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a b s t r a c t

Electroactive lithium vanadyl phosphate, �-LiVOPO4, was synthesized via a sol–gel route, and �-
LiVOPO4/RuO2 composite was subsequently prepared by heating RuCl3 in the network of �-LiVOPO4

particles. X-ray diffraction patterns showed that �-LiVOPO4 has an orthorhombic structure with space
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group of Pnma. Energy dispersive X-ray spectroscopy dot mappings revealed that ruthenium was homo-
geneously distributed among �-LiVOPO4 particles. Compared with pristine �-LiVOPO4, �-LiVOPO4/RuO2

composite presented better electrochemical Li ion intercalation performances due to the enhanced elec-
trical conductivity and Li ion diffusion. �-LiVOPO4 may be prospective for the application to high-voltage
Li ion batteries if the electrical conductivity is improved through a practical way.
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. Introduction

Nowadays Li ion batteries have been widely used in many fields
s power suppliers for mobile equipment. The present commercial
athode material, LiCoO2, possesses some problems in large-scale
tilization, due to the high cost and safety. Transition metal phos-
hates have been attracting much interest as a new class of cathode
aterials for Li ion batteries, such as LiMPO4 (M Fe, Mn, or Co)

1–4], Li3V2(PO4)3 [5–10], and LiVPO4F [11,12]. These materials con-
ain both mobile Li ions and redox-active transition metals within
rigid phosphate network, and display remarkable electrochem-

cal and thermal stability as well as comparable energy density.
ne of the main drawbacks in these materials is their poor elec-

rical conductivity [13,14]. Low electrical conductivity affects the
igration kinetics of Li+ ions and electrons during electrochem-

cal reaction [15], and therefore influences the charge/discharge
apacities especially when the electrodes are tested at high rates.

In search for ideal polyanion insertion hosts, lithium vanadyl
hosphate (LiVOPO4) is also a candidate [16–22]. LiVOPO4 contains
wo crystal phases, �- and �-LiVOPO4. �-LiVOPO4 is triclinic struc-
ure (space group P1̄), and �-LiVOPO4 is orthorhombic structure
space group Pnma) [17,19]. �-LiVOPO4 has ever been synthesized
ia a sol–gel [23] and one-pot hydrothermal route [24]; however,

his material showed rather poor electrochemical performances.
arker et al. synthesized �-LiVOPO4 through a carbothermal reac-
ion, and the V4+/V5+ redox transition in �-LiVOPO4 was located
round 3.9 V vs. Li+/Li [17]. Azmi et al. prepared �-LiVOPO4 through
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olid-state reactions, and its electrochemical performances were
lso poor [20]. �-LiVOPO4 has the theoretical specific capacity
f ∼166 mAh g−1, as high as LiFePO4. Compared with LiFePO4,
his cathode material has higher charge/discharge plateau (around
.0 V). In addition, contrast with Li3V2(PO4)3 which has the highest
heoretical specific capacity (197 mAh g−1) among the transi-
ion metal phosphates, �-LiVOPO4 has only one charge/discharge
lateau, which can help its utilization in practical lithium ion bat-
eries. However, due to the low electrical conductivity and Li ion
iffusion, the electrochemical performance of this cathode mate-
ial is still poor. It was regarded that this problem could be solved
o some degree by mixing with electrically conducting materi-
ls; however, our experimental results showed that the simple
ddition of carbon did not lead to apparent enhancement in electro-
hemical performances. Since it is reported that RuO2 remarkably
ncreased the electrical conductivity and electrochemical perfor-

ances of some Li ion battery materials [15,25,26], in this work
-LiVOPO4/RuO2 composite was investigated to explore whether
-LiVOPO4 is prospective in high-voltage Li ion batteries on con-
ition that the low electrical conductivity problem is completely
esolved. Though we know that RuO2 is rather expensive for prac-
ical applications, the results and mechanism revealed in this work
re useful for the future improvement of this material.

. Experimental
.1. Sample preparation

�-LiVOPO4 was synthesized through a sol–gel route. Start-
ng materials were V2O5, LiNO3·6H2O, NH4H2PO4 and oxalic acid.
irstly, oxalic acid and V2O5 in stoichiometric ratio were dissolved
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n deionized water with magnetic stirring at 70 ◦C (Eq. (1)). After a
lear blue solution formed, a mixture of stoichiometric NH4H2PO4
nd LiNO3·6H2O was added to the solution while stirring for 4 h,
nd then a gel formed in an air oven at 100 ◦C. Finally, the gel was
ecomposed at 300 ◦C for 4 h, and the obtained product was sin-
ered at 500 ◦C for 4 h in air (Eq. (2)). �-LiVOPO4/RuO2 composite
as prepared as follows; 500 mg of �-LiVOPO4 was soaked by 4 ml
f 0.05 mol l−1 RuCl3 solution, and after drying at 50 ◦C, the powder
as calcined at 450 ◦C for 1 h in air (Eq. (3)), and the weight ratio
f RuO2 in the LiVOPO4/RuO2 composite is about 5%.

2O5 + 3H2C2O4 → 2VOC2O4 + 3H2O + 2CO2 (1)

VOC2O4 + LiNO3 + NH4H2PO4 → LiVOPO4

+ 2CO + 2NO + 3H2O (2)

uCl3 + 1/4O2 + 3/2H2O → RuO2 + 3HCl (3)

.2. Sample characterization

X-ray diffraction (XRD) patterns of the samples were mea-
ured using the D/MAX Ш diffractometer with Cu K� radiation
� = 1.5418 Å). A JEOL-7500F scanning electron microscopy (SEM)
as used to investigate the morphology of the samples. The electri-

al conductivities of the samples were measured by linear potential
can within a Zahner-Elektrik IM6e electrochemical workstation.
he pristine �-LiVOPO4 and �-LiVOPO4/RuO2 pellets used for elec-
rical conductivity measurements were prepared by uniaxially
ressing the powders with a pressure of 10 MPa, and then Ag paste
as coated on both sides of the pellets of about 13 mm in diameter

nd 1.3 mm in thickness.

.3. Galvanostatic charge/discharge tests

Electrochemical Li ion intercalation performances of the sam-
les were evaluated in Li test cells. The cathode materials were
repared by mixing the samples with acetylene black and polyte-
rafluoroethylene (PTFE) with a weight ratio of 75:20:5 in ethanol
o ensure homogeneity. After the ethanol was evaporated, the mix-
ure was rolled into a sheet, and the sheet was cut into circular strips
f 8 mm in diameter. The strips were then dried at 100 ◦C for 10 h.
ithium metal was used as an anode. The electrolyte was composed
f a 1 mol l−1 LiPF6 dissolved in ethylene carbonate (EC)/dimethyl
arbonate (DMC)/ethylene methyl carbonate (EMC) with the vol-
me ratio of 1:1:1. Test cells were assembled in an argon-filled dry
love box. The galvanostatic charge/discharge tests were performed
ithin a Land CT2001 battery tester at different current densities

n a voltage range of 3.0–4.5 V at 25 ◦C.

.4. CV measurements

Cyclic voltammograms (CVs) were conducted within a LK2005A
lectrochemical workstation. The CV curves were recorded for the
bove test cells in a potential range of 3.0–4.5 V (vs. Li+/Li) with
ifferent scan rates at 25 ◦C.

. Results and discussion
.1. Sample characterization

Fig. 1 shows the XRD patterns of pristine �-LiVOPO4 and �-
iVOPO4/RuO2 composite. �-LiVOPO4 possesses an orthorhombic
ymmetry with space group Pnma. There are two impurity peaks

d
c
i
T
L

ig. 1. X-ray diffraction patterns of pristine �-LiVOPO4 and �-LiVOPO4/RuO2 com-
osite.

t 27.2◦ and 29.7◦, which are ascribed to �-LiVOPO4. The reflec-
ions from �-LiVOPO4/RuO2 composite are indexed with JCPDS (No.
5-2438). RuO2 is not detected from the XRD patterns, since the
trongest peak indexed as (1 1 0) of RuO2 (JCPDS No. 40-1290) over-
aps with that of (0 2 0) of �-LiVOPO4. Accordingly, in Fig. 1 the
ntensity ratio of (0 2 0) vs. (2 0 1) increases from 0.66 for pristine
-LiVOPO4 to 0.72 for �-LiVOPO4/RuO2 composite, indicating the
xistence of RuO2 in �-LiVOPO4/RuO2 composite. The result can
lso be confirmed by the following Energy dispersive spectroscopy
EDS) analysis.

The SEM image of �-LiVOPO4/RuO2 composite and the corre-
ponding EDS dot mappings of Ru and V are shown in Fig. 2. The
EM image (Fig. 2a) shows that the sample consists of uniform par-
icles with average sizes of ∼2 �m. The EDS dot mappings reveal
hat Ru is homogeneously distributed among �-LiVOPO4 particles.

The electrical conductivities of pristine �-LiVOPO4 and �-
iVOPO4/RuO2 composite are 1.42 × 10−8 and 2.65 × 10−6 S cm−1,
espectively. As RuO2 is metallic, the three-dimensional (3D) inter-
onnected network among �-LiVOPO4 particles enhanced the
lectronic conduction of the sample [15,27].

.2. Galvanostatic charge/discharge tests

The electrochemical performances of �-LiVOPO4 are increased
ignificantly due to the coexistence of RuO2 network. Fig. 3 shows
he fifth-cycle charge/discharge profile of pristine �-LiVOPO4
nd �-LiVOPO4/RuO2 composite measured at the current den-
ity of 10 mA g−1 in the potential range of 3.0–4.5 V at 25 ◦C. Both
lectrodes exhibit the charge plateau around 4.04 V and a corre-
ponding discharge plateau around 3.95 V; the discharge capacities
f pristine �-LiVOPO4 and �-LiVOPO4/RuO2 composite are 91.6 and
18.6 mAh g−1, respectively.

The effect of RuO2 can be seen more significantly from the
ong-term cyclic charge/discharge tested at higher current den-
ity, as shown in Fig. 4. The discharge capacity of �-LiVOPO4/RuO2
omposite is 118.6 mAh g−1 after 30 cycles at the current den-
ity of 10 mAg−1, much higher than that of pristine �-LiVOPO4
77.7 mAh g−1); therefore, the retention rate in discharge capaci-
ies is ∼100% for �-LiVOPO4/RuO2 composite after 30 cycles, but
nly 82.9% for pristine �-LiVOPO4. Even at the higher current
ensity of 80 mA g−1, �-LiVOPO4/RuO2 composite shows higher

ischarge capacity than that of pristine �-LiVOPO4 tested at the
urrent density of 10 mA g−1; after 30 cycles the discharge capac-
ty retains 86 mAh g−1, and the retention rate still attains 96.2%.
herefore, the charge/discharge capacity and cyclic stability of �-
iVOPO4 are apparently improved as a result of the introduction of



788 M.M. Ren et al. / Journal of Power Sources 189 (2009) 786–789

F
m

R
t
p

3

a
a

Fig. 3. The fifth charge/discharge curves of pristine �-LiVOPO4 and �-LiVOPO4/RuO2

composite.
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the cathodic peak is attributed to the re-insertion of Li ions.

Some difference can be seen from the CV curves. Firstly, the
current density of the �-LiVOPO4/RuO2 composite electrode is
higher than that of pure �-LiVOPO4 electrode. For the coin-type
ig. 2. SEM image of �-LiVOPO4/RuO2 composite (a) and the corresponding EDS dot
apping of (b) Ru and (c) V in the surface of �-LiVOPO4/RuO2.

uO2 network. Both samples exhibited that the discharge capaci-
ies increased during the initial cycles, since there was an activation
rocess necessary for this material.
.3. CV measurement

The initial CV curves are shown in Fig. 5 for pristine �-LiVOPO4
nd �-LiVOPO4/RuO2 composite. The oxidation peak is located
round 4.11 V and the reduction peak is located around 3.86 V in

F
c

ig. 4. Cyclic performance of pristine �-LiVOPO4 and �-LiVOPO4/RuO2 composite
lectrodes tested at different current densities at 25 ◦C.

he potential range of 3.0–4.5 V for both electrodes, in agreement
ith the charge/discharge curves (Fig. 3). The anodic peak corre-

ponds to the removal of Li from the framework of �-LiVOPO4, and
ig. 5. CV curves of the first cycle for pristine �-LiVOPO4 and �-LiVOPO4/RuO2

omposite electrodes at the scan rate of 0.05 mV s−1.
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Fig. 6. CV curves for pristine �-LiVOPO4 (a) and �-LiVOPO4/RuO2 composite (b)
electrodes at different scan rates (0.05, 0.1, 0.3, 1, and 3 mV s−1). The inset shows the
relationship between the peak current and the scan rate.

Table 1
Potential difference between the anodic and cathodic peaks for �-LiVOPO4 and �-
LiVOPO4/RuO2 electrode
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-LiVOPO4/RuO2 4.101 3.889 0.212
-LiVOPO4 4.097 3.854 0.243

ell systems the electrodes can approximately be regarded as a
at one, and the peak current density is represented as follows;

p = 2.6 × 105n3/2C0D1/2A�1/2, where n is the number of electrons
ransferred per molecule during the intercalation, C0 is the con-
entration of lithium ions, D is the diffusion coefficient of lithium
ons, � is the scan rate, and A is the surface area of the electrode
28,29]. Since ip ∝ D1/2, as shown in Fig. 6, the diffusion coefficient
f Li ions is higher in the �-LiVOPO4/RuO2 composite electrode
han in the pure �-LiVOPO4 electrode. The Li ion diffusion coef-
cients for the pure �-LiVOPO4 electrode and �-LiVOPO4/RuO2
omposite electrode are 1.20 × 10−11 and 2.79 × 10−11 cm2 s−1,
espectively. Secondly, as summarized in Table 1, the potential
ifference between anodic and cathodic peaks is smaller in the �-
iVOPO4/RuO2 composite electrode. These results indicate that the
inetic for �-LiVOPO4/RuO2 composite is indeed improved, which
s similar to the report on LiFePO4/RuO2 composite [27].

In the present work, metallic RuO2 provides a 3D network for

-LiVOPO4 particles; therefore, the insertion/extraction kinetics

n �-LiVOPO4 was improved, and then the electrochemical per-
ormances were increased accordingly. However, Ru is rare and
xpensive, and it is apparent that �-LiVOPO4/RuO2 composite is
ot practical for Li ion batteries. According to the results in this

[

[

[

ources 189 (2009) 786–789 789

ork, if the problem of electrical conductivity is completely solved,
-LiVOPO4 may be prospective in 4 V Li ion batteries. Other cheap
nd effective methods are still necessarily exploited to improve the
lectrical conductivity of �-LiVOPO4.

. Conclusion

�-LiVOPO4/RuO2 composite was synthesized via a sol–gel
oute and a subsequent heat treatment. Energy dispersive X-
ay spectroscopy dot mappings revealed that ruthenium was
omogeneously distributed among �-LiVOPO4 particles. Electrical
onductivity and lithium ion diffusion were increased due to the
xistence of RuO2. �-LiVOPO4/RuO2 composite exhibited enhanced
ischarge capacity and cyclic stability. The initial discharge capacity
f �-LiVOPO4/RuO2 composite was 108.6 mAh g−1, and in the 30th
ycle it was 118.6 mAh g−1 at the current density of 10 mA g−1, so the
etention rate of discharge capacities was ∼100%, much higher than
hat of pure �-LiVOPO4. Even at higher current density (80 mA g−1),
he retention rate still reached 96.2% for �-LiVOPO4/RuO2 compos-
te. RuO2 network provided an effective way for the improvement
f �-LiVOPO4.
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