IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

One-Pot Synthesis of Copper Sulfide Nanowires/Reduced Graphene
Oxide Nanocomposites with Excellent Lithium-Storage Properties as
Anode Materials for Lithium-lon Batteries

Caihong Feng,T’;t Le Zhang,T Menghuan Yang,T Xjangyun Song,;t Hui Zhao,” Zhe Jiaft Kening Sun,*"

and Gao Liu*¥

School of Chemical Engineering and Environment, Beijing Institute of Technology, Beijing, 100081, People’s Republic of China
*Lawrence Berkeley National Laboratory, 1 Cyclotron Road, MS 70R108B, Berkeley, California 94720, United States

© Supporting Information

ABSTRACT: Copper sulfide nanowires/reduced graphene
oxide (CuSNWs/rGO) nanocompsites are successfully
synthesized via a facile one-pot and template-free solution
method in a dimethyl sulfoxide (DMSO)—ethyl glycol (EG)
mixed solvent. It is noteworthy that the precursor plays a
crucial role in the formation of the nanocomposites structure.
SEM, TEM, XRD, IR and Raman spectroscopy are used to
investigate the morphological and structural evolution of
CuSNWs/rGO nanocomposites. The as-fabricated CuSNWs/
rGO nanocompsites show remarkably improved Li-storage
performance, excellent cycling stability as well as high-rate
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capability compared with pristine CuS nanowires. It obtains a reversible capacity of 620 mAh g~ at 0.5C (1C = 560 mA g~')
after 100 cycles and 320 mAh g~ " at a high current rate of 4C even after 430 cycles. The excellent lithium storage performance is
ascribed to the synergistic effect between CuS nanowires and rGO nanosheets. The as-formed CuSNWs/rGO nanocomposites
can effectively accommodate large volume changes, supply a 2D conducting network and trap the polysulfides generated during

the conversion reaction of CusS.
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1. INTRODUCTION

The increasingly emerging energy and environmental issues
have constantly inspired enormous amount of research interest
in advanced energy conversion and storage (ECS) devices.'
The performance of these devices depends intimately on the
properties of their materials, so it is critical to find innovative
materials with new properties or modification routine ECS
materials to meet the improving requirement for clean, efficient
and sustainable energy supply.”> Metal chalcogenides (MCs)
are attracting significant attention due to their various
applications in ECS devices including photocatalytic material,
photothermal material, solar cells, electrocatalysis, Li-ion
batteries (LIBs) and supercapacitors." ' The successful
utilization of ECS devices depends critically on the synthesis
of new nanostructured materials of different sizes and new
morphologies,l’2’4_6 but it is still a challenge to find a simple
and easy way to large preparation nanostructured materials with
designed structure and morphologies.

Copper sulfides (Cu,S) including CuS, Cu, S, Cu,gS and
Cu,S are useful materials for energy storage applications due to
their cost effectiveness and abundance in nature."'"* CuS has
been used as electrode materials in LIBs owing to its good
electrical conductivity (107> S cm™), high theoretical capacity
(560 mAh g™') and flat discharge curves.'*'> However, like
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most metal sulfide, it has some major drawbacks, namely
capacity fading and poor cyclability, which are associated with
the pulverization of electrodes resulting in the decay of the
specific capacity and formation of polysulfides Li,S, (2 < x <
8)."*'%!7 The polysulfides, intermediates of the electrochemical
reactions, can easily dissolve into organic electrolyte and
migrate to the anode side leading to the poor capacity retention
of LIBs. To deal with these issues, CuS micro/nanostructures
with different morphologies have been extensively investigated
to improve their electrochemical properties by creating short
diffusion lengths for Li" ions and increasing flexibility toward
volume caused by Li* insertion/extraction. For example, Cai et
al."* have synthesized Cu,S/Cu nanotubes and found that the
nanotubes electrode present high discharge capacity of 526
mAh g™' at a current density of 200 mA g~' and good rate
capability (282 mAh g at 5 A g7'). Zhang’s group'
synthesized ultrathin CuS nanosheets that exhibit a large
capacity, good cycling stability, and the capacity sustains at 642
mAh g™ after 360 cycles at a current rate of 0.2 A g~ In
addition, many researchers have to limit the potential window
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by sitcgﬁz%ing capacity to avoid lithium polysulfides dissolu-
tion. "™

The ability to modify chemically an electrode nanomaterial
with carbon-based materials, especially activated carbon, carbon
nanotubes (CNTs) and graphene, offers an intriguing route to
engineer target materials with multifunctionalities or improved
properties because of its high conductivities and large surface
areas.* For example, SINW-G composite, CNT—graphene—Si
composites and TiO,/graphene have been reported to exhibit
excellent electrochemical performance as the anode for
LIBs.>'~>* Recently, studies showed that capping the sulfur
or metal sulfide with thin graphene or graphene oxide layer
could effectively reduce the dissolution of Li,S, into the
electrolyte, and led to high reversible capacities and good rate
capabilities.*>~>" This could be a promising strategy for the
copper sulfide used as high performance electrode in LIBs by
wrapping CuS nanocraystals with graphene to get high
electrical conductivity, effective accommodation of the strain
during Li* insertion/extraction and reduce polysulfide dis-
solution into the electrolyte during the repeated charging and
discharging as well. Very recently, Tao et al.*® reported
synthesis of a CuS/graphene composite as an anode material
for LIBs and the obtained CuS/graphene composite exhibits a
relative high reversible capacity and good cycling stability. Ren
and co-workers also reported a double-sandwiched-like CuS/
rGO structure for LIBs anode materials with enhanced
electrochemical properties.”” But there still exist challenges to
meet the demanding requirements for LIBs with high charging/
discharging rate, high capacity and long cycle life. One-
dimensional CuS nanowires have attracted wide interest as the
electrode for LIBs due to their advantages in electronic
conduction along the axial direction.'>'” Encouraged by this,
design and fabricate CuS nanowires/graphene composites
could be a promising solution for high-performance LIBs
electrode material. Though different shapes of CuS and CuS/
graphene as electrode materials for LIBs have been studied,
there are few reports about CuS nanowires. It is difficult to find
a simple method for the large-scale synthesis of a CuS
nanowires/graphene composite. To the best of our knowledge,
there is no report on the synthesis and electrochemical
properties of it.

Herein, we develop a facile, one-pot approach to prepare
CuSNWs/rGO nanocomposites by mixed solvent of dimethyl
sulfoxide (DMSO) and ethylene glycol (EG). Compared with
other methods,”~>* we successfully gained the nanocomposites
without any surfactants and additional reductant. The rGO
nanosheets act as a conductive, elastically strong and electro-
chemically active substrate to produce the CuSNWs/rGO
nanocomposites as anode materials. More importantly, this
nanocomposites could relieve the polysulfides dissolution. With
the synergistic effect of CuS nanowires and rGO nanosheets,
the as-produced CuSNWs/rGO nanocomposites are promising
for application as high-rate LIBs electrode materials.

2. EXPERIMENTAL SECTION

2.1. Materials. Thiourea (AR, 99.0%), copper(II) nitrate trihydrate
(Cu(NO;),:3H,0, AR, 99.5%), ethylene glycol (EG, AR) and
dimethyl sulfoxide (DMSO, AR) were purchased from Beijing
Chemical Company. Lithium-ion electrolytes were purchased from
Zhangjiagang Guotai-Huarong New Chemical Materials Co., including
1 M LiPF in ethylene carbonate (EC), diethyl carbonate (DEC) and
dimethyl carbonate (DMC) with a volume ratio of 1:1:1. All chemicals
were used without further purification.

2.2. Synthesis of the CuSNWs/rGO Nanocomposites.
Graphene oxide (GO) was prepared from natural graphite powder
via a modified Hummers method.* In a typical process, 46 mg of GO
was dispersed in 90 mL of ethylene glycol (EG) by ultrasonic
treatment for 2 h and then centrifuged at 4000 rpm for 20 min to
remove undissolved large particles. The suspension was added to a
three-necked flask with 30 mL of DMSO and 0.484 g of Cu(NO,),-
3H,0 (2 mmol) under magnetic stirring. Then, the flask was placed
into oil bath and heated at 145 °C for 6 h under nitrogen atmosphere.
Finally, 10 mL of mixed solution containing 0.456 g (6 mmol) of
thiourea was added to the solution drop by drop through a syringe
under vigorous stirring and reacted for another 1.5 h. The final
products were centrifuged and washed several times by distilled water
and ethanol, and finally freeze-dried for 48 h for further character-
ization.

For comparison, pristine CuS nanowires were prepared by a similar
process in the absence of graphene oxide as previously reported by our
group"® and bare rGO was synthesized in the same process except
without the addition of Cu(NO;),-3H,0.

2.3. Material Characterization. The phase composition of the as-
prepared samples were characterized by a Philips X'Pert Pro
Multipurpose X-ray diffractometer (XRD) using Cu Ka radiation at
45 kV and 40 mA, at the 26 range of 5—80° with 0.02 per step. The
Raman spectra of the sample were collected using a Renishaw
spectrophotometer equipped with a microscope having a laser
wavelength of 532 nm. The morphology of the samples and electrodes
was characterized with a Quanta FEG 250 (FEI) field emission
scanning electronmicroscopy (SEM) system. High-resolution trans-
mission electron microscopy (HRTEM) images were obtained on a
JEOL JEM-2100F field emission microscope operated at 200 kV. X-ray
photoelectron spectroscopy (XPS) was carried out on a Physical
Electronics 5400 ESCA. Fourier transform infrared (FT-IR) spectros-
copy analysis was carried out in the range of 400—4000 cm™' using a
Nicolet iS10 (Thermo Scientific) spectrometer. TG/DTA analysis
were performed with a TG/DTA 6200 (Seiko) apparatus at a heating
rate of 10 °C min~" in a flowing air to determine the amount of rGO
in the samples.

2.4. Electrochemical Measurement. The coin-type cell were
assembled in an argon-filled glovebox, where both moisture and
oxygen level were less than 5 ppm. The working electrode was
composed of 75 wt % active material (CuSNWs/rGO nano-
composites), 10 wt % acetylene black (super p), 12 wt % CMC and
3 wt % PVA dissolved in water. Lithium foil was used as the counter
and reference electrodes, and polypropylene membrane (Celgard
2400) as a separator. The electrolyte solution was 1 M LiPFy dissolved
in a mixture of ethylene carbonate (EC)/diethyl carbonate (DEC)/
dimethyl carbonate (DMC) (1:1:1 in volume). The galvanostatic
charge/discharge measurements were performed using a Land Battery
Measurement System (Wuhan, China) at various current densities of
0.1C—5C (1C = 560 mAh g™") with a voltage window of 0.02—3.00 V
vs Li/Li". The cyclic voltammetry (CV) curves of materials were
carried out by using CHI660D (Shanghai Chenhua Instrument) at a
scanning rate of 0.1 mV s™' between 0.02 and 3.00 V and
electrochemical impedance spectroscopy (EIS) in the range of 10
mHz to 100 kHz on PARSTAT 2273. All the performances were
tested at room temperature.

3. RESULTS AND DISCUSSION

3.1. Characterizations of Morphology and Structure.
The XRD patterns of CuS nanowires, CuSNWs/rGO and GO
are shown in Figure 1. All the diffraction peaks in Figure la can
be indexed to the hexagonal phase of CuS (JCPDS No. 06-
0464) and no impurity phases can be detected, indicating the
formation of pure CuS and that they are highly crystallized. As
shown in Figure 1b, the as-prepared GO after chemical
oxidation exhibits a strong and sharp peak at 11.6°, which
corresponds to the (002) interplanar spacing of 0.82 nm,
indicating that the original sp>-bond carbon of graphite suffers
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Figure 1. XRD patterns of (a) CuS nanowires, (b) GO and (c)
CuSNWs/rGO nanocomposites.

breaking by oxidization.>® For the CuSNWs/rGO composites
(Figure 1c), the characteristic peak of GO disappears due to the
considerable reduction capability of EG, DMSO and thiourea at
high temperature.”®**** However, the characteristic stacking
peak of rGO nanosheets at around 26° cannot be identified
from the XRD pattern of CuSNWs/rGO nanocomposites due
to its low amount and low diffraction intensity.”® From the TG
analysis of CuSNWs/rGO nanocomposites (Supporting
Information, Figure S1), the content of CuS in the composites
is about 82.40 wt %. Besides, the broad diffraction peaks of CuS
in CuSNWs/rGO composite indicated that the products have
small sizes.”®

The reduction of the GO was also confirmed by Raman
spectra. As shown in Figure 2a, both spectra exhibit two
characteristic main peaks: the D band at ~1357 cm™ attributes
to defects and disorder in the hexagonal graphitic layers and the
G band at ~1575 cm™' corresponds to the vibration of sp’
carbon atoms in a 2D hexagonal lattice.>°~>” It is found that the
ration value of Ijy/I; for CuSNWs/rGO nanocomposites and
rGO is 1.14 and 1.07, respectively, which is higher than that of
GO (0.86). The increased I/Ig is attributed to the formation
of new and smaller sp* domains during the reduction, giving
evidence that the GO was successfully reduced to form
graphene.*® Moreover, the strong and sharp band at ~475 cm™
in the spectra of CuSNWs/rGO nanocomposites agrees well
with the observation for the covellite structure of CuS with a
hexagonal crystal structure by previous work.””>"*> The Raman
results well agree with the XRD data.

The prepared CuSNWs/rGO composites and pristine GO
were further investigated by FT-IR measurement. As shown in

Figure 2b, the strong and overlapping band at around 3400
cm™ is assigned to the stretching vibration of structural O—H
and adsorbed water molecules.*® The characteristic peak of the
C=0O stretching vibration appears at 1740 cm™" 3* Moreover,
peaks at 1380, 1270, and 1050 cm™' are observed in the
spectrum of GO, which can be indexed to the stretching
vibrations of C—OH, C—O—C and C—O, respectively.”>**
However, most of these oxygen functional groups derived
disappear in the spectrum of the CuSNWs/rGO composites,
indicating that GO has been reduced to rGO in our reaction
system. The results agree well with the result of XRD and
further confirm that CuSNWs/rGO nanocomposites can be
obtained by our simple, one-pot method. Besides, the peaks of
C—S stretching (1097 cm™) can be found in the spectrum of
the CuSNWs/rGO composites indicating that CuS nanowires
are chemically bonded to the rGO,** and these chemical bonds
are important to the stability and electrochemical performance
of the CuSNWs/rGO nanocomposites.22

SEM and TEM were used to characterize the morphologies
of as-prepared CuSNWs/rGO nanocomposites. As shown in
Figure 3ab, the CuS nanowires have rough surfaces and are
wrapped by rGO nanosheets. Compared with pristine CuS
nanowires (Supporting Information, Figure S2ab), the nano-
wires are evenly distributed and the length become shorter than
that of pristine CuS nanowires. It is suggested that rGO
nanosheets may restrict CuS growth and aggregation.35’36 More
details of CuSNWs/rGO nanocomposite were further inves-
tigated by TEM and HRTEM and shown in Figure 3c,d. From
the TEM analysis, we can clearly see that CuS nanowires are
coated by rGO film and these nanowires are side-by-side and
self-assemble into the nanobundle. The HRTEM image (Figure
3d) of CuSNWs/rGO (enclosed by dash line in Figure 3c)
shows two kinds lattice fringes. One is not well-defined with
interlayer distance (d-spacing) of around 0.38 nm correspond-
ing the d-spacing of rGO,”® and the other is ordered with
fringe spaces of 0.32 nm, which can be indexed as the (101)
planes of hexagonal CuS. All the above structural and
morphological characterization confirms that CuSNWs/rGO
nanocomposites can be easily achieved with this simple and
easily controlled approach.

To understand better the formation process of CuSNWs/
rGO nanocomposites, control experiments were performed to
understand the influence of thiourea. The intermediate in the
absence of thiourea and the product after adding thiourea at the
beginning of the reaction were studied. As seen in Figure 4a, in
the absence of thiourea, we obtained the intermediate
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Figure 2. (a) Raman spectra of CuSNWs/rGO nanocomposites, rGO and GO. (b) FT-IR spectra of GO and CuSNWs/rGO nanocomposites.
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Figure 3. SEM images of CuSNWs/rGO nanocomposites (a) low magnification and (b) high magnification. TEM image of (c) CuSNW/rGO and
(d) HRTEM image of CuSNWs/RGO nanocomposites.
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Figure 4. SEM images of (a) intermediate and (b) CuS microshere/rGO composites. (c) XRD pattern of intermediate. (d) FT-IR spectra of

intermediate.
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nanowires tens of micrometers long in size with a more smooth
surface. When thiourea, Cu(NO,),-3H,0 and solvent are
added together at the beginning, the morphology of the
product is a CuS microsphere instead of nanowires dispersed in
the rGO nanosheets (Figure 4b). The XRD pattern of
intermediate (Figure 4c) shows a strong peak appearing in
the 10.44°, which is striking similarity to those of other metal
alkoxide precursors reported in the literature.>®*” As we all
know, DMSO is an excellent solvent. It can interaction with
metal anions to form M(DMSO)** and M—DMSO com-
plexes.**' The peak at 941 cm™ in the FT-IR spectra of
intermediate (Figure 4d) corresponds the S=O stretching
band in the Cu—DMSO complex.** To analyze the chemical
composition of intermediate and identify the chemical status of
Cu, S, O elements in samples, X-ray photoelectron spectros-
copy (XPS) analysis was carried out. The wide-scan XPS
spectrum (Supporting Information, Figure S3a) evidently
shows the signals of Cu, S, C and O elements. The high-
resolution XPS spectra (Supporting Information, Figure S3b—
d) analysis shows that the intermediate contains Cu**, $>~ and
C—O—R. On the basis of all the results, though we cannot
confirm the exact structure of intermediate, we can deduce that
the intermediate should a complex of Cu-
(DMSO),(0OCH,CH,0)/rGO and Cu(DMSO0),S/rGO. Be-
sides, the intermediate is vital to the ultimate morphology of
the CuS nanowire. It may act as a soft template and convert to
final product CuSNWs/rGO nanocomposites after the addition
of thiourea. On the basis of the experiment results, the
formation process of the CuSNWs/rGO nanocomposites is
presented in Scheme 1. First, Cu®* cations favorably bind with

Scheme 1. Illustration of the Formation Process of
CuSNWs/rGO Nanocomposites
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oxygen-containing groups on GO sheets via the electrostatic
interactions. If thiourea is added at the beginning, it reacts with
Cu®* immediately and only CuS microspheres coated by rGO
nanosheets are obtained (Scheme 1b). If thiourea is added after
the formation of the precursor, CuS nanowires wrapped by
rGO nanocomposites are synthesized, as shown in Scheme la.
The possible reaction process of CuSNWs/rGO is listed in the
Supporting Information, chemical eqs 1-S5.

3.2. Electrochemical Performance. The electrochemical
properties of the CuSNWs/rGO nanocomposites for reversible
Li" storage were investigated by eletrochemical measurements.
The results are shown in Figure S.

The cyclic voltammograms of CuSNWs/rGO nanocompo-
sites is given in Figure Sa, which elaborates the oxidation and
reduction reactions due to the insertion and extraction of Li*
into the electrode. In the first cycle, two reduction peaks are

observed at around 1.6 and 2.0 V, and two oxidation peaks at
around 1.9 and 2.4 V. In the subsequent cycles, one of the main
cathodic peaks at 2.0 V shifts toward the higher potential of 2.1
V and similarly the anodic peaks shift slightly negatively. The
shift of the main cathodic peak toward a higher potential in the
following cycles corresponds to a multistep electrochemical
reaction of lithium with the electrode that leads to the
formation of a SEI film on the surface of the electrode,
decomposition of the electrode and the formation of Li,S.*>*’
So, the two-step reactions of the the composite are elucidated
by the following equations:

CuS + «Li" + xe” < Li,CuS (1)

Li,CuS + (2 — x)Li* + (2 — x)e” < Li,S + Cu 2)

The transformation from CuS to Li,CuS is related to the
cathodic peak at 2.0 V, whereas that from Li CuS to Cu is
associated with the cathodic peak at 1.6 V.'*'>*

Figure Sb illustrates the charge—discharge voltage profiles of
the CuSNWs/rGO nanocomposites electrode for the first,
second, tenth and fiftieth cycles at a constant current rate of
0.5C. As shown in Figure 5b, two potential plateaus at around
2.0 and 1.6 V were observed in the initial charge process and
two potential plateaus at around 1.9 and 2.4 V in the initial
discharge process corresponding to the lithiation and
delithiation of CuS electrode were in qualitative agreement
with the discharge and charge plateaus in Figure Sa. The
plateau at 2.0 V in discharge process and the plateau at 2.4 V in
charge process become shorter and shorter. After 10 cycles,
only one pair of plateau is observed. Similar results were also
observed by Y. Wang’s and Y. Ren’s work, which implies that
the electrochemical reaction change gradually.'*** For the
CuSNWs/rGO nanocomposites electrode, the potential
plateaus of initial charge and charge curves agrees well with
that of CuS nanowires electrode (Supporting Information,
Figure S4a) except a plateau at around 0.7 V in the first
discharge process (Figure Sb). It is well-known that the plateau
at about 0.7 V at the initial discharge process for carbon
materials is generally ascribed to the formation of SEI film.*
So, the flat voltage at around 0.7 V should be related to the
formation of solid electrolyte interface (SEI) film on the rGO
surface. The initial discharge and charge capacities of the
CuSNWSs/rGO electrode in the first cycle are 908 and 630 mAh
g~!, respectively, based on the whole weight of the composite.
The large initial discharge capacity of CuSNWs/rGO nano-
composites may be attributed to the SEI layer on the surface of
the electrode due to the electrolyte decomposition,'>*%*’
reduction of residual oxygen-containing groups on graphene
and the irreversible reaction between Li and CuS as indicated in
egs 1 and 2.*** The decrease in the area of the next cycle is
consistent with the charge and discharge curves (Figure Sb),
reflecting the capacity fading in subsequent cycles. It should be
pointed out that the Coloumbic efficiencies increase to almost
unity in the successive cycles, indicating that the formed SEI
during the first cycle is favorable and stable.*®

The cycling performances of CuSNWs/rGO nanocomposites
electrode compared with bare CuS nanowires electrode and
rGO nanosheets electrode at a current of 0.5 C are shown in
Figure Sc (the average capacity and standard deviation of
parallel cells is shown Figure SS in the Supporting
Information). It is observed that the initial discharge capacity
is 908, 708 and 953 mAh g~ for CuSNWs/rGO nano-

composites, CuS nanowires and rGO nanosheets, respectively.
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system.

The high initial discharge capacities are attributed to the
formation of SEI film. After a few cycles, the CuS electrode
shows a significant capacity decrease, whereas the intensity of
the capacity decreasing for CuSNWs/rGO is obviously lighter.
This may attribute to the introduction of rGO nanosheets,
which restricts the diffusion of polysulfides to some extent.”’”
The CuS nanowires were wrapped by rGO nanosheets and
evenly distributed in them, which can efficiently trap the
polysulfides and suppress the outward diffusion of polysulfides.
After 100 cycles, the capacity of CuSNWs/rGO maintains at
620 mAh g_l, and for CuS nanowires and rGO electrode the
capacity keeps at 400 and 300 mAh g, respectively. It is
obvious that the composites have a higher capacity than each
individual component. Various CuS and CuS/graphene
composites as electrode materials for LIBs have been studied;
for example, Ma’s group has prepared a hybrid network Cu$
monolith cathode with a capacity of 468.3 mAh g™' after 100
cycles (02 C, 1.0-3.0 V).*” Wang et al. synthesized CuS
cathode with a reversible capacity around 390 mAhg ™" after 100
cycles (0.5C,1.2—3.0 V)."* Ren and co-workers have fabricated
double-sandwich-like CuS@rGO as an anode showing a
capacity of 412.5 mAh g™! at 0.5 C (0.001-3.00 V).* Tao et
al. synthesized CuS/graphene composite exhibiting a capacity
of 296 mAh g™ after 25 cycles (50 mA g™, 0.01-3.0 V).** To
our knowledge, this large reversible capacity of CuS/rGO at
0.5C has not been witnessed in previous reports. The higher
capacity and cycle stability can be attributed to the synergistic
effect between CuS nanowires and rGO nanosheets as reported
in the metal oxides/graphene composite and metal sulfide/
graphene composite.4g”46’48’49 First, the unique structure
contributes to the excellent electrochemical performance. On

15731

the one hand, the evenly distributed CuS nanowires could
prevent rGO nanosheets from restacking, which can bring
additional capacity from double-layer capacitance effect of
rGO.*” The capacitance effect was also suggested for enhanced
Li-ion storage capacity in the graphene-based electrodes.*>*
On the other hand, the introduction of rGO nanosheets can
bind CuS nanowires and prevent these nanowires from
aggregation, which can make full contact with the electrolyte
and shorten the diffusion path of Li*. Second, the conductivity
of the composite would be dramatically enhanced due to the
presence of rGO nanosheets. Therefore, the electronic
transport length would be effectively shortened compared to
pure CuS nanowires, leading to reduced particle—particle
interface resistance.”® Besides, the conductive graphene will
help to relieve the rapid capacity fading. It is well-known the
dissolution of Li,S in the electrolyte will lead to a shuttle
behavior and cause the rapid capacity fading. This is affected by
the properties of anodes and electrolytes, and may be overcome
by controlling and engineering the anode materials and
electrolytes. Ether-based electrolytes, such as DOL/DME,
were reported to show a better electrochemical performance
than carbonate-based electrolytes.16 However, in our work, the
CuSNWs/rGO shows large reversible capacity and excellent
stability when using carbonate-based EC/DEC/DMC as
electrolytes. Apart from the influence of electrolyte, the
graphene plays a vital role in improving electrochemical
performance. The conductive graphene in the composite favors
the electron transmission, such that most of the formed Li,S
upon reducing can be reoxidized, which attributed to the
excellent electrochemical performance.”®* The porous and
elastically strong nature of rGO nanosheets can also effectively
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Figure 6. (a) Cycling performance of the CuSNWs/rGO nanocomposites electrode, CuS nanowires electrode and rGO electrode at various current
densities. (b) Cycling performance of the CaSNWs/rGO nanocomposites electrode and CuS nanowireselectrode at 4C.

absorb polysulfide anions and confine their shuttle.*® Hence,
the issue of the capacity fading caused by dissolution of Li,S is
greatly alleviated, and the cycle stable is remarkably improved.
As mentioned above, employing ether-based electrolytes is
another promising way to improve the electrochemical
performance and we should make a detailed study in future
works.

Here, it can be found that the capacity of CuSNWs/rGO
nanocomposites decreased to 530 mAh g~ and then increased
to 620 mAh g™, indicating a possible activation process of the
electrode material.'®*® This capacity recovery is related to the
pseudocapacitive character of polymeric/gel films, which is
similar to those observed in CoS,/grapheme, mesoporous
CoySg and transition metal oxides.’ > For example, in Jian
Xie’s report, the capacity of CoS,/G reaches 900 mAh g™, far
higher than that of the theoretical value of CoS,/G. In the
study by Yitai Qian’s group, the specific capacity of CoySg-650
gradually increases after first fading and then reaches 1400 mAh
g~! at the 100th cycle.

The high reversible capacity and excellent cycling behavior of
the CuSNWs/rGO nanocomposites electrode are also ex-
hibited in the rate capability. As shown in Figure 6a, at the
maximum discharge rates studied, SC (2.8A g~'), the material
delivers a capacity of 300 mAh g™’ higher than 115, 165 mAh
g~! for CuS nanowires and rGO. Additionally, the extraordinary
cycling stability of the CuSNWs/rGO electrode is exhibited at
various current densities. When the charge/discharge current
density changes from 5 to 0.1 C, the specific capacities of the
composites return to 752 mAh g, which do not ultimately
change in the subsequent cycles, indicating extraordinarily high
cycling stabilities. The excellent rate capability is also
demonstrated in Figure 6b. At the current density of 4C, the
capacity keeps stable and retains at 320 mAh g™' even after 430
cycles, whereas the specific capacities of CuS nanowires is only
240 mAh g™ and the stability is poor. The outstanding rate
capability may be ascribed to two main aspects: (i) graphene
acts as an elastic buffer and thereby accommodates volume
expansion and shrinkage changes during the fast uptake and
release of Li* at the high current; (ii) the superior conductivity
of graphene enhances kinetics of the charge carrier transport.**
The CuS has an electrical conductivity of about 107 S/cm, and
rGO has an outstanding electrical conductivity of ~10 S/
cm.>*>> From the TG analysis, the content of CuS in the
CuSNWs/rGO nanocomposite is 82.40%, so we can
approximately calculate the composite electrical conductivity
is about 1.76 S/cm, which is significantly improved when rGO
was introduced.
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To obtain better understanding of the superior electro-
chemical performance of CuSNWs/rGO nanocomposites
electrode compared to that of CuS nanowires electrode,
electrochemical impedance spectroscopy (EIS) measurements
were performed (inset in Figure Sc). The Nyquist plots are
composed of a depressed semicircle in the high-to-medium
frequency region and a sloping line in the low-frequency region.
The depressed semicircle consists of two partly overlapped
semicircles. The plots are fitted by an equivalent circuit.”>>” As
shown in the inset, the high-frequency semicircle region
corresponds to SEI layer resistance and dielectric relaxation
capacitance (R; and CPE1), and the semicircle in the low-
frequency region corresponds to the charge-transfer resistance
R, and CPE2 of electrode/electrolyte interface. The inclined
line is related to the lithium-diffusion process. The fitting
results show that R; and R, of CuS nanowires are 28.3 and
112.9 €, respectively. Although, the R; and R, of CuSNWs/
rGO composites are only 9.3 and 38.6 Q, respectively. The
result confirms that the incorporation of rGO nanosheets not
only preserve the high conductivity of CuSNWs/rGO nano-
composites electrode but also significantly enhance rapid
electron transfer during the electrochemical lithium insertion/
extraction. Therefore, the CuSNWs/rGO nanocomposites
electrode exhibits high reversible capacity, excellent cyclic
stability and high-rate capability.

4. CONCLUSIONS

In a summary, CuSNWs/rGO nanocomposites were success-
fully synthesized by a facile one-pot method. The CuS
nanowires are highly dispersed and anchored or wrapped in
the rGO nanosheets. The composites exhibit excellent lithium-
ion storage. Compared with the CuS electrode, it shows a
significant higher capacity with a reversible capacity of 620 mAh
g ! at 0.5C after 100 cycles. Even at a high current density of
4C, the special capacity of CuSNWs/rGO nanocomposites
electrode keeps stable and remains at 320 mAh g~' after 500
cycles. The excellent lithium storage performance of the
CuSNWs/rGO composites is mainly attributed to two aspects:
(i) the CuSNWs/rGO nanocomposites can effectively accom-
modate large volume changes during the charge/discharge
process; (ii) the presence of rGO nanosheets with superior
electronic conductivity, supply 2D conducting network and
absorb or trap the polysulfides generated during the conversion
reaction of CuS, which improves the cycling stability of the
electrode.
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