance of 

preparing MgO samples with different degrees of 
surface hydroxylation in order to obtain a better 
understanding of the behaviour (activity, selectiv
ity and deactivation) of metal catalysts dispersed 
on these supports. For that purpose, they pre
pared MgO starting from magnesium ethoxyde 
and using a series of different catalysts for the 
hydrolysis and polycondensation reactions. The 
control of pH and the thermal treatment allow 
preparation of magnesia powders with controlled 
levels of surface -OH groups.

Nishiwaki et al. [61] prepared TiO2 anatase 
from titanium isopropoxide in propyl alcohol. 
Solids were obtained by slowly pouring this solu
tion into distilled water with vigorous stirring. 
These solids are dried and calcined at 420°C in 
air. Depending on the concentration of the solu
tions, the particle sizes can be changed from 40 to 
4 nm. The study reveals that the lower the parti
cle size, the greater the surface acidity of the 
sample. The effect is explained on the grounds of 
charge imbalance at surface locally formed Ti(l)— 
O-Ti(2), where Ti(l) and Ti(2) represent Ti atoms 
in different environments. The smaller the parti
cle size, the higher the surface area and the 
higher the number of titanium atoms with low 
coordination numbers that will be present at the 
surface.

Machida et al. [62] studies catalytic supports 
for high-temperature applications, such as cat
alytic combustion for jet engines. The method 
allows the preparation of supports with more 
than 10 m2 g_1 after calcination at 1600°C (more 
than any other known support at this tempera
ture). This textural stability is explained on the 
grounds of the formation of a mixed compound 

BaO • 6A12O3. Barium and aluminium isopropox
ide are refluxed with iso-propanol under nitro
gen. After 5 h, water is added and the precipitate 
is aged for several hours before drying and calci
nation. The sol-gel route allows a dispersion of 
the components at the atomic level, thus favour
ing the formation of the mixed refractory oxide. 
Other synthesis methods result in the separated 
formation of BaO and a-Al2O3.

Ribot et al. [63] have recently published an 
excellent work concerning the preparation of 
CeO2 gels and colloids obtained via hydrolysis of 
modified cerium isopropoxide. The reactivity of 
Ce(IV) isopropoxide, which is a very moisture
sensitive compound, can be decreased by com
plexing with acetylacetone. The cerium alkoxide 
forms a dimer Ce2(OPri)g • 2HOPr‘ [I] which de
pending on the relative amount of acetylacetone 
can be transformed into Ce2(OPr‘)7 • (Acac) • 
HOPr‘ [II], CejfOPrOg • (Acac)2 ■ HOP? [Ill] and 
Ce2(OPr’)4 • (Acac)4 • HOPr1 [IV] species. The re
activity of a solution is related to the distribution 
of these species. If the amount of Acac is high, 
forms III and IV are predominant resulting in the 
formation of weakly condensed species that can
not bind to one another. Therefore, no gelation 
can occur even after a long time. The hydrody
namic size of these species is about the size of a 
closo hexamer, ~ 1.5 nm. The other limiting case 
corresponds to a low level of complexation. In 
this case, form I is dominant, hydrolysis and 
condensation reactions are very fast and an oxide 
type network is formed yielding a precipitate. 
When type II species predominate, weakly 
branched polymerized species, which can further 
condense leading to a gel formation, appear. In 
summary, the control of the amount of complex- 
ating agent allows one to select the type of ceria 
product obtained. All of these ceria varieties can 
be of interest for catalytic applications, since 
CeO2 is one of the systems which currently draw 
more fundamental and industrial attention.

Carturan et al. [4] proposed a method to pre
pare catalysts by coating glass microspheres with 
inorganic oxides obtained from alkoxide solu
tions. Glass spheres (0.04, 0.08 mm of diameter) 
are wet with alcoholic solutions of the selected 
alkoxide (Al(OBu)4, Ti(OBu)4, Zr(OPr)4, 
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Mg(OMe)2, Si(OEt)4 or Fe(OEt)3). The damp 
material was exposed to moisture to hydrolyze 
the alkoxide and dried by slow solvent evapora
tion followed by heating at 400°C. The final prod
uct maintains the spherical geometry of the initial 
carrier and, when using dilute alkoxide solutions, 
the single glass pearls do not collapse to aggre
gates. The mechanical stability of the layer was 
checked by self-limiting at 1 turn/s for 100 h 
without appreciable loss of deposited oxide. The 
specific surface per gram of deposited material is 
in the order of 200-300 m2 g '. The depth of the 
layer may be estimated ranging from 1 |j.m in the 
case of A12O3 to 0.1 |im in the case of TiO2 
coatings. In this way, a very cheap support, glass, 
can be used to disperse active oxide catalysts. The 
method is also interesting from the point of view 
of the design of catalytic reactors, leading to 
catalysts with good mechanical properties and 
avoiding diffusion problems which can appear 
when dealing with pellets of bulk gel materials.

Selective grafting of oxides with alkoxides pre
cursors is another technique used to prepare cat
alysts. Although this is not properly a sol-gel 
method, it deals with the same type of precursor. 
Successive monolayers of vanadia can be grafted 
on TiO2 supports by selective reaction of 
VO(OPr')3 with surface -OH groups [64,65], 
leading to catalysts active for the selective reduc
tion of NO by NH 3.

3.1.2. Preparation from inorganic precursors
As pointed out above, the rare-earth oxides, 

and particularly CeO2, are materials of growing 
interest in heterogeneous catalysis. Matijevic and 
Hsu [66] have proposed a method to prepare 
monodispersed colloidal particles of rare-earth 
oxides starting from inorganic salts, such as chlo
ride or nitrates by reaction with urea in aqueous 
media at 70°C. pH, temperature and aging time 
are the factors controlling the particle size and 
the degree of homogeneity of the powders which 
can be obtained in this way. For the case of the 
sesquioxides spherical shape amorphous particles 
(0.2-0.5 |i.m) which can be decomposed to the 
corresponding oxides could be obtained, while in 
the case of ceria the method yielded crystalline 

oxycarbonate powders, Ce2O(CO3)2 • H2O, of el
lipsoidal shape. The reason for this difference in 
behaviour lies in the lesser reactivity of Ce3 + 
towards hydrolysis. In order to obtain spherical 
monodispersed CeO2 particles, Hsu et al. [67] 
proposed a method starting from Ce4+ salts, such 
as Ce(SO4)2 dissolved in sulfuric acid and heated 
at 90°C; Ce4+ is much less basic than Ln3 + and 
undergoes strong hydrolysis to give polymeric 
species and finally the precipitated oxide. In this 
way, it was possible to generate uniform-sized 
CeO2 particles (30-240 nm) by controlled depro
tonation of hydrated Ce4+ species (forced hydro
lysis). A well crystallized CeO2 with 19.3 m2g 1 
could be obtained by this method.

Powell et al. [68] have prepared a CeO2 crys
talline powder by reaction of cerium nitrate with 
citric acid. After drying in vacuum, an amorphous 
citrate gel is obtained which can be decomposed 
at 300°C in air to obtain ceria with a BET surface 
of 42 m2 g_ *.

Fierro et al. [69] prepared CeO2 by dropwise 
addition of a cerium nitrate solution 0.32M to 
ammonia 0.01M at 65°C. Evolution of NO2 dur
ing precipitation is explained as due to reaction 
of Ce3+ with NOr with formation of NO + Ce4+. 
NO is converted to NO2 by air. An amorphous 
ceria aquagel is obtained in this way which was 
further decomposed in vacuum by a constant-rate 
decomposition method. This decomposition tech
nique, operating at very low and constant water 
vapour pressure, partially avoids collapse of the 
porous structure of the gel during drying. A crys
talline product with 60 m2g“' is obtained. This 
ceria sample has been used to carry out very 
interesting studies on metal support interaction 
for Rh/CeO2 catalysts [70],

Brittain and Gradeff [71] have studied the 
preparation of organosoluble CeO2 from a com
mercial hydrated oxide containing NH4NO3 as 
impurity. This material was peptized at 90°C with 
oleic acid in an organic solvent such as benzene, 
toluene, diethyl ether or hexane. After treatment, 
an aqueous phase containing the NH4NO3 impu
rities, and an organic phase constituted by a sol 
of colloidal 5.0 nm CeO2 particles, with adsorbed 
oleic acid dispersed in the solvent, could be sepa
rated. This type of sol can be of interest as 
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catalysts for fluidized bed operation in solid
liquid systems.

The peptization of gels is a commonly used 
technique which allows further processing of the 
sol to obtain definite products. Thus, one method 
to prepare A12O3 spherical granules to be used 
as catalysts or supports [72] is the peptization of 
an aluminium hydroxide gel to form a sol which is 
dropped in a sphere forming substance contain
ing a coagulant agent such as ammonia. Gel 
spheres are heat treated at 500-600°C leading to 
the production of 7-Al2O3.

Mercera et al. [73,74] have prepared ZrO2 
powders with high surface area, good thermal 
and chemical stability, and high mechanical 
strength. A frequent problem in the preparation 
of ZrO2 is production of the metastable tetrago
nal phase which is easily converted into the mon
oclinic phase. This transformation favours the 
collapse of the porous structure of this material. 
In this work, a sol-gel method allows preparation 
of a pure high surface are monoclinic ZrO2 with
out micropores. Zirconyl chloride was mixed with 
an ammonia solution 6.7M. The gel obtained was 
aged for 65 h before filtering and washing until 
elimination of chlorides. The product was redis
persed in ethanol and filtered. After drying at 
110°C an amorphous powder was obtained which 
was further calcined at 450°C for 15 h in air to 
obtain the desired pure monoclinic powder.

A short review on the sol-gel processing of 
oxide powers, with emphasis on the inorganic 
routes, was published by Segal [75],

3.2. Catalytic applications

Several groups of catalysts will be considered 
in this section: dispersed metals, oxide catalysts, 
and others.

3.2.1. Dispersed metals
Gomez and co-workers have recently pub

lished a series of papers concerning Ru, Pt and 
Pd dispersed on silica [76-79]. The authors com
pare the effect of adding the metal before gelling, 
or by conventional impregnation of a silica gel.

For the case of Ru-SiO2 systems [76,77], the 
specific activity in the benzene hydrogenation re

action is not very sensitive to the preparation 
method. An interesting property of all these cata
lysts is the low rate of deactivation when com
pared with the behaviour of Ru dispersed on a 
commercial SiO2. It is proposed that Ru can be 
decorated by SiO2 patches which are formed 
during the reduction pretreatment, from non-po- 
lymerized Si(OH)v groups. These patches inhibit 
coke formation which is assumed to require clean 
and extensive metal facets. On the contrary, in 
the hydrogenolysis of n-pentane, the commercial 
silica support present a lower deactivation than 
the catalysts prepared from gels. For this reaction 
deactivation seems to take place through a deep 
hydrogenolysis which would be particularly fa
vored on dense packed surfaces, while simple 
splitting of C-C bonds would take place on Ru 
atoms in more defective positions. If it is assumed 
that SiO2 patches are preferentially deposited on 
the edge and corners of the metal crystallites, the 
higher deactivation rates observed for the gels 
would be easily explained in this way.

Gomez and co-workers [78,79] studied the ap
plication of IR and UV-VIS spectroscopy to the 
characterization of catalysts prepared by sol-gel 
methods. Part of the metal (M = Pt, Pd, Ru) can 
be inserted into the silica network as Si-O-M, 
thus leading to metal-support interaction effects 
different from those of conventionally impreg
nated catalysts. The difference is reflected in the 
UV-VIS spectra. The metal excess is deposited 
on the surface. In general, the surface of the 
sol-gel catalysts present high levels of hydroxyl
ation.

Tour et al. proposed an original procedure to 
prepare Pd(0) species dispersed in a gel at ambi
ent temperature [80], This material proved to be 
a highly chemoselective and stereoselective het
erogeneous hydrogenation catalyst at room tem
perature. The presence of water in the reaction 
medium did not inhibit the catalytic properties 
and the catalyst could be easily dispersed in an 
organic medium. Since no specific reduction 
treatment is necessary in any of the preparation 
steps, the nature of the resulting catalysts can be 
quite different from others in some of their chem
ical properties, such as the degree of hydroxyl
ation. 0.05 mol Pd(II) acetate is mixed with tetra- 
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hydrofurane (5 ml), water (1 ml) and triethoxysi
lane (2.50 mmol). The solution darkened and H2 
evolution was detected. After gelation the solvent 
was removed under vacuum and a glassy black 
xerogel containing Pd(0) could be obtained. An 
average Pd particle size of 1.5 nm was deter
mined by electron microscopy. This type of cata
lysts allows easy recycling. After reaction, the 
solid is filtered and removal of the solvent by 
evaporation leads to the pure products. Chemical 
selectivity is observed in the hydrogenation of 
alkynes to alkenes and in the hydrogenation of 
terminal double bonds preserving the inner dou
ble bonds of hydrocarbon chains [81]. Some ex
amples of stereoselective behaviour are also 
shown in ref. [81].

Materials containing uniform nanometer-sized 
metal particles dispersed in a SiO2 matrix were 
prepared by Breitscheidel et al. [82] following a 
new procedure. In the first step, an originally 
substituted alkoxysilane of the type X(CH,)3 
Si(OR)3 (X = NH2, NHCH2CH2NH2, CN) capa
ble of coordinating metal ions, a metal salt and, 
optionally, Si(OR)4 were processed by the sol-gel 
method. The gel was purified calcined in air and 
reduced with hydrogen. The role of the (CH2)3 
group of the silane is to act as a spacer in order 
to obtain a good metallic dispersion in the gel 
network. The method leads to excellent disper
sion of metal particles (Ag, Cd, Co, Cu, Ni, Pd, 
Pt) with uniform sizes even for the case of high 
metal loadings (5-20%). The final product pre
sents specific surfaces of several hundreds of 
square meters per gram.

Carturan and co-workers [3,83-85] prepared 
SiO2-Al2O3-Na2O gels starting from alkoxides, 
which were converted into glass beads (0.11-0.13 
mm diameter) by thermal treatment at tempera
tures from 230 to 950°C. The degree of hydroxyl
ation of these glasses was related to the thermal 
treatment temperature. If these glasses are 
treated with Pd(C3H5)2, a surface palladium 
complex is formed and one molecule of propane 
per Pd atom is evolved. If the amount of 
Pd(C3H5)2 is lower than the number of surface 
-OH groups, Pd reaches atomic dispersion. The 
surface complex can be reduced with LiH at 
ambient temperature, thus leading to an atomi

cally dispersed metallic palladium catalyst [83]. 
This catalyst type has been tested for the hydro
genation of 1-hexene dissolved in tetrahydrofu- 
rane [83] and for the selective half hydrogenation 
of phenylacetylene [3]. The method was extended 
to the preparation of supported PdPt alloy 
catalysts.

Ueno and co-workers have prepared Fe-SiO2 
catalysts by a sol-gel method starting from 
Fe(NO3)3 dissolved in ethyleneglycol and te- 
traethoxisilane [86,87], After this mixture is re
acted for 2 h at 80°C, water is added to the 
system and gelation takes place. Samples are 
further calcined in air at temperatures selected to 
obtain oxide materials. The catalysts can be re
duced in hydrogen at 450°C to obtain metallic 
iron particles. The catalyst is compared with oth
ers prepared by impregnation of silica. In the 
oxide samples, Fe can be present as FeO, Fe3O4 
or Fe2O3. An EXAFS study of these catalysts 
shows that, in the impregnated samples, iron is 
present with Fe2O3-like structure while, for the 
sol-gel samples, iron shows a Fe3O4-like struc
ture. For 10% metal loading samples, the average 
size of the iron particles after calcination at 600 
or 1000°C is about 6 or 12 nm, respectively. This 
level of dispersion is remarkable for iron catalysts 
because of the tendency towards sintering of this 
metal. These iron catalysts can be used for am
monia synthesis, Fischer-Tropsch and water gas 
shift reactions.

3.2.2. Oxide catalysts and supports
Gel materials have been used as photocatalysts 

for the degradation of organic wastes at room 
temperature [88,89]. A recent example of this 
type of application, is the photocatalytic degrada
tion of 3-chlorosalysilic acid over TiO, mem
branes [89]. The selected halogenated organic 
compound can be considered as a model of simi
lar substances which present severe environmen
tal pollution risks, such as dibromoethane, 
trichloroethylene, chlorobenzenes or chlorophe
nols. Sabate et al. [89] have designed a continu
ous-flow reactor in which the catalyst, TiO2, is 
supported on a glass tube. The coating procedure 
was carried out as follows. A solution of titanium 
tetraisopropoxide in isopropanol was rapidly 
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mixed with water at room temperature. After 0.5 
h reaction, a gel is obtained. This hydroxide gel is 
peptized with HNO3 to form a highly dispersed 
stable colloidal solution. A glass tube is immersed 
in the colloidal sol for 30 s. It was then withdrawn 
at a controlled slow speed, dried at room temper
ature for 1 h, and calcined at 400°C for 3 h. Eight 
successive layers of TiO2 were deposited in this 
way, thus obtaining a TiO2 anatase membrane 
with a total thicknesses of 1.3 pm. Degradation 
of the 3-chorosalysilic acid with bubbling air led 
to the formation of HC1 and CO2 without signifi
cant deactivation with time on stream.

Polymerization reactions on gel catalysts have 
also been reported [90-92]. Conway et al. pre
pared chromia dispersed on a silica-titania cogel 
for ethane polymerization [90,91]. CrO3 can be 
stabilized on silica through the formation of Si- 
O-Cr bonds, while pure chromia would decom
pose at low temperature. The controlled addition 
of titania to the support can induce changes in 
the electronic environment of chromium ions thus 
favouring a higher selectivity towards lower aver
age molecular weight polymers. Catalysts were 
prepared by co-precipitation of sodium silicate 
and titanium tetrachloride in sulfuric acid solu
tion. After 4 h of aging at 100°C, an aquagel was 
formed. This gel, after drying in air at 100°C, was 
impregnated with chromium acetylacetonate in 
ethyl acetate, dried in a rotary evaporator and 
calcined in air at 600°C to obtain 1% chromium 
loading catalysts. These materials present good 
catalytic performances in activity, selectivity and 
low deactivation rates.

Selective oligomerization of n-butenes on 
amorphous NiO-Al2O3/SiO2 catalysts prepared 
by coprecipitation of nickel and aluminium hy
droxides on silica gel has also been recently re
ported in the literature [92].

Hydrodesulfurization (HDS) reactions are con
sidered of main importance in the petrochemical 
industry to eliminate sulfur from oils. Commer
cial HSD catalysts are usually constituted by 
5%CoO • 16%MoO3 dispersed on alumina. The 
simultaneous presence of Co and Mo at the sur
face of alumina produces a synergic effect, im
proving the performance of these catalysts. The 
sol-gel method allows preparation of pure alu

mina supports, thus avoiding the undesirable ef
fects of impurities. In ref. [93], two sol-gel meth
ods to prepare HDS catalysts have been com
pared. In the first one, aluminum isopropoxide 
(AIP) is hydrolyzed in a large amount of water 
forming a fibrillar aluminium hydroxide; the gel is 
peptized with a HNO3 solution giving a clear sol. 
(NH4)6Mo7O24 • 4H2O and Co(NO3)2 ■ 6H2O are 
dissolved in 1,3-butanediol and stirred with the 
sol for 1 day. The solvent is evaporated at low 
pressure and the sample is finally calcined in air 
at 500°C. In the second case, AIP is dissolved in 
1-butanol and Mo and Co precursors are added 
to the solution. Water is further added and a gel 
is formed which is further dried and calcined at 
500°C. The activity of the first catalyst is about 
ten times higher than that of the second for the 
thiopene HDS reaction. Auger spectroscopy mea
surements on both catalysts can provide an expla
nation for this difference in behaviour. The deep 
profiling method demonstrates that, in the first 
case, Mo and Co oxides are both at the surface, 
while in the second case significant amounts of 
cobalt are incorporated into the alumina matrix. 
In fact, cobalt atoms can easily substitute to alu
minum ions in tetrahedral positions of the A12O3 
network, thus decreasing the synergic effect be
tween surface cobalt and molybdenum. The first 
catalyst gives levels of activity similar to commer
cial HDS catalysts.

Another oxide-catalyzed reaction is the selec
tive catalytic reduction of NO with NH3. Dis
persed vanadia is an excellent catalyst for this 
reaction. However, V,O5 deposited on the sur
face of a silica support agglomerates easily during 
the preparation of the catalysts or under reaction 
conditions. The approach followed by Baiker and 
co-workers [94,95] consists of immobilizing vana
dia in a silica matrix by the sol-gel method. The 
mixed gel, containing from 0.1 to 50% V2O5, was 
prepared by mixing vanadia and silica diluted sols 
obtained from vanadyl tri-isobutoxide and silicon 
ethoxide respectively. The mixed sols were dried 
at 80°C and calcined at 600°C. In addition to 
their adequate textural properties, vanadia gels 
(< 10% V2O5) showed well dispersed vanadium 
oxide species and high specific activities for the 
catalytic conversion of NO and NH3 to N2 + H2O.
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The stability of dispersed vanadia was in all cases 
higher than that corresponding to the conven
tional vanadia on silica preparations.

More recently, chromia has been proposed as 
an alternative catalysts for the NO + NH3 reac
tion above. In ref. [96] the authors compare the 
behaviour of amorphous and crystalline chromia 
for this reaction. All chromia samples were pre
pared by gelation of a chromium nitrate solution 
with ammonia. If the addition of ammonia is fast, 
the final products, after drying and decomposi
tion in hydrogen at 380°C for 3 h, are crystalline 
materials with BET surfaces of less than 100 
m2 g_1. On the contrary, if the addition of ammo
nia is very slow (6 h or more), the final product is 
amorphous chromia with BET surface > 200 
m2g Temperature programmed reduction ex
periments showed that the labile oxygen species 
on the surface of the crystalline chromia were 
more readily removed with hydrogen while the 
higher specific activity was measured on the 
amorphous samples. This is attributed to the 
higher density of less labile oxygen species on the 
amorphous surface.

3.2.3. Other catalytic materials
Silico-aluminates are interesting in catalysis by 

their acidity which confer catalytic properties in 
cracking, dehydration, polymerization and iso
merization reactions. Several works on silico- 
aluminates and related materials pepared by sol
gel method have recently appeared [97-101],

Corma et al. [97] described the preparation 
and characterization of amorphous silica-alumina 
with 13 and 25 wt% A12O3 to be used as cracking 
catalysts. The starting reagents were silicon diox
ide and aluminum isopropoxide (AIP). The SiO2 
was dissolved in a tetra-alkylammonium hydrox
ide (TAAOH) and mixed with a solution of AIP 
dissolved in TAAOH. Gelation takes place by 
addition of a IM HC1 solution. The gels were 
dried, calcined at 550°C, further exchanged with 
NH4C1 and subsequently calcined at 550°C in 
order to obtain the acidic form of the silica— 
aluminas. The resulting materials present surface 
areas close to 300 m2g 1 and very narrow pore 
size distribution, centered at 2.0 nm or pore radii.

Yarlagadda et al. [98] compared 15 wt% A12O3 
silica-alumina catalysts synthesized in aqueous 
and alcohol solvents. In the first case, the se
lected precursors were sodium silicate and alu
minium nitrate, while in the second, tetraethyl 
orthosilicate and aluminum isopropoxide with 
ethanol as solvent were used. The second cata
lysts presents acid sites in higher concentration 
and of higher strength than the first. Neverthe
less, some of these stronger acid sites are easily 
poisoned by strong chemisorption of water, thus 
decreasing the reactivity of the catalysts for the 
conversion of methanol into hydrocarbons.

Reddy and co-workers have recently described 
the preparation and catalytic properties of a new 
crystallized titanium silicate (TS-2) [99,100]. A 
sol, obtained from tetraethyl orthosilicate and 
tetrabutyl orthotitanate, is allowed ty crystallize 
under static conditions at 170°C for 8 days. In this 
case, the resulting catalysts do not present strong 
acidic properties, but are very efficient in the 
hydroxylation of aromatic compounds.

Silico-aluminophosphates (SAPOs), including 
very small amounts of nickel in their structure, 
have also been prepared by a method which 
results in production of a crystalline zeolite, with 
chabazite-like structure [101]. The method is 
based on the preparation of a gel, starting from 
SiO2, aluminum phosphate and NiCl2 • 6H2O, 
which is further allowed to crystallize by hy
drothermal treatment at 200°C for 36 h. The 
nickel cations are incorporated into the zeolite 
framework, thus modifying the acidity of the zeo
lite and introducing subtle structural changes 
within the active sites. This catalyst is highly 
selective for the conversion of methanol to ethene 
at 250°C (100% selectivity, 90% conversion), while 
similar catalysts without nickel gave only 30% 
selectivity in ethane.

One strategy which usually leads to highly se
lective catalysts for production of fine chemicals 
is the heterogenization of an homogeneous cata
lyst. In this approach, starting from a previously 
tested homogeneous catalyst, it is deposited, 
linked or encased in a support material in such a 
way that the properties of the homogeneous cata
lysts are preserved. The heterogenized catalysts 
are easier to work up, recovery is also simple, and 
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continuous-flow operation is possible. The sur
face of the support can contribute to modulate 
the catalytic behavior through electronic or steric 
effects [102-105],

The catalytic activity of Rh(CO)Cl(PPh2CH2 
CH9SiO3/2)-xSiO2, prepared by the polycon
densation of Rh(CO)Cl[PPh2CH2CH2Si(OEt) 
O3]2 with tetraethoxysilane, is compared in ref. 
[102] with that of the homogeneous compound 
and with a catalyst prepared by attaching the 
complex to the surface of a silica gel. The hetero- 
genized catalysts present activity for the same 
type of reactions as the homogeneous compound: 
formation of poly- and oligo-silanes from hydrosi
lanes, CO oxidation and water gas shift reaction. 
With the solid catalysts these reactions can be 
carried out under milder conditions.

Venturello and co-workers [103,104] prepared 
silica gels functionalized with amino groups, which 
are very selective catalysts for the Knoevenagel 
condensation. This reaction consists in the forma
tion of a double bond linking an alkane with a 
carbonylic compound. The catalysts described by 
these authors, depending on the reaction condi
tions, can produce the selective condensation of 
aldehydes in the presence of ketones.

Silica gels treated with thionyl chloride are 
effective and selective catalysts for thioacetaliza- 
tion reactions of aldehydes [105], Under the same 
conditions, ketones do not convert. This differ
ence in reactivity between aldehydes and ketones 
was successfully utilized for the chemoselective 
conversion of keto aldehydes into the correspond
ing dithioacetal with the keto group remaining 
intact.

Finally, immobilization of biocatalysts in a gel 
matrix is another type of interesting application 
of gels in the developing field of biocatalysts. 
Carturan et al. [106] have recently described a 
method for the inclusion of biocatalysts into thin 
layers of SiO2-gel deposited by dip coating on 
the surface of glass sheets.

4. Conclusions

In this work we have illustrated, with examples 
taken from the literature, different ways in which 

the sol-gel routes can be fruitfully used for the 
preparation of heterogeneous catalysts. From 
these examples it is possible to conclude that 
sol-gel methods have a broad field of applica
tions in catalysis, many of which have only been 
roughly explored up to the present. We have no 
doubt that a more systematic work, to be carried 
out in the near future, will make of sol-gel tech
niques common tools for the synthesis of new and 
improved catalytic materials.

The authors thank the CICYT (project PB90- 
0671) and the Junta de Andalucía for financial 
support.
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Attachment of enzymes to insoluble matrix is an essential step in the development of biocatalysts. Transparent xerogels 
containing various enzymes were obtained by mixing a solution of an enzyme with tetra-methoxy orthosilicate (TMOS) at 
room temperature followed by gelation and drying. Effective immobilization was usually obtained at initial pH values > 7, 
where there is a change in the gelation mechanism from predominant hydrolysis/condensation to predominant direct 
polymerization of silicate precursors. The properties of sol-gel matrix, namely, transparency, large hydrophilic surface and 
good chemical and thermal stability, make it an ideal material for both biocatalysts and optical sensor devices. An example 
of a simple optical glucose sensor is demonstrated.

1. Introduction

We have recently demonstrated that enzymes 
can be entrapped within the matrix of a forming 
sol-gel, while retaining high catalytic activity in 
the xerogel [1-4]. Enzymes immobilized in silica 
xerogels obtained by sol-gel process do not leach 
out [2-4], The lateral diffusion and conforma
tional mobility of entrapped proteins are severely 
restricted, thus contributing to improved stability 
of enzymes [2-4], It is shown here that an effec
tive immobilization depends upon pH of the en
zyme solution used in the sol-gel process. Possi
ble relations between the biological activity of 
enzyme-containing xerogels, their physical prop
erties and gelation process are discussed.

The transparency of silicate xerogels makes 
them uniquely suitable for the development of 
fluorescent, luminescent and colourimetric en
zymic sensors. An example of a simple optical 
glucose sensor is demonstrated.

2. Experimental procedures

Enzyme solutions (0.5 ml) in water or buffer 
were mixed at 4°C with tetra-methyl orthosilicate 
(TMOS, 98%, Aldrich, 0.5 ml). No addition of 
alcohol was needed [3-5], The reaction mixture 
was gently shaken for about 15 min or until 
mixtures became homogeneous, and allowed to 
gel at room temperature. The gels were air-dried 
for a week at ambient temperature. Additional 
experimental details are given in figure captions.

The time elapsing between the addition of 
TMOS to the water solution and the loss of flow 
in the tilted test tube was taken as the gelation 
time.

The specific surface areas was obtained from 
the BET equation. Nitrogen adsorption isotherms 
were determined using Micrometrics ASAP 2000. 
The pore size distribution was calculated from an 
adsorption-desorption isotherm using the Kelvin 
equation. The glass sample was washed overnight, 

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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dried in vacuum at about 0.05 mbar for 48 h, and 
then degassed for 12 h at ambient temperature 
and 0.01 mbar prior to the measurement of nitro
gen adsorption.

Prior to determination of enzyme activity, the 
dry glassy xerogels containing either trypsin or 
acetylated trypsin were ground to a size of 60-100 
mesh and washed overnight with running water. 
The assay mixture (1 ml) containing the substrate 
N-benzoyl-L-arginine-4-nitroanilide (L-BAPNA, 
1 mM) in TRIS • HC1 buffer (40 mM, pH 8.0) was 
added to an aliquot (3-5 mg) of glass powder and 
vigorously stirred for a suitable period of time at 
25°C [4], Activity of an immobilized enzyme was 
calculated as a percentage of the activity used for 
the preparation of xerogel.

Glucose oxidase (from A. niger, Sigma, 203 
U/mg, 10 Units) and peroxidase (from horse
radish, Sigma, 157 U/mg, 20 units) were dis
solved in water (0.5 ml). The solution was mixed 
and then gently shaken with TMOS (0.5 ml) con
taining 0.5% polydimetylsiloxane trimethylsiloxy- 
terminated (molecular weight: 162, Petrarch Sys
tems Inc.). The resulting gel was allowed to dry at 
ambient temperature for 2 weeks. The transpar
ent glassy xerogel was impregnated with a chro
mogenic mixture [6] solution containing 3.3 mM 
3-(dimethylamino) benzoic acid (DMAB) and 2 
mM 3-methyl-benzothiazolinone hydrazone hy
drochloride (MBTH) in 0.1 M phosphate buffer, 
pH 6.5. The xerogel was then air-dried. The for
mation of dye in the glassy xerogel in the pres
ence of glucose (fig. 1) was recorded with a den
sitometer (SLTRFF, Biomedical Instruments 
Ltd., CA, USA) filtered at 595 nm.

3. Results

Xerogels prepared in the absence or at low 
concentration of buffer were monolith transpar
ent glasses of considerable mechanical strength 
(fig. 1). Most proteins did not aggregate during 
xerogel preparations even at concentrations up to 
20 mg/g glass [4], Repeated hydration and drying 
of glasses resulted in fractures in large (1-2 cm in 
diameter) blocks. Xerogels prepared with addi
tion of polydimetylsiloxane resulted in improved

Fig. 1. Transparent sol-gel disks of protein-containing 
xerogels.

stability of glasses to cycles of drying and hydra
tion.

To study the effect of pH upon the properties 
of xerogels and the effectiveness of enzyme im
mobilization, sol-gel glasses were prepared with 
the addition of Teorell-Stenhagen [7] citrate- 
phosphate-borate buffer (CPB). CPB buffer has 
essentially constant conductivity of 6-7 mS at all 
pH values. Proteins at 2 mg/g xerogel had no 
effect on the xerogel N2-BET surface area. Lower 
pH resulted in larger BET surface areas (650-700 
m2/g). With the increase in pH, surface areas 
gradually decreased, measuring 500-550 m2/g at 
pH 12. A concomitant increase in pore volume 
was observed (0.3-0.4 ml/g at pH 2 versus 0.7-0.9 
ml/g at pH 12). All xerogels were characterized 
by a very narrow pore size distribution. The aver
age pore diameter was 3-4 nm at pH 2, and 
increased to 7-10 nm at pH 7 with slight varia
tion above this pH.

Two forms of trypsin have been used to probe 
interactions between the silicate matrix and en
capsulated protein molecules. Native trypsin is a 
relatively basic protein (isoelectric point pl = 
10.5). Trypsin may be subjected to full acetylation 
of available side-chain amino groups, which re
sults in the shift of pl < 3 to the pl of silica 
particles. Acetylated trypsin retains full catalytic 
activity of the native enzyme. The' catalytic prop
erties, size and form of both protein molecules
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Fig. 2. Effect of pH upon the gelation time and upon the 
recovery of trypsin activity in enzyme-containing xerogels. 
Trypsin (0.5 mg) or acetylated trypsin (0.5 mg) were dissolved 
in Teorell-Stenhagen citrate-phosphate-borate (CPB) buffer 
[7] containing 5 mM CaCl2 and prepared at pH values indi
cated in the figure. TMOS (0.25 ml) was added to the solution 
at 22°C under stirring. Gelation time (lower figure) was deter
mined and the gels were processed as described in section 2. 
Trypsin (□) and acetylated trypsin (■) activities (upper fig
ure) were determined at 25°C using L-BAPNA (1 mM) as the 

substrate.

are closely similar. Thus, considerable variations 
(fig. 2) in the recovery of trypsin activity in xero
gels, could be interpreted in terms of charge 
interactions.

Xerogels prepared at pH < 7 were practically 
devoid of acetylated trypsin activity, while at pH 
> 7 the activity increased with pH. Thus, the 
recovery of acetylated trypsin activity falls into 
the same two pH domains indicated for the gela
tion process. The activity of native trypsin immo
bilized at pH > pl value depended upon the pH 

in a manner similar to that of acetylated trypsin. 
At 5 < pH < 9, however, trypsin activity was lower 
and almost independent of pH. Below pH 4, no 
trypsin activity was recovered. It is interesting to 
note that border conditions for transition be
tween the three pH domains of immobilized na
tive trypsin coincide with the pKa values of pro
tein carboxy (pKa ~ 4) and amino (pKa ~ 11) 
groups.

The sol-gel immobilization procedure in its 
various modifications is a general immobilization 
technique: we have efficiently immobilized nu
merous enzymes belonging to various enzyme 
groups and classes [1-4], including coupled en
zyme systems. The transparency of sol-gel glass 
is a unique property, allowing the building of 
optical enzyme sensors. These sensors may be 
built on the basis of differences in absorption 
spectra, luminescence or fluorescence of various 
enzyme-substrate, enzyme-inhibitor or 
enzyme-antibody complexes. A simple irre
versible prototype described below demonstrates 
the feasibility of the sol-gel technique for this 
type of sensor.

Time, min
Fig. 3. Sol-gel optical glucose sensor. Xerogel disk (8 mm in 
diameter and 2 mm thick) containing glucose oxidase, peroxi
dase and a chromogenic assay for peroxidase (see final para
graph of section 2) was placed in the optical pathway of the 
densitometer in a vial containing 3 ml water. At time 0, a 
concentrated solution of glucose was added, bringing glucose 
concentration to 10 mM. Enzymatic oxidation of glucose 
produced H2O2, which in the presence of peroxidase and of 
chromogenic assay components resulted in dye formation [6], 
Dye accumulation in the sol-gel disk was recorded in arbi
trary optical-density units. More glucose was added at 6, 8 
and 10 min. Glucose concentrations are shown at the arrows.
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Glucose oxidase and peroxidase were co-im- 
mobilized in a sol-gel xerogel. The two enzymes 
catalyze following reactions:

(a) Glucose oxidase: glucose + O2
= gluconolactone + H2O2;

(b) Peroxidase: donor + H2O2
= oxidized donor + H,O.

MTBH was used as the electron donor in reac
tion (b), and the oxidized donor reacted with 
DMAB forming 1 mol of indamine dye per mole 
glucose [6], The kinetics of dye formation at vari
ous glucose concentrations (fig. 3) demonstrate 
that the device was glucose-sensitive in the range 
between 0 and 100 mM.

4. Discussion

As indicated by a discontinuity in gelation time 
curve plotted as a function of pH (fig. 2), gelation 
mechanism varied between the two pH domains: 
pH 2-7 and pH > 7. These domains have been 
well characterized earlier [8] in terms of combina
tion of processes of hydrolysis, condensation and 
particle growth. In short, one expects formation 
of small rough silica particles which condense at 
2 < pH < 7, while large smooth particles form at 
pH > 7 by continuous polymerization. Although it 
is not clear whether the pH of the buffer is 
strictly kept in the gel, the pH dependence of 
xerogel surface characteristics is consistent with 
the expected change in form and size of gel 
particles at different pH values of CPB buffer.

In has been shown previously [4] that, at pore 
sizes obtained throughout the pH range reported 
here, diffusion does not limit the enzymatic reac
tion when such relatively poor substrate as N- 
benzoyl-L-arginine-4-nitroanilide (L-BAPNA) is 
used. Thus, the recovery of trypsin activity may 
be affected by (a) availability of the catalytic 
center of the protein to the substrate, or (b) loss 
of enzyme activity through denaturation. The for
mer is more probable. It has been demonstrated 
[1-4] that no protein is lost by leaching, and that 
the binding of dye to sol-gel immobilized protein 
correlates well with enzyme activity. Denatured 
but accessible protein would bind the dye to the 

same extent as the active non-denatured species. 
Thus, the loss of enzyme activity is probably a 
result of embedding the catalytic center below 
the surface in the bulk of a xerogel.

It follows that the accessibility and, therefore, 
activity of sol-gel immobilized enzymes should 
depend upon both gel formation mechanism and 
protein molecule charge. Above pH 7, silica par
ticles grow primarily by a continuous polymeriza
tion mechanism, forming particles which are likely 
to carry more negative charge than the oligomeric 
precursors [8]. Negatively charged protein 
molecules (at pH < pl) will be well dispersed by 
electrostatic repulsion among large elementary 
silica sol particles. Thus, after gelation and dry
ing, most enzyme molecules will be trapped with 
access to the pores of the xerogel.

Below pH 7, the growth occurs mainly by par
ticle aggregation [8], It is obvious that adsorption 
of protein to small elementary particles would 
contribute to the loss of activity to species em
bedded without the access to the surface, as a 
result of aggregate formation. Since adsorption of 
proteins to most surfaces, including silica, in
creases with the increase of protein molecule 
hydrophobicity [9-11], acetylated and, generally, 
acylated proteins absorb at interfaces much faster 
and to a larger extent than native proteins [12-15]. 
Thus, at 5 < pH < 7, relatively hydrophobic acety
lated trypsin tends to become embedded more 
than the native trypsin. One may formulate the 
following ‘rule of thumb’: an efficient sol-gel 
immobilization of enzyme is expected at pH val
ues above 8 and above the pl value of the 
enzyme.

5. Conclusion

Transparent xerogels containing various en
zymes were obtained by mixing a solution of an 
enzyme with tetra-methoxy orthosilicate (TMOS) 
at room temperature followed by gelation and 
drying. Various procedures for this entrapment 
were developed. Recovery of enzyme activity de
pended upon gelation mechanism and on protein 
molecule charge. A feasibility of an optical en
zyme sensor based on sol-gel immobilized en
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zymes was demonstrated. A worldwide patent 
application by the Yissum R&D Co of the He
brew University is pending.

This work is supported by the Harry Kay 
(Minneapolis) Foundation for Applied Research 
of the Hebrew University.
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The aerogel method, consisting of preparation of solid catalysts by sol-gel processes of organometallic precursors and 
drying the wet gel under hypercritical conditions, is a particularly interesting way to obtain highly divided materials for 
catalytic applications. Special attention is given to PbO-ZrO2 and PbO-Al2O3 aerogel catalysts. Ordinary dried gels, i.e., 
the xerogels, are also interesting solids for catalysis. In this case, inorganic precursors can be utilized in the sol-gel stage and 
the resulting catalysts are compared to the characteristics exhibited by the corresponding aerogels in the case of alumina. 
XRD, BET and porosimetry analysis are used to determine their textural properties. The conversion of olefins into nitriles 
by NO (nitroxidation) in the presence of two PbO-based aerogel catalysts and the methylation of phenol with methanol on 
an amorphous, microporous alumina xerogel and on an alumina aerogel are examined.

1. Introduction

Heterogeneous catalytic reactions require solid 
catalysts exhibiting large specific surface areas in 
order to develop high specific activities. Highly 
divided materials are more easily obtained 
through nanoscale chemistry with the help of the 
sol-gel method [1,2], Beside conventional dried 
gels (xerogels), a new type of gels dried under 
supercritical conditions provides solids showing 
very good textural properties (large specific sur
faces and porosities, and low apparent densities); 
these gels are called aerogels [2].

This paper describes two amorphous, large 
surface area types of catalysts prepared in a non
aqueous medium. An amorphous, porous alu
mina xerogel synthesized from an inorganic pre
cursor and an amorphous and porous alumina 
prepared with an organic precursor and a com
posite binary aerogel consisting of a poor crystal
lized active phase (PbO) dispersed in an amor
phous, porous matrix (A12O3) or a badly crystal
lized zirconia (ZrO2) matrix were examined.

2. Amorphous and porous aluminas

The alumina xerogel was prepared by precipi
tating aluminum hydroxide by slowly reacting 
A1(NO3)3,6H2O dissolved in anhydrous methanol 
with gaseous ammonia according to the method 
described by Tournier et al. [3].

Equation (1) represents the formation of this 
alumina xerogel:

2[A1(NO3)3,9H2O] + 6NH3
CH,OH

2A1(OH)3 + 6NH4NO3 + 12H2O. (1)

The alcogel was then dried after washing with 
hot methanol in a soxhlet unit at ambient temper
ature under reduced pressure and stored in a 
dessicator. The xerogel structural and textural 
properties are given in table 1.

The alumina aerogel sample was made of a 
solution of Al-sec-butylate in sec-butanol (12 
wt%) hydrolyzed by stoichiometric water accord
ing to eq. (2) as described in refs. [2,4]. The 
alcogel was dried in an autoclave under supercrit-

0022-3093/92/S05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Table 1
Textural and structural properties of the alumina gels after 
calcination in air at 400°C

Alumina 
gel type

BET surface
(m2/g)

XRD 
pattern

Type of N2 physical 
adsorption isotherm 
at 77 K

Xerogel 475 amorphous I
Aerogel 405 amorphous II

Table 2
Textural and structural properties of the binary aerogel cata
lysts after calcination in air at 440°C

Sample of 
aerogel 
catalyst

BET surface
area
(m2/g)

XRD pattern

PbO-Al2O3 142 PbO137 and Pb3O4 a) b)
PbO-ZrO2 267 PbO2, ZrO2 a)

a) The XRD lines are large, indicating small cristallites.
b) No alumina rays detected.

ical conditions corresponding to the alcohol (Tc = 
261°C, Pc = 41.4 atm):
(CH3—CH2—CH—CH3)3A1 + 3H2O

o
------> A1(OH)3 + 3CH3CH2—choh—ch3.

(2)

In alumina synthesis with the alkoxide precur
sor, no washing was necessary prior drying. The 
physicochemical properties of the aerogel are 
given in table 1.

The alumina xerogel exhibits a monomodal 
pore radii distribution centered at a value of 1.4 
nm [3], while the aerogel sample is essentially 
macroporous as shown by mercury porosimetry 
measurements [2,4].

3. Lead oxide supported by alumina or zirconia 
aerogel catalysts

Two binary mixed oxides were prepared in an 
alcoholic medium with organic precursors zirco
nium isopropylate, aluminium sec-butylate and 
lead acetate [2],

A PbO-Al2O3 catalyst with a Pb/Al atomic 
ratio of 0.5 was made by co-hydrolysis of a solu
tion of Al-sec-butylate (10 wt%) in sec-butanol 
and mixed with another methanolic solution con
taining lead acetate (20 wt%) and the required 
amount of water to fulfill eqs. (2) and (3):
Pb(CH3COO)2 + 2H2O

CH3OH
—2CH3COOH + Pb(OH)2. (3)

When adding water as a reactant, the water of 
hydration of the lead acetate was taken into 

account. The mixed alcogel was dried under su
percritical conditions with respect to sec-butanol.

The PbO-ZrO2 aerogel catalyst with a Pb/Zr 
atomic ratio of 0.5 was made of a solution of 
zirconium isopropylate dissolved in isopropanol 
which was mixed with a solution of lead acetate 
and water. The zirconium isopropylate was hydro
lyzed, according to eq. (4), together with the 
Al-sec-butylate (eq. (2)):
Zr(CH3—CH—CH3)4 + 4H2O

O
isopropanol

4CH3CHOH — CH3 + Zr(OH)4
(4)

The mixed alcogel was dried in an autoclave 
under supercritical conditions with respect to 
methanol (Tc = 242°C, Pc = 78.5 atm). Table 2 
gives the structural and textural properties for 
both aerogel catalysts.

4. Catalytic applications

All results given in this section derive from 
reactions carried out in a pyrex microreactor un-

Table 3
Catalytic performances of PbO-ZrO2 and PbO-Al2O3 aero
gel catalysts for the nitroxidation of propylene at 440°C

Catalyst Rate of C3H3N 
formation in 
(mol/g s 
X10-6)

Rate of C3H3N 
formation in 
(mol/m2 s 
X10~8)

Selectivity 
in C3H3N 
(%)'

PbO-ZrCD 8.7 3.3 84
PbO-Al203 2.6 1.83 88
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der flowing conditions, at a total pressure of 1 
atm. Activities were measured in the chemical 
regime at steady state for low conversions. Reac
tion partners were detected by gas chromatogra
phy on line with flame ionization and conductivity 
detectors.

Table 3 shows the catalytic performances of 
the PbO-Al2O3 and ZrO2-aerogels towards the 
nitroxidation of propylene into acrylonitrile 
(C3H3N) at 440°C according to

CH3-CH=CH2 + |NO

-> CH2=CH-CN + |H2O + |N2. (5)

The feed was C3H6/NO = 9 and completed by 
He. The main products were: acrylonitrile, ace
tonitrile and CO2 (H2O was not analyzed [5,6], 
Pure aerogel supports A12O3 and ZrO2 were 
totally inactive in the above experimental condi
tions.

Pure and very well crystallized PbO gel (xero
gel ex-nitrate) was at least ten times less active 
(initial rate of 0.2 mol/g sX 10-6) and deacti
vated quite rapidly [5,6]. Initial activity per m2 
was higher than that of the aerogel catalysts (0.2 
mol/m2 s X 10_6) by the same factor. Thus the 
supports improve stability as well as increase the 
specific rates. Both results may be due to the 
interaction between a poorly organized active 
PbO phase dispersed in an amorphous or badly 
crystallized support, which can favor increased 
reactivity between the two phases of the compos
ite aerogel catalyst: active phase + support (solid 
state chemical reactivity).

The two samples of pure alumina were evalu
ated in the reaction of phenol methylation which 
gives orthocresol (aromatic C alkylation) and

Table 5
Apparent activation energies, Ea (kcal/mol), for the alumina 
xero- and aerogel for reaction products

Anisole Orthocresol Dimethylether

Xerogela) 25 40 10
Aerogel b) 26 44 13

a) Temperature range: 235-274°C.
b) Temperature range: 200-225°C.

anisole (oxygen alkylation) as described by eqs.
(6) and (7), respectively:

OH OH

(6)

The main products obtained with both types of 
aluminas were dimethylether, anisole and or
thocresol (water not analyzed). Selectivities into 
aromatic oxygenate compounds were calculated 
with respect to phenol and are given in table 4 
which collects all the catalytic data recorded with 
a mixture of 20 Torr of methanol and 20 Torr of 
phenol completed by N2. In table 4, the data 
cited correspond to the best results registered. 
The phenol conversions were of the order of 
1.5% for both catalysts, while those of methanol 
were of 6.32% and 2.6% for the aerogel and the 
xerogel respectively.

The activation energies were measured to
wards the formation of anisole, orthocresol and 

Table 4
Catalytic properties of the two alumina samples for the methylation of phenol by methanol

Pure alumina 
catalyst

Rate of anisole 
formation 
(mol/g sX 10_6)

Rate of orthocresol 
formation 
(mol/g sX10-6)

S in anisole
(%)

S in orthocresol
(%)

Xerogela) 0.749 0.489 61 39
Aerogelb) 0.784 0.447 64 36

a) Reaction temperature: 250°C.
b) Reaction temperature: 200°C.
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dimethylether and are shown in table 5 for both 
aluminas.

From table 4 it can be seen that the aerogel 
alumina is more active than the xerogel sample, 
both aluminas exhibiting the same selectivities. A 
comparison can be made with an Alcoa alumina 
(210 m2/g) from the work of Pierantozzi and 
Nordquist [7], For the same phenol to methanol 
ratio but at about 300°C, the rate of the anisole 
formation was 0.194 mol/g sX10-6 compared 
with those given in table 4 for lower reaction 
temperatures, while the selectivities into anisole 
and orthocresol were the same for the crystallized 
and amorphous alumina.

The selectivity ratios anisole/orthocresol of 
the two alumina samples (table 4) are very close 
to the inverse of the same ratios of the activation 
energies (table 5), i.e., Ea (anisole)/Ea (ortho
cresol). Santacesaria et al. [8] found the same 
type of result with a 7-alumina catalyst.

5. Conclusions

Non-crystalline or poorly crystallized solid cat
alysts in the form of gels develop catalytic proper

ties directly in relation to either their state of 
division as measured by their surface areas and or 
to their degree of crystallinity as evaluated by 
XRD. New chemical reactivity at the solid state 
can build up between amorphous and or poorly 
crystallized phases at low temperatures in order 
to give new active and stable catalytic com
pounds.
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Bimetallic Pt-Sn/Al2O3 catalysts were prepared by the sol-gel method by adding Sn(But)4 to a homogeneous solution 
containing aluminum tri-sec-butoxide at pH = 9. After gelation, the solids were dried and impregnated with hexachloropla- 
tinic acid solution. The resulting catalysts were highly dispersed (90%) and selective to gasoline yields when tested in 
n-heptane dehydrocyclization.

1. Introduction

A continued demand for new catalysts with 
improved performances, i.e., high metallic disper
sion, high selectivity as well as resistance to sin- 
terization or coke deactivation, has had adequate 
response in the synthesis of new catalysts through 
the sol-gel method, which is addition of the 
active phase (metallic precursor) to a homoge
neous system that contains a metallic alkoxide 
(tetraethoxysilane, titanium(IV) ethoxide, etc.). 
Catalysts Pt/SiO2 [1,2] and Pd/SiO2 [2] pre
pared by the sol-gel method have been found to 
be highly dispersed 90% and selective in hydro
genation of acetylenics. Moreover, in Ru/SiO2 
catalysts, a high resistivity to coke deposition has 
been reported [3], The peculiar behavior of these 
catalysts was interpreted as a consequence of the 
interaction between the metallic precursor and 
the alkoxide during gelation. The formation of 
complexes of the SiO-PtClxOHv type or the 
SiO2-PdClrOHv type in fresh gel have been 
characterized by UV-VIS and FTIR spec
troscopy [4].

The foregoing studies show that important ef
fects can be induced in the metallic phase if the 
precursor is added to the gel. The systems stud
ied contemplate monometallic supported systems. 

It is well known, however, that supported cata
lysts that contain two or more metallic elements 
have a wide industrial application in oil-refining 
processes. To this group belongs the Pt-Sn- 
A12O3 system. Extensive information available, 
indicates that in obtaining Pt-Sn/Al2O3, with 
high performance in the reforming of naphtas, 
two factors must be borne in mind: (I) to avoid 
the formation of Pt^-Sn^ alloys [5], and (2) to 
promote the formation of Sn11 [6] or, more impor
tant, of ‘tin-aluminate’ compounds [7].

We deemed it interesting to promote, in Pt- 
Sn/Al2O3 catalysts, a maximum Sn-Al2O3 inter
action. With this aim, in the present work we 
present the results obtained in the reaction of 
n-heptane dehydrocyclization, in catalysts that 
were prepared by the addition of the tetrabutyltin 
during gelation of the aluminum tri-sec-butoxide.

2. Experimental

Catalysts were prepared by addings to a homo
geneous solution of aluminum tri-sec-butoxide 
(Aldrich 99%), a n-butanol (Merck-Uvasol) am
monium hydroxide (Baker 30 vol.% NH3) to pH 
= 9. The solution was refluxed and a water solu
tion of tetrabutyltin slowly added to it. Concen

0022-3093/92/S05.00 © 1992 Elsevier Science Publishers B.V All rights reserved
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trations of alkoxide and tin were calculated to 
obtain yields of 90% alumina at 0.3 wt% tin. 
After 5 h, in reflux, the solid was dried at 70°C 
during 12 h and then calcined at 300°C in air. 
The resulting colorless solid was impregnated un
der agitation with aliquots of a solution contain
ing H2PtCl6 • 6 H2O, to obtain catalysts at 0.3, 
0.5 and 1.0 wt% of Pt. The excess of water of the 
resulting slurry was evaporated and then calcined 
at 500°C in air during 3 h. The reduction of 
calcined samples was made in hydrogen flow at 
500°C for 3 h. These catalysts were labeled Sn- 
Pt-0.0, where the number indicates the tin and 
platinum concentration.

In addition to the preparation of the sol-gel 
catalysts, monometallic and bimetallic reference 
catalysts were prepared by impregnation of a 
commercial Rhone Poulenc alumina, SCS 250 
(BET 250 m2/g). In the case of the monometallic 
catalyst, the alumina support was impregnated 
under agitation with a solution of chloroplatinic 
acid. The solid was kept under agitation at 25°C 
during 3 h and excess water was evaporated. 
Catalysts were dried at 110°C and calcined at 
500°C for 3 h. The sample was reduced at the 
same temperature in hydrogen flow for 3 h. This 
catalyst was labeled Pt-I-0.3.

To prepare impregnated bimetallic catalysts, 
the alumina was impregnated with tetrabutyltin. 
It was dried in air and calcined at 300°C for 12 h. 
It was then impregnated with an aqueous solution 
of H2PtCl6 • 6 H,O, continuously stirred at 70°C 
until dried. It was then heated at 110°C for 12 h. 
The metal contents were 0.3 wt% tin and plat
inum. The calcination and reduction were made 
as in the previous case. This catalyst was labeled 
Sn-Pt-I-0.3, 0.3.

The reduced samples were placed in an auto
matic Sorptometer Micromeritics Acusorb and 
reactivated at 300°C in vacuo (10 “5 Torr) for 3 h. 
The BET specific areas were calculated from the 
adsorption isotherms using nitrogen as adsorbent.

The metallic dispersion of platinum was ob
tained by gravimetry in a Cahn electrobalance. 
The hydrogen-oxygen titration method and CO 
chemisorption were used to calculate the number 
of active sites. Hydrogen and oxygen were ad
sorbed at room temperature under pressures of

10 and 100 Torr, respectively. For CO, the pres
sure was 100 Torr.

The X-ray diffraction measurements were pef- 
formed with a Siemens D 500 X-ray diffractome
ter using CuKa radiation selected with a nickel 
filter. The (111) platinum reflexion was measured 
introducing an internal standard (corundum) to 
obtain the cell parameter.

The activity in n-heptane conversion was mea
sured at 475°C under atmospheric pressure in a 
flow microreactor at low conversion < 20%. The 
partial pressure of n-heptane (Merck Uvasol) was
11 Torr and that of hydrogen 759 Torr. The 
analysis of the reaction products was made by gas 
chromatography in a Perkin-Elmer gas chro
matograph coupled to the reaction system by a 
six-way valve sample. Some deactivation was no
ticed as a function of time and the deactivation 
constant was calculated using the second-order 
deactivation law previously described [8],

3. Results

The specific surface areas of Pt-Sn/Al2O3 
are reported in table 1. Results show that solids 
present specific surfaces areas in the range of 250 
to 280 m2/g. The BET areas of the sol-gel 
catalysts reported in table 1 show that the loading 
of tin in the gelation medium has no area con
traction effects. A commercial alumina sample 
was-chosen as a reference having a surface area 
similar to the one of sol-gel preparations. Mono 
and bimetallic catalysts were synthesized and the 
surface area was 230 mg2/g. The dispersion val
ues and the size of metallic particles were calcu-

Table 1
Characterization of Pt-Sn/Al2O3 catalysts prepared by the 
sol-gel method

Catalysts BET area
(m2/g)

Dispersion
(%)

Particle 
size (A)

Sn-Pt-0.3, 0.3 264 90 10
Sn-Pt-0.3, 0.5 277 88 10
Sn-Pt-0.3,1.0 231 50 20
Sn-Pt-I-0.3, 0.3 230 50 20
Pt-I-0.3 230 63 16
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Fig. 1. The (111) platinum diffraction peak in Pt-Sn sol-gel 
catalysts compared with a-Al2O3 peak.

lated from the values obtained by chemisorption. 
The H2-O2 titration method can be employed to 
determine the selective titration of platinum [9], 
It is assumed that, at low pressures, tin does not 
chemisorb hydrogen or oxygen. The dispersion 
values obtained with this method are reported in 
table 1. The validity of the titration method is 
supported by the results obtained from CO 
chemisorption, which only varies 5%. An estima
tion of the platinum particle size is also given.

The values of particle size reported in table 1 
show that catalysts prepared by the sol-gel 
method have better metallic dispersions than 
those prepared by impregnation. The high-disper- 
sion values of sol-gel catalysts show that in these 
solids particles < 10 A can be obtained.

Figure 1 shows the platinum (111) peak posi
tion compared with the a-Al2O3 (internal stan
dard). The position of the Pt peak is not shifted; 
hence in both catalysts, the estimated cell param
eter was a0 = 3.914 A. If this value is compared 
with the valuejeported in the JCPDS 4-0802 card 
(a0 = 3.9231 A), the difference is 0.009 A, i.e.,

Table 2
Activity and self-deactivation constant, kd, for the Pt- 
Sn/Al 2O3 sol-gel catalysts in the n-heptane dehydrocycliza
tion

Catalysts Rate
(106 mol/gs)

Activity by site 
(102 mol/sites) (1010)

Sn-Pt-0.3, 0.3 3.4 26 2.4
Sn-Pt-0.3, 0.5 3.6 15 2.0
Sn-Pt-0.3,1.0 5.5 21 25.0
Sn-Pt-I-0.3, 0.3 0.6 7 2.0
Pt-I-0.3 2.9 29 16.0

0.9%. This difference is not significant and the 
measured crystallites are crystalline platinum.

The activity per site (molecules transformed/ 
site s) for the various catalysts is reported in table
2. The results show that activity is not noticeably 
affected by the platinum content in sol-gel cata
lysts. The activity of sol-gel catalysts is higher 
than the corresponding impregnated catalysts.

The values of selectivity (moles of product/ 
moles of total products) in table 3, indicate that 
in sol-gel catalysts the selectivity pattern is prac
tically the same and is independent of the metal
lic content. However, if these values are com
pared with the results obtained for the impreg
nated mono- and bimetallic catalysts, the follow
ing points emerge. Less benzene formation is 
obtained in sol-gel catalysts. This low benzene 
formation is important, since it will be compul
sory by (US) law that gasolines have a maximum 
content of 1% in the near future [10].

Effects in selectivity are important; however, 
the effect of a second metal or those of the

Table 3
Selectivity values for the Pt-Sn/Al2O3 sol-gel catalysts in 
the n-heptane dehydrocyclization

Catalysts Selectivity (mol%)

C,-C4 C5-C7 aromatics benzene

Sn-Pt-0.3, 0.3 7.6 14.7 77.7 (6.0)
Sn-Pt-0.3, 0.5 11.8 23.1 65.1 (5.5)
Sn-Pt-0.3, 1.0 9.1 14.2 76.7 (6.7)
Sn-Pt-I-0.3, 0.3 10.5 24.3 65.2 (13.1)
Pt-I-0.3 13.3 8.3 78.4 (10.3)
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Fig. 2. Self-deactivation of Pt-Sn/Al2O3 catalysts at 475°C in 
n-heptane dehydrocyclization.

support are frequently clearer in side reactions, 
i.e., deactivation.

The values of deactivation constant in table 2 
show that deactivation increases with the metallic 
content of the sol-gel catalysts (fig. 2). The self
deactivation constant is up to ten times higher in 
sol-gel catalysts at 1 wt% Pt.

4. Discussion

The addition of tin to the gel during gelation 
of the alumina is a method that permits the 
separation of effects due to the support from 
those of the metal particles. During synthesis of 
the sol-gel catalysts, a minimum textural effect 
was obtained. The surface areas of catalysts con
taining tin are similar to commercial aluminas.

The absence of textural effects induced by the 
tin suggests that this metal acts on the metallic 
phase, i.e., electronic modifications or formation 
of alloys. Nevertheless, the X-ray diffraction and 
the results of catalytic activity point to the oppo
site! Activity value per site (table 2) is constant in 
the dehydricyclization of n-heptane. The intrinsic 
activity of platinum is not substantially modified 
by tin.

Although the effects of tin on the catalytic 
activity are not discernible, the importance of 

preparing bimetallic catalysts by the sol-gel 
method are evident in self-deactivation side reac
tion. The analysis of deactivation constant values 
reported in table 2, shows that deactivation is 
determined by the Pt/Sn ratio.

In order to properly understand this result, it 
is necessary to bear in mind the particle size 
value for each catalyst. Deactivation is a phe
nomenon sensitive to metal particle size [8]. For 
similar particle sizes, the constants reported are 
of the same order for both monometallic and 
bimetallic catalysts. The particle size effect ex
plains the resistance to deactivation observed in 
sol-gel catalysts, but unfortunately, it does not 
explain the changes in the selectivity pattern. The 
decrease of the hydrodesintegration suggests 
modifications in the support, i.e. creation of sites 
that did not exist in the monometallic impreg
nated catalyst. The effect of the tin on selectivity 
must therefore lie in the formation of Sn-Al sites 
in the support. The nature of these sites, as yet 
unknown, may be of the type proposed by Srini
vasan and co-workers [11,12], who suggest the 
formation of tin aluminates on which the plat
inum particle is supported. The number of Sn-Al 
sites obviously depends on the preparation 
method.

5. Conclusions

Results show that preparation of Pt-Sn/Al2O3 
catalysts by the sol-gel method is promising. The 
Pt-Sn/Al2O3 sol-gel catalysts show improved 
performance with dispersion up to 90%, high 
selectivity to gasolines in n-heptane dehydrocy
clization, very low benzene formation, as well as 
high resistance against deactivation by coke depo
sition.

The financial support given by CONACYT is 
gratefully acknowledged.
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Platinum and palladium silica supported catalysts were prepared by the sol-gel method using as metallic precursors the 
square planar complexes t[MCl2(NH3)2] with M = Pt or Pd. The catalysts were synthesized at pH = 3 and 9. If the 
preparation occurs in acid medium, the resulting solids show uniform microporous structure with BET areas > 500 m2/g. 
However, if the experiment is made in a basic medium, the resulting solids show non-homogeneous pore size distribution 
and BET areas < 100 m2/g.

1. Introduction

The sol-gel process has had a great success in 
the preparation of catalytic materials, because 
the physical and chemical properties can be con
trolled during the hydrolysis reaction. The incor
poration of active metals (Pt, Pd) in the sol dur
ing the gelation allows the metal to have a direct 
interaction with silica.

Carturan and co-workers [1-3] have studied Pt 
and Pd catalysts supported on vitreous materials, 
obtaining high metal dispersions, metal particle o
sizes < 30 A. These catalysts in the phenylacety
lene hydrogenation reaction show high activity 
and selectivity to styrene formation. Lopez and 
co-workers [4-8], using different metallic precur
sors (PdCl2, H2PtCl6 • 6H2O, RuC13 • 3H2O) in 
the preparation of sol-gel catalysts, found that a 
fraction of the metal content is incorporated into 
the support network, and the remaining fraction 
is strongly anchored on the surface through the 
OH groups of the support. The textural, struc
tural and catalytic properties of the sol-gel cata
lysts strongly depend upon the interactions pro
duced during the gelation between the gel and 
the metallic precursor [7]. The present work ex
amines the interactions in a new type of catalysts, 
synthesized from the square planar complexes 

t[M(NH3)2Cl] where M = Pt or Pd and the te
traethoxysilane in the post-gelation step.

2. Experimental

Pd-0.5OH" catalyst was prepared by refluxing 
0.099 g of [Pd(NH3)2Cl2] (ICN K&K Inc., 99.9%) 
at 76°C with 24 ml H2O, 2 ml NH4OH (Baker, 
33.0%) (pH = 9) and 48 ml ethanol (Baker, 99.9%) 
for 10 min with constant stirring; 37.18 ml of 
tetraethoxysilane (TEOS) was added to the solu
tion driping for 4 h. Reflux continued until gela
tion. The final metal concentration was 0.5%. 
Catalysts Pd-1.0OH_ and Pd-2.0OH~ are pre
pared in a similar way increasing only the metal 
concentration in the reaction.

Pd-0.5H+ catalyst was prepared by refluxing 
0.099 g of t[Pd(NH3)2Cl2] (ICN K&K Inc., 
99.9%) at 76°C with 24 ml H2O, 2 ml HC1 (Baker, 
36.5%) (pH = 3) and 48 ml ethanol (Baker, 99.9%) 
37.18 ml of tetraethoxysilane (Alfa Products, 99%) 
was added to the solution driping for 4 h. Reflux 
continued until gelation. The palladium content 
in the final solid is 0.5%. Catalysts Pd-1.0H + 
and Pd-2.0H+ were prepared in a similar way, 
increasing the metal concentration to obtain 1% 
and 2% of palladium, respectively

0022-3093/92/505.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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Pt-0.5OH_ catalyst was prepared using the 
same procedure of Pd catalysts (pH9), but using 
the metallic precursor t[Pt(NH3)2Cl2] (ICN K&K 
Inc., 99.9%). The following metallic quantities 
were used for these catalysts: Pt-0.5OH_ (0.0768 
g of complex); Pt-l.OOH- (0.153 g) and for Pt- 
2.0OH" (0.307 g).

Pt-0.5H+ catalyst was prepared in the same 
way as the Pd catalysts synthesized at pH = 3, 
using the necessary quantity of the trans Pt com
plex to obtain 0.5%, 1% (Pt-1.0H+) and 2% 
(Pt-2.0H+) of metallic concentration in the final 
solid.

The resulting gels were dried at 70°C for 15 h 
and then thermally treated at 450°C for 4| h. The 
solid catalysts were characterized by FTIR spec
troscopy with a 170-SX Nicolet equipment, using 
transparent pellets of unmixed catalysts. The 
UV-Vis (diffuse reflectance) spectra were ob
tained using a Cary 17 D Varian spectrophotome
ter; self-supporting pellets were prepared to ob
tain the spectra. The BET areas were measured 
in a Micromeritics ASAP 2000.

3. Results

3.1. Pd/SiO2 catalysts

During the gelation at pH = 3 the color goes 
from yellow (initial solution), to violet-blue at the 
gel point. During the drying and calcination it 
changes to brown. Under basic pH, the initial 
solution is yellow-orange, which turns to a 
green-grey at the gel point and to a light brown 
after calcination.

The infrared (IR) spectra of Pd vibrations are 
assigned as follows: 3465 cm 1 to OH stretching, 
3453 cm1 to silanol terminal groups and 3294 
cm-1 to OH stretching of water and ethanol. 
The silica bands (1080 cm-1 stretching O-Si-O; 
950 cm-1 stretching Si-OH; 801 cm 1 flexion 
-O-Si-O_ and 463 cm ’1 flexion Si-O_) are 
lightly shifted when the palladium is present. An 
important region to discuss is the one of 800-350 
cm-1 (fig. 1). The IR spectra of Pd/SiO2 show a 
band at 496 cm-1 characteristic of stretching 
vibration Pd-N and another one at 350 cm-1 due 
to the Pd-Cl stretching frequency. In the samples

WAVENUMBER (cm")

Fig. 1. FTIR spectra of Pd/SiO2 catalysts calcined at 450°C.

synthesized in basic medium, two small shoulders 
at 780 and 750 cm-1 appear, due to the NH3 
rocking vibration [9],

Fig. 2. UV-Vis (diffuse reflectance) spectra of Pd/SiO2 cata
lysts calcined at 450°C; (a) Pd-0.5H+,. (b) Pd-0.5OH” 
(c) Pd-1.0H+, (d) Pd-l.OOH“, (e) Pd-2.0H+ and (f) Pd- 

2.0OH“.
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In all calcined Pd/SiO2 samples, an intense 
band at 260 nm (fig. 2) and another of lower 
intensity at 320 nm were observed. They are due 
to the charge transfer transitions (CT) between 
the metal and the ligands [10]: Pd -> OHsupport 
[tt(OH)-> t2 Pd], Pd —> Cl[ir(eu) —> blg] and Pd 
-> NH3[ir(NH3)-»t2g Pd].

When the samples have not received thermal 
treatment the band at 260 nm is not observed and 
the other one appears at 310 nm.

In the visible region, several low-intensity 
bands are observed assigned to the d-d transi
tions of a square planar complex with symmetry 
D4h: 580 nm [xAlg-> 3Blg]; 500 nm pAj -» 
tt(OH)]. 460 nm ['Alg-^ JA2g] and 420 nm [ A.lg 
—> 3Eg], At 600 and 710 nm, two low-intensity 
bands appear; due to the interactions between 
the metal and the OH of the support [t2g(Pd) -> 
tt(OH)], which cause a distortion in the D4h 
symmetry of the complex.

Table 1 shows that an acid medium produces a 
narrow microporous structure (maximum at 15 A) 
and a surface area up to 550 m2/g, but a basic 
medium generates a broad pore size distribution 
(up to 400 A) and a low surface area.

3.2. Pt/SiO2 catalysts

The gels obtained are yellow powders due to 
the presence of the Pt, and they turn to a grey 

color if they are calcined (0.5% Pt) and black 
(2.0% Pt) because of the metal oxidation.

All the FTIR spectra present a wide band at 
3429 cm-1, which has two small shoulders at 3630 
and 3300 cm-1, all being due to the stretching 
vibrations of ethanol, water and silanol groups. 
The silica bands are observed in the same posi
tions as those found in Pd/SiO2 catalysts. At 495 
cm-1, the Pt-NH3 stretching vibration is ob
served. At 377 and 363 cm-1, two characteristics 
bands of the Pt-Cl stretching vibration are ob
served which are more intense in the catalysts 
prepared with HC1. At 385 cm ', a flexion vibra
tion band due to the Pt-O bond (fig. 3) and a 
wide shoulder at 375 cm 1 assigned to the Pt-OH 
flexion vibration [11] are observed. This indicates 
the interaction that exists between the metal with 
the support through the OH groups.

In all the spectra, a small band of charge 
transfer transition (CT) between 220 and 230 nm 
is observed, due to the metal-ligand electronic 
transition [4^1 tt) 2eg (z2,x2-y2)]. At 310 
nm, an intense band appears, assigned to CT 
transition [1A1 g-> 'A2g] from the amino ligands 
to Pt. Besides, in the acid catalyst a band around 
330 nm appears due to CT Pt OH electronic 
transition [eg(Pt) -> tt(OH)]. This band increases 
in intensity when the metal content is increased. 
Meanwhile, in the catalyst prepared at pH = 9, a 
band at 270 nm appears, which corresponds to

Table 1
BET areas of Pt/SiO2 and Pd/SiO2 catalysts (calcined at 45°C for 4| h)

Catalyst BET area
(m2/g)

Catalyst BET area
(m2/g)

[M]

Pd-0.5H + 457 Pt-0.5H + 489 0.5
Pd-1.0H + 537 Pt-1.0H + 589 1.0
Pd-2.0H + 395 Pt-2.0H + 622 2.0
Pd-0.5OH_ 188 Pt-0.5OH“ 48 0.5
Pd-I.OOII - Pt-I.OOH 14 1.0
Pd-2.0OII 16 Pt-2.0OH 63 2.0

Pd/SiOo (pH9) 889 Pt/SiO2 (pH9) 614 0.1(ref. [12]) (ref. [7])
Pd/SiO2 (pH9)
(ref. [12]) 634 Pt/SiO2 (pH9)

(ref. [7]) 1134 0.5

SiO , (pH9) 333 SiO2 (pH3) 580 -
This work This work
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2.0% ( 7o°C

1.0% (70’0

20% (450’0

1.0% (450®C)

0.5% (450*C>

Fig. 3. FTIR spectra of Pt/SiO2 catalysts: (a) Pt-0.5H + 
(450°C), (b) Pt-1.0H + (450°C), (c) Pt-2.0H+ (450°C), 

(d)Pt-1.0H+ (70°C) and (e) Pt-2.0H+ (70°C).

its ligands during the gelation reaction and the 
solution changes its color:
Acid medium

t[MCl2(NH3)2] + HC1-» [MC13(NH3)] 
H.C1 r. <■/—q 12—------> [MC14] ;

Basic medium

t[MCI2(NH3)2] + NH4OH -> [MC1(NÉ3)3]
nh4oh 
------- >

M = Pt or Pd.
The square planar symmetry (D4h) is not al

tered during the process, it only suffers an impor
tant distortion when the metal interacts with the
support.

Fourier transformation infrared (FTIR) spec
troscopy shows that the sol-gel silica is highly 
hydroxylated and the silanol terminal groups are 
found in high-energy regions and tend to be very 
reactive. Besides, typical bands of M-Cl, M-NH3 
and M-O are observed; therefore, the metal does 
not lose either the Cl ligand or the amino ligand, 
but incorporates in its coordination sphere oxy
gen from the support:

pAjg xEg], which is a Cl -> Pt charge transfer 
transition.

In the visible region around the 412-420 nm, 
the d-d characteristic transition [1Alg->3Eg] of 
the complex t[Pt(NH3)2Cl2] is observed. At 710 
nm, a very intense band is seen in the Pd and Pt 
catalysts.

In catalysts prepared at pH = 3 (table 1), the 
surface areas are high (480-600 m2/g). These 
catalysts have a uniform microporous structure. 
Instead, the BET areas of catalysts prepared at 
pH = 9 fall to values < 50 m2/g and these cata
lysts have a macroporous structure.

4. Discussion

The results show that the complexes 
t[PdCl2(NH3)2] and t[PtCl2(NH3)2] interact with 
the silica gel when they are prepared by the 
sol-gel method. First, the metal tends to change

2 = Si-OH + [M(C1)x(NH3)v]

[SiO2]-O-[MClx(NH3)y(OH)z]

The [MClr(NH3)y(SiO)_] species can be 
formed. The nucleophiles (= Si-O_, pH = 9) or 
the electrophiles ( = Si-O+-2H, pH = 3) are then 
incorporated into the metal coordination sphere. 
In table 1, two important effects are shown: (i) an 
effect of the complex symmetry, (ii) an effect of 
the gelation medium acidity.

The BET areas are higher when the catalysts 
are prepared at pH = 9 with an octahedral com
plex (H2PtCl2) [7] or with a planar salt (PdCl2) 
[12]. However, when the catalysts are synthesized 
with square planar complexes at pH = 3, the acid
ity varies the gelation mechanism, the areas are 
high and the catalysts have uniform microporous 
structure. In basic medium the areas are smaller 
and the pore diameters are not homogeneous 
(macroporous and microporous).

The bands observed by UV-Vis spectroscopy 
in the catalysts show that the metal does not lose 
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its symmetry D4h. The bands shift to lower en
ergy regions because the symmetry is distorted by 
the silanol groups incorporated to the coordina
tion sphere of the metal.

Two important bands that do not belong to the 
trans complexes can be observed at 260 nm (very 
intense in Pd catalysts) and another at 710 nm. 
Both are assigned to an electronic transition be
tween the metal and the OH of the support.

5. Conclusions

(1) The pH of gelation reaction is important 
because both (pH = 9 and pH = 3) tend to inter
change the ligands of the precursor complex dur
ing the gelation.

(2) The symmetry of the complex has a strong 
effect upon the specific surface areas and pore 
size distribution.

(3) A metal support interaction exists, and 
originates an important distortion in the square 
planar symmetry of the metallic precursor.

The authors are indebted to CONACYT and 
PROIDES-SEP for financial support.
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Preparation of rhodium catalysts dispersed on TiO2-SiO2 aerogels
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TiO2 -SiO2 aerogels have been used as supports to disperse rhodium. Three different ways have been followed for the 
preparations: (a) a classic TiO2-SiO2 aerogel, obtained from a mixture of alkoxides and water dissolved in ethanol, was 
impregnated with a rhodium nitrate solution; (b) a TiO2 -SiO2 sonogel, obtained by hydrolysis of alkoxides in the absence of 
alcohol, under the action of ultrasound, was impregnated with a rhodium nitrate solution; and (c) a mixture of alkoxides and 
water, including rhodium nitrate in the reaction vessel, was exposed to the action of ultrasound, thus leading to a ternary 
Rh-TiO2-SiO2 sonogel. The behaviour of these three catalysts has been compared with that of a Rh/TiCE-SiCE system 
(d), obtained by conventional impregnation methods, starting from a commercial silica support. The samples prepared by 
impregnation of aerogels (a,b) present high levels of rhodium dispersion and show an increase of the catalytic activities in 
parallel with the pretreatment temperature in flow of hydrogen. On the contrary, the sample prepared including rhodium 
before gelling (c) presents a poor metallic dispersion, is not active for benzene hydrogenation, and has the capability of 
uptaking large amounts of hydrogen at ambient temperature. Both patterns of behaviour are greatly different from that 
characteristic of conventional Rh/TiO2-SiO2 catalyst (d).

1. Introduction

Sol-gel methods have been used by different 
authors working on catalyst preparation [1], The 
advantages of these methods have been already 
described in the literature [1,2]. Pajonk [2] fo
cussed on the review of the applications of the 
aerogel routes to the design of catalytic materials, 
and pointed out the potential use of a new type 
of aerogels, the sonogels [3,4], as heterogeneous 
catalysts.

The aim of the present work is to report some 
results on the use of sonogels in catalysis.

The main characteristic of the sonogel route is 
that hydrolysis and polycondensation of alkoxides 
takes place in the absence of a solvent. The use 
of a high-power ultrasound source allows atomic 
level mixing of the reactants and leads to the 
production of homogeneous gels. This technique, 
has been applied to the preparation of SiO2 [3,4], 
TiO2-SiO2 [5] and P2O5-SiO2 [6] glasses from 
sonogels.

The catalysis literature shows that interest in 
TiO2-SiO2 materials is growing. The applications 
of this type of solid are quite diverse, including 
the roles of supports for dispersed metals [7,8], 
supports for catalytically active oxides [9,10], and 
the possibility of being active materials by them
selves [11], Additional evidence of interest in 
TiO2-SiO2 related systems in catalysis are recent 
publications dealing with their fundamental 
structural and surface chemical characterization 
procedures [12-14],

In this paper, we study the use of TiO2-SiO2 
aerogels prepared by: (a) the classic sol-gel 
method (with alcohol as a solvent), and (b) the 
sonogel method, as supports of dispersed rhodium 
phases. These results are compared with those of 
a Rh-TiO2-SiO2 sample prepared by the sono
gel technique (c), in which the rhodium was added 
before gelling took place. A sample prepared by 
traditional methods (d), starting from a commer
cial silica support, is used as a reference. The 
work includes characterization measurements and 
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catalytic activity tests for the benzene hydrogena
tion reaction.

2. Experimental

Tetraethoxysilane (TEOS) and tetrabutyl
orthotitanate (TBOT) were used as precursors to 
prepare aerogels containing 10 mol% TiO2. Since 
TBOT is much more reactive towards hydrolysis 
than TEOS, it was modified by the addition of 
acetic acid [15], Water/Alkoxides molar ratio 
was 4 for all the preparations. The pH of water 
was adjusted to 1.4 by addition of HC1.

The classic TiO2-SiO2 gel was prepared mix
ing equal volumes of TEOS and ethanol with the 
hydrolysis water and the solution of the modified 
titanium alkoxide. This mixture was kept in an 
hermetic glass container, at 323 K, for 1 week, 
before drying.

The sonogel was prepared in the absence of 
ethanol, by irradiation of the TEOS-water mix
ture with ultrasound and further mixing with the 
solution containing the TBOT precursor. Aging 
time was 1 week, at 323 K. The classic gels and 
sonogels were dried in a 1 1 autoclave, filled with 
300 cm3 of ethanol, at 200 bar and 573 K. Addi
tional details on the preparation of these gels can 
be found elsewhere [5], The resulting aerogels 
were calcined in air at 723 K for 1 h in order to 
eliminate organic residues. Following calcination, 
these gels were impregnated with rhodium nitrate 
solutions and dried in air, overnight at 363 K, to 
obtain the (a) conventionally and (b) sono-disper- 
sed rhodium catalysts. The rhodium content was 
in both cases 2.5 wt%.

One alternative method of preparation was the 
addition of the rhodium nitrate in the hydrolysis 
water; in such case the mixture of TEOS with an 
aqueous rhodium nitrate solution was exposed to 
ultrasonic stirring before mixing with the modi
fied TBOT precursor in order to obtain a ternary 
Rh-TiO2-SiO2 gel. This gel was aged and dried 
in the autoclave as described above, thus leading 
to catalyst c. The rhodium and TiO2 contents of 
this sample were the same of those prepared by 
impregnation with rhodium nitrate solutions.

A reference sample was prepared by impreg

nation of a commercial silica gel, Davisil grade 
644, with a solution of TBOT in hexane. After 
drying in vacuum for 2 h at ambient temperature, 
it was calcined in a flow of nitrogen for 2 h at 473 
K, and finally calcined in air for 2 h at 773 K. 
This led to a 10 mol% TiO2 support which was 
further impregnated with a rhodium nitrate solu
tion to obtain a 2.5 wt% rhodium catalyst, d.

The characterization of the four catalysts 
(a,b,c,d) was carried out by N2 adsorption for 
surface area measurements, temperature pro
grammed reduction in flow of hydrogen, volumet
ric hydrogen chemisorption of catalysts reduced 
at different temperatures, temperature-pro
grammed desorption of hydrogen, and transmis
sion electron microscopy.

Benzene hydrogenation was selected as test 
reaction in order to check the catalytic behaviour 
of the different samples. The reaction was run at 
303 K, with a mixture of 6.5 kPa of benzene and 
94.5 kPa of hydrogen, flowing at 1 cm3 s'. 
Conversion of benzene to cyclohexane was always 
kept below 10%, thus allowing us to assume 
differential operating conditions. It was checked 
that, under reaction conditions, diffusion was not 
the rate limiting step.

3. Results

The Brunauer, Emmet and Teller (BET) sur
face area of the catalysts, obtained from N2 ad
sorption experiments at 77 K, are shown in table 
1. These values did not change with reduction 
treatments in flow of hydrogen between ambient 
temperature and 773 K. The sol-gel methods 
used for the preparation resulted in surface areas 

Table 1
BET surface area of the catalysts and H/Rh chemisorption 
ratios after reduction at different temperatures

Sample Surface area
(m2 g ')

Reduction temperature (K)

473 623 773
a 675 0.98 0.97 0.95
b 623 0.65 1.0 1.0
c 560 0.00 0.00 0.45
d 292 0.82 - 0.50
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Fig. 1. Temperature-programmed reduction results, showing 
water and ammonia signals detected by mass spectrometry, as 
a function of the reduction temperature. Catalysts: (a) rhodium 
dispersed by impregnation on a classic TiO2-SiO2 aerogel, 
(b) rhodium dispersed by impregnation on a TiO2-SiO2 
sonogel, (c) ternary Rh-TiO2-SiO2 aerogel prepared under 
the action of ultrasound, and (d) rhodium dispersed by im
pregnation on a TiO2-SiO2 support prepared from commer
cial silica. (Flow of hydrogen: 1 cm3 s_ ’. Heating rate: 0.17 K 

s-1.)

of about 600 m2 g_1. According to the t method, 
micropores (pore radii lower than 1 nm) do not 
represent a significant fraction of the surface 
area of the catalysts.

The results shown in fig. 1 were obtained by 
temperature-programmed reduction of the cata
lysts in a flow of hydrogen. The analytical device 
used for the experiments was a mass spectrome
ter. The signal corresponding to an m/e ratio of 
18 gave direct information about the evolution of 
water, and traces representing the evolution of 
ammonia can be drawn from the comparison of 
the signals of m/e = 18 and 17.

All the samples prepared by impregnation show 
strong water features, centered at 370 K, corre
sponding to weakly retained water introduced 
during wetting of the TiO2-SiO2 support with 
rhodium nitrate solutions. The low intensity sig
nals observed at higher temperatures (473-973 
K) can be understood in terms of dehydroxylation 
of the supports, although some contribution asso
ciated to the partial reduction of TiO2 cannot be 
ruled out. However, the sample c, in which the 
rhodium was added before gelling, shows a single 
water feature centered at 773 K.

Ammonia is the main product of the reduction 
of nitrate species, coming from rhodium nitrate, 
with hydrogen. For the samples prepared by im
pregnation (a,b and d) the NH3 signals show up 
between 400 and 650 K as several overlapping 
features with the most intense peak near 440 K. 
The behaviour of sample c is again quite different 
from the others, showing a single peak centered 
at 773 K.

Table 1 includes hydrogen chemisorption data, 
at room temperature (293 K), for the catalysts 
reduced in a flow of hydrogen at 473, 623 and 773
K. These data are presented in the usual form of 
H/Rh apparent ratios. Although there is some 
debate in the literature concerning the stoichiom
etry of hydrogen adsorption on rhodium [16], it is 
in principle accepted that an H/Rh ratio of 1 is 
indicative of the existence of reduced metal with 
a good metallic dispersion. It can be observed 
that samples a and b, prepared by impregnation 
of TiO2-SiO2 aerogels, show high chemisorption 
uptakes. For the sample prepared by traditional 
methods starting from silica (d), the chemisorp
tion uptake decreases with the reduction temper
ature. The sample c, prepared from a ternary 
Rh-TiO2-SiO2 gel, only showed hydrogen ad
sorption capability after reduction at 773 K.

The temperature-programmed desorption ex
periments give information complementary to the 
chemisorption uptakes. Following reduction at 
773 K the sample was cooled to room tempera
ture and a flow of hydrogen was allowed to 
contact the catalyst. When the sample was fur
ther heated in a flow of inert gas, the hydrogen 
evolved was detected by a catharometric detector 
as a function of the desorption temperature. Thus, 
it is possible to obtain information about the type 
of interaction between the hydrogen and the cata
lyst surface.

For catalysts a and b, prepared by impregna
tion of sol-gel derived TiO2-SiO2 supports, it 
can be observed that there are significant amounts 
of hydrogen desorbing below 673 K. These hydro
gen forms can be ascribed to adsorption on the 
dispersed metal phase. On the contrary, the cata
lyst c prepared from the Rh-TiO2-SiO2 aerogel 
desorbed large amounts of hydrogen at tempera
tures higher than 773 K. Such behaviour is char
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acteristic of hydrogen adsorption on the support, 
and its existence prevents use of the H/Rh ratio 
of this particular sample (table 1) in order to 
obtain information on the metallic dispersion.

In fig. 2, the trace corresponding to a sample 
of catalyst c reduced at 773 K and cooled without 
further treatment with hydrogen is shown. In this 
case a signal peaking at the same temperature as 
that for the sample treated with hydrogen at 293 
K was observed (and is designated as c*).  This 
means that significant amounts of hydrogen are 
retained by the sample during the reduction 
treatment, although in this case it is less than 
10% of the total amount desorbed after treat
ment with hydrogen at ambient temperature.

The catalyst samples were observed by trans
mission electron microscopy (TEM). Samples a 
and b, prepared by impregnation of TiO2-SiO2 
aerogels, showed excellent dispersion and a high 
degree of particle size homogeneity. The average 
metal particle size for both samples was 1.8 nm. 
The traditional sample, d, prepared starting from 
commercial silica, showed similar levels of disper
sion; whereas, following reduction at 773 K, most 
of the metal particles become covered by a thin

Fig. 2. Temperature-programmed desorption of hydrogen af
ter reduction of samples a, b and c at 773 K, cooling under 
flow of argon, and treatment with a flow of hydrogen (1 cm3 
s'1) at ambient temperature, c* corresponds to the signal 
recorded for sample c, reduced at 773 K and cooled under 
flow of argon without further treatment with hydrogen. Note 
that signal c has been divided by a factor of 5. (Heating rate: 

0.17 K s'1.)

Fig. 3. Catalytic activities, corresponding to catalysts a, b, c 
and d, for the benzene hydrogenation reaction, after reduc
tion at different temperatures (473, 623 and 773 K). 473*
represents the catalytic activities observed for the samples 
reduced at 773 K, reoxidized in air at 673 K, and further

reduced in hydrogen at 473 K.

layer of material. Such coverage effects following 
high-temperature reduction treatments have been 
formerly proposed on metals dispersed on titania 
containing supports [17], Sample c showed a quite 
different aspect when observed by TEM; large 
metallic aggregates, with sizes ranging from 10 to 
40 nm, have been detected, small rhodium parti
cles being absent in this preparation.

The catalytic activity data for the benzene hy
drogenation reaction, measured at 303 K, for 
catalysts reduced at 473, 623 and 773 K are 
shown in fig. 3. A fourth type of treatment, con
sisting of reoxidation in air and further reducing, 
at 473 K, samples previously reduced at high 
temperature (773 K), is also considered. Catalysts 
a and b, prepared by impregnation of TiO2-SiO2 
aerogels, showed an increase in catalytic activity 
with the reduction temperature. On the contrary, 
sample d showed a decrease in activity with re
duction temperature. It has to be remarked that 
the sample prepared with ultrasound (b) reduced 
at 773 K is the most active of all the series. The 
sample c, prepared by addition of the rhodium 
before gelation, did not show activity at any of 
the reduction temperatures tested.
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4. Discussion

The first point to be considered is the state of 
reduction of rhodium as a function of treatment 
temperature in flow of hydrogen. If it is assumed 
that the reduction of nitrates to ammonia takes 
place in parallel with the reduction of the metal, 
the ammonia traces shown in fig. 1 give indirect 
information about the state of reduction of 
rhodium. For the case of the samples prepared by 
impregnation, a, b and d, it can be concluded that 
at 473 K most of the metal is in the reduced state, 
and after treatment of 1 h in flow of hydrogen at 
623 K all the metal would be reduced. This is in 
good agreement with the chemisorption uptake 
data given in table 1, which reveals that the 
catalysts adsorb hydrogen at room temperature. 
Sample c requires treatment in hydrogen at 773 K 
for the elimination of ammonia, in good agree
ment with the absence of hydrogen adsorption 
after reduction at lower temperatures.

Transmission electron microscopy gave direct 
evidence on the state of dispersion of rhodium. 
For the samples prepared by impregnation (a,b,d) 
the state of dispersion of rhodium is high, show
ing small average particle sizes (1.8 nm). It can be 
observed that the metal particles did not exhibit 
sintering effects between 473 and 773 K. The 
chemisorption uptake for samples a and b, pre
pared by impregnation of conventional and sono- 
TiO2-SiO2 aerogels, is in good agreement with 
the metal dispersions observed by TEM. For the 
sample prepared by traditional methods, d, the 
decrease in the H/Rh apparent ratios with the 
reduction temperature can be understood on the 
grounds of the coverage effects observed for the 
metal particles by TEM.

The low metallic dispersion of the catalyst, c, 
prepared including the rhodium before gelling, 
and the fact that the reduction of the sample took 
place at high temperature (fig. 1), explains why 
this catalyst did not adsorb significant amounts of 
hydrogen after reduction at temperatures < 773
K. Hydrogen adsorption of catalyst c at ambient 
temperature after reduction at 773 K deserves to 
be specially mentioned. There are important dif
ferences between the H/Rh apparent ratio de
termined by chemisorption, 0.45, and that which 

can be drawn by integration of the corresponding 
trace in fig. 2 (H/Rh = 10). Such difference re
veals that this type of hydrogen is very sensitive to 
the experimental adsorption conditions. Another 
interesting feature is the fact that this type of 
adsorption takes place on the support. The role 
of the reduced metal is to dissociate the molecu
lar hydrogen which can further migrate to the 
support. This type of phenomena has been de
scribed in the catalysis literature as ‘spillover’ 
effect [18]. The spillover effect on this catalyst is 
remarkable both for the high amount of hydrogen 
transferred to the support and by taking place at 
ambient temperature. Thermal activation is usu
ally required in order to allow migration of H- 
spillover species from the metal to the support.

The catalytic activity data must be discussed 
on the ground of the former characterization 
results. Thus, the samples a and b which are 
completely reduced at 623 K show an increase in 
activity when the reduction temperature is in
creased up to 773 K. This effect can be reversed 
by oxidation and further reduction at low temper
ature. Such behaviour is opposite to that of the 
catalyst prepared by traditional methods, d. The 
properties of sample d are similar to those exten
sively described in the literature for metal cata
lysts dispersed on TiO2 supports, and known as 
strong metal-support interaction effects (SMSI) 
[17,19,20], The most accepted explanation for 
these phenomena is that, following high-tempera- 
ture reduction (773 K), the metal becomes cov
ered by patches of partially reduced support, thus 
inhibiting the chemisorptive and catalytic proper
ties of the metal [17,19], although the participa
tion of electronic interactions in the SMSI effects 
cannot be ruled out [20]. This type of coverage 
effects has been evidenced by TEM for catalyst d 
reduced at 773 K, whereas, for understanding the 
increase in activity with the reduction tempera
ture for the catalysts prepared by impregnation of 
TiO2-SiO2 aerogels (samples a and b), it is nec
essary to consider the role played by other types 
of metal-support interactions which lead to a 
type of behaviour opposite to that characteristic 
of the SMSI effect.

It is noteworthy that the catalyst b, prepared 
from a TiO2-SiO2 sonogel, after reduction at 773 
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K, presents the highest activity of all the series. 
The specific activity of this catalyst is four times 
that of other rhodium catalysts highly dispersed 
on conventional supports [21], This suggests that 
the use of ultrasound in the preparation of the 
support may be a factor to modulate its proper
ties and improve catalytic behaviour.

Concerning the catalytic behaviour of catalyst 
c, it is worth noting that the hydrogen forms 
adsorbed by spillover on a support can create 
active centers on its surface with properties which 
are characteristic of metal catalysts [18], Al
though sample c was inactive for the reactions 
and conditions tested in this work for other ex
perimental conditions and/or for other catalytic 
reactions, this material can become an interesting 
catalyst.

5. Conclusion

The results presented in this paper demon
strate that the Sol-gel methods allow preparation 
of dispersed metal catalysts with rather singular 
properties.

Catalysts obtained by impregnation with rho
dium nitrate solutions of classic and sono- 
titania-silica aerogels present a pattern of be
haviour opposite to that of a catalyst prepared by 
traditional methods from a commercial silica. The 
sono-supported sample, prepared using ultra
sound, leads to the highest specific activity in the 
benzene hydrogenation reaction.

Strong hydrogen spillover effect was observed 
at ambient temperature for a ternary Rh-TiO2- 
SiO2 aerogel prepared with high-power ultra
sonic stirring. This type of adsorbed hydrogen can 
generate active sites for other reactions or in 
different conditions of those tested in the present 
work.

Sol-gel methods in general, and the use of 
ultrasound in particular, can be fruitfully used in 

order to modulate the properties of catalytic ma
terials.
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Characterization of alumina-based hydrotreated catalysts prepared 
by sol-gel methods
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Alumina-based catalysts with various molybdenum loadings were prepared by two different methods. (1) The sol resulting 
from hydrolysis of aluminium tri(sec-butylate) (ATB) was mixed with a solution of ammonium heptamolybdate in butanediol 
(AHM)b. (2) The gel was obtained by hydrolysis of a mixture of two solutions: (i) ATB in 2-butanol and (ii) (AHM)B. The 
resulting gels with various Mo loadings were dried and calcined at 573 and 773 K to give the common oxide precursors, 
which were subsequently sulfided to give the final active phases. Physico-chemical techniques (chemical analysis, pore 
volume measurements, XRD, Raman spectroscopy) were used in order to evaluate the successive steps of the preparation. 
The molybdenum dispersion and the sulfiding rate were determined by XPS analysis.

1. Introduction

Hydrotreating (HDT) catalysts are generally 
obtained by sulfidation of an oxidic precursor 
which is prepared by wet or dry impregnation of a 
commercially preformed -y-alumina support [1] 
and further calcined. Aluminium oxides are usu
ally produced by pyrolysis of aluminium hydroxy
des [2], This classical preparation method is lim
ited for well dispersed monolayer-like coverage of 
the Mo species. Above 15-18 wt% MoO3 as Mo 
loadings, bulk MoO3 was evidenced [3],

The aim of this work was to investigate new 
preparation methods of oxide precursors of HDT 
catalysts. Preparation of alumina powders as sup
ports of catalysts by hydrolysis of aluminium iso
propylate (AIP) has been described [4,5]. More
over, the sol-gel process allows deposition of the 
oxomolybdate entities simultaneously with the hy
drolysis of AIP as described by Ishiguro et al. [6], 
In the present paper, characterization of alumina 
powders and Mo containing materials prepared 
by hydrolysis of ATB is presented.

2. Experimental

Two series of Mo-A12O3 materials have been 
obtained by hydrolysis of ATB according to the 
scheme shown in fig. 1. These samples will be 
referred to hereafter as Mo(A)-Al(yt), where Yt 
defines the preparation (Ia, Zb,...) and X repre
sent the Mo loading in wt% of MoO3. For com
parison purposes, a Mo(25)/Al(II) sample was 
obtained by the classical pore volume impregna
tion. Pure aluminas were synthesized according 
to the scheme shown in fig. 1 and comparison 
with a reference commercial (GFSC) alumina 
from Rhone-Poulenc (surface area = 230 m2 g_1) 
was made.

The obtained powdered samples were charac
terized by X-ray diffraction (XRD) using a 
Siemens D5000 diffractometer equipped with a 
goniometer, a monochromator and a Cu X-ray 
tube and by laser Raman spectroscopy (LRS) 
using a Jobin-Yvon Raman microprobe. The 488 
nm line of a Lexel Ar+ ion laser was used for 
excitation with a power at the samples less than

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Route I

Al(0C4Hg)3 in H20<a)

I
Heating to 85°C with stirring 

for 30mn

Addition of (NH^gMo/i^ 
in 1,3 butanediol

1
(route la)

Addition of HNO3(b)

Addition of (NH4)gMo7024 
in 1,3 butaneaiol 

(route lb)

Drying under reduced pressure

Drying at 100’C for 24h

Calcination at 500°C for 5h

Final Catalyst M0O3/AI2O3

Route II

A1(0C4Hq)3 in butanol-2
Heating to 85°C with 

for 30mn

Addition of (NH4)gMo7024 
in 1,3 butanediol

1
Stirring for 30mn, then 

addition of water(c)
(route Ila)

1

irring

Addition of (NHalgMo/C^ 
in H20(c)

(route lib)

1
Drying under

Drying at

Calci nation

reduced pressure
J/ 
100°C for 24h
J'
at 500°C for 5h
4

Final Catalyst M0O3/AI2O3

Fig. 1. Procedure for the preparation of the oxide catalysts; 
molar ratio: (a) H20/ATB = 100, (b) HNO3/ATB = 0.1, 

'(e) H2O/ATB = 6.

10 mW; the wavenumber accuracy was 2 cm-1. 
The samples were maintained in air during spec
tra recording. X-ray photoelectron spectra (XPS) 
were obtained by using a AEI ES 200 B spec
trometer equipped with an Al X-ray source work
ing at 300 W. Binding energy (BE) is referenced 

against the Al-2p peak at 74.8 eV, a value gener
ally encountered for y-Al2O3.

3. Results

Characteristics of the samples studied are re
ported in table 1 with their specific surface area, 
as determined by N2 adsorption at - 196°C (BET 
method).

Figure 2 shows the X-ray powder diffraction 
pattern of the bare carriers and solids containing 
molybdenum. The Raman spectra of the dried 
and calcined carriers are reported in fig. 3. The 
Raman lines of the calcined carrier show broad 
lines; this broadening should be related to the 
divided nature of these oxides.

The nature of the oxomolybdates species pre
sent at the surface of these molybdenum contain
ing oxides and their surface compositions have 
been determined by laser Raman spectroscopy 
(LRS) and X-ray photoelectron spectroscopy 
(XPS). LRS is well recognized as being a suitable 
technique to characterize the nature of the sup
ported oxomolybdenum entities present on classi
cal HDT oxidic precursors [7], In fig. 4, the Ra
man spectra of the calcined molybdenum based 
samples are reported. Strikingly, no Raman fea
tures of bulk MoO3 (very intense and sharp bands 
at 1000 and 820 cm-1) are observed. Moreover, 
formation of aluminium molybdate (Al2(MoO4)3) 
has not been evidenced by LRS.

The evolution of the representative surface 
”mo/wai stoichiometry deduced from the /(Mo 
3d)//(AI 2p) ratio as a function of the atomic 
nMo/«Ai composition is reported in fig. 5. The 
surface stoichiometry of some of the sulfided 
catalysts (H2/H2S 10 vol.%, 3 h) has also been

Table 1
BET surface area

Al(Ia) Al(Ib) Al(IIa) Al(IIb)

Mo(14)

Mo(25)/Al(II)

Mo(0) Mo(14) Mo(25) Mo(0) Mo(14) Mo(0) Mo(14) Mo(25)

locale ■
(°C)

Surface area:
300 500 500 500 300 300 300 500 500 500 500 500

Wg ') 428 383 541 422 158 326 203 235 365 385 273 227
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h
*****
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‘AaA^a__4__^_4____i_______ 1_______ i_____ —»
20 40 6 0

20°

Fig. 2. XRD patterns of selected samples. Dried samples: (a) 
Al(II); (b) Al(Ia); (c) Al(Ib). Calcined carriers: (d) -y-AI2O3 
(commercial); (e) Al(II) (500°C); (f) Al(Ia) (500°C); (g) Al(Ib) 
(300°C). Mo-based oxides: (h) Mo(25)Al(IIa) (500°C);

(i) Mo(25)Al(IIa) (800°C). •, Al2(MoO4)3.

deduced by XPS and the results are summarized 
in table 2.

4. Discussion

By comparison with the reference sample (fig. 
2(d)) and according to the JCPDS data, the XRD

Fig. 3. Laser Raman spectra of alumina, (a) Commercial 
(R.P.); (b) Al(Ib) (300°C); (c) Al(Ia) (500°C); (d) Al(II) (500°C); 
(e) Al(Ib) (dried); (f) Al(Ia) (dried); (g) Al(II) (dried); 
(h) Al(II) (500°C). The plasma lines of the laser are indicated 

by ‘p’.

(a) Al2(MoO4)3; (b) Al(Ib) (300°C); (c) Mo(14)Al(IIa);
(d) Mo(25)Al(IIa); (e) Mo(14)Al(Ia); (f) Mo(25)Al(Ia);
(g) Mo(14)Al(IIb); (h) Mo(25)Al(IIb); (i) Mo(25)/Al(II). The 

plasma lines of the laser are indicated by ‘p’.

patterns of the calcined carriers A1(I) and Al(II) 
(figs. 2(e)—(g)) characterize a "y-Al2O3 phase. Af
ter calcination at 500°C, the mean crystallite size, 
as deduced from the XRD line broadening is 3.5 
and 3.0 nm for Al(Ia) and Al(II), respectively.

The dried precursors of A1(I) and Al(II) (fig. 
2(a)-(c)) correspond to poorly crystallized 
boehmite with mean particle size of about 3 nm
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Fig. 5. XPS atomic ratio as a function of the bulk atomic ratio. 
>, MoAl(IIa); a, MoAl(Ia); □ , MoAl(IIb); o, MoAl(Ib); X, 

Mo/A1(II); •, sulphided (H2 /H2S (10%), 3 h).

for Al(Ia) and Al(II) and 6 nm for Al(Ib). The 
boehmite phase is not completely transformed 
into y-Al2O3 upon calcination at low tempera
ture, i.e., 300°C (fig. 2(g)).

Analysis by LRS of these samples confirms the 
XRD results. The Raman spectra of the calcined 
sample (fig. 3(c),(d)) are quite similar to the one

Table 2
XPS binding energy and surface stoichiometry of Mo-based 
solids after sulfidation

Samples BE a) (eV) «s/ 
„iv »Mo

A(BEMo — BES) 
(eV)Mo 3d $2p

Mo(25)Al(Ia)
350-C

229.3 162.7 3.0 66.6

Mo(25)Al(IIa)
500-C

229.6 162.8 3.6 66.8

Mo(25)Al(IIb)
350°C

229.0 162.7 3.0 66.8

Mo(14)/A1,O3 
350°C b)

229.2 162.5 2.18 66.7

MoS2, 
commercial b) 229.8 162.7 2 67.3

a) BE have been referred to as A12p.
b) Taken from ref. [11],

observed for 7-Al2O3 (fig. 3(a): broad band at 
560 and 1100 cm-1). This is indicative that, in the 
present materials, thermal annealing induces for
mation of a transition alumina quite similar to 
the y form. However, transformation is not com
plete on sample Al(Ib) calcined at 300°C (fig. 
3(b)) where bands at 1100 and 1050 cm-1 are 
overlapping.

The dried Allb sample exhibits sharp Raman 
features (fig. 3(e)) at 1058 and 360 cm-1; these 
could be indicative of polycrystalline boehmite 
[8,9], Slightly different is the spectrum of the 
dried precursor of Al(II) which exhibits lines at 
1075 and 255 cm-1, the former emerging from a 
broad band around 1100 cm-1 (fig. 3(g)). An
other broad line is also present at 560 cm-1. 
These observations may indicate that a part of 
this material has already been transformed into 
transition alumina. The same conclusion also 
concerns the Al(Ia) dried precursor (fig. 3(f)). 
This partial transformation may be caused by 
laser heating.

The intense line at 1075 cm-1 of sample Al(II), 
different from the one at 1058 cm-1 obtained on 
sample Al(Ib), could be indicative of heterogene
ity of this former sample. This line, arising from 
Al-OH bending mode, shows the presence of 
small amount of other hydroxyde [10]. Such a 
heterogeneity is confirmed on the calcined AI(II) 
sample in which chosen particles exhibit spectra 
(see fig. 3(h)) combining broad (i.e., from alu
mina) and sharp lines. This particular spectrum 
of fig. 3(h) has to be compared with the general 
feature reported in fig. 3(d) of the same Al(II) 
samples.

The specific surface area is always high and 
the temperature of calcination (300-500°C) does 
not greatly modify the values. The pore volumes 
(measured by the water method) of the calcined 
alumina are always higher than the reference 
y-Al2O3 one, i.e. about 2 instead of 0.5 cm3 g-1.

The Mo(A)Al(yt) solids have higher specific 
surface area than the pure alumina ones (table 1) 
and the y-alumina-like structure is not preserved 
(fig. 2(h)). XPS examination of both series shows 
that the Mo3d3/2_5/2 doublet of the molybde
num correspond to MoVI oxospecies as the 
Mo3d5/2 BE is found equal to (232.6 ± 0.2) eV. 
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The linear evolution of the representative inten
sity ratio is indicative of homogeneous repartition 
of the MoVI species in the bulk (first bisecting 
line) or at the surface as the mean particle size 
approximately corresponds to the XPS depth 
analysis.

The nature of oxomolybdate entities can be 
determined by LRS. On the Mo-Al(IIa) samples, 
the two well-known oxomolybdate entities are 
identified by their characteristic Raman lines, i.e.

(i) isolated adsorbed tetrahedral species (fig. 
4(c), v = 910 cm-1);

(ii) adsorbed heptamolybdate species (fig. 4(d), 
v = 950 cm-1).
This spectral evolution which is observed when 
the Mo loading increases is similar to the one 
already obtained with the classical impregnation 
process. However, the limit of detection of the 
heptamolybdate is appreciably higher. In counter
part, isolated tetrahedral entities are identified 
on a peptized sample [Mo(f4)-Al(Ib)] (fig. 4(b)). 
Differences are also detected on the LRS of the 
Mo-Al(I) series. Whereas the heptamolybdate 
entities are evidenced on MoAl(Ia) sample up to 
25 wt% MoO3 (fig. 4(e),(f)), the tetrahedral one is 
the species detected on Mo-Al(IIb) samples (fig. 
4(g),(h)) and on the Mo(25)/Al(II) (fig. 4(i)). XRD 
reveals the formation of Al2(MoO4)3 only upon 
calcination at 800°C (fig. 2(i)).

For catalytic purposes relative to the hy
droprocessing reactions, the oxide precursor was 
sulfided. It has been well established that the 
adsorbed polymolybdate entities are more easily 
sulfided than the tetrahedral ones [11]. The 
Mo3d5/2 and S2p3/2 BE values are in good 
agreement with those already obtained on classi
cal Mo-A12O3 [11]. The surface stoichiometry 
nMo/nai measured after sulfidation (fig. 5) shows 
that the Mo repartition is affected. On the other 
hand, the Mo 3d profile (MoVI oxospecies and 
MoIV sulfido species) is indicative of a sulfidation 
extent quite similar to that obtained on classical 
catalysts with, however, larger S/Molv values.

5. Conclusions

The characterizations of the bare alumina con
firm the texture, structure and thermal stability of 
the solids prepared for use as supports for HDT 
catalysts.

The salient findings on the molybdenum con
taining solids can be summarized as follows.

(i) Incorporation of molybdenum by the pro
cesses described modifies the structure of the Al 
framework and gives highly divided materials.

(ii) There is no formation of MoO3, even at 
high loading.

(iii) Increase of the Mo content is not detri
mental to good dispersion.

(iv) The preparation procedure has a crucial 
effect on the nature of the oxomolybdate entity.

Upon sulfidation, the oxomolybdates species 
are converted into Molv sulfido species which are 
probably disulfides crystallites. Studies are now in 
progress to characterize the morphology of these 
sulfided compounds.
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Catalytic properties of silico-aluminates prepared by the sol-gel 
method: isopropanol dehydration

T. Lopez, M. Asomoza and R. Gomez
Universidad Autonoma Metropolitana - Iztapalapa, Dept, of Chemistry, PO Box 55-534, Mexico D.F. 09340, Mexico

Silico-aluminates were synthesized from aluminum and silicon alkoxides by the sol-gel method and characterized by 
FTIR spectroscopy. The water and alumina concentration effects in specific BET areas and activity in isopropanol 
dehydration were studied. High specific BET areas were found and a correlation between the tetrahedral coordination and 
selectivity as well as deactivation is proposed.

1. Introduction

The use of amorphous aluminosilicates in or
ganic reactions has been the subjet of important 
studies [1]. It was well established that their activ
ity in acid-basic reactions strongly depends upon 
factors such as the method of preparation and 
the Si/Al ratio. Extensive characterization of 
their surface properties was also done in a large 
number of recent publications [2,3], In spite of its 
importance in industrial development, few papers 
regarding the synthesis of new alumino-silicate 
preparation have been published.

The present paper is devoted to a study of the 
synthesis and characterization of aluminosilicates 
prepared by the sol-gel method, i.e., the catalyst 
is formed from a homogeneous solution of alu
minum and silicon alkoxides in an alcoholic 
medium. The process involves a hydrolysis reac
tion which is followed by a condensation or poly
merization. Hydrolysis occurs when alkoxides are 
mixed with water, forming silanol =Si-OH and 
=A1-OH groups [4], The quantity of water added 
during the preparation as well as the Si/Al ratio 
is crucial, because the final structural properties 
depend upon them.

The thermal evolution of the gels was followed 
by infrared spectroscopy (FTIR). Isopropanol de
hydration was chosen as test reaction to deter

mine the effects of both, water concentration and 
Si/Al ratio on the catalytic properties.

2. Experimental

Gelation of tetraethoxysilane (TEOS) and alu
minum trisecbutoxide (ATB) was accomplished 
by mixing and refluxing 0.11 mol TEOS, 0.019 
mol ATB and 0.25 mol ethanol for 10 min. To the 
homogeneous solution, 0.27 mol H2O and 0.04 
mol NH4OH were added. The solution was main
tained under reflux until gelation. This process 
was repeated varying the amount of reacting wa
ter: (a) SA-1, 0.25 mol, (b) SA-2, 0.55 mol, (c) 
SA-3, 1.36 mol of water. The resulting products 
were white opaque gels with 92% SiO2 and 8% 
A12O3 composition.

0.11 mol TEOS and 0.25 mol of ethanol were 
refluxed with 0.39 mol SA-4, 0.058 mol SA-5 or 
0.078 mol SA-6 of ATB. 1.36 mol water and 0.04 
mol NH4OH were added, to the homogeneous 
solutions and the solution was maintained under 
reflux until gelation. The resulting gels were white 
opaque powders with A12O3 concentrations of: 
SA-4, 16%; SA-5, 24%; and SA-6, 32%.

In table 1 the composition of the SA-0-labeled 
catalysts is shown.

All the gels were dried at 70°C and subse
quently calcined at 300, 600 and 900°C for 72 h.

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Table 1
Composition of sol-gel silico-aluminates

Catalysts h2o
(mol)

ATB 
(mol)

Al2o3
content

(%)
SA-1 0.27 0.019 8
SA-2 0.55 0.019 8
SA-3 1.36 0.019 8
SA-4 1.36 0.039 16
SA-5 1.36 0.058 24
SA-6 1.36 0.078 32

The IR study was done using an FTIR spectro
graph (Nicolet MX-1), using transparent pellets 
of unmixed catalysts. The specific BET areas 
were measured in a Micromeritics Mod 2300 
equipment, using N2 as adsorbent.

Catalytic activities for isopropanol dehydration 
were determined at atmospheric pressure in sam
ples calcined at 600°C. The rates were measured 
in a conventional flow reactor at low conversion 
(15%) using N2 as diluent carrier. The reaction 
temperature was 150°C, and the partial pressure 
of reactant 22.4 Torr. Under these conditions the 
only products detected were propene and iso
propyl ether.

Some deactivation was noticed as a function of 
time. The initial activity, considered as character
istic of the fresh sample, was determined extrapo
lating the catalytic activity to time zero using the 
second-order deactivation law [5],

3. Results

In fig. 1, the water concentration effect on the 
specific BET surface area is shown. When the 
water concentration is less than stoichiometric, 
the area of the catalyst is the highest (783 m2/g 
for SA-1 sample). For high stoichiometric values, 
the area diminishes 25% (501 m2/g). These cata
lysts are thermally stable, indeed less than 10% of 
the specific surface area is lost if temperature 
reaches 600°C.

In fig. 2, the effect of ATB concentration is 
shown. The insertion of aluminum into the silica 
network determines the specific surface area val
ues and a maximum is observed. The temperature

Fig. 1. Specific BET areas for the sol-gel silico-aluminates 
SA-1, SA-2 and SA-3. Water content and temperature effects.

effect on the specific surface area is small and 
comparable to the percentage lost in the former 
catalyst series (fig. 1).

The following IR bands are observed in the 
standard silica gel prepared in the same condi
tions as the silico-aluminates: 3468 cm-1 (silanol 
groups, water and ethanol occluded in the gel), 
1614 cm-1 (flexion vibration of water), 1064 cm-1 
(Si-O stretching vibration), 903 cm-1 (Si-OH 
symmetric vibration of silanols), 793 and 457 cm -1 
(“O-Si-O flexion frequency).

Fig. 2. Specific BET areas for the sol-gel silico-aluminates 
SA-4, SA-5 and SA-6. ATB concentration and temperature 

effects.
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WAVENUMBER (cm'1)

Fig. 3. FTIR spectra of sol-gel silico-aluminate SA-3 ther
mally treated at (a) 70, (b) 300, (c) 600 and (d) 900°C.

The band observed at 3200 cm’1 in SA-3 
(fresh sample, 70°C) is observed in silica at 3468 
cm This is a high-intensity band due to the 
OH stretching vibration of the monomeric silanol 
groups. There are vibrations of the SiO4 tetrahe- 
dra between 1000 and 1250 cm'1 (fig. 3). At 1605 
cm-1, a band appears, which can be assigned to a 
bond between water molecules and octahedral 
aluminum ions [6], Such sites constitute weak 
acid sites. A small band at 1400 cm'1 is assigned 
to water molecules coordinated to aluminum ions 
whose coordination states are smaller than VI 
(strong acid sites) [7].

The existence of A12O3 in SiO2 produces 
modifications to the original spectrum of the sil-

Table 2
Activity and selectivity for the various silico-aluminates in the 
isopropanol dehydration at 150°C

Catalysts Rate (10 5 
mol/g s)

Selectivity for 
propene (%)

SA-1 4.7 95.8
SA-2 1.7 92.2
SA-3 2.0 86.2
SA-4 2.9 94.4
SA-5 2.7 100.0
SA-6 2.0 94.1

T (mln )

Fig. 4. Catalyst deactivation as a function of time in sol-gel 
silico-aluminates for isopropanol dehydration reaction.

ica. In SA-3, a band at 1097 cm'1, corresponding 
to an Al-O stretching vibration, appears. At 966 
cm-1 (903 cm-1 in silica), a band is observed, 
which is shifted to high-energy region because a 
stretching vibration of =Si-O-Al= exists, whose 
intensity increases as TBA/TEOS increases.

The temperature effect in the dehydration of 
the gels is illustrated in fig. 3. The band at 3200 
cm'1 is shifted to high-energy region due to 
water and ethanol desorption, and only silanol 
groups remain. The 1400 cm'1 band disappears 
by temperature effect because the coordinated 
water is desorbed. However the 1605 cm'1 band 
only diminishes. The 1097 cm'1 peak does not 
change.

Activities in the isopropanol dehydration for 
the various silico-aluminates are given in table 2. 
The results show no important effects in activity 
upon changing water or ATB concentration. 
However the selectivity to propene shows a maxi
mum at 24% A12O3 content.

Dehydration reactions deactivate as a function 
of time in silico-aluminates, and the evaluation of 
the deactivation constant is presented in fig. 4. 
The slope of the straight lines represents the 
deactivation constant. The large values corre
spond to the A12O3 high-content catalysts.

4. Discussion

Increasing water concentration changes the hy
drolysis rate and the specific surface area. ATB 
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has a similar effect as water on TEOS polymer
ization rate [4], and it is expected that the lowest 
areas should correspond to the highest ATB con
centration as shown in fig. 2. The above results 
demonstrate that water and ATB concentrations 
determine the textural properties of silico- 
aluminates.

The catalytic activity of silicoaluminates de
pends upon the total amount of Bronsted and 
Lewis sites. The generation of these sites is due 
to the isomorphous substitution of Si4+ by Al3 + 
in the silica network [8]. The tetrahedral or octa
hedral aluminum ion coordination to oxygen de
pends on the alumina content or the temperature 
treatment [3]. The IR spectra of the sample SA-3 
show that in sol-gel catalysts both sites co-exist. 
However the activities in isopropanol conversion, 
reported in table 2, show that, in the overall 
reaction, it is not possible to distinguish between 
them. The water or ATB effects are easily de
tected in selectivity patterns or in side reactions 
(deactivation).

As far as the selectivity pattern is concerned, 
the results of table 2 show that olefin formation 
goes through a maximum in catalyst SA-5. This 
maximum can be correlated with the observed 
decrease in the A1IV/A1VI ratio if the aluminum 
content is > 30% [7], It seems then that the 
olefin formation depends on strong acid sites.

Deactivation must occur because molecular 
water produced during dehydration on strong acid 
sites is strongly adsorbed. The values of table 2 
show that a high deactivation constant corre
sponds to the SA-5 catalyst as expected.

5. Conclusions

The preparation of silico-aluminates by the 
sol-gel method has been shown to be an interest
ing procedure to obtain thermally resistant amor
phous solids. The BET area of 783 m2/g and the 
selectivity in isopropanol dehydration as well as 
the resistance to deactivation are promising for 
industrial purposes.

The financial support given by the SEP-PRO- 
IDES and CONACYT is gratefully acknowl
edged.
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Support effect in ruthenium sol-gel catalysts on silica and alumina
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Ruthenium catalysts on silica and alumina were synthesized by the sol-gel process, using tetraethoxysilane, aluminum 
trisecbutoxide and [RuC15(H2O)] 2. The catalysts were characterized by infrared spectroscopy (FTIR) and diffuse 
reflectance (UV-Vis). The spectroscopic studies showed that when the ruthenium is supported on silica, part of the metal is 
incorporated in the network, giving BET areas up to 530 m2/g. When the support is alumina, the metal does not penetrate 
the alumina network and the BET area is < 50 m2/g.

1. Introduction

Ruthenium-supported catalysts are the most 
effective known for CO hydrogenation. Ru-sup- 
ported catalysts have been found to be the most 
active metal for methanation [1] and Fischer- 
Tropsch synthesis [2], Their catalytic activity is 
affected by the dispersion of the metal as well as 
by the nature of the support [4-6], To improve 
the catalytic properties of Ru catalysts, recent 
studies established the importance of the precur
sor to obtain high performances. Alerasool and 
Gonzalez [3] using ammine complexes and Meith 
and Schwarz using nitro compounds [4] suc
ceeded in preparation of well characterized Ru- 
supported catalysts. The effects of precursor pH 
as well as the metal content in catalytic activity is 
related to the metal-supported complex formed 
by interaction with the active OH surface groups. 
Similar results were obtained by Asakura et al. [5] 
studying the interaction of carbonyl precursors.

The precursor-support interaction depends on 
the quantity and reactivity of the OH groups of 
the support. In most cases, this OH concentration 
was maintained as a constant, because the sup
ports employed come from industrial prepara
tions. These are highly dehydroxylated for practi
cal purposes.

The Ru catalysts prepared by the chemical 
mixing method show special features in activity 
and selectivity. High selectivity to cyclohexene 

was found in benzene hydrogenation [6] and coke 
resistivity is reported during the hydrogenation of 
benzene and n-pentane hydrogenolysis [7], A 
strong interaction of metallic precursors with sil
ica [8] has recently been reported.

The above-mentioned features for sol-gel cat
alysts led us to study the reactivity and stabiliza
tion of the precursor in high hydroxylated silica 
[9] and alumina [10]. We used silica and alumina 
gels prepared by basic hydrolysis in tetraethoxysi
lane (TEOS) and aluminum-triseebutoxide (ATB). 
The metal precursor [RuC15(H2O)]~2 was added 
during gelation and studied through UV-Vis and 
FTIR spectroscopy.

2. Experimental

Ru/SiO2 sol-gel preparation consisted of mix
ing 0.1293 g RuC13 • 3H2O (ICN, 99.9%), 20 ml 
water and 10 ml ethanol in a reflux ball. Concen
trated HC1 (10 ml) was added to this solution to 
form the complex [RuC15(H2O)]2. The mixture 
was constantly agitated under reflux at 70°C and 
then 37.0 ml tetraethoxysilane (Alfa products, 
99%) was added to this solution by dripping for 6 
h. The Ru content in the support is 0.5% wt. The 
same procedure was repeated with a higher metal 
content to obtain solid concentrations of 1.0 and 
2.0% wt Ru.

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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Ru/A12O3 sol-gel wap prepared by mixing 
24.98 ml aluminium trisecbutoxide (Alfa prod
ucts, 99%) and 25 ml n-butanol and refluxing in a 
round flask. A solution containing 15 ml water, 
15 ml n-butanol, 10 ml concentrated HC1 and 
0.1293 g RuC13 • 2H2O was added by dropping it 
over 4 h. The mixture was maintained under 
reflux until gelation. Catalysts containing concen
trations of 1.0% wt (0.2586 g RuC13 • 3H2O) and 
2.0% wt (0.517 g RuC13-3H2O) of ruthenium 
were prepared using the same procedure.

Silica and alumina gels were dried at 70°C for 
12 h. The gels were divided into portions which 
were thermally treated at 300, 600 and 900°C for 
24 h.

The solids were characterized by IR spec
troscopy in a Nicolet MX-1 spectrometer with 
Fourier transform (FTIR), using transparent pel
lets of unmixed samples. The UV-Vis (diffuse 
reflectance) study was conducted in a Varian 
Cary 17 D spectrophotometer with integrating 
sphere. Self-supporting pellets were prepared to 
obtain the spectra. The reference was a 100% 
reflectance sample (MgO). The BET areas were 
measured in a metal 2300 Micromeritics appara
tus using nitrogen as adsorbent. XRD data were 
obtained with a Siemens D500 diffractometer us
ing nickel filtered Cu K(. radiation.

3. Results

Fourier transform infrared spectra of the 
Ru/SiO (0.5%) sample dried at 70°C are given in 
fig. 1. Two low intensity bands are observed at 
3580 cm-1 and at 2359 cm-1. The first high 
energy band is assigned to terminal silanols, which 
are protonic acceptors and have a free proton for 
each additional hydrogen bond [11], The second 
band is due to C-H bond from the alkoxide 
which did not react and remains in the gel.

At 1635 cm-1, an OH flexion band is observed 
due to H2O molecules. At 1078 cm-1, a typical 
Si-O stretching band of the SiO and a Si-OH 
vibration at 985 cm-1 of silanols weakly bonded 
to the silica surface were observed. At 805 cm-1, 
a Si-O“ flexion vibration band appears. This is 
assigned to the nucleophiles formed in the reac-

WAVENUMBERS (cm-')

Fig. 1. FTIR spectra of Ru/SiO2 (0.5%) catalysts thermally 
treated at: (a) 70, (b) 300, and (c) 600°C.

tion medium. When this sample is treated at 
300°C, the band with high energy shifts to 3418 
cm”1 due to the desorption of H,O and ethanol 
subproducts. The Si-OH band at 960 cm”1 de
creases in intensity (fig. 1). The bands at 801 and 
465 cm“1 appear and are due to the formation of 
planar rings.

At 600°C, the high energy band is shifted to 
3123 cm”1, due to partial dehydroxylation of the 
surface. In this case, only the O-H groups strongly 
bonded to the surface remain. The bands at 1630 
and 960 cm“1 disappear. A new absorption is 
observed at 457 cm”1 due to the vibration of 
rings formed in the silica by four, five or six 
siloxane groups [12]. At 900°C, the material is 
practically dehydroxylated and only the SiO2 
bands can be seen.

When the metal concentration is increased to 
1.0% (fresh sample), hydroxylation of the surface 
is higher than in the former case, and the OH 
stretching band is shifted to 3484 cm”1 and does 
not disappear at 600°C. Bands at 1630 and 960 
cm”1 disappear when the catalyst is treated at 
600°C.

When the ruthenium is increased to 2.0%, the 
high energy band appears at 3700 cm”1 accompa
nied by a wide band at 3468 cm”1. This demon
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strates that there are two different types of OH 
in this sample. Therefore, when the metal con
centration is increased, the OH groups are stabi
lized in the vitreous silica surface. The bands at 
1630 and 957 cm'1 disappear at 600°C and the 
other absorptions remain constant.

The IR spectra of the Ru catalysts supported 
on alumina are totally different than those sup
ported on SiO2. The FTIR spectra (fig. 2), for the 
Ru/A12O3 0.5% catalyst (fresh sample), show a 
high surface hydroxylation. Strong bands at 3427 
and 1638 cm-1 appear and are assigned to OH 
stretching and flexion vibrations, respectively. In 
these catalysts the band at high energy is stronger 
than those observed on Ru/SiO2.

At 1146 cm“1, a peak characteristic of the 
C-O bond is observed. This is because at pH 3 
the ATB does not react completely and it is 
desorbed at 300°C. In the 800-400 cm“1 region, 
typical stretching vibrations of the Al-O bonds 
appear.

At 600°C, y-Al2O3 is formed and strong bands 
appear at 3993 and 3500 cm“1. The interaction 
between the metal and hydroxyl groups of the 
surface causes a shift to high energy. At 900°C,

WAVENUMBERS (cm’1)
Fig. 2. FTIR spectra of Ru/A12O, (0.5%) catalysts thermally 

treated at: (a) 70, (b) 300, (c) 600 and (d) 900°C.

Table 1
UV bands (diffuse reflectance) of Ru/SiO, catalysts

Ru
(%)

Tempera
ture (°C)

Bands (nm)

0.5 70 240 260 315 325
1.0 70 235 255 295 315 350
2.0 70 245 315 330 345

0.5 300 300 360
1.0 300 300 360
2.0 300 360

0.5 600 310 355
1.0 600 220 310 355
2.0 600 220 350

Fig. 3. X-ray diffraction patterns of Ru/SiO2 and Ru/A12O3 
catalysts.
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Table 2
Specific areas (BET) of Ru catalysts

Catalyst M(%) Temperature (°C) A (m2/g) Catalyst A (m2/g)

SiO2 Sol-Gel - 300 110 APO, sol-gel 180
Ru/SiO, 0.5 70 543 Ru/A12O, 14
Ru/SiO, 0.5 300 472 Ru/A12O3 56
Ru/SiO2 0.5 600 77 Ru/A12O3 80
Ru/SiO, 1.0 70 418 Ru/A12O3 24
Ru/SiO, 1.0 300 359 Ru/A12O3 57
Ru/SiO2 1.0 600 107 Ru/A12O, 114
ku/SiO, 2.0 70 512 Ru/A12O3 26
Ru/SiO2 2.0 300 497 Ru/A12O3 50
Ru/SiO2 2.0 600 108 Ru/A12O3 96

the catalysts are practically dehydroxylated and 
the high energy band (3495 cm-1) diminishes.

When the metal concentration increases, the 
Ru-O band shifts to lower energy. If the quantity 
is 1.0%, the band appears at 988 cm-1, and at 
2.0% the band appears at 990 cm-1. This is 
because the metal stabilizes the alumina surface, 
and the Ru-O bond is stronger. For samples 
treated at 900°C the surface is dehydroxylated.

Ru/SiO2 samples show a large number of 
charge transfer (CT) bands, because the ruthe
nium is solvated in the reaction medium. The Ru 
in our catalysts formed d5 complexes with a basal 
state configuration [2t2g (xy, xz, yz)]5 low spin, 
which causes the CT bands.

In fresh gels (70°C), five CT bands were ob
served (table 1). The 235 nm and 295 nm bands 
are assigned to electronic transitions from the — 
and a orbitals of Cl to the empty t2g orbital of 
Ru. The band at 350 nm is the strongest and is 
assigned to the [it lt2u (OH)—2t2h (Ru)] transi
tion. The bands at 255 and 315 nm could 
be assigned to the [ — OH—2t2g (Ru)] and [rr 
H2O—2t2g (Ru)] transitions respectively, and 
correspond to the formation of Ru-H2O and 
Ru-OH bonds. For samples treated at 600°C, the 
235 nm band shifts to 220 nm. This indicates that 
there is a major interaction between Ru and the 
OH groups of the support.

Fresh Ru/A12O3 gels dried at 70°C containing 
0.5 and 1.0% Ru present a small CT band at 302 
nm and another at 335 nm. Both are assigned to 
the [tt(C1)-—2t2t] transition [13,14]. For catalysts 
with 2.0% Ru, the spectrum exhibits CT bands at 

245, 350 and 365 nm which are assigned to the 
[irCl—-2t2g], [o-ci—-2t2g] and ['trH2O--2t2g] 
transitions, respectively.

The specific BET areas values for the Ru/SiO2 
catalysts are reported in table 2. The BET values 
show that the sol-gel preparation of Ru-sup- 
ported catalysts in silica provides a specific area 
five times higher than that of silica support. The 
addition of [RuCl5(H2O)] 2 precursor to TEOS 
originates interaction between the nSi-O nucle
ophiles and the negative metallic complex before 
gelation. As a consequence, a textural effect is 
obtained having as a result specific areas up to 
530 m2/g.

In the ATB gelation with the Ru complex, the 
interaction in the sol does not occur. A network 
contraction occurs and specific areas < 100 m2/g 
are obtained.

In Ru/A12O3 catalysts, only Ru XRD peaks 
were observed (fig. 3). In Ru/SiO2, Ru is present 
and a high amount of RuO2 is shown.

4. Discussion

The FTIR results in SiO2 demonstrate that 
Ru/SiO2 catalysts prepared by the sol-gel 
method exhibit interaction between metal and 
support through the hydroxyl group and the ter
minal silanols. The corresponding bands appear 
in the region of high energy in the spectrum 
indicating stability and a strong interaction with 
Ru. Bands due to the Si-O bonds are in the 
region of lower energy (1100-400 nm) and they 
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are slightly shifted depending on the metal con
centration. This is because Ru interaction with 
silica causes distortion of the silicon tetrahedron.

The UV-V is study of the catalysts shows a 
shift of the CT bands from 240 to 220 nm and an 
increase in intensity of the band at 350 nm due to 
metal content and temperature effects. This indi
cates that Cl ions has been substituted for silanol 
groups in the precursor. The hexacoordination of 
the precursor is maintained, even though =Si-O 
substitutes have to be included in the coordina
tion sphere: i.e., [RuClrOHv(SiO)z],

Ru/A12O3 sol-gel catalysts show weak pre
cursor support interaction. At high metal con
tents or at a temperature of 300°C, a modification 
of the shifting of the IR and UV-Vis bands is 
obtained. The weak observed interaction suggests 
that in this catalysts the precursor support inter
action is limited to the formation of octahedral 
complexes in the surface of the type [RuCl^OHj,].

Strong metal-support interaction in the cata
lysts supported on silica is manifested by the 
increase in the specific area from 110 m2, for a 
sol-gel silica prepared without metal addition, to 
500 m2/g for the Ru/SiO2 catalysts. The in
crease of area has origins in the interaction of the 
precursor with the silanol groups. Ru/A12O3 cat
alysts show a decrease in specific area from 180 
m2/g, for the alumina sol-gel support (pH 3), to 
100 m2/g for the metallic catalysts.

5. Conclusions

The effect of metal addition in Ru/SiO2 cata
lysts is clearly visible in the FTIR spectra. The 
silica OH band is shifted from 3580 to 3484 cm-1 
as metal content increases from 0.5 to 1.0%. At 
high metal content (2%), the metal support inter
action is increased and produces a splitting in the 
band showing the presence of at least two types 
of hydroxyl groups.

The interaction between the OH groups of the 
silica and the [RuC15(H2O)]2_ precursor is prob
ably due to an exchange between the superficial 
OH in the silica and chlorines of the complex. 

UV-Vis results of the different catalysts show 
that the importance of the interaction depends 
on the Ru content.

The position of the CT bands denote the exis
tence of a deformation of the tetrahedron of 
silica, probably due to the coordination of the 
metal with the =Si-O nucleophiles. It is very 
probable that the structures produced in the in
teraction between the [RuC15(H2O)]_2 precursor 
and the sol-gel silica are [Ru(SiO)xClv(OH)_],

For Ru/A12O3 catalysts, IR and ÜV spectra 
reveal no important effects of metal content or 
thermal treatment. Bands observed between 3200 
and 3800 cm1 remain practically constant with 
metal content and thermal treatment. This sug
gests that metal-support interaction is very weak 
in this system.

The nature of the interaction in these catalysts 
should be different to that observed in silica. It is 
most probably limited to an interaction in the 
surface without insertion of =AIO nucleophiles 
in their coordination sphere.

The authors acknowledge the Tulane Univer- 
sity-NSF, CONACYT-Mexico and SEP-Mexico 
for their financial support.
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Study of rhodium-supported catalysts prepared
via the sol-gel method
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Rh/MgO and Rh/TiO2 catalysts were synthesized by the sol-gel method. The metallic precursor was introduced before 
gelation. The Rh complex tends to interchange its Cl- ligands with OH groups from the support, which causes an increase 
in BET area values in comparison with traditional catalysts.

1. Introduction 2. Experimental

Supported Rh catalysts for the conversion of 
synthesis gas have received considerable atten
tion, since they are interesting from both practi
cal and theoretical points of view. Rhodium is 
unique in exhibiting fairly high selectivities for 
the direct conversion of synthesis gas to two- 
carbon-containing oxygenates, especially ethanol 
[1-3], Besides, the most commonly used catalysts 
in the control of automotive emissions contain 
Rh to promote the reduction of NO. The high 
cost of the metal has resulted in providing sup
ports for the different catalysts. Rives-Arnau et 
al. [2] found that Rh/TiO2 is much more active 
than Rh/SiO2 in the reduction of NO by CO. 
Nakamura et al. [4] prove than Rh, Pt and Pd 
supported on TiO2 are much more active than 
when supported on SiO2 or A12O3. The great 
activity that was found by various researchers in 
Rh/TiO2 and Rh/MgO catalysts has been at
tributed to the presence of catalytically active 
centers in the support [5], as well as on the 
surface of the supported Rh crystallites.

In this paper, the synthesis of highly dispersed 
Rh catalysts supported on TiO2 and on MgO 
using the sol-gel method is presented.

Rh/TiO2 catalysts: 15 ml H2O with 25 ml 
ethanol, 1.5 ml HC1 and x g of RhCl3-3H2O 
were refluxed at 70°C with constant stirring. 26.43 
ml of Ti(OEt)4 were added to the solution drop
ping for 2 h. The reflux continued until the gel 
was formed. The gel was dried at 70°C for 12 h. 
For preparing the catalysts, with 0.5% Rh, x = 
0.128 g RhCl3 -3H2O; for 1.0% Rh, x = 0.235 g 
RhCl3-3H2O; and for 2.0% Rh in the support, 
x = 0.511 g RhCl3 • 3H2O.

Rh/MgO catalysts: 14.18 g of Mg(OEt)2 with 
50 ml of ethanol were refluxed under constant 
stirring until dissolved; this solution was mixed 
with another solution that consists of 15 ml H2O 
+ 25 ml of EtOH + 1.5 ml of HC1 + x g RhCl3 • 
3H2O. The reflux continued until the gel is 
formed. The gel was dried at 70°C for 12 h. For 
preparing the catalysts with 0.5% Rh, x = 0.128 
g; for 1.0% Rh, x = 0.255 g; and for 2.0% Rh, 
x = 0.511 g of RhCl3 • 3H2O. The resulting gels 
were thermally treated at 300, 600 and 900°C for 
24 h.

All catalysts were characterized by FTIR spec
troscopy in a Nicolet model MX-1, as well as by 
UV-VIS (diffuse reflectance) spectroscopy in a

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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Table 1
FTIR bands of Rh/TiO2 catalysts

T (°C) % Rh Bands (cm 1 )

300 0.5 3494 1507 669 459 - - 328
2.0 3695 1506 680 430 400 380 351

600 0.5 3550 1507 668 - - - 329
2.0 3649 - 668 517 - - 321

900 0.5 2400 1507 669 - 394 - 351
2.0 2360 - 668 517 380 - 329

Varian spectrophotometer model Cary 17D with 
integration sphere for reflectance coupled to the 
equipment. MgO was used as reference. The 
BET areas were measured in a Micromeritics 
model 2300, using nitrogen as adsorbent under a 
relative pressure P/Po = 0.35.

3. Results

The solution of magnesium alkoxide Mg(OEt)2 
has a pale yellow color, whereas the RhCl3 • 3H2O 
shows a reddish color. When they are mixed, 
during gelation the sol acquires an intense brown 
color and at the gelation point (72 h) the color is 
light brown. When the material is dried at 70°C, 
it acquires a beige color and when the Rh/MgO 
catalysts is calcined, the color is grey. As the 
metal concentration increases, the gelation time 
increases: for 0.5% Rh, tg = 22 h; for 1.0% Rh, 
tg = 40 h; and for 2.0% Rh, tg = 72 h.

The Ti(OEt)4 alkoxide is transparent and, 
when it is mixed with the metallic solution, it 

turns pink. The gel is beige. When the catalysts 
were calcined the color was grey.

Table 1 shows that all Rh/TiO2 catalysts have 
bands in the high energy region (3400-3700 
cm-1), caused by an OH stretching vibration of 
the H2O and EtOH (solvent), as well as the 
hydroxy groups (=Ti-OH). The vibration bands of 
the ethoxy groups can be seen approximately at 
2320 cm-1 in fresh samples. In the catalysts 
treated at 900°C, a small band at 320 cm-1 is 
observed, characteristic of a Rh-O bond vibra
tion. The band at 1507 cm-1 is an OH flexion 
frequency. The remaining bands are TiO2 vibra
tions.

In table 2, the bands of catalysts Rh/MgO can 
be seen. It can be observed that they are totally 
different from those obtained in the former cata
lysts. At 3588 cm-1 (Rh/MgO = 0.5%) and 4100 
cm-1 (Rh/MgO = 2.0%), an intense narrow band 
appears in all gels, associated with an OH stretch
ing frequency that forms no bonds through true 
hydrogen bridges. In the synthesis of MgO by the 
sol-gel process, hydrolysis is favored by the pres

Table 2
FTIR bands of Rh/MgO catalysts

T (°C) % Rh Bands (cm ')

300 0.5 3588 2547 1637 1420 1110 - 589 408
2.0 3400 - 1260 - 668 553 408

600 0.5 3689 1655 1507 1089 842 671 -
2.0 4149 1762 - 1097 851 671 410

900 0.5 3300 - 1458 - 870 645 416
2.0 4000 - 1540 1095 850 670 423
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ence of an acid catalyst (HC1) and Mg(OH)2 was 
formed; it persists even after gelation generating 
a band of such a high energy. Kirklin et al [6] 
attribute this to a precipitation of magnesium 
hydroxyl during the synthesis, an idea shared by 
Glass and Searle [7].

Another absorption at a lower energy (3386 
cm1) appears due to the existence of weaker 
OH groups bonded to the surface support that 
disappears with temperature. In these catalysts, 
the ethoxy groups bonded to the network origi
nate two bands at 2457 and 1420 cm-1 typical of 
a symmetric deformation of the C-H bond.

In the low energy region of the spectrum, two 
bands of Mg-O bond are present and can be 
observed as a wide band. As in ionic solids like 
MgO, the vibrations of individual ions come from 
their relative displacements. The resulting spec
tral bands are wide and appear at lower energies. 
They are affected by the weight of the metallic 
ions. There is also a band at 330 cm-1 which is 
the Rh-Cl stretching vibration band.

The electronic spectra of Rh(III) complexes 
have been extensively studied by many research 
groups [8], In our catalysts, rhodium forms a 
hexacoordinated complex with an oxidation state 
(III). Its configuration in the ground state is 
[t2g(xy, xz, yz)]a, and the spectroscopic term of 
the ground state is 1Alg. Table 3 shows the ab
sorption bands obtained for Rh/MgO catalysts. 
The low energy bands located around 14000 cm-1 
and 20 000 are typical of d-d transitions from the 

basal state 'Alg to the excited states of the com
plex:

[Rh->C1] forbidden,

xTlg [Rh -> Cl] allowed.

The first one is a spin-forbidden transition; 
hence, the bands tend to be of low intensity. The 
second one is a spin-allowed transition and has a 
higher intensity than the former.

The high energy bands are around 22000 and 
27 700 cm 1 and, in the case of the Rh/MgO 
(2.0%) catalyst treated at 600°C, an absorption 
exists up to 40000 cm-1. The bands are due to 
the following d-d transitions:
XAAlg —> 'Tilg [Rh —> OH] allowed,

’AA ig 12g [Rh ->C1] allowed,

1aAig —> 12g [Rh -» OH] allowed.

The Rh/TiO2 catalysts spectra are not dis
cussed in this work, because the titania used as 
support presents bands in the same region, and 
masks those of the complex.

4. Discussion

Strong acids such as HC1 are particularly effec
tive in catalyzing metal alkoxide hydrolysis reac
tions. This occurs through an exothermal process 

Table 3
UV-VIS (diffuse reflectance) bands of Rh/MgO catalysts

7 (°C) % Rh Bands (cm ’)

300 0.5 14700 (w) 15 870 (h) 22220 (s)
2.0 - - 20000 (s) -

600 0.5 14080 (s) - 20620(h) 27770(w)
2.0 14285 (s) - 21280 (h) 27770(w)

900 0.5 13700 (h) 22220 (s)
2.0 13900 (h) - 21280 (s) -

s, strong; w, weak; h, shoulder.
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that raises the reaction temperature and the con
densation rate is lower, therefore a large quantity 
of OH groups bonded to the gel network (sup
port) remains.

It has been demonstrated that the terminal 
hydroxyls bonded to the network are more acid 
than the OH placed within the polymer [9], Hence 
the metal can easily become anchored to the 
support during gelation:
Rh/MgO catalysts
Mg(OEt)2 + H2O

HO — Mg— O — Mg—OH + Mg(OH)2, 
— Mg—OH + —Mg —OH

Rh .OH-^7 [MgO]< ;
^[Rh(a/OH)]V

Mg(OEt)2 + H2O
H

(I)

HCl ---->
,O.

Mg< >Mg + Mg(OH)2, 
O 

oxygen [10,11], One piece of evidence to support 
the previous hypothesis is the diffuse reflectance 
spectra of Rh/TiO2 catalysts. Two intense ab
sorption bands are present in the UV region of 
the spectrum; the first is at 31450 cm-1, typical 
of pure titania; the second is a wide band ob
served at 40820 cm-1 and is caused by vacancies. 
If the material is calcined at 600°C, the bands are 
shifted to lower energy values [11], The first band 
represents the energy between the valence band 
and the conduction band of TiO2 and when the 
latter is free of impurities it is the only one to be 
observed. When vacancies are created, a new 
state of energy higher than that of the conduction 
band is also created, and consequently, electrons 
can jump to it, and the UV high energy band is 
produced.

All the UV-VIS spectra of Rh/MgO catalysts 
presented d-d transitions that indicate the exis
tence of OH groups from the support in the 
coordination sphere of rhodium. This is an im
portant factor, because it has been demonstrated 
that the presence of hydroxyl groups prevents the 
autodeactivation of the metal by coke formation 

H
H

H

Rh/TiO2 catalysts

XT
Mg< >Mg;

O
I

RhClx(OH)y

(H)

Ti(OEt)4 + H2O ------> =Ti(OH) + = TiOEt,

= Ti(OH) + =Ti(OH)
-> [TiO2] — OH + H2O,

[TiO2J — OH
.OH

[TiO2]<
^[RhCl]x(OH)]y

The metal is expected to be as well encapsulated 
into the support as deposited as small metal 
particles on the surface. Although the encapsu
lated fraction is not accessible to reactants, it acts 
as a support modifier.

In both supports, when a metal is introduced 
into the network, i.e., rhodium, vacancies are 
created because of the charge deficiency of the

Table 4
BET area of Rh support catalysts

Catalyst % Rh rec) Area
(m2/g)

Rh/MgO 0.5 70 48
1.0 70 34
2.0 70 64

0.5 300 99
1.0 300 71
2.0 300 53

0.5 600 24
1.0 600 43
2.0 600 52

Rh/TiO2 0.5 70 151
1.0 70 107
2.0 70 68

0.5 300 127
1.0 300 144
2.0 300 127

0.5 600 35
1.0 600 40
2.0 600 20
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in benzene hydrogenation reaction [12-15]. The 
hydroxyl groups cover the metal, avoiding the 
accumulation of coke on rhodium, causing its 
deactivation.

Table 4 shows the values of BET areas for all 
catalysts. In all magnesia-supported catalysts, the 
BET areas are three times smaller than in the 
titania-supported catalysts. The magnesia and ti
tania are microporous. The areas are stable up to 
300°C but by calcining the solids at 600°C the 
area values decrease by an important quantity.

5. Conclusions

The sol-gel method is a good alternative for 
preparing rhodium-supported catalysts over MgO 
and TiO2. The advantage over traditional im
pregnation is that the dissociated metallic precur
sor is in direct contact with hydroxy groups 
(-Mg-OH, =Ti-OH) and ethoxy groups (-Mg- 
OEt, =Ti-OEt) that are formed as intermediates 
during the gelation. This causes a strong metal
support interaction. Highly hydroxylated supports 
protect the metal against deactivation by carbon 
deposition in hydrogenation reactions, and the 
final catalysts present great resistance to self
deactivation.

Financial support of Conacyt and Sep-Proides 
is gratefully acknowledged.
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Published works on sol-gel processes in the field of electronic packaging materials are critically reviewed. A novel 
application of the sol-gel process for the fabrication of low coefficient of thermal expansion (CTE) polymer matrix 
composite laminates has been described. The approach consists of the impregnation of glass yarns or fabrics with 
silica-based sol derived from metal alkoxides. After firing at ~ 400°C, the sol-gel coatings restrict the movement of glass 
fibers within the yarn/fabric leading to the lowering of CTE. The sol-gel treated fabrics are subsequently impregnated with 
a polymer resin and laminated to single layer or multilayer laminates. In addition, the sol-gel treated fabrics were used to 
produce low CTE copper composite layers (to be used as a restrainer) by the plating of copper onto the gel-treated glass 
fabrics. Results show that the laminates produced with sol-gel treated fabrics gave CTE values lower than those obtained 
from the fabrics without sol-gel treatments.

1. Introduction

The first part of the work focuses on the 
evaluation of some relevant published works on 
application of sol-gel processing in two areas of 
electronic packaging materials: (a) multilayer ce
ramic substrates as chip carriers, and (b) printed 
circuit boards. The second part describes the 
work on the fabrication of low CTE printed cir
cuit boards based on the sol-gel processing.

1.1. Sol-gel process in the fabrication of multilayer 
ceramic substrates

Improvements needed for the future high-per
formance ceramic substrates are: (a) lower dielec
tric constant (below 5), (b) thinner dielectric layer 
and higher packaging density, (c) thermal expan
sion match with silicon allowing larger chips with 
more circuits, (d) higher conductivity of package 
metallization, and (e) higher thermal conductivity 
of ceramic backbonded to chip. The properties of 
ceramic packages needed for the high perfor
mance packages are discussed in detail elsewhere

[1,2], Readers should particularly note the ideal 
properties of ceramic packages reported in table 
7-19 of ref. [1], At present, the glass-ceramics 
materials which includes both crystallized glass, 
i.e., glass-ceramics, and ceramics dispersed in 
glass can satisfy many of the requirements men
tioned above and the industries are manufactur
ing multilayer ceramic substrates using the glass
ceramic powders produced by the conventional 
techniques and co-firing with copper or gold. If 
the sol-gel processing is to make any impact in 
this area, the process must offer a significant 
improvement in properties such as in the area of 
dielectric constant or wiring density which are 
important for satisfying the demands of the fu
ture packaging on high signal speed and high 
packaging density. The synthesis of cordierite gels 
and gel-derived cordierite glass-ceramics which 
are used for the fabrication of multilayer ceramic 
substrates have been reported by several workers 
[3,4], Recently, Vesteghem et al. [5] reported a 
process of making cordierite glass-ceramics using 
the aerogel and thus avoided the uncertainties of 
complete densification of the conventionally dried 

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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cordierite gel. Moreover, the aerogel approach 
offers the advantage of eliminating (a) the incor
poration of carbon into the gel-glass and also (b) 
the trapping of volaties before sintering [6], The 
presence of a trace amount of carbon in glass is 
undesirable because it can increase the dielectric 
constant [7].

Although the development of microporous 
cordierite via aerogel appears to have some impli
cations in lowering the dielectric constant, the 
porosity has deleterious effects on the mechanical 
strength. The conductor line integrity can be 
threatened due to entrapment of solvents or 
volatiles. Recently, the use of porous silica gel 
and porous cordierite for the lowering the dielec
tric constant of electronic packaging materials 
has been reported [8-10]. Very recently, Utsumi 
[11] reported the development of an advanced 
multilayer green sheet technology based on the 
use of alkoxide derived powders. His results show 
that dielectric layers prepared from alkoxide- 
powder-derived green sheets are thinner; more
over, the strength of the green sheet derived from 
alkoxide powders is much higher than that ob
tained from the conventional powders. According 
to him, the narrow size distribution, non-ag- 
glomeration and the microporosity of gel-derived 
powders contribute to these properties. His work 
also shows that a combination of this advanced 
green sheet technology and the photolithographic 
technology can lead to high wiring density and 
fine conductor lines in ceramic green sheets. 
These works indicate that the sol-gel process 
could make a significant advancement in the mul
tilayer ceramic green sheet technology. However, 
the ultimate success of industrial applications will 
depend on the manufacturability which encom
passes quality, yield/reproducibility, process time 
and process simplicity.

1.2. Materials requirements of advanced printed 
circuit boards

Traditional printed circuit boards consist of 
dielectric layers made of glass fabric reinforced 
epoxy matrix laminates and copper foils which 
are patterned to act as conductors. With in
creased demands of packaging technology, the 
ideal laminate for the PCB should have the fol

lowing properties [12-14]: (a) higher glass transi
tion temperature, (b) lower dielectric constant,
(c) low coefficient of thermal expansion (CTE),
(d) high dimensional stability, (e) high heat dissi
pation, (f) conventional laminate processing, 
(g) low cost.

Published works on the use of sol-gel pro
cesses in the field of PCB are very limited; 
Schmidt and Wolter [15] mentioned the possible 
role of organically modified gels in the develop
ment of dielectric coatings.

2. Low coefficient of thermal expansion board 
[12-14]

A strong need for the development of low 
CTE board exists because of the trend in using 
surfacemount technology which requires the re
duction of CTE mismatch to reduce the thermal 
stresses. Traditional E-glass fabric reinforced 
epoxy boards exhibit CTEs around 16 ppm/°C. 
This is much higher than that of the ceramic chip 
carrier (6 ppm/°C) and silicon (3.00 ppm/°C). 
Hence, a CTE of < 6.00 ppm/°C is considered 
ideal. Moreover, a low z-direction expansion is 
also needed to avoid a serious mismatch between 
copper in plated through holes. The ideal mate
rial should have a very low z-direction CTE in 
the order of 35 ppm°/C. Most standard materials 
have CTEs of 50-60 ppm/°C. Usually, the lower
ing of the CTE of the board is achieved by the 
use of low CTE, high modulus fibers as reinforce
ment materials and use of low CTE restraining 
metal/metal alloy cores (such as copper-Invar- 
copper, Kovar) in the middle of the PCB. Some 
of the concerns of using quartz glass fiber is its 
hardness, leading to difficulty in drilling, and 
expense. The concerns associated with the use of 
a metal core is the problem of thermal expansion 
mismatch of the dielectric layers (16 ppm/°C) 
with the metal core (2-6 ppm/°C). However, the 
restraining metal cores are also used as ground 
and power planes [12-14],

2.1. Objectives of the present experimental work

The objectives of the present work were to 
develop: a low CTE dielectric laminate (CTE 5 
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ppm/°C), a low CTE copper matrix composite 
laminate to be used as restrainers and power 
cores and a multilayer board having a minimum 
mismatch between power planes and signal 
planes. The processing remains similar to the 
conventional FR-4 PCB without without signifi
cant cost increase.

2.2. Low CTE composite laminates via sol-gel 
routes

A concept of lowering the CTE of glass yarns 
or fabrics by impregnating with low CTE sol-gel 
materials derived from organometallic polymeric 
solutions has been utilized to achieve the goals 
noted in section 2.1. The glass yarns which are 
made up of a bunch of continuous glass filaments 
are woven to make the glass fabrics. Although the 
CTE of the individual glass filaments which varies 
from 0.6 to 5 ppm/°C (see table VII of ref. [12]) 
are low, the CTEs of yarns are not as low as that

Table 1
(a) CTEs of plain weave, glass fabric/cyanate resin compos
ites as predicted by finite element analysis

Type of composite yR CTE (ppm°/C)

A'-y z

E-Glass/FR-4 17 54
(Ffr_4 = 0.6)

S-Glass/cyanate 0.6 14 45
Quartz/cyanate 0.6 6.4 44
Quartz/Gelt /cyanate 0.1 0.5 5.9 32.5
Quartz/Gel2/cyanate 0.1 0.5 5.6 32.7
Quartz/Gel3/cyanate 0.1 0.5 4.2 32.2
Quartz/SiO2 gel/cyanate 0.1 0.5 5.4 32.4

VR, volume fraction of resin; volume fraction of gel;
Egiassfabric = 0.4. CTE of cyanate resin = 70 ppm/°C.

(b) Mechanical properties of gels used for the finite element 
analysis given in (a)

Gel type Modulus X 106 psi CTE (ppm/°C)

Gel 1
D-glass 7.5 3.0

Gel 2
S-glass 12.5 2.9

Gel 3
(TiO2-SiO2 Gel) 9.8 -3.2

SiO2 gel 8.0 1.0

Poisson ratio was assumed as that of glass itself.

of the filaments because the filaments in the 
yarns are not bound to each other. Even when a 
pure polymer is impregnated into the yarn, the 
CTE is still high primarily because of high CTE 
(> 60 ppm°/C) and low modulus of elasticity of 
the polymer. The sol-gel impregnated glass yarns 
or fabrics on subsequent thermal treatment at 
around 400°C transform into low CTE yarns/ 
fabrics due to the gluing action of the gel-derived 
glassy silicate phase having high thermal stability 
and low CTE. The thermophysical properties of 
the interface changes to impart lower thermal 
expansion of the final laminate after the resin 
impregnation. A finite element analysis was car
ried out on the composite layers using intrinsic 
properties of the constituent materials (e.g., fab
rics, gels and the polymer) [16], The results of the 
finite element analysis of glass fabric impreg
nated with different types of gels and cyanate 
resin are shown in table 1(a). The physical prop
erties of different materials used in the analysis 
are given in table 1(b). It is evident that the 
analysis predicts a significant decrease of CTE 
values in presence of a small volume fraction of 
gel. Because of unavailability of experimental 
physical properties of the gels, the physical prop
erties of the glasses of the same compositions 
were used for the finite element analysis.

3. Experimental

The fabrication process of the laminates con
sists of the following steps.

(1) The impregnation of glass fabrics with a 
silica-based sol derived from metal alkoxide solu
tions takes place at room temperature and subse
quent thermal treatment occurs at ~ 400°C to 
remove residual organics and other volatiles.

(2) The sol-gel impregnated fabric is then im
pregnated with a cyanate resin and partially cured.

(3) The partially cured composite layers are 
then laminated under pressure in nitrogen atmo
sphere at 350°C to fabricate fully cured single 
layer laminates.

(4) The multilayer laminates are fabricated by 
the lamination of initially cured laminates to
gether with the restrainers such as Cu-Invar-Cu 
or glass fabric reinforced copper matrix compos-
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ites produced by the plating of gel-impregnated 
fabrics (obtained in step (1) above).

3.1. Compositions and preparation of sol-gel pre
cursors

Two types of sol-gel composition were used. 
The first type is the inorganic glassy phase (such 

as silica, silica-titania, borosilicate gels) derived 
from metal alkoxide solutions without additive. In 
some cases the solution was doped with a pyroliz- 
able plasticizer (e.g., benzoflux B-988*  which is a 
dipropylene-glycol-dibenzoate type chemical) 
that reduces the brittleness which develops dur
ing the drying process. The plasticizer is removed

(a)

P’ADi/d Eq-1

d = A. 2/ML eq- 2

Diffraction Fringes
Fig. 1. (a) Schematic diagram of the single beam method for determining in-plane displacement, (b) Point by point analysis.
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during the firing at 400°C. The second type of sol 
used is organically modifies sol-gel [15] materials 
where a small fraction of high temperature poly
meric species was incorporated to modify the 
mechanical behavior so that the flexibility of the 
gel-impregnated fabrics improves and the brittle
ness decreases. One of the modifying phases used 
is polydimethyl siloxane (PDMS) [17].

Silica sol was prepared by the partial polymer
ization of tetraethoxysilane (TEOS) in acid cata
lyst. The molar ratio of water/TEOS was in the 
range 5/1 to 10/1. Silica content was 3-10 g in 
100 ml ethanol. The pH was between 1 and 2. 
The viscosity was around 10 cps at room tempera
ture. A small fraction (2-5 g per 100 g silica) of 
either benzoflux or PDMS was incorporated into 
the solution during the sol preparation.

3.2. Impregnation of fabrics with sol-gels

Plain weave S-glass fabrics (4 mm and 3 mm 
thickness), and basket weave S-glass fabrics (3 
mm) and fused quartz glass fabrics were used. 
The plain weave is the simplest, with one warp 
yarn running over and under adjacent fill yarns; 
the basket weave interlaces two or more warp 
yarn, leading to a higher volume fraction of glass 
[18]. The pre-existing coupling agents in the fab
rics were not removed before impregnation with 
the sol. The fabrics in the roll form were impreg
nated by dipping through the sol using equipment 
similar to that used for epoxy resin (see fig. 1 of 
ref. [19]). The drying was carried out in air at 
room temperature. The air-dried fabric was then 
rolled, and stored in a closed box and then dried 
in an air oven at 50°C for 24 h.

3.3. Thermal treatment of gel-impregnated fabrics

The removal of organics was conducted in an 
infrared (IR) belt furnace where the fabrics heat 
treated are unrolled and continuously fed onto a 
moving belt having a continuous air flow. The 
organic removal was optimized by controlling the 
rate of heating, the hold temperatures and time, 
and the oxygen concentration. Effective removal 
of residual pyrolyzable (at 400°C) organics is very 
important because the wetting of the cynate resin 

and the uniformity of CTE values on thermal 
cycling is influenced by the residual organic con
tent.

3.4. Organic resin impregnation and lamination

Cyanate resins were developed for both circuit 
board and advanced composites [12,20]. A cyanate 
resin is based on dicyanates derived from bisphe- 
nol-A. Aromatic cyanates in presence of a cata
lyst directly trimerize to form a stable cyanate or 
trizene ring structure [19,20], After being fully 
cured and cross-linked, cyanate resins exhibit T 
of at least 250°C. The sol-gel-impregnated fab
rics after thermal treatment at 400°C were im
pregnated with a cyanate resin (in methylethylke
tone solvent) in a continuous way, being fed 
through a roll. The impregnation process is simi
lar to the epoxy impregnation process. The im
pregnated fabrics were partially cured in air at 
150°C. The final curing was carried out during 
lamination in nitrogen atmosphere or under vac
uum at 360°C for 1 h under a pressure of 300 psi. 
The multilayer cards having desired number of 
dielectric layers and low CTE alloy restrainers 
were also fabricated by pressing together the 
partially cured laminates and the low CTE metal
lic restrainers (Cu-Invar-Cu). To evaluate the 
influence of gel, laminates were fabricated with 
gel-impregnated fabrics and without gel treat
ment. The CTE of the Cu-Invar-Cu used was 
5.7 ppm/°C.

3.5. Measurements of CTE

Thermomechanical analysis (TMA) and 
speckle interferometry were used to measure 
CTEs. A DuPont thermoanalyzer was used to 
measure the thick multilayer laminates. The TMA 
unit was calibrated with a low CTE glass from the 
National Bureau of Standards as a standard. A 
small 6 mm X 4 mm sample was used. The mea
surement was carried out in the temperature 
range 25-250°C at a heating rate of 5°C/min.

The speckle pattern formed by the interfer
ence of coherent laser illumination is unique to 
the surface forming it [21-23], The image formed 
by the interferometer consists of coherent light 
scattered from the same point of the object but 
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collected by different locations on the lens and 
refocused to interfere at the image plane. The 
interference at the image plane results in a 
speckle ruling produced by an aperture pair that 
is distorted by the speckle characteristics. This 
interference is analogous to having a moire grid 
on the object surface. The pitch of the ruling and 
thus the sensitivity of the technique is given by

P = XD,/d (1)

(fig. 1). The pitch of the speckle ruling using a 
He-Ne laser can be varied from 1 to 20 pm by 
changing the camera lens and focal length. De
formation of the surface will produce a change in 
the speckle (grid) pattern. If the undeformed and 
deformed patterns are recorded by camera on the 
same piece of film, interference between the two 
patterns will occur on reconstruction, producing 
fringes that map the amount of in-plane displace
ment of the part being tested. A simple single 
beam method for measuring in-plane displace
ment is depicted in fig. 1(a). The in-plane dis
placement of a test part can be captured by a 
double exposed photo transparency using this 
setup. The developed transparency can be evalu
ated using the process detailed in fig. 1(b). An 
unexpanded laser beam passing through a double 
exposed transparency illuminates both the unde
formed and deformed speckle pattern. Diffrac
tion from these two patterns interfere, forming 
Young’s fringe. This results in a set of Young’s 
fringe being visible in the diffraction halo. The 
inplane displacement is inversely proportional to 
the fringe spacing and the direction of displace
ment is perpendicular to the fringes. Using the 
measured separation of the Young’s fringes, L 
and M, the magnification of the single beam 
setup can be used with

d = Az/mL (2)

(fig. 1(b)) to calculate the in-plane deformation. 
The technique has a basic sensitivity of approxi
mately 1 |im, making it possible to detect the 
CTE of a 5 ppm substrate. This method, although 
a point by point readout, has the advantage of 
giving both magnitude and direction of displace
ment. The CTEs of the single layer laminates 
which are in the range of 3-5 mm thick were 

determined by this technique. A comparison of 
TMA and speckle readings of different test sam
ples were made. Good correlation was obtained 
with pure metal sheets such as Al or Cu. How
ever, certain discrepancies were observed when 
the samples were thick. The discrepancies may be 
due to the fact that the speckle technique mea
sures surface displacement, while TMA measures 
the bulk motions.

4. Results and discussion

The measured CTE values of single layer di
electric laminates are given in table 2. The CTE 
values of single layer power planes which are 
sol-gel treated glass-fabric reinforced copper ma
trix composites are given in table 3. The amount 
of copper plating is expressed in terms of oz/sq. 
ft. It should be noted that the fraction of gel 
incorporated into the fabric was only 5-6 wt%. It 
is evident from the results that a considerable 
lowering of CTE occurs in presence of small 
fraction of silica gel in both the cases. A possible 
mechanism for the reduction of the CTE of the 
sol-gel impregnated yarn/fabric is represented 
pictorially in fig. 2. The concept is based on the 
basic equation (eq. (3)) governing the CTE of 
fiber reinforced polymer matrix composites [24]. 
The longitudinal CTE of the composite is

Pure SiO2 gel 5-6 wt% as-impregnated.

(3)

Table 2
Measured values of CTE for dielectric core materials (mea
sured by speckle interferometry)

Composite layers CTE (ppm/°C)
x-y

E-Glass/epoxy 17
S-Glass/cyanate

(3 mm plain weave)
11

Quartz/cyanate
(5 mm basket)

6

S-glass/sol-gel/cyanate
(3 mm plain weave)

4.5

Quartz/sol-gel/cyanate
(5 mm basket)

2.7
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Table 3
Measured CTEs of power cores with and without sol-gel 
(measured by speckle interferometry)

Glass fabric Copper 
plating 
(oz./sq. ft)

x-y CTE (ppm/°C)

without 
sol-gel

with 
sol-gel

Quartz 1.3 11.3 4.6
(5 mm plain)

Quartz 1.3 10.3 3.5
(5 mm basket)

S-Glass 1.3 - 10.0
(3 mm basket)

S-Glass 0.7 - 5.0
(3 mm basket)

Fig. 2. Proposed mechanism for fiber/sol-gel/polymer (FSP) 
composite.

where am is the CTE of matrix phase (this is very 
high, >70 ppm/°C with polymers), af is the 
CTE of glass fiber (which is much lower, 3 
ppm/°C), Em and £f are elastic modulus of 
polymer and fiber, respectively, Em is the volume 
fraction of polymer, and Kt is the volume fraction 
of fiber. We anticipate that the low CTE gel acts 
as an adhesive and bonds together the filaments. 
Consequently, the CTE of the yarn decreases

Pure SiO2 gel 5-6 wt% as-impregnated.

with the increase of the gel content (see fig. 2). 
Thus, the yarn behaves like a composite having 
filaments as reinforcing materials in an inorganic 
glassy phase. Thus, a higher volume fraction of 
low CTE reinforcement phase (yarns) having 
higher modulus develops. As a result, the contri
bution to lowering of CTE of the composite is 
enhanced. It should be noted that the finite ele
ment analysis also predicts a similar effect (see 
table 1(a)). The results of the CTE measurements 
with multilayer laminates are given in table 4. 
The comparison of the multilayer laminates with 
and without sol-gel and having restrainer layers

3.50-1

3.00-

0.00
46.7°C
o = 4.4pm/m°C

-0.50—
20

TEMPERATURE (°C)

40 60
------ 1-----

80 100 120
I

140
i

160
I

180

TMA V1.0C
Fig. 3. Typical CTE of multilayer boards.
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Table 4
CTE multilayer boards (measured by TMA)

Composite ,r-y zCTE(ppm/°C)

S-glass/cyanate
without sol-gel 7.8 48-50

S-glass/cyanate
with sol-gel 4.5-Ó.5 22-27

Cards were 60 mm thick, four layers of 40/60 CIC (CTE 5.7 
ppm/°C)(CIC. Cu-Invar-Cu). S-Glass/Cyanate/CIC.

of Cu-Invar-Cu (CTE 5.7 ppm/°C) show that 
the CTEs of the laminates with sol-gel is much 
lower than that of the laminates without sol-gel; 
particularly, the ¿-direction CTE is considerably 
lower (22 ppm/°C as compared with 48 ppm/°C). 
The reason for the significant lowering in ¿-direc
tion might be due to the lower value of the 
Poisson ratio of the inorganic glassy phase (0.2) 
as compared with that of pure organic resin (0.4). 
However, the lowering of CTE in the ¿-direction 
is beneficial for the reliability of the plated- 
through holes or vias because the CTE value of 
22 ppm/°C matches more closely the CTE of 
copper which is 17 ppm/°C. TMA analysis shows 
that the CTE is reasonably uniform in the tem
perature range 40-180°C (see fig. 3). The CTE of 
the laminate does not significantly change with 
thermal cycling. However, we observed that the 
CTE of the sol-gel-impregnated laminate is sen
sitive to the extent of the removal of organics and 
volatiles from the gel during thermal treatment 
before the impregnation of the cyanate resin. The 
wetting behavior of cyanate resin and the conver
sion of the cyanate to trizene ring which is most 
desirable seems to improve with more effective 
removal of the organics from the gel surface.

5. Conclusions

A significant lowering of CTE of the glass 
fabric reinforced polymer matrix composite can 
be achieved by a pretreatment of the fabrics with 
silica-based sol derived from metal alkoxides. The 
impregnation of the fabrics with an inorganic 
glassy/gel phase glues together the glass fila
ments and thus the movement of the filaments 

after subsequent impregnation either with or
ganic resin or with metallic copper is restrained. 
Results show that a small (5 wt%) fraction of 
silica gel at the interface of glass filaments can 
reduce the CTE of the fabric-reinforced compos
ites, both polymer matrix and copper matrix, to a 
considerable extent (3-4 ppm/C) when com
pared with the laminates having no sol-gels. This 
approach of making low CTE multilayer lami
nates offers a process for low cost, low CTe 
boards or cards that can be used for direct chip 
attachment.

The authors knowledge the management sup
port of Materials Engineering Function, IBM En
dicott, where the present work was performed 
and also acknowledge the support of the Ad
vanced Packaging Technology Management, East 
Fishkill, for the publication of the work. Thanks 
are also due to T.M. Niu for Finite Element 
analysis data and P. Moschak for Laboratory 
work.
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A solid state electrochromic smart window has the configuration glass/TC/EC/IC/IS/TC/glass, where TC is a 
transparent conductor, EC is an electrochromic coating, IC is an H+ or Li+ ion conductor and IS is an H+ or Li+ ion 
storage layer. Application of a small voltage at the TC electrodes changes optical transmission of the device in a persistent 
reversible manner. Porous and slightly crystallized sol-gel coatings of TiO2-CeO2 composition have the required properties 
for ion storage counter electrodes. Layers 150 nm thick have 80% optical transmission in the visible range, do not color after 
H+ and Li+ insertion and show good electro-chemical stability. These layers have been used as H+ or Li+ ion storage 
electrodes, where EC was WO3. The protonic IC was a cellulose polyacetate polymer and the lithium IC was PEO- 
LiN(SO2CF3). Electro-chemical and optical performances of the cells are reported.

1. Introduction

Development of all solid state electrochromic devices such as smart windows and reflective mirrors is 
of importance [1]. A typical transmission system is made of five layers sandwiched between two glass 
substrates as shown in fig. 1. There are two transparent electrical conductors (TC) which are required for 
setting up a distributed electric field, an electrochromic layer (EC), an ionic conductor (IC) and an ion 
storage layer (counter electrode) for H+ or Li+ ions (IS).

When a small current is passed through the cell, the ions stored in the counter electrode diffuse 
toward the electrochromic layer and change its transmittance over a wide spectral range and alter the 
optical transmission of the device. These devices have a time response which varies from seconds to less 
than a minute and most maintain optical properties for several hours without power. The original state is 
obtained by reversing the applied voltage. The current collecting layers are usually made of a mixed 
oxide In2O3-SnO2 (ITO) of low electrical resistivity. The preferred electrochromic layer is WO3 whose 
structure and color are modified by electrochemical insertion of ions following the reaction

xA+ + xe“+WO3 = AXWO3, (1)

where A+ can be H+, Li+, Na+, etc. The result of the insertion reaction is reduction of transparent WO3 
and transformation into a blue-colored tungsten bronze W]6+VO3_XWX5 + . Coloration is due to a large

TC
EC
IC
IS
TC

Glass

Glass
T.C 
EC
IC
IS 
TC

Glass

Glass

Fig. 1. Schematic cross-section of a typical solid state electrochromic device working in transmission. TC, transparent electronic 
conductor; EC, electrochromic coating; IC, ionic conductor (electrolyte); IS, ion storage layer (counter electrode).

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved 
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absorption band in the visible and near infrared region (Emax »1.4 eV) attributed to electronic 
transitions from the reduced tungsten ions states W5+ to the conduction band [2,3]- Although the 
chemical diffusion of Li+ ions is smaller than that of H+, these ions are preferred for devices since 
hydrogen usually presents a gassing phenomenon and the acid electrolyte media limits the lifetime of 
protonic-based devices [4].

The advantages of polymeric ion conductors over liquid ion conductors is now recognized [4,5] to 
provide good electrolyte/electrode contact and low leakage. Among them, polyethylene oxide (PEO) 
complexed with alkali salts such as LiClO4, LiCF3SO3 or LiN(SO2CF3)2 exhibits Li+ conductivity in the 
range 10 4-10 7 S cm at room temperature.

V2O5 [6,7], Ir2O3 [8,9], CeO2 [10] have been recently proposed for counter electrodes but they do not 
exhibit required transparency, reversibility and kinetics for reaction with Li+ ions. We recently proposed 
TiO2-CeO2 layers prepared by a sol-gel process which allow better Li+ insertion kinetics than pure 
CeO2 [7,11,12],

Sol-gel preparation of TiO2-CeO2 coatings and their optical and electrochemical properties are 
reported here. The optical and electrochemical properties of two of them are discussed.

2. Experimental procedure

Transparent electric conductor layers (TC) were Baitracon Z 20 (Balzers) ITO thin films deposited on 
glass plates 1.5 mm thick and have an electrical resistivity of 200 ft cm. Electrochromic coatings (EC) 
were WO3 layers deposited from the corresponding oxide powder by vacuum evaporation on ITO/glass 
substrate. Films were amorphous to X-ray diffraction and thickness was measured with a Talystep to be 
200-300 nm. The chemical diffusion coefficient for Li+ ions, D = 2.5x10’ 11 cm2/s at 25°C was 
determined by analyzing low frequency impedance data [7].

For the cells using Li+ ions, the ionic conductor layer (IC) was a polymer electrolyte complex 
prepared by dissolving polyethylene oxide (PEO) powder (MW) = 9 X 106) and LiN(SO2CF3)2 salt in 
acetonitrile with an O: Li atomic ratio of 10:1. The viscous liquid was prepared in a glove box in absence 
of humidity and was poured on the glass/ITO/WO3 substrate. The solvent was evaporated at 50°C 
during 48 h and the substrates were then kept in the dry box for further processing. Polymer films were 
typically 50-200 nm thick. For the cells using H+ ions, a cellulose polyacetate protonic gel was prepared 
by diluting 0.5 g of cellulose monoacetate (Rhodialite, Rhodia, Brazil) in 2 ml of acetone to which 2 ml of 
an 80 vol.% glacial acetic acid in water was then added. The gel obtained was then poured on the 
glass/ITO/ WO3 substrate.

The ion storage coatings (IS) or counter electrode consisted of TiO2-CeO2 layers which were 
prepared by sol-gel processing. The TiO2-CeO2 precursor sols were prepared using Ce(NH4)2(NO3)6 
salt dissolved in ethanol to which tetraisopropyl orthotitanate with atomic ratio Ce: Ti up to 1:1 was 
added as already described [7,11,12]. The same method can be applied for the preparation of ZrO2-CeO2 
sol by mixing zirconium propoxide Zr(OPr‘)4, Ce(NH4)2(NO3)6 salt and ethanol. These sols are stable 
for only a few days even if they are kept at low temperature. The use of a mixture of Ti(OPr‘) and 
acetylacetone with [Ti]/[AcAc] ratio varying from 0.5 to 1.25 instead of Ti(OPr/ slightly improves the sol 
stability. The use of isopropanol as solvent for the cerium salt (instead of ethanol) leads to a precursor 
sol stable up to 3 months at 5°C. Dissolution of the cerium salt results in a clear red solution [11] which 
becomes colorless after about 30 h. This phenomenon is due to a slow reduction of Ce4+ according to

2Ce4 + + Pr'OH 2Ce3 + + acetone + 2H + . (2)

The presence of the acetone appears to be important for the long term stabilization of the sol.
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Fig. 2. Li+ charge density inserted (or extracted) into sol-gel TiO2-CeO2 films during the 30th voltammetry cycle as a function of 
the aging time of the sol at RT. The films were heat treated at 450°C for 15 min.

The layers were deposited by dip coating on Baitracon Z 20 ITO coated glass at a 10 cm/min 
withdrawal speed resulting in good optical quality films of ~ 100 nm thickness. After drying at room 
temperature for 15 min, the films were partially densified by heat treatment in air up to 550°C. The 
whole procedure can be repeated to obtain thicker films.

3. Experimental results

3.1. TiO2-CeO2 ion storage coating

Preliminary characterization of TiO2-CeO2 coatings [11-13] have shown that such layers present 
properties appropriate for use as H+ or Li+ ion storage layers in electrochromic devices. Electrochemi
cal ion insertion and extraction is fully reversible and controlled by Li+ ion diffusion.

Cyclic voltammetries, which allow determination of the total electric charge inserted and extracted 
during a cycle, were performed in a dry box at room temperature using a Solartron (Schlumberger) 
equipment consisting of an Electrochemical Interface (model 1286) linked to an Impedance/Gain-Phase 
Analyzer (model 1260) and a three-electrode cell:

Glass/ITO/CeO2 TiO2 |propylene carbonate (PC)-O.IM LiClO4 | Pt
I

Ag/Ag+ PC-0.2M (Et4N)ClO4 (reference).

The scanning speed was 50 mV/s and the potential limits were -0.5 and 1.3 V.
Figure 2 shows the influence of the aging time of the sol on the total charge density inserted or 

extracted during the 30th voltammetry cycle. All coatings were a single layer of ~ 100 nm thickness heat 
treated at 450°C for 15 min. Maximum charge density occurred after about 30 h and corresponds to 
complete optical clearance of the sol. For longer times, the sol suffers flocculation and gelation and the 
charge density diminishes.

Figure 3 shows the influence of heat treatment temperature on total charge density inserted or 
extracted for films deposited from a sol aged 30 h (peak of fig. 2) and heat treated for 15 min at noted 
temperatures. The highest charge was obtained for treatment performed at T = 450 ± 20°C.

Figure 4 shows the influence of the heat treatment at 450°C on the charge density for films prepared 
with a 30 h aged sol. Rapid variation observed at short times is attributed to nucleation and growth of 
small CeO2 crystallites [11-12], The charge becomes constant after 20 min treatment.

Careful analysis of results indicates that other parameters play an important role as the maximum 
values shown in each figures vary from batch to batch. The relative humidity of the atmosphere during
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Fig. 3. Li+ charge density inserted (or extracted) into sol-gel TiO2-CeO2 films during the 30th voltammetry cycle as a function of 
heat treatment temperature (15 min). The films have been prepared from a RT 30 h aged sol.

film deposition and electric resistivity of the ITO film are probably two of them. Best TiO2-CeO2 films 
for Li+ electrochemical insertion and extraction have been realized with films prepared with a 30 h room 
temperature aged sol having a composition Ti: Ce = 1:1, heat treated in air at 450 ± 20°C for 20-60 min.

3.2. Transmissive devices using TiO2-CeO2 electrode

A complete transmissive cell, working with Li+ ions, was assembled with the configuration 

glass/ITO/LixWO3/PEO-LiN(CF3SO2)2/Liy(CeO2-TiO2)/ITO/glass.

The fabrication of the cell was done in two steps. First, the left and right part of the cell, i.e., 
glass/ITO/WO3/PEO-LiN(CF3SO2)2 and /TiO2-CeO2/ITO/Glass/ were prepared according to 
section 2. The final cell assembly was carried out in a glove box by firmly pressing the two parts of the 
device together and sealing the edges with Torr Seal (Varian) glue.

Figure 5 (right) shows the cell current and the optical transmission at A = 750 nm measured as a 
function of the potential difference (linear time variation) applied between the working and reference 
electrodes. The maximum of the peak insertion of Li into WO3 lies at a potential higher than E = 3 V 
but the extraction peak is clearly seen at £ = - 2 V. Transmission in the bleached state is 60% (for 
E = 0) and drops to 25% when Li+ ions are transferred from the IS (TiO2-CeO2) electrode toward the 
EC (WO3) electrode. The process is totally reversible. The left side shows the potentiostatic response of 
the cell with the optical transmission at A = 750 nm. The time variation of the current is different when 
Li+ ions are inserted into the WO3 layer or the TiO3-CeO2 layer. It presents a rapid curvature change 
around t = 20 s for cathodic polarization E = -2.5 V, i.e., when the Li+ ions are transferred from the

Fig. 4. Li+ charge density inserted (or extracted) into sol-gel TiO2-CeO2 films during the 30th voltammetry cycle as a function of 
the heat treatment time at 450°C. The films have been prepared from a RT 30 h aged sol.
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Fig. 5. (right) Cyclic voltammetry and optical transmission variation (A = 750 nm) of a complete transmissive window glass/ITO/ 
WO3/PEO-LiN(CF3SO2)2 /CeO2-TiO2 /ITO/glass. Speed 50 mV/s, E vs. WO3. (left) Potentiostatic and time variation of the 

optical transmission of the same window, (a) applied voltage (vs WO3). (b) current /. (c) optical transmission at A = 750 nm.

electrochromic WO3 layer toward the storage coating. A similar behavior was also observed using 0.1M 
LiClO4 electrolyte [11], indicating that this phenomenon is related to the insertion of Li+ into the 
CeO2-TiO2 layer. We believe that this rapid variation is due to a decrease of the Li+ diffusion 
coefficient when its concentration reaches a certain value.

The optical transmission spectrum in the visible-near IR range is shown in fig. 6. In the bleached 
state, an optical transmission of the order of 60% between 500 and 1000 nm is observed. This is reduced 
to about 20% when the window polarization is inverted (colored state).

Another transmissive cell, working with H+ ions, has been assembled in air using the same procedure 
with the configuration

glass/ITO/H <WO3/cellulose-polyacetate/H v(CeO2-TiO2)/ITO/glass.

X ( nm 1
Fig. 6. Optical transmission of two all solid state windows having the configuration: -------- , glass/ITO/LiA.WO3/PEO-
LiN(CF3SO2)2/CeO2-TiO2/ITO/glass;---------- , glass/ITO/HJ.WO3/cellulose-polyacetate/CeO2-TiO2/ITO/glass. Re

spective polarization vs. WO3: —2.5 V and - 1.1 V (bleached state); 3 V and 1.4 V (colored state).
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This window presents identical electrochemical properties as with Li+ ions but as DH+> DLi the optical 
time response is faster but lifetime is reduced because of corrosion of WO3 and/or ITO layers by 
electrolyte. The overall optical transmission variation appears slightly larger (fig. 6).

Windows built with electrochromic polymeric films such as polytoluidine and polyanisidine in 
substitution of WO3 have also been tested with success for H+ or Li+ ions up to 250 cycles with a loss in 
charge smaller than 5% [13,14].

4. Conclusion

Solid state electrochromic windows have been realized using as counter electrode (ion storage) a 
CeO2-TiO2 coating prepared by the sol-gel process. This compound can store either H+ or Li+ ions. 
Good optical and lifetime behavior is obtained using WO3 as an electrochromic layer and PEO- 
LiN(CF3SO2)2 as an electrolyte. Optical transmission varies from 60 to 20% and time response from the 
bleached state to the colored state is of the order of 25 s. The speed limitation of the response is due to 
the insertion process of the Li+ ion in the CeO2-TiO layer. The Li+ chemical diffusion coefficient 
appears to decrease when a critical Li+ concentration is reached. The H+ conducting window shows 
similar behavior, with faster time response but drastically reduced lifetime because of corrosion. The 
substitution of WO3 by polymeric layers such as polytoluidine opens new opportunity particularly for 
protonic based electrochromic devices.

We believe that the good electrochemical properties of these ion storage layers come in part from the 
possibility, through the sol-gel process, to tailor an optimum porous texture of the layers via a controlled 
heat treatment. In this respect, sol-gel made electrochromic layer, such as WO3 [15] and electrolyte, 
such as Ta2O5 (for proton) or ormosils [16] (for Li + ) are good candidates for future realization of fully 
sol-gel made smart windows or mirrors.

This research was financially supported by FINEP, FAPESP, CNPq and the RHAE program (Brazil). 
One of the authors (B.V.) acknowledges the Ministère des Affaires Etrangères (France) for a scholarship 
during the realization of this research.
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Second harmonic generation from PbTiO3-based ferroelectric 
thin films
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Sol-gel-derived lead titanate, lead lanthanum titanate, lead zirconate titanate and lead lanthanum zirconate titanate films 
were prepared. Second harmonic generation (SHG) activity from these films was explored as a function of composition, 
processing, phase assemblage, microstructure and orientation. Undoped PbTiO3 films exhibited strong, angular-dependent 
SHG signals. Incorporation of La and Zr resulted in a decrease in the signal magnitude.

1. Introduction

Second harmonic generation (SHG) or fre
quency doubling is an important non-linear opti
cal phenomenon. It is displayed by non-centro- 
symmetric compounds as typified by ferroelectric 
(FE) materials. Among the inorganic FEs, PbTiO3 
exhibits one of the highest values of y<2> and 
hence has one of the best SHG response.

The PbTiO3-based FE films investigated were 
polycrystalline as determined by XRD. SHG from 
polycrystalline FE films has received scant atten
tion in the literature; to the best of our knowl
edge it has not been previously reported from 
sol-gel-derived films.

2. Experimental

Films of PbTiO3 (PT); PbZr065Ti035O3 (PZT 
65/35); Pb0 93La007Ti09gO3 (PLT 7/100); Pb0 85- 
La015Ti096O3 (PLT 15/100) and Pb091La0 09- 
Zr064Ti034O3 (PLZT 9/65/35) were synthesized. 
The precursors used were Pb(OAc)2 • 3H2O, 
Zr(OnPr)4, Ti(O‘Pr)4 and La(OnBu)3. Films were 
spin-coated at 2000 rpm for 30 s. Typically three 
coatings were applied, with intermediate firing, to 
give films with thicknesses of 0.4 pm upon firing 
at 500°C.

Second harmonic generation (SHG) was meas
ured using a modified Kurtz-Perry powder 
method [1] as shown schematically in fig. 1. Full 
experimental details have been described previ
ously [2]. The measurement technique involved

Q-switched Nd-YAG Laser
Fig. 1. Schematic of SHG measurement technique.

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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rotation of the films with excitation by a Q- 
switched Nd-YAG laser (1.06 pm) while the sec
ond harmonic signal (530 nm) was measured in 
the transmission mode with a photomultiplier 
tube. The results were obtained as signal strength 
(mV) vs. angle of rotation. For comparison, a 1 
mm layer of powdered urea (75-100 pm) excited 
by a perpendicular beam gave a signal of 1100 
mV.

3. Results

The phases observed by X-ray diffraction in 
films deposited on fused SiO2 were highly de
pendent on their specific composition. Table 1 
summarizes phase assemblages of various films 
fired at 500°C for 30 min. As seen there, the PT 
films consisted of amorphous, pyrochlore and 
perovskite phases. Incorporation of La was found 
to facilitate the formation of the desired per
ovskite FE phase. At a level of 15 mol% La, 
pyrochlore was no longer observed. Incorporation 
of Zr to give PZT (65/35) and PLZT (9/65/35) 
hindered crystallization. Films of these composi-

Table 1
Phases found in films (4000 A) on fused SiO2 fired at 500°C 
for 30 min

Composition Phases Found

PT Pyrochlore + perovskite 
+ amorphous

PLT 7/100 Pyrochlore + perovskite 
+ amorphous

PLT 15/100 Perovskite + amorphous
PZT 65/35 Amorphous
PLZT 9/65/35 Amorphous

tions were amorphous after firing at these tem
peratures. As expected, SHG was only detected 
from films containing perovskite. The centrosym
metric, cubic pyrochlore phase and the amor
phous phase are not non-linear active.

Firing the films at 650 and 750°C for 30 min 
resulted in single-phase perovskite and significant 
SHG for films not containing Zr, as shown in 
table 2. PZT 65/35 and PLZT 9/65/35 were 
amorphous when heated to 650°C. The observed 
SHG was strongly angular-dependent, as shown
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Table 2
Maximum SHG signal (mV) from various films (4000 A) on 
fused SiO, treated at indicated temperatures

65O°C 750°C

PT 100 265
PLT 7/100 25 122
PLT 15/100 15 120
PZT 65/35 0 20
PLZT 9/65/35 0 20

in fig. 2, which is a representative plot of SHG 
from a PT film fired at 650°C (all perovskite). 
Such an angular dependence is expected, since 
rotation of the film effectively determines the 
path length as well as the reflectivity from the 
film surface and the film-substrate interface. The 
strong, sharp peaks observed at 90 and 270° cor
respond to the Nd-YAG beam traversing the 
entire film length parallel to the substrate sur
face, thus maximizing the effective interaction 
length.

As seen from table 2, the maximum SHG 
intensity increases with increasing heat treatment 
temperature and is higher for PT than for any of 
the La- and Zr-doped materials. Incorporation of 
Zr into these films results in decreased SHG 
intensities.

The effect of heat treatment temperature on 
SHG from PLT 7/100 films is shown in table 3. 
After firing at 750°C, strong SHG signals were 
observed.

Table 3
Effect of heat treatment temperature on SHG from PLT 
7/100 films (4000 À)

Firing Temperature 
(°C)

Maximum
SHG Signal
(mV)

Phases

500 13 Pyrochlore + 
perovskite

650 21 Perovskite
700 38 Perovskite
750 122 Perovskite

4. Discussion

Second harmonic generation from PT films 
was dependent on the choice of substrate. For 
example, the signal from a film deposited on 
ITO-coated borosilicate glass heated at 750°C for 
30 min was 50% higher than that from a similar 
film deposited on SiO2. This is attributable to a 
significantly larger grain size in the former case, 
as shown in fig. 3.

Orientation effects are exemplified by the ob
servation that the SHG signal in transmission 
(beam perpendicular to substrate) of a PT film 
with (100) preferred orientation, which was heated

Fig. 3. SEM micrographs of PT films on (a) fused SiO2 and
(b) ITO-coated borosilicate glass-films fired at 750°C for 30 

min.
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(100) Oriented
PbTiO3

Fused quartz

5. Conclusions

Strong SHG signals can be obtained from sol- 
gel-derived, polycrystalline FE films. Several fac
tors influence the degree of SHG, including com
position, phase assemblage, microstructure and 
orientation. The presence of Zr dramatically re
duces the ease of crystallization on SiO2, while 
La incorporation gives perovskite at lower tem
peratures. Increasing the La content lowers the 
c/a ratio of the perovskite and decreases the 
SHG signals. The grain size of the films and its 
effect on coherence length plays an important 
role in determining the relative strength of the 
SHG signal, analogous to behavior observed for 
powders [3],

The orientation of the film affects the SHG 
signal as the signal is maximized when the elec
tric field of the incident beam is perpendicular to 
the polarization direction.

The direction of polarization (c-axis) is parallel to substrate

Fig. 4. Schematic representation of a PT film with (100) 
orientation and its interaction with laser beam.

The financial support of the Air Force Office 
of Scientific Research is gratefully acknowledged.

at 750°C for 30 min, was 50% of that of a random 
polycrystalline film treated at the same tempera
ture. This was anticipated since in the orientated 
film the direction of polarization lies mostly along 
the substrate surface which is parallel to the E 
field of the laser beam (see fig. 4), thus lowering 
the polarizability and decreasing the SHG signal.
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This paper describes a study of preparation of ZnO ceramic powders for the manufacture of varistors. The semiconductor 
properties of ZnO were controlled by incorporating other oxides, and by sintering atmosphere, temperature and time. 
Powder preparation procedures are discussed, and the preparation of colloidal powders of the required oxides from water 
soluble salts is described. A definite influence of the type of precursor salt was found and powders prepared from different 
salts have different sinterability.

1. Introduction

Conventional processing of ZnO varistors in
volves sintering of commercially available pow
ders of different particle sizes. This may require 
long milling times and high sintering tempera
tures. To minimize grain size and achieve uni
form composition of the final product, it is desir
able to start with highly active powders. Such 
ceramic powders can be prepared by sol-gel 
techniques.

In sol-gel techniques, organometallics are fre
quently used, with polycondensation of a partial 
hydrolysis product of an alkoxide; the final prod
uct may be an oxide or hydroxide. However, for 
some elements, their use as alkoxides is difficult 
because of easy carbonation or self-polymeriza
tion, which leads to non-hydrolyzable com
pounds. Also, many metallic alkoxides hydrolyze 
rapidly in water, forming a precipitate instead of 
a gel [1]. The major disadvantage of organometal
lic compounds is their high cost.

An alternate route is the peptization of hy
droxides soon after precipitation in an acid 
medium. Rijnten [2] showed by microscopic ex
amination that particles of hydrated oxides of 
iron, titanium, thorium and aluminium have di
mensions of 3-4 nm as formed in aqueous solu
tion; if the concentration is increased up to a 
certain value, the particles associate in chains or 

in three-dimensional reticulates, which are dis
persed in the liquid, forming a gel.

The sol-gel transition may be observed when 
the viscosity increases due to the loss of liquid 
from the suspension. The resulting gel may be 
dried and sintered to produce a monolith without 
further treatment, or it may be disintegrated to 
yield precursor powders for ceramic manufacture. 
The production of monolith pieces requires con
trol of the rate of shrinking during removal of the 
solvent. This has been a limiting factor in the use 
of the sol-gel technique to produce thin films, 
fibers and particles.

The production of colloidal suspensions of ce
ramic oxides/hydroxides has been a major objec
tive for the production of ceramic powders. The 
technique adopted in this work was oxide/ 
hydroxide precipitation. Starting materials were 
soluble salts of the constituents of commercially 
available varistors, because most metals are avail
able as water soluble salts, in a hydrolyzable 
form. Varistors with final grain size smaller than 
commercial ones were made and an influence of 
precursor salt was found.

2. Experimental

All solutions were prepared from analytical 
grade reagents. Zinc salts were either chloride or 

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V- All rights reserved
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nitrate, in order to verify the anion effect on the 
characteristics of the final product. The pH for 
precipitation was chosen by analysis of Eh-pH 
diagrams [3]. Once the solution potential, Eh, is 
experimentally determined, the domain of stabil
ity of the oxide/hydroxide located on the dia
gram indicates the pH to be used. The precipitat
ing agent was 2M NH4OH. In some instances, as 
with bismuth and antimony, where the solution 
had to be strongly acidic to avoid hydrolysis, 5M 
ammonia solution was used. For each precipita
tion, the volume of necessary base was previously 
estimated according to the required pH, amount 
of precipitate, dissociation constant of the base, 
and stoichiometric relations [4],

Separation of solid phases was performed by 
centrifugation. The washed precipitates were 
combined in the required proportions for the 
intended varistor composition, followed by dis
persion in ethanol with strong mechanical stir

ring. The suspension was subsequently evapo
rated, with stirring and oven dried at 100-110°C.

The block diagram of fig. 1 shows the major 
steps used for powder preparation. For each hy
droxide, characterization of the temperatures for 
hydration and water loss was made by differential 
thermal analysis (DTA) and the crystal structure 
determined by X-ray diffraction. It was found 
that the precipitation products were hydroxides 
in the cases of zinc, chromium and cobalt, but 
were oxides for antimony, bismuth and man
ganese.

In accordance with the DTA data, the pow
ders (Sb2O3, lmol%; Bi2O3, CoO, Cr2O3, MnO, 
0.5 mol% each; ZnO balance) were calcined at 
700°C.

Powder granulometry was determined by scan
ning-electron microscopy (SEM) and microcom
position by energy-dispersive X-ray analysis 
(EDX). For the preparation of briquets, each

Precipitation of the oxides/hydroxides with 2M/5M NH4 OH
Starting Salt PH Starting Salt PH

Zn(NO3)2 .6 H2O 7.5 Co(N03)2.6H2O 9.3
Zn CI2 7.5 CrCh. 6H2O 9.5
Bi5(OH)9(NO3)4 8.6 MnCh. 4H2O 9.0
SbCh 8.0

Dispersion and Homogeization of Powders.

Elimination of the Dispersant used for Gel Forma
tion.

Calcination of Gel.

Formation of Powders.
Fig. 1. Block diagram of oxide/hydroxide precipitation technique.
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oxide mixture was ground in an agate mortar 
without agglomerating agent; 2 g portions were 
compacted in a cylindrical steel die at 300 
kgf/cm2, giving briquets approximately 15 mm 
diameter by 2mm thick. In order to obtain precise 
density data, each compacted sample was pol
ished with 600 silicon carbide paper, cleaned with 
alcohol and acetone, and heated at 110°C to 
constant weight before sintering. With this labo
ratory scale procedure, varistor briquets of 4-8 
ixm average grain size were made.

3. Results

The sintering behaviour was found to be 
strongly dependent on the nature of the precur
sor salt. Comparative studies included tests with 
powders obtained from a typical manufacturers 
practice.

A weight loss of 4% due to volatilization was 
observed when zinc chloride was used, in spite of 
thorough washing for chloride ion removal. Such 
powders compacted well, having an average green 
density, dg, of (3.36 ± 0.03) g/cm3. This is a high 
value when compared with typical values for com
mercial powders (dg = 2.8 g/cm3), and is due to 
their very fine grain size. However, densification 
after sintering was poor, and increased to ds = 
(4.10 ± 0.10) g/cm3. The latter is considerably 
lower than the value obtained for commercial 
ceramics used in the manufacture of varistors 
with good electrical behaviour (ds = 5.4 g/cm3).

Powders originating from zinc nitrate yielded 
upon calcination agglomerates, which makes 
compaction difficult. Some sintering occurs at the 
calcination temperature, and the agglomerates 
are hard to break up during compaction (fig. 2). 
This results in a green density of dg = (2.47 ± 
0.03) g/cm3, low when compared with commer
cial powders.

However, after sintering at 1100°C for 1 h, 
such powders produced densities (close to com
mercial values) higher than the chloride powders.

Figure 3 compares the microstructure of a 
sample prepared with powders derived from ni
trate with that of a commercial varistor.

Fig. 2. Agglomerates formed during calcination of powders 
originating from nitrate.

The smaller grain size and higher porosity in 
the sample produced from powders originating 
from aqueous solutions of metallic salts can be 
clearly seen. Their electrical behaviour is quite 
good. Figure 4(b) shows a current vs. voltage plot 
obtained with a Tectronix model 477 tracer. It

Fig. 3. Optical micrographs: (a) ceramic prepared from col
loidal suspension; (b) commercial ceramic (bar length = 12 

him)
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V
Fig. 4. (a) SEM micrograph and (b) I-V plot of varistor 
prepared from colloidal suspension, (x-axis, 200 V/div.; y-axis, 

1 mA/div.)

can be seen that the small grain size of this 
ceramic had the effect of shifting the breakdown 
voltage (at 0.1 mA/cm) to levels as high as 800- 
1000 V/mm, while keeping the non-linear coeffi
cient, a, from I = cVa in the range of a = 26-40. 
Varistors obtained from chloride precursors have 
extremely low «-values, and are barely classable 
as varistors.

4. Discussion

Varistors obtained from nitrates sintered bet
ter when compared with those originating from 
chlorides. Moreover, they had grain sizes smaller 
than commercial ones, resulting in better electri
cal properties.

The effect of anions on the sinterability of the 
powders is not easily predicted. Only indirect 
evidence of the presence of impurities is provided 
by the observation on their effect on sintering 
behaviour. Iron oxide powders derived from chlo

ride salts are not well sintered [5]; silicon carbide 
from SiCl sinters well under a nitrogen atmo
sphere [6], In general, Cl ions are undesirable 
because they may form salts with high vapour 
pressure.

Gardner et al. [7] state that powders derived 
from acetate salts do not aggregate, while those 
from chlorides and nitrates do. Morgan [8] de
duced that the ideal anion should be acetate, 
because of its relatively low decomposition tem
perature and because it does not form resistant 
agglomerates.

The literature indicates that the use of organic 
or inorganic bases as precipitants avoids undesir
able anions [6]. We did not find this treatment to 
be effective for the elimination of chloride impu
rities. Additionally, chloride cannot be entirely 
eliminated even by calcination.

The use of fluidized bed techniques may be 
more efficient for anion removal, as well as re
ducing particle growth. Very high temperatures 
are required for the elimination of commonly 
found impurities such as OH, C, N, F, P and S 
[6].

5. Conclusions

(1) There is a definite influence of the type of 
salt used for the preparation of the precursor 
powders by precipitation of oxides/hydroxides 
on the sinterability of zinc oxides varistors.

(2) Ceramics prepared with zinc oxide ob
tained and nitrate solutions showed better sinter
ing and electrical behaviour, when compared with 
those produced from chloride.

The authors are grateful for financial support 
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perimental support, and thank Dr F. Teixeira and 
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The recently developed method of immobilization of organic reagents in porous silica glass via the sol-gel procedure is 
used in order to produce quantitative photometric sensors. Silica glass detectors doped with l-nitroso-2-naphthol for 
detection of cobalt ions and o-phenanthroline for determination of divalent iron serve as test cases that demonstrate the 
advantages and the current limitations of the immobilization procedure.

1. Introduction

Glass is traditionally the favorite support for 
optical sensors [1-4]. The special characteristics 
of glass, which include transparency, chemical 
inertness and inexpersive manufacturing proce
dures combined with the ability to control the 
geometric configurations and the physical charac
teristics of glass, make it a most suitable support 
for diagnostic photometry. However, due to sim
pler immobilization procedures, most sensor de
vices utilize polymeric supports despite their infe
rior optical characteristics [5,6]. The chemical in
teraction between substances detected and the 
sensing device is usually achieved by attachment 
of photometric reagents to the glass support. Un
til recently, there were only two methods for 
encapsulation of organic photometric reagents 
within the glass sensor. Both methods were origi
nally developed for chromatographic applica
tions.

(a) Chemical derivatization of glasses. This 
procedure has been be manifested by either bulk 
modification [7] or surface derivatization [8], i.e., 
either by immobilization of the active organo- 
functional group during polymerization of 

organosilane compounds or by surface reaction of 
reactive organosilane with a solid silica support of 
appropriate physical characteristics. A permanent 
entrapment of organic reagents within the glass 
matrix is thus achieved. However, synthesis of 
specific photometric glass sensors is rather expen
sive. Moreover, the rigid bonding of the photo
metric reagents to the glass supports prevents 
mobility of bonded ligands, thus limiting the abil
ity to form multiligand complexes with detected 
ions.

(b) Impregnation techniques. Here, the glass 
support is coated with a layer containing the 
photometric reagent. The coating can be applied 
by solvent evaporation, precipitation or liquid 
adsorption techniques [9]. The impregnation 
methods are non-specific and a plethora of 
reagents can be applied using the same simple 
procedures. The mobility of ligands within the 
coated layer is high and theoretical chelation 
capacitance can be approached. However, the 
mechanical stability and shelf life of commercial 
devices are limited.

Recently, a novel doping method was intro
duced using the sol-gel polymerization process 
[10-12]. Here, the dopants are incorporated in 
the sol-gel glass at the early stages (or even 
before initiation) of the polymerization step. Thus,

0022-3093/92/805.00 © 1992 - Elsevier Science Publishers B.V All rights reserved
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when the dry xerogel is formed the dopants re
main physically encapsulated within the glass ma
trix but maintain their ability to interact with 
diffusing species [13-16]. In order to investigate 
the potential application of the doped sol-gel 
glass immobilization procedure to produce sens
ing devices, two types of glass detector were 
investigated: l-nitroso-2-naphthol, which forms a 
weakly soluble uncharged brown complex with 
cobalt, and 1,10-phenanthroline, which forms a 
red three-ligand soluble complex with divalent 
iron.

0.6
o
g 0.5-O
I 0.4
o
g 0.3CP> 0.2 f 0.1

2 4 6 8 10 12 14
Time , days

Fig. 1. Relative absorbance (386 nm) of l-nitroso-2-naphthol 
doped glass plate during prolonged leaching treatment.

2. Experimental details

A standard HP 8452A array detector spec
trophotometer was used. A 1 mm wide light beam 
was employed. Triple distilled water and analyti
cal grade reagents were used in all experiments.

In a typical procedure, 2.5 ml tetramethoxysi
lane (Petrarch), 3.0 ml methanol, 2.4 ml aqueous 
solution containing the reagent and 0.5 ml of 1 
mM NaOH catalyst were mixed. A typical reagent 
solution (figs. 1-3) contained 1 mM l-nitroso-2- 
naphthol or 0.3 mM o-phenanthroline (fig. 4). 
The glasses were allowed to gel for 3 days at 
room temperature and then dried in an incubator 
at 41°C for approximately 2 weeks.

Monolithic sol-gel glasses tend to fracture 
during the gelation process, upon immersion in 
aqueous solution or upon subsequent drying due 
to the formation of large pressure gradients be
tween the wetted and dried pores [17,18]. Heat 
treatment or addition of drying additives (e.g., 
formamide) were found to increase stability of 
sol-gel glass during drying [19]. We found that 
certain doped reagents such as l-nitroso-2-naph- 
thol prevented fracturing of the glasses; thus, in 
these cases, there was no need for other fracture 
prevention techniques. In some cases, it was nec
essary to add a surfactant to prevent cracking and 
in other cases it was found that an acclimation 
procedure including immersion in a series of sol
vents with increasing dielectric constants was 
needed for prevention of fractures. A typical ac
climation procedure (e.g., preparation of o- 
phenanthroline glass detectors) included immer

sion in hexane, methylene chloride, ethylene gly
col, methanol and water in that order. This pro
cess also leaches out easily leachable embedded 
reagents. After drying, the glass sensor was 
shaped into the desired final cubic configuration 
by a glass cutter and polished by emery paper.

3. Leaching procedures

Doped reagents tend to leach from the glass 
when immersed in aqueous solution. In some 
cases (e.g., glasses doped with o-phenanthroline 
or alizarin), the leachate constitutes < 1% of the 
dopant but in other cases (e.g., the cobalt detec
tors) a total leaching of the reagent from the 
glasses can take place upon prolonged leaching. 
In order to quantify the extent of leaching, each 
investigated glass detector was immersed in 10 ml 
distilled water which was renewed every day. A 
plot of the optical absorbance at peak wavelength 
(of the dopant) reveals the extent of leaching 
versus time. Figure 1 presents a typical leaching 
curve of a cobalt glass sensor. The detector was 
made of 0.1775 g dry glass containing 0.33 pM 
l-nitroso-2-naphthol at the beginning of the ex
periment and a 0.2 cm optical pathlength. In this 
case, approximately 60% of the dopant leached 
out of the glass during 13 days. In view of the 
observed leaching kinetics, it was decided to leach 
the detectors for 3 days before starting the quan
titative spectrophotometric experiments, in order
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Wavelength ( nm )
Fig. 2. Absorbance spectra (arbitrary units) of l-nitroso-2- 
naphthol glass detector immersed in distilled water (a), cobal
tous chloride solution (b), and ferrous ammonium sulfate 
solution (c) compared with absorbance spectrum of dissolved 

l-nitroso-2-naphthol (d).

to minimize leaching during experiments. The 
acclimation procedure of the o-phenanthroline 
sensor involves immersion in organic solvents that 
tend to increase the leachability of the glasses. 
The extent of the leaching during this stage was 
determined by absorption spectroscopy of the 
leachate.

4. Spectrophotometric analysis

The glass sensors were immersed in sample 
solutions containing the analyzate and the rela
tive absorbance at peak wavelength (316 nm and 
424 nm for cobalt) relative to a baseline ab
sorbance at 800 nm was determined after a long 
equilibration period (24 h). The use of relative 
absorbance instead of absolute absorbance com
pensates for instrumental drifts during prolonged 
operating periods.

Figure 2 depicts absorbance spectra of glasses 
doped with 1 -nitroso-2-naphthol. Curves a and d. 
depicting the absorbance spectra of doped and 
dissolved l-nitroso-2-naphthol in distilled water, 
reveal the similarity between the absorbance of 
doped and dissolved reagents. The peak wave
length is at 386 nm in both cases. (The two other 
characteristic peaks at 260 and 210 nm were 
masked by Rayleigh scattering of the porous 
glass.) Curves b and c depict typical absorbance 
spectra of l-nitroso-2-naphthol glass detectors 
immersed in cobalt chloride and ferrous ammo
nium sulfate, respectively. The two absorbance 

peaks at 316 and 424 nm which are formed in the 
presence of cobalt(II) are responsible for the 
brown color of the doped glasses in cobaltous 
solution. The green color of the two ligand com
plex of l-nitroso-2-naphthol with iron(II) is in
duced by an absorbance peak at 405 nm and a 
smeared peak between 670 nm and 760 nm.

Figure 3 depicts two calibration curves of two 
cobalt(II) glass sensors. Glasses A and B con
sisted of 148.0 and 149.4 mg dry glass plates 
containing 0.023 wt% l-nitroso-2-naphthol (after 
leaching procedure). In both cases, the optical 
pathlength was 0.225 cm. The monolithic glasses 
were immersed in 5 ml (glass A, curves 1, 2) and 
20 ml (glass B, curves 3, 4) samples respectively. 
The calibration curves depicted in fig. 3 represent 
the absorbance at the peak wavelengths (424 and 
316 nm). The detectors exhibited better sensitiv
ity in 20 ml than in 5 ml sample solutions due to 
their ability to concentrate by complexation the 
metal ions from the solution into the glass.

The calibration curves exhibit three different 
working ranges. In the low concentration range, 
the small amount of leaching of reagents from 
the glass detectors does not change (significantly) 
the concentration of dopant in the glass phase 
but is sufficient to complex much of the trace 
cobalt in the sample solution. Thus, the uptake of 
cobalt ions by the glass detector is relatively small. 
At higher cobalt concentrations, the leached 
reagent becomes less significant compared with 
the available cobalt concentration in the solution

Fig. 3. Calibration curves depicting relative absorbance (at 424 
nm and 316 nm) of two l-nitroso-2-naphthol doped glass 
sensors immersed in 5 (curves 1, 2) and 20 ml (curves 3, 4) 

cobaltous chloride samples.
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Log (concentration, M)

Fig. 4. Calibration curves depicting the relative absorbance of 
two doped glass detectors: A, Iron detector (0.64 mg weight 
glass, 0.25% 1,10-o-phenanthroline, 0.43 cm optical path- 
length, peak wavelength = 512 nm) immersed in 10 ml sample 
containing ammonium ferrous sulfate; O, Cobalt detector 
(149.4 mg glass, 0.023% l-nitroso-2-naphthol, 0.225 cm path- 
length, peak wavelength = 424 nm) immersed in 20 ml cobal

tous chloride solutions.
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and, therefore, the slope of the calibration curve 
is increased. In this concentration range, the cali
bration curve exhibits an almost logarithmic rela
tionship between the initial concentration of the 
sample and the relative absorbance. This rela
tionship is less sensitive than the linear relation
ship, which is anticipated by assuming that Beer 
Lambert’s law holds in the glass phase and that 
complete uptake of the cobalt ions by the doped 
glasses takes place. At still higher concentrations, 
a saturation of the reagents in the glass phase by 
the penetrating ions is attained, causing a de
crease in the slope of the absorbance curve.

Figure 4 shows a comparison between the cali
bration curves of an iron and a cobalt sensors. 
The iron sensor is constructed of 0.67 mg glass 
doped with 0.25% o-phenanthroline (after leach
ing of approximately 50% of the doped phenan
throline during the acclimation procedure). In a 
similar detector, less than 1% of the reagent was 
leached from the glasses during 10 days immer

sion in aqueous solution. The absorbance was 
measured at 512 nm along 0.43 cm pathlength. 
The cobalt calibration curve is that of curve 4 in 
fig. 3. The cobalt and iron glass detectors exhibit 
the same type of ‘s’ shape calibration curve. How
ever, the logarithmic range of the iron sensor is 
much larger and its lower detection limit is sub
stantially superior to the cobalt glass sensor due 
to the lower leaching of o-phenanthroline from 
the glass.

5. Conclusions

Sol-gel technology is an effective method to 
immobilize organic reagents in porous glass sup
ports [20], The possibility to produce high sensi
tivity quantitative glass detectors using the sol-gel 
doping procedure is demonstrated. The doped 
sol-gel detectors are transparent and quantita
tive absorbance spectra can be attained over the 
full visible range. Comparison of the characteris
tics of the three immobilization methods is pre
sented in table 1. The doped ligands are encapsu
lated in the glass matrix thus exhibiting only a 
small degree of leaching from the glasses but still 
possess a sufficient degree of freedom to form 
multiple ligand complexes. Analysis of the pros 
and cons of the doped sol-gel method indicate 
applicability of the method to produce disposable 
detectors. Disposable diagnostic detectors re
quire a long shelf life but need to be exposed to 
aqueous solution for relatively short time periods. 
Thus, such devices make the most of the advan
tages of the doping procedure and are less af
fected by its current drawbacks. The application 

Table 1
Characteristics of immobilization procedures

Immobilization process: Impregnation Covalent 
bonding

Sol-gel
Doping

Generality of the process: general specific general
Mobility of the dopant: high low intermediate
Leaching of doped reagents: high low intermediate
Stability: low high intermediate
Shelf life: low high high
Complexation capacity: high low high
Anticipated cost: low high intermediate
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of doped sol-gel detectors for continuous water 
analysis depends on diminishing the leaching from 
the glasses.

The development of applications of doped 
glasses is currently supported by the National 
Council for Research and Development, Israel, 
and GSF, München, Germany; by the Szold 
Foundation; by the Ministry of Industry and 
Commerce and by the Krupp Foundation, Ger
many; and by the Materials division of the US 
Army (UK).
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Corrosion resistant sol-gel ZrO2 coatings on stainless steel
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Corrosion resistant ZrO2 coatings on 316L stainless steel sheets have been fabricated utilizing sonocatalysis of precursors 
sols. The solutions were prepared from zirconium alkoxide Zr(OC3H7)4, isopropanol alcohol, glacial acetic acid and water, 
and submitted to ultrasonic agitation. Their composition varied between 0.025 and 0.9 mol/1 ZrO2. Single thin films were 
thermally treated between 40 and 1100°C in unoxidizing atmosphere. The coatings characteristics were determined by X-ray 
diffraction, optical reflection, ellipsometry and scanning electron microscopy. At temperatures higher than 700°C, the films 
are polycrystalline with a tetragonal structure and show a blue-green color. Depending on the composition, the thickness 
varied from 5.5 to 35 nm. When treated under a slow and controlled heating rate, the ZrO2 films with the smallest thickness 
show outstanding corrosion resistance to acid attack and to oxidation as no weight change was observed after 30 h treatment 
in H,SO4 at 81°C or 10 h treatment in air at 800°C. The thicker films as well as the films treated with a rapid heating rate 
tend to crack during the densification process and are less corrosion resistant.

1. Introduction

Dense thin films of ZrO2 were prepared on 
stainless steel substrates by hydrolysis and poly
condensation reactions of metal alkoxide precur
sors, using the dip-coating technique. Sol-gel 
dip-coating is very useful for modifying a large 
surface area and to provide substrates with new 
active properties [1,2]. ZrO2 films can be used for 
protection of metal substrates from attack by acid 
and oxidation [3-8].

The solutions prepared from zirconium alkox
ide with the application of ultrasound were found 
to be stable and to yield a high degree of homo
geneity. It is possible for a high purity oxide to be 
easily obtained and yield homogeneous coatings 
of a high quality. The heat resistance of sub
strates was obtained at higher temperatures and 
longer times.

This study aims at producing ZrO2 coatings of 
good chemical durability via the sol-gel process 
with the application of ultrasonic treatment. The 
resistance of the films is evaluated from the re
sults of weight gain and weight loss measure
ments [9,10],

2. Experimental

Zirconium isopropoxide Zr(OC3H7)4 diluted 
in isopropanol (C3H7OH) was used as the source 
of zirconia. The sonocatalysis technique consists 
in submitting the alkoxide-alcohol mixture to the 
action of intensive ultrasound (20 kHz) produced 
by a transducer immersed in the mixture [11-13]. 
Following the dissolution of zirconium alkoxide 
in isopropanol, glacial acetic acid (CH3COOH) 
was added to a solution homogenized with ultra
sonic irradiation. After 20 min, a homogeneous 
mixture was obtained. Under ultrasound, excess 
water was added to complete the hydrolysis until 
a clear and transparent sonosol was obtaned. The 
solutions used had concentrations between 0.025 
and 0.9 mol/1 ZrO2. The volume ratios H2O/ 
C3H7OH and H20/CH3COOH were respec
tively equal to 1 and 2. The hydrolysis reaction 
was sonocatalyzed and then the resulting solution 
was left undisturbed for four weeks at room 
temperature.

The substrates were stainless steel sheets, 
316L, which were degreased ultrasonically in ace
tone. The substrates were then dipped into the 
solutions and withdrawn at a speed of 10 cm/min

0022-3093/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Thickness of ZrO2 films deposited on stainless steel 
sheet and densified at 800°C for 9 h (low heating rate) vs. 
concentration of ZrO2 sol (withdrawal speed = 10 cm/min).

and then dried at 40°C for 15 min. After drying at 
about 70°C for 15 min, the samples were heated 
to 400°C at 3°C/min for 1 h to remove the 
organic residues and oxidized in air between 400 
and 900°C at a heating rate of 5°C/min to obtain 
adherent coatings.

Two tests were applied for measuring the oxi
dation and corrosion resistance.

(1) Test A: before corrosion the stainless steel 
sheets with ZrO2 coating were heated at 400°C 
for 1 h and fired at 800°C. The attack of acid on 
stainless steel with different coatings was studied 
and the weight loss was recorded after different 
times for various concentrations. The samples 
densified were placed in a 15% H2SO4 solution 
at 72-89°C for different periods of time (up to 32 
h). The determination of total corrosion was eval
uated by weight loss measurements.

(2) Test B: the oxidation testing was carried 
out directly at 800°C for 2-10 h. The oxidation 
was evaluated by measuring the increase in weight 
of the coated sheets when they were heated in 
air.

The resulting ZrO2 films thickness were meas
ured by ellipsometry. X-ray diffractometer was 
used to determine the structure of the coatings. 
Spectra of coated films was carried out with a 
FTIR spectrometer by the reflection method with 
an incident angle of 30°. The surface of ZrO2 
films was observed by scanning electron mi
croscopy (SEM).

3. Results

Figure 1 illustrates the variation of film thick
ness, measured by ellipsometry, deposited on

IMMERSION TIME (h)
Fig. 2. Weight loss (mg/cm-2) of 316L stainless steel sheets measured as a function of immersion time in 15% H2SO4 at different 
temperatures for: (a)-(c) uncoated samples tested at 89, 81, and 72°C, respectively; and (d) and (e) ZrO2 coated substrates 
densified at 400°C/l h and 800°C/l h (low heating rate), respectively, and tested at 81°C. (d) Film thickness 5 < e < 40 nm. 

(e) Film thickness 55 nm.
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Fig. 3. Weight gain (mg/cm-2) of 316L stainless steel sheets measured as a function of the time of isothermal oxidation treatment 
in air at different temperatures, (a)-(c) Uncoated substrates tested at 950, 870 and 800°C, respectively, (d)-(g) ZrO2 coated 
substrates tested at 800°C. (d) Film thickness 35 nm. (e) Film thickness 5.5 nm and rapid heating process (samples inserted directly 

at 800°C). (f), (g) Same films under slow heating process (400°C/l h and 800°C).

316L stainless steel after heating at 800°C for 9 h. 
The thickness increased linearly with the concen
tration of ZrO2. The thickest film obtained by 
single coating was about 55 nm for a ZrO2 con
centration of 0.91 mol/1.

Figure 2, curves (a)-(c) show the evolution of 
weight loss as a function of corrosion time in 15% 
H2SO4 solution at different temperatures. It is 
clear that for the samples without coatings the

CONCENTRATION mol/l Zr02

Fig. 4. Weight gain of ZrO2 coated 316L stainless steel 
measured after oxidation treatment at 800°C vs. sol concen
tration of ZrO2. (a) Rapid heating process (800°C/9 h). (b) 
Rapid heating process (800°C/6 h). (c) Slow heating process 

(400°C/h and 800°C/6 h).

weight loss increased with the temperature and 
time. However, as shown in fig. 2(d) and (e) the 
substrates coated with ZrO2 films present a pro
tective barrier against acid attack. ZrO2 films 
reduce the effect of acid attack and the maximum

Fig. 5. Weight gain of 5.5 nm thick ZrO2 coated 316L stain
less steel sheets measured after non-oxidation treatment in air 
for 3, 6 and 9 h vs. oxidation temperature. The film was 
previously slowly densified at 800°C for (a) 9 h, (b) 6 h and 

(c) 3 h.
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20 (deg.)
Fig. 6. X-ray diffraction of stainless steel sheets measured 
after different heat treatments, (a) As-received (uncoated), (b) 
Uncoated but oxidized in air at (400°C/l h + 800°C/9 h). (c) 
5.5 nm ZrO2 coated (densification under slow heat treatment) 
after oxidation at 800°C for 9 h. (d) 5.5 nm ZrO2 coated 
(densification under slow heat treatment) after densification 
at 800°C for 1 h, then tested in 15% H2SO4 solution at 81°C 

for 9 h.

value of weight loss was 15 mg cm-2 for 32 h. For 
thickness < 40 nm, no chemical attack was ob
served on coated substrates (fig. 2(d)). At thick
ness greater than 40 nm, coating provided protec
tion for up to 10 h (fig. 2(e)).

The general corrosion phenomena of these 
stainless steels at high temperatures can be evalu
ated from the experimental data. It may be ob
served that the extent of surface oxidation can be 

determined by the apparent weight gain. Compar
ing uncoated and coated substrates (fig. 3(a)-(g)), 
the weight of the coated samples remains almost 
unchanged, whereas uncoated samples showed 
significant weight gain. These tests were per
formed on samples heated to test temperature at 
5°C/min with a 1 h hold at 400°C.

For coated samples, the protection of metal 
was found to provide resistance against thermal 
oxidation.

The thermal oxidation of coated samples in
serted directly into a heated furnace for oxidation 
testing is shown in fig. 4. The rate of thermal 
oxidation increased with the concentration of 
ZrO2 in the initial sonosolutions. This was at
tributed to greater thermal stresses present in the 
thicker coatings obtained at higher concentra
tions. The effect of solution concentration is also 
shown in fig. 4. The solution concentration had 
no effect on samples slowly heated to test tem
peratures.

Fig. 7. IR spectra of films prepared on stainless steel, (a) 
After deposition without heat treatment, (b) Densified under 
slow heat treatment and under oxidation in air at 800°C for 9 
h. (c) Densified under slow heat treatment and oxidized at 
800°C for 1 h, and tested in 15% H2SO4 solution at 81°C for 

9 h.
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It was shown that the thin coatings had a good 
chemical durability and present a good resistance 
against oxidation and acid corrosion. When the 
thickness was > 40 nm, destruction of the coat
ings on the side surfaces was observed and the 

corrosion resistance decreased. The different cor
rosion behavior of coating to oxidation depended 
on the process of densification.

As seen in fig. 5, the effect of various tempera
tures on coated samples prepared from solution

Fig. 8. SEMs of (a) uncoated stainless steel sheet, as-received (b) uncoated 316L stainless steel after acid attack in 15% H2SO4 
solution at 81°C for 9 h, (c) uncoated stainless steel but oxidized in air at 800°C for 9 h, (d) ZrO2 film (thickness 5.5 nm; slow heat 
treatment) deposited on stainless steel after oxidation in air at 800°C for 9 h, (e) ZrO2 film (thickness 5.5 nm; slow heat treatment) 
deposited on stainless steel after oxidation in air at 800°C for 9 h, (e) ZrO2 film (thickness 5.5 nm) of coated stainless steel but 
inserted directly into a pre-heated furnace at 800°C for 10 min, and (f) 5.5 nm ZrO2 film coated after oxidation at 800°C/l h (slow 

heat treatment) and tested in 15% H2SO4 solution at 81°C for 9 h.
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Fig. 8. (continued).

with ZrO2 concentration of 0.025 mol/1. The 
weight gain obtained during thermal oxidation 
increased with increasing temperature and time.

X-ray diffractograms of substrates uncoated 
and coated are shown in fig. 6. The patterns were 
obtained by using a Philips diffractometer with a 
characteristic Cu Ka radiation. The results of 
uncoated stainless steel specimens showed three 
distinct peaks with d values of 2.08, 1.8 and 1.27 
A which correspond to the cubic (Cr + Fe + Ni) 
phase (fig. 6(a)).

Following heat treatment of stainless steels at 
800°C for 9 h in air, the first peak decreased in 
intensity and there exist another peaks which 
appears to d = 3.64, 2.67 and 2.5 A providing the 
Cr2O3 formation (fig. 6(b)).

Stainless steels coated with ZrO2 films and 
heated at 800°C for 9 h, showed additional X-ray 
diffraction peaks at 2.98 A corresponding to te
tragonal zirconia (fig. 6(c)). However, the coated 
stainless steels showed no change in relative in
tensity of the cubic metal peaks, indicating no 
oxidation of the coated samples following heat 
treatment.

After treatment in H2SO4 solution at 81°C/9 
h, similar results were obtained (fig. 6(d)). The 

ZrO2 coating appeared as protective barrier 
against oxidation and acid corrosion.

Using a Fourier transformation IR spec
trophotometer, the measurement was obtained by 
reflection at an incident angle of 30°. Figure 7 
illustrates the IR absorption spectra for the ZrO2 
films coated on stainless steel sheets from zirco
nium propoxide with thermal treatment. The IR 
bands observed can assigned as follows.

(i) At room temperature and before firing, the 
bands at about 1453-1578 cm-1 were observed, 
which are characteristic of Zr-O-C. The absorp
tion band due to Zr-O-Zr was observed near 
666 and 363 cm-1.

(ii) The evolution of spectra, with thermal 
treatment of the samples, showed that the strong 
absorption due to the Zr-O-C decreased and 
disappeared with firing time and that the band of 
Zr-O-Zr increased strongly with firing time.

(iii) The absorption characteristic of Zr-O-Zr 
was observed even after treatment in 15% solu
tion of H2SO4 for 9 h at 81°C.

The morphologies of the stainless steel sheets 
with and without films were investigated by scan
ning electron microscopy. Figure 8(a) shows the 
microstructure of stainless steel sheet surface. 
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However, the surface obtained after acid attack 
showed granular microstructure (fig. 8(b)). When 
the sample was exposed to oxidation, the surface 
was found to be inhomogeneous and etch-pits 
were formed (fig. 8(c)).

Figure 8(d) gives the homogeneous film, which 
was deposited on stainless steel by a single dip
coating. It was shown that the coating heated at 
800°C for 9 h has an ultrafine and dense mi
crostructure.

A crack occurred during thermal treatment 
when the samples were inserted directly into a 
preheated furnace at 800°C for 10 min (fig. 8(e)).

Figure 8(f) shows the surface of coated sam
ples after acid attack for 9 h. Scanning electron 
micrographs shows homogeneity of coating.

4. Conclusion

Using the sol-gel method, ZrO2 coatings were 
obtained from sonocatalyzed hydrolysis of alkox
ides on stainless steel substrates. By heat treat
ment, these films crystallize yielding tetragonal 
ZrO2 coatings. It was shown that the ZrO2 films 
provided corrosion protection of metal substrates. 
It was interesting that, by the technique using 
ultrasonic processing, other systems such as 

SiO2-Al2O3 and SiO2-TiO2 in which resistance 
is strong can be easily prepared.
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The formation of unusual glasses by sol-gel processing
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It has been claimed that one of the main advantages of the sol-gel technique relates to its potential to produce new 
glasses from compositions which would normally crystallize if processed by quenching a melt. This article shows that, due to 
the intrinsic nature of gels (high OH-content, residual carbon, high fictive state), sol-gel glasses crystallize faster than 
melt-derived glasses at any temperature. Additionally, gels must be (in general) slowly heated from room temperature to 
approximately half the liquidus temperature to densify to a glass. That is a riskier path than quenching from the liquid state 
because the nucleation region is crossed on heating, allowing crystal growth from a plethora of nuclei. Finally, there has 
been no report on a dense gel-derived glass made from systems prone to crystallize. It is concluded that the gel route is not 
as good as conventional processing to reach the vitreous state and is unlikely to lead to dense glasses of reluctant vitrifying 
compositions.

1. Introduction

The sol-gel route has been a subject of inten
sive research in recent years due to its advantages 
over conventional melting and quenching of glass. 
It is often claimed that one of the main advan
tages of the sol-gel technique is its potential to 
obtain exotic glasses, having unusual properties, 
from reluctant glass-forming systems [1-3]. Such 
compositions would normally crystallize in the 
cooling path if processed by the melting route. It 
is commonly argued that most gels could be den
sified to a glass through heat treatments at low 
temperatures, thus avoiding crystallization.

A contrary view to the above argument was 
first presented by Mackenzie [4], in an attempt to 
classify gel-derived oxides according to Zachari- 
asen’s rules. Mackenzie [4] observed that oxide 
gels with experimentally determined crystalliza
tion temperature on heating, Tch, in a typical 
DTA or DSC run, such that Tch is larger than 
half the melting point of the crystal, Tch > Tm/2, 
easily vitrify, whereas those with rch < rm/2 tend 
to crystallize. That correlation was observed for 
five reluctant glass formers (BaTiO3, TiO2, 
A12O3, ZrO2 and Ta2O5) and two good glass 
formers (SiO2 and GeO2). Although his findings 

were quite interesting, they needed to be general
ized via a theoretical justification.

Mackenzie’s empirical observations were re
cently treated by Meyer et al. [5] by rationalizing 
in terms of the adiabatic nucleation theory (ANT) 
[6], It was demonstrated that for reluctant glass 
forming compositions, Tch is systematically lower 
than Tu whereas for good glass formers rch is 
larger than t14, as shown in table 1. T14 is the 
most probable (thermodynamic) nucleation tem
perature predicted by ANT. Therefore, gels of 
hesitant glass forming systems tend to nucleate 
and crystallize at much lower (reduced) tempera
tures than good glass formers.

2. The problem

Thus, in at least two publications [4,5] the idea 
that the gel route can lead to (dense) glasses of 
reluctant vitrifying compositions is contested. The 
first is based upon an empirical correlation for 
the crystallization of seven oxides [4] and the 
second is based upon a theoretical analysis [5]. 
Zachariasen’s rules provide only some qualitative 
insight for the glass formation tendencies of ox
ides and the present nucleation theories, adia-

0022-3093/92/S05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Table 1
Reduced crystallization temperatures during non-isothermal 
heating of gels [5]

System Th / Tn Tu/Tm

Good glass formers (Tch >TJ
LioO-2SiO2 0.61 0.58
CaOAl203-2SiO, 0.71 0.57
SiO2 0.75 0.64
GeO2 0.78 0.61

Reluctant glass formers (Tch < TI4)
TiO2 0.22 0.58
ZrO2 0.26 0.54
Ta2O5 0.29 0.51
Y2O3 0.31 0.55
A12O3 0.32 0.54

Tch, crystallization temperature of the gel in non-isothermal 
experiments with DTA or DSC (10°C/min).

Tm, Melting point of the crystalline oxide.
T14, Adiabatic nucleation temperature.

batic nucleation theory (ANT) and classical nu
cleation theory (CNT), are not fully satisfactory; 
for instance, ANT predicts only the most proba
ble nucleation temperature but not the actual 
nucleation rates. CNT has an unknown parame
ter (the microscopic surface energy) and the theo
retical crystal nucleation rates are many orders of 
magnitude smaller than the experimental values, 
for all glasses for which reliable measurements 
exist [7,8], Therefore, these theories cannot be 
used reliably. In this communication, I use more 
accepted arguments to address the crystallization 

behaviour as well as the issue of glass formation 
from gels.

3. The intrinsic crystallization behaviour of gels

The first important point regarding the pre
sent problem is related to the intrinsic nature of 
gels. The crystallization behaviour of specific gels, 
glasses obtained by melting gel precursors (MGP) 
and conventionally processed glasses (CG) has 
been reported by some authors and were re
viewed by Uhlmann et al. [9], Table 2 summarizes 
the non-isothermal crystallization temperatures 
for several glass-forming systems.

A first conclusion from the analysis of litera
ture is that there is a total lack of detailed kinetic 
studies of the crystallization behaviour of gels of 
good glass forming compositions. Despite that, 
table 2 clearly shows that these materials crystal
lize at lower temperatures on heating, and thus 
have higher nucleation and growth rates at a 
given temperature than conventional glasses. That 
behaviour has been attributed to the elevated 
OH-content, residual carbon and high fictive state 
of gels. Therefore it is fair to expect that gels of 
any composition crystallize faster than its glass 
analogue for a given heat treatment. However, it 
should be emphasized that the glass transition 
temperatures of gels are (surprisingly) very simi
lar to those of melt-derived glasses! Therefore, 

Table 2
Crystallization temperatures (10°C/min) of several glasses and gels

System Th (°O Observations

Gel MGP CG

La2O5-SiO2 - < > Higher crystallinity and smaller grains 
in MGP [10]

Li2O-2SiO2 550 - 650 Faster nucleation in Gel than CG [11]
PbO-GeO2 539 647 655 [12]
Na2O-2SiO2 580 - 620 [13]
CaOAl2O3-2SiO, 1030 - 1040 [14]
NaAlCaTiSiOv 900 - 1050 [15]
BaO-2SiO2 853 - 900 Faster nucleation in Gel [16]

Gel, dried gel; MGP, melted gel precursors; CG, conventional glass.
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additional effects must play an important role 
and should be studied.

4. The thermal path

Glass formation is feasible by the conventional 
route if the cooling rate is fast enough to avoid 
nucleation and crystal growth on cooling the liq
uid from the melting point to the transition re
gion. In controlled laboratory conditions, i.e., in 
the absence of spurious contamination, which 
could lead to heterogeneous nucleation, quench
ing is a favourable path because the time interval 
at high temperatures is short and the homoge
neous nucleation rates become significant only at 
high undercoolings (Tn/Tm = 0.6-0.5 for ordinary 
glasses, where Tn is the temperature range where 
nucleation is important). In that region, the crys
tal growth rates are reduced, since their maxima 
occur at a temperature, Tc, typically at Tc/Tm = 
0.9, followed by a rapid decline. Thus crystalliza
tion can be arrested by fast quenching.

Glass formation by the sol-gel route, on the 
other hand, requires heating the gel, normally 
with a slow rate (an exception is flash heating of 
thin films) followed by holding the specimen for 
some time at a temperature, typically in the 
neighbourhood of Tg (0.5-0.7Tm). That is a much 
more risky path to follow because the nucleation 
region has to be crossed (Tch/Tm = 0.2-0.3 for 
gels of reluctant vitrifiers and therefore Tn/Tm is 
even lower). It should also be stressed that both 
the nucleation and growth rates are higher for 
gels than for melt-derived glasses, at any temper
ature. Thus, vitrification is more difficult.

5. Sintering versus crystallization competition

It is possible that the sintering kinetics of some 
gels (of reluctant glass-forming compositions) are 
faster, in some temperature range, than crystal
lization kinetics; hence, a glass could be formed 
(as observed for good glass-forming compositions). 
To treat analytically (and reliably) the kinetics of 
both sintering and crystallization for a porous gel 
undergoing simultaneously structural rearrange

ments and loss of organics and OH-groups would 
be a formidable task.

This problem has been discussed by Zarzycki 
[17], Uhlmann et al. [18] and Scherer [19]. An 
approximate analysis, where the activation ener
gies for nucleation, crystal growth and viscous 
flow are equated (AGn = AGg = AG^), demon
strated that, for isothermal treatments, both sin
tering and crystallization (transport) rates are 
proportional to the time viscosity ratio, t/t]. Thus, 
any factor (water, impurities, etc.) which affects p 
will change both phenomena equally. Scherer [19] 
pointed out that manipulation of pore size and 
green density, through control of chemical syn
thesis, may decouple the rates of densification 
and transformation. However, the effects of gel 
synthesis on crystallization are not yet known.

In non-isothermal sintering, the integral f dt/i] 
should be evaluated. Since t] can increase by as 
much as three orders of magnitude in one single 
isothermal hold and, therefore, p can change by 
different amounts at each temperature in a non
isothermal treatment, the above integral is not 
known, a priori. Crystal nucleation rates cannot 
be safely predicted by CNT [7,8] and conse
quently overall crystallization rates cannot be 
predicted. It should also be stressed that contam
ination by solid particles, which could trigger 
heterogeneous nucleation, may be more significant 
in gel preparation than in melting since most 
impurities dissolve at high temperatures. External 
surface contamination could also occur during 
sintering of a gel or quenching of a melt. Hetero
geneous nucleation could occur in both gel and 
melt processing depending on specific processing 
conditions.

Viscous sintering models [19] neglect inhibiting 
densification factors such as entrapped gases of 
low solubility, rearrangement and distribution of 
pore sizes. As a result, the theoretically predicted 
sintering rates tend to be overestimated. Thus, at 
present, if is not safe to make conclusions on the 
sintering versus crystallization dispute based 
solely on theoretical predictions.

There is a plethora of experimental data on 
the sol-gel synthesis of several glasses. In spite of 
numerous researchers who produce more than 
400 papers per year on sol-gel processing, as far 
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as I know, there is no report available in the 
international literature on a (fully dense) mono
lithic gel-derived glass made of a reluctant vitrify
ing composition. That indicates that crystallization 
prevails upon sintering, or at least that freshly 
sintered gel-derived glasses of that type rapidly 
crystallize before being cooled to room tempera
ture. Despite that, metallic glasses and other hes
itant glass formers, such as LiNbO3, are routinely 
produced by very fast quenching from the liquid 
state. As a matter of fact, virtually any glass can 
be made by extremely fast quenching!

6. Conclusions

From the above discussion, four observations 
are clear.

(i) Gels of hesitant glass-forming compositions 
fully crystallize at temperatures (0.2 < Tch/Tm < 
0.3) much lower than good glass formers (0.6 < 
Tch/7m < 0.8) under non-isothermal conditions.

(ii) Gels crystallize faster than melt-derived 
glasses at any temperature.

(iii) The typical thermal path of sol-gel pro
cessing (heating at a slow rate followed by a 
holding period) crosses the nucleation region and 
is riskier than fast cooling if crystallization is to 
be avoided.

(iv) There is a lack of reports on (dense) gel- 
derived glasses made from reluctant glass forming 
compositions.

Therefore, it is possible to conclude that, in 
spite of its several advantages over the traditional 
route, the sol-gel route is not as good as the 
quenching technique in achieving the vitreous 
state. Thus, it is unlikely to lead to unusual 
glasses of reluctant vitrifying compositions.

The author would appreciate hearing from any 
reader who has been able to produce a (fully 

dense) gel-derived glass from a reluctant vitrify
ing composition. He thanks Drs Ervino Ziemath, 
Michael Aegerter, Vander Vasconcelos and Pro
fessor L. Hench for useful comments. Financial 
support by Pirelli S.A. (Brazil) is also appreci
ated.
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