
/ ¢ATAkYSIS 
TODAY 

ELSEVIER Catalysis Today 35 (1997) 247-268 

Mechanisms of phase separation in gel-based synthesis of 
multicomponent metal oxides 

Y. Narendar,  Gary L. Mess ing  

Department of Materials Science and Engineering, The Pennsylvania State University, University Park, PA 16802, USA 

Abstract 

The principles underlying metal oxide phase formation from multicomponent molecular gels are reviewed. The critical 
phase separation mechanisms operating at each stage of the gel process, viz. gel synthesis, gel thermolysis and oxide 
crystallization, are described with examples from the synthesis literature on aluminosilicates, cuprates and lead-based 
perovskites. It is demonstrated that direct crystallization of the equilibrium metal oxide requires synthesizing a cation-homo- 
geneous gel, avoiding phase separation during thermolysis, and providing a low energy barrier for nucleation of the 
equilibrium phase. The influence of synthesis parameters and heating conditions on chemical phase separation are explained 
and guidelines for regulating the direct formation of metal oxides are outlined. 

1. Introduction as mixtures of metal alkoxides or metal alkox- 
ides and metal salts into an oxide (or hydroxide) 

Sol-gel processing is one of the most effec- network via inorganic polymerization reactions. 
tive techniques for synthesizing multicomponent Amorphous metal carboxylate gels are synthe- 
oxides which are difficult to prepare by conven- sized by crosslinking a concentrated solution of 
tional ceramic processing. Several sol-gel tech- carboxylato-metal complexes into a three di- 
niques have been developed for multicomponent mensional gel structure with ammonium carbox- 
metal oxide preparation including alkoxide hy- ylate, metal carboxylate, ester or hydrogen 
drolysis, particulate gels and metal carboxylates bonds. In gel-based synthesis the cations are 
such as citrate gels. Particulate gels are corn- molecularly mixed and spatially fixed in the gel, 
posed of aggregated colloidal particles dispersed reducing diffusion distances during thermolysis 
on the scale of tens or hundreds of nanometers, and thus lowering the temperature for oxide 
In this paper the discussion is restricted to formation. 
alkoxide and carboxylate gel precursors, which Achieving a homogeneous cation distribution 
have the potential of cation mixing at the is critical to realizing the advantages of sol-gel 
molecular scale and thus the potential for direct processing. While sol-gel processing has the 
crystallization of multicomponent oxides, potential for cation mixing at the molecular 

Alkoxide based gels (or powders) are ob- scale, it is usually observed that gels do not 
tained by hydrolyzing molecular precursors such directly crystallize into the desired or equilib- 
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rium oxide phase [1-4]. The formation of reac- the cation homogeneity during the thermal treat- 
tion intermediates necessitates a high tempera- ment to convert the gel into a crystalline oxide 
ture solid state reaction to form phase pure or glass. Recognizing the importance of cation 
systems and compromises the advantages of the homogeneity, several researchers have concen- 
sol-gel process. The formation of intermediates trated on synthesizing homogeneous multicom- 
is evidence that chemical phase separation is ponent gels. However, phase separation is not 
quite common in multicomponent gels. Cation restricted to scale-of-mixing arguments during 
segregation is observed in TEM micrographs of gel synthesis and even homogeneous gels, such 
multicomponent gels. Hsueh and Mecartney as aluminosilicate gels, are observed to phase 
demonstrated by TEM that acid-catalyzed lead separate on heating [6]. 
zirconate titanate (PZT) gels have an inhomoge- The aim of this review is to elucidate mecha- 
neous Zr distribution in films during the initial nisms which can lead to phase separation during 
stage of heating [5]. Similarly, Huling and oxide formation and to provide guiding princi- 
Messing observed an interpenetrating structure ples for direct formation of mixed metal oxides. 
of Al-rich and Si-rich regions separated at the Most of the fundamental research on alkoxide- 
scale of ca. 5 nm in TEM micrographs of derived multicomponent systems, especially that 
amorphous mullite gels prepared from focused on gel structure and cation homogene- 
AI(NO3) 3 • 9H20 and Si(OEt) 4 and heated to ity, has been on multicomponent silicates, espe- 
900°C [6]. cially aluminosilicates. Consequently, most of 

Chemical phase separation is determined by the examples and discussion on alkoxide-de- 
the thermodynamic driving force and the kinet- rived systems will be based on the literature on 
ics of ionic diffusion. Due to high temperatures mullite (3A1203 • 2SiO 2) [1,13,14] and cordierite 
(>  two thirds of the melting temperature) em- (2MgO. 2A1203 • 5S iO 2) [2,15]. In the alu- 
ployed in melt forming or conventional materi- mina-silica system the orthorhombic form of 
als processing, mobility is high and phase sepa- mullite (o-mullite) is the stable form of mullite 
ration is determined by thermodynamics. In for a AlaO3:SiO 2 stoichiometry of 3:2. How- 
glasses (or metals), a large positive enthalpy of ever, two metastable intermediates are com- 
mixing in systems such as alkaline earth metal monly observed at low temperatures on heating 
silicates or aluminosilicates leads to phase sepa- alkoxide-derived mullite gels, a tetragonal form 
ration in the liquid or during cooling to form a of mullite (t-mullite) with the composition 
glass [7,8]. In polymer solutions, the entropy of 2A1203 • SiO z and a spinel phase (6A1203 • 
mixing is small and the positive mixing en- SiO2). Because the A1203:SIO2 ratio is differ- 
thalpy causes phase separation [9]. Phase sepa- ent in spinel, t-mullite and o-mullite, oxide phase 
ration during gel processing is essentially deter- development is a good measure of the cation 
mined by kinetic factors because oxide forma- homogeneity and nucleation conditions in the 
tion from gels occurs at low temperatures where gel before oxide formation. Thus, sol-gel syn- 
long range diffusion, necessary for phase sepa- thesis of mullite serves as an excellent example 
ration, is kinetically hindered. The formation of of how phase separation can offset crystalliza- 
solid solutions in systems with limited phase tion of stable phases from gels. 
miscibility, such as ZrOE-metal oxides [10] and The carboxylate gel literature is focused on 
homogeneous glass compositions within the im- synthesis of materials with perovskite-derived 
miscibility gap of alkaline earth silicates sys- structures such as titanates [16,17], chromates 
tems [11,12], are examples of kinetically-limited [18] or cuprates [19,20]. Thus, ferroelectric Pb- 
formation of oxides from gels. based perovskites (lead zirconate titanate [21] or 

Hence, it is important to obtain a homoge- lead magnesium niobate [3,22]) and supercon- 
neous cation distribution in the gel and maintain ducting yttrium barium copper oxide [19] will 
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serve as the key examples of phase separation in ily in water to form partially hydrolyzed 
carboxylate gels. monomers as shown in Eq. (1). 

In the first section the effect of different 
nx 

synthesis parameters on gel structure and conse- n--? +M-(OR)3""----~ H/O:---~/M--OR 
quently oxide formation will be addressed• In n 
the second section the effect of thermolysis (viz. / IR 
heating) on gel structure and its effects on oxide HO--M~ :O~H ~ (RO)~'M--OH+ROH, 
crystallization pathway is discussed. Lastly, the 
role of nucleation on oxide crystallization will (1) 
be discussed. 

Partially hydrolyzed monomers condense via 
alcoxolation (Eq. (2)) and oxolafion (Eq. (3)) or 
olation (Eq. (4)) reactions to form oligomers. 2. Gel  synthesis-alkoxide derived gels 
The oligomers grow into larger clusters through 

Gel synthesis involves polymerizing molecu- further condensation reactions and a three di- 
lar precursors into a three dimensional network mensional gel network is formed after cluster- 

cluster impingement. A schematic of gel forma- and subsequently converting the wet gel into a 
xerogel by removing the solvent. The critical tion from hydrolyzed alkoxide precursors is 

shown in Fig. 1 [23]. step in gel synthesis is to molecularly mix and 
to spatially fix the individual components before \M_O +M_(OR)3 
subsequent heating (referred to as gel thermoly- / I / ! I 
sis). " 

Alkoxide-based gels are synthesized from \M_o_J,.~__O/R • ~- (RO)~-M-- (OR)2+ ROH 
metal alkoxides or mixtures of metal salts and / " ' \- "x" H 
metal alkoxides. The precursors hydrolyze read- (2) 

Ac (3) 

" ' "  " "  " . .  • • . . .  

• . . . . . .  . .  , +\mK---:n/u~. ~ ~, = . I /M--? _/M-o-N 
H / ~H 

Fig. 1. Schematic of polymerization reactions leading to gels from (5)  
hydrolyzed alkoxides: (a) precursor monomers in solution, (b) and 
(c) elementary units resulting from the first condensation reactions 
and (d) clusters developed by aggregation of elementary units The hydrolysis rate depends on the elec- 
[23]. trophilicity of the metal atom and its ability to 
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undergo coordination expansion [24]. Hence the ence of HC1 as a catalyst. Gels prepared at low 
hydrolysis rates are widely different for differ- water concentrations (water/alkoxide ratio = 
ent metals, for example Ti hydrolyzes five or- 16) were clear, transparent and led to homoge- 
ders of magnitude faster than Si [24]. The syn- neous TiO2-SiO 2 glasses on heating to 800°C. 
thesis issues in multicomponent alkoxide gels However, gels prepared at high water concentra- 
are primarily related to differences in the hydro- tion (water/alkoxide molar ratio = 50) were in- 
lysis and condensation rates of alkoxides of homogeneous, opaque and porous. The rapid 
different metals. A large difference in the hy- hydrolysis of Ti(i-OPr) 4 to  form Ti-O-Ti  link- 
drolysis rates of alkoxides, as seen between Si ages at high water concentrations, results in 
and Ti alkoxides, favors homocondensation cation segregation in the gel and heating the 
(Ti-O-Ti linkages) over heterocondensation phase separated gel to 500°C results in forma- 
(Ti-O-Si linkages) and leads to segregation of tion of crystalline TiO 2 (anatase). 
Ti and Si in the gel. Cation segregation leads to Apart from a low amount of water, a slow 
crystallization of secondary phases, such as TiO 2 rate of water addition is also critical to avoid 
(anatase) from phase separated SiO2-TiO 2 gels cation segregation and form homogeneous gels. 
[25]. Yoldas and Partlow [26] studied the effect of the 

To form a homogeneous gel from a mixture rate of addition of water on the crystallization 
of alkoxides with different hydrolysis rates, it is behavior of mullite from aluminosilicate gels 
critical to separate the hydrolysis and condensa- prepared by hydrolyzing a mixture of Al(sec.- 
tion regimes. Decoupling the two reaction OBu) 3 and Si(OEt) 4. Gels prepared by slow 
regimes allows heterocondensation between the hydrolysis from atmospheric humidity over a 
different hydrolyzed alkoxides and reduces the period of 90 days lead to direct t-mullite forma- 
degree of cation segregation as a result of ho- tion at 980°C accompanied with a sharp 
mocondensation reactions. Several approaches exothermic peak in a differential thermal analy- 
are used to separate the hydrolysis and conden- sis (DTA) scan. However, an exothermic peak 
sation regimes and hence improve the gel ho- in the 1000°C range is absent in gels prepared 
mogeneity. These include, lowering the concen- by directly adding water to the alkoxide mix- 
tration of water for hydrolysis, partial hydroly- ture. Sen and Thiagarajan [27] synthesized alu- 
sis of the slowest reacting species, acid or base minosilicate gels using a procedure similar to 
catalysis, formation of heterometallic alkoxides Yoldas but observed spinel (6A120 3 • SiO 2) for- 
and reducing the hydrolysis rate of highly reac- mation at 950°C, with o-mullite (3A1203 • 
tive species using chelating agents. 2SiO 2) crystallizing above 1100°C. Spinel for- 

Because hydrolysis is limited by the water mation observed by Sen and Thiagarajan [27] is 
concentration in the alkoxide mixture, both the most likely related to a shorter gelation time of 
amount of water and the rate of water addition two weeks compared to six weeks used by 
to the alkoxide mixture strongly influence gel Yoldas and Partlow [26]. 
homogeneity [26]. Rapid hydrolysis rates due to Literature on crystallization from aluminosili- 
high water concentration and a rapid rate of cate gels clearly shows that gel formation in the 
water addition are the primary reasons for cation presence of a base catalyst leads to spinel for- 
segregation in most gels [1,4,8], especially in mation before mullite crystallization [1,28-30]. 
mixed metal alkoxide systems with widely dif- A deleterious effect of base catalysis on mullite 
ferent hydrolysis rates. The effects of cation formation is observed in aluminosilicate gels 
segregation due to high water concentration is prepared from AI(NO3) 3 • 9H20 and Si(OEt) 4 
illustrated by the work of Hayashi et al. [25] on [29]. Gels prepared without ammonia crystal- 
TiO2-SiO 2 gels prepared from Ti(i-OPr) 4 and lized t-mullite (2A120 3 • SiO 2) on heating to 
Si(OE04 by hydrolysis with water in the pres- 980°C, while gels prepared in the ammonia 
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formed spinel (6A1203 • SiO 2) at 1000°C. A from 400-1200°C (Fig. 2). The similarity of 
comparison of the IR spectra of gels prepared alkoxide-derived and particulate gel indicates 
with ammonia to a mixture of colloidal alu- that the scale of cation segregation is at the 
minum hydroxide and silica, clearly shows that colloidal scale (tens of nm) in alkoxide-derived 
presence of ammonia leads to the formation of gels prepared in the presence of ammonia. 
silica-rich and alumina-rich regions in the gel. The above results clearly show that a slow 
The cation segregation in basic conditions is hydrolysis rate is critical to obtain a homoge- 
related to the condensation of Si(OE04 into neous gel from multicomponent alkoxide solu- 
colloidal sized particles and possibly the poly- tions. A low water amount, slow water addition 
merization of aluminum ions into amorphous or acidic conditions promote hydrolysis of the 
hydrous oxides. Sanz et al. [30] compared gels slowest reacting metal alkoxides (such as Si), 
prepared by hydrolyzing Si(OEt) 4 and Al(sec.- before extensive condensation of the fast react- 
OBu) 3 in the presence of ammonia and particu- ing metal alkoxide (like A1 or Ti). Hence, slow 
late gels made from a mixture of sols of SiO 2 hydrolysis conditions decouple the hydrolysis 
and A1OOH. Spinel formed from both gel types and condensation regimes. Moreover, hetero- 
at 1000°C and pure o-mullite formed above condensation between the A1 and Si or Si and Ti 
1300°C. Moreover, the 27A1-NMR spectra of the is also possible, leading to the formation of 
two gels were similar in the temperature range homogeneous gels with little or no cation segre- 
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Fig. 2. 27AI-MAS-NMR spectra of (a) base-catalyzed mullite gels and (b) particulate gel of A1OOH and SiO 2, heated to different 
temperatures. Spinning side-bands are labeled as SSB [30]. 
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gation. However, large amounts of water, rapid ing gelation and the formation of MgA1204 
addition or base catalysis leads to preferential spinel and SiO2-rich 13-quartZ(ss) at 1050°C. 
hydrolysis and homocondensation of the fast Cordierite crystallization from base catalyzed 
reacting species, with little or no heteroconden- magnesium aluminosilicate gels is insensitive to 
sation. Consequently, rapid hydrolysis results in the rate of water addition and gel precipitates 
extensive cation segregation and leads to crys- obtained with dropwise or rapid addition of 
tallization of off-stoichiometric intermediates alkaline water at pH > 11, both crystallized or- 
before formation of the desired oxide phase, cordierite on heating to 1050°C. 

While base catalysis leads to inhomogeneous A comparison of the mullite and cordierite 
gels in the aluminosilicate system, it is benefi- crystallization indicates that the formation con- 
cial for obtaining homogeneous gels in the ditions for homogeneous aluminosilicate and 
cordierite system. Okuyama et al. [31] observed magnesium aluminosilicate gels are different. 
that base-catalyzed hydrolysis was favorable for While extremely slow hydrolysis is required for 
forming homogeneous magnesium aluminosili- synthesizing homogeneous aluminosilicate gels, 
cate gels. Gels formed at pH ca. 1 phase sepa- homogeneous magnesium aluminosilicate gels 
rated even when slowly hydrolyzed with drop- form even under conditions of rapid hydrolysis. 
wise additions of water and crystallized inter- The relative insensitivity of the magnesium alu- 
mediates such as SiO2-rich [3-quartZ(ss) and minosilicate gel homogeneity to the synthesis 
MgAI204 spinel apart from ot-cordierite on conditions is due to the presence of heterometal- 
heating to 1050°C (Fig. 3). In an intermediate lie complexes in the alkoxide solution before 
pH range of 3-11, cation homogeneity in gels gelation. Okuyama et al. [31] prepared a mixed 
depended on hydrolysis rate. Slowly hydrolyzed alkoxide solution for cordierite by sequentially 
gels formed o(-cordierite at 1050°C, while rapid adding Al(sec.-OBu) 3 and Mg metal to prehy- 
hydrolysis led to extensive phase separation dur- drolyzed Si(OEt) 4. 2~I-NMR and Raman spec- 
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Fig. 3. X-ray diffractograms of cordierite gels, prepared by (a) dropwise additions and (b) rapid addition of water with different pH values 
and heated to 1050°C for 1 h [31]. 
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tra of the alkoxide precursor to cordierite were Apart from the several chemical approaches 
similar to that of the Mg-A1 double alkoxide to overcome mismatched hydrolysis rates, phys- 
(Mg[A12(i-OPr)8]) [32], indicating the presence ical approaches such as spray pyrolysis are also 
of bimetallic Mg-O-A1 in the mixed alkoxide useful to synthesize homogeneous gels. Spray 
solution. The formation of A1-O-Si linkages in pyrolysis involves converting a partially hydro- 
the precursor is evidenced by the considerable lyzed alkoxide precursor into an aerosol and 
broadening of the 4-coordinated resonance peak subsequently pyrolyzing the droplets into solid 
in 27A1-NMR of the mixed alkoxide solution for particles by passing the aerosol into a heated 
cordierite compared to the Mg-A1 double furnace. Sakurai et al. [38] prepared a mullite 
alkoxide (Mg[A12(i-OPr)8]). The formation of precursor by adding AI(i-OPr) 3 to Si(OEt) 4 pre- 
heterometallic linkages in the cordierite precur- hydrolyzed in acidic conditions and refluxing at 
sor leads to a homogeneous gel with most A1 75°C for 6 h. The mixed alkoxide solution was 
occupying tetrahedral sites, as ascertained by sprayed into a furnace maintained between 400 
27A1-NMR. Only under extreme hydrolysis con- and 600°C. The powder after pyrolysis of the 
ditions, such as rapid addition of H20 under alkoxide solution directly formed t-mullite 
acidic condition, are the heterometallic com- (2A120 3 • SiO 2) after heating to 990°C. Suzuki 
plexes dissociated resulting in phase separation and Saito [39] synthesized aluminosilicate gels 
during gelation, using a similar procedure to Sakurai et al., but 

The formation of heterometallic species is did not use spray pyrolysis to form the gel 
observed in several alkoxide systems [33,34], precursor. Suzuki and Saito observed spinel 
apart from cordierite, and is reported to enhance (6A120 3 • SiO 2) crystallization at 990°C and o- 
homogeneity of multicomponent gels [35,36]. mullite (3A120 3 • 2SiO 2) formed above 1200°C. 
Hirano and Kato studied the effect of het- A similar beneficial effect of spray pyrolysis is 
erometallic Li[Nb(OEt)6] formation on LiNbO 3 also observed in aluminosilicate gels synthe- 
crystallization [37]. A solution of LiOEt and sized from Al(NO3)3.9H20 and Si(OEt) 4. 
Nb(OEt) 5, hydrolyzed immediately after mix- Kanzaki et al. [40] spray pyrolyzed a stoichio- 
ing, formed precipitates during gelation. The metric mixture of Si(OEt) 4 and AI(NO3) 3 • 
precipitated gel phase separated to form a Li-rich 9H 2 ° and observed direct t-mullite formation at 
phase, Li3NbO 4, and a Nb-rich phase, LiNb3Os, 970°C. During spray pyrolysis, the residence 
on heating. On refluxing a solution of LiOEt time of the droplet in the furnace is short ( < 10 
and Nb(OEt) 5 for 24 h and forming s) and the rate of solvent removal is expected to 
Li[Nb(OEt)6], a clear gel formed after hydroly- be faster than the rate of polymerization reac- 
sis and LiNbO 3 directly crystallized at 350°C. tions between the prehydrolyzed A1 and Si 

Heterometallic alkoxides eliminate the prob- species. Consequently, cation segregation dur- 
lem of mismatched hydrolysis rates as each ing gelation, aging and drying, inherent to con- 
molecule contains the cation mixed in the de- ventionally prepared gels, is avoided. A homo- 
sired ratio. Consequently, heterometallic alkox- geneous A1 and Si cation distribution in the 
ides lead to a uniform cation distribution in the solution stage of the alkoxide process is main- 
gel. Even the formation of off-stoichiometric tained in the solid particles after spray pyroly- 
heterometallic complexes, with respect to the sis, leading to direct t-mullite formation. 
stoichiometry of the desired oxide, is beneficial 
as the hydrolysis rates of heterometallic alkox- 
ides is slower than the individual alkoxides [33]. 3. Gel synthesis m carboxylates 
The critical issue in heterometallics is to prevent 
the dissociation of the complex during hydroly- In carboxylate gels, the metal cations react 
sis [33]. with carboxylate ligands to form carboxylate 
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complexes. The structure of the carboxylate sensitivity of carboxylate gels and IR structural 
complex depends on the nature of the ligand, studies on carboxylate gels, it is apparent that 
pH and temperature. The classical chelation crosslinks between metal carboxylate complexes 
mechanism consists of a succession of deproto- are ionic metal carboxylate or ammonium car- 
nation (Eq. (6)), complexation and polymeriza- boxylate bonds [42]. Gels with H-bonds serving 
tion reactions (Eq. (7)), as described by Baes as primary crosslinks are also reported [43]. 
and Mesmer [41]. An anionic bridging mechanism, similar to 
[ M(H20)n] z÷ carboxylate ligands, is also observed for precipi- 

tates involving HSO 4 or H2PO 4 which form 
[ M ( O n ) m ( n 2 0 ) n _ m ]  +(z-m) - - ~ m a  + strong coordination complexes with m e t a l  

(6) cations [44]. Similar ionic metal-carboxylate 
bonds are documented in the ionomer literature 

x [ M ( H 2 0 ) n ] Z ÷ + y O H - +  aA- [45] and are also responsible for crosslinking 
Aa](XZ-y-a)+ organic dibasic acids such as sebacic acid 

[MxOu(OH)y-2u - (HOOC-(CH2)2o-COOH) into polymer-like 
+ (xn  + u - n)H20 (7) structures [46]. Consequently, metal carboxylate 

On concentrating a solution of metal carbox- gels which consist of a network of carboxylate 
ylate complexes, viscosity rises above a critical complexes and ammonium ions [43] are ex- 
metal concentration. The high viscosity prevents pected to have a structure similar to crystalline 
precipitation of metal carboxylate complexes me ta l  ci t rate  p rec ip i t a tes  such as 
and on further dehydration a clear gel forms. On K2[Ni(C6HsOT)(H20)2] 2 • 4H20 [47]. A 
cooling the viscous dehydrated gel undergoes a schematic of the metal carboxylate gel structure 
rubber to glass transition and converts to a is shown in Fig. 4 [47]. The amorphous nature 
brittle polymer glass. Based on the moisture of the gels could be due to a number of factors 

cm'boxylato-metal coml~ 

Fig. 4. Schematic of the structure of a metal carboxylate gel, showing metal carboxylate complexes bridged by ionic ammonium 
(NH2)-oxygen(O) bonds into a tl~ee dimensional structure [471. 
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including, the high viscosity of the solution nitrate with citric acid. On dehydrating the mixed 
preventing long range ordering, steric hindrance cation solution, Ba(NO3) 2 precipitated from the 
due to the bulky nature of the complexes and solution. However, on increasing the pH to 6 
random three dimensional crosslinking. A varia- with NH4OH, precipitation did not occur and an 
tion of the carboxylate gel process is the Pechini amorphous gel precursor formed. The precipita- 
process [17], where ethylene glycol is used as tion of Ba(NO3) 2 at low pH indicates incom- 
the solvent for the metal carboxylate complexes, plete complexation of Ba 2÷ with citric acid. 
In the Pechini process, ethylene glycol and metal Their results are consistent with the effect of pH 
carboxylate complexes react to form esters and on the formation constant of alkaline earth 
consequently, the degree of crosslinking be- metal-citrate complexes [49]. At acidic pH, 
tween the carboxylato-metal complexes is in- BaHzCit ÷ is the predominant species in the 
creased with both ester bonds and metal carbox- solution. However, because the formation con- 
ylate bridges in the gel. stant of BaHzCit ÷ is small (logK = 0.6), the 

Because metal carboxylate complexes are the majority of the Ba 2÷ ions are not complexed 
basic structural units in carboxylate gels, the with citric acid and Ba(NO3) 2 precipitates. At 
key synthesis issue is the formation of the car- neutral pH, BaCit- is the predominate species 
boxylato-metal complexes. The formation reac- with a higher formation constant (log K = 2.95). 
tion of a simple metal complex (ML) is shown Hence, most of the Ba 2÷ ions are fully com- 
in Eq. (8), plexed and amorphous gels form. However, 

Ba(NO3) 2 also precipitated from clear gels 
MZ++ L y- ~ M L  - ( y - z )  (8) formed at pH 6 on heating to 200°C, implying 
The equilibrium constant for the ML formation the presence of uncomplexed Ba 2÷. Since 
reaction is given by the expression K = BaCit- formation is influenced by both pH and 
[M][L]/[ML] and the amount of complex citric acid concentration, the presence of 
formed is proportional to the ligand concentra- unchelated Ba 2÷ is indicative of a lower citric 
tion [L] and the formation constant K. Thus, acid concentration. The precipitation problem in 
excess chelating agent is usually required to Y-Ba-Cu-citrate gels was circumvented by 
ensure a low free metal ion concentration in the Karen and Kjekshus [50], by using a citric acid 
solution. The amount of excess chelating agent to metal ratios in excess of the stoichiometry of 
required depends on the formation constant of the carboxylato-metal complex. 
the carboxylato-metal constant. Complexes with Apart from issues of precipitation due to 
a large formation constant are preferred as they insufficient chelation, precipitation of carboxyl- 
require a lower concentration of chelating agent, ato-metal complexes during dehydration was 

Since the type of complex is also determined observed in our work and was also reported by 
by the pH, the pH, ligand and cation concentra- Karen and Kjekshus [50]. Metal carboxylate 
tion have to be controlled to form carboxylato- precipitation is controlled by several factors in- 
metal complexes with all the cations to form a cluding the pH, structure of the metal carboxyl- 
metal carboxylate precursor solution. Incom- ate complex and, most importantly, viscosity of 
plete cation chelation leads to selective precipi- the mixed carboxylate solution and synthesis 
tation of the metal salts (nitrates) or hydroxides procedure. For example in our work on Pb-  
of the uncomplexed cations during dehydration, Mg-Nb-citrate gels, an alkaline pH ca. 9.5-10 
as observed in the synthesis of Y-Ba-Cu-citrate and excess citric acid (Pb:citric acid molar ratio 
gels. --1:4) were required to prevent Pb3Cit 2 pre- 

Chu and Dunn [48] prepared citrate precur- cipitation during the dehydration process. In the 
sors to yttrium barium copper oxide by reacting Pb-citrate system, several different citrato-metal 
a mixed solution of yttrium, barium and copper complexes are formed depending on the pH 
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Fig. 5. The relative amounts (ct) of the ]cad citrate complexes as function of pH [51]. A = total mol of citric acid, B = total mol of Pb 2+, 
1: PbCit-,  2: Pb2Cit~-, 3: PbCit 4-, 4:Pb2Cit32 - ,  5: PbH2Cit +, 6: PbHCit °, 7: Pb(HCit)Cit 3-, 9: PbHCit~-, 12: PbCit 2-, 16:Pb2Cit26-. 

range [51]. The speciation curves of the differ- cations to form precipitates Pb[PbCit-]2 or 
ent citrato-lead complexes as a function of pH PbE[PbCit 4-] with the PbaCit 2 stoichiometry 
are shown in Fig. 5 [51]. PbHaCit +, PbHCit ° [52]. PbECit 4- complexes are the predominant 
and PbCit- form in the acidic range while species above pH 9 and are stable in the pres- 
PbCit 2-, PbCit 4- form in the neutral to alka- ence of excess citric acid. Consequently, Pb-  
line range and PbCit~ and Pb2Cit 4- form in Mg-Nb-citrate gels formed in alkaline condi- 
the alkaline range. In the pH range between 2.5 tions with excess citric acid are homogeneous. 
and 7.5 PbCit 2- or PbCit- combine with lead Selective precipitation of metal carboxylates 

C 
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Fig. 6. Structure of aqueous EDTA-Pb [53] and citrato-Pb [54] complexes. 
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leads to cation segregation at the micrometer crosslink carboxylato-metal complexes into low 
scale and destroys the advantages of a gel-based molecular weight oligomers and prevent precipi- 
process. For example, a Pb-Mg-Nb-EDTA gel tation. Moreover, the crosslinking reactions, viz. 
formed with Pb:EDTA molar ratio of 1:4 forms formation of ester bonds and ionic metal car- 
a homogeneous gel which forms phase pure boxylate bonds, also increase the viscosity of 
perovskite lead magnesium niobate on heating the solution. The increased viscosity lowers the 
to 800°C. However, Pb2EDTA 2 precipitates diffusion rate of carboxylato-metal complexes 
from a Pb-Mg-Nb-EDTA gel formed with and kinetically inhibits the phase separation pro- 
Pb:EDTA mole ratio of 1:1 during dehydration, cess. 
Consequently, after heating the phase separated 
gel to 800°C a significant amount of an interme- 
diate pyrochlore phase (35 wt%) formed along 4. Gel thermolysis - -  alkoxides 
with the desired perovskite phase (65 wt%). 

The precipitation behavior of complexes of After gel synthesis, typically the dried gel is 
different carboxylate chelating agents are signif- heated to form a crystalline oxide or a dense 
icantly different and is related to the extent of oxide glass. During heating, gel structural evo- 
crosslinking between the carboxylato-metal lution continues due to decomposition of organ- 
complexes. The observation that precipitation is ics and skeletal densification. Skeletal densifica- 
difficult to circumvent in EDTA gels compared tion occurs by polymerization through contin- 
to citrate gels is connected with the structure ued condensation reactions and structural relax- 
differences between citrato-metal and EDTA- ation [8]. Structural relaxation occurs via diffu- 
metal complexes (Fig. 6). The EDTA ligand in sive movements of the gel network to the lower 
the metal EDTA complex is typically seven-co- excess free volume of the gel and allows the 
ordinated and all the functional groups are typi- structure to approach a configuration character- 
cally bonded to the metal cation. In citrato-metal istic of a metastable liquid [8,56]. The process- 
complexes the alpha hydroxy ligand serves as a ing stage wherein the low density skeletal struc- 
bridge between two metal centers, leading to ture of a dried gel is consolidated by heating to 
planar complexes with uncomplexed carboxyl- form a amorphous oxide is referred to as ther- 
ate ligands [53,54]. The uncomplexed carboxyl- molysis. The structural rearrangements during 
ate groups in the citrato-metal complexes can thermolysis change the molecular arrangements 
form ionic bridges with metal centers of another in the gel as evidenced by changes in cation 
complex. The metal carboxylate crosslinking coordination [2,57]. Moreover, reactions with 
reaction prevents precipitation of citrato-metal gases are also important during gel thermolysis. 
complexes in citrate gels. Consequently, citric Gases are evolved due to condensation reactions 
acid is commonly used in the carboxylate gel or decomposition of organic ligand retained in 
process because citrato-metal complexes are sta- the gel after hydrolysis. Consequently, the cation 
ble to hydrolysis and ionically crosslink in a homogeneity of the gel prior to oxide formation 
concentrated solution, thereby preventing pre- is strongly affected by the thermal history of the 
cipitation during gelation. A high degree of sample. As will be discussed, thermolysis is 
crosslinking is also characteristic of the Pechini shown to disrupt the homogeneity of some gels, 
process where ethylene glycol is used as a such as lead-based perovskites and aluminosili- 
solvent for citric acid and citrato-metal com- cates while molecularly inhomogeneous sys- 
plexes. In an ethylene glycol medium, ester tems, such as borosilicates and titania-silicates 
bonds form between the free carboxylate groups homogenize during thermolysis. 
of citrato-metal complexes and alcohol groups Alkoxide-derived mullite gels provide an ex- 
of ethylene glycol [16,55]. The ester bonds cellent example of phase separation of a homo- 
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geneous gel during thermolysis. The homogene- humid atmosphere to form a clear sol, which 
ity of aluminosilicate gels is strongly affected was dried to form a transparent 'aged gel'. 
by the reaction of water vapor with the gel and Aging the fresh gel in a condition of high 
structural rearrangements during skeletal densi- solubility increases the pore size and pore vol- 
fication. Huling and Messing [6] determined ume and eliminates the gel microporosity. The 
that partial pressure of water generated due to fresh gel has a low surface area (2.5 m2/g)  
the condensation reactions during thermolysis indicating a microporous network not accessible 
has a significant effect on cation segregation in to N 2. The aged gel has a surface area of 110 
the aluminosilicates gel precursors to mullite m2 /g  indicating a mesoporous network. Since 
and consequently mullite crystallization. Since the water diffusion rate increases with an in- 
the condensation rate is controlled by the rate of crease in pore size and pore volume, a lower 
water or alcohol vapor diffusion through the vapor pressure is expected in the aged gels 
gel, the effective vapor pressure in the gel de- during thermolysis. Corresponding to the differ- 
pends on the pore size and pore volume in the ence in the pore structure, there is also a signifi- 
gel [8]. Homogeneous gels with different pore cant difference in the crystallization behavior. 
structure and volume were prepared to study the On directly heating aged gels to 780°C, direct 
effect of water vapor on the gel homogeneity formation of o-mullite (3A1203 • 2SiO 2) was 
during thermolysis. Aluminosilicate gel was observed. However, fresh gels were primarily 
prepared by the slow hydrolysis of AI(NO3) 3 . amorphous with only traces of o-mullite at 
9H20 and Si(OE04 at 60°C. The gel was redis- 780°C and formed t-mullite (2A1203 • SiO 2) at 
persed in excess ethanol, ethanol was evapo- 980°C. TEM observation of fresh gels heated to 
rated and replaced with water to form a translu- 900°C indicated that phase separation occurs in 
cent sol. The sol was boiled at 100°C to form a fresh gels leading to an interpenetrating struc- 
transparent sol. The limpid sol was rapidly dried ture of silica and alumina rich regions (Fig. 7). 
at 120°C to form a powder termed, a 'fresh gel'. Due to the cation segregation in fresh gels at 
The fresh gel powder was aged at 80°C in a 900°C, t-mullite (2A1203 • SiO 2) which is an 

Fig. 7. TEM micrograph of fresh mullite gel heated to (a) 900°C for 2 h and (b) 1000°C for 2 h [6]. 
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Fig. 8. DTA scans of an aged mullite gel heated at 10°C/min [6]. 

A1203-rich form of  mullite crystallized at 980°C. segregation. The mesoporous structure of  aged 
A similar heterogeneous structure is also ob- gels allows for faster removal of water and 
served in phase separated glasses [58], which promotes direct o-mullite (3A1203 • 2SiO 2) 
also crystallize into t-mullite (2A1203 • SiO 2) on crystallization. The strong effect of  water vapor 
heating to 1000°C [59]. on phase separation in mullite gels is due to the 

Due  to the microporous nature of  the fresh lower free energy of  [A106] compared to [A104] 
gel, the water vapor pressure is higher in the species [13,60]. The presence of  A 1 - O - S i  bonds 
fresh gel which leads to rehydrolysis and cation forces A1 to assume a higher energy tetrahedral 
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Fig. 9. DTA scans ofanagedmullite gel heated at 10, 2Oand 40°C/min[6]. 



260 Y. Narendar, G.L. Messing/Catalysis Today 35 (1997) 247-268 

position. Rehydrolysis of the A1-O-Si  bond rapid heating cation segregation is circumvented 
leads to the formation of [A106 ] which is ener- and o-mullite crystallizes directly from the gel. 
getically favorable. An analogous process oc- However, during slow heating skeletal densifi- 
curs during dealumination of zeolite in the pres- cation destroys the precursor homogeneity and 
ence of water [61]. Preferential hydrolysis of results in t-mullite formation. 
A1-O-Si bonds removes tetrahedrally-coordi- While reaction with water vapor and struc- 
nated A1 from the silicate network in the form tural rearrangements due to skeletal densifica- 
of mobile A1 species leading to cation segrega- tion lead to cation segregation in aluminosili- 
tion. cates, they improve gel homogeneity of lead 

Because of the limiting effect of vapor diffu- zirconate titanate gels. Hirano et al. [63] studied 
sion on the condensation rate, the heating rate the effect of water vapor treatment on crystal- 
and gel size also strongly affect the structural lization of alkoxide derived lead zirconate ti- 
changes during gel thermolysis [62]. Formation tanate films. Pb(OAc) 2 was reacted with a re- 
of o-mullite is also extremely sensitive to heat- fluxed mixture of Zr(OEt) 4 and Ti(OEt) 4 in 
ing conditions [6,13]• A DTA scan of the aged ethanol, acetyl acetone was added to stabilize 
gel heated at 10°C/min (Fig. 8) shows that very the solution and films were fabricated on sub- 
little o-mullite (3A1203.2SIO 2) forms on heat- strates by spin coating. The films were dried 
ing at 10°C/min (weak exotherm at 847°C) and and calcined in a mixture of water vapor and 
most of the gel crystallizes to t-mullite (2A120 3 oxygen or pure 0 2 and crystallized between 450 
• SiO 2) (strong exotherm at 990°C). Faster heat- and 600°C. Water vapor treated films formed a 
ing rates (Fig. 9) enhanced o-mullite formation highly oriented, phase pure perovskite layer on 
as evidenced by a lower temperature and an MgO (200) substrates at 600°C. However, in the 
increase in the intensity of the exothermic peak absence of water vapor, perovskite crystallinity 
for o-mullite crystallization. Hence, rapid heat- was poor and an intermediate pyrochlore phase 
ing and isothermal treatments to 780°C are most formed at 600°C. Water vapor treatment re- 
favorable for obtaining high yields of o-mullite, moves residual alkoxy, acetate and carbonate 
These results indicate that the mechanism of generated during calcination, and organic pyrol- 
phase separation is similar for both fresh and ysis is avoided which improves the quality of 
aged gels. The separation phenomena is influ- the film. Moreover, the condensation of hydrox- 
enced by similar factors as involved in separa- ylated species formed during water treatment 
tion of aluminosilicate glasses upon cooling, increases the gel homogeneity and formation of 
i.e., driving force and atomic mobility. The phase pure perovskite. 
driving force for chemical phase separation is Similarly skeletal densification is found to 
the lowering of excess free energy when the increase the homogeneity of several systems 
components are allowed to rearrange and exist notably, borosilicates and titania silicates. Beier 
predominantly in their lowest free energy oxy- et al. [64] studied the structures of alkoxide-de- 
gen coordination-octahedral A1 and tetrahedral rived SiO2-TiO2-ZrO 2 gels using 29Si-NMR 
Si. The skeletal densification due to condensa- and concluded that no S i -O-Ti  or S i -O-Zr  
tion reactions and structural relaxation provides linkages were present in the dried gel. The 
sufficient atomic mobility to cause cation segre- absence of heterolinkages in the gel is expected 
gation. Water plays the role of a mineralizer by due to the differences in the hydrolysis rates of 
breaking the A1-O-Si bonds [61] and weaken- Si and Ti or Zr alkoxides. Hayashi et al. [25] 
ing the gel network, thereby enhancing the rate correlated the shrinkage behavior of SiO2-TiO 2 
of cation segregation. Hence, o-mullite forma- gels with the homogeneity of the glasses formed 
tion is controlled by the relative rates of phase by heating the gels. Gels prepared with low 
separation and o-mullite crystallization. During water concentration have a steady shrinkage 
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during thermolysis due to increased condensa- metal-carboxylate crosslinks which are bridging 
tion reactions and a higher free volume associ- the different complexes. Oxide formation occurs 
ated with a poorly crosslinked structure. The with breakdown of the metal-carboxylate bond. 
weakly crosslinked gels completely densified Hence, in multication systems, cation homo- 
into clear glasses during thermolysis. However, geneity prior to oxide formation is controlled by 
gels prepared with large amounts of water ex- the thermal stabilities of the metal-carboxylate 
hibited less skeletal densification and did not bridges and the decomposition behavior of the 
homogenize during thermolysis resulting in TiO 2 different carboxylato-metal complexes. Typi- 
crystallization, cally the thermal stability of metal carboxylate 

bonds are different and carboxylato-metal com- 
plexes decompose at different temperatures, re- 

5. Gel thermolysis m carboxylates suiting in phase separation during gel thermoly- 
sis [50,66,67]. 

The crosslinks in an alkoxide-derived gel are The best example of carboxylate gel phase 
similar to metal oxides, namely metal oxygen separation is seen in the synthesis of cuprates 
bonds. Hence, the condensation of hydrolyzed such as YBa2Cu307_ x [67]. A study of the 
metal centers is the primary reaction leading to individual citrate complexes indicates that Cu- 
polymerization of hydrolyzed alkoxides during citrate undergoes rapid decomposition at < 
all stages of processing viz. gelation, drying and 250°C due to a strong catalytic effect of the 
thermolysis. Metal carboxylate gels are com- Cu + to Cu 2+ redox reaction on the oxidation of 
posed of carboxylato-metal  complexes,  the citrate ligand [68]. However, Y-citrate and 
crosslinked into a three dimensional structure Ba-citrate have higher thermal stabilities and 
with ionic metal-carboxyl and ammonium- decompose to form Y203 and BaCO 3, respec- 
carboxyl bonds or hydrogen bonds. Hence, dur- tively, between 400-500°C. The thermolysis 
ing thermolysis there has to be a complete behavior of the Y-citrate, Cu-citrate and Ba- 
breakdown of the gel structure before oxide citrate complexes are compared in Fig. 10. Con- 
formation. Several reactions occur during ther- sequently on heating a Y-Ba-Cu-citrate gels, 
molysis [19,65]; evaporation of water or sol- Cu-citrate decomposes rapidly and phase sepa- 
vents such as ethylene glycol, increase in poly- rates to form Cu20 or CuO. The formation of 
merization due to ester formation between - C -  copper oxide(s) thus necessitates a high temper- 
OH a n d - C O O H  or b e t w e e n - C - O H  a n d - C -  ature solid state reaction (>  900°C) to form 
OH groups, decomposition reactions of carbox- YBa2Cu307_ x. 
ylate complexes leading to formation of gases Another mechanism of phase separation is 
and an organic char, changes in the metal coor- due to reaction with gaseous decomposition 
dination sphere and nature of the metal-ligand products during thermolysis. Unlike alkoxide- 
bonding and possibly formation of M - O - M  derived gels where the weight losses are usually 
leading to formation of oligomers. In spite of < 10 wt%, carboxylate gels lose up to 50% 
the complexity of metal carboxylate decomposi- weight and evolve large amounts of gases; typi- 
tion, two basic stages of decomposition can be cally CO, CO 2 and H20. Gels containing elec- 
discerned, tropositive metals such as alkali metals, alkaline 

The first stage involves scission of the am- earth metals [19,50] or lanthanides [69] react 
monium-carboxylate bond, esters and hydrogen with carbon dioxide to form carbonates. Most 
bonds in the amorphous gel at temperatures carbonates, especially alkaline earth carbonates 
below 300°C [55,65]. The second stage involves are stable up to 900°C, necessitating a high 
the decomposition of the carboxylato-metal temperature calcination for cation homogeniza- 
bonds within the carboxylate complex and the tion. Hence, it is important to avoid the forma- 
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tion of carbonates during gel decomposition, o- ¥ B o ~ c o ~ o , . ,  

Zhang et al. studied Y-Ba-Cu-O  crystalliza- . -  BoCuO~ 
* -  8o2¥20~ 

tion from a Y-Ba-Cu-citrate precursor pre- ~- cu~¥~% 
pared in ethylene glycol [19]. On heating the gel 
in air or 0 2 at 775°C, Ba reacts with the 775"c ~ 0 ~  ~ o  o evolved carbon dioxide and forms BaCO 3. On _ ~  o o o 

heating the precursor in a mild vacuum (10 -2 [ro-%,m o~ I 
PO2), 98% of the total weight loss is observed ~ * o o  i 

at 400°C and formation of BaCO 3 was circum- _ ~ ,  l ~ ~ j  ~ , ~ ! o -  ~ It 
vented. The XRD patterns of the Y-Ba-Cu- I A~r [ 
citrate precursor heated to 775°C in air, 0 2 and . . ,  o 
10 -2 atm PO 2 are compared in Fig. 11 [19]. IR 3 ~ ~ , ~ ~  o o 

spectra of powder calcined at 775°C in vacuum, o® , o 

confirmed the absence of carbonates. Nearly [ o2 ]l t N t i 
phase pure YBa2Cu307_  x forms at 830°C, with zo 30 40 50 60 ze 
minor amounts of BaCuO 2 and Cu2Y205, in the Fig. 11. XRD patterns of the Y-Ba-Cu-citrate precursor heated to 

775°C for 1 h in air, O 2 and 10 -2 atm 02 [19], illustrating that 
BaCO 3 formation can be prevented by heating the precursor in a 

- tmlrn,*l, , 
0~N~0[.1¢95 ai'eiwate mild vacuum. 

~0 absence of BaCO 3. Thus, gel homogeneity of 
re0 ) carboxylate gels is strongly affected by reac- 

60 ~ ~ tions during gel thermolysis. 
o zoo '¢0o " ~ c  

a 

6. Oxide crystallization 
0 b Ba-eitrat¢ 

. . . . . - ~ ~ ~ # ~ 0  e~ In spite of a homogeneous cation distribution 
z0 in the gel after gel thermolysis, phase separation 

is observed during oxide formation in a variety 
~0 of systems [15,22]. The phenomenon of oxide 
~0 crystallization is well studied in the glass- 

' , ' ceramics literature. There are several factors ZaO~ 800 ~,°C 
which are known to influence crystallization 

eea- which include: the presence of dissolved impuri- 
o _ ' ~  c c~-ci=,o ties, gel surface area and the presence of minor 

amounts of second phases [70]. The presence of 
z a _  - dissolved impurities, especially OH- is found 
*o- ~o xv_ to lower the viscosity of silicate gels and en- 

~-"7"~, hance the oxide crystallization kinetics in sev- 
e e -  e a e - - - -  see  ~,,c eral different gel systems. Moreover, in the 

e Al203-ZrO2-SiOz-Na20 system, the concen- 
Fig. 10. DTA (plot #1)  and TGA (plot #2) scans of the (a) tration of OH- also alters the crystallization 
Y-citrate, (b) Ba-citrate and (c) Cu-citrate complexes heated at 
2.5°C/min in air [67], showing the difference in the decomposi- pathway o f  t h e  gels [71]. Similarly, t h e  p r e s e n c e  
tion temperatures of the Y-, Ba- and Cu-citrate complexes, of small amounts of second phase impurities in 
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an otherwise homogeneous gel drastically af- sites such as interfaces or surface hetero- 
fects crystallization [70,72], due to the high geneities. Heterogeneities replace part of the 
interfacial area between the two phases. Huling high energy nucleus-gel interface with a lower 
and Messing [72] studied the effect of adding energy heterogeneity-nucleus interface, thus, 
colloidal alumina and silica to a homogeneous lowering the overall activation barrier. The acti- 
mullite gel prepared by slow hydrolysis of vation barrier during heterogeneous barrier is 
AI(NO3) 3 • 9H20 and Si(OEt) 4. The gel crystal- given by, 
lized into t-mullite (2A1203 • SiO 2) on heating AGhe t = AGhomf(~) ,  where f(~b) is a geo- 
to 1000°C in the absence of second phase addi- metric factor which depends on the surface 
tions. However, as low as 10 wt% additions of energies of the substrate, gel and nucleus [73]. 
second phases leads to phase separation in the The number of nucleation sites in heterogeneous 
matrix with the crystallization of a spinel nucleation is limited by the number of hetero- 
(6A1203 • SiO 2) along with t-mullite (2A1203 • geneities per unit volume, Nhe t. For heteroge- 
SiOz). neous nucleation to be favored over homoge- 

The difference in the crystallization behavior neous nucleation, f(4,)  must be much smaller 
of different gels and the influence of processing than unity. During crystallization the phase with 
and impurities on crystallization can be under- the highest nucleation rate controls phase forma- 
stood from nucleation theory. Nucleation is the tion. The criteria for a high nucleation rate are a 
formation of the smallest stable particle of a high negative free energy of formation (AG~,), a 
crystalline phase in the amorphous gel matrix, low strain energy (AG,), a low nucleus to ma- 
Hence, the phase and stoichiometry of the oxide trix interfacial energy (y,~¢) and a large hetero- 
is determined by the nucleation conditions. The geneous nucleation site density (Nhet). Based 
classical steady state homogeneous nucleation only on the free energy of formation, the equi- 
rate [7] is given by Js*, librium phase has the most -AG~. and the 

. maximum driving force. However, strain energy 
( - AGh°m ) differences, surface energy and nucleation site 

Js* = z/3Nexp kT density also affect the nucleation rate and such 

where z is the Zeldovich factor, [3 is the rate of kinetic factors can lead to the nucleation of 
single atoms joining a cluster, N is the number non-equilibrium phases. 
of nucleation sites per unit volume (for homoge- The effect of kinetic factors explains the 
neous nucleation N = the number of atoms per crystallization of non-equilibrium phases from 
unit volume), T is the temperature, k is the melt-formed glasses or sintered gels in contrast 
Boltzmann constant and AGh*om is the activation to crystallization of equilibrium phases from 
energy for homogeneous nucleation, gels [70]. Gels have a large excess free energy 

due to an open structure with an excess free 
167ry3~ volume much higher than glasses or super- 

A G h o  m = 3(AG v + A G,)2 cooled liquids [74], a high concentration of high 
energy sites which can act as potential heteroge- 

where AGv is the thermodynamic driving force neous sites [56] and a lower viscosity due to a 
for crystallization, AG, is the strain energy higher concentration of internal hydroxyl groups 
associated with the transformation and y , ,  is [8]. Moreover, strain energy is expected to be 
the surface energy of the nucleus-gel interface, insignificant in gels with open structures com- 

In general, the activation energy for homoge- pared to dense glasses. Hence, there is a large 
neous nucleation is high due to a high nucleus- driving force for the formation of the phase with 
matrix surface energy. Consequently, nucleation the lowest free energy in gels, resulting in crys- 
from gels is usually observed at heterogeneous tallization of equilibrium phases. However, in 
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glasses kinetic factors can dominate leading to and 
phase separation during crystallization. (-AG~) (-AG~) 

The factors that influence the nucleation rate N~exp < N~ exp 
can be classified as either intrinsic or extrinsic, kT kT 
Some factors are intrinsic to the equilibrium and thereby resulting in direct et-cordierite crystal- 
competing metastable phases such as the respec- lization from the amorphous matrix. Apart from 
tive free energies of formation, crystal density, cordierite, seeding has also been used in several 
surface energy or compositional stability range, multicomponent systems to avoid phase separa- 
Extrinsic factors are usually processing related, tion during crystallization [77]. 
such as stoichiometry of heterometallic com- Apart from glass ceramics, differences in het- 
plexes, heating rate during oxide crystallization, erogeneous site density are also responsible for 
presence of dissolved impurities or second phase the formation of intermediates with a large corn- 
impurities [70,72]. The best illustration of intrin- positional stability or for the formation of disor- 
sic effects is seen for crystallization of glass dered intermediates before formation of ordered 
ceramic compositions from gel-derived glasses, phases. The best examples are seen in the litera- 
Typically, the phase with the structure closest to ture of lead-based perovskites where an inter- 
the glass has the highest nucleation site density mediate pyrochlore phase is typically reported 
and is the first phase to crystallize from gels. A 
high nucleation site density explains the forma- 
tion of a metastable phase with the [3-quartz 
structure (p~-cordierite and [3-eucryptite) before 
formation of the stable o~-cordierite in MgO- 
A1203-SiO 2 gels [15,75] or [3-spodumene 
LizO-AI203-SiO 2 gels [76]. Consequently, in 
spite of a larger AG v for ot-cordierite, ~- 
cordierite forms from the gel due to a higher 
nucleation site density. Mathematically, 

N. exp k r  > N~ exp k r  

where N~ and N~, are the heterogeneous nucle- 
ation site densities and AG~* and AG~* are the 
heterogeneous nucleation barriers for Ix- 
cordierite and e~-cordierite, respectively. 

The phase separation of ix-cordierite can be 
circumvented by the addition of fine particles of 
~-cordierite (seeding) to gels [75]. a-cordierite 
seed particles serve as epitaxial sites for ~- 
cordierite nucleation, which increases its hetero- 
geneous nucleation site density (N~) and drasti- 
cally lowers the activation energy for t~- Fig. 12. Bright field TEM micrograph of perovskite rosettes 
c o r d i e r i t e  f o r m a t i o n  (AG~*) at t h e s e  s i t e s  [73,77]. growing from a fine-grained pyrochlore matrix in an alkoxide-de- 
Hence, on a-cordierite addition, rived lead zirconate titanate thin film heated to 650°C [80]. Insets 

are selected area diffraction patterns taken along the [111] zone 
A G ;  ~ A G *  axis in a single perovskite rosette (left) and from the polycrys- 

talline pyrochlore matrix (right). 
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900 the highest negative AG v. With the density and 
X P M N T surface differences between the perovskite and 

o.. Thin Layers 
*) 8oo • ~ . . . ~  pyrochlore phases not expected to be signifi- 

cant, the activation energy for the perovskite 
Parovskite y . .  GI E" 7o0 • • • • ~ • ..o ~___~____ phase can be expected to be lower than that for 

o • , • f ~.~o o o the pyrochlore. Hence, crystallization of py- 
rochlore indicates a higher pyrochlore nucle- 

i00 • • o...o.,f-__~__J o o o o ation site density compared to the perovskite. 
~ ~ o  o o o o o The pyrochlore nucleation density (Npy) and 

I-- 500 o o o o Pyroehlore o o perovskite nucleation site density (Np~) can be 
,= estimated from the grain sizes of the respective 

0 0 0 0 0 0 0 0 

" phases after crystallization [81]. A high py- 
i I I I I 610 i 810 I I 

20  40  ~oo rochlore nucleation density is supported by the 
PT Composition (X) PMN observation that the pyrochlore grain size is 

Fig. 13. Temperature regimes for pyrochlore and perovskite for- extremely small (10-15 nm) compared to the 
mation in PMN-PT thin layers [82]. perovskite phase (0.5-3 lxm) (Fig. 12). Py- 

rochlore's higher nucleation site density is re- 
before formation of the stable perovskite phase, lated to its disordered structure and structural 
Pyrochlore crystallization is an intrinsic effect stability over a large compositional range. Py- 
as it forms from all precursor systems viz. rochlore in the Pb-Nb-O system are reported 
alkoxide-derived gels [78], carboxylates [22], with stoichiometries ranging from A-deficient 
co-precipitated hydroxides [79], or oxalates and A1.sB209.75 to stoichiometric A2B20 7 to B-de- 
mixtures of oxides or carbonates [80]. The per- ficient A2BL606 and A2B1.3305.33 composi- 
ovskite phase is the most stable structure with tions [82]. However, the perovskite composition 
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Fig. 14. Schematic of the effects of processing variables on homogeneity of mullite gels and mullite crystallization [1]. 
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is fixed at A:B stoichiometry of 1:1, with a ence of heating rate and annealing temperature 
deviation of < 1 tool%. Consequently, the is an excellent example of extrinsic factors, 
probability of statistical fluctuations leading to a such as the addition of seeds, which affect oxide 
composition closer to the pyrochlore structure is crystallization. The influence of crystallization 
much greater than the perovskite structure, temperature on phase formation can also be 
Mathematically, Nr~ << Npy. ,Hence, the nucle- rationalized from nucleation theory. Perovskite 
ation rate of pyrochlore (Jr~) is much greater is the stable phase and its free energy of forma- 
than the perovskite nucleation rate (Jp~) and the tion (AG~ pc) is more negative than free energy 
pyrochlore forms first during gel crystallization of formation of pyrochlore (AG~ py) viz. AGv py < 
on slow heating and/or annealing at low tern- AGv pe. Hence, the activation energy barrier for 
peratures (400-500°C). heterogeneous nucleation of perovskite (AG~) 

On direct annealing at high temperatures, ca. is lower, than that for the pyrochlore (AGpy), 
600-700°C for PZT [4] and ca. 750-800°C for viz. AGpy < AGUe. However, (N/3)r~ << (N~)py 
lead magnesium niobate (PMN) gels [83], the and at low temperatures Jpy >> J~. As the crys- 
perovskite phase forms directly from the gel. tallization temperature increases, the effect of 
The effect of annealing temperature and compo- the activation energy is very important due to 
sition on perovskite phase formation in PMN is the exponential dependence of nucleation rate to 
summarized in Fig. 13 [82]. The strong influ- activation energy. Above a critical temperature, 
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Fig. 15. Phase separation mechanisms in gel-derived multicomponent oxides. 
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NpyeXp( - AGpy/kT) < Np~eXp( - AGpe/kT) and References 
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