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Abstract: Li,SiO; was synthesized by combination of sol-gel method and calcination at high temperature using Li,CO3;, HNO;,
Si(OC,Hs), and C,HsOH as starting materials. The effects of calcination temperature and refluxing system on the composition and
properties of lithium silicate were investigated. The samples were characterized by TGA/DTA, XRD, SEM and particle size analysis.
Li,FeSiO, was prepared by the solid-state reaction between Li,SiO; and FeC,0,2H,0. The XRD patterns show that the use of
refluxing system in the sol-gel preparation can decrease the Li,Si,05 and Li,SiO,4 impurities in the Li,SiO; sample. The calcination
temperature plays an important role in the properties of the Li,SiO; samples. The sample calcined at 700 °C has high purity of 97%
Li,SiO; and good morphology as precursor of Li,FeSiO,. It consists of primary particles with size of 1-3 um, and the primary
particle clusters form agglomerates with loose and porous appearance.
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1 Introduction

Among the novel cathode materials for lithium ion
batteries, iron-based active materials seem to be one of
the most ideal candidates. The well-known examples are
LiFePO, and Li,FeSiO, distinguished from other
materials by their excellent stability [1]. However, the
lower electronegativity of Si vs P will result in a
lowering of the Fe'<=>Fe" couple[2]. So Li,FeSiO,
should have a lower electronic band gap, and therefore a
higher electronic conductivity compared with LiFePO,,
and it will become a prospective novel cathode material
in lithium ion batteries.

Similar to other cathode materials, one of the
important methods for synthesis of LiFeSiO4 is the
solid-state reaction between Li,Si0; and iron compounds
at high temperature. For example, NYTEN et al [2] and
ZAGHIB et al [3] have reported the synthesis of
Li,FeSiO4 powder by this method using Li,SiO; and
FeC,042H,0 as the starting materials.

In previous studies [4—5], the lithium silicates were

mainly synthesized by the solid-state reaction,

precipitation and sol-gel methods. By the solid-state
reaction between amorphous silica and a lithium
compound, lithium silicates were synthesized at high
temperature in air [4, 6—7]. But the obtained products
were a mixture of Li,Si0s, Li,S1,05, Li;SiO4 and quartz
compounds. In the precipitation method [4, 8], the
reaction between amorphous silica (SiO,) suspended in
water and aqueous solution of LiOH has been proposed.
And lithium silicate sample with 87% Li,SiO; was
prepared by the precipitation method in Ref.[4].
Compared with the conventional solid-state reaction, the
sol-gel method shows advantages in the
calcination temperature during the synthesis and the
higher ionic conductivity for the final Li,SiO; product
[9]. This method involves the controlled hydrolysis of an
alkoxide and gelation. Gels are prepared by hydrolysis of
tetraethylorthosilicate with an alcohol containing a
lithium compound such as LiOH, LiNO; or CH;OLi. The
properties of the final materials depend remarkably on
the factors such as pH, refluxing temperature, initial
concentration, reactant stability and impurities. In Ref.[4],
the highest content of Li,SiO3 (94%) was obtained for
molar ratio 2 of Li to Si by sol-gel method.
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In addition, lithium metasilicate was also
synthesized by a modified combustion method using
LiOH, SiO,, H,O and urea as starting materials [5]. The
distinct difference between this method and other ones is
that the precursors are only heat-treated at temperatures
between 450 and 750 °C for 5 min.

Among those methods, the sol-gel method is the
most promising one for the synthesis of Li,SiO;.
Although many researches have been done on the
preparation of lithium metasilicate by the sol-gel method,
the effects of the calcination temperature on the
properties of Li,SiO; have not been well classified.
Furthermore, as a precursor of Li,FeSiO,4, the Li,SiO;
should have a loose and porous morphology, which will
facilitate the solid-state reaction between Li,SiO; and
iron compounds. In this work, the effects of calcination
temperature on the properties of Li,SiO; sample were
investigated and Li,SiO; was synthesized with high
purity and good morphology, and Li,FeSiO,4 cathode was
prepared using the Li,Si0O; precursor.

2 Experimental

Li;SiO; samples were synthesized by the
combination of the sol-gel method and the calcination at
high temperature. Stoichiometric amounts of Li,CO; and
Si(OC,Hs), were used as the starting materials. Lithium
carbonate was dissolved in a nitric acid solution, and
then the aqueous solution, alcohol as solubilizing agent,
and ethyl orthosilicate [Si(OC,Hs)s] were mixed.
De-ionized water was added slowly to adjust the solution
to pH 2. The mixture was transferred into a refluxing
system and heat-treated at 80 °C for 8 h, and then the
mixture was aged at 70 °C for 8 h to transform into gel.
The gel was dried in a vacuum oven at 120 °C for 24 h
and then ground, and the obtained powders were calcined
at different temperatures for 8 h.

In order to investigate the effect of refluxing on the
characteristics of Li,SiO;, a contrast experiment was
conducted, where no refluxing was used during the
sol-gel preparation and the mixture was directly heated
and agitated at 80 °C to vaporize the solvent. The sol-gel
transition time of the sample was only 6 h. The other
steps were similar to the above ones.

Li,FeSiO4 was prepared by solid-state reaction
between Li,SiO; and FeC,042H,0. These starting
materials were dispersed in acetone, mixed thoroughly
and then ground together with 10% (mass fraction)
carbon gel. After evaporating the acetone, the mixture
was heated to 750 °C for 24 h in Ar atmosphere [3].

The thermo gravimetric analysis and differential
thermal analysis (TGA/DTA) were conducted on a
Perkin Elmer TGA 7 thermal analyzer. The data were
recorded between 20 and 900 °C at a heating rate of 5

°C/min in N, atmosphere. The samples were
characterized by X-ray diffraction (XRD) on a Rigaku
D/max2550VB diffractmeter equipped with Cu K,
radiation. The relative volume fractions of the various
compounds in the samples were estimated from the total
area under the most intense diffraction peak for each
phase identified by the corresponding JCPDS files [4].
The morphologies of the samples were observed by a
scanning electron microscope (SEM).

3 Results and discussion

The thermo gravimetric analysis and differential
thermal analysis were conducted on the dried gel to find
suitable calcination temperature for the synthesis of
Li,SiO3, and the results are shown in Fig.l. The first
mass loss occurs below 120 °C, and a corresponding
endothermic peak is observed on the DTA curve, which
is caused by the dehydration of the sample and the
evaporation of remained ethanol. The DTA curve
presents a sharp endothermic peak around 250 °C, but
little mass loss can be observed on the TGA curve. It is
due to the melting of the lithium nitrate. A large mass
loss, corresponding to two united endothermic peaks, is
detected between 520 and 630 °C. It may result from the
polycondensation  of hydroxide,  the
decomposition of lithium nitrate, and the complicated
reactions between the lithium compounds and silicon
compounds [9—10]. The mass of the sample keeps nearly
constant when the temperature is above 630 °C.
According to the results of the TGA-DTA, the dried gel
was calcined at temperatures between 650 and 900 °C
for 8 h in this work.
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Fig.1 TGA-DTA curves for dry gel at heating rate of 5 °C/min

in N, atmosphere

Comparisons were made to investigate the effects of
refluxing on the properties of Li,SiO;. Fig.2 shows the
XRD patterns of Li,SiO; samples made with different
sol-gel preparation methods. A refluxing system was
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Fig.2 XRD patterns of Li,SiO; samples calcined at 700 °C
using refluxing system (a) and without refluxing system (b)

applied in the preparation of sample (a), while not in that
of sample (b). The XRD patterns of the two samples can
be indexed to the JCPDS file 29—0829 of the Cmc21
space group structure [11]. Four intense diffraction peaks
have been found at 18.9°, 27.0°, 33.0° and 38.5°
corresponding to Miller indexes [2 0 0], [1 1 1], [0 2 0]
and [3 1 1], where the [1 1 1] plane produces the most
intense peak at 27.0. This indicates that Li,SiOj; is
obtained in both cases. However, the samples are not
pure Li,SiO;. A little Li,Si,05 impurity was detected in
both samples. To determine the volume fraction, ¢, of the
compounds detected by XRD, it was assumed that the
most intense diffraction peak of each compound was
proportional to the volume fraction in the sample, and it
was calculated by Eq. (1):

9 =CG/XG M

where C; represents the integral intensity corresponding
to each compound identified, and XC; is the addition of
the integral intensity corresponding to all the compounds
identified in the sample [4,11—12]. Thus the contents of
Li,Si,0Os impurity in samples (a) and (b) can be
calculated to be 3% and 7%, respectively. Furthermore, a
trace amount of Li;,SiO, impurity occurred in sample (b).
The phase diagram of the Li,O-SiO, system indicates
that Li,SiO,4 and Li,SiO; can coexist and retransform to
each other, and so can Li,SiO; and Li,Si,O5 [13—14].
The relative content of them depends on the calcination
temperature, time, and molar ratio of Li to Si, etc. The
higher impurities for the sample without refluxing may
be attributed to the locally uneven distribution of lithium
in the precursors, which results in the occurrence of
Li4,SiO4 and Li,Si,Os impurities where the lithium is
insufficient. The refluxing system prolongs the sol-gel
transition time and the compounds are well distributed in
the precursor, which facilitates the formation of Li,SiO;
and the reduction of impurities during the calcination.
Fig.3 shows the particle size analysis curves for the

samples made with different sol-gel transition methods.
Sample (b) without refluxing exhibits a low and broad
profile with two united peaks, while sample (a) using the
refluxing system shows a much more intense and
narrower particle size distribution, which facilitates
achieving uniform reactivity of the Li,SiO; precursor and
large density of the final Li,FeSiO; product. The
difference in the particle size distribution may be owing
to the fact that the refluxing enables the sufficient sol-gel
transition and good distribution of compounds, and then
suppresses the excess aggregation of the Li)SiO;
particles.
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Fig.3 Particle size analysis curves of Li,SiO3 samples calcined
at 700 °C using refluxing system (a) and without refluxing
system (b)

According to the results of XRD and particle size
analysis, the use of refluxing system in the sol-gel
transition facilitates the preparation of Li,SiO; with high
purity and small uniform particles, so the refluxing
system was adopted in the following study.

Fig.4 shows the XRD patterns for the Li,SiO;
samples synthesized at different temperatures for 8 h.
The XRD patterns of samples fit well with the JCPDS
file 29-0829, indicating that Li,SiO; was synthesized in
the temperature range of 650—900 °C. However, the
contents of Li,SiO; and impurities change dramatically
with increasing the calcination temperature. The peaks of
Li4SiO,4 are most intense in the sample calcined at 650
°C, and the least intense in the sample calcined at 700 °C.
On the other hand, the peaks of Li,Si,05 are most intense
in sample calcined at 900 °C, and the least intense in the
sample calcined at 700 °C. The samples synthesized at
650, 700, 800 and 900 °C have Li,SiO; contents of 92%,
97%, 88%, 88%, and Li,Si,05 contents of 4%, 3%, 11%
and 12%, respectively. Furthermore, 4% Li4SiO4 was
also found in the sample calcined at 650 °C and trace
amounts of LiySiO, impurity was found in the samples
calcined at 800 and 900 °C. The results indicate that the
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Fig.4 XRD patterns of Li,SiO; samples calcined at 650 °C (a),
700 °C (b), 800 °C (c) and 900 °C (d)

Li,SiO4 impurity mainly occurs in the sample
synthesized at 650 °C, and the content of Li,Si,Os
impurity rises with increasing calcination temperature.
The occurrence of LiySiO4 phase and a large amount of
Li,Si,05 impurity can be attributed to the insufficient
reaction between the lithium compound and silicon
compound at low calcination temperature. As a result, a
Li4,SiO4 phase occurs in the site where the lithium
exceeds locally, and a Li,Si,05 phase occurs where the
lithium is insufficient. The undesired effects of
difference in lithium distribution in the precursors can be
overcome by enhancing the calcination temperature,
which can improve the diffusion of lithium in the
precursor and product. So the purity of the sample
synthesized at 700 °C was improved dramatically
compared with that synthesized at 650 °C. The content of
Li;Si,0s impurity increases with increasing the
calcination temperature from 700 to 900 °C, and it can
be attributed to the lithium sublimation at high
temperature, which results in the insufficiency of lithium
compound for the synthesis of Li,SiO;. Therefore, the
Li,Si0; sample with the highest purity of 97% was
achieved at 700 °C in this work.

Fig.5 shows the SEM images of Li,SiO; samples
synthesized at different temperatures. The Li,SiO;
powders calcined at 700 °C consist of primary particles
of 1-3 um. The primary particle clusters form
agglomerates with loose and porous appearance. The
Li,SiO; powders calcined at 800 °C are similar to those
at 700 °C, except that the agglomerates and the primary
particles become large. However, the Li,SiO; powders
calcined at 900 °C show a much more compact surface
morphology compared with those obtained at 700 °C or
800 °C. It can be attributed to the calcination of the
particles at high temperature.

According to the above results, the Li,SiO; sample
synthesized by calcination at 700 °C and using refluxing

Fig.5 SEM images of Li,SiO; calcined at 700 °C (a), 800 °C (b)
and 900 °C (c)

during the sol-gel preparation has excellent properties for
the precursor of LiyFeSiO,. The Li,SiO; sample obtained
at the optimized conditions shows a high purity of 97%
Li,SiO; and a primary particle size of 1-3 pum. It has
higher purity and smaller particle size than those
reported by PFEIFFER et al[4], where an optimized
sample with 94% Li,SiO; and 6% Li,Si,05 impurities
was achieved using a similar sol-gel process with
refluxing. In addition, a calcination temperature of 900
°C was used[4], which is much higher than that used in
this work. The low calcination temperature can prevent
serious aggregation of the primary particles and
excessive-growth of the crystals and primary particles,
which facilitates to improve the reactivity of Li,SiO;
precursor in the synthesis of Li,FeSiO, cathode material.

In order to investigate the suitable calcination
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temperature and the possible reactions in the synthesis of
Li,FeSiO4 by the solid-state reaction between Li,SiOs
and FeC,042H,0, thermo gravimetric analysis and
differential thermal analysis were conducted on the
mixture of Li,Si03 and FeC,042H,0 in N, atmosphere,
and the results are shown in Fig.6. An endothermic peak
occurs on the DTA curve around 90 °C and a
corresponding mass loss is observed on the TGA curve,
which is due to the dehydration of physically absorbed
water in the sample. The second endothermic peak is
revealed around 180 °C on the DTA curve and
corresponds to a continuous mass loss on the TGA curve.
It can be attributed to dehydration of the chemically
combined water in FeC,042H,0. In the temperature
range of 300—500 °C, the mass of the sample decreases
quickly, corresponding to a sharp and intense exothermic
peak around 350 °C and two low and broad exothermic
peaks around 270 and 500 °C, respectively. This results
from the complicated reactions which may include the
decomposition of FeC,0,, and the reactions between the
iron compounds and the lithium compounds. Above 500
°C, the mass of the sample keeps nearly constant. So it
could be concluded that the calcination temperature
should be above 550 °C for the synthesis of LiFeSiO,4
powder.

Using the optimized Li,SiO; as a precursor,
Li,FeSiO4 was prepared by the solid-state reaction
between Li,Si0O; and FeC,042H,0 at 750 °C for 24 h.
Fig.7 shows the XRD pattern of the Li,FeSiO4 powder.
The sharp diffraction peaks indicate that the sample has
good crystallinity. The XRD pattern agrees well with that
reported by DOMINKO et al[15], and the XRD results
for the Li,FeSiO; phase can be indexed to the
orthorhombic unit cell in space group Pmn21. However,
some unidentifiable impurity peaks were also observed
in the diffraction patterns.
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Fig.6 TGA-DTA curves for mixture of Li,SiO; and
FeC,04:2H,0 at heating rate of 5 °C/min in N, atmosphere
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Fig.7 XRD pattern of Li,FeSiO, sample

4 Conclusions

1) Li,SiO; was synthesized by the combination of
sol-gel method and the calcination at high temperature.
The use of refluxing system during the
preparation decreases the LiySi)Os

impurities in the Li,SiO3 samples.

sol-gel
and LisSiO4

2) The calcination temperature plays an important
role in the properties of Li,SiO;. The purity of the
sample synthesized at 700 °C is improved dramatically
compared with that synthesized at 650 °C. The content of
Li,Si,05 impurity rises with increasing the calcination
temperature from 700 to 900 °C, and the Li,SiO; sample
with the highest purity of 97% is achieved at 700 °C. The
Li,SiO; sample calcined at 700 °C shows a good
morphology as the precursor of Li,FeSiO,. It consists of
primary particles of 1-3 pm, and the primary particle
clusters form agglomerates with loose and porous
appearance.

3) Li,FeSiO, was prepared by the solid-state
reaction between Li,SiO; and FeC,042H,0. The sample
has good crystallinity, and the XRD results can be
indexed to the Li,FeSiO,4 phase of orthorhombic unit cell
in space group Pmn21 and some unidentifiable impurity.
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