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A B S T R A C T

In this work, CuS/graphene (CuS-G) composite is synthesized via one-pot microwave irradiation method
under ambient conditions. As anode material for lithium ion batteries, the CuS-G composite delivers a
significantly enhanced reversible capacity and charge/discharge cycle stability compared with pristine
CuS. A capacity of 348 mAh g�1 can be maintained after 1000 cycles at the current density of 2.0 A g�1.
Electrochemical impedance spectroscopy (EIS) along with cyclic voltammetry (CV) and galvanostatic
intermittent titration technique (GITT) measurements indicate that the incorporation of graphene sheets
reduces the contact resistance and enhances lithium ion transfer rate during the electrochemical lithium
insertion/extraction remarkably. Thus, as-prepared CuS spheres can be a promising anode material for
high performance lithium ion batteries.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The rapid development of electric vehicles (EVs) and hybrid
electric vehicles (HEVs) requires secondary batteries with higher
power density [1–3]. Several key obstacles such as low power
density, poor rate performance and insecurity are blocking the
development of lithium ion batteries (LIBs). Researches on
electrode materials with higher power density and safety are
necessary and crucial.

Nowadays, graphite is still the most commonly used anode
material for LIBs due to its low-cost and outstanding electrochem-
ical performance. However, its lithiation potential (0.1 V vs. Li/Li+)
is close to the lithium stripping voltage, which may cause the
formation and growth of lithium dendrite, leading to safety issues
[4,5]. Li4Ti5O12 (LTO) also draws much attention and has been
successfully commercialized because of its higher operation
voltage (1.5 V vs. Li/Li+) and excellent cycle life. However, its
theoretical capacity (175 mAh g�1) and tapping density (1.64 g
cm�3) are not well satisfying the demand of power battery packs
used in electric vehicles, not to mention its poor rate performances
caused by poor electronic conductivity (�10�11 S m�1) [6–8].
Therefore, substitutes of graphite or LTO anode materials are
urgently called for. Metal sulfides are supposed to be next
* Corresponding author. Tel.: +86 05922186935; fax: +86 05922186935.
E-mail address: jbzhao@xmu.edu.cn (J. Zhao).

http://dx.doi.org/10.1016/j.electacta.2016.12.117
0013-4686/© 2016 Elsevier Ltd. All rights reserved.
generation of electrode materials for secondary LIBs because of
their high theoretical capacities and abundance [9–14]. Among
them, CuS has drawn much attention due to its high theoretical
capacity, flat voltage plateau and good electronic conductivity
(�10�3 S cm�1) [15–17]. Operation voltage of CuS (1.7 V vs. Li/Li+) is
in close proximity to that of LTO, which may sacrifice some energy
density, but could avoid the formation of the lithium dendrite.
Meanwhile, its theoretical capacity (560 mAh g�1) is much greater
than that of LTO and the mass density of CuS is up to 4.6 g cm�3

leading to much higher energy density than that of LTO. Therefore,
CuS should be an ideal anode material for next-generation LIBs.

CuS usually suffer from poor cycling performance due to its
volume change during lithiation/delithiation and loss of active
material caused by dissolution of polysulfide [16,18]. Integrating
CuS with carbon matrix like graphite, amorphous carbon or
graphene is an optional way to solve these problems [19,20]. With
outstanding chemical and electronic properties and mechanical
strength, graphene could be an optimal compounding media for
CuS. Firstly, the graphene sheets can cushion the volume changes
during the charge and discharge due to its excellent mechanical
strength. On the other hand, it can increase the electrical
conductivity of the electrode, improve the rate performance of
hybrid electrodes [21,22]. Tao et al. prepared CuS/graphene
composite via one-pot hydrothermal method [23]. The CuS/
graphene composite exhibits a relatively high reversible capacity
and good cycling stability compared with bare CuS. Ren et al.
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synthesized “double-sandwich-like” CuS@reduced graphene oxide
(rGO) used as an anode material in lithium ion batteries [24]. The
“double-sandwich-like” CuS@rGO hybrids showed palpable im-
provement on capacity retention and rate performance than the
CuS electrode. Feng et al. prepared CuS nanowires/rGO nano-
composites via a facile one-pot solution method in a mixed solvent
of dimethyl sulfoxide (DMSO)-ethyl glycol (EG) [22]. The as-
prepared CuSNWs/rGO nanocomposite revealed remarkable im-
provement in cycling stability as well as high-rate capability
compared with pristine CuS nanowires. Although such progress
has been made in preparing CuS/graphene (or rGO) composite, it is
still a challenging work to develop a facile and low-cost method to
prepare CuS/graphene composite.

Herein, we report a facile, ultrafast, low-cost and one-pot
synthesis routine to fabricate CuS-G composite with the assistant
of microwave irradiation. The CuS-G exhibits eminently enhanced
electrochemical properties including excellent cycling stability and
rate performance. Due to the convenience of preparing and
remarkable lithium storage properties, the CuS-G shows great
prospect for industrialized application as anode material for LIBs.

2. Experimental

2.1. Raw materials and synthesis

Cu(NO3)2�H2O (AR) and Na2S2O3�5H2O (AR) were purchased
from Shanghai Chemical Co., Ltd. Graphene aqueous dispersion
(3 wt.%) was purchased from Ningbo Material Technology and
Engineering Institute. Acetylene black (battery grade), polypropyl-
ene fluorides (PVDF, battery grade) and N-methyl-2-pyrrolidene
(NMP, battery grade) were purchased from Guangzhou Songbai
Chemical Industrial Co., Ltd. Bis(trifluoromethane sulphonyl)imide
(LiTFSI, battery grade), 1,2-Dimethoxyethane (DME, battery grade)
and 1,3-dioxolane (DOL, battery grade) were bought from
Zhangjiagang Guotai-Huarong New Chemical Materials Co., Ltd.
All the chemicals were used without further purification.

In this work, CuS-G was prepared under microwave irritation,
Cu(NO3)2 were used as copper source, Na2S2O3was used as a sulfur
source, and deionized water was used as the solvent. In a typical
synthesis procedure, 1.5 mL graphene aqueous dispersion was
added into a 100 mL flat-bottom flask and treated with ultrasonic
treatment for 1 h, then 20 mL 2.5 M Cu(NO3)2 solution and 20 mL
2.5 M Na2S2O3 solution were added into the flask. The mixed
solution was placed into the microwave reactor (Model: LWMC-
201, microwave frequency: 2450 MHz, output power: 650 W,
Nanjing Lingjiang Tech Corporation, P.R. China), and treated with
microwave irritation pulse for 30 minutes under atmospheric
conditions. Black powders were collected afterwards, washed by
deionized water and anhydrous alcohol for several times followed
by drying at 60 �C in the vacuum oven overnight.

For comparison, pristine CuS was prepared by the similar
process in the absence of graphene aqueous dispersion.

2.2. Sample Characterization

The X-ray diffraction (XRD) patterns were recorded with
Rigaku Miniflex 600 (Rigaku Corporation, Japan) with CuKa
radiation operated at 40 kV, 15 mA. The scanning rate is 2� min�1

and the scanning range is 10�–90� (2 theta). The Raman spectra
were collected using a Renishaw spectrophotometer with a laser
wavelength of 532 nm (Renishaw plc., UK). The elemental analysis
was tested by Vario EL III Element Analyzer (Elementar
Analysensysteme, Germany). The morphology and the elemental
mapping were performed on the Hitachi S-4800 (Hitachi
Corporation, Japan) scanning electron microscopy (SEM). Trans-
mission electron microscopy (TEM) images and selected area
electron diffraction (SAED) pattern were tested on the JEM-2100
(JEOL, Japan) at 200 kV. The conductivity was measured by 4-
probe conductivity measurements on ST-2722 semiconductor
resistivity of the powder tester (Suzhou Jingge Electronic Co., Ltd.,
P.R. China).

2.3. Electrochemical measurement

The electrochemical characteristics were tested by CR2016-
type coin cells. The active materials, acetylene black, and PVDF
were mixed at the weight ratio of 80:10:10 in NMP. The slurry was
coated on the copper foil and dried under vacuum oven at 60 �C for
12 hours. The loading of active materials on the electrodes is
around 2.0–2.5 mg cm�2. The electrode sheet was punched into
12 mm round discs, and pressed at 16 MPa to make an intimate
contact between active materials and the current collector. The
coin cells were assembled using the prepared electrodes as
positive electrode and lithium metal as the negative electrode. The
electrolyte was prepared by dissolving LiTFSI (1 mol L�1) in the
mixture solvent of DME and DOL (1:1, V/V). All cells were
fabricated in an argon-filled glove box (M. Braun, Germany). The
cyclic voltammetry (CV) curves were tested on the CHI 660D
potentiostat (Shanghai Chenhua Instruments, P. R. China). The
galvanostatically cycling measurements and galvanostatic inter-
mittent titration technique (GITT) were carried out on the Neware
CT-3008W battery test system (Neware Battery Testing Instru-
ments, P.R. China). All the electrochemical tests were performed in
the voltage range between 1.0 and 3.0 V. Electrochemical
impendence spectroscopy (EIS) of CuS electrodes before and after
20 cycles were performed on the Autolab PGSTAT 101 (Metrohm
Autolab, the Netherlands) in the frequency range from 0.01 Hz to
100 kHz using coin cells that lithium metal was used as the
reference and counter electrode.

3. Results and discussion

As is known, microwave synthesis is a potent and alternative
way to obtain inorganic material which owns the merits of time
saving and high purity etc. [25–27]. Relying on the microwave-
absorbing characteristic by substances, microwave synthesis takes
advantage of “microwave dielectric heating” phenomena based on
dipolar polarization or ionic conduction mechanism [26,28–30]. As
polar molecules, water can be easily heated by microwave
irradiation, high temperature can be generated, thus the reactions
can take place rapidly. Compared with the common used
hydrothermal method, the reaction time can be reduced from
several hours to 30 minutes. Meanwhile, the purity and crystallin-
ity of synthesized CuS are satisfying. The formation mechanism of
CuS-G synthesized by microwave irradiation is shown in Fig. 1. The
generation of CuS is based on a series of reactions between Cu2+

and S2O3
2�.

S2O3
2� + H2O ! HS� + HSO4

� (1)

Cu2+ + HS�! CuS#(nanoparticles) + H+ (2)

The CuS nanoparticles will then aggregate into spherical shape,
CuS spheres are formed eventually. As is reported before, the
microwave absorbing abilities of most carbon materials are higher
than that of distilled water [31]. With the presence of graphene
sheets, the generated CuS are more likely to aggregate around the
graphene sheets.

Fig. 2a shows XRD patterns of the CuS-G and pristine CuS. The
diffraction pattern of CuS shows several strong diffraction lines
around 30� (2 theta) along with a sharp diffraction line at 47.9�, the



Fig. 2. (a) XRD patterns, (b) Raman spectra of pristine CuS, graphene and CuS-G.

Fig. 1. Schematic illustration of the formation of CuS-G.
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diffraction pattern corresponds well with the CuS standard card
(JCPDS No. 78-0877). The CuS-G shows analogous pattern with
pristine CuS, the difference lies in the diffraction line at 26.4�

which belongs to the (002) plane of multilayer graphene. Both
samples are further characterized by Raman spectroscopy (Fig. 2b).
A strong Raman band at 474 cm�1 can be assigned to the S-S
stretching mode of A1g symmetry of CuS molecules as reported
before [32]. The Raman bands of CuS-G at 1350 cm�1 and
1580 cm�1 are the characteristic D-band and G-band of graphene,
respectively [33]. Wrapping by the graphene, the intensity of CuS
becomes weaker. The weight ratio of graphene in the CuS-G
composite is quantified to be 8.1% (Table S1, Supporting informa-
tion).

Fig. 3 shows morphological information of CuS and CuS-G.
Fig. 3a shows that the diameter of CuS spheres is about 800 nm,
and the surface of CuS spheres is rough, indicating the CuS spheres
are packed by primary nanoparticles. Fig. 3b displays the SEM
image of CuS-G, graphene sheets can be observed, and the CuS
spheres are distributed onto the surface of graphene or wrapped in
the graphene sheets. TEM image of CuS-G are shown in Fig. 3c.
Graphene sheets can be observed from the background. The SAED
pattern (inset) and the high-resolution TEM (HR-TEM) image in
Fig. 3d reveal that CuS spheres are polycrystalline, in other words,
they are packed by primary particles in one direction or the other.
From the HR-TEM image, several lattice fringes with the lattice
spacing of 2.81, 3.05 and 3.22 Å can be observed, matching with
(103), (102) and (101) planes of CuS (JCPDS No. 78-0877),
respectively. Fig. 4a–d demonstrate the SEM elemental mapping
of CuS-G. Element C is distributed homogenously in the sight, the
distribution of Cu and S is mainly concentrated on the spherical
parts, indicating these are the CuS spheres.

Cyclic voltammetry (CV) was performed to figure out the
lithium storage property of CuS-G electrode. The CV curves of CuS-
G electrode are shown in Fig. 5a, which were carried out at the scan
rate of 0.5 mV s�1 in the voltage range of 1.0 to 3.0 V. In the initial
cathodic scan, two reduction peaks at 1.98 V and 1.45 V are
observed, the peak at 1.98 V can be attributed to the phase
transition from CuS to Cu2S and the peak at 1.45 V can be attributed
to the conversion reaction of Cu2S to form Cu and Li2S [16,34].
During the first anodic scan, two oxidation peaks are also observed,
the oxidation peak at 1.95 V can be attributed to the oxidation of Cu
and Li2S to intermedia Cu2-xS. The sharp oxidation peak at 2.41 V
represents the over potential of Li2S [35], this peak shrinks and
vanishes in subsequent cycles. In the subsequent cycles, the
reduction peak at higher potential vanishes gradually, this
phenomenon will be explained in next part. The reduction peaks
at lower potential shift to higher voltage, which indicates the
energy barriers and the polarization of the electrodes decreases.
The oxidation curves become more complicated, revealing
complex reactions during the subsequent delithiation process [16].

Fig. 5b shows the voltage-capacity curves of the battery in
different cycles at a current density of 0.2 A g�1. The capacity of
CuS-G composition is in respect of CuS only (similarly hereafter). It
can be observed that larger polarization gaps exist in the first



Fig. 3. (a) SEM image of pristine CuS, (b) SEM image, (c) TEM image, (d) HR-TEM image and SAED pattern (inset) of CuS-G.
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several cycles, then the polarization decreases gradually, which
indicates the activation of the active material. In the first cycle,
there are two plateaus at around 2.0 V and 1.6 V. After several
cycles, the plateau at 2.0 V disappears, only a plateau at 1.7 V can be
seen. The charge-discharge curves match with the CV curves well.
According to former reports by Tarascon et al. [36,37], the reactions
taking place in the CuS electrode in the first lithiation could be
described as:

2CuS + 2Li ! Cu2S + Li2S (3)

Cu2S + 2Li ! 2Cu + Li2S (4)

It also could be supported by Ex-situ XRD patterns and
theoretical calculation which have been discussed in our previous
works [16,18,38]. Similar with CuO, the reaction (3) is irreversible,
during the subsequent lithiation process, reaction (4) becomes the
major and highly reversible reaction, which explains the disap-
pearance of the plateau at 2.0 V [39]. The initial discharge capacity
is 627 mAh g�1 which surpasses the theoretical capacity of CuS
(560 mAh g�1). The extra capacity can be mainly due to the
formation of solid electrolyte interface (SEI) and non-faradic
storage. SEI can be formed from electrolyte solvent and electrolytic
salt on the electrode surface, providing some extra capacity. As for
the non-faradic storage mechanism, lithium ions could adhere to
the surface of graphene due to negative charged groups on the
surface of graphene, leading to non-faradic capacity [22,24,40].
During the charge process, Cu and Li2S are oxidized to Cu2S or
Cu2-xS [38,41]. Combine with previous reports, the temporary
oxidation potential may be caused by initial potential barriers of
Li2S which also vanishes after a few cycles [42,43]. Notably, CuS
shows a long, flat discharge plateau, which suggests that batteries
using CuS as electrodes could have a constant power output. It is
very encouraging and makes CuS a probable material for
commercial battery packs.

Fig. 5c shows cycle performances of pristine CuS and CuS-G at
0.2 A g�1 (0.36 C, 1 C = 0.56 A g�1). For pristine CuS, a capacity of
379 mAh g�1 could be maintained after 100 cycles. For CuS-G, the
capacity stands on 497 mAh g�1 after 100 cycles. To rule out the
influence of graphene, a set of control experiments were
conducted with graphene alone as the active material (Fig. S1).
In the voltage range of 1.0-3.0 V, the capacity of graphene is less
than 20 mAh g�1, indicating the capacity of CuS-G is mainly
contributed by CuS and the capacity of graphene can be ignored.
CuS-G shows not only higher reversible capacity but also better
cyclic performance. Long cycle performance at 2.0 A g�1 (3.6 C) is
displayed in Fig. 5d. After 1000 cycles, the capacity remains at
348 mAh g�1, and the columbic efficiency still maintains around
100%, exhibiting outstanding long cyclic performance.

The charge and discharge curves at different current densities
are shown in Fig. 5e. The discharge capacities at current density of
0.2, 0.4, 0.8, 1.6, 2.0 and 4.0 A g�1 are 505, 440, 415, 383, 378 and



Fig. 4. SEM elemental mapping of as-prepared CuS-G.
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370 mAh g�1, respectively. The coulombic efficiency keeps at
approximately 100% even at high rates. The capacity can return
to 442 mAh g�1 at the current density of 0.2 A g�1 (Fig. 5f).

Fig. 6 gives the distinct comparison of the rate capability of CuS-
G in our work with CuS based materials reported before. These CuS
based materials are prepared by other methods (hydrothermal
method, solvothermal method etc.) [23,24,44,45]. All the counter-
parts are characterized under same/similar electrochemical
measurement conditions. It can be seen that CuS-G exhibits high
specific capacity and best rate property among these counterparts.
Firstly, the CuS in our work shows regular spherical shape and
uniform particle size which can make better contact between the
active materials and electrolyte [46]. Secondly, the CuS spheres are
distributed evenly around the graphene sheets, closely connecting
to the conducting network provided by graphene sheets. The
uniform size of CuS spheres, conducting network provided by
graphene sheets makes the cycle stability and rate performance of
our CuS-G sample better than other counterparts.

The electrochemical impedance spectra (EIS) of pristine CuS
and CuS-G before and after 20 cycles are measured to investigate
the electrode kinetics information. Fig. 7a shows the Nyquist plots
before cycling, the semicircle at high frequencies is related to the
charge-transfer resistance (Rct) of the electrode and the slope at
low frequencies stands for Warburg impendence (Zw) of Li-ion
diffusion [47]. The pristine CuS electrode shows larger semicircle
than CuS-G electrode, meaning the CuS-G electrode has smaller
charge-transfer resistance which can be attributed to the
outstanding electronic conductivities of graphene sheets (Table 1).
After 20 cycles (Fig. 7b), the Rct of these batteries are obviously
lower. The higher resistance observed from the fresh cells could be
due to the inactive surface film covering on the surface of
electrode. The inactive surface film would be activated or
decomposed as the charge-discharge progress carried out.

CV curves of CuS-G and pristine CuS at different scan rate from
0.1 to 1.0 mV s�1 are measured after 30 discharge-charge cycles at
room temperature (Fig. 7c and Fig. S2). The lithium insertion and
extraction peaks shift to lower and higher potential respectively as
the scan rate increases. The CuS-G shows much smaller potential
shift than that of pristine CuS, indicating decreased polarization
and improved electrode kinetics. A good linear relationship (R2 of
CuS-G and CuS are 0.9983 and 0.9982, respectively) lies between
the oxidation peak current (ipa) and the square root of the scan rate
(n1/2) (Fig. 7d), demonstrating a diffusion-controlled process in the
charge and discharge process. The lithium ion diffusion is the key
factor to the electrode kinetics [48,49]. According to Randles–
Sevcik Eq. (5), the apparent lithium ion diffusion coefficient (Dapp)
can be calculated:

ipa ¼ 0:4463nFAC
nFnD
RT

� �1=2

ð5Þ

where n represents number of electrons transferred in the redox
event, F is Faraday Constant, A is the working electrode area, C
stands for lithium ion concentration, n is the scan rate, R is the gas
constant and T is the temperature. From the slope of the linear
fitting line in Fig. 7d, the apparent lithium ion diffusion coefficient
of CuS-G is calculated to be 2.01 �10�11 cm2 s�1, which is twice as
large as that of pristine CuS (1.03 � 10�11 cm2 s�1).

The galvanostatic intermittent titration technique (GITT) is also
carried out to provide further insight. Fig. 8a and Fig. S3 shows the
GITT curves of CuS-G and pristine CuS at room temperature. The



Fig. 5. (a) CV curves, (b) charge-discharge curves at 0.2 A g�1, (c) cycle performance, (d) cycle performance at high current density, (e) charge-discharge curves at different
current density, (f) rate performance of CuS-G electrode.
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cells are the same cells used after the CV measurement. The cells
are discharged at a constant current flux of 0.1C for an interval t of
600 seconds followed by an open circuit standing for 3600 seconds
to allow the cells relax to steady-state voltage (Es). The GITT curves
match well with the voltage-capacity curves tested previously. The
specific discharge capacities of CuS-G and pristine CuS are
calculated to be 450 and 440 mAh g�1, matching with the
charge-discharge cycle tests. The GITT data are used to determine
the lithium ion diffusion coefficients (DLi) in CuS-G and pristine
CuS at various discharge states using the following formula:

DLi ¼
4
pt

mBVm

MBA

� �2 DEs
DEt

� �2

t � L2=DLi

� �
ð6Þ

where Vm is the molar volume of the material, MB and mB are its
molecular weight and active material mass, respectively, A is the
surface area of the electrode, L is the thickness of the electrode. DEs
is the steady-state voltage change after a current flux and open
circuit standing, and DEt is the voltage change during the constant
current pulse, eliminating the iR drop [50–52]. Based on formula 6,
the calculated DLi of CuS-G and CuS at different discharge states are
shown in Fig. 8b. DLi of CuS-G lie between 3.51 �10�14 cm2 s�1 and
3.09 � 10�11 cm2 s�1, while DLi of CuS are in the range of
1.27 � 10�14 cm2 s�1 to 1.98 � 10�11 cm2 s�1. The calculated DLi of
CuS-G are also about two times larger than that of pristine CuS,
which is in good agreement with the EIS and CV data, proving that
the CuS-G composite enlarges the ion diffusion rate of the
electrode, leading to better electrochemical performance. It can
be concluded that the composite of CuS and graphene significantly
reduces the contact resistance of the electrode and accelerate the
transfer rate of lithium ions, the graphene sheets play an important



Fig. 6. Distinct comparison of the rate capability of CuS-G with CuS based materials
reported before.

Table 1
Conductivities of pristine CuS, graphene and CuS-G determined by 4-probe
conductivity measurements.

Sample Specific resistance (V cm) Specific conductivity (S cm�1)

CuS 0.024 42
Graphene 0.005 200
CuS-G 0.010 100
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role in the enhancement of electrochemical performances of
CuS. As-prepared CuS-G shows excellent electrochemical proper-
ties and great potential to be applied in the commercial battery
packs.
Fig. 7. Nyquist plots of pristine CuS and CuS-G (a) before cycle and (b) after 20 cycles; (c
scatters and fitting line of pristine CuS and CuS-G.
4. Conclusions

In summary, the CuS-G composite can be synthesized in short
time (30 minutes) by a facile microwave irradiation method with
simple raw materials under ambient condition. Electrochemical
measurements reveal that as-prepared CuS-G shows good
electrochemical performances compared with the pristine CuS.
At the current density of 0.2 A g�1, the CuS-G electrode shows
discharge capacity of 497 mAh g�1 after 100 cycles. At the high
current density of 2.0 A g�1, 348 mAh g�1 can be maintained after
1000 cycles. The CuS-G electrode shows remarkable rate capability.
At current density of 0.4, 0.8, 1.6, 2.0, and 4.0 A g�1, 440, 415, 363,
361 and 350 mAh g�1 can be maintained, respectively. Meanwhile,
the kinetic mechanism of CuS-G are explored using EIS, CV and
GITT, revealing that the CuS-G shows improved kinetic properties
which gives the composite better electrochemical performances.
In consideration of the ultra-fast, low-cost synthetic method and
the outstanding electrochemical performances of CuS-G, we
believe that the microwave irradiation synthetic method could
) comparison of CV curves of CuS-G electrode at different scanning rate, (d) ipa-n1/2



Fig. 8. (a) GITT curve of CuS-G electrode, (b) calculated diffusion coefficients of CuS-G and pristine CuS electrodes at different discharge states.
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be applied to the industrialized preparation of copper sulfide and
other metal sulfides, and as-prepared CuS-G composite could be
suitable as the anode material for next-generation of commercial
lithium-ion batteries.
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