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ABSTRACT: A facile and green hydrothermal method has
been developed to fabricate three-dimensional nanoarchitec-
ture composites consisting of MoO, nanoparticles decorated
on the graphene oxide (GO). The composites were
characterized by XRD, SEM, and HRTEM. It was demon-
strated that MoO, nanoparticles are 5—15 nm in size and
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homogeneously dispersed on GO and denoted as MoO,-GO composites. When tested as an anode material for lithium-ion
batteries, the MoO,-GO composites exhibited an improved storage capacity and cycling performance, higher than the pure
MoO, nanoparticles. As a result, the GO effectively forms a conductive network that greatly enhances the electrical conductivity
and structural stability of composites. The incorporation of the flexible and conductive GO and the small homogeneous MoO,
nanoparticles could not only maintain the structural and electrical integrity, but also accommodate the volume change during the
lithium-jon intercalation and de-intercalation. The ultrafine MoO, nanoparticles dispersed on the GO are beneficial to the
improved electrochemical performance of the composites, which makes them a promising anode candidate for lithium-ion

batteries.

1. INTRODUCTION

With the fast-growing demand on petroleum resources and
gaseous emissions from the burning of fossil fuels, the use of
traditional fuel sources will not only bring about the increasing
scarcity of petroleum, but also create environmental deterio-
ration such as global warming with alarming consequences.'
In order to alleviate the dependence on petroleum and decrease
CO, emissions, it is particularly crucial to develop new and
renewable energy resources. With their high energy/power
density, long cycling life, and environmental benignity, lithium-
ion batteries (LIBs) have been regarded as one of the most
promising candidates for the power sources of electric vehicles
and mobile electronics worldwide.*”® To meet the continu-
ously urgent demand in large-scale energy applications such as
electric vehicles, renewable power plants, and electric grids,
substantial works have been dedicated to exploiting novel
structural and competitive energy storage materials with high
power density and safety performance.”””

In order to achieve the high power density and rapid ionic
and electronic diffusion in electrode materials, many strategies
have been developed to enhance the electrochemical perform-
ance.'® In recent years, many studies have focused on tailoring
materials to the nanoscale, the characteristics of which include
large specific surface area and confined material dimension that
allow the material to achieve a high lithium-ion intercalation
capability. In addition, better electrochemical performance can
be realized because of the fast charge transfer kinetics and
enhanced lithium-ion diffusion in the nanomaterial storage
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system. It has also been revealed that nanomaterials can provide
a shortened transport path for electrons and lithium ions, which
is beneficial for the discharge/charge processes under the large
currents."'~'* Moreover, nanomaterials can accommodate large
volume expansion during intercalation, resulting in improved
lifespan with better cyclic stability. Additionally, the large
contact area between nanomaterials of the electrode and the
electrolyte not only reinforces the intercalation activity of the
lithium-ion, but also leads to higher discharge/charge rates.
Because of the short transportation path and large specific
surface area, the nanostructured transition metal oxides were
highly used as the electrode of LIBs, which can obtain an
improved capability of storage lithium-ions. Among them,
MoO, has attracted significant attention as a potential electrode
material, due to its high theoretical capacity (838 mA h g™'),
high thermal stability, low metallic electrical resistivity, and
affordable cost.'*™'¢

The monoclinic structure of MoO, can be viewed as a
distorted version of the rutile crystal structure (as shown in
Figure 1)."77' The Li-ion is inserted in the octahedral
interstitial sites, in the “tunnels” between the chains, to form
Li,MoO,, which was first reported as a host material 30 years
ago.'”'®*%*! A high theoretical capacity can be obtained when
four lithium-ions are incorporated per each MoO, formula
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Figure 1. Structure diagram of monoclinic MoO,.

unit.>> Unfortunately, this high degree of lithium-ion
incorporations makes it difficult for MoO, to adjust to the
structural expansion resulting from the phase transformation
during the charging/discharging process. At the same time,
large volume expansions occur during the lithium-ion
intercalation/de-intercalation process, leading to plugging of
the electrical contact pathways as well as the active material
breaking away from the current collector and resulting in severe
fading of the capacity and poor cycling stability."*** One
effective way to alleviate this problem is to design and fabricate
the nanostructure to improve the electrochemical performance
of electrode materials by shortening the diffusion pathways for
electrons and lithium-ions, increasing the contact surface areas
between the electrode material and electrolyte, and enhancing
the reaction activity.”*** It has been confirmed by many
researchers that nanostructured MoO, has improved electro-
chemical properties when assembled as lithium-ion battery
anodes compared to their bulk counterparts.**>” Wang et al.’s
report revealed the ability of carbon-coated MoO, nanospheres
to deliver a reversible capacity of 570 mA h g™' after 30
cycles.”® Xu et al. modified MoO, nanopaticles with graphite
oxide to achieve a high, reversible capacity of 720 mAhg™'ata
current density of 100 mA g~'.*° Liu et al. demonstrated that
MoO, nanostructured particles can be easily obtained by a
facile and template-free one-pot strategy. In addition, MoO,
nanoparticles used as anode materials for LIBs have a high
specific capacity of 824 mA h g™' at C/10 and high reversible
capacity of 760 mA h g™' after 30 cycles.** Another effective
way is to fabricate a conductive hybrid through the combination
of molybdenum dioxide and carbonaceous matrix materials to
improve the structural integrity and accommodate great volume
variation during the lithium-ion insertion/extraction process,
hence the cycling performance.** > Zhou et al. fabricated
carbon-coated MoO, nanocrystals with a facile hydrothermal
process, which exhibited high specific capacities of 640 mA h
g™' at and 575 mA h g™ at 200 mA ¢! and 400 mA g/,
respectively, and improved cycling stability.>> Zeng et al.
reported that the nanocomposite of MoO,-ordered mesopo-
rous carbon can obtain a reversible capacity up to 689 mA h g™
after 50 cycles when cycled at a current density of S0 mA g~". It
can attain a high reversible capacity of 401 mA h g™' at a
current density as high as 2 A g7'.>> Seng et al. reported that
the facile synthesis process of graphene-MoO, composites with
the highest MoO, ratio can deliver a higher reversible capacity
and excellent cycling stability at low rates.>* Sun et al.’s work

demonstrated that a hierarchical graphene-MoO, structure can
retain good cycling stability for up to 70 cycles.*® Evidently,
previous researchers have indicated that the composite
structure based on MoO, and carbonaceous matrix materials,
especially graphene nanosheets, is highly gromising as high-
performance anode electrodes for LIBs.””*®*° As far as we
know, many studies focus on the synthesis of graphene/MoO,
composites; there are few reports about synthesis of MoO,
nanoparticles embedded on GO employing a facile and
environmentally friendly route. It is important to construct a
novel nanoarchitecture that combines the advantages of
accessible strategy and graphene oxide to make better use of
their dramatic properties in potential electrode materials.
Therefore, both the improved discharge capacity and cycling
performance of MoO, based anode electrode materials are
strongly desirable for the design of high performance LIBs.

In this study, we report a facile and green hydrothermal
method to directly obtain MoO,-GO composites following by
the addition of ethylene glycol to form a conductive three-
dimensional nanoarchitecture. Ethylene glycol, a cheap and
common solvent, acted as a reducing and surfactant agent,
which aided in the formation of MoO, nanoparticles.
Furthermore, electrochemical tests revealed that the as-
prepared MoO,-GO composites exhibited enhanced lithium-
ion storage capacity and better cycling stability as anode
materials for LIBs when compared with the pure MoO,
nanoparticles.

2. EXPERIMENTAL METHODS

2.1. Material Synthesis. Graphene oxide (GO) was
prepared using graphite powder (Aldrich, powder, <20 ym,
synthetic) according to a modified Hummers method.*
Exfoliation was carried out by sonicating the GO dispersion
(4 mg mL™") under ambient conditions.’”” The MoO,-GO
composite was synthesized via a hydrothermal route. All
chemicals used in this study were analytical grade and used as
received without purification. In a typical synthesis, 12 mmol of
commercial molybdenum powder was placed in a wide-mouth
bottle, and 29 mmol of hydrogen peroxide was added gradually
under stirring. GO mixed with ethylene glycol was added into
the solution, followed by stirring and sonication at room
temperature for 3 h. Then, the mixture was sealed in a PTFE-
lined stainless steel autoclave and kept at 200 °C for 24 h to
obtain MoO,-GO composites. When the autoclave cooled
down to room temperature, the resulting precipitate was
washed with deionized water repeatedly, then collected by
centrifugation, following by drying precipitate at 80 °C. The
formation of the product is shown in Scheme 1. For
comparison purposes, the pure MoO, nanoparticles were also
prepared for the electrochemical test in the same environment.

2.2. Materials Characterization. X-ray diffraction (XRD,
D8 Bruker X-ray diffractometer) was carried out to analyze the
crystal structure of the as-prepared sample, which was scanned

Scheme 1. Schematic Depicting the Formation of M0oO,-GO
Composites
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with Cu Ka radiation (4 = 1.5418 A). Scanning electron
microscopy (SEM, JEOL, JSM-7000F) and transmission
electron microscopy (TEM, FEI, Tecnai G2 F20) were used
to examine the morphology and microstructure of the as-
prepared samples.

2.3. Electrochemical Measurement. The working
electrode was prepared by a slurry coating procedure.® The
slurry was composed of active material, carbon black, and
polyvinylidene fluoride (PVDEF) dispersed in N-methylpyrroli-
dinone (NMP) in the weight ratio of 80:10:10. The slurry was
uniformly spread and pasted onto a piece of Al foil as the
working electrode. Then, the as-prepared mixture was dried in a
vacuum oven at 80 °C for 6 h before assembling the coin cell.
CR2016-type coin cells were assembled in a glovebox
(Innovative Technology, IL-2GB), which was filled with pure
Ar gas with the lithium foil as the counter electrodes, and
polypropylene film as the separate. 1 M LiPF4 solution in a
volume ratio of 1:1 mixture of ethylene carbon (EC)/dimethyl
carbonate (DMC) was used as the electrolyte. Finally, the
assembled coin cells were aged at room temperature overnight
before the electrochemical test.

Cyclic voltammetry (CV) was conducted by using an Arbin
electrochemical workstation (Arbin Instruments, College
Station) at a scan rate of 0.2 mV s™! in the voltage range
between 3 and 0.01 V. The assembled coin cells were
galvanostatically discharged and charged under various current
densities in the voltage range of 3.0—-0.01 V (vs Li/Li").
Alternating current (AC) impedance was carried out on a
Solatron 1260 impedance analyzer in the frequency range
~0.01 Hz to 100 kHz.

3. RESULTS AND DISCUSSION

XRD was first employed in order to gather information on the
crystallinity and phase of the as-prepared product. Figure 2
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Figure 2. XRD patterns of (a) MoO, nanoparticles and (b) MoO,-
GO composites.

demonstrates the XRD patterns of MoO, nanoparticles and
MoO,-GO composites. All the diffraction peaks of both
samples could be assigned to the pure monoclinic MoO,
phase. The lattice parameters (a = 5.660 A, b = 4.860 A, ¢ =
5.645 A and f# = 120.94°) were consistent with the values in the
reports (JCPDS: 00—078—1073). No characteristic peaks are
observed for impurities such as phosphates or MoQy3, as well as
other molybdenum oxides. It is shown that no obvious
differences exist between the two XRD patterns. However,
the intensity of MoO,-GO composites is slightly lower than
that of MoO, nanoparticles due to the presence of GO, which
is in good agreement with the previous report.’®** No
significant sharpening of the diffraction peaks is observed
after adding the graphene oxides, which suggests that crystal
growth has been effectively suppressed by the formation of a
graphene oxide network surrounding the nanocrystal.*® In
addition, all the diffraction peaks are strong and narrow, and the
noise peaks decrease after introducing graphene oxides, which
attests to the high crystallinity of the as-synthesized MoO,-GO
composites.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were carried out to investigate
the microstructure and morphology of the as-synthesized
samples. As shown in Figure 3a, at low magnification, it is found
that the composite consists of aggregate nanoparticles to form
the network structure. Figure 3b displays a magnified image,
showing that the composites are composed of curled
nanosheets and disorderly nanoparticles. It reveals a loose
decoration of MoO, nanoparticles on graphene oxide nano-
sheets. The diameter of the nanoparticles is estimated to be 15
nm which is much smaller than that of MoO, previously
reported.”” MoO, nanoparticles (bright spot) are spreading
over the flexible graphene oxide nanosheets, which can be
distinguished as linear strips. A few MoO, nanoparticle
aggregations are observed. The composites are composed of
graphene oxide nanosheets and MoO, nanoparticles, which
look like points of light to bedeck the evening sky (as shown in
Figure 3c). This unique structure is believed to be three-
dimensionally interconnected, which is favorable for enhancing
the electrochemical properties for the storage of lithium-ions.
In addition, the absence of charging during FESEM character-
ization implies that the nanocomposites are highly conductive
due to the three-dimensional interconnection between particles.
Figure 4a and b shows typical TEM images of the MoO,-GO
composites, where the MoO, nanocrystals, with size ranging
from S to 15 nm, are embedded in the thin GO sheets. It looks
like a crumpled piece of thin fabric with lots of folding on the
edge. It is clearly seen that discrete MoO, nanoparticles are
dispersed on GO even after sonicattion process for TEM
observation. In addition, the nanocrystals are tightly coated on
the GO which indicates that there is a strong connection from

Figure 3. (a,b) SEM images of the resulting MoO,-GO composites obtained by hydrothermal method. (c) Simplistic schematic diagram of the

Mo0O,-GO composites.
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Figure 5. (a) Cyclic voltammograms of MoO,-GO composites at 0.2 mV s™". (b) Charge/discharge profiles of MoO,-GO composites at a current
density of 100 mA g™". (c) Cycling performance of MoO,-GO composites at current densities of 100 and 500 mA g™". (d) Nyquist plots of MoO,-
GO composites and the pure MoO, nanoparticles.
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the MoO, nanoparticles to the GO nanosheets. TEM
observation confirmed that the microstructure and morphology
of the composites match well with those of the SEM
observation. As shown in Figure 4d, the diffraction ring pattern
obtained from selected area electron diffraction (SAED) can be
assigned to the monoclinic MoO,, indicating the polycrystalline
nature of the sample. Two nanoparticles, which are marked by
dotted lines, provide more detailed structural information as
seen in Figure 4c. From the HRTEM image the lattice fringes
of the MoO, nanoparticles can be clearly observed, suggesting
the presence of a well-defined crystal structure. The periodic
lattice fringe spaces were found to be 0.34 and 0.24 nm shown
in Figure 4c¢ corresponding to the interplanar spacings of the
(110) and the (—211) planes, respectively, for monoclinic
MoO, (JCPDS: 00—078—1073); these results further corrob-
orate the findings from XRD. In addition, a nanolayer of several
nanometers exists on the surface of the MoO, nanocrystals
(Figure 4c). The 0.37 nm of interplanar spacing marked by a
white frame is in good agreement with the (002) lattice plane
of graphene oxide, which is much larger than that in the pristine
graphite (0.34 nm). This supports the claim that the MoO,
nanoparticle assemblies are well wrapped in the nanocarbon
layer of graphene oxide nanosheets.

Next, the electrochemical properties of the as-obtained
MoO,-GO composites were evaluated. Figure 5a demonstrates
that cyclic voltammetry (CV) curves were performed at a scan
rate of 02 mV s™' between 3.0 and 0.01 V at room
temperature. During the first five cycles, obviously, the peak
position is not substantially the same. In the first cycle, there
are two reduction peaks at 1.18/1.25 V and two pronounced
oxidation peaks at 1.51/1.75 V appeared, corresponding to the
plateaus at the charge and discharge curves, respectively. The
reduction peak at 1.18/1.25 V could be attributed to two steps
of phase transition: from the monoclinic to the orthorhombic
phase transition and orthorhombic to the monoclinic phase
during Li-ion intercalation process, which was reported by Sun
and Dahn.***' It can be seen that two oxidation peaks observed
at 1.51/1.75 V are ascribed to the phase transitions during the
lithium-ion deinsertion. It is worth noting that, in the first
cathodic sweep, a broad irreversible peak appeared at ~0.7 V
but disappeared during the following cycles, which is
responsible for the formation of a solid electrolyte interface
(SEI) film. The appearance of SEI film peak in the first cycle is
consistent with the report of Yang et al. and Han et al.>”*” This
broad peak may lead to irreversible reaction in the first cycle,
which brings about decay of the Coulombic efficiency and loss
in the discharge capacity.” In the subsequent cycles, two
evident redox peaks were observed at about 1.51/1.26 V and
1.52/1.74 V, which could be assigned to the reversible phase
transitions of partially lithiated Li,MoO, during lithium-ion
insertion and extraction. Even after S cycles, the two
pronounced redox couples still exist, which can be responsible
for the highly reversible phase transformations. The CV profiles
of the redox peaks remain almost the same during cycling
which implies that the good stability and reversibility of the as-
synthesized MoQO,-GO composites for lithium-ion insertion
and extraction. The intensities of these two redox peaks
gradually decrease during the subsequent cycles, which is
probably because Li,MoO, would convert to Mo and Li,O
when the potential drops below 1.0 V.** The good reversibility
of the MoO,-GO composites for lithium-ion insertion and
extraction is dependent on the smaller MoO, particle size and
the incorporation with GO.

Figure Sb shows a charge and discharge profile of the MoO,-
GO composite electrode at a current rate of 100 mA g™" in the
potential range of 0.01—3.0 V. The initial discharge and charge
capacity is about 1060.1 and 779.9 mA h g, respectively, with
a Coulombic efficiency of 73.6%. The capacity loss (26.4%) of
the initial cycle may be mainly attributed to the irreversible
reduction of MoO, to Mo, the decomposition of electrolyte,
and the formation of a solid electrolyte interface (SEI), which
are common for most anode materials.**~*° In fifth cycle, the
Coulombic efficiency of the anode sample reaches 95.1%, which
indicates good lithium-ion insertion/extraction performance
during the cycling process. In the first cycle, there are two
discharge and charge voltage plateaus appearing at 1.55/1.25 V
and 1.47/1.73 V, which is in good agreement with the CV
results. The above results could be ascribed to the phase
transitions in the partially lithiated LiMoO,. During the
subsequent cycles, the plateaus become smooth, which is very
common in the MoO, based anode materials. In the first cycle,
the formation of Li,MoO, could be explained for the Li-ion
insertion into the structure of MoO,, which is presented as eq
1. During the discharge and charge process, Li,MoO, could
resolve gradually into Li,O and Mo, resulting in the gradual
appearance of the phase transformation plateaus of Li,MoO,
(eq 2).>>* These results are consistent with the CV profiles,
which show that the intensity of the insertion/deinsertion
peaks decreases during these cycles.

xLi" + xe” + MoO, < Li MoO, (0 < x<0.98)
(1)
Lij gsMoO, + 3.02Li « 2Li,O + Mo 2)

In order to evaluate the cycling stability of the MoO,-GO
composites, the cycling performances of the as-prepared anode
materials at 100 and 500 mA g~ are demonstrated in Figure Sc.
A discharge capacity of as high as 817.6 mA h g™ is achieved
when cycled at 100 mA g™ in the first cycle. There is a slight
decrease of the capacity; however, the MoO,-GO composites
can maintain a specific capacity up to of 523.7 mA h g after
30 cycles. Compared with pure MoO, nanoparticles (Figure S1,
Supporting Information), the MoO,-GO composites possessing
the hierarchical structure are generated by the facile hydro-
thermal method, which could accommodate the volume
expansion of the composites effectively during the charging/
discharging process, contributing to stabilizing the robust
nanostructure and thus retaining good cycling stability. When
cycled at a current density of S00 mA g™, a discharge capacity
of 506.6 mA h ¢! could be obtained in the first cycle. With the
increasing cycles, the capacity is retained at 310.4 mA h g
The capacity values are higher than those of the MoO,
nanoparticles (Figure S1, Supporting Information), indicating
that the GO support within MoO, nanoparticles benefits the
improvement of the electrochemical properties of the MoO,
anode. The cycling stability of the MoO,-GO composites over
the MoO, nanoparticles could be mainly ascribed to the
interconnection of the carbon network that encapsulates the
nanoparticles to form a stable structure on the GO in order to
restrain volume change, leading to the a good cycling
performance. The reduced capacity probably results from the
aggregation of the pulverized particles during the insertion/
extraction process,m"w’48 which needs to be further inves-
tigated.

In order to figure out why the MoO,-GO composites have
enhanced electrochemical performance compared to the MoO,
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nanoparticles, Nyquist plots of the AC impedance analysis were
measured in Figure 5d. It is obvious that the impedance spectra
were composed of three parts: Ry could be assigned to the
electrolyte resistance in the high frequency semicircle. The
electrode reaction of the electrode—electrolyte interface can be
represented by the char§e transfer resistance R, in the low
frequency semicircle.* " A straight line on the low frequency
end of the electrode arc intersecting the real impedance stands
for the Warburg impedance.’”>> From the Nyquist plots, it
gives better separation between charge transfer and diffusion
process. The semicircle for the MoO,-GO composite electrode
in the high frequency region is much smaller than that of the
MoO, nanoparticle electrode; these results suggest that the
MoO,-GO composites electrode has a much lower charge
transfer resistance (44€Q2) than that of the MoO, nanoparticles
electrodes (with the charge transfer resistance more than
300L2). The slope of the linear dependence of the MoO,-GO
composites electrode in the low frequency region is much
bigger than that of the MoO, nanoparticles electrode,
indicating that it has a higher diffusion coefficient of lithium-
ions. These values confirm that MoO,-GO composites have a
more conductive pathway for lithium-ions transportation than
the pure MoO, nanoparticles. The above results claimed that
the incorporative effect in GO and MoO, not only improve the
conductivity of the nanocomposites, but enable charge transfer
kinetics in the composites, which greatly ease the development
of the electrochemical reaction between the electrolyte and
active materials, resulting in enhancement in the electro-
chemical properties.

According to the above results, the cycling stability and
discharge capacity of the MoO,-GO composites is improved
compared with those of the pure MoO, nanoparticles, which
may be attributed to the novel nanoarchitecture consisting of
carbon network of GO. First, the small dimensional MoO,
nanoparticles can offer a shortened transport length for lithium-
ion diffusion, which leads to the kinetically feasible conversion
reaction. Second, the MoO,-GO composites with an enlarged
surface area and low charge transfer resistance can allow
sufficient infiltration of electrolyte and provide more active sites
for lithium-ion intercalation/deintercalation. Third, GO can not
only act as an effective conductive network, but also alleviate
volume change during Li-ions intercalation/de-intercalation in
the charging/discharging process. Finally, the synergetic effects
of MoO, and GO could contribute to the robust skeleton,
which benefits cycling stability. As a result, the enhanced
electrochemical performance of the MoO,-GO composites
could be attributed to its small nanocrystallites, large specific
surface area, interrelated conductive carbon network, and
incorporation of the novel nanostructure.

4. CONCLUSIONS

In summary, MoO,-GO composites were synthesized via a
facile and environmentally friendly hydrothermal method for
the first time. The sizes of MoO, nanoparticles in MoO,-GO
composites were tailored to as small as 5—15 nm, which were
randomly loaded on the interconnected and conductive GO
nanosheets. It was found that the three-dimensional nano-
architecture could not only afford a highly conductive network
for lithium-ion intercalation but also suppress the growth and
agglomeration of MoO, during the charging/discharging
process. The MoO,-GO composites exhibited an improved
storage capacity and cycling performance when compared to
the pure MoO, nanoparticles. The improved electrochemical

performance can be attributed to their unique structure and the
support of GO, which can facilitate lithium-ion diffusion and
serve as a rapid pathway for lithium-ions and electrons to
transport more rapidly. The EIS results also confirmed that the
graphene nanosheets provide a superior flexible and conductive
framework and greatly enhance the electron rapid transfer of
the MoO,-GO composites during the electrochemical reaction.
Therefore, the results indicated that this facile and green
strategy can also be used for other metal oxides supported on
GO sheets to improve their electrochemical performances. The
enhanced capacity and cycling performance make the MoO,-
GO composites a promising anode material for LIBs.
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Figure S1 giving the cycling performance of the pure MoO,
nanoparticles. This material is available free of charge via the
Internet at http://pubs.acs.org.
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