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Lithium—sulfur (Li-S) batteries have garnered significant attention for their exceptional energy density,
positioning them as a promising solution for next-generation energy storage. A critical factor in their
performance is the use of transition metal inorganic compound electrocatalysts, prized for their
distinctive catalytic properties. Recently, increasing interest has focused on the sulfurization of these
catalysts in polysulfide-rich environments, a process that holds great potential for enhancing their
efficiency. This review analyzes the sulfurization reactions of various transition metal compounds in Li—-S
batteries and their profound impact on electrochemical performance. By elucidating the sulfurization
process with the assistance of advanced characterization techniques, we aim to reveal the true active
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sites and intrinsic catalytic pathways of sulfur redox electrocatalysts, offering new insights into the design
of advanced catalysts for more efficient lithium polysulfide conversion. These findings are expected to
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1. Introduction

As the demand for advanced energy storage technologies con-
tinues to soar, driven by the rapid growth of new energy
transportation and electronic devices,” lithium-sulfur (Li-S)
batteries have emerged as a promising solution. Over the past
few decades, Li-S batteries are considered as a promising
candidate for next-generation energy storage systems due to
their exceptional theoretical energy density (~2600 W h kg™ 1),
cost-effectiveness, and eco-friendly attributes.>® The electro-
chemical reactions of Li-S batteries involve a sequential series
of solid-liquid-solid transformations.” The discharge/charge
voltage profile of a typical Li-S battery is illustrated in Fig. 1.}
The discharge process initiates with a solid-liquid two-phase
reaction occurring at approximately 2.4 V (relative to Li/Li"),
leading to the transformation of solid sulfur (Sg) into soluble
long-chain polysulfides.” This is followed by a liquid-liquid
reaction, in which long-chain Li,Sg is reduced to short-chain
Li,Se/Li»S,. Ultimately, the short-chain polysulfides are con-
verted to solid Li,S,/Li,S with a potential of about 2.1 V. Despite
the promising potential of Li-S batteries, their commercializa-
tion has been hindered by several key challenges. In particular,
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accelerate the development of high-performance Li—S battery technologies.

the low electrical conductivity of sulfur and lithium sulfides,
coupled with the substantial volume changes during cycling,
have remained persistent obstacles.'®™* Furthermore, the inter-
nal solid-liquid-solid sulfur transformation process can give rise
to the detrimental “shuttle effect”, which can lead to rapid
capacity fade and impede electrochemical kinetics.">™*° These
issues have collectively posed significant barriers to the devel-
opment of Li-S batteries, thereby hindering their potential.

To overcome these challenges, various strategies have been
developed. One approach is to utilize conductive carbon materials
with porous structures as host materials for active substances,
which can buffer volume changes while providing a pathway for
electron transfer in the electrode.”>* Additionally, polar host
catalyst materials have been employed to restrict the shuttling of
polysulfides. The introduction of polar host electrocatalysts is an
effective strategy to address the shuttle effect caused by sulfur
redox kinetics in Li-S batteries.”*® Transition metal inorganic
compound electrocatalysts, such as transition metal nitrides,****
carbides,®** phosphides,*® heterostructures,””*' and metal-
organic frameworks®> have been widely proposed to accelerate
sulfur conversion and regulate multiphase redox reactions. Great
progress has been made in researching the catalysis of polysulfides
by transition metal inorganic compound electrocatalysts, but most
of them have focused on the redox reactions of polysulfides.*®

Considering the sulfurization of electrocatalysts in
polysulfide-rich environments is essential for gaining a deeper
understanding of their behavior and performance in Li-S
batteries. Investigating the evolution of these electrocatalysts
during charge and discharge cycles is crucial for identifying the
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Fig.1 The diagrammatic sketch and reaction mechanism of Li-S batteries. Reproduced with permission from ref. 8 Copyright (2022) Wiley.

true active sites and intrinsic catalytic mechanisms. Such
insights are pivotal for the rational design of high-performance
transition metal compound electrocatalysts, which can signifi-
cantly enhance the efficiency and stability of Li-S batteries.
While progress has been made in studying the sulfurization of
these electrocatalysts,**™” a thorough analysis of their sulfuriza-
tion chemistry within Li-S batteries remains lacking.

This review provides a comprehensive summary of the
research advances on the sulfurization of transition metal inor-
ganic compound electrocatalysts in Li-S batteries, elucidating the
sulfurization mechanisms of various electrocatalyst categories,
including metal nitrides, metal oxides, metal phosphides, metal
sulfides and their heterostructure compounds. Furthermore, we
fully analyzed the multiple effects of sulfurization reactions on Li-
S battery performance, offering valuable insights for the rational
design of high-efficiency electrocatalysts tailored for polysulfide
conversion in advanced Li-S batteries.

2. Sulfurization of transition metal
inorganic electrocatalysts

In Li-S batteries, the conversion of polysulfides is a complex
process involving multiple electrons and significant energy
changes. When using transition metal inorganic compound
electrocatalysts in Li-S batteries, it is crucial to consider the
potential for sulfurization in the polysulfide-rich environment.
The interaction between the electrocatalyst and polysulfides
may lead to sulfurization, which can affect the catalyst’s
performance.”® Therefore, understanding and addressing this
process is important to ensure stable catalytic activity during
battery operation. Indeed, the electrocatalyst at the solid-liquid
interface is susceptible to continuous etching by polysulfides,
leading to the formation of defects within the electrocatalyst,
which ultimately results in the emergence of new phases. This
section analyzed recent achievements on the sulfurization of
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various transition metal inorganic compounds electrocatalysts,
such as nitrides,*® oxides,’® and heterostructures.>>*

Transition metal nitrides are notable for their exceptional
conductivity and adsorption properties, which can be attributed
to their capability as conductive Lewis bases due to the presence
of lone electron pairs.>*™® The sulfurization of transition metal
nitrides was first investigated in the context of Li-S batteries. In
2018, Qian et al.*® utilized a hydrothermal method to synthesize
a range of cobalt-based compounds (Co,N, CoS,, Co;0, and
CoP) with different anions. Notably, the surface of Co,N exhibits
a notably strong adsorption capacity for Li,S¢ and Li,S, with
energy values of 9.67 and 7.14 eV respectively, leading to the
cleavage of the Li-S bond and subsequent partial sulfurization
(Fig. 2(a)). This behavior differs from Co30,, CoS,, and CoP.
However, due to the immaturity of in situ characterization
techniques at that time, the influence of the sulfide on the redox
of polysulfides was not thoroughly examined.

Until 2021, Huang et al.”>” conducted a study on the in situ
electrochemical phase evolution of Co,N and the effect of the
CoS, substance generated after sulfurization in Li-S batteries.
Initially, the low-valent Co in the metal-based precatalyst was
subjected to polysulfide etching, resulting in the formation of
mosaic block sulfide catalysts (Co-S) during the cycling pro-
cess, as illustrated in Fig. 2(b). The Co,N after electrochemical
cycling shows superior catalytic polysulfide conversion activity
compared to the pristine Co,N, indicating that the formed CoS,
phase serves as the actual catalytically active site. This catalyst
demonstrates high adaptability to polysulfide-rich environ-
ments, enhancing polysulfide reaction kinetics at high current
rates. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) observations reveal that
the resulting mosaic-like catalysts after electrochemical cycling
contain both pristine Co,N phase and various CoS, phases
(Fig. 2(c)). Additionally, thermodynamic computational simula-
tions find that the polysulfide etch-induced phase reconstruc-
tion behaviour is universal for all cobalt-based compounds.

This journal is © The Royal Society of Chemistry 2025
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(a) Adsorption energies of Li>Se and Li,S on Co-based compounds. Reproduced with permission from ref. 49 Copyright (2018) Elsevier. (b)

Representation of Co4N undergo in situ mosaicking phase evolution. (c) HAADF-STEM images, the high-resolution transmission electron microscopy
(HRTEM) image and fast Fourier transform (FFT) patterns of CosNs-cycie)/NG (nitrogen-doped graphene). Reproduced with permission from ref. 57

Copyright (2020) Wiley-VCH.

These findings represent pioneering efforts in exploring the
electrocatalyst evolution, uncovering the dynamic evolution of
electrocatalysts during operations. The discovery of CoS, is
characterized by transmission electron microscope (TEM),
and no in situ characterization technique is used to observe
the formation of CoS, with charging and discharging.

In addition to metal nitrides, metal oxides demonstrate
impressive catalytic activity, primarily due to their highly polar
surfaces. This strong polarity arises from the oxygen anions in
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the 0>~ oxidation state, which enhances their ability to interact
with reactants and facilitates catalytic reactions. Therefore, metal
oxides are one of the most widely investigated electrocatalysts for
Li-S batteries.”®®" For instance, Peng et al.®® designed a three
dimensional (3D) lather-like porous carbon framework containing
Fe-based (Fe;C/Fe;04/Fe,03) compounds (named as FeCFeOC),
which demonstrates significant chemical reactivity with lithium
polysulfide during electrochemical reaction (Fig. 3(a)). They
demonstrated that Fe*" in FeCFeOC can react with S¢>~ to form
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(a) The Fe 2p XPS spectra of the FeCFeOC/S cathodes. Reproduced with permission from ref. 62 Copyright (2021) Wiley-VCH. (b) In situ XRD

patterns and the corresponding galvanostatic charge—discharge (GCD) profiles of MnsO4_,. (c) Magnified in situ XRD patterns. (d) Cycle of sulfur
conversion with the MnsO,4_, catalyst. Reproduced with permission from ref. 50 Copyright (2023) Wiley.
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FeS, species. This was evidenced by comparing the hysteresis
loops of FeCFeOC and FeCFeOC-Li,Se, where a reduced satura-
tion magnetization was observed in FeCFeOC-Li,Ss compared to
the original FeCFeOC. Similarly, manganese-based oxides have
also been utilized as efficient electrocatalysts in Li-S batteries,
Zhang et al.>® developed Mn;O,_, catalysts with precisely engi-
neered oxygen vacancies to effectively modulate surface charge.
In situ X-ray diffraction (XRD) patterns confirm that MnzO,
electrocatalysts with oxygen vacancies are transformed to MnS
and LiMn,O,_, during discharge (Fig. 3(b)-(d)). MnS generated
in the initial discharge stage plays a crucial role in reducing the
energetic barriers, thus enhancing the kinetics of the sulfur
conversion process. X-ray photoelectron spectroscopy (XPS) and
in situ XRD techniques were also co-employed to verify the
sulfurization of transition metal inorganic compound catalysts,
indicating the potential for the application of new techniques to
further confirm the sulfurization process.

Besides single-phase transition metal inorganic compounds,
sulfurization reactions are also observed for heterostructure
catalysts. Zhu et al.>” investigated the sulfurization of VC-VO
particles under polysulfide-rich conditions and the effect of
vanadium sulfide on the transformation of polysulfides in Li-S
batteries. They revealed the sulfide phase evolution of VC-VO
particles using in situ XRD and Raman techniques during the
electrochemical process (Fig. 4(a) and (b)). The results suggest
that VC-VO particles containing zero or low-valent metal atoms
undergo partial sulfurization, leading to the formation of V;Ss.
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This transformation occurs as these particles function as sulfur
anode hosts in Li-S batteries. This vanadium sulfide phase
exhibits excellent electronic conductivity, accelerating the total
electron transfer rate and facilitating the conversion between
sulfur species, as supported by density functional theory (DFT)
calculations. Furthermore, cyclic voltammetry (CV) tests
demonstrate that VsSg primarily affects the transformation of
liquid-phase polysulfides. In addition, Zhu et al.°' designed
phosphorus-rich MnP, manganese-rich Mn,P, and MnP-Mn,P
heterostructures with different stoichiometric ratios and inves-
tigated their sulfurization processes. They employed in situ XRD
and in situ Raman techniques to reveal the phase transition of
MnP-Mn,P heterostructure particles during the transformation
of polysulfides. These heterogeneous particles were partially
sulfurized to generate manganese sulfide during the electro-
chemical reaction. Furthermore, products after the phase
change process were further explored by XPS and TEM techni-
ques (Fig. 4(c) and (d)). The mutual coupling between inhomo-
geneous regions of the heterostructures generates synergistic
effects, which anchor and catalytically accelerate polysulfides,
achieving the “adsorption-catalytic” effect on polysulfides in
Li-S batteries. The comprehensive characterization techniques
have been successfully used to systematically investigate the
occurrence of sulfurization reactions and the formation of
metal sulfides (e.g., vanadium sulfide and manganese sulfide).

Furthermore, the formation of metal-sulfur bonds between
transition metal inorganic compound electrocatalysts and
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Fig. 4 (a) In situ Raman spectra. (b) In situ XRD patterns of the VC-VO/HPC@S cathodes. Reproduced with permission from ref. 52 Copyright (2023)
Wiley-VCH. (c) Mn 2p, S 2p XPS spectra after discharging to 1.7 V/2.8 V. (d) HRTEM images of MnP-Mn,P/C@S cathodes after charging to 2.8 V.

Reproduced with permission from ref. 51 Copyright (2023) Wiley-VCH.
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polysulfides have been investigated.®®> Metal-sulfur bonds
can be observed when transition metal inorganic compounds
adsorb polysulfide species, although metal sulfide formation
may not always occur.®® However, the sulfurization brings
about the formation of metal sulfides. This is the difference
between metal-sulfur bonds and sulfurization of transition
metal inorganic compound electrocatalysts. Using DFT calcula-
tions, researchers have characterized the formation energies
and bond lengths of these metal-sulfur bonds.®*** Notably, it
is imperative to employ in situ characterization techniques to
ascertain whether sulfurization occurs during electrochemical
reactions and to determine whether the metal-sulfur bonds are
further sulfurized into metal sulfides.

In situ XRD and in situ Raman spectroscopy are indispen-
sable for confirming the formation of sulfurization products.
When combined with CV and other electrochemical character-
ization methods, these techniques enable a comprehensive
analysis of the electrochemical behavior of catalysts during
Li-S battery operation, offering valuable insights into how
sulfurization product formation affects battery performance.
Sun et al.®® investigated the sulfurization of defective VSe, by
designing it using chemical vapor deposition, in order to gain
insights into its electrochemical behavior. Interestingly, the
in situ Raman spectroscopy analysis revealed the presence of
VS, signals during the electrochemical reactions, with the
intensity of the VS, signal increasing during discharging and
decreasing during charging, indicating a reversible chemical
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change process (Fig. 5(a)). However, the VS, signal of Raman
spectroscopy can only demonstrate the bonding of the vana-
dium with sulfur in the electrocatalyst. More experiments need
to be done to verify the generation of VS,.

Electrochemical CV tests have been employed to investigate
the sulfurization of metal fluoride by analyzing the changes in
redox peaks. Zhang et al.®® synthesized iron fluoride/graphene
(FeF,@rGO) composites as an electrocatalyst for this purpose.
The CV tests were conducted using S-free cells, revealing two
prominent reduction peaks in the first cycle. These peaks
indicate the conversion of FeF, to Li,FeF,, followed by its
further reduction to LiF and Fe (Fig. 5(b)). Additionally, it is
noted that there are no notable redox peaks in the subsequent
cycles, suggesting that the phase transition is irreversible
during the subsequent charging process. Furthermore, the
study delves into the roles of LiF and FeS. It is observed that
LiF facilitates efficient ion diffusion for the redox of polysul-
fides due to its low lithium diffusion barrier, while FeS effec-
tively captured polysulfides through strong polar interactions
and accelerated the transformation of polysulfides (Fig. 5(c)).

3. Impacts of sulfurization reactions
on lithium—sulfur battery performance

The sulfurization reaction induces the formation of sulfide
phases on the original electrocatalyst. The application of
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transition metal sulfides in Li-S batteries have demonstrated
that leveraging the polar-polar interactions of sulfides to
promote polysulfide conversion through chemical adsorption
is highly effective.®”"®° Transition metal sulfides exhibit advan-
tages for electrocatalyst including: (1) a moderate adsorption
capacity, which effectively restricts polysulfide shuttling while
allowing for unhindered subsequent conversions,"”””%7* (2)
facilitating the reversible transformation of polar lithium sul-
fide species.®” °*7>7® For in situ sulfurization products (in situ
generated metal sulfides), They not only exhibit the general
advantages of transition metal sulfides but also possess higher
polysulfide reactivity, which can be attributed to:

(1) The formation of new active sites on the material surface
and interior subsequent to in situ sulfurization. Huang et al.>’
synthesized bulk Co4N for application in Li-S batteries, and
noted that after cycling, the bulk Co,N phase underwent
sulfurization, resulting in the evolution of the material into
an interconnected ensemble of 2-10 nm particles. This in situ
generated interconnected ultrafine sulfide catalysts possess an
abundance of active sites, exhibiting exceptional catalytic
performance.

(2) The sulfurization products form heterogeneous interfaces
with the original metal compound catalyst. Zhu et al.”” employed
heterogeneous MnP-MnO, nanoparticles loaded on porous car-
bon (MnP-MnO,/C) as a catalyst to enhance the reaction kinetics
of lithium polysulfides (LiPSs), and observed that in situ sulfur-
ization occurred on the MnP-MnO,/C, resulting in the formation
of MnS on the surface, which led to the creation of a new
electrocatalyst with excellent catalytic performance.

Electrode materials after sulfurization can have a dual
impact on battery performance (Table 1). The sulfurization
process triggers dynamic changes in the local electronic state
and structural configuration on the surface of the electrocata-
lyst, and the presence of sulfide phases can accelerate the
kinetic conversion of lithium sulfide, thereby enhancing the
overall performance of the battery.

The advantages of in situ generated metal sulfide electro-
catalysts in Li-S batteries can be summarized as: creating new
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active sites on the electrocatalyst surface,””””** improving
polysulfide adsorption capability,®” *® and reducing the poly-
sulfide conversion energy barriers.”®*®> These advantages
provide important guidance for the design and selection of
electrocatalysts in Li-S batteries (Table 2). These principles and
corresponding materials suggest that, after in situ sulfurization
of transition metal compounds as electrocatalysts, new active
sites are generally formed, and the sulfurized materials com-
monly exhibit improved adsorption capacity for polysulfides
and reduced energy barriers for polysulfide conversion.
Besides, the occurrence of sulfurization and the realization of
its benefits require the electrocatalyst to possess certain con-
ditions, and electrocatalysts with the following characteristics
are prone to undergo sulfurization and produce favorable out-
comes: (1) transition metal compounds materials with defects
and vacancies, such as oxygen vacancies,’® Se vacancies®®! or
metal ion vacancies.”” MnV,0¢ with V defects (D-MVO) exhibits
more pronounced in situ sulfurization features compared with
defect-free MnV,04 (MVO).”® (2) Compounds containing low-
valent transition metal elements.””*”** VC-VO non-uniform
particles®® containing zero-valent or low-valent metal atoms
were partially sulfurized to form V;Sg in Li-S batteries.

However, the sulfurization reaction may lead to gelation on
the electrocatalyst surface, resulting in decreased catalytic
activity.”*°® Some oxides release anionic ligands into the
electrolyte, forming sulfates or thiosulfates. This may be attrib-
uted to the surface oxidation-reduction reaction between
lithium sulfide and transition metal oxides, as well as the
over-oxidation of lithium sulfide by LiTFSI in the electrolyte.”®

3.1 Creating new active sites on the electrocatalyst surface

During the operation of Li-S batteries, the electrocatalyst
undergoes a sulfurization reaction in the sulfur-rich working
environment, triggering phase transformations on its surface,
where transition metal sulfide phases form a coating. This, in
turn, alters the active sites of the electrocatalyst, exerting novel
influences on the battery’s catalytic performance.>”””%* Zhu
et al.>* developed a novel VC-VO non-uniform particle catalyst

Table 1 Cycling properties of electrode materials exhibiting sulfurization in Li-S batteries

Pristine electrode material/ Cycle Sulfur loading Electrolyte-to-sulfer Initial/cycling capacity Capacity
sulfurization product number (mg cm™?)/content ratio (E/S) (LL mg™") (mahg™) retention (%)
Mn;0,/MnS>° 1000 1.5/80% ~30 815/553 (1C) 67.85
MnP-Mn,P/MnS>* 150 1.8/80% — 1419/1212 (0.1C) 85.41
VC-VO/V5Sg>> 200 1.2/— — 1484/1309 (0.1C) 88.21
Co4N/CoS,* — ~2.1/83.9% ~15 1337/—(0.2C) —
Co,N/CoS,>” 200 1.0/70% 19 ~1100/~726 (4C) ~66.00
FeCFeOC/FeS,* 500 ~0.9/70% ~20 963/748 (1.0C) 77.67
VSe,/VS,* 100 1.4-1.7/— — 1025/967 (0.5C) 94.34
FeF,/FeS®® 100 ~1.3/70% ~12 1221/964 (0.2C) 78.95
In,0;/LiInS,”® 500 ~1.0/70% ~20 901/721 (0.5C) 80.02
MnV,06/VS,MnS,”° 1000 ~1.0/70% ~30 1062.2/465.4 (1C) 43.81
Mo,C/S-Mo0,C*° 400 ~1.5/80% — 798/612 (1C) 76.69
MoSe,/MoSeS*! 400 ~175% 13 1225/980.5 (2C) 80.04
MoS,/gelated MoS,* 250 1.2/70% ~16 418/— (3C) —
Cu/Cu,s* 120 ~3.2/80% ~15 1432/1196 (0.1C) 83.52
NiMn,0,/NNMO-MnS,-Ni,S,** 100 ~1.0/75% 15 1094/952 (0.5C) 87.02
MnP-MnO,/MnS”’ 200 1.8/75% 20 1511/1299 (0.1C) 85.97
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Table 2 Summary table of each principle and corresponding materials

Pristine electrode material New active site Suitable adsorption of polysulfides Reduction of conversion energy barriers Ref.
Mn;0, MnS Yes Yes 50
MnP-Mn,P MnS No Yes 51
VC-VO VsSs No No 52
CoysN CoS, Yes No 49
CoyuN CoS, Yes No 57
FeCFeOC FeS, No Yes 62
VSe, VS, No Yes 65
FeF, FeS Yes No 66
In,03 LiInS, Yes No 78
MnV,04 VS, MnS, Yes Yes 79
Mo,C S-Mo,C Yes Yes 80
MoSe, MoSeS No Yes 81
MoS, Gelated MoS, No No 82
Cu Cu,S Yes No 83
NiMn,O, NNMO-MnS,-Ni;S, Yes No 84
MnP-MnO, MnS No No 77

supported on a hierarchical porous carbon (VC-VO/HPC) for
application in Li-S batteries. During the electrochemical process,
the VC-VO non-uniform particles interact with polysulfides, result-
ing in the partial decomposition of VsSg on the surface. The
generated VsSg acts as a new active catalytic site, accelerating the
charge transfer rate, promoting polysulfide conversion, and
enhancing battery performance. To further elucidate the role of
VsSg in the oxidation-reduction process, electrochemical tests
were conducted on cycled VC-VO/HPCs.cycie) and compared with
uncycled VC-VO/HPC and HPC before and after cycling. The CV
tests reveal that the oxidation peak of VC-VO/HPC5.cycic) shifted
toward the low-voltage stage, indicating that VsSg significantly
suppressed reaction polarization, accelerated the conversion
of lithium polysulfide (Fig. 6(a)). Tafel curve analysis shows that
V;Sg exhibited pronounced catalytic activity, accelerating reaction
kinetics (Fig. 6(b)-(d)). Notably, VsSg has a profound accelerating
effect on the mutual conversion of soluble polysulfides. This
demonstrates that the sulfurization reaction generates new active
sites, altering the dynamics of lithium polysulfide conversion.

In a similar vein, the work by Huang et al.>” has elucidated
that the low-valent Co in metal-based precatalysts undergoes
polysulfide etching, yielding sulfide catalysts (Co-S) during
cycling, whEich are the actual active sites. A comparative study
of the electrochemical performance of the original CoN catalyst
and the catalyst with CoS formed after cycling reveals that
the latter exhibits enhanced electrochemical activity in the
liquid-liquid polysulfide redox reaction in Li,S¢ symmetric
cells (Fig. 6(e)), characterized by increased response current
and enhanced charge transfer. Furthermore, a chronoampero-
metric investigation on Li,Sg batteries (Fig. 6(f)) reveals that
CosS accelerates the nucleation and growth of Li,S.

3.2 Improving polysulfide adsorption capability

In Li-S batteries, the adsorption capacity of the electrocatalyst
towards lithium polysulfides plays a pivotal role in determining
the smooth progression of the catalytic process. Strategies
aimed at enhancing the adsorption capacity of lithium poly-
sulfides via polar compounds can effectively promote lithium
polysulfide conversion.®”"* However, in accordance with the

This journal is © The Royal Society of Chemistry 2025

Sabatier principle, overly strong adsorption of lithium polysul-
fides can conversely block the surface reaction sites, thereby
hindering the conversion kinetics.”” %

Yang et al.”® successfully developed In-based compounds
that exhibits stage-specific catalytic effects on lithium polysul-
fides in Li-S batteries, selectively retarding the dissolution of
elemental sulfur into polysulfides and accelerating the deposi-
tion of polysulfides into insoluble Li,S. This tailored catalytic
strategy effectively modifies the reaction pathway, and reduces
the accumulation of polysulfides in the electrolyte, ultimately
suppressing the shuttle effect. Further mechanistic studies
reveal that the strong adsorption of sulfur by In-based oxides
leads to the formation of a large number of S-In bonds on the
surface, thereby slowing down the dissolution of Sg and gen-
erating a probe LiInS, catalyst (Fig. 7(a)). The XPS spectra of the
fully discharged In-based electrode confirm the evolution of
LiInS, (Fig. 7(b) and (c)). Notably, the moderate binding of
LiInS, with lithium polysulfides accelerates the subsequent
conversion of lithium polysulfides, underscoring the signifi-
cance of this selective catalytic approach. Zhang et al.®® found
similar phenomena. Following the sulfurization reaction, FeS
remains stable in the electrocatalyst, retaining its catalytic
activity. Theoretical calculations of its binding energy with
Li,S, revealed that FeS exhibits the strongest adsorption capa-
city compared to LiF and graphene substrates (Fig. 7(d)-(f)),
underscoring its role as a powerful anchor site for lithium
polysulfides. The assembly of FeF,@rGO symmetric batteries
(Fig. 7(g)) yields higher polarization currents in their CV curves,
accompanied by two pairs of sharp oxidation-reduction peaks
observed during the scanning process. These results collectively
suggest that the FeS component in the cathode can effectively
accelerate the reversible conversion of lithium polysulfides,
thereby enhancing the overall battery performance.

3.3 Reducing polysulfide conversion energy barriers

The shuttle effect, a pervasive phenomenon in Li-S batteries,
poses a significant obstacle to their practical implementation.">™*°
Specifically, when the concentration of dissolved lithium polysul-
fides in the electrolyte reaches a critical threshold, they tend to
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migrate to the negative electrode, causing a loss of active materials effect involves the design and utilization of electrocatalysts
and passivation of the lithium anode. This process ultimately ~with enhanced catalytic activity,*>’®%°* which can accelerate
leads to rapid capacity decay and, in severe cases, catastrophic the conversion of intermediate products and thereby suppress
failure of the battery. A promising strategy to mitigate the shuttle the detrimental effects of polysulfide shuttling (Fig. 8(a)).
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(a) Schematic illustration of accelerating lithium polysulfide conversion to suppress shuttle effect and prevent dead lithium accumulation. CV

curves with (b) D-MVO and (c) MVO separators of the 1st and 100th cycle. Reproduced with permission from ref. 79 Copyright (2022) American Chemical
Society. (d) Reaction profile of Li,S decomposition on S—Mo,C (101). The inset shows the reaction pathway. The black, light purple, yellow, green, and red
balls represent C, Mo, and S bonded with Mo, S of LiPSs, and Li, respectively. Reproduced with permission from ref. 80 Copyright (2020) Royal Society of
Chemistry. (e) In situ observation of the transparent electrolyte in Li—S cells with different electrocatalysts. Dissociation energy barrier profiles from Li,S to
(Li + LiS) on (f) MoSeS and (g) SeVs—MoSe;. (Inset: The dissociation pathway.) Reproduced with permission from ref. 81 Copyright (2021) Wiley-VCH.

To accelerate lithium polysulfide conversion, Zhang et al.”®
successfully developed defective MnV,0¢ (D-MVO) as a pre-
catalyst for LiPSs adsorption and conversion. During the elec-
trochemical cycling process, the rich defects in D-MVO undergo
in situ sulfurization, transforming into a highly active catalyst
that significantly enhances its catalytic activity towards lithium
polysulfides. In contrast, they also prepared defect-free MnV,0O
(MVO) and found that the sulfurization ratio of MVO was
substantially lower. To elucidate the catalytic activity before
and after sulfurization, they compared the CV curves of Li-S
batteries using MVO and D-MVO separators for the 1st and
100th cycles. Notably, the overpotential of the battery decreases
from 472 mV in the 1st cycle to 323 mV in the 100th cycle when
using the D-MVO separator (Fig. 8(b)), unequivocally demon-
strating that in situ sulfurization enhances the electrocatalytic
conversion ability of LiPSs. In stark contrast, the battery using

This journal is © The Royal Society of Chemistry 2025

the MVO separator only exhibits a slight shift in the oxidation-
reduction peaks after 100 cycles (Fig. 8(c)). This stark difference
underscores the significance of in situ sulfurization in generat-
ing a highly active electrocatalyst that facilitates efficient
lithium polysulfide conversion.

To gain deeper insights into the mechanism of sulfurization-
enhanced electrocatalysts in promoting lithium polysulfide
cycling conversion, Feng et al®® performed a comprehensive
investigation on the sulfurized S-Mo,C (101) surface, demon-
strating its exceptional ability to promote lithium polysulfide
conversion. To elucidate the underlying mechanism, they
employed the climbing image nudged elastic band method to
calculate the decomposition energy barrier. The results show
that the dissociation energy of Li,S on S-Mo,C (101) is approxi-
mately 0.20 eV, with an estimated decomposition barrier of 0.38
eV, as illustrated in Fig. 8(d). Notably, this barrier is remarkably
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low, comparable to that of the optimal VS, anchor material
(0.31 eV), indicating that a significantly lower overpotential is
required for the initial charging process. The findings collec-
tively suggest that the sulfurized Mo,C (101) surface successfully
integrates the advantages of strong LiPSs binding, low reduction
barriers, and low decomposition barriers, ultimately leading to
exceptional electrochemical performance.

Similarly, Sun et al.®" investigated the electrocatalytic beha-
vior of the MoSe, precursor before and after in situ sulfurization.
They synthesized a Se-vacancy-containing MoSe, precursor,
which was sulfurized to form MoSeS during the lithium-sulfur
battery cycling process. Notably, MoSeS acts as a true catalyst to
promote the conversion of lithium polysulfides. As the discharge
continued, MoSeS undergoes further sulfurization to form MoS,/
MoSe,. After the charging process, MoS,/MoSe, gradually dis-
appeared, and MoSeS is regenerated to participate in the next
cycle. To elucidate the catalytic activity of the electrocatalysts,
they assembled transparent batteries with SeVs-MoSe,, MoSeS,
or bare MoSe, loaded on carbon cloth to monitor the instanta-
neous changes in LiPSs. When the three batteries are discharged
to 2.35 V, no obvious color changes are observed (Fig. 8(e)).
When discharged to the second plateau (2.10 V), the electrolyte
turned bright yellow. After discharge, the yellow color faded
slightly due to the formation of insoluble Li,S, and Li,S. It was
evident that a pale yellow color was observed at the end of
discharge for MoSeS and SeVs-MoSe,, whereas no obvious color
change was observed for the bare MoSe, battery, indicating that
the conversion of LiPSs was facilitated. To gain deeper insights
into the reason for the enhanced LiPSs conversion on defective
electrocatalysts, they also simulated the distribution and path-
ways of Li,S dissociation energy barriers (Fig. 8(f) and (g)). The
corresponding dissociation barriers decrease from 1.08 eV for
bare MoSe, to 0.27 eV for SeVs-MoSe, and 0.20 eV for MoSeS,
indicating that the new electrocatalyst formed after sulfurization
accelerates the kinetic reaction of Li,S dissociation. This result
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unequivocally demonstrates that the actual catalyst MoSeS pro-
motes the conversion of lithium polysulfides by reducing the
reaction energy barriers and facilitates the dissociation of Li,S,
achieving bidirectional sulfur conversion and further enhancing
the redox kinetics in Li-S chemistry.

3.4 Risks of active material loss and surface gelation after
sulfurization reconstruction of catalysts in Li-S batteries

The sulfurization reconstruction of electrocatalysts in Li-S bat-
teries primarily involves the reaction between the catalyst and
elemental sulfur or lithium sulfide,*>*”7°"®" which inevitably
leads to the consumption of active materials within the battery.
However, there is still a lack of research on the quantitative
assessment of active material consumption following sulfuriza-
tion. Recently, the surface gelation of electrochemical catalysts
has also been observed and studied, but further investigation is
needed to fully understand its impact on catalyst performance
and longevity.'®'* However, unlike sulfurization reconstruc-
tion, surface gelation leads to a weakening of the catalytic activity
of the catalyst towards polysulfides, and the capacity of the
lithium-sulfur battery decreases after gelation.”>®® This phe-
nomenon highlights the risks of designing suitable electroche-
mical catalysts through sulfurization reconstruction.

Notably, Zhang’s team® was the first to discover the surface
gelation of electrochemical catalysts (MoS,, FeS,, CoS,, NiS,,
and WS,) in Li-S batteries. From a microscopic mechanism
perspective, the positively charged Mo atoms in MoS,, which
are Lewis acid sites, interact with 1, 3-dioxolane (DOL) in the
lithium-sulfur battery electrolyte, causing DOL to undergo ring-
opening polymerization and form a gel. The resulting gel layer
is amorphous, with a smooth surface, and adheres to the
surface of the MoS, catalyst, resulting in a decrease in catalytic
activity. They selected MoS, as the material for their experi-
mental investigation, The detrimental effect of gelation on the
electrochemical activity of MoS, can be clearly observed
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Fig. 9 (a) Schematic of the surface-gelation and gelation-inhibition processes in Li—S batteries with conventional or TEA solution. Surface gelation
effect on MoS; in sulfur redox electrocatalytic performances. MoS, separators and gel-MoS, separators were adopted in the cells. (b) CV profiles and (c)
EIS profiles of Li>Se symmetric cells. (d) Gelation-inhibition using TEA on FeS,, CoS,, NiS,, and WS, electrocatalysts (left) and corresponding comparison
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through CV and electrochemical impedance spectroscopy (EIS)
tests of the Li,Ss symmetric cell. Fig. 9(a) and (b) illustrate that
the peak current response of the symmetric cell assembled with
gelated MoS, is substantially lower than that of the original
ungelated MoS,, indicating a significant impairment of its
electrochemical activity. Moreover, the EIS evaluation reveals
a passivation tendency of the surface gel layer, further corro-
borating the deleterious impact of gelation on the electroche-
mical performance of MoS,.

To mitigate the gelation issue, Zhang’s team employed triethy-
lamine (TEA) as a competitive inhibitor to suppress the surface
gelation reaction, as illustrated in Fig. 9(c). This approach success-
fully prevents the formation of gel on the catalyst surface and is
also effective for a range of transition metal disulfides, including
FeS,, CoS,, NiS,, and WS,. When 1.0 vol% TEA was added, no
gelation was observed on the surface of these disulfides, and the
capacity was significantly enhanced. This indicates that in the
absence of gelation, the surface of the disulfides exposes more
active sites, thereby facilitating electrocatalytic activity. The inves-
tigation into the gelation phenomenon in Li-S batteries serves as
a reminder of the importance of delving deeper into the in situ
reconstruction phenomenon to gain a better understanding of the
behavior of catalysts in these batteries. The sulfurization process,
which forms sulfides as new catalytic sites that participate in the
reaction, raises questions about whether this process will lead to a
decrease in active materials and the risk of gelation, and further
research is needed to explore these issues.

4. Conclusions and outlook

In Conclusion, the sulfurization reactions of transition metal
catalysts (e.g., nitrides, oxides, selenides, sulfides, and hetero-
structures) with polysulfides in Li-S batteries play a critical role
in addressing the shuttle effect, a major hurdle to the commer-
cialization of Li-S batteries. Thorough investigation into the
sulfurization mechanism, alongside advanced in situ character-
ization techniques, is crucial for revealing the real active
centers and improving the catalytic activity of electrocatalysts.
This deeper understanding of the sulfurization process will not
only enhance the performance and stability of Li-S batteries
but also provide critical insights into the relationship between
sulfurization and the electrochemical properties of the system.
The findings discussed in this review aim to serve as a founda-
tion for future research, guiding the design of more efficient
and stable electrocatalysts while advancing the commercializa-
tion of Li-S batteries.

Honestly, research on in situ sulfurization of transition
metal compounds has yielded significant breakthroughs. The
sulfurization process generates transition metal sulfides on the
original electrocatalyst surface, creating new active sites that
participate in subsequent polysulfide conversions, thereby
enriching the electrocatalyst’s active site. These newly formed
sites exhibit excellent affinity for polysulfides, effectively
anchoring them and mitigating the shuttle effect. Moreover,
the in situ generated transition metal sulfides can lower the

This journal is © The Royal Society of Chemistry 2025
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reaction energy barrier for polysulfide conversion, thereby
accelerating the polysulfide reaction kinetics.

Although research has been conducted on the sulfurization
process of transition metal inorganic compound electrocata-
lysts, there remain challenges in integrating its mechanism
with surface-controllable sulfurization for precise catalytic reg-
ulation. Furthermore, in the design of electrocatalysts, the risks
of active species reduction and surface agglomeration during
the in situ sulfurization process should also be taken into
consideration. To overcome these challenges, several aspects
require focused attention. First, a deeper exploration of the
relationship between the chemical composition, distribution,
and catalytic activity of each component in catalysts after
sulfurization is necessary. Comparative experiments must be
performed to elucidate the specific effects of each component
on polysulfide conversion, as current catalytic mechanisms are
largely based on theoretical models. Second, the development
and application of advanced characterization techniques, par-
ticularly in situ methods such as XRD, Raman spectroscopy,
X-ray absorption spectroscopy, and small-angle neutron scat-
tering, combined with first-principles computational and ther-
modynamic simulations, are critical for probing electrocatalyst
sulfurization in real time. Moreover, understanding how vary-
ing degrees of sulfurization influence polysulfide conversion
will help identify the true active centers of these catalysts,
providing key insights for optimizing their catalytic activity
and stability.
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