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Abstract

In this paper, a facile method has been developed to synthesize supported CoWO, on the reduced graphene oxide (RGO) as high-
performance anode material for Li-ion batteries. The composites with cuboid-like CoWO, nanoparticles were prepared by
directly adding graphene oxide into the precursor solution followed by a hydrothermal treatment. Different analytical methods
like high-resolution TEM, XRD, TGA, and XPS characterizations were employed to illustrate structural information of the as-
prepared CoWO, and CoWO4/RGO composites. In addition, the Li-ion battery performance using the composites as anode
materials was also discussed based on the detailed galvanostatic charge-discharge cycling tests. The result shows that the specific
capacity of the as-prepared CoWO,/RGO composites can reach 533.3 mAh g ' after 50 cycles at a current density of 100 mA g .
During the whole cyclic process, the coulombic efficiency was maintained higher than 90%. Therefore, CoWO,, as an
environment-friendly and cost-effective anode material, has promising potential for Li-ion batteries.
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Introduction

Lithium-ion batteries (LIBs) have been successfully employed
in lots of portable electronic devices owing to their superior
properties of high energy density, excellent rate capability,
long cycle life, and environmental friendliness [1-3]. In recent
years, carbon-based anode materials for lithium-ion batteries
are widely used in commercial field, but they cannot meet the
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growing demand of high-energy applications due to their low
theoretical capacity (372 A h/g) and security [4]. Hence, in
order to improve the performance of LIBs, it is highly desir-
able to develop high-performance anode materials with high
capability.

Since Poizot et al. discovered that transition metal oxides
exhibit high capacities as anode materials [5], novel metal
oxides, and composite oxides have been extensively studied
as promising alternative to carbon-based anode materials in
Li-ion batteries. The high electrochemical performance is at-
tributed to their low lithium insertion potential and high vol-
umetric and gravimetric capacities [6], e.g., Fe;03, Fe;Oy,
Co0, Co304, and CuO [2, 7-10]. Besides, the mechanism of
Li reactivity in these systems differs from the classical Li
insertion/de-insertion or Li-alloying processes; it involves
the reduction and oxidation of metal nanoparticles.

Tungsten is a high-performance metal due to its robust and
high melting point nature, and it has been demonstrated that
tungsten-containing metal oxides have potential applications
in many areas [1]. As a member of these materials, tungstate is
a kind of active material that has been applied in electrochem-
ical devices, including anode materials of LIBs [4, 11-14].
Besides, the binary metal oxide CoWOy, one of the tungstates,
has attracted increasing attentions for its multitude of applica-
tions, including catalysts for oxygen evolution [15] and
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hydrogen production [16]. Yu et al. have used CoWO,
nanoparticles wrapped by reduced graphene oxide (RGO)
as anode material for lithium-ion batteries [17]. They syn-
thesized three samples CoW04-RGO;, CoWO4-RGO, and
CoWO4-RGOy, and their CoWO, contents are 5, 10.8, and
26.6%, respectively. Of the three samples, CoWO4-RGO
delivers the best electrochemical performance when they
are used as the anodes of the LIB. It is worth noticeable that
the anode material CoWO4-RGO is mainly composed of
RGO (89.2%).

However, there are two bottleneck problems for the appli-
cation of tungstate material as anodes in lithium-ion batteries:
the high initial irreversible capacity and poor electronic con-
duction during the alloying and de-alloying process, which
lead to poor cycling performance [4]. Consequently, consid-
erable efforts have been devoted to overcome these problems.
In comparison with pure metal oxide, incorporating with sec-
ond metal can greatly enhance the conductivity of binary met-
al oxides [18]. In addition, adding graphene sheets into mate-
rials is another way to significantly improve the electrochem-
ical performance of transition metal oxide composites
[19-24]. In these graphene-contained composites, the cycling
stability and rate capability of transition metal oxide anodes
are enhanced due to the increased electrical conductivity and
anode/electrolyte contact area [25-27].

In this paper, we report a hydrothermal method for facile
synthesis of CoWO, nanocubes/reduced graphene oxide
(CoWO4/RGO) composites as anode materials for LIB appli-
cation. The CoWO4/RGO composites contain mainly
CoWQy, so they are different from the abovementioned
CoWO4-RGO, in which RGO is the main component [17].
In addition, the preparation conditions of the present work are
also different from the CoWO4-RGO. The CoWO,4/RGO
composites combine the advantages of CoWQO, nanocubes
and graphene, in which the graphene sheets can improve the
electrical conductivity and structural stability of the CoWO,
nanocubes. As an anode of LIB, the CoWO4/RGO composite
exhibits a stable capacity of ~ 533 mAh g " after 50 cycles ata
current density of 100 mA g~ '. Moreover, it retains a capacity
of ~440 mAh g ' even at a high current density of
500 mA g ', demonstrating its potential applications for
LIBs with long cycling life and high power density.

Experimental

Materials

Natural graphite powder was purchased from the Qingdao
Graphite Factory. Potassium permanganate, sodium nitrate,
concentrated sulfuric acid, hydrogen peroxide (30%), hydro-

chloric acid, cobalt chloride (CoCl,), and sodium tungstate
(Na,WO,4) were from Sigma, and all the unmentioned
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reagents were purchased from the Tianjin Chemical Reagent
Company. All the chemicals were used as received without
additional purification.

Synthesis of CoW0, and CoW0,/RGO composites

In a typical process, 25 mL CoCl, aqueous solution
(0.1 mol L") was added into 25 mL Na,WO, aqueous solu-
tion (0.1 mol L™") with the assistance of strong magnetic stir-
ring to form a homogeneous precursor at room temperature.
After being stirred for another 10 min, the final mixture was
directly transferred into a 100-mL Teflon-lined stainless auto-
clave, filled up to 50% of its capacity. The autoclave was
maintained at 160 °C for 24 h in an oven and then was cooled
naturally to the room temperature. The precipitate was collect-
ed, filtered, and washed with distilled water and absolute eth-
anol several times. After being dried at 50 °C for 2 h, the
CoWO, powders were obtained [28].

A modified Hummers’ method was employed to produce
graphite oxide from natural graphite powder. The graphene
oxide suspension for CoOWO4/RGO synthesis was prepared
by ultrasonicating graphite oxide in distilled water. To synthe-
size CoWO4/RGO via a typical process, 25 mL CoCl, aque-
ous solution (0.1 mol L") was added into 25 mL Na,WO,
aqueous solution (0.1 mol L™") with the assistance of strong
magnetic stirring to form a homogeneous precursor at room
temperature. The solution was then added to 6 mL graphene
oxide suspension (5 mg mL ") with stirring. After stirring for
20 min, the final mixture was directly transferred into a
100-mL Teflon-lined stainless autoclave to fill up to 56% of
its capacity. The autoclave was maintained at 160 °C for 24 h
in an oven and then cooled naturally to the room temperature.
The precipitate was collected, filtered, and washed with dis-
tilled water and absolute ethanol several times. After being
dried at 50 °C for 2 h, the obtained powder is noted as
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Fig. 1 XRD patterns of CoWO, and CoWO,/RGO composites
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CoWO04/RGO5 (CoWO4RGO5 means that GO content is 5%
wt). The CoWO4/RGO composites with other content were
also prepared by adding different amount of GO.

Characterization of CoW0,/RGO nanocomposites

The structure and morphology of the CoWO4/RGO compos-
ites were characterized by the transmission electron micro-
scope (Philips Tecnai G*F20 microscope). X-ray diffraction

Fig. 2 TEM images of CoWO,
(a, b) and CoWO4/RGO:s (¢, d).
HRTEM images of CoWO,/
RGO:s (e) and the EDX spectrum
of CoWO,/RGOs (f)

(XRD) of the CoWO4/RGO composites was measured using
an X-ray diffractometer (BDX3300) with a reference target:
Cu Ka radiation (A=1.54 A), voltage 30 kV, and current
30 mA. Thermal gravimetric analysis (TGA) of the CoWO,/
RGO was conducted on a Rigaku-TD-TDA analyzer with a
heating rate of 10 °C/min in air. Elemental analysis of the
CoWO4/RGO composites was determined by an X-ray pho-
toelectron spectrometer with a Mg Ka anode (PHI1600 ESCA
System, PERKIN ELMER, USA).
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Electrochemical measurements

Active materials (CoWO4/RGO, CoWQ,, or RGO), carbon
black (as conductive agent), and polyvinylidene fluoride
(PVDF as a binder) in a weight ratio of 80:10:10 were mixed
with N-methylpyrrolidone (NMP) to form a slurry. The slurry
was then dropped on a piece of copper foam and treated in a
vacuum oven at 50 °C for 12 h. The copper foam was dried
before it was pressed to form a disk. Coin cells (CR2032) were
assembled with the disk as an anode, lithium metal as a coun-
ter electrode, Celgard 2400 as separator, and LiPF (1 M) in
ethylene carbonate/dimethyl carbonate/diethyl carbonate (EC/
DMC/DEC, 1:1:1 vol%) as an electrolyte. The cells were as-
sembled in a glove box filled with Ar gas. The rate capability
and cycle life of the cells were tested in a potential window of
0.01~3 V (vs Li*/Li) with a battery testing system (LAND CT
2001A).

Results and discussion

CoWO4/RGO and CoWO, were synthesized by a facile hy-
drothermal approach. In order to identify the products, XRD
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analysis was performed and the XRD patterns of the as-
prepared CoWO, and CoWO,/RGO with different initiate
GO amount (CoWO4RGOs means that GO is 5% wt) are
shown in Fig. 1. Obviously, CoWO, and all the CoWO,/
RGO composites have similar XRD patterns that match with
monoclinic CoWQO, with wolframite structure (JCPDS: 15-
0867) [29]. Their strongest intensity peaks are all located at
30.68° diffracted from (-111) planes of the CoWO,4 [29]. Since
no other characteristic peaks of impurities were detected, we
can get the conclusion that the products are pure CoWO, or
CoWO4/RGO composites.

Figure 2 presents TEM micrographs of CoWO, (Fig. 2a, b)
and CoWO4/RGOs (Fig. 2¢, d), respectively. It is clear that the
as-prepared CoWO, and CoWO4/RGOs are composed of
nano-sized CoWOy, particles with homogeneous cuboid-like
morphology and CoWO4/RGOs (Fig. 2¢, d) also shows the
wrinkles on RGO nanosheets. Figure 2e is a HRTEM image of
an individual CoWO, nanoparticle; the clear lattice fringes
further confirm its crystalline nature as demonstrated by
XRD analysis. Energy dispersive X-ray spectrum (EDS)
(Fig. 2f) shows only high-intensity peaks for Co, W, and O,
together with the Cu and C (partly from rGO) peaks generated
from a carbon film-supported copper grid. Quantitative

C-C284.5eV
C-0 286.4 eV b
C=0288.6 eV

1.5x10°4

1.0x10*4

Intensity

5.0x10°-

0.0

292 290 288 286 284 282 280
Binding Energy (eV)

12000

10000

8000

6000

Intensity

40004

2000

T T T T T T T

44 42 40 38 36 34 32 30 28
Binding energy (eV)

Fig. 3 XPS spectrum of CoWO,/RGOs (a) and XPS spectra for Cls (b), Co 2P (¢), and W 4f (d) in CoWO,/RGOs
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calculation shows that the molar ratio of Co to W is about 1:1,
which is in agreement with the nominal composition of
CoWO;,.

Figure 3a presents the X-ray photoelectron spectroscopy
(XPS) spectrum of CoW0O,/RGO5 composites in order to con-
firm surface composition and energy state structure of the
sample. The spectrum contains four strong peaks: a Cls peak
at about 286 eV, an Ols peak at about 532 eV, a Co 2p peak at
about 792 ¢V, and a W 4f peak at about 35 ¢V. The O peaks
stem from both CoWO, and RGO, C peaks come from RGO
and Co, and W peak comes from CoWQ,. The high-resolution
XPS of Cls, Co 2p, and W 4f are shown in Fig. 3b—d, respec-
tively. The Cls XPS spectrum of CoWO,4/RGOs (Fig. 3b)
demonstrates three different groups of bands, a sp2-bonded
carbon network (C-C/C=C, 284 eV), hydroxyl and epoxy
groups (C-0, 286 eV), and carbonyl groups (C=0, 288 eV)
[30]. The C/O ratio of RGO in CoWO4/RGO is 4.65, which is
higher than that of GO (2.30). This indicates that after the
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hydrothermal process, many oxygen-containing functional
groups were removed away, suggesting that GO was success-
fully reduced [31]. The Co 2p electron peaks and two satellite
peaks well match with the previous report [32]. The spectrum
of the W 4f exhibits a main peak at 35.15 eV as well as a peak
at 37.20 eV, which belongs to a simple spin-doublet W 4{7/2
and W 5p3, respectively [33]. This indicates that the oxidation
state of tungsten is + 6. The above XPS results further prove
the formation of CoWO,/RGO5 composites.

TGA analysis was conducted on GO (Fig. 4, curve i),
CoWO4/RGOs (Fig. 4, curve iii), and CoWO,/RGO,, (Fig.
4, curve ii). For GO, a weight loss of about 30% occurred
between 100 and 200 °C. This is due to the removal of the
surface water and the oxygen-containing functional groups
(such as C-O and C=0) [34]. At the temperature above
200 °C, the weight loss may be due to the removal of the
remaining oxygen-containing functional groups [31]. It is
clear that the total weight loss of CoWO,4/RGO5 and
CoWO4/RGOq is much smaller than GO. It indicates that
the GO has been reduced during the hydrothermal treatment,
which is in accordance with the XPS results.

The electrochemical performance of the prepared CoWO,
and CoWO4/RGOs composites for Li-ion anodic materials
was investigated. Figure 5a shows the cyclic voltammetric
(CV) curves at a scan rate of 0.5 mV s in the potential range
from 0.01 to 3.00 V at room temperature [35]. Two reduction
peaks are observed in the cathodic scan. The peaks at around
1.5 and 0.5 V are ascribed to the reduction of Co** and W** to
Co and W [36, 37]. The corresponding anodic peaks represent
the oxidation reactions, in which Li,O is activated to release
Li* by Co and W. Figure 5b shows the galvanostatic charge-
discharge (GCD) curves of the CoWO,4/RGOs for the first
three cycles at a current density of 100 mA g . In the potential
range from 0.01 to 3 V, it is noted that the first discharge
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Fig. 5 Cycling performance (a) and galvanostatic charge-discharge curves (b) of the CoWO4/RGOjs electrodes
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Fig. 6 Cycling performances of CoWO4/RGO composites, CoWO,, and
RGO anodes charged and discharged at a current of 100 mA g up to
100 cycles

profile has a plateau region at about 1.5 V which corresponds
to the reduction reaction of the CoWO4/RGO5 and the result
could be confirmed by the above CV analysis. From the sec-
ond cycle, the discharge profiles indicate relatively constant
lithiation and delithiation processes. The discharge/charge
process can be illustrated as follows based on the above dis-
cussion [37, 38]:

CoWO4 + 8 Lit +8 e —Co + W + 4 Li,O (1)
Co+Li" 4+ ¢ 2LiZn (2)
LiCo+ W +3Li,02Zn + WO; + 6 Li" + 6 ¢ (3)

Figure 6 compares the cycling performances of different
electrodes at a current of 100 mA g ' during 50 cycles:
CoWO,, RGO, and different CoWO4/RGO composites.
Significantly, the CoWO4/RGO electrode exhibited a much
higher cycling capacity than the CoWO, and RGO electrodes.
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For example, the CoWO,4/RGOs electrode reached a high ca-
pacity of 810 mAh g after 10 cycles while only 122 mAh g~
for CoWOy, electrode and 208 mAh g ' for RGO electrode
were obtained, respectively. After 50 cycles, the CoWO,/
RGOs electrode remained 533 mAh gfl while the CoWO,
and RGO electrodes retained about 75 and 157 mAh g_], re-
spectively. On the other hand, the coulombic efficiency of the
CoWO4/RGOs electrode was almost 95% during the 50 cy-
cles. These results imply available lithium insertion-extraction
and efficient ion and electron transport within the electrodes.
The enhanced electrochemical performance of the CoWO,/
RGO composites can be attributed to the synergistic effect
between RGO and CoWQ,, which could enhance the electri-
cal conductivity, facile the contact electrode and electrolyte,
shorten the transport pathway for both electrons and ions, and
depress volume expansion during the prolonged cycling [22,
39-41]. For composite materials, there is generally an optimal
composition at which the composite displays the best perfor-
mance [42].

Rate performance is a vital measurement to evaluate the
potential practical application of the anode electrode [43,
44]. The results in Fig. 7 also show that the CoWO,/RGOs
composite has a high rate capability. As shown in Fig. 7a, the
CoWO4/RGO5 composite demonstrated much higher capaci-
ties of 980, 660, 384,217, and 188 mAh g_1 after each 10 cy-
clesat0.1,0.2,0.5,1,and 1.1 A gf1 than those of CoWO,
(238, 140, 78, 44, and 43 mAh gf1 at 0.1, 0.2, 0.5, 1, and
1.1 A g"' shown in Fig. 7b), suggesting that the RGO in the
composite plays a key role for enhancing rate performance. In
addition, a capacity of 545 mAh g~' was still recovered when
the current rate was returned to 100 mA g '. These results
reveal that the CoWO,4/RGOs composite electrode has better
electrochemical reversibility and structural stability than the
pure CoWOQy, electrode.

In order to gain insight into the remarkable rate perfor-
mance of the electrodes, EIS measurements were carried out.
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Fig. 7 Rate performance of the CoWO4,/RGOs (a) and CoWOy, (b) electrodes
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Fig.8 Nyquist plots of CoWO4/RGO composites and CoWO, electrodes

All the Nyquist plots in Fig. 8 display a typical pattern, a
semicircle and a sloping straight line in the high and low
frequency range, respectively. The diameter of the semicircle
reflects the charge-transfer resistance at the electrode/
electrolyte interfaces [45]. The diameters of the semicircles
for the CoWO4/RGO electrodes are generally smaller than
those of the CoWO, electrode, and CoWO,/RGOs has the
smallest diameter, indicating lower interface resistance. This
result validates that the CoWO4/RGO composites with 1D-
nanocube/2D-sheet heterostructure are beneficial to enhance
the penetration of electrolyte and reduce charge-transfer resis-
tance at the electrode/electrolyte interface.

The above results reveal that incorporating CoWO, with
RGO could highly enhance the electrochemical properties
CoWO, when it was used as an anode in LIBs.

Conclusion

In summary, a facile and green preparation approach for
CoWO4/RGO composites was developed based on the hydro-
thermal process without any additional reducing or dispersing
agents. The as-prepared composites showed outstanding per-
formance as anodes of LIBs with respect to capacity, rate
capability, and cycling stability. The CoWO4/RGO electrode
exhibited initial charge-discharge capacities of 853 and
1441 mAh g ! with an initial coulombic efficiency of
59.3%. A specific reversible capacity of ~ 530 mAh g ' after
50 cycles at the specific current of 0.1 A g ' was still obtained.
The CoWO,4/RGO also displayed better capacity retention and
exceptional high rate performance and cyclic stability as com-
pared with CoWO,. The excellent cycling performance can be
ascribed to the synergistic effect between RGO and CoWOy,,
which can enhance the electrical conductivity, provide a high
contact area between the electrode and the electrolyte, shorten
the transport pathway for both electrons and ions, and restrain

volume expansion during the prolonged cycling. A combina-
tion of a facile synthesis, low cost, and excellent electrochem-
ical performance enables CoWO,4/RGO to act as an alternative
anode for LIBs with a high application potential.
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