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Abstract

Cr-doped Li4SiO4 compounds were prepared by a sol–gel method. The effects of Cr3þ doping on the characteristics of Li4SiO4 were carefully
investigated. Compared with the XRD pattern of the Li4SiO4 sample, the XRD patterns of the Cr-doped Li4SiO4 shift to higher diffraction angle. This
indicated that Cr3þ entered the structure of Li4SiO4 rather than forming impurities. The formation of the compound was confirmed by Fourier transform
infrared study. The introduction of Cr3þ ions considerably raised the conductivity of the Li4SiO4 compound. The compound of Li3.94Cr0.02SiO4 exhibited
total conductivity value of 2.51� 10�5 S cm�1 at ambient temperature and 5.69� 10�4 S cm�1 at 500 1C. Ionic transference number corresponding to
Liþ ion transport determined by means of Bruce and Vincent technique was 0.95. Linear sweep voltammetry result showed that the doping of Cr3þ ion
improved the limit of electrolyte decomposition to 4.51 V versus a Li/Liþ reference electrode.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lithium super ionic conductor (LISICON) is one of promising
groups of crystalline materials that is very important for future
application as solid electrolyte in lithium batteries. This type of
electrolytes is considered to be effective in improving the safety of
lithium ion batteries compared to the traditional liquid electrolyte.
Among solid electrolytes, the application of ceramic electrolytes
form an important class of materials due to their large electro-
chemical stability window, good thermal stability, absence of
leakage and a high resistance to shock and vibrations. Meanwhile,
the use of ceramic materials in electrochemical devices can also
solve the problem of capacity fading and self discharge cause by
side reactions [1]. Many attempts to synthesize new ceramic
lithium superionic conductors have been made. The highest
conductivity of 10�3 S cm�1 was previously reported for the
thio-LISICON structure, Li3.25Ge0.25P0.75S4 [2]. However this type
of materials has disadvantages such as complicated to prepare,
toxic, show instability against electrochemical reduction at low
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potential (ca. 0.1 V versus Li/Liþ ), and also exhibits incompat-
ibility with graphite anode [3].
In the search of fast lithium conducting solid electrolyte, the

authors found recently new solid solution systems based on the
lithium orthosilicate, Li4SiO4. These compounds with the general
formula, Li4�3xCrxSiO4, are isostructural with γ-Li3PO4 and have
the same framework structure with the thio-LISICON. However,
the thio-LISICON structure have sulfur instead of oxygen in this
structure. The substitution of Li with Cr (3Liþ2Cr3þ ) will create
two vacant sites in the structure and any lithium ion in the inter-
mediate vicinity can jump to the vacant sites. This leaves the
previous two sites of the ion vacant available to host other ions.
This results in the mobility of ions across the solid giving rise the
conductivity. Their concentration is the main factor determining the
conductivity of this solid electrolyte [4].
Chavarria et al. [5] have previously reported conductivity data

for the Li4�3x(Al,Ga,In)xSiO4 at 127 1C with conductivity value
6� 10�5 S cm�1 (Al system), 6� 10�6 S cm�1 (Ga system)
and 6� 10�8 S cm�1 (In system). However, study on lithium
orthosilicate doped with Cr3þ ions has never been reported in the
literature. This doping is expected to be successful since the ion
radius difference between Cr3þ (0.64 Å) and Liþ (0.69 Å) is just
7.5% and does not exceed the solubility limit for atomic radii
differences in solid solution which is 15% [6].
ghts reserved.
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In this study, Li4�3xCrxSiO4 (x¼0, 0.01, 0.02 and 0.03)
compounds were synthesized and characterized. The effects of
Cr3þ substitution on the properties of Li4SiO4 were investi-
gated using x-ray diffraction (XRD), Fourier transform infrared
(FTIR), Scanning electron microscope (SEM), Particle size
analysis, impedance spectroscopy (IS), lithium transference
number measurement and linear sweep voltammetry (LSV).
2. Experimental procedure

2.1. Synthesis of Li4�3xCrxSiO4

For this study, four compounds with x¼0, 0.01, 0.02 and 0.03
were prepared via sol–gel technique. For sample preparation,
lithium acetate, chromium (III) acetate hydroxide and tetraethyl
orthosilicate were used as the starting materials. Meanwhile citric
acid was used as the chelating agent. The molar ratio of Li:Cr:Si
was fixed according to formula Li4�3xCrxSiO4 with x¼0, 0.01,
0.02 and 0.03. Lithium acetate and chromium (III) acetate
hydroxide were first dissolved in distilled water and then mixed
with citric acid under magnetic stirring. The solution was
transferred into a reflux system and continuously stirred until a
homogeneous solution was formed. Solution of tetraethyl ortho-
silicate was later added to this homogeneous solution. After
stirring for 12 h, the solution was taken out and then vaporized
for about 2 h under magnetic stirring at 75 1C. The resulting
sticky wet gel was dried in an oven at 150 1C for 24 h. The
obtained powder was ball milled for 24 h using a Fritsch
Pulverisettle-7 ball mill operated at 500 rpm. The powder was
sintered at temperature 800 1C for 12 h and later pressed using a
Specac pellet press to form pellet with diameter and thickness of
13 mm and 2.0 mm respectively.
Fig. 1. (a) XRD patterns of Li4�3xCrxSiO4 samples and (b) XRD patterns of
Li4�3xCrxSiO4 samples in 2θ range from 16.501 to 17.101.
2.2. Characterization techniques

XRD patterns of the powder samples were obtained using
X-ray Diffraction spectrometer (Bruker AXS D8 Advance) with
Cu-Kα radiation of wavelength of 1.5406 Å in 2θ range between
101 and 701 at the rate of 0.0161 in step width. FTIR was carried
out to confirm the structure of the studied ceramic samples.
Infrared spectra were recorded at room temperature using a
Perkin-Elmer Frontier Spectrometer with resolution 1 cm�1. The
absorption spectra in FIR region were measured using poly-
ethylene technique. The morphology of the sample powders were
analyzed by SEM which were carried out using Scanning
electron microscope spectrometer (Zeiss-Evo MA10). The parti-
cle size information was obtained using FRITSCH-Analysette 22
NanoTec laser particle sizer. The ceramic electrical properties
were determined by ac impedance spectroscopy using Solatron
1260 impedance analyzer over a frequency range from 1 to
106 Hz. An applied voltage was fixed at 200 mV.

Lithium transference number measurement was done using
Bruce and Vincent method [7–9] in order to determine the
actual type of charge carriers. The lithium transference number
(τLi
þ ) was calculated using the equation:

τLiþ ¼ IssðΔV�IoRoÞ
IoðΔV�IssRssÞ

ð1Þ

In this equation, Io is initial current (t=0), Iss is steady state
current, Ro and Rss are initial resistance of the passive layer
(before polarization) and resistance of the passive layer (after
polarization) respectively and ΔV is applied voltage bias
(ΔV=0.5 V). The electrochemical stability was evaluated by
linear sweep voltammetry using Wonatech ZIVE MP2 multi-
channel electrochemical workstation.
3. Result and discussion

3.1. Phase identification

Fig. 1(a) shows XRD spectra of the monoclinic Li4�3xCrxSiO4

(x¼0, 0.01, 0.02 and 0.03) samples. Cr3þ could be doped on
the Li sites (3Liþ2Cr3þ ) with up to x¼0.020 without the
presence of impurities. As such, further analysis was only done on
the samples with 0oxo0.02. To confirm the Cr3þ ion is in
the Li4SiO4 structure, the peaks in 2θ range 16.501–17.101 were
carefully analyzed. Fig. 1(b) shows the magnified XRD patterns in
this 2θ range. As seen in this figure, the peak shifts to higher
diffraction angle when Cr3þ ion is doped into the parent structure
indicating that Cr3þ ion is in the Li4SiO4 structure rather than
forming impurities. The diffraction peak is also broadened by



Fig. 2. FTIR spectra of Li4�3xCrxSiO4 samples in the spectral region from 458
to 462 cm�1 and 498 to 502 cm�1.
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Cr3þ doping, which implies that the crystal size decreases with
increasing Cr3þ content.

Meanwhile, the variation of the lattice parameters of the
monoclinic γ-solid solution with different Cr3þ contents are
shown in Table 1. Based on the table, the value of a increases
and then decreases while the values of b, c, β and unit cell
volume (V) decrease with increase of Cr3þ ion content. The
decrease in the lattice constants is attributable to the substitutions
of smaller volume of Cr3þ ion compared to three volumes
of Liþ ions. The substitution of lithium by Cr3þ which results
in shrinkage of unit cell volume increases the stability of the
compound′s structure [10].

3.2. FTIR analysis

Fig. 2 presents the FTIR spectra for Li4�3xCrxSiO4 samples
in the spectral region from 460 cm�1 and 500 cm�1 which
corresponds to absorption peaks originated from Li–O and Li–
O–Si groups [11–13]. The increasing of Cr3þ concentration
results in a decrease in intensity of the peaks. This effect is due
to the coordination of the cation of Cr3þ with the oxygen,
which results in the weakening of the Li–O and Li–O–Si and
change in the lattice parameters as mentioned earlier.

3.3. SEM and particle size distribution

The SEM micrographs and particle size distribution of
Li4�3xCrxSiO4 ceramic powders are displayed in Fig. 3. From
these images, it is clear that the particle size decreases with
increasing Cr3þ content. The average grain size decreases from
11.8 μm in the Li4SiO4 sample to 0.59 μm in the Li3.94Cr0.02SiO4

sample. The smaller particles in Li3.940Cr0.020SiO4 is favorable as
this may improve contact with electrode materials when it is used
for device fabrication.

3.4. Impedance measurement

Impedance spectra for Li4�3xCrxSiO4 with x¼0, 0.01 and
0.02 at ambient temperature are presented in Fig. 4. The figure
shows a high and low frequency semicircle for all samples. The
total conductivity, (st) ( bulk conductivity, sbþgrain boundary
conductivity, sgb) which represent the direct current (d.c)
conductivity in the ceramic sample can be calculated from
equation [14]:

1
st

¼ 1
sb

þ 1
sgb

ð2Þ

where sb¼d=ARb and sgb¼d=ARgb. In these equation, d is the
sample thickness, A is the cross-sectional area of sample, Rb is the
Table 1
Lattice parameters and unit cell volume for different x value.

Samples a70.066 (Å) b70.008 (Å)

x¼0.00 5.147 6.094
x¼0.01 5.271 6.089
x¼0.02 5.249 6.079
bulk resistance and Rgb is the grain boundary resistance. As the
Cr3þ concentration increases, the total resistance, Rt¼ (RbþRgb)
value shifts towards lower values indicating increase in con-
ductivity.
Fig. 5 depicts the plots of temperature dependence of total

conductivity for all samples. The conductivity plots of the
three samples are linear and fit the Arrhenius equation as
expressed by:

sbT ¼ A exp
�Eα

kT

� �
ð3Þ

where A is the pre-exponential factor, Eα is the activation energy
for conduction and k is the Boltzman constant. The conductivity
of the samples increases with temperature and with Cr3þ ion
concentration as well. The Li3.94Cr0.02SiO4 compound gives the
highest conductivity value of 2.51� 10�5 S cm�1 at ambient
temperature and 5.69� 10�4 S cm�1 at 500 1C. The conductiv-
ity value at ambient temperature for Li3.94Cr0.02SiO4 is an order
of magnitude higher compared to the Li4SiO4. The s-1000/T
plots show a discontinuity at 300 1C (1000/T¼1.75 K�1) which
is in agreement with the results reported by Wakihara et al. [15]
and those obtained by the author earlier [16]. The change in slope
of the s-1000/T plots could be due to an order-disorder transition
of Liþ and Cr3þ ions (change in structure arrangement). This is
support by the authors' previous work in which no phase
transition was observed in the sample upon heating from room
temperature until 500 1C [16].
c70.105 (Å) β70.04 (1) V (Å3)

5.293 90.33 166.01
5.124 90.32 164.44
5.100 90.25 162.74



Fig. 3. SEM micrograph and particle size distribution of the (a) Li4SiO4 (b) Li3.97Cr0.01SiO4 and (c) Li3.940Cr0.02SiO4 sample.

Fig. 4. The impedance spectra of Li4�3xCrxSiO4 sample.
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3.5. Lithium transference number

Fig. 6(a) and (b) present plots of current versus time for the
Li/Li3.94Cr0.02SiO4/Li and Li/Li4SiO4/Li cells used for the lithium
transference number determination of the solid electrolyte. Under a
dc polarization of 0.5 V, the current in the both cells exhibit only
a small decay with time. The initial and final steady current in
Li/Li3.94Cr0.02SiO4/Li cell are Io¼0.92 μA and Iss¼0.87 μA
respectively. Meanwhile, the initial and final steady currents in
Li/Li4SiO4/Li cell are Io¼1.67 μA and Iss¼1.34 μA respectively.
The impedance responses of the cells prior and after polarization
for Li/Li3.94Cr0.02SiO4/Li cell are Ro¼15,180 Ω and Rss¼15,923
Ω respectively. Meanwhile in Li/Li4SiO4/Li cell, the impedance
responses prior and after polarization are Ro¼36,307 Ω and
Rss¼42,405 Ω respectively.

Calculation of Liþ transference number was done using
Eq. (1). The lithium transference number value is 0.95 for the
Li3.94Cr0.02SiO4 electrolyte sample and 0.79 for the Li4SiO4
electrolyte sample. These values show that the Cr3þ doping
into the Li sites ( Cr3þ23Liþ ) increases the Liþ ions
transport number.



Fig. 7. Linear sweep voltammogram of Li4SiO4 and Li3.940Cr0.020SiO4 at a
sweep rate of 1 mV s�1.

Fig. 5. Temperature dependence of total conductivity for Li3.940Cr0.020SiO4 sample.

Fig. 6. (a) Current versus time plot for Li3.940Cr0.020SiO4 sample and
impedance responses of the sample before and after polarization. (b) Current
versus time plot for Li4SiO4 sample and its impedance spectra performed
before and after cell polarization are shown in inset.
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3.6. Linear sweep voltammetry

The electrochemical stability window is another important
parameter of the ceramic electrolyte. The stability was evaluated
by linear sweep voltammetry. Fig. 7 illustrates linear sweep
voltammograms of the Li4Sn0.02Si0.98O4 and Li4SiO4 ceramic
electrolyte. From the figure, the magnitude of current is fairly low
below 2.73 V for Li4SiO4 and is 4.51 V for Li3.94Cr0.02SiO4 res-
pectively and the current starts increasing at potentials beyond
this limit due to decomposition of the electrolyte. This suggests
that the doping of Cr3þ ion increases the limit of electrolyte
decomposition.
4. Conclusions

The effects of Cr3þ doping on Li4SiO4 were studied by XRD,
FTIR, SEM, Particle size analysis, EIS, transference number and
LSV. The XRD and FTIR results showed that Cr3þ is successfully
inserted into the Li4SiO4 structure. The SEM showed that the grain
size decreases with increase of Cr3þ concentration. The conduc-
tivity –temperature study illustrated that the conductivity of the
compound obeys the Arrhenius law and increase with temperature.
The value of lithium transference number increases upon Cr3þ

doping. The Li3.94Cr0.02SiO4 sample showed an increased of stable
voltage window up to 4.51 V versus Li/Liþ respectively.
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