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Fig. 1 Strategies for inhibiting the “shuttle effect” of lithium-
sulfur batteries based on polymer electrolytes
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(c) Schematic of a Li-S cell using PDDA-TFSI as the gel electrolytel®*!
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imide; ANPD-GPE is amino-functionalized nanoparticle-doped gel polymer electrolyte.
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Fig. 5 Strategies for inhibiting polysulfide diffusion using chemisorption
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MOF is metal-organic framework; BCSZ-CPE is bacterial cellulose nanofibers composite polymer electrolyte; NCP-CPE is nanocarbon black/cellulose
nonwoven/poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (PEG-PPG-PEG) gel polymer electrolyte; LLZO is lithium

lanthanum zirconium oxide; CGPE is composite gel polymer electrolyte; AB is acetylene black.
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Fig. 6 Strategies for inhibiting polysulfide diffusion using synergistic effects of physical adsorption and chemisorption
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Fig. 7 Strategies for inhibiting polysulfide diffusion using catalytic conversion
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Table 1 Effect of various strategies on suppressing the “shuttle effect”
Electrolyte Strategy Rate/C Cycling Capacity retention/% Reference
PEO/CsGels Physical adsorption 0.2 500 72.0 [32]
ANPD-GPE physical adsorption 0.2 100 67.5 [35]
PEGPE Chemisorption 0.5 300 70.0 [37]
GPE@FEC Chemisorption 0.5 180 79.1 [41]
BCSZ-CPE Physical adsorption and chemisorption 1.0 800 73.4 [47]
PTPHS Physical adsorption and chemisorption 0.2 150 87.6 [49]
Mo-Ti/Mx-GN-GPE Catalytic conversion 0.5 350 91.6 [54]
COF-SH@PVDF-HFP Catalytic conversion 2.0 800 77.3 [58]

thip 5 R g;TEigigiiﬁ’J%‘&j?#%ﬁﬁ?@iﬁlﬁ_\iéﬁﬂ Fﬂ

S 7RGV MR — P kR ARG
AR A — AU RE R, BT MR e TR I AR IR, DURAER SRR
FIHIS, REVM BTN > TR0 SRS R 40, AT RNV, A9 TR R AW
KM ZIRett, MTEZ MU R ERE, [ PR BT S R AR f b 2 R RN (R SRS, BB A T
REMILEH AL R PR R R MR IR SIRRRRE eI

3



« 308 - CREMR 2R 24 410)

J Chin Ceram Soc, 2026, 54(1): 297-311

2026 4F

IR Z B Ak, BAA R FH X SE 5w T 7E )
KIERE ¥ Z A BV fRFEFRAIK, U R A
LA SEmE B, BEAR R HLYE 2 C iR R R IA,
{HRAESEPR I, AISRAEAER 2 TR B9 8L,
SEAERZE KT LHAMRE, FSAEEHE
) 5

H5E, AFEREY MR A AR AR )
WL A SE 488, 4F%F PEO. PVDF. PAN %5l
RRESYILE, HEATHBIZEs). 3B m
Je SRR R R 2 ROBERE AL, R TH AT LioSe
TEARIREDF Y BRe 22 UL A ResE, ik
TS 2 BRI (RS HE T B

FLWR, T3S It SR DA A A R R 2 AR )
AROTIE, SR, RSV, BERS
FEL B 2 8] ) ST FEBC AT A2 AN T 2 A 1] 8, Rk mT
RET IR e, R EHERT AR
BEE DR AR, TEH IR EHH 2 mimy
B RIS, e 6 7 A 3o e R R AR AR A
SN, NI B AR A T FEA -

B, ERAGHER N BA R I
KM 5 G R AR 7k Oz S T
Rt . AT, SERMEIRRE . BT S E AL
TR A A 0], SRR AT DU BI85 i A Ak (4] 12
M, 8 TR AR T FLIE R, 5k
L2 WALl IR—BE IO TE R

It FER, SRR RIER AR —K
Pl BANETIER 2 1H H I A B s B
(GITT) %5 HE AL 2% J v 0] LAVEAL 2 B3 A6 40 1 5 A0 23
R, HIX ST vEAME DL R B 2 IR A
HLAR I P I Bh AT N, iksE e n B P S I
WL, RRFLEGAEBARR, WEZ Y.
PERE . SR A RIEA R, SE iR 26k
YITE TR R R AN )%, R 256 B0 ) AR
A2 ) SR SR AT AT

UG THAUE T 2R R 24Pk, R, AT
DA FH R 40 PR I 1 v B2 R A v M ) R At L 7t
Wit—B R, NG LR ARER K T 7
HRAE R AW R A3 0T DA BA R LA 7 kAT
Sl 1) ZUTESRE K, AR R EaE o,
PR BS T IR AR, A AL B A 2R
RIS LS, Sl S 15 2 i 2 15
PREBEPEAE N 2) BE2IRERRE T TMEL W5t
R AERATEDS, XEMEASEAEEEN
HReH, eSS 2, RN R AR A

VERF S ER b Aa s, FLAM R mT st b v it [2]
Weidl; 3) ERCREEGQIHZ I, PURPLE ABOR
R RE Y HELAR IR 28 ROV I SR8, A1 i 1 1
R, Bevh BAT SRR B DI RE A R LAS A
AR B) 2 BIR T R, il S AR OREBCE £
AL, nsRxs SR AL . B TR
Fxt SR A A A R b ) e B SGTE AR IR R, M
o PR HEAR I PR P L A A J i H AT £

SE R

[1] LU X G, REN Y Y, CHEN D M, et al. Correlation between Li-Fe
anti-site and memory effect of LiFePO, in Li-ion batteries[J]. Chem
Asian J, 2024, 19(14): €202400181.

[2] YUK F, LIU L, CHANG M S, et al. NiCo,04 loaded on jute fiber
porous carbon as an anode material for lithium-ion batteries[J]. Diam
Relat Mater, 2024, 150: 111651.

[3] ZUBI G, DUFO-LOPEZ R, CARVALHO M, et al. The lithium-ion
battery: State of the art and future perspectives[J]. Renew Sustain
Energy Rev, 2018, 89: 292-308.

[4] LIU J, BAO Z N, CUI Y, et al. Pathways for practical high-energy
long-cycling lithium metal batteries[J]. Nat Energy, 2019, 4(3):
180-186.

[5] GE S W, ZHAO Q, LIU Y Y, et al. Ultrathin 2D-2D MXene-LDH
interlayer with high polysulfide adsorption ability for advanced Li-S
batteries[J]. ACS Appl Mater Interfaces, 2024, 16(38): 50650-50658.

[6] HE K Q, FENG J L, WU X W, et al. The construction of interlayer
based on Ti;O(POs), to hinder the shuttle effect of lithium
polysulfides[J]. Mater Today Chem, 2024, 39: 102176.

[7] JU J W, DONG S M, CUI Y Y, et al. Leakage-proof electrolyte
chemistry for a high-performance lithium-sulfur battery[J]. Angew
Chem Int Ed, 2021, 60(30): 16487-16491.

[8] HUANG Y Z, CHENG F L, CAI C Y, et al. Simultaneously
suppressing shuttle effect and dendrite growth in lithium-sulfur
batteries via building dual-functional asymmetric-cellulose gel
electrolyte[J]. Small, 2023, 19(28): €2300076.

[9] PANGY, LIU Z Q, SHANG C Q. The construction of quasi-solid state
electrolyte with introduction of LigslasZr;4TageO12 to suppress
lithium polysulfides’ shuttle effect in Li-S batteries[J]. Mater Lett,
2023, 336: 133874.

[10] ZHANG L Q, ZHU C X, YU S C, et al. Status and challenges facing
representative anode materials for rechargeable lithium batteries[J]. J
Energy Chem, 2022, 66: 260-294.

[11] MROZIEWICZ A A, SWIERZBINSKI P, WISINSKA N H, et al. The
effect of electrochemical aging on self-discharge characteristics of
carbon/iodide electrochemical capacitors operating in liquid and
hydrogel electrolytes[J]. J Energy Storage, 2024, 98: 113109.

[12] LIAN S, WANG Y, JI H F, et al. Cationic cyclopropenium-based
hyper-crosslinked polymer enhanced polyethylene oxide composite
electrolyte for all-solid-state Li-S battery[J]. Nanomaterials, 2021,
11(10): 2562.

[13] SANTOS E A, BARROS L M S, DE F V PELUSO AF, et al. Trends in
ionic liquids and quasi-solid-state electrolytes for Li-S batteries: A
review on recent progress and future perspectives[J]. Chem Eng J,
2024, 493: 152429.



%54 5 1

HUGE A T IR AR S A R AR F T AR AN ) N S T T .

309 -

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

311

JJAM X, LI T N, YANG D T, et al. Polymer electrolytes for
lithium-sulfur batteries: Progress and challenges[J]. Batteries, 2023,
9(10): 488.

DE LUNA Y, ABDULLAH M, DIMASSI S N, et al. All-solid
lithium-sulfur batteries: Present situation and future progress[J]. Ionics,
2021, 27(12): 4937-4960.

LI S L, ZHANG W F, ZHENG J F, et al. Inhibition of polysulfide
shuttles
electrolytes[J]. Adv Energy Mater, 2021, 11(2): 2000779.

ZHANG X, XIE H, KIM C S, et al. Advances in lithium: Sulfur
batteries[J]. Mater Sci Eng R Rep, 2017, 121: 1-29.

V J A S, JOHNSI M, AZHAGULAKSHMI M, et al. A review on
solid-state electrolytes for Li-S batteries: Encompassing background to
recent advancements[J]. Mater Res Bull, 2025, 184: 113249.

BUSCHE M R, ADELHELM P, SOMMER H, et al. Systematical
shuttle-effect  in

in Li-S batteries: Modified separators and solid-state

electrochemical study on the parasitic
lithium-sulfur-cells at different temperatures and different rates[J]. J
Power Sources, 2014, 259: 289-299.

SONG Y X, SHI Y, WAN J, et al. Direct tracking of the polysulfide
shuttling and interfacial evolution in all-solid-state lithium—sulfur
batteries: A degradation mechanism study[J]. Energy Environ Sci, 2019,
12(8): 2496-2506.

LIU Y, LIU H W, LIN Y T, et al. Mechanistic investigation of
polymer-based all-solid-state lithium/sulfur battery[J]. Adv Funct
Materials, 2021, 31(41): 2104863.

YANG Q, DENG N P, CHEN ] Y, et al. The recent research progress
and prospect of gel polymer electrolytes in lithium-sulfur batteries[J].
Chem Eng J, 2021, 413: 127427.

HU Z Y, CHEN ] J, GUOY, et al. Fire-resistant, high-performance gel
polymer electrolytes derived from poly(ionic liquid)/P(VDF-HFP)
composite membranes for lithium ion batteries[J]. ] Membr Sci, 2020,
599: 117827.

YANG D Z, HE L, LIU Y, et al. An acetylene black modified gel
polymer electrolyte for high-performance lithium—sulfur batteries[J]. J
Mater Chem A, 2019, 7(22): 13679-13686.

ZHOU J, GUO W L, SHE C L, et al. A polyolefin separator reinforced
inorganic/organic  composite electrolyte for  quasi-solid-state
Lithium-sulfur batteries with high cycle stability and long lifespan[J].
Appl Mater Today, 2024, 41: 102489.

MIEER, ¥R, WA, 55 HE b I REBIR]. FERR R,
2017, 45(10): 1367-1381.

WEN Zhaoyin, JIN Jun, GU Sui, et al. J] Chin Ceram Soc, 2017,
45(10): 1367-1381.

LIU Y T, ELIAS Y, MENG J S, et al. Electrolyte solutions design for
lithium-sulfur batteries[J]. Joule, 2021, 5(9): 2323-2364.

ZHANG B H, WU J F, GU J K, et al. The fundamental understanding
of lithium polysulfides in ether-based electrolyte for lithium—sulfur
batteries[J]. ACS Energy Lett, 2021, 6(2): 537-546.

KANG X Y, HE T Q, ZOU R, et al. Size effect for inhibiting
polysulfides shuttle in lithium-sulfur batteries[J]. Small, 2024, 20(8):
€2306503.

DAS S, GUPTA K N, CHOI A, et al. operando fabricated
quasi-solid-state electrolyte hinders polysulfide shuttles in an advanced
Li-S battery[J]. Batteries, 2024, 10(10): 349.

ZHANG X, ZHANG T F, SHAO Y F, et al. Composite electrolytes
based on poly(ethylene oxide) and lithium borohydrides for

all-solid-state lithium—sulfur batteries[J]. ACS Sustainable Chem Eng,

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

2021, 9(15): 5396-5404.

WANG P F, ZHAO Y H, TIAN S H, et al. Perovskite-type CsGel3 as
an electrolyte additive for all-solid-state lithium—sulfur batteries[J].
Energy Fuels, 2023, 37(19): 15198-15205.

ZHANG X L, ZHANG H Y, GENG Y, et al. A multifunctional nano
filler for solid polymer electrolyte toward stable cycling for
lithium-metal anodes in lithium—sulfur batteries[J]. Chem Eng J, 2022,
444: 136328.

HEO J M, MUN 1J, LEE K H. High-performance lithium—sulfur
batteries utilizing charged binder and solid-state ionogel electrolyte[J].
Macromol Res, 2024, 32(2): 187-196.

WANG H M, FU E D, LI G R, et al. An in situ fabricated
multifunctional gel electrolyte for lithium—sulfur batteries[J]. J Power
Sources, 2023, 581: 233461.

PARK K, CHO J H, JANG J H, et al. Trapping lithium polysulfides of
a Li-S battery by forming lithium bonds in a polymer matrix[J].
Energy Environ Sci, 2015, 8(8): 2389-2395.

DUHP, LIS Z, QU HT, et al. Stable cycling of lithium-sulfur battery
enabled by a reliable gel polymer electrolyte rich in ester groups[J]. J
Membr Sci, 2018, 550: 399-406.

AO Z R, ZOU Y L, LI H Y, et al. Introduction of UV-cured
interpenetrating polymer network in PEO-based all-solid-state Li-S
battery[J]. Sustain Mater Technol, 2023, 38: ¢00712.

WANG Z L, JIANG J H, LU J H, et al. Bifunctional polymer
with  higher number for
28(12):

lithium-ion transference

J Cent South Univ, 2021,

electrolyte
lithium-sulfur batteries[J].
3681-3693.

SHENG J Z, ZHANG Q, SUN C B, et al. Crosslinked
nanofiber-reinforced solid-state electrolytes with polysulfide fixation
effect towards high safety flexible lithium—sulfur batteries[J]. Adv
Funct Materials, 2022, 32(40): 2203272.

ZHANG T W, ZHANG J, YANG S, et al. Facile in situ chemical
cross-linking gel polymer electrolyte, which confines the shuttle effect
with high ionic conductivity and Li-ion transference number for
quasi-solid-state lithium—sulfur battery[J]. ACS Appl Mater Interfaces,
2021, 13(37): 44497-44508.

WANG H M, WANG Z Y, ZHOU C, et al. A gel polymer electrolyte
with Al,O; nanofibers skeleton for lithium: Sulfur batteries[J]. Sci
China Mater, 2023, 66(3): 913-922.

AO ZR,ZOU Y L, ZOU HYY, et al. Enhanced cycling performance of
all-solid-state Li-S battery enabled by PVP-blended PEO-based
double-layer electrolyte[J]. Chemistry, 2022, 28(34): €¢202200543.
HMSRR, SR RE, DS, & SR AL KL e b BRI 1 T
RLHI[T]. P23k, 2024, 36(8): 1217-1236.

XIAO Pengcheng, NIE Saiqun, LUO Mingliang, et al. Prog Chem,
2024, 36(8): 1217-1236.

HAN D D, WANG Z Y, PAN G L, et al. Metal-organic-framework-
based gel polymer electrolyte with immobilized anions to stabilize a
lithium anode for a quasi-solid-state lithium—sulfur battery[J]. ACS
Appl Mater Interfaces, 2019, 11(20): 18427-18435.

SURIYAKUMAR S, GOPI S, KATHIRESAN M, et al. Metal organic
framework laden poly(ethylene oxide) based composite electrolytes for
all-solid-state Li-S and Li-metal polymer batteries[J]. Electrochim Acta,
2018, 285: 355-364.

YAN K J, SHEN C L, WANG H X, et al. Monodispersed
MOF-modified nanofibers as versatile building blocks for the ion

regulations in safe lithium—sulfur batteries[J]. ACS Appl Mater



« 310 - CRERR L5240 J Chin Ceram Soc, 2026, 54(1): 297-311 2026 4

Interfaces, 2023, 15(24): 29094-29101. heterojunction facilitates lithium salts dissociation and polysulfides
[48] QU H T, ZHANG J J, DU A B, et al. Multifunctional conversion for all-solid-state lithium-sulfur battery[J]. Acta Mater,
sandwich-structured electrolyte for high-performance lithium-sulfur 2024, 270: 119880.
batteries[J]. Adv Sci, 2018, 5(3): 1700503. [54] XIA J, GAO R H, YANG Y, et al. TinO,,;/MXene hierarchical
[49] LIR, CHEN Q, JIAN J P, et al. A 3D network-structured gel polymer bifunctional catalyst anchored on graphene aerogel toward flexible and
electrolyte with soluble starch for enhanced quasi-solid-state high-energy Li-S batteries[J]. ACS Nano, 2022, 16(11): 19133-19144.
lithium-sulfur batteries[J]. ] Power Sources, 2024, 624: 235521. [55] CHI Z Y, DING J L, DING C, et al. A heterostructured gel polymer
[50] XIEPF, YANGR Y, ZHOU Y K, et al. Rationally designing composite electrolyte modified by MoS, for high-performance lithium—sulfur
gel polymer electrolyte enables high sulfur utilization and stable batteries[J]. ACS Appl Mater Interfaces, 2023, 15(33): 39342-39350.
lithium anode[J]. Chem Eng J, 2022, 450: 138195. [56] LI Z N, YANG Z J, MOLONEY J, et al. Quasi-solid-state electrolyte
[51] 1LRR, 3K, Effi, %, BEmft: g5 RED]. SR, induced by metallic MoS, for lithium—sulfur batteries[J]. ACS Nano,
2024, 52(2): 428-441. 2024, 18(24): 16041-16050.
JIANG Xin, ZHANG Chen, LV Wei, et al. J Chin Ceram Soc, 2024, [57] CHEN X D, JIANG H X, LIU J H, et al. Covalent organic frameworks
52(2): 428-441. and their derivatives for applications in high-performance lithium—
[52] CHEN H D, QIU Y C, CAI Z Y, et al. Topological insulator sulfur batteries[J]. Adv Funct Materials, 2025, 35(17): 2421697.
heterojunction with electric dipole domain to boost polysulfide [58] BI L N, XIAO J, SONG Y C, et al. Sulfhydryl-functionalized
conversion in lithium-sulfur batteries[J]. Angew Chem Int Ed, 2025, COF-based electrolyte strengthens chemical affinity toward
64(13): €202423357. polysulfides in quasi-solid-state Li-S batteries[J]. Carbon Energy, 2024,
[53] AOZ R, LI HY, ZOU Y L, et al. PEO coupling with NiO/C3Ny4 6(9): e544.

Strategies and Research Progress of Polymer Electrolyte to Suppress the “Shuttle Effect” of
Lithium Sulfur Battery

LEI Xiping, ZHANG Kaizhong, ZHAO Xinchen, XIAO Wantong, CHEN Yuran
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Extended Abstract

Lithium-sulfur (Li-S) batteries, characterized by an ultrahigh theoretical energy density of 2600 W-h-kg™!, have emerged as
promising candidates to replace conventional lithium-ion batteries. The abundance and low-cost accessibility of sulfur resources
further reinforce their potential for scalable applications. Within the critical components of Li-S batteries, electrolyte research has
drawn substantial attention, particularly polymer electrolytes due to their merits of low-cost fabrication, lightweight nature, and
tunable structural design. While the introduction of solid polymer electrolytes (SPE) and gel polymer electrolytes (GPE) markedly
enhances battery safety by mitigating flammable liquid leakage, persistent dissolution of lithium polysulfides (Li2Sx, 4<x<8) during
cycling remains unresolved. This dissolution phenomenon inevitably triggers the “shuttle effect”, where soluble polysulfides migrate
between electrodes, leading to irreversible active material loss and rapid capacity decay. Such challenges position the “shuttle effect”
as a pivotal barrier impeding the commercialization of Li-S batteries. Therefore, in-depth exploration of the generation mechanism of
the “shuttle effect” is of crucial significance for effectively suppressing this effect through the design and optimization of polymer
electrolytes.

The working principle of lithium-sulfur batteries is based on the redox reaction between sulfur and lithium, involving a complex
“solid-liquid-solid” transformation process. During charging and discharging, the generation and diffusion of soluble lithium
polysulfides lead to the “shuttle effect”, which in turn causes self-discharge and capacity decay. Traditional liquid electrolytes are
prone to leakage and cannot effectively suppress the shuttle of polysulfides. Therefore, researchers have turned to solid or quasi-solid
electrolytes, especially polymer electrolytes. However, the molecular structure of polyethylene oxide (PEO) is similar to that of
traditional polyether-based liquid electrolytes, and its ethylene oxide (EO) units have a high Gutmann donor number (DN), showing
significant solvation ability. This characteristic enables polysulfides to dissolve in the PEO matrix through complexation, thereby
triggering the “shuttle effect” and exacerbating capacity decay. In other polymer electrolytes, the solubility of polysulfides in the
polymer electrolyte limits their complete suppression of the “shuttle effect”.

To effectively suppress the “shuttle effect”, researchers have proposed various strategies, including the preparation of composite
polymer electrolytes by combining polymer matrices with inorganic fillers, ionic liquids, or other functional materials to
synergistically enhance the performance of the electrolyte, such as physical adsorption, chemical adsorption, physical-chemical
synergy, and catalytic conversion. Physical adsorption mainly restricts the diffusion of polysulfides by constructing physical barriers
or utilizing electrostatic interactions. For example, introducing nano-ceramic particles or constructing micro-porous structures in the
electrolyte can effectively block the migration of polysulfides. Chemical adsorption fixes polysulfides by introducing functional
groups or utilizing Lewis acid-base interactions in the polymer electrolyte. For instance, polymer electrolytes containing ester groups,
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amino groups, efc., can form chemical bonds with polysulfides, thereby inhibiting their diffusion. Physical-chemical synergy
combines the advantages of physical confinement and chemical adsorption. For example, metal-organic frameworks (MOFs)
materials achieve dual restrictions on polysulfides through their micro-porous structures and surface functional groups. The catalytic
conversion strategy introduces catalysts to rapidly convert polysulfides into insoluble LizS, fundamentally suppressing the “shuttle
effect”.

Summary and Prospects Despite significant advancements in mitigating the “shuttle effect” through polymer electrolyte
innovations, lithium-sulfur batteries still face multifaceted challenges that demand interdisciplinary solutions. Fundamental
understanding remains incomplete regarding “shuttle effect” mechanisms across diverse polymer matrices, necessitating systematic
comparative studies to establish universal theoretical frameworks. While catalytic site integration and functionalized polymer designs
have improved polysulfide (LiPS) conversion kinetics, atomic-level manipulation of active sites and precise microstructural control of
polymeric networks require further optimization to achieve directional LiPS transformation. Notably, metal-organic frameworks
(MOFs), despite their success in sulfur cathodes, remain underexplored in polymer electrolyte systems, where theoretical
investigations combining density functional theory calculations and molecular dynamics simulations could elucidate critical
interfacial interactions and lithium-ion transport mechanisms. Advanced characterization platforms integrating synchrotron X-ray
spectroscopy and cryo-electron microscopy are urgently needed to complement conventional electrochemical techniques like cyclic
voltammetry, as current methods cannot directly resolve LiPS dynamic evolution or atomic-scale ion transport phenomena.
Concurrently, material optimization must balance enhanced ionic conductivity through molecular engineering against preserved LiPS
adsorption/catalytic capabilities, demanding innovative multiscale designs that address hierarchical structure—property relationships
and interfacial stability under operational conditions. These interconnected challenges highlight the imperative for coordinated efforts
combining computational modeling, advanced characterization, and rational material design to overcome existing barriers in polymer
electrolyte development.

Keywords lithium-sulfur batteries; polymer electrolyte; shuttle effect; polysulfides; catalysis



