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Abstract

The practical implementation of lithium-sulfur (Li-S) batteries is greatly

hampered by the low sulfur utilization and limited battery lifespan stemming

from the complexity of the sulfur conversion reactions. As a core element in

Li-S chemistry, the intrinsic physiochemical properties of sulfur have predomi-

nant impacts on the final battery performance, and thus rational engineering

of its structure at the molecular level may provide ample possibilities to opti-

mize the sulfur conversion behaviors and hence to promote the commercializa-

tion of Li-S technology. This review summarizes the recent advancements in

tailoring the electrochemical performance of Li-S batteries through engineer-

ing the molecular structures of sulfur-providing materials themselves, such as

by heteroatom doping, skeleton grafting, and construction of polysulfides-

based functional intermediates. Some new-type inorganic sulfur-equivalent

active molecules with beneficial electrochemical properties for cathode applica-

tion are also included. Finally, the perspectives on the challenges of molecular

engineering of sulfur for achieving advanced Li-S batteries are discussed.
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1 | INTRODUCTION

Battery technology is playing an increasingly significant
role in stimulating the social development in a more efficient
and sustainable way. Among the commercial energy storage
devices, Li-ion batteries (LIBs) have the advantages of high
voltage output, relatively large specific gravimetric energy
densities, and durable lifespan, which leads to diverse
applications of LIBs in various fields including portable
electronics and electric vehicles. However, the energy den-
sities of the state-of-the-art LIBs based on Li-intercalation
storage chemistry have approached their theoretical ceil-
ing (�280 Wh kg�1), which are hard to satisfy the ever-
increasing energy demand for massive storage industries,
such as passenger electrical vehicles, electric trucks and
grid-scale energy storage.1–3 Lithium-sulfur (Li-S) batteries
that couple a high-capacity sulfur cathode with a light-
weight metallic lithium anode are considered as a promis-
ing alternative to the commercial LIBs due to their much
higher theoretical capacity (1675 mAh g�1) and energy
density (2600 Wh kg�1). Meanwhile, the abundance, low
cost, environmental friendliness of sulfur further makes
Li-S batteries more attractive and competitive in the future
energy storage systems.4–9

Despite their favorable features, the commercializa-
tion of Li-S batteries is still plagued by some fundamental
challenges involving the insulating nature of elemental
sulfur and lithium sulfides (e.g., Li2S2 and Li2S), large
volume expansion (up to 80%) of sulfur during cycling,
dissolution of lithium polysulfides (LiPSs) in electrolyte,
and lithium dendrite formation at the anode side.10,11 In
recent years, great efforts have been devoted to find solu-
tions to improve the electrochemical performance of Li-S
batteries, among them infiltrating sulfur into functional
host materials to physically or electrostatically trap the
LiPSs in the cathode structures has been revealed to be a
promising approach.12–25 However, such passive confine-
ment/entrapping strategies are not effective enough to alle-
viate the dissolution and shuttling of LiPSs over long-term
cycling, leading to severe loss of active materials, corrosion
of lithium anode, and thus rapid capacity fading. Another
well adopted approach to improve the performance of Li-S
batteries is through introducing catalytical materials on the
cathode side, for example, metal compounds26–30 and their
heterostructures,31–33 single atoms catalysts (SACs),34–37 and
soluble molecular catalysts,38–42 to promote/accelerate the
conversion of LiPSs. With this approach, the accumulation
and shuttling of soluble LiPSs intermediates during cycling
can be diminished and sulfur is better utilized.

Thus far, the research effort has been mainly focused on
the strategies to utilize more effectively the active material
(i.e., sulfur) through designing and manipulating the inac-
tive components. Although these strategies have showcased

great promise in achieving fast redox conversion of sulfur
and suppressing the LiPSs shuttling, the impacts of the
intrinsic properties of active material (sulfur) itself on the
final battery performance is generally overlooked. In fact,
the key issues that degrade the sulfur electrochemistry are
highly correlated with the physiochemical properties of
sulfur such as low electron/ion conductivity, inferior activity
for electrochemical reactions, and uncontrollable dissolution-
tendency of polysulfides intermediates to electrolyte, which
are closely related to the molecular structure of sulfur. In
this regard, engineering the molecular structures of sulfur-
providing materials themselves may provide a valuable
means to improve the performance of Li-S batteries. Thus
far, a bunch of interesting progresses have been achieved
on molecular engineering of sulfur-providing materials
(Figure 1), for example, the molecule-level confinement with
functional skeleton materials, and doping of heteroatoms to
tune their electronic structures, which have been demon-
strated to be effective in improving the battery performance
from different aspects such as increasing the sulfur utiliza-
tion efficiency and promoting the kinetics of sulfur redox
reactions. Therefore, a review to provide a summative assess-
ment on the design and engineering of sulfur-providing
materials at molecular level (Figure 2) is timely important
for the further advance of Li-S battery technology. In this
paper, we start with a brief introduction to the working
principles of Li-S batteries and the major challenges faced
by Li-S battery technology, and then we discuss the general
approaches for engineering the molecular structure of
element sulfur (S8), including the heteroatoms doping, the
skeleton grafting and the construction of polysulfides-based
functional intermediates, with a special emphasis on their
impacts on the sulfur electrochemistry and battery perfor-
mance. The recent works of sulfur-equivalent active mole-
cules with unique electrochemical behaviors that avoid the
generation of LiPSs are also included, and the perspectives
on the designing principle of active materials are presented
to afford some instructive guidance for the future develop-
ment of high-performance Li-S batteries.

2 | WORKING PRINCIPLES OF LI-S
BATTERIES AND THE CHALLENGES
IN THEIR APPLICATIONS

2.1 | Working principles of Li-S batteries

Li-S batteries have emerged as one of the most prospective
next-generation energy storage systems for securing a high
energy density. Typically, Li-S batteries are mainly com-
posed of a sulfur cathode, a lithium metal anode, a separator
and an organic liquid electrolyte, as shown in Figure 3A.
During cycles, Li-S batteries release and store energy via a
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series of conversion reactions between sulfur cathode and
Li metal anode, which can be described by the following
equation:

S8þ16Liþþ16 e� ! 8Li2S ð1Þ

With such an electrochemical process, the sulfur
cathode can deliver an extraordinary theoretical capacity

of 1675 mAh g�1, far surpassing the cathode materials
of commercial LIBs based on the Li-intercalation
chemistry.43–45 Figure 3B demonstrates the typical
charging-discharging curves accompanying with the LiPSs
evolution process in a working Li-S battery. During the
discharging process, sulfur transformation reactions
involve the formation of a sequence of soluble LiPSs inter-
mediates (Li2Sn, 4 ≤ n ≤ 8) and end up with the discharge
products of solid Li2S2/Li2S, which corresponds to two

FIGURE 1 Timeline diagram of the representative works of Li-S batteries based on molecular engineering of sulfur-providing materials.

FIGURE 2 General

approaches for engineering the

molecular structure of sulfur-

providing materials in Li-S

batteries.
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apparent plateaus at the average voltage of 2.3 and 2.1 V,
respectively. Overall, such a complex process can be
divided into two main steps. The first step is composed
of stage I and II, representing the conversion of solid
S8 molecules to soluble LiPSs intermediates
(S8 ! S8

2� ! S6
2� ! S4

2�), which contributes to a
quarter of the theoretical discharging capacity
(418 mAh g�1). The second step comprises stage III
and IV, corresponding to the formation of solid dis-
charging products (S4

2� ! Li2S2 ! Li2S), and offers
three quarters of the theoretical discharging capacity
(1254 mAh g�1).46,47 During the reversible charging
process, the solid Li2S2/Li2S products are firstly oxi-
dized to soluble LiPSs, which are subsequently trans-
formed to solid S8 molecules. Based on these ideal
sulfur electrochemical conversion reactions, a high
specific capacity can be achieved.

2.2 | Challenges in the applications of Li-
S batteries

Despite the prominent advantages with regards to superior
specific capacity, the practicability of Li-S battery system
has been impeded by several key challenges. In particular,
the intrinsic limitations associated with the sulfur on the
cathode side lead to some serious issues to be concerned
specifically for Li-S batteries.48–50 (1) Both sulfur and Li2S
are electrical/ionic insulators, giving rise to difficulty in
electron/ion transfer during cycling process and thus lead-
ing to inferior utilization of active materials. (2) Randomly
deposited Li2S is not easy to be delithiated, which is
inclined to passivate the cathode surface by forming an
inert layer. (3) The drastic difference in the densities of sul-
fur and Li2S brings about considerable volume expansion

upon cycling. Such a continuous volume variation inevita-
bly leads to the structure collapse of sulfur cathode, during
which the detached active materials are difficult to be reu-
tilized. (4) The complex solid–liquid–solid conversions of
sulfur species and dissolution/migration of soluble LiPSs
intermediates imply poor reaction kinetics and serious
LiPSs shuttling issue. In the following sub-sections, we will
discuss these issues in more details.

2.2.1 | Inferior reaction kinetics

The electrochemical reactions of sulfur in Li-S batteries
involve multiple electrons and are accompanied by com-
plicated solid–liquid–solid transformations, including ini-
tial solid S8 molecules and Li2S2/Li2S discharging
products, as well as soluble LiPSs intermediates.51 Upon
discharge, the electroreduction of S8 on the cathode sur-
face firstly generate soluble LiPSs, followed by the forma-
tion of insoluble Li2S2/Li2S. It is well acknowledged that
the initial reduction of S8 to soluble LiPSs is relatively
easy due to the low activation energy, whereas the
subsequent transformation of soluble LiPSs towards
insoluble Li2S2/Li2S renders higher activation energy,
leading to tardy conversion kinetics and continuous
accumulation of soluble LiPSs in electrolyte. Similarly,
the oxidation of Li2S during the charging process also
confronts huge decomposition energy barrier owing to
its intrinsic electrochemical inertness. Therefore, the
conversion of soluble LiPSs to insoluble Li2S2/Li2S
upon discharge and the decomposition of Li2S upon
charge are the rate-determining steps for the electrochemi-
cal conversion of sulfur, which collectively contribute to
the sluggish redox kinetics as well as inferior sulfur utiliza-
tion in Li-S batteries.

FIGURE 3 (A) Schematic illustration showing the structure and working principle of a Li–S battery. (B) Typical charging/discharging

profiles of Li-S batteries, indicating the formation of a series of intermediate sulfur species.

4 of 20 JIAO ET AL.
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2.2.2 | Detrimental LiPSs shuttling

In the sulfur transformation reactions, soluble LiPSs inter-
mediates are formed on cathode surface, and they diffuse
out into the bulk electrolyte. Driven by the concentration
gradient, these soluble LiPSs will penetrate the porous
separator and migrate to anode side, where they react
with and deposit on the lithium anode. Such a notorious
“shuttling effect” results in low Coulombic efficiency and
serious self-discharge during battery operation,52,53 and
gives rise to rapid capacity degradation, insufficient sulfur
utilization, and eventually battery failure.

3 | STRATEGIES FOR
MOLECULAR ENGINEERING OF
SULFUR

The basic idea of engineering molecular structures of sulfur
in Li-S systems lies in overcoming the intrinsic drawbacks
controlling the degradation of sulfur electrochemistry, such
as low electron/ion conductivity, inferior electrochemical
reaction activity and uncontrollable dissolution-tendency of
polysulfides intermediates to electrolyte. In this section, we
will discuss in details the general strategies to modify the
molecular structure of sulfur and their impacts on final sul-
fur electrochemistry, which can be mainly categorized into
four parts. First, research on the heteroatom-doping is intro-
duced. Such an approach aims to reshape the electronic
properties of sulfur and optimize the kinetics of Li–S chem-
istry for higher sulfur utilization. Second, skeleton grafting
strategy where sulfur atoms are covalently bonded with
functional skeleton materials is presented; and its capability
to suppress/alleviate the notorious shuttling effect via the
molecular confinement for improved cycling stability is
assessed. Thirdly, construction of functional intermediates
to overcome the intrinsic disadvantages of soluble LiPSs
intermediates for optimized sulfur conversion kinetics is
systematically illustrated. At last, the approach to adopt
sulfur-equivalent active molecules for LiPSs elimination or
immobilization is also discussed. A comparison of the elec-
trochemical performance of Li-S batteries with different
molecular engineering strategies of sulfur-providing mate-
rials are summarized in Table 1.

3.1 | Doping of sulfur with heteroatoms

As an element in the same group of sulfur, selenium
(Se) possesses higher electrical conductivity (1 � 10�3

vs. 5 � 10�28 S m�1 for sulfur) and similar theoretical
volumetric capacity (3250 mA h cm�3) in comparison
with sulfur. Although the low theoretical gravimetric

capacity (675 mA h g�1) limits its use as a cathode
material in energy storage,54 doping S with Se has been
demonstrated a promising approach to improve the
performance of sulfur cathode through integrating their
respective merits. Early in 2012, Amine and co-workers
reported SeS2/CNTs composites for cathode application
in Li-S batteries, and revealed that the composite cathode
had a higher conductivity and delivered an obviously
improved electrochemical performance than that with S
alone.55

Li et al. synthesized a series of amorphous sulfur-rich
S1 � xSex/C (x ≤ 0.1) composites by confining S into
porous carbon matrices via the interaction with a small
amount of Se.56 The introduction of Se was revealed to
facilitate the electrons transfer across the electrode sur-
face and inner skeleton during the lithiation/delithiation
processes, which was favorable for improving the redox
kinetics and utilization efficiency of active materials to
achieve a higher reversible capacity. In addition, the
immobilization of the Se-doped sulfur into the porous
carbon also enabled restricting the dissolution of inter-
mediates LiPSs and thus suppressing the shuttling effect.
Benefiting from these factors, the composite electrodes
presented a good cycling stability over 500 cycles with
negligible capacity fading. Moreover, the Se/S mole
ratio57 and bonding structure58 in the Se-S composites
were also found to have great influences on the electro-
chemical performance of the batteries. For instance, Shi
et al. found that, with an optimized Se/S ratio of 2/6
(Se2S6), the composite was able to fully exert the respec-
tive merits of element S and Se, and delivered the best
rate capability and cycling stability (Figure 4A).

Another superiority of Se doping in S is its capability
to enable the use of carbonate electrolyte in Li-S batte-
ries. As a commonly used electrolyte in commercial LIBs,
carbonate electrolyte possesses the advantages including
competitive ion conductivity, low cost, and higher safety
as compared to ether-based electrolytes.59 However, the
conventional Li-S systems fail to operate in carbonate
electrolytes due to the nucleophilic reactions between
LiPSs and carbonate, which leads to severe sulfur loss,
electrolyte consumption, and rapid battery failure. The
availability of carbonate electrolyte in Li-S batteries
provides a new avenue to construct much cheaper and
practically viable Li-S systems.

Similar to the case of Se doping, doping of another chal-
cogen, tellurium (Te), has also been revealed to be able to
tune the inherent properties of S.60 First-principle calcula-
tions demonstrate that Te with higher p orbitals can induce
the directed migration of electron cloud to S, and decrease
the band gap between the valence and conduction bands.
As a result, the conductivities of Te-S and Te-LiS2 are
improved after Te doping (Figure 4B). Additionally, the Te
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doping is also demonstrated to be capable of lowering the
energy barriers to promote both lithiation and delithiation
processes (Figure 4C); and the enhanced ion diffusion in
LiS2 and decreased polarization of redox reaction enable

better utilization of Te-S in the Li-S chemistry. As a result,
the Te-S/C cathodes exhibit a remarkable rate perfor-
mance with 579 mA h g�1 at current density of 20 A and
long-term cycling stability over 1000 cycles (Figure 4D).

FIGURE 4 (A) Comparison of cycling performance and Coulombic efficiency of SenS8 � n cathodes with different Se/S mole ratios.

Source: Reproduced with permission.57 Copyright 2016, American Chemical Society. (B) Electron density distributions for S, Li2S, and their

Te-doped counterparts. (C) The formation energies of lithium insertion and extraction required for the initial lithiation and delithiation

reactions. (D) Long-term cycling performance of Te-S/C cathodes. Reproduced with permission.60 Copyright 2018, American Chemical

Society

JIAO ET AL. 7 of 20

 25673173, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eom

2.12262 by C
ity U

niversity O
f H

ong K
ong, W

iley O
nline L

ibrary on [31/01/2023]. 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



Based on theoretical calculations, Fomine and
coworkers further analyzed the impacts of doping with
halogen atoms on the structure, electronic and charge
transfer properties of Li2S during the delithiation (charg-
ing) process.61 It is revealed that, due to the more nega-
tive formation energy than that of pristine Li2S, the
lithium is easier to extract from the iodine doped Li2S
cluster during the first delithiation process. Furthermore,
the iodine doping in Li2S can to some extent induce an
improved electrical conductivity. These experimental and
theoretical results suggest that doping with halogen
atoms may manipulate not only the physical properties
of sulfur but also the oxidation process of Li2S, which
provides a meaningful guidance towards the experimen-
tal design of advanced cathode materials in Li-S system.

It should be noted that, though heteroatom doping
provides an effective approach to tailor the electronic
structure of sulfur and enhance its intrinsic activity in
Li-S chemistry, the optimal type and amounts of doping
elements, and the related reaction kinetics, particularly,
the functional mechanism of the hetero-dopants in modi-
fied sulfur still remain ambiguous. Therefore, more inves-
tigations are required to unveil the underlying impacts of
heteroatom doping on sulfur reaction activity for further
rational design of high-performance Li-S systems.

3.2 | Skeleton grafting

Grafting S8 molecules into skeleton materials via the
molecule-level interactions is another effective approach
to suppress the shuttling effect. Once S8 molecules are
heated up to a temperature near 159�C, the S8 rings start
to cleave, and linear polysulfane with diradical chain
ends is formed. Through copolymerizing with different
functional skeleton materials, the organosulfur polymers
can be prepared in which sulfur is covalently bonded and
well embedded into the skeleton network.62,63 A wide
variety of such organosulfur polymers have recently been
developed and their electrochemical behaviors as cathode
materials in Li-S systems have been extensively studied.

By using an inverse vulcanization method, Chung
et al., synthesized sulfur-containing polymeric materials
through direct copolymerization of sulfur with a small
amount of 1,3-diisopro-penylbenzene (DIB) and achieved a
sulfur content up to 90%.64As the cathode material in Li-S
batteries, an initial discharge capacity of 1100 mA h g�1 at
0.1 C was obtained. However, the cathode showed a very
limited cycling stability with only 75% capacity retention
after 100 cycles. Similarly, another organosulfur polymer
synthesized by the copolymerization of sulfur and allyl-
terminated poly(3-hexylthiophene-2,5-diyl) (P3HT) also
showed a rapid capacity decay within 100 cycles at 1C.65

From the structure analysis of these organosulfur polymers,
the fast capacity degradation was attributed to the irre-
versible conversion of homogeneous sulfur-rich organic
polysulfanes to heterogeneous sulfur-lean organic poly-
sulfanes and elemental sulfur, which brought about loss
of sulfur and structure variation during cycling, and resulted
in low Coulombic efficiency and poor battery lifespan.
Therefore, to select a suitable skeleton material with a stable
structure and optimal bonding states with sulfur is believed
to be the key factor in pursuit of a better electrochemical
performance of the organosulfur polymers, especially for a
prolonged cycling life.

A 2D organosulfur polymer with polycyclic sulfur
directly substituting the carboxyls of poly (acrylic acid)
and grafting on the carbon chain through a coupling reac-
tion was achieved.66 The robust 2D organosulfur polymer
is capable of maintaining the structural stability without
the exfoliation of S8 molecules from the carbon chain dur-
ing continuous battery operation. Therefore, highly revers-
ible electrochemical reactions are enabled, which inhibits
LiPSs shuttling and significantly improve the battery
cyclability, for example, a capacity retention of 91% after
over 600 cycles at 1C (Figure 5A). Moreover, using porous
trithiocyanuric acid (TTCA) crystals as a soft template, a
three-dimensional (3D) interconnected sulfur-rich com-
pound was synthesized through the ring-opening polymer-
ization of sulfur along the thiol surfaces, as shown in
Figure 5B.67 The cathode based on the compound shows
remarkable rate capability (730 mA h g�1 at 5 C) as well
as stable cycling performance with 83% capacity retention
after 450 cycles, which is attributed to the seamless Li+

transfer route created by the Li+-ion coordination sites of
the crystal and confinement effect of LiPSs in the vulca-
nized 3D polymer framework.

In general, organosulfur polymers are insulating,
which is not favorable for the utilization of sulfur upon
cycling process. In order to tackle such a predicament,
poly(m-aminothiophenol) (PMAT), a linear conducting
polymer, was selected as skeleton material to synthesize
organosulfur polymers with improved conductivity.68

Owing to the conjugated structure with effective pathway
for electron and ion transports, such an organosulfur cath-
ode delivers superior rate capability with discharging spe-
cific capacity over 600 mA h g�1 at 5C. The sulfur chains
are strongly confined within the skeleton of PMAT
through abundant chemical bonds, which can effectively
suppress the diffusion of soluble sulfur species and lead to
prolonged cycling life over 1000 cycles. In addition, natu-
ral or waste polymers are also potential/possible skeleton
materials for synthesizing organosulfur cathode, which is
in accordance with the purpose of “turning trashes into
treasure”.69 For instance, as depicted in Figure 5C, Yu
et al. reported that limonene, a natural composite mainly
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extracted from lemon peel or orange, could be utilized to
prepare sulfur-limonene polysulfide (SLP) through a one-
pot chemical reaction.70 After the first discharging process,
the long sulfur chains are transformed into Li2S nanoparti-
cles embedded in the polymer skeleton structure, and
sulfur-limonene disulfide and elemental S8 are formed in
the subsequent charging process (Figure 5D). During the
following cycling processes, these two sulfur species
undergo respective redox reactions protected by the porous
skeleton structure. This SLP-based electrodes exhibit a
stable cycling performance in 250 cycles at 0.5C with
negligible capacity decay. Note that the abovementioned
organosulfur polymers deliver a similar electrochemical
behavior to that of S8, as verified by the observation of two
prominent cathodic peaks for a typical solid–liquid–solid
transformation pathway in the cyclic voltammetry
(CV) measurements. Although the strong covalent interac-
tion between sulfur and the skeleton materials can reduce

the dissolution and shuttling of soluble LiPSs to some
extent, further improvement on the cycling stability of Li-S
batteries is still needed to meet the requirement for practi-
cal applications.

Sulfurized polyacrylonitrile (SPAN) represents another
promising cathode material for Li-S systems.71,72 By heat-
ing a mixture of S8 and PAN powder at temperatures rang-
ing from 280 to 300�C, the sulfur chains are covalently
grafted on cyclized, partially dehydrogenated, and ribbon-
like PAN skeletons. Unlike other functional skeleton
materials with very limited electron conductivity, the
PAN-based organosulfur polymer enables satisfactory elec-
tron transfer for enhanced sulfur electrochemical redox.
Moreover, the discharge profile characteristic with the
sing-phase reaction at an average voltage of 1.8 V is dem-
onstrated, which is in sharp contrast to the typical two-
plateau profile in conventional Li-S electrochemistry with
S8 as the cathode material.73 It is interesting to note that

FIGURE 5 (A) The robust organic polysulfane with polycyclic sulfur grafted on the carbon chain of a PAA before and after lithiation/

delithiation cycles and their corresponding cycling performance as cathode materials. Reproduced with permission.66 Copyright 2019,

Elsevier. (B) Schematic of the fabrication of S-TTCA. Reproduced with permission.67 Copyright 2015, Macmillan Publishers Limited.

(C) One-pot synthesis of sulfur–limonene polysulfide from d-limonene and sulfur as raw materials. (D) Two stages of the electrochemical

process in SLP-based cathodes: change of molecular structure in the upper figure and change of the composite in the lower. Reproduced

with permission.70 Copyright 2018, John Wiley and Sons
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the SPAN-based cathodes present superior rate capability
and remarkable cycling stability with negligible capacity
degradation for over 2000 cycles.74 However, the details
of SPAN molecule structure and how sulfur interacts
with PAN skeleton to affect the cathodic behaviors
and battery performance have not been fully understood.
Yu et al. proposed that an optimized structure with
dihydropyridine-type electron conductive main chain and
a disulfur side-chain (predominant active unit) were
formed in the SPAN molecules.75 Nevertheless, Zhang
et al. revealed that the C/H ratio did not match with such
a proposed structure. According to the elemental ana-
lyses and thermogravimetric analysis-mass spectrometry
(TG-MS) analysis, they suggested the average x value
of –Sx side chain was 3.37 and the maximum value
should be less than 4.76 More recently, as illustrated in
Figure 6A, Wang et al. indicated that the conjugative
structure formed by the electron delocalization of the
thiyl radical on the pyridine backbone was responsible
for the superior cathodic behavior, in which the long-
chain Sx (4 < x < 8) should be absent or very limited
during the cycling process.74 Despite the controversy on
the molecule configuration and reaction mechanism,
there is no doubt that the SPAN has shown great poten-
tial as advanced cathode materials for constructing
high-performance Li-S batteries.

Thus far, most research related to the use of SPAN in
Li-S batteries is usually based on the carbonate-based
electrolyte with the solid–solid conversion mechanism.
However, in ether-based electrolyte, the performance of
SPAN is inferior despite that such electrolyte delivers
better compatibility with lithium metal anode. The
solubility of formed Li2Sn (n ≤ 4) in ether-based electro-
lyte is still quite high and will inevitably lead to shuttling
of sulfur species.77 It is, however, illustrated that the
Se-doped SPAN is stable in ether-based electrolyte and
enables the acceleration of low order Li2Sn (n ≤ 4) into
insoluble Li2S2 or Li2S. As a result, the dissolution prob-
lem is largely alleviated. It is interesting to note that Te
has also been reported as a eutectic accelerator in SPAN
to promote the redox conversion and suppress Li2Sn
(n ≤ 4) dissolution in ether-based electrolyte.78

In addition to the SPAN-related materials, other orga-
nosulfur molecules with precisely controlled architecture
designs to guarantee a solid–solid conversion mechanism
were also demonstrated to be beneficial for optimizing
the performance of Li-S batteries.79–82 For instance, a
crosslinked disulfide polymer with a well-controlled
structure comprising benzene rings and disulfide bonds
was synthesized as cathode material in Li-S batteries.79

Such a polymer contains S and C with a mole ratio of 1:1
(72.7 wt% sulfur content) and shows a 98% capacity
retention of nearly 100% after first 100 cycles. The CV

profile demonstrates that the cross-linked polymer has a
main reduction peak at 2.25 V (much higher than that of
SPAN-related cathode materials), implying an improved
energy density. Nevertheless, the issues such as the low
theoretical capacity and poor sulfur utilization of the
crosslinked disulfide polymer need to be addressed before
its application as an active material in Li-S batteries. It is
interesting to note that, as Se is used as a bridging unit to
link the short-chain sulfur molecules (i.e., four sulfur atoms
and one selenium atom) to formed a mixed Se-S cluster
covalently grafted on poly(diallyl tetrasulfide) (PDATt)
skeleton,82 no long-chain LiPSs are generated during cycling
process due to the optimized reaction chemistries, as
revealed by the in situ UV/vis spectroscopy (Figure 6B–D).
Consequently, the obtained organosulfur cathodes deliver
stable cycling performance over 400 cycles with high volu-
metric capacity and Coulombic efficiency.

Although the approach of skeleton grafting is effec-
tive in improving the electrochemical performance of
sulfur cathode, its real application in Li-S battery still
faces a great challenge, that is, good cyclic stability and
high energy output cannot be achieved simultaneously.
For instance, the sulfur content in organosulfur polymer
based on DIB skeleton can be as high as 90%, but the
cycling performance of the cathode is very limited with a
lifespan less than 200 cycles owing to the inferior con-
finement ability to long-chain soluble polysulfides. In
contrast, the grafting of sulfur into skeletons such as
PAN and PDATt enables elimination of LiPSs shuttling
and improvement of cycling stability, while the grafted
sulfur content is rather limited and the energy density is
unsatisfactory. Therefore, how to balance the two incom-
patible factors is crucial for the further development of
such a promising strategy in Li-S system.

3.3 | Construction of polysulfides-based
functional intermediates

During cycling process, the behaviors of LiPSs intermedi-
ates have a decisive influence on the sulfur redox conver-
sion and electrochemical performance of Li-S batteries.
As an intrinsic redox mediator, LiPSs can to some extent
manipulate the reversibility of Li2S deposition/dissolu-
tion, but the shuttling issue and sluggish redox kinetics
of LiPSs are still regarded as the main culprits in the
inferior sulfur utilization and fast capacity decay.83 In
addition, under kinetically constrained circumstances,
such as lean-electrolyte and low-temperature conditions,
LiPSs are usually prone to clustering with each other
rather than coordinating to the surrounding solvent
molecules, which leads to the formation of large LiPSs
aggregates and inhibit the solution-mediated kinetics of
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sulfur electrochemical conversion.84 Therefore, con-
struction of new polysulfides-based functional interme-
diates via spontaneous reaction between LiPSs and

specific mediators to alleviate the formation of large
LiPSs aggregates will be helpful for further promoting
the electrochemical performance of Li-S system.

FIGURE 6 (A) Schematic illustration of reaction pathways for SPAN to store lithium. Reproduced with permission.74 Copyright 2018,

American Chemical Society. (B) Discharge profile of the PDATtSSe cell, corresponding to the different discharge voltages. (C) In situ UV/vis

spectra and (D) homologous first-order derivatives of the PDATtSSe cell. Reproduced with permission.82 Copyright 2017, John Wiley

and Sons
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Inspired by the working mechanism of coenzymes in
bio-systems, Huang et al. proposed a redox comedication
approach to optimize the sulfur redox kinetics in Li-S batte-
ries.85 Specifically, they introduced an organopolysulfide,
di-tert-butyl disulfide (DtbDS), to spontaneously react with
LiPSs to generate lithium tert-butyl polysulfide (LitbPS).
Such a chemical exchange reaction can be clearly identified
by the collective characterizations of UV–vis spectroscopy,
nuclear magnetic resonance (NMR) spectroscopy and mass
spectrometry (MS) (Figure 7A–C). In comparison with
original LiPSs, the newly formed LitbPS intermediates lead

to obviously alleviated polarization in the deposition/
dissolution of Li2S and thus a 3D deposition pathway of
Li2S with higher capacity. The first-principles calculations
reveal that the appearance of tert-butyl by DtbDS induces
the charge redistribution on the sulfur atoms and therefore
results in the changes of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) energies of the initial LiPSs, which gives
rise to different redox capabilities of LitbPSs with enhanced
sulfur redox kinetics. In the subsequent study, they further
demonstrated that diphenyl diselenide (DPDSe) could also

FIGURE 7 (A) UV–vis spectra of Li2S6, DtbDS, and Li2S6 + DtbDS solutions. (B)7Li NMR spectra of Li2S6 and Li2S6 + DtbDS solutions.

(C) MS intensity at specified ion peaks for DtbDS and Li2S6 + DtbDS. Reproduced with permission.85 Copyright 2020, Elsevier. (D) Reaction

pathway between NH4TFA and lithium polysulfides. (E) Illustration of electrostatic repulsion effect between (NH4)2S6 and lithium cation of

LiTFA in electrolyte. Reproduced with permission.89 Copyright 2021, American Chemical Society
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be utilized as a promising redox comediator to modify the
molecular structures of LiPSs so as to promote the sulfur
conversion behaviors.86 It is worth to note that the as-
produced lithium phenylseleno polysulfides (LiPhSePSs)
intermediates not only reduce the energy barriers for
multi-phase sulfur conversion, but also render an improved
stability to lithium anode due to the protective effect of aro-
matic group in DPDSe. As a result, the Li-S pouch cells
with the DPDSe co-mediators deliver an energy density of
over 300 Wh kg�1 with decent cycling stability.

Very recently, Nanda et al. investigated the effects of
substituting element Se and Te into LiPSs chains on the
chemistry of Li-S systems.87 The in situ generated polyse-
lenosulfides (Li2SexSy) intermediates are found to pro-
mote the cathode utilization by enhancing the sulfur/
Li2S conversion reactions owing to the formation and
stabilization of catalytically radical anions (SeS2

▪�)
during cycling, and meanwhile they also render stable
and reversible deposition of lithium through the forma-
tion of a robust ionically conductive sulfide-rich solid
electrolyte interphase (SEI) layer on the lithium surface.
Such an approach based on the structural modification of
LiPSs improves significantly the electrochemical perfor-
mance of Li-S full pouch cells and may be extended to
other related metal–chalcogen batteries as well.

The strong interactions between LiPSs intermediates
and solvent molecules of liquid electrolyte leads to contin-
uous loss of active sulfur species from the cathode to the
anode side through the electrochemical shuttle process,
and thus poor cycling stability of the batteries. To address
this issue, Li et al. developed an in-situ solidification
strategy to immobilize LiPSs in electrolyte via nucleophilic
substitution reactions induced by 2,5-dichloro-1,4-
benzoquinone (DCBQ).88 Due to the low dissolution of
newly formed organosulfur molecules in electrolyte, the
migration and shuttling of LiPSs intermediates which are
covalently bonded in the inner molecule structure could
be greatly suppressed. As a result, a high-capacity reten-
tion is obtained during battery operation. In addition, the
DCBQ segment is also favorable to rapid ion transfer,
which enables accelerated redox conversion reactions and
superior rate capability.

As for the clustering issue of LiPSs under kinetically
constrained conditions, Gupta and co-workers revealed
that such a detrimental behavior could be effectively
altered and alleviated through tailoring the LiPSs coordi-
nation environment.89 It is shown that the LiPSs can
react in situ with the ammonium trifluoroacetate
(NH4TFA) to form diammonium polysulfides ([NH4]2S6)
intermediates and LiTFA (Figure 7D). The presence of
NH4

+ in (NH4)2S6 intermediates renders them electro-
static repulsion to the lithium cations in LiTFAs, as
shown in Figure 7E, which can spatially dissuade the

potential coordination of adjacent polysulfide units to
larger aggregated clusters. In this case, a much higher
discharge capacity and more favorable kinetic behavior
are achieved under low-temperature conditions. This
work strengthens the understanding of underlying LiPSs
chemistry in Li-S systems and may inspire further explo-
ration of “molecular engineering” for advanced energy-
related systems.

Screening of appropriate mediators to construct new
polysulfides-based functional intermediates is a facile
and effective strategy that could be readily used to practi-
cal applications. Small amounts of suitable mediators can
effectively optimize the physicochemical properties of
intrinsic LiPSs for achieving accelerated conversion
kinetics and improving sulfur utilization. Nonetheless,
there are still several crucial issues to be explored regard-
ing the use of such a strategy in Li-S batteries. Firstly, the
correlation between optimum molecular structures of
functional intermediates and battery performance is
elusive and needs further investigation. Secondly, the
stability or potential structure evolution process of the
newly-formed active intermediates during cycling are
hard to be validated. Thirdly, the introduction of media-
tors (not contributing to capacity) into the resultant
molecules will to some extent sacrifice the overall energy
density of the Li-S batteries. Last but not least, the inter-
nal shuttling of active materials still occurs, thus inevita-
bly affecting the final cycling stability. Therefore, in the
future work, more precise molecule synthesis and elec-
trode design may need further research effort to improve
the performance of Li-S batteries.

3.4 | Sulfur-equivalent active molecules
for Li-S batteries

Completely eliminating the generation of soluble LiPSs
intermediates especially at its source is an ultimate solu-
tion for pursuing prolonged lifespan of Li-S batteries. In
some organosulfur cathode materials, the sulfur cova-
lently bonded to the skeleton chains will not be detached
from the electrode structure even at a full discharge state.
Nevertheless, the high solubility of these compounds in
organic electrolytes may increase the risk of electrode col-
lapse after long-term battery operation. Recently, some
sulfur-containing inorganic compounds that not only
exhibit a comparable electrochemical property with ele-
mental sulfur but also deliver structural and electrochem-
ical stabilities without the formation of any soluble LiPSs
during battery cycling have been well reported.

The concept of “sulfur-equivalent cathode materials”
in Li-S system was initially proposed by Lu and co-
workers who developed amorphous MoS3 as such a
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targeted material.90 The MoS3 possesses a chain-like
structure comprising Mo ions bridged by sulfide and
disulfide ligands which enable fast ion transfer and high-
efficiency active storage (Figure 8A). The CV curves of
MoS3 present a two-stage lithiation/delithiation process
with the first cathodic peak centered at 1.84–1.87 V and
the second one centered at 1.31–1.36 V, indicating a
sulfur-like electrochemical behaviors except for a lower
working voltage (Figure 8B). More importantly, the oper-
ando X-ray absorption spectroscopy (XAS) reveals that
the amorphous chain-like structure of MoS3 is largely
preserved without the breakage of Mo-S bonding during
lithiation/delithiation process, and the electrochemical
reaction does not involve the generation of any LiPSs
intermediates (Figure 8C–E). In addition, density func-
tion theory (DFT) calculations demonstrates that the
bridge site between two adjacent sulfur atoms is the most

energetically favorable adsorption site of Li+ during dis-
charging process (Figure 8F). The assembled battery
delivered long-range cycling stability over 1000 cycles
and high Coulombic efficiency nearly 100%.

One step forward, they further reported entrapment
of LiPSs via a unique mechanism based on chemical
immobilization and conversion of LiPSs by highly sulfi-
philic metal material.91 As shown in Figure 8G, among
several different transition metals, only Cu foil reacts
with LiPSs solution and its surface rapidly turns black. In
this case, LiPSs are chemically immobilized on the Cu
surface to form Cu2S nanoflakes with tunable texture and
thickness (Figure 8H). During cycling, the affinity restric-
tion of Cu towards LiPSs against the sulfur-electrolyte
interaction yields a solid-like state electrochemistry
behavior accompanied by single-plateau discharge curve,
which is different from the conversional Li-S battery with

FIGURE 8 (A) XRD pattern and schematic structure (inset) of 1D chain-like MoS3. (B) CV curves of MoS3 cathode at the scan rate of

0.1 mV/s. (C–E) Operando XAS studies of MoS3 as the sulfur-equivalent cathode material for Li–S batteries. (F) Simulated charge-density

distribution in lithiated MoS3 chains. Reproduced with permission.90 Copyright 2017, National Academy of Sciences. (G) Photographs of

different metal strips immersed in the polysulfide solution. (H) Schematic illustration showing the polysulfides fixation process on Cu foam

in LiPSs-containing electrolyte. Reproduced with permission.91 Copyright 2018, John Wiley and Sons
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two-plateau profile. Parallel experiments of bottle batte-
ries demonstrate that the immobilized LiPSs are not
released back to the electrolyte from the Cu matrix even
after repeated cycling. Benefiting from such a superior
sulfur-confining ability, the sulfidized Cu foam cathode
with high equivalent sulfur mass loading shows impres-
sive cycling stability over 1400 cycles without obvious
sign of capacity decay. It is worth nothing that the lower
discharging voltage (about 1.7 V) of Cu foam system as
compared with the conventional Li-S batteries will inevi-
tably sacrifice the overall energy density of the batteries,
which is an issue to be concerned for their practical uses.
Alternatively, other sulfiphilic metals and metal sulfides,
such as gold,92 nickel,93,94 TiS2,

95 and Tin,96 were also
reported to deliver high chemical affinity to LiPSs for
suppressing the shuttling effect and prolonging the
cycling stability of Li-S batteries. In particular, some
metal sulfides included in Li-S batteries as catalysts, such
as Chevrel-phase Mo6S8

97 and Ni3S2,
98 can participate in

the conversion reactions and contribute to additional
capacity, because their lithiation voltage are within the
voltage window of Li-S batteries (1.7–2.8 V).

Although the incorporation of heavy metal cathodes
may probably cause the decrease of gravimetric energy
density of Li-S batteries, the concept to use such sulfur-
equivalent cathode materials for LiPSs elimination or
immobilization provides us a promising alternative to
achieve remarkable cycling stability. However, more
effort is required to further reduce the weight of these
inorganic cathode materials without significantly sacrific-
ing the energy density before these batteries could be
considered practically viable.

Li2S, the fully lithiated state of sulfur, can also be
classified as a sulfur-equivalent cathode. In compari-
son with the sulfur counterpart, Li2S has its obvious
advantages and shortcomings. In terms of advantages,
using Li2S as the starting materials could not only
alleviate the volume expansion issue and thus cathode
collapse during cycling, but also match well with the
lithium-free anodes, such as graphite, Si, Sn and
others. As a result, the safety concerns caused by use
of metallic lithium anode could be effectively avoided.
Additionally, the higher melting point of Li2S (938 �C)
as compared with sulfur (below 200 �C) enables more
flexibility in the synthesis of Li2S composite materials.
Nevertheless, the use of Li2S sulfur-equivalent cathode
may also cause some problems. For example, one of
the most well-known and formidable challenges is the
electrochemical inactivity of Li2S, which usually
requires a high charging voltage (>3.5 V) in the first
charging process. This high over-potential is also
related to the crystallinity, particles size and morphol-
ogy of the Li2S. Moreover, similar to metallic lithium,

Li2S is extremely reactive to moisture, which requires
more stringent conditions for electrode preparation.

4 | SUMMARY AND
PERSPECTIVES

Li-S batteries represent a very promising electrochemical
system to achieve low-cost and high-efficiency energy
storage beyond currently prevailed Li-ion batteries.
Although tremendous progress has been achieved over
the past decades, challenges remain in Li-S systems, and
there is still a huge gap between the performance of the
state-of-the-art batteries and the commercial standards.
As a core element of cathodes, manipulation of the inher-
ent properties of active material (sulfur) is extremely
important for the development of such a potential system
but less concerned. This review addresses the significance
of rational engineering of sulfur itself for construction of
high-performance Li-S batteries and summarizes the
most recent progress of their impacts on the final sulfur
electrochemistry and battery performance. Chemical
modification of sulfur-providing materials at atomic level
(e.g., doping heteroatoms, grafting skeletons and func-
tional mediators) enables higher sulfur utilization, more
rapid redox kinetics, and better rate capability of Li-S bat-
teries. Moreover, the construction of sulfur-equivalent
cathodes is also a promising approach for improving
capacity and cycling stability.

In the pursuit of advanced Li-S batteries approaching
practical applications, the future development based on
the design and engineering of active material (sulfur) to
optimize the sulfur chemistry might focus on the follow-
ing aspects.

1. The precise design regarding molecular structure and
functionality of active materials possesses great poten-
tial in further enhancing the practical electrochemical
performance of Li-S systems. For instance, optimized
molecular properties of as-prepared active materials
such as controllable specific surface area, ordered
pores distribution can facilitate the electrolyte perme-
ation for low ion transfer barrier. Excellent mechani-
cal strengthen might improve electrode stability
during cycling process for a prolonged working life.
Adequate ionic/electric conductivity as well as high
sulfur content, which could be tailored by controllable
interactions between organic units and sulfur chains,
may lead to improved rate performance and cycling
capability without the addition of extra inactive com-
ponents. Furthermore, to achieve accelerated sulfur
redox and degraded sulfur loss, it is rational to con-
struct “self-catalysis” active material by selecting
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grafting skeleton with specifically catalytic functional-
ity, which can effectively reduce the electron/ion
transfer resistances among the triple-phase interface
of active component/conductive substrate/electrolyte
during cycling.

2. The physical properties of active materials are also non-
ignorable factors for battery performance. The grain
size, crystal structure and phase states of sulfur can all
contribute to the performance improvement of Li-S bat-
teries in various degrees. For example, sulfur nanodots
enable higher capacity output and utilization efficiency
than bulk sulfur aggregates due to larger exposed active
surface.99 From an engineering point, manufacturing
sulfur nanodots with simpler, greener and more eco-
nomical strategies are more likely to satisfy the require-
ment for practical applications. In addition, it has also
been reported that the monoclinic sulfur-based cathode
delivers better electrochemical performance in terms of
cycling stability and rate capability than that of its
orthorhombic counterpart, though the reason behind
needs to be further investigated. Moreover, the super-
cooled liquid sulfur has been proven to deliver higher
areal capacity than that of solid sulfur crystal under the
same testing conditions, which is possibly because the
supercooled liquid sulfur with higher flowability and
dynamic nature facilitates the electron transfer and
electrolyte penetration for the electrode surface during
battery operation. Finally, it should be noted that each
type of strategy has its own merits and drawbacks. To
minimize the “buckets effect,” the joint efforts between
them are expected to propose a proactive strategy in
delivering high specific energy and long cycling life for
Li-S batteries.

3. Fundamental understanding of Li-S chemistry modu-
lated by engineering the physicochemical states of
sulfur-providing materials is of essential significance
to elevate the conversion kinetics and utilization effi-
ciency of sulfur. For instance, the recent artificial
intelligence approaches such as deep learning and rel-
evant modeling studies provide new solutions to the
theoretical capacity and potential electrochemical
dynamics evaluations of active materials candidates
based on big data modeling and analysis. In addition,
some emerging modeling based on DFT calculation
plays an important role in guiding the optimization of
potential atomic configuration and electronic struc-
ture of the as-developed active materials with more
decent reaction/conversion behaviors. Advanced in
situ/operando characterization techniques enabling
the detection of the real-time variations of active interme-
diates during cycling are also beneficial to the in-depth
understanding of the underlying reaction mechanism of
sulfur chemistry.100

In summary, as the main capacity-contributing com-
ponent in Li-S system, the rational design and engineer-
ing of sulfur-proving materials is highly necessary for
improving performance of Li-S batteries. We hope this
mini-review could induce more attention and research to
this promising but less-concerned field. Of course,
whether or not Li-S system will be able to accomplish its
huge potentials rely on simultaneously tackling many
aspects involving its underlying conversion chemistry. In
the long run, integrating the achievements in the
domains of electrolytes, anodes as well as the innovation
in engineering technology, we believe that a great pro-
gress for the realization of commercial Li-S batteries is
expectable.
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