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Abstract

Lithium-sulfur (Li-S) batteries are considered key systems for next-generation high-performance
energy storage. They offer a theoretical energy density of up to 2600 Wh-kg-1 and a theoretical ca-
pacity of 1675 mAh-g-1. Additionally, sulfur resources are abundant and cost-effective. However,
their commercial application is limited by several issues. These include poor conductivity of the
sulfur cathode, volume expansion during charge and discharge, and the severe polysulfide shuttle
effect. Carbon materials have been widely studied for their potential in cathode structure design.
This is due to their excellent conductivity, high specific surface area, and good chemical stability.
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This paper systematically reviews the research progress of carbon-based cathode materials for Li-
S batteries. It highlights the performance of porous carbon, carbon nanotubes, graphene, carbon
nanofibers, heteroatom-doped carbon, biomass-derived carbon, and carbon-based electrocatalytic
materials as sulfur hosts. Finally, the challenges currently faced by carbon-based cathode materials
are discussed, and future development directions are proposed.

Keywords

Lithium-Sulfur Battery, Shuttle Effect, Sulfur Cathode, Carbon Materials

Copyright © 2026 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 51§

TN BT BRVR AR I CIBUR &, Rl 2 R E RN Be l T & 0 S Re % B A RE e DI R R, PR
Sk AT 78 B FAR RO AT E . Li-S B LA RE R . FURBAG . BT G N . o,
BRAE A IENGEVERRE, SRS S ARAR1] 2], 18I PRI 7 E e S5 s B T 4R it ik 1675 mAh-g ™ 1Y
HIRRE[3]. M AR ERIE 2 B 5k 3860 mAh-g™!', #A N2 FRAR I Skl K

JUEGNIE, Li-S R )RR pi M 8 K 399 52 T TE AR E - B L= SR 1 = AN A% O il i, )
S FE RN B EAR 5 PR 22 DA R e TSR R R R AR BRI I i B[4 [5]. B0, 2R FE R
R RRTF A 8. FIVEYE 2 BACTE IE AU MY BUT R, TR “HFRIEHR” , SBREMEEME
B R, [T BT 3 S P BEL R I S5 8Bl 7 2 1 A B il R FLG, B EAR ) LS FRARAIR(S < 10730 S-em ),
SEOEWAAE . FETEY TR ZAK[6]. 2=, BEBCREAN LS M4 80% AN, S
FL AR 8 PR AT B S VS PR IR, B T3 ol RV 2 R T O[]

N T TR Li-S HUMBIEARAR X SEHRAG, A SRS 2 — R B AR 7 O At 5 H B i ok
VIHR R | B F B S I S B 2 A ). AEARZ B BRATRL Y, BREEADRIDE AR 1K 3 M (8] AURF R FLIFR
SER[91F0 R AT MU/ e e e A BUOAIRSR R i, 7E Li-S Hib 2 TRk i [10]. H AT
A RS EAARIE Li-S Fith b R PRI 78 R 2R ZALBK . BRGUKE . A IRGUKE 4. RET5
Bt RN SR AR R . AR SR LR T IR R SRR S AT RIE Li-S R it I AR R 1 8 3 e A
o M RE I SGEVER, JEHT T AT RREE IEARD R IRG (I PRAR, JREE T RRMKETT A .

2. Li-S i) T {6 R

L-S HLit )i e RE A SR AR TR 0 AR AL AR P I SRR BN o TR S L Bkl R A 4
WL, REHRTHAN Lits XEERHE T I T8N T2 AMR Rt A% S 2 10, AT R £ IR
e, 20 b Ah e B A% 2 (1 LT S IRV E ) RO A AR SR SN, AR A AT I 2 TR AL TR TR Ak, O e B
WA TELTE A LiaS. 78 SRR B S B2 I R EAT, LioS AP s (OB L. AR BN 78
BB, )@ Gk [FP AT A RS N S R UTRR SR AR . ORI R S B R R 11

MR : S +16Li" +16e” = 8Li,S 6}
TS Lie Lit +e Q)
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RN S, +16L1 = 8Li,S 3)

Li-S HB SR A 2SRRIV e — RANE AR, IR 88z BAEAN R R R R P T Be 2 B IR K
RIANIE] o G Li-S WO AERESR R P OB i s &b A A1 &, 26T 2.3V 2.1V, XRCE Sg
Fl| LinSs WA LinSy B LinS M. ME 1) TLAEH, BB RE YN LS. et fEd,
LioS &5 Z ik W (8] =W i 4578 1 Ss,  FLTE s FE M AT 4G 20 . 4817, 7E 78 s AR AN 72
FELSF 58S X 7 AN B S o T TSt I Y A B

BB 1: FESIOIRE N Se VM TR, TR Ss [14]. FiJE Ss 0 THEMIRLE L&KM
A ATETE K AE LioSs, XM AEBCEHEEN 23 V K —NRHBE TG,

Sg +2Li" +2¢” — Li,S; 4)
BrBt 2: LisSs 2 5ib IR 8L, A HEAG s TV I (R A2 8% LioSe A LizSso
3Li,S, +2Li* +2¢” — 4Li,S, (5)
2Li,S, +2Li" +2¢” — 3Li,S, (6)
BBt 3: A1) LioSa #50 Jir l [E] 25 AN ] Y5 PR LinSo, X RE B LR A 2.1V 15 AN S .
Li,S, +2Li" +2¢” —2Li,S, (7

BBt 4: [EASHIARIERSE LS, #E— B HOE R LinS.

Li,S, +2Li* +2¢” — 2Li,S (8)
(a) (b)
discharge charge Se
e e
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Figure 1. (a) Schematic illustration of the working principle of Li-S batteries [12]; (b) Schematic illustration of the charge-
discharge curves of Li-S batteries [13]

1. (a) Li-S Bt TAEEIERE=E[12]; (b) Li-S Bt AL B4 R = E[13]

3. BREIERME

BT RHE L 57 (0 T b s i BERTETAR DL R & BB IAAA% 0N Li-S et IEAR R AR (KBt AR
[15] AR 2 RALA BT LG WO I AR IR, SCREIE I 40 B PR 3R FH 0] 22 Bt A 40 14 2 AR
[16]. FET UL, BRIEIERAEENRBL Li-S iib o rEaE SR A 1 I SE 1T IR R AZ .
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3.1. BUEILBRESHE

Z LA RS R Lr, FLBREE AL RN G TR, AEAAR B AR o ST IZ o ARAEFLAR KD,
AR AL <2 nm)y S ALELAR 2~50 nm) FERAL(ELAR > 50 nm)BrA4RE,  Hrp LB S 1)
R, AR RS AR IETE, KALGEAT R

Liu 25 N B E LS A i ik 20 o) 4 7 He B MILA A FLI DL ERMMPC), ZAMRHEL) 77.2%1)
WREE T, VAR AREN 921 mAhg™, HE 100 mA-g! FEEM:AE =LA 1086 mAh-g™' [17]. Carter &5
N CAHAL S Z0 0k ) 22 FLRE A AR ) 2% T A ALt k), BB & 7 A LA R AT R T 2 AU e
W Bt 2 A D B EAE A [18]. &t 60 wt% & & IEMRAE 0.1 C THIEEZA RN 1350 mAh-g™!, 0.2 C
100 KEHEZERFFFIE 81%. Park 5 Nl thZ] B 4 3B/ 91K Fr (I0-CNS), Ak T an s
2(b) B FUEE ST 5 A FLIEIIE IR A FLBR AN K 7 (OMCNS) [19]. F1# 70 wt%fiii () OMCNS-S IEARTE 0.5
C TEH 500 K5 b A EARFF 505.7 mAh-g !, HRIRIEH AL 0.081%, H 2 C S FAREIL 580.6
mAh-g~'. 2009 4F Ji 2 N1 UK A FLAK CMK-3 1T Li-S BB EAA[20]. W& 2(e)i@id #a ahd Bridor it
T CMK-3 fLIEH, FIFH A FLAK BRI A i T 2 riE -S54 #, 1% CMK-3/S & IE
WAE 0.1 C FSEPL T 2 1320 mAh-g ! FIRIGA LL 75 5 HAG AR E P R 4T - Zhang 55 \RH Bt 26 T BBk it AL
2, 42 W% - BRER AWM B BRA L BRI B PR AL 2 S B, nTARSE R 500 IR, UE B ARFLAR
AR P 25 AR RN THI [ JURR PR 242117 Schuster 25 NI B985 754 i 7 B B = LR R (AL 2.32
em>g!, MR 2445 m>g WHIFERIEA T A FLBRGURRIRL[22] . I FAE Li-S st B ARk, SE3L T
ik 1200 mAh-g™! AT R B R IEA e, L AR T WE 2008 FAFL - LA s
(MMCS), S/MMCS &M EHE 0.5 C FEH 200 XA IRA 837 mAh-g ' . HELRFFERIL 80%, A&
FEH Z BT B 23]

e

SBA-15 Precursor/SBA-15 Meso/ porous S/Crbon

Core/Shell Carbon

Carbon/SBA-15

Figure 2. (a), (b) SEM images of OMCNS and (c), (d) OMCNS-S composites [19]; (¢) Schematic structure of the CMK-
3/S composite [20]; (f) Schematic illustration of the preparation process of MMCS carbon and S/C composites [23]

2. (a), (b) OMCNS #(c), (d) OMCNS-S E &40 SEM El&[19]; (e) CMK-3/S E &M RILEHREE20]; (D
MMCS F&# S/C E &M EHBHI & RIZE 23]
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3.2. B/BRGKREE SR

K (CNT) R —4Erh S ERARE, BRI T LA sp? J4Mb N B B REZS thAbdi Ll & sp® Atk {33t
BEIE M AR TIAN R S f e st [24] S RIKAELL. FE R AL TR, CNT [ H K
BRI & Z A, I AR S (R B Ve RE . CNT 1] 43 FRBERR 9K B (SWCNT) A 22 B Bk
YK (MWCNT), Hirh MWONT [ 1) 48 B A BRI S 5 .

Yuan 25K B Rl BRI SEIS A EE T 20257 ONT, BR# &% 6.3 mgem2[25]. iZ LI MWCNT
G HE SR S VACNT 3 B 28 R I SCHE (1€ 3 (), £ 0.05 C FHIER THIAR HL A &4 6.2 mAh-em ™2,
—EHER G AR LA R TIA 15.1 mAh-em 2. Jin 8 Al 7 ZBERRAPKE - TRIMWCNTs-S)E A KL, i

AL (KOH) M2 T B i) 1B] BR 25 W 3R T+ B A6 5 I, 35 T i, WIURT F AR 71 741
mAh-g™!, 50 AN W5 A B AR NSRRI 80% [26]. Sun £ N\l 4 S AL IR 1S £ FLIR YK (PCNT)
MEL, HAREAL S SN HURSREE KSR B SR, 3% /LS WAL fURT SE B s AR f 3 A 80
%J% AR [27] (E 3(b)). Frifil# S-PCNT HAMEE 60 wt%- 70 wto 3 2614 T ¥ B At 7k

- Wang %5 Nl id #HIEES MWCNT. Bt 53 uisfl, BEAA R T MWCNT A2 XUHE TR i Bk,
MWCNT {ERRBURL A A R T R =4k S %, BORIA 4 TR 2 35 vol % e 2 i X 4k [28]. LAl 4%
ToREAEFIIEN, 16 0.05 C FHIATRARELI A 1600 mAh-g™, FHEM BN FHRZEREEIESECBE.
W 3(c)Fin, Zhao S5 N2 HARFEEW S5 MR 2, R AR AP (LDHs)ATAE BUR S fEAL ), 3@
I JRALAR S SRR B A T RE R RGN (VT-CNT) [29]. Forb BBERR 9 K A5 (1) 5% T % BERR 4K
B B, TR = e S %, R R F b LE AR S e T ) B B 4 5 A AN S R B
[flo 1% VT-CNT/S IEARPE 0.1 C 1 4 C FHLAES A1 1120 mAh-g ! Al 570 mAh-g™'. Chen % A5 FIAHER
AEBRBRANCKE , TR AT T FLR T Y A% e 454, B i BR B 1) BROR AL AR IR E A [30] o XM RHE 0.3 Arg!
TEFR 100 K5 259 1000 mAh-g™!, 7E 1 A-g ! FIEFF 200 K555 650 mAh-g'.

(a) MWCNT MWCNT@S Free-standing electrode (b)
\J Sulfur
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s ifur / y
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Figure 3. (a) Schematic illustration of the preparation process of the self-supporting carbon nanotube cathode [25]; (b) Sche-

matic illustration of the synthesis of the S-PCNT composite [27]; (¢) Schematic illustration of the synthesis of VT-CNTs [29]
3.(a) BXEBRAKEERFIZRIZE25]; (b) S-PCNT EAMBERBTRERE[27]; (c) VI-CNTs & REE[29]

33. WAEBESWHE

A 2B AR BRI sp? AR B —4ERDRE, B e O B IS LE R TR (2630 m2g ) [31]. BRJA
TFAEVI A A=A I SR S, IR AP A o S0 T ELATE, TRT 450 AR e Mk [32]. 1E A
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Bk, ST 4RI BE AT AR, XRESR TR A IEARA RN T, DR T A R AT %
2 FVE[33].

2011 4, Wang S5 N\ B GBI INACH SMEA0K ST IR G, AT S 0E T4 2590
KPR M) S-GNS EAEMEH34]. BALZENNAERH, ZE 6 IEWRAES M. B8 LR M7 ) %
ERT AR EM « Zhou 55 AR FH A SR IR AR MR AUA, BidE N 10.1 mgem 2B, LA &L 13.4
mAh-em 2 [35]. fE 6 A-g ! KHLAHE F A E & T 450 mAhg!, H 1000 RIEH h R IG5 5
AL 0.07%. Wang & N E £ ZBE(PEG) A5 (1 L FOK B RIURL AN 7 58 40 K RO 1 P S A A 880
JEER T A S - EEMENE 4(a)), ZEEMEHE 100 RGP LRFFL 600 mAh/g FFE LA &
[36]. i 4(b), Duan % A\ LA i (Ui il 6 8 A 55 (UGS) & AR S B AE N 3 HL7RI[37]. UGS 7T
TETLRMEVEMER N AR BRI, TR m =g S ML, FIERTE 1 C LRI T 90Kk %
IR IEM . Shang 258 Al 46 T HIE SR A 305 A (rGO) S B 24 i 1 2 1% 11 SCHE IR (1] 4(c)), 1GO 5
BI5) oy B oy 1 Z (A AE AR AR, rGO/S WIRAE 2 C f5 3% T I HA 485 mAh-g ™! (1 m {5 R 45 & AR
SPERFRETE[38]. 2014 4, Zhao FEAWFR T —FIEME S XUE A BIEMRNE 4(d)), BAAFLIEREFHIE
FEWS, HT Li-S b5 A& R B R MEEE, 72 5C, 10 C 5 FEFR 1000 AT 7 5 4-FF 530 380
mAh-g ' ¥ [39]. Ji ZEANA K T A B - BU(GO-S)AKE & 1B, FIH GO Rl HAEH 5Ly
Z ) fR S ELAE B B R RN, % IEARAE 0.1 C FIEHR 50 Yika i R F:4) 950~1400 mAh-g ! & Al i
ZH[40].
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Figure 4. (a) Schematic illustration of the preparation process of the novel graphene/sulfur composite [36]; (b) Schematic
illustration of the synthesis of UGS materials [37]; (c) Schematic illustration of the synthesis of flexible self-supporting rGO/S
films [38]; (d) Schematic illustration of the synthesis of double-layer graphene materials [39]

E 4. (a) FBEAEH/MESMRIFIZRIZEE30]; (b) UGS MHEMREE[3T]; (o) B XZEEME rGO/S EHR
BE38]; () WEABEMRERRNEE[39]

3.4. BARPKRTES S
BRANKR AT Y2 — R — LT YRR R, R BORIEER A U5 03 rE AN R 25 R e
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SRR, BROR A 4 v i e 52 S N 2%, HONZ AL SR AL B AR I A |], AT 98042 52 4R
RN o

Yun 25 NJEId Y2244 T CNF SR TR EMN, FIFH —4ep kA & S R CNF 26464 %
Bt SEIL TN 2BV R ER IS [41]. ZBHERREE SIA 10.5 mgrem 2, HARAEHIE 7mAh-cm™
PITHALE A R . Li S Nl RIR 5 R B35 4= 1S S i 9K 4F 4E(ANHCNF) Y, iZ%A44 kL BET LR TH
FUIE 608 m2-g ' FLZE N 0.8 em™g ! [42]. & 50 wt% I R & IEARTE 0.2 C FHIUA AT 28 1230 mAh-g !,
100 KIEIAJEITRFFZ) 920 mAh-g . Hu & Nilid § g7 22 25 & miedl, $il#% 7B (WO)B RN 2
FLBRGN K LT 4E(PCNF) I 2 55 4 [ ST IEAR[43]. o EEAS [ J5 52 BU 1R 58 P A6 G /A 4 ik e 55 2 LB Gl K 2T 4
SEE 5 HERIE B (1 5(a)~(), WC-PCNF, Fl WC-PCNF; #5061 HILURE 5, 24t T =ML miL
P BHEPENL . WC-PCNF, 7E 4.0 mg-em 2 =it 2k & F, 0.2 C {3 200 X5 5 = {-FF 636.6 mAh-g !,
BERRFFRIE 88%. Li SN T “UR” S50 B Sk, DUERDR 2 Mgk 4L (& 5e))h “1a
BE7 R, DRI TR SR IA R “Hh” R AL S AN IR T [44] 0 1ZHARAERIFE 3.6 mg-em 2 T,
0.1 C FHAEIX 1314 mAh-g !, fEHFEERLF; —ZEHSEmMEEIX 10.8 mgem?, MARLARTH
F+%& 8 mAh-em™2 L k.

(2) WC-PCNF, |/

20 pm

200 nm

Figure 5. SEM images of (a), (d) WC-PCNF; film; (b), (¢) WC-PCNF: film; (c), (f) WC-PCNF3 film [43]; (g) SEM image of
self-supporting multi-channel carbon nanofibers [44]

[&] 5. (a), (d) WC-PCNF: f&; (b), (¢) WC-PCNF2 f&; (c), () WC-PCNF; lRAY SEM BB F[43]; (2) B XIEMSIBERL
KeF4E SEM BB (44

3.5. BUREFBERESHR

FE 43 1) 2 FLAR T S G TEARORT Z2 A 0 i ) B PR A 2 55, M LA R0 ) 28 AR 38R [45]-[47] O N
B. P. S &MET5 Z A IE AR, B ARA R A SR 115 2 BE R B Li-S Hb M RE[48].

Chen 5 NG M6 A RS, £ CNT Rl T HINAHIHESL(COF) T4 1Tl A 3L 45 24k (BOC)
PERE, AR AR 2 R T A 20[49]. SR 68.5%11 BOC@CNT IEAR T 2 Ak B AT 5 B e
IE HE LR . 0.2 C FIEFA 200 UG AT AN 1077 mAh-g™', 1 C FEHE 500 KGR EE 794
mAh-g ' Kim 5 NEEKG BIEL G HACEE, §1% 7 2K S A € T 3545 44 A 35 (CeO2/PG)
152 G EHE R BB ELHS50]. S@CeO./PG E-A M i AL AR WE] 6(a)FTn, &8 72.3 wt%lH)
S@Ce0y/PG IEMLAE 0.1 C FELAE A 1287 mAh-g™, 1 C FHEFF 100 R 1{#FF 577.7 mAh-g'. Fan %%
N DU 6 B AT = SR SRUR O T B A4, i AL [T S A B - TEHLER & B A 77 1 ) 4% BB J- B Al oK v (N-
CNS) [51]. ZEWME A M 0.2 C FE KA 200 RFEF G 45 &5 518 1313 mAh-g ' 1 722 mAh-g!,
EERAB 24 B B REATAE IR GUK 32T T 40%LL L. Song &5 NHI 4% T — R/ FLEIB 24T - B (MPNC-S) &
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HIEW, BBA LR 758 5 SRR LRI AT, ZIEAAE 0.7 mAh-em 2 {7/ FRIATEE B T
100 KA RARRFIL 95%, (I FE tEILRE[52]. Shi FEAAMK T N/S B0 A m LR Hf £
LA SEIHNSPOMEI53], REBSIRIE S/LixS MBI A . aild ob)Fis, HEERHBHIA
W G B AL e KA T DA S I PR O 28 1/ P T RO DO e 78, 38 BE A Rz R AE I (1] B9 78 T e e
FE I ARUZAK -

@ co, ep W S, wv Polysulfides

(b) NSPG NSPG/S NSPGI/LI,S
: X e . [=§
% N — wdischarge
(& =
= Charge B
— L
‘\/ \\

___________________________
0
of ;
é n polysulfides
{ e, conversion

Figure 6. (a) Schematic illustration of the sulfur conversion process in the S@CeO2/PG composite [50]; (b) Schematic illus-
tration of S/Li2S preparation and its interaction with polysulfides [53]

6. (a) S@CeO/PG E &M R P IREENITIZREE[50]; (b) S/LiS Hl&RES ZHRUIMHEE(ERE(53]

3.6. /RS EME

AR A MEDE R LVAED ORI IRE, SRl ISk B AR AR SR B 2 AL kL, B
ek A ThEELH 20 B AT R [54]0 X BRI EL T FrEt | SRYE) V2 . AR BE DA S R AR AL £ 40 2 Bk
ERH.

Zhong 5 N 32K AL R % R A &, fERE =R (1.0 MPa, 200°C) N AL ACK i AR K 29 20 £,
il 2% T GR/MCK T A 22 B 2 FLKFLER(PRC) [55]. #RA Ni 40KFRfS, PRC/Ni B &M LR R HE SR
(~7.2 x 10* S'm™"). LR Z(85.1%) M L £ THFA(1492.2 m*>g ™). FHVFARER BRI 2 AR}, PRC/NI/S H
WRAE 0.2 C T &L 1257.2 mAh-g !, 500 (RIEH G0/ EF 821 mAh-g'. Xia &5 NI HH 752kl & %
FLAEIR(FCB), M CRRHAC)BFR RS EHMIK Sy« R fLIEEZE N #[56]. 24 HAc &b¥ )5, FCB 1)
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EL R TR 7 44.7% (35 2954 m?/g), FLAFEE 67.5% (0 1.39 cm’/g). FCB/S & & 1EMR 1 VK HL 75 5 ik
1317 mAh/g, 200 XIEH G IIREE 790 mAhg, FEHRFELZAA 0.068%. Yu 55 N LARG VA5 2 AR 9K A4,
I — PR A& T WAL M AR R AT AR, IF R B SRR (8] PR S AR B
&, EREUAL TR G E[57]. Xiao & AT BN EERL, & T BB RN 2 fUBAE uminE 2 [58]. %
MEHE 0.1 C T UOIE A B EIA 1534.6 mAh-g™, 300 URAEFA 1 22 ARARIRAE 98% A F. Han 25 A3
I BRAL AL %5 T 22 BR(Rhizopus Hyphae Balls)ffil £ | H SCHE B 22 k90K A7 (HCNB), Fdid & 1 AR iR 51
AN (POYIK IR (PHCNB) [59]. %K AMEHE 4.6 mgem 2 B E T, 0.5 C 5 500 K5 & R RFF
ik 17%
3.7. EREBENIERR

TEFHBCE 3R 5l N B A TSR S RAL S AN, SRS E &E A, TRy
PETF Li-S Ayt P A B ORNS  AAE FEAE AL DRI AZ O E A R “UR M 2 2 54 P (Lithium Poly-
sulfides, LiPSs), MM Ss 5 LixS Z MM 2 P8Ik i B #E . JBob i 2, AL s v UK
i LiPSs [a)J5E LiPSs LA A5 %% LiSo/LinS MIFEAL, PR LioS % AE L2 . s H Rt , AR i AT LA
HE LioS (53 il A T, DT/ A 2 e s PR o R

@

Free energy (eV)

(©) (d)

~25

$20] NG )

_GE) 151 FS TS Fs
.g 1.0 LA

Lﬁ 0.0 IS Ebarrier=2'3 eV Ebarrier:1 4 ev

Reaction coordinate Reaction coordinate

Figure 7. (a) DFT-calculated configuration and binding energy of Li2S¢ on CoSA-N-C [60]; (b) Energy profiles for
the reduction of LiPSs on N/G and Co-N/G substrates [61]; (c), (d) Energy profiles for the decomposition of Li2S
clusters on N/G and Co-N/G, respectively [61]
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