iIScience

Design principles for 2D transition metal

¢? CellPress

OPEN ACCESS

dichalcogenides toward lithium—sulfur batteries

Xiaoyu Yu,'? Yifan Ding,"? and Jingyu Sun'*

SUMMARY

Lithium—sulfur (Li-S) batteries are regarded as a promising candidate for next-
generation energy storage systems owing to their remarkable energy density,
resource availability, and environmental benignity. Nevertheless, severe shut-
tling effect, sluggish redox kinetics, large volumetric expansion, and uncontrolla-
ble dendrite growth hamper the practical applications. To address these intrac-
table issues, two-dimensional (2D) transition metal dichalcogenides (TMDs)
have emerged expeditiously as an essential material strategy. Herein, this review
emphasizes the development and application of 2D TMDs in Li-S batteries. It
starts with introducing the fundamentals of Li—S batteries and common synthetic
routes of TMDs, followed by summarizing the employment of pristine, hybrid,
and defective TMDs in the realm of expediting sulfur chemistry and stabilizing
lithium anode. Finally, the development roadmap and possible research direc-
tions of TMDs are proposed to offer guidance for the future design of high-per-
formance Li—S batteries.

INTRODUCTION

Increasing demand for portable electronic devices has significantly accelerated the development of high-
energy-density batteries. Nevertheless, commercial lithium-ion batteries have almost approached their
theoretical energy density. Therefore, itis urgent to develop alternative energy storage systems with supe-
rior energy density and better economical effectiveness.'” Of note, lithium—sulfur (Li—S) battery is re-
garded as one of the most promising substitutes for its remarkable theoretical capacity (1672 mAh g~")
and energy density (2600 Wh kg’1), as well as the cost-effectiveness and environmental-friendliness of sul-
fur resource.” However, the practicability of Li-S battery is plagued by several challenges®™: 1) The insu-
lating nature of sulfur and its final discharge species Li,S/Li,S; cause the large electrochemical polarization
and sluggish redox kinetics. 2) The large density difference between sulfur and Li;S/Li,S; leads to marked
volumetric expansion. 3) The soluble long-chain polysulfides in liquid electrolyte react with metallic lithium
because of the shuttle effect between the sulfur cathode and lithium anode, which results in a low
Coulombic efficiency and active material loss. 4) The inhomogeneity of electrical field triggers uncontrol-
lable dendrite growth. 5) On account of the infinite volume change during lithium plating and stripping pro-
cess, solid electrolyte interface (SEI) layer repeated ruptures.

To address these intractable issues pertaining to Li-S batteries, two-dimensional (2D) materials have been
utilized for their intriguing feature, including graphene,” hexagonal boron nitride,'® MXene,'" and transi-
tion metal dichalcogenides.'” Among them, transition metal dichalcogenides (TMDs) have triggered great
interest in recent years as a promising branch. In contrast to other 2D carbon-based materials, TMDs pro-
vide abundant polar sites favorable for the chemical adsorption of lithium polysulfides (LiPSs). Therefore,
combined with the highly active electrocatalytic ability, TMDs have been demonstrated to be a promising
candidate to inhibit shuttle effect in Li-S batteries.'®'* Simultaneously, TMDs also play a key role in the
modification of lithium anode because of the layered structure and lithiophilic property.'® Hence, under-
standing the key role of various TMDs as well as the design principles toward high-energy-density Li-S bat-
teries is of great importance for future development.

In this review, we elaborate on the current advances and future directions of TMDs toward high-perfor-
mance Li—S batteries. To begin with, the fundamentals of Li—S batteries and the properties of TMDs are
introduced in detail. Then, we summarize the recent progress on the synthesis of different TMDs with an
emphasis on the merit and demerit. Subsequently, we highlighted the application of TMDs in Li—S
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Figure 1. Schematic representation, voltage profiles, and mechanism illustration

(A) Schematic representation of a Li-S battery.

(B) Typical charge/discharge voltage profile of Li-S batteries and corresponding intermediate and product.
(C) lllustration of the mechanism of TMDs in sulfur chemistry and lithium anode.

batteries, including in the sulfur cathode and lithium anode. Finally, the concluding section presents the
challenges and perspectives of this fast-growing realm. By reviewing all these, it is anticipated that the syn-
thesis-structure-function relationship between the TMDs and Li—S chemistry is clarified to offer profound
guidance for the future design of high-performance Li—S batteries.

FUNDAMENTALS
Working mechanism of Li—S batteries

As demonstrated in Figure 1A, a conventional Li—S battery is composed of lithium metal anode, organic
liquid electrolyte, and sulfur composite cathode. Generally speaking, it operates on a 16-electron conver-
sion, which contributes to a superior theoretical capacity (1672 mAh g=")'*:

Sg + 16Li—8Li,S (Equation 1)

Figure 1B reveals the charge and discharge voltage profile of a typical Li—S battery. During the discharge
process (the yellow curve), sulfur reacts with the lithium ions, undergoing reduction in a stepwise manner to
ultimately form insoluble lithium sulfide.

Ss—>S; - SE -5 -5 55 (Equation 2)

Specifically, in stages | and Il, the pristine Sg molecule first reacts with the Li* to form a series of long-chain
LiPSs (LiS. 4 < x < 8). The top voltage plateau serves as a presentation of this process, which contributes
to 25% of the theoretical capacity of sulfur (418 mAh g~')."” Unfortunately, long-chain LiPSs which readily
dissolve into the electrolyte can migrate to anode and react with metallic lithium (instead of Li* and e™).
This inevitable shuttle effect leads to severe self-discharge and low Coulombic efficiency.

In stage lll, these LiPSs further lithiated by a liquid-solid transformation process to the insoluble Li;S,/Li,S
species. This is represented by the lower voltage plateau, which contributes to a higher theoretical capacity
of about 1254 mAh g~ (75% of the theoretical capacity of active sulfur species).’® On the basis of previous
experimental results and theoretical analysis, this liquid-solid transition exhibits a much higher activation
barrier than the previous steps, thus resulting to gradually decreased redox kinetics.'”?°

Stage IV describes the final stage as the further reduction of Li,S, to Li,S, which suffers strong polarization
and sluggish kinetics as a result of the solid-solid transition reaction.

On the lithium anode side, lithium ions and electrons are produced when the lithium metal is oxidized, and
migrate in the electrolyte to react with the sulfur cathode:

16Li — 16Li" +16e” (Equation 3)
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Unfortunately, the anode-electrolyte interface experiences uneven Li* flow and results in uncontrollable
dendrite formation. Even worse, the SEl is usually inhomogeneous causing continuous side reactions be-
tween lithium anode and electrolyte.

Concerning the reversible charging process, the opposite pathway occurs, which matches the blue curve in
Figure 1B.

Properties of 2D TMDs in Li—S batteries

2D TMDs have sparked considerable interest in the Li—S realm for their various chemical composition,
tunable band structures, and distinctive electronic structures that differ themselves from other 2D materials
and their bulk counterparts.?’

As shown in Figure 1C, each monolayer of TMDs is made up of a “X—M—X" (M = transition metal elements
from group IVB to group VIII; X = S, Se, Te) sandwich structure with three atom layers. These stacked layers
of TMDs materials are readily to be isolated because of the weak van der Waals forces of atom layers. In terms
of Li—S batteries, the unique structure endows TMDs with strong polarity, which can efficiently reinforce LiPS
adsorption in contrast to bare carbon.”””* Furthermore, 2D TMDs exhibit a large specific surface area and low
migration energy barriers, consequently allowing the fast intercalation and deintercalation of Li*.”* Notably,
unlike other inactive materials, when employed in sulfur cathode, TMD is able to react with Li* and contributes
extra capacity within the same working window as Sg (1.7-2.8 V).” In the presence of lithiated TMD, the sup-
pression of the shuttling effect is even more obvious, thus improving the cycling stability.”®

Distinguished by the stacking order of atomic planes (X—M—X), there are three kinds of well-known poly-
typic structures widely studied in Li—S batteries, namely 1T (octahedral), 2H (trigonal prismatic), and 1T’
(distorted octahedral). Electronic characteristics vary depending on the diversity of structural phases.
For instance, the metallic 1T phase of MoS, possessing high electrical conductivity of 10-100 S cm™" is
almost 10 times more conductive than its semiconducting 2H phase.”” More interestingly, TMDs can tran-
sition from an indirect band gap semiconductor to a direct band gap semiconductor when the thickness is

reduced.” This endows it with the role of ideal conductive material like graphene for Li—S batteries.

Moreover, the unsaturated heteroatom along with synergistic metal d-orbitals offers TMDs an effective
d-band structure with catalytic properties.””*° According to the d-band center theory, mental site with a
higher d-band center exhibits stronger affinity to adsorbates. As for TMDs, raised d-band of metal sites
is beneficial to further strengthen the interaction between polysulfides and catalysts for the lower reaction
barrier.””*" Notably, the electronic structure of TMDs can be tuned by some emerging strategies, including
hybrid engineering and defective engineering.*”*

Consequently, these obvious merits render 2D TMDs possible applications in high-performance Li—S
batteries.

SYNTHESIS OF TMDs

Since the stripping of graphene in 2004, we have witnessed explosive growth regarding the application of
2D TMDs with a similar structure in electrochemical energy storage (EES) devices. The rational synthesis
method of TMDs can be divided into two categories: top-down exfoliation®* and bottom-up synthesis.”®>°
In this section, we will introduce and discuss the three most widely used synthetic routes of TMDs in EES
devices with emphasis on the advantages and disadvantages of each method in five aspects, including
product quality, purity, yield, scalability, and cost-effectiveness (Figures 2A—C).

Liquid exfoliation

The sandwich-like MX; structure linked by weak van der Waals forces is readily to be isolated, which makes
solution exfoliation a possible way to produce 2D TMDs.?” Generally, direct sonication of layered TMDs in
suitable solvents contributes to enlarging the interlayer space and weakening the interlayer connection
(Figure 2D).% In this case, 2D MoS,, WS,, MoSe,, NbSe,, TaSe,, and MoTe, nanosheets have been pre-
pared by this way.>**° Owing to their simple operation stages, low prices, and solution processability,
liquid exfoliation has good commercial prospects. However, it is hampered by limited yield and purity
of the product.
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Figure 2. Typical synthesis of TMDs and comparison of each synthesis

(A-C) Evaluation on (A) liquid exfoliation, (B) CVD growth, and (C) Hydro(solvo)thermal synthesis in five aspects including
product quality (G), purity (P), yield (Y), scalability (S), and cost-effectiveness (C).

(D) Schematic of the synthetic procedure of 1T-phase, single-layer TMD nanodots by Li-intercalation liquid exfoliation.™
Copyright 2018, Wiley-VCH.

(E) Schematic of the MOCVD process.

(F and G) False-color DF-TEM image and (G) ADF-STEM image of a continuous monolayer MoS; film. Scale bars: (F) 1 um
and (G) 1 nm.”® Copyright 2015, Nature Publishing Group.

(H) Schematic of VS.; nanosheet assembled by a solvothermal method.

(I) TEM image of VS., nanosheet assemblies.

(J) AFM image of individual nanosheets.*” Copyright 2017, Wiley-VCH.

CVD growth

Chemical vapor deposition (CVD) growth is a typical bottom-up synthesis routine. The products possess
the advantage of high quality and precisely controlled layer numbers.”'~"* Moreover, Kang et al. have
proved that metal-organic CVD based on gas-phase precursors readily achieved large-scale growth of
2D TMDs (Figures 2E—G).”® Nevertheless, CVD growth is plagued by rigorous reaction conditions (high
temperature and high vacuum).

Hydro(solvo)thermal synthesis

Compared with CVD growth, hydro(solvo)thermal synthesis is simpler and safer to operate as another
famous bottom-up strategy.”* Under the condition of hydrothermal or solvothermal, M and X species
tend to accumulate to form MX, and grow into 2D nanosheets (Figures 2H—J).>> However, the product
quality is sensitive to temperature, time, and other reaction conditions. Furthermore, the architecture
varies, such as spheres, flowers, boxes, and tubes, and it is difficult to obtain single-layer TMDS by adjusting
these parameters.*>™/

APPLICATION OF TMDs IN SULFUR CHEMISTRY
Pristine TMDs

To the best of our knowledge, the LiPSs shuttle effect is undeniably the primary cause of the poor perfor-
mance in Li—S batteries.”®"? In general, enhancing the adsorption of LiPSs and promoting the conversion
to LiyS are effective methods to solve this problem. To date, considerable progress on porous carbon ma-
terials to restrict the shuttle effect has been achieved, such as graphene, carbon nanotube (CNT), and hol-

low carbon spheres.”*™>?

However, the weak physical confinement between nonpolar carbon materials and polar LiPSs inevitably
leads to poor adsorption and eventually leads to unsatisfactory performance.®® In this connection, polar
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Figure 3. Pristine TMDs and carbon-supported TMDs in sulfur chemistry

(A) Schematic of preferential adsorption sites for LiPSs of TMDs and their conversion during discharge-charge processes.
(B) SEM image of short-chain LiPS confinement at catalytic edge sites of WS, nanosheets during discharge process.
(C) UV-vis spectra of LiPS showing variation in color upon adsorption on WS, nanosheets.”” Copyright 2016, American
Chemical Society.

(D) Crystal orbital Hamilton population analyses for Li;S;@MoS; and Li,S;@ReS; after relaxation.

(E) Long-term cycling performance of Li-S cells with the ReS,@CNT/S cathode at 1C.>> Copyright 2020, Wiley-VCH.
(F) Schematic of mechanisms of V-MoS,/rGOCTF//LE//Li cell.

(G) Charge/discharge profiles of tGOCTF@S//LE//Li and V-MoS,/rGOCTF@S//LE//Li cells.>® Copyright 2022,
ELSEVIER B.V.

(H) Schematic of the N, S-co-doped porous carbon-MS,.

(I) The first galvanostatic charge-discharge profiles of the different mass ratios of GC and CoS,.

(J) Rate performance of (I) GC-CoS./S and (Il) GC-NiS,/S cathodes.”” Copyright 2020, The Royal Society of Chemistry.

TMDs show great potential in immobilizing LiPSs by chemical confinement. Besides, some of these mate-
rials display comparable conductivity but much higher electrocatalytic activity and electrochemical stability
than carbon materials. To this end, transition metal dichalcogenide shows evidently proof to stabilize Li—S
batteries by restraining shuttle effect.”* With a combination of spectroscopic and microscopic analysis
techniques, Babu et al. revealed the preferential adsorption of higher-order liquid polysulfides at the
edge sites, which also serve as catalytic center (Figure 3A—C).%

TMDs composites

Carbon-supported TMDs

Although considerable progress has been made regarding pristine TMDs as efficient cathode material in
Li—S batteries, their further application is still impeded because of insufficient catalytic active sites and
limited conductivity. Consequently, carbon materials have been introduced to TMDs to further optimize
their performance in Li—S batteries, including graphene,58 CNT,*? heteroatom-doped carbon,®® and other
carbon-based materials.®"’

Rhenium disulfide (ReS,), a novel member of the TMDs family, exhibits a number of unique properties as
well as remarkable electrocatalytic activity.®” Taking Li,S, as LiPSs guest model on surface of the MoS,
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and ReS,, He et al. utilized crystal orbital Hamilton population analyses to quantify the nature and strength
of the orbital overlap between different atoms (Figure 3D).>° Despite the similar bonding orbital overlaps
between Mo—S and Re—S atoms, the Re atoms establish a distinguished stronger bonding pattern as
compared to the Mo atoms. In this regard, the designed nanocomposite of 1T'-phase 2D ReS; nanosheets
in situ grown on the 1D carbon nanotubes (ReS,@CNT) manifests abundant active sites which provide a
high catalytic activity for efficient LiPSs conversion. As illustrated in Figure 3E, the obtained ReS,@CNT
cathode exhibits superb electrochemical cycle stability with a retention of 71.7% over 1000 cycles even
at a high current density of 1 C (1675 mA g~ ').

It is worth noting that that the effective combination of structural constraints and chemical catalysis can
make the most difference through proper design.®® Cui et al. constructed a self-supporting sulfur cathode
with a nano-storage-box structure, in which V-MoS, serves as the wall and rGO as the bottom (Figure 3F).”
The exposed edge active sites of V-MoS, are maximized by the 2D-orthogonal-2D structure. Furthermore,
V-MoS; in conjunction with the conductive substrate forms a nano-storage-box that promotes the uniform
dispersion of active materials. This synergistic effect of catalytic V-MoS, and conductive rGO successfully
improves the performance of Li—S batteries (Figure 3G). Similarly, Zhang et al. designed a high conductive
frame that possesses dual anchoring effect of physical confinement from porous structure and chemical
entrapment of half-metallic CoS,. Thus, the integrated cathode manifests an enhanced performance.®”

However, nonpolar carbon in general is not adequate for LiPSs confinement, limiting the overall adsorption
effect of the material. Special attention has been paid to heteroatom-doped carbon,> which can not only
provide adequate adsorption/containment but also enhances catalytic conversion of LiPSs. For instance, a
nitrogen-doped CNT/graphene heterostructure was modified as a scaffold to accommodate sulfur in Li—S
battery.®® Due to the incorporation of N atoms, the carbon framework is endowed with more defects and
active sites, resulting in advanced interfacial adsorption and superior electrochemical behavior. Density
functional theory (DFT) calculation and reliable experimental results indicate that advanced doping strate-
gies for carbon materials, such as introducing B, S, and P, can also visibly enhance the chemical interaction
between LiPSs and carbon materials.®” To this end, Liu et al. constructed a biomass-derived N, S-co-doped
hierarchical porous carbon with MS;, (M = Co, Ni), serving as a hybrid 3D sulfur host (Figure 3H).>/ Through
such a unique structure, the electron transfer for conversion reactions is significantly improved due to bet-
ter electrical conductivity and higher redox activity. Moreover, the honeycomb-like construction mitigates
volumetric fluctuations while simultaneously providing enough area to temporarily hold polysulfide spe-
cies. As shown in Figures 3l and 3J, the carbon-supported CoS, manifests a high initial discharge capacity
of 1252.4 mAh g~" at 0.1 C and remarkable rate performance (754 mAh g~ at a high current rate of 4 C).

Carbon-supported dual-TMDs heterostructure

In the prior section, we mainly focus on the integration of a particular TMD with carbonaceous materials,
which aims to harness their synergistic merits of conductivity from carbon and adsorptive/catalytic property
of TMDs.*? Hopefully, the diversity of TMDs gives rise to various characteristics, so that dual-TMDs hetero-
structures could possess desirable properties to meet multiple demands with rational selection and
integration.

Inspired by this, an advanced interlayer was proposed by Li et al. by anchoring a CogSg@MoS, core-shell
heterostructure to a carbon nanofiber (CosSg@MoS,/CNF) (Figure 4A).%% Herein, the heterostructure incor-
porates the merits of high chemisorption of CosSg and good electrochemical catalytic capability of MoS,.
The calculated band structures of MoS,, CosSg, and CogsSg@MoS; are displayed in Figure 4B, which clearly
suggest the improved metal characteristics of CogSg@MoS, preserved from CogSg. In addition, the tuned
band structure of MoS; shell endows CogSg@MoS,/CNF strong adsorption to LiPSs and effective catalytic
ability to convert LiPSs to Li,S (Figures 4C and 4D).

To better reveal and visualize the improvement of sulfur electrochemistry at the molecular level and the
dynamic anchoring-diffusion-transformation process of LiPSs, advanced characterization techniques
have been valued. With this regard, the X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure were utilized to further investigate the electronic structure and local coor-
dination circumstance of samples (Figures 4E and 4F).” As shown in Figure 4G, both ZnS-SnS,@NC and
ZnS-SnS@NC heterostructures exhibit higher energy than SnS;@NC and SnS@NC, suggesting strong elec-
tronic interactions across abundant interfaces. Similar results are observed in Figure 4H revealing the
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Figure 4. Carbon-supported dual-TMDs heterostructure in sulfur chemistry

(A) TEM and HRTEM images of MoS; layers.

(B) Projected band structures of MoS;, CogSg, and CogSg@MoS,.

(C) Long-term cycling performance of Li—S cells with CogSg@MoS,/CNF interlayer at 1 C with S loading of 3 mg cm™2.
(D) Cycling performance of the CosSg@MoS,/CNF interlayer at 0.1 C with S loading of 6 and 10 mg cm™2.%® Copyright
2020, American Chemical Society.

(E and F) FE-SEM image and (F) HRTEM images of ZnS-SnS@NC.

(G) Sn K-edge XANES spectrum of the samples.

(H-J) Fourier transforms of Zn K-edge EXAFS spectrum of the samples. ex situ XANES of sulfur K-edge cathode for Li-S
cells at various depths in the first discharge/charge process based on (I) ZnS-SnS@NC and (J) routine PP separator.

(K) In situ time-resolved Raman spectra obtained during the discharging processes with ZnS-SnS@NC modified
separators.” Copyright 2021, American Chemical Society.

different local atomic arrangements between the materials. More significantly, ex situ XANES measure-
ment of Li—S battery was performed to profoundly clarify the sulfur redox reaction mechanism. Of note,
the strong peaks at 2471.0 eV and at 2472.0/2474.8 €V are attributed to S—S bonds of Sg and Li,S, respec-
tively. Therefore, the gradual decreases and increased peaks demonstrate the transformation of Sg to LiyS
and eventually converted to Sg with the ZnS-SnS@NC during the whole discharge and charge process (Fig-
ure 41). Compared to routine PP separator (Figure 4J), the distinguished change significantly illustrates the
accelerated redox kinetics and highly reversible electrochemical process. In addition, the result of in situ
Raman spectroscopy (Figure 4K) further testifies that ZnS-SnS@NC can efficiently impede shuttling of LiPSs.

Non-carbonaceous TMDs heterostructure

Apart from TMDs, new opportunities are receiving attention in numerous other polar metal compounds
encompassing carbide, oxide, nitride, and MXene,”%”2 which are applied to address these annoying issues

in sulfur chemistry.

Nevertheless, a portion of the materials with too strong confinement to LiPSs would lead to the extinction
of Li,S, species, resulting in an incomplete structure that would dissolve into the electrolyte.”* For this
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Figure 5. Non-carbonaceous TMDs heterostructure in sulfur chemistry

(A) Schematic of polysulfide regulation process by VTe,@MgO heterostructure.

(B) HRTEM image of VTe,@MgO.

(C) Cycling performance of S/VTe,@MgO, S/@MgO, and S cathodes at 0.2 C.”> Copyright 2019, American Chemical
Society.

(D) SEM images of NiO/Ni3S,. (E) Rate performances and (F) long-term cycling performances of the NiO/Ni3S,/S, Ni3S,/S,
and NiO/S electrodes.”® Copyright 2022, Wiley-VCH.

(G) Schematic of the synergistic mechanism of 1T-VS,—MXene heterostructure for the catalytic conversion and deposition
of sulfur species.

(H) HRTEM images of 1T-VS,—MXene heterostructure.

(1) Mechanism scheme of the compact Li-S with thick and dense S/1T-VS,—MXene monolith cathode.

(J) Areal capacities of thick dense $/1T-VS,—~MXene monolith cathode at a low E/S ratio of 3.0 Lmg~".”” Copyright 2021,
ELSEVIER B.V.

reason, the incorporation of transition metal dichalcogenides is an efficient resolvent by accelerating the
redox kinetics simultaneously to enhance the utilization of sulfur. Wang et al. have controlled synthesis
of electrically catalyzed VTe,@MgO heterostructures by atmospheric CVD, which is rarely realized by con-
ventional wet chemical synthetic routes (Figure 5A).”° The derived heterostructure strikes a balance be-
tween adsorption capability of MgO and catalytic activity of VTe,, resulting in harvesting favorable electro-
chemistry performances (Figures 5B and 5C).

Even more challenging from the perspective of practical application, most available heterostructures
hardly match the criteria, especially with a high sulfur loading and lean electrolyte.”® Recently, a topochem-
ical conversion strategy by using Ni(OH), ultrathin nanosheets as a template was applied to develop non-
layered NiO/Ni3S, heterostructure nanosheets with ultrathin thickness (Figure 5D).”® Benefiting from the
ultrathin thickness and abundant exposed active sites, the obtained NiO/Ni3S, cathode delivers an area
capacity of 4.8 mAh cm ™2 even under the high sulfur loading (6 mg cm~?) and low electrolyte/sulfur ratio
(4.3 pL mg”) (Figure 5E). Moreover, the electrocatalyst stabilized at 920 mAh g_1 after 300 cycles
(0.018% decay per cycle) at 1 C with this strategy extended to 2D Ni foil (Figure 5F). More recently, it is re-
ported that Wu et al. developed a dual-conductive 1T-VS,—MXene heterostructured electrocatalyst as a
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high-efficiency sulfur host material (Figures 5G and 5H).”” In contrast to 1T-VS, or MXene, the heterostruc-
tured catalyst integrates the advantages of ultrafast anchoring and catalysis (1T-VS;) and excellent nucle-
ation and surface diffusion (MXene), thereby acquiring a balanced bidirectional sulfur redox kinetics and
ultimately obtaining improved electrochemical performance. Encouragingly, the highly dense S/1T-
VS,—MXene cathode obtains a desirable volumetric capacity with incorporating a dense sulfur monolith
cathode design (Figure 5l). Even in such a hostile condition with lean electrolyte (3 uL mg™") and high sulfur
loading (9.5 mg cm™?), it still manifests a highly reversible specific capacity at 0.05 C with 77% capacity
retention after 50 cycles (Figure 5J).

Defective TMDs

Apart from the introduction of other materials, defect engineering can effectively expose the active site
and control the electron distribution of TMDs and further attain facile LiPSs conversion and stabilized sulfur
chemistry.®

Doping

It is well established that heteroatom doping facilitates material’s electrocatalytic effect evoked by elec-
tronic modulation.””®° Hence, the diversity of heteroatom provides wide opportunities for optimizing elec-
tric conductivity, electronic structure, and interface property of TMDs. As such, heteroatom doping has
paved a broad way for suitable polysulfide mediators in the Li—S battery system, owing to the improved
conductivity, polysulfide adsorption ability, and catalytic activity. The doped heteroatom typically encom-
passes two categories, metal heteroatoms (Fe, Co, Ni, etc.) and non-metal heteroatoms (N, O, B, P, etc.).

Metal heteroatom doping is believed to have a favorable impact on sulfur chemistry. In many cases, Co
doping offers an enhanced promising catalyst for Li—S batteries to accelerate redox kinetic between polar
surfaces.®” Among the potential choices to relieve shuttle effect, SnS, has been proven to serve as an effec-
tive mediator for the adsorption and conversion of LiPSs.?" To further boost the potential of SnS,, Gao et al.
reported a Co-doped SnS; anchored on N-doped carbon nanotube as both a polysulfide barrier to relieve
the impacts of shuttling effect and an electrocatalyst to enhance the kinetics of the conversion of LiPSs
(Figure 6A).% It reveals that Co doping provides an effective strategy for achieving high initial capacity
and capacity retention for Li—S batteries (Figures 6B and 6C).

For non-metal doping, some recent works have revealed that optimized catalysts help strengthen interac-
tion of TMDs with LiPSs. To deepen the understanding of LiPSs adsorption mechanism, Song et al. simu-
lated the adsorption system of CoTe,-N and CoTe,, respectively, by DFT calculation.®> As expected,
CoTe,-N shows evidently high binding energy with all sulfur species for that Li—N bond is more favorable
to the anchoring of polysulfides than the Li—S bond. When Sg is present, CoTe,-N forms comparable Co—S
bonds to CoTe, but stronger interaction with LiPSs. This inspiring result shows that N doping alters elec-
tron behavior in Co centers through the formation of Li—N bonds and enhanced Co-S interactions.
In consequence, the superior lithiophilicity and sulfiphilicity endow CoTe,-N with improved LiPS
management.

To investigate the underlying reason for increased chemical activity with N doping, Tian et al. studied the
band structure of N-doping CoSe, (N-CoSe;) and CoSe, through theoretical calculations.®® Figure 6D
shows that the d-band center of Co 3d in N-CoSe; clearly shifts to higher energy and appears to be closer
to the Fermi level than CoSe,. This demonstrates the higher charge density and advantageous charge
transfer during sulfur redox processes with N-CoSe; catalyst. Moreover, according to the classical
d-band center theory, the antibonding states are less filled when the closer the center of the d-band is
to the Fermi level, which is prone to increase chemisorption with polysulfides. Therefore, N doping can
not only strengthen the interaction with LiPSs but also reduce the activation energy of sulfur reduction pro-
cesses (Figures 6E—QG).

In fact, the co-doping technique was expected to produce greater interfacial interactions to trap polysul-
fides than single doping.?® As far as we know, MoS, manifests strong confinement with LiPSs but their
further application is often plagued by low conductivity and limited active sites. Along this line, simulta-
neous Co and P co-doping of MoS; is developed to improve its catalytic performance (Figures 6H and
61).2* Co doping is demonstrated to expedite the conversion of MoS, from 2H to metallic 1T phase, which
is significant to raise the electrical conductivity and LiPSs affinity. At the same time, thus, derived Co-P
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Figure 6. TMDs with heteroatom-doped TMDs in sulfur chemistry

(A) Schematic of polysulfide chemical regulation and catalytic conversion processes on S/NCNT@Co-SnS; electrode.
(B and C) CV profiles (second cycle) and (C) discharge/charge profiles of S/NCNT@SnS; and S/NCNT@Co-SnS,
electrodes with an S loading of 3 mg cm~2.%? Copyright 2019, Wiley-VCH.

(D) Calculated density of states of CoSe, and N-CoSe; with obvious shift of d-band in the green circle.

(E) Bond lengths of Co—S on the surface of CoSe; and N-CoSe;.

(F) Decomposition model of Li,S on the surface of N-CoSe,.

(G) Schematic of possible conversion mechanism of S on the surface of N-CoSe,.* Copyright 2020, American Chemical
Society.

(H and 1) Schematic of (H) conversion of Li,S, by P-Mog 9Co0.1S, on CNT and (I) energy barrier in Li,S, conversion reactions
with and without P-Mog 9Coq 1S, catalyst.

(J) HRTEM images of Mog ¢Cog 15,.

(K) Schematic of the MoS, 2H and 1T structures.®* Copyright 2019, Wiley-VCH.

coordinated sites exhibit high catalytic activity for LiPSs transformation. Consequently, the synergy effect of
polysulfide confinement and catalyzed polysulfide conversion improves the electrochemical performance
of Li—S batteries (Figures 6J and 6K).

Vacancy

Introducing vacancy to TMDs is another typical and efficient defect engineering technique, because of the
enhanced conductivity and more acquired active sites for immobilization and conversion.?”-% With regards
to TMDs, chalcogen vacancies and transition metal vacancies are two common categories.

Widely recognized, the polarity strength plays a major role in immobilizing the polar polysulfides, which
apparently can be further increased by the generation of transition metal vacancy.”” For instance, Li
et al. utilized one-step pyrolysis to in situ introduce Fe-vacancies into iron sulfide (Feg 9,S) as sulfur host
(Figure 7A).* Theoretical studies confirmed that the presence of Feg 945 crystal enhances electron mobility
and Li* diffusion (Figure 7B). Additionally, owing to the introduction of Fe-vacancies in FeS crystal, the
adsorption capacity and catalytic effect for LiPSs have been significantly improved (Figure 7C).

Chalcogen vacancy has also demonstrated a remarkable potential for enhancing electrochemical activity
by virtue of its distinct active sites and electronic characteristics.””? To this end, Ci et al. fabricated a defec-
tive VSe, combined with a vertically oriented graphene nanosheet on a carbon cloth by an all-CVD in situ
built routine to serve as the sulfur host (Figure 7D).”® In contrast to traditional wet chemistry method, the
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Figure 7. TMDs with vacancies in sulfur chemistry

(A) Schematic of adsorption—conversion-conduction effect of Feg 9sS@C for LiPSs.

(B) XRD patterns of Feg g,S@C.

(C) Charge/discharge curves of Fep9,S@C-S and C-S cathodes.®” Copyright 2022, ELSEVIER B.V.

(D) Schematic of discharge process at the SeVs—VSe,—VG@CC/S cathode.

(E) EPR curve of VSe,.

(F) Cycling performance of VSe,—VG@CC/S with elevated sulfur loadings. The unit of E/S ratio is uL mg~".*® Copyright
2020, American Chemical Society.

(G) EPR spectra of WSe,_,/CNT.

(H) Schematic of quantitative comparison of the electrochemical behavior of WSe, ,/CNT.

(I) Long-term cycling performances and Coulombic efficiency of WSe,.,/CNT at 1 C.”” Copyright 2021, ELSEVIER B.V.
(J) Schematic of the optimal Li,S manipulation by selective dual-defect engineering with synergistic Dy and Vse.

(K) EPR spectra of N-MoSe;_,/C and N-MoSe,/C.

(L) Comparison of the electrochemical performance between S@N-MoSe;_,/C and other selenide-based cathodes for Li—
S batteries.

(M) Schematic of the flexible Li-S pouch cell with an S@N-MoSe;_,/C cathode.”’ Copyright 2021, Wiley-VCH.

all-CVD approaches possess superior control of the interfacial engineering and defect manipulation (Fig-
ure 7E). Benefiting from the tight interface of heterostructure, catalytic activity of Se vacancy, and good
electrical conductivity from metallic VSe,, the cathode harvests a distinguished high areal capacity of
4.9 mAh cm~? even under a sulfur loading of 9.6 mg cm? (Figure 7F).

To shed light on the deep reasons for the influences of vacancy on catalytic performance, Li et al. quanti-
tatively investigated the defective 2D WSe, with different W/Se ratios on enhancing the Li—S chemistry
(Figure 7G).”° Three fundamental parameters, the bonding energy Ey, representing adsorption ability,
the peak current intensity | in the CV representing diffusion barrier in the interface, and the exchange cur-
rent jo representing catalytic ability are summarized for comparison in Figure 7H. Apparently, WSeq 51 with a
moderate level of defect retains the best performance for adsorbing polysulfides, catalyzing polysulfides
conversion, and encouraging liquid-solid transformation (Figure 71). These results give us some guides:
on the one hand, the defect indeed not only has strong adsorption ability for LiPSs but also provides extra
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catalytic sites for the conversion reactions of LiPSs. On the other hand, excessive defects can cause a
decrease in confinement and catalytic ability owing to the transformation of defect site configuration.
Hence, it is essential to reexamine the role of vacancy in Li—S system.

Moreover, tailored architecture with multiple defects offers a new opportunity to facilitate Li—S chemis-
try.”? Shi et al. designed a unique dual-defect system (N-MoSe,_,) to achieve synergism of the strong
chemical adsorption and high electrocatalytic activity of electrode materials.”’ In detail, N-doping and
Se-vacancy selectively catalyze Li,S nucleation and dissociation, accelerating bidirectional sulfur redox ki-
netics (Figures 7J and 7K). Through this well-designed dual-defect architecture, the uniform precipitation
of Li,S was achieved and the aggregation of LiPSs was inhibited. Considering the excellent bidirectional
catalytic activity, the S@N-MoSe;_,/C cathode manifested an outstanding reversible capacity and cyclic
stability (Figure 7L). Notably, a flexible Li—S pouch cell using the S@N-MoSe,_,/C cathode can likewise
constantly energize an electronic device (Figure 7M).

Atom loading

Typically, the activity and selectivity of a given electrocatalyst are closely related to its electronic and geo-
metric structures, which are dictated by particle size, interactions with the support/reactants, and potential
phase evolution during catalytic reactions.”* Considering the variety and complexity of catalytic processes,
it seems necessary to visualize the relationship between the particle size of catalysts and their reactivity.
Therefore, numerous efforts have been made with a large size distribution, including nanoparticles, nano-
clusters, and single atoms. Among them, in the past few years, single-atom catalysts (SACs) made an
astounding development in Li—S realm by virtue of the maximum atom utilization, tunable active sites,
and remarkable electrochemistry stability.”””® When SACs are dispersed on a TMDs substrate, the synergy
of size effect and interface effect paves a way for further improvement of the catalytic performance.

Theoretical calculation has been considered a promising tool to predict the catalytic properties of SACs. In
this sense, Nahian et al. contrasted the interaction of Li,S,, on pristine and V@WSe, comprehensively, which
included the sulfur reduction reactions and the catalytic decomposition of short-chain LiPSs by DFT simu-
lation (Figures 8A—C).”” Moreover, this study revealed the underlying mechanism of superior performance
of V@WSe; by charge transfer, bond strength, and density of state analysis.

Along this way, Dong et al. eliminated traditional complex steps, distributing single Ni atoms on MoS,
nanosheets via a facile injecting preparation method to modify separators of Li—S battery (Figure 8D).”®
The derived Ni-MoS, functional separator (Ni-MoS,@PP) can adsorb polysulfides and accelerate the trans-
formation of LiPSs due to the additional active catalytic sites obtained by introducing atomically distributed
Ni species (Figures 8E and 8F). Consequently, the Li—S batteries exhibit fantastic electrochemical perfor-
mance, including high initial capacity (599 mAh g~ at 2 C) and cycling stability (0.01% per cycle decay after
400 cycles at 2 C). When sulfur loading was increased to 7.5 mg cm ™2, it still retains a high areal capacity of
5.9 mAh cm™ after 50 cycles (Figures 8G and 8H).

APPLICATION OF TMDs IN LITHIUM ANODE

In lithium anode, uncontrollable dendrite growth has asserted possible risk of impaling separators and
divorcing from the electrode, which would hamper the Coulombic efficiency and cycling stability of Li—S
batteries.” In general, lithium dendrite growth entails a series of nucleation and plating/stripping pro-
cesses. Because of the inhomogeneous nucleation, uneven interface should be formed, which would
aggravate the growth of dendrites and further strengthen local electrical fields.'®

As mentioned before, numerous Li atoms can readily intercalate TMDs with the unique atomically layered
structure. Hence, the space for Li diffusion is extended from the surface to each atomic interlayer,'®" which
significantly lowers the migration energy barrier, resulting in accelerated diffusion of Li* and suppressed
dendrite growth.'®

The addition of a protective layer between anode and separator has been proven to be effective in sup-
pressing the formation and growth of harmful dendrites.'®*'% For example, Cha et al. achieved a passiv-
ating Li anode by directly coating and lithiating an atomic 2D layer of MoS; onto the surface (Figures 9A
and 9B).'% Apart from the facilitated Li* flux, they particularly discovered that the enhanced conductivity
of the MoS, interlayer eliminated the preferential sites for Li dendrite nucleation. The obtained Li—S
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Figure 8. Single atom on TMDs in sulfur chemistry

(A) Calculated adsorption energies of Sg and Li,S,, on both pristine and V@WSe,.

(B) Gibbs free energy profile of the SRR under vacuum and on pristine and V@WSe; for Li—S.

(C) Computed decomposition barriers of Li,S on V@WSe, substrates.”” Copyright 2022, American Chemical Society.
(D) Schematic of the working mechanism of Ni-MoS, nanosheets modified separator in Li-S battery.

(E and F) Atomic resolution picture and (F) related FFT-filtered atomic resolution image of Ni-MoS; nanosheets.

(G) Long-term performance of Ni-MoS,@PP separator at 2 C.

(H) Cycling performance of the Ni-MoS,@PP separator with a high sulfur loading of 7.5 mg cm~2 at 0.2 C.” Copyright
2022, Wiley-VCH.

battery shows an outstanding Coulombic efficiency of ~98% for over 1200 cycles at 0.5 C (Figure 9C). More
encouragingly, Wang et al. explored a facile integrated approach to prepare 2D hexagonal VS.; flakes
rather than conventional VS., microflowers (Figure 9D).'% Given the enhanced stable hexagonal multilay-
ered nanostructure, the protective layer not only homogenizes Li deposition but also resists the lithium
dendrite growth physically by improving the puncture resistance of PP separator (Figures 9E—H).

In addition to focusing on exterior remediation (separator modification or interlayer insertion), well-de-
signed 3D conductive matrix is also effective in further stabilizing Li anode.'”’ "% He et al. designed a flex-
ible and free-standing framework by integrating catalytic and lithiophilic 1T'-MoTe, nanosheets with
conductive carbon nanotubes (MoTe,-CNT) (Figure 91).>” When serving as a host for both sulfur cathode
and lithium anode, the Li—S full cell established a remarkable electrochemical performance. Notably,
MoTeo-CNT not only induced the homogeneous growth of Li within the framework but also created a
thin SEI consisting of lithium telluride (Figures 9J—L). The sulfide-rich SEI further stabilized Li deposition
and prolonged cycle life of the system, which indicated attraction of the transition metal telluride as a
host of Li anode.

CONCLUSIONS AND OUTLOOK

In summary, we systematically discuss and highlight the application of 2D TMDs in Li—S batteries reported
in recent years. In this contribution, the unique property and synthetic strategy of TMDs have been firstly
introduced. Based on the extensive experimental and theoretical research, special attention is paid to
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(A) Schematic of the preparation of MoS,-coated Li metal.

(B) Model structures of pristine 2H-MoS, and 1T Li-MoS,.

(C) Long-term cycling performance of Li-S battery with the 3D CNT-S cathode and the MoS,-coated Li anode at 0.5 C."%
Copyright 2018, Springer Nature Limited.

(D) Schematic of the working principle of the Li—S battery with PP and D-HVS@PP separator.

(E and F) COMSOL Multiphysics simulation of the electric field distribution at different growth periods of the lithium
dendrites covered with the HVS layer.

(G and H) SEM images of the lithium metal anodes with (G) PP and (H) D-HVS@PP separators after stripping/plating for
100 cycles.'” Copyright 2020, American Chemical Society.

(1) Schematic of the synthesis route for S/MoTe,-CNT and MoTe,-CNT/Li. (J) Top-surface and (K) cross-sectional
morphologies of MoTe,-CNT/Li. (L) SEM image of Li anode extracted from S/MoTe,-CNT||[MoTe,-CNT/Li cells after 50
cycles.”” Copyright 2021, Wiley-VCH.

three main types (pristine TMDs, TMD composite, and defective TMDs). Further efforts have been devoted
to revealing the underlying mechanism of TMDs in accelerating sulfur chemistry and stabilizing lithium
anode. Undoubtedly, TMDs display promising potential as a versatile component for Li—S batteries,
including host, catalyst, adsorbent, and protective layer (Tables 1 and 2), by virtue of various chemical com-
positions, tunable band structures, and distinctive electronic structures.

Despite these encouraging advances, there are still considerable opportunities to fully utilize the proper-
ties of TMDs in Li—S realm. Hence, special attention should be paid to the following aspects (Figure 10).

(1) Controllable synthesis: In the third section, the commonly employed preparation routes of TMDs in
EES devices, including CVD, hydro(solvo)thermal synthesis, and exfoliation, have shown their pros
and cons, respectively. Therefore, it is significantly important to ameliorate the current synthesis
process or explore emerging approaches to strike a balance between product quality and cost ef-
ficiency. More challenging, the preparation of TMDs with properties in a controllable manner re-
mains a formidable hurdle. Notably, nowadays, some novel strategies extend the possibilities for

producing 2D TMDs such as molecular beam epitaxy and atomic layer deposition.”'""?

Rational modulation: 2D TMDs are rising as promising candidates for Li—S batteries because of the
outstanding LiPS confinement, catalytic capability, and lithiophilicity. Despite the 2D TMDs are
focused as promising candidate for Li—S batteries, ongoing works are still needed to further
improve their electrochemical performance for the limited exposed active sites and unsatisfied con-
ductivity. Several engineering strategies have been established to deal with the issues that pristine
TMDs faced, pertaining to hybrid engineering, defect engineering, and band engineering. Among

S
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Table 1. Summary of various TMDs employed in boosting sulfur chemistry

Sulfur loading

Capacity at low

Capacity at high

Cycle (rate)/Decay

TMDs classification  Materials [mg cm 2] current [mAh g 1 current [mAh g 1 rate [%] Reference
Pristine TMDs WS, = 700 (0.2 C) = 350 (0.5 C)/0.025 Babu et al.?”
MoS, = 1471 (0.1 C) 550 (1 C) 600 (0.5 C)/0.083 Ghazi et al.""”
TMDs composites ReS,@CNT 6.5 1360 (0.1 C) 839 (2 C) 1000 (1 C)/0.028 He et al.>®
V-MoS,/rGOCTF  4.0-6.0 1379 (0.1 Q) 530 (5 C) 500 (0.1 C)/0.028 Cui et al.”
GC— CoS, 25 1252 (0.1 Q) 687 (4 C) 1000 (2 C)/0.032 Liu et al.”’
Co9Ss@MoS,/CNF 3.0 1221 (0.1 C) 477 (5 C) 400 (1 C)/0.091 Lietal.®®
ZnS-SnS@NC 2.0-2.2 1349 (0.2 C) 706 (8 C) 2000 (4 C)/0.013 Yao et al.*”
VTe,@MgO 1.4-1.6 1107 (0.2 C) 705 (3 C) 1000 (1 C)/0.055 Wang et al.”®
NiO/NisS, 1.1 1580 (0.1 C) 640 (2 C) 300 (1 ©)/0.018 Jin et al.”®
1T-VS,—MXene 1.2 1379 (0.1 Q) 517 (5C) 500 (1 C)/0.079 Wu et al.”’
Defective TMDs NCNT@Co-5nS; 3.0 1337 (0.2 C) = 300 (0.5 C)/0.16 Gao et al.??
N-CoSe, 2.0 1632 (0.05 C) 926 (2 C) 500 (2 C)/0.037 Wang et al.*
P-Mog ¢C00.1S2 2.0 1485 (0.2 C) 931 (6 C) 600 (1 C)/0.046 Lin et al.®*
Feo.965@C 1.8 809 (0.5 C) 420 (5 C) 400 (1 C)/0.018 Lietal.®
SeVs-MoSe; = 1348 (0.2 C) 784 (3 C) 400 (2 C)/0.050 Wang et al.”*
VSe,—VG@CC 1.4-1.7 1480 (0.2 C) 450 (5 C) 800 (5 C)/0.039 Cietal”®
WSe; 51 15 1346 (0.05 C) 839 (2 Q) 1000 (1 C)/0.025 Lietal.”®
N-MoSe,_,/C 15 1141 (0.2 Q) 637 (3 Q) 1000 (2 C)/0.040 Shi et al.”’
Ni-MoS, 25 1329 (0.2 Q) 677 (3 Q) 400 (2 C)/0.009 Dong et al.”®

them, hybrid engineering has the advantages of friendliness to novices and obvious effect. It must
be pointed out that d-band center theory ensures us probe and understand the origin of improved
LiPS adsorption and catalytic activity for LiPS conversion. The unoccupied d-band of transition metal
is considered active site for catalysis. By this way, rational upshift of d-band centers renders material
higher confinement of LiPSs and lower reaction energy barrier, thus leading to enhanced redox ki-
netics. Additionally, two or more strategies are indispensable in some cases and further broaden
application scenarios. For example, the criticized issues of inert catalytic activity and low electrical
conductivity can be resolved simultaneously by designing a carbon-support N-doping MoS,.

Precise characterization: On one hand, many engineering tactics have been developed to enhance
the characteristics of TMDs. Consequently, accurate characterization of targeted material confirms
completely the transformation of phase of TMDs. On the other hand, understanding the mecha-
nisms of TMDs in Li—S realm should not be ignored. Several in situ characterization techniques pro-
vide powerful tools for comprehensive real-time exploration of these mechanisms and properties,
including Raman spectroscopy, X-ray diffraction, transmission electron microscope, ultraviolet-
visible spectroscopy, XANES, and atomic force microscope. These advanced characterizations
help reveal and visualize dynamic anchoring-diffusion-transformation process of LiPSs. In this
case, breakthroughs of in situ methods such as nuclear magnetic resonance'' will result in cut-
ting-edge research in the field of Li—S battery.

Table 2. Summary of various TMDs employed in protecting lithium anode

TMDs classification Materials Performance Reference

Pristine TMDs MoS, ~52 mV voltage polarization at 10 mA cm~?2 after 300 cycles Xu et al.’”®

TMDs composites MoTe,-CNT 6 mAh cm™2 (1800h) at 6 mA cm 2 Heet al.*”
D-HVS 0.5 mAh cm~2 (400h) at 5 mA cm 2 Wang et al."®
ZnSe-CoSe,@NC 3 mAh cm™2 (1000h) at 3 mA cm 2 Xu et al.,'®®
CoTe=NCGs 2 mAh cm~2 (900h) at 2 mA cm 2 Lietal.'?”

iScience 26, 107489, September 15, 2023 15



¢? CellPress

OPEN ACCESS

Controllable synthesis ) Batte,/. Theoretical guidance
~ S
_ e 2°
s Q900000
: Prospects R
° - -> e govowon
Lt oo
Rational modulation TMDE‘ Practical application
Integration engineering H
r \) aw Precise characterization
5 ]
e
- Beam source: > )
Defect engineering X-ray, e-, UV-Vis, Laser...... ’
+
00 [+}
Q9 Q0 9 =
o
Band engineering
' o
S—m by )
Ve ‘\g i
S 11} Kas
s S

Figure 10. Promising endeavors of TMDs for Li-S batteries

(4) Theoretical guidance: DFT simulation and machine learning method have played an important
role in guiding the development of ideal materials. Considering the variety of TMDs,
theoretical calculations will help to screen candidates efficiently by comparing specific parame-
ters (e.g., adsorption configurations and adsorption energies of Li,S,, d-band center of the
catalyst, and electric field distribution at different growth periods). Moreover, theoretical guid-
ance assists to analysis potential electronic structure, atomic configurations, and the catalytic
pathway.

g

Practical application: At present, realizing a high energy density Li—S battery becomes the primary
mission because the ultimate purpose of Li—S battery is to serve production and life. As cell size and
operating environment complexity continue to increase, the factors affecting TMDs commercializa-
tion need to be further studied. Therefore, great attention should be paid to electrochemical per-
formance under harsh testing conditions of high sulfur loading, lean electrolyte, and low lithium con-
sumption.

Limitations of the study

It should be noted that this review emphasized only representative development and application of 2D
TMDs in expediting sulfur chemistry and stabilizing lithium anode in Li-S batteries, without any discussion
for electrolyte designing. In addition, regarding most of reported electrochemical performances based on
inconsistent testing conditions, more parameters need to be considered to adapt to different application
scenarios.
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