Open Access Article. Published on 15 July 2025. Downloaded on 3/24/2026 11:09:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

RSC

Applied Interfaces

REVIEW

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online
View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Appl. Interfaces, 2025,
2, 1105

Received 1st June 2025,
Accepted 14th July 2025

DOI: 10.1039/d51f00157a

rsc.li/RSCApplinter

“ International College of Semiconductor Technology, National Yang Ming Chiao
Tung University, 1001 Daxue Road, Hsinchu 30010, Taiwan.

E-mail: yushengsu@nycu.edu.tw

b Industry Academia Innovation School, National Yang Ming Chiao Tung
University, 1001 Daxue Road, Hsinchu 30010, Taiwan

Recent advances in sulfurized polyacrylonitrile
cathodes for lithium-sulfur batteries

Ting-Hu Tsai® and Yu-Sheng Su @ *2°

Lithium-sulfur (Li-S) batteries are attractive for next-generation energy storage due to the high theoretical
capacity (1675 mA h g™) and energy density (<2600 Wh kg™ of sulfur cathodes. However, traditional sulfur
cathodes suffer from severe challenges including the electrical insulation of sulfur, large volume changes
upon cycling, and the notorious polysulfide shuttle effect that causes rapid capacity fade. In this regard,
sulfurized polyacrylonitrile (SPAN) has emerged as a promising cathode material to overcome these issues.
By chemically binding sulfur within a carbon-nitrogen polymer matrix, SPAN completely suppresses
polysulfide dissolution and shuttle, enabling highly stable cycling. It is synthesized by simple thermal
treatment of polyacrylonitrile with sulfur, yielding a covalently bonded S-C network that is compatible with
conventional carbonate electrolytes. This review provides a comprehensive overview of SPAN cathodes,
including their structural characteristics and unique solid-state redox mechanism, as well as recent
advances in material design and performance optimization. We highlight key studies that elucidate the
covalent bonding and lithiation chemistry of SPAN, and we survey state-of-the-art strategies from
conductive composites and dopants to electrode engineering, which have elevated its electrochemical
performance. Finally, remaining challenges and perspectives for practical Li-S batteries with SPAN cathodes
are discussed.

1. Introduction

Rechargeable Li-S batteries utilize elemental sulfur as the
active cathode material. Sulfur offers an extremely high
theoretical specific capacity of 1675 mA h g (corresponding
to the formation of Li,S) and an energy density up to ~2600
Wh kg™, far exceeding those of conventional intercalation
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cathodes." These attributes make Li-S systems promising
candidates for long-range electric vehicles and grid-scale
energy storage.”> Yet, despite this promise, traditional sulfur
cathodes are plagued by fundamental problems that hinder
their practical deployment. Key challenges include but are
not limited to: electrical insulation, polysulfide dissolution
(“shuttle effect”), and volume expansion.”* Elemental sulfur
and its fully lithiated product Li,S are both electronically
insulating and have poor Li* conductivity.* This necessitates
the use of conductive additives and limits the active material
utilization. During discharge, sulfur is reduced through
soluble lithium polysulfide intermediates (Li,S,, 4 < n <
8).>° These polysulfides readily dissolve into the electrolyte
and can diffuse to the lithium anode, causing parasitic
reactions and self-discharge.” The continuous loss of active
sulfur and side-reactions on lithium lead to low coulombic
efficiency and rapid capacity fading. The conversion of S to
Li,S entails an ~80% volume expansion in the cathode.®®
The repetitive expansion/contraction breaks down the
electrode structural integrity and electrical contacts,
accelerating performance degradation. Consequently, a
conventional sulfur-carbon composite cathode often suffers
from limited cycle life and poor rate capability. Extensive
research has targeted these issues by impregnating sulfur
into porous carbons or polar host materials to trap
polysulfides and buffer volume changes.”'*"* While such
physical confinement strategies (e.g., functional interlayers or
modified separators) can mitigate the shuttle effect to an
extent, they add complexity and only partially address the
intrinsic solubility of sulfur species. There remains a need
for a fundamentally different cathode approach that can
eliminate polysulfide dissolution at the source. This impetus
has driven the development of chemically bound sulfur
cathodes, among which sulfurized polyacrylonitrile is one of
the most prominent examples.

Sulfurized polyacrylonitrile (often written as SPAN) is an
“organic” sulfur cathode wherein sulfur is covalently
integrated into a carbon-nitrogen polymer matrix."*"° This
concept was first realized by Wang et al. in the early 2000s,
who heated polyacrylonitrile (PAN) with sulfur to create a
chemically bonded polymer-sulfur composite.*"** In their
landmark study, the SPAN material delivered ~850 mA h g™
initial capacity, demonstrating the viability of immobilizing
sulfur in a host matrix.>"**> The key advantage of SPAN lies in
its unique “covalent bonding” mechanism that immobilizes
sulfur and prevents the generation of free polysulfide
anions.*>?* In contrast to a physical mixture of sulfur in
carbon, the sulfur in SPAN is chemically bound to the PAN-
derived framework, so upon lithiation it remains anchored
and does not dissolve into the electrolyte.’® This effectively
eradicates the polysulfide shuttle problem at its root,
enabling Li-S cells with excellent cycle stability.

SPAN is typically synthesized via a simple one-step thermal
vulcanization of PAN with elemental sulfur. In a
representative process, PAN powder is intimately mixed with
sulfur and heated (e.g. 300-600 °C) under inert atmosphere."®
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During this heat treatment, PAN undergoes partial
dehydrogenation and cyclization, reacting with sulfur to form
a conjugated carbon-nitrogen backbone with sulfur atoms
covalently attached.**?* The result is a black, carbon-rich
composite in which sulfur is present not as Sg molecules but
as part of the polymeric structure.>*** This SPAN material
shows better electronic conductivity (10" S cm™) and
electrochemical activity, in stark contrast to elemental sulfur
(=107 S em™).*® Furthermore, the sulfur is distributed on a
conductive carbonaceous matrix on a molecular scale. This
alleviates issues of sulfur agglomeration and large volume
changes because the polymeric matrix can buffer mechanical
strain and maintain electrical percolation. These features
make the SPAN cathode's reaction more controllable, lending
itself to high efficiency and longevity. Notably, because no
long-chain polysulfides are released during charge/discharge,
SPAN electrodes exhibit compatibility with carbonate-based
electrolytes.>® This means that traditional Li-S cells must use
ether solvents to stabilize polysulfides; in carbonate
electrolytes, soluble polysulfides would react rapidly and foul
the cell.*” SPAN avoids this problem. The ability to use
standard Li-ion battery electrolytes and processing
techniques is a significant practical merit of SPAN.

This review aims to provide a focused and in-depth
overview of SPAN as a cathode material for Li-S batteries,
with particular emphasis on its molecular structure,
electrochemical redox mechanism, and recent progress in
composite cathode design. Rather than surveying the broad
Li-S field, this article concentrates on SPAN's unique solid-
phase behavior and the strategies that exploit its chemically
bonded sulfur framework to overcome the limitations of
conventional sulfur cathodes. We begin with a detailed
examination of SPAN's molecular architecture and lithium
storage mechanism, followed by discussions on composite
designs including carbon, graphene, fibrous, and doped
SPAN variants. Finally, the review addresses current
challenges, electrolyte/binder strategies, and perspectives for
practical implementation. This structure is intended to help

Fig. 1 Conceptual illustration representing the SPAN cathode design
strategy. This review covers key approaches including carbon/
graphene composites, SPAN fibers, Se-doping, structural engineering,
electrolyte optimization, and binder design.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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readers gain mechanistic insights while identifying
actionable research directions for advancing SPAN-based Li-S
batteries (Fig. 1).

2. Molecular structure, bonding
characteristics, and formation
mechanism of SPAN

2.1 Spectroscopic characterizations of SPAN

SPAN is an advanced cathode material that demonstrates
significant advantages over conventional sulfur cathodes due
to its unique molecular structure and electrochemical
characteristics. The detailed molecular configuration of SPAN
has been extensively investigated using multiple advanced
characterization techniques including Fourier-transform
infrared spectroscopy (FT-IR), Raman spectroscopy, solid-
state NMR, X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), and theoretical density functional theory
(DFT) calculations.

FT-IR spectra analysis of SPAN (Fig. 2a) reveals
characteristic peaks at 1200-1600 cm™ and 803 cm™
corresponding to the formation of six-membered rings
containing conjugated C=C and C=N bonds.>® Peaks at 515,
670, and 941 cm' further indicate the presence of S-S
stretching, C-S stretching, and ring-breathing modes of side-
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chain $-S bonds, confirming successful sulfurization.*®>’
Complementary Raman spectroscopy (Fig. 2b) further
confirms these observations, identifying peaks at 460 and
530 cm™' as characteristic of S-S bonds, while peaks at 805
and 930 cm ™' correspond to C-S stretching and six-
membered ring stretches involving S-S bonds, respectively.*®
Additional Raman signals at 1566 and 1360 cm™' (G-band
and D-band) imply graphitic and disordered carbon
structures within SPAN,>*%°

Solid-state *C NMR analysis (Fig. 2c) provides deeper
insights into the molecular framework, identifying distinct
peaks at approximately 122 ppm (C=C) and 153 ppm (C=N),
as well as a new resonance at 165 ppm attributed to the C-S
bonds formed during sulfurization.”®*° Computational DFT
simulations further validated these assignments, suggesting
that SPAN's active structure consists predominantly of cyclic
units interconnected via sulfur atoms (structure I, shown in
Fig. 2d), supporting a repeating or periodic unit (C3N;S,)
within its structure.*® Elemental analysis aligns closely with
this molecular model, indicating approximately 39 wt%
sulfur content, closely matching theoretical predictions.**

XPS characterization (Fig. 2e) also supports this molecular
structure, demonstrating high-resolution S 2p spectra that
identify distinct peaks attributed to C-S bonds and S-S bonds,
indicating short-chain organosulfides and amorphous sulfur
phases within SPAN.>® These findings are consistent with the
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Fig. 2 Comprehensive structural and electrochemical characterization of SPAN. (a) FT-IR spectra show characteristic signals from C=C and C=N
bonds, along with vibrational modes associated with S-S and C-S bonds, confirming successful sulfurization. (b) Raman spectra reveal S-S and C-S
bond vibrations, six-membered ring breathing modes, and D/G bands indicative of graphitic and disordered carbon structures. Reproduced with
permission from ref. 28. Copyright 2018, Elsevier. (c) Solid-state *C NMR identifies key carbon environments including unsaturated and
heteroatom-linked carbon species formed during sulfurization. (d) DFT simulations support a cyclic molecular model featuring sulfur-bridged
repeating units. Reproduced with permission from ref. 31. Copyright 2018, American Chemical Society. (e) XPS S 2p spectra indicate the
coexistence of C-S and S-S bonds, suggesting the presence of short-chain organosulfides and amorphous sulfur. Reproduced with permission
from ref. 28. Copyright 2018, Elsevier. (f) XRD patterns confirm an amorphous structure induced by thermal sulfurization and polymer cyclization.
(9) TGA confirms enhanced thermal stability and strong covalent bonding of sulfur in the polymer matrix. Reproduced with permission from ref.
34. Copyright 2020, Elsevier.
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molecular structural model derived from FTIR, Raman, and
NMR analyses.”® XRD patterns of SPAN synthesized at varying
temperatures confirm that the sulfurization process at 350 °C
leads to a fully amorphous structure, evidenced by broad
diffraction peaks at 26 = 26.5° (Fig. 2f), corresponding to cyclic
structures formed through cyclization and dehydrogenation
processes.*”*! Thermal gravimetric analysis (TGA) (Fig. 2g) and
elemental analysis further confirm that covalently bonded
sulfur sublimates at higher temperatures compared to
elemental sulfur, reinforcing the formation of strong C-S and
S-S bonds within the polymer matrix.**

2.2 Effects of synthesis temperature on SPAN structure

The synthesis temperature critically governs the chemical
structure and electrochemical performance of SPAN materials. At
temperatures below 150 °C, sulfur and PAN do not chemically
interact, resulting in physical mixtures with poor electrochemical
activity.*” Between 200-250 °C, sulfur accelerates PAN cyclization
but does not form covalent bonds.>® True chemical bonding,
such as C-S and S-S linkages, emerges only above 300 °C

View Article Online
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(Fig. 3a), accompanied by the formation of thioamide structures
and conjugated aromatic backbones.?® These features enhance
electronic conductivity and lithium storage capability. Studies
show that a synthesis temperature above 350 °C yields optimal
structural integrity, high sulfur utilization, and stable cycling
performance.®*® In contrast, excessively high temperatures
(>600 °C) lead to over-carbonization and denitrogenation
(Fig. 3b), significantly reducing sulfur content and reversibility.>®
Therefore, a carefully controlled synthesis temperature (typically
300 to 500 °C) is essential to balance covalent sulfur
incorporation with backbone conductivity, ensuring high-
performance SPAN cathodes.

2.3 Influence of sulfur content of SPAN on electrochemical
behavior

The sulfur content in SPAN plays a critical role in
determining its electrochemical performance and structural
stability. While the initial PAN/sulfur mass ratio influences
the potential sulfur loading, other synthesis parameters such

as temperature, gas flow rate, and heating duration also
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Fig. 3 (a) FTIR spectra of SPAN-based materials synthesized at different temperatures, showing the evolution of characteristic functional groups.

Reproduced with permission from ref. 35. Copyright 2012, Royal Society of Chemistry. (b) Raman spectra of SPAN/CNT composites prepared at
300-700 °C, illustrating the development of C-S and S-S bonding and graphitic features. Reproduced with permission from ref. 36. Copyright
2021, Elsevier. (c and d) Discharge capacity and coulombic efficiency of SPAN half-cells cycled in (c) carbonate-based and (d) ether-based
electrolytes, demonstrating electrolyte-dependent performance. Reproduced with permission from ref. 37. Copyright 2023, American Chemical
Society. (e) Schematic overview of the SPAN synthesis mechanism, highlighting key steps including sulfur radical formation, PAN dehydrogenation
and cyclization, and covalent sulfur incorporation. (f) Molecular structure model of SPAN synthesized from PAN and Sg, where S, species (x = 1-6)

bond to carbon or nitrogen atoms within or between polymer chains.

Reproduced with permission from ref. 38. Copyright 2025, Wiley-VCH. (g)

GCD profiles demonstrate activation behavior and a solid-phase lithiation mechanism with broad voltage profiles. (h) CV curves reveal initial
irreversible reduction followed by stabilized redox behavior, consistent with conjugated bond interactions and nitrogen-assisted lithiation.

Reproduced with permission from ref. 39. Copyright 2021, Elsevier.
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significantly affect the final sulfur content and chemical
bonding state. For instance, three SPAN samples synthesized
with different sulfur contents (46.3, 42.0, and 33.7 wt%)
exhibited distinct electrochemical behaviors.* The sample
with 42.0 wt% sulfur delivered the best balance of initial
capacity (~895.6 mA h g™"), coulombic efficiency, and cycle
retention (~97.2%), suggesting an optimal sulfur range
around 40-43 wt%."® In contrast, the 46.3 wt% sulfur sample
showed higher capacity but poorer reversibility, attributed to
the presence of unbound elemental sulfur.*® Another
complementary study demonstrated that controlling the
synthesis temperature from 250 to 450 °C adjusted sulfur
content from 76% down to 36%, and that SPAN synthesized
at 300 °C (S-43-PAN) retained covalently bound sulfur without
excess elemental phases, leading to superior performance in
both carbonate and ether-based electrolytes (Fig. 3¢ and d).*”
These results collectively highlight that excessive sulfur
loading may result in free sulfur or unstable S-S bonds, while
insufficient sulfur reduces capacity. Therefore, achieving an
optimal sulfur content, typically in the 40-45 wt% range,
through well-controlled synthesis conditions is essential for
designing high-performance SPAN cathodes.?”*%*!

2.4 SPAN formation mechanism and multilayered molecular
configuration

The formation of SPAN is governed by a complex thermally
driven mechanism involving sulfur radical generation, PAN
backbone transformation, and covalent sulfur incorporation.
Recent theoretical and experimental investigations have
elucidated the detailed reaction pathways and molecular
configurations of SPAN (Fig. 3e).”® The process initiates with
the thermal cracking of elemental Sg into diradical fragments
such as -S,- and -S¢+, which promote PAN dehydrogenation
and intramolecular cyclization.?® These transformations lead
to the formation of conjugated cPAN frameworks.”® Upon
further heating, the reactive sulfur species bond with both
carbon and nitrogen sites on cPAN, forming covalent C-S and
N-S linkages. These reactions are kinetically favored around
300-500 °C, consistent with experimental conditions yielding
optimal electrochemical performance.?®

The resulting SPAN material unique
multilayered structure comprising alternating C-S and N-S
planes twisted at ~30-40° (Fig. 3f), interconnected by S,
bridges (C-S,~N).*® This configuration enhances structural
rigidity and chemically confines sulfur, suppressing
polysulfide formation. The maximum chemically bonded
sulfur content is estimated at ~63.5 wt%, correlating to a
theoretical capacity of >1000 mA h g™', although practical
values are typically lower due to synthesis constraints.*®

exhibits a

3. Electrochemical behavior and
lithium storage mechanism

The electrochemical performance of SPAN in lithium-sulfur
batteries exhibits distinctive features, notably a significant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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initial voltage hysteresis and irreversible capacity loss
attributed primarily to poor initial interfacial electrical
contact between SPAN grains and conductive additives, and
irreversible reduction of short, low-delocalized conjugated
carbon bonds within SPAN fragments.'” These initial issues
diminish substantially upon subsequent cycles due to
improved electrical contact and increased conjugation within
the polymer backbone.'”” Unlike conventional sulfur-carbon
cathodes that exhibit dual voltage plateaus associated with
solid-liquid-solid ~ transitions,”*®  SPAN electrodes
demonstrate a single, broad voltage plateau, indicative of a
solid-to-solid single-phase lithiation/delithiation
mechanism.””*° This mechanism effectively eliminates the
dissolution of lithium polysulfides into electrolyte solutions,
significantly enhancing the cycle stability and mitigating the
self-discharge phenomena commonly observed in traditional
Li-S systems."”*°

Electrochemical characterizations, including galvanostatic
charge/discharge (GCD) profiles and cyclic voltammetry (CV),
as displayed in Fig. 3g and h, illustrate that during initial
cycling, SPAN undergoes activation processes involving
cleavage of S-S bonds, forming radical intermediates that
facilitate reversible lithium-ion interactions.>® Specifically,
conjugated double bonds (C=C and C=N) in the polymer
backbone react with lithium ions to form stable Li-C-C-Li and
Li-C-N-Li structures, contributing additional reversible
capacities beyond the theoretical capacity of elemental sulfur.*®
Although some lithium remains irreversibly trapped during
initial cycling, this residual lithium enhances conductivity and
reduces electrode polarization, improving subsequent cycling
stability and discharge voltage profiles.'”*®

An early study indicates that the sulfur moieties in SPAN
(often considered to be S, or S; units attached to the carbon
matrix) are reduced to form lower sulfide species and ultimately
Li,S, without releasing long polysulfide chains into the
electrolyte.’® For example, one report suggested that sulfur in
SPAN is predominantly present as S, or S; units, which directly
convert to Li,S, and Li,S; during discharge.’® These short-chain
sulfur fragments are strongly bound within the polymer
network, suppressing dissolution and enabling a quasi-solid-
state redox pathway. This further supports the observed absence
of long-lived polysulfide intermediates and aligns with SPAN's
compatibility with carbonate-based electrolytes.

Recent studies further reveal that the lithiation of SPAN
does not involve free polysulfides but proceeds via a solid-
solid mechanism where Li,S nucleates directly at the
nitrogen-rich polymer backbone.***> DFT simulations
suggest that covalently bonded oligo(sulfide) chains undergo
stepwise cleavage, forming Li,S that remains anchored or
interacts strongly with the SPAN matrix, enhancing
reversibility and suppressing polysulfide dissolution.***?
SEM observations confirm uniform Li,S nanoflake formation
and decomposition on SPAN fibers during cycling,"* while
recent work shows that Li,S can also be chemically
reactivated via Li,Sg-mediated redox pathways during
charging.” To summarize, these results indicate that SPAN

RSC Appl. Interfaces, 2025, 2,1105-1122 | 1109
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enables localized, reversible Li,S formation without soluble
intermediates, offering a stable lithiation mechanism distinct
from traditional sulfur cathodes.

In situ spectroscopic analyses combined with DFT
calculations have elucidated the critical role of nitrogen
doping within the polymer structure, identifying stable N-S
and partial C-S bonds that significantly contribute to the
solid-phase redox processes.***° The unique N-S,-N
configurations  within =~ SPAN  further reinforce its
electrochemical stability and high rate capability, positioning
nitrogen doping as a crucial factor in optimizing cathode
performance.*

In short, comprehensive characterization has conclusively
established that SPAN's molecular architecture consists of
short sulfur chains covalently bonded to cyclized, partially
dehydrogenated polyacrylonitrile backbones, enriched with
conjugated C=N and C=C bonds. This structural
configuration  underpins its robust electrochemical
performance, characterized by solid-state lithium storage
mechanisms free from polysulfide dissolution.

4. Modified and ternary SPAN
composite cathodes

To address the intrinsic limitations of pristine SPAN, a wide
range of modification strategies have been explored. In this
section, we focus on representative and widely studied
approaches that integrate carbonaceous materials, graphene,
fiber-based morphologies, and heteroatom dopants (e.g,
selenium) into SPAN-based cathodes. These strategies were
selected due to their strong mechanistic relevance, frequent
appearance in numerous publications, and demonstrated
ability to enhance key electrochemical properties such as
interfacial conductivity, structural integrity, sulfur utilization,
and compatibility with practical cell configurations. While
many other modification routes have been reported, we
emphasize those that exhibit clear and consistent benefits
under various testing conditions. We begin by summarizing
carbon-based SPAN composites, ranging from simple blends
to more complex hierarchical architectures, and then discuss
fiber-integrated designs, selenium-doped systems, and
architecturally engineered morphologies that further improve
SPAN cathode performance.

4.1 Carbon-engineered SPAN composites

Microporous carbon particles (MCPs) encapsulated within PAN
nanofibers (S/MCPs-PAN nanofibers) leverage the advantages of
sulfur-loaded MCPs and structural PAN nanofibers fabricated
by electrospinning (Fig. 4a and b).*® This structure provides
ample sulfur loading and stable cycling, exhibiting a reversible
capacity of 789.7 mA h g™ (composite) with 84.4% retention
after 200 cycles (Fig. 4c).*® Ionic and electronic transport
channels from PAN fibers enhance electrochemical activity and
sulfur utilization. SPAN composites with activated conductive
carbon black (A-CCB) employ dual-mode sulfur fixation
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(microstructure shown in Fig. 4d), including chemical bonding
to partially carbonized PAN (cPAN) and physical loading onto
A-CCB.”  Furthermore, high-concentration lithium salts
(LiTFSI) and viscous solvents significantly enhance cycle
stability by suppressing polysulfide dissolution.*” Optimal
sulfur loading (56 wt%) in concentrated electrolyte achieves
balanced capacity (578.1 mA h g™ composite after 100 cycles)
and stability (Fig. 4e).”” Another report demonstrated that
SPAN embedded within a porous carbon matrix can enhance
lithium storage and cycle stability (Fig. 4f).*® The porous
carbon in PAN-S/C composite improves electronic conductivity
and structural integrity, achieving a reversible discharge
capacity of 658.8 mA h g™, with 95% retention after 50 cycles,
surpassing the mechanically mixed PAN-S/C mixture sample, as
compared in Fig. 4g."®

Carbon-coated SPAN (C@S/PAN) composites use a protective
carbon coating to improve sulfur utilization and mitigate
electrode volume changes (microstructures shown in Fig. 4h).*
The core-shell architecture reduces electrochemical polarization,
providing an initial capacity of 1416 mA h g with ~89%
retention after 200 cycles and excellent rate capability (Fig. 4i).*
Moreover, integrating multi-wall carbon nanotubes (MWCNTS)
with SPAN composites provides robust 1D electron transport
channels and structural stability (Fig. 4j).****">* SPAN/MWCNT
composites demonstrate superior cycling and rate performance,
maintaining high capacities (~630 mA h g™ after 200 cycles at
0.2C) and effectively managing volume changes.*

4.2 Graphene-engineered SPAN architectures

PAN nanoparticles anchored on graphene nanosheets (GNS)
derived from graphene oxide (Fig. 5a) significantly enhance
sulfur dispersion, cycling stability, and rate performance.’
The conductive GNS scaffold improves sulfur utilization,
delivering reversible capacities around 1500 mA h g (sulfur
basis) with ~80% retention after 100 cycles (Fig. 5b),
outperforming the bare SPAN cathode (pPAN-S).>* Another
similar study, combining SPAN with reduced graphene oxide
(RGO) using a different order of processing exhibited in
Fig. 5c also yields composites with enhanced electrical
conductivity and structural integrity.'®*>*® The RGO
network reduces electrode polarization, delivering high
reversible capacities (1467 mA h g™) and about 85%
retention after 100 cycles, improving rate capability and
cycle performance (Fig. 5d).°° Hierarchically structured
composites combining PAN, kombucha-derived porous
carbon, and graphene oxide (S/PAN/KC/GO) achieve superior
sulfur dispersion and ionic/electronic transport (Fig. 5e).”’
The composite retains 1193 mA h g™ after 100 cycles,
demonstrating excellent polysulfide adsorption, shuttle
suppression, and enhanced rate performance due to its
hierarchical pore structure.””

3D holey graphene/SPAN composites feature covalently
bonded sulfur within porous graphene aerogels (Fig. 5f),
significantly mitigating polysulfide shuttling and supporting
high mass loading (15.2 mg cm™>).”® This composite exhibits

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Carbon/SPAN composite cathode designs for enhanced electrochemical performance. (a and b) Schematic and micrograph images of
S/MCPs-PAN nanofibers combining microporous carbon particles and electrospun PAN fibers. (c) Cycling performance shows high capacity
retention due to improved ionic/electronic transport. Reproduced with permission from ref. 46. Copyright 2017, American Chemical Society.
(d) SPAN/A-CCB composite utilizes dual-mode sulfur fixation via chemical and physical confinement. (e) Enhanced stability in concentrated
electrolyte with optimized sulfur loading. Reproduced with permission from ref. 47. Copyright 2014, Royal Society of Chemistry. (f) Porous
carbon-embedded SPAN composite exhibits improved conductivity and structure. (g) Comparative cycling performance highlights the
advantage of structural integration over physical mixing. Reproduced with permission from ref. 48. Copyright 2013, IOP Publishing. (h)
Microstructure of carbon-coated SPAN (C@S/PAN) composites featuring a core-shell architecture that mitigates volume changes and
enhances sulfur utilization. (i) Electrochemical performance showing reduced polarization, high capacity retention, and excellent rate
capability. Reproduced with permission from ref. 49. Copyright 2017, Springer Nature. (j) Schematic of SPAN/MWCNT composite structure,
where integrated MWCNTs offer efficient electron transport and structural robustness, supporting long-term cycling stability. Reproduced
with permission from ref. 50. Copyright 2023, American Chemical Society.

exceptional cycling stability (81.5% capacity retention after  battery employing a 2D-SPAN/graphene cathode and modified
1500 cycles), superior electron conductivity, and fast lithium-  electrolyte has been reported to achieve an areal capacity of 6
ion transport, ideal for high-rate applications (Fig. 5g).°® The ~ mA h cm™ and stable cycling over 150 cycles at 0.5C (Fig. 5j),
interconnected nanopores within the 3D holey graphene  further supporting its scalability.>

enable rapid electrolyte penetration and ion transport, which These carbon and graphene/SPAN composite strategies
is critical for maintaining high capacity under both fast collectively highlight that carefully engineered carbon-based
charge/discharge rates and thick electrode conditions.  architectures significantly enhance conductivity, cycling
Additionally, 2D-SPAN/graphene composites, formed by high-  stability, sulfur utilization, and overall electrochemical
pressure pelletization (Fig. 5h), integrate graphene  performance, providing practical, scalable solutions for
nanosheets to enhance conductivity, structural stability, and  advanced Li-S battery systems.

minimize lithium polysulfide dissolution.>® The compact 2D
geometry facilitates rapid electrochemical reactions,
delivering unprecedented areal capacities (11 mA h cm™ at
10 mg cm? loading, Fig. 5i) and outstanding cycling stability =~ Fiber-based SPAN cathodes offer advantages of enhanced
over 300 cycles, demonstrating strong potential for practical,  structural stability, improved ion and electron transport, and
high-performance Li-$ batteries.’® Notably, a pouch-type Li-S  high active material utilization in Li-S batteries. Various

4.3 Fiber-based SPAN composites

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Appl. Interfaces, 2025, 2, 1105-1122 | 1111


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lf00157a

Open Access Article. Published on 15 July 2025. Downloaded on 3/24/2026 11:09:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Review RSC Applied Interfaces
(a (b) w05 () () 2100
2100 i i
AN » N O— pPAN-S E Q Reduction of GO E 5
— 21800 7 PPAN-S/GNS 2% 2 D — 4
Polymerization |2 o E < 2 J) "iydrazine, Ammonia H <
i i £3515% i @ % E 9
GO GO PAN £E3 Reduced Grifiene Oxid, PAN ic 2 >
z g 1200 § Graphene Oxide (GO) (RGO) w.,,,',.",}'{,ﬁ';';‘ E )
Reduction E ? 900 § Deposition of PAN on graphene 3 3
8 2 3 surface through solvent exchange g £
600 2 e b
s L3 200 8 £ 600 i
S L2 a0 ° 2 SPANRGO 20
85 2 . 2 300 T
Thermal &3 g Wet ball milling with sulfur [7)
treating s 0 o Heated at 300 °C 0 0
U 0 20 3 4 s F — "0 20 40 60 80 100120140160180200
pPAN/S Cycle Number PAN/RGO SPAN/RGO Cycle Number
(©) g (f) @) _..
. oo % e RS
N ’ . H H
AN N P?"\M i % Lt‘« Copolymerizatior . Q . E 80 %
g > o z w3
- K g —e—Charge  —e—Discharge  —e—Coulombic effcency g
S/PAN s e o © < 8w o}
¢ N s L § | cummaeosc 03
& | Mesiossng somen’ P
£ £ £ -
Ameaing Cycle number
at300°C ®
Do, Qe o5 nyaromomalreacion | 5
a© Q¢ - —f. K
i 99,5 Co'e eSS S "
SEANKCA0 11 Freeze dying ) wg
o ; g PS composits Annealing a 500°C )
Kombucha  Afier Fresh Bt 100°C soraps comete * P oydenumber - !
(h ) scoby fermentation e & (I ) 56 (J )
Shenron Y 18] ;1600 e = = —
SPAN+Graphene 8 "N v ¥ L 07, o g [0
21 iam —1 w § 3 - = )
FH E EQ £ 12004
N z w*E |2 o ¥
2 8 k3 2 r
£ 2 80 o i‘ g 800 o §
g f3 79.0% atter /[0 © 2 : e /14
S
74 § " 4macm?2s0) soeyele Ly 3713 “|emacmipso) »
& & Sulfurloading : 10 mg cm 2 io & Sulfurloading: 5 mg cm*
o % 1) 2% =0 0 30 6 0 120 150

2D-SPANIG

150
Cycle number Cycle number

Fig. 5 Graphene-engineered SPAN cathode architectures for Li-S batteries. (@ and b) PAN nanoparticles anchored on GNS enhance sulfur
dispersion and cycling stability. Reproduced with permission from ref. 54. Copyright 2012, Royal Society of Chemistry. (c and d) SPAN/RGO
composites improve conductivity and capacity retention. Reproduced with permission from ref. 55. Copyright 2014, Elsevier. (e) Hierarchical
SPAN/KC/GO structure enables effective ion/electron transport. Reproduced with permission from ref. 57. Copyright 2020, Springer Nature. (f and
g) 3D holey graphene/SPAN composites suppress shuttling and support high mass loading with long cycle life. Reproduced with permission from
ref. 58. Copyright 2021, Wiley-VCH. (h and i) 2D-SPAN/graphene pellets enable high areal capacity and robust cycling. (j) Pouch-type full cell with
2D-SPAN/graphene cathode demonstrates scalability. Reproduced with permission from ref. 59. Copyright 2022, Royal Society of Chemistry.

strategies have been explored, progressively integrating complex
structures to optimize electrochemical performance. Simple
electrospun SPAN fibers demonstrated improved redox kinetics
and high reversible capacities due to the inherent fiber
morphology promoting efficient ion/electron transport and
reduced volume expansion.®® Hollow tubular SPAN fibers further
significantly enhanced redox reversibility and capacity retention
(up to 1236 mA h g™ after 300 cycles) by mitigating the shuttle
effect intrinsic to SPAN cathodes (Fig. 6a-c).® In addition,
introducing conductive additives such as vapor-grown carbon
fibers (VGCF) into SPAN composites (SVF composite) enhanced
conductivity (Fig. 6d and e), resulting in superior rate capabilities
(903 mA h g™* after 150 cycles at 1C and 600 mA h g™" at 2C over
300 cycles shown in Fig. 6f and g, respectively).®> The
interconnected  porous structure facilitated electrolyte
penetration and rapid ion diffusion, maintaining structural
integrity even under high current densities.®”®® A scalable
fibrous SPAN was also prepared by sulfurizing commercial
PMMA/PAN textile fibers, yielding up to 46 wt% covalently bound
sulfur and a porous morphology that enabled superior rate
capability (up to 8C) and >1000-cycle stability, outperforming
particulate SPAN.®* Moreover, graphene integration into SPAN
fibers (SFPAN-g-rGO; Fig. 6h) achieved an ultrahigh sulfur
content (~53 wt%) and significantly improved cycling stability
(capacity retention of 96.8% after 200 cycles at 0.2C; Fig. 6i).%°
The graphene incorporation enhanced electron conductivity and

112 | RSC Appl. Interfaces, 2025, 2, 1105-1122

mechanical robustness, supporting rapid reaction kinetics and
prolonged cycle life.®®

Catalytic metal sulfides integrated with SPAN fibers
provided dual-active cathode materials exhibiting synergistic
interactions. FeS nanoparticles promoted polysulfide
adsorption and catalytic oxidation of Li,S (Fig. 6j),
substantially improving cycling stability (688.6 mA h g™
retained after 500 cycles at 1 A g™'; (Fig. 6k)) and energy
density (over 900 Wh kg™), outperforming commercial
cathodes like LiC00,.°® Composites such as C0S,-SPAN-CNT
further exhibited exceptional electrical conductivity and high
sulfur loading capabilities (Fig. 61 and m), reaching
remarkable areal capacities (8.1 mA h ecm™ at 5.9 mg ecm™>
sulfur loading) suitable for flexible, high-energy-density
applications.®” Advanced nanostructured composites like
FeMn@GN-SPAN significantly accelerated lithium
polysulfide redox reactions and improved cycle stability,
retaining 845 mA h g™ over 500 cycles due to the catalytic
effect of graphene nanosheets and Fe,Mn;_,S nanoparticles
within SPAN fibers (Fig. 6n).°®

Optimizing synthesis conditions, such as controlled
sulfurization temperature, further enhances electrochemical
performance. For instance, SPAN/CNT fibers synthesized at
500 °C (SPAN/CNT-500) achieve a high reversible capacity of
1280 mA h g™ after 200 cycles at 400 mA g™* with minimal
degradation, owing to optimal sulfur bonding, uniform

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Copyright 2021, Elsevier.
Reproduced with permission from ref. 69. Copyright 2022, Elsevier.

dispersion, and improved conductivity.”® Innovative porous

SPAN fiber structures, synthesized with pore-forming agents
like PMMA (Fig. 60), exhibited improved ion/electron diffusion
pathways, resulting in superior cycling stability (1144 mA h g™
at 0.2C after 100 cycles and 794 mA h g™ at 2C after 500
cycles).®® Novel SPAN fiber structures using trithiocyanuric acid
(STTCA@SPAN) shown in Fig. 6p demonstrated chemically
bonded short-chain sulfur species, high sulfur content (58 wt%),
and exceptional compatibility with carbonate electrolytes.®® This
led to high initial capacities (1301 mA h g™), excellent cycle
stability (982 mA h g™* after 400 cycles at 0.1C), and notable
high-rate performance.®

© 2025 The Author(s). Published by the Royal Society of Chemistry

(p) STTCA@SPAN demonstrates strong polysulfide confinement and compatibility with carbonate electrolytes.

In summary, evolving SPAN fiber cathode designs have
progressively integrated structural sophistication, conductive
frameworks, catalytic components, doping strategies, and
optimized synthesis methods, demonstrating significant
improvements in electrochemical performance, rate
capability, and cycling stability.

4.4 Selenium-doped SPAN composites

Introducing selenium into SPAN composites can significantly
enhance their electrochemical performance, addressing
intrinsic limitations of traditional SPAN materials, such as

RSC Appl. Interfaces, 2025, 2, 1105-1122 | 1113


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lf00157a

Open Access Article. Published on 15 July 2025. Downloaded on 3/24/2026 11:09:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Review RSC Applied Interfaces

low sulfur content and sluggish kinetics.®® Various selenium  reversible Se-S bonds that complement existing C-S
doping strategies have been reported, each leveraging unique  interactions, stabilizing sulfur species and preventing
electrochemical =~ mechanisms to  optimize  battery  dissolution. Moreover, the enhanced electronic conductivity
performance. In simple Se-doped SPAN systems (SeSPAN), from selenium doping notably improves the redox kinetics,
selenium atoms serve as additional binding sites for sulfur  leading to reduced electrochemical polarization and
species, facilitating increased sulfur loading (~60 wt%) improved rate capability. As demonstrated in carbonate
compared to conventional SPAN (<50 wt%). This results from  electrolyte, the SeSPAN composite achieves a significantly
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Fig. 7 Selenium doping and structural innovations in SPAN cathodes for high-performance Li-S batteries. (a and b) Se-doped fibrous SPAN/CNT
composites improve Li* diffusion, enabling fast kinetics and stable cycling. Reproduced with permission from ref. 72. Copyright 2022, Elsevier. (c
and d) Optimized Se content in the Seg 06SPAN cathode enhances rate capability and long-term stability in ether-based electrolytes. Reproduced
with permission from ref. 73. Copyright 2019, Springer Nature. (e and f) Se,S; @pPAN composites under optimized calcination deliver high
capacity and areal performance under lean electrolyte and high-loading conditions. Reproduced with permission from ref. 74. Copyright 2020,
Royal Society of Chemistry. (g) 2D SPAN nanosheets exhibit improved ion/electron transport and cycle life. Reproduced with permission from ref.
75. Copyright 2021, Royal Society of Chemistry. (h and i) 3D flower-like SPAN-F boosts sulfur content, rate performance, and structural
adaptability. Reproduced with permission from ref. 76. Copyright 2023, American Chemical Society. (j) Hierarchical SPAN@GNS composites ensure
high-rate operation and cycling retention. Reproduced with permission from ref. 77. Copyright 2014, Wiley-VCH. (k) Porous TPSPAN cathodes
offer excellent shuttle suppression and long-cycle stability. Reproduced with permission from ref. 78. Copyright 2021, Elsevier. (L and m) Biobased
SPAN@CDW achieves ultrahigh sulfur loading and areal capacities. Reproduced with permission from ref. 79. Copyright 2023, American Chemical
Society. (n) Dual-mode pPAN-S/mGO-S structure integrates benefits of both sulfur hosts, improving capacity and CE. Reproduced with permission
from ref. 80. Copyright 2012, Royal Society of Chemistry. (o and p) lodine-doped I-S@pPAN enhances CEI formation, rate capability, and cycle life.
Reproduced with permission from ref. 81. Copyright 2021, Elsevier.
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higher specific capacity (838 mA h g™') and longer cycle life
than undoped SPAN, reflecting the beneficial impacts of Se
doping on material structure and electrochemical stability.””
Selenium-doped SPAN fiberous composites (Seq ,3;SPAN/CNT;
Fig. 7a) effectively enhanced lithium-ion diffusion and redox
kinetics, delivering outstanding rate capability (638 mA h g™
at 4C; Fig. 7b) and excellent cycle stability (capacity retention
rate of 95.6% after 200 cycles at 0.2C).”>

Further optimization of selenium content in SeSPAN
cathodes has shown distinct benefits in both carbonate- and
ether-based electrolytes. The introduction of a small catalytic
amount of selenium (Seq ¢sSPAN, ~50 wt% Se,S) significantly
accelerates reaction kinetics and effectively suppresses
polysulfide dissolution, achieving outstanding performance
particularly in ether-based electrolytes.”® Fig. 7c and d display
the Sey0sSPAN composite delivers a remarkable reversible
capacity of 1680 mA h ¢g™* at 0.2 A g ', maintaining 900 mA h g™*
even at high rates (10 A g'), highlighting the excellent rate
capability.” TIts long-term cycling stability with minimal
capacity decay (0.029% per cycle over 800 cycles) further
highlights selenium's effectiveness in facilitating rapid and
complete conversion of polysulfide intermediates into insoluble
Li,S, a critical mechanism for enhancing electrolyte
compatibility and battery longevity.”*

Exploring the impact of calcination temperature on
Se,S;—x@pPAN composites a complex interplay
between active material content, morphology, electrochemical
polarization, and ion/electron transport capabilities.”
Optimal calcination conditions (450 °C) produce the
Seo.3850.60@PPAN  composite, demonstrating the best
overall electrochemical performance, as shown in Fig. 7e.”*
This composite balances a moderate active material content
with superior morphology, achieving lower polarization (0.42
V overpotential) and higher lithium-ion diffusion rates,
essential for enhanced battery performance. It exhibits robust
cycling stability in both carbonate and ether electrolytes,
delivering capacities of 1163.5 mA h g " initially and
maintaining 857.4 mA h g™ after 200 cycles in carbonate
electrolyte. Even under stringent conditions (high sulfur
loading of 4.53 mg em™> and lean electrolyte conditions),
the composite achieves an admirable areal capacity of
2.62 mA h cm™ (Fig. 7f), reflecting its potential for practical
Li-S battery applications.”*

Overall, selenium doping in SPAN-based cathodes
consistently demonstrates significant improvements in sulfur
utilization, cycling stability, and rate performance across
various electrolytes and operational conditions. This strategy
not only resolves fundamental limitations associated with
polysulfide dissolution but also enhances electronic
conductivity and reaction kinetics. Other approaches, such as
transition metal coordination (e.g., CoSe,, Co-N,S, and FeCo)
to introduce catalytic activity and conductive pathways, have
also shown promise.*>®* However, given the wide variety of
transition metals and coordination environments reported, a
dedicated review is needed to systematically clarify their
mechanisms and classifications.

reveals

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.5 Architecturally tailored SPAN composites with special
morphologies

Architecturally engineered and morphologically innovative
SPAN composites have been shown to significantly enhance
electrochemical performance by improving sulfur utilization,
rate capability, and cycling stability through optimized
electron/ion transport and active material accessibility. This
subsection focuses on representative structural design
strategies that have demonstrated consistent performance
benefits, such as 2D/3D architectures, hierarchical porosity,
and templated morphologies. Two-dimensional SPAN
nanosheets prepared by inorganic salt templating (Fig. 7g)
provide a large electrode-electrolyte contact area and shorter
transport paths for electrons and ions.”> Compared to
conventional SPAN nanoparticles, nanosheets exhibit higher
discharge capacities and superior rate performance.
Specifically, SPAN nanosheets demonstrate capacities of
484 mA h g after 300 cycles at 0.2 A g ' (76.8%
retention) and 408 mA h g ™" after 100 cycles at 2 A g™* (95%
retention). Electrochemical impedance spectroscopy (EIS)
and diffusion coefficient analysis confirm enhanced charge
transfer and lithium-ion diffusion kinetics.”> Additionally,
nanosheets maintain excellent performance under lean
electrolyte conditions and in practical pouch cells, indicating
suitability for real-world applications. A novel three-
dimensional flower-shaped SPAN (SPAN-F) composite was
developed to address SPAN's low sulfur content and sluggish
kinetics (Fig. 7h).”® This structure significantly improves sulfur
content and electrochemical properties. The optimized SPAN-
F3 cathode achieves an exceptional capacity of 789 mA h g™ at
0.2C, remarkable rate performance (571 mA h g™ at 4C;
Fig. 7i), and outstanding cycling stability (673 mA h g™ after
500 cycles at 1C).”® The unique 3D flower-like structure
effectively facilitates lithium-ion transport, adapts to volume
changes, and minimizes polarization, enhancing the
electrode’s overall electrochemical stability and capacity
retention, even under high mass loading (8.6 mg cm™) and
lean electrolyte conditions.”® In another approach to improve
sulfur loading and capacity, a cross-linked PAN (CPAN)
precursor with a porous structure and high surface area was
synthesized via an intermolecular cross-linking strategy.®> This
design enables the S@pPAN composite to reach a sulfur
content of 53.36 wt% and deliver a high reversible capacity of
829 mA h g with 92.9% sulfur utilization, offering a
promising route toward high-energy-density Li-S batteries.®®
Hierarchically  structured = SPAN@GNS  composites
synthesized via spray drying significantly enhance the
electrochemical  performance by  assembling  PAN
nanoparticles uniformly within a conductive GNS network.””
This composite structure maintains excellent rate capability,
delivering approximately 700 mA h g™ (sulfur basis) even at a
high discharge rate of 10C. It also achieves outstanding
cycling stability with 88.8% capacity retention over 300 cycles
at 0.2C (Fig. 7j).”” The spherical and hierarchical structure of

SPAN@GNS composites ensures improved electronic
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conductivity, structural integrity, and interfacial stability,
providing a scalable strategy for practical applications.””-%*"%8
Three-dimensional porous SPAN (TPSPAN), fabricated via a
steaming process using sodium bicarbonate as a space-
holder (Fig. 7k), offers enhanced electrochemical
characteristics through its interconnected porous network.”®
This porous structure significantly mitigates polysulfide
shuttle effects, improves electrode wettability, and accelerates
ionic transport. TPSPAN cathodes deliver outstanding
performance, achieving capacities of 1304 mAh g ' at 0.1 A g™,
maintaining excellent rate capability (986 mA h g™* at 2.0 A g™%),
and exhibiting remarkable cycling stability (94.6% retention after
1000 cycles at 2.0 A g'), thus demonstrating a scalable strategy
for advanced cathode material development.”® The freestanding
SPAN-impregnated carbonized delignified wood (SPAN@CDW)

electrode demonstrates exceptional high-areal  capacity
performance  due to its  biobased 3D  porous
architecture  (Fig. 71’ The interconnected porous
structure  significantly enhances electron/ion transport,

enabling high sulfur loadings up to 35 mg cm™> and achieving
remarkable capacities exceeding 1000 mA h g™ at 1C.”° The
SPAN@CDW electrode maintains 85% capacity retention (1344
mA h g) after 500 cycles, highlighting excellent long-term
stability. Moreover, at high sulfur loadings (12.3 mg cm™), it
attains an impressive areal capacity of 15.13 mA h cm™
(Fig. 7m), positioning CDW-based electrodes as sustainable,

high-performance cathodes for practical Li-S battery
applications.”
A dual-mode sulfur-based cathode (pPAN-S/mGO-S)

integrates sulfur within both pyrolyzed polyacrylonitrile
(pPAN) nanoparticles and mildly reduced graphene oxide
(mGO) nanosheets, exhibited in Fig. 7n, significantly
improving sulfur content, utilization, and cycling stability.*
This structure achieves an initial reversible capacity of
1400 mA h g™ (sulfur basis) with stable cycling around
650 mA h g (composite) and enhanced coulombic
efficiency above 98%. The dual-mode approach effectively
combines advantages of pPAN-S and mGO-S, enhancing
electrochemical performance and providing a promising
pathway for future Li-S battery designs.®’ Another unique
iodine-doped sulfurized polyacrylonitrile (I-S@pPAN; Fig. 70)
structure was developed through a simple co-heating
approach, significantly enhancing electrochemical
performance in carbonate-based electrolytes.®’ Todine doping
markedly improves electron and lithium-ion conductivity,
accelerating reaction kinetics and forming a robust cathode
electrolyte interface (CEI) layer rich in LiF and Lil.*' The
I-S@pPAN cathode delivers a high reversible capacity of
1267 mA h g at 2C, maintaining 85% retention after
1000 cycles. Even at extreme rates (8C), it exhibits capacities
of 1085 and 792 mA h g after 300 cycles (Fig. 7p),
demonstrating outstanding rate capability and cycling
performance.®  Finally, introducing  nanostructured
magnesium nickel oxide (Mg, ¢Niy40) into SPAN composites
significantly improves sulfur utilization, morphology stability,
and electrochemical kinetics.®® This additive, synthesized via
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self-propagating high-temperature synthesis (SHS), reduces
polarization and enhances conductivity, resulting in high
initial reversible capacities (1223 mA h g™'), excellent cycling
stability (100% retention over 100 cycles), and significantly
improved rate capability.®® Thus, Mg, ¢Ni,,O emerges as a
promising additive to enhance SPAN cathodes for practical
high-energy Li-S battery applications.®

These innovative structural strategies provide robust
solutions to address intrinsic limitations in SPAN cathodes,
advancing their practical viability in high-performance Li-S
batteries. To provide a consolidated overview, Table 1
summarizes recent SPAN-based cathode systems discussed in
this review, including their specific capacities, cycling
performance, rate capabilities, electrolyte systems, S:PAN
precursor ratios, synthesis temperatures, sulfur contents, and
electrolyte-to-sulfur (E/S) ratios.

5. Electrolytes and binders for SPAN
cathodes

Electrolytes and binders also play critical roles in enhancing
the electrochemical performance, cycling stability, and safety
of SPAN cathodes. In particular, the development of non-
flammable electrolytes is increasingly recognized as a crucial
direction for improving battery safety,”® especially for
practical applications beyond laboratory settings. In parallel,
various strategies involving electrolyte optimization and novel
binder systems have been developed to address intrinsic
challenges, such as polysulfide dissolution, electrolyte
compatibility, and structural integrity during cycling.

A multi-system adaptable gel polymer electrolyte (PFGPE),
synthesized via in situ polymerization of pentaerythritol
tetraacrylate (PETEA) and hexafluorobutyl acrylate (HFBA),
significantly improves interfacial stability and polysulfide
suppression in both ether- and carbonate-based Li-SPAN
batteries (Fig. 8a).”" The PFGPE forms robust CEI and solid
electrolyte interphase (SEI) layers, facilitating rapid Li
transport and stable cycling.”' Ether-based SPAN/PFGPE cells
exhibit exceptional long-term stability, maintaining a capacity
of 7251 mA h g™ after 600 cycles at 0.2C (Fig. 8b).”*
Similarly, in ester-based systems, PFGPE ensures a
remarkable capacity retention of 1324.24 mA h g™ after 200
cycles at 0.1C (Fig. 8c), significantly outperforming
conventional liquid electrolytes.”* Additionally, the electrolyte
demonstrates high ionic conductivity (1.61 mS ¢m™) and
extended Li||Li symmetric cell lifetimes, indicating its broad
applicability and effectiveness.”*

The role of carbonate electrolyte viscosity was
systematically investigated in a previous report, revealing a
clear correlation between lower viscosity and enhanced
electrochemical performance.>® Using linear symmetric
carbonates such as dimethyl carbonate (DMC), diethyl
carbonate (DEC), dipropyl carbonate (DPC), and ethylene
glycol bis(methyl carbonate) (EGBMC), it was found that
lower viscosity electrolytes, compared in Fig. 8d,
particularly DMC-based formulations, achieved superior

© 2025 The Author(s). Published by the Royal Society of Chemistry
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E/S ratio

(uL mg™) Ref.
75
76
77
78
79
80
81

10
20
25
49

S cont.
46
52.8
47
34.8
65.1
48.5

temp. (°C) (%)

350
330
300
350
600
300
300

S:PAN Syn.
1

ratio
3.4:

2:1:1 (v:iv:v)

1:1(v:v)
3:7 (v:v) with 5% FEC

1 M LiPFg in EC/DEC/DMC =1:1:1 (v:v:V)

1:1(v:v)

1 M LiPFg in EC/DEC = 1:1 (v:v) with 15% FEC

1 M LiPF in EC/DEC = 1:1 (v:v)

1 M LiPFg in EC/DEC = 1:1 (v:v)
1 M LiTFSI in EC/DME/DOL

1 M LiPFg in EC/DEC
1 M LiTFSI in DME/DOL
1 M LiPFg in EC/DMC

Electrolyte

Areal density
(mg cm?)
1.8

2.4-2.6

=
aldala

C-rate/capacity

(mAhg™)

5Ag /484

2C/688

2 Ag /986
167 Ag™') 1C/1200

~59 (0.1C)
85 (2C)

Highest
10C/700
8C/533

0.2C)
2Ag")

T

Capacity
95 (0.2A¢g)
98.5 (0.2C)

number retention (%)
88.8
94.6
~85

Cycle
100
200
300
1000
500
50
1000
1500

Table 1 (continued)

~670
961
~2250
~1100
1591
1856
1038

Capacity
(mAhg™)

1840
1304
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83
85
89
90
91

38.5
44.5

350
300
450

1
8
4
8
4

1:1:1 (v:v:v)

7:3 (v:v)

1:1 (v:v)

1 M LiPF, in EC/DEC/DMC

1 M LiBOB/TPE + FEC

1 M LiPF, in EC/DMC
PFGPE

o <

10C/350
0.2C/744
1C/450
4C/~900
1C/444.75

81.5 (1C)
91 (0.2C)
79.2 (0.1C)
78.1 (1C)
58.5 (0.2C)
92.4

1000
600

200
100
40

1545
~2150
1237.5

2, 11051122

92

44.5

300

1 M LiPF; in FEC/DMC =1:1 (v:v)

~1850

93

41.4
50

2:1 (v:v)

1 M LiPFg in EC/DEC/DMC =1:1:1 (v:v:V)

3 M LiTFSI in FEC/DMC

8C/~700 0.6

74 (500 mA g™") —

100
100

99

280-300

1.5

1169.9
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capacities.”® Specifically, SPAN cells employing 3 M LiTFSI
in fluorinated ethylene carbonate (FEC)/DMC (2:1)
achieved high reversible capacities of 990 mA h g after
600 cycles at 0.5C.*° The optimal combination of DMC
and cyclic carbonates (FEC, ethylene carbonate (EC))
significantly enhances cell performance and longevity,
highlighting the importance of electrolyte composition in
improving SPAN-based battery performance.>®

Temperature-dependent performance studies further
emphasized electrolyte viscosity effects, investigating four
carbonate-based electrolytes containing FEC or EC with
varying salt concentrations.”® These studies demonstrated
reversible cycling behavior between —20 °C and 38 °C, with
rapid and irreversible capacity fading above 38 °C.”* Low-
temperature performance was limited by increased
electrolyte viscosity, yet cells fully recovered upon returning
to room temperature. FEC-based electrolytes particularly
exhibited superior low-temperature stability compared to
EC-based counterparts, highlighting the necessity of
balancing viscosity and electrolyte composition for optimal
thermal performance.”

Beyond conventional carbonate and ether solvents, a
recent study introduced a non-flammable acetonitrile
(AN)-based electrolyte stabilized with FEC, enabling long-
term cycling of SPAN cathodes in both Li||SPAN and
graphite||SPAN cells.”® The FEC additive was found to
inhibit C-S bond cleavage and suppress the formation
of elemental sulfur, thus preserving the SPAN structure
and forming a stable cathode electrolyte interphase. This
system achieved 900 cycles in Li||SPAN and 1500 cycles
with 91% capacity retention in graphite||SPAN full cells,
marking a significant advance toward safer, practical
SPAN-based batteries.’*

In addition to electrolyte advancements, novel binder
systems significantly influence electrode performance by
enhancing structural integrity and ionic transport. A
crosslinked binder combining guar gum (GG) and poly(acrylic
acid) (PAA) was developed to fabricate high-loading S@pPAN
cathodes with  superior mechanical stability and
electrochemical performance (Fig. 8e).”” Utilizing industrial
rolling for electrode compaction, a remarkable sulfur loading
of 6.23 mg cm > was achieved, delivering a stable areal
capacity of 6 mA h cm™ after 120 cycles.”® Although electrode
compaction significantly improved electronic and ionic
transport, excessive compaction (>10 MPa) hindered
electrolyte penetration, reducing capacity due to poor
electrode wetting.®> Detailed analysis indicated battery failure
was mainly due to lithium anode degradation rather than
cathode structural issues, highlighting the importance of
comprehensive battery optimization, including electrolyte-
anode interface management.®”

As a result, these studies highlight the critical roles of
optimized electrolyte formulations and innovative binder
designs in enhancing SPAN cathode performance. Such
strategies effectively address electrolyte compatibility,
polysulfide suppression, and structural integrity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Electrolyte and binder optimization for enhanced SPAN cathode performance. (a—c) Multi-system adaptable gel polymer electrolyte (PFGPE),
synthesized via in situ polymerization of PETEA and HFBA, effectively stabilizes the cathode-electrolyte interface in both ether- and carbonate-based
electrolytes, achieving superior cycling stability and ionic conductivity. Reproduced with permission from ref. 91. Copyright 2024, Royal Society of
Chemistry. (d) Influence of carbonate electrolyte viscosity on SPAN cathode performance highlights superior electrochemical stability and capacity
retention with lower-viscosity DMC-based electrolytes. Reproduced with permission from ref. 26. Copyright 2018, IOP Publishing. (e) Crosslinked guar
gum/poly(acrylic acid) binder facilitates high sulfur loading and structural integrity, enhancing areal capacity and cycling performance through
optimized electrode compaction conditions. Reproduced with permission from ref. 92. Copyright 2020, Elsevier.

6. Li-SPAN pouch cells and practical
implementation

Although SPAN cathodes are primarily investigated in coin-
type cells, several recent studies have demonstrated their
viability in pouch cell formats. A flexible pouch cell using
hollow tubular SPAN fiber electrodes (H-SPAN) achieved a
stable capacity of 1100 mA h g™ over 50 cycles with excellent
mechanical integrity under repeated bending, demonstrating
strong potential for wearable electronics.”> Nanosheet-
structured SPAN enabled compact pouch cells with reversible

© 2025 The Author(s). Published by the Royal Society of Chemistry

capacity of 362.8 mA h g™ and nearly 100% capacity
retention over 100 cycles at 0.2 A g', thanks to enhanced
redox kinetics and ion/electron transport.”® In another study,
combining sulfurized carbonized PAN with a PAA binder and
FEC additive led to pouch cells with 97.5% capacity retention
after 100 cycles at 0.5 C and 3.0 mg cm > sulfur loading, with
successful scale-up to 260 mA h.”” Further performance
improvements were achieved using a CoS,-anchored SPAN-
CNT film, enabling 1322 mA h g in a flexible pouch
configuration with high sulfur loading (5.9 mg cm™) and
areal capacity of 8.1 mA h cm™2.°® Notably, a lithium-free full-
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cell design using pre-lithiated SPAN cathodes and Si/C anodes
via a nitrogen evolution reaction yielded 513.2 Wh kg™" at
4.2 mg cm™ sulfur loading, offering a promising high-
energy-density alternative to conventional Li-S systems.”
These advancements confirm the practical potential of
SPAN-based cathodes and suggest viable routes toward
scalable, safe, and high-energy Li-S pouch cells.

7. Considerations and future
directions

The development of SPAN-based cathodes has shown
remarkable progress, yet several critical considerations must
be addressed to further advance practical applications. Key
aspects include enhancing sulfur content, optimizing
electrode structures, and advancing compatible electrolyte
systems. Future research should prioritize strategies that
simultaneously achieve high sulfur loading and stable cycling
performance under realistic battery conditions, including
lean electrolyte and high areal loading.

A promising area involves molecular-level doping and
heteroatom incorporation to enhance intrinsic conductivity
and reaction kinetics. Exploration of synergistic doping, such
as dual-element strategies (e.g., selenium-iodine or
selenium-nitrogen), could potentially overcome current
limitations in conductivity and polysulfide management.
Advanced computational techniques, including machine
learning and high-throughput DFT screening, could rapidly
identify optimal doping configurations and compositions.
Additionally, innovative electrolyte engineering remains
crucial, particularly in developing electrolytes tailored
explicitly for SPAN systems. Future work should explore novel
solvents and electrolyte additives that stabilize electrode-
electrolyte interfaces, minimize polysulfide dissolution, and
improve low-temperature performance. Developing solid-state
electrolytes compatible with SPAN cathodes could further
enhance battery safety and performance stability.

Scale-up studies and pouch-cell demonstrations under
commercially relevant conditions will be essential to translate
laboratory advancements to practical energy storage solutions.
Integration of sustainable and cost-effective materials, such as
biomass-derived carbon supports or recyclable electrolytes,
could enhance environmental friendliness and economic
viability. Addressing these critical areas will undoubtedly
expand SPAN cathode viability in next-generation Li-S batteries,
meeting diverse energy storage demands.

8. Conclusions

Significant advancements in SPAN-based cathode materials
have been achieved through comprehensive structural
characterization, innovative composite designs, and strategic
doping. The unique molecular structure of SPAN, characterized
by covalently bonded sulfur to polyacrylonitrile-derived carbon
backbones enriched with conjugated bonds, underpins its
robust solid-phase lithium storage mechanism. This structure
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effectively mitigates polysulfide dissolution and enhances
cycling stability compared to traditional sulfur cathodes.

Carbon-based composites, including engineered porous
structures, graphene integration, and catalytic metal sulfides,
have substantially improved electron and ion transport,
active material utilization, and electrochemical stability.
Selenium doping strategies and specialized morphological
designs further address intrinsic conductivity limitations,
significantly enhancing sulfur utilization and rate
capabilities. Electrolyte and binder innovations have critically
supported the performance of SPAN cathodes, emphasizing
optimized electrolyte formulations, gel-polymer electrolytes,
and advanced binders for enhanced mechanical stability and
ionic transport. However, future developments must address
remaining challenges, including achieving higher sulfur
loadings, electrolyte compatibility improvements, and
practical scalability.

Continued exploration into doping strategies, electrolyte
systems, and sustainable materials will be key to realizing full
potential of SPAN cathodes. Such focused research will position
SPAN-based lithium-sulfur batteries as competitive candidates
for diverse and demanding energy storage applications,
marking a significant advancement in battery technology.
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