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a b s t r a c t

Lithium vanadium metasilicate (LiVSi2O6) with pyroxene structure has been exploited as an electrode
material for Li-ion batteries. Galvanostatic charge and discharge tests show that LiVSi2O6 is able to deliver
a capacity of 85 mAh g−1 at 30 ◦C, and a high capacity of 181 mAh g−1 at 60 ◦C. The high capacity is believed
to be due to the reactions of V3+/V4+ and V2+/V3+redox couples, accompanied by the excess 0.42 Li+
vailable online 1 July 2010

eywords:
ithium ion battery
yroxene
lectrode material

insertion into the lattice forming a Li-rich phase Li1.42VSi2O6. High-energy synchrotron XRD combined
with the Rietveld refinement analysis confirms that the electrochemical delithiation–lithiation reaction
proceeds by a single phase redox mechanism with an overall volume variation of 1.9% between LiVSi2O6

and its delithiated state, indicating a very stable framework of LiVSi2O6 for Li+ ions extraction–insertion.
© 2010 Elsevier B.V. All rights reserved.
lectrochemical behavior
ynchrotron radiation XRD

. Introduction

Recent rapid development of solar power, wind power and
ybrid electric vehicles (HEVs) makes energy conversion and
torage increasingly important [1,2]. The success of these new
nergy industries relies heavily on the secondary battery sys-
ems, particularly Li-ion batteries [3]. Although Li-ion batteries
ave been widely used in portable electronic devices such as lap-
ops, digital cameras and mobile phones, their applications in
igh power and large-format energy storage systems have been
everely hindered by the currently prevailing cathode material,
iCoO2, which cannot meet the safety and cost requirement. To
ddress this issue, a large number of materials based on XOm

PO4, SiO4, BO3, etc.) polyanion structures have been explored
ue to the decent redox potential and improved safety [4–8].
he strong covalent X–O bond of the XOm polyanions not only
nhances the M2+/M3+ redox potential through an inductive effect,
ut also prevents the O atoms from releasing even in abused
ondition.

These polyanion materials, however, are generally electronic

oor conductors which limit their full access to the theoretical
apacity. Over the last decade, many attempts have been made
o improve their conductivity by versatile strategies such as coat-
ng the particle with carbon [9], doping with exotic ions [10] or

∗ Corresponding authors. Tel.: +81 72 751 9611; fax: +81 72 751 9623.
E-mail addresses: jiangfeng.ni@aist.go.jp, jfengni@gmail.com (J. Ni),

akai-tetsuo@aist.go.jp (T. Sakai).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.06.085
reducing the particle size [11]. With better safety and improved
electrochemical property, the polyanion materials, particularly
olivine LiFePO4, have gradually found application in advanced
lithium batteries for use in high energy and power system as
required by HEVs [12]. Nevertheless, the relatively low capacity
due to large-format weight and only one electron transfer upon
the delithiation–lithiation process cannot meet the energy density
requirement of HEVs [3]. For instance, currently the most promis-
ing material LiFePO4 only shows a limited capacity of 170 mAh g−1.
The silicate counterparts, Li2MSiO4 (M = Fe, Mn), have the poten-
tial of a high capacity above 300 mAh g−1 (two electrons transfer,
M2+/M3+ and M3+/M4+), however, the capacity related to the sec-
ond electron transfer is extremely difficult to realize in practical
utilization [5,6].

To improve material capacity, it is desirable to make use of
redox reaction involving more than one electron. Vanadium-based
materials seem to be particularly promising, because vanadium
possesses a series of valences ranging from 2+ to 5+, which
enables a redox reaction involving maximum three electrons.
Accordingly, many vanadium oxides have been explored, and
some of them indeed show a high capacity delivery at around
200 mAh g−1. These oxides, however, require a Li-containing anode,
and they exhibit unstable cyclability due to structure evolu-
tion [13], which limits their scale-up applications in current

Li-ion batteries. Due to improved cyclability and thermal stability,
vanadium-based polyanions such as Li3V2(PO4)3 [14], Li2VOSiO4
[15], and Li5V(PO4)2F2 [16] have drawn considerable attention,
however, most of them do not show favorable electrochemical
behavior except Li3V2(PO4)3 [14].
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In this work we report a new lithium vanadium metasilicate
LiVSi2O6) as a potential electrode material for Li-ion batteries.
he LiVSi2O6 material belongs to the family of pyroxene in which
he Li+ ion can be replaced by other alkaline metal ion, the Si4+

y Ge4+, and the V3+ by Al3+, Fe3+, Mn3+, etc. [17]. Because of
ntrinsic magnetic moment of S = 1, the LiVSi2O6 is better known
or its magnetic properties [18]. Here for the first time we study
ts electrochemical properties, and demonstrate that it holds the
otential as a promising electrode material for advanced Li-ion
atteries.

. Experimental

The LiVSi2O6 material is usually prepared via a ceramic route
nvolving high temperature and long time. For instance, Satto et
l. prepared LiVSi2O6 single crystals at 1100 ◦C for 96 h, while
edrini et al. obtained LiVSi2O6 powder of 95% purity at 990 ◦C for
00 h [17,18]. Here we develop a high-energy ball-milling assisted
eramic approach, the synthesis process operates at 950 ◦C for a
ew hours. The detailed synthetic procedure is summarized as fol-
owing. First, intermediates with average formula LiSi2O4.5 were
repared by annealing the stoichiometric mixture of Li2CO3 and
iO2 at 730 ◦C for 12 h. Then stoichiometric LiSi2O4.5 and V2O3 were
eighed and thoroughly mixed by a high-energy ball-milling facil-

ty (High G, Kurimoto). After treating at 950 ◦C for 5 h in H2/Ar
10:90) mixture atmosphere, the product was ball milled again
nd heated at 950 ◦C for another 3 h. To improve the conductivity,
he product was coated by 2 wt.% carbon by pyrolyzing a certain
mount of citric acid at 600 ◦C [19]. It is worth noting that all
xperiments were carried out on the carbon-coated products unless
therwise stated.

The XRD measurement was conducted at the BL19B2 beam line
f the synchrotron radiation facility SPring-8, Japan, as reported
n previous publication [20]. A large Debye–Scherrer camera was
sed to detect the fine diffraction patterns, and the wavelength
as calibrated to be � = 0.700 Å by using CeO2 as a standard.

rior to measurement, the sample powder was loaded into a
lass capillary (ϕ = 0.3 mm) and sealed with glue in an Ar filled
love box to prevent contamination. The structural analysis was
erformed with the Rietveld method on the program Rietan-
000 [21]. SEM and energy dispersive X-ray spectroscopy (EDX)
ere performed on a JEOL JSM-6390 microscope equipped with a

ED-2300 spectrometer. Raman spectroscopy was recorded using
RMP-320 (Jasco) spectrometer with Ar laser of 50 mW at

32 cm−1.
The electrochemical measurements were carried out on a 2032

oin cell. The cathode composite consists of 70 wt.% carbon-coated
iVSi2O6, 15 wt.% ketjen black, and 15 wt.% polyvinylidene, with
typical material loading of 5 mg cm−2. The 2032 coin cells were

◦
ssembled in a dry room with a dewpoint below −60 C. The anode
s Li foil and the electrolyte is 1 mol L−1 LiPF6 in ethylene carbon-
te/dimethyl carbonate (EC/DMC) (1:1 by volume). The cells were
ested on a Battery Labo System program-controlled test system
Keisokuki Center) in the voltage range of 1.5–4.5 V.

able 1
he structural parameters of the as-prepared LiVSi2O6 sample.

Phase S.G. a (Å) b (Å)

As-prepared LiVSi2O6 C2/c 9.6342(5) 8.607
Li2SiO5 Ccc2 5.789(2) 14.60(3
SiO2 P3221 4.936(3) 4.936

Charged (70% SOC) Li0.3VSi2O6 C2/c 9.5907(5) 8.569
Li2SiO5 Ccc2 5.793 (2) 14.60(2
SiO2 P3221 4.932(3) 4.932
Fig. 1. (a) Rietveld refinement of the as-prepared LiVSi2O6. Rwp: 7.15%, Rp: 5.15%, S:
1.50. (b) Schematic representation of LiVSi2O6 pyroxene structure.

3. Results and discussion

Fig. 1a presents the synchrotron XRD pattern and its Rietveld
refinement result of the as-prepared LiVSi2O6 material. The small
difference between the observed pattern and the calculated one
as well as the small value of factors Rwp, Rp, and S, verifies that
the structural analysis is reliable. The XRD pattern is indexed as
a major pyroxene phase (ICSD No. 159535), two minor impuri-
ties of Li2Si2O5 (ICSD No. 280481) and SiO2 (ICSD No. 083849)
and the detailed structure information is listed in Table 1. The
pyroxene phase crystallizes in a monoclinic structure, space group
C2/c (the same as LiFeBO3 [6]) with resolved lattice parameters of
a = 9.6342(5) Å, b = 8.6070(4) Å, c = 5.3028(3) Å, ˇ = 109.62(2)◦, and
V = 414.20 Å3, consistent with previous reports [17,18]. A high
purity (96.6%) is confirmed by the phase abundance analysis, indi-
cating the effectiveness of our synthesis strategy. This high purity is

comparable with Pedrini’s result (purity ∼95%) [18], and our strat-
egy is obviously more suitable because our preparation only takes
a few hours instead of 100 h [18]. It is believed that the high-energy
ball-milling process facilitates the intimate mixing of ingredients

c (Å) ˇ (◦) V (Å3) Content (wt.%)

0(4) 5.3028(3) 109.62(2) 414.20 96.6
) 4.760(2) 402.42 2.6

(3) 5.40(1) 113.97 0.8

8(4) 5.2785(2) 109.62(2) 408.66 96.4
) 4.762(1) 402.69 2.7

(3) 5.40(2) 113.87 0.9
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Table 2
The atomic parameters for LiVSi2O6 and its charged phase (Li0.3VSi2O6). Here g is the site occupancy and B is the overall isotropic atomic displacement parameters.

Phase Atom Site x y z g B (Å2)

As-prepared Li 4e 0 0.289(2) 0.25 1 0.5
V 4e 0 0.908(1) 0.25 1 0.23(5)
Si 8f 0.296(1) 0.089(2) 0.268(1) 1 0.32(3)
O1 8f 0.116(3) 0.080(2) 0.152(1) 1 0.14(2)
O2 8f 0.369(2) 0.255(1) 0.319(1) 1 0.36(2)
O3 8f 0.348(2) 0.001(1) 0.053(2) 1 0.17(4)

Charged (70% SOC) Li 4e 0 0.267(2) 0.25 0.3 0.5
V 4e 0 0.906(1) 0.25 1 0.35(2)
Si 8f 0.297(1) 0.090(1) 0.269(2) 1 0.29(4)
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ics like LiFeBO3 [8]. It is expected that the particle size will affect
the electrochemical performance to a large extent. Indeed, tests
on another LiVSi2O6 power material with similar purity but with
micron particles show that the discharge capacity is quite low, at
only 40 mAh g−1. Despite of the relatively low capacity, this sub-
O1 8f 0.114(2)
O2 8f 0.363(1)
O3 8f 0.352(2)

nd increases the reaction kinetics [22]. It is worth of noting that
second treatment at 950 ◦C is necessary to improve the purity,
owever, attempt to fully remove Li2Si2O5 and SiO2 impurities has
ot been achieved, which is reminiscent of other silicate materials

ike Li2FeSiO4 and Li2MnSiO4 [5,6].
The structure of pyroxene LiVSi2O6 is schematically presented in

ig. 1b, and the atomic parameters are also summarized in Table 2.
n the crystalline the V3+ ions occupy the centers of the VO6 octa-
edra, which form isolated edge-shared chains linked together by
he SiO4 tetrahedral to form a three-dimensional framework, while
he Li+ ions occupy the interstitial sites to form chains along c-
xis direction. This three-dimensional framework allows Li+ ions to
ove freely in the distorted octahedra, making LiVSi2O6 feasible as

lectrode material for Li-ion battery. However, a slow kinetics of Li
iffusion may be expected, because the possible exchange distance
or two adjacent Li ions are 0.449 nm (bc plane) and 0.470 nm (ab
lane), respectively, which are much larger than that in the LiFePO4
∼0.30 nm).

Fig. 2a shows the SEM image of Li2VSi2O6 material. It is seen that
he particles are mainly in the submicron range (200–500 nm) with
n even size distribution, though some large agglomerates are also
isible. The collection of EDX examination shown in Fig. 2b confirms
he presence of V, Si, O and C, and an elemental mapping analysis
not shown here) reveals that their distribution is uniform.

To collect more structural information of the as-prepared
iVSi2O6, Raman spectroscopy measurement was performed on
oth bare LiVSi2O6 and carbon-coated one, and their spectra are
resented in Fig. 3. Analogous to LiFePO4, the vibration spectrum
f LiVSi2O6 is dominated by SiO4 tetrahedra, because the bond
trength of SiO4 group is much greater than other polyhedra like
O6 and LiO6 octahedra [23,24]. In the Raman spectrum of the bare
iVSi2O6, the bands around 1030 cm−1 and 860 cm−1 are related
o asymmetric stretching vibration of Si–O, while the band in the
20–830 cm−1 can be assigned to the bending vibration of O–Si–O
nd Si–O–Si. The intensity of the latter band is somewhat high,
hich is related to SiO2 impurity [24]. The weak band at 230 cm−1 is

ttributed to the external mode, which is difficult to be assigned to
pecific vibration because it is composed of the whole body trans-
ational and librational movement of the SiO4 group and the metal
ons V3+ and Li+. In the spectrum of carbon-coated sample, the band
ntensity related to SiO4 group decreases, while two additional
trong bands centered at 1345 cm−1 and 1595 cm−1 emerge, which
re the typical D band and G band of carbon, respectively [19].

The electrochemical property of the material was investigated
sing coin cells with Li foil as the counter electrode. Fig. 4a shows

he typical galvanostatic charge and discharge profiles at 0.05 C
1 C = 127 mA g−1) at 30 ◦C. A capacity of 85 mAh g−1 (equal to 0.67
i per formula) is achieved over 1.5–4.5 V proceeding by a con-
inuous sloping profile rather than plateau, indicative of a single
hase process [25]. To better understand the galvanostatic pro-
0.087(1) 0.157(1) 1 0.22(2)
0.256(1) 0.321(3) 1 0.34(5)
0.000(3) 0.052(1) 1 0.28(3)

cess, the differential curve (dQ/dV) derived from the charge and
discharge profile is also given in Fig. 4b. Three pairs of redox humps
rather than sharp peaks at 2.19/2.00 V, 3.22/3.12 V, and 4.22/4.02 V
are observed. These redox humps reflect different steps of Li dif-
fusion from/into LiVSi2O6 crystals, which is related to a sluggish
kinetics process. The exchange distance for Li+ hopping is partic-
ularly long, and there is more than one potential direction for Li+

movement (see Fig. 1b), so the Li diffusion may proceed by various
steps distinguished by different driven forces (potentials). Similar
phenomenon is also observed in other materials with poor kinet-
Fig. 2. SEM image (a) and EDX spectroscopy (b) of the as-prepared LiVSi2O6.
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Fig. 3. Raman spectroscopy of the bare and carbon-coated LiVSi2O6.

icron material shows a favorable cyclability, as seen in Fig. 5.
pon repeating 40 cycles, the capacity does not fade but increases
radually to 96 mAh g−1.

To understand the structure evolution over the electrochem-
cal process, synchrotron radiation XRD and Rietveld refinement

ere also done on the charged electrode (70% state of charge
SOC)) after 20 cycles at 30 ◦C (Fig. 6). It is found the charged elec-
rode exhibits almost a similar pattern to the fresh material except

or slightly peak shift towards high angle, indicative of a single
hase electrochemical behavior, in good agreement with the elec-
rochemical analysis. Structural analysis on synchrotron radiation
ata was performed and some lattice and atomic parameters are

isted in Tables 1 and 2, respectively. The Rietveld analysis releases

ig. 4. (a) Charge and discharge profiles of LiVSi2O6 and (b) the corresponding
ifferential curves.
Fig. 5. Discharge capacity of LiVSi2O6 at 30 ◦C as a function of cycle number.

a slightly reducing parameters of a = 9.5907(4) Å, b = 8.5698(4) Å,
c = 5.2785(2) Å, ˇ = 109.62(2)◦, and V = 408.66 Å3 (see Table 1). The
overall 1.9% decrease in volume (extrapolated to 100% SOC) is even
less insignificant than that of LiFePO4 (6.5%) [4], which provides
possibly explanation to the stable cycling behavior shown in Fig. 5.

Considering the fact that the silicate materials exhibit poor
kinetics [5,6], galvanostatic tests were also operated at 60 ◦C. The
coin cells were charged at a constant rate of 0.05 C and discharged at
different rates. Fig. 7a presents the rate discharge curves of LiVSi2O6
at 60 ◦C. For clarification, the charge curves of the first two cycles are
plotted as well. It is clearly seen that high temperature facilitates
the Li+ ions deintercalation–intercalation process. A high charge
capacity of 126 mAh g−1 and, more surprising, a higher discharge
capacity of 181 mAh g−1 (equal to 1.42 Li per formula) are observed
in the first galvanostatic cycle, which indicates most Li+ ions were
extracted upon charge and 1.42 Li+ ions per formula was re-inserted
into LiVSi2O6 lattice upon discharge. The excess Li+ ions might dif-
fuse into the interstitial sites to form a Li-rich phase Li1.42VSi2O6,
while simultaneously partial V3+ ions were further reduced to V2+

ions. This result proves exactly that the capacity involving the sec-
ond electron is accessible in pyroxene material, and that also adds
weight to its competition with other electrode materials. Again,
the plot of dQ/dV curve of the second cycle is drawn to better
understand the electrochemical process (Fig. 6b). It is found that

the dQ/dV curve at 60 ◦C is consistent with that at 30 ◦C, except for
a somewhat shift of humps, indicative of a similar electrochemical
mechanism at these two temperatures. A close examination reveals
that the hump in the range of 1.8–2.3 V becomes much stronger,

Fig. 6. Rietveld refinement of charged LiVSi2O6 electrode (70% SOC) after 20 cycles.
Rwp: 6.87%, Rp: 4.24%, S: 1.45.
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ig. 7. (a) Rate discharge capability of LiVSi2O6 at 60 ◦C. The first and second charge
urves are also plotted for clarification. Charge current rate: 0.05 C. (b) The differ-
ntial curves corresponding to the second charge–discharge cycle.

hich is probably associated with the accommodation of excess
i+ ions. This assumption also can find evidence in the discharge
urve, in which a large capacity was found over this range.

It is noted that the utilization of redox couple of V2+/V3+ may
eed extra Li source, but this would not become a problem if inte-
rating some “Li storage” materials like Li5FeO5 or Li2MnO3 [26].
ncreasing the discharge rate, however, results in a remarkable

−1
ecrease in the capacity, and only 98 mAh g is obtained at 1 C
ate. It is believed that the poor rate capability can be enhanced
iven that the material design like particle size and conductive coat-
ng is optimized [9,11]. The cycling behavior at 60 ◦C was further
nvestigated. Fig. 8 shows the discharge capacity at 60 ◦C as a func-

Fig. 8. Discharge capacity of LiVSi2O6 at 60 ◦C as a function of cycle number.
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tion of cycle number. It is seen that the cyclability is not as good
as that at 30 ◦C, and only 127 mAh g−1 was delivered at the 20th
cycle comparing with the initial 170 mAh g−1. This capacity fad-
ing is primarily related to the deterioration of electrolyte/electrode
interphase at high temperature, rather than to the structural defor-
mation, and thus an effective coating layer will help to resolve this
problem [27]. The coating experiment and the structural analysis of
Li2VSi2O6 after excess Li insertion by synchrotron XRD are currently
undergoing, and the results will be reported in the future.

4. Conclusion

Highly pure Li2VSi2O6 material was prepared by a modified
ceramic approach with the assistance of high-energy ball-milling,
and its electrochemical activity was investigated. At 30 ◦C, only
85 mAh g−1 was delivered involving the redox couple of V3+/V4+; at
60 ◦C, a high capacity of 181 mAh g−1 was observed involving the
redox reactions of both V3+/V4+ and V2+/V3+couples. The structural
analysis of charged electrode material confirms that the material
undergoes a single phase electrochemical delithiation–lithiation
process, with an overall volume variation of 1.9% between
Li2VSi2O6 and its fully charged state. The results of this work
demonstrate for the first time that pyroxene materials are promis-
ing cathode candidates for Li-ion batteries.
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