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Sol-gel processing of lithium disilicate 
Part I Crystalline phase development of gel-derived powders 
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Lithium silicate powders were prepared by several sol-gel routes. Starting solutions 
contained equimolar amounts of lithium and silicon, but single-phase lithium disilicate 
(Li2Si205) formed only when local stoichiometry was maintained through gelation and 
drying. Gels prepared from solutions containing LiNO3, tetraethylorthosilicate (TEOS), water 
and ethanol were visibly homogeneous, but on drying the local stoichiometry was upset by 
the recrystallization of LiNO3. Consequently, a lithium-rich phase (Li2SiO3) was the first to 
crystallize on heating with a lesser amount of Li2Si205 forming at a higher temperature. 
Solutions containing TEOS and lithium methoxide formed a precipitate when combined 
with a water/ethanol hydrolysis solution. The precipitate dissolved before gelation, but the 
resulting powders crystallized into a mixture of Li2SiO3 and Li2Si205. The relative amount of 
Li2Si205 could be increased by adding HNO3 to the hydrolysis solution and using lower water 
contents. Precipitation was avoided by partially hydrolysing TEOS before adding the lithium 
alkoxide; these powders crystallized directly into Li2Si205 after heating at 550 ~ Gel-derived 
powders prepared using an Li-Si methoxyethoxide solution also crystallized directly into 
Li2Si205. 

1. Introduction 
The microstructures and crystalline phase contents of 
glass-ceramics are controlled by manipulating nuclea- 
tion and growth during heating of a glass [1]. The 
crystallization of lithium disilicate (Li2Si20 5), a proto- 
typical glass-ceramic, from melt-derived glasses, has 
been studied extensively [1-11]. This literature docu- 
ments the effects of heating conditions and nucleating 
agents on nucleation [2-6], crystal growth [7, 8], and 
crystallization rates [1, 91. The development of cry- 
stalline phases in melt-derived lithium silicate glasses 
is sensitive to the composition [11-13]. Stoichiometric 
glasses (i.e. 66.7 mol % SiO2, 33.3 mol % Li20) cry- 
stallize directly into lithium disilicate. West and 
Glasser [13] reported that lithium disilicate has 
a solid solubility range (62-72 mol % SiO2); solid 
solutions are less stable on the Li20-rich side. Glass 
compositions slightly rich in Li20 crystallize into lith- 
ium metasilicate (Li2SiO3) in addition to disilicate. 
Silica-rich compositions undergo amorphous phase 
separation and crystallize first into lithium disilicate 
with cristoballite or quartz forming at higher temper- 
atures. The wealth of experimental data and theoret- 
ical analyses make lithium disilicate a good model 
material for crystallization studies [10]. Despite the 
abundance of studies on melt-derived lithium disili- 
cate, comparatively little work has been done on cry- 
stalline phase development of sol-gel derived lithium 
disilicate prepared from stoichiometric precursors 
[14-163. 
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Multicomponent silicate gels, glasses and ceramics 
are commonly prepared by sol-gel methods [17]. 
James [18] lists over 40 such binary, ternary, and 
multicomponent silicate systems. In the sol-gel 
method, multicomponent solutions are prepared by 
mixing and reacting alkoxide and salt precursors. The 
addition of water leads to hydrolysis and condensa- 
tion, eventually forming a gel network. Examples of 
hydrolysis (Equation 1) and condensation (Equations 
2 and 3) reactions for tetraethylorthosilicate (TEOS) 
are given by 

Si(OC2H5)4 + U20 --* Si(OH)(OC2Hs)3 (1) 

Si(OC2H~)4 + Si(OH)(OC2Hs)3--* 

(OC2Hs)sSi-O-Si(OC2Hs)3 + C2HsOH (2) 

Si(OH)(OC2Hs)3 + Si(OH)(OC2Hs)3 

(OC2H5)3 Si-O-Si(OC2Hs)3 + H20 (3) 

For multicomponent systems in particular, solution 
synthesis and gelation conditions influence the distri- 
bution of chemical species in the gels and subsequent 
crystalline phase development during heat treatment 
(see, for example, [19, 20]). To enhance homogeneity, 
heterocondensation between silicate and other net- 
work forming species (e.g. aluminium and titanium 
alkoxides) is encouraged by prehydrolysing the less 
reactive silicon alkoxide (see, for example, [21,22]). 
For alkali silicates, achieving chemical homogeneity is 
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more challenging because alkali alkoxides are mono- 
functional and susceptible to hydroxid e formation by 
rapid hydrolysis [23]. Further, Sanchez and McCor- 
mick [24] reported that alkali ions become bound by 
electrostatic forces to the silicate network under base 
conditions; Si-O- ... Li + bonds are favoured relative 
to Si OH and Si-OEt, but not relative to Si-O-Si. 
That is, a s polymerization continues, lithium cations 
are more likely to be excluded from the silicate net- 
work. 

Materials in the Li20-SiO2 and Li20-A1203- 
SiO2 systems have been prepared by sol-gel methods 
using a variety of precursors [14-16, 25-31]. Schwartz 
et al. [25J studied the incorporation of lithium cations 
into lithium silicate gels (15 mol % LizO) prepared by 
combining a partially hydrolysed TEOS solution with 
an aqueous LiNO3 solution. Lithium distribution was 
found to be uniform (without surface segregation), 
indicating that lithium cations become associated with 
the silicate network and are not leached out during 
drying. On heating, lithium nitrate recrystallized and 
at higher temperatures (600-800 ~ lithium disilicate 
and quartz formed. In another study [29], the crystal- 
lization temperature for lithium silicate gel-derived 
glasses (15 mol % Li20) was found to be lower for gels 
made using LiOH as compared with those prepared 
with LiNO3. The high pH of the solution containing 
LiOH also led to a faster condensation rate for silicate 
species. Nuclear magnetic resonance (NMR) invest- 
igations [29, 30] showed that lithium ions were more 
strongly attached to the Silicate network for the 
LiOH-prepared materials. Alkoxides have also been 
used for lithium precursors; for example, Chen and 
James [31] used a mixture of lithium isopropoxide 
and partially hydrolysed tetramethylorthosilicate to 
prepare lithium silicate gels (10 mol % Li20). 

A few sol-gel studies have included the formation of 
l i thium disilicate from stoichiometric (~33 tool% 
Li20) systems. Smaihi et al. [14] prepared lithium 
silicate gels with a range of lithium contents 
(0, 33, 66, 80 mol % Li20), using solutions of LiNO3 
and partially hydrolysed TEOS. For the 33 tool % 
Li20 sample, a combination of Li2Si205 and Li2SiO3 
formed at 600 ~ and by 800 ~ Li2Si205 was domi- 
nant. However, the samples did not convert entirely to 
lithium disilicate. Beier et al. [15] prepared a range of 
lithium silicate compositions using lithium and silicon 
alkoxides, and lithium salts and silicon alkoxides. 
They found that stoichiometric gels formed into 
a mixture of lithium disilicate and lithium metasilicate. 
Branda et al. [16] formed gels (33 mol % Li20) by 
combining a partially hydrolysed TMOS with a sus- 
pension of lithium methoxide in ethanol. Thermal 
analysis of dried gel-derived powders showed that 
crystallization occurred at ~ 550 ~ and X-ray diffrac- 
tion revealed that lithium disilicate formed with a very 
small amount of lithium metasilicate. A route similar 
to sol-gel has recently been proposed by Kansal and 
Laine [32]. In their procedure, a lithium glycolao 
silicate is prepared, pyrolysed and crystallized into 
a nearly phase-pure LieSi2Os. Results from previous 
studies on sol-gel derived lithium silicates show that 
the crystallization behaviour depends on composition 

in the LizO-SiOz system and processing procedures. 
However, the phase development for stoichiometric 
sol-gel derived lithium disilicate has not been ad- 
dressed in detail. 

In Part I of this report, we investigate the effects of 
precursor chemistry, gelation conditions and thermal 
treatment conditions on crystalline phase develop- 
ment of sol-gel derived lithium silicate with a Li : Si 
molar ratio of 1 : 1. Our main goal was to crystallize 
lithium disilicate directly from amorphous gel-derived 
material without second phases. In Part II [33], we 
investigate crystallization and microstructure control 
in sol-gel derived lithium disilicate thin films. 

2. Experimental procedure 
2.1. Solution and gel preparation 
All gels prepared in this study contained equimolar 
amounts of lithium and silicon in order to ideally 
produce crystalline lithium disilicate (LizSizOs). Three 
solution routes were investigated: (i) LiNO3 combined 
with TEOS, (ii) LiOCH3 combined with TEOS (or 
partially hydrolysed TEOS) in ethanol, and (iii) 
LiOCH3 combined with TEOS in 2-methoxyethanol. 

For the nitrate route, a stock solution was prepared 
by combining LiNO~, TEOS, water and ethanol. Lith- 
ium nitrate was first dissolved in distilled water and 
then added to TEOS with dry ethanol added to permit 
miscibility. The resulting stock solution had a concen- 
tration of 1.32 M (in lithium and silicon) and a hy- 
drolysis ratio (r = [H20]/[Si]) of 5. To produce sols 
with different hydrolysis ratios and concentrations, 
hydrolysis solutions containing ethanol and water 
were mixed with the stock solution. Preliminary ex- 
periments were carried out to determine the effect of 
concentration, r, and temperature on the gelation be- 
haviour. Based on this study, the following procedure 
was used to prepare samples. Portions of the stock 
solution were combined with the appropriate hydroly- 
sis solutions to obtain solutions with hydrolysis ratios 
of 5,10,15 and 20 and a constant concentration 
([Li] = [Si] = 1 M). The combined solutions were im- 
mediately sealed and mixed by shaking. Sealed con- 
tainers were placed in a oven at 65 ~ Gel times (i.e. 
time at which no flow is observed on tilting the con- 
tainer) were determined. Gels were dried overnight at 
65 ~ and then crushed into a powder and stored in 
sealed containers. 

Two methods were used to prepare ethoxide-based 
solutions. In the first, equimolar amounts on lithium 
methoxide and TEOS were combined in dry ethanol 
and refluxed at 70 ~ for ~ 1 h. After refluxing, vol- 
atiles (including methanol), were removed by distilla- 
tion. During the reflux, an alcoholysis reaction occurs 
according to 

LiOCH3 + C2HsOH ---, LiOC2H5 + CH3OH (4) 

The extent of the reaction was not monitored quantit- 
atively. The solution was rediluted with ethanol and 
the procedure repeated. The final stock solution con- 
tained equimolar amounts of lithium and silicon 
([Li] = [Si] = 0.75 M). In the second method, the 
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T A B L E  I Summary of gelation conditions 

Route Concentration ~ (M) Hydrolysis ratio, r Additive 

Nitrate 

Ethoxide 

1 5, 10, 15, 20 

0.05 5 
0.1 5 
0.25 5 
0.30 5 
0.375 1, 2, 3, 4, 5 
0.375 3 
0.375 3 
0.375 3 

Ethoxide (partially hydrolysed 
TEOS) 0.375 

Methoxyethoxide 0.375 

3,5 

3,5 

None 

None 
None 
None 
None 
None 
HNO3 (a = 0.1, 0.3, 0.5) 
NH4OH (a = 0.1) 
CH3COOH (a = 0.1) 

None 

None 

a [Li] = [Si]. 

TEOS was first partially hydrolysed before combina- 
tion with the lithium alkoxide. The partially hydro- 
lysed solution was prepared by mixing TEOS, ethanol, 
water and HC1 in a molar ratio of 1:3:1:0.0007 at 
60~ for 1.5 h, according a procedure described by 
Brinker et al. [34]. An appropriate amount of lithium 
methoxide (dissolved in ethanol) was added and the 
mixture was stirred overnight at room temperature 
under flowing dry nitrogen. Ethanol was added to give 
a final concentration of 0.75 M. 

Gels were prepared by mixing portions of the ethox- 
ide stock solutions with hydrolysis solutions contain- 
ing ethanol, water and sometimes an additive (nitric 
acid, acetic acid, or ammonium hydroxide). The rela- 
tive amount of additive in the combined solution will 
be designated by an additive ratio (a = [additive]/ 
[Si]). Several gelation conditions were investigated for 
the ethoxide system without partial hydrolysis. See 
Table I for a summary of gelation conditions for all 
routes. Combinations of stock solution and hydrolysis 
solution were sealed and held at room temperature. 
Gelation behaviour was observed and gel times were 
recorded in most cases. Gels were placed in open 
containers and dried overnight at 100~ dried gels 
were crushed into powders and stored in sea/ed container~ 

For the methoxyethoxide route, a stock solution 
was prepared according to a procedure similar to that 
described above for the first ethoxide route. TEOS 
and lithium methoxide were combined in 2-methoxy- 
ethanol (2-MOE), and refluxed at 125 ~ for 1 h. After 
refluxing, volatiles (including methanol and ethanol) 
were removed by distillation. Alcoholysis reactions 
are possible during reflux for both the lithium and 
silicon alkoxides in 2-MOE. (An NMR investigation 
of a TEOS solution after reflux with 2-MOE revealed 
that approximately 80% of ethoxide groups are re- 
placed with methoxyethoxide groups.) The solution 
was rediluted with 2-MOE and procedure repeated. 
The final stock solution contained equimolar amounts 
of lithium and silicon ([Li] = [Si] = 0.75 M). For the 
methoxyethoxide route, gels were prepared by com- 
bining equal volumes of the stock solution with a hy- 
drolysis solution containing 2-MOE and water (see 
Table I). Gels were dried overnight at 150~ dried 
gels were crushed into powders and stored in sealed 
containers. 

4078 

2.2. Heat treatment 
Dried gel-derived powders were heat treated in a box 
furnace. Powders prepared by the nitrate route were 
heated in air for 60 rain at 350-750 ~ using a heating 
rate of 5 ~ rain- 1 to safely decompose nitrates. Speci- 
mens were removed from the furnace (air quenched) 
after the treatment. Gel-derived powders prepared by 
the ethoxide route were heated for 60rain at 
450-650 ~ with heating rate of 5 ~ min-1. In addi- 
tion, powders prepared by the ethoxide and 
methoxyethoxide routes were heated isothermally at 
500, 550, and 600 ~ for 30 min. In an isothermal treat- 
ment, a sample is inserted into a preheated furnace (at 
the final temperature) and air quenched after 30 min. 
Some higher temperature and longer term heat treat- 
ments were also carried out. 

2.3. Characterization 
The effects of processing conditions on organic de- 
composition and crystalline phase development were 
investigated using differential thermal analysis (DTA) 
and thermogravimetric analysis (TGA) and X-ray dif- 
fraction (XRD). A Perkin-Elmer DTA 1700 system 
and a Perkin-Elmer 1020 series TGA 7 thermo- 
gravimetric system were used. For both thermal ana- 
lysis techniques, a heating rate of 10~ -1 was 
used from 25-800~ with an air flow rate of 
40 cm 3 rain -1. The mass of the samples was kept 
roughly constant. Crystalline phase development of 
heat-treated powder samples was analysed using 
a Rigaku D-Max X-ray diffractometer with mono- 
chromatic CuK~ radiation. Diffraction patterns were 
typically recorded from 20 = 10~ ~ as this range 
contained the major peaks from the relevant crystal- 
line phases; data were also taken using wider 20 ranges. 

3. Results and discussion 
3.1. Nitrate route 
3. 1.1. Gelation behaviour 
The effects of concentration and temperature on gel 
time for sols prepared by the nitrate route are shown 
in Table II. The gel time decreased as the solution 
concentration increased (at constant r) and was 



T A B L E  II  Gel times for materials prepared by the nitrate route 

r Concentrat ion ~ (M) Gel time at 25 ~ Gel time at 65 ~ 
(h) (h) 

10 0.63 64 6 
10 0.70 46 4.5 
10 0.80 38 3.7 
10 0.94 24 2.2 
10 1.13 15 1.5 
4.2 0.94 13 
7.0 0.94 4.5 

10 0.94 2.75 
13 0.94 2.0 
16 0.94 1.5 
19 0.94 1.16 

" [ L i ]  = [S i ] .  

shorter for 65 ~ as compared with 25 ~ The gel time 
also shortened with increasing hydrolysis ratio (at 
constant concentration). These trends are expected 
considering that rates of the hydrolysis and condensa- 
tion reactions increase with temperature and generally 
increase with reactant concentration ([Si], [H20]). 
All gels were homogeneous in general appearance and 
nearly transparent. Interestingly, the gel time for lith- 
ium nitrate containing TEOS sols is considerably 
shorter than TEOS sols alone [17] at the same pH 
(~3M). Smaihi et aI. [14] observed the same effect 
over a range of LiNO3/TEOS ratios and hypothesized 
that lithium cations catalyse the condensation of sili- 
cate species. 

3. 1.2. Crystalline phase development 
Fig. la shows DTA and TGA data for powders pre- 
pared by the nitrate route. Powders were dried at 
65 ~ before analysis. Removal of physically bound 
water and solvent occurs at 25-120~ as evinced by 
a weight loss in the TGA data and an endotherm in 
the DTA data. The second endotherm at 255 ~ can be 
assigned to the melting of lithium nitrate. The pres- 
ence of this endotherm indicates that lithium nitrate 
rccrystallizes, probably around the temperature at 
which water evaporates. Gels dried at l l0~ con- 
tained lithium nitrate (as determined by XRD), while 
those dried at 65 ~ were amorphous. Gradual weight 
loss from organic decomposition and continued con- 
densation is evident from 120-500 ~ Nitrates decom- 
pose in the temperature range 500-650 ~ with a cor- 
responding broad endothermic peak in the DTA data 
at ~550~ This endotherm probably masks an 
exotherm for the crystallization of lithium silicate 
phases (Li2SiO3, Li2Si2Os) that are known to form by 
XRD analysis. 

The hydrolysis ratio used for gelation affected the 
thermal analysis data. The magnitude of the weight 
loss for water and solvent evaporation (25-120~ 
increased with increasing hydrolysis ratio. Gel-derived 
powders prepared using higher hydrolysis ratios lost 
more weight in this first step because greater amounts 
of water were added initially and more volatiIes (i.e. 
H20, C2HsOH) were generated by condensation. In 
the intermediate temperature range (120-500~ 
these powders lost less weight than their lower 

r counterparts. The endotherm for melting of lithium 
nitrate decreases in magnitude with increasing hy- 
drolysis ratio, indicating that a lesser amount of ni- 
trate may crystallize in these gels. The nitrate de- 
composition endotherm at 550 ~ and the higher tem- 
perature weight loss were not significantly affected by 
hydrolysis ratio (all samples contain the same amount 
of nitrate). The weight loss in the final step is slightly 
less than that predicted based on original sol composi- 
tion; some nitrates may be removed with the solvent 
during drying [271. 

X-ray diffraction data for powders prepared by the 
nitrate route are shown in Fig. lb. As discussed, lith- 
ium nitrate recrystallizes at low temperatures and is 
present in specimens examined after heat treatments 
up to 400 ~ Lithium metasilicate (Li2SiO3) is the first 
lithium silicate phase to form (~ 450 ~ Unidentified 
diffraction peaks near 20 = 26 ~ and 28 ~ appear in the 
XRD data for gels prepared with the lower hydrolysis 
ratio (r = 5, 10) and heated to 500 ~ These peaks are 
not found for powders prepared with higher hydroly- 
sis ratios. Lithium disilicate (Li2Si205) forms after 
heat treatments at 550~ (for r = 10, Fig. lb). The 
sequence of phase formation is the same for all pow- 
ders prepared by the nitrate route, but there are some 
variations with hydrolysis ratio. Gels prepared with 
lower hydrolysis ratios formed lithium disilicate at 
lower temperatures (e.g. after the heating at 500 ~ for 
r = 5 and 600 ~ for r = 20). Crystalline SiO2 (quartz) 
forms in all at around 750 ~ The relative amount of 
Li2Si205 in the mixture was somewhat higher for the 
specimens prepared with lower hydrolysis ratio. 

The recrystallization of lithium nitrate in gel-de- 
rived powders results in the formation of local lithium- 
rich and lithium-poor regions. Therefore, the first lith- 
ium silicate phase to form is the lithium-rich lithium 
metasilicate (Li2SiO3) phase. At higher temperatures, 
lithium disilicate forms either by reaction and diffu- 
sion of lithium cations into the silica-rich matrix or by 
crystallization from regions which have maintained 
local stoichiometry. The larger scale distribution of 
lithium is likely to be uniform; Schwartz et al. 1-25] 
report that the Li § distribution remains constant over 
a bulk gel monolith. The degree of local homogeneity 
appears to depend on hydrolysis ratio; gels prepared 
using lower hydrolysis ratios form lithium disilicate at 
lower temperatures and in slightly greater abundance. 
Interestingly, DTA appears to show that more nitrate 
forms in lower hydrolysis ratio gels which seems con- 
trary to the observed lower temperature Li2SizO5 
formation. Differences in gel structure and the LiNO3 
crystallite size and distribution in the gels with hy- 
drolysis ratio may play a role. Overall, the differences 
between gels prepared with different hydrolysis ratios 
are minor in comparison to the gross difference be- 
tween the expected crystalline phase distribution 
(100 % Li2Si205) and the observed mixture of phases. 

3.2. E thox ide  rou t e s  
3.2. 1. G e l o t i o n  b e h a v i o u r  
The ethoxide-based solution (prepared without partial 
hydrolysis of the TEOS) underwent a visibly different 
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Figure 1 (a) Effect of hydrolysis ratio, (r), on DTA/TGA data for gel-derived powders prepared by the nitrate route. (b) Crystalline phase 
development for powders prepared by the nitrate route (r = 10) and heated (5 ~ rain-1) to the temperatures given for 1 h. 

gelation process than other gels in this study. After 
combination with the water/ethanol hydrolysis solu- 
tion, the ethoxide solution changed quickly from clear 
to cloudy and then, more slowly, back to clear again 
before gelation. The cloudiness is most likely due to 
precipitation of lithium hydroxide according to 

LiOC2H5 + H20 --+ LiOH + CzHsOH (5) 

This conclusion is supported by the observation that 
copious amounts of precipitate form when a water/ 
ethanol hydrolysis solution is added to a solution of 
lithium methoxide in ethanol (without TEOS). The 
hydroxide precipitate was very fine and did not settle 
out of suspension. The precipitation time (i.e. the time 
required for formation of visible precipitate), the dis- 
sociation time (i.e. the time required for the solution to 
clear) and the gel time, are listed in Table III for gels 
prepared with different hydrolysis ratios. The times for 
precipitation, dissociation and gelation shortened 
with increasing hydrolysis ratio. The precipitation re- 
action was very rapid in all cases except for the lowest 
hydrolysis ratio (r = 1) . Dissociation of the LiOH 
precipitate ( L i O H ~ L i +  + OH-)  was slower. For 
r > 1, only a portion of the water is consumed by the 
formation of lithium hydroxide; the remainder is 
available for the hydrolysis and condensation of sili- 
cate species. The precipitate dissolution may be linked 
to the production of water and alcohol by silicate 
condensation. (LiOH is soluble in water.) Precipita- 
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T A B L E  I I I  Gelation behaviour for materials prepared by the 
ethoxide route" 

r Precipitation time Dissociation time Gel time 
(h) 

1 168 h - - 
2 4 min 8 h - 
2.5 2 min 5 h 155 
3 1 min 2.5 h 6 
4 5 s 50 min 2 
5 l s 15 rain 1 

a Without partial hydrolysis of TEOS, no additives, [Li~ = [Si] = 
0.375. 

tion will lead to local chemical heterogeneity as sili- 
cate condensation occurs while lithium is isolated in 
the precipitate phase. The gelation behaviour of solu- 
tions with concentrations ranging from 0.1-0.375 M 
and a constant hydrolysis ratio of 5 was also studied. 
These specimens went through the precipitation and 
dissociation steps before gelation. Gel times decreas- 
ing predictably from 35 h to 50 min from least to most 
concentrated conditions. 

Two methods were used to try to eliminate precipi- 
tation. In the first, the effect of additives on precipita- 
tion, dissolution and gelation phenomena was invest- 
igated. Sols were prepared using different additives 
(HNOs, CHsCOOH, NH~OH) with other conditions 



identical (concentration = 0.375 M, r = 3). All of these 
specimens formed precipitates, but the amount and 
persistence of the precipitate varied. The addition of 
NH~OH increased the apparent amount of precipitate 
and lengthened the time for dissociation. By contrast, 
the sol containing HNO3 had much less precipitate 
and the slight amount of precipitate dissolved more 
quickly. The acetic acid additive also decreased the 
precipitate amount, but to a lesser extent. Thus, acidic 
conditions were less favourable for the hydroxide 
formation and aided in precipitation dissolution. In- 
terestingly, the gel time for sols with added NHeOH, 
HNO3 and without additive were nearly the same 
(~ 6 h), while the gel time for acetic acid containing 
sols was longer (~7 h). Chelation with the acetate 
ligand may lower hydrolysis and condensation rates 
[35]. The gelation time for the ethoxide sols was much 
shorter than that for the sols prepared by the nitrate 
route. For example, at r = 4 and [Si] = 0.375 M, the 
gelation time is 2 h for the ethoxide sols and 13 h for 
the nitrate sols. A similar contrast was reported for 
lithium disilicate gels prepared from lithium nitrate 
and lithium hydroxide precursors, and attributed to 
the catalytic effect of the OH-  ions on silicate conden- 
sation [30]. 

The effect of nitric acid concentration on gelation 
behaviour for sols with a hydrolysis ratio of 3 and 
concentration of 0.375 M was also investigated. With 
increasing nitric acid concentration, the apparent 
amount of precipitate decreased and the dissociation 
occurred more quickly. Nitric acid neutralizes the 
basic lithium hydroxide. The gel times decreased from 
6 h to 1.5 h as the HNO3 concentration increases from 
0.1 M to 0.5 M, presumably due to the enhanced rates 
of hydrolysis and condensation of silicate species. 

The second attempt to enhance homogeneity was 
partially to hydrolyse TEOS before adding the lithium 
alkoxide. On addition of the water/ethanol hydrolysis 
solution to this mixture, uniform gels formed without 
intermediate precipitate formation. Partially hydro- 
lysed TEOS can react with the added lithium alkoxide 
according to 

LiOC2H5 + Si(OH)(OC2Hs)3 

Li-O si(OC2H5)3 + C2HsOH (6) 

When additional water is added, precipitation does 
not occur because the lithium alkoxide is no longer 
free to react. The acidified condition of the partially 
hydrolysed TEOS may also play a role in preventing 
precipitation. Gelation occurs more quickly when par- 
tially hydrolysed TEOS is used. For example, ethoxide 
sols with equivalent hydrolysis ratios (r = 3) and con- 
centrations (0.375 M) differ by a factor of four in gel 
time. Consequently, the rate-limiting step in the gela- 
tion may be the hydrolysis. 

3.2.2. Crystalline phase development  
Thermal analysis data for gel-derived powders pre- 
pared using the ethoxide route without partial hy- 
drolysis are shown in Fig. 2a. First the powder pre- 
pared without additive will be considered. Removal of 

physically bound volatiles occurs at 100~ with an 
endotherm in the DTA and weight loss in the TGA 
data. TGA data shows a more gradual weight loss 
from 150-550 ~ for removal of residual organics. An 
exothermic peak corresponding to crystallization of 
lithium silicate phases (Li2Si2Os, Li2SiO3, see XRD 
results below) occurs at ~540~ Thermal analysis 
data were also acquired for gel-derived powders pre- 
pared without additive and with range of hydrolysis 
ratios (1-5) and concentrations ([Li] = [Si] = 
0.1-0.5 ~4). Data for these powders have similar fea- 
tures as the data presented in Fig. 2a (curves labelled 
none); the total weight loss varied only slightly, and 
the crystallization temperature was not affected signif- 
icantly. Gel-derived powders prepared with NH4OH 
and CH3COOH additives also had a DTA crystalliza- 
tion temperature of ~540~ The additional 
exotherm (~ 360 ~ for the gel-derived powders pre- 
pared with CH3COOH is due to acetate decomposi- 
tion. XRD analysis of the powder after this exotherm 
showed that the sample was still amorphous. 

Gel-derived powders prepared with HNO3 exhib- 
ited distinct decomposition and crystallization behavi- 
our (Fig. 2). The crystallization exotherm occurs at 
a lower temperature (~ 500 ~ than other materials in 
this study. Following this exotherm, an endotherm in 
the temperature range 550-650 ~ appears with a cor- 
responding weight loss in the TGA data, Thus nitrate 
decomposition occurs after crystallization. Because 
XRD data indicate that no crystalline nitrate com- 
pound formed after the crystallization of lithium disili- 
cate, nitrate species must be trapped in the crystalline 
structure, pore structure or a residual glassy phase 
until they are removed. The DTA data show that the 
crystallization becomes less exothermic, while the de- 
composition becomes more endothermic with increas- 
ing HNOa concentration. The lower DTA crystalliza- 
tion temperature relative to other materials in this 
study and others [16] may reflect a greater chemical 
homogeneity in the gel. Another possibility is that 
nitrate anions modify the gel-derived glass structure; 
Livage et al. [36] discuss the potential for network 
modification by nitrate terminal groups. 

Although the TGA data shows that weight loss is 
complete by ~ 700 ~ chemical analysis (by induct- 
lively coupled plasma mass spectrometry) of powders 
heated to 800 ~ revealed a small amount of residual 
carbon. All alkoxide gel-derived powders were brown 
except the powder prepared with the nitric acid addi- 
tive which was white. The concentration of carbon is 
six times higher in samples prepared without additive 
(0.97 wt %) as compared with samples prepared with 
HNO3 (0.17 wt %). The difference may be related to 
the oxidizing power of HNO3. All powders became 
white when heated at 1000 ~ in oxygen. 

Fig. 3 shows XRD data from powders prepared 
from the ethoxide route and heat treated at 
450-650~ The powder is amorphous after the 
450 ~ treatment; after the 500 ~ treatment lithium 
metasilicate and lithium disilicate crystallize. The 
presence of both lithium silicate phases indicates that 
the chemical heterogeneity originating from the lith- 
ium hydroxide precipitate persists. With increasing 
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Figure 2 (a) DTA/TGA data for gel-derived powders prepared by the ethoxide route (r = 3, ELi] = [Si] = 0.375) without and with additives 
(a = 0.10). (b) Effect of nitric acid additive amount on DTA/TGA data for gel-derived powders prepared by the ethoxide route (r = 3, 
[Li] = [Si] = O,375). 

heat-treatment temperature, the amorphous back- 
ground diminishes but the relative amount of lithium 
disilicate does not increase. Because a mixture of 
LizSiO3 and Li2SiaO5 forms, a silica-rich amorphous 
phase must also be present. The relative amount of the 
amorphous phase could not be determined exactly 
due to a small contribution of the glass sample holder 
to the XRD data. On heating to 800~ for 1 h, no 
additional crystalline phases formed. Crystallization 
was affected by the hydrolysis ratio as shown in 
Fig. 3b. Gels prepared with lower hydrolysis ratios 
crystallize into greater amounts of the lithium disili- 
cate. In addition, XRD studies of powders prepared 
with varying concentration and fixed r show that 
lithium disilicate formation is favoured for the lower 
concentration samples. From these data, we infer that 
the specimens prepared with low hydrolysis ratio and 
concentration are more chemically homogeneous. 
These conditions tended to lengthen the gelation pro- 
cess (including the times for precipitate formation, 
dissociation and gelation) and may have given greater 
opportunity for the distribution of lithium cations in 
the silicate network. 

Additives have a dramatic effect on the crystalline 
phase development, as shown in Fig. 4. Both lithium 
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silicate phases form in the gel-derived powders pre- 
pared using NH,OH,  although the relative amount of 
disilicate is greater than without additive. This result 
is curious considering that visibly more precipitate 
formed when NH4OH was added. However, the pre- 
cipitate dissolved before gelation and the distribution 
of lithium may have been improved by the enhanced 
tendency for lithium cations to bond to the silicate 
network in basic conditions [24, 29]. Lithium disili- 
cate is the dominant crystalline phase for powder 
prepared with the acetic acid additive; this additive 
decreases the precipitation and may have influenced 
structure through chelation. The powders prepared 
using HNO3 formed lithium disilicate after a 600 ~ 
isothermal heating (see Fig. 4). Powders prepared with 
a range of nitric acid concentrations (see Table I) 
showed the same crystalline phase distribution after 
the 600 ~ isothermal heating. The nitric acid additive 
clearly reduced precipitate formation leading to 
greater homogeneity. After heating for 4 h at 600 ~ 
the diffraction peaks sharpened, but no additional 
crystalline phases appeared. The lithium disilicate 
(130) diffraction peak (20 ~24 ~ was of low intensity 
for these samples, even after extended heating. West 
and Glasser [13] found that a similar change in 
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Figure 4 Crystalline phase deveiopment for gel-derived powders 
prepared by the ethoxide route (r = 3, [Li] = [Si] = 0.375) with 
different additives (a = 0.1) and heated isothermally at 600 ~ for 
30 min. 

diffraction pattern occurred in slightly silica-rich sam- 
ples that contain fibular lath-shaped crystals, presum- 
ably due to an orientation effect. 

Fig. 5 shows thermal analysis and XRD data for 
gel-derived powders prepared using partially hydro- 
lysed TEOS. TGA data show gradual weight loss up 
to ~500~ The overall weight loss was lower for 
these gel-derived powders compared to those pre- 
pared without partial hydrolysis of TEOS. Partial 
hydrolysis allowed a greater amount of condensation 
and thus the elimination of more volatiles during the 
drying process (100~ before TGA analysis. The 
small difference between the gel-derived powders pre- 
pared with different hydrolysis ratios is due to the 
same effect (i.e. differences in the amount of condensa- 
tion generated volatiles). The DTA crystallization 
temperatures were somewhat higher than the other 
ethoxide-based powders (~562~ for r = 3 and 

575 ~ for r = 5). XRD data show direct crystalliza- 
tion of the lithium disilicate phase. Lithium disilicate 
crystallized regardless of the heating rate and the 
lithium metasilicate phase was not detected by XRD 
for powders heated up to 600 ~ In this case, reaction 
between the partially hydrolysed TEOS and lithium 
alkoxide prevents precipitation and results in bonding 
of lithium cations to the silicate network. When 
amorphous gel-derived powder was heated quickly 
from room temperature to a higher temperature 
(800 ~ and held for 2 h, a mixture of lithium disilicate 
and lithium metasilicate formed. However, a sample 
heated for 4 h at 600 ~ and then heated to a higher 
temperature did not form lithium metasilicate. The 
rapid heating may not have given adequate time for 
nucleation and growth of the disilicate; at higher 
temperatures the greater mobility of Li + might 
allow formation of the simpler lithium metasilicate 
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Figure 5 (a) DTA/TGA data for gel-derived powders prepared by the ethoxide route using partially hydrolysed TEOS (r = 3 or 5, 
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structure. Similar results were obtained for gel pow- 
ders prepared with nitric acid addition. 

The crystallization of lithium disilicate from gels 
prepared using stoichiometric Li-Si ethoxide solu- 
tions can be interpreted by considering the lithium 
distribution in the gels. When water is added to the 
ethoxide solution, immediate hydrolysis of the lithium 
alkoxide results in precipitation of LiOH. With time 
this precipitate dissolves, but prior to dissolution, 
hydrolysis and condensation reactions take place to 
form silicate oligomers. The degree to which the lith- 
ium ions can become associated and distributed in the 
silicate network is affected by the relative rates of 
condensation of the silicate species and dissolution of 
the precipitate. With the higher hydrolysis ratio (and 
higher concentration), the amount of time between the 
dissolution and the final gel formation is shortened 
(for ethoxide route with no additives), increasing the 
likelihood that the lithium-rich and silicon-rich areas 
remain in the gel. These conditions result in a less 
homogeneous gel, as evidenced by lesser amount of 
disilicate formation. The addition of nitric acid to the 
hydrolysis solution decreased the amount of precipi- 
tate and increased the amount of lithium disilicate. 
The use of partially hydrolysed TEOS allowed gela- 
tion to occur without precipitation-induced hetero- 
geneity. A more uniform distribution of lithium ca- 
tions in the silicate network was achieved and retained 
through gelation and drying. As a result, the gel- 

derived powders crystallize directly into lithium disili- 
cate. NMR investigations of the time evolution of the 
silicate species before, during and after precipitate 
dissolution would be helpful to document chemical 
homogeneity differences further. 

3.3. M e t h o x y e t h o x i d e  r o u t e  
3.3. 1. Gelation behaviour 
Alkoxide solutions based on 2-methoxyethanol 
formed into uniform gels without the formation of 
a precipitate. Precipitation was prevented in this case 
by the lower reactivity of lithium methoxyethoxide as 
compared with lithium ethoxide. The gel times were 
generally longer for the methoxyethoxide sols as com- 
pared with the ethoxide sols (e.g. for a concentration 
of 0.25 and r = 5, the sol from the methoxyethoxide 
route had a gel time of 11 h as compared with 8.5 h for 
the ethoxide route with no additives). The rates of 
hydrolysis and condensation are likely to be slower for 
the alkoxides with the more bulky methoxyethoxide 
ligand. Eichorst [37] found similar comparisons for 
lithium niobate gels prepared from ethoxide and 
methoxyethoxide systems. 

3.3.2. Crystalline phase development 
Fig. 6a shows the thermal analysis and XRD data for 
dried gels prepared by the methoxyethoxide route. 
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The decomposition of residual organics is accom- 
panied by an exothermic peak at approximately 
250 ~ in the DTA data and a weight loss in the TGA 
data (in addition to a weight loss associated with the 
removal of solvent and water at ~ 110~ Greater 
amounts of weight loss were observed for lower 
r values for the same reasons mentioned previously for 
ethoxide gels. DTA crystallization temperatures are 
slightly higher compared with the ethoxide route. Dir- 
ect crystallization into the lithium disilicate phase is 
confirmed by XRD data (Fig. 6b); a trace of metasili- 
cate can also be found in the sample heated to 600 ~ 
Similar to above, heating the amorphous powder 
quickly to 800 ~ resulted in a mixture of metasilicate 
and disilicate. The methoxyethoxide route also gives 
homogeneous gelation and crystallization into the 
lithium disilicate phase. The uniform chemical distri- 
bution necessary for lithium disilicate formation may 
be inferred from the lack of precipitate. In addition, 
the ether oxygen on the methoxyethoxide ligand 
(-OCH2CH2OCH3) may play a role in achieving 
a uniform distribution of lithium in the silicate net- 
work. In other methoxyethoxides, the ether oxygens 
bond to metals and influence structure, as observed in 
single-crystal structures [38, 39]. 

4. Conclusion 
Several sol gel routes were investigated with the goal 
of crystallizing lithium disilicate (Li2Si205) from a gel- 
derived amorphous material. The route using lithium 
nitrate and TEOS did not fulfil this goal; recrystalliz- 
ation of the lithium nitrate early in the heating process 
resulted in local chemical heterogeneity. With heating 
to higher temperatures, the lithium-rich Li2SiO3 
phase formed followed by lithium disilicate and 
quartz. A route based on ethoxides was successful in 
preparing lithium disilicate if measures were taken to 
avoid precipitation of lithium hydroxide. The precipi- 
tation occurred when a water/ethanol hydrolysis solu- 
tion was added to a solution of TEOS and lithium 
ethoxide. Although the precipitate disappeared before 
gelation, the heterogeneity remained, as evidenced by 
the initial crystallization of a mixture of Li2SiO3 and 
Li2Si205. When nitric acid was added to the hydroly- 
sis solution, the amount of precipitate decreased and 
lithium disilicate increased dramatically. Precipitation 
was eliminated entirely by using partially hydrolysed 
TEOS before adding the lithium alkoxide; this route 
appeared to encourage the lithium cations to become 
associated with the partially hydrolysed TEOS mono- 
mers. Lithium disilicate crystallized directly from the 
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amorphous powder (at ,,~ 550 ~ by XRD). Although 
these powders crystallized fully into lithium disilicate 
when heated at 550 600~ quick heating of the 
amorphous powder to a higher temperature (800 ~ 
resulted in the formation of LizSiO3 in addition to 
Li2Si2Os. A route based on 2-methoxyethoxides also 
resulted in powders that crystallized into lithium dis- 
ilicate; a trace of metasilicate formed at higher temper- 
atures. In this system, the more bulky alkoxy ligand 
decreased hydrolysis rates and allowed homogenous 
gel formation. 

The results of this study of the gelation behaviour 
and crystalline phase development of gel-derived pow- 
ders indicate that the ethoxide route (with nitric acid 
additive or partially hydrolysed TEOS) and the 
methoxyethoxide route are ideal for the study of crys- 
tallization and microstructure of thin-film lithium dis- 
ilicate [33]. 

Acknowledgements 
We gratefully acknowledge support from the Shell Oil 
Company Foundation, 3M Company and NSF 
Center for Interfacial Engineering. 

References 
1. P . W .  McMILLAN,  "Glass-Ceramics" (Academic Press, New 

York, 1979). 
2. P . F .  JAMES, Phys. Chem. Glasses 15(4) (1974) 95. 
3. E .G .  R O W L A N D  and P. F. JAMES, ibid. 20 (1979) 1. 
4. Idem, ibid. 20 (1974) 9. 
5. S .W.  FREIMAN and L. L. HENCH,  J. Am. Ceram. Soc. 51 

(1968) 382. 
6. K. MATUSITA and M. TASHIRO,  J. Non-Cryst. Solids 11 

(1973) 471. 
7. J .G .  MORLEY, Glass Technol. 6(3) (1965) 77. 
8. V. K O M P P A ,  Phys. Chem. Glasses 20 (1979) 130. 
9. C .H .  RAY, W. H U A N G  and D. E. DAY, J. Am. Ceram. Soc. 

70 (1987) 599. 
10. M. C. WEINBERG,  E. D. Z A N O T T O  and S. MANRICH,  

Phys. Chem. Glasses 33(3) (1992) 99. 
11. J. DEUBENER,  R. B R U C K N E R  and M. STERNITZKE,  

J. Non-Cryst. Solids 163 (1993) 1. 
12. F . C .  KRECEK,  J. Chem. Phys. 34 (1930) 59. 
13. A.R. WEST and F. P. GLASSER, in "Advances in Nucleation 

and Crystallization in Glasses", edited by L.L. Hench and S.W. 

Freiman (American Ceramic Society, Columbus,  OH, 1971) 
p. 151. 

14. M. SMAIHI,  D. PETIT,  J. P. BOILOT,  P. BERGEZ and 
A. LECOMTE,  in "Fabrication and Processing of Li thium 
Ceramics", edited by G.W. Hollenberg, Advances in  Ceramics 
27 (American Ceramic Society, Westerville, OH, 1990) p. 23. 

15. W. BEIER, W. W E L L B R O C K  and G. H. FRISCHAT,  
Glasteh. Bet. 63(6) (1990) 163. 

16. F. BRANDA, A.ARONNE,  A. MAROTTA and A. BURI, 
J. Mater. Sei. Lett. 6 (1987) 203. 

17. C. J. BRINKER and G. W. SCHERER, "Sol Gel Science" 
(Academic Press, New York, 1990). 

18. P . F .  JAMES, J. Non-Cryst. Solids 100 (1988) 93. 
19. D.X. LI and W. J. T H O M P S O N ,  J. Mater. Res. 5 (1990) 1963. 
20. C . D . E .  LAKEMAN and D. A. PAYNE, J. Am. Ceram. Soc. 20 

(1992) 3091, 
21. B .E .  YOLDAS, J. Mater. Sci. 12 (1977) 1203. 
22. C.J.  B R I N K E R a n d S .  P. M U K H E R J E E ,  ibid. 16(1981) 1980. 
23. D. C. BRADLEY, R. C. MEHROTRA and D. P. GAUR, 

"Metal Alkoxides" (Academic Press, New York, 1978). 
24. J. SANCHEZ and A. V. M C C O R M I C K ,  Chem. Mater. 

3 (1991) 320. 
25. I. SCHWARTZ,  P. ANDERSON,  H. DE LAMBILLY and 

L. C. KLEIN,  J. Non-Cryst. Solids 83 (1986) 391. 
26. H. DE LAMBILLY and L. C. KLEIN,  ibid. 102 (1988) 269. 
27. idem, ibid. 109 (1989) 69. 
28. G.S.  LEE, G. L. MESSING and F. G. A. DELAaT, ibid. 116 

(1990) 125. 
29. S.-P. SZU, M. GREENBLATT and L. C. KLEIN,  ibid. 124 

(1990) 91. 
30. S.-P. SZU, L. C. KLEIN and M. GREENBLATT,  ibid. 121 

(1990) 90. 
31. A. CHEN and P. F. JAMES, ibid. 100 (1988) 353. 
32. P. KANSAL and R. M. LAINE, J. Am. Ceram. Soc. 77 (1994) 

875. 
33. P. LI and L. F. FRANCIS,  J. Mater. Sci. 
34. C.J.  BRINKER,  K. D. KEEFER,  D. W. SCHEFER and C. S. 

ASHLEY, J. Non-Cryst. Solids 48 (1982) 47. 
35. J. LIVAGE, M. HENRY and C. SANCHEZ,  Prog. Solid State 

Chem. 18 (1988) 259. 
36. J. LIVAGE, C. SANCHEZ,  M. HENRY and S. D O E U F F ,  

Solid State Ionics 32/33 (1989) 633. 
37. D. J. EICHORST,  PhD dissertation, University of Illinois 

(1990). 
38. L. F. FRANCIS,  D. A. PAYNE and S. R. WILSON,  Chem. 

Mater. 2 (1990) 645. 
39. J. F. CAMPION,  D. A. PAYNE, H. K. CHAE, J. K. 

MAURIN and S. R. WILSON,  Inor 9. Chem. 30 (1991) 2244. 

Received 13 July 1994 
and accepted 21 February 1995 

4086 


