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Nickel sulfide has been widely studied as an anode material for lithium-ion batteries due to its environmental friendliness, low cost, high conductivity, and high theoretical capacity. A simple hydrothermal method was used to prepare NiS nanospheres materials with the size in the range of 100–500 nm. The NiS nanospheres electrodes exhibited a high reversible capacity of 1402.3 mAh g−1 at 200 mA g−1 after 280 cycles and a strong rate capability of 814.8 mAh g−1 at 0.8 A g−1 and 1130.5 mAh g−1 when back to 0.1 A g−1. Excellent electrochemical properties and the simple preparation method of the NiS nanospheres make it possible to prepare NiS on a large scale as the anode of lithium-ion batteries.
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INTRODUCTION
With the gradual exhaustion of fossil energy and the resulting emission of carbon oxides, the development of new green and sustainable energy, such as wind energy and solar energy, presents a strong trend, which puts forward higher requirements for energy storage and conversion technology (Li S. et al., 2021). As new energy storage devices, lithium-ion batteries (LIBs) have been widely studied due to their long service life, no memory effect, high charging efficiency, and environmental friendliness (Hong and Song, 2018; Hou et al., 2020; Li W. et al., 2020; Teng et al., 2020; Zheng et al., 2020; Gao et al., 2021; Li H. et al., 2021; Li Z. et al., 2021; Wang L et al., 2021). Since LIBs were commercialized by Sony in 1991, graphite has been the main anode of LIBs for a long period (Park and Lee, 2019). Although graphite has high conductivity and good cycling stability, its poor rate performance and low theoretical capacity will limit its application and development in the future (Dong et al., 2019; Ren et al., 2021; Xia et al., 2021).
Nanomaterials have shown excellent physical and chemical properties in many fields due to their larger specific surface area and higher activity (Wang et al., 2014; Wang et al., 2017; Li H. et al., 2019; Zhou et al., 2019; Gu et al., 2021; Wang X et al., 2021; Zhao et al., 2021; Liang et al., 2022; Wang et al., 2022). Transition metal sulfide (TMS) nanomaterials have been extensively researched in the field of the anode materials of LIBs due to low redox potential, good conductivity, strong cycling stability, and high theoretical capacity (Zhao et al., 2018; Wang et al., 2020; Yang et al., 2021). Among them, NiS is an excellent choice to replace graphite anodes because of its good stability, high theoretical capacity (590 mAh g−1), and high conductivity (Ren et al., 2021). Recently, Lee et al. synthesized hierarchical carbon-coated NiS with a discharge capacity of 606 mAh g−1 after 100 cycles (Park and Lee, 2019). Gao et al. prepared porous NiS@NSC tubules using biological templates, which showed a discharge capacity of 715.9 mAh g−1 at the 200th cycle (Dong et al., 2019). Wang et al. prepared NiS/C nanomaterials with biomass biochar, exhibiting a reversible capacity of 411.6 mAh g−1 at the 100th cycle (Xia et al., 2021). However, most NiS nanomaterials have not shown the satisfying reversible capacity and cycle stability, and complex preparations restricted its mass production.
In this work, NiS nanospheres were prepared by a hydrothermal method and showed outstanding performance as anodes for LIBs. The initial discharge and charge capacities reached 1418.5 mAh g−1 and 778.3 mAh g−1 at 0.2 A g−1, respectively. The reversible capacity was up to 1402.3 mAh g−1 after 280 charging-discharging cycles. The discharge specific capacity of NiS nanospheres reached 814.8 mAh g−1 at 0.8 A g−1, and it increased to 1130.5 mAh g−1 when back to 0.1 A g−1, indicating an enhanced rate capability. The outstanding electrochemical performance indicated that the NiS nanosphere materials are more potential anodes for LIBs.
METHODS OF PREPARATION AND CHARACTERIZATION
Preparation of NiS Nanospheres
The schematic diagram of the preparation process of NiS nanospheres is shown in Figure 1. There were 244.85 mg (2 mmol) of L-cysteine and 475.38 mg (2 mmol) of NiCl2·6H2O added into ethylene glycol (35 ml) and stirred by a magnetic stirrer for more than 2 h. The mixture was transferred to a Teflon-sealed autoclave and thoroughly reacted for 24 h at 200°C. The black powder samples were acquired after alternately washing 6 times with deionized water and ethanol in a centrifuge (10,000 rpm for 10 min) and drying at 70°C in a vacuum for 12 h.
[image: Figure 1]FIGURE 1 | The schematic diagram of preparing NiS nanospheres.
Characterization of NiS Nanospheres
X-ray diffraction (XRD, SmartLab, Rigku Japan) and scanning electron microscope (SEM, GeminiSEM300, Zeiss, Germany) were used to characterize the composition, structure, and morphology of the black powder. The scan rate of the Cu Кα radiation is 5°/min in the range of 20°–80° for the XRD measurements.
Electrochemical Test of NiS Nanospheres
The anodes were made of carboxymethyl cellulose (CMC), carbon black, and NiS nanospheres powders (mass ratio 7:2:1). After coating the mixed paste on copper foil uniformly, the copper foil was dried for 12 h at 70°C under vacuum and cut into discs (113 mm2). The CR-2032 cells were assembled in argon with Celgard 2250 films used as the diaphragm, 1M LiPF6 solution with dimethyl ethyl carbonate and ethyl carbonate (v/v = 1:1) used as the electrolyte, and lithium disks used as counter-electrodes.
Land-CT3001A battery testing systems were used for the cycle performance test of NiS nanospheres at several different current densities. The electrochemical impedance spectroscopy (EIS, 10−2–105 Hz) and the cyclic voltammetry (CV, 0.1–1.5 mV s−1) curves were determined by a CHI660E electrochemical workstation. The electrochemical tests were realized at room temperature between 0.01 and 3.0 V.
RESULTS AND DISCUSSION
Structure and Morphology of NiS Nanospheres
The XRD patterns of the materials shown in Figure 2A have a high degree of matching with the standard card PDF No. 02-1280, which shows that the sample is pure NiS and no other components exist. The sharp diffraction peaks indicate that the samples are crystalline. In addition, the different peaks at 30.167°, 34.742°, 46.034°, 53.546°, and 73.327°, respectively, corresponded to the (100), (101), (102), (110), and (202) crystal planes of NiS. To further investigate the morphology, the NiS material was tested by SEM. The materials consisted of nanospheres with sizes between 100 and 500 nm as shown in Figure 2B.
[image: Figure 2]FIGURE 2 | (A) XRD patterns and (B) the SEM image of the material.
Electrochemical Performance of NiS Nanospheres
The initial five CV curves were measured at 0.1 mV s−1, as is shown in Figure 3A. In CV curves, three reduction peaks existed near 0.94, 1.32, and 1.58 V during the first cathode sweep (lithiation). The peak at 0.94 V denotes the formation of the solid electrolyte interphase (SEI) layer, which can be seen from the fact that this peak no longer exists in the second circle (Duan et al., 2015; Fan et al., 2017; Jin et al., 2017; Dong et al., 2019). The reduction peaks at 1.58 and 1.32 V represent the reduction process from NiS to Ni, which corresponds to the two reactions of Equations 1 and 2, respectively (Wang et al., 2011; Dong et al., 2019; Xia et al., 2021).
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[image: Figure 3]FIGURE 3 | (A) Initial five CV curves. (B) Initial five discharge and charge curves.
In the second cycle, the two peaks shifted to 1.74 and 1.27 V, while in the third cycle, they shifted to 1.77 and 1.35 V, which was due to the activation of the materials (Ni et al., 2012). The two reduction peaks in subsequent cycles almost completely coincide with that in the third cycle, which indicates the stable reduction reaction process.
Two oxidation peaks can be observed near 1.46 and 2.17 V during the first anode sweep (delithiation). The peak at 1.46 V, which vanishes in following cycles, represents the decomposition of the SEI layer (Vadivazhagan et al., 2021; Xia et al., 2021), and the peak at 2.17 V relates to the reaction of Ni to NiS (Vadivazhagan et al., 2021), which corresponds to Equation 3 (Vadivazhagan et al., 2021).
[image: image]
The oxidation peak at 2.17 V split into three peaks at 1.99, 2.14, and 2.27 V in the second cycle, which also represents the production of NiS (Han et al., 2017; Ren et al., 2021; Xia et al., 2021). In the subsequent cycles, the peak positions of the oxidation processes almost completely coincide with that in the second cycle, which shows the stable oxidation reaction process and cycle stability.
The initial five constant current discharge-charge curves of NiS nanospheres were measured at 100 mA g−1, as shown in Figure 3B. There is a small platform between 1.6 and 1.7 V and a large platform between 1.0 and 1.5 V during the first discharge process. The small platform corresponds to the reduction process of NiS to Ni3S2, while the large platform signifies the formation of the SEI layer as well as the reduction process of Ni3S2 to Ni, which completely corresponds to the CV curves. There is a small platform near 1.4 V and a large platform near 2.0 V in the first charge process, which corresponds very well to the oxidation peaks in the CV curves. As shown in Figure 3B, the discharge and charge capacities of the first cycle are 1949 mAh g−1 and 1257 mAh g−1 respectively. The discharge and charge capacities can be stable around 1200 mAh g−1 in the following four cycles, which are much higher than the theoretical capacity of NiS (Li Q. et al., 2020; Kim et al., 2020). The phenomenon could originate from the reversible formation of polymeric gel-like films around the transition metal particles (Laruelle et al., 2002), the interface lithium storage (Zhukovskii et al., 2006), and the surface conversion of LiOH to Li2O and LiH (Hu et al., 2013). It is worth noting that the discharge-charge curves almost completely coincide after the first circle, which shows the great electrochemical stability and reversibility.
The cycle performance and the rate capabilities of NiS nanospheres were measured, as shown in Figure 4. The initial discharge and charge capacities at 200 mA g−1 are up to 1418.5 mAh g−1 and 778.3 mAh g−1, respectively. The initial Coulomb efficiency is 54.9% and increases rapidly to more than 90% in the second cycle, and then remains near 100% to the 280th cycle. The cycle curve has two upward trends. The first upward trend during the initial 20 cycles could be ascribed to the active process of NiS nanospheres in the first few redox reaction cycles (Li L. et al., 2019; Li S. et al., 2019), and the second upward trend during the 160th to 280th cycle could be due to the increase of active sites caused by the rupture of the NiS nanospheres during cycles (Duan et al., 2015; Wang et al., 2020, Wang L et al., 2021) and/or the reversible growth of a polymeric gel-like film resulting from the kinetically activated electrolyte degradation (Feng et al., 2013; Rui et al., 2014; Duan et al., 2015). After 280 discharge-charge cycles, the high specific capacity of 1402.3 mAh g−1 is obtained, which shows that the NiS nanosphere materials have good reversibility and stability as the anode of LIBs. The comparison of electrochemical properties between this work and other NiS-based electrode materials is shown in Table 1, which shows the outstanding electrochemical performance of the NiS nanospheres materials.
[image: Figure 4]FIGURE 4 | (A) Cycle performance of NiS nanospheres. (B) Rate capabilities of NiS nanospheres.
TABLE 1 | Comparison of electrochemical properties between NiS2 nanospheres and other reported NiS-based materials.
[image: Table 1]It can be seen from Figure 4B that the specific capacities are 1224.3 mAh g−1, 1157.1 mAh g−1, 1003.6 mAh g−1, and 814.8 mAh g−1 at 0.1 A g−1, 0.2 A g−1, 0.5 A g−1, and 0.8 A g−1, respectively. The specific capacity returns to 1130.5 mAh g−1 when back to 0.1 A g−1, which shows that the NiS nanosphere electrodes have good reversibility and stability.
Kinetics Characterizations of NiS Nanospheres
To study the kinetic characteristics of NiS nanospheres as anodes of LIBs, the EIS of NiS nanospheres electrodes was measured before and after the cycle test, as shown in Figure 5A. The Nyquist curves are both made up of a straight line and two semicircles. The intercept denotes the resistance of the electrolyte and the electrode (Rs), the diameters of the small and large semicircles denote the resistance of the SEI layer to lithium-ions migration (Rcf) and the charge transfer resistance (Rct), respectively. It is obvious from Figure 5A that both the diameters before the cycle test are much larger than those after the cycle test, which shows that electrons and lithium-ions can move more easily and the NiS nanospheres electrodes have good conductivity during cycles. The insert of Figure 5A shows the equivalent circuit of the EIS curves, and all the parameters can be quantitatively fitted by it. The fitted values of Rs, Rcf, and Rct are shown in Table 2. Rs changes a little before and after the cycle test, but Rcf and Rct decrease significantly after the cycle test, which is more conducive to improving reversible capacity and cycle stability (Teng et al., 2020; Ren et al., 2021).
[image: Figure 5]FIGURE 5 | (A) EIS of NiS nanosphere electrodes before and after cycles; the inset is the equivalent circuit. (B) [image: image] plots in the low-frequency range of the NiS nanosphere electrodes before and after the cycling performance test.
TABLE 2 | Kinetics parameters of NiS nanosphere electrodes.
[image: Table 2]The diffusion coefficient of lithium-ions can be obtained by the following equations (Chen et al., 2018; Teng et al., 2020):
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where R represents the gas constant, T represents the thermodynamic temperature, here is the room temperature, A represents the surface area of the electrode, n stands for the number of electrons transferred in the oxidation or reduction reaction per molecule, f represents the Faraday constant, C represents the concentration of lithium-ions, and [image: image] represents the slopes of [image: image] plots in Figure 5B. By calculation, the diffusion coefficients of lithium-ions before and after the cyclic test are 2.05 × 10−16 cm2 s−1 and 3.04 × 10–14 cm2 s−1, respectively. With the increase of ion activity, the diffusion rate of lithium-ions and electrons is faster after the cycle test, which may also be one of the reasons for the increase of reversible capacity of NiS nanospheres electrodes during cycling.
To further study the dynamic characteristics of the NiS nanospheres, CV curves at different sweep rates were measured. The shapes of CV curves in Figure 6A are very similar, only the intensities of the peaks increase with the increase of sweep rates, which shows that NiS nanosphere electrodes have good cyclic reversibility in the process of lithium and delithium (Ren et al., 2021). The contribution proportions of ion diffusion and capacitance effect in the cycles at different sweep rates can be roughly estimated by the following two equations (Ge et al., 2018; Li W. et al., 2020).
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where i represents the peak current, and v represents the sweep rate. It indicates that the charge-discharge process is dominated by ion diffusion when b approaches 0.5, while when b approaches 1, the charge-discharge process mainly depends on the capacitance effect. The b values corresponding to the three peaks of redox reactions are 0.82, 0.71, and 0.75, respectively, as shown in Figure 6B, which shows that the current is the result of the joint action of ion diffusion and capacitance effect in these three reaction processes.
[image: Figure 6]FIGURE 6 | (A) CV curves at different sweep rates. (B) The corresponding plots of log(i) vs. log(v) at three redox peaks. (C) The CV curves and the voltage distribution (shaded part) at the sweep rate of 0.6 mV s−1. (D) Contribution ratio of capacitive at various sweep rates.
To further research the role of capacitance effect in NiS nanospheres electrodes, the following equation can be used to quantitatively calculate the current contribution proportion of capacitance effect (Wang et al., 2007; Ge et al., 2018).
[image: image]
where [image: image] represents the current contribution of capacitance effect and [image: image] represents the current contribution of the ion diffusion. Figure 6C shows the voltage distribution (shaded part) of capacitive current at 0.6 mV s−1. The proportion of capacitive current is great at 0.6 mV s−1, reaching 71.3%. Figure 6D shows the proportions of capacitance effect and ion diffusion in current contribution at different sweep rates. The current contribution proportion of capacitance effect increases from 59.4 to 85.2% with the increases of sweep rate from 0.1 mV s−1 to 1.5 mV s−1. The large current contribution of the capacitance effect also shows that NiS nanosphere electrodes have good rate capability. Two cells in series were used to light up the LED lamps of “NiS”, as shown in Figure 7, which indicates the potential application of NiS nanosphere material as anode for LIBs.
[image: Figure 7]FIGURE 7 | The LED lamps of “NiS” illuminated by two cells in series.
CONCLUSION
In this paper, NiS nanospheres were successfully synthesized by a simple hydrothermal method. The NiS nanosphere materials used as the anode of LIBs are not only simple to manufacture but also show outstanding electrochemical performance. After 280 charging-discharging circles, a high reversible specific capacity of 1402.3 mAh g−1 at 200 mA g−1 was obtained. In addition, the NiS nanosphere electrodes display a good rate capability. The reversible capacity still reaches 814.8 mAh g−1 even at 0.8 A g−1. In addition, the reversible capacity can still reach 1130.5 mAh g−1 when back to 0.1 A g−1. Furthermore, the conductivity after the cycle test is higher than that before the cycle test, which may be one of the reasons why the reversible capacity of NiS nanosphere electrodes increases during cycling. The proportion of capacitance contribution reaches 85.2% at 1.5 mV s−1, showing a strong rate capability of NiS nanospheres electrodes. The outstanding cycling stability and rate capability indicated that the NiS nanosphere materials are more promising anodes for LIBs.
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