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Abstract: Lithium-sulfur batteries are anticipated to be the next generation of energy storage de-
vices because of their high theoretical specific capacity. However, the polysulfide shuttle effect of
lithium-sulfur batteries restricts their commercial application. The fundamental reason for this is the
sluggish reaction kinetics between polysulfide and lithium sulfide, which causes soluble polysulfide
to dissolve into the electrolyte, leading to a shuttle effect and a difficult conversion reaction. Catalytic
conversion is considered to be a promising strategy to alleviate the shuttle effect. In this paper, a
Co0S;-CoSe; heterostructure with high conductivity and catalytic performance was prepared by in situ
sulfurization of CoSe; nanoribbon. By optimizing the coordination environment and electronic struc-
ture of Co, a highly efficient CoS,-CoSe; catalyst was obtained, to promote the conversion of lithium
polysulfides to lithium sulfide. By using the modified separator with CoS,-CoSe; and graphene,
the battery exhibited excellent rate and cycle performance. The capacity remained at 721 mAh g~!
after 350 cycles, at a current density of 0.5 C. This work provides an effective strategy to enhance the
catalytic performance of two-dimensional transition-metal selenides by heterostructure engineering.

Keywords: lithium-sulfur batteries; heterostructure design; lithium polysulfides; catalytic conversion

1. Introduction

Lithium-sulfur (Li-S) batteries are expected to be the next generation of storage devices,
due to their ultra-high theoretical specific capacity (1673 mAh g~!) [1-3]. However, liquid
intermediate product lithium polysulfides (Li;Sy, 4 < x < 8) are easily dissolved in the
electrolyte, leading to a serious shuttle effect, thereby leading to low sulfur utilization,
poor cycling stability, and potential safety problems in Li-S batteries [4—6]. The insulting
nature of sulfur and lithium sulfide (Li,S; /Li,S) results in the sluggish reaction kinetics
between LiySy and LiyS; /LiS, which further accelerate the shuttle effect. In recent years,
in order to inhibit the shuttle effect of LiySy, researchers have made many improvements to
sulfur anodes and separators, mainly through physical confinement [7-10], chemical ad-
sorption of LipSy [11-16] and catalytic conversion of LiySx to LiySp /LipS [17-23]. Although
porous carbon materials, such as carbon nanotubes [24,25], porous carbon spheres [26-28],
graphene [9,11,27,29], and so on, play a certain role in limiting the shuttle effect of Li;Sy,
non-polar carbon materials cannot effectively adsorb polar Li,S.

Duan’s group analyzed the activation energy for sulfur reduction reactions (SRRs) and
revealed the difficulty of different reaction steps [30]. The results show that the activation
energy in the initial stage of a SRR is relatively low, indicating that the conversion reaction
between solid Sg and liquid Li;Sy is easier. However, the activation energy for the reduction
reaction of LipSx to LipSy /Li,S is large, which means the transformation of liquid LiySy to
solid Li»S; /Li,S is difficult. Therefore, the conversion of liquid Li;S to solid Li,S is the
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critical step of a SRR. They demonstrated that an electrocatalyst can effectively the decrease
the energy barrier of liquid-solid conversion reactions, and accelerate reduction reactions,
thereby reducing accumulation and dissolution of Li;Sy [30]. Studies have shown that
catalytic materials (i.e., metal oxide, metal sulfide, metal nitride, and their heterostructure,
etc) increase the reaction kinetics and alleviate the shuttle effect [9-17].

Compared with other transition-metal compounds, Co-based catalysts, such as CoS; [17],
CoySg [31], CoSe; [32,33], CosSey [34], and CoP [35], can effectively increase the reaction
kinetics of an SRR, because of the substantial catalytic ability of Co sites. Moreover, Co-
based transition metal compounds are able to bind Li,Sx via both polar—polar (e.g., Li-S,
Li-Se) interaction and Lewis acid-base bonding (Co-S) [17,32], which further increases the
catalytic performance; therefore, a Co-based catalyst is one of most promising candidates
for Li-S batteries. Generally speaking, the electronic structure and coordination environ-
ment of Co sites are widely regarded as the important factors in determining catalytic
performance [36]. Compared with single component, two-component heterostructures
play an important role in optimizing the electronic structure of the catalyst. Until now,
various two-component heterostructures, including VO,-VN [37], TiO,-MXene [38], and
WO3-WS; [18], have been developed to enhance the electrochemical performance of Li-S
batteries. CoS;-CoSe; has been researched in electrocatalytic hydrogen evolution and
dye-sensitized solar cells [39,40], however, its catalytic performance in Li-S batteries is
not clearly understood. Moreover, the rational design and preparation of the CoS;-CoSe;
heterostructure, with an optimized electronic structure and coordination environment of
Co sites, are still challenging to perform. Herein, we prepared a highly conductive and
catalytic CoS,-CoSe; heterostructure nanoribbon (NB), via the solvothermal method and
in situ sulfurization. During the in situ sulfurization process, some of the Se atoms in
CoSe; are replaced by S atoms. The strong binding between CoS; and CoSe, promotes
the rapid electron transfer and optimizes the electronic structure of Co sites. Moreover,
CoSe; converts from a stable cubic phase to a metastable orthorhombic phase after in situ
sulfurization, which changes the coordination environment of Co sites, thereby increasing
the catalytic performance. By using added CoS,-CoSe; and graphenes to modify separator,
the battery exhibits excellent rate and cycle performance. The Li-S battery delivers a good
capacity of 612 mAh g~! after 400 cycles at 1 °C.

2. Materials and Methods

Synthesis of CoSe; NBs. CoSe; NBs were prepared by the solvothermal method [41].
The specific steps are as follows. (1) First, 1 mmol of cobalt acetate (Co(AC),H,0, 0.249 g)
was added to 5 mL of deionized water and stirred until Co(AC),H,O was completely
dissolved, followed by adding 8 mL of graphene oxide dispersion (0.3 mg mL~!). A small
amount of graphene oxide was added to prevent agglomeration of CoSe, NBs. The disper-
sion solution was treated by strong ultrasonic for 2 h. (2) Then, 26 mL diethylenetriamine
and 1 mmol sodium selenite (NaySeOs, 0.173 g) were added to the dispersion solution
and stirred for 3 h until Na;SeO3; was completely dissolved. (3) The completely dissolved
solution was transferred to a 50 mL reactor and reacted at 180 °C for 16 h, after which the
product was cleaned with deionized water. Finally, black powder was obtained by freeze
drying. The as-prepared sample was labeled as CoSe;.

Synthesis of CoS;-CoSe; heterostructure. The detailed steps are as follows. (1) 30 mg
CoSe; and 150 mg thiourea (CH4N,S) were placed in two separate boats of tubular furnace.
CoSe; was placed in central zone and CH4N,S was placed in the upstream of flow. (2) The
heat treatment was performed at 350 °C for 0.5 h under an argon atmosphere. The as-
prepared sample was labeled as CoS;-CoSe;. Other CoS,y-CoSe; heterostructures were
synthesized using different contents of thiourea, and they were labeled as CoS;-CoSe,-1
(thiourea: 50 mg), CoS,-CoSe;-2 (thiourea: 100 mg), and CoS,-CoSe;-3 (thiourea: 200 mg).

Synthesis of cathode and modified separators. Synthesis of CNT/S cathode: The
sulfur/carbon composite was prepared by heat treatment at 155 °C for 12 h after mixing
the nano-sulfur powder and carbon nanotubes at a mass ratio of 7.5:2.5. Then, the sul-
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fur/carbon composite, Super P, and PVDF were mixed at a mass ratio of 8:1:1, and NMP
solvent was added and stirred for 6 h. The stirred slurry was coated on aluminum foil,
dried at 60 °C for 12 h and cut into a disk with a diameter of 12 mm. The loading mass
of sulfur was 1 mg cm 2. Synthesis of modified separators: Firstly, a dispersion liquid
containing 3 mg of CoS,-CoSe; powder, 14 mg graphene (GN), and 100 mL of ethanol was
obtained via strong ultrasonic for 2 h. The dispersion was vacuum filtered on the blank
separator and dried naturally for 12 h. Then, the separator loaded with CoS;-CoSe, /GN
and was cut into discs with a diameter of 19 mm, and the mass loading of CoS,-CoSe; /GN
on the disc was about 0.17 mg cm 2. The CoSe,/GN composite separator was prepared by
the same method.

Battery assembly and electrochemical measurements. This was performed using
CNT/S as the cathode, a catalyst/GN modified separator, lithium foil as the anode, and
1 M LiTFSI dissolved in a DME/DOL (volume ratio is 1:1) with 2% LiNO3 (mass ratio) as the
electrolyte to assemble Li-S coin cells. The electrolyte/sufur (E/S) ratio is was 15 pL mg’z.
Galvanostatic charge—-discharge curves were measured with battery test system (Land
CT2001A). CV profiles were performed on VMP3 electrochemical workstation.

Materials Characterization. The morphologies of the samples were examined by
scanning electron microscopy (SEM SU8010) and transmission electron microscopy (FEI
Tecnai G2 F30). X-ray diffraction (XRD) patterns of the samples were carried out on a
Bruker D8 Advance diffractometer using Cu Ka radiation. The N, adsorption-desorption
isotherm of the samples was measured using a Belsorp Max Il analyzer. X-ray photoelectron
spectroscopy (XPS) analyses were carried on a PHI 5000 VersaProbe II spectrometer using
monochromatic Al K(alpha) X-ray source.

3. Results and Discussion

The CoSe; NBs were prepared by solvothermal method; some protonated ammonia
molecules were intercalated within the CoSe, NB [41]. The in situ sulfurization of CoSe,
into CoS,-CoSe; heterostructure can be easily realized by heat treatment. In a typical
preparation, thiourea and CoSe, NBs were first placed in two separate crucibles with
different mass ratios, followed by heat treatment. Then, the H,S vapor was formed to
react with CoSe; to realize the in situ sulfurization (Figure 1a). Note that the content
of the CoS, was related to the thiourea content and gradually increased with higher
thiourea contents (Figure S1). More synthesis details can be found in the Experimental
section. The morphologies of CoSe; and CoS,-CoSe, were observed by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM), as shown in Figure 1b,e,
The two-dimensional nanoribbon is flexible and transparent, indicating that ultra-thin
nanoribbons exhibit good electrical conductivity. The nanoribbon was then sulfurized
in situ through heat treatment using thiourea as sulfur source. As shown in Figure 1c,d,
the smooth nanoribbon surface becomes rough after sulfurization, and a large number
of nanoparticles were grown in situ on the nanoribbon of CoSe;,. The nanoparticles were
uniformly dispersed on the surface of the nanoribbon and were less than 20 nm in size
(Figure 1f). The uniform dispersion of nanoparticles may be ascribed to the following two
reasons. Firstly, uniform selenium vacancies were formed on the surface of CoSe; during
heat treatment, and the selenium vacancies were rapidly replaced by sulfur to generate
CoS; nanoparticles. Secondly, the surface of CoSe;, prepared by the solvothermal method,
contained a large number of amino functional groups, which could act as nucleation site,
to promote the uniform growth of CoS, on the surface of CoSe,. The nanoparticles were
still firmly anchored on the CoSe, nanoribbon after strong ultrasonic dispersion during the
preparation process of the TEM sample, indicating that the strong bonding force existed
between the CoS; and CoSe;, which was due to the fact that CoS, nanoparticles were
attached in situ on selenium vacancies or amino functional groups. As shown in Figure 1g,
high-resolution TEM confirms that the nanoparticles on the nanoribbon were CoS,, and a
lattice spacing of 0.25 nm corresponded to the (210) plane of CoS,.
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Figure 1. (a) Schematic diagram of the synthesis process of CoS,-CoSey; SEM images of (b) CoSe;
and (c) CoS;-CoSey; (d) SEM image of CoS,-CoSe,; TEM images of (e) CoSe; and (f) CoSy-CoSey;
(g) HR-TEM image of CoS;-CoSe;.

X-ray diffraction (XRD) was used to study the phases of CoSe; and CoS;-CoSe;. As
shown in Figure 2a, the CoSe; nanoribbons prepared by solvothermal reaction are cubic
phase (JCPDS No.09-0234). The characteristic peak of CoS; appears at 32.3° (JCPDS No.65-
3322), after in situ sulfurization, which further confirms the formation of CoS,-CoSe, [39].
Meanwhile, the stable cubic CoSe, was transformed into the metastable orthorhombic
CoSe; (JCPDS No.53-0449). The formation of orthorhombic CoSe; was accompanied by
the rotation of the Se-Se bond, which alters the coordination environment of Co sites. This
metastable orthorhombic CoSe; showed higher electrocatalytic activity than the stable cubic
phase [42]. Nitrogen adsorption desorption tests were conducted on CoSe; and CoS,-CoSey,
and the results are shown in Figure 2b,c. There was no difference in adsorption-desorption
curve types between CoSe; and CoS,-CoSe,, and both of them had a small number of
mesoporous pores. According to a Brunauer-Emmett-Teller theoretical calculation, the
specific surface areas of CoSe, and CoS,-CoSe; are 74 and 45 m? g~!, respectively. The
formation of the CoS;-CoSe; heterostructure was accompanied by the decrease of a specific
surface area, which was caused by the growth of granular CoS; on the surface of ultra-
thin nanoribbons.
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Figure 2. XRD patterns of (a) CoSe; and CoS,-CoSe;y; nitrogen adsorption and desorption curves
of (b) CoSe; and (c) CoSy-CoSey; XPS spectra of (d) Co 2p; (e) Se 3d; and (f) S 2p of CoSe;
and CoS,-CoSes.

The surface chemistries of CoS;-CoSe; and CoSe; were tested and compared by X-
ray photoelectron spectroscopy. Figure 2d shows the Co 2p spectra of CoSp-CoSe; and
CoSe,, in which two peaks at 778.46 and 793.36 eV are attributed to Co 2p3,, and Co
2p1/ of CoSey, after the sulfurization process, and the two Co-Se bonds move to higher
binding energy positions, which are 779.19 and 794.09 eV, respectively. During the in
situ sulfurization process, some Se atoms in CoSe, are replaced with S atoms, which is
accompanied by the formation of a CoS;-CoSe; heterostructure. The Co 2p3/, spectrum
moves to the higher binding energy position with 0.73 eV, indicating a Co element under
oxidized change. Moreover, electron transfer occurs between the heterostructure, and a
strong interaction exists between CoS; and CoSe;. The analysis of the Se 3d fine spectra of
the two materials shows that 54.7 and 59.6 eV correspond to Se;2~ and SeOy, respectively;
after the conversion of CoSe; to CoS,-CoSe, Se 3d moves to higher binding energy position
(Figure 2e). The fine spectrum of S 2p confirms the existence of CoS; and thiosulfate/sulfate
(Figure 2f). Above all, the electronic structure and coordination environment of Co were
changed after the in situ sulfurization.

To investigate the polysulfide adsorption capability of CoS;-CoSe;, and CoSe, toward
LiySy, visual static Li;Sg adsorption tests were performed on CoS;-CoSep and CoSe,. As
shown in Figure 3a—c, the yellow LiyS4 solution of CoS;-CoSe; begins to fade after 0.5 h
and becomes clear after 3 h; however, the color of CoSe; began to fade after 5 h, proving
that the CoS;-CoSe; heterostructure has a strong adsorption ability with LiSg. The UV-
vis technique was used to investigate the polysulfide adsorption capability of different
materials. The peak of the UV-vis spectrum in the solution with CoS,-CoSe; exhibited the
weakest intensity, indicating LiSg immobilization of CoS;-CoSe, (Figure 3d). This was
because the electronic structure of Co in the CoS,-CoSe; heterostructure was optimized
and the Co coordination environment of metal was changed, increasing the adsorption
capability of Li;Sg. Furthermore, the formation of CoS; also increased the adsorption ability.
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Figure 3. Digital photographs of Li,Ss adsorption test of CoSe; and CoS,-CoSe; at different times:
(a) 0.5h; (b) 3 h; (c) 5 h; (d) UV—vis spectra of the Li»Sg solution after 5 h of adsorption; (e) CV curves
of CoSe; and CoS;-CoSe, symmetrical cells; (f) potentiostatic discharge profiles of the cells with
CoSe; and CoS;,-CoSe;. Electrode morphology of (g) CoSe; and (h) at the beginning of deposition.

The catalytic activity of the materials was evaluated through cyclic voltammogram
(CV) curves of symmetrical cells, using an LipSg electrode. As shown in Figure 3e, compared
with CoSe;, the CoS;-CoSe; symmetrical cell has a higher current density, which indicates
that CoS;-CoSe; accelerates the catalytic conversion of Li;Sy and improves the utilization
of sulfur. Moreover, the Li,S deposition experiment was conducted for CoS;-CoSe; and
CoSey, to illustrate the catalytic activity. Catalysts were loaded on carbon fiber paper, and
an LipSg solution was added on the catalysts. The coin cell was assembled using carbon
fiber paper loaded with a catalyst, LiySg as the cathode, and lithium foil as the anode. The
coin cell was galvanostatically discharged to 2.07 V and then potentiostatically discharged
at 2.06 V. The potentiostatic discharge curves of cells with CoSe; and CoS,-CoSe; are shown
in Figure 3f. The peak currents of CoSe, and CoS,-CoSe, were 0.21 and 0.3 mA, respectively.
Moreover, compared with CoSe,, the deposition time of LiSx for CoS,-CoSe; was shorter,
demonstrating that the CoS,-CoSe; delivered better catalytic performance toward Li;Sx.
The morphology of the electrode was observed at the same deposition time point, as shown
in Figure 3g,h. No obvious LiyS was present on the surface of CoSep; in comparation,
a large area of Li,S had already emerged on the surface of CoS,-CoSe;, confirming that
the CoS;-CoSe; heterostructure improved the conversion efficiency of LipSy to LipS, /LisS.
The morphologies of the CoSe; and CoSy-CoSe; electrodes after LipS deposition were also
investigated. As shown in Figure S2, a large amount of LiS could be observed on the
surface of the CoS;-CoSe; electrode, while only a few deposits were detected on the on the
surface of the CoSe; electrode, further confirming that CoS,-CoSe; was beneficial for the
deposition of Li,S.

Above all, compared with CoSe;, the adsorption and catalytic conversion ability of
CoS5,-CoSe; have been largely improved, due to the presence of CoSy, which may be
attributed to two reasons. Firstly, the heterostructure activated the Co catalytic activity
on the surface of the CoSe;, and the formed hetero-interface ensured the rapid electron
transfer of and Li-ion diffusion between CoS; and CoSe;. Secondly, the orthorhombic
CoSe; changed the coordination environment of the Co, increasing the adsorption sites and
catalytic activity.

To investigate the electrochemical performance of Li-S batteries with CoSe; and CoS,-
CoSe;, the CoS;-CoSep /GN or CoSep /GN modified separator was applied to the Li-S
batteries. The modified separator had a loading of 0.17 mg cm 2 and a thickness of ~11 um
(Figure S3). The rate performance of Li-S batteries with CoS,-CoSe; and CoSe; were tested
under different current densities. As shown in Figure 4a, the battery with CoS;-CoSe;
had discharge capacities of 1133, 905, 765, and 658 mAh g~! at 0.2, 0.5, 1, and 2 C current
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densities, respectively. The discharge capacities of the battery with the CoSe; cell are 1031,
757,639, and 524 mAh g’l, indicating that the CoS;-CoSe, improved the sulfur utilization.
Figure 4b displays the charge—discharge curves of the two batteries. When the current
density was 0.5 °C, the battery with CoS,-CoSe; had a longer discharge platform, which
proves that CoSy-CoSe; promotes the conversion of LiySx and improves the utilization
of sulfur. By analyzing the charging curves of the two batteries, it can be seen that the
battery with CoS;-CoSe; can reduce the energy barrier of conversion from Li,S; /Li,S to
LipSy, indicating that CoS;-CoSe; can promote its conversion reaction. Figure 4c shows the
charge—discharge curves of the battery using CoS;-CoSe; at different current densities. The
discharge curves at different current densities contained two discharge platforms, corre-
sponding to the reduction reaction from solid Sg to liquid LiySy, and LiySy to LipS; /LipS. CV
tests were conducted at different scanning speeds for the battery with CoS,-CoSe;. It can be
seen that, even at the scanning speed of 0.5 mV s~, there were still two obvious reduction
peaks and oxidation peaks, indicating that the battery had excellent rate performance
(Figure 4d).
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Figure 4. (a) Rate performance of different batteries at different current densities from 0.2 to 2 C.
(b) Comparison of charge—discharge curves of batteries using different separators at a current density
of 0.5 C. (c) Charge-discharge curves of battery using CoS;-CoSe, /GN separator at different current
densities. (d) CV curves of cell using CoS,-CoSe, /GN separator at different scan speeds. The cycling
performance of batteries using CoS;-CoSe; /GN and CoSe, /GN separators at (e) 0.5 C and (f) 1 C,
the arrows represent the coulombic efficiency.

Figure 4e shows the long cycle performance of the two batteries at a current density
of 0.5 C. The battery using the CoS,-CoSe, had an initial capacity of 921 mAh g~! and a
capacity of 722 mAh g~! after 350 cycles, corresponding to a capacity decay rate of 0.062%
per cycle. The cell using the CoSe, had an initial capacity of 740 mAh g~! and a capacity of
352 mAh g~ ! after 350 cycles, corresponding to a capacity decay rate of 0.15% per cycle.
Although CoSe; has a high specific surface area, its poor Li;Sx adsorption and catalytic
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ability resulted in poor cycling stability. CoS,-CoSe; has good adsorption and catalytic
conversion ability toward LiySy, which improved the capacity and cycle stability of the
battery. Figure 4f shows the long cycle performance of the two batteries at 1 C. After
400 cycles, the battery with CoS,-CoSe, had a capacity of 612 mAh g~!, while the cell
with CoSe; only had a capacity of 353 mAh g~!, which demonstrates that CoS,-CoSe; can
improve the utilization of sulfur and alleviate the shuttle effect of Li,Sx. We also compared
the cycle performance of batteries with other Co-based composite electrodes, measured at
0.5/1 C (Table S1), indicating that the battery with CoS;-CoSe; had a longer cycling life.

4. Conclusions

In conclusion, we prepared CoSe; nanoribbons with a high specific surface area and
high conductivity, by the solvothermal method, and then prepared a CoS;-CoSe; het-
erostructure by in situ sulfurization. The strong interaction between the two components
ensures rapid electron transfer and Li-ion diffusion. The formation of a CoS;-CoSe; het-
erostructure optimizes the electronic structure of Co, and simultaneously converts its phase
from a stable cubic phase into the metastable orthorhombic phase, which accompanies the
change of the coordination environment of Co. As a result, CoS;-CoSe; significantly in-
creases adsorption and catalytic ability, thereby improving the electrochemical performance
of the Li-S battery. This work provides an easy way to construct highly efficient heterostruc-
ture catalysts for Li-S batteries by the in situ sulfurization of a metal sulfide heterostructure.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma16113992/s1. References [43-45] are cited in the supplementary
materials.

Author Contributions: Conceptualization, B.Z.; Methodology, ]. M. and M.C.; Investigation, B.Z,;
Writing—original draft, B.Z.; Writing—review & editing, Y.Z.; Supervision and project administration,
S.W.; Project administration, B.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This work is supported by the China Postdoctoral Science Foundation (2022M721029 and
2022M721030), Postdoctoral Research Grant in Henan Province (202102074).

Data Availability Statement: All relevant data are within the manuscript and its Additional files.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Seh, ZW.; Sun, Y.; Zhang, Q.; Cui, Y. Designing High-Energy Lithium-Sulfur Batteries. Chem. Soc. Rev. 2016, 45, 5605-5634.
[CrossRef]

2. Al-Thabaiti, S.A.; Mostafa, M.M.M.; Ahmed, A.I; Salama, R.S. Synthesis of Copper/Chromium Metal Organic Frameworks-
Derivatives as an Advanced Electrode Material for High-Performance Supercapacitors. Ceram. Int. 2023, 49, 5119-5129. [CrossRef]

3. Mostafa, M.M.M.; Alshehri, A.A.; Salama, R.S. High Performance of Supercapacitor Based on Alumina Nanoparticles Derived
from Coca-Cola Cans. J. Energy Storage 2023, 64, 107168. [CrossRef]

4. Li,G,;Wang, S.; Zhang, Y,; Li, M,; Chen, Z,; Lu, J. Revisiting the Role of Polysulfides in Lithium-Sulfur Batteries. Adv. Mater. 2018,
30, 1705590. [CrossRef] [PubMed]

5. Zhang, B,; Qin, X,; Li, G.R,; Gao, X.P. Enhancement of Long Stability of Sulfur Cathode by Encapsulating Sulfur into Micropores
of Carbon Spheres. Energy Environ. 2010, 3, 1531-1537. [CrossRef]

6. Huang, S.; Wang, Z.; Von Lim, Y.; Wang, Y.; Li, Y.; Zhang, D.; Yang, H.Y. Recent Advances in Heterostructure Engineering for
Lithium-Sulfur Batteries. Adv. Energy Mater. 2021, 11, 2003689. [CrossRef]

7. Ji, X.; Lee, K.T.; Nazar, L.E. A Highly Ordered Nanostructured Carbon-Sulphur Cathode for Lithium-Sulphur Batteries. Nat.
Mater. 2009, 8, 500-506. [CrossRef]

8. Jung, D.S.; Hwang, TH.; Lee, ].H.; Koo, H.Y.; Shakoor, R.A.; Kahraman, R.; Jo, Y.N.; Park, M.-S.; Choi, ]. W. Hierarchical Porous
Carbon by Ultrasonic Spray Pyrolysis Yields Stable Cycling in Lithium-Sulfur Battery. Nano Lett. 2014, 14, 4418-4425. [CrossRef]

9. Peng, Z,; Fang, W.; Zhao, H.; Fang, J.; Cheng, H.; The Nam Long, D.; Xu, J.; Chen, P. Graphene-Based Ultrathin Microporous

Carbon with Smaller Sulfur Molecules for Excellent Rate Performance of Lithium-Sulfur Cathode. J. Power Sources 2015, 282,
70-78. [CrossRef]


https://www.mdpi.com/article/10.3390/ma16113992/s1
https://www.mdpi.com/article/10.3390/ma16113992/s1
https://doi.org/10.1039/C5CS00410A
https://doi.org/10.1016/j.ceramint.2022.10.029
https://doi.org/10.1016/j.est.2023.107168
https://doi.org/10.1002/adma.201705590
https://www.ncbi.nlm.nih.gov/pubmed/29577456
https://doi.org/10.1039/c002639e
https://doi.org/10.1002/aenm.202003689
https://doi.org/10.1038/nmat2460
https://doi.org/10.1021/nl501383g
https://doi.org/10.1016/j.jpowsour.2015.01.180

Materials 2023, 16, 3992 90of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Hai, C; Peng, G.; Zhou, Y; Shen, Y,; Li, X,; Sun, Y.; Zhang, G.; Zeng, J.; Dong, S. Gradually Anchoring Sulfur into in-Situ Doped
Carbon Substrate as Cathode for Li-S Batteries with Excellent Wide-Temperature Performance. Ceram. Int. 2022, 48, 1622-1632.
[CrossRef]

Song, J.; Yu, Z.; Gordin, M.L.; Wang, D. Advanced Sulfur Cathode Enabled by Highly Crumpled Nitrogen-Doped Graphene
Sheets for High-Energy-Density Lithium-Sulfur Batteries. Nano Lett. 2016, 16, 864-870. [CrossRef] [PubMed]

Cheng, D.; Fan, T. Synergetic Pore Structure Optimization and Nitrogen Doping of 3d Porous Graphene for High Performance
Lithium Sulfur Battery. J. Am. Chem. Soc. 2018, 256, 869-877. [CrossRef]

Zhen, M.; Jiang, K.; Guo, S.-Q.; Shen, B.; Liu, H. Suitable Lithium Polysulfides Diffusion and Adsorption on Cnts@TiO,-Bronze
Nanosheets Surface for High-Performance Lithium-Sulfur Batteries. Nano Res. 2022, 15, 933-941. [CrossRef]

Zhao, G,; Liu, S.; Zhang, X.; Zhang, Y.; Shi, H.; Liu, Y.; Hou, L.; Yuan, C. Construction of Co@N-Cnts Grown on N-MO,C
Nanosheets for Separator Modification to Enhance Adsorption and Catalytic Conversion of Polysulfides in Li-S Batteries. ]. Mater.
Chem. A 2023, 11, 1856-1865. [CrossRef]

Jiang, H.; Guo, J.; Tao, J.; Li, X.; Zheng, W.; He, G.; Dai, Y. Low-Cost Biomass-Gel-Induced Conductive Polymer Networks
for High-Efficiency Polysulfide Immobilization and Catalytic Conversion in Li-S Batteries. ACS Appl. Energy Mater. 2022, 5,
2308-2317. [CrossRef]

Wei, J.; Jiang, C.; Chen, B.; Li, X.; Zhang, H. Hollow C/Co¢Sg Hybrid Polyhedra-Modified Carbon Nanofibers as Sulfur Hosts for
Promising Li-S Batteries. Ceram. Int. 2021, 47, 25387-25397. [CrossRef]

Yuan, Z; Peng, H.-].; Hou, T.-Z.; Huang, ].-Q.; Chen, C.-M.; Wang, D.-W.; Cheng, X.-B.; Wei, F,; Zhang, Q. Powering Lithium-Sulfur
Battery Performance by Propelling Polysulfide Redox at Sulfiphilic Hosts. Nano Lett. 2016, 16, 519-527. [CrossRef]

Zhang, B.; Luo, C.; Deng, Y.; Huang, Z.; Zhou, G.; Lv, W.; He, Y.-B.; Wan, Y.; Kang, F,; Yang, Q.-H. Optimized Catalytic WS,-WO3
Heterostructure Design for Accelerated Polysulfide Conversion in Lithium-Sulfur Batteries. Adv. Energy Mater. 2020, 10, 2000091.
[CrossRef]

Zhao, C.; Xu, G.-L.; Yu, Z.; Zhang, L.; Hwang, I.; Mo, Y.-X; Ren, Y.; Cheng, L.; Sun, C.-].; Ren, Y,; et al. A High-Energy and
Long-Cycling Lithium-Sulfur Pouch Cell Via a Macroporous Catalytic Cathode with Double-End Binding Sites . Nat. Nanotechnol.
2021, 16, 224. [CrossRef]

Liu, D.; Zhang, C.; Zhou, G.; Lv, W.; Ling, G.; Zhi, L.; Yang, Q.-H. Catalytic Effects in Lithium-Sulfur Batteries: Promoted Sulfur
Transformation and Reduced Shuttle Effect. Adv. Sci. 2018, 5, 1700270. [CrossRef]

Wang, R.; Luo, C.; Wang, T.; Zhou, G.; Deng, Y.; He, Y.; Zhang, Q.; Kang, F; Lv, W.; Yang, Q.-H. Bidirectional Catalysts for
Liquid-Solid Redox Conversion in Lithium-Sulfur Batteries. Adv. Mater. 2020, 32, 2000315. [CrossRef] [PubMed]

Feng, Y,; Zu, L.; Yang, S.; Chen, L.; Liao, K.; Meng, S.; Zhang, C.; Yang, ]J. Ultrahigh-Content Co-P Cluster as a Dual-Atom-Site
Electrocatalyst for Accelerating Polysulfides Conversion in Li-S Batteries. Adv. Funct. Mater. 2022, 32, 2207579. [CrossRef]
Theibault, M.].; Chandler, C.; Dabo, I.; Abruna, H.D. Transition Metal Dichalcogenides as Effective Catalysts for High-Rate
Lithium-Sulfur Batteries. ACS Catal. 2023, 13, 3684-3691. [CrossRef]

Zhou, J.; Liu, X;; Zhou, J.; Zhao, H.; Lin, N.; Zhu, L.; Zhu, Y.; Wang, G.; Qian, Y. Fully Integrated Hierarchical Double-Shelled
CoySg@CNT Nanostructures with Unprecedented Performance for Li-S Batteries. Nanoscale Horiz. 2019, 4, 182-189. [CrossRef]
[PubMed]

Yu, X.-F; Tian, D.-X,; Li, W.-C.; He, B.; Zhang, Y.; Chen, Z.-Y.; Lu, A.-H. One-Pot Synthesis of Highly Conductive Nickel-Rich
Phosphide/CNTs Hybrid as a Polar Sulfur Host for High-Rate and Long-Cycle Li-S Battery. Nano Res. 2019, 12, 1193-1197.
[CrossRef]

Gueon, D.; Ju, M.Y,; Moon, ].H. Complete Encapsulation of Sulfur through Interfacial Energy Control of Sulfur Solutions for
High-Performance Li-S Batteries. Proc. Natl. Acad. Sci. USA 2020, 117, 12686-12692. [CrossRef]

Ai, W,; Li, J.; Du, Z,; Zou, C.; Du, H.; Xu, X,; Chen, Y.; Zhang, H.; Zhao, J.; Li, C.; et al. Dual Confinement of Polysulfides in
Boron-Doped Porous Carbon Sphere/Graphene Hybrid for Advanced Li-S Batteries. Nano Res. 2018, 11, 4562-4573. [CrossRef]
Rehman, S.; Guo, S.; Hou, Y. Rational Design of Si/SiO,@Hierarchical Porous Carbon Spheres as Efficient Polysulfide Reservoirs
for High-Performance Li-S Battery. Adv. Mater. 2016, 28, 3167-3172. [CrossRef]

Li, H,; Tao, Y,; Zhang, C.; Liu, D.; Luo, J.; Fan, W.; Xu, Y.; Li, Y.; You, C.; Pan, Z.-Z,; et al. Dense Graphene Monolith for High
Volumetric Energy Density Li-S Batteries. Adv. Energy Mater. 2018, 8, 1703438. [CrossRef]

Peng, L.; Wei, Z.; Wan, C.; Li, J.; Chen, Z.; Zhu, D.; Baumann, D.; Liu, H.; Allen, C.S.; Xu, X,; et al. A Fundamental Look at
Electrocatalytic Sulfur Reduction Reaction. Nat. Catal. 2020, 3, 762-770. [CrossRef]

Liu, Y,; Ma, S;; Liu, L.; Koch, J.; Rosebrock, M.; Li, T.; Bettels, F.; He, T.; Pfnuer, H.; Bigall, N.C.; et al. Nitrogen Doping Improves
the Immobilization and Catalytic Effects of CogSg in Li-S Batteries. Adv. Funct. Mater. 2020, 30, 2002462. [CrossRef]

Wang, M.; Fan, L.; Sun, X.; Guan, B,; Jiang, B.; Wu, X,; Tian, D.; Sun, K.; Qiu, Y,; Yin, X; et al. Nitrogen-Doped CoSe; as a
Bifunctional Catalyst for High Areal Capacity and Lean Electrolyte of Li-S Battery. ACS Energy Lett. 2020, 5, 3041-3050. [CrossRef]
Chen, L; Xu, Y.; Cao, G.; Sari, HM.K.; Duan, R.; Wang, ]J.; Xie, C.; Li, W,; Li, X. Bifunctional Catalytic Effect of CoSe, for
Lithium-Sulfur Batteries: Single Doping Versus Dual Doping. Adv. Funct. Mater. 2022, 32, 2107838. [CrossRef]

Cai, D; Liu, B.; Zhu, D.; Chen, D.; Lu, M.; Cao, J.; Wang, Y.; Huang, W.; Shao, Y.; Tu, H.; et al. Ultrafine Cosse; Nanoparticles
in Nitrogen-Doped 3D Carbon Matrix for High-Stable and Long-Cycle-Life Lithium Sulfur Batteries. Adv. Energy Mater. 2020,
10, 1904273. [CrossRef]


https://doi.org/10.1016/j.ceramint.2021.09.241
https://doi.org/10.1021/acs.nanolett.5b03217
https://www.ncbi.nlm.nih.gov/pubmed/26709841
https://doi.org/10.1016/j.carbon.2018.11.032
https://doi.org/10.1007/s12274-021-3578-6
https://doi.org/10.1039/D2TA09123B
https://doi.org/10.1021/acsaem.1c03797
https://doi.org/10.1016/j.ceramint.2021.05.261
https://doi.org/10.1021/acs.nanolett.5b04166
https://doi.org/10.1002/aenm.202000091
https://doi.org/10.1038/s41565-020-00797-w
https://doi.org/10.1002/advs.201700270
https://doi.org/10.1002/adma.202000315
https://www.ncbi.nlm.nih.gov/pubmed/32627911
https://doi.org/10.1002/adfm.202207579
https://doi.org/10.1021/acscatal.3c00186
https://doi.org/10.1039/C8NH00289D
https://www.ncbi.nlm.nih.gov/pubmed/32254154
https://doi.org/10.1007/s12274-019-2381-0
https://doi.org/10.1073/pnas.2000128117
https://doi.org/10.1007/s12274-018-2036-6
https://doi.org/10.1002/adma.201506111
https://doi.org/10.1002/aenm.201703438
https://doi.org/10.1038/s41929-020-0498-x
https://doi.org/10.1002/adfm.202002462
https://doi.org/10.1021/acsenergylett.0c01564
https://doi.org/10.1002/adfm.202107838
https://doi.org/10.1002/aenm.201904273

Materials 2023, 16, 3992 10 of 10

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Zhong, Y,; Yin, L.; He, P.; Liu, W.; Wu, Z.; Wang, H. Surface Chemistry in Cobalt Phosphide-Stabilized Lithium-Sulfur Batteries. J.
Am. Chem. Soc. 2018, 256, 1455-1459. [CrossRef]

Gouda, M.S.; Shehab, M.; Helmy, S.; Soliman, M.; Salama, R.S. Nickel and Cobalt Oxides Supported on Activated Carbon Derived
from Willow Catkin for Efficient Supercapacitor Electrode. J. Energy Storage 2023, 61, 106806. [CrossRef]

Song, Y.; Zhao, W.; Kong, L.; Zhang, L.; Zhu, X.; Shao, Y.; Ding, F; Zhang, Q.; Sun, J.; Liu, Z. Synchronous Immobilization and
Conversion of Polysulfides on a VO,-VN Binary Host Targeting High Sulfur Load Li-S Batteries. Energy Environ. Sci. 2018, 11,
2620-2630. [CrossRef]

Jiao, L.; Zhang, C.; Geng, C.; Wu, S.; Li, H.,; Lv, W.; Tao, Y.; Chen, Z.; Zhou, G.; Li, J.; et al. Capture and Catalytic Conversion
of Polysulfides by in Situ Built TiO,-MXene Heterostructures for Lithium-Sulfur Batteries. Adv. Energy Mater. 2019, 9, 1900219.
[CrossRef]

Guo, Y.; Shang, C.; Wang, E. An Efficient Cos, /CoSe, Hybrid Catalyst for Electrocatalytic Hydrogen Evolution. J. Mater. Chem. A
2017, 5, 2504-2507. [CrossRef]

Huang, S.; Wang, H.; Wang, S.; Hu, Z.; Zhou, L.; Chen, Z; Jiang, Y.; Qian, X. Encapsulating CoS,-CoSe, Heterostructured
Nanocrystals in N-Doped Carbon Nanocubes as Highly Efficient Counter Electrodes for Dye-Sensitized Solar Cells. Dalton Trans.
2018, 47, 5236-5244. [CrossRef]

Gao, M.-R;; Yao, W.-T.; Yao, H.-B.; Yu, S.-H. Synthesis of Unique Ultrathin Lamellar Mesostructured CoSe;-Amine (Protonated)
Nanobelts in a Binary Solution. J. Am. Chem. Soc. 2009, 131, 7486. [CrossRef] [PubMed]

Zheng, Y.-R.; Wu, P; Gao, M.-R,; Zhang, X.-L.; Gao, E-Y,; Ju, H.-X,; Wu, R.; Gao, Q.; You, R.; Huang, W.-X,; et al. Doping-Induced
Structural Phase Transition in Cobalt Diselenide Enables Enhanced Hydrogen Evolution Catalysis. Nat. Commun. 2018, 9, 2533.
[CrossRef] [PubMed]

Yuan, H.; Peng, H.-J.; Li, B.-Q.; Xie, J.; Kong, L.; Zhao, M.; Chen, X; Huang, ].-Q.; Zhang, Q. Conductive and Catalytic Triple-Phase
Interfaces Enabling Uniform Nucleation in High-Rate Lithium-Sulfur Batteries. Adv. Energy Mater. 2019, 9, 1802768. [CrossRef]
Ye, Z.; Jiang, Y.; Li, L.; Wu, F; Chen, R. A High-Efficiency Cose Electrocatalyst with Hierarchical Porous Polyhedron Nanoarchitec-
ture for Accelerating Polysulfides Conversion in Li-S Batteries. Adv. Mater. 2020, 32, 2002168. [CrossRef] [PubMed]

Lei, J.; Fan, X.-X,; Liu, T.; Xu, P; Hou, Q.; Li, K.; Yuan, R.-M.; Zheng, M.-S.; Dong, Q.-F,; Chen, ].-J. Single-Dispersed Polyoxometa-
late Clusters Embedded on Multilayer Graphene as a Bifunctional Electrocatalyst for Efficient Li-S Batteries. Nat. Commun. 2022,
13, 202. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/jacs.7b11434
https://doi.org/10.1016/j.est.2023.106806
https://doi.org/10.1039/C8EE01402G
https://doi.org/10.1002/aenm.201900219
https://doi.org/10.1039/C6TA09983A
https://doi.org/10.1039/C8DT00067K
https://doi.org/10.1021/ja900506x
https://www.ncbi.nlm.nih.gov/pubmed/19445509
https://doi.org/10.1038/s41467-018-04954-7
https://www.ncbi.nlm.nih.gov/pubmed/29955067
https://doi.org/10.1002/aenm.201802768
https://doi.org/10.1002/adma.202002168
https://www.ncbi.nlm.nih.gov/pubmed/32596845
https://doi.org/10.1038/s41467-021-27866-5
https://www.ncbi.nlm.nih.gov/pubmed/35017484

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

