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Li3V2(PO4)3/C composite material with a porous structure
and nano-carbon webs are synthesized through a chemical
reduction–lithiation and liquid nitrogen quenching method.
Li3V2(PO4)3/C sample was characterized by XRD, SEM, and
TEM. X-ray diffraction results show Li3V2(PO4)3 is monoclinic
with a space group of P21=n. SEM and TEM images indicate that
the Li3V2(PO4)3 particles are about 200 nm in diameter, have
porous structure, and are coated with nano-carbon webs. Electro-
chemical measurement results indicate that the Li3V2(PO4)3/C
cathode exhibits high-rate characteristic and delivered a stable
discharge capacity of 131.57mAh g�1 at 0.1 C (14mAg�1), in
the range of 2.6–4.5V.

Since LiFePO4 was proposed as cathode material for lithi-
um-ion batteries, considerable studies have been performed on
transition-metal polyanion materials based on PO4

3�, such as
LiMnPO4, LiCoPO4, Li3M2(PO4)3 (M = V and Fe) and
LiVPO4F, because of their high capacity and thermal stabili-
ty.1–8 Among these materials, the monoclinic Li3V2(PO4)3 is a
highly promising competitor proposed as a cathode for higher
voltage lithium-ion batteries because it possesses high reversible
capacity, high operate voltage, and good ion mobility.9–11 How-
ever, Li3V2(PO4)3 has low conductivity due to the polarization
of the V–O bond. Carbon coating is an effective way to improve
the performance of Li3V2(PO4)3.

To the best of our knowledge, cathode material (such as
LiFePO4) with porous structure shows better electrochemical
performance compared to conventional structure.12–14 The
pore-containing nano-sized particles are wrapped by nano-car-
bon webs; the pores, when filled with liquid electrolyte, are re-
sponsible for easy ion exchange; the nano-carbon webs, on the
other hand, serves for improving electronic conductivity.

In this paper, Li3V2(PO4)3/C composite with porous struc-
ture and nano-carbon webs has been synthesized by a compound
technique ‘‘chemical reduction–lithiation and liquid nitrogen
quenching (CLQ),’’ by using oxalic acid as the reducer as well
as the carbon source; the physical properties and electrochemical
performance of the sample are investigated.

Amorphous Li3V2(PO4)3 was prepared by chemical reduc-
tion and lithiation15 between Li2CO3, V2O5, NH4H2PO4, and
oxalic acid (a nominal composition of Li:V:P = 3:2:3). The
amorphous Li3V2(PO4)3 was first pressed into pellets; subse-
quently it was transferred to a quartz-tube; then the quartz-tube
was sealed in argon atmosphere. Second the samples were
fired at 650 �C for 12 h in a tube furnace; third the quartz-tubes
with the sample were taken out of the furnace immediately
and put into liquid nitrogen. Finally, the Li3V2(PO4)3/C was
obtained by separating the sample from the fragile quartz
pieces.

Structural and crystalline phase analyses of the products
were taken from the powder X-ray diffraction (XRD, Rint-
2000, Rigaku) using CuK� radiation. The samples were ob-
served by scanning electron microscopy (SEM, JEOL, JSM-
5612LV) and a Tecnai G12 transmission electron microscope
(TEM). Composition analysis of the elemental carbon in
Li3V2(PO4)3/C was performed by C–S analysis equipment
(Eltar, Germany).

The electrochemical characterization was performed using
a CR2025 coin-type cell. Typical positive electrode loadings
were in the range of 2–2.5mg cm�2, and an electrode diameter
of 14mm was used. For positive electrode fabrication, the pre-
pared powders were mixed with 10% of carbon black and 10%
poly(vinylidene fluoride) in N-methyl pyrrolidinone until slurry
was obtained. And then, the blended slurries were pasted onto
an aluminum current collector, and the electrode was dried at
120 �C for 12 h. The test cell consisted of a positive electrode
and lithium foil negative electrode separated by a porous poly-
propylene film and 1mol L�1 LiPF6 in EC, EMC, and DMC
(1:1:1 in volume) as the electrolyte. The assembly of the cells
was carried out in a dry Ar-filled glove box. Electrochemical
tests were carried out using an automatic galvanostatic
charge–discharge unit and NEWARE battery cycler, between
2.6 and 4.5V vs. Li/Liþ electrode at ambient temperature.

Li3V2(PO4)3/C composite synthesized at 650 �C for 12 h
through CLQ shows a series of diffraction peaks in its XRD pat-
tern, as shown in Figure 1. The crystal structure is identified to be
monoclinic Li3V2(PO4)3 structure indexed to P21=n (ICDD 43-
0526). No obvious impurities were detected in the XRD results.
Carbon remaining in Li3V2(PO4)3/C composite material was
not detected, which indicates the residual carbon is amorphous
or the thickness of the residual carbon on the Li3V2(PO4)3/C
powders is too thin.16 The unit cell parameters obtained by least
squares refinement based on a monoclinic structure using space
group P21=n are as follows: a ¼ 0:85766, b ¼ 0:86862, c ¼
1:19067 nm, � ¼ 90:52�, and cell volume = 0.88703 nm3, sim-
ilar to the previous report.17,18

The particle morphology observed by SEM is shown in
Figure 2a, and the average particle size is around 200 nm. All
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Figure 1. XRD pattern of the Li3V2(PO4)3/C composite.
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particles seem to be porous with nanometer pores. The amount
of carbon in Li3V2(PO4)3/C composite measured by C–S analy-
sis equipment was about 0.5wt%. However, it was difficult
to distinguish carbon from Li3V2(PO4)3 powder via SEM. So
we studied this composite further with TEM. As shown in
Figures 2b and 2c, the Li3V2(PO4)3 particle has a porous struc-
ture, and the porous Li3V2(PO4)3 particle was wrapped with
nano-carbon webs, the thickness of carbon webs is about 10–
20 nm. We found that the morphology of this Li3V2(PO4)3/C
composite is different from previous reports, where Li3V2(PO4)3
and carbon could be identified as small particles.15,18,19 Accord-
ing to our previous study,15 the Li3V2(PO4)3 synthesized by
chemical reduction and lithiation did not have this unique struc-
ture, So we think this porous structure and nano-carbon webs are
attributed to the fast liquid nitrogen quenching. And the
Li3V2(PO4)3/C powders have larger surface areas (25m2 g�1)
than that (10m2 g�1) synthesized previously.15

It was expected that this type of composite would be very
effective in enhancing the electrochemical performance of
Li3V2(PO4)3. Figure 3a shows the first charge/discharge curves
of Li/Li3V2(PO4)3/C cells at different rates. A discharge specif-
ic capacity of 131.57mAh g�1 at 0.1C was obtained, 99.6% of
theoretical capacity (132mAh g�1). Furthermore, the Li3V2-
(PO4)3/C powder shows good performance at higher rate, as
shown in Figures 3a and 3b. The initial discharge capacity values
of Li3V2(PO4)3 at the rate of 1C, 2C, and 5C are about 123.48,
121.92, and 113.07mAh g�1, respectively. These results are bet-
ter than Q. Q. Chen and X. C. Zhou19,20 reported and are also

better than the results we reported previously,15 in which the
Li3V2(PO4)3/C obtained without fast liquid nitrogen quenching.

The cycle life of the Li3V2(PO4)3/C synthesized at 650 �C
for 12 h at different C rates to a cutoff voltage between 2.6 and
4.5V is shown in Figure 3b. The initial discharge capacity values
of the Li3V2(PO4)3 at the rate 0.1C, 1C, 2C, and 5C are about
131.57, 123.48, 121.92, and 113.07mAh g�1, respectively, and
after 100 cycles the corresponding discharge capacity values
are about 125.30, 115.09, 112.77, and 108.11mAh g�1, respec-
tively. The cell retains 95.23, 93.21, 92.49, and 95.61% of its ini-
tial discharge capacity. It also indicates that the cycle performan-
ces are better than Li3V2(PO4)3/C synthesized without fast liquid
nitrogen quenching, as we reported previously.15 This relatively
large capacity and high rate capability are due to the Li3V2(PO4)3
with a porous structure and coated with nano-carbon webs.

A new type of Li3V2(PO4)3/C composite in which nano-
carbon webs wrap porous Li3V2(PO4)3 particles was obtained
through CLQ. The porous structure and nano-carbon webs are
attributed to fast liquid nitrogen quenching. This porous struc-
ture helps the electrolyte to penetrate the Li3V2(PO4)3 material
and promotes good electronic contact among the Li3V2(PO4)3
particles. The nano-carbon webs were very effective in improv-
ing the electronic conductivity of Li3V2(PO4)3. These character-
istics of porous structure and nano-carbon webs largely en-
hanced the electrochemical properties of Li3V2(PO4)3 such as
capacity and rate capability.

The project was sponsored by National Basic Research Pro-
gram of China (973 Program, 2007CB613607).

References

1 A. K. Padhi, K. S. Nanjundaswamy, J. B. Goodenough, J. Electrochem. Soc.

1997, 144, 1188.

2 G. Li, H. Azuma, M. Tohda, Electrochem. Solid-State Lett. 2002, 5, A135.

3 C. Delacourt, P. Poizot, M. Morcrette, J.-M. Tarascon, C. Masquelier, Chem.

Mater. 2004, 16, 93.

4 K. Amine, H. Yasuda, M. Yamachi, Electrochem. Solid-State Lett. 2000, 3,

178.

5 J. M. Lloris, C. P. Vicente, J. L. Tirado, Electrochem. Solid-State Lett. 2002,

5, A234.

6 M. Dutreilh, C. Chevalier, M. El-Ghozzi, D. Avignant, J. M. Montel, J. Solid

State Chem. 1999, 142, 1.

7 S.-C. Yin, H. Grondey, P. Strobel, M. Anne, L. F. Nazar, J. Am. Chem. Soc.

2003, 125, 10402.

8 M. Sato, S. Tajimi, H. Okawa, K. Uematsu, K. Toda, Solid State Ionics 2002,

152–153, 247.

9 D. Morgan, G. Ceder, M. Y. Saidi, J. Barker, J. Swoyer, H. Huang, G.

Adamson, Chem. Mater. 2002, 14, 4684.

10 J. Gaubicher, C. Wurm, G. Goward, C. Masquelier, L. Nazar, Chem. Mater.

2000, 12, 3240.

11 M. Sato, H. Ohkawa, K. Yoshida, M. Saito, K. Uematsu, K. Toda, Solid State

Ionics 2000, 135, 137.

12 M. Gaberscek, R. Dominko, M. Bele, M. Remskar, D. Hanzel, J. Jamnik,

Solid State Ionics 2005, 176, 1801.

13 R. Dominko, M. Bele, M. Gaberscek, M. Remskar, D. Hanzel, J. M. Goupil,

S. Pejovnik, J. Jamnik, J. Power Sources 2006, 153, 274.

14 R. Dominko, M. Bele, J.-M. Goupil, M. Gaberscek, D. Hanzel, I. Arcon,

J. Jamnik, Chem. Mater. 2007, 19, 2960.

15 J.-C. Zheng, X.-H. Li, Z.-X. Wang, H.-J. Guo, Q.-Y. Hu, W.-J. Peng,

J. Power Sources 2009, 189, 476.

16 Y. Li, Z. Zhou, X. Gao, J. Yan, Electrochim. Acta 2007, 52, 4922.

17 P. Fu, Y. Zhao, Y. Dong, X. An, G. Shen, J. Power Sources 2006, 162, 651.

18 X. Zhou, Y. Liu, Y. Guo, Solid State Commun. 2008, 146, 261.

19 A. Tang, X. Wang, Z. Liu, Mater. Lett. 2008, 62, 1646.

20 Q. Chen, J. Wang, Z. Tang, W. He, H. Shao, J. Zhang, Electrochim. Acta

2007, 52, 5251.

a b

c

Figure 2. (a) SEM image of the synthesized Li3V2(PO4)3/C compo-
site; (b), (c) TEM images of the synthesized Li3V2(PO4)3/C composite.
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Figure 3. (a) Rate performance of Li3V2(PO4)3/C synthesized at
650 �C for 12 h, (b) cycle performance of Li3V2(PO4)3/C synthesized

at 650 �C for 12 h.
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