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Abstract: Li3V2(PO4)3 samples were synthesized by sol-gel route and high temperature solid-state reaction. The influence of 
Li3V2(PO4)3 as cathode materials for lithium-ion batteries on electrochemical performances was investigated. The structure of 
Li3V2(PO4)3 as cathode materials for lithium-ion batteries and morphology of Li3V2(PO4)3 were characterized by X-ray 
diffractometry (XRD) and scanning electron microscopy (SEM). Electrochemical performances were characterized by 
charge/discharge and AC impedance measurements. Li3V2(PO4)3 with smaller grain size shows better performances in terms of the 
discharge capacity and cycle stability. The improved electrochemical properties of Li3V2(PO4)3 are attributed to the refined grains 
and enhanced electrical conductivity. AC impedance measurements also show that the Li3V2(PO4)3 synthesized by sol-gel route 
exhibits significantly decreased charge-transfer resistance and shortened migration distance of lithium ions. 
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1 Introduction 
 

Since lithium iron phosphate was first reported as 
cathode material for lithium-ion batteries by PADHI et 
al[1] in 1997, the framework materials based on the 
phosphate polyanion have been identified as potential 
electroactive material for lithium and lithium ion battery 
applications. Some other transition phosphate polyanion 
insertion hosts such as Li3V2(PO4)3[1−3], LiVPO4F 
[4−10], LiFePO4[11−14] and LiMnPO4[15] are proposed 
as a new class of cathode materials for lithium-ion 
batteries because of their stable framework, relatively 
high voltage, good lithium ion transport and large 
theoretical capacity. With relatively high capacity and 
suitable operating voltage for the present commercial 
electrolyte system, Li3V2(PO4)3 is considered to be one of 
the most promising cathode materials among the 
above-mentioned phosphate polyanion hosts. Monoclinic 

Li3V2(PO4)3 forms a three-dimensional (3D) framework 
that contains three independent lithium sites. 

In this work, Li3V2(PO4)3 samples were synthesized 
by two different routes, and the resulting electrochemical 
lithium extraction/insertion properties were investigated.  

 
2 Experimental 
 
2.1 Synthesis of Li3V2(PO4)3 

The sol-gel route included two main processes. 
Firstly, V2O5·nH2O hydro-gel was prepared. V2O5 was 
melted in a crucible by heating at 700 °C for 2 h; the 
molten V2O5 was poured into water; then a red brown 
solution was formed in a stainless steel container. 
Product was obtained by keeping the solution at room 
temperature for 10 h. Secondly, citric acid with 
equivalent amount-of-substance to V2O5 and 
stoichiometric amounts of NH4H2PO4 and Li2CO3 were 
added into the above V2O5·nH2O hydro-gels. The  
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mixture was strongly stirred at room temperature for 2 h, 
and finally dried at 80 °C in an oven. The mixture was 
pressed into pellets and heated at   300 °C in a tubular 
furnace with flowing argon gas for 4 h to decompose and 
obtain the precursor. The precursor was then ground, 
pressed into pellets again, heated to 600 °C and held for 
30 h in flowing argon gas to obtain the Li3V2(PO4)3 
samples. The samples prepared through sol-gel route 
were abbreviated to Li3V2(PO4)3 (S). 

For comparison, Li3V2(PO4)3 samples were also 
synthesized by high temperature solid-state reaction. The 
process was as follows. Stoichiometric LiOH·H2O, V2O5, 
NH4H2PO4 and 30 % (mass fraction) excess sucrose were 
used as starting materials. The mixture was initially 
heated to 300 °C in argon gas for 4 h to decompose and 
obtain the precursor. The precursor was then ground, 
pressed into pellets, heated to 900 °C and held for 30 h in 
flowing argon gas. The samples prepared through high 
temperature solid-state reaction were abbreviated to 
Li3V2(PO4)3 (H). 
 
2.2 Physical characterization 

X-ray diffractometer (XRD, Rint-2000, Rigaku) 
was employed to identify the crystalline phase of the 
synthesized materials. The particle size and morphology 
of the Li3V2(PO4)3 powders were observed with scanning 
electron microscope (JEOL, JSM-5600 LV) at an 
accelerating voltage of 15 kV. The content of carbon was 
determined by a carbon-sulfur analyser (Multi EA2000). 
 
2.3 Electrochemical test 

The Li3V2(PO4)3 electrodes were prepared by 
mixing acetylene black, polyvinylidene fluoride (PVDF), 
and 1-methl-2-pyrrolidone in acetone to ensure 
homogeneity. The mass ratio of active material, 
acetylene black and PVDF in the electrodes was 80׃
10:10 except for special statement. The resulting slurry 
was pasted on an aluminium foil current collector with a 
diameter of 12 mm. After being dried at 120 °C in a 
vacuum oven for 24 h, the resulting electrodes with an 
active material load of about 8 mg/cm2 were transferred 
to an Ar-filled glove box to assemble testing cells which 
included Li3V2(PO4)3 cathode, lithium metal anode and 
Celguard-2300 separator placed between the cathode and 
anode. The electrolyte was 1 mol/L LiPF6 in a mixture of 
ethylene carbonate (EC) and dimethyl carbonate (DMC) 
with a volume ratio of 1:1. The cells were charged and 
discharged over a voltage range from 3.0 to 4.4 V versus 
Li/Li+ electrode. Electrochemical impendence spectrum 
(EIS) measurements were performed covering a 
frequency range from 10 kHz to 10 mHz with an AC 
voltage of 5 mV. The EIS experiments were performed 
in the three-electrode system using lithium metal foil as 
both counter and reference electrode. 

 
3 Results and discussion 
 

Fig.1 shows the XRD patterns of Li3V2(PO4)3 (H) 
and Li3V2(PO4)3 (S). All fundamental peaks can be 
indexed to the monoclinic structure (space group P21/n) 
for both samples. These results are in good agreement 
with previous reports[1−4]. In addition, the XRD 
patterns of the two samples are similar, indicating that 
the different synthesis methods do not change the 
monoclinic structure. 
 

 
Fig.1 XRD patterns of Li3V2(PO4)3 
 

SEM images of Li3V2(PO4)3 are shown in Fig. 2. It 
is obvious that the particle size of Li3V2(PO4)3 differs 
greatly, Li3V2(PO4)3 (H) consists of larger and non- 
uniform particles, while Li3V2(PO4)3 (S) has smaller 
particle size of about 0.6 μm. This indicates that the 
sol-gel route inhibits the particle growth during the 
sintering process. In addition, for both samples, the 
surface is rough, some small particles which bound on 
the surface of Li3V2(PO4)3 are observed, and they can be 
considered as small scattered carbon particles. This 
observation is consistent with the carbon-coated LiCoO2 
and LiFePO4, in which sucrose was used as carbon 
source. 

The first charge−discharge curves of Li3V2(PO4)3 
samples between 3.0 and 4.4 V at a rate of 0.5C are 
shown in Fig.3. For both samples, the shapes of charge 
and discharge curves are similar. However, the initial 
charge and discharge capacities of Li3V2(PO4)3 (H) and 
(S) are different. The initial charge and discharge 
capacities of Li3V2(PO4)3 (H) are about 131 and 119 
mA·h·g−1, respectively, and the columbic efficiency of 
the initial charge−discharge cycle is about 90.84%. The 
initial charge and discharge capacities of Li3V2(PO4)3 (S) 
are about 136 and 128 mA·h·g−1, respectively, and the 
columbic efficiency of the initial charge−discharge cycle 
is about 94.12%. Obviously, the initial charge and 
discharge performance of Li3V2(PO4)3 (H) was worse 
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Fig.2 SEM images of samples Li3V2(PO4)3 
 

 
Fig.3 First charge-discharge curves of Li3V2(PO4)3 (H) (a) and  
Li3V2(PO4)3 (S) (b) 

than that of Li3V2(PO4)3 (S). 
The electrochemical cycling performance of 

Li3V2(PO4)3 (H) and Li3V2(PO4)3 (S) was evaluated in 
the Li/Li3V2(PO4)3 cell configuration in a voltage range 
of 3.0−4.4 V at room temperature. Fig.4 shows the cyclic 
charge−discharge profiles of the Li3V2(PO4)3 cathode 
materials at different rates. As seen in Fig.4, after 50 
cycles, the Li3V2(PO4)3 (H) sample exhibits a discharge 
capacity of about 100, 95 and 89 mA·h·g−1 at the rates of 
0.5C, 1.0C and 1.5C, respectively. Namely, after 50 
cycles, the capacity loss is about 15.97% at 0.5C, 
20.17% at 1.0C and 25.21% at 1.5C. Whereas, after 50 
cycles, the Li3V2(PO4)3 (S) sample exhibits a discharge 
capacity about 117, 110 and 107 mA·h·g−1 at the rates of 
0.5C, 1.0C and 1.5C, respectively. Namely, after 50 
cycles, the capacity loss is about 8.59% at 0.5C, 14.06% 
at 1.0C and 16.41% at 1.5C. From the above results, it 
can be concluded that Li3V2(PO4)3 sample synthesized 
by the sol-gel route has better cycling performance than 
that synthesized by high temperature solid-state reaction. 
The excellent electrochemical-cycling stability of the 
electrode can be attributed to the decrease of grain size 
and improved homogeneity of the carbon dispersion. 
 

 

Fig.4 Electrochemical cycling performance of Li3V2(PO4)3 (H) 
(a) and Li3V2(PO4)3 (S) (b) 
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The electrochemical impedance spectra (EIS) of 
Li3V2(PO4)3 (H) and (S) electrode materials were 
measured at different charging states. The typical 
Nyquist plots for EIS of both samples are presented in 
Fig.5. Similar EIS patterns are observed for both samples. 
A semi-circle is observed at the high frequency range. In 
the low frequency range, a straight line of 45˚ to the real 
axis corresponds to the Warburg impedance. The high 
frequency semi-circle is related to the charge-transfer 
resistance (Rct) and the double-layer capacitance, and the 
low frequency tails result from the diffusion of lithium 
ions in the bulk active mass. In the case of Li3V2(PO4)3 

(S), the diameter of the semi-circle significantly depends 
on the potential during charging, indicating that the film 
formation process is dependent on the lithium ion 
content. On the other hand, Rct shows a greater 
dependence on the lithium insertion and extraction levels. 
In the highly charged states, the sample was found to 
exhibit lower Rct. By comparing the diameter of the 
semi-circle in the two systems, it can be found that 
Li3V2(PO4)3 (S) shows lower Rct value than Li3V2(PO4)3 
(H), indicating that sol-gel route may increase the 
electronic conductivity and improve the Li+ kinetic 
behavior. 
 

 
Fig. 5 Nyquist plots for EIS of Li3V2(PO4)3 at different charge 
states 

The electronic conductivities of Li3V2(PO4)3 (H) 
and (S) samples are 6.5×10−8 and 1.4×10−6 S/cm, 
respectively, measured with the four-electrode. The 
conductivity of Li3V2(PO4)3 (S) is about a factor of 102 
higher than that of Li3V2(PO4)3 (H). Lithium insertion 
and extraction in Li3V2(PO4)3 electrodes are 
accompanied by electron transfer on the particle surface. 
In sol-gel route, low synthesized temperature inhibits the 
growth of particle during sintering, which enhances the 
electronic conductivity of the electrode materials, so 
electron transfer in Li3V2(PO4)3 (S) would be more 
facilitated than that in Li3V2(PO4)3 (H). As a result, the 
Li3V2(PO4)3 prepared by sol-gel route demonstrates 
better electrochemical performance at high rate. 
 
4 Conclusions 
 

1) Two synthesis routes were investigated and the 
electrochemical properties of the Li3V2(PO4)3 samples 
were compared. The grain size of Li3V2(PO4)3 sample is 
significantly smaller than that of the sample synthesized 
through sol-gel route.  

2) The Li3V2(PO4)3 (S) sample exhibits a much 
higher discharge capacity and lower capacity loss than 
Li3V2(PO4)3 (H) after 50 cycles. It is confirmed that the 
sample prepared by sol-gel route decreases the 
resistances of the lithium-ion migration and charge 
transfer from electrochemical impedance measurements.  

3) The improved electrochemical properties of the 
Li3V2(PO4)3 (S) are attributed to the decreased grain size 
and enhanced electrical conductivity. Sol-gel route 
proposed in this investigation may increase the 
possibility of the application Li3V2(PO4)3 to commercial 
lithium-ion batteries. 
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