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Abstract: Lithium-sulfur (Li-S) batteries are regarded as promising candidates for large-scale
energy storage systems and electric vehicles owing to their exceptionally high theoretical
energy density of 2600 Wh/kg, along with the natural abundance and low cost of sulfur.
However, conventional Li-S batteries face significant challenges, most notably the detrimental
"shuttle effect" caused by soluble lithium polysulfides. The development of sulfurized
polyacrylonitrile (SPAN) has provided an effective solution to this issue. Its cyclized
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polyacrylonitrile (PAN) backbone serves as a conductive framework for intrinsically insulating
sulfur, while its unique covalently bonded S—C and S—N network fundamentally suppresses
the generation and shuttling of polysulfides through a solid-solid conversion mechanism,
thereby significantly enhancing Coulombic efficiency and cycling stability. This review traces
the two-decade development of SPAN and systematically elucidates the mechanistic role of
the PAN backbone. From the complementary perspectives of intrinsic structural regulation and
extrinsic modification, we summarize the major strategies for improving the electrochemical
performance of SPAN cathodes. Intrinsic structural regulation primarily focuses on molecular
engineering of the PAN precursor and the optimization of the sulfurization and sintering
processes. By contrast, extrinsic modification encompasses the incorporation of carbon
materials, decoration with metal compounds, heteroatom doping, and the construction of
composite electrodes. The underlying mechanisms and the effectiveness of these strategies
in improving electrical conductivity, accelerating reaction kinetics, and enhancing cycling
stability are comprehensively discussed. Finally, based on the current research landscape, we
provide future perspectives on SPAN cathode modification technologies, emphasizing that the
integration of theoretical simulations with synergistic intrinsic and extrinsic modification
strategies represents a promising direction for the development of high-performance Li-S
batteries.

Keywords: Li-S batteries; sulfurized polyacrylonitrile; cathodes; reaction mechanisms

3583

VAL BERR B IR 5 B A Re s B AR, 5
KT PPIRAE SRR EHERT, KEH
B8R i R ] P A e Y R G v R e B AR G SR B AL 2
AIFFSE R I BA R 2 B s A A s
2600 Whikg It B 10 i 5% FE [ 1(a)], B KR
LA e 5 30 77 F it ) B AR Ak R LR ARTE 1%
Yot c = e R w . AR ER R A, A
EEfOmi Sl . BRAEME R L A B b, R
th SR e ) U AT R R S 2 R AT IS, AR
fE A R I 2 AP . Bk, SR
RMILTH LA ) RN, SRR RN )
FIRGE, K, R 2 ALY ST R
PR SRR AMUE IE AR, B
AR AR, PR RICE O RCRE S5EM AT it
Ab, TS BRG] ) 22 s R BUE IR B
W, sIRBEAMAT. REDHEZXFHZ
FLBR R A A R 1o ) B BRI 5 A 2 R B 4 o 28 AR
RONE, - {E e DLMAR A fiff ok 22 B A4 0 1R 8 e )
@, Hifil TZ2E 5. mMARNEER (SPAN) IE
FEAE LT RN Ra A, B A R [ - ] FEAL o
PEMLA, BRI FEL U R P B AR A

2002 ¥ Wang 559 Yl 1 R A0 3R A i 1E

WAPRI . ZA R R RIS (PAND 5 5 F i Bk
BRE TG, S miRbediteg. SE5mmK
HAIEWMEIARFE, SPAN KR i R HE A P2
TABILI L, Ak N i R S B [ - [
ML, R DX 45 e[ - I DL % 42, 2 A
FRIE LA 2 BAiE 5 ER S E (b)) 2T
ZEFJZETH, PAN SRR BRI 24 0 28 m i S 7
BER e AL AT, Bioc R IE b 2 e A A
[ B 8 A 8 T L@ B, (AR 2% 1 100 S/em
PETHZE 10" Slem A4 . M FEH, PANH 48 0]
BRANHIB R, SRR RS, YRy
FL A 45 ) 5 e,

HI {5 SPAN 4k 4 [ - [ %% A ML AR Bk T 2 B fk
YRR, (HIL AR B, —
M, Hl& SRS R EIE R, BRI,
PR LR 507, MEEEE B
J1 w8, AR AL T R TS, M DL
IR TAET R, ik, WfTis—5 it SPAN
RAELER . IR Bish 1% TR EE, N
2 AL IE AR AR 7E (0 5 T

AN ST SRR Li-SPAN FR it 1E B FE0 R v 1 928 B &5 44
Ak J5i%, S SPAN IE MK (1 B Ak 22 4 FH LR 5 2%



LiCoO, LiMnO, LiFePO, Li-S LiMO,

/graphite LiMO,/silicon

A s ..
BN s & “n o

3584 itk #e 5 $# R 2026 55 15 %
a
@ capaclty density (b) ® |
mAh/g,/ 3500 Gravimetr ot st 1
1800 / B Gravimetric —-— .?&\\q 2 i
1600" 230007 | mVolumetric 2500 2500 e i
1400 - % 2500 o i
12001 ~ o° . 1
o -
288 // : Laclj 1000 dissolutidp) !
r
200 W H LS
0 X 74 0 , SUASRI | < R
Projected . o DR U G I H

S@C composite S@pPAN composite

E1 (a) BEFREMEREMESEZRESHEEFEMLE"; (b) S@C. SPAN ERHI R MHEREE
Fig. 1 (a) Comparison of capacity density and energy density between lithium-ion batteries and lithium-sulfur
batteries™; (b) Schematic illustration of the reaction mechanisms of S@C and SPAN cathodes"
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Fig. 2 (a) Molecular structure model of SPAN with C—S—S—C linkage!®; (b) Multi-layer conjugated skeleton
model of SPAN""; (c) Structural model of SPAN with short sulfur bonds®; (d) Double-layer structural model of
SPAN?!
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Fig. 3 (a) Molecular structure model of S bonded with N and C; (b) N 1s XPS spectra of S-cPAN; (c) Potential
energy curves for the formation of N—S and C—S bonds via deprotonation of N—H and C—H on PAN,
respectively; (d) S 2p XPS spectra of S-cPAN??; (e) Overview of the chemical reaction mechanism between PAN
and S; (f) Polymer backbone structure of SPAN molecules®
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reaction mechanism of SPAN cathode for lithium-sulfur batteries®; (f) Solid-solid conversion mechanism of
SPAN materials™; (g) Schematic diagram of H,S generation reaction®'; (h) HRTEM image and corresponding
FFT image of SPAN at SOC=100%""; (i) Existing forms of lithium sulfides after different cycles®"
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Fig. 5 (a) DFT calculation results of HOMO/LUMO energy levels and band gaps for PAN, cPAN, SPAN and
pPAN+Li; (b) DFT calculations of HOMO/LUMO energy levels and band gaps for SPAN_CS with different chain
lengths®; (c) °C solid-state NMR spectra of S@pPAN after the first discharge, first charge and second

discharge®”; (d) Relationship between IpCOHP and C—Li bond length for carbon atoms coordinated with Li*
ions at the fully discharged state; a more negative IpDCOHP integral corresponds to a higher energy cost for Li*
removal®; (e) Calculated HOMO and LUMO energy level diagrams of SPAN, PAN-Li and SPAN-Li. Eg represents

the band gap between HOMO and LUMO®!

[EIHEAT) R0 7 AR TERE AL S 6] o JEIEXE A TR S A TR RO I R SR B B . I AE

NI E RS, SERLLRTARY R 5 B 1
et 78 MR LT AL AP fE
b, BRAZHE SPAN ARAELE MG F, dlid 5E m) it
KL 2R T4 S R R R AU, o8
NSNS A S IP S S S e 7 W]
PR IF R PERE . AR T — AL i it 1A
FORMR LIRS (1 BR FEAIl 5 BOR S
21 HEPANMERSMKL

PAN 72 € SPAN LTI RE AU A% O AT SR 1A . 2L
WAL B RGE TS AL S I ERe T, M

AR ) R AT AR, O EAR A O A
MR ER A AR, A 2 oedr
Ry TE. BREMESEIEH, RS
SPAN R & . At B 2= R BUS 4% . Lei
SRS 1o R 45 A BUAFIEC L (DMSO/K),  HIh 7
SAERT EEEK, STEESNEAY, RET
TEZURE AN ARG BUR[E 6(a)]. 12500 i35 1
FH T MR LR AN (87.6 m2g), fEit T PAN 5
AR A . AR, ZEKPEFER AR 2k
ETHR, A TR SBEME. BT LRk



ik fe A

3590

ave
¥

5 # A 2026 F5 15 %

%, S@pPANSS5K B EHE B 5 B 32 T1 45 29 55% i
BT, VhRedERF98% UL LA H%; f£0.2C
T, HAIUE LA & &k 798.1 mAh/g, 7R
200 X o B E R FERIL 92.0%, PERE R E TR
TEMEHE 6(b)]. Gong &t — 48R 1 =T
& PAN JE 30 HH BRTE ) g K TEAR A2 LT, Fi5 H
AR 55 1] ™ 25 ) R BSGUE T3 7504 R 15 5 I AH 93 29
Hilk4i k. BT &0 7= PANEE B A B m 1 g8
SR, TERU B EBREEOR, DRI = AR ) RS At i
R A, Zhang SERE A A % 1 PAN Hi7 DK
RISz S5 A K Z, Sl T X SPAN fE 2R TS0
()72 7175 F [ 6(c)]e X PR () 5 M AU K T

AR TR, G5 T AR R T 5 TR KR RE
71, ALitEgsedt VEREIE. JOVEERE, e
0 1] 1) 725 B2 O 70 T L I SPAN AR B IZ K 42 1t
T RG] 55 SPANAHEL, 1ZAERE5
BFERTT T MBI AR SR REN: /£02C
NEM 200 K5, HSH ARV IRRFAE 777 mAh/g
(FERFFH08.5%), JFIEIMILRN 4 C1ERE
RE[EI6(d)]. Zi BRIk, A PAN & R Sk 2EAT i1k
HA SRS X0 254 1 12 A BE LUK AR

AL E AR SKA M RRT, BN

B2 QO BIE A A A, R PIRA

®) 1400 2000
- 8
=1200 11600 <
<< [ ~ é
£ 1000 3
= 4 41200 G
[S) - g
% 800 F 8
o 4800 o
o 600} o
= [
© * S@PAN84K 5
S 400L ° S@PAN151K 4400 3
2 + S@PANS55K based on composite [a)
a » S@PAN555K(50°C)
200 1 1 1 1 1 0
0 20 40 60 80 100 120 140 160 180 200
Cycle number/n
100 _ 1000
L] &2
g 800 80 é% 250 01C 450 05¢ 100 0.1C
< 03 20C
é GOOK 60 Kt% % 4.0 C
= ® 8 500
'S 400 --SPAN-P {40 2 g ——SPAN-P
3 --SPAN-F1 2o ——SPAN-F1
8 o200k ~SPAN-F2 20 S & 250 SPAN-F2
o --SPAN-F3 . 1 3 3 ——SPAN-F3
= ~SPAN-F4 Ty o8& ~SPANF4
3 ' C : 0 10 20 30 40 50 60 70
0 & 0 50 100 150 200

Cycle number

Cycle number
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Fig. 6 (a) SEM image of polyacrylonitrile precursor; (b) Comparison of cycling performance of various
S@pPAN at 0.2 C®; (c) SEM image of flower-like PAN; (d) Cycling performance at 0.2 C and rate performance
tests of pristine SPAN and nanoflower SPAN-F prepared under different synthesis conditions®™
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Fig. 7 (a) Study on the synthesis of S@pPAN from crosslinked polyacrylonitrile precursor®; (b) Schematic
diagram for the synthesis of S@pPAN from CPAN and comparison of cycling performance®”; (c) Rate
performance of PAN@PPD@S, PAN@S and PPD@S electrodes™"; (d) Potential reaction sites and structures
during the crosslinking process of polyacrylonitrile””; (e) Acrylonitrile-co-styrene microspheres™
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Fig. 8 (a) Synthesis of SPAN nanosheets and morphological characterization by TEM and AFM“";
(b) Schematic synthesis route of TPSPAN cathode and SEM images of TPPAN precursor; (c) Long-term cycling
stability of TPSPAN cathode at 2.0 A/g™”; (d) Aggregation of nanoparticles into microscale structures;
(e) Cycling performance of ultra-thick PC—SPAN electrode under lean electrolyte conditions™”; (f) SEM images
of SPAN/MMT; (g) Fitted curves and corresponding equivalent circuits of SPAN and SPAN/MMT; (h) Long-term
cycling performance of SPAN at 1 A/g and SPAN/MMT at 3 A/g, together with the Coulombic efficiency of SPAN/
MMT®"
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Fig. 9 (a) PAN fibers™; (b) TEM images of MCP and MCP-PAN nanofibers™”; (c) SEM images of macroporous SPAN
fibers and fiber cross-section; (d) Comparison of rate performance and cycling stability between macroporous SPAN
fibers and granular SPAN®™; (e) PAN/PMMA nanofibers; (f) Cycling performance comparison of porous PAN/S
nanofiber cathode and non-porous PAN/S cathode after 100 cycles at 0.2 C and 500 cycles at 2 C*"; (g) Cross-
sectional SEM images of HSPAN composite; (h) GITT curves at 0.05 C in the third cycle of pristine SPAN
(PSPAN) , fibrous SPAN (FSPAN) and HSPAN cathodes, and Li* diffusion contribution calculated from GITT
potential profiles®™,; (i) Optical photograph of the SVF self-supporting electrode®™; (j) Schematic diagram of the
SPAN/PPy self-supporting electrode®™
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Table 1 Comparison of the effects of different morphology modification strategies on the electrochemical

performance of SPAN and the limitations of corresponding modification methods
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Fig. 10 (a) Peak intensity evolution of C K-edge, N K-edge and S K-edge with temperature in X-ray absorption
spectroscopy””; (b) Sequential stages of SPAN synthesis and structural evolution. Stage I: phase transition
followed by sulfur melting and radical formation. Stage II: radicalpromoted I-PAN cyclization and c-PAN
formation. Stage I1I: S—C bond formation and the initiation of -1 stacking. Stage IV: long- to short-chain-
sulfur transition and more regulated -1 stacking®™; (c) TG-MS spectra of SPAN®™
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Fig. 11

(a) Schematic comparison of liquid-phase and solid-phase reactions; (b) Rate performance and long-

term cycling performance at 0.5 C of liquid-phase synthesized SPAN-L and solid-phase synthesized SPAN-S**;
(c) Schematic illustration of the influence of intact skeleton structure on ionic and electronic conductivity of
SPAN materials; (d) Comparison of cycling performance at a high rate of 3 C under different pre-cyclization
temperatures®™; (e) Schematic diagram of co-sulfurization of S@PAN with sulfurization accelerator; (f) Second
charge-discharge curves of S@PAN-VA composite at 0.1 C*”; (g) Schematic illustration of the binding effect
between PAN and PAN, and between PAN and HBO™®
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Table 2 Comparison of the effects of different carbon material modifications on the electrochemical

performance of SPAN and the limitations of modification methods
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Fig. 12 (a) Schematic diagram of in-situ polymerization and systematic fabrication of pPAN-S@MWCNT
composite™; (b) Schematic illustration of in-situ polymerization and synthesis of pPAN-S/GNS composite™; (c)
Schematic of the solvent exchange process and synthesis of SPAN/RGO composite;
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densities™; (e) Synthesis procedure of S/IrSP@SPAN composite and comparison of EIS curves of batteries for
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Fig. 13 (a) S/IPAN/GO composite with excellent flexibility and corresponding SEM image”; (b) Schematic
preparation and structure of two-dimensional SPAN/G cathode"; (c) Schematic fabrication route of
hierarchically porous HGO and 3DHG/PS composite, together with TEM image of 3DHG/PS composite;

(d) Cycling performance and Coulombic efficiency of the 3DHG/PS, cathode at a high rate of 2 C and a high
mass loading of 15.2 mg/cm*™®; (e) SEM image of SPAN@CF-RGO; (f) Comparison of rate performance among
three materials™; (g) Schematic fabrication of nacre-inspired self-supporting SPAN/RGO film; (h) Rate
performance comparison of SPAN/RGO and pristine SPAN; (i)Cycling performance of SPAN/RGO electrode
under high mass loading™
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Table 3 Comparison of the effects of catalytic properties of different metal sulfides on the electrochemical

performance of SPAN and the limitations of modification
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SPAN. FSPAN#1MCS-FSPAN 7£5 C fEE THTEIFMEAE"; (g) 1 Alg EERZHE THRMEBREREL, RE5ERIEES
Bt IE AR LN P BE B BRI EL™; (h) ZnS/SPAN £ &K HIZ REE S TEMER, UK ZnS. SPAN. ZnS/SPAN
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Fig. 14 (a) Comparison of electrochemical impedance spectra and rate performance between SPAN and NiS,-
SPAN electrodes™; (b) Schematic illustration of the solid-solid reaction mechanism for SPAN and MoS,@SPAN;
(c) Galvanostatic charge-discharge curves, EIS spectra before and after cycling, and corresponding rate
performance curves with increasing current density of MoS,@SPAN and SPAN®”; (d) Raman spectra, ID/IG
values, and relative content of various functional groups for FSPAN and MCS-FSPAN; (e) TEM image of the
cycled MCS-FSPAN cathode; (f) Cycling performance of pristine SPAN, FSPAN and MCS-FSPAN at 5 C*®%;

(g) Discharge energy density curves at a current density of 1 A/g and comparison with previously reported
cathode materials for lithium half-cells®; (h) Schematic preparation and TEM image of ZnS/SPAN composite,
and cycling performance of ZnS, SPAN and ZnS/SPAN cells at 1 A/g®”; (i) Decomposition energy barrier of Li,S
for In-SPAN (In content: 1.18%) and In-SPAN (In content: 0) ; (j) Comparison of sulfur content or active
material content among four materials; (k) Long-cycle lifespan of In,-SPAN and In,-SPAN cathodes at 1 A/g, and
cycling performance under high areal mass loading and lean electrolyte conditions at 0.5 A/g™®”
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Table 4 Comparison of the effects of doping characteristics of different non-metallic elements on the

electrochemical performance of SPAN and the limitations of modification
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Fig. 15 (a) SEM and TEM images of Si,,.~-SPAN composite electrode; (b) Nyquist plots of SPAN and Si -SPAN
cathodes, as well as the linear relationship between peak current and square root of scan rate measured at
oxidation and reduction peaks®™; (c) Lithium-ion diffusion coefficients of pPAN/S, pPAN/SeS, and pPAN/Se
measured by GITT technology during charge and discharge processes®; (d) Cyclic voltammetry curves and
cyclic voltammetry-weighted curves of the Se ,SPAN cathode at 0.1 C and 0.2 C, and comparative analysis with
cyclic voltammetry-weighted curves of various cathode materials reported in the literature®”; (e) Schematic
synthesis of Te,,,S,..@pPAN; (f) Rate performance of Te,,,S,,@pPAN and S@pPAN®?; (g) TEM and EDS images
as well as rate performance curves of Te-doped fibrous SPAN (Te,,,S,.,FPAN) electrode®; (h) Schematic
synthesis of SPAN nanoparticles and SPAN nanosheets; comparison of activation energy curves at different
voltages and lithium-ion diffusion coefficients among Se,,,S,.,,PAN NS, Te, ,.,S,..:PAN NS and SPAN NP**;
(i) Schematic fabrication procedure of FTe,,,S ,,PAN composite, and SEM images of SPAN, FSPAN and
FTe,,,S,.,PAN composites®™
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Fig. 16 (a) Synthesis scheme and corresponding FE-SEM images of the free-standing CoS,-SPAN-CNT
electrode; (b) Cycling performance of CoS,-SPAN-CNT and control samples at 0.2 C*%; (c) FT-EXAFS fitting
results based on the Co-N,S coordination structure and schematic diagram of the fitted cross-linked structure
of Co,,-SPAN-CNT; (d) Rate performance of Co,,-SPAN-CNT and SPAN-CNT®"; (e) Schematic preparation
process and corresponding microstructure of FeMn@GN-SPAN electrospun nanofibers; (f) Cycling
performance comparison of three electrodes at 0.3 C*"; (g) SEM images of NiS,-SeSPAN; (h) Plots of redox peak
current versus square root of scan rate and rate performance curves of SPAN and NiS,-SeSPAN®™”
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Fig. 17 (a) Schematic synthesis route of the Fe, , S/ISPAN/rGO cathode and its long-cycle performance at a

current density of 5.0 A/g""”; (b) Cycling performance of SPAN and Cu-SPAN/CNT at -20 “C""; (c) Schematic

synthesis process and SEM images of CoS,/NiS,@SeSPAN composite nanofiber film; (d) Long-term cycling
performance of CoS,/NiS,@SeSPAN at 0.5 C"; (e) Co-N,S,/SeSPAN nanofibers fabricated via electrospinning

technology and TEM images of Co-N,S,/SeSPAN; (f) Long-term cycling performance of Co-N,S,/SeSPAN at 1
C!"%; (g) Schematic diagram of the FeS,/SPAN three-dimensional structural composite; (h) Cycling performance

of FeS,/SPAN at 0.2 C under a compacted density of 1.1 g/lcm®'*; (i) Charge-discharge curves at a current
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