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Severe capacity fading substantially hinders the employment of lithium-sulfur batteries in the electric 

vehicles. This is primarily due to the shuttle effect of the polysulfide in the electrolyte. Therefore, the 

most efficient method to improve the cycle stability of the lithium-sulfur batteries is inhibiting the 

shuttle effect of the polysulfide in the electrolyte. To deal with this problem, S@NiS hollow sphere 

composites are synthesized and employed as cathode materials in lithium-sulfur batteries. This unique 

hollow structure could serve as a storage device for the soluble polysulfides. As a result, the 

electrochemical performance of the lithium-sulfur battery is greatly enhanced by using S@NiS hollow 

spheres composites.   
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1. INTRODUCTION 

Lithium-sulfur batteries are one of the most promising candidates for the next generation 

energy storage systems for the electric vehicles worldwide, because of their high specific capacity 

(1675 mAh g-1) and energy density (2600 Wh Kg-1) of the lithium-sulfur batteries [1, 2, 3]. It is three 

times higher than the traditional lithium-ion batteries [4, 5]. Therefore, lithium-sulfur batteries have 

been receiving much attention from the researchers in recent decades. 

 The works involving lithium-sulfur batteries mainly includes the following: a) developing 

cathode host materials for the sulfur particles, b) coating the PP separator with various functional 

materials, c) protecting the lithium anode by using lithium alloy. All of above works are reported to 

improve the cycle stability and capacity value of the lithium-sulfur batteries [6, 7, 8]. Lithium-sulfur 

batteries suffer from severe capacity fading during the electrochemical process, which is mainly caused 

by the migration of the soluble polysulfide between the cathode and anode side [9, 10]. Consequently, 

the migration of the polysulfide must be inhibited during the discharging and charging process [11, 
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12].  

In this paper, hollow S@NiS sphere composites are developed and designed as cathode 

materials for the lithium-sulfur batteries. This unique hollow sphere structure could provide a place for 

the storage of the soluble polysulfide. Therefore, the shuttle effect of the polysulfide in the lithium-

sulfur battery could be effectively inhibited during the discharging and charging process. As a result, 

the hollow S@NiS composites show excellent cycle stability and high specific capacity. In all, this 

work may provide a promising method for synthesizing the cathode materials for the lithium-sulfur 

batteries.  

 

 

2. EXPERIEMENTAL 

2.1. Preparation of the hollow S@NiS composites  

Typically, 2.6 g Na2S2O3 5H2O was added into the 10 ml HCl solution under stirring. The 

solution was named solution A. At the same time, 0.5 g NiSO4 6H2O and 0.3 g Na2S 9H2O were added 

into polyethylene glycol solution, separately. The obtained solutions were named solution B and C, 

respectively. After that, the solution A and B were mixed together. Then, the solution C was added into 

the above mixed solution drop and drop under magnetic stirring for 30 min. Finally, the solid substrate 

was washed and collected. The obtained sample is the hollow S@NiS sphere composites.  

 

2.2. Materials Characterization  

The morphologies of the samples were observed by using scanning electron microscopy (SEM, 

SIGMA 500) and transmission electron microscopy (TEM, JEM-F200). The sulfur content in the 

composites was tested by using TG analysis (TG, DZ3339).  

 

2.3. Electrochemical Performance 

The electrochemical performance of the samples was tested by assembling coin 2016 half 

batteries. The electrode slurry was firstly prepared by mixing S@NiS composites, carbon black and 

PVDF with a ratio of 8:1:1. The as-prepared S@NiS electrodes were used as cathode and counter 

electrode. The lithium was used as anode. The model of the separator is Celgard 2300. The electrolyte 

consists of 1M LiTFSI with DOL:DME=1:1. Discharge/charge profiles were tested on the battery 

tester (LAND CT2001A) between 1.5 V and 3.0 V. 

 

 

3. RESULTS AND DISCUSSION 

Figure 1a shows the morphology of the hollow NiS spheres. It can be clearly seen that the NiS 

materials had a hollow sphere structure with a dimeter of 100-120 nm. Furthermore, the morphology of 

S@NiS composites was observed with scanning electron microscope [13, 14]. As shown in Figure 1b, 
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the S@NiS composites had a similar morphology with the pure NiS spheres. This demonstrates that 

the sulfur particles are fully immersed into the hollow structure of the NiS hollow spheres. To further 

confirm the successful preparation of the S@NiS composites, EDS was conducted for the S@NiS 

composites. As shown in Figure 1c-e, it can be observed that the elements Ni and S are uniformly 

dispersed in the whole S@NiS composites [15]. The uniform distribution in the whole composites is 

beneficial for the release of the capacity during the discharging and charging processes.  

 

 
 

Figure 1. (a) SEM image of NiS hollow spheres, (b) and (c) SEM image of S@NiS hollow spheres 

composites.(d) and (e) Corresponding elemental mapping of Ni and S for the S@NiS hollow 

spheres composites. 

 

The TEM images of the NiS hollow spheres and S@NiS composites are shown in Figure 2. As 

shown in Figure 2a and b, the NiS spheres had a hollow structure with sufficient internal space [16]. 

This hollow space could act as a storage device for the sulfur particle and polysulfide. As a result, the 

hollow structure could inhibit the shuttle effect of the polysulfide during the electrochemical process. 

Figure 2c and d are the TEM images of the S@NiS spheres composites. From the figure, it can be seen 

that the internal space in the NiS hollow spheres is occupied with the sulfur particles [17]. This clearly 

indicates that the S@NiS hollow spheres are successfully prepared. 

 

 
 

Figure 2. TEM images of (a) and (b) NiS hollow spheres, (c) and (d) S@NiS hollow spheres 

composites. 

 

Figure 3a shows the XRD pattern of the S@NiS-HS composites. As shown in Figure 3a, the as-
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prepared S@NiS-HS composites exhibit typical diffraction peaks of the sublimed sulfur. The main 

sulfur diffraction peaks in the S@NiS-HS composite indicate that the strong sulfur peaks cover the 

peaks of the NiS. Therefore, the peaks of the NiS are nearly invisible. Overall, the XRD pattern of the 

S@NiS-HS composites confirms the successful preparation of the S@NiS-HS. This result is consistent 

with the previous TEM result [18, 19]. To obtain the sulfur content in the S@NiS-HS composites, TG 

analysis was conducted for the S@NiS-HS composites. As shown in Figure 3b, the weight loss occurs 

at the 310oC, which means the sublimation of the element sulfur in the S@NiS-HS composites. It can 

be clearly seen that the sulfur content is approximately 68% in the S@NiS-HS composites. This sulfur 

content is used for calculating the specific capacity of the as-prepared S@NiS cathode materials [20]. 

 

 
 

Figure 3. (a) The XRD pattern of the S@NiS-HS composites. (b) TG curves of the S@NiS-HS 

composites. 

 

To study the chemical components and bonding in the S@NiS-HS composites, XPS was 

conducted for the S@NiS-HS composites, as shown in Figure 4. Figure 4a shows the S 2p for the 

S@NiS-HS composites. Two peaks at 164.3 eV and 169.1 eV, respectively. These two peaks are 

corresponding to the S 2p3/2 and S 2p1/2, respectively. The XPS of the Ni 2p is shown in Figure 4b. The 

peaks at 852.5 eV and 867.3 eV are related to the Ni0 2p3/2 and Ni 0 2p1/2. Furthermore, the peak at 

857.3 eV corresponds to the Ni2+ 2p3/2, which confirms the presence of the Ni2+. Moreover, the peak at 

877.1 eV is corresponding to the Ni-S bond between the NiS and element sulfur in the S@NiS-HS 

composites.  

 

 
 

Figure 4. The XPS of the S@Ni-S-HS composites for the (a) S 2p and (b) Ni 2p. 

 

Figure 5 shows the DC curves of the S@NiS-HS composite electrode and sulfur electrode at 

the current density of 0.1 C. It can be obtained following information: a) the capacity value for the 
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S@NiS-HS composite electrode is much higher than the sulfur electrode. The initial specific capacity 

of the S@NiS-HS composite electrode is as high as 1506 mAh g-1 at the current density of 0.1 C. 

However, the first specific capacity is only 1100 mAh g-1 for the sulfur electrode. b) Two voltage 

platforms can be observed at 2.3 V and 2.1 V, respectively. Especially, the plateau at 2.1 V provides 

main capacity contribution, which is related to the change from the soluble polysulfide to the Li2S. 

Therefore, the specific capacity of the lithium-sulfur battery could be enhanced by using hollow NiS 

spheres as host materials for the element sulfur [21, 22].  

 

 

 
 

Figure 5. The constant discharging and charging profiles of the S@NiS-HS composite electrode and 

sulfur electrode at the current density of 0.1 C. 

 

 

Figure 6 shows the rate performance of the S@NiS-HS composite electrode and sulfur 

electrode at various current densities from 0.1 C to 2 C. It can be seen that the S@NiS-HS electrode 

shows superior rate performance during the increase of the current densities. Even at the high current 

density of 2 C, the specific capacity of the S@NiS-HS electrode is as high as 986 mAh g-1, which is 

much higher than that of the pure sulfur electrode. Therefore, the as-prepared S@NiS-HS electrode 

could withstand a change in the current densities. However, for the pure sulfur electrode, the specific 

capacity fades rapidly with the increase of the current densities, demonstrating a poor rate capability.  

 

 

 
 

Figure 6. The rate capability of the S@NiS-HS composite electrode and sulfur electrode. 
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To further investigate the electrochemical performance of the S@NiS-HS electrodes, long cycle 

performance was tested at a current density of 0.5 C for 100 cycles. As shown in Figure 7, the S@NiS-

HS electrode shows an initial specific capacity of 1106 mAh g-1 at a current density of 0.5 C. The 

specific capacity of the S@NiS-HS electrode still remains at 908 mAh g-1 after 100 cycles. The 

capacity retention of the S@NiS-HS electrode is as high as 82%, which is much higher than that of the 

other similar cathode materials. For the pure sulfur electrode, the capacity value is much smaller than 

the S@NiS-HS electrode. Moreover, the capacity of the pure sulfur electrode decreases rapidly with 

the increasing cycle numbers.  

 

 
 

Figure 7. The cycle performance of the S@NiS-HS composite electrode and sulfur electrode at the 

current density of 0.5 C.  

 

 

Table 1. The electrochemical performance of the S@NiS hollow spheres compared with other reported 

similar cathode materials for the lithium-sulfur batteries.  

 

Electrodes Current Density Capacity References 

SnO2/C-S 0.1 C 785 (80 cycles) 24 

S-V2O3 0.2 C 568 (100 cycles) 25 

ZIF@S@MnO2  0.5 C 895 (100 cycles) 26 

S@NiS 0.5 C 908 (100 cycles) This Work 

 

 

4. CONCLUSIONS 

In summary, hollow S@NiS sphere composites were synthesized and used as cathode materials 

for the lithium-sulfur batteries. The S@NiS composites show high specific capacity and superior cycle 

stability during the discharging and charging process. This is ascribed to the unique hollow spheres 

structure, which could act as a capsule for the storage of the soluble polysulfide. The initial specific 

capacity of the S@NiS-HS composite electrode is as high as 1506 mAh g-1 at a current density of 0.1 

C. 
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