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ABSTRACT: A self-assembled CoMoO, nanoparticles/reduced graphene oxide
(CoMoO,NP/rGO), was prepared by a hydrothermal method to grow 3—S nm sized
CoMoO, particles on reduced graphene oxide sheets and used as an anode material
for lithium-ion batteries. The specific capacity of CoMoO,NP/rGO anode can reach
up to 920 mAh g™' at a current rate of 74 mA g~ in the voltage range between 3.0
and 0.001 V, which is close to the theoretical capacity of CoMoO, (980 mAh g™*).
The fabricated half cells also show good rate capability and impressive cycling
stability with 8.7% capacity loss after 600 cycles under a high current density of 740
mA g~ . The superior electrochemical performance of the synthesized CoMoO,NP/
rGO is attributed to the synergetic chemical coupling effects between the conductive
graphene networks and the high lithium-ion storage capability of CoMoO,

nanoparticles.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) are considered the most
prominent power sources for state-of-the-art mobile commu-
nication devices, portable electronic devices, and electrical/
hybrid vehicles. Developing high specific energy, long cycle life,
low-price, and environmentally friendly cathode/anode materi-
als for LIBs are the key factors for practical applications."”
Graphene, a two-dimensional (2D) carbon atom monolayer,
has been commonly studied as anode material because of its
large specific surface area (2630 m* g™'), superior electrical
conductivity, chemical stability, structural flexibility, as well as a
high theoretical lithium storage capacity of 744 mAh g~'.>~® To
increase capacity, researchers have prepared many nano-
structured transmon metal ox1de/ graphene composites: TiO,/
graphene,'® Mn;0,/graphene,"’ FeO /graphene,12 * Co,0,/
graphene, 15 NiOo/ graphene, 16 CuO/graphene, 17 MoO,/gra-
phene,'® etc. Compared with their bare carbon materials,
these composites exhibit considerably better cell stability,
higher capacities, and better rate capability attributed to the
synergetic chemical coupling effects between the conductive
graphene networks and the high lithium-ion storage capability
of transition-metal oxide. Besides, nanosized particles rather
than their bulk materials are employed in the most cases due to
the following reasons: (1) nanomaterials can significantly
shorten the llthlum diffusion path length compared to their
bulk counterpart;'® (2) the small-sized material is able to
partially buffer the physical strains during the lithium insertion/
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extraction;*° (3) the high surface area permits a higher contact
area between electrolyte and electrode, thus improving the
reaction kinetics.!¥*'7% Regardless of these advances, crack
and pulverization of the nanomaterials and cell degradation are
usually unavoidable. This mechanical degradation is explained
by the restacking process of 2D graphene nanosheets with
nanoparticles because of van der Waals forces and the weak
interaction between graphene nanosheet and nanoparticles,
resultlng in loss of the advantages of a separated atomic layer
state.”>**

Three-dimensional (3D) porous structure with large surface
area, low mass density, and high electrical conductivity is an
ideal scaffold to serve as a hybrid electrode.*>*® In addition,
3D-graphene can potentially utilize the vertical dimension to
increase the active material loading, enhance the interfacial
kinetics and provide sufficient space to accommodate the stress
relaxation.”” Therefore, it is highly desirable to utilize 3D
graphene frameworks in hybrid nanocomposites for long cycle
life and stability in lithium-ion battery anodes compared to
unstructured graphene. CoMoO, has been widely used in
supercapacitors because of its excellent rate capability and
cycling stability with 3D graphene network structure.”>**%73!
Although CoMoO, has a high theoretical capacity of 980 mAh
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g~' used as LIB anodes, its low electronic conductivity, rapid
capacity loss, and poor capacity retention have hampered its
practical applications.”® With the optimized particle size of
CoMoO, and structuring with a graphene scaffold, these
problems could potentially be solved, which would allow good
electrolyte permeability and fast electron and ion transport.**

Herein, we report a facile hydrothermal method for
synthesizing a hybrid material composed of CoMoO, nano-
particles grown on reduced graphene oxide and its application
as an anode for lithium-ion batteries. Using the 3D graphene
architecture as an excellent scaffold to host 3—5 nm CoMoO,
particles is the key to improving its electrochemical perform-
ance. The multilevel porous structure and high surface area of
the CoMoO,NP/rGO nanocomposites improve conductivity
and shorten lithium path length during the lithium insertion/
extraction process. These advantages of this advanced structure
lead to higher capacity and better cycling stability compared to
pristine CoMoO, or rGO.

2. EXPERIMENTAL SECTION

2.1. Materials Synthesis. Synthesis of GO and CoMoO,
precursor. Graphene oxide (GO) nanosheets were synthesized from
a commercial graphite (SP-1 graphite, purchased from Bay Carbon
Corporation) according to a modified Hummers method,** described
elsewhere.*>*® 4 mmol of Co(NO;),-6H,0 and 4 mmol of H,MoQ,
(molybdic acid) was dispersed in 45 mL distilled water under constant
magnetic stirring, the solution became instantly pink. In order to
increase the solubility of molybdic acid, S mL NH;-H,O (ammonium
hydroxide) was added dropwise to the solution. With the addition of
NH;-H,O, a deposit settled in the bottom of the solution and then
turned clear dark brown and it remained unchanged after 1 h of
stirring. Finally, the mixture as CoMoO, precursor gives a clear dark
brown solution with the Co:Mo mole ratio close to 1.

Synthesis of CoMoO,NP/rGO. CoMoO, nanoparticles doped on
reduced Graphene oxide (denoted as CoMoO,NP/rGO) were
synthesized by a simultaneous hydrothermal synthesis and assembly
procedure. In a typical procedure, x mL (x = 1, 3, 6) CoMoO,
precursor was mixed with 10 mL of GO (1 mg mL™") aqueous
dispersion and sonicated for 1 h. The resulting mixture was then sealed
in a Teflon-lined stainless steel autoclave (100 mL) and hydro-
thermally treated at 180 °C for 12 h. After cooling to room
temperature, the product was washed thoroughly with deionized water
and ethanol several times, and freeze-dried to preserve the 3D
architectures formed during synthesis process. Finally, the Co-
MoO,NP/rGO hybrids were obtained, the CoMoO, content were
controlled to be 65, 74, and 88 wt %, respectively. As a reference, bare
CoMoO, without GO and pure rGO were also prepared under the
same experimental conditions.

2.2. Materials Characterization. The morphology, micro-
structure, and composition of the samples were systematically
investigated by FE-SEM (JEOL 6500), TEM (JEOL 2010), XPS
(PHI Quantera X-ray photoelectron spectrometer), XRD (Rigaku D/
Max Ultima I Powder X-ray diffractometer), EDX (energy-dispersive
X-ray spectroscopy, FEI Quanta 400 ESEM FEG) and TGA
(thermogravimetric analysis, Q-600 Simultaneous TGA/DSC). Nitro-
gen adsorption isotherms and the Brunauer—Emmett—Teller (BET)
surface area were measured at 77 K with a Quantachrome Autosorb-
3B analyzer (USA).

2.3. Electrochemical Measurements. Electrochemical experi-
ments were performed using CR2032 coin-type cells: the working
electrodes were prepared by mixing our samples, carbon black (Super-
P), and polyvinylidene fluoride (PVDF) at a weight ratio of 80:10:10
in n-methyl-2-pyrrolidone (NMP) solution. The obtained slurry was
then pasted on pure copper foil (99.6%, Goodfellow), followed by
drying them in a vacuum oven at 85 °C for 12 h. Pure lithium foil
(Aldrich) was used as the counter electrode. The electrolyte,
purchased from MTI Corporation, consists of 1 M LiPF4 in a 1:1:1
mixture of ethylene carbonate (EC)/dimethyl carbonate (DMC)/

diethyl carbonate (DEC). The cells were assembled in an argon-filled
glovebox with the concentrations of moisture and oxygen below 0.1
ppm. CV curves were recorded on an Arbin BT-2000 battery station at
a scanning rate of 0.1 mV s™' at room temperature. The
electrochemical performance measurements were carried out on a
LAND CT2001A battery system tester at various current rates in the
voltage range of 0.01—3.0 V. The impedance spectra were recorded on
an Autolab workstation (PGSTAT302N) by applying a sine wave with
amplitude of 5.0 mV over the frequency range from 100 kHz to 0.01
Hz.

3. RESULTS AND DISCUSSION

The preparation procedure of CoMoO,NP/rGO nanocompo-
sites is illustrated in Figure 1 (for details, see the Experimental

Mixing 180°C for 12h
ar Hydrothermal
Sonication, 1h self-assembly

Go

CoMoO,
10 mL precursor
1mg mL XmL

GO sheet BN GO sheet

o [CO(NH;)JMoO,precusor o  CoMoO, NP
Figure 1. Photographs and schematic representation of the formation
of CoMoO,NP/rGO hybrid nanostructures. Purple and dark balls

represent the CoMoO, precursor ([Co(NH,;)s]MoO,) and the
CoMoO, nanoparticles, respectively.

Section). First, Co(NO,),-6H,0 and H,MoO, was dispersed in
distilled water under constant magnetic stirring. Then an
excessive amount of NH;-H,O was added in the solution to
form the [Co(NH;)s]MoO, precursor. Finally, the precursor
was dispersed in GO suspension. Under ultrasonication, Co**
and Mo®" ions were adsorbed onto the GO surface because of
the functional groups (e.g, —OH, —COOH) and defects of GO
surface.”*” The following reactions describe the stepwise
formation of [Co(NH;)s]MoO, precursor and the subsequent
hydrothermal treatment

H,MoO, + 2NH;-H,0 — (NH,),MoO, + 2H,0 (1)

Co(NO,),-6H,0 + 2NH,-H,0

— Co(OH), | +2NH,NO, + 6H,0 (2)
Co(OH), + 6NH;-H,0 — [Co(NH,),](OH), + 6H,0
(3)
[Co(NH,),](OH), + (NH,),MoO,
— [Co(NH,)s]MoO, + 2NH,-H,0 (4)
[Co(NH,)s]MoO, - CoMoO, + 2NH,?t ()

Stirring and ultrasonication process was applied to ensure that
the resulting precipitates were completely wrapped within GO
sheets. In the subsequent hydrothermal treatment, CoMoO,
nanoparticles were formed and embedded in graphene sheets.
After the hydrothermal process, the nanoparticles have strong
interactions or covalent bonds with graphene, and at the same
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Figure 2. Thermogravimetric analysis (TGA) of CoMoO,NP/rGO with different (a) CoMoO, contents and (b) XRD patterns. (c—f)
Characterization of the morphology and elemental analysis of CoMoO,NP/rGO (74%) nanocomposite. (c, d) Typical SEM images of the
nanocomposite with different magnifications, revealing that the nanoparticles changed the structure of the graphene sheets. (e, f) TEM images of the
nanocomposite, showing that the CoMoO,, nanoparticles are confined in the matrix of the graphene nanosheets.

time GO is reduced to rGO without postsynthetic annealing or
calcination.*®* Notably, the weight fractions of CoMoO, in
the as-prepared 3D architectures were facilely controlled by
adjusting the ratios between CoMoQO, and rGO. In this text, all
the contents of CoMoO, were calculated on the basis of weight
fraction (wt %). The CoMoOQ, residues after oxidation in air in
thermogravimetric analysis (TGA) are 65, 74, and 88% for the
CoMoO,NP/rGO nanocomposites synthesized with 1, 3, and 6
mL CoMoO, precursor mixed with 10 mL of GO suspension,
respectively (Figure 2a). The TGA were carried out from 30 to
700 °C with a heating rate of 10 °C min™" in air. Figure 2b
displays the XRD patterns of rGO, CoMoO,NP/rGO with
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different CoMoO, contents and pure CoMoO,. At 26°, there is
a wide diffraction peak, which can be attributed to the (002)
planes of rGO. In the composite samples this peak is invisible,
indicating that rGO flakes are well-separated by numerous
CoMoOQ, nanoparticles. The orther XRD Peaks at 8.9, 18.7, 28,
34, 59, and 69.5° are attributed to the diffractions of (001),
(200), (220), (222), (152), and (260) faces of the monoclinic
CoMoO, (JCPDS NO: 21-0868).>° An interesting phenom-
enon is that their intensities become stronger with increasing
the content of CoMoO, in the hybrids.

Scanning electron microscopy (SEM) reveals the typical
structure of the CoMoO,NP/rGO (74%) (Figure 2c, d). The
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Figure 3. XPS survey spectrum of CoMoO, NP@rGO (74%): (a) full XPS survey spectrum, (b) C 1s core-level XPS, (c) O 1s core-level XPS, (d)
Co 2p core-level XPS, and (e) Mo 3d core-level XPS; f) N, adsorption—desorption isotherms of rGO, and CoMoO,NP/rGO with different
CoMoO, contents. The inset in f is the corresponding pore-size distribution curves.

porous structure with atomically thin sheets indicates that the
scaffold is built of stacked graphene sheets, the nanoparticles
are not readily observable with the resolution of the SEM. In
the low-magnification TEM, uniformly distributed dark contrast
dots are easily observed on the graphene flakes (Figure 2¢). A
high-magnification TEM image in Figure 2f shows the crystal
lattice of CoMoO,. These tiny CoMoO, nanoparticles of 3—5
nm in size are densely anchored on the surface of graphene
without aggregation, forming the hybrid CoMoO,NP/rGO
nanosheets. The fact that the nanoparticles do not form
aggregates indicates that the graphene nanosheets play an
essential role in achieving good dispersion. However, with
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increasing amount of the CoMoO, precursor during synthesis,
the nanoparticles are stacked together, the 3D architecture is
not maintained and the product is turned into micrometer scale
powder after the hydrothermal reaction as shown in Figure S1.
Thus, it is clear that the abundant functional groups and
inherent flexibility of graphene oxide sheets are crucial for
constructing the 3D hybrid architectures.

X-ray photoelectron spectroscopy (XPS) reveals that the
CoMoO,NP/rGO nanocomposites contain C, O, Co, and Mo
as the main elements (Figure 3). The high-resolution C1 XPS
spectrum signifies a number of functional groups on graphene
sheets, such as hydroxyl (C—OH) and carboxyl (—COOH)

dx.doi.org/10.1021/am505983m | ACS Appl. Mater. Interfaces 2014, 6, 20414—20422
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Figure 4. Electrochemical performances of CoMoO,NP/rGO nanocomposites and pure CoMoO,. (a) Cyclic voltammetry profiles of the 1st, 2nd,
and Sth cycle for CoMoO,NP/rGO (74%) nanocomposites in the voltage range from 0.01 to 3.0 V at a scanning rate of 0.1 mV s™'; Li metal was
used as the counter electrode. (b) Galvanostatic charge—discharge curves cycled at the 1st, 2nd, Sth, 10th, and 50th cycle of CoMoO,NP/rGO
(74%) between 3.0 and 0.01 V at a current density of 74 mA g™'. (c) Cycling performances of CoMoO,NP/rGO (65%), (74%), (88%), and pure
CoMoO,. (d) Rate capability of the CoMoO,NP/rGO (74%) nanocomposite at the current densities between 74 and 740 mA g~". (e) Subsequent
cycling test of the CoMoO,NP/rGO (74%) at 740 mA g™* for 600 cycles.

groups in Figure 3a, which might form the covalent chemical
bonding, hydrogen bonding, or van der Waal’s interaction with
CoMoO, and enable direct growth of CoMoO, on the
graphene sheets. The Co 2p;,, core-level spectrum of
CoMoO, is centered at 780.5 eV (Figure 3c), which belongs
to Co*".7*** In the Mo 3d XPS region (Figure 3d), two peaks
at 232.36 and 235.47 eV are observed. The binding energy and
the splitting width (Mo 3d = 3.12 eV) are in good agreement
with those reported for Mo®*.*** In addition, element analysis
by XPS reveals that the atomic ratio of Co and Mo is 1:1.03,
which is close to the stoichiometry of CoMoO,. To gain further
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insight into the distribution of CoMoO,NP/rGO nano-
composites, we performed energy-dispersive X-ray spectrosco-
py (EDX) elemental mapping (see Figure S2 in the Supporting
Information). A typical EDX spectrum from the CoMoO,NP/
rGO (74%) nanocomposite suggests that the hybrid is
composed of C, O, Co, and Mo elements. Figure S2 in the
Supporting Information demonstrates the C, O, Co, and Mo
elemental mapping of the CoMoO,NP/rGO hybrid, showing
that C, O, Co, and Mo are homogeneously distributed among
the whole hybrid samples.

dx.doi.org/10.1021/am505983m | ACS Appl. Mater. Interfaces 2014, 6, 20414—20422
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N, adsorption—desorption analysis was measured to study
the pore structure and the specific surface area of the sample.
N, adsorption—desorption isotherms and pore size distribution
curves are shown in Figure 3f. The isotherms can be classified
as type IV, revealing the mesoporous structure of the
CoMoO,NP/rGO nanocomposites. From the adsorption
branch of the isotherm, the specific surface area of rGO,
CoMoO,NP/rGO (65%), (74%), and (88%) are 496, 372, 361,
and 335 m? ¢! respectively, which are calculated by the
Brunauer—Emmett—Teller (BET) method. The nanocompo-
site has a stacked structure of curved graphene nanosheets, and
numerous CoMoO, nanoparticles are anchored on two sides of
each graphene flake, consequently, the graphene sheets cannot
really make two-directional bending,*™” resulting in the
nanocomposite has abundant channels that are conducive to
the insertion/extraction of lithium ions and the flow of
electrolyte.* The pore size distributions (inset in Figure 3f)
indicate that the CoMoO,NP/rGO nanocomposites exhibit
wide pore size distributions from 2 to 90 nm, further
confirming the existence of mesopores and macropores. With
a large surface area, conductive rGO, and a small size of
CoMoO, active nanoparticles, such a nanocomposite is
beneficial for lithium storage applications that require a
sufficient interface for electrolyte access, low contact and
charge-transfer impedance, and a short transport length for
both lithium ions and electrons. Therefore, superior lithium
storage properties could be expected for the as-prepared
CoMoO,NP/rGO nanocomposites.

Static and dynamic lithium storage processes in Co-
MoO,NP/rGO nanocomposites were investigated by cyclic
voltammetry (CV) and galvanostatic charge/discharge cycling.
Figure 4a and Figure S3 in the Supporting Information exhibit
the first, second, and fifth cycle for CoMoO,NP/rGO (74%),
pure CoMoO, and rGO at a scan rate of 0.1 mV s~ in the
voltage window of 0.01—3 V vs Li*/Li. Several reduction and
oxidation peaks can be clearly observed in the CV curves,
implying that the sample has a multiple reaction mechanism,

which could be characterized by the following equations>**
CoMoO, + 8Li —» Co + Mo + 4Li,O (6)
Co + Li,O < CoO + 2Li (7
Mo + 3Li,0 < MoO; + 6Li (8)
C(graphene) + xLi + xe~ < Li C (9)

Five reduction peaks can be found in the cathodic
polarization process of the first cycle (Figure 4a). The broad
peak centered at 1.7 and 1.2 V should be attributed to the
crystal structure destruct into amorphous and the reduction of
Mo®* to Mo*,* the intense peak located at 0.74 V could be
assigned to the further reduction of Co** and Mo*" to metallic
Co and Mo (eq 6), whereas the minor peak at 0.6 V can be
ascribed to the irreversible decomposition of the solvent in the
electrolyte to form the solid-electrolyte interface (SEI).***
The fifth cathodic peak located at 0.01 V is attributed to the
insertion of lithium in grephene nanosheets (eq 9).*> Three
obvious anodic peaks located at 0.13, 1.27, and 2.29 V were
observed in the first anodic scan. The 0.13 V anodic peak
corresponds to lithium extraction from graphene nanosheet (eq
9); the other two peaks at 1.27 and 2.29 V can be assigned to
the oxidation of Co and Mo into CoO and MoO;, which is fully
reversible, according to the reaction of eqs 7 and 8. Compared
with the first cathodic scan, there are two new cathodic peaks at

1.33 and 0.70 V, which can be ascribed to the electrochemical
reduction of CoO and MoOj; into Co and Mo (eqs 7 and
8).'®*? Figure S3a in the Supporting Information shows the CV
curves of pure CoMoO,. Similar to those of CoMoO,NP/rGO
nanocomposites, the second cycle has sharp two cathodic/
anodic peaks at about 1.33/1.27 V and 0.70/2.29 V.
Nevertheless, both the peak intensity and integral areas
decrease significantly during the subsequent cycles, indicating
severe capacity fading. Remarkably, compared to pure
CoMoO,, the CoMoO,NP/rGO (74%) CV curves are mostly
overlapped from the second cycle onward, which indicates
good reversibility of the electrochemical reactions.

Figure 4b presents the charge/discharge profiles of the
CoMoO,NP/rGO (74%) nanocomposite in the first, second,
fifth, 10th, and SOth cycles at a current density of 74 mA g~ .
The discharge and charge capacities in the first cycle were 1250
and 880 mAh g, respectively, with a first cycle capacity loss of
30%. High initial capacity loss is commonly observed for oxide
anode materials.*® However, the discharge capacities of the
CoMoO,NP/rGO nanocomposites are very close to the
theoretical value (Cyeoreticai = Ccomoos X Mmass percentage of
+ Cgraphene X mass percentage of graphite = 980 X 74% + 744 X
26% = 918 mAh g™').** The initial irreversible capacity results
from the SEI formed in the first discharge process as well as the
electrolyte decomposition at a low potential re§ion around 0.5
V for the first cycle, as shown in Figure 4b.*>* Hereafter, the
extra capacity could arise from reversible reactions of lithium
with the active surface groups including dangling C—H and C-
OOH bonds on the surface of rGO.* The improved
performance may be attributed to synergistic interactions
between the rGO sheets and CoMoO, nanoparticles. RGO
may work as mechanical buffer that alleviates the volume
change of the nanoparticles during charge and discharge.>*~>*
Furthermore, the CoMoQO, nanoparticles act as a spacer that
prevents the rGO sheets from agglomeration.> To find out
which electrode among the three different ratios has the highest
specific capacity and best cycling performance, we tested S0
discharge/charge cycles as shown in Figure 4c. The cycling
performance of the CoMoO,NP/rGO (74%) was superior to
that of pure CoMoO,, rGO, CoMoO,NP/rGO (65%) and
(88%). The reversible capacity of the CoMoO,NP/rGO (74%)
gradually increases in the first 10 cycles and is stabilized at a
high reversible capacity of 920 mAh g™ after SO cycles, and the
Coulombic efficiency remains ~ 100% upon cycling. The
extraordinary performance of CoMoO,NP/rGO (74%) mainly
relies on its specific structure: on the one hand, 74%
CoMoO,NP in rGO has higher theoretical capacity than that
of 65% CoMoO,NP in rGO; on the other hand, more
CoMoO, content, like 88% CoMoO,NP in rGO (see Figure S1
in the Supporting Information), 3D structure of rGO would be
broken, blocking the path of lithium insertion/extraction.

In addition, the CoMoO,NP/rGO (74%) nanocomposite
exhibits excellent rate capability. The rate performance was
evaluated in the cell we used for the above-mentioned 50
cycles, as shown in Figure 4d; each rate was tested for 30 cycles.
From Figure 4d, it can be seen that the capacity decreases from
920, 850, 770, 710 to 660 mAh g~' with increasing current
density ranging from 74, 150, 300, 440, 590 to 740 mA g~
Specific capacity retention of 64% is capable even with a ten
times increase at current density from 74 to 740 mA g
Interestingly, the CoMoO,NP/rGO (74%) anode releases a
higher reversible capacity (970 mAh g™') after the 210th cycle
than its initial one. It can be detected that, in spite of high

dx.doi.org/10.1021/am505983m | ACS Appl. Mater. Interfaces 2014, 6, 20414—20422



ACS Applied Materials & Interfaces

Research Article

current densities applied, the increasing slope (capacity versus
cycle) in rate capability is approximately comparable to that in
cycling performance conducted at the same 74 mA g~ (Figure
4c), demonstrating a magnificent high rate performance. Figure
4e shows long-term cycling performance and the corresponding
Coulombic efficiency of the nanocomposites at 740 mA g~ .
The CoMoO,NP/rGO anode demonstrated excellent cycling
stability above 600 mAh g~ with 8.7% capacity loss and a
Coulombic efficiency close to 100% over 600 cycles. Compared
with other reported binary metal oxide/graphene composites,
such as CoFe,0,/graphene,”® NiFe,0,/graphene and
ZnFe,0,/ graphene,54_56 etc, the CoMoO,NP/rGO anode
shows higher rate capability and longer cyclability. That is
mainly attributed to CoMoO,, have large cell parameters (a =
9.67,b =885, c=7.76 A, p=113°49').>'73*>7 And it can keep
the 3D architecture of rGO after mixing. The superior
electrochemical performance of CoMoO,NP/rGO anode can
also be due to the synergistic effect between CoO and MoO;
during cycling.**

To illustrate the lithium storage mechanisms and the
structural evolution of CoMoO,NP/rGO during the lithium
insertion/extraction process, an ex situ XRD analysis has been
carried out (see Figure S4 in the Supporting Information).
Before cycle, the (222) peak of CoMoO, at 34° is very easy to
observed. After the first discharge proceess, there is a very sharp
peak around 38° belong to Li,O, and it still turn up in the
subsequent cycles. However, no obvious peaks of metallic Co,
Mo, and Li,C are visible in the patterns after the first extraction
of lithium, although they can be detected through MDI Jade
9.0. That is probably due to their ultrafine size and poor
crystallinity, or they are overlapped by the strong peaks of Cu
current collector.”>*® The existence of metallic Co and Mo
further confirms the first lithiation mechanism of eq 6. Some
peaks of CoO and MoO; at the eighth charge XRD are very
difficult to observed. But they turned sharper after 600 cycles,
especially around 38 and 65°. There is another new peak near
by 79°, that is belong to Li,F. The appearance of Li,F is one
reason for the capacity decrease.

To further understand why the CoMoO,NP/rGO electrode
exhibits such a superior electrochemical performance compared
to the CoMoO, electrode, we performed ac impedance
measurements after 50 cycles, as shown in Figure S. The
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Figure 5. Nyquist plots of pure CoMoO,, and CoMoO,NP/rGO with
different contents of CoMoO, obtained by applying a sine wave with
amplitude of 5.0 mV over the frequency range 100 kHz to 0.01 Hz.
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inclined line corresponds to the lithium-diffusion process within
the bulk of the electrode material. The kinetic differences of
CoMoO,NP/rGO and pure CoMoO, electrodes were further
investigated by modified Randles equivalent circuit (see the
Supporting Information, Figure S5).** The fitted impedance
parameters are listed in Table S1 in the Supporting
Information. It can be seen that the SEI film resistance R
and charge-transfer resistance R, of the CoMoO,NP/rGO
(74%) electrode are 4.0 and 132.8 Q, which are significantly
lower than those of pure CoMoO, (13.7 and 321.0 Q). This
fact confirms that the incorporation of graphene can preserve
the high conductivity of the CoMoO,NP/rGO composite
electrode and greatly enhance rapid electron transport during
the electrochemical lithium insertion/extraction reaction,
resulting in significant improvement in the electrochemical
performances. The structural stability of CoMoO,NP/rGO
nanocomposites was also investigated with SEM observation
for tested cells. The electrodes were taken out from the coin
cells after 1 cycle and 600 cycles and washed using a dimethyl
carbonate solution. As shown in Figure S6a, b in the Supporting
Information, no obvious changes in the morphology are
observed, and the SEI films of the electrode are dense and
slick, demonstrating the structure integrity of the composite
upon electrochemical cycling. The structural stability of the
composite can be ascribed to the directly grown structure that
tightly connects the graphene film with CoMoO,, preventing
the detachment and agglomeration of CoMoO, nanoparticles
during cycling, which contributes to the excellent cyclic

stability.

4. CONCLUSIONS

In summary, we have fabricated a structure of ultrathin
CoMoO,NP/rGO hybrid nanosheets through a facile hydro-
thermal method. The best performance was obtained on the
composite with ~26 wt % of rGO and 74% CoMoO,. The
CoMoO,NP/rGO (74%) nanocomposites behave as high-
performance anode materials with a specific capacity of 920
mAh g~' at 74 mA g~ specific current rate and 660 mAh g~' at
740 mA g™ rate. Especially, the CoMoO,NP/rGO nano-
composites showed excellent cycling stability, only 8.7%
capacity loss after 600 cycles under a high current density of
740 mA g~'. The 3—5 nm CoMoO, nanoparticles hosted by
the 3D graphene architectures can effectively shorten lithium
diffusion paths, improve conductivity, as well as buffer the
physical strains during the lithium-ion insertion/extraction.
From these results, it can be concluded that CoMoO,NP/rGO
nanocomposites is very promising as a potential anode material
for LIBs.
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