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a b s t r a c t

A sphere-like carbon-coated Li3V2(PO4)3 composite was synthesized by carbothermal reduction method
with two sessions of ball milling followed by spray-drying with the dispersant of polyethylene glycol
added. The structure, particle size, and surface morphology of the cathode material were investigated via
X-ray diffraction, scanning electron microscopy, and high-resolution transmission electron microscopy.
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Results indicate that the Li3V2(PO4)3/C composite has a sphere-like morphology composed of a large
number of carbon-coated ultrafine particles linked together with a monoclinic structure. In the voltage
range of 3.0–4.3 V, it exhibits the discharge capacities of 130 mAh g−1 and 100 mAh g−1 at 0.2 C and 20 C
rates, respectively. This behavior indicates that the obtained Li3V2(PO4)3/C material has excellent rate
capability.
ate performance
olid state reaction

. Introduction

High-power lithium ion batteries have become the most
romising energy storage devices for power tools, hybrid electric
ehicles (HEVs) [1,2]. Lithium metal phosphates have now been
idely recognized as new generation of cathode materials that can

ffer the safety, power and energy to satisfy the application for
igh-power lithium ion batteries [3–8]. Among the phosphates,
onoclinic Li3V2(PO4)3 is a highly promising cathode material

or high-power lithium ion batteries because it has high operate
oltage, good ion mobility and high reversible capacity [9–11].
owever, as most of polyanion materials, the separated [VO6]
ctahedral in monoclinic Li3V2(PO4)3 reduces the electronic con-
uctivity of the material, which results in a poor rate capability.

n order to increase the electronic conductivity of Li3V2(PO4)3, it
s a common practice to synthesis of nano-structured and conduc-
ive materials coated materials [12–16]. And some other researches
mproved the electronic conductivity of Li3V2(PO4)3 through cation
r anion substitution [17–22].

In this paper, we synthesized novel spherical Li3V2(PO4)3/C

omposites through improved synthesis method, which comprises
wo sessions of ball milling (before and after pre-sintering of pre-
ursor) followed by spray-drying with the addition of dispersant of
olyethylene glycol 400 (PEG-400). The advantages of two sessions
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of ball milling and dispersant of PEG-400 are reported and the rate
capability of the composites is studied in detail.

2. Experimental

According to the stoichiometry, LiH2PO4 (99%), NH4VO3 (99%) were dispersed
in an aqueous solution and then ball milled for 15 h. The mixtures were dried at
100 ◦C, and then placed into a tube furnace and heated to 350 ◦C for 3 h under an
argon atmosphere. Then the pre-sintered mixtures and sucrose in the amount of
25 g per mole LiH2PO4 (about 3 wt.% carbon) was ball milled again in ethanol for
15 h. The ball-milled mixture and PEG-400 were dispersed in ethanol to obtain an
emulsion, and then the emulsion product was spray dried at 120 ◦C. The spray dried
precursor was then heated to 800 ◦C at a heating rate of 5 ◦C min−1 for 10 h under
an argon atmosphere to yield Li3V2(PO4)3/C composite.

The obtained composite was subjected to X-ray diffraction (XRD) (Philips, Pan-
alytical X’ Pert) for phase analysis using CuK� radiation. The morphology of the
sample was observed by scanning electron microscope (SEM) (S-4800, Hitachi). The
nature and thickness of the coated carbon was measured using the images from a
high-resolution transmission electron microscope (HR-TEM) (JEM-2100, JEOL).

The Li3V2(PO4)3 slurry was prepared via mixing 80 wt.% active material, 10 wt.%
carbon black and 10 wt.% polyvinylidene fluoride solution in N-methylpyrrolidone
and then was coated onto an aluminum foil over an area of 1 cm2. The cells
(CR2025 coin type) were assembled in an argon-filled glove box (Etelux). The
electrolyte was 1 mol L−1 LiPF6 in ethylene carbonate/diethylene carbonate/methyl
ethyl carbonate (1:1:1, v/v/v). The cells were measured using Neware galvanostatic
charge–discharge unit. Cyclic voltammetry (CV) was performed with electrochem-
ical instrument (CHI604C, Chenhua).
3. Results and discussion

Fig. 1 shows the XRD pattern of the Li3V2(PO4)3 powder. The
diffraction peaks of the material are similar to the previous report

dx.doi.org/10.1016/j.jallcom.2011.01.151
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to develop high-power lithium-ion batteries. Spherical morphol-
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Fig. 1. XRD pattern of the Li3V2(PO4)3/C composite.

7] and mainly indicate the presence of Li3V2(PO4)3 phase with a
onoclinic structure indexed to the space group of P21/n. Excess

arbon left in Li3V2(PO4)3/C composite was not detected most likely
ecause there was amorphous or a low content of crystalline carbon

n the samples.
SEM image of Li3V2(PO4)3/C sample is shown in Fig. 2, this

uggests that the particles obtained in our experiments are sev-
ral microns to tens of microns in diameter and morphology of
he particles is sphere-like. To further investigate the prime par-
icle size and carbon distribution in the powders, HR-TEM were
aken and shown in Fig. 3. From the TEM image, it can be seen
hat the prime Li3V2(PO4)3 particle is nano-sized and wrapped
ith a carbon layer. The image embedded in Fig. 3 shows that

he approximate thickness of the carbon coating in the samples
as been calculated to be 4–5 nm. The HR-TEM images show that
he modified process with two sessions of ball milling (before
nd after pre-sintering of precursor) created ultrafine particles.
he first ball milling in an aqueous solution can reduce particle
ize of insoluble material and make the full mix of raw materi-
ls. In particular, the second ball milling not only makes the full

ix of sucrose and pre-sintered precursor but creates ultrafine

articles. The followed spray-drying step bound these ultrafine
articles together via sucrose to form micron-sized sphere-like
articles. The addition of PEG-400 dispersant makes the particles

Fig. 2. SEM images of the Li3V2(PO4)3/C composite.
Fig. 3. TEM images of the Li3V2(PO4)3/C composite. Insert is a high magnification
image of a Li3V2(PO4)3 particle and the carbon layer.

difficult to precipitate and spherical morphology of the parti-
cles after spray drying more uniform. The carbon enveloping
Li3V2(PO4)3/C results in excellent rate performance for this mate-
rial.

To find the working voltage and high-rate properties of as-
prepared composite powders, the Li3V2(PO4)3/C electrode was
discharged at different rates, which are shown in Fig. 4. The cells
were charged to 4.3 V at 0.2 C rate, then discharged to 3.0 V at n C
rate (where n = 0.2, 1, 5, 10, 15, 20). The initial charge–discharge
profiles of the Li3V2(PO4)3/C electrode at 0.2 C embedded in Fig. 4
exhibit three charge plateaus and the corresponding three dis-
charge ones, which corresponds to three compositional regions of
Li3−xV2(PO4)3, that is, x = 0.0–0.5, x = 0.5–1.0 and x = 1.0–2.0. The
voltage plateau in each region corresponding to the reversed two-
phase transition [7] and a total discharge capacity of 130 mAh g−1

is achieved. As shown in Fig. 4, when the discharge current den-
sity increases from 0.2 to 5 C, the discharge capacity ratio for
Q5C/Q0.2C is 97.8%, which indicates that there is only a small capacity
decrease. Even when discharging at 20 C rate, a discharge capac-
ity of 100 mAh g−1 is still delivered. This should be very attractive
ogy may improve the processability of the Li3V2(PO4)3/C cathode
[8]. Carbon-coated Li3V2(PO4)3 ultrafine particles may increase the
specific surface area of the sample and reduce the contact resis-
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Fig. 4. Initial discharge curves of the Li3V2(PO4)3/C electrode at different rates. Insert
is charge–discharge profiles of Li3V2(PO4)3/C composite material at 0.2 C rate in the
voltage range of 3.0–4.3 V. (1 C = 133 mAg−1).
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Fig. 5. Cyclic voltammetry profile of the Li3V2(PO4)3/C electrode.
ance of the sample, which can greatly improve the electrochemical
eaction.

The charge–discharge behavior of the Li3V2(PO4)3 electrode
ay be interpreted by the CV curve in the voltage range of 3.0–4.3 V

hown in Fig. 5. The CV curves of Li3V2(PO4)3/C composite at a
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ig. 6. (a) Cycle curves and rate performance of Li3V2(PO4)3/C materials and (b)
harge–discharge curves of the Li3V2(PO4)3/C electrode at 1st and 105th cycles.
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scanning rate of 0.05 mV s−1 between 3.0 and 4.3 V (vs. Li/Li+). As
shown in Fig. 5, there are three anodic peaks at 3.62, 3.70 and 4.11 V,
respectively, consistent with three charge plateaus in Fig. 4. The two
peaks at 3.62 and 3.70 V correspond to the first lithium ion extrac-
tion from Li3V2(PO4)3 structure, and the peak at 4.11 V originates
from the second lithium ion deintercalation. All the three peaks are
associated with V3+/V4+ redox couple. During the negative scan,
there are correspondingly three cathodic peaks at 3.55, 3.63 and
4.02 V due to lithium insertion. Each anodic or cathodic peak in CV
curve stands for two-phase transitions, which is in good agreement
with the charge–discharge behavior at 0.2 C rate in Fig. 4.

Fig. 6(a) presents the result of the cycle characterizations of the
Li/Li3V2(PO4)3 cell at various rates from 0.2 C to 20 C and Fig. 6(b)
shows the voltage–capacity profiles of the samples at 1st and
105th at 0.2 C rate. The cell exhibited excellent capacity reten-
tion as it cycled at various rates from 0.2 C to an extremely high
20 C rate. Furthermore, as shown in Fig. 6(b), the cell has simi-
lar charge–discharge plateaus in the 1st and 105th cycles and the
cell delivers a high specific capacity of 127 mAh g−1 at 105th cycle,
which is 97.7% of the 1st discharge capacity at 0.2 C rate. From
the results, we conclude that the Li3V2(PO4)3/C composite syn-
thesized by the improved synthesis method in this study presents
excellent high-rate performance. It could be attributed to the ultra-
fine Li3V2(PO4)3 particle size and carbon coated on the surface of
Li3V2(PO4)3 particles.

4. Conclusions

A novel sphere-like Li3V2(PO4)3/C composite composed of a
large number of ultrafine particles linked together was synthesized
via the carbothermal method with two session of ball milling fol-
lowed by spray-drying. The cathode material shows a discharge
capacity of 130 mAh g−1 at 0.2 C rate and 100 mAh g−1 at 20 C rate.
The good rate performance makes the process promising for high
performance cathode for lithium-ion batteries.
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