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Abstract 

A general wet ball-milling route is employed to prepare metal oxide or hydroxide wrapping 

sulfur/carbon nanotubes composite, including zinc oxides/sulphur/carbon nanotubes 

composite (ZnO@S/CNT) and nickel hydroxides/sulphur/carbon nanotubes composite 

(Ni(OH)2@S/CNT). As the cathodes in Li-S batteries, it is found the as-prepared 

ZnO@S/CNT composite illustrates a superior high initial capacity of 1663 mA h g−1 at a 

charge/discharge rate of 160 mA g−1, and can still maintain at approximately 942 mA h g−1 

after 70 cycles. While for Ni(OH)2@S/CNT composites, its initial capacity is also as high as 

1331 mAh g−1, but a poorer cycling performance is presented. When the charge/discharge 

current increased to 1600 mA g−1, a high reversible capacity of 698 mAh g−1 after 200 cycles 

still can be obtained for the ZnO@S/CNT composite, far better than that of Ni(OH)2@S/CNT 

composites. The better cycling performance and high discharge capacity can be attributed to 

the strong interactions between ZnO and Sx
2- species, which is verified by the density 

functional theory (DFT) calculation result that the ZnO exhibits a higher adsorption energy 

for Li2S8 than the Ni(OH)2. 
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1. Introduction 

It is well known that the demand for high performance and long-life rechargeable batteries 

continue to increase[1, 2]. The specific capacity and energy density of conventional lithium 

ion batteries (LIBs) have been insufficient for many of the aforementioned applications, i.e. 

electric vehicles (EV) and hybrid electric vehicles (HEV)[1]. Therefore, to search for more 

efficient, higher theoretical specific capacity and energy density cathodic materials for 

rechargeable batteries is one of the most urgent issues in energy storage[3]. Elemental sulfur, 

due to its high theoretical specific capacity of 1675 mAh g−1 and high theoretical energy 

density of 2600 Wh kg−1 as well as its abundant, nontoxic and low-cost[2, 4, 5], has been 

considered as the most promising cathode material to replace the traditional metal oxide 

cathodes[2, 5].  

However, there are still several issues that hinder the commercialization of the lithium-

sulfur (Li-S) batteries. Firstly, the inherently poor electrical conductivity of sulfur (5 × 10–30 

S cm–1 at 25 ˚C) leads to limited utilization of active material and results in low rate 

capability along with a poor electrochemical reversibility[2, 6]; secondly, significant structure 

and volumetric changes during the charge/discharge process cause rapid capacity decay and 

low coulombic efficiency[1, 6]; Thirdly and most important, polysulphides readily dissolve in 

the organic electrolyte, shuttle to anode and then react with lithium to form insulating 

Li2S2/Li2S during the charging process, which result in a low utilization of sulphur, rapid 

capacity fading, low coulombic efficiency and poor cycling performance[2, 4, 6]. Work to 

date, a variety of strategies including electrolyte development[7, 8], anode modifications[9, 
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10], and cathode synthesis, etc.[11-16], have been intensively investigated in order to address 

the above issues in the charge/discharge process. In particular, the strategies for hindering 

polysulfides dissolution and trapping polysulfides are universal recognition and welcome.  

Metal oxides, as the additives or coating layer could enhance the electrochemical 

performances of Li-S batteries have been widely reported[1, 3-5, 7, 17-24]. And Cui’s group 

proved that there is “Ti-S interaction” during charge/discharge process in Li-S batteries, 

which means the chemical adsorption of sulfur in intrinsic oxygen vacancies[2]. And due to 

this kind of chemical adsorption, the electrochemical performances have been improved 

significantly. According to the hard and soft acids and bases theory (HSAB) theory[25], Ti4+ 

is a hard acid and Sx
2- is a soft base. Actually the soft base is preferential to combine with the 

soft acid, then border acid, finally hard acid[25]. Therefore some other metal 

oxides/hydroxide, such as ZnO, Ni(OH)2,which contain border acid metal ions should have 

strong chemical adsorption on polysulifides as well. And recently, both the nickel hydroxide-

modified sulfur/conductive carbon black (Ni(OH)2@S/CCB) composite and S/ZnO 

composite have been employed as the cathode materials for the Li-S battery[26, 27]. As 

expected, the ZnO and Ni(OH)2 coating cathodes exhibit better cycle stability and higher rate 

discharge capacity in comparasion with the bare S electrode.  

In recent years, ball milling technology has been widely used for grinding various 

materials in industrial applications. And there are several advantages for this method to 

synthesize electrode materials, i.e. easy to realize large scale synthesis of homogenous 

electrode materials, favourable for obtaining high tap density and reproducible results, and 

also its economy, simplicity and so on[28]. Accordingly, it is attractive and practicable to 

realize large-scale synthesis of metal oxide coating sulphur-based composite cathodes via 

facile ball-milling route.  
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Based on all the discussions above, in this work, we apply the wet ball-milling method to 

synthesize a metal oxide@S/CNT composite (ZnO@S/CNT) and a metal hydroxide@S/CNT 

composite (Ni(OH)2@S/CNT) as shown in figure 1, and employ them as the cathodes in Li-S 

batteries, respectively. And both the ZnO@S/CNT and Ni(OH)2@S/CNT electrodes illustrate 

more stable cycling performances compared to the S/CNT electrode. More interestingly, 

when fixed the same coating amount of ZnO and Ni(OH)2  as well as the same sulfur content 

in the composite, the ZnO@S/CNT electrode demonstrates better electrochemical 

performances in comparasion with Ni(OH)2@S/CNT electrode. And the mechanisms are 

responsible for this phenomenon has been studied.  

(Figure 1 The ball-milling process for preparing the ZnO@S/CNT and Ni(OH)2@S/CNT) 

2. Experimental  

2.1 Samples preparation 

Sulfur/carbon nanotubes (S/CNT) composite preparation: sulfur and multi-walled carbon 

nanotubes (diameter: 10-20 nm, length: 5-15μm, ≥95%) with a weight ratio of 3:2 or 9:11 

were added in the agate tank (50 mL) and then mixed well by ball-milling. The ball-milling 

was performed in a planetary ball mill (QM-3SP04, Nanjing) under ambient conditions at a 

speed of 300 rpm for 3 h. Then the S/CNT composites with around 60 % (S/CNT-60%) and 

45 % (S/CNT-45%)  sulfur content were obtained respectively.  

The synthesis of ZnO-coated sulfur/CNT (ZnO@S/CNT) composite: Zn(CH3COO)2·2H2O 

(0.4 g, ≥99.5%), ethanol (5mL) and S/CNT-60% composite (0.6 g) were added in the agate 

tank under stirring. When the mixture turn viscous, concentrated ammonia (1 mL, 30 wt%) 

were introduced, and then grinded by ball-milling for 3 h with a speed of 500 r min−1. The 

obtained sample was washed by water and ethanol, and dried at 60 ˚C for 12 h.  

The synthesis of Ni(OH)2@S-CNT: same experimental procedures are employed as 

preparing ZnO@S/CNT except adding 0.477 g NiCl2·6H2O as the precursor. 
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2.2 Samples characterization 

The as-prepared samples were characterized by X-ray diffraction (XRD, Model LabX-

6000, Shimadzu, Japan), scanning electron microscopy (SEM, JSM-7001F), and transmission 

electron microscopy (TEM, FEI Tecnai F20). The Brunauer–Emmett–Teller (BET) method 

using nitrogen adsorption and desorption isotherms was performed on an ASAP 2020 system 

(Micromeritics, USA). Thermogravimetric analyses (TGA) are carried out under N2 

atmosphere on a Series Q500 instrument (TA Instruments, USA) to detect the accurate sulfur 

loadings in the S/CNT, Ni(OH)2@S/CNT and ZnO@S/CNT composites in a temperature 

range from room temperature to 800 °C with increasing rate of 10 °C min−1. 

 

2.3 Electrochemical tests 

The working electrodes were prepared by compressing a mixture of active materials, 

acetylene black, and binder (polytetrafluoroethylene, PTFE) in a weight ratio of 70:20:10. 

And the S mass loading in the electrodes are all around 1.35 mg/cm2 according to the sulfur 

content in the composites. Lithium metal was used as the counter and reference electrode. 

The electrolyte was Lithium bis(trifluoromethanesulfonyl)imide (2.8 M) dissolved in a 

mixture of dimethoxyethane (DME) and dioxolane (DOL) in a volume ratio of 1:1. The 

LAND-CT2001A galvanostatic testers were employed to measure the electrochemical 

capacity at a current density of 160 and 1600 mA g-1 and the cycle life of working electrodes 

at room temperature. The cut-off potentials for charge and discharge were set at 3.0 and 1.5 V 

(vs. Li+/Li), respectively. Electrochemical impedance spectra (EIS) were collected using 

solartron 1287 electrochemical workstation. A perturbation of 5 mV was applied and data 

collected under PC control (custom software) from 100 kHz to 10 mHz. 

2.4 Computational Details 
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The computations were performed using the Vienna Ab Initio Simulation Package 

(VASP)[29-31] in the framework of density functional theory (DFT). The generalized 

gradient approximation (GGA) with the PBE functional was used to treat the exchange-

correlation interaction between electrons[32]. Spin-polarizations were included in Ni(OH)2 

system, and the magnetic ordering was carefully considered. In addition, on-site Coulomb 

repulsion was utilized, and the effective U-J terms, from linear response theory[33], was 5.5 

eV for transition metal element Ni. To improve the description of long-range van der Waals 

(vdW) interaction, we have employed the DFT-D3 method[34, 35]. The cutoff energy of the 

projector augmented plane-wave basis set is 500 eV to ensure an accuracy of the energy of 1 

meV per atom. The full geometry optimizations are carried out with the convergence 

thresholds of 10-5 eV and 1×10-2 eV/Å for total energy and ionic force, respectively. The k-

point sampling uses the Monkhorst–Pack scheme on a 3×3×1 mesh. 

3. Results and discussion 

Figure 2a shows the XRD patterns of the S/CNT-45%, ZnO@S/CNT, and Ni(OH)2 

@S/CNT composites. From the XRD spectrums, It can be observed the precursor 

Zn(CH3COO)2·2H2O has successfully converted into the ZnO (closed diamond) with adding 

the ammonia during ball-milling process. And for the precursor NiCl2·6H2O, after ball-

milling, Ni(OH)2 (closed circle) has been successfully obtained from the precursor of 

NiCl2·6H2O.  And from TGA curves as shown in Figure 2b, the sulfur content in the 

composites are determined to be 44.91 wt%, 58.79 wt%, 44.03 wt%, and 44.84 wt% for the 

S/CNT-45%, S/CNT-60%, Ni(OH)2@S/CNT and ZnO@S/CNT composites, respectively. 

Accordingly, the Ni(OH)2 and ZnO coatings contents in the composites are ca. 25.11 wt% 

and 23.72 wt% respectively, which keep almost the same content. 

(Figure 2a XRD diffractograms of S/CNT, ZnO@S/CNT and Ni(OH)2@S/CNT composites; 

Figure 2b TGA curves of S/CNT, ZnO@S/CNT and Ni(OH)2@S/CNT composites) 
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The morphologies of S/CNT, ZnO@S/CNT and Ni(OH)2@S/CNT are shown in figure 3. 

From the figure 3a-b, it can be observed that the CNTs have provided 3D network structure 

to support the sulfur. What’s more this 3D network is beneficial to electrons and ions 

transportation during the charge/discharge process[36, 37]. While from figure 3c to figure 3f, 

remarkable morphologies differences from the CNT/S composite are observed, which is due 

to the ZnO and Ni(OH)2 have coated on the surface of the CNT/S composite. however, there 

is not a distinctive morphology difference between ZnO@S/CNT and Ni(OH)2@S/CNT 

composites. And as shown in table S1, ZnO@S/CNT composite and Ni(OH)2@S/CNT 

composite nearly have the same BET surface areas, but both smaller than CNT/S composite, 

which means the ZnO and Ni(OH)2  have been tightly coated on the S/CNT composite surface. 

In addition, the EDS and element mapping in Fig. S1 and S2 reveal the ZnO and Ni(OH)2 

distributed relatively homogeneously in the S/CNT frameworks.  

(Figure 3 SEM images of the S/CNT (a, b), ZnO@S/CNT(c, d), Ni(OH)2@S/CNT (e, f).) 

The TEM images of ZnO@S/CNT and Ni(OH)2@S/CNT are revealed in the figure 4. The 

high-resolution TEM image of ZnO@S/CNT (figure 4b) demonstrates that the crystal lattice 

fringes with d-spacing of 0.26 nm corresponds to the (002) plane of the ZnO, and the high-

resolution TEM image of Ni(OH)2@S/CNT (figure 4d) demonstrates that the crystal lattice 

fringes with d-spacing of 0.233 nm corresponds to the (101) plane of the Ni(OH)2, which 

agrees well with the XRD results.  

(Figure 4 TEM images of the ZnO@S/CNT (a, c), Ni(OH)2@S/CNT (b, d).) 

Typical voltage capacity profiles of ZnO@S/CNT, Ni(OH)2@S/CNT and S/CNT-45% 

cathodes at the first cycle are shown in figure 5. Two typical plateaus like all the sulfur-

containing electrodes can be observed for both samples, which could be assigned to a two-

step reaction of sulfur with lithium during the discharge process[2, 6, 38, 39]. The initial 

discharge-charge capacities of the ZnO@S/CNT composite and Ni(OH)2@S/CNT composite 
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are 1662.5 mAh g−1 and 1313.0 mAh g−1, respectively, which are both higher than that of 

S/CNT-45% (1058 mAh g−1 ). Further, it should be mentioned that ZnO@S/CNT composite 

demonstrates a much lower polarization potential as compared to Ni(OH)2@S/CNT 

composite and S/CNT-45% composite, indicating a better kinetic process. 

(Figure 5 Galvanostatic charge-discharge curves of the ZnO@S/CNT, Ni(OH)2@S/CNT and 

S/CNT-45% cathodes at 160 mA g−1.) 

Figure 6a and b illustrates the cycling performances of ZnO@S/CNT, Ni(OH)2@S/CNT 

and S/CNT-45% cathodes at the current density of 160 mA g−1 and 1600 mA g−1, respectively. 

At the low discharge rate (160 mA g−1), it is obvious that ZnO@S/CNT composite electrode 

shows excellent cycle stability after initial five cycles. For example, the discharge capacity of 

the 6th cycle is 988 mAh g−1, and it can stably maintain at 942 mAh g−1 after 70 cycles, for 

which the capacity retention is 95.3%. For the Ni(OH)2@S/CNT cathodes, the discharge 

capacity gradually decrease, and stays at 728 mAh g−1 after 70 cycles. While for S/CNT-45% 

cathodes, it can only remain a reversible capacity of 598 mAh g−1 after 70 cycles with low 

capacity retention of 56.5%. When the current density is increased 10 times to 1600 mA g−1, 

it is distinctly noticed that ZnO@S/CNT composite electrode illustrates much better cycling 

performance compared to Ni(OH)2@S/CNT and  S/CNT-45% composite. The initial 

discharge capacity is 1318.2 mAh g−1, and can retain at 697.4 mAh g−1 after 200 cycles for 

the ZnO@S/CNT composite. Following on the Ni(OH)2@S/CNT composite owns a 

reversible capacity of 489.5 mAh g−1 after 200 cycles at the current density of 1600 mA g−1. 

While the S/CNT-45% composite could only remain a reversible capacity of 366 mAh g−1 

after 200 cycles. All the above cycling results demonstrate the ZnO and Ni(OH)2 coating 

effectively promote the cycling stability of the Li-S batteries. When compared with other 

metal oxide-based sulfur composites cathodes as shown in table S1, our results show 

superiorities on the initial capacity and high rate capability.  
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(Figure 6 Cycle life of the ZnO@S/CNT, Ni(OH)2@S/CNT and S/CNT-45% composite 

cathodes at 160 mA g−1 (a) and 1600 mA g−1 (b).) 

Interestingly, it is demonstrated that, when fixed the same coating amount of ZnO and 

Ni(OH)2  as well as the same sulfur content in the composite, the ZnO@S/CNT cathodes 

show better electrochemical performances compared Ni(OH)2@S/CNT cathodes. The 

different electrochemical performance is likely owing to the following two factors: 1) 

ZnO@S/CNT composite presents a better kinetic process, which can be confirmed by the EIS 

results below. In addition, at high discharge rate (1600 mA g−1), the capacities of the 

Ni(OH)2@S/CNT electrodes has a slight increasing process from the second cycle to tenth 

cycle, indicating an activation process during charge/discharge process. While the 

ZnO@S/CNT doesn’t show this phenomenon, which also suggests the ZnO@S/CNT 

electrode has a better contact between electrolyte and active material after cycling and thus 

results in a quicker kinetics[40]. 2) the soft Sx
2- bases prefer to being adsorbed by Zn2+ due to 

the weaker acidity compared to Ni2+ according to the HASB theory[25].  

In order to understand why the ZnO@S/CNT electrode reveals better electrochemical 

performance compared to the Ni(OH)2@S/CNT electrode, First we conducted the SEM 

analysis (as shown in Fig. S3) on the ZnO@S/CNT and Ni(OH)2@S/CNT electrode after 

cycling X cycles, and from the SEM results, it can be observed that the integrity of the 

ZnO@S/CNT electrode is better than Ni(OH)2@S/CNT, which is one possible factor to 

contribute the ZnO@S/CNT electrode demonstrating better cycling performances. Then the 

EIS of the ZnO@S/CNT and Ni(OH)2@S/CNT electrode after initial cycle at the current 

density of 160 mA g−1 has been investigated too. As shown in figure 7a, both the 

ZnO@S/CNT electrode and Ni(OH)2@S/CNT electrode illustrate two obvious semicircles 

from the Nyquist plot. The semicircle in the high frequency is related to the solid-electrolyte-

interface (SEI) film, and the corresponding diameter represents the resistance of the Li2S (or 
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Li2S2) film (Rs)[6, 41]; while the semicircle in the middle frequency is attributed to the 

interface charge-transfer process of as-prepared nanocomposites cathode, and the 

corresponding diameter represents the charge-transfer resistance (Rct)[6, 19, 42]. In addition, 

the intercept at the real axis Z' corresponds to the combined resistance (Re), which is 

determined by the ionic resistance of the electrolyte, the intrinsic resistance of the active 

materials, and the contact resistance at the metal oxide/hydroxide@CNT/S 

nanocomposites/current collector interface[42]. The fitted Re, Rs, Rct values of the cells 

according to the equivalent circuit (figure 7b) are shown in table 1. It can be observed that the 

Re value of ZnO@S/CNT is smaller than that of Ni(OH)2@S/CNT, which is due to the better 

contact between the active materials and the electrolyte, corresponding the higher ionic 

conductivity and lower contact resistance[6]. Same as the Rs, the ZnO@S/CNT illustrates 

smaller values, which indicates thinner solid-electrolyte-interface (SEI) film that originated 

from the Li2S2/Li2S film growing on the surface of the electrode[6, 38]. In another words, the 

ZnO can more efficiently prevent the polysulfides from shuttling to the anode[39]. More 

importantly, the Rct values of ZnO@S/CNT electrode is far smaller than that of 

Ni(OH)2@S/CNT electrode, indicating the higher conductivity of the ZnO@S/CNT 

composite[6, 38, 39]. The smaller Rct value corresponds to the quicker kinetics and higher 

utilization efficiency of the active materials. Therefore, according the above advantages of 

the ZnO@S/CNT electrode, it should reveal better electrochemical performances.  

(Figure 7 The Nyquist plots of the Li–S cells after initial cycle at the current density of 160 

mA g−1 (a) and the corresponding equivalent circuit models (b).) 

(Table 1 Impedance parameters calculated according to the equivalent circuits.)  

What’s more, the DFT calculations are applied to further explain why the ZnO can more 

efficiently to prevent the polysulfides shuttling compared to the Ni(OH)2 and thus the 

ZnO@S/CNT composite demonstrates better cycling performances. Since low index (100) 
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surface is the most stable face of ZnO[43] and hexagonal Ni(OH)2 is a multi-layer stacking 

material[44-46], then to simplify the calculation, we employed a three-layer thickness (100) 

surface of ZnO and monolayer of Ni(OH)2 as the modeling substrate, and Li2S8 as the models 

for the lithium polysulfide species. The corresponding optimized adsorption configurations 

are shown in figure 8a. Compared with Ni(OH)2, the (100) surface of ZnO has larger 

polarization and more active sites. Although the adding H atoms can passivate the exposed O 

atoms to determine the stability of the surface, the remaining exposed Zn atoms can still bond 

with S atoms in Li2S8, which agrees well with the HASB theory that the Sx
2- species are 

easier adsorbed by the Zn2+. As a result, ZnO exhibits a very high adsorption energy (5.67 

eV). As for Ni(OH)2, since its surface is saturated with hydrogens, it will have a weak 

interaction with Li2S8. But from the Bode’s diagram[47], it can be seen that Ni(OH)2 can 

easily transform into NiOOH by losing half of H atoms. Therefore we adopted a reliable H 

vacancy here with its concentration of only 3.1% as shown in figure 8b. Then the new 

exposed atom O, as an active adsorption site, can strongly bond with Li2S8. Even so, finally 

the calculated adsorption energy (2.43 eV by PBE and 2.39 eV by PBE+U) indicates that 

ZnO affords a much stronger adsorption of polysulfides than that of Ni(OH)2 due to its 

polarized and active surface characteristic. It is reasonable to conclude that the higher 

adsorption energy on lithium polysulfides contributes to the high cycle stability. 

(Figure 8 The most preferential adsorption structures of Li2S8 on ZnO (a) and Ni(OH)2 (b). 

All the models are shown in the most stable configuration.) 

4. Conclusions 

The ZnO@S/CNT and Ni(OH)2@S/CNT composites have been successfully prepared via 

the ball milling process and applied as the cathode materials for Li-S batteries. By coating 

ZnO and Ni(OH)2 on the surface of S/CNT composites, the cycling performances have 

improved significantly, and high reversible capacity can be obtained, showing obvious 
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advantages over bare S/CNT composites. For ZnO@S/CNT composite, a high reversible 

discharge capacity of 941.6 mAh g−1 can be obtained after 70 cycles at the current density of 

160 mA g−1, and it can stably retain at 697.4 mAh g−1 after 200 cycles when the current 

density increased to 1600 mA g−1. Most importantly, the HSAB theory has been proposed to 

explain why the ZnO as the additive or coating can more effectively improve the cycling 

performance in Li-S batteries compared to the Ni(OH)2, and this hypothesis is supported by 

the DFT calculation results, for which ZnO displays stronger binding ability on the 

polysulfides compared to that of Ni(OH)2. Additionally, the wet ball-milling route can be 

applied to realize large-scale synthesis of various metal oxide-sulfur composites as the 

cathodes for acquiring high-performance Li-S batteries. 
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Figure Captions 

Figure 1 The ball-milling process for preparing the ZnO@S/CNT and Ni(OH)2@S/CNT 

Figure 2 XRD diffractograms of S/CNT, ZnO@S/CNT and Ni(OH)2@S/CNT composites (a) 

and TGA curves of S/CNT, ZnO@S/CNT and Ni(OH)2@S/CNT composites (b). 

Figure 3 SEM images of the S/CNT (a, b), ZnO@S/CNT(c, d), Ni(OH)2@S/CNT (e, f). 

Figure 4 TEM images of the ZnO@S/CNT (a, c), Ni(OH)2@S/CNT (b, d). 

Figure 5 Galvanostatic charge-discharge curves of the ZnO@S/CNT, Ni(OH)2@S/CNT and 

S/CNT-45% cathodes at 160 mA g−1.  



   16  

 

Figure 6 Cycle life of the ZnO@S/CNT, Ni(OH)2@S/CNT and S/CNT-45% composite 

cathodes at 160 mA g−1 (a) and 1600 mA g−1 (b). 

Figure 7 The Nyquist plots after 100 cycles of the Li–S cells (a) and the corresponding 

equivalent circuit models (b). 

Figure 8 The most preferential adsorption structures of Li2S8 on ZnO (a) and Ni(OH)2 (b). 

All the models are shown in the most stable configuration. 

 

Table Captions 

Table 1 Impedance parameters calculated according to the equivalent circuits. 
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Figure 8 

 

Table 1 

Sample name 
Cycle 

number 

Resistance 

Re 

(Ω) 

Rs 

(Ω) 

Rct 

(Ω) 

ZnO@S/CNT 1th cycles 26.03 155.7 104 

Ni(OH)2@S/CNT 1th cycles 103.2 264.5 2136 

 


