
S

H
b

F
S

a

A
R
R
A
A

K
L
V

c
L
w
V
h

0
d

Journal of Power Sources 195 (2010) 6884–6887

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

hort communication

ighly promoted electrochemical performance of 5 V LiCoPO4 cathode material
y addition of vanadium

ei Wang, Jun Yang ∗, Yanna NuLi, Jiulin Wang
chool of Chemistry and Chemical Engineering, Shanghai Jiao Tong University, 800 Dong Chuan Road, Shanghai 200240, China

r t i c l e i n f o

rticle history:
eceived 21 January 2010
eceived in revised form 19 April 2010
ccepted 21 April 2010

a b s t r a c t

Li1+0.5xCo1−xVx(PO4)1+0.5x/C (x = 0, 0.05, 0.10) composites with ordered olivine structure have been syn-
thesized for use as cathode material in lithium ion batteries. The morphology and microstructure are
characterized by scanning electron microscope, transmission electron microscopy and X-ray diffraction.
The electrochemical test results show that addition of vanadium into LiCoPO4 remarkably improves its
vailable online 28 April 2010
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anadium doping

charge and discharge behavior. Li1.025Co0.95V0.05(PO4)1.025/C electrode gives its initial discharge capac-
ity of 134.8 mAh g−1 at 0.1 C current rate, against 112.2 mAh g−1 for the pristine LiCoPO4/C, and exhibits
much better cyclic stability than the latter. In particular, vanadium doping leads to an enhancement of
the discharge voltage plateau for about 70 mV.
Cathode material
High voltage
Lithium ion battery

1. Introduction

Great attention has been paid to the olivine-type LiMPO4 (M = Fe,
Mn, Co, Ni) cathode materials for lithium ion batteries in recent
years [1–4]. Owing to its high discharge voltage plateau close
to 4.8 V vs. Li/Li+ and large theoretical capacity (167 mAh g−1),
LiCoPO4 shows great potential as the attractive 5 V cathode material
for high-power electric vehicle application [5]. In addition, a com-
bination of the 5 V cathode with Li4Ti5O12 anode may be an option
for high-safe lithium ion battery. However, the low electrical con-
ductivity and the decomposition of the conventional electrolytes
at such high voltages hinder the LiCoPO4 material from practical
application [6,7]. Recent electrolyte progress, such as making use
of ionic liquids, provides the feasibility for 5 V lithium ion batteries.

Some improvements on the rate performance and cyclability
of LiCoPO4 have been achieved by metal ion doping and carbon
coating. Han et al. [8] found that Fe doping enhanced Li+ diffusiv-
ity arisen by the expansion of 1D channel in polyanion structure of
LiCoPO4. Li et al. [9] observed that electrical conductivity of LiCoPO4
increased three orders of magnitude via coating with uniform car-
bon film. Covering the LiCoPO4 cathode with a thin layer of Al2O3

ould greatly alleviate the capacity fading [10]. Vanadium-doped
iFePO4/C and the well mixed LiFePO4–Li3V2(PO4)3 compounds
ere investigated and the positive results could be obtained by
-doping at Fe site [11–14]. So far, no vanadium-doped LiCoPO4
as been reported.
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In this paper, Li1+0.5xCo1−xVx(PO4)1+0.5x/C (x = 0, 0.05, 0.10) com-
posites are prepared and evaluated for 5 V cathode material in
lithium ion batteries.

2. Experimental

2.1. Material preparation

The Li1+0.5xCo1−xVx(PO4)1+0.5x/C (x = 0, 0.05, 0.10) com-
posites were prepared by solid-state reaction using Li2CO3,
Co(CH3COO)2·4H2O, V2O5, NH4H2PO4 and acetylene black.
Acetylene black acted as reducing and conducting agent and its
amount was about 5 wt% in the final product. For a typical syn-
thesis, 0.103 mol Li2CO3, 0.190 mol Co(CH3COO)2·4H2O, 0.205 mol
NH4H2PO4, 0.005 mol V2O5 and 0.143 mol acetylene black were
weighed and put into a zirconia container. The reactants were
ball-milled in ethanol media and subsequently dried at 80 ◦C.
The resulting mixture was decomposed at 350 ◦C for 5 h under
argon to expel H2O and NH3. The obtained powder was ground,
pressed into pellets, and then heated at 750 ◦C for 16 h in flowing
argon to yield Li1.025Co0.95V0.05(PO4)1.025/C composite. The other
composites were also prepared for comparison through the same
method.

2.2. Material characterization
X-ray diffraction (XRD) experiments were carried out on a
Rigaku D/Max-2200 diffractometer with Cu K� radiation. The
morphology and microstructure were observed by JEOL JSM-
7401F scanning electron microscope (SEM) and transmission
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Fig. 1. XRD patterns of Li1+0.5xCo1−xVx(PO4)1+0.5x/C composites (x = 0, 0.05, 0.10).

lectron microscopy (TEM, JEOL JEM-2100) equipped with energy-
ispersive X-ray spectrometry (EDS, OXFORD INCA). The amount
f carbon was measured by PE 2400IIelemental analyzer.

.3. Electrochemical tests

The electrochemical tests were performed with CR2016 coin-
ype cells. To fabricate the cathodes, 75 wt% active material, 15 wt%
arbon black and 10 wt% polyvinylidene difluoride (PVDF) binder in
-methylpyrrolidone (NMP) solution were mixed homogeneously.
he resulting slurry was coated on aluminum foil, dried at 120 ◦C
nd pressed with 4 MPa. The cells were assembled in an argon-filled
ox, with lithium metal as anode and 1 M LiPF6 in a mixture of ethy-

ene carbonate (EC) and dimethyl carbonate (DMC) (1:1, volume) as
he electrolyte. Galvanostatic charge and discharge was controlled
etween 3.2 and 5.1 V at 25 ◦C on a Land CT2001 battery tester. The
lectrical conductivity was measured by four-point probe method
sing IM6e electrochemical workstation at room temperature.

. Results and discussion

.1. XRD analysis

The XRD patterns of the Li1+0.5xCo1−xVx(PO4)1+0.5x/C (x = 0, 0.05,
.10) composites are shown in Fig. 1. All samples are well crystal-

ized in orthorhombic olivine-type structure with the space group
mnb (No. 62). With the increase of vanadium content, especially
or Li1.05Co0.9V0.1(PO4)1.05/C, weak peaks are observed for mono-
linic Li3V2(PO4)3 [15]. There is no evidence of diffraction peaks for
rystalline carbon and other impurities, indicating the amorphous
tate of carbon. The lattice parameters of these composites obtained
y Rietveld refinement are listed in Table 1. The cell volume of the
anadium-modified phases is slightly smaller than that of LiCoPO4.
he decrease of unit cell volume suggests that addition of vanadium
bviously affects the structure of LiCoPO4. Furthermore, vanadium

oping results in an increase in the lattice constant c, which will
acilitate transfer of Li+ ions. It has been reported that the diffusion
f Li+ ions along the c-axis has the lowest diffusion energy barriers
16].

able 1
attice parameters of Li1+0.5xCo1−xVx(PO4)1+0.5x/C composites.

x a (Å) b (Å) c (Å) Volume (Å3)

0 10.1924(5) 5.9168(3) 4.6953(2) 283.1529
0.05 10.1840(5) 5.9144(3) 4.6964(3) 282.8719
0.10 10.1850(4) 5.9150(2) 4.6963(2) 282.9301
Sources 195 (2010) 6884–6887 6885

3.2. SEM and TEM morphologies

The morphologies of LiCoPO4/C and Li1.025Co0.95V0.05(PO4)1.025/
C composites are shown in Fig. 2a and b, respectively. The
particle size of pristine LiCoPO4/C ranges from 400 nm
to 800 nm and exhibits a wide distribution, whereas the
Li1.025Co0.95V0.05(PO4)1.025/C displays a more narrow par-
ticle distribution (300–500 nm). The TEM image of the
Li1.025Co0.95V0.05(PO4)1.025/C composite of Fig. 2c presents a
carbon layer coated on a phosphate particle with a thick-
ness from several to near 20 nm, which was formed during
the heating process. According to elemental analysis, the
amounts of carbon in LiCoPO4/C, Li1.025Co0.95V0.05(PO4)1.025/C
and Li1.05Co0.9V0.1(PO4)1.05/C are 5.05 wt%, 4.96 wt% and 5.29 wt%,
respectively. The carbon inside can not only provide the good
electrical contact between the Li1+0.5xCo1−xVx(PO4)1+0.5x par-
ticles, but also prevent from the formation of large particles
during the high-temperature solid-state reaction. TEM image of
Li1.025Co0.95V0.05(PO4)1.025/C and its elemental mappings of Co
and V, as presented in Fig. 2d–f, indicate that the doped vanadium
is uniformly distributed over all the particles and Li3V2(PO4)3
particles have not yet been formed, which is accordance with the
XRD result.

3.3. Electrical and electrochemical properties

The powder samples were consolidated into pellets of about
14 mm in diameter and 3.1 mm in thickness with a pres-
sure of 15 MPa. The pellets were coated with Ag paste on
both sides for the measurement of the electrical conduc-
tivity. The result shows that the electrical conductivity of
Li1.025Co0.95V0.05(PO4)1.025/C is 3.58 × 10−3 S cm−1, around 5.3
times of LiCoPO4/C (6.80 × 10−4 S cm−1). The changes of lattice
parameters for these composites reveal that part of vanadium
enters LiCoPO4 matrix structure. The existence of vanadium can
cause some local imperfections and vacancies in the crystal struc-
ture, which may be the important reason for the increase of
electrical conductivity.

Fig. 3 shows typical charge and discharge profiles (the
second cycle) of the Li1+0.5xCo1−xVx(PO4)1+0.5x/C (x = 0,
0.05, 0.10) electrodes at 0.1 C rate in the voltage range of
3.2–5.1 V. The second discharge capacities for LiCoPO4/C,
Li1.025Co0.95V0.05(PO4)1.025/C and Li1.05Co0.9V0.1(PO4)1.05/C
are 109.3, 133.9 and 124.2 mAh g−1, respectively. It is very
interesting to find that the Li1.025Co0.95V0.05(PO4)1.025/C and
Li1.05Co0.9V0.1(PO4)1.05/C composites have higher and more flat
discharge voltage plateaus but lower charge plateaus com-
pared with LiCoPO4/C. Moreover, the discharge capacities of the
vanadium-modified composites reach 62 mAh g−1 above 4.8 V. In
contrast, the voltage plateau of LiCoPO4/C is below 4.8 V in the
whole discharge process. It appears that the enhanced voltage
plateaus and smaller hysteresis between charge and discharge
are attributed not only to morphology factor, which affects the
electrochemical polarization, but also to the material property. On
the other hand, a discharge voltage plateau around 4.1 V can be
observed for Li1.05Co0.9V0.1(PO4)1.05/C electrode, which is related
to Li3V2(PO4)3 phase in the composite. With a further increase in
the vanadium content, the 4 V capacity rises but the 5 V capacity
declines.

The cyclic performances of the Li1+0.5xCo1−xVx(PO4)1+0.5x/C
(x = 0, 0.05, 0.10) electrodes at 0.1 C rate are shown in Fig. 4. The

initial capacities of LiCoPO4/C and Li1.025Co0.95V0.05(PO4)1.025/C
are 112.2 and 134.8 mAh g−1, respectively. After 25 cycles, the
capacity retention is 85% for Li1.025Co0.95V0.05(PO4)1.025/C, which is
much higher than that for LiCoPO4/C (62%). By all appearances, the
vanadium-modified LiCoPO4/C can not only supply larger capacity,
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Fig. 2. SEM images of LiCoPO4/C (a) and Li1.025Co0.95V0.05(PO4)1.025/C (b), and TEM images of Li1.025Co0.95V0.05(PO4)1.025/C (c and d), elemental mappings for Co (e) and V (f).

Fig. 3. The second charge/discharge profiles of Li1+0.5xCo1−xVx(PO4)1+0.5x/C elec-
trodes at 0.1 C rate.

Fig. 4. Cycle performances of Li1+0.5xCo1−xVx(PO4)1+0.5x/C electrodes at 0.1 C rate.
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but also maintain better cycling stability. However, it should be
mentioned that the long-term cycling stability of the 5 V cathode is
also dependent on the anti-oxidation capability of the electrolyte.
A further study should focus on the compatible electrolyte system.

4. Conclusions

Highly crystalline Li1+0.5xCo1−xVx(PO4)1+0.5x (x = 0, 0.05, 0.10)
incorporated with carbon can be successfully synthesized via
solid-state reaction. A certain amount of vanadium can dope
into LiCoPO4 crystal structure but more vanadium addition will
lead to the formation of Li3V2(PO4)3. The vanadium modification
significantly improves the discharge capacity and cyclic stability.
Moreover, it can enhance discharge voltage plateaus and suppress
the hysteresis between charge and discharge. Therefore, the
vanadium-modified LiCoPO4/C is a promising cathode material for
high-voltage lithium ion battery.
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