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Abstract: CuS is a metal sulfide anode material used in constructing lithium ion batteries (LIBs)
with great promise. However, its practical application is limited by rapid capacity decline,
poor cycling, and rate performance. In this work, the CuS nanowire-on-nanoplate network is
synthesized through an improved dealloying method under two contrasting reaction temperatures.
When used as an LIB anode, the as-obtained CuS network exhibits superior cycling performance
(420 mAh-g~! retained after 100 cycles at 0.2 C). When at 3 C, it still delivers a capacity of around
350 mAh-g~!. The improved electrochemical performances of the CuS anode should be attributed to
the well-designed nanowire-on-nanoplate network structure in which the introduction of nanowires
improves Li storage sites, shortens Li-ion diffusion distance, enhances the conductivity of active
materials, and offers multiscale spaces for buffering the volume variation. The fabrication route
adopted in this paper has an important significance for developing the dealloying technique and
designing more suitable anode structures for LIBs.

Keywords: dealloying; CuS; anode; Li-ion battery; metallic glass

1. Introduction

With the fast development of electronic devices, lithium ion batteries (LIBs) that adopt commercial
graphite anodes have not satisfied the increasing demand for large capacity and high energy density
because the capacity of graphite is only 372 mAh-g~! [1,2]. Therefore, investigating larger specific
capacity alternative anode materials has brought great interest [3,4]. Currently, metal sulfides as new
generation anode materials are studied widely because of their higher theoretical capacities. Due to
the excellent electrical conductivity (~10~2 S-cm~!), abundant resource, and large theoretical capacity
(560 mAh-g~1) [5,6], CuS can be utilized as an electrode material for LIBs.

Despite many advantages, the practical application of CuS is hindered by rapid capacity
decay, which is caused by the huge volume change and active material loss due to formation and
dissolution of intermediate products. This includes polysulfides Li,Sy (2 < x < 8) during repeating
charge/discharge processes [7]. To solve these problems, many efforts including nanostructuring and
hybridizing CuS with carbon have been performed. These measures can prevent the aggregation
and pulverization of the electrodes, enhance electrical conductivity, and further improve their
electrochemical performances. Among different attempts, nanostructuring is one of the most simple
and effective routes. Nanostructured CuS with various morphologies [7-9] including nanospheres,
nanowires and nanoflakes have been fabricated. These nanostructures, with small particle sizes
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and plenty of space, are able to decrease the internal stress and alleviate the volume change upon
cycling [10].

Up to now, a variety of methods such as the sol-gel technique [11], the template method [12],
the thin film deposition method [13], and solvothermal synthesis [14] have been successfully applied
to fabricate nanostructured CuS. However, the disadvantages of these techniques such as prolonged
processing, a complicated preparation approach, and a low yield result in higher production cost of
CuS anodes. As such, a simple and low cost route for preparing nanostructured CuS materials is
urgently needed.

Dealloying as an ancient and popular technique to fabricate nanoporous metals [15,16] has been
recently extended into a new method for synthesizing nanostructured metal oxides/sulfides [17-19]
with different morphologies. Morphology controllable CuS nanoplates were successfully acquired
by Zhu et al. [19,20] through the simple and low-cost dealloying method. However, these nanoplates
showed poor cycling abilities when they were directly used as the anodes of LIBs. This may be
due to the low connectivity and the large nanoplate size. In this paper, we report a simple and
improved dealloying method to enhance the connectivity by generating nanowires among and on
different nanoplates. CuS nanowire-on-nanoplate networks were successfully fabricated via a two-step
chemical dealloying route under two contrasting reaction temperatures. In this situation, superficial
nanostructures and Li storage sites were dramatically increased and the conductivity of anode materials
was enhanced. As a result, an improved electrochemical performance was obtained. The fabrication
route adopted in this paper has important significance for developing a dealloying technique and
designing more suitable anode structures for LIBs.

2. Materials and Methods

2.1. Preparation of Materials

TiyCugg ingot was first obtained by arc melting of Ti and Cu metals (99.99 wt. %, purchased
from China New Metal Materials Technology Co., Ltd., Beijing, China). Then the TisgCugp metallic
glass ribbons with 20~25 um in thickness and 1.2~1.5 mm in width as the dealloying precursors were
prepared by a previously reported melt-spinning method [21,22]. The glassy ribbons were cut into
2 cm in length. CuS nanostructures were then synthesized by the chemical dealloying of the glassy
ribbons in 15 M H,SOy solutions. During the dealloying process, Ti elements were selected and
dissolved into electrolytes. Cu elements left behind were sulfurated by the sulphur atom in highly
concentrated HySO, solutions and further self-assembled into CuS nanostructures. The dealloying
was performed in an YT-r100 reaction kettle (Yantu Experimental Equipment Co., Ltd., Tianjin, China)
at two contrasting reaction temperatures. The first reaction was performed at 90 °C for 60 h to form
the CuS nanoplate matrix. Generally, a reaction at high temperature brings about a product with a big
size. To prepare nanowires with a small size, a secondary dealloying reaction was carried out at 10 °C
for 36 h. The synthesis process of the CuS sample is represented in Figure 1. It is worth noting that the
dealloying strategy adopted in this paper shows some differences to the previous dealloying processes,
which reflects in two contrasting reaction temperatures. For a temperature-sensitive chemical reaction,
it may bring us two kinds of reaction products either in morphology or in composition. CuS nanowires,
which were usually produced from complex reaction conditions, were also obtained by dealloying
at a low temperature process in this research study. That opens a door for us to design and fabricate
dealloying products in various shapes and create more interesting composite structures. The CuS
nanowire-on-nanoplate networks were finally obtained after being washed in ethyl alcohol, centrifuged
two times, and then dried under vacuum at 60 °C for 12 h. By dealloying TisyCug glassy ribbons in
15 M H,S0; solutions for 60 h at 90 °C, the CuS nanoplates were also prepared for a comparison.
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Figure 1. Schematic showing the synthesis process of the CuS nanowire-on-nanoplate network.

2.2. Materials Characterization

The phase analysis of the dealloying products was performed on an X-ray diffraction (XRD,
D8 Advance, Bruker, Karlsruhe, Germany) system alongside Cu K radiation. The valence state
of the samples was characterized using X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific, Waltham, MA, USA). The morphology of the products was observed by a scanning electron
microscope (SEM, Nova nanoSEM 450, FEI, Hillsboro, OR, USA) equipped with energy dispersive X-ray
spectroscopy (EDS, Oxford Instruments, Oxford, Oxfordshire, United Kingdom) and a high-resolution
transmission electron microscope (TEM, JEM-2010F, JEOL, Tokyo, Japan).

2.3. Electrochemical Measurements

For testing the electrochemical performance, CuS powders (70 wt. %), Super-P (10 wt. %, TIMCAL,
CAS number: 1333-86-4), and carboxymethyl cellulose (20 wt. %, Aladdin, CAS number: 9004-32-4)
were mixed in ultra-pure water (18.2 MQ2 cm) and grinded in an agate mortar manually for 30 min to
make a slurry, which was bladed on a Cu foil and dried at 70 °C for 12 h. The average mass loading of
the active material was calculated to be 1.0~1.1 mg-cm 2 through the mass difference of Cu disks with
and without electrode materials. Half-cells (CR2032 coin cells) were assembled in a glove box filled
with argon. The Li plate was used as the counter electrode. The electrolyte is a solution of 1 mol-L~?
LiPF¢ (Aladdin, CAS number: 21324-40-3) in ethylene carbonate (EC, Aladdin, CAS number: 96-49-1)
and dimethyl carbonate (DMC, CAS number: 616-38-6) with the volume ratio of 1:1. A Celgard 2400
porous membrane was used as the separator. The Galvanostatic charge and discharge measurements
were recorded by using a CT-4008 battery cycler system (Xinwei, Shenzhen, China) within a voltage
range between 1.0 V to 3.0 V (vs. Li* /Li). Cyclic voltammetry (CV) measurements were conducted
using an Im6e electrochemical testing system (Zahner, Kronach, Germany) in a potential range between
1.0 Vt0 3.0 V (vs. Li*/Li) at a scanning rate of 0.1 mV-s 1. The frequency of electrochemical impedance
spectroscopy (EIS) measurements ranged from 10 mHz to 100 kHz.

3. Results and Discussion

Figure 2a presents the SEM image of the glassy ribbon after dealloying. It can be seen that the
sample is macroscopically stacked by nanoplates, which form an interconnected network. The thickness
of the nanoplates is about 25 nm to 40 nm. The CuS nanoplates distribute uniformly and show porous
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feature, which is favorable for the conduction of electrical carriers. Figure 2b is an EDS analysis
of the sample. It is found that the sample mainly contains the elements of Cu and S. The absence
of Ti confirms that Ti is completely removed from the alloy during the process of dealloying in the
sulfuric acid solution. The presence of a small amount of carbon and oxygen may be due to the
superficial carbon deposition and oxygen absorption of samples in the washing, drying, storage, and
even testing process.

TIT T T T[T rTrrrryrr[rrrrrrrrrrrrrrrrrrry
0 5 10 15 keV

Figure 2. Scanning electron microscope (SEM) image (a) and corresponding energy-dispersive X-ray
spectroscopy (EDS) analysis (b) of the sample after dealloying.

A clear nanowire-on-nanoplate structure is uncovered by TEM in Figure 3a,b. The nanowires
with 4 nm to 7 nm in width and 40 nm to 60 nm in length were uniformly dispersed on the surface of
the nanoplate matrix. This structure presents a clear difference in a superficial feature compared with
previously reported CuS nanoplates. The generation of nanowires strongly improves the connectivity
of neighboring nanoplates and the specific surface area as well. The crystallinity of the sample is
satisfactory and the lattice fringes of CuS can be observed in Figure 3c. The lattice spacing of 0.189 nm
corresponds to the (110) crystal face of CuS. Figure 3d presents the selected area of the electron
diffraction (SAED) pattern. The radius of the polycrystalline diffraction pattern is 0.156 nm, 0.189 nm,
and 0.281 nm, which corresponds to the (116), (110), and (103) crystal faces of CuS, respectively.

Figure 4a shows the XRD pattern of the original TigoCugy sample. It demonstrates a pure
homogeneous amorphous structure due to the characteristic of a broad peak without appreciable
crystal peaks. Figure 4b is the XRD spectrum of the sample after dealloying. The obvious CuS
diffraction peaks of (100), (101), (102), (103), (006), (105), (106), (008), (110), (108), (116), and other crystal
faces are detected. These diffraction peaks coincide with the JCPDS Card No. 06-0464, which indicates
that CuS with high crystallinity was obtained after dealloying. Further information was obtained from
the XRD pattern and the JCPDS Card. It indicates that the as-obtained CuS possesses a hexagonal
system structure in which the space group is P63/mm. The lattice constant a equals 0.3792 nm and
c equals 1.6344 nm. The Cu 2p and S 2p core levels XPS spectra for the CuS nanowire-on-nanoplate
network are displayed in Figures 4c and 4d. Figure 4c is the Cu 2p spectrum in which 933.1 eV and
953.3 eV are assigned to the binding energy of Cu 2p3/, and Cu 2p;,, respectively. The binding
energy interval between Cu 2p3,, and Cu 2p;, is about 20.2 eV, which represents the existence of
copper as Cu?* ions in the CuS network structure [23]. Much stronger Cu?* satellite peaks located at
942.9 eV and 962.3 eV are observed in the Cu 2p spectrum of the sample, which further demonstrate
the existence of Cu?* [24]. It indicates that Cu will eventually be vulcanized into CuS after dealloying.
Figure 4d represents the S 2p spectrum. The typical peak ranging from 160 eV to 164 eV is fitted by
three peaks centering at 161.4 eV, 162.2 eV, and 163.2 eV, which corresponds to the binding energy
of 5-Cu [25-27]. A characteristic peak at 168.7 eV further proves the existence of metal sulfides [28].
Based on the analysis of the above XRD and XPS results, it can be concluded that CuS without any
impurities is affirmed.
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Figure 3. Transmission electron microscope (TEM) images (a—c) and corresponding selected area of the
electron diffraction (SAED) pattern (d) of the as-obtained CuS.
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Figure 4. X-ray diffraction (XRD) patterns of the TigyCugg ribbon before (a) and after dealloying (b).

(c,d) X-ray photoelectron spectroscopy (XPS) spectrums of the as-obtained CuS: (c) Cu 2p, (d) S 2p.
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It was reported that a reversible Li*-intercalation/deintercalation process takes place at higher
voltages (above approximately 1 V versus Li/Li*) [29] through a number of intermediate phases with
varying Li content. To continue the cycling series, CV and charge/discharge curves were tested in
the potential range between 1 V to 3 V in this work. The CV curves of the CuS anode are shown in
Figure 5a at a scanning rate of 0.1 mV-s~! between 1.0 V t0 3.0 V. During the first cathodic scan, two
reduction peaks appear at 2.3 V and 1.52 V, which represents the transformation from CuS to Li,CuS
and the conversion of Li,CuS to Cu, respectively [7]. In the subsequent scans, two reduction peaks
shift to 2.06 V and 1.55 V. There is a clear difference in the peaks between the subsequent cycles and
the first cycle, which can be attributed to the irreversible capacity loss and the formation of the solid
electrolyte interface (SEI) film. In the anodic scan, two oxidation peaks can also be found at 1.94 V and
2.36 V, which is associated with the oxidation of Cu to CuS. The following equations [30,31] show the
related electrochemical reactions.

CuS + xLi* + xe~ — LiyCuS 1)

LiyCuS + (2 — x) Li* + 2 — x) e~ — LiS + Cu )
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Figure 5. Electrochemical characterization of CuS anodes: (a) CV curves, (b) Charge/discharge curves
at 0.2 C, (c) Cycling performance and coulombic efficiency, and (d) Rate capability.

Figure 5b shows the voltage-capacity curves of the CuS network electrode with different cycles at
0.2 C (1 C corresponds to 560 mA-g~!). There are two potential plateaus to appear at 2.0 V to 2.2 V
and 1.5 V to 1.7 V in its discharge process and two plateaus are located at around 1.8 V to 2.0 V and
2.2V to 2.4 V in its charging cycle, which corresponds well with the CV data. The initial coulombic
efficiency was 87.4%. The irreversible capacity loss can be attributed to the irreversible side reactions
that occurred in the first discharge/charge process and the formation of the SEI film. From the 2nd
to the 100th cycle, the discharge capacity gradually decreases from 585.4 mAh-g~! to 425 mAh-g~!,
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which indicates the continuous consumption of active materials and the sustaining formation of the
SEI film.

Figure 5c presents both the cyclic performance and the coulombic efficiency data for the CuS
electrodes. It can be seen that at 0.2 C, the CuS nanoplate electrode undergoes fast capacity decay. Its
capacity is about 200.3 mAh-g ! after the 20 cycles and only 145.3 mAh-g ! after 100 cycles. By contrast,
the CuS electrode with a nanowire-on-nanoplate network shows an improved cycling ability, which
retains a capacity of 425 mAh-g~! after 100 cycles. This is about 60% of the first discharge capacity
(708 mAh-g~!). Along with the satisfactory cycling performance, the CuS nanowire-on-nanoplate
network exhibits an excellent coulombic efficiency of 98.3% even at the 100th cycle.

The rate capabilities of the CuS anodes are investigated in Figure 5d. The average capacities of the
CuS nanoplate electrode are 391, 289.4, 228.2, and 187.6 mAh-g’1 at0.2,0.5,1, and 2 C, respectively.
When performed at 3 C, the average capacity drops to 152.2 mAh-g~!. The capacity recovered to
236.7 mAh-g~! when the rate returned to 0.2 C, which shows poor reversibility. On the other hand,
when CuS nanowires were successfully generated into the CuS nanoplate network, it submits a
reversible discharge capacity of about 560 mAh-g~! at a low rate of 0.2 C. Furthermore, it delivers
reversible discharge capacities of 502.6, 451.2, 392.3, and 352.4 mAh- g’1 at the rates of 0.5, 1, 2, and
3 C, respectively. When the rate reversed to 2, 1, 0.5, and 0.2 C, the capacity recovered to 375.9, 404.4,
4225, and 460.5 mAh-g~!, respectively, which indicated significantly promoted reversibility.

Figure 6 represents the electrochemical impendence spectroscopy (EIS) of the electrodes. The state
of charge (SOC) of batteries in these tests is 100%. The high frequency semicircle in the Nyquist plot
was connected with the charge transfer resistance of the electrode while the slope line at the low
frequency is an indication of Warburg impedance of Li ions into active material diffusion. The curves
indicate that there is some difference between two kinds of fresh CuS anodes in the electrical resistance.
After 20 cycles, however, the charge-transfer resistance is reduced in the CuS nanowire-on-nanoplate
network anode while it increased for the CuS nanoplate anode, which aligns with the cycling data.

200 —
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Figure 6. Nyquist plots of CuS electrodes.

As shown in Table 1 [6,7,31-35], the Li-ion storage performance of the as-obtained CuS
nanowire-on-nanoplate network is superior to previous research studies. Compared to CuS
nanospheres prepared by the microwave irradiation method [6], the expected final discharge capacity
of the as-obtained Cu$ is about 395 mAh-g~! at 0.36 C after 100 cycles, which indicates superior
anode performance at a relatively high current density. The most valuable is the dealloying technique
used in this study, which is a simple and low-cost route that reveals a fair balance between cost and
performance. The performance enhancement in cycling and rate capability could be ascribed to the
following three aspects. First, the introduction of CuS nanowires on the nanoplate network improves
the specific surface area and offers a large number of active position for the Li-ion insertion/desertion.
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Second, the nanowire-on-nanoplate network improves conductivity, reduces electrical resistance, and
shortens the Li-ion diffusion length during cycling as compared to the bare CuS nanoplates structure.
Third, the CuS nanowire-on-nanoplate network offers sufficient multiscale spaces including spaces
among nanoplates, spaces among nanowires, and spaces between nanoplates and nanowires. These
spaces are meant for volume expansion and shrinkage, which is conducive to remitting the capacity
attenuation during repeating charge/discharge cycles.

Table 1. Comparative performance of CuS anodes for LIBs applications.

. . Current Cycle Final Discharge
Anode Material Preparation Method Density Number Capacity (mAh-g1) Reference
Hierarchical
CuS/graphene Hydrothermal method 0.09C 100 568 [7]
CuS-rGO Hydrothermal process 0.18C 50 451 [31]
CuS/graphene composite Hydrothermal method 0.09C 25 296 [32]
CuS nanospheres Microwave irradiation 0.36 C 100 379 [6]
method
CusS particles Hydrothermal process 02C 100 159.7 [33]
CusS coated on Cu foil Spray pyrolysis 01C 30 450 [34]
CuS nanosheet network In situ melt-diffusion 02C 100 468.3 [35]
strategy
CuS nanowire-on- . 425 ;
nanoplate network Dealloying 02C 100 (395 expected at 0.36 C) This work

4. Conclusions

In summary, the CuS nanowire-on-nanoplate network was synthesized by an improved dealloying
route under two contrasting reaction temperatures. It showed that CuS nanoplates with a big size
were synthesized under a reletively high temperature. CuS nanowires were subsequently prepared
on the nanoplates under a reletively low temperature. The new strategy opens a door for us to
design and fabricate dealloying products in various shapes and create more interesting composite
structures. The electrochemical performances of the materials as anodes for LIBs were measured.
The first discharge capacity of the CuS electrode reached 708 mAh-g~! at 0.2 C and it remained at
425 mAh-g~! during the 100th cycle. However, it still exhibited a stable capacity around 350 mAh-g~!
at 3 C. The results prove that the design strategy for improving the connectivity and conductivity of
anode materials is beneficial. The as-designed nanowire-on-nanoplate network structure including
the multiscale spaces improved connectivity, conductivity, specific surface area, and Li storage sites,
which guarantees adequate cycling and rate performance. This paper not only develops the dealloying
technique but also shows an effective structural design to acquire advanced anode materials with
satisfactory connectivity for LIBs.
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