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Abstract

Metal–sulfur battery, which provides considerable high energy density at a low

cost, is an appealing energy‐storage technology for future long‐range electric

vehicles and large‐scale power grids. One major challenge of metal–sulfur
batteries is their long‐term cycling stability, which is significantly deteriorated

by the generation of various soluble polysulfide intermediates and the

shuttling of these intermediates through the separator. Furthermore, the

intrinsically sluggish reaction kinetics associated with the poor conductivity of

sulfur/sulfides family causes a large polarization in cycle behavior, which

further deteriorates the electrode rechargeability. To solve these problems, the

research communities have spent a great amount of effort on designing smart

cathodes to delicately tailor the physiochemical interaction between the sulfur

hosts and polysulfides. Here, we summarize the key progress in the

development of two‐dimensional (2D) host materials showing advantageous

tunability of their physiochemical properties through coordination control

methods such as defect engineering, heteroatom doping, heterostructure, and

phase and interface engineering. Accordingly, we discuss the mechanisms of

polysulfide anchoring and catalyzing upon specific coordination environment

in conjunction with possible structure–property relationships and theoretical

analysis. This review will provide prospective fundamental guidance for future

sulfur host design and beyond.
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1 | INTRODUCTION

Sulfur (S) cathode coupling with metallic anodes (such as
Li, Na, K, etc.) presents great potential toward forthcom-
ing electrification of transport, mainly due to the
remarkable theoretical specific capacity of sulfur
(1673mA·h/g) and metal anodes (3860mA·h/g of Li,
1166mA·h/g of Na, 687mA·h/g of K).1–8 Calculated
based on an average voltage of 2.15 V, Li‐S battery can
therefore deliver theoretical energy density of around
2500W·h/kg on the assumption of complete reaction of
Li with S to form Li2S, significantly greater than the
practical lithium‐ion battery (200W·h/kg).4,9–12 Yet,
under real cycling conditions, cell performance falls
substantially behind theoretical values. The responsible
reason relies on an essential complex conversion
reaction, which is heavily impacted by the specific
physiochemical characteristics of all cell constituents.
The insulating property of sulfur and sulfide species, the
dissolution of polysulfides into electrolytes, the volumet-
ric expansion at the cathode on cycling, and the creation
of a dendritic anode are widely acknowledged as the
primary causes of the undesirable performance. Particu-
larly, in response to high‐energy‐density practical
requirements, current studies refer to establishing high‐
loading cells of higher than 7mg/cm2 supported by
reasonably lean electrolytes while still attaining high
electrochemical utilization. In this situation, the afore-
mentioned problems are amplified due to the difficulty in
creating continuous electron/ion channels over a thick
cathode.13–15 Finally, despite the fact that Na/K‐S cells
have comparable chemistry with Li‐S chemistry, there
are some new issues that Na‐S or K‐S battery faces, such
as poor ion transport and more sluggish conversion
kinetics, caused by their larger ions and less reducing
than Li ion.16–18

By far, in terms of tackling the aforementioned
difficulties, extensive research has focused on exploring
the original electrolyte through the tuning formula, salts
as well as additives, and tailoring both metal anode and
sulfur cathode.19–24 Indeed, a promising durable per-
formance is the result of comprehensive enhancement
from all aspects in parallel, while sulfur cathode
engineering is of key importance. Over past decades,
impregnating sulfur into various carbonaceous materials
as the conductive matrix is well developed to not only
restrain polysulfides within the cathode but enhance
their conversion reaction.25,26 Early studies are focusing
on altering inner pore or layer structure so as to better
restrict polysulfides within the carbon skeleton, with
typical examples such as diverse meso‐ and microporous
carbon, carbon nanotube and fiber, graphene, and mixes
thereof.27,28 However, this simple spatial restriction is

insufficient, and only a few 100 cycles are obtained. Over
this concept, it was discovered that doping heteroatoms
(B, N, O, P, S, etc.) or introducing particular functional
groups (−OH/−O−, −NH2, −SO3Ph, etc.) over carbon
skeleton results in more efficient polar‐to‐polar interac-
tion with sulfides species, which boosts cell capacity and
cycling life to a certain extent.29,30 Following this basis, a
variety of materials embracing both metallic and
nonmetallic compounds have been demonstrated as
viable hosts for confining polysulfides via chemically
enhanced interactions, such as polar–polar interaction
and Lewis acid‐base contact or sulfur‐chain catenation.

Due to their distinctive 2D structure and tunable
physicochemical property, 2D materials show significant
advantages toward polysulfides regulation.31–33 For
instance, the large lateral size combined with controlla-
ble interspace greatly increases the loading area for
sulfur as well as active sites exposed for suppressing
“shuttling effect” and thereby stabilizing perform-
ance.34–36 Graphitic carbon, the most typical 2D material,
has been paid special attention, due to sufficient electron
conductivity, which is quite important for high sulfur
utilization in thick electrode cells.37–39 Through the
purposed functionalization by functional groups or
hetero dopants, the such generated interface allows
chemically enhanced polar‐to‐polar interaction with
polysulfide intermediates via efficient charge trans-
fer.29,40 Apart from graphene, graphitic carbon nitride
(g‐C3N4), black phosphorus (BP), boron nitride (BN), and
so forth, representing another type of 2D metal‐free host
materials, also gain burgeoning concerns. On it, the high
concentration of electronegatively charged atoms in the
lattice, along with asymmetric occupation, causes asym-
metric charge distribution, affecting the net polarity and
thus creating active sites for binding polysulfides.41,42

Moreover, while this 2D layered structure brings about
an enlarged lamellar area in the plane, the extremely
sacrificed thickness associated with high surface
energy results in severe aggregation, largely reducing
the exposure area for polysulfides regulation. In
practice to solve this problem, crosslinking robust 3D
architecture from these 2D materials is adopted to date
to increase the surface‐to‐volume ratio for high sulfur
loading and therefore promote the energy and power
density, which can be extended into metal or metal
compounds as well.

Metals and metal compounds, typically including
metal oxides/hydroxides/chalcogenides/nitrides/phos-
phides/borides/carbides as well as metal‐organic
frameworks, have been demonstrated as appealing
nanomaterials to realize preferential adsorption and then
redox reaction of polysulfides over than metal‐free
graphitic carbon or its analogs. Generally, metal centers
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serving as Lewis acids are able to bind polysulfide anions
while the paired anions such as oxide or chalcogen
anions synergistically interact with the Li, Na, and K
ions.43–46 Particularly, some kinds of metals, such as Pt,
Co, Ni, and so forth, could significantly facilitate
conversion kinetics by modifying the reaction energy
barrier, which thus narrows polarization potential
difference and then maximizes energy utilization.47–50

This anchoring and catalyzing effect derived from
chemically‐active Lewis acid‐base pairs is largely
influenced by specific coordination environment
around central metal atoms. Considering this aspect,
fine‐tuning its composition via defect engineering,
heteroatom doping, heterostructure construction, phase
control, and their hybridization is applied to vary electronic
distribution and hence enhance chemical interaction with
polysulfides intermediates.51–55 Unfortunately, compared
with graphite carbon, the poor conductivity from
metal/metal compounds makes it a tougher case for a fast
redox reaction, and thus further hybridization with
conductive additives is required, which however reduces
its energy density.

By far, there has been growing research on the
mechanism exploration of sulfur redox reaction as well
as host material design; nevertheless, highly effective
sulfur cathode with desirable cycling performance up to
applicable criteria has yet to be developed. Fortunately,
fast‐growing high‐quality characterization and in situ
techniques have recently made significant progress in
establishing a credible relationship between structural
evolution and electrochemical performance on real‐
working status.56–58 In this Review, we first give insights
into the fundamental discharge–charge principle of the
metal–sulfur battery together with inherent limitations
toward application. And then, key progress made on
robust cathodes design and corresponding effective
interaction with polysulfides are systematically discussed
combining both theoretical and experimental analysis.
The specific anchoring sites in 2D host materials can be
classified into two categories, 10 sub‐categories
(Figure 1E,F): metal‐free materials consisting of carbo-
naceous materials and others such as black phosphorous,
boron nitride, carbon nitride, and so forth, as well as
metal‐based materials including metals (alloys), metal

FIGURE 1 (A) Schematic of Li‐S battery. (B) Illustration of the typical sulfur conversion mechanism with the corresponding voltage
profile shown as (C). (D) Summary of the important parameters of Li‐S versus Li‐ion battery. (E, F) Schematic illustration of metal‐free and
metal‐based 2D materials applied in the current metal–sulfur battery.
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oxides (hydroxides), metal chalcogenides, nitrides, phos-
phides, borides, carbides, and metal‐organic frameworks.
Significantly, we compare their advantages and disad-
vantages for application in metal–sulfur batteries, with
an emphasis on efficient binding configuration for
polysulfides adsorption/desorption. Finally, the key
principles of building highly efficient coordination via
defect engineering, dopant engineering, heterostructure,
phase control, and their hybridization are remarked,
which suggests an important guideline for the high‐
performance metal–sulfur battery in the future.

2 | MECHANISM OF
METAL–SULFUR BATTERY

A significant development in the high‐performance Li‐S
battery greatly enhances our understanding of sulfur
redox chemistry, and thus accelerates the key transition
from lab success to industry application.59–61 Compara-
bly, other alkalies or high‐valent metal–sulfur batteries
are still in their infancy, even though they share a similar
conversion reaction as Li‐S chemistry.12,17,62 Here, we
will emphasize on Li‐S mechanism with main differences
from others discussed as well. Being different from
typical intercalation materials (i.e., LiFePO4, LiMn2O4),
the S cathode proceeds through successive conversion
reactions with metal anodes (i.e., Li, Na, K), separated
by an ion‐conducting liquid or solid electrolyte
(Figure 1A).63–67 Normally, stable‐stacked sulfur formed
by eight‐atom rings (S8) are cleaved to embrace both
lithium ions from electrolyte and electrons from the
external electrical circuit, and thus reduced into a series of
polysulfides until the formation of final sulfides, simply
noted as follows: 16Li + S8⇌ 8Li2S (Figure 1B,C).68 It has
been verified that the successive fracture‐regeneration of
the S‐S bond is a very complex process of multiphase
transfer involved with multi electrons.69 During cell
discharging, two plateaus are clearly seen in the galvano-
static voltage curve, which implies the gradual decrease in
the sulfur chain length associated with phase transi-
tion.70,71 The previous one occurring at 2.15–2.4 V
indicates the reduction of sulfur to Li2S8 and subsequently
to Li2S6 and Li2S4, featuring 0.5 electron transfer per sulfur
atom and thus a theoretical capacity of 418mA·h/g.
Following, the lower discharge plateau at 2.1 V corre-
sponds to the further reduction into highly insoluble and
insulating lithium sulfides (Li2S2 and Li2S), which utilizes
1.5 electrons transfer per sulfur atom and therefore leads
to a theoretical capacity of 1254mA·h/g. Although the
cycling potential is quite lower than that of typical
intercalation‐based metal oxides, that is, around 3.2 V of
LiFePO4 and 3.7 V of LiMn2O4, the highest capacity of

sulfur still correlates to very high energy densities of
2567W·h/kg or 2200Wh/L based on weight or volume,
respectively (Figure 1D).72–74

Among diverse sulfur and sulfides resultant, high‐
order class (e.g., Li2Sn, 3 ≤ n ≤ 8) are highly soluble in
ether‐based electrolytes, and then out‐diffuse over
separator into anode case, causing detrimental “shuttle
effect” and severe loss of active materials. It is well
recognized that the disproportionation or comproportio-
nation equilibriums among different polysulfide species,
such as S8

2−, S6
2−, S4

2− and S7
2−, S5

2−, S3
2−, are

simultaneously occurring due to their close Gibs free‐
energies.75,76 The soluble high‐order polysulfides Li2Sn
exhibit quite a poor reduction kinetics, causing severe
concentration gradient and thus aggravating the shut-
tling effect.77 This shuttling effect together with ineluc-
table side reaction is the major cause of serious capacity
fading and excess use of electrolytes, which bottlenecks
the practical use of the current metal–sulfur bat-
tery.72,78,79 Yet, considering the poor electro/ion transfer
derived from the insulating sulfur, the dissolution of
polysulfides out of solid to liquid phase transition allows
more active materials to participate in the electrochemi-
cal reaction.73,80 Therefore, accelerating the conversion
kinetics from long‐chain to short‐chain polysulfides upon
discharging, and meanwhile, the reversible reaction into
sulfur species upon charging, would minimize their
dissolution issue, and thereby improve the sulfur
utilization and battery performance.

In view of research studies over the past, collaborative
efforts on cathode hosts designed to trap sulfur,2,81

electrolyte modification to relieve shuttling effect,2,78,82

and the application of functional interlayer to block
transfer channel,20,78,83 are needed toward the common
goal. For instance, exploration of electrolytes reveals that
carbonate solvents instead of ether‐based electrolytes
could relieve polysulfides shuttling, which is however
chemically incompatible with most sulfur cathodes,
merely except for pyrolyzed polyacrylonitrile sulfur
composites and minor confined S2–4 in the microporous
carbon matrix.84–88 What is more, adding a functional
interlayer for sulfur cathodes does help to buffer and
block the shuttle route or speed up the redox reaction,
while there is another issue to be considered, namely, the
weight of the interlayer itself reduces energy density.89–92

It seems that these methods fail to tackle the root cause
responsible for the shuttling problem, namely the severe
concentration gradient from kinetically‐poor high‐order
polysulfides. By far, to optimize cathode architecture, two
principles are prioritized: the first is to efficiently anchor
polysulfides to reduce the shuttling impact, and the
second is to catalyze sulfur redox reaction by lowering
the conversion barrier.80 Here, we encompass the main
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advancement in the design of 2D polar cathodes with an
emphasis on their chemically enhanced interaction with
polysulfides. Through in‐depth investigation combing both
theoretical and experimental methodologies, the precise
active sites with the optimized coordination for sulfur/
sulfides regulation have been comprehensively described.

3 | METAL ‐FREE HOST
MATERIALS

2D metal‐free materials typically including g‐C, g‐CN,
BN, and so forth, exhibit unparalleled advantages toward
diverse applications regarding energy storage and con-
version. For example, owing to its large specific surface
area, high elastic modulus, and favorable thermal and
electrical conductivity, graphene, the most studied 2D
material, has become one of the intriguing materials to
host sulfur. However, pure graphene is normally
chemically inert which provides insufficient interaction
toward chemically polar polysulfides, ultimately leading
to quite limited cycling performance. Hence, more
significant efforts have been devoted to surface modifica-
tion to realize enhanced polysulfides trapping, such as
functionalized graphene utilizing specific functional
groups or heteroatoms, as well as other naturally polar
graphene analogs (Figure 2). In this section, we first
summarize key progress made in 2D carbonaceous host
materials, with emphasis on their chemically polar
interface design. Then, different graphene analogs, such
as g‐NC, BN, BP, and so forth are systematically
illustrated. In general, the large fraction of chemically
polar active sites across interfaces suggests an important
role in their much better polysulfides regulation.

4 | FUNCTIONALIZED CARBON

Early research studies on sulfur cathode design are
pioneered by the Nazar group ever since 2009, who put
forward a proof‐of‐concept carbon framework, namely
CMK‐3, the most well‐known member of the mesopor-
ous carbon family (Figure 3A).72 On it, the 6.5‐nm‐thick
carbon rods separated by 3–4‐nm‐wide channel voids
precisely constrain sulfur nanofiller growth within inner
voids, thus giving rise to extremely high sulfur utilization
of 84% and maintaining over 1000mA·h/g discharge
capacity for 20 cycles at 0.1 C. Inspired by this significant
progress, diverse carbon hosts with high specific surface
area as well as appropriate pore structure are well
organized to physically restrain dissolved polysulfides
rather than escaping from the cathode (Figure 3C).27,93–97

Most recently, Cui and co‐authors delicately design
tortuous channel voids in highly tortuous graphene,
which is utilized to extend the diffusion loss pathway of
polysulfides and thereby mitigate their diffusion/dissolu-
tion loss (Figure 3B).98 This material provides an approach
to resolve the contradictory conflicts between ineffective
trapping of large pores and limited loading caused by
small pore volume. Consequently, an ultrahigh cathode
areal capacity of 21mA·h/cm2 with 98.1% retention after
160 cycles can be achieved at 3.2mA/cm2, largely
surpassing the lower tortuosity counterpart. Also, it is
identified that the sulfur‐philicity surface ornamented by
oxygen functional groups could consolidate bonding
effects toward sulfur or sulfide species, thus further
mitigating their outward loss.98 Here, we focus on the
main progress made on rational polar surface design
enslaving certain functional groups (−OH, −COOH,
−NH2, etc.) and heteroatoms (B, N, O, P, S, etc.), stressing

FIGURE 2 Energy computation for diverse
chemical adsorption toward lithium
polysulfides.
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on their specific mechanism toward polysulfides
inhibition.

5 | FUNCTIONAL GROUPS
(−OH/−O− , −NH2, −SO3Ph, etc.)

Functional groups such as −OH/−O−, −NH2, −SO3Ph
have been successfully introduced into carbonaceous
skeleton as multifunctional modifiers to regulate electron
distribution and physiochemical character. The key role

is charge redistribution causing a chemically polar
interface for enhanced polysulfides trapping. For exam-
ple, Zhang and co‐workers perform ab initio calculation
to clarify that epoxy and hydroxyl functional groups
grafted onto graphene enhance the binding of S atoms to
C‐C bonds due to induced ripples by these functional
groups.37 X‐ray absorption spectroscopy (XAS), a power-
ful tool for probing unoccupied electronic structures, is
used to determine the origin of chemical interaction and
thus anchoring effect at the heterogeneous surface.99–101

Carbon K‐edge absorption spectra in Figure 4A detect the

FIGURE 3 Illustration of typical carbonaceous sulfur hosts: (A) CMK‐3. Copyright 2009, Nat. Mater.; (B) High tortuosity rGO.
Copyright 2020, Matter; (C) Typical carbon skeleton: carbon nanosphere, nanotube, nanosheet, and their hybrids. Copyright 2018,
Electrochim. Acta, Copyright 2017, Small, Copyright 2020, J. Phys. Energy, Copyright 2012, ACS nano.
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significantly weakened C‐O bond possibly derived from
charge redistribution when incorporated with S. Mean-
while, a new feature originating from the C‐S σ*
excitations is observed, implying chemically enhanced
interaction between active C atoms with polysulfide
intermediates, while the increase in the sharpness of
the π* and excitonic state illustrates that the ordering of
the sp2‐hybridized carbon structure is better formatted
after S incorporated.37 These highly reactive functional
groups over graphene efficiently immobilize the S
cathode and thus deliver a good performance of high
reversible capacity of 950–1400mA·h/g at 0.1 C.37 Addi-
tionally, Cheng's team dissects the precise mechanism of
how oxygen‐containing (primarily hydroxyl/epoxide)
groups adsorb polysulfides molecules and thus further
distinguishes their various effects. It is discovered that

introducing hydroxyl and epoxide functional groups
enables charge transfer from polysulfide anions to
graphene, thus remarkably increasing their binding
energy. Besides, hydroxyl groups on the graphene surface
can induce more asymmetrical charge distribution on the
two end sulfur atoms, resulting in larger polarization and
consequently stronger electrostatic interaction over than
epoxide‐graphene (Figure 4B).102

In addition to the epoxy and hydroxyl groups, other
functional groups such as −NH2−/−SO3Ph are also well
developed to modulate the bonding effect at the
sulfur–carbon interface.103–105 For example, the Lou
group report amino functionalized reduced graphene as
a feasible and effective sulfur host to solve the long‐term
cycling difficulty.103 Ethylenediamine with two electron‐
donating amine groups on the carbon aliphatic spacer is

FIGURE 4 Functional groups decorated graphene: (A) −OH/−O− induces ripples on graphene's six‐membered ring structure and thus
enhances the binding of S to the C‐C bond. Copyright 2011, J Am Chem Soc; (B) −OH induces more asymmetrical charge distribution, and
larger polarization as well as stronger electrostatic interaction than −O− groups. Copyright 2013, ACS Nano; (C) −NH2− enables the
formation of N‐Li and C‐S binding. Copyright 2014, Nat Com.
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applied as an ideal crosslinker to covalently join polar
lithium sulfides and nonpolar carbon surfaces together.
Experimental results and theoretical analysis show that
amino moieties strongly interact with discharge products
in two different ways (Figure 4C), therefore contributing
to a stable capacity retention of 80% for 350 cycles with
high capacity and excellent high‐rate response up to 4 C.
To conclude, introducing functional groups onto gra-
phene can not only increase the reactivity of aromatic
carbon rings toward sulfur and sulfides species but also
directly interact with them based on enhanced covalent
binding. Although it lessens polysulfides dissolution and
diffusion in a prolonged cycle span, additional problems,
such as compromised electron/ion migration particularly
in high‐proportion circumstances, must be considered.

6 | HETEROATOMS (B, N, O, P,
S, etc.)

By contrast, through relocating heteroatoms (such as B,
N, O, P, or S) into carbon‐defect sites, the C‐C lattice can
be restored, resulting in improved electron transferabil-
ity. Additionally, their discrepant electronegativity from
carbon atoms gives rise to a stronger interaction with
metal cations, which is essential for effectively trapping
higher‐order polysulfides.106–113 Early studies about the
essential role of heteroatoms in carbon are concentrated
on N‐doped graphene. Zhang group compares bond
variation before and after cycling via XAS measure-
ment; it is found that at the fully discharged state, the C‐S
bond feature disappears in the S K‐edge spectrum, and a
new peak at 398.5 eV emerges in the N K‐edge spectrum,
which is quite different from previous observation from
oxygen‐functional carbon. This could be ascribed to the
lithiation of S to Li2S2 or Li2S and the formation of N…
Li2Sx interactions (Figure 5A).106 Later, Zhang and co‐
workers identify this Li bond in sulfur cathodes through
sophisticated quantum chemical calculation combined
with 7Li nuclear magnetic resonance (NMR) spectros-
copy. They propose for the first time a quantitative
descriptor of chemical shift in 7Li NMR to describe the
Li‐bond strength and significantly such strong
dipole–dipole interaction from electron‐rich donor N
atoms can be largely enhanced by the inductive and
conjugative effect from scaffold materials with π
electrons (e.g., graphene) (Figure 5B).114 Besides, Wang
et al. demonstrate novel mesoporous nitrogen‐doped
carbon/sulfur nanocomposites as cathode enable excel-
lent cycling stability in Li‐S chemistry (95% retention
within 100 cycles at a high current density of
0.7 mA·h/cm2 with a high sulfur loading of 4.2 mg/cm2)
(Figure 5C).111 In‐depth investigation combing XANES

and theoretical simulation confirm nitrogen dopants can
change the electronic structure of nearby oxygen atoms
in the doped carbon framework thus to promote the
chemical interaction of the oxygen with sulfur
(Figure 5C). Similarly, other heteroatoms such as B, O,
P, and S are also introduced as modulator centrals to
modify electronic localization neighboring heteroatoms.
To elaborate on the specific mechanism of how different
doping atoms including B, N, O, F, P, S, and Cl affect the
adsorption capability, the Li group conducts a systemati-
cal density functional theory calculation over this
heteroatoms‐doped nanocarbon. It is proved that the
chemical modification using N or O dopant significantly
enhances the interaction between the carbon hosts and
the polysulfides, while the introduction of B, F, S, P, and
Cl monodopants into the carbon matrix is unsatisfactory
and at this circumstance, codoping is more favorable to
facilitate a better anchoring effect (Figure 5D).112 To
conclude, heteroatom doping is utilized to enhance the
chemical adsorption of highly polar hydrophilic poly-
sulfides onto the nonpolar hydrophobic carbon matrix
and consequently leads to better rate performance and
cycling life. Yet, low‐content heteroatoms usually have a
limited effect on the entire interface, and hence long‐
term cycling behavior remains unsatisfactory in terms of
practical requirements, particularly in high‐loading
circumctances.23,55

7 | P, BN, g ‐C3N4, AND SO FORTH

Some graphene analogs, such as g‐C3N4, BN, P, and
others, have found extensive use in diverse applications,
including field nano emitters, nanoelectronics as
well as composite reinforcement.41,42 With respect to
metal–sulfur batteries, they serve as a functional inter-
face to absorb polysulfides via stronger electrostatic
coupling and even decrease the charge transfer resistance
to accelerate their conversion rate as well.115–119 Phos-
phorene, one typical 2D layered material, offers a direct
band gap between the zero gap of graphene and the large
band gap from 2D transitional metal dichalcogenides,
showing great potential for energy storage application.
On it, each phosphorus atom bonds with three neighbor-
ing atoms forming a puckered honeycomb structure.
Recently, Koratkar et al. incorporate few‐layer phosphor-
ene into a porous carbon as the cathode matrix to load
sulfur, which enables the desirable performance of above
660mA·h/g after 500 cycles at 0.2 C with only ≈0.053%
capacity decay per cycle (Figure 6A).116 Theoretical
calculation indicates the responsible reason that can be
ascribed to enhanced polysulfides immobilization
derived from the higher binding energy of 1− 2.5 eV,
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compared with only 0.5 eV of the carbon hexatom
network (Figure 6A). The g‐C3N4 with 2D graphene‐
resembling structure is made up of tri‐s‐triazine net-
works joined by planar amino groups, which claim a

stronger affinity for sulfur/sulfides species owing to the
large concentration of chemically polar pyridinic‐N
sites. Guo and co‐worker use microemulsion‐assisted
assembly approach to prepare a 3D porous S/g‐C/g‐C3N4

FIGURE 5 Heteroatom dopants functionalized graphene: (A) C‐S bond disappears along with the formation of N… Li2Sx. Copyright
2014. Nano Lett.; (B) Both electron‐rich donor N, as well as the inductive and conjugative effect, realize enhanced Li bind. Copyright 2017.
Angew Chem Int Ed; (C) N dopants promote the adsorption of sulfur on oxygen functional groups. Copyright 2014. Adv Funct Mater;
(D) Binding energy comparison across various atoms dopants over carbon, including B, N, O, F, P, S, and Cl. Copyright 2016, Small.
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FIGURE 6 Illustration of typical graphene analogs sulfur hosts: (A) Phosphorene nanosheets. Copyright 2016. Adv Mater; (B) Carbon
nitride nanosheets. Copyright 2018 Adv Energy Mater; (C) Boron nitride nanosheets. Copyright 2018 Adv Energy Mater.
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free‐standing cathode, which can deliver a superior
cycling performance of 612mA·h/g at 10 C under high
sulfur loading of 82 wt%. On it, the enriched N‐sites in g‐
C3N4 macropores offer numerous adhesion sites for
polysulfides, realizing a “physical‐chemical” dual‐
confinement for polysulfides from diffusion
(Figure 6B).120 BN nanosheets isoelectronic with gra-
phene embrace many remarkable properties such as high
resistance to oxidation and good chemical inertness.
Recently, Chen group used the solid‐state ball milling
method to fabricate amino groups functionalized BN/
graphene as a conductive interlayer to decrease the
charge transfer resistance and mitigate the shuttling
problem. As verified, the positively charged amino
groups −NH2− play an important role in the adsorption
of polysulfides anion ions. Besides, the appearing B‐S
bands in Raman reveal their enhanced interaction
between BN and sulfur/sulfides family (Figure 6C).115

8 | METAL ‐BASED ACTIVE
CENTRALS

Owing to the high physicochemical diversity and
chemical activity, metals and metal compounds, such
as transitional metal oxides/hydroxides/chalcogenides/
nitrides/phosphides/carbides/borides, are explored as
catalytical centrals to govern redox reactions in a variety
of energy storage and conversion system.121–123 Toward
metal–sulfur battery, they are recognized as chemically
active locations for not only enabling homogenous sulfur
deposition but also restraining dissolved polysulfides.
More importantly, most metal/metal mixtures show the
rewarding capability to catalyze sulfur redox reactions by
decreasing the conversion energy barrier. Such acceler-
ated reaction kinetics is crucial to guarantee more
reversible metal–sulfur chemistry, especially at key steps
where inadequate conversion of soluble long‐chain
sulfides into insoluble short‐chain sulfides causes a
concentration gradient and hence exacerbates the shut-
ting effect and capacity loss.124,125 Transitional metal
compounds, however, are frequently restricted by high
charge transfer resistance, necessitating an additional
step of surface diffusion to proceed with the overall
process, considerably impairing their function as cata-
lysts to accelerate conversion rates. Moreover, the
reduced specific area from aggregated 2D layer structure
paired with a higher mole rate often leads to a
significantly lower specific energy density. One solution
for this is to develop rational carbon/metals or metal
compounds composite electrodes, while another is to
shrink the size of metals and metal compounds into even

atomic clusters. In this section, we summarize the recent
exciting progress toward 2D metal‐based active centrals
in metal–sulfur batteries, which can be categorized into
eight classes such as metal/metal alloy, metal oxides/
hydroxides, metal chalcogenides, metal nitrides, metal
phosphides/carbides/borides, MXenes as well as the
metal‐organic framework.

9 | METAL/METAL ALLOY

Pt, Co, Ni, and so forth‐containing metals and metal
alloys have been widely used in catalysis, batteries, fuel
cells, and supercapacitors.47,94,126,127 While applied in
metal–sulfur battery, they are proposed to speed up the
conversion reaction of soluble polysulfides into insoluble
sulfur (during the charge process) or disulfides (during
the discharge process), thus easing the shuttling effect.
Recently, single‐atom catalysts (SACs), well‐dispersed on
carefully designed carbonaceous substrates, have
attracted growing interest in promising sulfur cathode
design. SACs can maximize the utilization of exposed
metal atoms due to the downsizing of metals to the
atomic level, therefore lowering the required metal
content and reducing the cost compared to other
metal/metal alloys. In addition, due to their distinctive
highest energy occupied and lowest energy unoccupied
molecular orbital gaps, SACs display high polarity, which
provides a strong affinity toward polysulfides. Working
synergistically with advantages from 2D layered carbo-
naceous substrates, such as large specific surface area
and fast electron/ion conductivity, as obtained SACs/
sulfur cathodes demonstrate relieved “shuttle effect” and
facilitated reaction kinetics, to simultaneously improve
the energy density, rate performance, and cycle life. Until
now, various single metal atoms have been successfully
confined into nitrogen‐doped carbon to form the most
popular M‐N‐C (M= Pt, Co, Ni, Al, V, Fe, Mn, Ru, and
Zn) coordination as catalytically active sites to regulate
polysulfides. In addition to the coordination effect of N
and C species through σ‐bonds, the N species serve to
coordinate the metal atoms at the edge or defective sites
of the graphitic domain. For example, the auspicious Pt
catalysts are uniformly dispersed over the layered
functionalized graphene by NaBH4 solution‐reduction,
at which spatial distribution of metallic nanoparticles
about 20 nm in size is observed (Figure 7A).47 XPS results
witness the formation of insoluble Li2S and Li2S2 at the
end of both discharge and charged states of bare
graphene electrode, which indicates poor reversibility
of deposited short‐chain polysulfides to long‐chain
polysulfides. By contrast, a significant reduction is

FAN ET AL. | 11 of 30

 2688819x, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

m
2.1186 by H

ong K
ong Polytechnic U

niversity, W
iley O

nline L
ibrary on [09/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



observed for the charged state of Pt/Graphene electrode
and thus illustrates better reversibility. Apart from
precious metal, nonprecious cobalt atoms embedded into
nitrogen‐doped graphene are also applied to trigger the
surface‐mediated redox reaction of lithium polysulfides
(Figure 7B).94 A combination of operando XAS and first‐
principles calculation reveals that the Co‐N‐C coordina-
tion centers serve as a bifunctional electrocatalyst to
facilitate both the formation and the decomposition of
Li2S in the discharge and charge processes, respec-
tively. Nevertheless, large‐scale synthesis of single‐
atom catalysts with high‐loading remains a major
bottleneck in current research owing to the difficulty
of such atomic‐level precision. A potential route is to
rationally design suitable support materials for the
uniform distribution of single atoms, such as defect‐
modified nanomaterials.

10 | METAL OXIDES/
HYDROXIDES

In contrast to graphene or graphene analogs, transitional
metal compounds potentially have stronger adsorption
capability and more complex adsorption mechanisms
toward polysulfides, due to their more ionic‐bond feature
closely associated with higher chemical polarization.
Typically, low‐cost 2D metal oxides like Al2O3, SiO2,
TiO2, VO2, V2O3, V2O5, MnO2, Fe3O4, and MoO3 are
thoroughly investigated and make substantial progress
toward the high‐performance metal–sulfur battery.128

However, suffering from limited electric conductivity, they
often function in conjunction with diverse carbon matrices
to ensure both ion and electron transferring, thereby
increasing their utilization. As reported, for those non-
conductive metal‐oxides, the absorbed Li2Sx should be

FIGURE 7 Metal single atoms: (A) Pt clusters over graphene electro‐catalyze complete polysulfide redox. Copyright 2015. J Am Chem

Soc; (B) Co single atoms grown on N doped graphene endow Co‐N‐C catalytical sites. Copyright 2019. J Am Chem Soc.
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transferred from the surface of the oxide to the conductive
carbon substrate to undergo the electrochemical reaction,
otherwise, the conversion efficiency will be largely
compromised. Cui and co‐workers design various non-
conductive metal oxides (MgO, Al2O3, CeO2, La2O3, and
CaO) nanoparticles‐decorated carbon flakes as sulfur hosts
via a facile and generic bio‐templating method using Kapok
trees fibers as both the template and the carbon source
(Figure 8A).129 Adsorption test, microstructure analysis and
electrochemical performance evaluation combined with
density functional theory calculations reveal better surface
diffusion from MgO, CeO2 and La2O3 sulfur cathodes,
which therefore show higher capacity and better cycling
stability.129 Resembling the metal oxides, hydroxides are
also implemented as important polysulfide reservoirs to
realize a highly stable sulfur cathode. More recently, the
Chen group well developed unique hierarchical micro‐nano
architecture composed of bimetallic NiCo‐layered double
hydroxide for sulfur trapping. Compared to the mono-
metallic Co‐layered double hydroxide counterpart, the
introduction of secondary metal intensifies the chemical
interactions between the host‐guest interface, which

implements strong sulfur immobilization and catalyzation
for rapid and durable sulfur electrochemistry
(Figure 8B).130 Generally, the polysulfide capture by the
oxides/hydroxides is via monolayered chemisorption
between anion and cation, and in some case, the too
strong binding energy of Li‐O bond made it difficult to
break out somewhat hindering the further reduction. Apart
from such a chemisorption mechanism, some instead rely
on emerging surface‐bound intermediates to trap poly-
sulfides. A typical example is manganese dioxide na-
nosheets, one kind of very poor semiconductor, which
functions as a redox shuttle to catenate and bind “higher”
polysulfides and meanwhile convert them into insoluble
oxidation via disproportionation (Figure 8C).128 As reduc-
tion proceeds, the surface thiosulfate groups are proposed
to anchor newly formed soluble polysulfides, which
therefore curtails active mass loss during the discharge/
charge process and suppresses the polysulfide shuttle so as
to result in high‐performance cathodes with high sulfur
loading. Another research on exploring MnO2‐mediated
redox reaction is conducted by Su and so forth. and they
report the reduced oxidation state of Mn occurs along with

FIGURE 8 Metal oxides/hydroxides: (A) Comparison in nonconductive metal oxides MgO/Al2O3/CeO2/La2O3/CaO distinguishes the
important role of surface diffusion. Copyright 2015. Nat Comm; (B) NiCo‐layered double hydroxides allow for the formation of the Li‐O
bond. Copyright 2021. Adv Sci; (C) MnO2 reacts with initially formed lithium polysulfides to form surface‐bound intermediates. Copyright
2014. Nature Comm; (D) MnO2 allows for the formation of polythiosulfates in cycled MnO2/Li2S4. Copyright 2020. J Mater Chem A.
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the oxidation of Li2S4 into polythiosulfates in cycled MnO2/
Li2S4. This verifies MnO2 nanoparticles not only have
strong adsorption capacity for polysulfides but also play a
“catalytic” role during the charge/discharge process
(Figure 8D).131 Although polar transitional metal oxides
could effectively boost the dynamics of polysulfides
transformation and deposition of Li2S, their poor electrical
conductivity increases the battery resistance and lowers the
rate capability. It commonly necessitates the use of a large
amount of electrochemically inactive conductive carbon to
improve the utilization of the active materials, thereby
lowering overall cathode energy density.

11 | METAL CHALCOGENIDES

Metal chalcogenides, commonly consisting of transition
metals coupling by S, Se, or Te, and so forth, are emerging
as another significant class to control sulfur dissolution/
precipitation in the metal–sulfur cell.44,132–137 Taking metal

sulfides for example, just similar to their oxide counterparts,
binding polysulfides onto their surface is ascribed to both
positive metal centrals and negative sulfur ions with diverse
coordination. Usually, the metal atom centers with
modified electronic distribution give rise to enhanced
binding sites for sulfide anions from extrinsic adsorbates,
while the soft basic for example, S2

2− ions covalent nature
renders decent electrical conductivity, both of which show
significant aid in maintaining high‐capacity retention. Over
the past, exploring chemically reactive metal sulfides as
host materials has become increasingly popular and is
crucial for controlling polysulfides, with typical examples
including TiS2, VS2, CoxSy, ZrS2, MoxSy, WS2, Ni3S2, Sb2S3,
and so forth. Cobalt disulfide, one of the most studied metal
disulfides, with appreciable conductivity and large surface
area, is verified as a credible host material to load
sulfur. Due to the intimate contact via Sn

2−‐Coδ+ and
Li+‐Sδ− binding, much desirable electrochemical perform-
ance over a long time span can be guaranteed.138 Zhang
and coauthors prepared highly crumpled CoS2/graphene as

FIGURE 9 Metal chalcogenides: (A) CoS2 sulfiphilic hosts. Copyright 2016. Nano Lett; (B) CoS2 functionalized carbon cloth. Copyright
2021. Adv Sci; (C) MoS2 decorated graphene. Copyright 2021. Adv Energy Mater; (D) TiS2 confined in N, S codoped carbon. Copyright 2019.
Adv Energy Mater.
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sulfur substrates, which shows both high trapping capabil-
ity and remarkable electrocatalytic activity for their redox
reaction (Figure 9A).134 More rewardingly, half‐metallic
CoS2 possesses an appreciable conductivity of 6.7 × 103 S/
cm at 300K, which far exceeds those of other semi-
conducting first‐row transition metal disulfides such as
FeS2 and NiS2, affording efficient electron pathways and
high electrocatalytic activity. The accelerated polysulfides
redox kinetics, confirmed by electrochemical evidence,
promises low polarization and high energy efficiency
under high current densities, as well as excellent cyclic
performance.134 Most recently, Lu and coworkers
cover CoS2 onto carbon cloth, working as both three‐
dimensional current collector and physicochemical
barrier to retard the migration of soluble polysulfides
(Figure 9B).139 As constructed, the cathode exhibits
efficient physical blocking, strong chemisorption, and fast
catalytic redox reaction kinetics in sulfur chemistry.139

Apart from CoS2, MoS2, another representative 2D metal
chalcogenide, is also widely studied. Recently, the Zhang
group reported metallic 1T‐MoS2 decorated graphene,
acting as both the cathode and separator modifier, exhibits
superior cyclability with a capacity retention of 71.7% over
500 cycles (Figure 9C).140 Importantly, steady cyclability
and high volumetric capacity of 1360mA·h/cm3 with a
high sulfur loading of 5.1mg/cm2 are also attained even at
a high current density of 4.27mA/cm2.140

Besides, even the reliable synthesis is still challenging
due to the strong tendency of stacking and oxidation, 2D
TiS2, as the lightest member of transition metal dichalco-
genides, still holds great promise as an appealing sulfur
host. More recently, Wang et al. demonstrate for the first
time the successful conversion of Ti3C2Tx MXene to
sandwich‐like ultrathin TiS2 nanosheets confined by N, S
co‐doped porous carbon via an in situ polydopamine‐
assisted sulfuration process (Figure 9D).141 Meanwhile, the
polydopamine coating is utilized to suppress the strong
tendency of stacking and oxidation of ultrathin TiS2
nanosheets. While used as a sulfur host in the Li‐S battery,
they show both high trapping capability for lithium
polysulfides, and remarkable electrocatalytic activity for
the reduction and oxidation process. Particularly, high‐
quality operando synchrotron XRD was conducted to gain
insight into the sulfur transformation and lithiation/
deliathiation of the working cell. The XRD patterns show
that the intensity of S8 peaks decreases and completely
disappears in the last part of the low discharge plateau,
while no Li2S peak is detected along with the discharging,
and during charging no crystalline S8 peak is observed.
Such absence of Li2S/S8 crystals instead of the formation of
amorphous phases can be also attributed to the high
surface area and catalytic activity of TiS2, where the sulfur
species can be homogeneously distributed and utilized

without aggregation.141 Generally, transition‐metal disul-
fides with polar and sulfiphilic surfaces can effectively
adsorb the generated dissolved polysulfides, leading to
more satisfied cycle performances. While serving as sulfur
hosts, they have some advantages working over their oxides
counterparts: first, the metal‐sulfur ionic bonds are
accordingly weaker than metal‐oxygen bonds, which makes
them very competitive in electrocatalysis toward redox
reaction in sulfur chemistry. And then, the electrical
conductivity of metal sulfides is generally better than its
oxides counterparts due to the softer bass of S2− than O2−,
resulting in the weakness of the ionic nature and the
reduction of the electron localization of metal‐sulfur bonds.
Consequently, the metal sulfides have lower lithiation
voltage, which can avoid the failure of the sulfur hosts
during charge/discharge cycles together with the strong
sulfiphilic property for polysulfides inhibition.

12 | METAL NITRIDES

Owing to the fast electronic transferability as well as
excellent physiochemical stability even under challeng-
ing conditions, transitional metal nitrides are well suited
for a variety of energy‐related applications.142–149 Partic-
ularly, both generalized gradient approximation and
local density approximation analysis reveal their metallic
behavior with no resolved band gap. While being sulfur
host materials, they possess quite a few merits including
(1) strong chemical adsorption for polysulfides to
effectively inhibit the shuttle effect; (2) a high electrical
conductivity to accelerate the electrochemical conversion
of adsorbed sulfur species on the surface, and (3)
enhanced catalytic effects for further performance
promotion. In an earlier time, Simon Ng et al. introduced
layered tungsten nitride (WN), molybdenum nitride
(Mo2N), and vanadium nitride (VN) as sulfur scaffolds
to explore their enhanced capability for capturing
polysulfides.143 Since then, numerous nanostructured
nitrides as sulfur cathodes are well developed, resulting
in significant improvements in cycle performance. Over
more recent times, titanium nitrides (TiN) hold great
interest to be implemented as sulfur anchoring sites
which deliver a much stable cycling span.150–153 Zhang
group proposes a multifunctional titanium nitride
separator to retard polysulfides dissolution, fabricated
by a simple coating process (Figure 10A).153 The
systematic first‐principles calculations verify S atoms in
Li2Sn are inclined to bond with Ti atoms on the surface,
while the Li atoms tend to bond with the N atoms, which
results in large binding energies of up to 4 eV. Regarding
this rewarding benefit of titanium nitride, Wang lab
prepares a new type of ultrathin carbon‐wrapped
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titanium nano mesh using a rationally designed nano‐
confinement topochemical conversion strategy
(Figure 10B).152 The ultrathin 2D geometry with well‐
distributed pores offers plentiful exposed active sites and
rapid charge transfer, leading to an outstanding electro-
catalytic performance in tackling the sluggish sulfur
redox kinetics. Apart from titanium nitrides, vanadium
nitrides are also commonly studied. For example, the Li
group reports highly conductive porous vanadium
nitride/graphene, which exhibits significant chemical
anchoring for polysulfides while also accelerating the
kinetics of the redox reaction (Figure 10C).146 Following,
Tu and coauthors design the porous carbon fibers/
vanadium nitride arrays composite scaffold for
sulfur storage, via a facile chemical etching united
solvothermal‐supercritical fluid method (Figure 10D).145

On it, sulfur can be stored on the backbone, and the dual
blocking effects of “physical block and chemical absorp-
tion” are thereby achieved. Besides, such an advanced 3D
scaffold is also implied to fabricate Co4N/N‐doped carbon
composites shown in Figure 10E.154 This will not only
decrease the loading amount of the catalyst to further

improve the energy density of the electrode but also
provide a large surface area to realize the uniform
adsorption of soluble high‐order polysulfides and deposi-
tion of the final discharge products (Li2S2/Li2S). How-
ever, the synthesis process of 2D metal nitrides is not
easy, and it always involves high‐temperature treatment
under an NH3 atmosphere; thus, the key issue relies on
the development of a facile efficient preparation way.

13 | OTHERS (METAL
PHOSPHIDES, CARBIDES,
BORIDES, MXENES, METAL
ORGANIC FRAMEWORK, etc.)

Other transitional metal compounds including metal
phosphides, carbides, borides, Mxenes as well as 2D
metal‐organic framework provide another potential
choice for polysulfides regulation. Metal phosphides
proposed by electronegative phosphorus atoms are also
widely studied as sulfur hosts showing desirable chemi-
cal polarity for polysulfides traping.155–159 With the

FIGURE 10 Metal nitrides: (A) TiN. Copyright 2019. ChemistrySelect; (B) TiN. Copyright 2021. Small; (C) VN. Copyright 2014.
Nat Comm; (D) VN. Copyright 2018. Adv Funct Mater; (E) CoN4. Copyright 2021. Small.
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appropriate atomic ratio of metal and P, transition metal
phosphides endow a metallic character or even super-
conductivity.150,160–162 Wang group claim for the first
time that the active Co centrals derived from surface
oxidation Co‐O‐P are the truly responsible sites for
chemically binding with negatively charged S species
(Figure 11A).155 It has been identified that 3D transition
metal oxides interact with sulfides via dominant
oxygen–lithium binding while only minor metal‐sulfur
binding. By contrast, surface oxidation‐activated binding
mechanism unlocks the critical importance of stronger
metal–sulfur binding, which is devoted to better‐
confining polysulfides and stabilizing cycling as well.
Like the phosphides, metal borides such as Mg2B portrait
high electron transfer and polysulfide immobilization
capability. Nazar show by means of first‐principles
calculations that borides are unique in that both B‐ and
Mg‐terminated surfaces bond exclusively with the Sx

2−

anions (not Li+), and hence enhance electron transfer to
the active Sx

2− ions (Figure 11B).158 2D early‐transition‐
metal carbides such as Ti2C also perform well as sulfur
hosts owing to inherently metallic conductivity and
self‐functionalized surfaces. Nazar group demonstrated
that the S‐Ti‐C bonding at the interface is responsible

for the strong interaction with polysulfide species
(Figure 11C).163 Ti2C delaminated from Ti2C(OH)x show
excellent cycling stability at various rates over than Ti2C
(OH)x. Generally, functionalized transitional metal car-
bides/nitrides constitute another important class of
sulfur hosts, namely MXenes. It possesses the typical
formula Mn+1XnTx (n= 1–3), which is derived from the
parental MAX phases by selectively etching the A layers
(where M represents a transition metal, A represents the
group 13 or 14 elements in the periodic table, X
represents carbon or nitrogen, Tx stands for the surface
termination).164–166 Owing to functional groups in
surface terminations such as hydroxyl (−OH), oxygen
(−O), chlorine (−Cl), and fluorine (−F), MXenes are also
highly affinitive to polysulfides and can spontaneously
attract them without additional surface modifications. Lu
group systemically studies the interactions of lithium
(poly)sulfides on Ti‐based bare MXenes and surface
functionalized Ti2C with −F, −O, and −OH groups by
using density functional theory calculations.167 It is
found that the attractions of bare MXenes are strong
enough to break the bonds of S‐S and Li‐S in lithium
polysulfides, and thus strong Ti‐S largely reduce the
kinetics of sulfur, then influencing the performance of

FIGURE 11 Metal phosphides/carbides/borides/Mxenes/metal‐organic framework: (A) CoP. Copyright 2019 J Am Chem Soc; (B) MgB2.
Copyright 2017 Joule; (C) TiC. Copyright 2019 Agnew Chem; (D) MXenes. Copyright 2018 J Phys Chem C; (E) MOF. Copyright 2020 Adv

Mater.
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batteries. By contrast, the intermediate (neither too weak
nor too strong) interaction from functionalized Ti2C
would be the optimum. Compared with their oxide
counterparts, transition metal phosphides/carbides/
borides/MXenes present high electron transfer, which
could largely reduce the additional carbon content
employed to enhance its conductivity. Employing this
technique, polysulfide loss is minimized, the surface
redox chemistry is fast, and solid products are homoge-
neously deposited. Another indispensable case for sulfur
loading is metal‐organic framework, which naturally
contains numerous chemically polar sites showing great
potential for polysulfides regulation. Guo research group
periodically arranges cobalt atoms coordinated with
oxygen atoms via exposure on the surface of ultrathin
MOF nanosheets, which serve as “traps” to suppress
polysulfide shuttling by Lewis acid‐base interaction.168

14 | COORDINATION
ENGINEERING

It has been proved that the electrochemical performance
differs from one host material to another, encompassing
both metal‐free and meal‐based sulfur hosts and therefore
illustrating distinct reaction kinetics over their sur-
face.169–173 Despite extensive research into the inner
structure‐property relationship, the essential principle for
the rational sulfur cathode design has yet to be established
due to the extremely complicated conversion process. Being
a typical interfacial interaction, both anchoring and
catalyzing effect are intrinsically governed by the cation
and anion ligands from central active sites as well as locally
surrounding atoms, which is further determined by their
electronic redistribution.43 As illustrated by the Qian group,
diverse cobalt‐based compounds Co3O4, CoS2, Co4N, and
CoP with fixed metal cation and varied non‐metal anions
possess distinct chemical trapping capabilities toward
polysulfides. Density functional theory calculation unravels
unprecedented catalytic effect from CoP cathode is ascribed
to the distinct upshift of p band centers with respect to
Fermi level, thus enabling a reduced energy gap between
Co 3d and P 2p centers. This higher hybridization in
valence band electrons facilitates electron exchange, there-
by promoting sulfides redox dynamics.43 While using 2D
materials as encapsulation materials for sulfur, there is a
notable feature worth to be noted: quite a different
chemical reactivity will be obtained from their terrace
and edge sites due to the involved distinguished coordina-
tion structure from edge sites. Particularly, they are profiled
as fascinating adsorption sites toward polysulfide prohibi-
tion. Besides, to greatly match rational binding energy,
recently growing efforts have been given to coordination

regulation via defects engineering, dopants engineering,
heterostructure engineering as well as lattice facet control-
ling so as to precisely tune the geometry chemistry and
electronic structure of the center metal atoms.43,174

15 | EDGE ‐SITE EXPOSURE IN 2D
STRUCTURE

Generally, the exposed facets, corners, steps, kinks, and
edges on crystal surfaces have distinct electronic
distribution compared with their bulk sites, resulting in
varied chemical reactivity. It is anticipated that 2D
materials with ultrathin layered structures may exhibit
different chemical reactivity at edge sites composed of
low‐coordinated atoms and terrace locations out of fully
coordinated atoms. One existing case illustrating differ-
ent chemical reactivity between the terrace and edge sites
is that the chemical electrodeposition preferentially takes
place at the line edges of graphite, resulting in the
formation of nanowires. Given this, it is highly antici-
pated that these disparities in physicochemical properties
will have a considerable impact on the regulation of
sulfur or sulfides. Cui group exploits well‐defined edge‐
exposed (layer vertically aligned nanofilms) and terrace‐
exposed (horizontal nanosheets and nanocages) MoS2
samples to demonstrate high electrochemical selectivity
of edge versus terrace sites for lithium sulfide (Li2S)
electrochemical deposition (Figure 12A).133 It has been
shown that the edge sites of MoS2, especially the
unsaturated dangling‐bond‐enriched Mo‐edge and S‐
edge, can interact with Li2S more forcefully than their
terrace equivalent. As a result, while utilized as a host
material for sulfur loading, they exhibit both a high
capacity for trapping polysulfides and a remarkable
electrocatalytic activity for redox reactions. And then,
Arava and co‐authors successfully demonstrate the
preferential adsorption of higher‐order liquid polysul-
fides and subsequent conversion into lower‐order solid
species in the form of dendrite‐like structures on the edge
sites of XS2 (X =W, Mo) nanosheets (Figure 12B).135

Owing to their enriched catalytically active sites on edge
locations, to date, many strategies devoted to enhanced
adsorptive and catalytic effect are focusing on morphol-
ogy control, including hollow microspheres and vertical
arrangements, to expose more edge sites.

16 | DEFECTS ENGINEERING

The local coordination environment around central
metals has resulted from the synergistic effects of both
cationic and anionic ligands. Usually, the ordered
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crystalline planes of the host materials with a long‐term
range full of saturated electronic coordination are
more likely to be chemically inert, which substantially
restricts charge transfer and thereby limits their
adsorptive‐catalytic capability toward polysulfide mole-
cules.92,175–177 Typically, transitional metal compounds
with rich anion defects, such as oxygen and sulfur
vacancies, possess abundant dangling bonds acting as
favorable electrocatalytic centrals toward polysulfides
regulation.177–179 A recent study on anion vacancy
exploration employs phosphorus vacancies‐enriched
CoP as the model to examine their significant role
toward Li‐S chemistry (Figure 13A).180 As demonstrated,
the derived phosphorus vacancies feature a low Co‐P
coordination number and accumulated electrons on Co

and P atoms, which therefore strengthen the chemical
affinity to polysulfides and accelerate redox kinetics in
Li‐S chemistry. Another typical example can be seen in
amorphous tantalum oxide with enriched oxygen vacan-
cies (Figure 13B).181 Currently, the amorphization
strategy is regarded as an efficient way to realize
defects‐enriched 2D materials. XANES and EXAFS are
employed to explore the close correlation of oxygen
vacancy to enhanced catalytic capability. As demon-
strated, an increased density of Ta 5d unoccupied states
near the Fermi level is probably induced by the oxygen‐
vacancy defects, which implies defects enriched tantalum
oxide possesses a lower CBM, desirable for electron
transition. Generally, apart from the vacancy defects,
“antisite” constitutes another class of points defects,

FIGURE 12 Edge‐sites exposure: (A) High electrochemical selectivity of edge versus terrace sites in MoS2. Copyright 2014. Nano Lett;
(B) Preferential catalytic sites exploration of XS2 (X =W, Mo). Copyright 2017. J Am Chem Soc.
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which provide an extra “regulating knob” in the
optimization of carrier concentration to regulate the
electrical conductivity, and hence affect the electroche-
mical performance.90 Huang lab introduces high‐density
antisite defects in Bi2Te2.7Se0.3, and utilize it to modify
the separator and thus investigate its effect on Li‐S
battery. As identified, the antisite defects Bi′Te coexist
with Te vacancies V¨Te, while the former antisite sites are
responsible for the enhanced adoptive‐catalytic interac-
tion toward polysulfides intermediates.

17 | DOPANTS ENGINEERING

Dopant engineering, which can adjust the electronic
structures neighboring dopant atoms and thus affect the
surface adsorption and catalytic process, has been
recognized as a good strategy to solve the inherent issue
in metal–sulfur chemistry.182–185 Taking the anion N
doping into CoSe2 for example, theoretical simulation
analysis uncovers N doping that can result in a shorter
Co‐N bond with higher charge around Co centrals, thus
creating new defects, and inducing the Co 3d band closer
to the Fermi level. Further atomic‐level analysis revealed
that such optimized Co 3d orbits enable shorter Co‐S
bonds with absorbent sulfur/sulfides species, more
efficiently weakening the S‐S bridged bond of Li2S4 and

Li‐S bond of Li2S, which eventually facilitates the
polysulfide conversion reaction in the discharge process
and the Li2S oxidation in the charging process
(Figure 14A).186 More recently, an n‐type degenerated
semiconductor, Bi2Se3, is evaluated as a polysulfides
modulator, on it, the covalently bonded quintuple atomic
layers, Se‐Bi‐Se‐Bi‐Se, are held together by weak van der
Waals interactions. Chou group uses a high‐yield and
scalable solution‐based method to fabricate Bi2Se3 na-
nosheets and further apply an iodine‐doped way to vary its
electronic distribution (Figure 14B).185 It is revealed that
the correlated blue‐shift of the Bi 4f and Se 3d XPS spectra
associated with an upward shift of the semiconductor
Fermi level is realized via the doping role played by I− ions
at Se2− sites, resulting in electronic redistribution as well as
enhance conductivity. The Li2S4 adsorption tests combined
with DFT calculations demonstrate that the presence of I
on the Bi2Se3 surface further increases the absolute value of
the binding energy, thus favoring polysulfides adsorption
and hence potentially reducing the shuttle effect. Although
more consolidated polysulfide adsorption and conversion
have been obtained by introducing foreign dopant atoms,
restricted by the existing means of characterization and
detection at the atomic level; the underlying catalytic
mechanism still lacks comprehensive understanding,
which needs more experimental and theoretical investiga-
tion in the future.

FIGURE 13 Defects engineering: (A) Phosphorus vacancies in cobalt phosphide. Copyright 2022. Adv Energy Mater. (B) Oxygen
vacancies in tantalum oxide. Copyright 2022. Matter.
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18 | HETEROSTRUCTURES
ENGINEERING

Well, control in polysulfides may only be the final
attempt if the reactive interface combines the merits of
high electrical conductivity, high polysulfides adsorption,
and high catalytic activity, and thus achieving
smooth trapping–diffusion–conversion across this

desirable interface. Heterojunctions utilizing two or
more components to vary the original physiochemical
property have attracted increasing attention
recently.187,188 For example, 2D heterostructure MoN‐
VN is well designed as a typical model to gain an atom‐
level understanding of enhanced polysulfides adsorption
over each constitute (Figure 15A).188 NEXAFS data
detect the shift on Mo LIII‐edge and LII‐edge spectrum

FIGURE 14 Dopants engineering: (A) Nitrogen‐doped CoSe2. Copyright 2020. ACS Energy Lett; (B) Iodine‐doped Bi2Se3. Copyright
2022. Adv Func Mater.
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to a higher energy location is closely associated with a
reduced electron density of Mo central atoms, possibly
due to stronger coupling between MoN and VN. Besides,
as demonstrated by the theoretical calculations, induced
V atoms tailor the electronic states of neighboring Mo
atoms, thereby leading to better polysulfides adsorption

capability.188 Besides, heterostructures can take into
account the synergistic regulation of each ingredient,
representing an ideal approach to realizing high‐
performance sulfur cathodes. In this regard, the twinborn
TiO2‐TiN heterostructure is delicately designed by Zheng
and coauthors (Figure 15B).22 On it, TiO2 exhibits the

FIGURE 15 Heterostructures engineering rewarding two respects: (A) Enhanced catalytic effects via introducing other components, for
example, MoN‐VN, Copyright 2018, Angew Chem Int Ed; (B) A combination of both enhanced adsorption capacity and electrical conversion
ability via heterostructure engineering. Copyright 2021, ACS Nano.
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strongest adsorption capacity for different sulfur/sulfides
species, while TiN has strong electrocatalytic ability
enabling improved reaction kinetics. Therefore, the TiN‐
TiO2 heterostructure combines the advantages of high
adsorption capacity and strong electrical conversion
ability, thus contributing a superior performance in
charge and discharge processes. Heterostructures engi-
neering suggests a reasonable orientation for sulfur host
design, which is the combination of diverse advantages
from each component and will greatly promote the
practical use of Li‐S batteries.

19 | PHASE ENGINEERING

Crystal facets, with distinct cation and anion ligands
distribution, behave with varied adsorptive‐catalytic
effects toward polysulfide intermediates. Over the past,
facets engineering to improve the absorption capacity
and catalytic ability has aroused intensive interest. In
earlier times, it has been reported that compared with
graphene/2H MoS2 heterostructure, the 1T phase hetero-
structure shows enhanced catalytic activity for polysul-
fides due to higher electronic conductivity, hydrophilic
property, and denser active sites.189 Later, Fan and
coauthors compare 1T and 2H WS2 functional separators
in lithium‐sulfur batteries combining theoretical calcula-
tions and experimental results. It is revealed that
compared with 2H WS2, the metallic 1T phase exhibits
much higher binding energy with sulfides species.190

Besides, Zha et al. have shown TiO2 with exposed (001)
facet results in increased absorption ability as well as an
accelerated redox reaction, which significantly enhances
the cell performance (Figure 16A).191 However, the
desirable synthesis for nanomaterials with specific grain
orientation structures remains challenging. Most recently,
Luo and co‐authors use 2D Ti3C2 MXene as the initial raw
nanomaterial to successfully fabricate (001) facet‐
dominated TiN nanoflakes (Figure 16B).151 The prepared
(001) facet‐dominated TiN nanoflakes catalyze the conver-
sion of soluble high‐order polysulfides into Li2S2/Li2S to
induce the Li2S uniform deposition in the discharge process
and then decrease the delithiation barrier of Li2S in the
charge process.180,181

20 | SUMMARY AND
PERSPECTIVES

Polysulfides management including minimizing the shut-
tling effect and speeding up reaction kinetics is a long‐term
attempt toward a high‐performance metal–sulfur battery.
By far, a respectable performance could be realized through

integrating efforts from electrode material, separator as well
as electrolyte. Regarding sulfur cathodes, several require-
ments should be preferably guaranteed: (1) higher electrical
and ionic conductive channels to circumvent the insulating
property of sulfur/sulfides family; (2) significant interface
contacts along with enhanced absorptive‐catalytic capability
to mitigate shuttle effect and poor kinetics; (3) sufficient
open space or adequate mechanical quality to account
for sulfur volume change during charge–discharge, and
so forth.

2D layered materials with easily adjustable morphol-
ogy and physiochemistry show great promise to meet
these requirements. From functionalized graphene and
graphene analogs to diverse 2D metal/metal compounds
and their hybrids, increasing attention is focusing on
their interface chemistry devoted to enhanced adsorptive
and catalytic effects. Functionalized carbon with a
modified chemically polar interface out of functional
groups or heteroatoms allows for more efficient polar‐to‐
polar interaction with sulfur/sulfides species. On it,
introducing functional groups onto graphene can not
only increase the reactivity of aromatic carbon rings
toward sulfur and sulfide species but also directly
interact with them based on enhanced covalent binding.
However, introducing functional groups onto the surface
results in a destroyed C‐C lattice, largely impeding
electron/ion transfer. This, however, can be compensated
by relocating heteroatoms (such as B, N, O, P, or S) into
defective sites. Graphene analogs, including black
phosphorus, carbon nitride, boron nitride, and so forth,
representing another type of 2D metal‐free host materi-
als, also gain burgeoning concerns. The high concentra-
tion of electronegatively charged atoms along with
asymmetric occupation causes asymmetric charge distri-
bution, affecting the net polarity and thus creating active
sites for binding polysulfides.

2D metal/metal compounds with Lewis acid centrals
are highly suggested due to enhanced adsorption
capability toward polysulfides. More importantly, most
metal/metal mixtures show a rewarding capability to
catalyze sulfur redox reactions by decreasing the conver-
sion energy barrier. Such accelerated reaction kinetics is
crucial to guarantee more reversible metal–sulfur chem-
istry. Especially at key steps, inadequate conversion of
soluble long‐chain sulfides into insoluble short‐chain
sulfides causes a concentration gradient and hence
exacerbates the shutting effect and capacity loss. Being
a typical interfacial interaction, both anchoring and
catalyzing effect are intrinsically governed by the
cation and anion ligands from central active
sites as well as locally surrounding atoms, which is
further determined by their electronic redistribution.
Fine‐tuning its composition via defect engineering,
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heteroatom doping, heterostructure construction, phase
control, and their hybridization is applied to vary
electronic distribution and hence enhance chemical
interaction with polysulfide intermediates.

Currently, despite extensive research into sulfur
cathode design and their inner structure–property
relationship, the essential principle for the rational sulfur
cathode has yet to be established due to the extremely
complicated conversion process. In the future, significant
breakthroughs in mechanism exploration in Li‐S chem-
istry are highly anticipated due to fast‐increasing high‐
quality in situ characterization. Furthermore, the

advanced sulfur host can be realized via precise
regulation from angstrom to the micron level.
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