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Figure 1 (Color online) Scheme of lithium polysulfide research in lithium—sulfur batteries: Dissociation and association behaviors, solvation effects,
and liquid-solid reaction mechanisms
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Figure 2 (Color online) Cationic effects of lithium polysulfides. (a) Molar conductivity of Li,Se solution; (b) dissociation and triple-ion association
reactions of Li,Sg and their equilibrium constants; (c) dissociation and association reactions with Li" of Li,Ss in the presence of lithium salts and their
equilibrium constants; (d) distribution of different sulfur species at varying Li,Ss concentrations after adding 1.0 mol L™ LiTFSI; (e) schematic illustra-
tion of t[hei interaction between lithium polysulfide cations and the electric double layers of sulfur cathode and lithium anode and corresponding reaction
kinetics!®®
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Figure 3 (Color online) Regulation strategies targeting the existing forms of lithium polysulfides. (a) Schematic illustration of the interconversion
among lithium polysulfides with different existing forms. [ . Lithium salt anion coordination regulation strategy: (b) Coordination schematic between
LisSe" and lithium salt anions; (c) Dissociation and association equilibria of LiAn (lithium salt) and Li,Se; (d) Proportion of LisSe" with different solva-
tion structures at varying sulfur concentrations after adding 1.0 mol L™ LiTFSI; (e) Relationship between reaction overpotential and
AG(LiS Y/AG(LiS; ) under coordination with different lithium salt anions’®®. II. Covalent modification strategy: (f) Reaction pathway of lithium poly-
sulfides under comediated strategy; (g) Reaction equation between comediators and lithium polysulfides®®. TII. Equilibrium shift strategy: (h) Sche-
matic of shifting the equilibrium to the right by introducing positively charged species
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Figure 4 (Color online) Aggregation behavior and regulation strategies of lithium polysulfides. (a) Schematic illustration of lithium polysulfide ag-
gregates under low E/S ratio and low-temperatures; (b) Discharge performance of lithium—sulfur batteries with decreasing E/S ratios; (c) Discharge
performance of lithium—sulfur batteries with decreasing temperaturest™; (d) Breaking the lithium polysulfide aggregates via competitive anion interac-
tions, competitive cation interactions, or covalent bonding with organic functional group™™; (e) Schematic of LiNOs extracting Li* from (LiSy);
aggregates to generate favorable LisSs~ species; (f) Rate performance of lithium—sulfur batteries regulated by LiNO3 at low temperaturest™
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Figure 5 (Color online) Solvation structures of lithium polysulfides in different electrolytes. (a) Schematic illustration of lithium polysulfides in a
strongly solvating electrolyte (SSE), where LiPSs exhibit high solubility; (b) Schematic illustration of LiPSs in a moderately solvating electrolyte
(MSE), where LiPSs demonstrate intermediate solubility; (c) Schematic illustration of LiPSs in a weakly solvating electrolyte (WSE), where LiPSs
show minimal solubility. WSE is achieved by increasing lithium salt concentration (high-concentration electrolyte, HCE) or adding solvents with weak
solvation capability (localized high-concentration electrolyte, LHCE); (d) Schematic illustration of LiPSs in an encapsulated polysulfide electrolyte
(EPSE), where LiPSs are partially dissolved. EPSE is obtained by introducing weak-solvation solvents into MSE

LB FEL Tt LR VR PR A R 0 6 TR RV RIL RE IR PR R TT . RIS L Bl (e) 5 48 PR B (DN) L [A] e 58 e 2
AL B AL BE 0. T R B A 2 S, AT R Tt PR T o OB T 2 ARG B A R R VA AR, (R e 201
20 HLAAIR I ST T b, DK 2 B AL A SR AR A 8 0V A9 (1) an G S meg O, R T g e )

6



SN )9 . AE R AR SR VA 74K ARV (SSE) R, VAR —Lit 2 ) ) R R AT A8 A5 2 B AL K B VAR T R R, T RE
o 7 1E B CRR S B (EI5(R)). SR TTTSSEAR 2 51 Kk 41 4 J8 JRI 21 vt 3B (BT 70 3 3% 1) 7 SN . BE 5 9 K AL k)
B R R, NSRRI Bk A5 K 5 Nazar 2 4% [41 DA T- 20094 $& H il i 1 B vk 4 S i i 5 9K B B &, R AR IE AR 1)
o 2 PR R #1179 45 v 25 35 500 A B AR VR (MISE) T 48 1 T (BI5(b)). b Jm, 36 TRk 2 & IE VT AR 1,3- — 2R R
(DOL)/1,2-— H 48 & 2,25t (DME) Bk S5 1 77 (T MSE 4K 2 (571.0 mol L™! LiTFSI52 wit% LiNOg) ik g £ fi Hi it 1) 3
HEEO Ak RAEAE KRR B VAR, AENS 70 ORI 2 BRALAR VAR, IR IE MR Ak, TR IR X A A A R R L
WA, MR E IEAR T E . KA BT AR AT, SmAAEIRERYE SE®RRFEI .
BT SRTM. ERN B 115 RIEIR . SORE] S S IR, PR& T IS Bt — b A, fREiE—b
A 5 EEL AR DA A2 R Pt e L v LU AR S KA PR I S R oR

N T BIRTAENE T 2 A0 BT SR 0 7 5 e, BTN BRI e 55 9 R Ak AR R (WIS B AR i 71 5o
ZRACAE IR R EE JT, A R L 2 AR AN T B T bk e e 1 (KI5(c)). S LS B IR R, R R
(HCE) S Wb A1 Eh W FE $R s 255 mol LBh b, FIFH A BRI B a7 4 22 i Ak 40 g 3 700 4k BY. 201 34E (AT 72
WE 525 mol L™ LiTFSI DOL/DME Hi A& ik 7] 52 B 99% LA I 1 FE 4 2k %821 7 mol L 48 3544 2 7] DL S 35 40 1) ks
A KR A AR E MRS AR, HCEAEAE MG M 22 . 0 38 v A by, 3t 8 %44 22 v 51 N 99 9 77140 i B 7 T J
J 3 v TR P HL AR (LHCE) W A R 03 ok 1) . 20134, Watanabeif /@ 2H 8 i 451,1,2,2- VY 5 2. F£-2,2,3,3- VU 5
P IE T (TTE) 51 N GAFE A FIAL B T MUAR [Li(G4) ][ TFSA](FH: 1 TFSA™ A XU (= 48 FF sk ) W0 i B 5 1), K BRIk
TZ R R, RPN 2 AL AR VA R I R A AR T T b S R R, EL1 CTREHRIbL IR LA &
M180 mAh g H4&F+ 2510 mAh g B B 5 iZ IR BLH R 92 T TTEM B 1 = H ¥ — Wk (G3) 3 & T Ak Rl ke AT
DL 2 40 2 BRAC AR (0 s AR 5 20T R I AH, IH,5H- )\ U R -1,1,2,2- DU 48 2 L 8k (OFE) B, N4 5 T 2
ik (HFME) 7 4% 401X b 7 B 750 1 S50 (1) LHCE 1) i 15 35 ) 2 TR AL AR VA R 5 48R /B K. SR, #EHCEAILHCE
R ER, JUT AR 2 B A0 8™ 5 PR 61 T 6 IEAR 0 S Bish 112, S 8K Bk R X RE AR AR AR H I A R B s IR R
A e L IAEFR .

N T SRANHCERILHCE [ 3 77 2% Wl f, AR 5 A 1E 3 58 75 MSE H 51 N 55 78 7144 57 559 78 7710 Ak L Ao
(EI5(d)). %4k R T m Rk FE SR A, 22 B4 40 gl 8 7 U2 ¥ 77 7 v (EPSE): WY 2 IR 3 ¥ 77 AR AIE 2 AL
L) A AR A 4 R I AR 1 v A AL SN AN I 55T R B il SR AR E 4 2 R AR S 4 R )
e B8 VRS WSEAR 2 (4 9751, EPSEH RUZE AR 1 B 1E W I IS0 51 g 2 3 T 5 B0 A7 A A1) e 7 40 1) £ K 303
JE, R 0 7R A 65 ) R R L v P S B R R AL T BT A R T R

£ B
& ( ) | e
(a) ------- oIPs b 5 2 . b EZd B2
3 Z’_g Ko sor s o 1 T >
CEE] g P i L TH 3\ #S e o
2 RE 8 of TR, L) 1 >
A ex 7 TT \ YRE2 ooy B o /e =
iy BE2 Pes e \ 17 LR LA 29
y \ i o
: I‘DOL' L{| ° .}‘W, A oe QA
\ gy Pol %, iod ¥ B [ AN e
L. T o Ve Txm el 9%
3, s R ol | s \ cio>2
sty 5 \REERER 58
., - /' v
...... 2, . T PPy
s Cee | w@igt
rees ©.¥. MTBE
100 wio HME ( )
(C) (d) @10% HME e 55 4.0 mgg cm?
25% HME 01cC
FIRTARE % 35% HME
g & = 50% HME wio HME
| = S 10% HME
g B s b t 25% HME
E = ] 35% HME
& 50% HME
IR ER S # 2 19
v
o N b "
BRACAENBR FEBALAENBR E27 ] 0 300 600 900 1200

HE®E (mAhg™)

Bl 6 (M4 ()EPSE L HiALAR 1 IE 7 R BB /75, (a) MSERIEPSE BRI P I 2 AL BVAFIL G54, Horh S5 357 DIPS /AR 78 41 2 B
(b) EPSEHIAER A EE R BETHEUCY, (c) EPSE AR 2 BRALALIY) IE SR S RIAT Ay 8 P, (d) A RV PP S ) T A i 0 O EPSE HU MR i R
R (o) LR Bt A AR R4k B 77 1) EPSE H MR Y 78 A e i 2500

Figure 6 (Color online) Cathode and anode reaction kinetics of lithium polysulfides in EPSE. (a) Solvation structures of lithium polysulfides in MSE
and EPSE electrolytes, where the weakly solvating DIPS resides in the outer solvation shell®®; (b) Design principles for outer-layer solvents in EPSE
electrolytes®™; (c) Schematic diagram of lithium polysulfide reaction behaviors at the cathode and anode in EPSE; (d) Coulombic efficiency of EPSE



electrolytes with varying solvation capabilities in lithium-sulfur batteries; (e) Charge-discharge profiles of EPSE electrolytes with different solvation
capabilities in lithium-sulfur batteries®™!
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Figure 7 (Color online) Construction and interpretation of ternary phase diagrams®!. (a) Example of determining liquidus points and constructing
phase boundaries based on initial system composition points; (b) Experimentally measured S-Li,S-lithium polysulfide ternary phase diagram in
DOL/DME-based electrolyte; (c) Example of determining lithium polysulfide compositions in electrolyte under thermodynamic equilibrium for arbi-
trary systems using the lever rule
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Figure 8 (Color online) Understanding the reaction thermodynamics of lithium—sulfur batteries through ternary phase diagrams®®. (a) Evolution of
system composition and compositional changes of dissolved lithium polysulfides in the electrolyte corresponding to the discharge process in the phase
diagram; (b) Galvanostatic intermittent titration discharge curve of a Li-S battery with an E/S ratio of 20 mL g™*; Ternary phase diagram measured
using (c) EPSE and (d) LHCE electrolyte
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To address the urgent demand for high-specific-energy storage technologies in electric vehicles, drones, aerospace, and
related fields, lithium—sulfur (Li-S) batteries have emerged as a pivotal technology to surpass the energy density limits of
conventional lithium-ion batteries, boasting a theoretical energy density of 2600 Wh kg 2 Lithium polysulfides (LiPSs),
as key intermediates in Li—S batteries, critically determine the practical performance across multiple dimensions. To meet
the critical requirements of high energy density, fast charge/discharge capability, long cycling life, and enhanced safety, a
fundamental re-examination of the structure and properties of lithium polysulfides is imperative for their rational design
and regulation. Based on the recent advances in the Li-S battery research field, this review systematically examines the
structures and properties of lithium polysulfides from three key perspectives: existing forms, solvation structures, and
solid-liquid reaction mechanisms.

First, in terms of the existing forms, we introduce the recognition of lithium polysulfide predominantly existing as
cationic species in electrolyte, elucidating their detrimental effects on sluggish cathode kinetics and exacerbated anode
side reactions. Additionally, LiPS aggregation behaviors under lean-electrolyte and low-temperature conditions are dis-
cussed. Accordingly, advanced regulation strategies targeting polysulfide cations and aggregation are reviewed including
anion coordination, covalent modification, and electrostatic balance.

Second, regarding the solvation structures, we review the evolution of electrolyte design from strongly solvating to
moderately solvating and weakly solvating electrolytes, analyzing their distinct polysulfide solvation structures and re-
sultant battery performance. The encapsulated dual-layer solvation structure design is emphasized for its potential to bal-
ance cathodic reaction kinetics and anode stability. Furthermore, the influence of increased weakly-solvating-solvent
proportions in such systems on electrode behavior is discussed, along with proposals to overcome the cathodic kinetic
limitations via electrocatalysis or redox mediation strategies.

Third, in terms of liquid—solid reactions, we introduce the novel concept of ternary phase diagrams for Li-S sys-
tems, detailing its construction methodology, analytical interpretation, and potential applications. We further elucidate
how these phase diagrams revise traditional discharge capacity allocation and identify insufficient Li,S deposition as the
core issue limiting capacity retention. Moreover, we demonstrate the utility of ternary phase diagrams in deciphering Li—
S reaction thermodynamics across diverse electrolyte systems.

Finally, we prospectively explore the dynamic evolution mechanisms of LiPSs under practical battery operating
conditions, including lean electrolyte, extreme temperature, and high-rate scenarios, based on emerging theories of lith-
ium bond chemistry and cross-scale modeling. We further underscore the need for multidimensional synergistic strategies
to optimize polysulfide solvation structures guided by artificial intelligence-driven electrolyte design, ultimately bridging
molecular insights and device performance. This review aims to provide theoretical foundations for the rational devel-
opment of high-energy-density Li—S batteries and inspire cross-scale thermodynamic-kinetic analyses for multi-phase
and multi-intermediate electrochemical systems.

lithium—sulfur battery, lithium polysulfide, electrolyte, solvation structure, ternary phase diagram
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