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Figure 1 (Color online) Advantages of lithium-sulfur batteries in terms of (a) specific energy, (b) elemental sulfur reserves, (c) cost, and (d) ease of
recycling [3.,4], Copyright©2020, American Chemical Society; Copyright©2020, MDPIL.

RSk, [ P AME R AR F I R R b Ak g T Y
187 BE#E. Z£EMSion PowerfliLyten. i [EHKILG
SHTRE VR AR K F) I Li-S Energy5 /A w) 76 4k sh 1 i H
WFE AR 7 THELE TGS, 40, Sion Power 2 7] (1
PR L AE20144E B /1 Zephyr7 6 AKL5E B 1 3% 4
11 dff) KAT, ZHMBEA350 Wh kg™ f & B S 25
LytenA ® 202 14 T — 3K 6e & % & & ik
900 Wh kg™ A7 SE AR AR AR L, FLBETHAO R SO
Wit 1400K. LGHBEVRIE2023 1t 5430 /1 H
MY N A o 5 N = B O R S Y il K R S L N
FEHE H — B Tz R T Y BETE TR 2 B AT
7hHFI T ANL. R4, Li-S Energy 2 74 H 68 &% i
1400 Wh kg™ fi 2 [ ARERBR B, %7 Wl T 200
P AN ZE b 1 22 Ak, 76 ], Al e A ORI L
A A AR VbR FERANE R, JEEUS
T — RN TR

AERAR 2 [ S AN X B B AR RV B R (1) K
&, FFid I BUR SRR B S A CRHES H AL R
20214F6 H, EERRIFEI AN T (G2 EE KB K RE

766

K12021~2030) , B 1 H AR, HP i as) 4
F Y 2 i) i R A T D BRI 50%, S I 4 [ 45 H it
FEE 4 J8 FLVAE N B AT HS FE Vb UL B, BE R TE
%500 Wh kg™, S2HHL I 100% 2= BG40 F1 =84k, 46
EEUF AT T €2030 = U HL It = b (K- L) R A%
&Y, THRITE2023 22 20284F (B $5 A 3066425 70, LAIE
25 Lt . LA R DA 4 B F R AL EERE. IR
[ 7EARAT H it B R BRI TE AR, &R g & &
EREE48.60%, fEtHARE—. FEBUFET =
FooR A DY F BRI I RS T R R SRR
PR E ) B AR, JREERHRQE R TR T 6 i RE
TR v R B 4% R BRI TG, BeAt,
o E I RFARORER . AL AE AL B il i 5K
AW RIER E K E SRR R B RI973 1
¥ E K mEAN L R R (8631 RIS R I H,
DRI FE AR B R RS T 9 A T 1SR

JUE R L R I L R I ER R R, RS
I W RERIHRN, B LR M Ak S FH AT T 7 2 Pk
B, B IR T 22 DL 2 IR 1 AR AR N5



hEBNE: AR 2025 4E 553 A5

I B SR A Bm R BB R E, HARETEtRA
T A BB P AR R 1 pE M, X ] R R ) TR
b PO — 2 ST e R I WA B P LA (R
A mHER R AP A SR, ARGk RE
PRATAik RGP o BRI L BRI, BT R
5 AR AL P FR) S B 827 32 1) 22 BRAL A B 5 AR L
J827 5 BOHAR A B8 22 A0 0 23 R VBS A L HEL A o it I
RV 5 2 A 5 R 1 22 4 il 7 ey R 1,

BB IE A LR Z A R, W TEN B AR
THIR IE AR A B 1) 5 LR AR AR S L P T
AT PEAL. FEBR T AP Sk 75 i, 38 R 2 1 24
KE GG, BT Z RS0 L =45 2%
TSNS, AT AR T B LA (1 5 k. EfR L
WA RVERTT L, 5N E S Iu R AT
BRI, AT ARLE RERFHER IEAR 1 5 L

FEAN 2 B 2 AN 1P L, AR IR AR
B R 45 77 LA K AR R4S U7 T EAT T R SRad .

FERRIEAR T T, 32 B AT R D B R4 5t b 2
W B E 2 AR, AR AR PRI E IR A, FEIEAR
Hh 5N LA RN T I I 2 AR AL [ AN I 2 AL
VIRIHEAR, ARV AR 8], 22540 2 BRA IR < R
RO, RIS 55 A e, el B R B L 2SI
it IE AR 1 P9 B 4544,

FERGRE DT T, EEMCAR 3wt i e fr
3 o BB S 28 AT AR, TR B RS 22 BR AL 420 F B
BEPE, s R I AL IR AR G N AT B
W, A B R AT HE R AL, Sl 2B R SIE
MEALTR, ek AT I 1 22 TR AL A 1) AN VA 2 AL I
etk

FEREEEFITIH, BUI TR R G5/ R 4557 LAS
THRE, $EREON Z ALY RE J1; i A
FARHRRZ AL HE R TR, ERAFIPTIA
SAACIE JFAE PR BT, A A SR AR AR T 2 AR AL,
INIE T 2 B e 1L

FER A BT, AR 7 2 BRI,
A BRI FRBN, TR % et SRR
AR (E AR A AR B T R AT
TR AR AN RAFFGEL JLEER, WU RS e A
SRR T R R . SO S T R LSO RO Y [ 2
HLR R T TS T L i, sEsd i
BYFERT . EFEEAR . IO RS TR R

B eI S - 1] 2 FL R TN 2R S W S B B O S 1
Gl FERR A AN A L A AR (BT 7
B GIE TSR ARG vk R AT
Mz NG el B2 G am e B NS
PR AR N BDR S B Tz, AR E
Ao A B B A ] 2 F R o tBAE AR L B, %
TIUb I 7 G5BT L R B D0 S P RE AN LK)
IS FH 75 73 38 3 RO VR TR SIS S, A Ak Rkt
I 28 PR o AR B PR TP A AE IO R, DBl S
Fint P b ke Ay B e R AN o 22 A R RE ORI 3t T
S SIS

R EAR ORTE R, A ] 25 P AR 5 (1 Btk
TF 7E R Ry [ A BIARL L M ) A FEAR I TR LS. 4T,
RIS 7 b U B HE S T b A AR &, X
—HFUEB A S E E R, AL S B A
AR AR . PRI AR, [ AT L
S TAERACE, TR IR RE(K2). BB,
T 7 ] 2 FL AR A RO T R R R4 TR
M, R T A RE R AN

AICERIR T AL Pt TSR ) SRR E FEHE R, R
SRUE T BB A P LB RRAS,  BIIEAR S A
ORI TR RN, LI 55 M A L X SRS
gy, A& I AR A [ A s AR s Rt S e, BE
Ja, FEHR TR A S AR O AR 4 R L R RE T TR
WIS, fERCEERN b, PR 7 B P I I B
MR R T ARSI AR TT I, D SEBl A e A
AR EARSRE M T 2%

2 BRI HLH A P PR

2.1 T L A B

B H Tt PR E AR S B FE AR B A MR A, WA
%05 1 FAL 2 R LRI AR AR, AL B R T (Y IT
o - 0 W LR TR R BA J — R B R (R 2
T BRI AL, B3R, — ROA 9 HAR F it
s TE AR F o 5 7 A 35 4 2 R,

(1) ZE—Br Bt TEBCETFARET, FR IS 45) 51
B I, ik A S 1 5 Y R L, S, X
TR R L T 6 292.4 V ovs. Li/Li.

Q) BB BRI, S SR T RN,
T I RO SRS R A KB I 2 R A A(L,S,, 4 <n <

767



KBS AR E A B A R T Ak R Rk T S A BOR e B

- RIER AL
T E AR ik KRR
TS 1 2 B 4% FG I FEAIN

o RREAIH
mm@%@$/ %ﬁﬁ»mw
< %

A N X\

(b) oA

“~—— g
R i e
@Eﬁéﬁﬂ!

B2 (MR (a) ke v 2 B B P A 8 T S FReRS A TR SR s (b) AR PRI 20 [ v 4 ] 25 L v A e

Figure 2 (Color online) (a) Main obstacles and solution strategies for the development of highly stable and high capacity lithium-sulfur batteries;

(b) transition from liquid batteries to ultra-thin all-solid-state batteries.
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Figure 3 (Color online) Typical charge-discharge curves of liquid-
state lithium-sulfur batteries [2]. Copyright©2013, Royol Society of
Chemistry.
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Figure 4 (Color online) (a) Schematic representation of the sulfur reduction reaction network in lithium-sulfur batteries. Blue and yellow spheres
denote lithium and sulfur, respectively; (b) cyclic voltammetry (CV) curve of the sulfur reduction reaction in lithium-sulfur batteries; (c) experimental
CV curves, first-principles simulated CV curves, and charge integration results, as well as the relationship between the concentration of major
intermediates and potential; (d) the primary reaction mechanism proposed by first-principles calculations, red lines indicate the major electrochemical
reactions, yellow lines indicate minor electrochemical reactions and blue lines indicate chemical reactions; (¢) CV curves with in situ Raman
spectroscopy (left), and a comparison of in situ Raman spectroscopy with DFT simulated concentration in terms of voltage versus experimental
concentration/simulated concentration ratio (right); (f) the transformation from Li,S, to Li,S [28], Copyright©2024, Springer Nature.
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Figure S (Color online) (a) The distribution diagram of sulfur’s outer electrons; (b) the bonding mode of sulfur’s covalent bond; (c) density of states
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IT LAIE SABFR 51 AR ASA; (3) SIS
B3R A3 LiPSsBr[il & HL i 5T (SE-liq); (4) 188 FHVBAHE il
% SR AE KB 47 4E (vapor grown carbon fiber, VGCF)
HLAG R 10 15 A 435 140 - 47 B IE W0 A A 5 ) = 48 (3-
dimensional, 3D)THLEEE. HAIEWERE ML



REBE: FARRYE 20254 H55% 5

F 1 BIEBEE TR IEARA ST SR B S TR AT . WEPEAPRL. RS

Table 1 Statistics of sulfur host materials, electrolyte components, active materials, and battery performance in the research related to optimizing the

positive electrodes with various types of sulfur host materials
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FHI(e) 7 HLHIZRDY, Copyright©2014, Springer Nature

Figure 6 (Color online) (a) Schematic illustration of the procedure for preparing S/GNSC; (b) rate performances of S/rGO and S/GNSC electrodes at
different current densities ranging from 0.1 to 2 C; (c) cycling performances and coulombic efficiency of S/rGO and S/GNSC electrodes at 0.2 C for
100 cycles [35], Copyright©2016, Elsevier; (d) specific capacity and (e) charge-discharge voltage profiles of Li,S@TiS, cathodes cycled from 0.2 to

4 C [36], Copyright©2014, Springer Nature.
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Figure 7 (Color online) (a) Schematic illustrating the synthesis of the ACSV cathode composite; (b) morphology of ACSV cathode composite;
(c) cycling performance of ACSV cathode at 0.214 mA cm™ (0.1 C); (d) galvanostatic charge-discharge profiles of ACSV at 0.107 mA cm™ (0.05C)
[38], Copyright©2024, Springer Nature; (¢) schematic of preparation procedures of ASSLSBs with LiX as S/C cathode additives; (f) CV curves of
S/C@LiX cathode at a scan rate of 0.05 mV s (g) cycling performance of S/C@LiX cathode at 1 C [39], Copyright©2023, Springer Nature.
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Figure 8 (Color online) (a) Electrical conductivity of S¢3I at 25°C, measured by the equilibrium current versus applied voltages; (b) elemental
projected density of states for Syl from HSE calculations [29], Copyright©2024, Springer Nature.
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Figure 9 (Color online) (a) Proposed scheme for the structural design of MC and hybrid MC-Meso C-doped TiO,/S composite; (b) cycling
performance and columbic efficiency of sublimed sulfur, MC/S, mesoporous C-doped TiO,/S and hybrid MC-Meso C-doped TiO,/S composite; (c) rate
performance of the sublimed sulfur, MC/S, mesoporous C-doped TiO,/S and hybrid MC-Meso C-doped TiO,/S composite electrodes at 0.1 C [53],
Copyright ©2016, Elsevier; galvanostatic charge/discharge profiles of (d) cycling performances and (e) rate capabilities of the Co@BNCNTs YS/S
microspheres and Co@NCNTs/S [54], Copyright©2017, John Wiley and Sons; (f) formation mechanism of the Co@BNCNTs YS microsphere and
schematic of discharge and charge mechanism; (g) cycling performances of KB/S, pPAN/S, pPAN-KB/S [55], Copyright©2016, Elsevier.
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Figure 10 (Color online) (a) Density of states of Ti;C,7, (T = N, O, S, F, Cl), respectively [61], Copyright©2019, American Chemicl Society;
(b) capacity-voltage profile of the ASSLSB tested using different lower limit potentials; (c) computational Gibbs-free formation energies of Li,S, and
Li,S per atom in vacuum (red line) and on the Lil (100) surface (blue line); (d) simplified activation diagram illustrating the energy landscape of Li,S,
(red line) and Li,S (blue line) oxidation in the adsorbed phase on the Lil surface [64], Copyright©2023, Springer Nature.
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Figure 11

(Color online) Schematics of the polysulfides absorption and conversion on (a) PP, (b) C@PP, and (c) C-lepidolite@PP separators; (d) Li

diffusion energy barriers on (6 % 6) carbon layer and lepidolite (001) surface, respectively; (e) the total Li-ion diffusion paths on the optimized
lepidolite (001) surface [73], Copyright©2021, John Wiley and Sons; in-situ Raman spectra (f) without interlayer, (g) with MoS,/TiN interlayer [73],

Copyright©2020, Elsevier.
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Figure 12 (Color online) Analysis of the “charge repulsion” effect of sodium lignosulfonate (SL)/polysulfide (PS). (a) Spatial configuration and
theoretical calculations of SL/PS; (b) Raman spectroscopy of PS; permeability tests of PS: (¢) PP and (d) rGO@SL/PP separator [70],

Copyright©2021, Elsevier.
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Figure 13 (Color online) (a) Schematic illustration of the MOF@GO separator inhibiting polysulfide; cyclic stability of Li-S batteries with the
MOF@GO separators at (b) 0.5 C and (c) 1 C [74], Copyright©2016, Springer Nature.
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Figure 14 (Color online) (a) Schematic illustration of PPCP binder stabilizing the S cathode; (b) long-term stability of the Li-S battery with the PPCP

binder [80], Copyright©2022, American Chemical Society.
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Figure 15 (Color online) (a) Schematic illustration of the PPA binder inhibiting polysulfides; (b) long-term stability of the Li-S batteries with the

PPA binder [84], Copyright©2018, John Wiley and Sons.
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TS AR R AR AR L b R G PR B AR S T 1
H, FHEALPEREAER KRR FysE T 4RA FE it i) FLAL
SbEgE. Horh, ZERALYITE A d AR R v R
2 AR G AL TR B — AN BRI Bk R, £ 5
S FELI 1) B R RS A R M. X — )
EAC AR L R AR R PR RV T L A AR
JB/ AR S THT S SR LA T2 AT, I AR AR R
FLH R A 27

ik 5 H A T2 H AT H b R N A 7,
0 PU S IR (tetrahydrofuran, THF). 1,3- 43 Al
1,2- “HASE 2 be %%, (HE T Tk 56 F A B O AL FE
B¢ 7 F (1 1) RTS8 A2 22 B A0 55 W k8 S S5 Ha it
VERE R, An{aT 2 A3 T B b ade g AR RN A B
P b R AR SR T ) B T ). RRBRIA R, AR
M RBREE L MRATRME mkR k2 R M R
FRIPIEEME . 5 DMESE SRR A L, Sk
(R S5 B 5 e 2 TR0z B, 7T LAk 4R S 2 b
W2 AR AR, IR 2 B (< AR N,
a1 N A R IE AR AR T B8 9 ) B AL A R TR
Wk AR S Nazar B2 BN T — &5 A AR [H
VAR /R B J L P T R Tk RS 4 2R (G2:LiTF-
SI, & 1Lk (hydrofluoroether, HFE) AH B 7). 45 &4
B FZ GRS (B 16() (b)), M KE 573
J1%%(ab initio molecular dynamics, AIMD)(E16(c))it
SR IMRG2:LITFSILG # H fif 5 (1 B AN TFST 5 2 /M4
FHESF45 A, TR om 3D &g 45y, IR v 77 1
SRR, BN R AR R T A 2 R AL B
L, MIMIRER 2 BiA A (< g 4R 8, #7548 51
W2 A S S (EI16(d)). FET1%G2:LiTFSI (0.8:1) Hifi
JRAZEHRE/S (5 nL mg ™) FCRLER 7 LML 7E0.2 CHY
HLJE % B R IR R 100005 34 720 mAh g~ fIR L
B (E16(e)). 5k RN, S rb RS 2 A
il £ 1 — ol b 0L (TR 9E 228 ) I WP i #2 (LiFST)» DME.
1,1,2,2-VU% £.%6-2,2,3,3- DU SR A R (TTE) . XU =5
PP 7% ) Bk STV e 2 (LiTF ST) ATDOL 4 % 1 &2 4 L fiAE S
(MDHCE). H:#1, LiFSIFIDOLA BT i s & LiFAl
A HLRE A Wi [ A L ff R AL IE (solid . electrolyte inter-
phase, SEI)FH1E % H fi# 5T 7 [ (cathode-electrolyte inter-
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face, CEI), M LiTFSIH] LA 4 DOLYE =il FE R IR 4,
MR R A FH 28 IR 1, 3542 F AR P B F T 7
26 mg cm I 1A R B G325 Whkg ™ RS R B,
TE6OVRGIA J 75 B ARFF R N8 0%.

TN K 22 KM K2 0y B e A0 1,1,2,2-
V%R 2. %5-2,2,3,3-DU 3 A 2L Bk (TTE) R RE 71 5 A ZIDY 2
T W S UK B FEL A T (high-concentration  electro-
lyte, HCE)™, 73 F|—F{E Sl Mg /T2 o R
O] BRI BE MR, AN TTER B AT A
AU T A TR A 5 A ) A7 O S AR A R A B RN
M3 B B T S8 /1(25°C F7x 107 Sem™), 1]
17@)Fi~. [, 2R it ik 1 26 0 12 f A
Ji A R % 6 22 TR A 00 T 28 A 2808 T Bl B B R A
(E117(b)). Wiz HURIEEAT RO RIR IS SR8, R I 1% F,
IR ME LAY R HLTCTR Rk be, B R SR IR B R
(BI17(c)). HT 1% A o IR AR He T 7E0.1 CIY AL 25
JE R 20000 JE 1 B A 65% K R B ARFF R, HEMmT
RESINTTERI BT BB (& 17(d)). thah, SALIEFIAT LA
oo, TEAR SRR HTTE R [E (MSELZ, b4
BRI RE. bR S R 2R B
FIF SR (FB) e 7, %o Hb g S/ e R S T A T 42
% HL AR A ) T R 7 S LAF IR VR & T A R Ao A
JERISELZ, M #4517 135 S Fa e A (E 17 (e)
F(). FET1Z% AR5 AOAEA FEZE ] mA em (i HLR
S FE N AEIR20008, HLA599.4% 04 2 FE SRR (E17(g)).
A, B L B S F S AR DT RR (K17 (h)).

BN B AR IR R IR T, EEET
A, BT A BE S 2 AR A R .
FLE A 1R F AR R R B ARRR M, e AR E
(>200°C). ZSEATZEAT. A mET
SR, WHASE D4 V). 1A, TS T
T A VA R P I, AT LB AR 2 BR AL IR 28 R 2K
. R, A] DU b B R B R, R
o R E vt AL S P AR AT R Y. R E R KR
IS PR AL 22T 90 % 25 R AT 9 B3 R B i T — o
T MBS TR = (-3,6- B I IR b & W (=
8P B ) I WU B 2 (TLTEST),  FH AR £ A% Fe s F) R
A 5y, HET e TR R A B R
41x107° Sem™ B THSE, 44 VIHELEED
R S A BELA . AR T AR A INTLTEST & Lk I i
fifIR, FETFZE A AT R F b 7E0.5 CIY L i =
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B 16 (ML) (a) Hr2 ot (b) BFLIRIE AL (c) AIMDIHELRLL, (d) ME3F /5 MER TR B T BB A () 0.2C
HLR 25 B T IO EA A E 1™, Copyright©2018, Springer Nature
Figure 16 (Color online) (a) Raman spectra; (b) Li NMR spectra; (c) AIMD simulations; (d) SEM images of the plated Li-on-Cu current collector;
(e) cycling performance at 0.2 C [85], Copyright©2018, Springer Nature.
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EHFR 7 BA SR, mTeHB A S 2
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Bl 17 (RO B )(a) AR R 5 (K 3 7 HL 3 (b) ZBRACDIEMPE DI, (o) rTATEIINA; (d) 0.1 CHIVRE B N IR A S
#7, Copyright©2021, American Chemical Society; (e) % iFH% 4 10018 5 F 7T & HIX S L T-AE il (X-ray photoelectron
spectroscopy, XPS); (f) ¥ )i SEIFIFJC K X260 7B () 1 mA em ™ FA HLIR 26 8 R ARAR FB VA FFAE A (h) B4R LD
FEFR G H TR v T S B, Copyright©2022, Elsevier

Figure 17 (Color online) (a) Ionic conductivity of various electrolytes; (b) LiPS solubility test of various electrolytes at room temperature;
(c) flammability testing; (d) cycling performance at 0.1 C [87], Copyright©2021, American Chemical Society; (e) X-ray photoelectron spectroscopy
(XPS) of F of S cathode after 100 cycling; (f) XPS of F of SEI after cycling; (g) cycling performance of Li-Cu cell at 1 mA cm™; (h) SEM images of

the plated Li-on-Cu current collector [88], Copyright©2022, Elsevier.
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Bt IR SR AW FEL A i (gel polymer electrolyte, GPE)
Py i 1/ WU NN (i U RENEEN il TN E SRS =2
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T, GPEFERRH Fb B 78 24 FUAR 5T A 10 SO 21 g
TEH, v CAA R G PR 2t 2 A < ZF 1R 2
L7 5| D ) A B TR, PAAER ] e o S T ) v ER

788

BH, 2B LRI 72 A i 2o AP ) L DL RO
HIWGPE LR S TN B 4L, FIHE 32 RF &1
2 FLGE MRS LR R BT B AR, BA RIS T
HSRE> 107 Sem ). Ih4h, GPELEA R EFHIFEME
I, AT DA SZAE I ok R v B A e 1 KA R AR
k. SRR L R LB GPE S S5 ELE B PR 4R 2 5% (poly
ethylene oxide, PEO). R LM R WL
Ifi-7N N M (PVDF-HFP) LA & iR & WIR &% .

PEOE A 5H NI 1 rIAN HH (e = 8), 1
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fE s, JRAE b AT A AR R RS . K FPEOMY LA
HILGPEWF 7L O — it B, EEEEM LR =
K FF K Bz 14 T EHPEORISIO, 4 i [ 48 17
WE GER B MR, THLSIOMERHER K &
GPE¥) Ha i 57 75 77 R B8 VR IR AL 7 () TRTIS, - a fR
iE T B AGPEMI R SFRaEME, WA SR U 4.
22 I8 K 2 Kannan Bl 2082 B 0 92 7 1,3- AR
VU 4% 3L 2, — H ik (TEGDME) # 38 7 W PEO R H &
GPE Hafb 2RI B e g2, @3 R S5 e
TE B 5 DA B SR B W F AR O P ) 5 1 SRR R RT DA
PEOEE & GPERHL T2, [FI GPER HLAL 2= [ n]
154 V. PVDFREA &I T A [ C-FEEF A B
(e = 8.4), fEANUHEMF - HA TR ER R
th2 e e, BT PVDFIIGPEAY F I H A3 1) & 1
HL S, T AT LA 1k 2 BRAk (A, TR 27
MR, T PVDF I GPE H 2K 1) 584 e A {5 B2
TEZ FLR AW H (AR AR R k. # K2 T
H T HAZBIIF & T —FPVDEAIA HL L B R
&) (polysulfide polymer, PSPEG)ZH M HIGPE. H:rh
PSPEGH LAZ 5 ZYIMIR G SEUZMEE, H T8
B HL b A SO P R4, ST F vl e fk 2R PR R BRAb, 1%
524 GPEJE I H A0 5 () LA ST IS0 %.(210.8% ) #HELES
TR H(0.58)FI B T-HL 5:%(0.708 mS em ™', 25°C). 3
T 2% H AR R L L v R T A A S AR A R MR BE (L C,
698 mAhg™'; 2 C, 618 mAhg™"). 7£0.1 Cf5% T, JEH
10018, 3T-1% FUAR 3R HO AT AR L M 45 L 825 mAh g
Mt &, B EIRRFE N87.49%.
PVDF-HFPE & #1 R} & — Flol 24 (1) #1 FL 7lL GPE
FHRE AT A K AR 5 52 B R K ik
AT A SR KM 49 KA1k 1 PVDF-HFP
GPE. i%PVDF-HFP/KMgF;& & GPE/S % 440 um, H
A EEETHS%(1.63 mSem ™). S EFTH
$0(0.63). Ehi TR 12.2 MPafIf i Fa et
/&, PVDF-HFP/KMgF;& & GPER] LA 5w dk
B R B SELZ 2 (1 18(a)), FIHIEE AL dit 2E K
MR, £1 CREZET, 1532500, HT1%m
AR (AR B B A5 1313.8 mAh ¢ LA B, A&
TRFRE 2 979%(K18(b)). T K2 75 i Bz & ALY
LR AN R A2 R U EE DY - & B & —RES(PETT-DA)
NE=YEPI LR AR, PVDE-HFP 335 8 e Fedk, 2Bk
BN K A (multi-walled carbon nanotubes, MWCNTs)A

A H K IR 4 T BLGPE. MWCNTsHTELE &4
STREAPEE, PRI S R, s 7L T hE
71, BT IEFIR RS2 R PETT-DA R LA
PRI i (A5 K, PETT-DA L RO LLA 2 )
LA F RN, % E A GPERAT B (LT
(064 ML FHIE RS R(1.I mSem ™). 7£0.5C
53R, JEIR30008], 3T1% bR o (0 4 A rl b 28 B
e N85.4%(IE18(c)).

B B WA AL, — e H A ) 5 AR 4
K22 R T R BRI GPE. 18 38 38 K 2 AR5
S BN % T —Fh SR WG % (polyimide, PIIILZ
B R TR FE AR TR ) R A IR R A ) AR T (B 19(a)).
PURE P (1) = 960 PR SR 4L 7 i oA, Rk TR 11
Ry, WonA R I 500.727), E19(0b)iR. P15
BRIR 3L 7577 2 (A1 CH/mAH EAE F (K1 19(c)), 53 PEAIG
T HRRE RN S &R R R, $ETE T Hb 1
WrENE. 7202 CREET, MEM4501E], BTz
PRV L 25 R (R R R N T6.48%(19(d)). b4k T
K2 B EAR 2ep2 HI B\l DOL 5 InPe i LR 58 4 1h]
PRI AT BRI IRIGPE. 78 2 (8457 FELAN 437 A0 ELAE F 208
FEE T, BREPDOLEENAHAR 4> T8 & fEInPeH, M
TH T 2 R, % E S R RIS
4 B T R %0(0.63) A1 BT LS H (3.7 mSem ™).
T % AR R B AR L FETB AT 0.2 CRE R T, 134260
B, 5B 47673.5 mAh g R L 25 i
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PP Copyright©2020, Elsevier

! Copyright©2021, American Chemical Society; (c) PETT-DA/PVDF-HFP/MWCNTsHLIIH7E0.5 CHL % & F (G Fa e

Figure 18 (Color online) (a) XPS spectrums of Li mental in PVDF-HFP/KMgF; composite GPE battery at different cycling times; (b) cycling
performance at 1 C [93], Copyright©2021, American Chemical Society; (c) cycling performance of PETT-DA/PVDF-HFP/MWCNTs battery at 0.5 C

[94], Copyright©2020, Elsevier.
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Figure 19 (Color online) (a) Schematic diagram of formation mechanism for the polymer gel polymer; (b) lithium ion transference number; (c) FTIR
spectra; (d) cycling performance at 0.2 C [95], Copyright©2023, Elsevier.
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T 25 HL AR T T R R R A [ S A e b B
£ 9'8

e B K2 o R R TR T
— b 3R (- 2 &= I8 2 FL A )3 (PTMG-HIDI-BHDS), T
K A5 i PO [ S B H . IR AR A T AR
MIPRE B Re, XL REIRE (LB E s, A
BFRIETFHES R, A, PTMG-HDI-BHDSH 1]
BNAS A I A S LA T T FAR T
AR LSy, AT LUMEE [/ S sk, sdae Siim
SER(EI20(a)).  FeE i I 45 M R0s b T £ R
VI A R AR, I < AR RN, 54k, anEI20(b)
Fiow, ik R F R 5 R AR ) £ T 5 R IE AR R
SRR, TR R T — ol 28 1 O s ] A B P
M KPP RUR R T A G R L R D S
o] @, PTMG-HDI-BHDS HLfi#t i AMY R FIL H B AF (KL
PR, CRMBRRNE TSR, S TR
Bl e AL R T B . 4203 CHUFETURE R T,
K HPTMG-HDI-BHDS [i] 45 58 -4 H A Jo (1) AL L vt
237008 G, ISREENS SBL560 mAh g AT i
AR, AERFFRILFI93%((E20(c)).

WIER0(d)F(e)FTw, JbERZFHIRII 7oA b i
otz B\ I AR LR S (polymer  of intrinsic
microporosity, PIM){EAHESE, i APEOK GH)[E A5
R, 4 T R 950 nm A [E A AR, FHPIM
1) %2 4 5 R R R AP HUBME RESR 0 7 SR A 1 25 HL AR R
PR EE, [RIN PR T PEOMIZ: G . PIMM 1 ,4-
CRGEE BT RER AR R B, RE SRS
TR0 RO G, AT S 2 ) 22 BRI AR K
7, [ A AR L AE 100 B A o 7 AR e i 98 % )
FEC R, IeAh, 1R A VIE A B EAT 1.3 MPal)
UM SR BT, A B [ A4 A b £ 60°C N B A
1181 mAh g~ I LG L LA &, 0.5 CIEFF 1008 f5 45
BHIRFFEH61.8%.

MK 2 SRR I R — R g
(vermiculite, Vr)/PEOJZ IR [F] 7 HL 7 5 (K120(D)), i i {5
FHRZ I A g8 45 0 492K 5 PEO-LiTFSI4: & il
FM . S P E R E Y E R T 25
MIERS, A RENH] TFRAN. JEH, EAYKA R
MRS 2 MR ER R, XEBT
52 Z ey, b HAE b BRI FARERE.
T H 5 JE AN 10 wm, & IR BRARC 11 B T B ¢
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(30°CH66 Q ecm®) A KILFINE THERQ5CT
122 x 107 S em™), [AIIF B A% H (o BOH U TR 3 (R 45
F£131 MPa, $i{H5RF4.2 MPa), E &R m 7 2 E A8
Tt FL L 5 PR RE RV IR RS 1. Wi E20(g), 8 Vi/
PEO [i] 25 H fift Joi i 4R 6% F it 7£.0.05 CI HL I8 25 5
60 CHIZM T, WA LA Ei%%] T 1254 mAh g™,
A ££0.05~0.20 CHY HELIL S BE N R I BN AR B3
W, I HAE RS E R E0.05 CICE LA B IR E &
1100 mAh g™

BRILZ Ah, AW TT R G P IE As F R 0T 1 F
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John Wiley and Sons; (f) Vi/PEO-LCSEH 1B TiE B HLELUR 2 5 (g) #RHTHLI A% R LA™, Copyright©2013, Royal Society of
Chemistry

Figure 20 (Color online) (a) Schematic illustration of dynamic covalent disulfide bonds and hydrogen bonds in PTMG-HDI-BHDS; (b) structures of
a conventional laminated (top) and the integrated electrode/electrolyte (bottom) solid-state lithium-sulfur batteries; (c) long-term cycling performance
of integrated SPAN|PTMG-HDI-BHDS|Li at 0.3 C [107], Copyright©2024, Springer Nature; (d) schematic illustration of the principle by which PIM-1
enhances the performance of PE-based polymer solid-state electrolytes for all-solid-state lithium-sulfur batteries; (e) three-dimensional molecular
structures of PEO and PIM-1 [108], Copyright©2021, John Wiley and Sons; (f) schematic illustration of the lithium-ion migration mechanism in
Vr/PEO-LCSE,; (g) rate performance of its batteries [109], Copyright©2013, Royal Society of Chemistry.
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Copyright©2021, Elsevier; (e) LigPSsCI-XNBRE £ [fl 5 B 19 1) % 25 ™, Copyright©2022, American Chemical Society
Figure 21 (Color online) (a) Schematic illustration of a self-supporting and flexible solid-state electrolyte (SSE) thin film and a cross-linked
cellulose skeleton coated with a thin layer of sulfide SSE, which together construct a 3D interconnected ionic conduction framework; (b) comparison of
the ionic conductivity, thickness, and bulk resistance of SSE thin films and SSE particles [116], Copyright©2021, John Wiley and Sons; (c) schematic
of the preparation of polydopamine-coated LisPSsCl solid-state electrolyte; (d) comparison of the ionic conductivity and thickness of polydopamine-
coated LiPS;Cl solid-state electrolyte with other sulfide solid-state electrolytes [117], Copyright©2021, Elsevier; (e) schematic diagram of the
preparation of LisPS;CI-XNBR composite solid-state electrolyte [118], Copyright©2022, American Chemical Society.
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Bl 22 (MZIREE)(a) 4 VGs-Li,S/LiPON/Evp-Lii 54 [ 25485 ks 2 B (b) 53 YERE; (o) ARITEH B A &-H
JE 251!, Copyright©2023, Springer Nature; (d) 3 47 4847 FUAR TR 1) — ¢ 2K A B RS Fht o 495 4 7 T e 7 o 1) TR HL R
&' Copyright©2018, Elsevier; (e) 2 WUZHESE ()1 % 1L F2'%), Copyright©2021, Elsevier

Figure 22 (Color online) (a) Schematic diagram of the preparation of VGs-Li,S/LiPON/Evp-Li thin-film all-solid-state lithium-sulfur batteries;
(b) rate capability; (c) capacity-voltage curves at different cycle numbers [121], Copyright©2023, Springer Nature; (d) schematic illustration of the
structure and working mechanism of an integrated solid-state lithium-sulfur battery based on a garnet electrolyte during the charge and discharge
processes [122], Copyright©2018, Elsevier; (e) preparation process of the interconnected dual-layer framework [123], Copyright©2021, Elsevier.
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B 23 (M%) (a) CNF/S-PEO/LLTOXUR S5 #4 Bt 7< & K; (b) CNF/S-PEO/LLTO#LHISEM LL KX CNF/SHKEF4E, CNF/
S-PEO/LLTOE A YIIISEM; (o) HF WU HUMRJF (MHLAR i G A PERE; (d) AR5 T 7B MZ">, Copyright©2018,
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W B R AL, Copyright©2024, John Wiley and Sons
Figure 23 (Color online) (a) Schematic illustration of the CNF/S-PEO/LLTO double-layer structure design; (b) cross-sectional SEM of CNF/S-PEO/
LLTO, and SEM images of CNF/S nanofibers and the CNF/S-PEO/LLTO composite; (c) cycling performance of lithium-sulfur batteries based on the
bilayer electrolyte; (d) charge-discharge curves at different rates [125], Copyright©2018, Elsevier; (e) preparation process of the PVDF&PU/LLZTO-
based CPE; (f) long-term cycling stability; (g) concentration polarization at different current densities with fixed proportions of anions [126],
Copyright©2024, John Wiley and Sons.
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Table 2 Summary of electrolyte components, electrolyte thickness, ionic conductivity, active materials, and battery performance of different

electrolyte types of solid-state lithium-sulfur batteries

o L KT LS LHRR AT SRR e %
JBE (mScm™) ik
PVDF/PSPEG/DOL/DME/ . . 0.1 CHEIF10018], 75 EIRFFHRN
LITFSILINO, 25 um 0.708(25°C) S@C//Li 97 49% [92]
PVDF'HFFPSS/\E%E;/ EC/DMC 4 pm  1.63mScm '(25°C)  S@pPAN/Li 1 CHEFF2501E, {72 R79%  [93]
6
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. 0
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°CH L Dr§rzgi=a
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- 2 . 60°C#10.05 CF, 1254 mAh g™',
g . @ e e N
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7£0.1 CTE]‘JEWKJ‘J&EEH%%
-4 /LigPSsCl 60 um 6.3(EiR) S//Liln 1270 mAh g™', 100X FE3 R, & [116]
Jm%ﬁgéf%‘ 15 984%
LA
s o . 0.1 CF618 mAh g™, fE¥F 100/
HX == B
B2 EL/LigPSsCl 35 um 0.2(F ) Co;S,//Li 5. A R 2 78.5% [117]
LiPON 1.5 um - Li,S//Li 3000PE4EFF 5, 5.79 pAhem™  [121]
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R IR Li
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Ta-LLZO 120 pm ZnO/Li-ZnO 99639 Wh L 1134 Whkg 'y 1130
R L fif o
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Research progress in highly-stable high-capacity lithium sulfur
batteries and prospects for ultra-thin solid state technology

ZHU ZhiHao'”, DONG YunFa'’, ZHOU ShengYu'’, ZHONG ShiJie'’, HE YuHui'?,
XIE HaoDong'”, HAN JieCai' & HE WeiDong'”

" National Key Laboratory of Science and Technology on Advanced Composites in Special Environments, Center for Composite Materials and
Structure, Harbin Institute of Technology, Harbin 150080, China
? Chongqing Research Institute of Harbin Institute of Technology, Chongqing 401151, China

With high energy density and low cost, lithium sulfur batteries are considered as promising next-generation energy storage
technology. However, issues such as the poor conductivity of the sulfur cathode and the “shuttle effect” of polysulfides have largely
limited their practical development. Herein, the progress in stable lithium sulfur batteries is reviewed, and a research and development
outlook for future ultra-thin solid state technology is presented. To improve the conductivity of the sulfur cathode, optimizations have
been made from two aspects: enhancing the inherent conductivity of the sulfur cathode itself and the conductivity of the sulfur host
materials. For suppressing the ‘shuttle effect” of polysulfides, the research and development of the four components of the battery are
overviewed, covering insights into research advances in sulfur cathode, separator, binder, and electrolyte. Among them, the progress
in different types of electrolytes, including liquid, gel semi-solid, and several all-solid electrolytes, is introduced. Finally, an outlook
on the development of ultra-thin solid state lithium sulfur battery technology is given, proposing that by optimizing the composition
and structure of solid-state electrolytes and improving interface processing technologies, ultra-thin solid-state technology can be
developed to achieve practical lithium sulfur batteries. Through materials innovation, preparation process upgrading, and interface
engineering, lithium sulfur batteries are expected to achieve high stability, high capacity, fast charging, and long cycle life to meet
future energy storage demands.

lithium sulfur batteries, conductivity, shuttle effect, structure design, polarity regulation
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