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ithium-ion batteries, as a major break-

through in electrochemical energy

conversion and storage devices, have
been intensively pursued during the past
decade. This topic is of key importance for
upcoming mobile electric devices and hy-
brid vehicles because of the high energy
density and long cycle lifetime of lithium-
ion batteries."® Currently, a major research
direction appears to be shifting to design,
fabrication, and manipulation of various
lithium-ion battery materials with high re-
versible capacity, long cycle life, and low
cost.** For instance, transition metal oxides
including Fe,03, Fe30,, V,05, and Co30,4 are
capable of Li* insertion/extraction in excess
of 6 Li per formula unit. They have attracted
a lot of interest recently as anode materials
for lithium-ion batteries due to their higher
theoretical capacities than that of commer-
cial graphite.° ° However, an intrinsically
induced drastic volume change gives rise
to pulverization that may block the electri-
cal contact pathways in the metal-oxide
electrodes, thus leading to a rapid decay in
capacity and limiting the potential use.'
Therefore, developing new synthetic strate-
gies to fabricate high-performance metal-
oxide electrode materials with both large
reversible capacity and long cycle life still
remains a great challenge to chemists and
materials scientists.

Nanostructuring of electrode materials
can enhance the electrochemical perfor-
mances that could not be achieved in bulk
materials, benefiting from the larger surface
area and shorter diffusion path in nanostruc-
tured materials.'" In particular, hierarchically
nanostructured inorganic materials have
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ABSTRACT Self-assembled hierarchical MoO,/graphene nanoarchitectures have been fabricated
on a large scale through a facile solution-phase process and subsequent reduction of the Mo-
precursor/graphene composite. The as-formed MoO,/graphene nanohybrid as an anode material for
lithium-ion batteries exhibits not only a highly reversible capacity but also an excellent cycling
performance as well as good rate capability. Results show that the hierarchical rods made of primary
Mo0, nanocrystals are uniformly encapsulated within the graphene sheets. The synergistic effect of
the hierarchical nanoarchitecture and the conducting graphene support may contribute to the
enhanced electrochemical performances of the hybrid Mo0,/graphene electrode. This work presents
a facile synthetic strategy that is potentially competitive for scaling-up industrial production.
Besides, the Mo0,/graphene hybrids with a well-defined hierarchical topology not only provide
flexible building blocks for advanced functional devices, but are also ideal candidates for studying
their nanoarchitecture-dependent performances in catalytic and electronic applications.

KEYWORDS: nanohybrid - lithium ion battery - self-assembly - hierarchical
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aroused much interest in a variety of fields
because of their extraordinarily high active
surface/interface and robust stability.'* '
Electrode materials with a hierarchical nano-
architecture exhibit intriguing properties by
taking advantage of both the nanometer-
size effects and the high stability of the
secondary-structure assemblies.'>” "> More-
over, carbon coating has been widely used to
prevent the exfoliation of active materials
and improve the electrical conductivity of

-1 19,20
electrode materials. Nevertheless, the * Address correspondence to

carbon coating often covers the surface of
the active materials tightly, and therefore it
somehow cannot effectively release the large
strain from the volume expansion. Thus, there
may be increased resistance for lithium ions
to reach the interior active materials. Gra-
phene exhibits superior electrical conductiv-
ity, large surface area, structural flexibility, and
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Figure 1. Schematic representation of the fabrication process of the MoO,/graphene hybrid.

chemical stability. It can host nanostructured electrode
materials for energy applications.?' “2¢ The graphene
layers can provide a support for anchoring nanoparti-
cles and work as a highly conductive matrix for good
contact between them. Importantly, graphene layers
prevent the volume expansion/contraction and the
aggregation of nanoparticles effectively during charge
and discharge processes.?’ ~2® Meanwhile, the integra-
tion of inorganic nanostructures with the graphene
layers may reduce the restacking of graphene sheets
and consequently maintain the high surface area. In
this regard, both the lithium-storage capacity and the
cycling performance of graphene-based nanomater-
ials will be improved.

Owing to the low electrical resistivity, high stability,
and high density (6.5 g cm ) associated with volume
capacity, molybdenum dioxide (MoO,) has recently re-
ceived much attention in lithium-ion batteries since its
first proposal as a host material 30 years ago.?’ It is
reported that nanostructural MoO,-based materials hold
the promise of an enhanced capacity higher than that of
their bulk counterparts.?® * However, both the long
cycle-life (e.g, >50 cycles) and high-capacity (e.g., >500
mAh g~ ") MoOx-based electrode materials have never
been reported for lithium storage. Based on the conver-
sion or insertion reactions, the pulverization problem
often occurs in the MoO,-based electrodes during the
discharge/charge cycling®'”* As a result, the electrical-
contact pathways may be blocked and the capacity fades
severely. To meet the ever-increasing nanotechnological
and energy demand, the diversity of desired nanoarchi-
tectures for high-capacity and long-lifetime MoO,-based
materials still needs to be greatly expanded. Here we
report the large-scale fabrication of unprecedented self-
assembled hierarchical MoO,/graphene nanoarchitec-
tures through a facile solution-based method combined
with a subsequent reduction process. It is found that the
as-formed MoO,/graphene nanohybrid comprises both
the hierarchical MoO, nanostructures and the conducting
graphene sheets. When used as an anode material, it
exhibits highly reversible capacity, excellent cyclic perfor-
mance, and good rate capability.
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Figure 2. (a—c) SEM images of the Mo-precursor/graphene
hybrid.

RESULTS AND DISCUSSION

Figure 1 illustrates the preparation process of the
hierarchical MoO,/graphene nanoarchitectures. Typi-
cally, phosphomolybdic acid (PMA) and graphene
oxide (GO) reacted with hydrazine hydrate in solution
to produce a Mo-precursor/graphene composite. Then,
the resulting composite was further annealed at 500 °C
for 5 h in a reducing H,/Ar atmosphere, and self-
assembled hierarchical MoO,/graphene nanoarchitec-
tures were finally formed. The time-dependent experi-
ments for the reactions in solution have been carried
out to study the self-assembly process (Figure S1, see
Supporting Information). It is proposed that three
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Figure 3. Representative XRD pattern of the resulting
MoO,/graphene hybrid.

main steps are probably included in the formation
of the hierarchical MoO,/graphene hybrids: (a) assembly
of graphene and “heteropoly blue” (HPB) clusters, (b) HPB
rods wrapped with graphene sheets, and (c) in situ
formation of graphene-wrapped hierarchical MoO, rods
in a reducing atmosphere. Moreover, the annealing
temperature plays a crucial role in the morphology
and the structure of the product. At an annealing
temperature of 400 °C or below, the product contains
some impurities, instead of monoclinic MoO, and gra-
phene. Although the annealing treatment at a higher
temperature of 600 °C results in the high crystallinity of
the product, MoO, particles with larger sizes were
formed.

The field-emission scanning electron microscopy
(FESEM) images of the Mo-precursor/graphene inter-
mediate are shown in Figures 2a—c. Evidently, the
product is composed of many hierarchical rods
with diameters of ca. 1-3 um and rough surfaces
that are wrapped with graphene nanosheets. Also,
some free graphene nanosheets are observed, which
connect the hierarchical Mo-based rods. Energy-
dispersive X-ray (EDX) microanalysis (Figure S2, see
Supporting Information) confirms the existence of
Mo, N, O, and C in the Mo-precursor/graphene inter-
mediate. In the control experiments, we also prepared
the bare Mo-based precursor without using graphene
(Figure S3, see Supporting Information). Similarly,
the bare Mo-precursor displays a rod-like shape
but a smoother surface (Figure S4, see Supporting
Information).

Figure 3 shows the X-ray diffraction (XRD) pattern for
the final MoO,-graphene product prepared by anneal-
ing the Mo-precursor/graphene intermediate at 500 °C
for 5 h in a 5% Hy,/Ar atmosphere. All the diffraction
peaks are readily indexed to a pure monoclinic
phase [space group: P2,/c (No. 14)] of MoO, (JCPDS
No. 65-5787; a = 5.6109 A, b = 4.8562 A, c = 56285 A;
B = 120.95°). No characteristic peaks were observed
for impurities such as phosphates and MoOs as well
as other molybdenum oxides. After the same thermal
treatment, pure monoclinic MoO, was also obtained
(Figure S5, see Supporting Information). Important
information on the surface electronic state and the
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composition of the final products can be further
provided by X-ray photoelectron spectroscopy (XPS).
A typical survey XPS spectrum for the MoO,/graphene
product (Figure 4a) involves four distinct peaks at 233.9
(Mo 3d), 398.0 (Mo 3ps,,),415.6 (Mo 3p+,2),and 531.9 (O
1s) eV, characteristic of molybdenum oxides.>®> The Mo
3d peak is further examined by high-resolution XPS
(Figure 4b). The Mo 3ds,, peak is centered at 229.4 eV,
whereas the Mo 3ds,, peak is found at 232.5 eV, with a
spin energy separation of 3.1 eV. This characteristic
doublet of core-level Mo 3ds, 3/, indicates the Mo(IV)
oxidation state of M00,.3> In addition, the peaks at
231.8 and 235.3 eV could be ascribed to Mo(VI) 3ds/, and
3ds/, of MoOs, respectively, resulting from the slight
surface oxidation of metastable MoO, in air.® The high-
resolution C 1s spectrum of the MoO,/graphene hybrid
is shown in Figure 4c. It can be deconvolved into four
peaks corresponding to carbon atoms in different oxy-
gen-containing functional groups:*’” (a) nonoxygenated
Cat 284.5 eV, (b) carbon in C—0 at 286.1 eV, (c) carbonyl
carbon (C=0, 2879 eV), and (d) carboxylate carbon
(O—C=0, 289.0 eV). The strong C 1s peak (284.5 eV) is
related to graphitic carbon in graphene, while the weaker
ones from the oxygenated carbons indicate the deoxy-
genation process accompanying the reduction of gra-
phene oxide. The small O 1s peak at 532.6 eV indicates
the presence of residual oxygen-containing groups
bonded with C atoms in graphene (Figure 4d).3®

Figure 5 shows the representative FESEM images for
the MoO,/graphene product. Clearly, no significant
change in the morphology was observed in comparison
to the Mo-precursor/graphene intermediate. A large
number of hierarchical rods like “maize cobs” (~1—3 um
in diameter and ca. 5—10 um in length) exist in the
product. At a higher magnification (Figure 5¢,d), the
hierarchical nanoarchitectures of the MoO,/graphene
composite are clearly observed. Primary MoO, nanocrys-
tallites of ca. 30—80 nm are wrapped in the graphene
layers and assembled into the secondary rods. The
corresponding EDX spectrum (Figure S6, see Supporting
Information) confirms the presence of Mo, O, and Cin the
MoO,/graphene product, which is consistent with the
XRD and XPS results (Figures 3 and 4). In comparison, the
bare MoO, particles obtained from the same experimen-
tal condition show a much larger size (Figure S7, see
Supporting Information). Furthermore, the elemental dis-
tribution of Mo, O, and C in the MoO,/graphene product
was explored (Figure 6), suggesting that the MoO,
nanoparticles are uniformly wrapped within the graphene
sheets. This is beneficial to prevent the MoO, nanocrystals
from agglomeration, and enables the good dispersion of
the MoO, particles over the graphene support.

To provide further insights into the morphology and
structure on the resulting MoO,/graphene hierarchical
nanostructures, transmission electron microscopy
(TEM) investigations were carried out. Figure 7a shows
a typical bright-field TEM image at a low magnification for
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Figure 4. XPS spectra for the MoO,/graphene hybrid: (a) survey spectrum and high-resolution (b) Mo 3d, (c) C 1s,and (d) O 1s spectra.

Figure 5. FESEM images of the hierarchical MoO,/graphene
hybrid.

the product. It is clearly observed that the rodlike assem-
blies comprise numerous primary MoO, nanocrystals.
The selected-area electron diffraction (SAED) rings reveal
that the hierarchical MoO, rods are polycrystalline
(Figure 7b). The TEM image at a higher magnification
(Figure 7c) shows that the MoO, crystallites are well
wrapped with the graphene nanosheets. Figure 7d
shows a high-resolution TEM (HRTEM) image taken from
the edge of an individual graphene/MoQ, assembly. The
lattice fringes are clearly observed along the [113] zone
axis of MoO,. The periodic fringe spacings of ~1.7 and
~1.8 A agree well with the interplanar spacings between
the {220} and {121} planes of monoclinic MoO,, respec-
tively. Moreover, a nanolayer of several nanometers exists
on the surface of the MoO, nanocrystals (Figure 7d). The
interplanar spacing of ~0.37 nm corresponds to the
separation between (002) lattice planes of graphite. This
verifies that the MoO, nanocrystal assemblies are well
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Figure 6. SEM image and the corresponding elemental
mapping of C, Mo, and O in the MoO,/graphene hybrid.

wrapped in the nanocarbon layer of graphene sheets.
The significant structural changes during the chemical
processing from graphene oxide to graphene are further
characterized by Raman spectroscopy (Figure S8, see
Supporting Information). Clearly, the characteristic D
band at ~1345 cm™' and G band at ~1586 cm ™' are
observed for the MoO,/graphene hybrid. The D/G inten-
sity ratio in the MoO,/graphene hybrid is increased in
comparison to that GO, indicating the decreased size of
the sp? domains after reduction of the graphene oxide.®
Also, more graphitic domains that have smaller sizes
compared with GO may be created during the reduction
reaction.

Thermogravimetric (TG) analysis and differential
thermal analysis (DTA) of the products were performed
in flowing air. Figure 8a shows the TG/DTA result for the
as-prepared graphene sheets. Clearly, the weight of
graphene is almost lost before 620 °C. The large
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Figure 7. (a) TEM image, (b) SAED pattern, (c) TEM image
(higher magnification), and (d) HRTEM image of the MoO,/
graphene product.
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Figure 8. TG and DTA curves of the as-prepared
(a) graphene sheets and (b) MoO,/graphene hybrid.

exothermic peak between 420—620 °C in the DTA
profile can be assigned to the combustion of the
graphene. Figure 8b shows the TG/DTA result for
the as-formed MoO,/graphene hybrid. The weight
change between 200 and 650 °C is due to both the
oxidation of MoO, and the combustion of graphene.
The theoretical value of the weight increase from
MoO, to MoOs is 12.5 wt %; the graphene content
in the MoO,/graphene hybrid is evaluated to be about
11.2 wt %.

The electrochemical properties of the hierarchical
MoO,/graphene product were investigated. Figure 9a
shows the cyclic voltammetry (CV) curves of the
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Figure 9. (a) CVs of the MoO,/graphene hybrid at a scan
rate of 0.1 mV s~ " in the range of 3—0.01 V vs Li. (b) Discharge
and charge curves at a current density of 1000 mA g~ ' in
the range of 3—0.01 V vs Li. (c) Cycling performance of the
MoO,/graphene composite electrodes in the range of
3-0.01 V vs Li at various current densities of 1000, 1500,
and 2000 mA g~ .

electrode of the MoO,/graphene hybrid at a scan rate
of 0.1 mV s~ ' over the range of 0.01—3 V. In the first
cycle, two pronounced reduction peaks were observed
at 1.49 and 1.20 V, which may arise from a phase
transition from the orthorhombic to the monoclinic
phase due to the Li insertion.”®*® An irreversible
reduction peak at ~0.7 V corresponds to the irrever-
sible reduction of electrolyte and the formation of a
passivating surface film, which disappeared in the
following cycles. Two sharp oxidation peaks were
observed at 1.50 and 1.73 V, and could be assigned
to the phase transitions from the monoclinic to the
orthorhombic phase and from the orthorhombic to the
monoclinic phase in the Li extraction process, respec-
tively. In the subsequent cycles upon cycling, two
evident redox couples at 1.54/1.73 V and 1.24/1.50 V
are highly reversible. They correspond to the reversible
phase transitions of partially lithiated Li,MoO, during
lithium insertion and extraction.?®*° The second and
onward CV curves remain steady, indicating the highly
reversible redox reactions of this hybrid. For the bare
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MoO, electrode (Figure S9, see Supporting Information),
two redox peaks locate at 1.54/1.73 V and 1.24/1.50 Vin
the second cycle, corresponding to the phase transition
in the partially lithiated Li,M0O,.*° In the subsequent
cycles, however, they decline rapidly, suggesting the
poor reversibility. Figure 9b shows the discharge and
charge curves for the MoO,/graphene hybrid at a
current density of 1000 mA g ' over the range of
3-0.01VvsLi*/Li.Itis observed that the initial discharge
and charge capacities are 468.2 and 342.0 mAh g,
respectively, and hence an irreversible capacity loss of
27.0%. No obvious potential plateau appears in the first
cycle. From the second cycle onward, the capacity of the
electrode does not decay, and it reaches 597.9 mAh g~
over 70 cycles with a Coulombic efficiency of ~98%.
Two discharge plateaus at about 1.55 and 1.33 V and
two charge plateaus at 142 and 1.69 V are clearly
observed. As suggested by Shi et al.?® and Dahn et al,*°
the inflection point between these plateaus may be
ascribed to the phase transitions between the mono-
clinic and orthorhombic phases in the partially lithiated
LiyMoO,. These phase transitions are highly reversible in
the redox processes, in a good agreement with the CV
results. The electrochemical performance of the MoO,/
graphene hybrid is superior to that of the bare MoO,
anode that loses the capacity severely upon cycling
even at much lower current densities (Figure S9, see
Supporting Information). In contrast, the electrode
made of the MoO,/graphene hybrid maintains high
cyclability, and its reversible capacity even gradually
increases. After the second cycle, the Coulombic effi-
ciency of the MoO,/graphene electrode remains nearly
100% until the 70th cycle at a current density of
1000 mA g~'. Importantly, the MoO,/graphene elec-
trode, still exhibits an excellent cyclic performance at a
much higher current density of 2000 mA g~ ', and the
capacity reaches 407.7 mAh g~ ' after 70 discharge
and charge cycles (Figure 9¢). When tested at a lower
current density of 500 mA g_1 (data not shown),
the capacity is as high as 848.6 mAh g~ ' after 70
cycles, even higher than the theoretical capacity of
both bulk MoO, (838 mAh g~') and graphite
(372mAh g™").

The electrochemical impedance spectra of the MoO,/
graphene electrode after different discharge/charge
cycles over the frequency range from 100 kHz to 0.1 Hz
were also measured (Figure 10). The Nyquist plots for the
sample after different cycles were similar, displaying a
depressed semicircle in the high-middle frequency re-
gion and an oblique straight line in the low frequency
region. These plots with small semicircle diameters
suggest that the MoO,/graphene hybrid electrodes
possess low contact and charge-transfer impe-
dances. There is only a slight increase in semicircle
diameters even after 70 discharge and charge cy-
cles, indicating the good stability of the as-prepared
electrodes.

SUN ET AL.
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Figure 10. Electrochemical impedance spectra of the
MoO,/graphene electrode after different discharge/charge
cycles over the frequency range from 100 kHz to 0.1 Hz.

Compared with previously reported MoO, nano-
structures,”® >3 the enhanced cycle life and capacity
of the MoO,/graphene electrode may be attributed to
the unique hierarchical nanoarchitectures composed of
the primary MoO, nanocrystals and ultrathin graphene
sheets, featuring the high active surface area and the
secondary nanostructure. The Barrett—Joyner—Halenda
(BJH) analysis shows that the main pore size is about
2.2 nm. The as-prepared MoO,/graphene hybrid has a
specific surface area (BET) of 39.2 m? g~ ' and a pore
volume of 0.15 cm® g~ (Figure $10, see Supporting
Information) by calculations based on the isotherms.
The graphene sheets as an elastic buffer may accom-
modate the volume expansion/contraction during the Li
insertion/extraction processes, and thus the cracking or
crumbling of the electrode material upon progressive
cycling is prevented.?' "2 To confirm the effect of the
graphene to buffer the volume effect during the dis-
charge and charge process, the morphology change of
the electrode after electrochemical cycling was studied
(Figure S11, Supporting Information). It is found that
the hierarchical MoO,/graphene nanoarchitectures can
be maintained in the electrodes. When discharged—
charged at a current density as high as 2000 mA g~
(Figure S11, Supporting Information), the MoO,/graphene
hybrid still retains its original morphology even after 70
cycles. This further indicates good stability of the
hierarchically nanostructured electrodes. Impor-
tantly, the hierarchical MoO, assemblies are well
connected by the conductive graphene sheets
with a good electrical conductivity (Figure S12,
Supporting Information). This is beneficial to reduce
the inner resistance of the lithium-ion batteries and
stabilize the electronic and ionic conductivity,
therefore leading to a high specific capacity. On
the other hand, the Li-ion diffusion is highly depen-
dent on the transport length and accessible sites
on the surface of active materials."' Owing to the
large electrode/electrolyte contact area, short path
length for Li* transport, and good stability of hier-
archically nanostructured electrodes, it is believed
that the present hierarchical MoO, nanocrystal as-
semblies and ultrathin graphene sheets could
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contribute to the enhanced electrochemical perfor-
mances (e.g., improved capacity and cyclability). It is
also interesting to note that the capacity increases
gradually over cycling, which has been often observed in
the MoO,-based electrode materials. Furthermore, the
Ex-XRD patterns of the MoO,/graphene electrodes
after different discharge and charge cycles were
obtained to investigate the structure evolution
(Figure S13, see Supporting Information). After 70
discharge and charge cycles, the intensity of the
XRD diffraction peaks of MoO, degrades. Meanwhile,
there appear some new XRD peaks that cannot be
assigned to the substance of Mo,O, or Mo. The
gradually increased capacity over cycling may result
from the improved Li-diffusion kinetics by an activa-
tion process associated with partial crystallinity de-
gradation of the electrode to a disordered or
amorphous-like structure during cycling.?® The similar

METHODS

Preparation of Graphene Oxide (G0). GO was prepared using a
modified Hummers method.*’*? In a typical procedure, 1 g of
graphite and 0.75 g of NaNOs were placed in a flask. Then, 75 mL
of H,S0O,4 (98 wt %) was added under stirring in an ice—water
bath, and 4.5 g of KMnO, was slowly added over about 1 h. The
mixture was continuously stirred for 2 h in the ice water bath.
After the mixture was stirred vigorously for 5 days at room
temperature, 3 mL of H,O0, (30 wt %) was added, and the
mixture was continuously stirred for 2 h. Then, the GO product
was collected and washed thoroughly using a mixed solution of
3wt % H,S04 and 0.5 wt % H,0,. Subsequently, the GO product
was washed by deionized (DI) water until pH = 4, and then
dispersed in DI water (10 mg mL~") under ultrasonication for 5 h
to yield a homogeneous suspension.

Preparation of the Mo0,/Graphene Hybrid. An aqueous exfoliated
GO suspension (100 mL, approximately 3 mg mL~"), phospho-
molybdic acid (H3PMo;,040°xH,0) solution (100 mL, 15 mM),
and DI water (100 mL) were mixed and sonicated at 30—40 °C
for 30 min. Hydrazine hydrate (1.25 mL, 80 wt %) was then
added under stirring. The mixture was sonicated for 3 h and kept
at room temperature for another 3 h. The black solid was collected
by filtration, and then washed with DI water and absolute ethanol
for six times. The as-formed precursor was dried in vacuum at 80 °C
and subsequently treated at 500 °C (ramp rate: 1 °C min~")ina 5%
H,/Ar atmosphere for 5 h. Finally, the black-colored product of the
MoO,/graphene hybrid was obtained. For comparison, the free
MoO, particles were also prepared under the same condition
instead of the addition of GO.

Materials Characterization. Power XRD patterns were collected
using a X'Pert PRO (PANalytical B.V., Holland) diffractometer
with high-intensity Cu Ka1 irradiation (1 = 1.5406 A). The
accelerating voltage and the applied current were 40 kV and
40 mA, respectively. The general morphology of the products
was characterized by a FESEM (FEl, Sirion 200) coupled with an
EDX (Oxford Instrument) spectrometer. TEM observations were
carried out on a JEOL 2100F microscope. TG/DTA analyses were
performed with a PerkinElmer Diamond TG/DTA apparatus at a
heating rate of 10 °C min~ " in flowing air. XPS measurements were
performed on a VG MultiLab 2000 system with a monochromatic
Al Ka X-ray source (ThermoVG Scientific). Raman spectra were
measured by using a Renishaw Invia spectrometer using Ar" laser
of 514.5 nm at room temperature. The Brunauer—Emmett—Teller
(BET) surface area and porosity were determined by nitrogen-
sorption using a Micrometritics ASAP 2020 analyzer.

SUN ET AL.

phenomenon is also observed in the other previous
graphene-based hybrids.?®

CONCLUSIONS

We have successfully demonstrated the large-scale
fabrication of self-assembled MoO,/graphene hierarchical
nanoarchitectures for the first time. Results show that
the as-formed hierarchical MoO,/graphene hybrid ex-
hibits highly reversible capacity, excellent cyclability,
and high Coulombic efficiency with good rate cap-
ability as an anode material in lithium-ion batteries.
This work provides a facile strategy to prepare hier-
archically nanostructured MoO,/graphene hybrids
without using any seed crystals, templates, or organic
additives, and therefore it is promising for large-scale
industrial production. It is expected that the high-
performance MoO,/graphene hybrids may give rise
to the substitution of conventional graphite for next-
generation energy transfer and storage devices.

Electrochemical Measurements. The working electrodes were
prepared by mixing 80 wt % active material (MoO,/graphene
hybrid, MoO, particles), 10 wt % acetylene black (Super-P), and
10 wt % polyvinylidene fluoride (PVDF) in N-methyl-2-pyrroli-
dinone. After coating the above slurries on Cu foils, the electro-
des were dried at 80 °C in vacuum for 6 h to remove the solvent
before pressing. Then the electrodes were cut into disks (8 mm in
diameter) and dried at 80 °C for 24 h in vacuum. The coin cells
were laboratory-assembled by a CR2032 press in an argon-filled
glovebox where the moisture and oxygen concentrations were
strictly limited to below 1 ppm. A lithium foil was used as the
counter electrode, and a Celgard 2300 membrane was used as the
separator. The commercial electrolyte was composed of 1 mol L™
LiPFs in a mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) (v/v = 1:1). CV curves were recorded on a
PARSTAT 2273 potentiostat at a scanning rate of 0.1 mV s~ ' at
room temperature. The galvanostatic charge—discharge tests were
carried out on a Land Battery Measurement System (Land, China) at
various current densities of 500—2000 mA g~ ' with a cutoff
voltage of 3.00—0.01 V vs Li/Li* at room temperature.
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