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Abstract
Here, we have prepared carbon-coated cadmium sulfide nanowires with sulfur defect (Vs-CdS NWs@C) anode by a poly-
vinylpyrrolidone (PVP)-assisted solvothermal method. Vs-CdS NWs@C anode not only increases the wettability of the 
electrode material and the electrolyte but also exposes more active sites, which can effectively alleviate the volume expan-
sion during the charging and discharging process, accelerate the reaction kinetics, and maintain the stability of the electrode 
structure. At the same time, the surface defects engineered to construct unsaturated active sites on the surface contribute to the 
conductivity and introduce active sites for binding lithium ions. Finally, the conductivity of the carbon layer can effectively 
improve the electrode conductivity. Therefore, the synergistic regulation strategy of nanostructures, sulfur defect engineer-
ing, and carbon coating is expected to construct new and efficient anode materials for LIBs.
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Introduction

With the unprecedented human demand for portable elec-
tronic products and electric vehicles, lithium-ion batteries 
with high energy density, high cycling stability, high safety, 
and long life become particularly important in the whole 
energy system [1, 2]. Nevertheless, the graphite is hardly 
to meet the increasing demand for the high performance of 
LIBs. Therefore, it is urgent to develop high-capacity anode 
materials for LIBs. Metal sulfides such as iron sulfide [3–6], 
vanadium sulfide [7–10], nickel sulfide [11–14], and molyb-
denum disulfide [15–19] have been extensively studied for 
their excellent electrical conductivity, mechanical stability, 
and thermodynamic stability. Among metal sulfides, cad-
mium sulfide (CdS) has been widely used in photocatalysis, 

electrochemical sensors, light-emitting diodes, and solar 
cells due to its desired direct band gap (2.4 eV), excellent 
transport properties, and high electron mobility [20–26]. 
Therefore, it is necessary to investigate CdS as an anode 
material for LIBs due to its abundant resources and low 
price.

However, the huge volume change resulting in poor cycle 
life during the change and discharge process was the key 
issue of CdS anode. Consequently, a great deal of effort has 
been devoted to addressing the above-mentioned drawbacks 
of electrodes, and various strategies have been developed. 
Firstly, the construction of nanostructures has been con-
ducted for the preparation of high-performance anodes for 
LIBs [27–29]. Wei et al. have prepared MnO nanowire anode 
with diameters of 5–10 nm via hydrothermal and polymer-
ization-hydrolysis method. This nanowire anode has ultra-
long cycling stability, with a specific capacity of 757.4 mAh 
 g−1 after 1000 cycles at a current density of 1.0 A  g−1[30]. 
Secondly, defect engineering has been applied as a new strat-
egy to improve the performance of electrode materials. The 
existence of defect engineering is conducive to providing 
better electronic conductivity, higher ion diffusion mobil-
ity, lower interfacial charge transfer resistance, and more 
electrochemically active sites [31–33]. Liu et al. synthe-
sized a few-layered  MoS2-V2C-MXene@C with abundant 
sulfur vacancies via an in situ assembly and carbonization 
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strategies. The experimental results showed that this mate-
rial with high sulfur vacancies provided a capacity of 732.8 
mAh  g−1 after 100 cycles [34]. Finally, the formation of a 
carbon-coating layer not only facilitates electron transport 
but also helps to prevent electrode material aggregation dur-
ing repeated cycling [35, 36]. Yin et al. designed a carbon-
coated SnS nanotube composite using polyvinylpyrrolidone 
and carbon nitride as carbon sources. The carbon-coated 
SnS anode exhibits an excellent specific capacity of 547.7 
mAh  g−1 after 200 cycles even at a high current density 
(1.0 A  g−1) [37].These strategies benefit from shortening the 
electron diffusion length, increasing the conductivity, and 
slowing the volume expansion, resulting in materials with 
excellent electrochemical performance. Nanowires provide 
more surface area, which results in the larger electrode–elec-
trolyte contact area and reduced charging/discharging time. 
And nanowires can accommodate volume expansion, inhibit 
mechanical degradation, and extend cycle life. In addition, 
carbon coatings in composites maintains the structural integ-
rity of the electrode materials.

In this study, we have prepared Vs-CdS NWs@C anode by 
the PVP-assisted solvent-thermal method, which has the fol-
lowing advantages. Firstly, the nanowire structure can not only 
enlarge the electrode/electrolyte contact and further shortens 
the diffusion distance of  Li+ ions, but also positively allevi-
ate the volume expansion during charging and discharging. 
Secondly, the surface sulfur defects provide sufficient active 
sites for sulfur reduction to polysulfides and  Li2S nucleation. 
Thirdly, the close interaction between the nanowire structure 
and the carbon layer increases the structural stability of the 
electrode material and improves the electrical conductiv-
ity. Owing to these advantages, the Vs-CdS NWs@C anode 
shows outstanding electrochemical performance.

Experimental section

Synthesis of Vs‑CdS NWs@C

In a typical procedure, cadmium acetate dihydrate (0.265 g), 
thiourea (0.152 g), and polyvinylpyrrolidone (1.6 g) were 
mixed in deionized water (5  mL) and ethylenediamine 
(25  mL) solution under stirring for 40  min. Then, the 
obtained solution was poured into a 50-mL Teflon-lined 
autoclave and maintained at 100 °C for 20 h. The obtained 
precipitates were washed several times by deionized water 
and ethanol after the autoclave cooled to room temperature. 
Finally, the products were dried by vacuum freeze drying. 
The dried products was calcined in a tube furnace under a 
nitrogen atmosphere for 2 h and heated to 800 °C at a rate of 
5 °C/min. Pure CdS was prepared for comparison: cadmium 
acetate dihydrate (0.266 g) and thiourea ( 0.076 g) were 
first dissolved in deionized water (30 mL) with continuous 

stirring for 20 min. Then, the obtained solution was poured 
into a 50-mL Teflon-lined autoclave and maintained at 
150 °C for 10 h. The obtained precipitates were washed sev-
eral times by deionized water and ethanol after the autoclave 
cooled to room temperature. Finally, the products were dried 
in an oven at 60 °C for 24 h to obtain pure CdS.

Material characterization

The microstructure and morphology were observed by scan-
ning electron microscopy (SEM) at 3 kV (TESCAN MIRA 
LMS, Czech Republic) and transmission electron micros-
copy (TEM) at an accelerating voltage of 200 kW (FEI Talos 
F200X G2, USA). XPS data were collected using an ana-
lyzer (Thermo Scientific K-Alpha) with an aluminum anode 
(Al 1486.6 eV) as the X-ray source to verify the presence of 
sulfur vacancies. Raman measurements were performed on 
a Horiba LabRAM HR Evolution spectrometer at 532 nm 
excitation wavelength.

Electrochemical measurements

Electrochemical measurements were made by assembling 
a coin-cell (2032) in a glove box filled with argon gas and 
containing less than 0.1 ppm of oxygen and moisture. A 
pure lithium metal foil was used as the reference electrode. 
The electrolyte used was a 1 M  LiPF6 solution in diethyl 
carbonate/dimethyl carbonate/ethylene carbonate with a vol-
ume ratio 1/1/1. Where the amount of electrolyte was 30 µL 
on both sides of the separator, Celgard 2500 microporous 
membranes were used as separators. The Vs-CdS NWs@C 
electrode was prepared by mixing the active material, car-
bon black, and poly(vinylidene difluoride) (PVDF) in a 
mass ratio of 8:1:1. The mixed material was then uniformly 
dispersed in N-methylpyrrolidone (NMP) and magnetically 
stirred for 4 h to prepare the electrode slurry. It was then 
applied to the copper foil cleaned with anhydrous etha-
nol, and after drying, the copper foil was cut into 12-mm 
round electrode sheets. The mass of the active mass on 
the electrode sheet was calculated to be 0.8–1.5 mg  cm−2. 
Electrochemical impedance spectroscopy (EIS) and cyclic 
voltammetry (CV) tests were performed using a CHI760E 
electrochemical workstation (CHENHUA, Shanghai, China). 
Constant current charge/discharge (GCD), cycle stability, 
and rate performance measurements were performed using 
the NEWARE battery test system.

Results and discussion

Figure 1 shows the preparation process of Vs-CdS NWs@C 
composites. It was prepared by a PVP-assisted solvothermal 
method. First, the protonation reaction of ethylenediamine 
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with water at 100 °C results in the formation of positively 
charged ammonium ions. Then the protonated ethylenedi-
amine molecules are combined with S ligands to form adja-
cent CdS layers [38]. Meanwhile, excess thiourea can adsorb 
on the surface of primary nanocrystals, partially blocking 
the directional growth of the crystals, and a large number of 
sulfur vacancies were generated at low temperatures [39]. 
Finally, Vs-CdS NWs@C were constructed by 2-h high-
temperature carbonization in  N2 atmosphere.

The material components of CdS and VS-CdS NWs@C 
were analyzed by XRD. The XRD patterns of CdS and 
VS-CdS NWs@C are shown in Fig. 2a. The sample has 
all strong diffraction peaks that are in accordance with the 
standard card of CdS (JCPDS No. 41–1049). Samples were 
free of obvious contaminants. The results show that this 
simple and low-cost PVP-assisted solvothermal method 
can obtain high-purity Vs-CdS NWs@C. The constituent 

elements and valence states of the material were analyzed 
via XPS pattern. Figure 2b shows the XPS full spectrum 
of the Vs-CdS NWs@C material, and the XPS full spec-
trum of CdS can be seen in Fig. S1. All peaks in the XPS 
spectra have been corrected by a carbon peak at 284.8 eV. 
The presence of sulfur vacancies in Vs-CdS NWs@C can 
be observed in Fig. 2c, where the binding energy of the S 
2p peak decreases from CdS (161.49 eV, 162.80 eV) to Vs-
CdS NWs@C (160.37 eV, 161.68 eV), and the two char-
acteristic peaks at 161.49 and 162.80 eV match the S  2p3/2 
and S  2p1/2 orbitals, respectively. Report demonstrated that 
the S  2p1/2 peak corresponding to low-coordination sulfur 
was related to sulfur vacancies[42]. Therefore, we have cal-
culated a sulfur vacancy concentration (Vs) of 10.2% and 
the results are summarized in Table S2. Additionally, the 
Cd high-resolution profile has two distinct binding energy 
firm peaks at 405.01 and 411.76 eV (Fig. 2d) belonging to 

Fig. 1  Schematic diagram of 
the synthesis process of Vs-CdS 
NWs@C

Fig. 2  a XRD patterns of 
Vs-CdS NWs@C and CdS, 
b Vs-CdS NWs@C XPS full 
spectrum; XPS spectra of Vs-
CdS NWs@C and CdS, c Cd 
3d, and d S 2p
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 Cd5/2 and  Cd3/2. At the same time, the Cd peaks (404.13 eV, 
410.88 eV) of the Vs-CdS NWs@C are displaced to the 
lower binding energy region owing to the increase in the 
density of the  Cd2+ electron cloud in the S vacancy region 
[40]. Figure S5 shows the Raman spectra of all samples at 
an excitation wavelength of 532 nm. The peaks at about 300 
and 600  cm−1 are attributed to the first-order (1LO) and sec-
ond-order (2LO) modes of CdS, respectively. In addition, 
from the VS-CdS NWs@C spectra, two peaks were clearly 
presented at 1350 and 1580  cm−1, which can be attributed 
to the D and G bands of carbon, respectively. The ID/G ratio 
of the composite is about 1.01, indicating the amorphous 
carbon. This indicates that the material has been success-
fully carbon coated.

SEM and TEM are utilized to investigate the morphology 
and structure of the Vs-CdS NWs@C. A fluffy nanowire-
like structure can be observed by SEM in Fig. 3(a, b). And 
the morphological structure of CdS can be seen in Fig. S2. 
As shown in Fig. 3c, the TEM images further indicate that 
the synthesized Vs-CdS NWs@C is in the form of fluffy 

nanowires, which is consistent with the SEM results taken. 
This unique nanowire structure increases the specific surface 
area of the Vs-CdS NWs@C and increases the contact area 
between the Vs-CdS NWs@C electrode and the electrolyte. 
This structure also alleviates the volume expansion of the 
anode material during lithium-ion intercalation and dein-
tercalation reactions. And the carbon coating improves the 
lack of electrical conductivity of the CdS. Meanwhile, the 
corresponding SAED map (Fig. 3e) shows the presence of 
multiple diffraction rings. The resulting Vs-CdS NWs@C is 
polycrystalline. Upon further analysis of Fig. 3d, the lattice 
plane spacing was measured to be 0.316 nm, which coin-
cides with the (101) crystal plane of CdS [41]. In addition, 
the EDS elemental mappings are depicted in Fig. 3(g, f), 
illustrating the homogeneously dispersion of Cd, S, C, and 
N elements in the Vs-CdS NWs@C.

Figure 4a shows the CV curves of the Vs-CdS NWs@C 
electrode at a scanning rate of 0.1 mV  s−1 in a voltage 
range of 0.05–3 V. It can be seen that there are two dis-
tinct cathode peaks in the discharge curve of the first 

Fig. 3  Vs-CdS NWs@C: a, b SEM image, c TEM image, d HRTEM image, e SAED image, f, g HAADF-STEM image and EDS elemental 
mapping distribution of the Vs-CdS NWs@C
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cycle, corresponding to voltages of 0.93 V and 0.57 V, 
respectively. Meanwhile, the reaction processes corre-
spond to the conversion of CdS to Cd and the alloying 
of Cd to  Li3Cd, respectively. In the charging curve of the 
first cycle, there are two distinct anodic peaks located 
at 0.7 V due to the dealloying reaction of  Li3Cd to Cd. 
The peak near 2.1 V is due to the reaction between the 
Cd and the  Li2S to form the CdS. Figure 4b depicts the 
typical GCD profiles of the Vs-CdS NWs@C electrode 
at a current density of 0.1 A  g−1 between 0.05 and 3.0 V. 
A clear discharge plateau at 1.2 V and a clear charging 
plateau at 1.6 V appeared. It is noted that the plateau 
voltage in the GCD curves are consistent with the redox 
peak in the CV profiles. The discharging and charging 
capacities of the Vs-CdS NWs@C electrode were 1247.2 
and 623.9 mAh  g−1 in the first cycle, in which the second 
and third cycles basically coincident. For comparison, 
the GCD curves of the CdS electrode can be seen that 
the difference between the second and third cycles is 
large in Fig. S3. This fact can indicate that the Vs-CdS 
NWs@C electrode has higher specific capacity than CdS. 
As shown in Fig. 4c, the rate performances of CdS and 
Vs-CdS NWs@C electrode were measured at different 
current densities ranging from 0.1 to 5 A  g−1. The Vs-CdS 
NWs@C electrode shows the higher specific capacity, 
when the current density was set to 0.1, 0.2, 0.5, 1.0, 2.0, 
and 5.0 A  g−1, corresponding to the charge capacities 
of 536.8, 589.8, 361.5, 219.6, 155.3, 104.3, 263.8, and 
46.7 mAh  g−1. When the current density is restored to 0.1 

A  g−1, the specific capacity can still reach 442.56 mAh 
 g−1. The rate performance indicates that our structural 
design can facilitate electrolyte penetration and accelerate 
lithium ion transport at low current densities, allowing 
the conversion reaction to be completed thoroughly and 
high capacity to be achieved. However, at high current 
densities, kinetic polarization caused by ion transport 
resistance becomes severe, resulting in severe capac-
ity degradation. Similarly, the cycling performance and 
capacity of Vs-CdS NWs@C electrode outperformed that 
of pure CdS electrodes in the cycling test (Fig. 4d). After 
100 cycles, the Vs-CdS NWs@C electrode still maintains 
a capacity of 625.6 mAh  g−1. As the number of cycles 
increases, it can be seen that the Vs-CdS NWs@C elec-
trode exhibits excellent stability at a current density of 
0.2 A  g−1 (Fig. S4). Excellent electrochemical perfor-
mance of the Vs-CdS NWs@C electrode is attributed to 
the synergistic modulation strategy of its nanostructure, 
surface defect engineering, and carbon coating. They 
enhance the dispersion and conductivity of the material 
and also accelerate the ion/electron transport efficiency. 
In addition, we have carried out a comparison of the elec-
trochemical performance, which can be seen in Table S1.

To further confirm the high reaction kinetics of Vs-
CdS NWs@C electrode, CV curves from 0.2 to 1.0 mV  s−1 
were examined, as shown in Fig. 5a. Generally, the charge 
contributions contain two parts: redox pseudocapacitance 
and intercalation. The capacitive process shows high reac-
tion kinetics. The degree of capacitive contribution can be 

Fig. 4  a CV plot of the first 
three turns; b charge–discharge 
plot of the first three turns; c 
multiplier performance plot; d 
comparison of cycling perfor-
mance comparison at 0.1 A g.−1
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reflected by the b-value originated from the relationship 
between current (i) and scanning rate (v) in Eq. (1).

The b-values are between 0.5 and 1. If the b-value is close 
to 1, the capacitive contribution predominates. The b-values 
of Vs-CdS NWs@C electrode in the charging process are 
displayed in Fig. 5b. The b-values calculated according to 
Eq. (1) are 0.77 and 0.78, respectively, indicating a higher 
contribution of capacitance control and higher reaction 
kinetics.

In order to quantitatively analyze the capacitive and dif-
fusive contributions, the current response (i) at potential 
(V) can be divided into two components as the capacitance-
controlled contribution to the current (k1v) and the diffusion-
controlled contribution to the current (k2v1/2), as shown in 
Eq. (2).

where k1v at b = 1 and k2v1/2 at b = 0.5 are associated with the 
capacitive and diffusion control processes, respectively. As 
shown in Fig. 5c, the CV curve at 1 mV  s−1 can be divided 
into two regions. The ratio of the two contributions is equal 
to the ratio of their areas. As shown in Fig. 5d, the capaci-
tance contribution increases gradually with the increase of 

(1)Logi = bLogv + Loga

(2)I(V) = k
1
v + k

2
v
1∕2

scanning rate, and the capacitance contribution of Vs-CdS 
NWs@C electrode at 1.0 mV  s−1 is as high as 88.71%. It can 
be found that the capacitive part occupies the more consid-
erable capacity contribution at high rates. This significantly 
enhanced pseudocapacitive effect of the Vs-CdS NWs@C 
electrode is responsible for its excellent reaction kinetics. 
It is attributed to its large surface area and sulfur vacancy, 
providing more active sites for surface reactions.

The  Li+ diffusion kinetics and charge transfer behavior 
of the VS-CdS NWs@C and CdS electrodes were evalu-
ated using the EIS experiments. Figure 5e depicts the 
Nyquist plots of the both electrodes after 100 cycles. An 
equivalent circuit model as shown in the inset of Fig. 5e 
was used to fit these spectra. In the EIS equivalent cir-
cuit, Rs in the high-frequency region is related to the bulk 
resistance of the battery; Rct represents a charge transfer 
resistance; CPE are the corresponding capacitors for Rct; 
W1 is the Warburg impedance of  Li+ migration in elec-
trode materials. By fitting with the Zview program, the 
charge transfer resistance (Rct) for the VS-CdS NWs@C 
and CdS electrodes was determined to be 54.6 and 147.1 
Ω, respectively. The fitting parameters can be seen in 
Table S3. The charge transfer resistance of the Vs-CdS 
NWs@C electrode was significantly lower than that of the 
CdS electrode, indicating that the Vs-CdS NWs@C elec-
trode has a faster surface electron mobility. In addition, 

Fig. 5  a The CV profiles at different scan rates of the Vs-CdS 
NWs@C electrode; b b-value calculation results; c capacitive con-
tribution to charge storage at a sweep speed of 1.0  mV   s−1; d con-
tributions of the diffusion-controlled and capacitive capacity of the 

Vs-CdS NWs@C anode at diverse sweep speeds; e Nyquist plot; f 
relationship between the fundamental part of impedance and low fre-
quencies
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the diffusion coefficient of  Li+ (DLi
+) can be calculated by 

following equation:

where R is the ideal gas constant, T is the absolute tempera-
ture, n is the number of electrons transferred per  Li+ during 
charging and discharging, F is Faraday’s constant, CLi

+ is the 
concentration of lithium ions contained per unit cell volume, 
A is the contact area of the electrode surfaces, σ is Warburg’s 
diffusion constant, its value is obtained through Eq. (4), Z´is 
the abscissa of the EIS spectrum, and DLi

+ is the lithium-ion 
diffusion coefficient. The diffusion coefficient of the Vs-CdS 
NWs@C electrode was 2.92 ×  10−16  cm2  s−1 higher than that 
of the CdS (3.87 ×  10−16  cm2  s−1) electrode. This is because 
that the large specific surface area and defect engineer-
ing can effectively shorten the  Li+ diffusion path and thus 
improve the  Li+ transport kinetics within the electrode.

Conclusion

In summary, we prepared Vs-CdS NWs@C by a PVP-assisted 
solvothermal method. The lithium-ion battery anode prepared 
by this method facilitates the diffusion of the electrolyte through 
the synergistic modulation of nanostructures, sulfur defects, 
and carbon coatings; improves the contact area of the Vs-CdS 
NWs@C electrode with the electrolyte; increases the structural 
stability; and alleviates the volume expansion of the Vs-CdS 
NWs@C electrode during lithium-ion intercalation/deintercala-
tion. Therefore, when the Vs-CdS NWs@C electrode is used 
as the anode material, it shows remarkable cycling stability 
and excellent reversible capacity, which still gives a reversible 
capacity of 625.6 mAh  g−1 after 100 cycles at a current den-
sity of 0.1 A  g−1. The nanowire structure and sulfur defects 
increase the electrode structure’s active sites while enhancing 
the carbon coating’s conductivity, resulting in superior electro-
chemical performance. Our results show that this idea provides 
a new avenue to design new LIB metal-sulfide anode materials 
with high specific surface area, sulfur-containing vacancies, and 
good electrical conductivity.

XPS full spectra, SEM image of CdS, Raman spectra of 
 VS-CdS NWs@C and CdS, and detailed electrochemical 
performance can be found in the supplementary information.
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