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Wrinkled-graphene enriched MoO3s nanobelts with
increased conductivity and reduced stress for
enhanced electrochemical performance
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MoOs has long suffered from poor conductivity and cyclability, which limit its high rate performance
and ultralong cycling ability. Increasing the electronic conductivity with electron pathways of cathode
materials can effectively enhance the lithium storage properties with stable cyclability and rate
capability theoretically. Here the MoOs-reduced graphene oxide (rGO) hybrid nanobelts were designed
and prepared and were tested as cathode materials for lithium batteries. It is demonstrated that the rGO is
wrinkled and twisted around MoOs nanobelts after reacting under high temperature and pressure condi-
tions. The unique morphology of rGO, which has continuous electron pathways and stress buffering effects,
endows the MoOs-rGO hybrid nanobelts with significantly increased rate capability and cycling ability.
Meanwhile, it is demonstrated that MoOs—rGO hybrid nanobelts are promising cathode materials for
use in rechargeable lithium batteries and our synthesis strategy is also versatile for exploiting advanced
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Introduction

With the growing demand for energy, exploring new energy storage
systems to overcome the shortcomings of the ordinary fuel energy
storage is a challenge nowadays.'® Rechargeable lithium batteries
have attracted a lot of attentions because of their low cost, long
cycle life, high energy density and good reversibility.” ™

There are numerous candidates for the Li-ion battery electrode
materials such as layered, spinel, polyoxyanionic and olivine struc-
tured compounds. Among the transition-metal oxides, MoO; has
been extensively investigated as a key material for fundamental
researches and technological applications in optical devices,' field-
emission-devices," catalysts,'® sensors,'”'® and lubricants™® with
its unique layered structure and moderate band gap. Especially
in electrochemical storage application, MoO; is a promising
candidate because of its stability, high theoretical capacity and
facility for scaling up.?® Starting from o-MoQ; as the precursor,
many novel nanomaterials have been synthesized such as nano-
wires, nanoplatelets, nanobelts and nanorods.”*>*

Nevertheless, MoO; is still facing some limitations such as
low-conductivity and structure-degradation issues, which lead
to poor kinetics and/or a serious capacity fading during cycling,
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especially at higher rates.>**® Hu et al. have investigated the
electrical conductivity of an individual MoO; nanobelt, and
found that the conductivity is 3 orders of magnitude lower than
that of a single MoO, nanorod which is commonly used as
anode.*® Mai et al. have assembled a single nanowire device to
measure the electrical transport through a single MoO; nanowire
before and after lithiation, and the conductivity is evaluated to
increase from 10~* S cm™ before lithiation to 107> S cm™ " after
lithiation, but at the expense of the fractures and breaks in
MoO; nanowires.?” Therefore, increasing the conductivity and
relieving the structure degradation effectively in MoO; nano-
belts are efficient ways to increase their rate performance as
well as cycling stability in electrochemical applications. It is
reported that graphene, a single layer of sp>bonded carbon atoms
tightly packed into a two-dimensional honeycomb structure with
excellent mobility of charge carriers (200000 cm* V* s™') and
electrons (15000 cm* V' em™ ") and a high value of stiffness of
130 Gpa,”®* is a promising candidate for metal oxide-graphene
nanocomposites to overcome the limitations of metal oxides.****

Until recently, the effective synthesis of MoO;-graphene
composites with excellent electrochemical performance has been
rarely reported due to the fact that the intrinsic limitations of low
conductivity and large irreversible capacity of MoO; are difficult to
be overcome by simply mixing MoO; with graphene,** and the
high-rate performance and long cycle life of MoOj; in lithium ion
batteries are also hard to achieve. Importantly, Noerochim et al.
reported that graphene could act as a buffer layer during
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cycling even after 100 cycles of Li' insertion-extraction and
MoO;-graphene hybrid materials with improved performances
were attained.>® Here we have designed and successfully
synthesized bonded MoO;-rGO hybrid nanobelt composites
by employing a facile hydrothermal method. The MoO; nano-
belts are uniform in structure with rGO twisting and wrinkling
around them. The wrinkled rGO provides high-conductive electron
pathways between MoO; nanobelts, and additionally it alleviates
the nanobelt degradation during cycling as rGO relieves the stress
during lithium intercalation and deintercalation. Our results show
that by rGO wrinkling, the electrochemical performance of MoO;
nanobelts has been significantly increased, which has resulted in a
prolonged cycle life of 500 cycles and ultrahigh rate performance.

Experimental
Synthesis of MoO;-rGO hybrid nanobelts

Firstly, rGO was prepared by a modified Hummer’s method
with additional KMnO,."® The graphite (1 g) was mixed with
23 mL of concentrated sulfuric acid in a 250 mL beaker and
stirred at room temperature for 24 hours. Then the flask was
placed in a water bath at 40 °C and 100 mg of NaNO; was added to
the suspension and allowed to dissolve for 5 minutes. This step
was followed by slow addition of 500 mg of KMnO,, keeping the
temperature below 45 °C. The solution was stirred for 30 minutes.
Next, 3 mL of water was added to the beaker, followed by another
3 mL after 5 minutes. In another 5 minutes, 40 mL of water was
added. 15 minutes later, the beaker was removed from the
water bath and 140 mL of water and 10 mL of 30% H,0, were
added to end the reaction. The suspension was then repeatedly
centrifuged and washed twice with 5% HCI solution and then
repeatedly with water. The collected precipitate was dispersed
in 100 mL of water and bath sonicated for 60 min. After being
centrifuged at 5000 rpm, a brown homogeneous supernatant
was obtained. To prepare the MoO3;-rGO hybrid nanobelts,
40 mL of H,0, (30%) was agitated rapidly, and 4 g of molybdenum
powder was added slowly under water-cooling until the clear
orange peroxomolybdic acid sol was obtained, and then 5 mL of
as-prepared rGO was added into 30 mL of sol in a 70 °C water
bath for 4 h, and transferred into a Teflon lined autoclave
afterwards and kept at 180 °C for 6 h. The autoclave was left to
cool, and the precipitate was filtered out and rinsed with
deionized water three times.

Material characterization

X-ray diffraction (XRD) measurements were performed to investigate
the crystallographic information using a Bruker D8 Advance X-ray
diffractometer with a non-monochromated Cu Ko X-ray source.
Raman spectra were acquired using a Renishaw RM-1000 laser
Raman microscopy system. Scanning electron microscopy (SEM)
images were collected using a JEOL JSM-7100F at an acceleration
voltage of 15 kV. Transmission electron microscopic (TEM) and high
resolution transmission electron microscopic (HRTEM) images were
recorded using a JEOL JEM-2100F STEM/EDS microscope. The
atomic force microscopic (AFM) image was recorded using a Bruker
MultiMode 8 Atomic Force Microscope.
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Electrochemical measurements

The electrochemical properties were characterized in coin cells
using lithium metal foil as the anode. The cathode electrodes were
composed of 70% active material, 20% acetylene black and 10%
poly(tetrafluoroethylene) (PTFE) binder. The specific capacity is
calculated by multiplying a factor of 0.7 to calculate the active
materials of MoO;-rGO. The carbon black is used as a dispersing
agent and a conducting additive to ensure the successful grinding
of the as-prepared powders to cut into pellets. A solution (1 M) of
LiPF, in EC-DEC (1:1 vol/vol) was used as the electrolyte. The cells
were assembled in an argon-filled glove-box. Galvanostatic charge-
discharge measurements were performed using a multichannel
battery testing system (LAND CT2001A), cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) were performed
using an Autolab Potentiostat Galvanostat. All the measurements
were carried out at room temperature.

Results and discussions

The synthetic route for preparation of MoO5;-rGO hybrid nanobelts
is shown in Fig. 1. One of the advantages of the as-synthesized
graphene oxide is the presence of many oxygen-containing
functional groups on its edges and surface. When rGO is added
into the peroxomolybdic acid sol, whose structural formula is
Mo,(0)1,(0,),H,0,*", the functional groups on rGO and in
peroxomolybdic acid sol (such as HO-C—O0 and —OH) will have
interfacial interactions by reactive chemisorption that bridge
metal centers with carboxyl or hydroxyl groups at oxygen-defect
sites, and van der Waals interactions between the pristine region
of graphene and metal oxides."' The subsequent stirring and
heating will accelerate this process and seed crystals of MoO;
will grow and bond with rGO.

\
[} CH,OH

Fig. 1 Schematic illustration of the synthetic route for preparation of MoOs-
rGO hybrid nanobelts.
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The energy release along the [001] direction of MoO; is
greater than that of the other crystal orientations, thus the
growth of MoO; along the [001] direction is preferred and can
grow into nanobelt morphology. As the MoO; nanobelts begin
to grow in an autoclave at high pressure and temperature, the rGO
attached with the MoO; seed crystals suffers the stress which is
derived from the nanobelts growth. With the simultaneous
extreme environment, the rGO has the trend to twist and wrinkle
around MoOj; nanobelts, forming the MoO;-rGO hybrid nano-
belts.”> This rational design utilizes both the advantages of rGO
(superior electrical conductivity and structural flexibility) and
MoO; (large capacity and high energy density) to alleviate the
insufficiencies of rGO (re-stacking during cycling and large
irreversible capacity, etc.) and MoOs (poor electrical conductivity,
large volume change, severe aggregation/agglomeration, poor rate
capability and cycling stability, etc.). Therefore, this structure
possesses the synergistic effects of rGO and MoO; and can
effectively suppress the agglomeration of MoO; nanobelts and
re-stacking of graphene. Additionally, rGO forms a highly con-
ducting and flexible network which ensures the fast kinetics of
lithium diffusion and electron transport, thus the electrode
performance can be significantly enhanced.

Fig. 2a shows the X-ray diffraction (XRD) pattern of the
MoO;-GO hybrid nanobelt product. All the diffraction peaks
can be assigned to a pure orthorhombic phase of MoOj; (JCPDS
No. 89-5108; a = 3.9620 A, b = 13.8550 A, and ¢ = 3.7010 A). No
characteristic peaks of rGO were observed, due to the strong
intensities of the diffraction peaks from crystalline MoO;
nanostructures and the small quantity of rGO. The Raman
spectrum of MoO;-rGO hybrid nanobelts is shown in Fig. 2b.
The presence of the D and G bands confirms the presence of
rGO. The D band located at 1330 cm ™' is mainly due to the sp®
hybridized C-C bonds. The G band appears at 1590 cm ™' is due
to the sp” hybridized C-C bonds in a two-dimensional hexagonal
lattice.*” It can be observed from the inset of Fig. 2b that the D/G
ratio of rGO in the hybrid nanomaterial is 1.06, slightly higher
than 0.86 for pure as-synthesized rGO, indicating that some extra
functional groups containing oxygen were formed on rGO after
hydrothermal reaction with MoO;. This observation further
shows that there are bonds between MoO; nanobelts and
rGO. The Raman spectrum of the MoO3;-rGO hybrid nanobelts
also shows three sharp characteristic bands of MoO;. The peak
at 996 cm™ ! is assigned to the vibration of ¥Mo=—0y;), and the
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Fig. 2 (a) X-ray diffraction patterns of MoOs-rGO hybrid nanobelts. (b) Raman
spectra of MoO3-rGO hybrid nanobelts (inset: comparison of D and G bands of
rGO before and after reacting with MoOs).

This journal is © the Owner Societies 2013

View Article Online

Paper

peak at 820 cm™ ' can be assigned to the asymmetrical and
symmetrical stretching vibrations of the Mo(;-O-Mo(;y bonds,
while the band at 664 and 472 cm ™" can be attributed to the
asymmetrical stretching vibration of O, ;y)Mo; bonds. The peaks
located at 302 cm™*, 270 cm ™! and 246 cm™* can be attributed to
the vibrations of {M0QO3;, SMo—O0 and JOMo,. Peaks observed in
the range of 100-200 cm ' correspond to various bending
modes of the a-MoO; crystal. These observations correspond
well to the previously published literature.**

The morphology and thickness of rGO are observed under
AFM (Fig. 3a) after sonication. The average thickness is 0.7 nm,
indicating the monolayers of as-synthesized rGO. As shown in
Fig. 3b, the SEM image of M0oO;-rGO hybrid nanobelts exhibits
the combination of wrinkled rGO and uniform MoQOj; nanobelts,
the widths of MoO; nanobelts are in the range of 200-300 nm
and the MoOj; nanobelts are intertwined by rGO. TEM and HRTEM
images (Fig. 3c and d) reveal further information about the
morphology and structure of the MoO;-rGO hybrid nanobelts.
The rGO shows a typical wrinkled morphology in the TEM image
and the MoO; nanobelts are overlapped and surrounded by rGO.
The HRTEM image shows the typical MoO; lattice fringes of the
as-synthesized MoO;-rGO hybrid nanobelts. The periodic fringe
spacings of ~3.80 and ~3.26 A agree well with the interplanar
spacings of the (110) and (021) planes of orthorhombic MoO3,
respectively. The SAED (Fig. 3d inset) image reveals that the MoO;
nanobelts are single-crystalline.

To characterize the electrochemical properties of MoO;-rGO
hybrid nanobelts, CV results of pure MoO; and MoO;-rGO hybrid
nanobelts are shown in Fig. 4a. The voltammograms were measured
at a sweep rate of 0.1 mV s~ in the potential range from 4.0 to 1.5V
vs. Li/Li" at room temperature. It is obvious that MoO5;-rGO hybrid

Fig. 3 Morphologies of rtGO and MoO3-rGO hybrid nanobelts (a) AFM image of
rGO. (b) The SEM image of MoO3-rGO hybrid nanobelts. (c) The TEM image of
MoO3-rGO hybrid nanobelts. (d) The HRTEM image and the electron diffraction
pattern (inset) of MoOs-rGO hybrid nanobelts.
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nanobelts have a larger curve area and a higher redox peak
current than pure MoO;, suggesting that MoO;-rGO hybrid
nanobelts have the higher capacity and the faster kinetics for
Li-ion insertion-extraction. The cathodic peaks located at
around 2.6 and 2.17 V are obtained from both samples during
the negative scan. These two reduction peaks correspond to two
consecutive Li intercalations into the electrode. The 2.6 V cathodic
peak can be assigned to the irreversible lithium insertion into the
crystal structure (the intralayers of [MoOs]), which tends to cause
unrecoverable structure transformation of MoO;. The anodic peak
located at 2.53 V for both the pure MoO; nanobelts and the
MoO;-rGO hybrid nanobelts during the positive scan corresponds
to the reversible insertion of lithium ions into the interlayer
spacings (van der Waals spacings) between the [MoOg] octahedron
layers. Fig. 4b shows the discharge and charge curves of the
MoO;-rGO hybrid nanobelts at the current densities of 0.5 to
2 A g~'. The discharge capacities are 289, 238 and 138 mAh g"
at the current densities of 0.5, 1 and 2 A g™ ', respectively. The
discharge and the charge curves have two voltage plateaus due
to Li* intercalation into the electrode, which is consistent with
the results on cathodic and anodic peak potentials in the cyclic
voltammograms.

Electrochemical impedance spectroscopy (EIS) measurements
were used to compare the resistance of the prepared MoO; and
MoO;-1GO hybrid nanobelts (Fig. 4c). The impedance measure-
ments were performed after 10 cycles of charge-discharge at a
potential of 2 V vs. Li/Li" to ensure the stable interfaces in the
electrode. It can be seen clearly that the R.. of MoO5;-rGO hybrid
nanobelt electrode is much lower than that of the MoO; nanobelt
electrode, which indicates that the graphene twisting could enable
much easier charge transfer at the electrode/electrolyte interface
and consequently decrease the overall battery internal resistance.
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Fig. 4 Electrochemical properties of pure MoO3 and MoOs—rGO hybrid nano-
belts. (a) Cyclic voltammetry (CV) curves at a sweep rate of 0.1 mV s~ in the
potential range from 4.0 to 1.5 V vs. Li/Li*. (b) The initial charge—discharge curves
of MoOs-rGO hybrid nanobelts at the current densities of 0.5, 1 and 2 A g™,
respectively. (c) Electrochemical impedance spectra of the pure MoOs nanobelts
and the MoOs-rGO hybrid nanobelt electrode. (d) The cycling performance
of pure MoO3 nanobelts and MoO3-rGO hybrid nanobelts at the current density
of 0.5A g,

17168 | Phys. Chem. Chem. Phys, 2013, 15, 1716517170

View Article Online

The diffusion coefficient values of the lithium ions (D) can be
calculated using the equation D = 0.5(RT/AF°6,,C)?, where R is
the gas constant, T is the temperature, A is the area of the
electrode surface, F is Faraday’s constant, and C is the molar
concentration of Li* ions. The calculated lithium diffusion
coefficient values for pure MoO; nanobelts and MoO;-rGO
hybrid nanobelts are 7.8 x 10> and 3.7 x 10~ em” s,
respectively. It can be seen that the lithium diffusion coefficient
of MoO;-rGO hybrid nanobelts is about one order of magnitude
larger than that of pure MoO; nanobelts.

The comparison of cycling performance of the MoO;-rGO
hybrid nanobelts at 0.5 A g~ ' with pure MoO; nanobelts in the
voltage range of 1.5-4 V is demonstrated in Fig. 4d. The MoO;~
rGO hybrid nanobelt electrode shows a higher capacity and
better cycling performance. The initial discharge capacity of
Mo0O;-1GO hybrid nanobelts is 289 mA h g™, while for pure
MoO; nanobelts the capacity of 201 mA h g~' is much lower.
This is because the diffusion ability of lithium into the pure
MoO; nanobelts is much worse than that of the MoO;-rGO
hybrid nanobelts with the enhanced conductivity by adding
rGO. Therefore the initial capacity of MoO3;-rGO hybrid nano-
belts is higher than that of the pure MoO; nanobelts, which
illustrates the advantages of attaching graphene. After 200 cycles,
the capacity of MoO;-rGO hybrid nanobelts can be maintained
at 174 mA h g~' with the capacity retention of 61%, while for
pure MoOj; the capacity is only 38 mA h ¢~ * and the retention is
only 19% after 200 cycles. Moreover, the capacity of MoO;-1GO
hybrid nanobelts slightly increases after 100 cycles. Note that the
intercalation-deintercalation process of MoOj; is an activation
process: the lithium intercalates into the interlayers and intra-
layers of MoOs3, while the lithium in the intralayers cannot be
extracted, thus leading to the irreversible capacity decrease in
the first 100 cycles. As the lithium-ions accumulate in MoO3, the
conductivity and diffusion coefficient of lithium-ions in MoO;
have increased,”” and the increased diffusion ability of lithium
makes lithium-ions intercalating into the interlayers of MoO;
more facile, thus leading to a gradual increase of capacity.

To further evaluate the high rate performance, the cycling
performance of the MoO;-rGO hybrid nanobelts at 1 A g~ " is
shown in Fig. 5a. The initial capacity is 238 mA h g~ '. After
500 cycles, the capacity can be maintained at 129 mA h g~ . It
can be observed that the capacity fades rapidly during the
initial 30 cycles. This may be attributed to the irreversible
lithium insertion into the crystal structure (the intralayers of
[MoOg]) at 2.6 V as indicated in the CV curve. From the 30th cycle to
the 100th cycle, the MoO;-rGO hybrid nanobelts have a significant
capacity retention of 97%; from the 30th cycle to the 500th cycle,
the capacity retention can still reach up to 85% with the columbic
efficiency of approximately 100% in the overall cycles.

The rate performance of the pure MoO; nanobelts and
MoO;-rGO hybrid nanobelts at increasing current densities of
0.2 to 5 A g ' is shown in Fig. 5b. The hybrid nanobelts show a
much better rate performance than MoO;. The MoO;-rGO
hybrid nanobelts deliver the discharge capacity of 225, 209,
185 and 137 mA h g~ " at the current densities of 0.2, 0.5, 1 and
2 A g7, respectively. At a very high current density of 5 A g™,

This journal is © the Owner Societies 2013


http://dx.doi.org/10.1039/c3cp53267d

Published on 14 August 2013. Downloaded by Wuhan University on 22/06/2014 13:03:37.

400 120
(a)
=) SEsSESsateasantRaanan, anutuatananatuatagansig1000)
. <]
E 300 =}
o
E 80 3
> =2
& )
© 200, 60 o
©
o . =
S LSO 40 2
@
£ 1004 3
S <
g 3
) 1Ag? £
0 T L v T T 0
0 100 200 300 400 500
Cycle numbers
(b)
_ 400 = MoO,/GO
g -0.1Ag" * MoO,
< -
£ 3004%
g * TN 024g" “ 02Ag"
B, = -.. 05Ag 05Ag"
F . s -~
Q_200- -,\ /” ‘
] 2Ag
o S
Q
& 100 \
[*] f* —
g \ 5Ag"
n D,
o T L L L) : 2 i L}
0 20 40 60 80 100 120 140 160

Cycle numbers

Fig. 5 (a) Cycling performance at the current density of 1 A g~'. (b) Discharge
capacities of pure MoOs and the MoOs—rGO hybrid nanobelt cathode at various
current densities from 0.2to 5 A g™,

which is equal to 160 C in rate performance (1 C corresponds to
full lithiation per hour), the capacity can still be maintained at
43 mA h g™, which is rarely reported for MoO; as a cathode.
For pure MoO; nanobelts there are hardly any capacities when the
current density goes up to 1 A g~ ". Additionally, at relatively low
current densities (0.2, 0.5, 1 and 2 A g~ ') the capacity has the trend
to rise for MoO;-rGO hybrid nanobelts, while for MoO; nanobelts
the capacity drops significantly at all current densities.

The excellent rate performance is because the conductivity
of MoO;-rGO is significantly enhanced by the rGO twisting.
The rGO possesses a much higher conductivity than MoO;, and
forms conductive networks for electron pathways during
charge-discharge. The pure MoO; nanobelts cannot tolerate
the rapid charge-discharge rate beyond 1 A g™, while after
rGO twisting, the considerable capacity can be attained even at
5 A g~'. Additionally, the cycling performance has increased
largely compared to pure MoOj; nanobelts, and can maintain an
excellent capacity retention of 97% from 30 to 100 cycles and
85% from 30 to 500 cycles at 1 A g~ ', which is rarely reported
for MoO; as a cathode material. This may be attributed to the
fact that rGO provides a faster kinetics for lithium diffusion. As
observed in the AFM image of rGO, the as-synthesized rGO is
flat and two-dimensional, while in SEM and TEM images of
MoO;-rGO hybrid nanobelts, the rGO is wrinkled and twisted
around MoOj; nanobelts, this structure can effectively buffer
the structure degradation and volume expansion of pure MoOj3,
thus promoting the cycling performance.

This journal is © the Owner Societies 2013

View Article Online

In our design, the wrinkled and twisted rGO after hydrothermal
reaction around MoOj; nanobelts provides continuous electron
pathways which increase rate performance, and acts as a stress
buffer for material degradation during lithium intercalation—-
deintercalation, which promotes the cycling stability.

Conclusions

By rationally controlling the rGO morphology via hydrothermal
reaction, the MoO; nanobelts are wrinkled and twisted with
rGO by functional group bonds and van der Waals interactions.
This structure utilizes the advantages of the rGO with high-
conductivity and structural-flexibility, and MoO; nanobelts with
large capacity and good one-dimensional morphology. This syner-
gistic effect endows this hybrid material with excellent rate
performance as high as 160 C with considerable capacity and
impressive cycling stability of 85% from 30 to 500 cyclesat 1 Ag™".
The rational design of the continuous network with increased
conductivity and reduced stress makes MoO;-rGO hybrid nano-
belts a promising candidate for electrode materials in Li-ion
batteries and this synthetic method may lead to the development
of new nanostructures with stable and high-performance materials
for energy storage.
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