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A B S T R A C T

Nanostructure construction and surface modiﬁcation are effective ways to improve the electrochemical
performances of electrode materials, especially for the conversion reaction-based materials. In this study,
one-dimensional carbon coating bamboo-like Cu2-xS nanorods have been delicately designed in a
template-free method. The structure and morphology are well characterized via different instruments
such as X-ray diffraction analysis (XRD), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Tested in lithium batteries as the anode, the Cu2-xS@C electrode shows superior
electrochemical performances to pristine Cu2-xS. At 1 and 2 C, the Cu2-xS@C nanorod electrode releases
309 and 277 mAh g1 after 300 cycles. At high rates of 15 and 22 C, the electrode still exhibits 269 and
264 mAh g1. The kinetics of electrodes are also investigated by means of cyclic voltammetry (CV) and
galvanostatic intermittence titration (GITT) measurements, proving the enhanced electrochemical
properties. Thus, the one-dimensional bamboo-like Cu2-xS voided nanorods can be a promising candidate
for high-performance batteries.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
As an attracting energy storage system, lithium ion batteries
(LIBs) have been broadly used in portable devices such as mobile
phones, lap-tops and other electronic devices. With the everincreasing demand on energy consumption, particularly, the
electric vehicles and electric grids, higher performances lithium
ion batteries are urgently needed [1–3]. As an important
component, the electrode materials play a key role in improving
performances of LIBs. Great effort has been paid to investigate
new-type anode materials instead of traditional graphite-kind
materials. Li4Ti5O12 has been commercially applied in power
batteries as an anode material since it is a zero-strain insertion
material with good reversibility, high thermal stability and relative
high charge/discharge plateaus avoiding formation of hazardous
lithium dendrite. However, its disadvantages such as low speciﬁc
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capacity (175 mAh g1), low energy density (266 Wh kg1) and
poor electronic conductivity (1013 S cm1) hinder its further
application in high energy density and high performance storage
systems [4–6]. Recently, Li3VO4 with desirable lithium ion
conductivity and higher theoretical speciﬁc capacity (394 mAh
g1) has attracted great attention, which also exhibits impressive
cyclability [7–9]. However, the environmental-unfriendly and toxic
vanadium inhibits it from extensive application. Therefore,
continuous and numerous attempts should be paid to explore
more suitable alternatives.
Metal sulﬁdes, with high speciﬁc capacities and good electronic
conductivity, have been drawing more and more attentions [10–
15]. Among them, copper sulﬁdes are one of fascinating materials
with high theoretical capacities and electrical conductivity [16–
20]. Nevertheless, the conversion reaction-based materials suffer
from the serious pulverization problem during charge and
discharge processes, leading to the loss of active species and
rapid capacity fading. To cope with this problem, many strategies
have been proposed to improve their cycle performances.
Nanostructure construction is an effective method to improve
the cycling stability [21–23]. Reducing the material size not only
guarantees the short transporting path of lithium ions to achieve
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excellent rate capability, but also validly accommodates the
volume expansion during lithium (de) intercalation. In previous
studies, one-dimension copper sulﬁdes have successfully prepared
[22]. Although this unique one-dimensional nanostructure permits better accommodation of volume change as well as short
lithium ion transport path, the detrimental side reactions with
electrolytes still exist, deteriorating the performances of batteries
[24,25]. Carbon coating is a common and valid way used in various
materials to improve the electrochemical performances [26–28].
This strategy is generally adopted in the Li-S batteries to constrict
diffusion of sulfur species [29,30], which could become a powerful
technique to improve the electrochemical performances of
cuprous sulﬁdes.
In this paper, one-dimensional bamboo-like Cu2-xS@C voided
nanorods are delicately designed and successfully prepared
without using any templates. The one-dimension CuS nanorod
precursors are ﬁrst prepared, followed by carbon coating and
calcination. The coating carbon acts as a barrier to hinder the loss
of active species and improve the electric conductivity. The volume
expansion is well accommodated due to the one-dimensional
nanorod structure and the numerous voids inside. The carbon
coating layer well protect cuprous sulﬁdes from side reactions with
electrolytes, greatly boosting the long-life cycling performance.
Furthermore, kinetics of electrodes is investigated by different
electrochemical measurements, proving the enhanced lithiation
properties. Thus, the one-dimensional bamboo-like Cu2-xS@C
electrode exhibits the admirable cycle performance and outstanding rate capability.
2. Experimental Section
2.1. Materials Preparation
All chemicals purchased from Sinopharm Chemical Reagent Co.,
Ltd were used without any treatment.
2.1.1. Synthesis of CuS nanorods
CuS nanorods were synthesized via a previously reported
method [22]. Typically, 0.0075 mol CuSO45H2O were added into
80 mL dimethyl sulfoxide (DMSO) under magnetic stirring for
10 min. The mixture was then transferred to a 100 mL Teﬂon-sealed
autoclave, which was heated at 180  C for 6 h and then cooled
down to room temperature naturally. The precipitates were

ﬁltered and washed by deionized water and ethanol several times
followed by drying at 60  C for 12 h under vacuum.
2.1.2. Preparation of CuS@C nanorods
0.6 g CuS and 1.2 g glucose (Sinopharm Chemical Reagent Co.,
Ltd) were added to 50 mL deionized water with stirring for 10 min,
which was transferred to a 100 mL Teﬂon-sealed autoclave to be
heated at 190  C for 6 h. The black precipitates were obtained and
washed by ethanol and water.
2.1.3. Synthesis of bamboo-like Cu2-xS@C nanorods
All the obtained CuS@C precursors were put into a porcelain
boat. The boat was placed in the middle of a quartz tube, which was
heated at 500  C under Ar ﬂowing gas for 8 h.
2.1.4. Synthesis of bamboo-like Cu2-xS nanorods
The CuS precursor was put into a porcelain boat, which was
calcined under same condition as the those of Cu2-xS@C.
2.1.5. Synthesis of pyrolytic carbon
1.2 g glucose was dissolved into 50 mL deionized water with
stirring for a while, which was transferred to a 100 mL Teﬂonsealed autoclave to be heated at 190  C for 6 h. The product was
washed several times with deionized water and ethanol followed
by drying at 60  C for 6 h. Then the dried product was calcined
under the same condition as those of Cu2-xS@C.
2.2. Structure Characterization
The microstructures and morphologies were characterized by
X-ray diffraction (XRD, Rigagu/mini Flex 600) with Cu Ka
radiation, scanning electron microscope (SEM, Hitachi S-4800)
and transmission electron microscope (TEM, Tecnai F30). The
speciﬁc surface area was measured by the Brunauer-Emmett-Teller
(BET) method using N2 adsorption and desorption isotherms
(Micrometrics ASAP 2020). The content of carbon was ascertained
by the element analysis (Vario EL III).
2.3. Cell Fabrication and Electrochemical Characterization
To prepare the working electrodes, the slurry (mixtures of 70 wt
% as-prepared Cu2-xS@C nanorods, 15 wt% acetylene black and
15 wt% polyvinylidene diﬂuoride, all dispersed in the N-methyl-2-

Fig. 1. Synthetic scheme of bamboo-like Cu2-xS@C nanorods.
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Fig. 2. XRD patterns of (a) CuS, (b) Cu2-xS, (c) Cu2-xS@C and corresponding standard cards of (d) CuS, (e) Cu1.8S and (f) Cu2S.

pyrrolidinone solvent) was coated on a copper foil current collector
using doctor blade and dried at 60  C overnight under vacuum. The
electrolyte was consisted of 1 M LiTFSI salt (J&K Chemical) in the
mixed solvent of 1, 3-dioxolane and dimethyl ether (DOL/DME, 1:1
volume ratio, Aladin). The 2016-type coin cells were assembled in
an argon-ﬁlled glove box. Lithium foil and the Celgard 2400 were
used as the counter electrode and the separator, respectively.
Galvanostatic charge/discharge measurements were performed
from 1.0 to 3.0 V at different C rates (1 C = 337 mA g1) on the
Neware CT-3008W Battery Cycler (Shenzhen, China). The electrochemical impedance spectra (EIS) were tested in the frequency of
101 to 105 Hz on the Solartron Modulab 1287/1260. The cyclic
voltammetry (CV) test was conducted on the CHI-1030C electrochemical work station (Shanghai, China) at the scanning of
0.2 mV s1 between 1.0 and 3.0 V. The assembly of Cu2-xS and
pyrolytic carbon electrodes and electrochemical tests are the same
as the Cu2-xS@C electrode. The mass loading (Cu2-xS@C) of
electrodes ranged from 1.5 to 2.0 mg cm2. The speciﬁc capacity
was calculated based on the mass of Cu2-xS. For the apparent
chemical diffusion coefﬁcient of lithium ion, CV tests with different
scan rates ranging from 0.2 to 1.0 mV s1 and galvanostatic
intermittence titration measurements (GITT) were applied to
the cells recycled 20 cycles. For the GITT, the cell was discharged/

charged at 0.1 C for 10 min, followed by a relaxation procedure
under open circuit for 1 h.
3. Results and Discussion
The synthetic scheme is shown in Fig. 1. CuS nanorods are ﬁrstly
prepared, followed by carbon coating with glucose as the carbon
source [22,31]. Then the CuS@C precursor is calcined at 500  C at
the Ar atmosphere. At high temperature, CuS thermally decomposes to Cu2-xS and S [32]. The sublimated elemental S diffuses out
and is carried away by loading gas, leaving voids inside the carbon
coated nanorods as well as creating the bamboo-like structure.
Thus, one-dimensional bamboo-like Cu2-xS@C nanorods are
successfully prepared. The crystal nature was characterized by
XRD as shown in Fig. 2. The diffraction peaks of synthetic CuS
(Fig. 2a) correspond well with the standard card of CuS (JCPDS No.
03-065-3588). After carbon coating, new peaks evolve (Fig. S1a).
The peak at 46 is ascribed to Cu1.8S (JCPDS No. 00-023-0962). It
was reported that at the high temperature and the high pressure,
the reducing ability of glucose could be promoted [33], leading to
partially reduction of CuS to Cu1.8S. After calcination, the
diffraction pattern is totally different from those of CuS@C
(Fig. 2c), whose peaks are well indexed to cuprous sulﬁdes

Fig. 3. SEM images of (a) CuS, (b, c) Cu2-xS@C (the scale bar of the inset is 200 nm) and elemental mapping of (d) C, (e) Cu, (f) S.
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(Cu2S, JCPDS No. 01-072-1071, Cu1.8S, JCPDS No. 00-023-0962). At
high temperature, CuS would thermally decompose to cuprous
sulﬁdes (Cu1.8S and Cu2S) and elemental sulfur [32]. Besides, peaks
indexed to carbon could not be seen, indicating the carbon calcined
at 500  C is amorphous. CuS nanorods without any coating are also
calcined under the same condition (designated as Cu2-xS). The
diffraction peaks are almost the same as those of Cu2-xS@C as
shown in Fig. 2b.
SEM images of CuS and Cu2-xS@C are shown in Fig. 3. The
synthetic CuS exhibits a rod-like shape with a smooth surface,
diameter of about 200 nm and length of several micrometers. After
carbon coating, the morphology is kept well (Fig. S2a). Calcined at
500  C, the rods grow in sections with knots between each other
like the bamboo (Fig. 3b). Voids inside some rods can be clearly
observed from the inset. We speculate that the voids are formed as
soon as the elemental sulfur was carried off by the ﬂowing gas. In
our experiments, we have found that residual yellow substance
(supposed to be the elemental sulfur) adhering to the outlet of the
quartz tube can be found after annealing. The SEM image (Fig. S2b)
of Cu2-xS shows that some bamboo-like rods also appear while
some rods without any voids agglomerate. EDX elemental mapping
images in selected area show existence of elemental carbon,
copper and sulfur, which all distribute homogenously. To know

more about the microstructure of Cu2-xS@C, the TEM was
conducted and Fig. 4a clearly shows that parts of rods are hollow.
The high-resolution TEM (HRTEM) (Fig. 4b) shows that the
nanorod is wrapped by a uniform layer with thickness of roughly
20 nm. HAADF-SEM and line scanning analysis are used to analyze
two regions (hollow and solid regions). Observed from the signal of
the hollow region (Fig. 4c), it can be known that the layer mainly
contains C, Cu and S also adhere to the wall of the rod, while the
middle part of the rod barely includes element Cu and S. On the
other side, the signal of the solid region (Fig. 4d) shows that the
middle part of the rod is mainly consisted of Cu and S, while the
layer is mainly composed of C. The signal intensity of Cu and S is
close to 2: 1, which is consistent with the stoichiometry of cuprous
sulﬁde. N2 adsorption/desorption analysis was implemented to
obtain the speciﬁc surface area (SSA) of Cu2-xS and Cu2-xS@C, as
shown in Fig. S3. The SSA of Cu2-xS and Cu2-xS@C are 21.2 and
47.4 m2 g1. The larger SSA of Cu2-xS@C can be ascribed to the
bamboo-like hollow structure, where the voids existed insides
coated rods contribute more surface area. From above results, it
can be conﬁrmed that the Cu2-xS nanorods are wrapped by uniform
coating carbon with thickness of about 20 nm, and voids also exist
inside the rods. Element analysis was applied to analyze the carbon
content of Cu2-xS@C, showing that the content of carbon is 15.8%.

Fig. 4. TEM images of (a) Cu2-xS@C, (b) the magniﬁed one and (c, d) HAADF-STEM images and compositional line proﬁles of C (red), Cu (green), S (yellow) in different areas.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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To test and compare the electrochemical performances of Cu2and Cu2-xS@C, the 2016 type coin cells were assembled with
lithium foils as anodes. Both CV curves are shown in Fig. 5a and b.
In the ﬁrst reducing scanning, the Cu2-xS electrode exhibits a small
cathodic peak at 2.1 V and a broad, strong cathodic peak at 1.6 V.
The former cathodic peak relates to the reduction of CuS to Cu2S
and the other correlates to the continuous reduction of Cu2S to
form Li2S and metal Cu [22,34,35]. During the oxidizing scanning,
two anodic peaks at 1.9 V and 2.3 V appear. The peak at 1.9 V is
relevant to the oxidation of metal Cu to Cu+ while the
electrochemical reaction mechanism of the peak at 2.3 V is
intrigue and not fully understood. We speculate that it is related
with the over potential caused by activation of Li2S in the ﬁrst
charging process [16,36]. In the following cycles, the curves of

xS
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oxidation are obviously different from those of the initial cycle,
which indicates the complicate electrochemical reaction mechanism in this process. However, after 100 cycles, a pair of redox
peaks are left, demonstrating that the electrochemical reaction is
much more reversible and is also the typical electrochemical
behavior of cuprous sulﬁdes [16,37]. The CV curves (Fig. 5b) of Cu2xS@C are similar with those of Cu2-xS. The main difference is that
the intensity of redox peaks is stronger in the case of Cu2-xS@C after
100 cycle, implicating the better cycling reversibility. Fig. 5c and d
show the charge-discharge curves in different cycles at 1 C (1
C = 337 mA g1, the calculation of speciﬁc capacity is based on the
mass of Cu2-xS for both cases.). The initial discharge capacities of
Cu2-xS and Cu2-xS@C are 335 and 408 mAh g1 (the capacity of Cu2xS@C is calculated based on the mass ratio of Cu2-xS, 84.2%),

Fig. 5. Cyclic voltammetry proﬁles of (a) Cu2-xS and (b) Cu2-xS@C, charge-discharge curves of (c) Cu2-xS and (d) Cu2-xS@C, (e) cycle performances of both materials at 1 C and 2
C and (f) the long-term cycling test of Cu2-xS@C at 2 C. The calculation of speciﬁc capacity is based on the mass of Cu2-xS for both cases.
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Table 1
Comparison of cycling performances.

Cu2S
C@Cu1.96S
nanosheet
Cu2S@SWCNT
Cu2S/C
Cu2S/C
Bamboo-like Cu2-xS@C nanorod

Current density
(mA g1)

Cycles

Reversible capacity
(mAh g1)

337
50

100
50

270
240

[18]
[48]

100
100
337
337
674

200
100
300
300
600

260
300
276
309
270

[34]
[49]
[50]
this work

corresponding coulombic efﬁciencies are 89.4% and 88.2%,
respectively. It is noted that the Cu2-xS@C electrode exhibits more
initial discharge capacity, even exceeds the theoretical capacity
(337 mAh g1) of Cu2S. This can be related with the pseudocapacity-like storage behavior of lithium ions on the surface of
carbonaceous materials and interaction with oxygen-containing
functional groups [38,39]. To verify the speculation, a contrast
experiment with the pyrolytic carbon as the active material is
conducted. The synthetic procedure can be seen in the experiment
section. The cycling test of pyrolytic carbon (Fig. S4) shows that it
would release capacities of 68, 34 and 20 mAh g1, respectively, in
the ﬁrst three cycles. Due to the extra capacity contributed by the
carbon layer, the initial discharge capacity of Cu2-xS@C may exceed
the theoretical capacity of Cu2-xS@C and the initial coulombic
efﬁciency will be lowered. After 30 cycles, the capacity levels off
(about 10 mAh g1), which barely contributes extra capacity.
Cycling performances were conducted to evaluate Cu2-xS and
Cu2-xS@C electrodes at different rates, as seen in Fig. 5e. For the
Cu2-xS, the capacity drops slowly before 100 cycles, then fades
signiﬁcantly after that. After 300 cycles, reversible capacities of
228 and 186 mAh g1 are obtained at 1 C and 2 C, the corresponding
capacity retention ratios are 67.9% and 59.2%, respectively. On the
contrary, the Cu2-xS@C electrode displays superior cyclability. After
300 cycles, the electrodes still release 309 and 277 mAh g1,
corresponding capacity retention ratios are 75.8% and 70.7%,
respectively. To further show the improved cycling performance,
the long-life cycling measurement (Fig. 5f) was implemented to
the Cu2-xS@C electrode at 2 C. The releasing capacity levels off after
150 cycles. After 600 cycles, it can still release more than
270 mAh g1. Comparison of cycling performances with other
reports is shown in Table 1. From those it can be known that the
bamboo-like Cu2-xS@C nanorods exhibit impressive long-life
cycling performances, attributing to the synergistic effect of
carbon coating and hollow structure. The side reactions between
cuprous sulﬁdes and electrolytes can be inhibited by the coating
layer, and the volume expansion during (de)lithiation is well
alleviated by the hollow structure. Likewise, it is reported that the
peapod-like MnO@C core-shell composite also exhibits impressive
cycling stability in long term cycling, which is attributed to the well
accommodation of volume expansion by the internal void space,
protection by the carbon shell and the spatially conﬁned stable SEI
formation [28].
The rate performances of Cu2-xS and Cu2-xS@C electrodes are
shown in Fig. 6. The charge/discharge proﬁles of both electrodes
are nearly the same when the rate is lower than 8 C. When the rate
is continually increasing, the plateau gap of Cu2-xS electrode
enlarges (Fig. 6a), especially at 22 C, indicating the large
polarization of the Cu2-xS electrode. In contrast, the voltage
plateaus have not changed much regardless of the increasing rates
(Fig. 6b), demonstrating the lower polarization. Fig. 6c shows that
the Cu2-xS electrode Exhibits 282, 271, 265, 257, 246 and
232 mAh g1 at 1, 2, 4, 8, 15 and 22 C, respectively. For the Cu21
xS@C electrode, it releases 316, 303, 291, 278, 269 and 264 mAh g ,

when the rate is restored to 1 C, it will regain the capacity of
318 mAh g1. Another obvious difference between them is that
when the Cu2-xS electrode cycled at high rates (15 and 22 C), the
overcharge phenomenon would appear, which is a shortcoming in
cuprous sulﬁdes [22]. Coated by the carbon layer, that problem can
be solved and the coulombic efﬁciencies is close to 100% at high
rates.
Electrochemical impedance spectra of Cu2-xS and Cu2-xS@C
electrodes in different cycles are shown in Fig. 6e and f. The spectra
were analyzed with the equivalent circuit model shown in Fig. S5,
where Rs and Rct indicate the impedance of the electrolytes and the
charge transfer resistance, CPE and Wo represent the capacitance of
the electrical double layer and the ion diffusion, respectively [40–
42]. From the EIS data, a typical proﬁle is consisted of a depressed
semicircle at the high frequency and an inclined line at the middle
frequency, among which the former one is associated with the
charge transfer resistance (Rct) and the latter one is correlated with
the long-range lithium ion diffusion (Wo) [43,44]. The ﬁtting
parameters of both electrodes are shown in Table 2. After 200
cycles, the Rct of the Cu2-xS@C electrode is 23.56 V, which is
smaller than that (58.58 V) of Cu2-xS, indicating that the carbon
layer actually improves the interfacial properties of Cu2-xS
material. To investigate the difference of the electrode kinetics,
CV tests at different scan rates and GITT were implemented after 20
cycles. For both cases, the gap between redox peaks becomes larger
with the increasing scan rates (Fig. 7a and c). However, the
reductions peaks of Cu2-xS shift more negatively than those of Cu2xS@C, indicating the larger polarization and slower electrode
kinetics. From Fig. 7b and d, a linear relationship exists between
redox peak currents and the square root of scan rates. The Li+
diffusion coefﬁcients (D) is calculated based on the Randles-Sevcik
Eq. (1) [45,46]:

1
nFvD 2
ip ¼ 0:4463nFAC
RT

ð1Þ

Table 2
Impedance Parameters of Cu2-xS and Cu2-xS@1.6C Electrodes
Cu2-xS

Before cycling
50th cycle
100th cycle
200th cycle

Rs (V)

Error (%)

Rct (V)

Error (%)

1.854
2.874
2.917
3.303

4.145
1.774
1.939
2.504

227.8
10.43
9.862
58.58

0.8528
1.005
1.045
1.805

Rs (V)

Error (%)

Rct (V)

Error (%)

3.063
2.695
3.011
2.722

1.653
1.291
1.485
0.8625

254.5
12.80
11.39
23.56

0.5613
1.371
0.8804
0.2848

Cu2-xS@C

Before cycling
50th cycle
100th cycle
200th cycle
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Fig. 6. Rate performances and charge/discharge curves of (a, c) Cu2-xS and (b, d) Cu2-xS@C. Electrochemical impedance spectra of (e) Cu2-xS and (f) Cu2-xS@C in different
cycles.

where the ip is the redox peak current, n indicates the number of
transferred electrons, F represents the Faraday Constant, A is the
working electrode area, C stands for the concentration of lithium
ion, n is the scan rate, T is the temperature, R is the gas constant and
D stands for the diffusion coefﬁcient. For the Cu2-xS, the calculated
D of oxidation peak (P1) and reduction peak (P2) are 1.61 1010
and 0.706  1010 cm2 s1. The D of P1 and P2 are 1.72  1010 and
2.59  1010 cm2 s1 for the Cu2-xS@C, demonstrating the enhanced lithium ion diffusion compared with the pristined one,
especially in the reduction (insertion of lithium ion) process.
To get deeper insight the reduction (discharge) process, GITT
measurements are performed after 20 cycles, as shown in Fig. 7e.
Assuming the lithium ion transport satisfy the Fick’s second law,

the Li+ diffusion coefﬁcients can be calculated by Eq. (2) [46,47]:
!


2
4
mB V m 4Es
L2
ð2Þ
;
t
D¼
pt
AMB 4Et
D
where D stands for the chemical diffusion coefﬁcient of lithium
ion, t is the constant current titration time, mB and MB are the
weight and molecular weight of active materials, Vm is the molar
volume of active materials, A represents the electrode surface area,
4Es and 4Et are the steady-state voltage change after a current
disturbance and voltage change during the constant current
titration, L is the diffusion length. According to Eq. (2), Li+ diffusion
coefﬁcients of both electrodes are obtained (Fig. 7f). The D of Cu2-xS
ranges from 8.72  1010 to 2.29  1015 cm2 s1, whereas those of
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Fig. 7. CV proﬁles of (a) Cu2-xS and (c) Cu2-xS@C at different scan rates between 0.2 and 1.0 mV s1 after 20 cycles, relationship between the redox peak current and the square
root of the scan rates of (b) Cu2-xS and (d) Cu2-xS@C, (e) the GITT curve of Cu2-xS@C and (f) the calculated Li+ chemical diffusion coefﬁcient of Cu2-xS and Cu2-xS@C after 20
cycles.

Cu2-xS@C are between 1.36  108 and 9.62  1014 cm2 s1. Correspond to the CV results, the lithium ion diffusion of Cu2-xS@C in the
discharge process is much faster that of Cu2-xS, which can be
attributed to the carbon coating layer and the voids insides the rods
[26]. In our previous study, we have proved that complexing with
carbonaceous materials is beneﬁcial to improve the ion diffusion in
the cuprous sulﬁde [20]. The D of Cu2-xS@C nanorods are higher
than those of CuS/graphene composite previously reported, which
can be ascribed to the one-dimensional nanorod structure and
more integrated carbon coating.
Taken above results into account, we conclude that the carbon
layer has made a great difference to the electrochemical performances of Cu2-xS, which the function is summed up as follow: 1)
reduce the side reactions between active materials and

electrolytes, 2) validly inhibit active material from loss during
long term cycling [29], 3) to serve as an elastic shell to
accommodate the volume change during charge and discharge
processes [26,29]. The bamboo-like structure with voids also
makes a contribution to the outstanding electrochemical performances: 1) better accommodate the volume expansion to enhance
the structure stability, 2) a relatively short lithium ion diffusion
pathway to improve the rate performance.
4. Conclusion
Bamboo-like Cu2-xS@C nanorods have successfully prepared
without using any templates. Combining both the coating carbon
layer and the unique bamboo-like nanorod structure, the Cu2-xS@C

Y. Wang et al. / Electrochimica Acta 247 (2017) 271–280

shows outstanding cycle performance and superior rate capability.
At the high rate of 2 C, it can still release 270 mAh g1 with the
capacity retention of 68.9% after 600 cycles. When cycling at rates
of 15 and 22 C, the Cu2-xS@C electrode still exhibits 269 and
264 mAh g1, respectively, with nearly 100% coulombic efﬁciency,
showing better electrochemical performances than its counterpart. Considering all advantages mentioned above, the bamboolike Cu2-xS@C nanorod material may become promising anode
candidates for high performance LIBs.
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