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Abstract

Molybdenum trioxide (MoOs)/graphene composites were prepared by integrating MoO; and graphene in
dimethylformamide (DMF). The morphology and structure of the materials were characterized by X-ray diffraction,
field emission scanning electron microscopy and transmission electron microscopy. The electrochemical properties of
MoOas/graphene composite with different ratios were studied as anode materials for lithium-ion batteries using
galvanostatic charge-discharge and cyclic voltammetry. We observed that the MoOs/graphene anode with a weight
ratio of 1:1 (MoOs:graphene) exhibits a high lithium storage capacity of 967 mA h g* at the current density of 500
mA g, satisfactory cycling stability and good rate capability.
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1. Introduction

To meet the rising energy demands of modern electronic devices, lithium-ion batteries as energy
storage devices for portable electronics and electric and hybrid electric vehicles, have attracted
considerable attention in the scientific and industrial communities [1]-[3]. Graphite is used as anode
material in the majority of commercial lithium-ion batteries due to its availability, and low cost, but the
theoretical capacity is only 372 mA h g™, which cannot meet the ever rising demand for lithium-ion
batteries with high capacity. Extensive studies have been devoted to develop new electrode materials for
high energy applications. To achieve higher lithium storage capacities, different transition metal oxides
have been widely investigated as anode materials for lithium-ion batteries [4]-[11]. Among various
transition metal oxides MoOs; has recently attracted much attention in lithium-ion batteries owing to its
multiple valence states and high chemical and thermal stability [12]-[15]. However, this material also
experience large volume variation during Li* insertion/extraction like other transition metal oxides. It is
well established that the volume change causes pulverization of the electrode, which disconnect the active
material from the substrate and subsequently lead to rapid loss of capacity. There are two methods to
resolve these problems. One way is to reduce particle size into nanometer scale, because decrease in
particle size leads to shorten the lithium-ion diffusion distance and enlarge the contact area between the
active material and electrolyte [16], [17]. Another alternate is to prepare composites of oxides with carbon,
which not only enhance the electronic conductivity of metal oxides but also prevent the exfoliation of
active material from the substrate [18].

Graphene, a two-dimensional sp? bonded carbon atoms packed into a honeycomb crystal lattice, which
exhibits many intriguing physical properties, such as a very high specific surface area, large electrical and
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thermal conductivity and mechanical flexibility [19]-[21]. In particular, the exceptionally high electron
mobility is benificial for electrode. In metal oxide-graphene composite graphene layer can prevent both
aggregation and volume changes of metal oxides during charge-discharge cycling and graphene can not
restack because metal oxides are sandwiched in between the graphene sheets. Composites of graphene
with different metal oxides have been reported and they have shown high specific capacity, good cycling
performance and rate capability compared to the bulk metal oxides [22]-[26]. M0oOs-C composites have
also been reported by several groups and achieved higher specific capacity and good cycling stability
[27]-[29]. However, MoOz/graphene composite with good electrochemical performances still remains
limited.

In this work, we successfully prepared MoO; nanorods and graphene separately and fabricated
MoOs/graphene composite using DMF as solvent. The electrochemical properties of graphene-MoOj; for
lithium-ion batteries were systematically investigated and compared with the pure MoOs.

2. Experimental

2.1. Preparation of MoOs hanorods

In a typical synthesis procedure, 0.49 g ammonium heptamolybdate tetrahydrate ((NH;)¢M07;0,4 4H,0)
was dissolved in 15 ml de-ionised (DI) water and stirred for few mins. Then 8 mL of 3 M nitric acid was
added into the above solution and stirred for 5 min. After stirring, 100 pl TX-100 was added slowly. The
transparent solution was transferred into a Teflon-lined stainless autoclave and was heated to 180 "C for
20 h. The resultant precipitate was collected, washed thoroughly with DI water and ethanol several times
and dried at 80 'C for 12 h.

2.2. Synthesis of graphene nanosheets

In a typical synthesis process, natural graphite powders were oxidized to graphite oxide using a
modified Hummers method [30]. 1.0 g graphite powder and 0.5 g sodium nitrate were poured into 25 ml
concentrated H,SO, (under ice bath). 4.0 g KMnO, was gradually added and stirred for 2.5 h. The
mixture was diluted with 150 ml de-ionised (DI) water. Then 5 % H,0,was added into the solution until
the colour of the mixture changed to brilliant yellow. The solution was washed with 5 % HCI and DI
water until the pH=7. Then the obtained graphite oxide was dried in a vacuum oven overnight at 60 C.
The dry graphite oxide was re-dispersed in DI water and exfoliated to generate graphene oxide nanosheets
by ultrasonication using a Brandson Digital Sonifier. The brown graphene oxide nanosheet dispersion
was poured into a round bottom flask and then 60 pl hydrazine monohydrate (reducing agent) was added
into the dispersion. The mixed solution was then refluxed at 100 'C for 3 h and the colour of the solution
gradually changed to dark black as the graphene nanosheet dispersion was formed. The dispersion was
then filtered and washed with DI water and ethanol and dried in vacuum oven at 60 "C overnight to obtain
bulk graphene nanosheets.

2.3. Preparation of MoOs/graphene composite

Graphene nanosheets (30 mg) were dispersed in 50 ml DMF and sonicated by digital sonifier for 4 h.
30 mg MoO; nanorods were added in 50 ml DMF and sonicated in a bath sonifier for 30 min. The two
dispersions were mixed by vigorous stirring. The mixture was filtered and washed with DI water and
ethanol several times and dried in a vacuum oven at 80 "C overnight. Three composites were prepared
with the weight ratios of graphene: MoO; equal 1:3, 1:1, and 3:1.

2.4. Materials characterization

The as-prepared materials were characterized by GBC MMA X-ray diffractometer (4=0.15405 nm),
field emission scanning electron microscopy (FESEM, Zeiss Supra 55VP) and transmission electron
microscopy (TEM, JEOL 2011 TEM facility).
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2.5. Electrochemical measurements

Electrochemical measurement of the material was carried out using CR 2032 coin type cells. The
working electrodes were prepared by mixing active materials (MoOs/graphene composite and MoOs)
acetelene black and the binder in a weight ratio of 70:20:10 in N-methyl-2-pyrrolidinone (NMP) solvent.
Polyvinylidene fluoride (PVDF) was used as binder. The slurry was then pasted uniformly on a copper-
foil substrate and then dried in a vacuum oven at 100 ‘C for 12 h. 1 M LiPF¢ solution dissolved in a
solvent mixture, which contain 50 vol % of ethylene carbonate and 50 vol % of dimethyl carbonate (1:1
by volume) as electrolyte. The cells were assembled in a high purity argon-filled glove box (UniLab,
MBRAUN, Germany) using lithium foil as both counter electrode and reference electrode. Galvanostatic
charge-dischage tests were performed using Neware battery tester within the potential window of 0.01-3.0
V. Cyclic voltammetry measurements were performed using a CHI 660C electrochemistry workstation at
a scan rate of 0.1 mV s™ in the potential range of 0.01-3.0 V.

3. Results and Discussion

The XRD patterns of the MoO3; nanorods and MoOs/graphene composite are shown in Fig. 1. As
shown in Fig. 1 (a) all the diffraction peaks can be indexed to an orthorhombic phase of MoO; (JCPDS
35-0609). No other peaks related to impurities were observed, indicating that pure a-M0O; was obtained.
From the XRD pattern (Fig. 2 (b)) of MoOaj/graphene composite (1:1 in weight ratio), it can be seen that
the absorption peaks of MoO; are also exhibited in the composite, which indicate MoO3 nanorods were
also formed on the surface of graphene sheets.
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Fig. 1. XRD patterns of as-prepared (a) MoO3; nanorods and (b) MoOs/graphene composite (1:1 in weight ratio).

FESEM was employed to observe the morphology of the MoQOs/graphene composite (1:1 in weight
ratio). From the low magnification images (as shown in Fig. 2 (a) and (b)) we can see the uniform
distribution of graphene and MoO; nanorods. The higher magnification FESEM observation (Fig. 2 (c)
and (d)) clearly indicates that the MoO5 nanorods well penetrated into the graphene matrix.

Fig. 2. FESEM images of MoOax/graphene composite (1:1 in weight ratio) (a) and (b) low magnification and (c) and
(d) high magnification.
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Fig. 3 shows the TEM images of MoOs/graphene composite. From the low and high magnification
images (as shown in Fig 3 (a) and (b)) it can be observed clearly that the MoO; nanorods and graphene
homogeneously mixed in the composite.

The charge-discharge curves of the MoOs/graphene composite electrode (1:1 in weight ratio) for the
1st, 2nd, 50th and 100th cycles at a current density of 500 mAg™ is shown in Fig. 4. The subsequent
discharge capacities are 1437, 967, 688 and 574 mAhg™, respectively. The initial extra discharge capacity
could be attributed to the formation of the solid electrolyte interface (SEI) layer, which can efficiently
protect the electrode from the intercalation of solvent in the subsequent cycles [31], [32]. The capacity
versus cycle number of the MoOz/graphene composite electrode is presented in Fig. 4 (b). The electrode
still maintains the reversible capacity of 574 mA hg™ after 100 cycles at the current density of 500 mAg™.
The electrode shows an average Coulombic efficiency of 97 % from the second cycle.
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Fig. 3. TEM images of MoOs/graphene composite (1:1 in weight ratio) (a) low magnification (b) high magnification.
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Fig. 4. (a) Galvanostatic charge-discharge curves for the 1st, 2nd, 50th and 100th cycles and (b) cycling performance
and Coulombic efficiency of MoOa/graphene composite electrode (1:1 in weight ratio) at a current density of 500 mA
g™ in the potential range of 0.01-3.0 V.
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Fig. 5. CV curves of the MoOas/graphene composite electrode (1:1 in weight ratio) for the first three cycles at the scan
rate of 0.1 mVs™ in the potential range of 0.01-3.0 V vs. Li/Li*.
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The CV curves of the MoQOas/graphene composite (1:1 in weight ratio) for first 3 cycles are shown in
Fig. 5. Two irreversible cathodic peaks at 0.67 and 0.27 V was observed in the first cycle corresponds to
the reduction of electrolyte solution and formation of solid electrolyte interface (SEI) layer on the surface
of working electrode, which disappears in the following cycles [33]. In the first cycle two anodic peaks at
1.22 and 2.34 V was also observed which are due to the extraction process of lithium from its oxides. In
the subsequent cycles two redox couples are well overlapped, indicating good reversibility for lithium ion
intercalation and de-intercalation.

The MoOa/graphene composite electrode (1:1 in weight ratio) was cycled stepwise under four different
current densities to investigate the rate performance. Six cycles for each current density were carried out
in the potential range of 0.01-3.0 V. As shown in Fig. 6 the composite electrode delivered the discharge
capacities of 1018,734,597 mAhg™ at the current densities of 100,300 and 600 mAg™, respectively. The
electrode still delivered the capacity of 513 mAhg™ even at a high current density of 1000 mAg™ which
reveals the good rate capability of the composite. When the current density back to the 500 mAg™ and
100 mAg™ the capacities of the electrode can recover to the high values, which indicates that the
composite electrode is tolerant to the high current charge/discharge.
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Fig. 6. Rate performances of the MoOz/graphene composite electrode (1:1 in weight ratio) between 0.01 and 3.0 V at
different current densities.

The cycling performances of the MoOg/graphene composite at different ratios and neat MoOj
electrodes at the current density of 500 mAg™ in the voltage range of 0.01-3.0 V are presented in Fig. 7.
MoOs/graphene composite at different ratios shows higher specific capacity and better cycling stability
compared to neat MoOj;. The reversible capacity of MoOs electrode decreases from 926 mAhg™ to 190
mAhg™ at the current density of 500 mAg™ after 100 cycles. On the contrary, MoOs/graphene composite
shows the reversible capacities of 309, 373, and 574 mAhg™ at the ratios of 1:3, 3:1 and 1:1, respectively
after 100 cycles. During lithium intercalation MoO; electrode experience pulverization and cracking
problem during charge and discharge cause the rapid capacity loss of the electrode [34]. Although the
capacities of MoOz/graphene composite in different ratios decreases fast up to 20 cycles but they reaches
a steady status in the subsequent cycles. The enhanced performance in the subsequent cycles can be
ascribed to the unique structure of the composite and existence of graphene. Graphene provides electronic
conduction and can accommodate the volume expansion of MoOj; during charge-discharge, maintain the
structural integrity and therefore, improve the cycling performance of the electrode. Meanwhile, MoO3
nanorods dispersed in graphene sheets in certain extent prevent graphene sheet from re-stacking in the
composite.
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Fig. 7. Cycling performance of MoO3; and MoOj/graphene composite (at different ratios)

The optimization of MoO3; and graphene ratio is also important for improving the electrochemical
performance. As shown in Fig. 7 MoOj/graphene composite with the weight ratio of 1:1 showed better
cycling stability than other two ratios. The specific capacity decreased in the MoOs/graphene composite
(1:3 in weight ratio) because less amount of MoOj is used, which is not sufficient to prevent aggregation
of graphene sheets. The low percentage of graphene (3:1 in weight ratio) resulted in less spaces to anchor
MoOj3, which can not accommodate the large volume expansion of MoO3 nanorods during cycling, which
results in the decrease of specific capacity. Both graphene and MoO; nanorods in the weight ratio of 1:1
shows a strong synergistic effect in the composite and therefore enhance the cycling performance.

4. Conclusions

In this article, we report a facile strategy to fabricate MoOs/graphene composite as an anode material
for lithium-ion batteries. The obtained MoOs/graphene composite (1:1 in weight ratio) exhibited high
lithium storage capacity and cycling stability relative to 1:3 and 3:1 ratios and the neat MoO3; nanorods.
MoO/graphene composite (1:1 in weight ratio) still shows the specific capacity of 574 mAhg™ at the
current density of 500 mAg™ after 100 cycles. The results suggest that MoOg/graphene composite could
be a promising anode material for lithium-ion batteries.
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