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Lithium-sulfur batteries have received lots of attention due to their  Lithium—sulfur batteries;
15 high energy density and cheap material. The poor electrical conduct- cathode; “i‘k‘-‘_| phosphide;
16 ivity and slow electrochemical kinetics of sulfur hinder their applica- zlm':c:f’lm' e
17 tion. Here, we in situ grow Ni;,Ps on carbon nanotube to prepare i nenes

composites as sulfur host. Electrochemical tests show that Ni;sPs
18 acts as an electrocatalyst in the lithium-sulfur batteries, initiating the
19 oxidation of Li,Sg and Li,S, at higher potentials, significantly improv-
20 ing the reaction kinetics during charging and discharging. The

CNT@Ni,,Ps/S composite exhibited 1352 mAh/g initial discharge cap-
21 acity at 0.1C and a retention capacity of 85% after 100 cycles
29 at 0.2C.
23
24
25
26 1. Introduction
27
28 Lithium-sulfur batteries have the advantages of extremely high theoretical capacity
29 (1675 mAhg ') and abundant sulfur reserves, which were considered to be the most
30 potential next generation lithium-ion battery [1]. However, there are several serious
31 problems restricting the commercial application of lithium-sulfur batteries, including
32 the non-conductive of sulfur and discharge product Li,S, the shuttle effect of
33 polysulfides(Li>S4-Li>Sg) and the expansion of volume during the charge and discharge
34 [2]. The non-conductive of sulfur and discharge product Li,S cause poor electrochem-
35 ical kinetics at high rates especially.The shuttle effect of polysulfide means the charge
36 and discharge intermediate products(Li>S4-Li»Ss) is dissolved in the electrolyte and shut-
37 tle directly back and forth between the positive and negative electrodes under the action
38 of electric field force and concentration gradient force, which will lead to the loss of
39 electrode active material and capacity attenuation [3]. The volume expansion is caused
j[l) by the difference in the density of the charged product sulfur and the discharged prod-
0 uct lithium sulfide, which will cause the active material to fall off the current collector
43 and cause the decrease of battery [4,5]. Therefore, lithium-sulfur batteries exhibit
44 CONTACT Xiaoping Zheng @ 763064753@qq.com e Lanzhou University of Technology, Gansu Lanzhou 730050, P.
45 R. China.
46 © 2022 Taylor & Francis Group, LLC
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unsatisfactory electrochemical behavior in terms of rate performance, Coulomb effi-
ciency, and energy density.

Loading polar materials on porous materials with good conductivity is one of the
main methods to solve the above problems. The porous substrate can effectively allevi-
ate the problem of volume expansion, while the polar material has a strong adsorption
capacity for polysulfides, which can well suppress the shuttle effect. Example, CQFe;0,
yolk-shell nanoboxes were obtained for the host of sulfur. Fe;O, can not only strongly
adsorb lithium polysulfide to suppress the shuttle effect but also enhance the conversion
kinetics of lithium polysulfide [6]. Similarly, other porous carbon-supported transition
metal oxide composite materials Co304 [7], ALO3 [8], Fe;Os [9], Ta,0s_« [10], La;O;
[11], V,0s [12], V,05 [13], MoO; [14], have also been reported as sulfur host, which
can significantly inhibit the shuttle effect and enhance the electrochemical reaction of
lithium-sulfur batteries. In addition to metal oxides, metal sulfides are also a polar com-
pound. The strong polar attraction can effectively adsorb lithium polysulfide and inhibit
the slowing down of the shuttle effect. Studies have found that metal sulfides can also
reduce the energy barrier for polysulfide conversion, catalyze and promeote the conver-
sion of lithium polysulfide, and enhance the electrochemical reaction kinetics during the
charge and discharge. Zhang et al. reported that CoS, not only has a significant adsorp-
tion for lithium polysulfide, but also enhance the electrochemical performance of lith-
ium-sulfur batteries by accelerating the redox reaction. The porous composite electrode
made of 15% CoS,@graphene exhibited amazing discharge capacity of 1003 mAh g ' at
a rate of 2C and low per cycle of 0.034%. Electrode materials made of other polar metal
sulfides, metal nitrides and carbon have also been reported, all showing good electro-
chemical performance, such as CoSs [15], NiS, [16], NisS, [17], FeS, [18], VS, [19],
MoS; [20], TiN [21], CoyN [22]. Overall, the combination of polar metal oxides, sul-
fides, nitrides and conductive carbon materials as the host of sulfur is one of the effect-
ive means to improve the performance of lithium-sulfur batteries.

In this paper, another polar compound Ni,,Ps is successfully grow on the CNTs
surface and prepare the Ni,,Ps@CNT composite material, which show excellent electro-
chemical performance as a sulfur host material. The three-dimensional cross-intercon-
nected CNTs provide a conductive network for electron transmission, and the Ni;»Ps
on the surface of the CNT significantly reduce the conversion energy barrier of lithium
polysulfide at the contact point. These factors enhance the electrochemical reaction kin-
etics of the lithium-sulfur battery.

2, Experimental
2.1. Synthesis of CNTQNi,,P; Composite

The CNT@Ni;,Ps composite was prepared by a one-step hydrothermal method. Firstly,
0.2g of carbon nanotubes were dispersed in 80 ml deionized water and sonicated for
10min to form a CNT suspension. 0.5mmol NiCl,-6H,O (AR, 99%) and 5mmol red
phosphorus were dissolved in 40 ml deionized water to form a NiCl, solution and a red
phosphorus suspension. The solution was then quickly added to the carbon nanotube
suspension and stirred vigorously for 30 min to mix the solution thoroughly. Then, the
solution was transferred to a 200 ml Teflon lined autoclave and held at 180°C for 12h.
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93 After cooling, the reaction products were washed and dried at 60°C for 12h to obtain
94 composite CNT@Nji,,P-.

P
95
96
97 2.2. Materials Characterization
98 The crystalline phases of all samples in this paper were determined by powder X-ray
99 diffraction (XRD, Rigaku Corporation Tokyo, Japan) using a Bruker D8 Advance dif-
100 fractometer with a Cu target and a scanning range of 10° to 90°. The micromorphologi-
101 cal structure of the samples was photographed with a scanning electron microscope
102 (SEM, JSM-6700F, JEOL, Tokyo, Japan) at 20kV and characterized elemental distribu-
103 tion. The surface chemistry of the samples was determined by X-ray photoelectron spec-
104 troscopy (XPS).
105
106
107 2.3. Cell Assembly and Electrochemical Measurements
108 In order to test the electrochemical properties of the CNT@Ni,;,Ps/S cathode, the
109 CNT@Ni,,Ps/S composite, Super P and polyvinylidene fluoride (PVDF) were mixed in
110 a 7:2:1 ratio by weight and then ground and stirred with an appropriate amount of N-
L1 methyl-2-pyrrolidone to form a homogeneous slurry. Then, the slurry is coated onto Al
112 foil and dried in a vacuum oven at 55°C for 12h to obtain a cathode film. Finally, the
113 cathode films are stamped into disks with a diameter of 9 mm. The loading of the active
Hg material was approximately 1-2mg cm . The electrochemical performance of the
116 CNT@Ni;»,Ps/S composite was tested by assembling CR2025 button cells with a
117 15.8 mm lithium foil as counter electrode and Celgard 2400 as diaphragm. The electro-
118 lyte consisted of IML ™" lithium hexafluorophosphate (LiTFSI) 1,3-dioxolane (DOL) and
119 DME (1:1 v/v) with 1wt% LiNO; as additive (Shanghai Xiaoyuan Energy Technology
120 Co., Ltd.). The charge/discharge performance was tested using a LAND-CT2001A
121 instrument (LANHE Inc., Wuhan, China) in the voltage range of 1.7-2.8V (vs Li/Li+)
122 and CV measurements were performed using a CS350 electrochemical workstation
123 (Corrtest Inc., Wuhan, China) in the range of 1.7-2.8 V with a scan rate of 0.1 mV 5.
124
125 3. Results and Discussion
126
127 Figure 1(a) shows the XRD patterns of Ni,;,Ps@CNT and Ni,,Ps. For the phase diagram
128 of Ni;;Ps@CNT, a sharp peak can be seen near 25 degrees, witch corresponding to the
129 (002) plane of graphitized carbon nanotubes. The peaks at 38.4°, 41.8°, 44.4°, 47.0°, and
130 49.0° were identified as the (112), (400), (330), (240) and (312) characteristic crystal
131 planes, respectively, according to the standard card JCPDS No. 74-1381. These charac-
132 teristic peaks indicate the presence of Ni,,Ps particles in Ni;,P;@CNT. Compared with
133 the pure phase Ni;,Ps, the intensity of the characteristic peak of Ni;;P;@CNT is weak-
134 ened, which is mainly due to the crystallinity of Ni;»>Ps is reduced by the potential bar-
135 rier on the CNT surfaces when Ni;,P5 grows on the CNTs. Figure 1(b) shows the XRD
136 pattern of Nij;Ps@CNT@S. The characteristic peaks of Ni,Ps@CNT@S are in perfect
137 agreement with the standard peaks of singlet sulfur. This indicates that the sulfur is
138 completely covered by the surface of Ni;,PsG@CNT. The grid-like Ni,;;Ps@CNT
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149 Figure 1. (a) XRD patterns of Ni;;Ps@CNT and Ni;,Ps; (b) XRD patterns of Ni;;,Ps@CNT@S.

150

151 composite provides a good conductive framework for the conversion of lithium polysul-
152 fide, and Ni;;P; on CNT provide the active site for lithium polysulfide catalysis.

153 In order to investigate the microstructure and elemental distribution of the composite
154 material, scanning electron microscope and elemental distribution were tested as shown
155 in Fig. 2. From the pictures, it can be seen that the whole material is in a three-dimen-
156 sional lattice shape and uniformly dispersed. Ni;»P5 nanoparticles are uniformly adhered
157 to the CNTs surface, which is in full accordance with the XRD test results. Combined
158 with the analysis results of XRD in Fig. 1(b), the sulfur will completely encapsulate the
159 Ni,Ps@CNT composite after the sulfur loading. The Ni,,Ps attached to the CNTs will
160 provide active sites for the conversion of sulfur and lithium sulfide during charging and
161 discharging. In addition, the three-dimensional lattice-like microstructure of the
162 Ni,;,Ps@CNT provides abundant channels for lithium ion and electron transport, which
163 helps to enhance the electrochemical reaction kinetics of the cathode material.

164 In order to investigate the chemical states of P and Ni in the Ni;,Ps@CNTs compos-
165 ite, X-ray photoelectron spectroscopy (XPS) test was performed with Cls at 284.7eV as
166 the reference peak. Figure 3a shows the XPS full survey spectrum of Ni;P;@CNTs
167 composite, indicating the presence of Ni, P, C and O elements. It is remarkable from
168 the figure that the peaks corresponding to Ni and P have lower intensities, which is
169 mainly due to the relatively low existence of Ni and P elements in the Ni;,Ps@CNTs.
170 The high-resolution spectrum of Ni 2p is shown in Fig. 3b. There are six divided peaks
171 at 854eV, 856.7 eV, 862.2¢V, 870.9eV, 874.7eV and 880.6eV in the Ni 2p spectrum, of
|72 which 862.2¢eV and 880.6eV correspond to the satellite peaks, the peaks at 854 eV and
173 870.9eV correspond to Ni 2ps;» and Ni 2py; of Ni-P, the peaks near 856.7eV and
174 874.7 eV correspond to Ni 2ps;» and Ni 2py,» of Ni-O, respectively [23]. The high-reso-
175 lution spectrum of P 2p shows the presence of both phosphides in Fig. 3c. The peak at
176 130eV are considered to be P 2p,,, of P-Ni, while the peaks at 132.9 and 134.2eV are
177 considered to be P 2ps;,; and P 2p,;; of P-O, respectively. As shown in the high-reso-
178 lution spectrum of Cls in Fig. 2s, there are four peaks at 284.7, 285.3, 286.0 and
179 288.0eV belonging to the C=C, C-C, C-O-P and O-C =0 chemical bonds, respectively
180 [24]. The intensity of the peak at 288 eV is very weak, which also indicates the removal
(81 of the vast majority of the oxygen-containing functional groups from the surface
182 of CNTs.

(83 In order to investigate the electrochemical properties and electrochemical kinetics of
84 CNT@ Ni;,Ps/S cathode, we conducted a series of performance tests. Fig. 4(a) shows
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211 Figure 2. (a), (b) SEM image of Ni;;Ps@QCNT; (c) Elemental mapping of Ni;;Ps@CNT.
212

213
214 the charge/discharge curves of CNT@ Ni,,Ps/S cathode at 0.2C rate for the Ist, 20th,

215 40th, 60th, 80th and 100th, from which the two characteristic platforms of the lithium-
216 sulfur battery at 2.3V and 2.1V are clearly seen. It is worthy that the polarization volt-
217 age of the discharge plateau at 2.1V does not increase with the increase of the cycle
218 number, which indicates that it has good electrochemical kinetics during the conversion
219 of Li;S, to Li,S. However, the starting voltage and discharge capacity of the discharge
220 plateau at 2.3V reduced and decreased respectively with the increase of cycle times,
271 which was mainly due to the shuttle effect exacerbated by the dissolution of more and
222 more lithium polysulfide in the electrolyte.

793 The charge/discharge specific capacity curves at different current densities are shown
224 in Fig. 4(b), from which it can be seen that the current density increases from 0.1C to
225 2C, and the charge-discharge platforms of the at 2.3V and 2.1V is retained, indicating
226 that the CNT@ Ni;,P5/S cathode has good electrochemical kinetics in the conversion of
227 cyclic Sg molecules to lithium polysulfide and lithium polysulfide to solid-phase Li,S.
228 The increase in charge/discharge polarization voltage at 2.3V platform is mainly due to
229 the insufficient conversion of lithium polysulfide to Li,S at high current. As a compari-
230 son, Fig. 4(c) shows the rate capacity of CNT@ Ni;,Ps/S cathode and CNT/S cathode. It

-140-
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250 Figure 3. XPS spectra of survey spectrum, Ni 2p, P 2p, C 1s for sample of Ni;,Ps@CNTs.

;gé can be seen that the reversible capacity of 0.1C, 0.2C, 0.5C, 1C and 2C is 1183, 880.6,
253 748.1, 682.1 and 580.6 mAh/g, respectively, and the specific discharge capacity of 1052.7
254 mAh/g is maintained when the current density goes back to 0.1 C again. In particular,
255 the rate capacity of CNT@ Ni,,Ps/S cathode is significantly better than CNT/S cathode
156 at 1C and 2 C, mainly because after the growth of Ni;,P5; nanoparticles on the surface
257 of CNT, Ni;,P5 not only adsorb capture lithium polysulfides, but also catalyze the con-
158 version of liquid lithium polysulfide to solid Li,$ and Li,S,.

259 In order to analyze the electrochemical kinetics of CNT@ Ni,,Ps/S cathode during
260 the charging and discharging process, cyclic voltammetric characteristics were tested in
261 the voltage range of 1.7 V~2.8 V at scan rate of 0.1 mV/s and compared with CNT/S
262 cathode. Fig. 4(d) shows the second CV curves for CNT@ Ni,,Ps/S cathode and CNT/S
263 cathode. The second cycle curve is chosen because the first cycle is the activation pro-
264 cess. The reduction peak at 2.3V corresponds to the reduction of Sg molecules to sol-
265 uble lithium polysulfide (Li»Sx, x=4-8) during the discharge process. The reduction
266 peak at 2.1V corresponds to the reduction of soluble lithium polysulfide (Li,S,,
267 x=4-8) to insoluble Li,S, and Li,S in the electrolyte. There is an oxidation peak near
268 2.4V, which corresponds to the oxidation of the solid Li,S,/Li,S to Sg during the charg-
269 ing process. Compared with CNT/S cathode, the area of the redox peak of CNT@
270 Ni;»P5/S cathode is much larger than that of CNT/S cathode, indicating that the kinetics
271 of the redox reaction of CNT@ Ni,,P5/S cathode is much stronger than CNT/S cathode.
272 In addition, the starting point of the reduction peak of the CNT@ Ni;,P5/S cathode is
273 shifted to the right compared with CNT/S, indicating that Ni,,Ps can reduce the reac-
274 tion energy barrier for the conversion of Li>S; to Li»S,/Li>S and accelerate conversion of
275 Li»S4 to LixS»/LisS, enhancing the kinetics of the oxidation reaction. In order to investi-
276 gate the cycling stability of CNT@ Ni,,Ps/S cathode and CNT/S cathode, 100 cycles test
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Figure 4. The charge and discharge capacity decay curve of Ni;;Ps@CNT at 0.2C current density (a)
and at different current rates (b). (c) The capacity of various rates of Ni;;Ps@CNTs cathode. (d) The
second cydlic valtammograms of CNT@Ni,,Ps/S and CNT/S cathodes. (e) Cycle stability performance of

CNT@ Niy,Ps/S and CNT/S cathodes.

was carried out on both materials at a current density of 0.2C and the results are
shown in Fig. 4(e). The test results show that CNT@ Ni;»P5/S cathode has better cycling
stability with a capacity retention rate of 83.4% after 100 cycles, while material CNT/S
cathode has a capacity retention rate of 64.4%. This demonstrates that Ni;;Ps has a
beneficial effect on the electrochemistry of Li-S batteries, which is consistent with the

CV analysis.
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323 4. Conclusion
324 ; ) o
325 In this study, Ni;,Ps was used as an electrocatalyst in situ on the CNT surface and as a
306 sulfur host for the positive electrode of the Li-S battery. The phase composition, micro-
307 scopic morphology and electrochemical properties of the CNT@Ni,,P</S cathode mate-
378 rials were systematically investigated. The results show that the CNT@Ni,,P5/S cathode
379 exhibits excellent electrochemical performance achieving 1111 mAh/g initial specific
330 capacity of at a current density of 0.1 C and maintaining specific capacity of 730mA/g
131 after 100 cycles at a current density of 0.2 C, with capacity retention rate of 83.4%. The
132 electrochemical reaction kinetics study shows that the excellent electrochemical per-
133 formance of CNT@Ni,,P5/S cathode is mainly due to the Ni;;P5; on the CNT surface
3134 acts as an electrocatalyst for lithium-sulfur batteries to reduce the conversion energy
3135 barrier from lithium polysulfide to Li,S,/Li,S.
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