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Abstract: CuS and Cu1.8S have been investigated respectively as anodes of lithium-ion batteries
because of their abundant resources, no environment pollution, good electrical conductivity, and a
stable discharge voltage plateau. In this work, CuS/Cu1.8S nanocomposites were firstly prepared
simultaneously by the one-pot synthesis method at a relatively higher reaction temperature 200 ◦C.
The CuS/Cu1.8S nanocomposites anodes exhibited a high initial discharge capacity, an excellent
reversible rate capability, and remarkable cycle stability at a high current density, which could
be due to the nano-size of the CuS/Cu1.8S nanocomposites and the assistance of Cu1.8S. The high
electrochemical performance of the CuS/Cu1.8S nanocomposites indicated that the CuxS nanomaterials
will be a potential lithium-ion battery anode.

Keywords: CuxS nanoparticles; lithium-ion batteries; one-pot synthesis; high electrochemical
performance; anodes

1. Introduction

Because of the rapid development of human society, energy demand is increasing [1–7]. Fossil fuels
have gradually dried up and caused severe environmental pollution. Clean and efficient energy devices
play a vital role in coping with global warming and energy crisis, such as lithium-ion batteries [8–19],
supercapacitors [20–23], nanogenerators [24–26]. Rechargeable lithium-ion batteries have received lots
of attention because of the rapid development of rechargeable electrical vehicles and portable electric
devices [27–30]. The rechargeable lithium-ion batteries with excellent performance should have a
high energy density, long discharge-charge cycle life, perfect rate capability, and no environmental
pollution. Traditional graphitic carbon materials are widely used as anodes because of its good
electrochemical stability, and abundant reserves. However, the relatively low theoretical capacity
of only 372 mAh g−1 is impeding the further applications [31–34]. Transition-metal chalcogenides
are a promising choice for developing new anodes of lithium-ion batteries for their much higher
theoretical capacity [27–29,32–35]. A series of transition-metal oxides and transition-metal sulfides
have been investigated and exhibited many exciting properties [27–34]. Among these anode materials,
transition-metal sulfides have attracted more and more attention because of the excellent electronic
conductivity, high specific capacity, and environment friendly [27–32]. Copper and cuprous sulfides
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have received extensive attention and research because of their abundant resources, no environment
pollution, a flat and long discharge voltage plateau, high theoretical capacity, and high electrical
conductivity (10−3 S cm−1) [28–32,36–43].

In order to solve the volume expansion and to shorten the diffusion length of lithium ions, various
types of CuxS nano/micro-morphologies have been prepared by many kinds of methods [28–34,36–48],
such as nanoparticles [38,45], nanorods [28], hollow spheres [29], mircroflowers [31], nanotubes [36],
nanosheets [37,40,44], hierarchical [41], and other nanocomposites [31,32,39–43]. Zhao et al. reported
that at a high current rate, the specific capacity of CuS electrode was more than 370 mAh g−1 [28].
Du and Li et al. prepared small-sized CuS nanoparticles/N, S co-doped rGO composites, and the
obtained CuS@N/S-G-C6 electrode delivered a reversible capacity up to 530 mAh g−1 at 2 A g−1 after
1000 cycles, and 603.5 mAh g−1 at 200 mA g−1 after 300 cycles [38]. Jiao and Xu et al. prepared hollow
CuS nanoboxes which achieved outstanding rate performance and an ultra-long discharge-charge
cycle life [49].

Recently, Cu1.8S has also been paid significant attention in sodium-ion batteries and lithium-ion
batteries owing to its crystallographic stability and narrow band gap of 1.2 eV (better electrical
conductivity) [42,50,51]. Zaworotko and Ryan et al. reported that Cu1.8S/C-500 nanowire composites
exhibited the best performance, and showed a specific capacity up to 220 mAh g−1 after 200 cycles [50].
Kang and Lee et al. reported that a nanoporous Cu1.8S-C/C core/shell anode structure with a high
surface area achieved a specific capacity of 372 mAh g−1 after 110 cycles with a performance of ~93%
capacity retention [42]. Chen and Lou et al. reported that a designed 3D core-shell Cu1.8S/C@MoS2

nanocomposite exhibited good stability, outstanding rate performance, and high reversible capacity,
because of the assistance of Cu1.8S/C [44].

Graphene and carbon nanotubes were added to CuS to improve the electrochemical properties in
many articles [31,32,38–40,44–48]. However, the synthesis methods are complicated and Graphene
and carbon nanotubes are expensive. So it is necessary to introduce more suitable materials to improve
the electrochemical properties of CuS. The synthesis methods and the electrochemical properties of
CuS/Cu2S nanocomposites [28] and Cu2S/Cu1.8S nanocomposites [29,52,53] have been investigated.
However, the nanocomposites of CuS/Cu1.8S have not been prepared and studied. It was reported that
CuS could be reduced to Cu1.8S at a high temperature and a high pressure [52]. In this work, we firstly
fabricated CuS/Cu1.8S nanocomposites by a simple one-pot synthesis method at a correspondingly
higher reaction temperature 200 ◦C. The CuS/Cu1.8S nanocomposites anodes exhibited high initial
discharge capacity (1555 mAh g−1 at 100 mA g−1 and 1130 mAh g−1 at 267 mA g−1), excellent cycle
stability at high current density (average 425 mAh g−1 at 267 mA g−1 during 1000 cycles, 472 mAh g−1

after 700 cycles, and 325 mAh g−1 after 1000 cycles), and excellent rate performance, which indicated
that the CuxS nanomaterials will be a potential lithium-ion battery anode.

2. Materials and Methods

2.1. Preparation of CuS/Cu1.8S Nanocomposites

The schematic illustration of the preparation of CuS/Cu1.8S nanocomposites is shown in Figure 1.
Thereby, 489.7 mg L-cysteine and 681.92 mg CuCl2·2H2O were sequentially added into 70 mL ethylene
glycol. After1 h of magnetic stirring, the dissolved solution was put into two Teflon-sealed autoclaves
(50 mL), which were heated to 200 ◦C and maintained for 24 h. When naturally cooled down to room
temperature, the black precipitates were rinsed by ethanol and deionized water, in turn, many times
by centrifugation (10000 rpm 10 min) until the solution is clear. Finally, the obtained samples were
dried in a vacuum oven at 70 ◦C for 12 h.
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Figure 1. The schematic illustration of the preparation of CuS/Cu1.8S nanocomposites. 

2.2. Structure and Morphology of CuS/Cu1.8S Nanocomposites 

Scanning electron microscope (SEM, GeminiSEM300, Zeiss, Oberkochen, Germany) and X-ray 
diffraction (XRD, SmartLab, Rigku, Tokyo, Japan) were used to characterize the structure, 
morphology, and composition of the samples. The XRD measurements were performed in the rage 
of 20° to 80° at a measuring rate of 3°/min using a Cu Kα radiation. 

2.3. Lithium-Ion Battery Performance of CuS/Cu1.8S Nanocomposites 

The working anodes were mixed with as-prepared black powders, carbon black, and 
carboxymethyl cellulose (CMC) dissolved in deionized water with a weight ratio of 7:2:1. The 
obtained slurry was evenly coated on a copper foil and dried in a vacuum oven at 70 °C for 12 h. And 
then, the obtained coated foil was punched into disks with a diameter of 12 mm. The weight of each 
disk sheet was measured to calculate the mass of active materials. The mass density of the active 
material was calculated at about 0.4 mg cm−2. 

The electrochemical measurements were carried out on CR-2032 coin-type cells. The half-cells 
were assembled in an argon glove box. The concentrations of oxygen and moisture in the argon glove 
were lower than 1 ppm. The Celgard 2250 film and lithium metal disk were selected as diaphragm 
and counter electrode, respectively. The electrolyte was an organic electrolyte of 1 M LiPF6, which is 
dissolved in a mixture of dimethyl ethyl carbonate (DEC) and ethyl carbonate (EC) with a volume 
ratio of 1:1. 

Land-ct2001A battery measuring system was used to test the charge-discharge characteristics 
under different current densities with a potential range of 0.01 V–3.0 V. CHI660E electrochemical 
workstation was used to get the cyclic voltammetry (CV) measurements with a scanning rate of 0.1 
mV s−1 and in a potential range between 0.01 V and 3.0 V. The electrochemical impedance 
spectroscopy (EIS) was also obtained by the CHI660E electrochemical workstation with a frequency 
range of 10−2 Hz–105 Hz. All the cells measured were set more than 24 h to ensure total penetration of 
the electrolyte into the diaphragm, and all measurement results were obtained at room temperature. 

3. Results and Discussion 

3.1. Morphology and Structure of CuS/Cu1.8S Nanocomposites 

Figure 2a shows the XRD patterns of our samples, which is in good agreement with the standard 
cards of PDF No. 06-0464 (CuS) and No. 24-0061 (Cu1.8S), demonstrating that the as-prepared samples 
were composed of CuS and Cu1.8S. No other characteristic peaks for impurities were observed. The 
sharp diffraction peaks in the patterns indicated the good crystallinity of our samples. Different peaks 
at 27.8°, 29.4°, 31.9°, 33.0°, 48.1°, 52.9°, and 59.4° corresponded to the (101), (102), (103), (006), (110), 
(108), and (116) crystal plane of CuS [30–32,46–53]. Furthermore, peaks at 27.8°, 32.3°, 46.2°, and 54.8° 
corresponded to (111), (200), (220), and (311) crystal plane of Cu1.8S [30,51,52]. The peak of the (101) 

Figure 1. The schematic illustration of the preparation of CuS/Cu1.8S nanocomposites.

2.2. Structure and Morphology of CuS/Cu1.8S Nanocomposites

Scanning electron microscope (SEM, GeminiSEM300, Zeiss, Oberkochen, Germany) and X-ray
diffraction (XRD, SmartLab, Rigku, Tokyo, Japan) were used to characterize the structure, morphology,
and composition of the samples. The XRD measurements were performed in the rage of 20◦ to 80◦ at a
measuring rate of 3◦/min using a Cu Kα radiation.

2.3. Lithium-Ion Battery Performance of CuS/Cu1.8S Nanocomposites

The working anodes were mixed with as-prepared black powders, carbon black, and carboxymethyl
cellulose (CMC) dissolved in deionized water with a weight ratio of 7:2:1. The obtained slurry was
evenly coated on a copper foil and dried in a vacuum oven at 70 ◦C for 12 h. And then, the obtained
coated foil was punched into disks with a diameter of 12 mm. The weight of each disk sheet was
measured to calculate the mass of active materials. The mass density of the active material was
calculated at about 0.4 mg cm−2.

The electrochemical measurements were carried out on CR-2032 coin-type cells. The half-cells
were assembled in an argon glove box. The concentrations of oxygen and moisture in the argon glove
were lower than 1 ppm. The Celgard 2250 film and lithium metal disk were selected as diaphragm
and counter electrode, respectively. The electrolyte was an organic electrolyte of 1 M LiPF6, which is
dissolved in a mixture of dimethyl ethyl carbonate (DEC) and ethyl carbonate (EC) with a volume
ratio of 1:1.

Land-ct2001A battery measuring system was used to test the charge-discharge characteristics under
different current densities with a potential range of 0.01 V–3.0 V. CHI660E electrochemical workstation
was used to get the cyclic voltammetry (CV) measurements with a scanning rate of 0.1 mV s−1 and in
a potential range between 0.01 V and 3.0 V. The electrochemical impedance spectroscopy (EIS) was
also obtained by the CHI660E electrochemical workstation with a frequency range of 10−2 Hz–105 Hz.
All the cells measured were set more than 24 h to ensure total penetration of the electrolyte into the
diaphragm, and all measurement results were obtained at room temperature.

3. Results and Discussion

3.1. Morphology and Structure of CuS/Cu1.8S Nanocomposites

Figure 2a shows the XRD patterns of our samples, which is in good agreement with the standard
cards of PDF No. 06-0464 (CuS) and No. 24-0061 (Cu1.8S), demonstrating that the as-prepared
samples were composed of CuS and Cu1.8S. No other characteristic peaks for impurities were observed.
The sharp diffraction peaks in the patterns indicated the good crystallinity of our samples. Different
peaks at 27.8◦, 29.4◦, 31.9◦, 33.0◦, 48.1◦, 52.9◦, and 59.4◦ corresponded to the (101), (102), (103), (006),
(110), (108), and (116) crystal plane of CuS [30–32,46–53]. Furthermore, peaks at 27.8◦, 32.3◦, 46.2◦,
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and 54.8◦ corresponded to (111), (200), (220), and (311) crystal plane of Cu1.8S [30,51,52]. The peak of
the (101) crystal plane of CuS and the (111) crystal plane of Cu1.8S could overlap to 27.8◦. The average
sizes of crystal particles can be obtained by the Scherrer Equation [32,54]:

D(hkl) =
kλ

b(hkl) cosθ
(1)

where λ is the wavelength of the X-ray applied in the measurement, k is a constant fact 0.9, θ is the
diffraction angle, and b is the full width at half maximum (FWHM). The sizes of CuS/Cu1.8S particles
were estimated to be 23 nm (D(110)) and 22 nm (D(220)), which are nearly equal to each other.
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Figure 2. (a) XRD patterns of the sample and the stand PDF cards of CuS and Cu1.8S. (b) The SEM
image of our sample with a 200 nm scale bar below.

The morphology of as-prepared samples was further investigated using SEM, as is shown in
Figure 2b. It can be seen from the SEM image that the as-prepared samples consisted of nanoparticles
with sizes in the range of 10 nm–100 nm, which was consistent with the results calculated by the
Scherrer equation. The mole ratio of CuS and Cu1.8S was measured by Energy Dispersive Spectrometer
(EDS). The EDS results are shown in Figure S1 and Table S1 of supplementary data, and the mole
percentage of CuS is about 88%.

3.2. Electrochemical Performance of CuS/Cu1.8S Nanocomposites

In order to further understand the electrochemical process of CuS/Cu1.8S nanocomposites,
the cyclic voltammetry (CV) curves were measured with a scanning rate of 0.1 mV s−1 and in a potential
range between 0.01 V and 3.0 V. As shown in Figure 3a, during the first cathodic sweep (lithiation),
two prominent reduction peaks at 2.0 V and 1.6 V were observed, which could be attributed to the
process of CuS to LixCuS and the conversion of LixCuS to Cu and Li2S, respectively. During the
first anodic sweep (delithiation), two obvious oxidation peaks at 1.9 V and 2.4 V were observed,
which denoted the reversible process related to the cathodic reactions [31,32,34,47,48,54]. The reduction
peak at 2.0 V transferred to 2.1 V in the second scan and faded in the subsequent scans, which has also
been observed in other reports [32,47,55]. Furthermore, the reduction peak at 1.6 V transferred to lower
potential values gradually, which could indicate the increase of energy and the polarization of the
electrodes [55]. Figure 3b shows the corresponding initial five galvanostatic discharge-charge curves
of CuS/Cu1.8S nanocomposites at 267 mA g−1. In the first discharge process, two potential plateaus
appeared at about 2.1 V and 1.6 V, and in the first charge process, two potential plateaus appeared
at around 1.9 V and 2.3 V. These are matched with the redox peaks (redox reactions) of the first CV
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curve very well [47,48,54,55]. Compared with the CV curves, the discharge potential plateau at 2.1 V
also gradually disappeared in the subsequent cycles. Importantly, we obtained the relatively higher
initial discharge capability of 1130 mAh g−1 and charge capability of 707 mAh g−1 [29–32,47,48,54,55],
which could be ascribed to the formation of solid electrolyte interface (SEI) and the existence of
Cu1.8S [38–44]. The discharge capacities of the fourth and fifth cycles were about 610 mAh g−1 and
580 mAh g−1, which are also higher than the theoretical capability 560 mAh g−1 of CuS. This extra
capacity has been widely observed transition metal compounds [56], which can be attributed to
the formation/decomposition of polymeric gel-like films around the transition metal particles [57],
the interface lithium storage [58,59], and the surface conversion of LiOH to Li2O and LiH [60]. In the
following cycles, the curves tended to overlap, which showed the outstanding cyclic stability of the
CuS/Cu1.8S nanocomposites.
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Figure 3. (a) The initial five cyclic voltammetry curves with a scanning rate of 0.1 mV s−1 and in a
potential range between 0.01 V and 3.0 V. (b) The initial five discharge and charge curves at a current
density of 267 mA g−1.

Figure 4a depicts the cycling performance of the CuS/Cu1.8S nanocomposites at 267 mA g−1.
As shown in Figure 4a, the initial coulombic efficiency (CE) was 62.5% and increased to around 99%
rapidly. At the same time, the specific capacity decreased from 1130 mAh g−1 to about 450 mAh g−1.
The values of specific capacity and the corresponding coulombic efficiency almost maintained to
1000 cycles with a small range of fluctuation, which demonstrated excellent cycling stability and
relatively high lithium storage capacity. A fluctuation of the capacity can be seen in Figure 4a. It is found
that the specific capacity of some copper sulfide materials gradually increases with the charge-discharge
process due to a possible activation process in the electrode materials [34,37,39,40,48,54]. In the
experiments, the particle size ranges from 10–100 nm. The inside of the larger particles may not
contribute to the capacity. With the charge-discharge process, the larger particles may decompose into
smaller particles, which will provide more specific surface area and more effective active materials.
In addition to the changes of the measuring temperature [32], the increased specific surface area and
effective active materials may cause the fluctuation of specific capacity.

The electrochemical performances of CuS-based electrodes as anode materials for lithium-ion
batteries were listed in Table 1. Compared with the previously reported results, the CuS/Cu1.8S
nanocomposites in our work has good lithium-storage capability, high initial capacity, and good
cycling stability. The CuS/Cu1.8S nanocomposites electrode could maintain the reversible capacity of
440 mAh g−1 after 100 cycles, 450 mAh g−1 after 500 cycles, 470 mAh g−1 after 700 cycles, and about
325 mAh g−1 after 1000 cycles. During the 1000 cycles, the average discharge capability and charge
capability were 425 mAh g−1 and 420 mAh g−1 respectively. The high electrochemical performances
of CuS/Cu1.8S nanocomposites electrode in our work could be attributed to the nano-size of the
composites and the assistance of Cu1.8S [29–34,44,45,49,50].
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Table 1. Comparison of electrochemical performances of CuS/Cu1.8S nanocomposites with previously
reported CuS-based electrodes.

Electrode
Materials

Initial Discharge
Capacity (mAh g−1)

Discharge Capacity
(mAh g−1)

Current Density
(mA g−1)

References

CuS/Cu1.8S 1130
440 (100 cycles)
450 (500 cycles)
470 (700 cycles)

267 Present work

CuS 547 472 (100 cycles) 100 [2]
Cu2S 350 313 (100 cycles) 100 [2]
CuxS - 220 (200 cycles) 400 [3]

CuxS1.2C 345 285 (200 cycles) 400 [3]
CuxS1.6C 353 274 (200 cycles) 400 [3]

CuS 670 203 (100 cycles) 116 [5]
CuS@rGO 1581 1087.1 (200 cycles) 100 [6]

CuS 663 102.3 (200 cycles) 100 [6]
CuS/graphene 1319 568 (100 cycles) 50 [10]

CuS@N/S-G-C6 730.3 603 (300 cycles) 200 [11]
CuS - 162.5 (300 cycles) 200 [11]

CuS-CNT - 477 (180 cycles) 200 [13]
CuS - 73 (100 cycles) 200 [13]

CuS-rGO 810 451 (50 cycles) 100 [14]
CuS 559.5 94.5 (50 cycles) 100 [14]
CuS 94 93 (30 cycles) 0.2C [16]
CuS 525 50 (10 cycles) 50 [18]

CuS/graphene 827 296 (25 cycles) 50 [18]
Cu1.8S/C-500 500 220 (200 cycles) 250 [20]

Cu2-xS 335 228 (300 cycles) 337 [22]
Cu2-xS@C 408 309 (300 cycles) 337 [22]
CuS-rGO 545 422 (70 cycles) 100 [25]

CuS/graphene - 568 (100 cycles) 50 [26]
CuS - 147 (100 cycles) 50 [26]

CuS@rGO 851 710.7 (100 cycles) 111 [27]
CuS 506 159.7 (100 cycles) 111 [27]

CuS/graphene 627 497 (100 cycles) 200 [28]
CuS - 379 (100 cycles) 200 [28]
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As shown in Figure 4b, the rate capability of CuS/Cu1.8S nanocomposites anodes was further tested
at a series of current densities. Despite an obvious fading of capacity during the initial several cycles,
the CuS/Cu1.8S nanocomposites electrodes exhibited extraordinary stability and reversible capabilities
in subsequent cycles. The reversible capacities had an obvious stepwise trend with the changing of
current densities. The capacities were 1555 mAh g−1, 485 mAh g−1, 275 mAh g−1, and 195 mAh g−1

at 100 mA g−1, 200 mA g−1, 500 mA g−1, and 800 mA g−1, respectively. When the current densities
came back to 200 mA g−1 and 100 mA g−1, the capacities could recover to 470 mA g−1 and 530 mA g−1,
respectively, which implied the outstanding stability and reversibility [32–34,36–38,48,54,55,61].

In order to obtain further understanding of the enhanced electrochemical performance of
CuS/Cu1.8S nanocomposites electrode, electrochemical impedance spectroscopy (EIS) was measured.
The Nyquist plot (black dots) measured before cycling and the relative fitting line (red line) were shown
in Figure 4c. And the corresponding equivalent circuit was also showed in Figure 4c. Two depressed
semicircles and a straight line were found in the Nyquist plot. The intercept in the high frequency
region represents the ohmic resistance (Rs) of the electrode and electrolyte [61–63]. The small semicircle
at high frequency is related to the impedance of SEI film (Rcf) [61,64]. The semicircle at high-medium
frequency is related to the charge-transfer resistance (Rct) induced by the diffusion of lithium ions
between electrode and electrolyte. The slope of the straight line in low frequency corresponds to
Warburg impedance (Zw) relating to the diffusion of lithium ions in CuS/Cu1.8S nanocomposites
electrode [44,47,48,52,54,55,61,62]. The Nyquist plot could be well fitted by the equivalent circuit
shown in Figure 4c. The values of Rs, Rcf and Rct are 1.8 ohm, 34.3 ohm and 175 ohm, respectively.
The EIS measured after 1000 cycles and the fitting line were shown in Figure S2. The values of Rs,
Rcf and Rct increased after 1000 discharge-charge cycles, and the comparisons of Rs, Rcf and Rct before
cycling and after 1000 cycles can be seen in Table S2. Furthermore, the diffusion coefficient of Li-ions
(DLi+ ) could be obtained by the Equations as follows [61,62]:

DLi+ =
R2T2

2A2n4F4C2σ2
(2)

Zreal = Rs + Rct + σω−1/2 (3)

where ω is the angular frequency in the low frequency region, σ is the Warburg coefficient, C is the
concentration of lithium ions, n is the number of transferred electrons, F is the Faraday constant, T is
the measuring temperature, A is the surface area of the electrode, and R is the gas constant [61,62].
The value of σ was obtained by linear fitting of Zreal versus ω−1/2 Equation (3), and then the diffusion
coefficient of Li-ions (DLi+ = 3.89 × 10−12 cm2 S−1) was calculated by Equation (2). The relatively
low Rct and high DLi+ further indicated the enhancement of capability and rate performance of the
CuS/Cu1.8S nanocomposites electrode [47,48,54,55,61,62], which could be attributed to the small sizes
of CuS/Cu1.8S nanocomposites and the assistance of Cu1.8S [29–34,36–38,43–46,49–53]. The nano-size
of the CuS/Cu1.8S nanocomposites could increase the specific surface area and shorten the length of
lithium ions diffusion [27–32,38–55]. The existence of Cu1.8S might prevent the stacking of CuS and Cu
particles, which could enhance the cycling stability at high current densities [31,44,50,51].

In addition, as shown in Figure 5, we presented a photographic image which is a test of a
CuS/Cu1.8S nanocomposites half-cell after 1000 cycles illuminating an electronic watch and a LED
lamp. The test demonstrated the high electrochemical performance and potential application of CuxS
nanomaterials in lithium-ion batteries.
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4. Conclusions

In this work, CuS/Cu1.8S nanocomposites were firstly prepared simultaneously by the one-pot
Synthesis method at a relatively high reaction temperature 200 ◦C. The CuS/Cu1.8S nanocomposites
anodes exhibited a high initial discharge capacity (1555 mAh g−1 at 100 mA g−1 and 1130 mAh g−1

at 267 mA g−1), excellent cycle stability at high current density (average 425 mAh g−1 at 267 mA g−1

during 1000 cycles), and remarkable reversible rate performance, which could be attributed to the
nano-size of the CuS/Cu1.8S nanocomposites and the assistance of Cu1.8S. Though the more suitable
ratio of CuS to Cu1.8S needs to be further investigated, the high electrochemical performance of the
CuS/Cu1.8S nanocomposites indicated that the CuxS nanomaterials will be a potential lithium-ion
battery anode.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/17/3797/s1:
Figure S1: The Energy Dispersive Spectrometer of CuS/Cu1.8S nanocomposites, Figure S2: The electrochemical
impedance spectroscopy after 1000 cycles with a frequency range of 10−2 Hz–105 Hz, Table S1: The concentration
of S and Cu element of CuS/Cu1.8S nanocomposites, Table S2: The comparisons of Rs, Rcf, and Rct before cycling
and after 1000 cycles.

Author Contributions: L.-H.W., and Y.-K.D. synthesized the CuS/Cu1.8S nanocomposites, and assembled the half
cells. E.-L.Z., J.C., and K.W. carried out the XRD, and SEM measurement of the as prepared samples, conducted
the electrochemical testing for the half cells, and prepared the electric circuit for testing the half cell. L.-H.W.,
and Y.-F.Q. drafted the images in this article according to the results of XRD, SEM, and electrochemical testing,
drafted and edited the manuscript. Y.-F.Q., and Q.L. provided supervision and funding, and coordinated the
collaboration and the necessary work. Y.-F.Q. revised and edited the final manuscript and did correspondence
with the journal. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a Project of Shandong Province Higher Educational Science and Technology
Program grant number J17KA184, the National Natural Science Foundation of China grant number 11504192,
and the Youth Science and technology innovation fund of Shandong Agricultural University number 140/24047.

Acknowledgments: We appreciate the editor’s invitation for publication of this paper in Materials. Y.-F.Q. and
L.-H.W. would like to acknowledge the financial and equipment support from College of Information Science and
Engineering, and College of Chemistry and Material Science of Shandong Agricultural University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, H.; Guo, S.; Shin, K.; Wong, M.S.; Henkelman, G. Design of a Pd–Au Nitrite Reduction Catalyst by
Identifying and Optimizing Active Ensembles. ACS Catal. 2019, 9, 7957–7966. [CrossRef]

2. Li, H.; Chai, W.; Henkelman, G. Selectivity for ethanol partial oxidation: The unique chemistry of single-atom
alloy catalysts on Au, Ag, and Cu (111). J. Mater. Chem. A 2019, 7, 23868–23877. [CrossRef]

http://www.mdpi.com/1996-1944/13/17/3797/s1
http://dx.doi.org/10.1021/acscatal.9b02182
http://dx.doi.org/10.1039/C9TA04572D


Materials 2020, 13, 3797 9 of 12

3. Li, H.; Shin, K.; Henkelman, G. Effects of ensembles, ligand, and strain on adsorbate binding to alloy surfaces.
J. Chem. Phys. 2018, 149, 174705. [CrossRef]

4. Kang, J.; Takai, S.; Yabutsuka, T.; Yao, T. Structural Relaxation of Li-x(Ni0.874Co0.090Al0.036) O-2 after
Lithium Extraction down to x=0.12. Materials 2018, 11, 1299. [CrossRef]

5. Kim, D.Y.; Kim, H.V.; Kang, J. In Situ Synthesis of Silicon-Carbon Composites and Application as Lithium-Ion
Battery Anode Materials. Materials 2019, 12, 2871. [CrossRef]

6. Ogihara, T.; Kodera, T. Synthesis of Li2Ti3O7 Anode Materials by Ultrasonic Spray Pyrolysis and Their
Electrochemical Properties. Materials 2013, 6, 2285–2294. [CrossRef]

7. Wang, H.; Shimizu, T.; Yoshikawa, H. Preparation and Carbon-Dependent Supercapacitive Behaviour of
Nanohybrid Materials between Polyoxometalate and Porous Carbon Derived from Zeolitic Templates.
Materials 2020, 13, 81. [CrossRef]

8. Zhang, M.; Wang, K.; Zhou, Y.T. Online State of Charge Estimation of Lithium-Ion Cells Using Particle
Filter-Based Hybrid Filtering Approach. Complexity 2020, 2020, 1–10. [CrossRef]

9. Hu, H.; Li, Q.; Li, L.; Teng, X.; Feng, Z.; Zhang, Y.; Wu, M.; Qiu, J. Laser Irradiation of Electrode Materials for
Energy Storage and Conversion. Matter 2020, 3, 95–126. [CrossRef]

10. Kalimuldina, G.; Taniguchi, I. Electrochemical properties of stoichiometric CuS coated on carbon fiber paper
and Cu foil current collectors as cathode material for lithium batteries. J. Mater. Chem. A 2017, 5, 6937–6946.
[CrossRef]

11. Teng, X.; Zhang, F.; Li, Q.; Wang, X.; Ye, W.; Li, H.; Xu, J.; Cao, D.; Li, S.; Hu, H. Interfacial Engineering of
Self-Supported SnO2 Nanorod Arrays as Anode for Flexible Lithium-Ion Batteries. J. Electrochem. Soc. 2020,
167, 120515–120524. [CrossRef]

12. Zhao, Z.; Hu, Z.; Jiao, R.; Tang, Z.; Dong, P.; Li, Y.; Li, S.; Li, H. Tailoring multi-layer architectured FeS2@C
hybrids for superior sodium-, potassium- and aluminum-ion storage. Energy Storage Mater. 2019, 22, 228–234.
[CrossRef]

13. Zhao, Z.; Hu, Z.; Li, Q.; Li, H.; Zhang, X.; Zhuang, Y.; Wang, F.; Yu, G. Designing two-dimensional WS2 layered
cathode for high-performance aluminum-ion batteries: From micro-assemblies to insertion mechanism.
Nano Today 2020, 32, 100870. [CrossRef]

14. Zhou, M.; Peng, N.; Liu, Z.; Xi, Y.; He, H.; Xia, Y.; Liu, Z.; Okada, S. Synthesis of sub-10 nm copper sulphide
rods as high-performance anode for long-cycle life Li-ion batteries. J. Power Sources 2016, 306, 408–412.
[CrossRef]

15. Bengono, D.A.M.; Zhang, B.; Yao, Y.Y.; Tang, L.B.; Yu, W.J.; Zheng, J.C.; Chu, D.W.; Li, J.Y.; Tong, H.
Fe3O4 wrapped by reduced graphene oxide as a high-performance anode material for lithium-ion batteries.
Ionics 2020, 26, 1695–1701. [CrossRef]

16. Premasudha, M.; Reddy, B.R.S.; Kim, K.W.; Subba, N.G.; Ahn, J.H.; Cho, K.K. Hydrothermal
Synthesis and Electrochemical Behavior of the SnO2/rGO as Anode Materials for Lithium-Ion Batteries.
J. Nanosci. Nanotechnol. 2020, 20, 7034–7038. [CrossRef]

17. Xing, T.; Ouyang, Y.H.; Zheng, L.P.; Wang, X.Y.; Liu, H.; Chen, M.F.; Yu, R.Z.; Wang, X.Y.; Wu, C.
Free-standing ternary metallic sulphides/Ni/C-nanofiber anodes for high-performance lithium-ion capacitors.
J. Energy Chem. 2020, 42, 108–115. [CrossRef]

18. Zhang, D.M.; Jia, J.H.; Yang, C.C.; Jiang, Q. Fe7Se8 nanoparticles anchored on N-doped carbon nanofibers as
high-rate anode for sodium-ion batteries. Energy Storage Mater. 2020, 24, 439–449. [CrossRef]

19. Zhang, Y.; Zuo, T.T.; Popovic, J.; Lim, K.; Yin, Y.X.; Maier, J.; Guo, Y.G. Towards better Li metal anodes:
Challenges and strategies. Mater. Today 2020, 33, 56–74. [CrossRef]

20. Kai, W. Electrodeposition Synthesis of PANI/MnO2/Graphene Composite Materials and its Electrochemical
Performance. Int. J. Electrochem. Sci. 2017, 12, 8306–8314. [CrossRef]

21. Wang, K.; Li, L.; Zhang, T.; Liu, Z. Nitrogen-doped graphene for supercapacitor with long-term electrochemical
stability. Energy 2014, 70, 612–617. [CrossRef]

22. Zhou, Y.; Wang, Y.; Wang, K.; Kang, L.; Peng, F.; Wang, L.; Pang, J. Hybrid genetic algorithm method for efficient
and robust evaluation of remaining useful life of supercapacitors. Appl. Energy 2020, 260, 114169–114184.
[CrossRef]

23. Zhou, Y.; Huang, Y.; Pang, J.; Wang, K. Remaining useful life prediction for supercapacitor based on long
short-term memory neural network. J. Power Sources 2019, 440, 227149–227158. [CrossRef]

http://dx.doi.org/10.1063/1.5053894
http://dx.doi.org/10.3390/ma11081299
http://dx.doi.org/10.3390/ma12182871
http://dx.doi.org/10.3390/ma6062285
http://dx.doi.org/10.3390/ma13010081
http://dx.doi.org/10.1155/2020/8231243
http://dx.doi.org/10.1016/j.matt.2020.05.001
http://dx.doi.org/10.1039/C7TA00614D
http://dx.doi.org/10.1149/1945-7111/abac86
http://dx.doi.org/10.1016/j.ensm.2019.01.022
http://dx.doi.org/10.1016/j.nantod.2020.100870
http://dx.doi.org/10.1016/j.jpowsour.2015.12.048
http://dx.doi.org/10.1007/s11581-019-03346-1
http://dx.doi.org/10.1166/jnn.2020.18827
http://dx.doi.org/10.1016/j.jechem.2019.06.002
http://dx.doi.org/10.1016/j.ensm.2019.07.017
http://dx.doi.org/10.1016/j.mattod.2019.09.018
http://dx.doi.org/10.20964/2017.09.06
http://dx.doi.org/10.1016/j.energy.2014.04.034
http://dx.doi.org/10.1016/j.apenergy.2019.114169
http://dx.doi.org/10.1016/j.jpowsour.2019.227149


Materials 2020, 13, 3797 10 of 12

24. Bu, C.; Li, F.; Yin, K.; Pang, J.; Wang, L.; Wang, K. Research Progress and Prospect of Triboelectric
Nanogenerators as Self-Powered Human Body Sensors. Acs Appl. Electron. Mater. 2020, 2, 863–878.
[CrossRef]

25. Feng, X.; Zhang, Y.; Kang, L.; Wang, L.; Duan, C.; Yin, K.; Pang, J.; Wang, K. Integrated energy storage system
based ontriboelectric nanogenerator in electronic devices. Front. Chem. Sci. Eng. 2020. [CrossRef]

26. Xia, G.; Huang, Y.; Li, F.; Wang, L.; Pang, J.; Li, L.; Wang, K. A thermally flexible and multi-site tactile sensor
for remote 3D dynamic sensing imaging. Front. Chem. Sci. Eng. 2020. [CrossRef]

27. Guo, S.P.; Li, J.C.; Xiao, J.R.; Xue, H.G. Fe3S4 Nanoparticles Wrapped in an rGO Matrix for Promising
Energy Storage: Outstanding Cyclic and Rate Performance. Acs Appl. Mater. Interfaces 2017, 9, 37694–37701.
[CrossRef]

28. Li, X.; He, X.; Shi, C.; Liu, B.; Zhang, Y.; Wu, S.; Zhu, Z.; Zhao, J. Synthesis of one-dimensional copper
sulfide nanorods as high-performance anode in lithium ion batteries. Chem. Sustain. Energy Mater. 2014,
7, 3328–3333. [CrossRef]

29. Wang, Y.; Li, H.; Zhang, Y.; Peng, Y.; Zhang, P.; Zhao, J. Self-templating thermolysis synthesis of Cu2–xS@M
(M = C, TiO2, MoS2) hollow spheres and their application in rechargeable lithium batteries. Nano Res. 2017,
11, 831–844. [CrossRef]

30. Nam, J.S.; Lee, J.-H.; Hwang, S.M.; Kim, Y.-J. New insights into the phase evolution in CuS during lithiation
and delithiation processes. J. Mater. Chem. A 2019, 7, 11699–11708. [CrossRef]

31. Zhang, J.; Zhao, Y.; Zhang, Y.; Li, J.; Babaa, M.-R.; Liu, N.; Bakenov, Z. Synthesis of microflower-like vacancy
defective copper sulfide/reduced graphene oxide composites for highly efficient lithium-ion batteries.
Nanotechnology 2019, 31, 095405. [CrossRef] [PubMed]

32. Zhao, J.; Liu, D.; Gu, C.; Zhu, M.; Ryu, S.O.; Huang, J. A facile synthesis of CuS@reduced graphene oxide
nanocomposite and its energy storage property. Mater. Chem. Phys. 2018, 217, 102–110. [CrossRef]

33. Fan, S.; Zhang, J.; Teng, X.; Wang, X.; Li, H.; Li, Q.; Xu, J.; Cao, D.; Li, S.; Hu, H. Self-Supported Amorphous
SnO2/TiO2 Nanocomposite Films with Improved Electrochemical Performance for Lithium-Ion Batteries.
J. Electrochem. Soc. 2019, 166, A3072–A3078. [CrossRef]

34. Wang, P.; Shen, M.; Zhou, H.; Meng, C.; Yuan, A. MOF-Derived CuS@Cu-BTC Composites as
High-Performance Anodes for Lithium-Ion Batteries. Small 2019, 15, 1903522. [CrossRef] [PubMed]

35. Luo, X.; Zhang, F.; Li, Q.; Xia, Q.; Li, Z.; Li, X.; Ye, W.; Li, S.; Ge, C. Reversible control of magnetization in
Fe3O4 nanoparticles by a supercapacitor. J. Phys. Condens. Matter 2020, 32, 334001. [CrossRef] [PubMed]

36. Zhang, Y.; Li, Y.; Wang, Y.; Guo, R.; Liu, W.; Pei, H.; Yin, G.; Ye, D.; Yu, S.; Xie, J. A flexible copper sulfide @
multi-walled carbon nanotubes cathode for advanced magnesium-lithium-ion batteries. J. Colloid Interface Sci.
2019, 553, 239–246. [CrossRef]

37. Du, Y.; Yin, Z.; Zhu, J.; Huang, X.; Wu, X.J.; Zeng, Z.; Yan, Q.; Zhang, H. A general method for the large-scale
synthesis of uniform ultrathin metal sulphide nanocrystals. Nat. Commun. 2012, 3, 1177. [CrossRef]

38. Ding, X.; Lei, S.; Du, C.; Xie, Z.; Li, J.; Huang, X. Small-Sized CuS Nanoparticles/N, S Co-Doped rGO
Composites as the Anode Materials for High-Performance Lithium-Ion Batteries. Adv. Mater. Interfaces 2019,
6, 1900038–1900048. [CrossRef]

39. Iqbal, S.; Bahadur, A.; Saeed, A.; Zhou, K.; Shoaib, M.; Waqas, M. Electrochemical performance of 2D
polyaniline anchored CuS/Graphene nano-active composite as anode material for lithium-ion battery.
J. Colloid Interface Sci 2017, 502, 16–23. [CrossRef]

40. Liu, H.; Zhou, W.; Zhang, Y. One-pot Solvothermal Synthesis of CuS-CNTs Hybrid as Binder-free Anode
Material for Lithium Ion Batteries. Colloid Interface Sci. Commun. 2016, 15, 1–4. [CrossRef]

41. Wang, J.; Lyu, X.; Wang, L.; Yu, S.; Zhu, W.; Han, C.; Cao, X. Preparation and electrochemical performance of
hierarchical CuS-rGO composite. J. Alloys Compd. 2017, 694, 1067–1072. [CrossRef]

42. Kang, C.; Lee, Y.; Kim, I.; Hyun, S.; Lee, T.H.; Yun, S.; Yoon, W.S.; Moon, Y.; Lee, J.; Kim, S.; et al. Highly Efficient
Nanocarbon Coating Layer on the Nanostructured Copper Sulfide-Metal Organic Framework Derived
Carbon for Advanced Sodium-Ion Battery Anode. Materials 2019, 12, 1324. [CrossRef] [PubMed]

43. Chen, G.Y.; Wei, Z.Y.; Jin, B.; Zhong, X.B.; Wang, H.; Zhang, W.X.; Liang, J.C.; Jiang, Q. Hydrothermal
synthesis of copper sulfide with novel hierarchical structures and its application in lithium-ion batteries.
Appl. Surf. Sci. 2013, 277, 268–271. [CrossRef]

http://dx.doi.org/10.1021/acsaelm.0c00022
http://dx.doi.org/10.1007/s11705-020-1956-3
http://dx.doi.org/10.1007/s11705-019-1901-5
http://dx.doi.org/10.1021/acsami.7b10406
http://dx.doi.org/10.1002/cssc.201402862
http://dx.doi.org/10.1007/s12274-017-1693-1
http://dx.doi.org/10.1039/C9TA03008E
http://dx.doi.org/10.1088/1361-6528/ab57f6
http://www.ncbi.nlm.nih.gov/pubmed/31726449
http://dx.doi.org/10.1016/j.matchemphys.2018.06.072
http://dx.doi.org/10.1149/2.0171914jes
http://dx.doi.org/10.1002/smll.201903522
http://www.ncbi.nlm.nih.gov/pubmed/31608560
http://dx.doi.org/10.1088/1361-648X/ab88f7
http://www.ncbi.nlm.nih.gov/pubmed/32289767
http://dx.doi.org/10.1016/j.jcis.2019.06.027
http://dx.doi.org/10.1038/ncomms2181
http://dx.doi.org/10.1002/admi.201900038
http://dx.doi.org/10.1016/j.jcis.2017.04.082
http://dx.doi.org/10.1016/j.colcom.2016.11.001
http://dx.doi.org/10.1016/j.jallcom.2016.10.155
http://dx.doi.org/10.3390/ma12081324
http://www.ncbi.nlm.nih.gov/pubmed/31018566
http://dx.doi.org/10.1016/j.apsusc.2013.04.041


Materials 2020, 13, 3797 11 of 12

44. Liu, Z.; Qi, S.; Liu, G.; Cheng, L.; Chen, J.; Lou, Y.; Liang, J.C.; Jiang, Q. 3D Metaltal-X oS 2 Nanosheets for
Enhanced Lithium-Storage Performance. Chem. Sustain. Energy Mater. 2019, 6, 1458–1465.

45. Tao, H.C.; Yang, X.L.; Zhang, L.L.; Ni, S.B. One-pot facile synthesis of CuS/graphene composite as anode
materials for lithium ion batteries. J. Phys. Chem. Solids 2014, 75, 1205–1209. [CrossRef]

46. Feng, C.; Zhang, L.; Wang, Z.; Song, X.; Sun, K.; Wu, F.; Liu, G. Synthesis of copper sulfide nanowire
bundles in a mixed solvent as a cathode material for lithium-ion batteries. J. Power Sources 2014, 269, 550–555.
[CrossRef]

47. Yuan, D.; Huang, G.; Zhang, F.; Yin, D.; Wang, L. Facile synthesis of CuS/rGO composite with
enhanced electrochemical lithium-storage properties through microwave-assisted hydrothermal method.
Electrochim. Acta 2016, 203, 238–245. [CrossRef]

48. Ding, C.; Su, D.; Ma, W.; Zhao, Y.; Yan, D.; Li, J.; Jin, H. Design of hierarchical CuS/graphene architectures
with enhanced lithium storage capability. Appl. Surf. Sci. 2017, 403, 1–8. [CrossRef]

49. Chen, Y.; Li, J.; Lei, Z.; Huo, Y.; Yang, L.; Zeng, S.; Ding, H.; Qin, Y.; Jie, Y.; Huang, F.; et al. Hollow CuS
Nanoboxes as Li-Free Cathode for High-Rate and Long-Life Lithium Metal Batteries. Adv. Energy Mater.
2020, 10, 1903401. [CrossRef]

50. Foley, S.; Geaney, H.; Bree, G.; Stokes, K.; Connolly, S.; Zaworotko, M.J.; Ryan, K.M.; Qin, Y.; Jie, Y.; Huang, F.;
et al. Hollow CuS Nanoboxes as Li-Freery Cathodes. Adv. Funct. Mater. 2018, 28, 1800587–1800595.
[CrossRef]

51. Park, H.; Kwon, J.; Choi, H.; Shin, D.; Song, T.; Lou, X.W.D. Unusual Na+ Ion Intercalation/Deintercalation in
Metal-Rich Cu1.8S for Na-Ion Batteries. Acs Nano 2018, 12, 2827–2837. [CrossRef] [PubMed]

52. Wang, Y.; Zhang, Y.; Li, H.; Peng, Y.; Li, J.; Wang, J.; Hwang, B.-J.; Zhao, J. Preparation of One-dimensional
Bamboo-like Cu2-xS@C Nanorods with Enhanced Lithium Storage Properties. Electrochim. Acta 2017,
247, 271–280. [CrossRef]

53. Li, H.; Wang, K.; Cheng, S.; Jiang, K. Controllable Electrochemical Synthesis of Copper Sulfides as Sodium-Ion
Battery Anodes with Superior Rate Capability and Ultralong Cycle Life. Acs Appl. Mater. Interfaces 2018,
10, 8016–8025. [CrossRef] [PubMed]

54. Ren, Y.; Wei, H.; Yang, B.; Wang, J.; Ding, J. “Double-Sandwich-Like” CuS@reduced graphene oxide as
an Anode in Lithium Ion Batteries with Enhanced Electrochemical Performance. Electrochim. Acta 2014,
145, 193–200. [CrossRef]

55. Li, H.; Wang, Y.; Huang, J.; Zhang, Y.; Zhao, J. Microwave-assisted Synthesis of CuS/Graphene Composite for
Enhanced Lithium Storage Properties. Electrochim. Acta 2017, 225, 443–451. [CrossRef]

56. Kim, H.; Choi, W.; Yoon, J.; Um, J.H.; Lee, W.; Kim, J.; Cabana, J.; Yoon, W.S. Exploring Anomalous Charge
Storage in Anode Materials for Next-Generation Li Rechargeable Batteries. Chem. Rev. 2020, 120, 6934–6976.
[CrossRef]

57. Laruelle, S.; Grugeon, S.; Poizot, P.; Dollè, M.; Dupont, L.; Tarascon, J.M. On the Origin of the Extra
Electrochemical Capacity Displayed by MO/Li Cells at Low Potential. J. Electrochem. Soc. 2002, 149, A627.
[CrossRef]

58. Zhukovskii, Y.F.; Balaya, P.; Kotomin, E.A.; Maier, J. Evidence for interfacial-storage anomaly in
nanocomposites for lithium batteries from first-principles simulations. Phys. Rev. Lett 2006, 96, 058302.
[CrossRef]

59. Li, Q.; Li, H.; Xia, Q.; Hu, Z.; Zhu, Y.; Yan, S.; Ge, C.; Zhang, Q.; Wang, X.; Shang, X.; et al. Extra storage
capacity in transition metal oxide lithium-ion batteries revealed by in situ magnetometry. Nat. Mater. 2020.
[CrossRef]

60. Hu, Y.Y.; Liu, Z.; Nam, K.W.; Borkiewicz, O.J.; Cheng, J.; Hua, X.; Dunstan, M.T.; Yu, X.; Wiaderek, K.M.;
Du, L.S.; et al. Origin of additional capacities in metal oxide lithium-ion battery electrodes. Nat. Mater. 2013,
12, 1130–1136. [CrossRef]

61. Ge, P.; Hou, H.; Li, S.; Huang, L.; Ji, X. Three-Dimensional Hierarchical Framework Assembled by
Cobblestone-Like CoSe2@C Nanospheres for Ultrastable Sodium-Ion Storage. Acs Appl. Mater. Interfaces
2018, 10, 14716–14726. [CrossRef] [PubMed]

62. Chen, H.; Zhang, B.; Wang, X.; Dong, P.; Tong, H.; Zheng, J.C.; Yu, W.; Zhang, J. CNT-Decorated Na3V2(PO4)3
Microspheres as a High-Rate and Cycle-Stable Cathode Material for Sodium Ion Batteries. Acs Appl.
Mater. Interfaces 2018, 10, 3590–3595. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jpcs.2014.06.010
http://dx.doi.org/10.1016/j.jpowsour.2014.07.006
http://dx.doi.org/10.1016/j.electacta.2016.04.042
http://dx.doi.org/10.1016/j.apsusc.2017.01.148
http://dx.doi.org/10.1002/aenm.201903401
http://dx.doi.org/10.1002/adfm.201800587
http://dx.doi.org/10.1021/acsnano.8b00118
http://www.ncbi.nlm.nih.gov/pubmed/29505231
http://dx.doi.org/10.1016/j.electacta.2017.07.022
http://dx.doi.org/10.1021/acsami.7b19138
http://www.ncbi.nlm.nih.gov/pubmed/29425016
http://dx.doi.org/10.1016/j.electacta.2014.08.049
http://dx.doi.org/10.1016/j.electacta.2016.12.117
http://dx.doi.org/10.1021/acs.chemrev.9b00618
http://dx.doi.org/10.1149/1.1467947
http://dx.doi.org/10.1103/PhysRevLett.96.058302
http://dx.doi.org/10.1038/s41563-020-0756-y
http://dx.doi.org/10.1038/nmat3784
http://dx.doi.org/10.1021/acsami.8b01888
http://www.ncbi.nlm.nih.gov/pubmed/29635915
http://dx.doi.org/10.1021/acsami.7b16402
http://www.ncbi.nlm.nih.gov/pubmed/29356505


Materials 2020, 13, 3797 12 of 12

63. Zhang, F.; Teng, X.; Shi, W.; Song, Y.; Zhang, J.; Wang, X.; Li, H.; Li, Q.; Li, S.; Hu, H. SnO2 nanoflower arrays
on an amorphous buffer layer as binder-free electrodes for flexible lithium-ion batteries. Appl. Surf. Sci.
2020, 527, 146910–146920. [CrossRef]

64. Chen, W.; Kuang, S.; Liu, Z.; Fu, H.; Yun, Q.; Xu, D.; Hu, H.; Yu, X. Y-doped Li4Ti5-xYxO12 with Y2Ti2O7
surface modification anode materials: Superior rate capability and ultra long cyclability for half/full
lithium-ion batteries. J. Alloys Compd. 2020, 835, 155327–155336. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.apsusc.2020.146910
http://dx.doi.org/10.1016/j.jallcom.2020.155327
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Preparation of CuS/Cu1.8S Nanocomposites 
	Structure and Morphology of CuS/Cu1.8S Nanocomposites 
	Lithium-Ion Battery Performance of CuS/Cu1.8S Nanocomposites 

	Results and Discussion 
	Morphology and Structure of CuS/Cu1.8S Nanocomposites 
	Electrochemical Performance of CuS/Cu1.8S Nanocomposites 

	Conclusions 
	References

