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Triclinic Lithium vanadyl phosphate (α-LiVOPO4) as a cathode material for Lithium ion batteries was
prepared via a route of mechanical ball-milling method. Using carbon material (acetylene black) as the
carbon source, V2O5, NH4H2PO4, CH 3 COOLi and oxalic acid as raw materials to synthesis the αLiVOPO4/C. And the morphology of the sample was analyzed by TEM. The result of TEM shows that
the surface of α-LiVOPO4/C has a layer of carbon (3.6 nm), this is due to acetylene black formed a
layer of carbon on the surface of α-LiVOPO4 particles after thermal decomposition. Its existence
effectively alleviated the agglomeration phenomenon of materials under high temperature calcination,
increasing the conductive area of the material, reducing the polarization of the battery during charging
and discharging process, and improved the electrochemical property of α-LiVOPO4. In addition, the
material could provide an initial capacity of 157.4 mAh g−1 at 0.05 C (sintered at 600 °C). And it also
could provide a discharge capacity of 155.6 mAh·g−1 by the 50th cycle , the capacity retention rate was
98.8%.
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1. INTRODUCTION
Due to the advantages of environmental protection, safety, convenient transportation, low cost
and large capacity, Lithium-ion battery plays an significant status in the energy and chemistry sector.
Since the olivine structured LiFePO4 [1-3] was commercialized in 1997, there have been studies on
polyanionic phosphate materials, like LiM1PO4 (M1=Co, Mn, Ni) [4–7], Li3M2PO4 (M2= V, Fe, Cr) [8–
11], LiTi2(PO4)3 [12-13] etc. are promising; but they have some common faults like poor cycle
stability, high cost, and low-voltage platform. In order to meet people's demand for high energy
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density batteries, it is urgent to research a high energy density, low cost and high voltage cathode
material for lithium ion batteries.
The theoretical capacity of LiVOPO4 [14–16] is 159 mAh g−1, it is lower than LiFePO4(170
mAh g−1) a bit, but LiVOPO4 provides a higher voltage platform (3.9 V) and higher energy density
(616 Wh kg−1) than LiFePO4 (3.6 V, 578Wh kg−1). LiVOPO4 is a polymorph, which have αI-, β-, εand α-LiVOPO4, they have been reported by different methods. Among them, the αI phase (tetragonal,
P4/nmm) of LiVOPO4 [17-20] exhibiting 2D Li diffusion with a layer structure, and because it is
difficult to synthesize, it has been less reported. The β phase (orthorhombic, Pnma) of LiVOPO 4 [2123] exhibiting 1D Li diffusion and the ε phase (triclinic, P1̅ ) of LiVOPO4 [24-25] has pseudo-1D
diffusion. The β and ε phases can be synthesized through many methods, like solid-state [26]
hydrothermal [27] and sol-gel [28].
In this paper, we will study the preparation of α-LiVOPO4. After α-LiVOPO4 was calcined in
the air, and a small amount of carbon remained on its surface, oxalic acid as carbon source was not
enough to improve its ionic conductivity. This paper provided a route to obtain α-LiVOPO4 sample
with uniform material particles. Acetylene black was added as carbon coating material in the
preparation process of the precursor, and the carbon produced by acetylene black cracking at high
temperature could coat the outer surface for the material, thus improving its electrical conductivity.
The electrochemical property of LiVOPO4/C was improved in comparison to previously reported one
[29]. As expected, α-LiVOPO4/C material was synthesized and its electrochemical behavior implies
that it has a widely potential application.
2. EXPERIMENTAL
2.1 Sample preparation
The precursor of α-LiVOPO4 was prepared using CH3COOLi (AR, ≥99.0%), V2O5 (AR,
≥98.0%) and NH4H2PO4 (AR, ≥99.0%), oxalic acid (AR, ≥98.0%). First, all reagents were stirred
evenly with 20 g agate beads in a ball milling tank for six hours (deionized water as solvent). Then the
solution was dried at 140 °C, and sample sintered at 400 °C for four hours in air atmosphere and
cooled to room temperature. Second, acetylene black (mass fraction 10%), precursor and deionized
water of 20 ml in a planetary ball mill uniform mixed for six hours, subsequently, dried the mixture at
60 °C to obtain the sample. Finally, the sample was calcined under three temperatures for ten hours in
a ubular furnace to get the α-LiVOPO4/C power。

2.2 Characterization
Phase identification of the α-LiVOPO4/C were detected by X-ray diffraction (Bruker D2 Cu kα
（λ: 1.5418）30 Kv, radiation: 10°–70°, step size: 0.02°). The micro-structure result was obtained by
TEM (FEI Tecnai G2 F20) .
First, the electrode slurry was prepared by mixing α-LiVOPO4/C power and Polyvinyldiene
fluoride (PVDF) with the ratio of 1:1 (deionized water as solvent), the mixture slurry was then daubed
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on Al foil uniformly and dried at 110 °C. Next, cuting the AI foil into electrodes with an area of 1.2
cm2, using compose of 1.0M LiPF6 with the ratio of EC:DMC:DEC=1:1:1 Vol% and 1.0%VC (LB266) as the electrolyte, using Lithium metal as a counter electrode. Finally, button cells were
assembled in a Braun vacuum glove box with Ar-filled. After setting 24 h, batteries were used for
electrochemical performance tests.
The charge/discharge test was carried out by LAND Test System (CT2001A, Wuhan), the CV
test was carried out by the electrochemical workstation (CHI650D, Shanghai Chenhua) at room
temperature in the voltage range of 3–4.5 V, and the AC impedance test was carried out in the
amplitude of 5 mV, frequency range of 1 mHz–1 MHz.

3. RESULTS AND DISCUSSION
3.1. Structure and morphology

Figure 1. XRD diagram of α-LiVOPO4/C sintered at at different temperatures

The XRD pattern of the α-LiVOPO4/C prepared at different temperatures is present in Fig.1. It
can be seen that the peaks type are correspond with the phase of α-LiVOPO4 (PDF # 72-2253) at 550
°C and 600 °C and without impurity diffraction peak, it shows that α-LiVOPO4/C were prepared
successfully under this two diffierent temperatures. Meanwhile, the diffraction peak of carbon could
not be seen in the X-ray diffraction pattern. Which indicates that acetylene black was successfully
coated the outer surface of the material. The result shows that the carbon coating did not change the
structure of the α-LiVOPO4. With the increase of temperature, the crystallinity of material became
better and better. But, when calcination temperature was upped to 650 °C, appears a peak of
Li3V2(PO4)3 at 28.10°(2θ) [30], this might be caused by the too high calcination temperature lead to the
production of other substances.
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Figure 2. (a) - (f) TEM diagrams of α-LiVOPO4/C sintered at different temperature

TEM images of sintered materials at different temperatures are shown in Figure 2. It can be
seen from Fig. (2a) (2b) (2c) that after calcination(550°C，600°C，650°C), the morphology of αLiVOPO4/C materials showed irregular shape and the size of the material were about 20-100 nm. Fig.
(2d) 2(e) (2f) showed that the carbon layer[31] d=2.60 nm, d=3.60 nm, d=2.61 nm (at 550℃，600℃
，650℃) produced by acetylene black pyrolysis inhibited the continuous increase of grain size under
high temperature calcination, and had a good regulating effect on the preparation of nanoscale
material. In addition, marking lattice spacing d= 0.20 nm, d= 0.30 nm, d= 0.21 nm (at 550℃，600℃
，650℃) and corresponds to the (300) crystal plane , (200) crystal plane , (121) crystal plane .

3.2. Electrochemical performance
As can be seen from the figure, the charging and discharging platform of α-LiVOPO4/C is
about 3.9 V. In Fig. 3, the α-LiVOPO4/C could provide an initial discharge capacity of 150 mAh g−1
(sintered at 550 °C). And with the crystallinity of the materials tended to be better when the synthesis
temperature increased, the initial capacity of the material prepared at 600 °C was higher than 550 °C,
which increased to 157.4 mAh g−1. But when the synthesis temperature increased to 650 °C, the
material provided a lower initial capacity (152.5 mAh g−1) than 600 °C (157.4 mAh g−1). This might be
the sintering temperature of the material at 650 °C was higher, the agglomeration between material
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particles occured, and the insertion and emigration distance of Li+ in crystal structure increases, this
allowed only a few Li+ to move back and forth per unit time. As a result, the initial capacity of material
prepared at 600 °C was superior to 650 °C. Moreover, the charge and discharge plateau of materials
were similar with the reports of literatures [29,32,33] ,but the discharge capacitance was higher than
the reported of Liu et al. [29], and it's closer to theoretical capacity. The reason might be that the twostep ball milling method made the obtained material had a smaller particle size. The comparison with
similar cathode materials for LIBs are shown in Table 1.

Figure 3. First cycle charge/discharge curves of α-LiVOPO4/C sintered at three different temperatures,
and with the voltage range of 3–4.5 V, at 0.05 C.

Table 1. Comparison with similar cathode materials for LIBs

Cathode
Voltage
materials
platform (V)
LiCoPO4
4.8
LiMnPO4
4.1
LiNiPO4
5.1
LiFePO4
3.6
Li3V2(PO4)3
4.3
LiVOPO4
3.9
LiVOPO4 (550°C) 3.9
LiVOPO4 (600°C)
3.9
LiVOPO4 (600°C)
3.9

Theoretical
capacity (mAh g−1)
167
170
170
170
132
159
150
157.4
152.5

Energy
density (Wh kg−1)
800
701
867
578
500
616
585
614
595

Refs.
[39]
[38]
[37]
[29]
[40]
[29]
This work
This work
This work
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Figure 4. Cycle life diagrams of α-LiVOPO4/C sintered at three different temperatures and with the
voltage range of 3–4.5 V, at 0.05 C.
From the figure, we can see that the capacity retention rate of materials prepared at 600 °C was
best (98.8%), the material still could provide a capacity of 155.6 mAh·g−1 by the 50th cycle. The
average weekly capacity loss rate of material was only 0.036%. At the same time, the materials
synthesized at 550 °C and 650 °C could provide the capacity of 138.2 mAh·g−1 and 145 mAh·g−1
respectively, after 50 cycles. The results (retention rates of capacity after 50 cycles) of the materials
prepared at 550 °C, 600 °C ,650 °C were consistent with the initial discharge capacity. It also shows
that the addition of acetylene black improved the electrochemical performance of the α-LiVOPO4. This
might be the α-LiVOPO4 was coated with amorphous carbon, the presence of carbon prevented the
side reaction occurs between electrolyte and material, and the electrochemical impedance between
electrode surface and electrolyte interface was reduced. In addition, the carbon could improve the
material conductivity and reduce the battery polarizability.

Figure 5. Cyclic Voltammetry of α-LiVOPO4/C sintered at 600 °C; with the voltage range of 3–4.5 V,
with the sweep speed of 0.1 mV/s.
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In order to know the cyclic reversibility of material synthesized at 600 °C, cyclic voltammetry
was tested with the material. The oxidation peaks and reduction peaks are seen clearly from the
picture, which shows the α-LiVOPO4/C only corresponds to the process of Li+ free de-intercalation
[34]. In terms of the 3rd cycle, its oxidation peak and reduction peak are 4.22V and 3.73V
respectively, a large difference indicates a large degree of polarization of the material. The reason may
be the effect of conductive agent on material; and the low conductivity of electrolyte. The symmetry of
oxidation peaks and reduction peaks indicate that the electrode reaction was reversible. In addition, the
degree of curve coincidence in the first three cyclesare low, indicating that certain polarization
phenomenon occurs in the charging and discharging process of the material, which leads to the
occurrence of irreversible changes.

Figure 6. AC impedance diagrams of α-LiVOPO4/C sintered at three different temperatures, after 1
cycle
To investigate whether the results of the charge transfer resistance were consistent with those
of the initial capacity, EIS tests were performed. Charge transfer resistance is mainly due to the
cathode impedance[35,36]. Therefore, lower electrochemical transfer resistance is more favorable for
lithium insertion and disinsertion. Figure. 6 shows the impedance diagrams at different temperatures.
The impedance of the materials added slightly with the added of synthesis temperature. In general, the
impedance of materials was relatively small, this due to the existence of carbon layer, the
electrochemical impedance for the materials was reduced. The result was consistent with the initial
capacity at three temperatures.

4. CONCLUSIONS
α-LiVOPO4/C were successfully synthesized by mechanical ball-milling method. Acetylene
black was added in the synthesis process to improve the electrochemical property of the materials.
Among them, LiVOPO4/C sintered at 600 °C showed a excellent initial capacity (157.4 mAhg−1) and
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cycling performance after 50 cycles at 0.05 C, and with a capacity retention rate of 98.8%. In the
meantime, the materials synthesized at 550 °C and 650 °C could provide the initial capacity of 150
mAh·g−1 and 152.5 mAh·g−1 respectively. The TEM result shows the acetylene black coating the
outside surface of α-LiVOPO4/C with the thickness of about 3.6 nm, the presence of carbon layer
successfully enhanced the electrical conductivity of the material. In addition, it is significative to
develop and explore these inexpensive and valid synthetic methods to provide high-performance
cathode materials for mass production.
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