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Abstract

Lithium silicates were synthesized by three techniques: (1) solid state reaction, (2) the precipitation method and

®nally, (3) the sol±gel method. Reactions were performed with di�erent Li:Si molar ratios: 0.5, 1, 2 and 4. The obtained

products were Li2SiO3, Li4SiO4 and Li2Si2O5. According to the synthesis method the composition of the samples

changed as well as the morphology of the particles. The sol±gel method using CH3OLi provided the highest content of

Li2SiO3 (94%); the solid state and precipitation methods provided pure Li4SiO4. Ó 1998 Elsevier Science B.V. All

rights reserved.

1. Introduction

The tritium breeding blanket is a key component of

the fusion reactor as it is directly involved with tritium

breeding as well as energy extraction, both of which are

critical to the development of fusion energy. The lithium

ceramics are promising breeder material candidates,

among which lithium metasilicate (Li2SiO3) is strongly

considered as a breeder material because of its good

tritium solubility [1], thermophysical, chemical and me-

chanical stability at high temperatures and its favorable

irradiation behavior. Furthermore, it is compatible with

other blanket and structural materials [1±5].

Control of the microstructure must be exercised when

preparing this ceramic, as the microstructure may de-

termine the rate of tritium release from the blanket [6].

In previous studies, lithium silicates have been synthe-

sized by various methods [4,7±9]. Solid mixtures of

amorphous silica (SiO2) and a lithium compound, such

as Li2CO3 or LiOH [4], may be heated in air for long

periods at temperatures between 370°C and 1000°C. The

reaction between amorphous silica (SiO2) suspended in

water with aqueous solution of LiOH [7] has also been,

proposed.

The sol±gel preparation method has gained signi®-

cant interest as a means of obtaining ceramic materials

at low temperatures. This method involves the con-

trolled hydrolysis of an alkoxide, followed by gelation.

The structure of the ®nal materials is very sensitive to

pH, stability of the reactants, the amount of water, the

re¯uxing temperature, and impurities [10±13]. If the sol±

gel method is followed [8,9], gels must be prepared by

hydrolysis of tetraethylorthosilicate (TEOS) with an al-

cohol or a water solution containing a lithium com-

pound such as LiOH, LiNO3 or CH3OLi. In this case,

only pure lithium silicates are obtained.

The objective of the present study was to investigate

breeder materials. Since this paper is part of a project

that seeks to evaluate the stability of materials under

neutron irradiation, our purpose was to prepare

Li2Si2O5, Li2SiO3 and Li4SiO4 by solid state reaction,

precipitation and sol±gel methods, preferentially in sin-

gle phase to facilitate further studies, although several

known sintering procedures take advantage of the

multiphase-powder approach. The composition and the

structure of the obtained material were compared with

those of the samples conventionally prepared.

2. Experimental procedure

2.1. Preparation of powders

Lithium silicates were synthesized by using (1) solid

state reaction at 900°C of a mechanical mixture of
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amorphous silica gel and lithium carbonate powders, (2)

by precipitation of lithium silicates from amorphous sil-

ica gel suspension and lithium hydroxide solutions, and

(3) sol±gel synthesis, using TEOS with lithium methoxide

or lithium hydroxide. All reactions were performed with

the following Li:Si molar ratios: 0.5, 1, 2 and 4.

In the synthesis by solid state reaction, the powders

of SiO2 and Li2CO3 (Aldrich) were mixed mechanically.

The mixtures were calcined at 900°C for 4 h.

For precipitation synthesis amorphous SiO2 was

suspended in water as a ®rst step. An aqueous solution

of LiOH (Aldrich) was then slowly added to the sus-

pension [7]. The mixture obtained was stirred and heated

at 70°C until dried, and then the powders were calcined

at 900°C for 4 h.

Lithium silicate sol±gel samples were synthesized by

dissolving in isopropyl alcohol the required amounts of

tetraethyl orthosilicate (Aldrich), and then either lithium

methoxide (Aldrich) or lithium hydroxide was added.

The alcohol:alkoxide molar ratio was 60. The mixture

was stirred under continuous agitation at 70°C and re-

¯uxed until dissolution.

The metallic complex solution was hydrolyzed by the

slow addition of a pH 2 mixture (HNO3 + H2O). The

water:alkoxide and acid:alkoxide molar ratios were 30

and 0.2, respectively. The re¯ux was continued until

gelation was completed. The obtained gel was aged for

one day and dried in a vacuum oven at 110°C. The

powder was then calcined in air ¯ow at 900°C for 4 h.

2.2. Characterization techniques

Lithium silicates compounds were identi®ed by X-ray

di�ractometry (XRD). A di�ractometer (Model D500,

Siemens) coupled to a copper-anode X-ray tube was

used. The Ka wavelength was selected with a di�racted

beam monochromator. The relative content of silicates

and impurities was estimated from the areas under the

di�raction peaks. Since no internal standard was intro-

duced, the X-ray absorption for each compound was

assumed to be the same. A TGA 51, Thermogravimetric

Analyzer, TA Instruments, and a Gemini 2360 Surface

area analyzer Micromeritics were used to determine the

weight loss at high temperatures and the surface area of

the silicates, respectively. The morphology of the crys-

tals constituting the various samples was studied by

scanning electron microscopy (SEM) (Philips XL-30).

The samples were covered with gold to avoid a lack of

electrical conductivity.

3. Results

Lithium silicate samples obtained by the various

methods, utilizing di�erent Li:Si ratios, were all white

opaque powders.

3.1. XRD

As determined by X-ray di�raction, Fig. 1 shows the

various highly crystalline lithium silicate compounds

present in the powders obtained by the solid state re-

action of a mixture of SiO2 and Li2CO3. For Li:Si ratio

of 0.5, Si rich Li2Si2O5 (39%) and quartz (50%) were

obtained. The main components appeared in smaller

amounts. Li2SiO3 (11%) was also obtained. In particular

for Li:Si ratio of 1 the same compounds Li2Si2O5,

Li2SiO3 and quartz were also observed; however, the

proportions varied. Li2SiO3 increased considerably to

44% while the proportions of Li2Si2O5 and quartz de-

creased, as expected, to 26% and 30% due to the smaller

amounts of Si present in the mixture. As the Li:Si molar

ratio increased to 2, the quartz and Li2Si2O5 contents

decreased considerably and the amount of Li2SiO3 in-

creased to 66%. The e�ect of Li excess generated a new

phase Li4SiO4. It appeared not as a main product, since

the proportions were of only 24%. Finally in the mixture

with higher proportions of Li, for the Li:Si molar ratio

of 4, only Li4SiO4 was observed; the other compounds

were not observed in the di�ractogram.

We will now consider the lithium silicate samples

prepared by the precipitation from a mixture of SiO2

suspended in water and an aqueous solution of LiOH

(Fig. 2). For Li:Si molar ratio of 0.5, the main products

found were, Li2Si2O5 and quartz in proportions of 40%

and 60%, respectively. For Li:Si molar ratios of 1 and 2

Li2Si2O5 and Li2SiO3 were observed. Li2SiO3 increased

from 76% for Li:Si molar ratio of 1, to 87% for Li:Si

molar ratio of 2. Accordingly Li2Si2O5 decreased from

24% to 13%, and quartz was no longer observed. Finally

for Li:Si ratio of 4, only pure Li4SiO4 was observed.

The sol±gel/methoxide preparations method utilizing

lithium methoxide gave results quite di�erent from those

observed in the previous methods (Fig. 3). In the ®rst

place, pure Li4SiO4 was never obtained for any of the

Li:Si ratios, and secondly the quartz content was null

except for the Li:Si ratio of 0.5, where small amounts

appeared (7%). For this ratio the main compounds were

Li2SiO3 (35%) and Li2Si2O5 (58%). For Li:Si molar ratio

of 1 Li2SiO3 and Li2Si2O5 were observed in 40% and

60%, respectively; quartz was no longer present. For

Li:Si molar ratio of 2, the main compound found was

Li2SiO3 in a proportion of 94% and only 6% of Li2Si2O5

appeared. For Li:Si ratio of 4, Li4SiO4 and Li2SiO3 were

present in the following proportions: Li4SiO4 54% and

Li2SiO3 in 46%.

Fig. 4 compares the di�ractograms of the sol±gel

method utilizing LiOH. The di�raction peaks are not as

sharp and well de®ned as they are in the other dif-

fractograms. They are broad, showing that the crystal-

lites were small. For Li:Si ratio of 0.5 the resulting

phases had similarities to those obtained in the solid

state method. In fact, in both methods the main
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Fig. 2. XRD patterns of lithium silicates prepared by precipitation method.

Fig. 1. XRD patterns of lithium silicates prepared by solid state reaction method.
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products obtained were Li2Si2O5, Li2SiO3 and quartz.

However, the proportions were di�erent. For the sol±

gel/LiOH method the proportions were 38%, 23% and

39%, respectively. When Li:Si ratio increased to 1,

Li2SiO3 increased to 30% and quartz decreased to 31%.

However Li2Si2O5 remained constant (39%). For Li:Si

molar ratio of 2 Li2SiO3 increased to 55% and Li2Si2O5

to 45%. Finally quartz was not observed. For Li:Si

molar ratio of 4, Li2SiO3 was present in 52%, Li2Si2O5

was no longer observed but a new phase, Li4SiO4, ap-

peared; it was present in a proportion of 48%. Fig. 5 is a

summary of all the results.

3.2. TGA, BET and SEM

Processed powders prepared by the di�erent methods

lost only 1.5±2.9% of weight, which was observed in the

thermogram (Table 1). Fig. 6 shows the TGA curve of

the sol±gel/methoxide sample (Li:Si� 2). The ®rst

weight loss, which occurred between 180°C and 250°C,

was attributed to the dehydration of the sample. The

second weight loss occurring between 440°C and 580°C

was attributed to a dehydroxilation process. All the

samples presented similar TGA curves.

The results obtained for the surface area by BET

method are summarized in Table 2. As expected, all

samples presented small surface areas, independent of

the preparation method. The samples were indeed sin-

tered by the high calcination temperature. Fig. 7 pre-

sents the adsorption isotherm of the sample prepared by

sol±gel/methoxide with Li:Si molar ratio of 2. According

to the IUPAC [14], these isotherms are typical of non-

porous or macroporous adsorbents. They are due to

unrestricted monolayer-multilayer adsorption. The ad-

sorption monolayer was present between 0.8 and 1.5

cm3/g with a relative pressure of 0.15. All the samples

presented similar adsorption isotherms.

All samples were studied by SEM. The micrograph of

the lithium silicates demonstrated the crystal morphol-

ogy di�erences between the synthesis methods (Figs. 8±

10). The samples obtained by solid state reaction and

precipitation methods show homogeneous spherical

crystals (Fig. 8). The spherical particles (2 lm of diam-

eter) have corrugated surfaces.

When Li4SiO4 was obtained, the particles were non-

homogeneous polyhedral crystals (Fig. 9), whose side

was 50 lm. Finally, the samples prepared by the sol±gel

method were found as an agglomeration of ®laments,

Fig. 3. XRD patterns of lithium silicates prepared by sol±gel/methoxide method.
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Fig. 5. Curves of percentage of lithium silicate and quartz in function of Li:Si molar ratio.

Fig. 4. XRD patterns of lithium silicates prepared by sol±gel/LiOH method.
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which were as long as 5 lm with a diameter of 2 lm,

constituting homogeneous clusters (Fig. 10).

4. Discussion

Fig. 5 compares the corresponding amounts of lithi-

um silicates and quartz present in each sample. In all

methods the highest content of Li2SiO3 was found for

Li:Si molar ratio of 2, the sol±gel/methoxide method

being the one which gave the highest yield, 94% of

Li2SiO3 and only 6% of Li2Si2O5. Furthermore, with the

sol±gel/methoxide method only a very small amount of

quartz for Li:Si molar ratio 0.5 was formed.

For the sol±gel/LiOH synthesis method, the reaction

was under a basic catalysis regime. As the ratio acid/

alkoxide was 0.2 then

�H��=�Alkoxide� � 0:2;

�H��=�LiOH� � �H��=�OHÿ� � 0:1;

�H�� � �OHÿ�:

Therefore, the polymerization of TEOS is highly fa-

vored in this case and quartz is, then, formed.

As the basic environment promotes quartz forma-

tion, lithium oxide should be formed, and this lithium

Table 1

Weight loss of the processed powders

Preparation technique Li:Si Weight loss (%) Preparation technique Li:Si Weight loss (%)

Solid state reaction 0.5 2.6 Sol±gel/ methoxide 0.5 2.0

1 2.8 1 1.5

2 2.9 2 1.9

4 2.5 4 2.4

Precipitation 0.5 2.6 Sol±gel/LiOH 0.5 2.7

1 1.8 1 2.2

2 2.3 2 2.0

4 2.1 4 2.4

Fig. 6. TGA curve of lithium silicates obtained by sol±gel/methoxide method for Li:Si molar ratio of 2.

Table 2

Surface area by BET method of the samples

Preparation technique Li:Si Area (m2/g) Preparation technique Li:Si Area (m2/g)

Solid state reaction 0.5 11.5 Sol±gel/methoxide 0.5 13.7

1 7.6 1 16.3

2 3.1 2 4.7

4 0.6 4 1.8

Precipitation 0.5 9.9 Sol±gel/LiOH 0.5 10.3

1 8.5 1 11.1

2 4.0 2 13.6

4 0.7 4 2.0
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Fig. 7. Isotherm adsorption of lithium silicates obtained by sol±gel/methoxide method for Li:Si molar ratio of 2.

Fig. 9. SEM micrographs of Li4SiO4 powders prepared by solid

state reaction and precipitation methods.

Fig. 8. SEM micrographs of lithium silicate powders prepared

by solid state reaction and precipitation methods.
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excess in the silicate network should explain the poor-

phase purity of the samples.

In sol±gel methods and Li:Si ratio of 4, the Li2SiO3

and the Li4SiO4 contents were comparable. The Li2SiO3

is produced through a polymerization reaction and

Li4SiO4 is formed by coprecipitation. The ®rst product

of TEOS hydrolysis is Si(OH)(OC2H5)3 which can

be rehydrolyzed in more than one occasion to

Si(OH)x(OC2H5)4ÿx. This product can polymerize or

coprecipitate with CH3OLi or LiOH. These mechanisms

are simultaneous, as shown in Fig. 11. The reaction rate

of the polymerization must be faster than the coprecip-

itation reaction as lithium is required to synthesize

Li2SiO3. In the case of solid state method and precipi-

tation methods the polymerization reaction is avoided,

and only Li4SiO4 is obtained.

All the processed powders prepared by the di�erent

methods presented only weight losses of 1.5±2.9% (Ta-

ble 1). This demonstrates the stability of the powders

after the process.

Last but not least, the morphology of the ceramics is

determined by the synthesis method. The sol±gel pro-

cedures provided smaller and homogeneous products.

Furthermore their shape is independent of the reaction

medium (basic or acidic catalysis).

The shape and size di�erences may be attributed to

the sol±gel reaction where the reactants interact directly

with a faster reaction rate as they belong to a liquid±

liquid phase. In the solid state procedure the reactions

are performed in an homogeneous medium (solid±solid);

in the precipitation procedure the reaction medium is

heterogeneous (solid±liquid).

Smaller particles are expected from the sol±gel pro-

cedures. Furthermore, the sol±gel method, due to its

characteristics, provided the highest yield of Li2SiO3 (up

to 94%) which is the compound recommended as blan-

ket material.

5. Conclusions

All the preparation techniques, after a calcining

treatment at 900°C for 4 h, provided a mixture of lith-

ium silicates and quartz. The best technique was the

Fig. 11. Mechanism reaction for Li2SiO3 and Li4SiO4 in the sol±gel methods. ±R is ±CH3 for sol±gel/methoxide method and ±H for

sol±gel/LiOH method.

Fig. 10. SEM micrographs of lithium silicate powders prepared

by sol±gel methods.
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sol±gel/methoxide synthesis, since in this method the

highest content of Li2SiO3 (94%) was obtained for Li:Si

molar ratio of 2. For Li4SiO4 synthesis the solid state

reaction and precipitation methods for Li:Si molar ratio

of 4 are recommended. For this ratio we obtained sol±

gel mixtures of Li4SiO4 and Li2SiO3, whose relative

content depended on the gelation time, thus permitting

oligomerization. The composition of samples di�er de-

pending on the preparation procedure as well as on the

Li:Si ratio.

The samples after the calcination process were stable

with regard to temperature and presented non-porous or

macroporous structures. The surface area of the samples

was very small. The SEM study shows that crystal

morphology changes with the synthesis method and with

the lithium silicate obtained.
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