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Lithium-sulfur batteries have been developing in recent years and appear to
offer an alternative to existing commercial batteries that can potentially
replace them in the future. With their exceptional theoretical energy density,
lower production costs, and affordable and environmentally friendly
abundant raw materials, lithium-sulfur batteries have shown the ability to
defeat counterparts in the race for rechargeable energy devices currently
being developed. The lithium-sulfur batteries display extraordinary features,
but they suffer from sulfur’s non-conductivity, the shuttle effect that results
from polysulfide dissolution, volumetric sulfur changes during charging, and
dendrites at the anode, resulting in a decline in capacity and a short battery
life. As a result of rigorous and innovative engineering designs, lithium-sulfur
batteries have been developed to overcome their drawbacks and utilize their

and other batteries were developed to offer
affordable, clean, and safe energy storage.[**!
They are widely used in various products,
including portable electronic devices, electric
tools, automobiles, medical implants, and
large-scale smart grids.[*! Gasoline-fueled inter-
nal combustion engines are the most significant
contributor to the global consumption of non-
renewable fuels and environmental damage, so
the development of battery-operated electric
vehicles (EVs) shows great promise as a sustain-
able mode of transportation capable of increas-
ing fuel economy and reducing emissions.’] A
massive 41% increase in sales over the previous
year and a 5-fold increase in just the past

entire potential during the past decade. This review will pay particular
attention to porous carbon-based matrix materials, especially graphene-based
nanocomposites that are most commonly used in producing sulfur cathodes.
We provide an in-depth perspective on the structural merits of graphene
materials, the detailed mechanism by which they interact with sulfur, and
essential strategies for designing high-performance cathodes for
lithium-sulfur batteries. Finally, we discuss the significant challenges and
prospects for developing lithium-sulfur batteries with high energy density
and long cycle lives for the next-generation electric vehicles.

1. Introduction

Over the past two decades, increasing global energy needs have raised
critical concerns about using non-renewable fossil fuels and the associ-
ated environmental impacts.”"! Numerous ‘clean’ renewable energy
sources (wind, solar, tidal, and geothermal) exist, but their generation
is random and discontinuous.”! Electrochemical energy storage has
been identified as the best solution to address the global energy crisis
and its environmental impact.”*! It involves the conversion and storage
of renewable energy in electrochemical batteries. For instance,
lithium-sulfur (Li-S), Li-ion, sodium-sulfur (Na-S), zinc-air (Zn-Air),
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4 years was recorded by the number of
all-electric and plug-in hybrid vehicles sold
worldwide in 2023.71 The growing popularity
of EVs has prompted researchers to prioritize
their approaches to addressing certain ineffi-
ciencies, thus leading to the development of
new and high-performance storage systems.”’
Sony Corporation (in 1991) made a significant
leap in electrochemical energy storage (EES)
when it developed lithium-ion batteries (LIBs),
which today command a market share of 63%
worldwide among the plethora of electrochemi-
cal energy storage technologies.!'”) LIBs have
evolved into highly reliable EES devices over the last 10 years due to
their specific energy, energy density, and cycle stability.!" ! 1IBs have
been widely applied not only to stationary power storage systems but
also to portable electronics. Despite this, LIB-enabled EVs are continually
failing to meet the rising transportation market expectations since 1)
they lack energy density (350 Wh kg™ " according to insertion chemis-
try); 2) lithium is in short supply and extremely expensive; 3) transi-
tion metal oxides generated by lithiation are toxic; and 4) they lose
performance after 300 cycles.!'?! As a result of these factors, the LIBs
have reached their finite energy density limits, and the development of
new and innovative, low-cost EES systems with high energy density is
underway for the next generation of EVs.['*]

The lithium-sulfur battery (LiSB) has emerged as a promising energy
storage system and has been considered a low-cost alternative to
lithium-ion batteries (Figure 1).['*] Compared to LBs, the LiSBs, with
their intrinsic advantages of high specific capacity of sulfur in LiSBs
(162 mAh g~ theoretically), which, when combined with lithium
anodes (theoretically 3862 mAh g~' theoretical capacity), yield a
gravimetric energy density almost 10 times higher than that of LIBs
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Figure 1. Current Li-S battery market size and market forecast from 2024 to 2030 (Source: Grand

View Research). Copyright 2024, Grand View Research.

(2600 Wh kg™").l'* Sulfur is also an abundant, environmentally
friendly, and biocompatible material. Moreover, it is considerably less
expensive than LIB cathode materials (lithium carbonate costs
$13 000 ton~ ', cobalt costs $33 000 ton ', and  mnickel
costs $14 000 ton~'). In addition, lithium secondary batteries have
the most commercial potential and research value because of their safety
and reliability.[' ¢!

LiSBs, however, have some issues that need to be resolved before
they can be commercially applied:!'”}

—

Limited sulfur loading:!'®! Lower sulfur loadings below the ideal
range of 41-70% reduce the capacity of LiSBs.

2 Lower sulfur utilization:"'”) The room-temperature conductivity of
sulfur is very low (5 x 107°° S em™"), and therefore, the sul-
fur cathodes cannot effectively accept electrons in the collector,
and their theoretical capacity is hardly achieved since sulfur is
not utilized sufficiently.

Volumetric expansion/ shrinkage:[zo] A discharged product of S and lith-
ium polysulfides (LiPSs) in LiSBs have densities of 2.03 and
1.66 g cm™ >, respectively, indicating that the sulfur cathode
expands and shrinks by as much as 80% during electrochemical
reactions, adversely affecting the battery integrity and perma-

w

nently reducing capacity.
4 Shuttle effect:™*'1 Sulfur-based cathodes produce polysulfides (PSs)
that would easily dissolve in the electrolyte and diffuse to the
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lithium anode, forming LiPSs. As a result,
even though LiSBs possess an energy den-
sity of 3—4 times higher than LIBs
(580 Wh kg™"), only a fraction of the
theoretical energy density is wusually
achieved. As a result of these factors, their
cycling stability is inferior, they suffer
from capacity loss, they use little sulfur,
the lithium anode corrodes, and they suf-
fer from severe self-discharge, which
makes it difficult to penetrate the market.
Numerous measures have been implemen-
ted to design high-performance LiSBs,
such as confined sulfur in host materials,
modified separators, hybridized inter-
layers, and new electrolytes. LiSB energy
density and life cycle have been drastically
improved by shuttle inhibition using
porous host materials such as porous
carbon,[zz] molecular organic frameworks
(MOFs),[*1 aerogels,**! etc. LiPSs are
chemically/physically ~anchored within
porous host materials and are not soluble
in  electrolytes  because  of  their
chemical/physical attraction.

EviE

ORAND VIEW AESEARCH

25.5%

Global Market CAGR,
2024 - 2030

B=EviE

GRAND VIEW RESEARCH

$33.8M

| Market Size,
2023

Nazar et al. pioneered sulfur encapsulation
in porous materials.l**) The authors demon-
strated successful encapsulation of sulfur mole-
cules in the ordered pore channels of
mesoporous carbon (CMK-3). The sulfur con-
finement in a porous host material of CMK-3
resulted in a substantial increment in the
respective LiSB’s specific capacity, rate perfor-
mance, and cycle life. After this groundbreaking work, the LIBs have
gained intense research interest, and significant advances have been
made.[") During the last decade, sulfur cathodes have been the subject
of an exponential increase in scientific publications, demonstrating their
considerable interest.”®! Numerous design strategies have been pro-
posed to realize the LiSBs at the industrial scale, including the design of
host materials, separator modification, the optimization of electrolytes,
and the protection of lithium.””?®1 1t is highly desirable that a host
material possesses high conductivity, high porosity, and strong encap-
sulation capabﬂity.[zg] Encapsulating sulfur in porous conducting host
materials offers a range of advantages in LiSBs, such as high sulfur load-
ing, conductivity enhancement, fast ion transport, inhibition of the
shuttle effect through effective anchoring of PSs, acting as a buffering
zone to compensate for the volumetric change, and high electrocatalytic
activity, which increases kinetics and reduces dissolution of LiPSs at the
same time, accelerating LiPSs conversion.**]

Several host matrix materials were proposed and critically
investigated for S cathode due to their critical advantages in
high-performance LiSB design. Porous materials such as graphene,
carbon nanotubes, mesoporous carbon, MOFs, and covalent
organic frameworks (COFs) have been extensively studied in
recent years to fabricate sulfur-based cathode materials.'>*! Com-
paring the host matrices based on inorganic materials, porous
carbon-based host materials are distinguished by high conductiv-
ity, porosity, and specific surface area with tunable pore size
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Figure 2. MoSSe@graphene composites for long-cyclable Li-S batteries.**) Copyright 2025, Elsevier

distributions.[*?] Moreover, the porous carbon materials can be
easily doped, co-doped, and functionalized to effectively create
heterostructures to tune their electric and structural properties.[“]
Therefore, the porous carbon-based hosts with large pore volumes
can efficiently limit the dissolution of LiPSs by trapping them
within their frameworks, ensuring high sulfur loading and facili-
tating surface interactions like adsorption and catalysis.**] Various
carbon nanostructured host matrixes have been reviewed recently
for their potential as sulfur confinement and polysulfide anchoring
materials in LiSBs.**7**! However, a comprehensive comparison
of carbon-based hosts for immobilizing sulfur in LiSBs is still lack-
ing. Furthermore, none of the reviews have examined the different
subtypes of a particular material, especially graphene-based ones.
This review aims to provide a comprehensive overview of the cur-
rent state of graphene-based hosts for sulfur cathodes in LiSBs and
provide insight into innovative electrode design routes to promote
LiSB commercialization.

2. Graphene-Based Nanocomposites as Potential
Sulfur Hosts for Next-Generation LiSBs

This section critically summarizes various graphene-based nano-
composites as potential host materials for high-performance LiSBs.
Wei et al.*®) reported a sulfiphilic few-layer molybdenum sele-
niosulfide (MoSSe) nanoflakes decorated on graphene (MoSSe@-
graphene), a
heterostructure composite (Figure 2). A facile microwave method

two-dimensional ~and catalytically  active
was used to prepare this conceptually new sulfur host, assisting
LSBs to accelerate at the interfacial level. The sulfiphilic MoSSe
nanoflake has a strong interaction with soluble polysulfides, and
this interaction dynamically promotes polysulfide redox reactions.
Furthermore, graphene nanosheets provide a physical barrier that
mitigates the diffusion of lithium polysulfides and enables much
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more uniform sulfur distribution, which inhibits polysulfide shut-
tling while accelerating sulfur conversion reactions. This resulted
in superior rate performance (1091 mAh g~ ' at 1 C) and an ultra-
low decay rate of 0.040% per cycle after 1000 cycles.

In another recent study, Wei et al.*] reported growing MoTe,
nanosheets on graphene using ultrafast and simple microwave-assisted
chemical coupling and heating methods to develop hybrid sulfur host
materials for Li-S batteries (Figure 3). With excellent electrocatalytic
activity, MoTe, nanosheets and highly conductive graphene form a
nano reservoir to contain sulfur and intermediate polysulfide species
and accelerate electron transfer. Accordingly, Li-S batteries with
MoTe,@graphene@carbon cloth electrodes displayed excellent cycle
stability (98.7% capacity retention after 100 cycles at 0.2 C) and excel-
lent rate performance. By combining the chemical affinity and electro-
catalytic ability of polar MoTe, with graphene and freestanding carbon
cloth, polar MoTe, can be used as a host material to mitigate the shut-
tling effect in rechargeable lithium-ion batteries through effective phys-
ical confinement.

Lan et al.*®1 report the development of a chip-inspired ISB cathode
featuring a vertically integrated structure implanted with Mo,C nano-
particles and nano-sulfur into graphene to act as the cathode (Figure 4).
This configuration allowed for synthesizing sulfur nanoreactors (SNRs)
assembled into a tandem array on graphene—generating integrated
LiSBs. Through spatial confinement and protection of the S-NRs, poly-
sulfides were prevented from dissolving, diffusing, and losing, thereby
enhancing sulfur utilization and redox reaction kinetics. Nanoreactor
units can be combined in tandem, isolated, and multiplied synergisti-
cally to enhance adaptability. This resulted in an integrated LSB cathode
achieving excellent electrochemical properties with an initial capacity of
1392 mAh g~ " at 0.1 C, a low capacity decay rate of 0.017% per cycle
during 1500 cycles at 0.5 C, and a superior rate performance. The
authors present a rational design and method for developing
high-performance energy storage devices that are precise and
economical.
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composites that are self-supporting, bendable,
and compressible (Figure 5).**! The fabri-
cated PS/G cathode shows an excellent specific
capacity of 959 mAhg ' with a
low-capacity fading rate (0.15% per cycle) for
200 cycles. Therefore, the electrode has a vol-
umetric capacity of 1726 mA h cm™> (vol-
ume is based on the cathode materials and the
current collector). It has also been demon-
strated that flexible Li-S pouch cells using
PS/G composites as cathodes have stable elec-
trochemical characteristics under bending con-
ditions, demonstrating their suitability for
commercial batteries.

Decent palysullide adsorption capability and excelent catalylic conversion ablity of polar MoTe, @graphene, leading to mitigated shuntle effect. | Ning et al_[‘m] reported using vanadium
e e T S P e e [T T e e == oxide (VO,) nanotubes with a relatively high
redox potential (than sulfur) to compound in
situ with graphene (G) to create a binary sul-
fur host for VO,/G based on the VO,/G ratio

MoTe,@graphene@CC
*@::tzde 28 — MaTe,@graphene@CC

——graphene@CC

26+ (Figure 6). With VO, nanotubes in a binary
s il environment, soluble lithium polysulfides
5 (LPSs) can be chemically adsorbed, which
§ 224 improves their electrochemical conversion
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to be inhibited. Additionally, graphene
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atied rapi Smooth electron transfer pathway a i L .. . .
P psth i uly-{elmmzam:::‘f!n 400 &00 1200 ization. It is impressive that the fabricated
MoTe,@araphent interconnected earbon cloth netwark Capacity (mAh g"') VO,/G/S electrode exhibits a high specific

capacity, a good rate performance, and excel-

. ) ) . lent cycling stability, which holds great poten-
Figure 3. A microwave synthesis of MoTe,@graphene composites that accelerates polysulfide

conversion and promotes the nucleation of Li,S for high-performance Li-S batteries.””! tial for a wide ra.nge. of apphC&[El%IlS.
In a study by Ying et al.,""’ Fe—Co sulfi-

de/graphene/CNTs were combined into a
functional interlayer composite (FCS@GC)
(Figure 7). Using the cross-linked 3D net-
work formed by CNTs and graphene, the
composite could avoid carbon agglomeration
and enhance the physical adsorption capacity
of LiPSs, effectively improving the transfer of
Ii'/e”. In addition, the loaded FeCoS,
improves the kinetics and chemical adsorption
of LiPSs within the composite, inhibits the
shuttle effect at various levels, and enhances
the chemical adsorption of LiPSs. LiSBs with
FCS@GC as their functional interlayer can
achieve ~ 787.5mAh g~'  after 200
charge/discharge cycles at 0.5 C. The capacity
of LiSBs with FCS@GC interlayers can still be
maintained after 110 cycles at a sulfur loading
of 5 mg ecm™ % After 800 cycles, the capacity
decays at a rate of 0.036% per cycle. Its struc-
ture will provide viable solutions for commer-
cializing LiSBs.

By combining the strong adsorptive and

Using a one-step PS additive reaction at 320 °C, Chuang et al. report  catalytic properties of CoNiO, with the electrical conductivity of CoyN,
high volumetric capacities and high sulfur packing density in  Gong et al. demonstrated a synergistic enhancement effect of
phosphorus-sulfur/graphene composites  (PS/G composites).*”] A CoNiO,/Co,N heterostructures (Figure 8).[** Based on theoretical cal-
sheet of binder-free LiS cathode can be easily fabricated from PS/G  culations and experimental design, it can significantly inhibit the shutte

Figure 4. High-performance lithium-sulfur batteries using monodisperse sulfur nanoreactors on
graphene.*®! Copyright 2024, American Chemical Society
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Figure 5. A flexible lithium-sulfur battery cathode made of phosphorus-sulfur/graphene composite with an extremely high volumetric capacity and high

performance.[39] Copyright 2020, Elsevier.
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LiSBs. Designing sulfur host materials effi-
ciently to address polysulfide shutting in
lithium-sulfur batteries is essential. Using
Co@TiO, hollow spheres tightly wrapped
by graphene oxide (labeled as
Co@TiO,/GO), Zhang et al.’*] constructed
a multilayer sulfur immobilizer with a mul-
tilevel sulfur storage space (Figure 9). In
this structure, sulfur was encapsulated on
three levels: inside the cavites of the

Co@TiO, hollow spheres, between the

1200

Co@TiO, spheres and the GO sheets, and
-nag within the interlaminar pores of GO. As a

Copacity (mAbeg! Sulfur)
Z
Q

g 12mpom’? 160 E result, the inner and outer surfaces of the

| < -.mg Co@TiO, hollow spheres were better at
4.0 mg-cm™ j P participating in the LiPS conversion reac-

4 & tions. Further, incorporating Co mnanoparti-
° 100 200 vete mumber ™ el 50 ces and abundant oxygen = vacancies

Figure 6. A rational binary sulfur host consisting of VO, nanotubes and graphene for the development

of superior lithium-sulfur batteries.[*” Copyright 2020, Elsevier.

effect through chemisorption and catalytic conversion of polysulfides
and improve ion and electron transport rates. This way, the graphene
composite sulfur cathode supported by the CoNiO,/Co,N nanowires
exhibits improved sulfur species reaction kinetics. The corresponding
LiSB exhibited a high-rate capacity of 688 mAh g~ ' at 4 C with an
ultralow capacity fading rate of ~0.07% per cycle for 600 cycles. The
graphene composite structure and heterostructure nanowires provide a
new approach for rapid polysulfide capture-diffusion conversion. Table
1 summarizes recent key works on improved LiSBs with high specific
capacity, enhanced rate performances, and increased charge—discharge
cycles based on graphene-based nanocomposites for sulfur cathode
preparation.

3. Graphene Oxide-Based Nanocomposites as
Potential Sulfur Hosts

This section critically summarizes various graphene oxide-based
nanocomposites as potential host materials for high-performance
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enhanced redox reaction kinetics in LiPS.
Thus, this multi-level sulfur storage space is
beneficial for the storage and blockade of
polysulfides and for improving the LiSB’s
energy storage performance. As a result of
these favorable structural characteristics, the initial discharge capacity
of Co@TiO,/GO/S cathode reached 807 mAh g~' at 1 C with a
slow decay rate of 0.053% per cycle and a high specific capacity
of 552 mAh g~ at 5 C.[*%

Polyaniline-based nanocomposites are promising candidates for
hosting sulfur in LiSBs based on cathode materials. An ice-grown
PANI-GO-S nanocomposite has been developed by Badi et al.*'l To
fabricate the cathode, 1.0 wt% of the prepared nanocomposite was
mixed with LiNig sMng sO, and PVDF in N-methyl pyrrolidone (NMP)
solvent. The cydlic voltammetry of PANI and its nanocomposite shows
redox peaks at 1.9 and 2.7 V and oxidation peaks at 2.6 and 2.2 V,
which show the transition from Li,S to S*~ and later sulfur elemental
Sg. The nanocomposite cathode exhibited a high specific capacity
(868 mAh g™ ") up to 400 cydles with a coulombic efficiency of 98%.
The PANI-GO-S nanocomposite is presented as an innovative approach
to fabricating electrodes with a high specific capacity in lithium-based
electrochemical charge storage cells.!®!}

Ma et al.”**] proposed suppressing the polysulfide diffusion problem
and large-volume expansion by loading sulfur inside the wrap while

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 7. Three-dimensional reticulated Fe—Co sulfide/graphene/CNTs composites as functional

free-standing CoSe-CNF-GO-MXene (CCGM)

Gﬂngiliva sulfur host. A combination of two-dimensional
network (2D) graphene, MXene, and one-dimensional

(ID)  nanocellulose  fibers  with  zero-
dimensional (0D) transition metal selenide
(CoSe) demonstrates good electrical conductiv-
ity and enhanced catalytic performance. More-
over, with a rationally designed porous
structure (from 0D to 3D), ion and electron
transport channels are well connected, contrib-
< uting to good kinetic performance. A CoSe cata-
lytic material with moderate adsorption
energies has been demonstrated to be capable
of catalyzing both precipitation and dissolution
—— of Li,S, enhancing the kinetics of the conversion
process. A synergistic effect of CoSe, Ti;C,T,,
and graphene was demonstrated using density

interlayer capturing and converting polysulfide for high-performance lithium—sulfur batteries!*"!  functional theory (DFT). The S@CCGM cath-

Copyright 2024, American Chemical Society.
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Figure 8. a) A comparison of the conventional LiSB with the “shuttle effect” and the CoNiO,/Co4N-
based improved cell. b) Schematic illustration of interface mechanism of heterostructure and

polysulfides.!?! Copyright 2022, Wiley-VCH.

increasing the S loading (Figure 10). The authors synthesized the
nanoscale sulfur@N-modified graphene oxide (S@EGO) wrapped
structures by electrostatic adsorption. The graphene oxide was deco-
rated with ethylenediamine (EDA), which reduced the sulfur core dur-
ing recrystallization. Wrapped particles have a size of 3 x 5 mm,
which includes a size of 20 x 50 nm for the nano-sulfur particles.
The thermogravimetric analysis demonstrated that the material prepared
through this method contained 92 wt% sulfur. The N-doped GO
(EGO) exhibits a perfect wrapped state and catalytic activity at 85 °C,
which is conducive to superior battery performance: discharge-specific
capacity decreased from 1010 to 440 mAh g~ (900 cydles at 1 C)
with a decay rate of 0.0627%.

Han et al.l®3] developed a 3D porous structure based on point-line-
plane interfaces for LiSBs using CoSe-CNF-GO-MXene (CCGM) as a
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odes exhibit a high initial discharge capacity of
1205.1 mAh g~ " at 0.2 C and good long-term
cycling performance. As a result, the gel elec-
trolyte Li-S pouch cell passes all three tests: the
0-180° bending test, the nailing test, and
the cutting test. With such a design, electro-
chemical energy storage devices can be made
safe and flexible. Table 2 summarizes recent
key works on improved LiSBs with high spe-
cific capacity, enhanced rate performances, and
increased charge—discharge cycles based on gra-
phene oxide-based nanocomposites for sulfur
cathode preparation.

4. Reduced Graphene Oxide
(rGO) Based Composites as
Sulfur Hosts

This section critically summarizes various rGO-
based nanocomposites as potential host mate-
rials for high-performance LiSBs. Saroha et al.
developed porous microspheres comprised of
reduced graphene oxide-carbon mnanotube
(rGO-CNT) frameworks with well-embedded
cobalt selenide nanocrystals coated with N-
doped graphitic carbon (NGC), which were
used to enhance the performance of LiSBs (Figure 11).1*"] Decomposed
PS nanobeads form macropores that efficiently penetrate electrolytes
and ensure short diffusion paths. Furthermore, the CoSe2 nanocrystals
provide a multitude of polar active sites that effectively anchor polysul-
fide intermediates, reducing material loss. With nanostructure merits,
Li-S cells utlizing a P-CoSe, @NGC/rGO-CNT-coated separator and a
conventional sulfur electrode demonstrated outstanding rate capability
(up to 2.0 C) and remarkable cycling stability (1000 cycles at 2.0 C).
In a recent study, Suriyakumar et al.’®! reported a method for
restricting polysulfide crossover and enhancing elemental sulfur con-
ductivity. Cathodes are prepared from the Fe;Oy4-seated rGO-sulfur
complex (Figure 12). The LiSB delivers a discharge capacity of
1400 mAh g~ at 0.1 Crate on its first cycle, whereas 0.5 C-rate
achieves a steady discharge capacity. Each element of the composite

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 9. Lithium-sulfur batteries with cobalt-doped titanium dioxide hollow sphere clusters wrapped

in graphene oxide.*¥ Copyright 2021, Elsevier.

1.0 C over 300 cycles with a specific capacity
of about 700 mAh g™, Besides contributing to
materials engineering and structural design, this
novel design and preparation strategy improves
the electrochemical performance of energy stor-
age systems.

Using a combination of the Ostwald ripen-
ing process and hydrothermal treatment, Kim
et al.’?l developed hierarchically structured
MoO, nanoparticles with N, P-codoped
reduced graphene oxide (N, P-rGO/h-MoO,)
(Figure 14). Afterward, hollow MoO, nano-
spheres were homogeneously distributed on
rGO sheets. Through its hollow structure and
volume buffering of sulfur, MoO, can act as a
physical barrier to LiPS. Furthermore, N and P
introduced with MoO, nanoparticles enhance
sulfur immobilization and enhance LiPS redox
kinetics. Cathode materials based on N, P-
rGO/h-MoO,@S demonstrated higher dis-
charge capacity at 0.1 C and higher high-rate
capacity at 10 C. Moreover, the N, P-rGO/h-
MoO, @S showed excellent long-term stability

1600

. at 5 Cand 10 C, with a low capacity decay rate

]lﬂ]l]-P TB & -_B
1200+

: 4;‘,3-{}}({“" +
1000 1% <

800

-
£33 ’*Ef;i 3%
4] - -t 4
::"':E::: E:E" v
Ll e L e =
rirstleletets

M 6 0.043% and 0.029%, even after 900 cycles.
It was found that N, P-rGO/h-MoO,@S
showed a high capacity of 5.0 mAh cm >
with a high-capacity retention of 79.7% over
250 cycles.

Using two surface engineering strategies,
Zhang et al.”®! demonstrate that a 2D-Ni-
doped MoS,/rGO composite can exhibit well-

Coulombic efficiency (%)

Specific capacity (mAh g')

1C (92 wt% Sulfur loading)

regulated surfaces and properties. Two distinct
0 hydrothermal methods for doping nickel atoms
into 2D MoS$, nanosheets result in significanty

T r v :
[ 100 200 el 4y S0 600 70
Cycle Number

: 0 different surface heteroatom content, as
il 28 depicted in Figure 15. One method involves
changing the valence state of surface hetero-
atom nickel with thermal reduction technol-

Figure 10. A graphene-wrapped nano-sulfur structure functionalized with ethylenediamine enhances ogy. Hlectrocatalytic activities of host materials

LiSB's performance.®”) Copyright 2024, Elsevier.

cathode has a specific function: rGO enhances cathode conductivity,
while Fe;0, confines polysulfides appreciably, as shown by TEM and
XPS analysis. In addition, self-discharge is reduced in the cell. Electro-
chemical impedance spectroscopy is used to systematically analyze vari-
ations in electrolyte resistance (R;), interfacial resistance (R;), and
charge transfer resistance (R.) depending on the depth of discharge
(DOD) and state of charge (SOC).

For the first time, Chen et al.”! synthesized 3D-porous micro-
spheres of nanosized sulfur particles, N-doped oxygen-deficient TiO, _,
nanorods, and reduced graphene oxide (N-TiO,_,/rGO/S) as a poten-
tial sulfur host material using the spray-drying process (Figure 13). By
incorporating void spaces in the microspheres, volumetric expansion is
mitigated upon charge/discharge cycling, and sulfur utilization
is improved. According to density functional theory (DFT) calculations,
N-TiO,_, nanorods enhanced the conductivity and exhibited strong
capabilities for the adsorption and migration of lithium polysulfides.
Consequently, the N-TiO,_,/rGO/S cathode performed excellendy at

Energy Environ. Mater. 2025, 0, e70032
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can be significantly affected by the content and

valence state of surface heteroatom nickel dur-
ing the redox reaction processes of sulfur/Li,S, thereby affecting the
electrochemical performance of LiSBs. It is demonstrated that the
S@3%Ni-MoS,/rGO can be used as a sulfur host in lithium-sulfur cells
and is capable of a high capacity. Through the rational regulation of the
surface atomic structures and electronic states of sulfur hosts, this study
can provide some inspiration for improving the electrochemical perfor-
mance of advanced LiSBs.

Cyril Karima et al.’*) designed rGO-cobalt cathodes to facilitate
polysulfide immobilization. Cobalt nanoparticles from the ZIF 67
metal-organic framework wrapped in rGO nanosheets increase the
space inside the carbon sponge, thereby containing a substantial
amount of sulfur (Figure 16). Due to its high affinity for lithium poly-
sulfide, cobalt enabled robust lithium polysulfide adsorption against
shuttling effects. The cobalt-carbon functional group bond prevents
lithium polysulfides from dissolving in the electrolyte due to its bond-
ing with the cobalt molecules. With sulfur and cobalt cohabiting on
rGO, the electron transfer rate for sulfur transformation was accelerated,

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 12. The role of Fe;0,@rGO in the ternary cathode for the Li-S cell® Copyright 2020,

Springer Nature.
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Fe,0,-seated rGO-Sulfur
Complex as a Potential Cathode
Material for Lithium Sulfur

resulting in efficient shuttle effect suppression
and steady sulfur electrochemistry. Cobalt nano-
particles infiltrated into sponge sulfur show a
discharge capacity of 1176 mAh g~' at
200 mA g~ current density with a 91% reten-
tion capacity for more than 140 cydles.
Deivendran et al.””*! described a system in
which porous cobalt oxide nanocages (N—
Co30,) were embedded in a 2D graphene
oxide nanoribbon (tGONR) carbon matrix, and
a one-dimensional (1D) carbon nanotube
(CNT) carbon matrix was used to form a
double-shelled metal-carbon composite made of
N-C0;0,/rtGONR/CNT (Figure 17). Li,S is
incorporated into a porous nanocage carbon
structure (N—Co30,/C) using the infiltration-
evaporation method. Its suitable pore size
(2-14 nm) for polysulfides (PSs) confinement.
The porous N—Co3;O, filler synergistically
immobilized PSs via chemisorption, impeding
the shuttle effect. This composite cathode has a
high specific capacity at 0.1 C
(1004 mAh g~') and on the 1000th cyde at
3 C (413 mAh g '), confirming good reten-
tion capability based on the as-fabricated Li,S—
N—Co030,/rGONR/CNT. Hence, LiSBs
promising applicatons in high-performance
energy storage devices due to their excellent
electrochemical performance with N—-Co3;0,/C-
modified composite cathodes. Table 3 summa-
rizes recent key works on improved LiSBs with
high specific capacity, enhanced rate perfor-
mances, and increased charge—discharge cycles
based on reduced graphene oxide-based nano-
composites for sulfur cathode preparation.

offer

5. Summary and Outlook

This article comprehensively summarizes the
potential applications of pure graphene,
heteroatom-modified graphene, and graphene-
based nanocomposite frameworks as potential
hosts for sulfur to develop promising cathode
materials for next-generation LiSBs. The aim
is to develop LiSBs with high energy densities
and extended cycle capabilities and promote
their long-term application and development.
The composite sulfur structure and graphene’s
simple framework support this viewpoint.
Sulfur cathodes have been designed in various
structures, such as sandwich, core-shell, and
hybrid configurations. The electrochemical
performance of LiSBs has improved rapidly
due to graphene’s flexibility and controllable
assembly capabilities. In the field of graphene
cathodes modified with heteroatoms,
pyridinic-N proved to have greater chemi-
sorption energy than other compounds.

© 2025 The Author(s). Energy & Environmental Materials published by
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conversion. A few metal compounds can also
be used as active materials to store lithium,
thereby increasing lithium storage capacity.
By combining other carbon materials with
graphene, we can reach a diversified conduc-
tive network structure, which enhances the
conductivity of the skeleton, increases sulfur
content, and expands pores.

Despite many attempts to improve the
electrochemical performance of LiSBs, numer-
ous challenges remain. For example, repeated
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L] N,P—I’GO!' h-MOOz stronger bonding force, but accurate control
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is impossible. In addition to the high cost,
the complex doping process, and the lack of
characterization accuracy, doping is challeng-
ing to carry out. It is still unclear how tran-
siion metal bonds interact with graphene
bonds. Doping heteroatoms also presents
many challenges. Despite adequate chemical
= bonding and catalytic conversion, metal addi-
tives do not have ideal conductivities, which
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Figure 14. Hierarchically structured polyoxometalate-derived N, P-codoped rGO /MoO, composites

for high-performance LiSBs.*? Copyright 2023, Elsevier.

Doping transition metals exhibits additional electrocatalytic capabili-
ties in addition to chemical bonding. Researchers have gradually
developed a method of capturing LiPSs by various chemical bonds
using diatomic-doped graphene to overcome the limited content of
single-atom doping. In the S electrode, metal compound additives
fix polysulfides and catalyze redox reactions to promote polysulfide

Energy Environ. Mater. 2025, 0, €70032
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inevitably reduces battery capacity and cycle
capability. This may result in unexpected
performance electrochemical results. Regard-
ing chemical properties, graphene substrate
materials act as a chemical bonding agent
and catalyze electrochemical reactions. Dissol-
ving polysulfides is key to improving the electrochemical perfor-
mance of graphene substrate materials. Physical encapsulation and
van der Waals forces should be studied mainly to inhibit polysul-
fide diffusion. Combining physical and chemical action is expected
to be the most effective way to inhibit the LiPSs and the shuttle
effect.

© 2025 The Author(s). Energy & Environmental Materials published by
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Figure 15. Heteroatom surface engineering with distinct doping ways and valence state regulation: Boosting electrocatalysis performance of Ni-doped MoS,/

rGO host for excellent lithium-sulfur batteries.”> Copyright 2024, Elsevier.

-

:
i

i 2

e d 0 S RS

.

P o T

Anode Separator Cathode

W0 @co i s oN

1400
= —-———mmﬂ
E‘qzuo
<C
80
é 1000 -
= 2
‘G 8004 Capacity retention e
i g
G 600 b 40 .g
g 400 £
G -20"""
@ 2004 = Discharge
o & Charge
W . " Efficiency 0
0 20 40 60 80 100 120 140

Cycle No
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4 mAh cm™?) often fall short of meeting the
\ standards necessary for practical electrical

devices, which typically require capacities
exceeding 6 mAh cm™ 2. To effectively com-
pete with commercial Li-ion batteries, the
. primary focus should be on maintaining
PP separator cycling stability and high-rate capability
3 under conditions of high sulfur loading. A
notable drawback of LiSBs is their lower vol-

it -Co,0,/FGONR/CNT
Infiltration- evaporation method

P
%‘i'e
\ L, 5-M-Co,0,/rGONRICNT

umetric energy density, which ranges from
550 to 600 Wh L™', particularly when com-
pared to theoretical energy densities. Volu-
metric capacity is a critical metric closely
associated with tap density, necessitating the
use of lightweight yet compact electrode
materials. Given that sulfur has a low intrin-

Figure 17. Study of fast catalytic conversion of polysulfides by porous N-Co;O4 nanocages embedded

sic tap density (0.8 g cm™>) and that porous
hosts with large cavities result in poor pack-

with rGONR/CNT composite for high-rate Li,S-based lithium-sulfur batteries® Copyright 2024, 1N&, leading to excess space and increased

American Chemical Society.
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Figure 18. Current research and future development directions of LiSBs.'**!

Copyright 2021, Elsevier.
To advance the commercialization of LiSBs, optimizing discharge

capacity, long-term stability, rate performance, and other critical
parameters is essential. Currently, the areal capacities (below
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surface area, minimizing the effects of poros-

ity without compromising high gravimetric

energy density is imperative. To achieve an
optimal combination of high areal and volumetric capacity, it is
essential to concentrate on the innovative utilization of advanced
materials and structures. This approach aims to create a harmonious
balance between maximizing the areal loading of sulfur and ensur-
ing an appropriate tap density that meets performance requirements.
By exploring new materials and structural designs, we can enhance
the efficiency and effectiveness of energy storage solutions in this
context.

There is still a long way to go before LiSBs can be manufactured
industrially, and for the commercial application of LiSBs, coordina-
tion of development in many aspects is needed, including the prep-
aration process, the applicable environment, the high energy
density, and the economic benefits. A practical approach involves
designing ordered, dense, nanostructured cathode materials requiring
minimal quantities. For example, heavy transition metal oxides and
their carbon composites could be strong candidates for enhancing
tap density due to their higher density. Another potential strategy is
to create an integrated cathode that eliminates the need for a binder
or metal current collector, thereby improving volumetric perfor-
mance. In conclusion, LiSBs are emerging as a promising candidate
for the next generation of large-scale energy storage systems. While
it is clear that it is not feasible to resolve all issues hindering the
commercialization of LiSBs simultaneously, it is essential to review
key strategies that offer in-depth insights into enhancing electrode
performance, optimizing electrolytes, and improving overall cell
design. This paper will guide future research aimed at making LiSBs
a viable option. The current study and future development directions
of LiSBs are summarized in Figure 18.
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