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Abstract: The carbon-coated monoclinic Li3V2(PO4)3 (LVP) cathode materials were successfully synthesized by liquid phase method 
using PEG as reducing agent and carbon source. The effects of relative molecular mass of PEG on the properties of Li3V2(PO4)3/C 
were evaluated by X-ray diffraction (XRD), scanning electron microscope (SEM) and electrochemical performance tests. The SEM 
images show that smaller size particles are obtained by adding larger and smaller PEGs. The electrochemical cycling of 
Li3V2(PO4)3/C prepared by both PEG200 and PEG20k has a high initial discharge capacity of 131.1 mA·h/g at 0.1C during 3.0−4.2 V, 
and delivers a reversible discharge capacity of 123.6 mA·h/g over 30 cycles, which is better than that of other samples. The 
improvement in electrochemical performance is caused by its improved lithium ion diffusion coefficient for the macroporous 
morphology, which is verified by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). 
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1 Introduction 
 

Lithium-ion batteries are considered the most 
advanced electrical energy storage and transfer systems. 
Recently, framework materials based on the phosphate 
polyanion have been extensively investigated as positive 
materials for Li-ion battery. The lithiated transition metal 
phosphates based on either the olivine or NASICON 
structure, such as LiMPO4 (M=Fe, Co, Ni, and Mn) 
[1−4], Li3M2(PO4)3 (M=Fe and V) [5] and LiVPO4F [6,7]. 
Contrasting to the commercial layered LiCoO2 material 
utilized as the positive electrode suffering from high cost 
and inferior safety concerns [8−10], the olivine-phase 
LiFePO4 and monoclinic Li3V2(PO4)3 (LVP) have 
attracted extensive interest among researchers due to 
their high theoretical capacity, acceptable operating 
voltage, good cycle life, low cost and superior     
safety [11]. 

Otherwise than the olivine-phase LiFePO4 with only 
one lithium extraction/insertion site, the monoclinic LVP 
with three-dimensional (3D) framework contains three 
independent lithium sites, which can overcome the 
electronic and lithium diffusion  limitations, improve 
the rate of extraction/insertion and hence the power 

density of battery, and optimize the electrochemical 
performance under high-current regimes [12−14]. The 
large poly-anion instead of the smaller O2− ions in an 
open 3D framework helps to stabilize the structure and 
allows fast ion migration [15,16]. 

However, the main drawbacks of pristine LVP are 
its very low intrinsic electronic conductivity which 
results in poor cycling stability and rate performance, 
which has lower electronic conductivity about   
2.3×10−8 S/cm at 300 K because of the polarization of  
V—O bond [17]. This makes it difficult to utilize LVP 
cathode material fully in lithium ion batteries [18,19]. To 
solve the problem, there are three main ways, such as 
metal ion doping [20,21], particle size reducing [22], and 
carbon coating [11,23]. 

In order to overcome the poor conductivity, in this 
work, LVP/C cathode samples were first synthesized by 
liquid phase method using both PEG with high relative 
molecular mass and low relative molecular mass as 
carbon sources. As a surfactant and dispersing agent, 
PEG can effectively inhabit the aggregation of colloidal 
particles during the formation of the gel. Meanwhile, 
PEG will coat on the particles to play the role of carbon 
source during the sintering [24], and the resulting 
electrochemical lithium extraction/insertion properties 
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were investigated. 
 
2 Experimental 
 

The LVP cathode materials were prepared by liquid 
phase method using LiOH·H2O (A.R.), V2O5 (A.R.), 
(NH4)2HPO4 (A.R.), PEG20k (A.R.), and PEG200/ 
400/600 (A.R.) as starting materials. Rheological phase 
reaction proceeding is shown in Fig. 1. The reactants had 
the same molar ratio (Li:V:P:PEG=3:2:3:2), and 
PEG20k:PEG200/400/600 = 1:1 in the mass ratio. The 
carbon-coated LVP/C composites were prepared by CTR 
method where the carbon source was used as the 
reducing agent instead of H2 gas. The carbon can be 
obtained by the decomposition of PEG. Firstly, 
stoichiometric V2O5 powder was dissolved in a hydrogen 
peroxide solution (30%, mass fraction), then an 
exothermic reaction occurred, resulting in the partial 
decomposition of hydrogen peroxide. And then a red 
brown solution was obtained. Secondly, stoichiometric 
LiOH·H2O, (NH4)2HPO4 and PEG20k, were added to the 
above V2O5·nH2O. The mixture was vibrated in the 
ultrasonic oscillator for 5 min. And then 
PEG200/400/600 was added to the above mixture. 
Finally, the mixture was evaporated at 50 °C for 0.5−1 h 
with a rotary evaporator until it was dried. Then the 
mixture was dried at 80 °C in the oven. The precursors 
were then ground and burned at 800 °C for 15 h with 
flowing argon gas to yield the LVP/C composite 
materials. 

The phase identification of the LVP compounds was 
carried out by X-ray diffraction (XRD; Rint−2000, 
Rigaku) using Cu Kα radiation in the 2θ range from 10° 
to 60°. The morphologies of the powders were observed 
by scanning electron microscope (SEM; JEOL, 
JSM−5600LV). The carbon contents of samples were 

determined by a carbon−sulfur analyzer (Multi EA2000). 
The electrochemical measurements were performed 

using CR2025 coin-type cells. The cathodes of the 
two-electrode electrochemical cells were fabricated by 
blending the prepared powder with acetylene black and 
polyvinylidine fluoride (PVDF) binder in a mass ratio of 
8:1:1 in N-metheyl-2-pyrrolidone (NMP). The slurry 
cathode mixture was pasted on an Al foil and dried at  
80 °C for 24 h in vacuum oven. The electrolyte was    
1 mol/L lithium hexafluorophosphate (LiPF6) solution 
dissolved in ethylene carbonate (EC) and dimethyl 
carbonate (DMC) (volume ratio of 1:1). The separator 
was Celgard 2300. CR2025 coin cells were assembled in 
an argon-filled dry glove box, and then the cells were 
measured using Land CT2001A (Wuhan, China) battery 
tester. The electrochemical measurements were 
performed at 0.1C rate in a voltage range of 3.0−4.2 V 
versus Li/Li+ at room temperature. 

The cyclic voltammetry (CV) test was carried out 
on a CHI 860D electrochemical workstation (GL10AD, 
Beijing, China) with a three-electrode system 
incorporating LiMn2O4 as the working electrode and Li 
foils as counter and reference electrodes at a scanning 
rate of 0.1 mV/s between 3.0 and 4.2 V. Electrochemical 
impendence spectrum (EIS) experiments were carried 
out with the frequency range from 10 kHz to 10 mHz 
with an alternating current (AC) voltage of 5 mV. 
 
3 Results and discussion 
 
3.1 XRD analysis 

The X-ray diffraction patterns of the prepared 
LVP/C composites are shown in Fig. 2. The amounts of 
carbons in the LVP/C composite with PEG20k+200, 
PEG20k+400 and PEG20k+600 are respectively   
about 10.21%, 8.53% and 14.94%, determined by C−S  

 

  
Fig. 1 Synthetic route of LVP/C with different combined PEG 
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Fig. 2 XRD patterns of LVP/C composites synthesized with 
PEG20k+200 (a), PEG20k+400 (b) and PEG20k+600 (c) 
 
analysis method [24]. The patterns of all samples are 
similar to each other. No evidence of diffraction peaks 
for crystalline carbon (graphite) appeared in the 
diffraction pattern. It can be seen that the experiments 
with all samples have produced a single phase of LVP 
with monoclinic structure, which means that the PEG 
would not alter the structure of materials. The high 
chemical activity of carbon ensures carbon on the surface 
of freshly formed LVP/C particles by the in situ coating. 
All the diffraction peaks can be indexed monoclinic 
structure of space group P21/n [25], which is consistent 
with the previous reports [26,27]. The observed and 
calculated patterns match very well. 
 
3.2 SEM analysis 

Although monoclinic LVP has been stated as a high 
rate cathode, in the previous studies, it had been reported 
that the morphology and surface area of obtained 
particles still have the notable influence on the cycle 
performance [28]. The morphology of the obtained 
LVP/C materials was observed by SEM as shown in  
Fig. 3. The particles prepared with PEG20k+200 were 
smaller than those prepared with PEG20k+400 and 
PEG20k+600. When the relative molecular mass was 
PEG20k+200, the particles agglomerated, it was 
advantageous to increase the tap density of cathode 
materials. The particles congregated together with an 
average size of 1 μm. This indicated that the small 
relative molecular mass inhibited the particle growth 
during a sintering process. In addition, for the samples, 
their surface was rough, and some small particles 
bounded on the surface of LVP/C were observed, which 
can be considered as small scattered carbon particles. In 
those particles with a large diameter and a relative large 
specific area, the Li ions have diffusion over great 
distance between the surface and center during lithium  

 

 
Fig. 3 SEM images of LVP/C composites synthesized with 
PEG20k+600 (a), PEG20k+400 (b), and PEG20k+200 (c) 
 
insertion or extraction, and the active material near the 
center of particle contributes very large to the charge/ 
discharge reaction [19]. 
 
3.3 Cycling performance of cells 

The initial charge−discharge performances at 0.1C 
rate were measured at room temperature between  
3.0−4.2 V. As shown in Fig. 4, there are three voltage 
plateaus around 3.59, 3.68 and 4.08 V in the charge 
process, and corresponding three discharge plateaus 
around 3.57, 3.65 and 4.05 V, which are identified as the 
two-phase transition process during the electrochemical 
reaction. In charge process, the first lithium ion is 
extracted in two steps, 3.6 and 3.7 V, because of the 
presence of an ordered phase Li2.5V2(PO4)3. Subsequently, 
the second lithium ion is extracted in one single plateau 
of 4.1 V to form Li1.0V2(PO4)3 [29]. These initial three 
plateaus are related to the two lithium ions extraction 
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which is associated with the V3+/V4+ redox couple. The 
initial specific charge capacities of PEG20k+200, 
PEG20k+ 400, and PEG20k+600 are about 137.7, 137.3 
and 131.3 mA·h/g, respectively. The initial specific 
discharge capacities of PEG20k+200, PEG20k+400,  
and PEG20k+600 are separately 131.1, 127.4 and      
122.0 mA·h/g. As shown in Table 1, it is clear that the 
Coulombic efficiencies of the initial charge−discharge 
cycle are about 95.2% (PEG20k+200), 92.8% (PEG20k+ 
400), and 92.9% (PEG20k+600). The result of the 
discharge capacity of the PEG20k+200 (131.1 mA·h/g)  
is very close to its practically available capacity      
(132 mA·h/g). Apparently, the initial discharge capacity 
of PEG20k+200 is better than others, which should be 
attributed to the effect of macroporous morphology. The 
small voltage polarization also suggests that the LVP/C 
electrode should have high electrochemical reversibility. 
From above all, the results show that using both much 
lower relative molecular mass and higher relative 
molecular mass can control the morphology and size of 
the particles. 
 

 
Fig. 4 Initial charge−discharge curves of LVP/C samples at 
0.1C rate between 3.0 and 4.2 V 
 
Table 1 Electrochemical performances of LVP/C with different 
combined PEG in initial charge−discharge at 0.1C 

Capacity/(mA·h·g−1) 
Sample 

Charge Discharge   
Coulombic 

efficiency/%

PEG20k+200 137.7 131.1 95.2 

PEG20k+400 137.3 127.4 92.8 

PEG20k+600 131.3 122.0 92.9 

 
The cycle performances of the prepared LVP/C 

samples evaluated in the Li/LVP cell configuration in the 
range of 3.0−4.2 V at room temperature are shown in  
Fig. 5. The voltage cut-offs were chosen according to 
Ref. [30]. As shown in Fig. 5 and Table 2. The capacity 
loss of PEG20k+200 is about 5.7% at 0.1C, 4.3% at 0.5C 
and 0.2% at 1C after 30 cycles. For PEG20k+400, after  

 

 
Fig. 5 Electrochemical cycling performances of PEG20k+200, 
PEG20k+400, and PEG20k+600 at 0.1C (a), 0.5C (b) and 1C (c) 
rate between 3.0 and 4.2 V 
 
Table 2 Electrochemical performances of LVP/C with different 
combined PEGs after 30 cycles 

Capacity/(mA·h·g−1) 
Sample 

0.1C 0.5C  1C 

PEG20k+200 123.6 121.7 115 

PEG20k+400 122.4 115.2 103.7 

PEG20k+600 113.2 111 104.6 
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30 cycles, the capacity loss is about 3.9% at 0.1C, 7.5% 
at 0.5C and 2.0% at 1C. And the capacity loss of 
PEG20k+600 is about 7.2% at 0.1C, 7.9% at 0.5C and 
2.3% at 1C after 30 cycles. It can be concluded that the 
LVP/C synthesized with relative molecular mass 
PEG20k+200 by liquid phase possesses better cycling 
performance than others. The good cycle life and 
excellent rate capability of the electrode may be 
attributed to the relative invariance of monoclinic LVP 
host framework and highly uniform distribution of 
carbon in the LVP particles. 
 
3.4 Impedance analysis 

To clarify the improvement of cyclic stability of 
LVP/C with PEG20k+200, electrochemical kinetic 
property of LVP/C was investigated by electrochemical 
impedance spectroscopy (EIS). The lithium ion diffusion 
coefficient was calculated from the following   
formulas [31]: 
 
D=R2T2/2A2n4F4cσ2                                         (1) 
 
Zre=RD+RL+σω1/2                                            (2) 

 
where R is the mole gas constant, T is the 
thermodynamic temperature, A is the surface area of the 
cathode, n is the number of electrons per molecule 
during oxidization, F is the Faraday constant, c is the 
concentration of lithium ion, σ is the Warburg factor that 
is relative with Zre. 

As shown in Fig. 6, there are three regions, two 
semicircles and an inclined line. The semicircle at 
high-frequency region is attributed to the charge transfer 
resistance (Rct), and the straight line at lower frequency 
corresponds to Li+ diffusion resistance in electrode bulk, 
namely the Warburg impedance. The numerical value of 
diameter of the semicircle on the real axis is approximate 
equal to Rct. From Fig. 6, it is clear that the 
charge-transfer impedance for PEG20k+200 sample is 
 

 
Fig. 6 Impedance spectra of PEG20k+200, PEG20k+400, and 
PEG20k+600 at discharge potential of 3.0 V during the second 
cycle 

much lower than those for the other two samples, 
indicating that the combination of different relative 
molecular masses may increase the electronic 
conductivity and improve the Li+ diffusion, which is well 
consistent with its good rate performance measured as 
above. This result is similar to those in the previous 
reports [23]. It is due to the decrease of grain size and 
improved homogeneity of the carbon dispersion. 
 
3.5 CV measurements 

Figure 7 demonstrates the initial cyclic voltammetry 
(CV) curves for three samples at the scanning rate of 
0.05 mV/s in a voltage range of 3.0−4.5 V (vs Li/Li+). 
Three curves of the electrodes showed a similar profile, 
which indicated that the reaction mechanism was not 
changed during the lithium extraction/insertion process, 
while all redox peaks were shifted. There are three pairs 
of redox peaks with the oxidation peaks located at 
around 3.66, 3.75 and 4.166 V, coupling with three 
reduction peaks at about 3.51, 3.59 and 3.97 V, 
respectively, which are in good agreement with 
charge−discharge curves as shown in Fig. 5. The 
oxidation peaks located around 3.65 and 3.75 V 
correspond to the removal of the first Li in two steps, 
because there is an ordered Li2.5V2(PO4)3  phase. It 
should also be noted that the lithium extraction and 
insertion processes for the PEG20k+200 sample are 
much more ordered than that of PEG20k+400 sample or 
PEG20k+600 sample, as evidenced by the emergence of 
relatively more intense and sharper peaks. The relative 
narrow gap of redox peaks and more ordered Li+ 
extraction/insertion processes indicate that the 
PEG20k+200 sample has smaller voltage polarization 
and better electrochemical reversibility than those of 
others. This keeps well with the results that the specific 
capacity of LVP with PEG20k+200 measured at 0.1C 
rate is higher than those of others. 
 

 
Fig. 7 Cyclic voltammetry (CV) curves of PEG20k+200, 
PEG20k+400 and PEG20k+600 at scanning rate of 0.005 mV/s 
in second cycle 
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4 Conclusions 
 

1) XRD results show that no other impurity is 
detected. The LVP/C composite with an average size of 
about 1 μm presents large reversible capacity, good rate 
capability, and excellent cyclic stability in the region of 
3.0−4.2 V. 

2) Compared with others, PEG20k+200 sample 
shows better reversible capacity and improves rate 
capability. The initial discharge capacities of 
PEG20k+200 sample are 131.1, 127.2, and 115.2 mA·h/g 
at 0.1C, 0.5C and 1C, respectively. After 30 cycles, the 
cells deliver the discharge capacity of 123.6, 121.7 and 
115 mA·h/g at 0.1C, 0.5C and 1C and retain 92.8%, 
95.7% and 99.8% of its initial discharge capacity. 

3) One of the reasons may be beneficial to the 
extrinsic properties. In those particles with a large 
diameter and a relatively low specific area, the Li ions 
diffuse over great distance between the surface and 
center during lithium insertion or extraction, and the 
active material near the center of particle contributes 
very large to the charge−discharge reaction. 
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液相法合成 PEG 组合包覆 Li3V2(PO4)3的电化学性能 
 

王任衡，李新海，王志兴，郭华军，黄 斌 

 
中南大学 冶金与环境学院，长沙 410083 

 
摘  要：以聚乙二醇(PEG)作为还原剂和碳源，采用流变相法成功合成碳包覆的单斜晶系磷酸钒锂正极材料，采

用 XRD、SEM 和电化学性能测试手段考察不同相对分子质量组合的聚乙二醇对合成材料的影响。SEM 观察显示，

大相对分子质量和小相对分子质量的聚乙二醇组合有利于合成更小、更均匀的颗粒。相对分子质量为 200 和 20k

组合的聚乙二醇合成的磷酸钒锂在 0.1C，3.0~4.2 V 电压范围进行充放电循环，其首次放电比容量为 131.1 mA·h/g，

30 次循环后仍有 123.6 mA·h/g，优于其他相对分子质量组合形式。通过 CV 和 EIS 图谱分析，相对分子质量相差

越大，越有利于提高锂离子扩散系数，从而改善材料的电化学性能。 

关键词：锂离子电池；Li3V2(PO4)3；聚乙二醇(PEG)；碳包覆；液相法 

 (Edited by Xiang-qun LI) 

 
 


