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a b s t r a c t

MoO3 nanobelts are synthesized by a simple hydrothermal route followed by carbon coating. The effects
of the carbon coating on the nanobelts are investigated by Raman spectroscopy, X-ray diffraction (XRD),
scanning electron microscope (SEM) with an energy dispersive spectrometer (EDS), a transmission elec-
tron microscope (TEM), and galvanostatic cycling. As observed from the TEM and SEM images, the C–MoO3
eywords:
olybdenum oxide
ydrothermal method
arbon coating
node materials

nanobelts have a diameter of 150 nm and a length of 5–8 �m. In the electrochemical results, the C–MoO3

nanobelts exhibit excellent cycling stability after being cycled at a current rate of 0.1 C, maintaining their
capacity at 1064 mAh g−1 after 50 cycles. These results are better than those for a bare MoO3 nanobelt
electrode. The excellent electrochemical performance of the C–MoO3 nanobelts can be attributed to the
effects of the carbon coating which stabilizes the structure of the MoO3, enhances the ionic/electrical
conductivity, and moreover, can serve as a buffering agent to absorb the volume expansion during the
ithium-ion batteries Li+ intercalation process.

. Introduction

Lithium-ion batteries (LIBs) are one of the most important types
f power source for various existing and potential applications,
hat include popular mobile devices and next generation electric
nd hybrid-electric vehicles (EVs/HEVs) because of their high spe-
ific energy [1–3]. One of the real challenges in battery design is to
nsure that the electrodes maintain their integrity, as this will give
he batteries excellent capacity retention and long cycle-life.

Because the electrochemical insertion of lithium into MoO3 is
eversible, the application of this material in LIBs has been widely
tudied [4]. As an anode material, MoO3 not only has a superior the-
retical specific capacity of nearly 1111 mAh g−1 [5], which is more
han three times the theoretical capacity of graphite [6], but also
as a very stable one-dimensional (1D) layered structure [7,8]. This

ayered structure is able to act as a temporary support for interca-
ated species, such as protons, solvated lithium and sodium ions,
s well as larger molecules [9]. On the other hand, MoO3 has poor

onic and electronic conductivity [10], which limits its electrochem-
cal performance. Many researchers have tried to overcome this
rawback by doping MoO3 with Na and Sn [10,11], modifying its
tructure [12,13], and incorporating it into composites [14]. Among
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the doped systems, Na-doped MoO3 shows an initial capacity close
to the theoretical value, and such systems are stable after apply-
ing a slow rate of current density and increasing the cut-off voltage
during cycling up to 100 cycles. With respect to modification of
the structure, MoO3 nanoparticles display excellent performance
in terms of durable reversible capacity and high-rate capability.
The reversible capacity remains constant up to 150 cycles, and the
batteries can be cycled at a current rate as high as 2 C, which possi-
bly meets the requirements for HEV applications. Similar behaviour
is also observed with composite compounds; the reversible capac-
ity remains stable without any deterioration during cycling of the
electrodes.

In this work, the synthesis of carbon-coated MoO3 nanobelts and
their electrochemical performance as anode composite materials
for LIBs are investigated. From a survey of the literature, this is the
first report on C–MoO3 composite nanobelts. The lithium-ion inser-
tion/extraction behaviour of the C–MoO3 is systematically studied.
The capacity of the C–MoO3 increases with charge–discharge
cycling and suggests that the C–MoO3 nanobelts can be promising
anode materials for lithium-ion batteries.

2. Experimental
2.1. Synthesis of materials

Ammonium heptamolybdate tetrahydrate (AHM; (NH4)6Mo7
O24·4H2O, 99.5%) and nitric acid (HNO3, 69%) were used as start-
ing reagents to obtain the MoO3 nanobelts. An amount of 3.12 g or

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mfh125@uow.edu.au
dx.doi.org/10.1016/j.jpowsour.2009.10.065
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Fig. 1. Raman spectrum of C–MoO3 composite nanobelt electrode.

.5 mmol of the AHM was dissolved in 10 mL distilled water, and
hen the pH value of the solution was adjusted by using 5 M nitric
cid to achieve a pH 1. The resultant solution, together with some
hite precipitate, was transferred to a Teflon-lined stainless-steel

utoclave and maintained at 180 ◦C for 30 h. The MoO3 precipitate
as filtered and rinsed with a large amount of deionized water, fol-

owed by drying at 100 ◦C for 24 h under a pressure of 105 Pa. The
oO3 nanobelts thus obtained were then coated with carbon. Malic

cid (MA) (C4H6O5, 99%) was used as the carbon source. The MA was
rst dispersed in toluene (C7H8, 99.5%), and the MoO3 nanobelts
btained from the hydrothermal technique were added to toluene
hile stirring at room temperature for 2 h. The slurry was dried at

80 ◦C for 6 h under a vacuum pressure of 105 Pa and given a further
eat-treatment at 265 ◦C for 3 h in an air atmosphere.
.2. Characterization of bare MoO3 and C–MoO3 composite
anobelts

The carbon and MoO3 compounds were identified by Raman
pectroscopy (Jobin Yvon HR800) and X-ray diffraction (XRD; GBC

ig. 3. Scanning electron microscope images of (a) MoO3 nanobelts and (b) C–MoO3

agnifications (c) and (d). The inset in (c) shows corresponding SAED pattern.
Fig. 2. X-ray diffraction patterns of (a) MoO3 nanobelts and (b) C–MoO3 composite
nanobelts.

MMA generator), respectively. The morphology of the as-prepared
carbon-coated MoO3 materials was observed by a transmission
electron microscope (TEM; JEOL 2011) and a scanning electron
microscope (SEM; JEOL JSM 6460A) equipped with energy dis-
persive spectroscopy (EDS) and an EDS X-ray (EDS-X) mapping
system.

2.3. Electrochemical measurements

The anode electrodes were prepared by dispersing 60 wt.%
active materials, 20 wt.% carbon black and 20 wt.% poly(vinylidene
fluoride) binder in 1-methyl-2-pyrrolidinone solvent to form a
slurry. The resulting slurry was pasted on copper foil and dried in
vacuum at 120 ◦C for 12 h. Cells were fabricated for electrochemi-

cal testing and were assembled in an argon-filled glove-box (H2O,
O2 < 0.1 ppm, Mbraun, Unilab, USA). The electrolyte was 1 M LiPF6
in a mixture of ethylene carbonate and dimethyl carbonate (1:1 by
volume, provided by MERCK KgaA, Germany), and the separator
was microporous polypropylene film. The cells were galvanostati-

composite nanobelts. TEM images of C–MoO3 composite nanobelts at different
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anobelts. Corresponding EDS mappings for elements (b) Mo, (c) O, and (d) C.
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Fig. 4. (a) Scanning electron microscope image of C–MoO3 composite n

ally discharged and charged with a Neware battery cycler over a
oltage range of 0.05–3.0 V versus Li/Li+.

. Results and discussion

.1. Materials characterization

From previous experience in using MA as the carbon source for
arbon coating/deposition on different materials [20], a tempera-
ure of 265 ◦C was chosen for the experiment to decompose the

A and obtain an amorphous carbon layer while minimizing the
rystallite growth of the MoO3. The Raman analysis results con-
rm the presence of amorphous carbon in the composite nanobelt
ample; the spectrum is presented in Fig. 1. A few sharp peaks can
e observed, which are located at 671, 825 and 996 cm−1, corre-
ponding to MoO3 [15,16]. The broad peaks indexed by red arrows
t around 1370 and 1580 cm−1 are related to amorphous carbon.
hese peaks are in good agreement with Raman spectra of amor-
hous carbon reported in the literature [17–19].

X-ray diffraction results show the crystal structures, phases and
attice modification of the bare MoO3 nanobelts and the C–MoO3
omposite (Fig. 2). All the samples show a number of XRD peaks,
ositioned at 12.8◦, 23.4◦, 25.8◦, 27.5◦, 39.1◦, 46.4◦, 52.9◦, 57.9◦

nd 59.0◦, that can be easily indexed as orthorhombic MoO3 in the
oint Committee on Powder Diffraction Standards (JCPDS) database
JCPDS No. 65-2421, space group: Pnma, no. 62). As can be seen for
he C–MoO3 sample, no carbon peaks can be identified from the
RD pattern. The carbon is hard to trace in XRD analysis due to its
morphous nature and the highly crystalline structure of the MoO3
anobelts.

Scanning electron microscope and TEM images of the bare and
omposite nanobelts are shown in Fig. 3. Several agglomerations
f nanobelts can be observed (Fig. 3(a and b)). The nanobelts have
n average diameter of around 150 nm and lengths of between 5
nd 8 �m. As expected, the C–MoO3 has a thin layer of amorphous
arbon covering the nanobelts, as shown in Fig. 3(c and d). The

hickness of the carbon coating is around 15 nm, which is similar
o the thickness of carbon coatings on a number of reported com-
osites, such as SnO2/C, TiO2/C, and Si/C [20–22]. Such a carbon
orphology is expected to improve the ionic/electrical conductiv-

ty and the cycling stability of C–MoO3 electrodes. A TEM image

Fig. 5. Voltage profile of (a) first cycle of bare nanobelt and carbon-coated com-
posite nanobelt electrodes; (b) discharge capacity vs. cycle number curves of bare
MoO3 nanobelt and C–MoO3 composite nanobelt electrodes at current rate of 0.1 C;
(c) coulombic efficiency of C–MoO3 composite nanobelt and bare MoO3 nanobelt
electrodes up to 50th cycle.
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ig. 6. Scanning electron microscope images at different magnifications of C–MoO3

nd (d) after cycling, respectively.

f an individual nanobelt in Fig. 3(c) reveals smooth facets that
nclose the surfaces of the nanobelt and form sharp edges, such
hat the nanobelt has rectangular flat tips with four sharp corners
t the ends. The corresponding selected area electron diffraction
SAED) pattern of the nanobelt (inset) can be indexed to the (0 0 1)
nd (1 0 0) planes. Based on the nanobelt image and its correspond-
ng SAED pattern, it is reasonably clear that the nanobelt has grown
long the (0 0 1) crystal direction and terminates at the (0 1 0) and
1 0 0) crystallographic facets (Fig. 3(d)). The EDS results also indi-
ate a uniform carbon distribution, as shown in Fig. 4. Fig. 4(a) is a
EM image of the composite sample, and Fig. 4(b–d) show the corre-
ponding EDS mappings for the elements Mo, O, and C, respectively.
he bright spots correspond to the presence of each element. It is
bvious that the distribution of carbon in the composite is homo-
eneous. It is reasonable to conclude that the oxide and carbon
articles are thoroughly intermixed.

.2. Charge–discharge studies on bare MoO3 and C–MoO3
omposite nanobelt electrodes

The initial charge–discharge curves of the bare nanobelts and
he C–MoO3 composite electrodes are presented in Fig. 5(a), where
he composite electrode has an initial irreversible capacity of
round 192 mAh g−1, i.e., much smaller than that of bare nanobelts
492 mAh g−1). The initial coulombic efficiency of the bare MoO3
anobelts increases from 67.57 to 85.80% after carbon coating
Fig. 5(c)). As discussed in pervious work [20], the improvements
n the initial coulombic efficiency and the initial irreversible capac-
ty after carbon coating correlate to elements such as metal atoms
nd/or oxygen atoms that are not bound to each other on the
urface of the metal oxide in the composite, and the presence
f the carbon can further enhance the charge transport on the
urface of the composite electrode. Fig. 5(b) shows the capacity

ith cycling at a current rate of 0.1 C from 3.0 to 0.05 V for bare

nd composite nanobelt electrodes. For the composite nanobelt
lectrode, the discharge capacity drops in the first 10 cycles; but
hen gradually increases and reaches 1064 mAh g−1 at the 50th
ycle. For the bare nanobelt electrode after the first cycle, the
osite nanobelts (a) before and (b) after cycling, and bare MoO3 nanobelts (c) before

discharge capacity drops continuously with cycling, and at the
same cycle the discharge capacity remains at about 22.74% of the
discharge capacity of the composite sample. The reasons for the
outstanding high capacity and capacity retention of the C–MoO3
composite electrode can be attributed to two factors, namely, the
high ionic/electrical conductivity of the carbon-coated sample and
the buffering effect of the carbon coating on the MoO3 nanobelts. It
is well-known that such a carbon coating provides electronic con-
duction channels and facilitates Lithium-ion transport between the
active phases, both of which improve the initial coulombic effi-
ciency and enhance the electrochemical properties during lithium
insertion and extraction. These improvements are consistent with
the results presented in the current study. Lee et al. [12] have
found that MoO3 also experiences a large volume expansion dur-
ing lithium intercalation into its structure and thereby results in
poor capacity retention and cycleability. After carbon coating, how-
ever, both capacity retention and cycleability significantly improve,
which implies that the carbon coating not only can enhance the
electrochemical properties of the compound, but also can effec-
tively buffer the volume expansion and maintain the structural
integrity. These improvements can be seen in the SEM images
that are presented in Fig. 6(a) (before cycling) and Fig. 6(b) (after
cycling). The images show that the composite nanobelt electrode
is a tough film, which still adheres strongly to the copper sub-
strate after cycling for over 50 cycles. By contrast, the bare nanobelt
electrode displays a continuous loss of capacity with cycling up to
50 cycles; this behaviour is due to damage to the integrity of the
nanobelt after charge–discharge cycling and is supported by the
SEM images shown in Fig. 6(c) (before cycling) and Fig. 6(d) (after
cycling). In summary, the introduction of an amorphous carbon
coating on the surfaces of MoO3 nanobelts can clearly overcome
the drawbacks of bare MoO3 nanobelts to some extent. The car-
bon coating can not only improve the electrical conductivity of

the electrodes but also serve as an effective buffering agent to
absorb the volume expansion during Li insertion, thus maintaining
the integrity of the electrode. In short, carbon coating can signifi-
cantly enhance the electrochemical performance of MoO3 nanobelt
electrodes. Carbon-coated MoO3 composite nanobelts are there-
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ore promising anode materials for future lithium-ion batteries, as
hey exhibit a high charge–discharge capacity and excellent cycling
erformance.

. Conclusions

Carbon-coated MoO3 composite nanobelts have been success-
ully synthesized via the hydrothermal method followed by carbon
oating. Electrochemical measurements demonstrate that the elec-
rode properties of the C–MoO3 composites are significantly better
han those of bare MoO3 nanobelts. At first, the capacity of the com-
osite nanobelts decreases during cycling over 10 cycles, but then

ncreases gradually and reaches 1064 mAh g−1 at the 50th cycle.
ompared with bare MoO3 nanobelts, the composite nanobelts
xhibit superior electrochemical performance. The excellent per-
ormance may arise from the carbon coating on the nanobelts,
hich provides good structural stability, increases the electrical

onductivity, and acts as a volume buffer to absorb the volume
ariation during Li+ insertion.
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