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Lithium–sulfur batteries (LSBs) have garnered significant attention as next-generation energy storage systems due to their exception-
ally high theoretical capacity and superior gravimetric and volumetric energy densities. However, their widespread adoption remains
hindered by persistent challenges, including polysulfide (PS) shuttling, low sulfur utilization, volume expansion, sluggish reaction
kinetics, and insufficient sulfur loading. Carbon-based materials have emerged as promising sulfur hosts, offering structural, mor-
phological, and functional tunability to address these limitations. Various strategies have been explored, including the integration of
carbon materials with separators, binders, nanoparticles, and nanosheets; sulfur encapsulation within hollow scaffolds; anchoring of
N4-coordinated single atoms (SAs); self-assembled biomaterials; functional group engineering; hybridization with polar nanoparticles
and gel-based matrices; biomass-derived carbon sources; advanced structural modifications. This review provides a comprehensive
analysis of recent advancements in carbon-based material design for LSBs, highlighting key behavioral characteristics, novel
approaches, and material optimization strategies. Furthermore, it outlines current performance benchmarks and offers insights
into future research directions for the continued advancement of LSB technology.
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1. Introduction

The continuous advancement in technology, coupled with the
growing energy demands across various emerging sectors such
as transportation, military, and aviation, has highlighted the
critical need for the development of advanced battery technol-
ogies. These technologies are essential for efficiently supplying
the energy required by these high-demand applications. Com-
pared to the theoretical limits of current state–of–the–art
lithium-ion batteries (LIBs), which offer gravimetric energy
density (200–300Whkg−1) and volumetric energy density
(640W h L−1), next-generation lithium–sulfur batteries
(LSBs) present a promising solution to meet future energy

demands. LSBs offer significantly higher theoretical specific
capacity (1675mAh g−1), gravimetric energy density (2600
Wh kg−1), and volumetric energy density (2800WhL−1),
making them a strong candidate for fulfilling the increasing
energy requirements in the sector (Figure 1) [1–4].

The abundance of sulfur on Earth (constituting 3% of
Earth’s mass), along with its low cost and nontoxicity, strongly
supports the development of LSBs as an advanced energy
storage system. Sulfur’s multivalency and lightweight nature
facilitate efficient redox reactions with alkali lithium (Li) poly-
sulfides (Li2Sx, 2< x≤ 8), preventing thermal runaway due to
its wide temperature window and intrinsic overcharge protec-
tion [5]. From a cell component perspective, LSBs require an
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areal capacity higher than that of commercial LIBs (~4mAh
cm−2) to be considered for advanced high-performance
devices [6, 7]. The operational potential of LSBs is 2.1V vs.
Li/Li+, approximately half that of LIBs, which operate at
3.5–4.0V vs. Li/Li+. An areal sulfur loading of 6–8mg cm−2

achieves a sulfur utilization efficiency of 60%–80% [8, 9]. In
contrast, a lower sulfur loading of 2mg cm−2 provides an areal
capacity of 3.35mAh cm−2, even at 100% sulfur utilization.
The energy density gap between LSBs and LIBs becomes evi-
dent, underscoring the need for high sulfur loading on the
cathode to fully realize the theoretical potential of LSBs
[5–7]. From the perspective of gravimetric energy density,
an electrolyte volume-to-sulfur weight (E/S) ratio greater
than 3 poses a significant obstacle to increasing the energy
density of LSBs. Achieving an optimal E/S ratio is crucial for
establishing proper electronic and ionic contact areas. The
sulfur loading and its efficient utilization depend on various
material design strategies aimed at optimizing these parame-
ters [10–12].

Several key challenges have significantly hindered the
development of LSBs. First, sulfur’s inherently low electrical
conductivity (5× 10−30 S cm−1 at 25°C) limits electron trans-
fer efficiency within the battery [13]. Additionally, the disso-
lution of polysulfides (PSs) in the electrolyte, known as the
“shuttle effect,” leads to the loss of active sulfur and reduces
the battery’s overall efficiency and stability. Moreover, the
substantial volume change of sulfur during the charge/dis-
charge process compromises the structural integrity of the

battery over repeated cycles. High sulfur loading, while desir-
able for increasing energy density, exacerbates these issues by
enhancing the passivation of the Li metal anode with stoi-
chiometric amounts of Li2S, further reducing the efficiency
and stability of high-energy density LSBs [5, 14, 15].

To fully realize the potential and theoretical performance
of LSBs, it is essential to design materials that can address
several critical challenges. These include supporting the inher-
ently low electrical conductivity of sulfur, accommodating
high sulfur loading, ensuring high sulfur utilization, mitigating
the diffusion and dissolution of PSs, and effectively buffering
the volume expansion that occurs during charge/discharge
cycles [7]. Carbon-based materials, including porous carbon,
hierarchical carbon, hollow carbon, heteroatom-doped car-
bon, carbon nanofibers (CNFs), carbon nanotubes (CNTs),
graphene, and carbon black, have been extensively utilized
in various roles—such as host materials, conductive networks,
buffering mediums, and catalytic supports—to maximize sul-
fur utilization efficiency [16, 17]. Significant research efforts
have focused on engineering carbon-based materials for the
cathodes of LSBs, aiming to overcome these challenges and
enhance battery performance. This review article provides a
comprehensive analysis of current research efforts, examining
fundamental strategies, trends, and findings, with a focus on
performance outcomes (summarized in Tables 1 and 2). The
review also discusses future research directions, offering
insights into the continued development of effective and effi-
cient materials for LSB technology.
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FIGURE 1: Comparative energy densities of lithium–sulfur batteries, global market growth forecast, and potential future application areas.
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2. Fundamental of LSBs and Critical Issues

The LSBs consist of elemental sulfur (S8) at the cathode and Li
at the anode (Figure 2). It functions via reversible redox reac-
tions between sulfur species and Li ions during charge and
discharge cycles (Equations (1) and (2)). In general, a porous
and conductive carbon material is used as the sulfur host in the
cathode, a separator, and a stoichiometric amount of Li metal
as the anode. The core electrochemical process during dis-
charge releases energy and the reverse process stores energy.
In the discharge process, a multistep reduction occurs through
the reaction of Li ions from the anode with the elemental sulfur
in the cathode, known as the lithiation of sulfur. Multistep
reduction process (S8→ Li2S8→Li2S6→Li2S4→Li2S2→Li2S) in
the discharge categorized into three stage such as: (i) formation
of the long chain Li PSs (Li2S8 and Li2S6) from cyclo-
octasulfur, occurred at approximately 2.3V, which is soluble
in the electrolyte, (ii) further reduction of Li2S6 to Li2S4 at
approximately 2.3V, and (iii) formation of the insoluble PSs
(Li2S2 and Li2S) at approximately 2.1V [21, 36]. Stages (i) and
(ii) are characterized by faster reaction kinetics
(Equations (3)–(5)). In the Stage (iii), the reduction kinetics
slow down as insoluble short-chain Li sulfides form at a lower
voltage plateau of approximately 2.1V, through the decompo-
sition of PSs (Equation (6)). During the charge process, the
reactions proceed with slow kinetics. Initially, Li sulfides are
oxidized to Li polysulfides (LiPSs) at 2.3–2.4V (Equations (6),
(7)), followed by further oxidation at 2.45–2.5 V
(Equations (3)–(5)). This slow oxidation is evidenced by a
broad anodic peak [77, 78].

Designing efficient LSBs presents several significant chal-
lenges that must be addressed. Sulfur’s insulating nature,
with its extremely low electrical conductivity (5× 10−30 S
cm−1 at 25°C) and Li2S′s low conductivity (10−14 S cm−1),
impedes effective electron transport within the battery. The
dissolution of PSs into the electrolyte creates the “shuttle
effect,” where these soluble PS intermediates diffuse through
the separator and accumulate on the Li anode. This results in
the passivation of the anode, leading to poor cycling life and

drastic performance degradation. The low exposure of active
surfaces further hinders sulfur utilization, slows reaction
kinetics, and reduces overall efficiency [30, 79, 80].

Overall discharge reaction:

S8 þ 16 Liþ þ 16e−↔8Li2S: ð1Þ

Overall charging reaction:

8Li2S↔S8 þ 16 Liþ: ð2Þ

PS interconversion reactions:

S8 þ 2e−↔S2−8 : ð3Þ

3S2−8 þ 2e−↔4S2−6 : ð4Þ

2S2−6 þ 2e−↔3S2−4 : ð5Þ

S2−4 þ 4Liþ þ 2e−↔2Li2S2: ð6Þ

Li2S2 þ 2Liþ þ 2e−↔2Li2S: ð7Þ

The cathode faces specific challenges, including sulfur’s
low electrical conductivity and the easy dissolution of PS inter-
mediates (Li2Sn, 4<n< 8) in the electrolyte, which migrate to
the anode (loss of active sulfur), exacerbating the shuttle effect.
During discharge, dissolved PS intermediates form concentra-
tion gradients and electrochemical potential triggers the diffu-
sion towards the Li anode. This leads to serious irreversible
side reactions between the shuttling PSs and Li metal, the
formation of an insulating layer of Li2S2 or Li2S on the Li
anode by chemical reduction, resulting in low Coulombic effi-
ciency. LSB design factors, such as electrolyte composition,
solvent polarity, and high porosity of the separator, accelerate
the diffusion of PSs and poorly confined sulfur host intensifies
the shuttling effects. Various strategic approaches may miti-
gate the shuttle effects of physical confinement, chemical

TABLE 1: Summary and comparison of various review articles with the present review, highlighting the significance of this work.

Review article Scope Limitations

Manthiram
et al. [18]

LSB configuration and synthesis only
No fundamental discussions on the carbon-based

development

Li et al. [19] Focus on different structured and phase carbon
Vague in theoretical perspective and fundamental critical

discussions of current research

Wang et al. [20] Focus on textural properties of carbon-based materials
No discussion on functional carbon or clear view of

development strategy
Deng et al. [21] Focus only shuttle effects Absent of integrated development strategy

Xiao et al. [22] Focused on different carbon-based materials
Limited to synthesis strategy and fabrications, no

discussions on theoretical critical factors or correlation

Xiang et al. [17] Focused on template-based synthesis carbon
Absent of other synthesis route and carbon materials

engineering

This review

Fundamental insight of carbon-based integrated
development strategy and systematic discussions, materials

engineering, understanding conceptual computational
analysis, and critical factors

—
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TABLE 2: Comparison of performances of different materials on lithium–sulfur batteries.

Components Materials Performances Ref.

Separator G@PC DC of G@PC/PP 1186mAh g−1 (92% CE); PP 412mAh g−1 (39% CE) [23]
Binder PQ Initial capacity 9mAh cm−2, cycling capacity 7mAh cm−2 [24]
Cathode Al@S/AB@CC–CoS2 DC 1481mAh g−1 at 0.1 C, Tafel slope 39mV dec−1, CE 90% [25]

Cathode
Co3S4 coated on N–doped C

nanofiber
DC 710mAh g−1 at 1 C after 200 cycles, CE 97.8% (1.7mg cm−2), 4.1mAh cm−2 at

0.1 C (6.8mg cm−1, 100 cycles)
[26]

Cathode N, P co–doped C sphere DC 814mAh g−1 at 1 C after 500 cycles [27]

Cathode Mo–N–doped carbon
DC 1248mAh g−1 at 0.2 C (715mAh g−1 at 5 C), 4.2mA cm−2 (400 cycles, 5.1mg

cm−2 S loading)
[28]

Separator SnS/porous C nanosheet
Initial DS 1270mAh g−1 at 0.5 C; decay rate 0.039% at 1 C each cycle, DC 955.3mA

h g−1 (6mg cm−2 S loading) at 0.5 C
[29]

Cathode CoS2@N–doped graphitic C DC 1300mAh g−1 at 0.1 C, 903mAh g−1 (100 cycles, 0.1 C) [30]
Cathode C fiber/vanadium nitride array DC 1310mAh g−1 at 0.1 C, 1052mAh g−1 (250 cycles, 0.1 C) [31]
Cathode O, N-doped C DC 540mAh g−1 (300 cycles, 1.6 C) [32]

Interlayer CNT–OH/THPP/TDI/PP
Reversible capacity 734mAh g−1 at 5 C; reversible capacity 419mAh g−1 decay rate

0.029%
[33]

Cathode N-doped hollow C DC 1263mAh g−1 at 0.2 C, decay rate 0.07% per cycle [34]
Cathode N, O-doped C DC 804mAh g−1 at 0.5 C at 200 cycles at 2.5mg cm−2 S loading [35]
Cathode S–CoO/Co9S8/NC DC 1470mAh g−1 at 0.1 C, capacity attenuation 0.03% per cycle [16]
Cathode C-hemp/CMC/S Specific capacity 18mAh cm−2 at 28mg cm−2 S mass loading [36]
Cathode RHCF/SAC/V2O3 DC 578mAh g−1 at 5 C, capacity retention 94% after 200 cycles at 0.1 C [37]

Cathode N, O-doped C
DC 1549mAh g−1 at 0.05 C, DC 5.4mAh cm−2 at 0.2 C (7.4mg cm−2 S loading) for

50 cycles, capacity retention 97.2% after 100 cycles at 0.2 C
[38]

Cathode NiSA–NiNP–CDS@CNF
DC 66mAh cm−2 at 0.02 C capacity retention 86.1% after 100 cycles at 0.12 C (50

mg cm−2 S loading, E/S 5 μLmg−1)
[39]

Cathode MnO2@HCB DC 1142mAh g−1 at 1A g–1, DC ~200mAh g−1 at 1A g−1 after 60 cycles [40]
Cathode AB/S@PPY DC 1207mAh g−1 at 0.2 C, DC 884mAh g−1 at 0.2 C after 100 cycles [41]

Cathode N–OSC/S
DC 1387mAh g−1 at 0.1 C, DC 750mAh g−1 after 200 cycles (416mAh g−1 after

1000 cycles) at 2 C, decay rate 0.05% per cycle
[42]

Cathode SA–Co/BNC DC 1106mAh g−1 at 0.2 C after 100 cycles, decay rate 0.03% per cycle [43]

Cathode PtHCNB/MWNCT/S
Specific areal capacity 9.8mAh cm−2 (7.3mAh cm−2 after 60 cycles) at 0.1 C (S

loading 7.6mg cm−2)
[44]

Cathode HNMSCMs DC 682mAh g−1 after 200 cycles (542mAh g−1 after 400 cycles) at 1 C [45]
Cathode N–rich C with SA–Ni DC 778mAh g−1 at 1 C; capacity decay rate 0.07% per cycles after 600 cycles at 0.5 C [46]

Cathode Co/Fe–N/MCFS/S
DC 1523mAh g−1 at 0.2 C (891mAh g−1 at 5 C; decay rate 0.05% after 1000 cycles

at 1 C
[47]

Cathode CoSnO3@CNFs/S DC 554mAh g−1 at 0.2 C (300mAh g−1 after 200 cycles at 0.2 C) [48]

Cathode PC/Cu3P
DC 1205mAh g−1 at 0.1 C, decay rate 0.03% per cycle after 1000 cycle at 1 C; DC

545mAh g−1 at 1 C at 150°C [49]

Cathode Porous C polyhedron–CNT
Decay rate 0.005% per cycle after 500 cycle; volumetric capacity 960Ah L−1; rate

capability up to 10 C
[50]

Separator Fe-NHC/PP DC 1079mAh g−1 at 0.2 C, decay rate 0.07% per cycle [51]

Cathode Tl–NHCNS
DC 1200mAh g−1 at 0.2 C; decay rate 0.04% per cycle after 1000 cycles at 1 C; 75% S

loading
[52]

Cathode S/C@PDA
DC 1135mAh g−1 at 0.2 C (965mAh g−1 after 200 cycles at 0.2 C); 1135mAh g−1 at

5 C
[53]

Cathode CNT@Bi2O3/S DC 1232mAh g−1 at 0.1 C (639mAh g−1 after 150 cycles at 0.5 C) [54]

Cathode Pelletized C@CN–CNT
Volumetric energy density 440WhL−1; areal capacity 24.9mAh g−1 at 0.47mA

cm−2 at 24mg cm−2 S loading
[6]

Cathode CdS@NG–CNT/S//CB–PP
DC 1493mAh g−1 at 0.2 C (479mAh g−1 after 1050 cycles at 1.0 C); decay rate

0.05% at 1.0 C; 75.7 % S loading (3.4mg cm−2)
[55]

Cathode Mo–N–C@S Rate capability 515mAh g−1 at 5 C; decay rate 0.03% at 1.0 C after 1000 cycles [56]
Cathode N, S–doped C DC 1290mAh g−1 at 0.1 C (608mAh g−1 after 100 cycles) [57]
Cathode N, O, S–co–doped C DC 1598mAh g−1 at 0.2 C, 1012mAh g−1 at 1 C, 84% intial capacity after 500 cycles [58]
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adsorption by employing a polar host, introducing catalytic
accelerators of PSs redox reactions, electrolyte engineering,
and separator modifications [27, 68].

The large volume change of sulfur during lithiation (~80%)
—due to the density difference between sulfur (2.03 g cm−3)
and Li2S (1.66 g cm

−3)—triggers mechanical stress and pulver-
ization of the cathode, leading to significant capacity fading
and further reducing Coulombic efficiency [25, 81, 82]. In the
discharge process, sulfur reacts with Li ions and electrons form
Li2Sn intermediates, which causes the particles to swell and
requires structural adjustment. Then, finally, insoluble Li2S
precipitates on the host surface within the intrinsic pores. In
the charging process, shrinkage occurs due to Li2S conversion
to sulfur. Such reversible expansion–shrinkage in every
charge–discharge process causes the structural cracking or pul-
verization that results in the loss of electrical contact between
the sulfur and conductive matrix [64, 66].

A major challenge in LSB development is fabricating cath-
odes with high mass and areal sulfur loading to achieve high
energy density while maintaining stable cycle performance.
Additionally, the aluminum foil current collector is prone to
cracking during the charge/discharge process. At the same

time, the increased thickness of active materials can block
Li+ transport and increase resistance, ultimately deteriorating
the electrochemical performance of the battery [22]. To
address the challenge of low electrical conductivity or insulat-
ing behavior in sulfur cathodes, the incorporation of electri-
cally conductive materials such as graphene, CNTs, carbon
black, conductive polymers, metals, and porous carbon has
been employed. This approach significantly enhances the uti-
lization of active materials and improves discharge capacity by
maintaining efficient contact between conductive components
and sulfur particles [36, 83].

InLSBs, redox reaction involves solid–liquid–solid phase
transitions and multiple electron transfer steps. In comparison
to the LIB system, the kinetics of LSBs are intrinsically slow.
The slow kinetics of the Li–sulfur (Li–S) are due to the poor
electronic conductivity of sulfur, sluggish PS redox conversion,
high activation energy for Li2S nucleation and decomposition,
and mass transport limitations. Insulation characteristics of
sulfur and Li2S limit electron transfer, cause higher polariza-
tion, hinder full sulfur utilization, and slow charge–discharge
rates. Li sulfide formation and decomposition require breaking
and formation of the S─S and Li─S bond, which bears a high

TABLE 2: Continued.

Components Materials Performances Ref.

Cathode Porous C/CNT
DC 1226mAh g−1 at 0.1 C after 100 cycles; DC 900mAh g−1 at 20mg cm−2 S

loading
[59]

Cathode Mesoporous N–doped C/CNT
DC 1480mAh g−1 (1200mAh g−1 at 0.84mA cm−2 after 200 cycles); areal capacity

6mAh cm−2 at 5mg cm−2 S loading
[60]

Cathode MnO2 at HCF DC 1161mAh g−1 at 0.05 C at 3.5mg cm−2 S loading [61]

Cathode FeOOH nanorod on CC
DC 820mAh g−1 at 0.1 C at 7.9mg cm−2 S loading, 86% capacity retention after 100

cycles
[62]

Cathode
O-functionalized single walled C

nanotubes
DC 1090mAh g−1 at 0.1 C at 3.4mg cm−2 S loading (806mAh g−1 after 100 cycles),

overpotential 212mV
[63]

Cathode Hollow mesoporous C/CeO2C2
DC 728mAh g−1 at 0.5 C at 4.7mg cm−2 S loading after 500 cycles, decay rate

0.056% per cycle, area capacity 3.18mAh cm−2 [64]

Cathode N-doped C DC 1265mAh g−1 at 0.1 C, decay rate 0.16% per cycle over 300 cycles [65]

Cathode CoS2/N-doped C
DC 1324mAh g−1 at 0.1 C, decay rate 0.047% per cycle over 1000 cycles at 1 C, DC

533mAh g−1 at 3 C
[66]

Cathode N-doped porous C DC 1368mAh g−1 at 0.5 C (1007mAh g–1 after 200 cycles) [67]

Cathode
N, P-co-doped C decorated

CNT
DC 610mAh g−1 at 0.3 C after 200 cycles (3.84mg cm−2), (510mAh g−1 at –10°C) [68]

Separator
CoFe/C with CNT embebded

with Co3Fe7/Co5.47N
DC 1136mAh g−1 at 0.5 C (692mAh g−1 at 3 C) capacity decay 0.061% over 900

cycles at 1 C
[69]

Cathode/
separator

Ru quantum dot on C DC 960mAh g−1 at 0.5 C [70]

Separator CNF/CoS2−x DC 1056mAh g−1 at 0.2 C (840mAh g−1 after 100 cycles) [71]
Cathode Co on S, N-co-doped hollow C DC 1273mAh g−1 at 0.1 C, capacity decay 0.024% per cycle over 1700 cycles [72]

Separator K3PW12O40/CNT
DC 813mAh g−1 at 0.5 C (526mAh g−1 after 300 cycles), DC 630mAh g−1 at –10°C

(10mg cm−2)
[73]

Cathode
CoP/Co/N–doped C
polyhedron/CNT

DC 1479mAh g−1 at 0.1 C (793mAh g−1 after 500 cycles at 2 C) [74]

Cathode Fe1−x S/N, S-co-doped C DC 971mAh g−1 at 0.2 C (75% retention rate after 100 cycles) [75]

Seperator
Encapsulated C on MXene

(Ti–N–Ti3C2Cl–C)
DC 889mAh g−1 at 0.3 C (79.5% retention rate after 100 cycles) [76]

Abbreviations: C, carbon; CC, carbon cloth; CE, coulombic efficiency; CNT, carbon nanotube; DC, discharge capacities; N, nitrogen; O, oxygen; P, phosphorus;
S, sulfur.
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energy barrier (0.5–1.0 eV). Multistep electron transfer and
bond rearrangement result in slow interconversion kinetics
of the LiPS due to limited catalytic sites for the redox reaction,
electrolyte diffusion control behavior, and weak electronic cou-
pling among the conductive matrix and intermediates. In the
PS interconversion mechanism, intrinsically solid–liquid–solid
phase transformation occurred that generates the interfacial
barrier and nonuniform ion flux, as well as a Li ion diffusion
hindered due to thick sulfur layers or accumulated Li2S film
layers [24, 69].

Carbon-based materials design and strategic development
are considered an integrative approach to addressing the sul-
fur insulation constraint, PS shuttle reduction, buffering vol-
ume expansion–contraction, and sluggish reaction kinetics.
Structural, morphological, and textural properties engineering
is critical to control the trapping of PS, buffering volume
expansions, and creating an efficient transport channel. The
design of hierarchical structure containing micro-/meso-/
macropores and hollow structure may accommodate sulfur
amount, buffer volume alteration, and PS confinement.
Micropores (<2 nm) are efficient to confine sulfur and PS to
reduce the shuttle effect. Mesopores range from 2 to 50 nm,
capable of ion/electron transport, and amount of sulfur load-
ing. Macropores facilitate the electrolyte reserve and buffer
stress, and a hollow structure may help to buffer inward vol-
ume expansions. Morphological engineering or nanostructure
design may facilitate the fast reaction dynamics, effective ion
transport, and structural integrity. Nanoparticles provide a
high surface area, effective for high sulfur impregnation and
higher catalytic sites. Three-dimensional (3D) carbon net-
works based on aerogels or foams are effective for ion trans-
port. Surface chemical engineering incorporating N, O, S,

P–doping induces polar functional groups that effectively sup-
press shuttle effects, increasing redox kinetics and electro-
chemical stability by enhancing chemical adsorption and
wettability, boosting catalytic sites, and increasing binding
energy to PSs. Also, the generation of carbon of multifunc-
tional interface hybridization with catalytic and polar materi-
als such as metal oxide, sulfide, nitrides, single atom (SA)
doping, and composite may enhance the redox kinetics by
reducing energy barriers and reducing the charge–transfer
resistance [1, 72, 84].

Chronologically, early strategies focused on the confine-
ment of sulfur within carbon matrices and the surface func-
tionalization of carbon materials. These were followed by the
incorporation of metal oxides, sulfides, and functional poly-
mer binders. Functional groups in binders, such as those in
polyvinylpyrrolidone (PVP), poly(amidoamine) (PAMAM),
polyacrylonitrile (PAN), polyfluorene-derived polymers, and
gum Arabic, were utilized to immobilize soluble PSs through
the formation of C─S, N─Li, and O─Li bonds [14, 85]. The
evaluation of polar amino groups demonstrated their effec-
tiveness in reducing PS dissolution, while polyquaternium
cationic polymers, with their quaternary ammonium groups,
attract the negatively charged PSs (Sx

2−) via electrostatic
forces. Subsequent advancements involved encapsulating sul-
fur within various carbon matrices, strengthening sulfur
chemical bonds with metal oxide additives, and wrapping
sulfur with conducting polymers like poly(3,4–ethylenediox-
ythiophene) (PEDOT). Conducting polymers and amphiphi-
lic polymers, including PEDOT, polypyrrole–polyethylene
glycol (PPY–PEG), and PVP, have been found to form robust
membranes that can resist the significant volume expansion
during discharge, thereby preventing sulfur from coming into

Discharge Charge
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Li
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FIGURE 2: (A) Schematic of lithium–sulfur cell charging and discharging. (B) Intrinsic challenges of lithium–sulfur cell.
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direct contact with the electrolyte and mitigating the dissolu-
tion of PSs in organic electrolytes [86, 87]. In addition, the
migration of PSs from the cathode to the anode can be hin-
dered by the introduction of a barrier layer within the separa-
tor. However, it is important to consider the high weight
density of this barrier layer (typically > 0.3mg cm−2), as it
can reduce the overall sulfur content in the battery [22, 82].

Carbon-based host materials exhibit high electrical con-
ductivity, large specific surface areas, and porous structures,
which enhance conductivity, facilitate high sulfur loadings,
and mitigate the impact of volume expansion. Various forms
of carbon, including porous carbon, heteroatom-doped car-
bon materials, mesoporous carbon, hollow and double-shelled
hollow carbon spheres (HCSs), aligned CNTs, CNFs, and
graphene-based composites, have been investigated as cathode
materials for LSBs [31, 88–91]. However, carbon materials
suffer from poor rate capability and cycling performance
due to insufficient physical adsorption between nonpolar car-
bonaceous materials and soluble PSs. This insufficient adsorp-
tion fails to prevent the shuttle effect, leading to low sulfur
utilization efficiency. The introduction of polar metal com-
pounds into the carbon host can reduce PS shuttling. This
strategy leverages both physical confinement and chemical
adsorption of PSs as promising approaches to improve per-
formance [92]. Various strategic approaches adopted by com-
bining polar materials with good electrical conductivity, such
as MXene, TiN, MoS2 Ti4O7, CoS2, and Co3S4, have been
combined with carbonaceous materials to serve as sulfur hosts
to enhance chemisorption with LiPSs [26, 82, 90].

As previously mentioned, LSB has a lower operating
potential than the LIB; a higher sulfur utilization is required
to maintain the comparable energy output. Considering a
sulfur utilization efficiency of 60%–80%, sulfur loadings of
6–8mg cm−2 are required [5, 93]. To date, the basic strategy
to reduce PS shuttling has been investigated mostly with
sulfur loadings of approximately 2mg cm−2. The findings
or suggestions from these studies need validation under
high loading conditions. It is highly plausible and assumed
that under high loading conditions, the PS shuttling effects
will intensify. High sulfur loading is likely to exacerbate the
passivation of the Li metal anode by Li2S [9, 94, 95].

3. Strategic Approaches to Modifying
Separators and Binders

An effective interlayer is essential for preventing LiPS diffu-
sion while maintaining a high rate of Li+ transmission.
Carbon-based materials such as porous carbon, graphene,
CNTs, and CNFs are commonly used for the interlayer
[96–98]. These materials not only hinder the diffusion of
LiPS but also act as secondary collectors, trapping PSs for
reuse and thereby reducing capacity loss. However, carbon
materials’ weak physical adsorption properties are often
insufficient to prevent LiPS diffusion effectively [99, 100].

Inorganic materials offer stronger adsorption for LiPS, but
suffer from poor conductivity. Integrating inorganic materials
like TiO2, SiO2, and Al2O3 into carbon structures can enhance

adsorption capabilities [13, 101]. Additionally, the slow reac-
tion kinetics of PSs contribute to the shuttle effect. Catalytic
compounds such as Ni, Pt, and Co, and conductive com-
pounds like CoS2, MoS2, and TiN can effectively catalyze
the transformation of PSs. These catalytic compounds’ con-
ductivity lies between nonpolar carbon and polar inorganic
materials [102–104]. Thus, designing an interlayer that can
effectively adsorb PSs, limit their diffusion, and simulta-
neously maintain electronic and ionic conductivity is neces-
sary. This interlayer should also facilitate efficient redox
reactions of PSs and contain abundant catalytic active sites.

A collaborative group from Shanghai University of Elec-
tric Power and Fudan University designed a SnS-modified
porous carbon (SnS/PCNS) separator for LSBs to intensify
PS adsorption and enhance the redox reactions of PSs
(Figure 3) [29]. Previous studies utilized SnS2, which
improved PS adsorption and catalyzed transport. However,
the wide band gap of SnS2 (1.99 eV) resulted in poor con-
ductivity (3.82× 10−3 S cm−1) [105]. In contrast, SnS, with its
narrower band gap (1.04 eV), provides better conductivity
(1.32× 10−2 S cm−1). SnS/PCNS promotes rapid nucleation
and uniform deposition of Li2S, thereby improving discharge
capacity and cyclic stability. Specifically, it achieves a revers-
ible capacity of 655mAh g−1 at 0.5 C with a sulfur loading of
6mg cm−2 and a decay rate of 0.039% at 1 C.

While additional layers may reduce Li+ transport capac-
ity through the separator, it was found that SnS/PCNS/Cel-
gard provides approximately the same Li+ conductivity (0.35
mS cm−1) as the Celgard separator. The Li+ transference
number of SnS/PCNS/Celgard is approximately 0.64, com-
pared to the pure Celgard separator’s 0.75. Density func-
tional theory (DFT) calculations reveal the phenomena and
mechanisms of the bonding properties of S8 and Li2S8 with
SnS (001) and SnS2 (001). The adsorption energy of S8/Li2S4
is stronger for SnS (001) (−0.61/−1.09 eV) than for SnS2
(001) (−0.40/−0.97 eV), which significantly improves the
limitation of PS diffusion [29].

The Zheng group coated N-doped two-dimensional (2D)
porous carbon nanosheets on commercial polypropylene
separators (G@PC) to effectively inhibit the migration of
PSs through the separators (Figure 4A–C) [23]. The functional
barrier thickness and weight density were maintained at 0.9μ
m and 0.075mg cm−2, respectively. N-doping enhances the
PSs’ binding capability via chemisorption. The close-packed
assembly of the laminar structure of 2D nanosheets decreases
the weight of the barrier layer while the ultrahigh surface area
and porous structure provide abundant physical adsorption
sites for PSs.

Importantly, the coated 2D nanosheets expand the
current-collecting functionality, which facilitates enhanced
electrochemical reuse of the trapped PSs on the separators.
This improvement is evident in the stability after 100 cycles at
0.2 C, where the discharge capacities reach 1186mAh g−1,
maintaining 92% of the initial capacities of N-doped carbon
nanosheet-coated polypropylene, compared to 412mAh g−1

(39% of initial capacity) for polypropylene alone
(Figure 4D) [23].
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The Yu group synthesized and employed atomic Fe and
N co–doped hollow carbon nanospheres (FeNHC) with
Fe–Nx sites for use in commercial PP separators [51]. Their
study demonstrates that the positively charged N-sites effec-
tively adsorb negatively charged soluble PSs, while the atom-
ically dispersed Fe catalyzes the conversion of these PSs. The
thin mesoporous carbon shell facilitates short mass diffusion
paths, enhances adsorption and catalytic conversion, and
improves electrolyte infiltration. The HCS structure ensures
full exposure of the N-doped and SA catalytic sites. The
Fe–NHC/PP separator exhibits a capacity of 1079mAh g−1

with a capacity decay of only 0.07% per cycle over 500 cycles.
Nonpolar carbon interlayers, such as CNT, graphene, con-

ductive carbon black, and CNFs, have been utilized to anchor
migrating PSs, thereby enhancing the cycling performance of
LSBs. While nonpolar carbon surfaces can serve as physical
barriers to some extent, they are not highly effective at adsorb-
ing PSs. Recent research has addressed this limitation by
incorporating organic molecules into carbon-based inter-
layers, improving the polarity and effectiveness of these mate-
rials [106–108]. However, simply mixing organic molecules
with a carbon matrix often leads to the loss of organic electro-
lytes [109–111]. To overcome this, a research group from
Wenzhou University emphasized that organic molecules
should be tightly bound to the carbon matrix to enhance
the catalytic conversion of PSs and maintain structural integ-
rity during charge and discharge cycles (Figure 5) [33]. Their
study incorporated toluene diisocyanate (TDI) with organic
tris(hydroxypropyl)phosphine (THPP) into hydroxylated
multiwalled CNTs (CNT–OH). The THPP catalyst was found
to be highly effective in catalyzing the conversion of PSs,

thereby inhibiting shuttle effects and contributing to the for-
mation of solid electrolyte interphase (SEI) layers. The
designed interlayer demonstrated a reversible capacity of
734mAhg−1 at 5C, with an attenuation rate of 0.029% per
cycle after 1500 cycles. Additionally, when tested at a low
temperature of −10°C, the interlayer exhibited an initial
capacity of 951mAh g−1 at 1 C, with an attenuation rate of
0.036% per cycle after 1700 cycles [33].

Liu’s group utilized the cationic poly[bis(2-chloroethyl)
ether-alt-1,3-bis[3-(dimethylamino) propyl] urea] quaternized
(PQ), which contains quaternary ammonium cations, as a
binder to effectively reduce shuttle effects through electrostatic
interactions between quaternary ammonium cations and
LiPSs, termed trapped LiPSs [24]. The predominant PS species,
Li2S6, is highly soluble in the electrolyte. The binding energy of
PQ–Li2S6 is 1.89 eV, which is higher than that of DOL–Li2S6
(0.79 eV) and DME–Li2S6 (0.77 eV). Additionally, the binding
energies of various functional groups, such as ester, ketone,
amide, imine, ether, nitrile, fluoroalkane, chloroalkane, bro-
moalkane, and alkane, are lower than that of PQ–Li2S6, with
values of 1.10, 0.96, 0.95, 0.88, 0.71, 0.60, 0.40, 0.26, 0.23, and
0.23 eV, respectively. This demonstrates that the PQ–based
binder provides substantial performance and a higher initial
capacity compared to the traditional PVDF binder (initial
capacity 2mA h cm−2), with an initial capacity of 9mA h
cm−2 and a cycling capacity of 7mAhcm−2.

Zhang and coworkers engineered a cobalt–iron (CoFe)
composite integrated into a carbon matrix, featuring one-
dimensional CNTs (1D CNTs) embedded with uniformly dis-
persed Co3Fe7 and Co5.47N nanoparticles [69]. The twisted 1D
CNTs anchored onto a 3D cross-linked carbon architecture
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CTAB
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FIGURE 3: (A) Schematic of synthesis of SnS/PCNS. (B) Adsorption energy for S8 and Li2S4 adsorbed on SnS (001) and SnS2 (001). Reproduced
with permission: Copyright 2020, Wiley–VCH GmbH [29].

8 International Journal of Energy Research

 ijer, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/er/3596594, W

iley O
nline L

ibrary on [02/02/2026]. 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



created a unique 1D/3D hierarchical structure. This design
significantly enhances Li+ diffusion, provides a greater num-
ber of electrochemically active sites, and increases the avail-
ability of space for electrolyte infiltration. The CNTs not only
contribute additional surface area but also enable enhanced
interfacial reactions, improving overall electrochemical per-
formance. Within this architecture, Co3Fe7 acts as an efficient
electrocatalyst, accelerating the conversion of long-chain PSs
into shorter chains, while nitrogen doping in Co5.47N intro-
duces electronic heterogeneity across the carbon surface, pro-
moting faster electron and Li+ transfer. The homogeneous
distribution of Co3Fe7/Co5.47N nanoparticles synergistically
suppresses the PS shuttle effect, further stabilizing the battery

system. As a result of these combined enhancements, the
CoFe@C-modified separator, when assembled into a LSB,
delivered an significant initial specific capacity of 1136mAh
g−1 at 0.5C and retained 692mAhg−1 at 3C. Moreover, the
cell exhibited outstanding cycling stability, with a minimal
capacity degradation rate of only 0.061% per cycle over 900
cycles at 1C, underscoring the effectiveness of the hierarchical
design in advancing high-performance LSB technologies [69].
A recent study by a research group from Shandong University
developed the fluorine-free MXene encapsulated by the N-
doped carbon (Ti–N–Ti3C2Cl–C) employed for the separator
of LSB [76]. The established structure between Ti and N facil-
itates phase reconfiguration. Hierarchical porous nitrogen
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Copyright 2017, Elsevier [23].
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doped carbon on MXene surface enhance the surface area
multifold due to induced micro-/mesopores. Here, Ti coordi-
nation with N increases the binding energy, which reduces the
energy barrier and accelerates LiPSs redox kinetics. Simulta-
neously, Ti–N–Ti3C2Cl–C intensifies the LiPSs immobiliza-
tion. From the DFT analysis it shows that Ti–N–Ti3C2Cl

shows a lower energy barrier (0.71 eV) than the Ti3C2Cl
(0.96 eV), as transformation of Li2S2 to Li2S is considered
the rate-limiting step. In here, Ti coordinated with N sites
are thermodynamically favorable and facilitate the
liquid–solid transformation to improve reaction kinetics.
This developed separator gives LSB with a reversible capacity
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of 889mAh g−1, maintaining the 79.5% capacity after 100
cycles at 0.5A g−1 [76].

4. Strategic Design of Advanced Carbon-
Based Materials

Carbon-based materials have been strategically utilized as host
materials in the cathodes of LSBs through various approaches.
Fundamental strategies focus on structural modifications
aimed at maximizing sulfur loading while ensuring optimal
sulfur utilization efficiency. These modifications are designed
to maintain electrical and ionic conductivity, accelerate redox
kinetics, inhibit PS dissolution and diffusion, and buffer the
volume expansion within the cathode. Section 4 discusses the
fundamental developments, intrinsic findings, and technical
evaluations from various perspectives related to these
approaches.

The choice principle of carbon materials is focused on
balancing the performance of LSBs as follows: (i) high electri-
cal conductivity, (ii) PS adsorption (physical/chemical), (iii)
efficient ion/electron transport, (iv) hierarchical structure, (v)
structural integrity, and (vi) efficient catalytic activity. To
achieve a multidimensional continuous conductive network,
a combination of 2D (graphene sheets), 1D (CNTs), or 0D
(carbon blacks) forms the interconnected pathways. The
approach helps to rapid charge transport and facilitates elec-
trochemical performance at high sulfur loading. Hierarchical
structure of activated carbon combination of micro-/meso-/
macropores, plays a crucial role in managing the PSs proper-
ties. Micropores less than 2 nm facilitate the PS trapping by
the physical adsorption, and mesopores buffer the volume
expansion. Macropores greater than 50nm are essential for
the ion diffusion and electrolyte penetration. Also, the contin-
uous volume expansion could destroy the structural integrity
of the host materials. Flexible CNTs or graphene sheets with a
combination of mesoporous carbon could maintain the
mechanical strength and elastic buffering capability of the
structure. High loading of sulfur and efficient utilization can
be achieved through 3D structural frameworks with conduc-
tive networks for efficient charge and electrochemical perfor-
mance. Hybridization of the 3D graphene and porous carbon
framework can provide a high energy density by facilitating
the high sulfur loading. A catalytically active carbon metal
hybrid could intensify the PS redox reaction, helping to
enhance the conversion efficiency and coulombic efficiency.
A rational integration of the carbon allotropes and catalytic
component could balance the required properties of the LSBs.

4.1. Pure Carbon as Sulfur Host. In LSBs, sulfur is the main
active cathode materials, but core drawbacks sulfur insulating
nature (σ≈ 5× 10−30 S cm−1), high volume expansion nature
(~80%), and solubility nature PSs (Li2Sn, n= 4–8) demands a
conductive structural host which is well served by pure carbon
materials such as activate carbon, carbon black, mesoporous
carbon, graphene, CNT. Such pure carbon forms a conductive
network and provides a continuous electron transport path-
way, 2–50nm in size, termed mesoporous, effective for host-
ing or trapping sulfur molecules, as well as efficiently buffering
volume expansion during lithiation/delithiation [112, 113].

Carbon materials effectively improve the cycle stability, active
sulfur utilization, and rate capability of the sulfur cathode due
to good electrical conductivity, large pore volume, and strong
adsorption capability on the surface. Active sulfur is loaded (at
least over 60%) on the intrinsic porous structure of carbon,
which improves the electrochemical performance of sulfur
cathodes in various electrolyte systems. A large sulfur loading
is essential for enhancing the capacity of the sulfur cathode
and the energy density of LSBs. To increase the sulfur loading
of the host materials, a group from Nankai University acti-
vated commercial conductive carbon black with KOH to
enhance its porosity [114]. They have examined the sulfur
loading with 64 and 73wt% on activated conductive carbon
black. It is found that 73wt% sulfur loading could not utilize
the active sulfur efficiently (Figure 6). Due to the pore block-
age of inside sulfur hampers the electrochemical reaction, as
some crystalline nanoparticles block the pore mouth. In the
case of the 64wt% loading, the mouth of the pores remains
open, causing high utilization efficiency by the indispensable
penetration and transportation of electrolyte and soluble LiPSs
during the electrochemical reaction process [114]. Similar
types of strategy, another group synthesized the activated car-
bon from the natural plant by KOH activation, achieving the
specific surface area 3164m2 g−1 and pore volume 1.88 cm3

g−1 [115]. The composite of sulfur and carbon shows the 1105
mAh g−1 capacity at 60wt% sulfur lading at 200mAg−1 cur-
rent density. At the current density of 800mAg−1, the com-
posite shows a 51% capacity retention after 800 cycles, fade
rate of 0.06% per cycle. The study shows that increasing sulfur
loading from 60% to 68% gives a similar capacity value, but
lowers the Coulombic efficiency to 92% due to dissolution of
PSs into the electrolyte [115]. Such findings emphasize that
large surface area and pore volume not only increase the sulfur
loading but also ensure the well-dispersed elemental sulfur on
the carbon structure. The strategy helps with sulfur utilization.
Nanopores in the structure inhibit the diffusion of PSs in
organic electrolytes. It demands to design of carbon materials
that can achieve high S loading and low dissolution of PSs for
efficient capacity performance. The design strategy for carbon
textural properties was based on the fundamental requirement
of pore shape and distribution in the carbon structure. To
improve cycling stability, it is essential to induce micropores
(<2 nm) in the structure homogenously that are capable of
anchoring soluble intermediates, PSs, due to strong interac-
tion [116]. To achieve efficient rate capability, it is essential to
design optimization of mesopores (2–50 nm) and macro-
spores (> 50 nm) that enables fast Li+/e− transport by short-
ening the diffusion path length in the structure. Different
strategies and morphological engineering of pure carbon scal-
ing up the performance in terms of energy density and cycle
life [116].

4.2. Nanoparticle/Nanosheets With Carbon. To enhance the
chemisorption of carbonaceous materials with LiPSs, various
polar conductive nanoparticles are combined with carbon
materials. Co sulfides are considered highly promising due
to their strong polarity and electrical conductivity. Co sulfides,
such as nanotubes and nanoboxes with CNTs, have been
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explored as sulfur hosts [117]. Zhou group investigated N-
doped CNFs coated with 2D Co3S4 nanosheets (CNF@Co3S4)
for sulfur hosting (Figure 7) [26, 118]. Their study shows that
N-doped carbon and Co3S4 provide polar sites that are effec-
tive for LPS chemisorption. N-doped carbon eliminates the
need for aluminum foil and binder, which significantly
reduces the invalid weight load on LSBs. The CNF@Co3S4
composite exhibited an areal capacity of 4.1mAh cm−2 at
0.1C with a high sulfur loading of 6.8mg cm−2 for 100 cycles.
The distinct roles of Co3S4 and N-doped carbon in enhancing
LPS chemisorption were confirmed through a Li2S6 adsorp-
tion test. UV–vis spectra revealed that the peak intensity at
425 nm for S2−4 and the lower wavelengths for S2−6 , and S2−8
were significantly reduced in the supernatant solution of Li2S6
after adsorption by CNF@Co3S4 for 24h. X–ray photoelectron
spectroscopy (XPS) spectra further confirmed chemisorption,
showing that the Co 2p1/2 and Co 2p3/2 doublet shake–up
satellite peaks shifted to lower binding energies than 798.6
and 782.7 eV, respectively. Additionally, the N 1s spectra iden-
tified Li─N and S─N bonds at 407.5 and 399.3 eV, respec-
tively, for CNF@Co3S4 after adsorption. These results confirm

the importance of both components in mitigating the LPS
shuttling effect, with their relative significance demonstrated
by the adsorption images of Li2S6 after 24 h [26].

A joint research from the Hefei University of Technology,
China University of Petroleum, and Hefei Normal University
group utilized carbon cloth coated with CoS2 nanoparticles
(CC–CoS2) as cathodes (Figure 8) [25]. The carbon cloth
serves as a robust 3D current collector with excellent and rapid
electrical conductivity. This 3D structure, with its abundant
void space, efficiently increases sulfur loading and buffers the
volume expansion during the lithiation/delithiation process.
The uniformly distributed nanosized CoS2 provides polarity
on the surface of the carbon cloth, mimicking strong localized
chemical binding with LiPSs and facilitating fast interfacial
charge transfer. The CC–CoS2 acts as a permselective barrier,
functioning as a physical block, offering strong chemical
adsorption, efficient catalytic conversion of LPS, and fast
Li+ transport properties [25, 119].

The Al@S/AB@CC–CoS2 cathode demonstrated a specific
capacity of 1481mAh g−1 at 0.1 C. A high voltage plateau
around 2.3V exhibited discharge capacities of 419mAh g−1

20 nm

ðAÞ

10 nm

ðBÞ

10 nm

ðCÞ

5 nm

ðDÞ
FIGURE 6: TEM images of the (A, B) activated conductive carbon black and sulfur-loaded activated conductive carbon black composites (C) 64
wt% S, and (D) 73wt% S. Reproduced with permission: Copyright 2013, 2013 Elsevier B.V [114].
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for the conversion from S8 to Li2Sn (4≤n≤ 8), while a low
voltage plateau around 2.1V showed discharge capacities of
1256mAh g−1 for the conversion from Li2S4 to Li2S2/Li2S.
DFT investigations of the binding energy of LPS on the
CoS2 (111) plane compared to the carbon basal plane revealed
that the binding energies of soluble Li2Sn (n= 8, 6, and 4) on
CoS2 were −1.06, −1.12, and −1.26 eV, respectively,

significantly higher than the carbon plane values of −0.54,
−0.61, and −0.56 eV, respectively. This phenomenon is attrib-
uted to the abundant charge accumulation and distribution on
the CoS2 substrate, leading to more stable adsorption of Li2Sn
on CoS2 compared to the carbon surface [25]. The Lin group
developed a CoS2-incorporated nitrogen-doped ultrathin wall
mesoporous carbon electrode, where the mesoporous

CNF

200 nm 200 nm

Coating S loading

Co3S4 nanosheets Li2S6 solution

CNF@Co3S4

Li2S6

Reversible Catalyze

Adsorption

e–

Li2S

S/CNF@Co3S4

ðAÞ

CNF

10 min 24 h

Blank
CNF@
Co3S4

ðBÞ

325 375 425 475 525 575
Wavelength (nm)

In
te

ns
ity

 (a
.u

.)

BlankCNF@Co3S4
CNF

ðCÞ

810 805

Co 2p

Before
adsorption

After
adsorption

800 795
Binding energy (eV)

In
te

ns
ity

 (a
.u

.)

790 785 780 775

ðDÞ

410 406408

N 1s Graphitic N

Pyrrolic N

Pyridinic N

Before
adsorption

After
adsorption

404 402
Binding energy (eV)

In
te

ns
ity

 (a
.u

.)

400 398 396 394

N S

Li N

ðEÞ
FIGURE 7: (A) Schematic of synthesis of Co3S4 coated on carbon nanotube (CNF@Co3S4). (B) Adsorption test of Li2S6. (C) UV–vis spectra. (D)
XPS of Co 2p peak of CNF@Co3S4. (E) XPS of N 1s peak of CNF@Co3S4. Reproduced with permission: Copyright 2020, Wiley–VCH GmbH
[26].
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structure enhances the availability of active reaction sites and
facilitates ion diffusion, thereby improving the reaction kinet-
ics and cycling lifespan [66]. The strong adsorption of LiPSs
on CoS2 effectively suppresses the shuttle effect, leading to
improved PS conversion efficiency and enhanced electro-
chemical performance. The CoS2-based electrode exhibited
an initial discharge capacity of 1324mAh g−1 at 0.1C, with
a remarkably low capacity decay rate of 0.047% per cycle over
1000 cycles at 1 C, significantly outperforming the ultrathin
wall mesoporous carbon electrode, which exhibited a higher
decay rate of 0.093% per cycle [66].

Ahn’s group explored a dual-function strategy by utilizing
carbon cloth as an interlayer to mitigate LiPS shuttle effects
while enhancing the utilization of active charge–discharge
products [62]. In this approach, a FeOOH nanorod-assisted
carbon cloth (FeCC) was employed to construct a sandwiched,
self-supporting cathode (FeCC/S–FeCC), where FeCC func-
tioned both as a sulfur host and an interlayer. The vertically
aligned FeOOH nanorods uniformly integrated into the 3D
carbon cloth network exhibited strong LiPS trapping

capability and catalytic activity. Additionally, the carbon cloth
effectively anchored the nanorods, preventing their aggrega-
tion and facilitating the exposure of redox-active sites. The
FeCC interlayer significantly improved contact between the
active material and the electrode, enabling high sulfur loading
(7.9mg cm−2) while simultaneously suppressing LiPS diffu-
sion. This design resulted in an initial discharge capacity of
820mAh g−1 at 0.1 C, maintaining 86% capacity retention
after 100 cycles, demonstrating enhanced electrochemical sta-
bility and efficiency [62].

PS accumulation is a primary cause of shuttle effects,
resulting from the slow conversion kinetics of PSs to insoluble
sulfides. Thus, it is essential to utilize a catalytic surface that
can rapidly convert PSs to insoluble sulfides. CNFs are effec-
tive for high sulfur loading and low electrolyte-to-sulfur (E/S)
ratios, while also providing high conductivity. However, con-
fining catalytic particles within CNF is challenging due to large
voids (> 50nm). Loaded catalytic particles are highly suscep-
tible to agglomeration and loss during high-temperature treat-
ment, which diminishes their catalytic properties [120, 121].
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FIGURE 8: (A) Schematic of synthesis of CoS2 coated on carbon cloth (CoS2–CC). (B) UV–vis spectra of Li2S6 in DOL/DME solutions in blank,
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diagram of reduction of Li2Sn on CoS2 and carbon catalytic surface. Reproduced with permission: Copyright 2021, Wiley–VCH GmbH [25].
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The Lu group designed CNF with carbon dots (CDs) contain-
ing nickel SA (NiSA) sites and nickel nanoparticles (NiNP) that
are uniformly dispersed (NiSA–NiNP–CDS@CNF) [39]. The
CDs act as confinement agents, reducing the agglomeration
and loss of NiNP during high-temperature carbonization. The
functional groups of CDs adsorb metal ions, while the crystal-
line core of the CDs restricts space for metal growth.
NiSA–NiNP–CDS@CNF demonstrated a capacity of 66.5mA
h cm−2 at 0.02C, with good cycle stability and 86.1% capacity
retention after 100 cycles at 0.12C. This performance was
achieved with a high sulfur loading of 50mg cm−2 and a
low E/S ratio of 5μLmg−1.

A research group from the University of Science and
Technology, Shanghai utilized macroporous multichannel
CNFs embedded with Co/Fe–N electrocatalysts (Co/Fe–N/
MCFs) to enhance LiPSs conversions in LSBs [47]. The
CNFs facilitate sulfur dispersion and accommodation while
maintaining close contact with sulfur species as a conductive
substrate. The macropores on the outer and inner surfaces of
the CNFs enable efficient sulfur transport into the core of the
material and promote fast Li+ transport. The embedded
Co/Fe–N in the inner channels restrict PS species and catalyze
their rapid conversion. The Co/Fe–N/MCFs/S cathode exhi-
bits an initial capacity of 1523mAhg−1 at 0.2C andmaintains
a specific capacity of 1523mAhg−1 at 5 C, with a decay rate of
0.05% per cycle over 1000 cycles at 1C. The study differenti-
ates between Co/Fe–N/MCFs and MCFs without embedded
Co/Fe–N, which are meso/macroporous and micro/mesopor-
ous, respectively. Both types show a similar initial discharge
capacity of approximately 1500mAh g−1. The findings sug-
gest that meso/macroporous structures are more crucial than
micropores, as they allow for volume expansion. Embedding
Co/Fe–N restricts LiPSs, resulting in a lower decay rate for
Co/Fe–N/MCFs (0.05%) compared toMCFs (0.07%) per cycle
at 0.2C [47]. The Kong group employed another strategy by
wrapping CoSnO3 nanocubes with CNF, which can host 60%
sulfur [48]. In this configuration, CoSnO3 serves as polar
active sites that restrain the dissolution of PSs. The CoS-
nO3@CNF/S cathode exhibits a capacity of 554mAh g−1 at
0.2C, retaining a capacity of 300mAh g−1 after 200 cycles.

4.3. Encapsulating Sulfur Cathode by Carbon Matrix. The
utilization of micro/mesoporous carbons, hollow carbon nano-
spheres, CNFs, or nanotubes for encapsulating the sulfur cath-
ode is a promising strategy to hinder the migration of PSs to
the Li anode [122, 123]. Hollow spheres are particularly advan-
tageous due to their rational design, which accommodates a
large amount of sulfur and its volume changes, while also
providing abundant contact area for rapid electrolyte perme-
ation and ion transport [7, 123, 124]. The Shen group uniquely
designed double-shell structures to maximize utilization effi-
ciency, confining the outward diffusion of PSs and buffering
volume changes during intensive operation cycles (Figure 9)
[27]. Double-shelled carbon spheres are beneficial for high
sulfur loading (5.8mg cm−2, 72.4 wt%) due to their empty
spaces, which also accommodate volume changes during
charge/discharge cycles. Dual-doped nitrogen and phosphorus
co-doped porous carbon (NPDSCS) serves as a physical

confinement to limit the diffusion of LiPSs, acting as an
active center for PS trapping through chemical interactions.
Phosphorus doping enhances electrochemical reaction
kinetics by catalyzing the redox reactions of sulfur species.
NPDSCS functions as a dual PS trapping center, providing
both physical and chemical confinement, thereby retaining
LiPSs within the carbon sphere. The porous shell and hollow
structure facilitate short diffusion distances for Li ions,
resulting in rapid ion and electrolyte diffusion. The study
demonstrates that theoretical simulations based on DFT
methods reveal that nitrogen and phosphorus co-doped
carbon exhibit higher binding energies compared to
nitrogen-doped carbon and pristine carbon. The binding
energies of Li2S4 on pyridinic nitrogen (NPD) and pyrrolic
nitrogen (NPL) are 0.67 and 0.59 eV, respectively, which are
significantly lower than those at the NPDP and NPLP sites,
which are 1.03 and 0.78 eV, respectively. This suggests that
pyridinic nitrogen on carbon is the most effective nitrogen
configuration for inhibiting PSs. Moreover, this effectiveness
could be enhanced if the carbon structure is co-doped with
other types of atoms [27].

When encapsulating sulfur within hollow carbon host
materials, it is crucial to consider the sulfur utilization rate
and the potential agglomeration of sulfur within the host,
which can hinder the confinement of PSs [125, 126]. Addres-
sing this concern, Wang’s group tailored the inner structure of
carbon hollow spheres to evenly disperse sulfur, optimizing
sulfur reaction kinetics [127]. They designed a carbon flower
at the core of a carbon nanosphere, creating a walnut-like
yolk-shell structure (WSYCS) to accommodate sulfur. Con-
trolling the buffer space—the gap between the hollow sphere
and the inner carbon flowers—is vital, as it influences volume
expansion and electrolyte capacity during the sulfur reaction
process. The study emphasizes the importance of buffer spaces
(15, 30, and 45 nm) and the cavity of buffer chambers for the
electrochemical reaction kinetics of sulfur and its dispersion
within the internal carbon sphere (Figure 10). A 30nm buffer
space was found to effectively disperse sulfur, enhancing its
adsorption and loading capacity. Host materials for sulfur
significantly impact sulfur storage, dispersion, PS binding,
reaction intermediates, ion diffusion rate, and stress. The
study categorizes the carbon structures into microporous
HCSs, mesoporous carbon nanospheres (CNF), and a combi-
nation of carbon spheres and carbon flower nanospheres with
a 15nm buffer space (WSYCS2), evaluating their individual
roles in the overall process. The HCS wall effectively migrates
Li+, but hinders PS migration through its micropores, result-
ing in low utilization efficiency of internally stored and
agglomerated sulfur. Mesoporous CNF improves sulfur utili-
zation due to multistage pore channels formed by cross-
linking carbon sheets, which uniformly disperse sulfur.

However, the open channels cannot fully prevent the
shuttle effect (PS migration). Finite element method (FEM)
simulations using COMSOL software verified these hypoth-
eses. Sulfur loading on HCS showed minimal conversion to
PSs due to low utilization rates of aggregated sulfur at dis-
charge voltage, while CNF exhibited higher conversion
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efficiency at various discharge voltages. WSYCS2 demon-
strated a combined effect of hindering shuttle effects and
uniformly dispersing sulfur, resulting in high efficiency in
transforming sulfur to PSs at various discharge voltages.
The correlation between maximum electric field and current
density at different current densities showed that WSYCS2
had a much lower electric field strength than HCF and CNF,
indicating excellent structural stability [127].

4.4. Anchoring N4-Coordinate SA on Carbon Matrix. A stra-
tegic approach has been developed to immobilize PSs onto
carbon surfaces by engineering “lithophilic” or “sulfiphilic”
surfaces. “Lithophilic” surfaces (Li–X) are created by doping
heteroatoms such as N, O, B, and S, while “sulfiphilic” surfaces
are formed by introducing metal oxides, hydroxides, sulfides,
carbides, and similar compounds onto the carbon host
[128–130]. A higher loading of nanostructural metal com-
pounds improves the adsorption and catalysis of PSs. How-
ever, although significant loading of these metals enhances
adsorption and catalysis properties, it compromises the sur-
face area and pore volume. Additionally, it deteriorates the
conductivity and Li+ migration rate of the materials, conse-
quently reducing the performance of LSBs [131–134]. Intro-
ducing SAs into the carbon configuration modifies the
polarity, offering high exposure sites for enhanced physical
adsorption and catalytic conversion of PSs without deteriorat-
ing the surface area and pore volume. However, the high
surface free energy of SAs makes them chemically unstable,
leading to self-aggregation into nanoparticles, which reduces
catalytic activity and slows reaction kinetics. A strategic engi-
neering approach involves coordinating single metal atoms

with adjacent dopants such as C, O, N, and S to fix monoa-
tomic agglomeration. This method can tune catalytic activity
in a controlled manner by customizing the coordination type
and number. A multidisciplinary collaborative research group
from Wenzhou University, Zhengzhou University, and Nan-
kai University synthesized N4-coordinated SAs of molybde-
num (Mo) anchored on N-doped carbon nanoflowers
(Mo–N–CNF) as a host for the cathode electrode of LSBs
(Figure 11) [28]. Single Mo atoms on a carbon structure act
as a host for sulfur, balancing the chemical and physical
adsorption of LiPSs. The adsorption energies (Eads) for various
PSs are as follows: S8 (−2.64 eV), Li2S8 (−3.36 eV), Li2S6
(−3.66 eV), Li2S4 (−3.09 eV), Li2S2 (−3.43 eV), and Li2S
(−4.21 eV). This configuration provides fast redox kinetics,
resulting in high sulfur loading (5.1mg cm−2) and an areal
specific capacity of 3.18mAcm−2 at a current density of 4.2
mAcm−2 over 400 cycles, with an attenuation rate of 0.004%
per cycle [28].

The binding energy between Mo atoms and N-doped gra-
phene is−6.11 eV, which is more negative than the adsorption
energies of PSs on Mo–N–CNF. The cohesive energies of
MoS2, Mo2S2, and Mo3S4 are −3.30, −3.62, and −3.74 eV,
respectively. Consequently, the stability of the Mo–N–C con-
figuration is ensured, as the formation of Mo sulfides from the
reaction of single Mo atoms with PSs or sulfur is unlikely.

The ratio of coordinated Mo in N-doped CNF is crucial
for hindering PS dissolution. The ratios of Mo to Mo–N–CNF
were maintained at 4.7%, 9.4%, and 23.0% for Mo–N–CNF–1,
Mo–N–CNF–2, and Mo–N–CNF–3, respectively, as calcu-
lated from thermal gravimetric analysis. Ex situ adsorption
measurements showed that the UV absorbance peaks at
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FIGURE 9: (A) Schematic of the fabrication of NPDSCS–S. TEM image of (B) sSiO2@mSiO2. (C) Double–shelled mSiO2. (D) NPDSCS. (E)
NPDSCS–S. (F) Schematic of the trapping mechanism of sulfide and polysulfide species. First-principles calculation of carbon host–sulfur
containing guest interactions, showing the top views and side views of the optimized molecular configuration. The binding of the Li2S4
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Reproduced with permission: Copyright 2018, Wiley–VCH GmbH [27].
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400–450 cm−1 for Mo–N–CNF–2 exposed to Li2S6 PS solution
were weakest, indicating strong chemical adsorption. XPS
spectra further confirmed this with a negative shift to lower
binding energy in the S 2 p peaks after Li2S6 adsorption. The

Mo 3d spectra demonstrated the chemical bonding of Mo–S
from the S atom of PSs, while the broadening of the Li 1 s
spectra of Mo–N–CNF soaked in Li2S6 solution indicated
electron injection from the N atom to Li, highlighting the
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Reproduced with permission: Copyright 2022, Wiley–VCH GmbH [28].
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beneficial effects of N-doping and Li affinity. Ultimately, the
specific capacities of Mo–N–CNF are higher than those of N-
doped CNF without Mo anchoring [28].

Several studies have concentrated on the SA N4 coordina-
tion; however, the Chen group explored SA material coordi-
nation in alternative environments (Figure 12) [43].
Specifically, their study investigates Co SAs (SA–Co) with
B2N2 (BN) coordination anchored on CNT arrays (C)
(SA–Co/BNC). This configuration demonstrates a lower

Li2S decomposition barrier and higher binding energy for
Li2S6. Notably, the decomposition barrier of Li2S in SA–Co/
BNC (1.35 eV) is significantly lower than in SA–Co/NC (1.79
eV), indicating that SA–Co–BN active sites are more effective
in breaking the Li─S bond, thus, facilitating rapid delithiation
during the charging process. Additionally, charge density dif-
ference calculations reveal that the bond length and bond
angle of Li2S on SA–Co–BNC are greater (2.197Å, 140.8°)
compared to SA–Co–NC (2.165Å, 134.9°). Projected density
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International Journal of Energy Research 21

 ijer, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/er/3596594, W

iley O
nline L

ibrary on [02/02/2026]. 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



of states (PDOSs) analysis shows more pronounced d-orbital
splitting and a rise in the d-band center around −1.065 eV for
SA–Co/BNC, indicative of strong metal–adsorbent interac-
tions. Experimentally, SA–Co/BNC exhibited a specific capac-
ity of 1106mAhg−1 at 0.2C after 100 cycles, with a decay rate
of only 0.03% per cycle. Furthermore, after 1000 cycles at 1C
and a sulfur loading of 1.2mg cm−2, SA–Co/BNC maintained
a reversible capacity of 684mA h g−1, surpassing that of
SA–Co/NC (532mAh g−1) and BNC (308mAh g−1) [43].

4.5. Hollow Scaffold. As a sulfur container porous carbon pore
size, distribution and volume direct the electrochemical prop-
erties of sulfur and carbon composites. The size range of 2–50
nm of mesopores and over 50 nm of macropores gives the
sulfur loading and volume expansion opportunity. But it is
need to be consider in this pore range PSs dissolution becomes
pronounced. The size range of less than 2 nm of micropores is
effective for the hinder PS diffusion as a physical barrier but an
obstacle for the sulfur loading on the host materials [135–137].
In this context, in general hollow carbon with microporous
core andmicro-/mesopores shell considered for the LSB. Inter-
nal core cavities will accommodate the high amounts of sulfur
and keeps spaces for the volume expansion on the lithiation.
Micro-/mesopores shell act as physical barrier for the LPS
diffusion as well maintain the efficient path of the electrolyte
and ion penetrations [100, 138]. Excessive narrower pores in
the shell could hinder the sulfur penetration through the shell
to the core and over larger pores in the shell could allows the
excessive host of the sulfur to the core that fills the core and
keeps the unviable spaces for the volume expansions [40]. As a
concern it is required a tradeoff management of pores size
controls in the shell which is quite tricky. Though the infusion
the polar materials in the carbon utilized to chemical confine-
ment effects to block the LPS diffusion to prevent shuttling
effects. It is may be concerning that polar materials in the
mesoporous shell in the hollow carbon make it difficult to
infuse of sulfur the shell to the core. Also, excessive polar
materials will enhance the sulfur host may not be able to
contribute in the energy storage [90, 139, 140]. All this consid-
eration it needs to be design a precise way of materials config-
uration with proper pores size of shell with the internal cores
and rights amount of polar materials incorporation that can
homogenize distribute the sulfur into the shell and cavity and
maintain and a proper redox reaction without a shuttling
effect.

Hou group utilized polar MnO2 nanosheets as chemical
entrapment agents, coating them with carbon to form hollow
nanoboxes termed MnO2@HCB [40]. These nanoboxes are
designed to maximize sulfur loading and buffer the volume
expansion during lithiation. Additionally, the nanoboxes act
as physical barriers, containing soluble PSs within the carbon
boxes. The MnO2 nanosheets provide resistance to PS migra-
tion out of the carbon nanoboxes through strong chemical
interactions. The hierarchical porous structure of the coated
nanoboxes ensures efficient ionic and electronic transport,
effectively utilizing the loaded sulfur. The MnO2@HCB/S
hybrid nanoboxes, with a sulfur loading of 67.9 wt%, exhibit
a specific capacity of 1042mAh g−1 at a current density of 1

A g−1. However, the approach shows that after 60 cycles, the
discharge capacity reaches approximately 200mAh g−1 at a
current density of 1 A g−1 [40].

The Dong–Wan group has innovatively designed dual
hollow scaffolds consists of polar CoS2 on N-doped graphitic
carbon nanoshells (NGCNs) comprising a core of approxi-
mately 600 nm in macrohollow structure surrounded by a
shell of around 50 nm in microhollow configuration
(Figure 13) [30]. This design proves effective for accommo-
dating sulfur in LSBs. The CoS2 polar groups hinder the LPS
mobilization by chemical interaction. Mesoporous surface in
the shells effectively provide the diffusion of the sulfur to the
hollow core and center of the cavity remain enough empty to
buffer the volume expansions at the time of lithiations. Sulfur
infiltrated in the carbon shell remains near the conductive
carbon shell as consequence it may optimally utilized conduc-
tive path of the carbon. The mesoporous hollow
CoS2@NGCNS effectively hosts a high sulfur loading of 75
wt%, utilizing ample void spaces within its structure. The
mesopores in the shell facilitate easy penetration of electrolytes
and ions, while the macrohollow voids within the core serve to
buffer volume expansions during cycling. The mesoporous
hollow CoS2@NGCNS shows the 903mAhg−1 cycle perfor-
mance at 0.1C after 100 cycles [30].

The Kemin group employed CeO2 as a catalytic material
for LSBs, leveraging its moderate band gap and multiple
valence states [64]. By embedding CeO2 into mesoporous
hollow carbon, they introduced oxygen vacancies, which
enhanced electrical conductivity and provided additional
active sites, thereby improving adsorption capacity, catalytic
activity, and overall electrochemical performance. The synergy
between HCSs and oxygen-deficient CeO2 contributed to
multiple advantages: efficient sulfur penetration, enhanced
electron and ion transport through the mesoporous frame-
work, and hollow inner cavities that acted as sulfur reservoirs
while mitigating volume expansion. This integrated design
significantly improved sulfur redox kinetics, leading to a
high retention capacity of 728mA h g−1 after 500 cycles,
with a minimal capacity decay rate of 0.056% per cycle under
a sulfur loading of 4.7mg cm−2. Furthermore, the system
maintained a substantial reversible areal capacity of 4.7mA
h cm−2, demonstrating its potential for high-performance LSB
applications [64].

Considering the importance of hollow carbon for volume
buffering, the Huang group inserted or doped nitrogen (N)
groups into hollow porous carbon to increase its polarity and
suppress the diffusion of PSs via chemical interactions [34].

Their study demonstrated that Li2S6 interacts more
strongly with N-doped hollow carbon than with graphene
or CNTs, suggesting that N-doping can enhance PS immobi-
lization through chemical adsorption. The study also identi-
fied and classified the functionalities of the N-groups using
deconvolution of XPS spectra, identifying pyridinic N, gra-
phitic N, pyrrolic N, and oxidized N. However, the research
did not determine which specific N-group is most effective for
PS immobilization or elucidate the mechanisms by which the
polarity of the host material influences chemical interactions
with PSs. Further investigation is required to fully understand
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these mechanisms and advance the fundamental development
of this process.

Several studies have focused on multiphase construct het-
erostructures due to their provision of abundant active sites
and enhanced conductivity, which play a crucial role in maxi-
mizing the utilization of sulfur and mitigating the capacity
degradation of LSBs to some extent [141, 142]. In contrast,
single-phase metal oxides, metal sulfides, and metal nitrides

exhibit strong chemisorption on polar materials but suffer
from low ionic and electronic conductivity as well as weak
redox kinetics [143]. Heterostructures improve adsorption
capability, redistribute charge density, enhance immobiliza-
tion, and promote the conversion kinetics of LiPSs [144,
145]. The Jiang group designed a hollow polyhedron
CoO/Co9S8/nitrogen–doped carbon (CoO/Co9S8/NC) hetero-
structure as a sulfur host for LSBs [16]. In this design, CoO, a

Carbonization Sulfidation

C
Co

Co
C

Co

CoS2

C
Pore

CoS2

Etching

CoS2@NGCNsCo/CoS2@NGCNsCo@NGCNsHollow ZIF-67
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FIGURE 13: Structural analysis. (A) Scheme of the mesoporous hollow CoS2@N–doped graphitic carbon nanoshells (NGCNs) preparation. (B)
SEM Image. (C) TEM image. (D) HRTEM image. Reproduced with permission: Copyright 2019, Wiley–VCH GmbH [30].
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p-type semiconductor, facilitates strong adsorption of LiPSs,
while n-type Co9S8 supports fast redox kinetics for LiPSs. The
p–n heterojunction provides additional active sites, thereby
enhancing ion and electron transport. Nitrogen–doped carbon
(N-doped C) aids in the physical capture of LiPSs and
improves electronic conductivity. Anchoring sulfur on the
hollow polyhedron CoO/Co9S8/nitrogen–doped carbon
(S–CoO/Co9S8/NC) cathode achieves a capacity of 1470mA
h g−1 at 0.1 C, with a capacity attenuation of 0.03% per
cycle [16].

The Wang group fromWenzhou University designed and
produced radially inwardly aligned, hierarchically N-doped
hollow carbon nanospheres (Tl–NHCNS) from the glucose
padding on the urchin-like SiO2 [52]. This strategic design
incorporates an interior cavity among the ribs, creating nano-
channels that enable efficient sulfur infusion, while the central
void spaces act as a buffering zone to accommodate volume
expansion. The internal inwardly aligned ribs maximize sulfur
utilization and facilitate shorter ion diffusion lengths. The N-
doped shell enhances both the chemical and physical confine-
ment of PSs. The prepared cathode, which hosts 75% sulfur,
demonstrated performance integrity with a decay rate of
0.04% per cycle over 100 cycles at 1 C [52].

4.6. Structural Engineering. Structural configuration and tex-
tural properties play a significant role in the overall functional-
ity of LSBs. Micropores effectively inhibit the dissolution of S8,
Li2S2, and Li2S4. Mesopores accelerate Li ion transport and the
conversion reactions of LiPSs. Macropores are effective in con-
fining long-chain PSs within the pore walls [146–148]. Lee and
colleagues evaluated the importance of different pore morphol-
ogies, alongside heteroatom doping, to address the challenges
in LSB operation [35]. The study differentiated three types of
porous carbon structures: micropores less than 2nm, micro-
pores with 3 nm mesopores, and micropores with 2–7 nm
mesopores, all of which contained nitrogen and oxygen func-
tional groups. The results indicated that the micro–mesopores
(2 to 7 nm) structure exhibited enhanced performance com-
pared to the micropores and micro–mesopores (2nm), with
specific capacities of 804, 821, and 672mAhg−1, respectively.
The presence of nitrogen and oxygen functional groups effi-
ciently reduced the loss of active sulfur materials and acceler-
ated the conversion kinetics of LiPSs [35].

The Liu group designed a honeycomb-like, regular, and
uniform N, O–doped carbon structure with the perspective of
high sulfur loading and heteroatom retention of PSs on the
cathodes [38]. This design also promotes the catalytic conver-
sion of PSs. The honeycomb-like hollow structure facilitates
high sulfur loading and accommodates volume expansion
during lithiation. Additionally, the N, O dual-doped carbon
can reduce the diffusion of LiPS. The honeycomb structure is
expected to ensure efficient infiltration of electrolytes, main-
taining low E/S (electrolyte/sulfur) ratios (4.8 μLmg−1). A
modified template method (using SiO2, 20 nm with furfuryl
alcohol) was utilized to synthesize the honeycomb-like struc-
ture, enhancing the pore size to a range of 10–40 nm. The
designed material shows an initial capacity of 1549mAhg−1

at 0.05C, with a capacity retention of 97.2% after 100 cycles at
0.2C, and 5.4mAh cm−2 capacity after 50 cycles at 0.2C with
7.4mg cm−2 loadings [38].

High sulfur loading (≥6mg cm−2) significantly exacer-
bates PS shuttling and electrode passivation, posing challenges
for maintaining electrical and ionic conductivity. Large pore
volumes are necessary to accommodate the substantial sulfur
content and its associated volume expansion. Specifically, at a
sulfur loading of 6mg cm−2 with 70wt% sulfur and 10wt%
carbon support, a pore volume of 2.4 cm3 g−1 is required to
achieve 70% sulfur utilization. To fully convert the sulfur to
Li2S, the pore volume must increase to 4.3 cm3 g−1 [149, 150].
Achieving this high pore volume necessitates expanding the
pore diameter from a few nanometers to tens of nanometers.
However, the pore diameter must be carefully optimized to
ensure that sulfur, PSs, and Li2S remain in close proximity to
the carbon surface, thereby maintaining efficient ionic and
electrical conductivity. The carbon support can inadvertently
enhance PS shuttling, reducing cycle life and the utilization
efficiency of active materials [18, 151]. The Young-Si group
addressed these challenges by employing mesoporous carbon
(C@CN) derived from the molecular cooperative assembly of
glucose and triazine as a sulfur host (Figure 14) [6]. By adjust-
ing the glucose-to-triazine ratio, they engineered a pore struc-
ture and chemical composition that provided a considerable
pore volume (1.96 cm3 g−1) and large pore diameters (20–60
nm). Additionally, a highly conductive carbon buckypaper or
CNT was used as the primary host and current collector,
adding an extra pore volume of 0.87 cm3 g−1. When combined
with carbon buckypaper, the pelletized C@CN electrode dem-
onstrated areal capacities of 24 and 17mAh cm−2 at current
densities of 0.47 and 4.7mA cm−2, respectively, at a sulfur
loading of 24 mg cm−2 . The optimized pellet ized
C@CN–based LSB achieved a total energy density of 39
mWh and a volumetric energy density of 440WhL−1 at a
sulfur loading of 24mg cm−2, with a sulfur fraction of 70% and
a utilization fraction of 61% [6].

The Li group designed a MoN–C–MoN trilayer architec-
ture, featuring a sandwich structure with continuous 2D
catalysis–conduction interfaces [56]. In this configuration,
the metal nitrides, with overlapping d-orbitals, exhibit ultra-
high electronic conductivity, surpassing that of metals alone,
and serve as a polar host for sulfur species [152–154]. The
multiple valence states of Mo (Mo6+, Mo4+, Mo3+, and Mo2+)
provide advantageous properties for maintaining electro-
chemical stability in electrodes [155, 156]. The two-sided
MoN layer strongly adsorbs PSs, while the carbon interlayer
facilitates charge transfer and supplies sufficient electrons to
the MoN layers. This 3D design intensifies the conductive and
catalytic network. Even, the phase separation between C and
MoN preserves contact between the conductive substrate and
catalytic sites, akin to the 2D interface contact between MoN
and C lattices (Figure 15). The nitride host is capable of sup-
porting a sulfur loading of 75.7wt%. The cathode, based on
this design strategy, demonstrated a high-rate capacity of 515
mAh g−1 at 4C and long-cycle stability, with a decay rate of
0.03% per cycle at 1C after 1000 cycles [56].
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FIGURE 14: (A) Molecular cooperative assembly–based synthesis of carbon. (B) TEM Image. (C) N2 isotherm (inset: NLDFT pores size
distribution). (D) FTIR spectrum. (E) UV–Raman spectrum. (F) Solid state 13C NMR. (G) XRD spectra. (H) Visible Raman spectra.
Reproduced with permission: Copyright 2021, The authors, Wiley & Sons [6].
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4.7. Gel Composite With Polar Nanoparticles. Incorporating
polar metal oxide nanoparticles into a carbon host maximizes
sulfur utilization through spatial confinement and enhanced
chemical interactions. However, a large mass of nanoparticles
can reduce the overall loading mass of active sulfur. Reduced-
size polar nanoparticles, including metal oxides, nitrides, car-
bides, and phosphides, are beneficial for the adsorption of
soluble LiPSs and the enhancement of catalytic conversion
kinetics [157, 158]. Carbon-supported Co catalysts have dem-
onstrated utility in PS conversions, with single Co atoms
showing optimal charge transfer and sulfur redox kinetics.
Although nanoscale designs offer significant advantages in
terms of active adsorption sites and reaction kinetics, they
often face aggregation issues during reactions, are challenging
to scale up, and result in high production costs [159–161].

The Zhou group utilized Rhizopus hyphae as a support
skeleton, where sodium alginate gel was polymerized through
multivalent metal cations (V2O3, 2–5 nm) to form an alginate
gel-filled hyphae complex (RHCF/SAC/V2O3; Figure 16) [37].
Upon carbonization, RHCF acted as a 3D microfiber network
for the sulfur host, providing good electrical conductivity,
mechanical stability, and N, P, O heteroatom doping
(Figure 16). The designed material’s complex pore structure,
heteroatom doping, and polar V2O3 limited the diffusion and
loss of PSs through physical inhibition and physical and
chemical adsorption. V2O3 played a crucial role in the catalytic
conversion kinetics of PSs [37].

DFT calculations revealed that the adsorption energy of
PSs on the V2O3 (104) crystal plane was significantly higher
than on pure graphene surfaces (Figure 16). Electronic density
of states (DOSs) analysis showed the interfacial charge regu-
lation mechanisms of the sulfur host during the redox trans-
formation of PSs. N, P co–doping phenomena were compared
by observing changes in the total DOSs (TDOS) before and

after Li2S6 probe molecule adsorption on N, P–doped gra-
phene. It was observed that quaternary–N, pyridinic–N, and
P-doped graphene exhibited significantly shortened band gap
distances compared to pure graphene, indicating the genera-
tion of s and p hybridization orbitals [37].

The catalytic conversion of LiPS on V2O3 (104) was fur-
ther evaluated by DOS analysis (Figure 16). PDOSs investiga-
tions of the V–d and S–p orbitals before and after Li2S6
adsorption on V2O3 showed enhanced electron concentration
near the Fermi level (Ef) for both V–d and S–p orbitals after
chemical interaction. Moreover, the d–band of the V atom
entered the adsorbed Li2S6, resulting in increased d–p orbital
hybridization, reduced energy band gap between the V
d–band and S p–band, enhanced charge compensation effects,
and ultimately improved interfacial redox and conversion
kinetics. This 3D hierarchical carbon network of RHCF/
SAC/V2O3 exhibited 94% capacity retention after 200 cycles
at 0.1C and a specific capacity of 578mAhg−1 at 5C [37].

4.8. Biomass Derived Porous Carbon. The development of
carbon materials such as micro/mesoporous carbon, hierar-
chical porous carbon, hollow sphere carbon, carbon fibers
(CFs), nanotubes, and graphene involve complex processing
steps, is relatively expensive, and poses significant challenges
for large-scale production [123, 162]. Biomass-derived porous
carbon from common plants, seeds, and bio–waste is consid-
ered an alternative for synthesizing activated carbon for LSBs
due to its low cost, facile synthesis routes, large specific surface
area, well-developed porosity, abundant raw material sources,
good electrical conductivity, and strong mechanical integrity
[163, 164].

The Yan group developed N-doped biomass-derived car-
bon from okra shells for LSBs [42]. This material exhibits a
large specific surface area (2702m2 g−1) and abundant

DA Tris-HCl pH = 8.5 NH3 800°C

CarbonizationSelf-assembly

Precursor Mo–PDA MoN–C

MoN–C@SMo N Li2S6 Li2S4 Li2S

Chemical
deposition
sulfur

α-MoO3

FIGURE 15: Scheme of the preparation of the MoN–C@S and adsorption–conversion–conduction effects of polysulfides. Reproduced with
permission: Copyright 2020, The authors, Wiley & Sons [56].
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In situ gelation: “egg-box” model
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porosity (0.17 cm3 g−1), which allows for high sulfur loading
(69.71%) and numerous adsorption sites, thereby minimiz-
ing the dissolution of LiPS. N-doping of the carbon was
achieved through NH3 gas treatment during carbonization,
which creates defects that promote more active sites, facili-
tate electron conduction from sulfur, and favor the reduction
reaction of Li2Sx (8≤ x≤ 4) to Li2S. The cathode designed
with the carbon–sulfur composite demonstrated a discharge
capacity of 1387mAh g−1 at 0.1 C and 750mAh g−1 at 0.5 C
after 200 cycles, with a decay rate of 0.05% per cycle [42].

A joint research group from the Shenyang Normal Uni-
versity, University of Jinan, and Shanghai JiaoTong University

employed interwoven cellulose fibers from commercial tissues
as a biomass source for CFs (Figure 17) [165]. 2DMoS2 nano-
flakes were integrated into the CFs (MoS2/CFs), where MoS2
provided ample anchoring sites for the adsorption of LiPSs
and facilitated their redox conversion. The hydrothermal for-
mation of MoS2 into a 3D flower-like structure on the woven
network prevented the lamellar aggregation of the 2D MoS2
nanoflakes while maintaining high electronic conductivity,
abundant electrode/electrolyte interaction, and rapid electron
and Li+ transport. The S–MoS2/CFs cathode demonstrated a
capacity of 1149mAh g−1 at 0.2C and 608mAhg−1 at 4 C,
with approximately 75% capacity retention at 2C after 500
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FIGURE 16: (A) Schematic of the structural formation of multilayer carbon. (B) DFT calculations of adsorption energies of LiPS on V2O3 (104).
(C) Comparisons of adsorption energy. (D) TDOS. (E) PDOS analysis of V2O3/Li2S6 interactions, V–d orbital. (F) PDOS analysis of V2O3/
Li2S6 interactions S–p orbital. Reproduced with permission: Copyright 2023, Wiley–VCH GmbH [37].
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cycles, indicating a capacity fading rate of 0.05% per cycle. The
3D MoS2 flower provided abundant nanoflakes and nano-
voids for LiPSs retention, enhanced Li+ diffusion, and facili-
tated catalytic conversions [165].

The Luo group successfully synthesized hollow nitrogen-
doped mesoporous carbon microspheres (HNMCMs) utilizing
dairy products, specifically milk and tetrabutylorthosilicate, as
biomass sources [45]. The synthesis process involved spray
drying a silica template, followed by carbonization at 800°C,
and subsequent template removal using a NaOH etchant. The
spray drying technique produced microscale spherical droplets
ranging from 1 to 5μm, with the formation of hollow spheres
being regulated by the evaporation rate. Upon removing the
silica template, the resulting HNMCMs featured pore dia-
meters of 2.8–4 nm, a surface area of 872m2 g−1, and a pore
volume of 0.84 cm3 g−1. Electrochemical performance tests
revealed that the HNMCMs demonstrated an initial discharge
capacity of 682mAhg−1, maintaining a capacity retention of
79.4% after 400 cycles at a current rate of 1C. The Fellinger
group employed a molten salt templating method (ZnCl2) to
produce hierarchically porous, heteroatom–doped carbon gels
from glucose, with a volume of approximately 1 cm3 g−1 [57].

The porous carbon gel, doped with 5.6wt%N and 1.8wt%
S, can accommodate 50wt% sulfur within the material. The
resulting carbon gel exhibited an initial capacity of 1290mAh
g−1, retaining 608mAhg−1 after 100 cycles at 0.1C. The Lu
group utilized pollen (bee) with nanoscale germinating pores
on its wall to provide a 3D structure after carbonization [49].
The presence of phosphorus and nitrogen in the pollen
resulted in the formation of P, N–co-doped carbon. A hybrid
material of porous carbon and cuprous phosphide (Cu3P;
PC/Cu3P) was prepared, where Cu3P exhibited a high adsorp-
tion energy of PSs (–6.52 eV). The PC/Cu3P cathode, when
loaded with sulfur, demonstrated a capacity of 1205mAhg−1

at 0.1C, with a decay rate of only 0.03% per cycle over 1000
cycles at 1C. Notably, the designed PC/Cu3P LSB was tested
under high-temperature conditions, maintaining a capacity of
545mAhg−1 at 1C even at 150°C [49].

The Sharma group developed nitrogen–doped carbon
(N-doped carbon) derived from tamarind peel, an abundant
biomass waste with an annual production of approximately
162,000 tons in India as of 2023 [65]. The resulting N-doped
carbon/sulfur composite electrode demonstrated a high ini-
tial discharge capacity of 1265mAh g−1 at 0.1 C, with a
capacity decay rate of 0.16% per cycle over 300 cycles [65].
This study highlights the potential of biomass-derived car-
bon materials for sustainable and high-performance LSBs.

4.9. Self-Assembled Biomaterials. Biological self-assembled
nanotechnology has been utilized to develop multidimen-
sional building blocks with hierarchical ordering across
various scales, favoring multifunctionality. Rhizopus, a self-
assembled biomaterial with a unique structure and multi-
functional properties, is produced in hyphae balls via liquid
culture. Carbonization of these hyphae balls generates inter-
woven hyphae carbon nanobelts (HCNBs), which serve as
electrodes for LSBs. These self-supporting materials are
highly useful for high sulfur loading, eliminating the need

for binders, conductive additives, and current collectors.
HCNBs are advantageous for heteroatom doping (e.g., N,
O, and P), providing a porous structure, high conductivity,
and chemical stability [166–168].

The Wu group designed Pt-doped HCNBs/multiwalled
CNT (PtHCNB/MWCNT) composites (Figure 18) [44]. The
inclusion of Pt nanoparticles modulates the local electronics of
O, P, and N heteroatoms in HCNBs through chemical bond-
ing (Pt─O), generating more active sites and accelerating the
redox kinetics of LiPSs via synergistic catalytic effects. The
incorporation of MWCNTs enhances the conductivity of the
cathode.

The PtHCNB/MWCNT/S cathode demonstrates stable
cycle performance, with a capacity retention of 77% over 400
cycles at 0.5C (S loading 4.6mg cm−2) and a specific areal
capacity of 9.8mAh cm−2 at 0.1C (S loading 7.6mg cm−2).
Tafel slope analysis evaluated the reaction kinetics between
PtHCNB/MWCNT/S and HCNB/MWCNT/S. The results
indicate slower kinetics for the conversion of S8 to Li2S4 (144
mVdec−1) when Pt is added to the cathode materials, com-
pared to the materials without Pt (124mVdec−1). However,
the reduction process from Li2S4 to Li2S is faster with Pt incor-
poration. The Tafel slope for PtHCNB/MWCNT/S (279mV
dec−1) is lower than that for HCNB/MWCNT/S (396mV
dec−1) during the conversion of Li2S to S8. The discharge
capacity during the S8 to Li2S4 conversion (QH, 363mAh
g−1) at approximately 2.3 V is similar for both PtHCNB/
MWCNT/S and HCNB/MWCNT/S. However, at the approxi-
mately 2.1V plateau, PtHCNB/MWCNT/S shows a higher
capacity (QL, 1053mAhg−1) due to the more efficient conver-
sion of Li2S4 to Li2S. The synergistic effects of Pt on O, N, and P
heteroatoms contribute to faster kinetics for the reduction of
Li2S4 to Li2S and the oxidation of Li2S to S8. Additionally, the
high discharge capacity for Li2S4 to Li2S indicates efficient
adsorption of LiPSs on the cathode materials, minimizing poly-
sulfide shuttle effects. Operando Raman spectroscopy shows
initial S8 peaks at 80, 146, 213, and 446 cm−1 at open-circuit
voltage (OCV). New peaks at 398, 446, and 503 cm−1, corre-
sponding to Li2Sn formation, appear at 2.26V. These peaks
decrease significantly at the second plateau (~2.1V) and vanish
at 1.7V. Conversely, upon charging the PtHCNB/MWCNT/S
cathode to 2.5V, Li2S rapidly converts to Li2Sn and S8. Com-
plete conversion is observed at 2.8 V for the PtHCNB/
MWCNT/S cathode. The Pt catalyst on the cathode materials
enhances the adsorption of S8, acts as a selective catalytic con-
version process, and slows the conversion of S8 to Li2S4 while
accelerating the conversion of Li2S4 to Li2S. Additionally, the
oxidation conversion of Li2S to S8 is expedited [44].

4.10. Roles of Functional Group Configuration. To suppress
the shuttle effect, heteroatom doping is employed to increase
the binding energy of PSs through various nitrogen configura-
tions. Understanding the binding of PSs and the associated
binding energies with the catalyst surface is crucial. A DFT
analysis conducted by the Tianjin University of Technology–
Nanyang Technological University a joint research group
compares the binding energies of Li2Sx (x= 4–8) with gra-
phene and nitrogen configurations, including pyrrolic and
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pyridinic nitrogen (Figure 19) [169]. The study theoretically
demonstrates that nitrogen-doped carbon exhibits signifi-
cantly higher adsorption energy for Li2SX compared to a
pure graphene layer. Among the nitrogen configurations, pyr-
rolic nitrogen (Li2S4, Li2S6, Li2S8: −3.86, −2.49, −3.21 eV,
respectively) shows considerably higher adsorption binding
energy than pyridinic nitrogen (Li2S4, Li2S6, Li2S8: −2.67,
−2.58, −2.45 eV, respectively) for Li2SX. Furthermore, the
study reveals that when a double layer of pyrrolic and pyridi-
nic nitrogen is considered, the adsorption binding energy is
nearly 1 eV higher than that of a single-layer carbon for PSs
(Li2SX) [169]. Niu and colleagues functionalized CNTs with
nitrogen and phosphorus dopants to enhance LiPS adsorption
and redox kinetics in LSBs [68]. The nitrogen doping config-
urations were systematically categorized into pyridinic, pyrro-
lic, and graphitic forms. Among these, pyridinic and pyrrolic
nitrogen exhibited superior PS adsorption capabilities due to
their higher electronegativity and lone–pair electron interac-
tions. Phosphorus doping also played a significant role in LiPS
immobilization, as evidenced by the formation of a P─S bond,
identified at 134.85 eV in the XPS spectra. To quantify Li ion
transport behavior, the Li ion diffusion coefficients were cal-
culated using the Randles–Ševčík equation:

Ip ¼ 2:69 × 105ð Þn1:5AD0:5
LiþCLiþv0:5; ð8Þ

where Ip is the peak current, n the number of electrons trans-
ferred, A the effective electrode area, DLi

+ the diffusion coeffi-
cient, CLi

+ the analyte concentration, and v the scan rate.
Results indicated significantly enhanced ion diffusion kinetics
in N, P co-doped CNTs compared to pristine CNTs. The cal-
culated diffusion coefficients (in cm2 s−1) for N, P co-doped
CNTs were: S8 to Li2Sn (8.64× 10−11), Li2Sn to Li2S (2.02×
10−10), and Li2Sn to S8 (3.00× 10−10); whereas the values for
pristine CNTs were: S8 to Li2Sn (7.62× 10−11), Li2Sn to Li2S
(1.90× 10−10), and Li2Sn to S8 (2.42× 10−10). These findings
conclusively demonstrate that N, P co-doping of carbon frame-
works significantly accelerates Li ion diffusion, enhances redox
kinetics, and provides strong chemisorption and catalytic con-
version of PSs—highlighting a promising strategy for improv-
ing the electrochemical performance and stability of LSBs [68].

Jun-Woo’s group functionalized single-walled CNTs
(SWCNTs) with oxygen-containing groups (C═O, C─O)
to suppress LiPS precipitation by hindering the diffusion of
Li2Sx toward the anode (Figure 20) [63]. This was achieved
by forming smaller nanotube bundles through Li─O bond-
ing. The functionalized SWCNTs exhibited an initial
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FIGURE 19: (A). Schematic of the nitrogen configuration on carbon. (B) DFT theoretical calculation of adsorption binding energy for Li2Sx (x
= 4–8) (gray, blue, yellow, and purple represents C, N, S, and Li). (C) DFT theoretical calculation of adsorption binding energy for Li2Sx (x= 4
to 8) for double layer N configured carbon (gray, blue, yellow, and purple represents C, N, S, and Li). Reproduced with permission: Copyright
2018, Wiley–VCH GmbH [169].
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discharge capacity of 1090mAh g−1, retaining 805mAh g−1

after 100 cycles at 0.1 C, whereas pristine SWCNTs demon-
strated a lower initial capacity of 656mAh g−1 with a reten-
tion of approximately 67% after 100 cycles. The study
highlighted the crucial role of oxygen functionalization,
showing that the extent of oxidation significantly influenced
electrochemical performance. Cycling tests at various C-rates
(0.1, 0.2, 0.5, and 1C) revealed that highly oxidized SWCNTs
maintained a superior capacity of 630mAh g−1 at 1 C, com-
pared to 300mAh g−1 for low-oxidized SWCNTs and 180
mAh g−1 for pristine SWCNTs. These findings underscore
the effectiveness of oxygen functionalization in enhancing
LSB performance by improving LiPS immobilization and
electrochemical stability [63]. However, the study did not

systematically categorize the configurations of oxygen func-
tional groups or evaluate their individual roles in electro-
chemical performance. A comprehensive understanding of
how specific functional group arrangements influence LiPS
interactions would be valuable for further optimization and
rational material design.

4.11. All Solid-State Approaches. Replacing flammable and
leakage-prone organic solvents with solid electrolytes has sig-
nificantly enhanced the safety, thermal stability, and opera-
tional lifespan of LSBs. Moreover, several challenges persist,
including the dissolution of reaction intermediates, which
leads to capacity fading and electrode degradation, as well as
the intrinsically low electronic conductivity of sulfur and
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sluggish redox kinetics [170, 171]. To address these issues,
carbon–sulfur composites have been synthesized via melt dif-
fusion, where sulfur is effectively confined within porous car-
bon frameworks [172]. This strategy enhances electronic
conductivity, sulfur utilization, and overall electrochemical
performance by providing an optimized reaction environment
for Li ions and electrons while increasing the electrochemi-
cally active surface area [173, 174].

Such an approach has demonstrated high efficiency,
achieving a specific capacity of 1488mAh g−1, which corre-
sponds to 89% of the theoretical capacity for all solid-state
LSB [170]. To further understand the structural evolution of
sulfur within carbon pores and its influence on battery per-
formance, Koji’s group employed pair distribution function
(PDF) analysis to investigate the local atomic structure of
sulfur in porous carbon [175]. Their results indicate that in
all solid-state Li–S cells, sulfur impregnation through melt
diffusion retains an amorphous phase, where sulfur mole-
cules interact with carbon surfaces. During the first and

second discharge cycles, the cells exhibited specific capacities
of 1625 and 1658mAh g−1, respectively, validating the the-
oretical capacity expectations. PDF analysis at 2.1, 3.4, and
4.5Å confirmed that sulfur maintains an S8 ring-like struc-
ture within the carbon pores, forming stable molecular inter-
actions with carbon walls (Figures 21 and 22) [175].

To further probe the molecular configuration, Gaussian
modeling of S8 rings and a linear intermolecular correlation
model were employed (Figure 22) [175]. The open-chain sul-
fur model did not align with the experimental data, confirm-
ing that sulfur predominantly exists in an S8 ring-shaped
molecular configuration within the carbon pores [175]. Addi-
tionally, the study emphasized that pore size and carbon type
play a crucial role in determining sulfur’s molecular structure,
which could significantly impact battery performance. This
fundamental investigation into the local sulfur structure
within carbon matrices provides key insights into material
design strategies and has the potential to accelerate advance-
ments in next-generation LSB technology.
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5. Summary and Future Research Perspectives

Integrating carbon-based interlayers with polar inorganic mate-
rials presents a promising strategy for mitigating PS diffusion,
providing catalytic active sites for efficient redox reactions, and
maintaining electronic and ionic conductivity. Nanofibers and
nanoparticles are particularly effective in promoting the uniform
distribution of catalytic sites, thereby enhancing redox reactions
and reducing the agglomeration of catalytic centers. The incor-
poration of nanoparticles with CNTs or nanofibers enhances the

localized chemical binding of LiPSs, facilitating rapid charge
transfer and efficient catalytic conversions. Moreover, it has
been demonstrated that certain catalytic phases of inorganic
materials are more effective than others. Therefore, it is crucial
to investigate the performance and mechanisms associated with
different nanoparticle phases and crystalline planes.

Additionally, the crystalline fraction of carbon materials
warrants careful evaluation, as evidence suggests that the crys-
talline cores of CDs can inhibit metal growth, reduce agglom-
eration, and maintain the efficient distribution of redox sites.
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Regarding pore structure, while mesopores and macro-
pores are generally considered favorable for accommodating
volume expansion, there remains a need to evaluate which
pore system—whether micro/mesoporous or meso/macro-
porous—is optimal from a kinetic perspective. This evaluation
should consider factors such as hosting capacity, ion diffusion,
kinetics, volume buffering, and surface catalytic interactions.

Heteroatom doping in carbon has been shown to improve
catalytic performance in various contexts. It is essential to
delineate the individual and combined roles of different het-
eroatoms, to design heteroatom combinations that optimize
the binding of PSs and enhance catalytic conversions.

Maximizing sulfur utilization efficiency is critical. Hosting
large amounts of sulfur without ensuring proper utilization
can accelerate the degradation of cycle life, as sulfur diffuses
into the anode and passivates it. Therefore, research must
focus on determining the most effective particle size and shape
for sulfur hosting, ensuring efficient catalytic sulfur dispersion,
ion diffusion, PS binding, and stress management.

Polar materials hold significant potential for enhancing
the performance of sulfur-based materials. However, it is cru-
cial to consider their direct contribution to energy storage. The
challenge lies in optimizing the precise amount of polar mate-
rial infused into host materials, balancing the need to act as a
barrier against LiPS diffusion without obstructing the pores
essential for sulfur infusion into the internal structure. To
accurately determine this optimal amount, in situ studies
(Operando) should be conducted on various material design
strategies, focusing on understanding material properties, and
refining optimization and modification techniques.

Current research efforts and fundamental findings con-
cerning the mechanisms and validation of performance pre-
dominantly focus on sulfur loadings of 2mg cm−2 or lower.
For LSBs to achieve their full potential, it is imperative to
evaluate their performance under high sulfur loading condi-
tions. Under such conditions, the intrinsic properties, cell
component optimization, degradation processes, and PS shut-
tling effects are expected to become more pronounced, requir-
ing deeper investigation.

As a consequence, future research should prioritize the
evaluation and validation of LSB performance at higher sulfur
loadings. Establishing a minimum sulfur loading standard is
necessary to guide sustainable development and to fully
exploit the theoretical capacity of LSBs. This approach will
ensure the advancement of LSB technology in the right direc-
tion, maximizing its practical applications and energy storage
potential.

Based on the above findings and strategic understanding,
the present study suggests the rational development plan as
follows: Phase I—Bench scale optimization: Development of
carbon–sulfur composite with a high amount of sulfur loading
based on hierarchical structure and porosity (> 70 wt%).
Phase II—Materials engineering: Development of catalytic
carbon frameworks to achieve a fast kinetics and minimum
shuttle (areal sulfur loading> 5mg S cm−2, areal capacity
4–10mAh cm−2, cathode utilization–fraction of S turned
into Li2S≥ 80%–90%). Phase III—Full cell design: Integrate

a full cell based on carbon–sulfur cathode and aLi anode, develop
the catalytic performances by optimization of electrolyte–carbon
interface chemistry (E/S ratio<2.4μLmg−1 S), operando analysis,
and kinetics observations.
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