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ABSTRACT  

Two-dimensional metal dichalcogenides have demonstrated outstanding potential as cathodes for 

magnesium-ion batteries. However, the limited capacity, poor cycling stability and severe 

electrode pulverization, resulting from lack of void space for expansion, impede their further 

development. In this work, we report for the first time, nickel sulfide (NiS2) hollow nanospheres 

assembled with nanoparticles for use as cathode materials in magnesium-ion batteries. Notably, 
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the nanospheres were prepared by a one-step solvothermal process in the absence of an additive. 

The results show that regulating the synergistic effect between the rich anions and hollow structure 

positively affects its electrochemical performance. Crystallographic and microstructural 

characterizations reveal the reversible anionic redox of S2-/(S2)
2-, consistent with density functional 

theory results. Consequently, the optimized cathode (8-NiS2 hollow nanospheres) could deliver a 

large capacity of 301 mA h g-1 after 100 cycles at 50 mA g-1, supporting the promising practical 

application of NiS2 hollow nanospheres in magnesium-ion batteries. 
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Increasing demand for lithium-ion batteries (LIBs), spurred by the rapid adoption of electric 

vehicles, has exposed significant shortcomings of LIBs, which include safety concerns and lithium 

supply chain issues.1-3 The development of safer alternative metal-ion batteries with higher 

material abundance, higher energy density and longer cycling stability can alleviate such 

shortcomings.4-7 A potential alternative to LIBs are rechargeable magnesium-ion batteries (MIBs), 

which stand out due to their relatively low cost, safety at ambient temperatures, high volumetric 

capacity (Mg: 3837 mA h cm-3, vs. Li: 2062 mA h cm-3, Na: 1136 mA h cm-3), and suitable 

reduction potential (-2.4 V vs. standard hydrogen electrode).8-12 However, industrial adoption of 

MIBs is impeded by the sluggish electrochemical kinetics of Mg2+ caused by electrostatic force 

and the incompatibility between the electrolyte and electrode.13-19  

 

The electrochemical kinetics of Mg2+ can be improved by using electrodes made with 2D transition 

metal dichalcogenides (TMDs) due to their intrinsically high ionic conductivity and the weak 

interactions between Mg2+ and less electronegative host anions.20-23 Furthermore, TMDs are 

superior compared to other compounds such as metal oxides as an electrode material because of 

their unique layered structure and large interlayer spacing, which facilitate the transport of Mg2+.24-

27 Nevertheless, TMD-based electrodes still have significant problems that need to be adequately 

addressed, including reduced ion mobility and poor rate performance stemming from the high 

charge density of Mg2+, as well as significant volumetric changes resulting from Mg2+ insertion 

and extraction.25, 28, 29  

 

Various strategies have been employed to alleviate these problems, including coupling with 

carbon-based materials, fabricating microstructures, and introducing heteroatom doping.30-32  
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Notable examples include NiS nanoparticles embedded in carbon nanofibers with a capacity of 

265 mA h g-1 after 45 cycles at 50 mA g-1,33  CuSe nanoflakes with a capacity of 180 mA h g-1 

after 100 cycles at 200 mA g-1 (218 mA h g-1 at 50 mA g-1, rate capacity),34 and NiS2 nanoparticles 

in carbon nanotubes, delivering a capacity of 95.2 mA h g-1 after 2000 cycles at 200 mA g-1 (244.5 

mA h g-1 at 50 mA h g-1, rate capacity).30 However, these non-hollow TMD nanostructures are 

unable to accommodate the large volumetric changes that occur during repeated magnesiation and 

demagnesiation, resulting in electrode pulverization and poor cycling stability. Therefore, 

exploring and developing promising cathodes with internal void space and high magnesium 

storage performance is imperative. 

 

To this end, we developed a one-step solvothermal process to fabricate anion-rich NiS2 hollow 

nanospheres composed of nanoparticles as a cathode material for MIBs. Hollow NiS2 

nanostructures have not been demonstrated as cathodes for MIBs to the best of our knowledge.  

Our findings reveal that hollow structure rich in anions improved magnesium storage performance. 

Specifically, the extensive anionic redox in NiS2 contributed to large capacity and long cycling 

stability. The resulting optimized cathode (8-NiS2) could deliver a capacity of 301 mA h g-1 at 50 

mA g-1 after 100 cycles. Meanwhile, the crystallographic and microstructural characterizations 

reveal that NiS2 could be reformed during the charging process. The novel design strategy for NiS2 

hollow nanospheres could also provide new inspiration for discovering other high-performance 

TMDs-based cathode materials. 
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Results and discussion 

The NiS2 hollow nanospheres were prepared via a one-step solvothermal method in the absence of 

additives (Figure 1a). It is worth noting that the formation of a hollow structure typically requires 

additives or templates. In this work, the organic nickel compound, nickel(II) acetylacetonate 

(Ni(ac)2) and thioacetamide (TAA) were separated as nickel and sulfide sources to obtain the 

hollow spherical structure via Ostwald ripening.35 Samples of 4-NiS2, 6-NiS2, and 8-NiS2 hollow 

nanospheres represent the different ratios of Ni/S that were used in the synthesis (namely, 1:4, 1:6, 

and 1:8 respectively). The crystal structure of these samples was examined using X-ray diffraction 

(XRD) (Figure 1b), with the peaks agreeing well with the standard pattern of NiS2 (JCPDS: 03-

065-3325), indicating successful preparation of NiS2 samples. Well-defined and sharper 

reflections of NiS2 were observed with increasing amounts of S loading (8-NiS2 > 6-NiS2 > 4-

NiS2), indicating that higher S loading may have increased NiS2 crystallinity. 

 

X-ray photoelectron spectroscopy (XPS) was further employed to analyze the surface elements of 

as-prepared samples. The survey spectra (Figure S1) show the apparent co-existence of Ni and S 

elements. In the high-resolution Ni 2p spectra (Figure 1c), the binding energies at 871.2 and 853.7 

eV are assigned to Ni 2p1/2 and Ni 2p3/2 of Ni2+, respectively.36 The peaks for 6-NiS2 and 4-NiS2 

hollow nanospheres have higher binding energies, indicating the anionic-rich feature of 8-NiS2 

hollow nanospheres.5, 37 In terms of S 2p spectra (Figure 1d), the binding energies of 8-NiS2 hollow 

nanospheres present at 161.7 and 162.8 eV are associated with (S2)
2-, and the peaks at 163.8 and 

163.9 eV are related to the existence of (Sn)
2-.38-40 In comparison, the corresponding peaks of S 2p 

in 4-NiS2 and 6-NiS2 hollow nanospheres have been shifted to higher binding energies, 

corresponding with the trend seen on Ni 2p. To detect the anionic distribution in NiS2 hollow 
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nanospheres, XPS of Ni 2p was conducted with different etching times of 0, 120, 300, and 600 s. 

For 4-NiS2 and 6-NiS2, a more noticeable shift in Ni 2p XPS spectra was observed with increasing 

etching time compared to 8-NiS2 (Figure 1e-g). These results demonstrate that the S vacancies 

existed in the exterior of 4-NiS2 and 6-NiS2. In contrast, no significant XPS shift on 8-NiS2 hollow 

nanospheres at different etching times confirmed the high content of anions in the exterior and 

interior of these samples. The abundance of (S2)
2- in 8-NiS2 hollow nanospheres is favorable for 

redox reactions in the electrochemical process, thus enhancing electrochemical performance.  
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Figure 1. (a) Schematic illustration of the synthesis of NiS2 hollow nanospheres, (b) XRD patterns, high-

resolution XPS spectra of (c) Ni 2p and (d) S 2p, XPS spectra of Ni 2p for (e) 4-NiS2, (f) 6-NiS2, and (g) 8-

NiS2 hollow nanospheres, respectively.  

 

Figure 2. (a-c) Histogram of NiS2 size distributions for 8-NiS2, 6-NiS2, and 4-NiS2 hollow nanospheres. 

SEM images of (d) 8-NiS2, (e) 6-NiS2, and (f) 4-NiS2 hollow nanospheres, respectively. (g) SEM image, (h) 

TEM image, (i) HRTEM image, (j) STEM image, and corresponding EDS mapping of (k) S and (l) Ni in 

8-NiS2 hollow nanospheres.  

 

SEM and TEM images were collected for insight into the morphology and interior structure of 

NiS2 hollow nanospheres. The samples of 8-NiS2, 6-NiS2, and 4-NiS2 hollow nanospheres all 
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possess a spherical morphology (Figure 2(d-f)). The SEM image of 8-NiS2 at higher magnification 

shows that NiS2 hollow nanospheres consisted of nanoparticles with a diameter of about 250 nm 

(Figure 2g). A histogram of NiS2 hollow nanospheres size distributions in Figure 2(a-c) show 

average sizes of 267, 330, and 494 nm for the 8-NiS2, 6-NiS2, and 4-NiS2 hollow nanospheres, 

respectively. The hollow interior structure can be inferred from the imperfection on the 

nanospheres, which is corroborated by TEM on the 8-NiS2 sample (Figure 2h). The diameter of 

the interior structure is estimated to be 180 nm, which could provide sufficient space to 

accommodate volume variation in the magnesiation/demagnesiation process. For 4-NiS2 and 6-

NiS2 hollow nanospheres, the features of the hollow structure have also been observed, as 

exhibited in Figure S2. The lattice fringe is measured to be 0.28 nm, corresponding to the (200) d-

spacing, and suggests the successful preparation of 8-NiS2 hollow nanospheres (Figure 2i).  

mapping images obtained using scanning transmission electron microscopy (STEM) indicate the 

uniform distribution of Ni and S elements in 8-NiS2 hollow nanospheres (Figure 2(j-l)). 

 

The solvothermal processes are also conducted with different reaction times to support the Ostwald 

ripening formation mechanism of the hollow structure. Figure S3 shows XRD patterns with 

varying reaction times of 3 and 12 h (labeled as NiS2-3h and NiS2-12h). The intensity of peaks 

increased with increasing reaction time, suggesting that the crystalline structure of NiS2 hollow 

nanospheres is enhanced with the ongoing reaction time. The SEM images (Figure S4) corroborate 

the XRD findings, where only NiS2-12h hollow nanospheres are composed of well-defined 

particles compared to NiS2-6h and NiS2-3h. Besides, the SEM images of the samples with reaction 

times of 10 and 20 min display the presence of particles, while no spherical morphology is found 

(Figure S5). The microspherical morphology appeared when the reaction time increased to 1 h. 
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TEM images of samples with different reaction times (1, 3, 6, and 12 h) present the gradual 

formation of the hollow interior structure from the early solid sphere (Figure S6). These 

observation results consolidate the Ostwald ripening formation mechanism, in which the particle 

formed first, then aggregated to form the hollow spherical structure. 

The electrochemical properties of NiS2 hollow nanospheres are evaluated to highlight the 

importance of anion-rich content in cathode materials. The cycling performance of 4-NiS2, 6-NiS2, 

and 8-NiS2 hollow nanospheres are tested at a current density of 50 mA g-1 (Figure 3a). The 

electrode of 8-NiS2 hollow nanospheres delivers a stable capacity of 301 mA h g-1 after 100 cycles. 

For comparison, the electrode of 4-NiS2 and 6-NiS2 hollow nanospheres exhibit lower capacity of 

220 and 214 mA h g-1 after 50 cycles, respectively, suggesting the advantages of anion-rich 8-NiS2 

hollow nanospheres. The intensity of dQ/dV peaks for 8-NiS2 is also the highest compared with 6-

NiS2 and 4-NiS2 hollow nanospheres (Figure S7), indicating that the anion-rich NiS2 is more 

favorable for the electrochemical process (Figure 3b). The related charge-discharge curves of 8-

NiS2 hollow nanospheres after the 40th, 80th, and 100th cycles share almost overlapping profiles 

(Figure 3c), indicating the stability of the electrochemical process. Specifically, a stable working 

voltage above 1.0 V reflects energy density enhancement. As demonstrated in Figure 3d, rate 

performance has been explored at various current densities of 50–500 mA g-1. For 8-NiS2 hollow 

nanospheres, an average capacity of 419.7, 271.8, 135.4, 64.2, and 22.1 mA h g-1 can be maintained 

at the corresponding current densities of 50, 100, 200, 300 and 500 mA g-1, respectively. When the 

current density returns to 50 mA g-1, a capacity of 466.2 mA h g-1 is retained, demonstrating 

excellent rate capacity reversibility. In contrast, 6-NiS2 and 4-NiS2 hollow nanospheres 

demonstrate poor rate performance and low capacity. The charge-discharge curves of 8-NiS2 

hollow nanospheres at different current densities show that a stable working voltage could be 
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observed at increasing current densities (Figure 3e). In contrast, the plateaus of 4-NiS2 and 6-NiS2 

hollow nanospheres disappear with increasing current densities, highlighting the advantages of 

anion-rich 8-NiS2 hollow nanospheres (Figure S8).  

To explore the diffusion coefficient of Mg2+ during the discharge process, the galvanostatic 

intermittent titration technique (GITT) of the three electrodes was conducted at 50 mA g-1
 (Figure 

3f). The Mg2+ diffusion coefficient for 4-NiS2, 6-NiS2, and 8-NiS2 hollow nanospheres are 

evaluated according to the equation: 

𝐷𝑠 =  
4

𝜋𝜏
(

𝑛𝑚𝑉𝑚

𝑠
)

2

(
∆𝐸𝑠

∆𝐸𝑡
)2                                                                                                            (1) 

in which ∆𝐸𝑠 and ∆𝐸𝑡 represent the steady-voltage variation after relaxation and transient voltage 

change after the discharge process. τ is the relaxation time and 𝑉𝑚 is the volume of NiS2 hollow 

nanospheres. We observed that the Mg2+ diffusion coefficient of 8-NiS2 hollow nanospheres 

calculated from GITT curves is higher than that of 6-NiS2 and 4-NiS2 (Figure 3g). This result 

indicates that the electrode consisting of 8-NiS2 hollow nanospheres possesses the fastest diffusion 

coefficient of Mg2+, which account for the superior electrochemical properties of 8-NiS2 hollow 

nanospheres.  

 

The CV curves at increasing scan rates are presented in Figure S9 to detect the capacity 

contribution from the diffusion-controlled process and capacitance. The specific contribution was 

computed based on the following equation: 

𝑖 = 𝑘1𝑣 + 𝑘2𝑣1/2                                                                                                                          (2) 
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in which k1 and k2 are constants, and v is the sweep rate. It can be observed that capacitance 

contribution increased with an increase in sweep rates. Specifically, the percentage from 

capacitance contribution can reach 83.8% at 1 mV s-1, which supports the large capacity and a 

stable electrochemical performance. The electrochemical impedance spectroscopy (EIS) results 

suggest that 8-NiS2 hollow nanospheres have a lower resistance after ten cycles than before cycling 

(Figure S10), explaining the increase in capacity upon cycling. As illustrated in Table S1, the 

electrode of 8-NiS2 hollow nanospheres demonstrate obvious advantages in terms of capacity and 

cycles, indicating the successful rational design of the electrodes.30, 33, 34, 41-46 

 

Figure 3. Electrochemical performance of NiS2 hollow nanospheres: (a) cycling performance of 4-NiS2, 6-

NiS2, and 8-NiS2 hollow nanospheres at 50 mA g-1, (b) dQ/dV curves, and (c) charge-discharge profiles of 

8-NiS2 hollow nanospheres at 50 mA g-1, (d) rate performance, (e) charge-discharge profiles, (f) GITT 
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curves in the discharge process, and (g) the calculated Mg-ion diffusion coefficient of 4-NiS2, 6-NiS2, and 

8-NiS2 hollow nanospheres. 

 

 

Figure 4. (a) Ex-situ XRD patterns of 8-NiS2 hollow nanospheres at different electrochemical states, (b) 

schematic of the DFT results, and (c) the corresponding charge-discharge profiles at 50 mA g-1. Ex-situ 

TEM images of 8-NiS2 hollow nanospheres (d) discharge to 0.01 V, (e) charge to 1.8 V, and (f) the 

corresponding EDS mapping of 8-NiS2 hollow nanospheres at different potentials.  

 

To systematically understand the working mechanism of 8-NiS2 hollow nanospheres, ex-situ XRD 

was performed during the insertion/extraction of Mg2+ at different stages of the discharge/charge 

process (Figure 4a). When the cell discharged to 0.8 V, the peaks for NiS were observed (JCPDS 
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no. 001-1286). After discharge to 0.01 V, some new peaks appeared, which could be ascribed to 

the crystal phase of Ni3S2 (JCPDS no. 01-073-0698). During the charging process, peaks of NiS2 

were observed while those of NiS disappeared, clearly indicating a reversible electrochemical 

process. To provide evidence for the anionic redox reactions ((S2)
2-/S2-), a selected area of Mg 

anode was investigated after the discharge process with time-of-flight secondary ion mass 

spectrometry (TOF-SIMS). The depth profiles and relevant 3D reconstruction of the sputtered 

volume of several secondary ion fragments of S- and NiS- show that the surface of Mg foil has 

traces of S anions. This should be assigned to some soluble S intermediates, corroborating the 

anionic redox mechanism (Figure S(11,12)). 

 

From the results of density functional theory (DFT), the Mg4Ni4S8 structure is found to be the most 

favorable in terms of its formation over other numbers of Mg inserted based on insertion energy. 

The theoretical capacity of this structure is calculated to be 436 mA h g-1, agreeing well with the 

experimental result. In addition, this magnesiated structure is relatively stable. For example, the 

crystal structure remains intact when Mg is removed (Figure 4b). The DFT results correlate well 

with the reversible electrochemical process. The relevant charge-discharge profiles are depicted in 

Figure 4c, and several electrochemical states are selected for ex-situ characterization. In the 

discharged state at 0.01 V, the lattice fringes are measured to be 0.28 and 0.29 nm, matching well 

with (300) and (11̅0) crystal faces of NiS and Ni3S2, respectively (Figure 4d). In the charged state 

at 1.8 V, the primary (300) crystal face of NiS was detected, corresponding with the ex-situ XRD 

results (Figure 4e). Furthermore, the related EDS mappings show the even distribution of Mg, Ni, 

and S elements, corresponding with the observation from TEM (Figure 4f). The whole 

electrochemical process can be summarized as follows: 
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𝑁𝑖𝑆2 + 𝑀𝑔2+ + 2𝑒− → 𝑁𝑖𝑆 + 𝑀𝑔𝑆                                                                                      (3) 

3𝑁𝑖𝑆 + 𝑀𝑔2+ + 2𝑒− ↔ 𝑁𝑖3𝑆2 + 𝑀𝑔𝑆                                                                                  (4) 

 

Figure 5. (a, c) TOF-SIMS normalized depth profiling of several typical secondary ion fragments (Mg+, 

Ni+) on the electrodes after 8 and 16 discharge cycles, respectively. (b) 3D reconstruction of the sputtered 

volume of several secondary ion fragments of S-, Ni+, and Mg+ after 8 discharge cycles. (d) 2D render 

images of the electrode and related 3D reconstructions of S-, Ni+, and Mg+ after 16 discharge processes. 

 

A quantitative analysis of the different cycles (8 and 16 cycles) of the 8-NiS2 hollow nanospheres 

cathode is enabled by TOF-SIMS to further investigate the activation effect in the electrochemical 

process (Figure 5). Figure 5(a, c) shows that the signal intensity of Mg+ decreases with increasing 

sputtering depth after 8 discharge cycles and approaches stability after 16 discharge cycles. It 

indicates the stepwise magnesiated procedure after discharge, consistent with the increasing 

capacity with ongoing cycles. In terms of Ni+, a distinctly enhanced intensity of Ni+ in Figure 5a 

confirms the difference in distribution between the internal and external areas. Meanwhile, the 3D 

reconstruction images are visualized in more detail to demonstrate the magnesiation gradient of 
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NiS2 electrodes after different discharge cycles of 8 and 16 cycles (Figure 5(b, d)). The relevant 

TOF-SIMS depth profiles of anions (S-, NiS-, MgS-) depicted in Figure S(13-16) confirm our 

observations. 

 

In conclusion, we assembled NiS2 hollow nanospheres with nanoparticles via a one-step 

solvothermal process. An anion-rich interface engineering strategy was proposed, and the anionic-

redox mechanism was revealed to enhance magnesium storage performance. The electrode 

consisting of 8-NiS2 hollow nanospheres exhibited a large reversible capacity of 301 mA h g-1 after 

100 cycles, which is notable for cathodes in magnesium-ion batteries. The outstanding 

electrochemical performance was due to the following: 1) the hollow structure allows volume 

variation and complete contact with electrolytes in the charge/discharge process; 2) the existence 

of nanoparticles reduces the diffusion pathway of Mg2+; 3) the anion-rich interface engineering 

provides more anionic redox active sites for improving magnesium storage. This design strategy 

also provides new insight into fabricating other cathodes for high-performance magnesium-ion 

batteries in the future. 
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