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Figure 1 (Color online) An overview of design strategies of electro-
catalysts in Li-S batteries
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(K12(b)). Fril £ 1Y A0 BB /CoS, B B LRI IR & T
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TiO, FINi; S, #RFR I S A A TG T (K1 2(e)); FEIR R
AR, TIO XL, S, A5 I B BB ) FIN, S, AL TG P
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Bl 2 (4 RUR () AL, (2) Li;Se-LiSFRALMAIREAHTEEES; (b) CoS,AoMELHLILR E K, Copyright © 2016, American
Chemical Society; (c) Li,S7£2.05 V'R YA L e L 2R (Z2) FILi,S7E2.40 VT 434 i 3z FE L i 28 ()Y (d) POFHLEALL,S, /i K (x
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1 B FINS ,(010)F T  JF Li, S, [ i 437 %, Copyright © 2020, John Wiley and Sons

Figure 2 (Color online) All-phase Li-S catalysis. (a) Nyquist plot of symmetrical Li,S4-Li,S4 cells™?; (b) schematic illustration of CoS,-catalyzed
mechanism[sz], Copyright © 2016, American Chemical Society; (c) potentiostatic discharge profile at 2.05 V for the nucleation of Li,S (left) and
potentiostatic charge profile at 2.40 V for dissolution of Li,S (right)m]; (d) schematic of Li,S,, electrocatalysis on POF electrocatalysts (x and y denote

different atom numbers of the sulfur chain)[54], Copyright © 2019, Chinese Chemical Society; (¢) decomposition barriers of Li,S on graphene,
Ni;S,(010), and Ti02(101)[56]; (f) energy profiles for the reduction of S and Li,S, on graphene and Ni;S,(010) surface[56], Copyright © 2020, John Wiley

and Sons
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Pristine catalyst phase (Co4N) === Electrochemical cycling
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1.2 mgg cm2

00 900 1000
Specific capacity (mAh g™')

Bl 3 (9145 WURAD) BRBR AL R TR F/ 205 . (a) Co NTE T AL AE Li-S L b v B 457 AFE 28 75 B 1Y), Copyright © 2020, John Wiley and Sons;
(b) Li-SHLTEH 4 L A v a2 TEA LR 04 3 TTSEE S AL AR EE A A B 2 ™, () P P A VBRI TE A L SRV P A 2 e e 1T,

Copyright © 2021, John Wiley and Sons

Figure 3 (Color online) Li-S catalyst reconstruction and deactivation. (a) Schematic diagram of in-situ phase evolution of Co,N as a precatalyst in
Li-S batteries®”, Copyright © 2020, John Wiley and Sons; (b) schematic of the surface-gelation and gelation-inhibition processes in Li-S batteries with
conventional or TEA-containing electrolytes[és]; (c) comparison of electrochemical performance of metal-sulfide-incorporated Li-S batteries using
conventional and TEA-based electrolyte, respectively[“], Copyright © 2021, John Wiley and Sons
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[ 35 FEL AR I 52 T AN R4 4 A R0 A B 348 I o, H 3
BB, HEBR TV HOS R, 15 IHBN/SIUBIL K £ 5
I LA fie s AL TG PR (B 4(b)). AR, A T7E 23
PR R H R T T 304555 Ak (microsolvation R 7 R 4t
IRDOLIEFH 3T X B 4 A 88 W LIS F BE RS2, AH
FE RIS REI P )2 SR F Y L oS PREE AR, A
P SR e A R, ELA AT SR R T 4
PSS HELE Bt — R0, LiSTRFIAE 54824 1 BIR 10
pr FLOBRA I (E4(c)),  TIN/SIUIB A B M AT e
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W BFFREAE T B L 2 28 B T (1 4(d)). 1 TAEA
A IR A B IE R 2 AR AR AR AL B T 3
IR, SR F I 5 o6 T2 A LA L ot HLA A
BN 9

1201 14E B kY, RS fAk K (single
atom catalysts, SACs)PA Ji 1] FH 24 i FUphUARE ) FL 145
Fl )2 B TP R A 4T, SACsH—Fif
A NS 1Y) 4 SR 1 e S R R e
BB P9 Bl 283, R TR Ry 55 —Fhis 24
PR IEIR B 7 2. SRR RN AT AL A5 H il 2 K Fe
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Orfidige. Zefe R AT B A0 B (NG) Tk i
FESTEUCo SACs, 454 R AR RAEL o T
Co-N-CHELA HAEAE, FF Bias TIZEL b AE RN
XA AL A B ARR I RE(l4(e)). R, TE90% I
SEifE LT, Co SACSSEIL T =ik 72% i 14 oa = Al
FIZ0.2 C). 25l 2F 5 A A A A A A7 s
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HUIE AR S T DUVE S i 1k R 2 A R i SA Cs Y i i
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Li,SEAS BB P 1 S BE 22 (Bl4(g)).  #F— D SilR
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Figure 4 (Color online) Doping regulation of Li-S catalysts. (a) Activation energy profiles for multistep sulfur reduction reactions on graphene[w]; (b)
activation energies for the sulfur reduction reactions among various heteroatom-doped graphenes at the onset potential during rotating disk electrode

measurement'®”; (c) the relation between the p-band center and LiS adsorption energy

169 ; (d) a volcano plot linking the overpotential for the reduction

step of LiS to the LiS adsorption energy[w], Copyright © 2020, Springer Nature Limited; (e) evolution of S K-edge X-ray near-edge structures during
electrochemical cycling with Co SAC', Copyright © 2019, American Chemical Society; (f) d-p orbital hybridization scenario between SAC and
LiZS”(’]; (g) the delithiation energy barrier during the Li;Sg oxidation processm], Copyright © 2021, John Wiley and Sons
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Catalysis research in rechargeable lithium-sulfur batteries
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Due to increasingly high demands for advanced energy storage systems, rechargeable lithium-sulfur batteries have received
extensive attention in recent years for the advantages of low cost, high theoretical energy density, and environmental
friendliness. However, the shuttle effect induced by lithium polysulfide intermediates and kinetically slow redox reactions
limits the utilization of active materials and results in rapid capacity degradation, therefore hindering practical applications
of lithium-sulfur batteries. In order to solve these problems, researchers firstly have adopted physical confinement and/or
chemisorption of polysulfides to alleviate the shuttle effect. However, these strategies confront a dilemma that physically
confined or chemisorbed polysulfides will eventually become saturated and so to trigger shuttle effect. If the adsorbed
polysulfides can be rapidly converted to immobile solid phases, the shuttle effect could be mitigated. In this regard,
researchers have adopted the concept of “lithium-sulfur catalysis” to promote kinetics of polysulfide conversion reactions.
In this review, we systematically summarize recent advances in designing principles of catalytic materials and systems
adopted in lithium-sulfur batteries, with aspects to both heterogeneous and homogeneous systems.

For heterogeneous systems, one research direction is to regulate processes at both cell and electrode levels using solid
catalysts. At the cell level, considering the “dissolution-deposition” mechanism in which active materials are subjected to
multiple phase transitions (solid-liquid-solid), it is vital to define the key step that determines the apparent reaction rates so
that researchers could employ materials able to selectively catalyze the key processes. Therefore, some works are discussed
with a focus on methods to quantify all-phase catalysis kinetics. To simultanecously catalyze multiple processes,
“bidirectional” catalysts are introduced to enable regulation of both discharge and charge processes. At the electrode level,
progress regulation focuses on the synergy between electron conduction, adsorption, and catalysis. Bulk electrical
conductivity and surface polarity are identified as two key parameters of solid catalyst design for lithium-sulfur catalysis.
Some works propose heterostructured catalysts to incorporate the above two parameters into one design. In addition to the
catalytic processes, the reconstruction and deactivation of solid catalysts are also important processes occurring in a
working battery. Some meaningful works are summarized, highlighting the dominant role of complex interactions between
catalysts and polysulfides or other electrolyte components in this aspect. Once the diffusion process is no longer rate-
determining, the catalytic efficiency will be governed by the adsorption/desorption and surface reaction. This motivates the
optimization of catalytically active sites and catalyst structure, which presents as another research direction of
heterogeneous lithium-sulfur catalysis. There are a number of effective methods to regulate the structure and catalytic
performance of solid catalysts, include doping, vacancy engineering, and cooperation between multisites. On one hand,
introducing heteroatoms or vacancy defects to solid catalyst can induce changes in the local electronic structure and thus
modify the properties of these sites. On the other hand, cooperation between multisites with controlled “sulfiphilicity” and
“lithiophilicity” is proposed beyond single-site catalysis. The cooperative sulfiphilic and lithiophilic sites that
simultaneously bind heteropolar Li/S atoms are able to facilitate the dissociation or reorganization of end-group Li—S
bond in polysulfides. Representative catalysts with multisite synergy are reviewed.

For homogeneous systems, the soluble and mobile nature of a homogeneous catalyst allows it to fully contact immobile
reactants in lithium-sulfur batteries, such as sulfur and lithium sulfides solids. Homogeneous lithium-sulfur catalysis
process is usually realized by the use of soluble redox mediators (RMs). By tuning the redox potential and diffusivity of
RMs, both sulfur reduction reactions and lithium sulfide oxidation reactions could be delicately regulated. A number of
typical RMs are discussed. However, similar to polysulfides, soluble RMs also suffer from severe shuttle effect. Hence, a
(semi-)immobilization strategy for RM design is proposed to circumvent the inherent RM shuttle problem. Moreover, the
semi-immobilization strategy can be extended to heterogeneous lithium-sulfur catalysis to endow catalysts with both
heterogeneous and homogeneous characteristics. As a consequence, strongly coupled heterogeneous and homogeneous
processes in lithium-sulfur batteries can be regulated concurrently. At the end of this review, the main challenges and
possible directions for future innovations in lithium-sulfur catalysis are proposed, which are expected to boost development
of practical lithium-sulfur batteries and analogous energy chemistry devices.

lithium-sulfur battery, shuttle effect, heterogeneous catalysis, homogeneous catalysis
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