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a b s t r a c t

Nickel disulfide is used as anode material for sodium-ion batteries, with low cost, abundant reserves, and a 
wide variety of theoretical specific capacities as high as 870 mAh g−1. However, large volume expansion and 
low ionic conductivity during Na+ intercalation and deintercalation lead to poor electrochemical perfor-
mance. This work has synthesized carbon layer-coated and N-doped NiS2 nanospheres through PVP-assisted 
hydrothermal and subsequent annealing processes, reducing volume expansion and improving electrical 
conductivity and Na+ storage activity, increasing ion diffusion kinetics during electrochemical charge-dis-
charge in excellent specific capacity and cycle stability. When evaluated as a negative electrode for Sodium- 
ion batteries (SIBs), it exhibits excellent specific capacity (554.3 mAh g−1 at 0.2 A g−1, first-cycle coulombic 
efficiency of 92.3 %), and excellent long-cycle stability (436.3 mAh g−1 at 1 A g−1 for 800 cycles), demon-
strating the potential of NiS2@NC as an ideal anode material for SIBs.

© 2022 Elsevier B.V. All rights reserved. 

1. Introduction

The concept of carbon neutralization promotes the vigorous de-
velopment of the new energy industry and increases the demand for 
secondary batteries [1–3]. Lithium-ion battery (LIBs) has become a 
widely used secondary battery because of their high energy density, 
excellent cycle performance, and no memory effect [4,5]. Due to the 
limited lithium resources on the earth, they could not meet the 
growing demand for energy storage. The replacements for LIBs are 
become urgently needed in recent years [6–8]. The SIBs has similar 
reaction mechanism and energy storage characteristics to LIBs. At 
the same time, the SIBs have some advantages of low cost, abundant 
reserves, more security, and a higher thermal runaway temperature 
than LIBs. So it has become a perfect candidate for the new gen-
eration of energy storage systems [9–12]. However, the large radius 
and relative molecular weight of sodium-ion lead to large volume 
expansion and low energy density in the process of battery reaction 
[13–15]. The above problems accelerate the pace of building suitable 
anode materials and performance optimization for SIBs. Transition 
metal oxides (TMO) and transition metal sulfides (TMS) are com-
monly used as anode materials for sodium-ion batteries with 

excellent electrochemical performance [16–18]. Compared with 
TMO, TMS has better cycling stability, smaller polarization, and 
better ionic conductivity. [19–21]. NiS2 is a common TMS material. 
The theoretical capacity of SIBs reached 870 mAh g−1, which is 
higher than other nickel sulfide members, and it has good potential 
in the field of energy storage [22,23].

However, NiS2 has the disadvantages of large volume expansion 
and low electronic conductivity in the process of ion insertion and 
extraction [24]. To solve the above problems, researchers usually 
focus on nanostructure design to shorten the Na+ diffusion path, 
increase the specific surface area of the material, and relieve volume 
expansion during repeated sodiumization/de-sodiumization. 
[25,26]. On this basis, suitable conductive coatings further improve 
the electrical conductivity of the material and finally increase the 
Na+ diffusion rate and electrochemical performance [27,28]. Wen 
et al. have composited embedded porous carbon nanofibers with 
NiS2 nanoparticles as anodes for SIBs, with a remarkably high-rate 
capacity of 500 mAh g−1 at 0.1 A g−1 and 200 mAh g−1 at 2 A g−1 [29]. 
Qian et al. have obtained the NiS2/graphene composite by the L-cy-
steine-assisted hydrothermal method, which can maintain a re-
versible capacity of 800 mAh g−1 at a current density of 0.5 A g−1 for 
900 cycles [22]. Element doping is also a strategy to further improve 
ionic conductivity, and enhance the specific capacity and rate cap-
ability through synergistic effects. Recently reported the synthesis of 
phosphorus-doped eggshell NiS2/C microspheres by Li et al., when 
used as SIBs anode, the hybrid material exhibits excellent cycling 
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stability of 265 mAh g−1 at 1 A g−1 after 1000 cycles [30,31]. 
Therefore, the above modification strategies are worth considering.

Here, C4H6O4Ni·4 H2O and Na2S2O3·5 H2O are chosen as raw 
materials and dopamine hydrochloride as carbon source to synthe-
size carbon layer-coated NiS2 nanospheres (NiS2 @NC) by a simple 
PVP-assisted hydrothermal method. The amorphous carbon layer 
could modify the NiS2 lattice, accelerate the intercalation and 
deintercalation of Na+, help alleviate the volume expansion, and 
reduce the influence of side reactions. A small amount of nitrogen- 
doped during annealing improves the sodium ion diffusion and 
transfer kinetics. The stable nanosphere structure accommodates 
the volume effect of the cycling process and enhances the electro-
chemical activity of Na+ storage. Benefiting from the above mod-
ification method, NiS2@NC has a capacity of 554.3 mAh g−1 after 400 
cycles at a current of 0.2 A g−1, and the coulomb efficiency of the first 
cycle is as high as 92.3 %. After 800 cycles at a current of 1 A g−1, the 
specific capacity is 436.3 mAh g−1. NiS2@NC has excellent electro-
chemical performance, making it a good choice among many SIBs 
anode materials.

2. Experimental section

2.1. Synthesis of NiS2 nanospheres

0.6 g PVP-k30 was dispersed into 160 ml deionized water (DI) 
and 80 ml EG. Then, 2 mmol C4H6O4Ni·4 H2O and 6 mmol 
Na2S2O3·5 H2O were added to the PVP suspension in a continuous 
stirring process for 1 h. Next, the homogenous solution was trans-
ferred into a Teflon-lined autoclave and the autoclave was kept in an 
oven at 180 °C, the obtained suspension was centrifuged, and the 
precipitate was washed thoroughly with water and absolute ethanol. 
The final products were dried at 60 °C for 10 h in a vacuum oven.

2.2. Synthesis of NiS2@NC

The obtained 0.2 g NiS2 nanospheres and 80 mg dopamine hy-
drochloride were dispersed into a Tris-buffer solution (10 mM, 
100 ml, pH = 8.5) under magnetic stirring at room temperature for 
8 h. The black precipitates were collected by centrifugation and 
washing using DI water and ethanol a lot of times. The products 
were dried at 60 °C for 10 h, which was further annealed in Ar at-
mosphere at 500 °C for 2 h with a heating rate of 2 °C/min to obtain 
the final nitrogen-doped carbon-coated NiS2 nanosphere, which was 
abbreviated as NiS2@NC.

2.3. Materials characterizations

The phase characteristics of the materials were measured by an 
X-ray diffractometer (XRD, D8 ADVANCE) with a diffraction angle of 
2θ = 20–80°. The surface morphologies of the materials were in-
vestigated by cold field emission scanning electron microscopy 
(SEM, Hitachi S-4800) and high-resolution electron microscopy 
(TEM, Talos L120C). X-ray photoelectron spectroscopy (XPS, Thermo 
Fisher ESCALAB Xi+) investigated the chemical structure and valence 
information of the material surface. Thermogravimetric analysis 
(TGA) was performed in the air on a Shimadzu-50 thermal analyzer. 
The specific surface area and pore size distribution were determined 
by BruauerEmmett-Teller (BET) by N2 adsorption and desorption test 
(Autosorb-iQ-Cx) at 77 K.

2.4. Electrochemical measurements

The active material, acetylene black and polyvinylidene fluoride 
(PVDF) were dissolved in NMP at a mass ratio of 8:1:1 and stirred for 
12 h to prepare a working electrode. The resulting slurry was then 
coated on copper foil and vacuum dried for 12 h. As drafted, the 

working electrode was cut into 12 mm diameter disks. The counter 
electrode was sodium foil, the separator was glass fiber membrane, 
and the electrolyte was 1 M NaClO4 dissolved in ethylene glycol 
dimethyl ether (DME). Electrochemical performance tests were 
carried out using a battery tester (Netware, Shenzhen) and an 
electrochemical workstation (CHI 600E, Shanghai Chenhua). All tests 
are performed at room temperature.

3. Results and discussion

Fig. 1 is a diagram of the process preparation of NiS2@NC. Sur-
factant PVP can promote the surface growth of nanospheres [32]. 
First, Ni2+ and S2O3

2- generated by C4H6O4Ni·4 H2O and 
Na2S2O3·5 H2O grow with the surface of the PVP. The NiS2 nano-
spheres could be obtained by hydrothermal process. Then the NiS2 

were coated with polydopamine to form NiS2@PDA through im-
mersion into a dopamine aqueous solution. NiS2@PDA precursor was 
annealed in Ar to obtain carbon-coated nitrogen-doped NiS2 nano-
spheres (NiS2@NC).

Fig. 2a-b shows that SEM images of NiS2 and NiS2@NC exhibited a 
uniform morphology of nanospheres, with the size of microspheres 
being about 70 nm. The surface growth of NiS2 is accelerated and 
nucleation becomes uniform nanospheres due to the incorporation 
of PVP. From Fig. 2a, the structure of NiS2 nanospheres did not 
change after dopamine hydrochloride and subsequent high-tem-
perature annealing. Simultaneously, the N-doped carbon coating via 
the annealing process was formed around the microspheres. TEM 
and HRTEM further indicated the morphology and crystal structure 
of NiS2@NC. The morphological features are similar to SEM and 
could be exactly seen from the low magnification TEM image 
(Fig. 2c), the size of the microspheres is identical, about 70 nm, and 
the NiS2 @NC covering the carbon layer can be seen. The carbon layer 
thickness was observed to be about 2 nm by HRTEM (Fig. 2d), and 
the lattice fringes of NiS2 were observed to show a lattice spacing of 
0.201 nm, which matched the (220) plane of NiS2. The above results 
fully prove that NiS2 is successfully coated by the carbon layer after 
PDA annealing.

Fig. 3a shows the X-ray diffraction pattern of NiS2@NC for an 
intuitive understanding of its crystal structure. It can be observed 
from the X-ray diffraction spectrum that the diffraction peaks in the 
figure match the standard card NiS2 (JCPDF#80–0375). There are 
obvious apparent peaks at 31.6°, 35.3°, 38.8°, 45.3°, and 53.6°, cor-
responding to (200), (210), (211), (220), (311), respectively. The sharp 
diffraction peak indicates that the product has good crystallinity. 
There is no obvious peak related to carbon in the diffraction pattern, 
meaning that the carbon layer formed by PDA coating is in an 
amorphous form [33]. The carbon content in NiS2@NC was de-
termined by TGA analysis. As shown in Fig. 3b, the temperature 
range was set at 50–800 °C, and the calcination was carried out in an 
air atmosphere. The slight weight loss before 400 °C is due to the loss 
of adsorbed water in the composite, and the significant weight loss 
at 400–750 °C is due to the combustion of C and NiS2. Based on the 
factual analysis, NiO (52.3 wt%) was finally retained. By calculation, 

Fig. 1. Schematic illustration of the synthesis procedure of NiS2@NC. 
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the content of NiS2 is about 78.51 %, and the content of NC is 21.49 %. 
The calculation process is shown in S1.

Fig. 3c-d show the N2 adsorption-desorption isotherms and pore 
size distributions of NiS2 and NiS2@NC, and the samples exhibit 

typical hysteresis loops at high pressure, indicating the existence of 
mesoporous distribution [34]. The BET surface area (16.3403 m²/g) 
and pore volume (0.073425 cm³/g) of NiS2@NC are larger than those 
of NiS2 (4.2912 m²/g, 0.049516 cm³/g). It can be seen from the pore 

Fig. 2. Structural and morphological characterization: (a) SEM of NiS2, (b) SEM of NiS2@NC, (c) TEM of NiS2@NC, and (d) HRTEM image of NiS2@NC. 

Fig. 3. XRD patterns of NiS2@NC. (b)TGA analysis of NiS2@NC. (c) N2 adsorption and desorption isotherms and (d) pore size distributions of the NiS2 and NiS2@NC materials. 
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size distribution diagram (Fig. 3d). The pore size of the material is 
mostly 2–20 nm. The larger specific surface area and certain meso-
porous properties of NiS2@NC increase the contact area between the 
active material and the electrolyte and improve the Na+ diffusion 
rate [35].

The element valence state and chemical distribution of NiS2 @NC 
were characterized by X-ray electron spectroscopy (XPS). As shown 
in Fig. 4a, the C1s spectrum can show two characteristic peaks at 
284.8 eV and 286.2 eV, corresponding to C-C and C-N-C bonds, re-
spectively [36]. In Fig. 4b, the fitting peaks of the N1s energy spec-
trum at 398.7 eV, 399.8 eV, and 400.7 eV could be obtained, which 
are respectively assigned to pyridine N, pyrrolic N, and graphitic N, 
indicating that the doping of N element in NiS2 and the existence of 
N element structural stability could be increased by forming defects 
through affinity for C [37,38]. The binding energies of Ni 2p3/2 and 
2p1/2 for the NiS2@NC are observed at around 855 and 873 eV, re-
spectively, along with two satellite peaks at 862.1 and 879 eV. Fur-
ther deconvolution of the Ni 2p3/2 spectra yields two distinct peaks, 
where the peak at 853.48 eV and 855.98 eV are attributed to Ni2+ and 
Ni3+ in the NiS2@NC, respectively. The appearance of Ni3+ is due to 
the surface oxidation of NiS2 [39,40]. Fig. 4d corresponds to the XPS 
peak of S2p, which can be deconvolved to two binding energy peaks 
of 162.4 eV and 163.6 eV, corresponding to S2p1/2 and S2p3/2, re-
spectively. The peak at 165 eV is the concomitant peak of S2p3/2. This 
indicates the existence of NiS2 S-S bond, and the sulfur states in 
NiS2@NC include not only S2p1/2 and S2p3/2, but also sulfur states 
from C-S (160.7 eV), which is related to the carbon source. The wide 
satellite peak at 167 eV indicates the presence of S2-. [41,42]. Thus, 
XPS demonstrated the successful compounding of NiS2@NC.

The cyclic voltammetry (CV) curves of NiS2 @NC at 0.1 mV/s for 
the first three cycles are shown in Fig. 5a. In the first cathodic scan, a 
sharp and strong peak was generated at 1.17 V, which disappeared in 
the following two cycles, which is due to the insertion of Na+ into the 
lattice to form NaxNiS2 (NiS2 +xNa++xe→NaxNiS2), which simulta-
neously generates in the solid electrolyte interface (SEI), the 

reduction peak observed at 0.87 V corresponds to the conversion 
reaction process of NaxNiS2 to Ni and Na2S (NaxNiS2 +(4-x) Na++(4-x) 
e-→Ni+ 2Na2S). In subsequent cycles, the reduction peaks detectable 
at 0.87 V and 1.43 V indicate the intercalation reaction and formation 
of NaxNiS2 during discharge. In the first scan of the anode, the oxi-
dation peaks at 1.68 V and 2 V correspond to the conversion of Ni 
and Na2S to NaxNiS2 and the reduction of NiS2. We can also observe 
that the redox peaks of the first cycle are slightly shifted from those 
of the subsequent cycles, which indicates that NiS2@NC has better 
electrochemical reversibility. As shown in Fig. 5b, in the first three 
cycles, the NiS2 @NC galvanostatic discharge test at a current density 
of 0.2 A g−1, The first discharge and charge capacities are 640.04 and 
591.36 mAh g−1, respectively, and the corresponding coulombic effi-
ciencies are about 92.3 %. The irreversible capacity of the first cycle is 
due to the formation of the SEI film [23,43]. After the second cycle, 
the discharge capacity dropped to 555.31 mAh g−1, and the charge 
capacity dropped to 551.46 mAh g−1 correspondingly. The coulombic 
efficiency was as high as 99%, and remained above 99 % in the 
subsequent cycles, indicating that the sodiumization/de-sodiumi-
zation process of NiS2@NC has good reversibility.

To further understand the effect of carbon coating and N element 
doping modification on the sodiumization and de-sodiumization of 
NiS2@NC, further electrochemical tests have been conducted. Fig. 5c 
shows the cycling performance of NiS2@NC at a current density of 
0.2 A g−1, and the composite exhibits excellent cycling stability 
compared to pure NiS2. NiS2@NC maintains a reversible capacity of 
554.3 mAh g−1 after 400 cycles, significantly higher than that of NiS2 

(341.1 mAh g−1). The discharge capacity of NiS2@NC decays rapidly 
within the initial cycle, dropping from 640 to 489.7 mAh g−1 after 20 
cycles, and levels off after 75 cycles, finally reaching 554.3 mAh g−1. 
The initial decay is mainly due to the suboptimal activation process. 
The subsequent gradual recovery of capacity is attributed to the 
activation of the microspheres during cycling, which improves the 
electronic conductivity and accelerates the electron transfer [44–46]. 
Still, the capacity difference is large, which is attributed to the 

Fig. 4. (a–d) High-resolution XPS spectra of C 1s, and N 1s, Ni 2p, S 2p, of the NiS2@NC composite material. 
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addition of the N element to accelerate the intercalation and dein-
tercalation of Na+, coating of the carbon layer improves the ionic 
conductivity. While releasing the structural stress, the structure is 
more stable. On behalf of evaluating the rate performance of the two 
materials, the current densities of 0.2, 0.5, 1, 2, and 0.2 A g−1 were set 
for test comparison (Fig. 5d). The capacities of NiS2 @NC at different 
current densities are 524.3, 479.1, 444.7, 411.1 mAh g−1. When the 
current returned to 0.1 A g−1, the capacity remained at 483.9 mAh 
g−1. In sharp contrast to the rate performance of NiS2, the capacity 
dropped significantly. The discharge capacities were 303.7, 235.1, 
216.7, 208.1, and 276 mAh g−1. The differences in NiS2 and NiS2@NC 
electrochemical reaction kinetics, and electronic conductivity were 
further explored by EIS. As shown in Fig. 5e, the material impedance 
curve consists of a semicircle and an oblique line. The diameter of 
the arc in the high and middle-frequency region represents the 
charge transfer impedance (Rct), the oblique line is caused by the 
Warburg impedance (diffusion impedance), and its slope represents 
the diffusion impedance. The electrochemical process is dominated 
by charge transfer and Na+ diffusion [47]. the Rct value of NiS2@NC is 
smaller than that of NiS2, and further, through the slope, it can be 
obtained that the Na+ intercalation and deintercalation rate in NiS2 @ 
NC is faster, and more ideal Na+ storage is obtained dynamics. At the 
same time, the cycling performance of NiS2@NC at 1 A g−1 (Fig. 5f) is 
also tested. After 800 cycles, NiS2@NC maintained a reversible ca-
pacity of 436.3 mAh g−1, and the coulombic efficiency remained 
above 99 %, showing its excellent long-cycle stability. Based on the 
above electrochemical performance analysis, the superb rate of 

performance of NiS2@NC is due to the comprehensive synergistic 
effect of carbon layer coating and N element doping.

To further study the electrochemical reaction kinetics of NiS2@ 
NC, the CV curves at different scan rates of 0.2–1.6 mV/s are analyzed 
(Fig. 6a). The redox peaks at different scan rates are similar in shape. 
When the scan rate increases, the peak current increases corre-
spondingly, and the peak position shifts slightly, which is caused by 
electrode polarization [48]. The relationship between the current (i) 
of the CV curve and the scan rate can be obtained by the following 
equation to judge the capacitive effect [49]:

=i avb (1) 

The b value can be estimated from the fitted line from log v and 
log i. The b value is close to 1, indicating that pseudocapacitive Na 
ion storage dominates the NiS2@NC electrode, and b is close to 0.5, 
indicating that diffusion dominates. Fig. 6b shows the cathodic and 
anodic process b values of 0.711, and 0.504, which illustrate that the 
electrochemical reaction of NiS2@NC is controlled by both capaci-
tance and diffusion. We can further quantify the diffusion effect and 
the capacitive contribution by Eq. 2 [50]:

= +i v k v k v( ) 1 2
1/2 (2) 

Fig. 6c shows that at 0.6 mV/s the capacitive charge accounts for 
80% of the total charge, and the capacitive contribution increases as 
the scan speed increases (Fig. 6d). Kinetic analysis shows that the 
capacitive process is the source of a large amount of stored charge. 

Fig. 5. (a) CV curves at 0.2 mV/s and (b) galvanostatic discharge/charge profiles for NiS2@NC in SIBs at 0.2 A g−1 for the first three cycles. (c) Cycling performance at 0.2 A g−1 and 
(d) rate performance at 0.2–2 A g−1 of NiS2 and NiS2@NC. (e) Nyquist plots of NiS2 and NiS2@NC. (e) Cycle performance at 1 A g−1 of NiS2@NC.
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The carbon coating of nitrogen-doped NiS2 nanospheres enables a 
faster ion transfer rate.

4. Conclusion

In summary, NiS2@NC composites were synthesized by a simple 
PVP-assisted hydrothermal and subsequent annealing process. It can 
be seen by SEM and TEM that the NiS2 nanospheres were covered by 
a thin carbon layer. The nanosphere structure reduced the volume 
expansion while shortening the Na+ diffusion path and improving 
the Na+ storage activity. The carbon layer significantly improved the 
ionic conductivity of NiS2@NC and accelerates ion diffusion, redu-
cing capacity loss. In addition, the doping of nitrogen further en-
hanced the conductivity of the material and improved the ion 
diffusion kinetics. The synergistic effect between the nanosphere 
structure and the nitrogen-doped carbon layer enhanced the specific 
capacity and rate capability of the battery. In SIBs, it exhibited a 
considerable capacity of 554.3 mAh g−1 at 0.2 A g−1 after 400 cycles. 
The coulombic efficiency of the first cycle is as high as 92.3 %, 
showing excellent sodium storage performance, while at a current 
density of 1 A g−1, it can still maintain 436.3 mAh g−1 for 800 cycles, 
showing its good cycling stability. This modification strategy and 
excellent electrochemical performance made NiS2@NC promising as 
an ideal anode material for SIBs.
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