
G
p

L
a

2
b

a

A
R
R
2
A
A

K
L
G
M
C
P

1

a
m
f
t
L
a
c
i
g
d
e
t
t
t
l
i
n
P

0
d

Journal of Alloys and Compounds 501 (2010) 218–220

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

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

raphite@MoO3 composite as anode material for lithium ion battery in
ropylene carbonate-based electrolyte

.C. Yanga, W.L. Guoa, Y. Shia, Y.P. Wua,b,∗

New Energy and Materials Laboratory (NEML), Department of Chemistry and Shanghai Key Laboratory of Molecular Catalysis & Innovative Materials, Fudan University, Shanghai
00433, China
Fudan-Tongxiang R&D Center for Power Batteries, Zhejiang, China

r t i c l e i n f o

rticle history:
eceived 21 May 2009
eceived in revised form
5 November 2009
ccepted 28 November 2009

a b s t r a c t

Graphite@MoO3 composite was prepared by coating MoO3 on graphite in order to improve the perfor-
mance of graphite as an anode for lithium ion battery in propylene carbonate (PC)-based electrolyte. The
coated MoO3 layer acts as a protective layer which separates graphite from PC-based electrolyte solu-
tion. Cyclic voltammograms and discharge–charge measurement suggest that the cointercalation of PC
is suppressed and lithium ions can reversibly intercalate into and deintercalate from the graphite@MoO3
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. Introduction

Ethylene carbonate (EC)-based electrolytes have been widely
pplied for lithium ion batteries using graphitic carbons as anode
aterials. In such electrolytes, a film called solid electrolyte inter-

ace (SEI) can be formed on the surface of the graphite particles
hrough the reductive decomposition of the solvent at 0.5–1.0 V vs.
i+/Li during the first discharge process [1,2]. It has been gener-
lly accepted that the SEI plays an important role of preventing
o-intercalation of solvated Li+ ions, thus allows the reversible
ntercalation/deintercalation of unsolvated Li+ ions into/from the
raphite electrode in the subsequent cycles [3]. As the technology
evelops, lithium ion batteries are needed in broader fields where
xtreme conditions like ultra low temperature may be encoun-
ered. However, EC-based electrolyte cannot be used at very low
emperature due to its high melting point (39 ◦C). In such situa-
ion, PC-base electrolytes become attractive because of its much

ower melting point (−49.2 ◦C) than that of EC as well as superior
onic conductivity and low price [4]. However, lithium ions can-
ot reversibly intercalate into and deintercalate from graphite in
C-based electrolyte. Only poor SEI film is formed on the graphite

∗ Corresponding author. Tel.: +86 21 55664223; fax: +86 21 55664223.
E-mail address: wuyp@fudan.edu.cn (Y.P. Wu).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.11.196
electrode because PC molecules together with lithium ions co-
intercalate into graphite followed by continuous decomposition
of PC, leading to graphene sheet exfoliation [5–9]. To overcome
these difficulties, many efforts have been paid, e.g., adding addi-
tives into PC solutions such as vinyl tris-2-methoxyethoxy silane
[10], polyether-functionalized disiloxanes [11], propane sultone
[12], maleimide (MI)-based compounds [13]. These additives pro-
duce stable SEI layers on the graphite, which significantly suppress
the co-intercalation and decomposition of the PC molecules, allow-
ing the desolvated Li+ ions to intercalate. However, these additives
will at same time affect the cathode because they are directly added
into the electrolytes [3,14]. Another attempt is to coat graphite with
other materials which play the role of SEI film to prevent direct
contact between electrolyte and graphite, thus allow reversible
intercalation/deintercalation of unsolvated Li+ ions into/from the
graphite electrode [15–18].

MoO3, as one of the most intriguing transition-metal oxides,
is widely used in various fields, such as photochromic and elec-
trochromic devices, gas sensors, catalysts and lubricants [19–24].
It was recently reported that MoO3 exhibits high capacities either
as cathode [25–28] or anode [29,30] for lithium ion batteries. In this

paper, we for the first time used molybdenum trioxide (MoO3) as
a coating material on an artificial graphite to get a graphite@MoO3
composite. It was found that this method was effective in sup-
pressing the decomposition of PC molecules and the exfoliation of
graphite during cycling in PC-based electrolyte.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wuyp@fudan.edu.cn
dx.doi.org/10.1016/j.jallcom.2009.11.196


L.C. Yang et al. / Journal of Alloys and Compounds 501 (2010) 218–220 219

2

m
3
C
A
o
f
a

d
r
o

m
a
t
o
w
1
w
e
(
s
G

3

d
i
p

p
g
s
a

o
fi
o
e
a
a
i
w
c
fi
g

in the following charge process the voltage rises steeply. It is well
known that the plateau corresponds to the insertion of PC-solvated
lithium ions which causes heavy exfoliation of graphene sheets,
thus no lithium ion intercalates reversibly and no charge capacity
Fig. 1. XRD pattern of the as-prepared graphite@MoO3 composite.

. Experimental

The preparation of graphite@MoO3 composite is as follows. 0.15 g phospho-
olybdic acid H3PMo12O40·6H2O (PMA) was dissolved in 5 ml ethanol, and then
g graphite (CMS, an artificial graphite from heat-treatment at 2800 ◦C, Shanshan
o. Ltd., Shanghai, China, average diameter 15 �m) was added into the solution.
fter sonicated for 5 min, the suspension was stirred until the ethanol was evap-
rated away. The as-prepared mixture was then calcined under 500 ◦C in a tube
urnace under Ar atmosphere, through which PMA was decomposed into MoO3 and
graphite@MoO3 composite (MoO3 14.4 wt%, CMS 85.6 wt %) was obtained.

The crystalline structure of the product was characterized by X-ray powder
iffraction (XRD) using Rigaku D/MAX-IIA diffractometer equipped with CuK�
adiation (� = 1.54056 Å). The scanning electron microscopic (SEM) images were
btained on a Philips XL 30 scanning electron microscope.

Coin-type half-cells were assembled for evaluating the electrochemical perfor-
ance of the as-prepared product. The as-synthesized active material, carbon black

nd poly(vinylidene difluoride) (PVDF) at a ratio of 8:1:1 (w/w/w) were mixed and
hen suspended in N-methylpyrrolidone to make a slurry that was spread uniformly
n a copper foil as current collector. The coated copper foil was cut into round pieces
ith a diameter of 1 cm, which were dried under ambient condition and then at

20 ◦C in a vacuum overnight. Finally, model cells were assembled in a glove box
ith the round pieces as working electrode, lithium foil as the counter and refer-

nce electrode, Celgard 2400 as the separator, and 1 M LiClO4 solution of PC/DMC
dimethyl carbonate) (1:1, v/v) as the electrolyte. Cyclic voltammetry was mea-
ured using a CHI 600C electrochemical work station (Shanghai CH instruments).
alvanostatic cycling was performed using LANDct3.3 battery tester.

. Results and discussion

XRD pattern of the as-prepared product is shown in Fig. 1. The
iffraction peaks can be assigned to graphite and MoO3 as denoted

n the figure, which indicates that PMA was completely decom-
osed to MoO3 and there is no by-product in the reaction.

SEM images of original graphite and the graphite@MoO3 com-
osite are shown in Fig. 2. It can be seen that the surface of the
raphite is rough while that of the graphite@MoO3 composite is
mooth. Apparently, the graphite@MoO3 composite is covered by
layer of MoO3 according to the XRD characterization.

The CV curves shown in Fig. 3 were measured at a scan rate
f 0.1 mV/s in 1 M LiClO4 solution of PC/DMC (1:1, v/v). In the
rst cycle, a cathodic peak located at about 0.4 V vs. Li/Li+ was
bserved, which is ascribed to the PC decomposition [26]. How-
ver, unlike the previously reported results [17,18], in the following
nodic polarization there is also a prominent anodic peak located
t around 0.2 V which corresponds to the deintercalation of lithium

ons. In the subsequent cycles, the cathodic peak at 0.4 V vanishes

hile the anodic peak at 0.2 V is retained, and the curves for these
ycles mostly overlap, implying PC decomposition stops after the
rst cycle and lithium ions can intercalate/deintercalate into/from
raphite@MoO3 composite reversibly and stably.
Fig. 2. SEM images of (a) the virginal graphite and (b) the graphite@MoO3 compos-
ite.

The discharge–charge profiles of the graphite@MoO3 compos-
ite and the virginal graphite tested under a current density of
60 mA/g in 1 M LiClO4 solution of PC/DMC (1:1, v/v) are shown
in Fig. 4. During the discharge process of the virginal graphite in
the first cycle, there is an extended plateau at around 0.8 V and
Fig. 3. Cyclic voltammograms of the graphite@MoO3 composite measured in 1 M
LiClO4 solution of PC/DMC (1:1, v/v) at a scan rate of 0.1 mV/s during the initial
consecutive 4 cycles.
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ig. 4. (a) The discharge–charge profiles of the virginal graphite and the
raphite@MoO3 composite and (b) the cycling performance of the graphite@MoO3

omposite tested at a current density of 60 mA/g (about 1/6 C) in 1 M LiClO4 solution
f PC/DMC (1:1, v/v).

s obtained. However, for the graphite@MoO3 composite in the dis-
harge process of the first cycle, following a plateau around 0.75 V,
he voltage slowly drops to another plateau at about 0.1 V which
orresponds to the intercalation of lithium ions into graphite;
nd in the following charge curve, unlike the virginal graphite,
here is a plateau at 0.2 V, corresponding to the deintercalation of
ithium ions from the graphite. It can be deduced that the MoO3
oating depresses the graphene sheets exfoliation, preserves the
raphite structure, and therefore enables lithium ions to interca-
ate/deintercalate into/from the graphite reversibly. Although there
s still some PC decomposition which makes the Colombic efficiency
ow in the first cycle, in the following cycles the PC decomposi-
ion stops and the discharge/charge curves of the 5th, 10th and
5th cycles mostly overlap, suggesting good reversibility of lithium

on storage in the graphite@MoO3 composite. The graphite@MoO3
omposite exhibits a reversible capacity of 385 mAh/g in the first
ycle, which is larger than the theoretical capacity of graphite
ecause MoO3 as an anode exhibits a much higher reversible capac-

ty (>600 mA/g) in the initial cycle [29,30]. The cycling performance
f graphite@MoO3 composite shown in Fig. 4 is quite desirable.
he reversible capacity of the graphite@MoO3 composite preserves

20 mAh/g after 18 cycles, which is comparative with the reversible
apacity of graphite in EC-based electrolyte [3]. From these results
ogether with the cyclic voltammograms, it can be speculated that
he coating layer of MoO3 plays an important role of SEI film to
eep the surface of graphite from direct contact with PC. Due to

[

[

[
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some possible cracks or unevenness of the film, the PC decompo-
sition is not completely avoided in the first cycle. However, it does
not affect the intercalation of lithium ions into the graphite during
the following cycles.

4. Conclusions

Graphite@MoO3 composite was synthesized and studied as
anode material of lithium ion battery in PC-based electrolyte. The
cyclic voltammograms and discharge–charge curves show clearly
that the coating MoO3 layer effectively suppresses the decomposi-
tion of PC and the exfoliation of graphite and enables lithium ions to
intercalate/deintercalate into/from graphite reversibly in PC-based
electrolyte. The graphite@MoO3 composite is stable and its cycling
performance in PC-based electrolyte is good as in the commercial
EC-based electrolyte, which proves that MoO3 coating is a good
way to improve the electrochemical performance of graphite car-
bon as anode in PC-based electrolyte and will be promising for the
application of lithium ion batteries at low temperature.

Acknowledgements

Financial support from National Basic Research Program of
China (973 Program No: 2007CB209702) and the Natural Science
Foundation Committee of China (No: 50573012) is greatly appre-
ciated.

References

[1] E. Peled, J. Electrochem. Soc. 126 (1979) 2047.
[2] R. Fong, U. von Sacken, J.R. Dahn, J. Electrochem. Soc. 137 (1990) 2009.
[3] K. Ui, S. Kikuchi, F. Mikami, Y. Kadoma, N. Kumagai, J. Power Sources 173 (2007)

518.
[4] J.T. Dudley, D.P. Wilkinson, G. Thomas, R. LeVae, S. Woo, H. Blom, C. Horvath,

M.W. Juzkow, B. Denis, P. Juric, P. Aghakian, J.R. Dahn, J. Power Sources 35 (1991)
59.

[5] A.N. Dey, B.P. Sullivan, J. Electrochem. Soc. 117 (1970) 222.
[6] J.O. Besenhard, H.P. Fritz, J. Electroanal. Chem. 53 (1974) 329.
[7] G. Eichinger, J. Electroanal. Chem. 74 (1976) 183.
[8] R. Fong, U. von Sacken, J.R. Dahn, J. Electrochem. Soc. 137 (1990) 200.
[9] M. Inaba, Z. Siroma, A. Funabiki, Z. Ogumi, T. Abe, Y. Mizutani, M. Asano, Lang-

muir 12 (1996) 1535.
10] G. Schroeder, B. Gierczyk, D. Waszak, M. Kopczyk, M. Walkowiak, Electrochem.

Commun. 8 (2006) 523.
11] M. Walkowiak, D. Waszak, G. Schroeder, B. Gierczyk, Electrochem. Commun.

10 (2008) 1676.
12] G. Park, H. Nakamura, Y. Lee, M. Yoshio, J. Power Sources 189 (2009) 602.
13] F. Wang, H. Cheng, H. Wu, S. Chu, C. Cheng, C. Yang, Electrochim. Acta 54 (2009)

3344.
14] M. Arakawa, J. Yamaki, J. Electroanal. Chem. 219 (1987) 273.
15] M. Yoshio, H.Y. Wang, K. Fukuda, Y. Hara, Y. Adachi, J. Electrochem. Soc. 147

(2000) 1245.
16] X. Wu, Z. Wang, L. Chen, X. Huang, Surf. Coat. Technol. 186 (2004) 412.
17] J. Gao, L.J. Fu, H.P. Zhang, T. Zhang, Y.P. Wu, H.Q. Wu, Electrochem. Commun. 8

(2006) 1726.
18] L.J. Fu, J. Gao, T. Zhang, Q. Cao, L.C. Yang, Y.P. Wu, R. Holze, J. Power Sources 171

(2007) 904.
19] Y. Liu, W. Wongwiriyapan, K.C. Park, H. Muramatsu, K. Takeuchi, Y.A. Kim, M.

Endo, Carbon 47 (2009) 2543.
20] D.P. Debecker, K. Bouchmella, C. Poleunis, P. Eloy, P. Bertrand, E.M. Gaigneaux,

P.H. Mutin, Chem. Mater. 21 (2009) 2817.
21] G. Wei, W. Qin, D. Zhang, G. Wang, P. Kim, K. Zheng, L. Wang, J. Alloys Compd.

481 (2009) 417.
22] S.C. Lee, H.Y. Choi, S.J. Lee, W.S. Lee, J. Shuh, D.D. lee, J.C. Kim, Sensor Actuat. B

Chem. B138 (2009) 446.
23] M. Gu, G. Liu, J. Alloys Compd. 475 (2009) 356.
24] L. Cheng, M. Shao, X. Wang, H. Hu, Chem. Eur. J. 15 (2009) 2310.
25] C. Julien, G.A. Nazri, Solid State Ionics 68 (1994) 111.
26] W.Y. Li, F.Y. Cheng, Z.L. Tao, J. Chen, J. Phys. Chem. B 110 (2006) 119.
27] L.Q. Mai, B. Hu, W. Chen, Y.Y. Qi, C.S. Lao, R.S. Yang, Y. Dai, Z.L. Wang, Adv. Mater.

19 (2007) 3712.

28] C.V. Subba Reddy, Z.R. Deng, Q.Y. Zhu, Y. Dai, J. Zhou, W. Chen, S.-I. Mho, Appl.

Phys. A 89 (2007) 995.
29] S.-H. Lee, Y.-H. Kim, R. Deshpande, P.A. Parilla, E. Whitney, D.T. Gillaspie, K.M.

Jones, A.H. Mahan, S. Zhang, A.C. Dillon, Adv. Mater. 20 (2008) 3627.
30] Y.S. Jung, S. Lee, D. Ahn, A.C. Dillon, S.-H. Lee, J. Power Sources 188 (2009)

286.


	Graphite@MoO3 composite as anode material for lithium ion battery in propylene carbonate-based electrolyte
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


