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Single-atom Catalysts for Lithium-sulfur Batteries
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Abstract: Owing to advantages of high theoretical energy density, low cost and environmental friendliness,
lithium-sulfur (Li-S) battery is considered as one of the most promising next-generation high-energy-density
batteries. The "shuttle effect”" of polysulfides is the key issue hindering the commercialization of Li-S batteries.
Adoption of "catalytic" strategy to enhance the sulfur redox kinetics has been demonstrated to be an effective way
to alleviate the "shuttle effect". Single-atom catalysts (SACs) have received much attention in the field of catalysis
due to their uniform metal active centers, unique electronic properties, and theoretically 100% metal atom
utilization. In recent years, SACs have been introduced into Li-S systems and studied to achieve fast sulfur
conversion kinetics. In this research, the latest progress in the application of SACs in Li-S batteries was reviewed,
with special emphasis on the discussion of key factors affecting the catalytic activity of SACs. The prospects of
SACs for Li-S batteries were pointed out and highlighted. Important guidance is provided for future design and
fabrication of high-performance SACs for Li-S battery application.

Key words: single-atom catalysts; lithium-sulfur battery; polysulfides; catalysis; redox kinetics

A R R G e (B R BE R B (2 600 Whekg )

Ao B U AT R R B S X

AR AR, UL SIS AT S R PR 4 32 R0, N e
TAUERE RGBT . — S — T T, AR
) SE R e 52 2 2 R R O BR 1), b 2R
(Polysulfides, PSs) ] “ 7 #R AN+ FELAS B B FL I 7y
VA R SR ) R, 9 AR PV A R A I L R A

sFS HEA: 2023-08-23
EemB: EEXARRFHEESEWIM EIH (52171204)

RN, VR IR EEXTPSs ISR AN g (W AR HT)
i 7 PSs I BRI LA B B , G 7 B (1 R B A
A BEMARAS _E A HRPSs I B AL, K Y PSsE
ORI I AR DU 2 (W) A, BRAPSs it —
R o LA, SR AL SRS SR AR RN

EE®ET: Wi (1983-) . 75, B, Loatl 4, 3 EZHT 507 ROAK 2 FURRH BT 2% S HLAE REVRAIFAISE H (K 2 FI BT 7L 5 E-

mail: c.chen@gdut.edu.cn



26 3

Wi, S5« S (R R R P e e 8 63

RE) 1Tz RET XM RS B AR I AR 6
e Bk ) A 28 B AL i SN Bl A, INERPSs 5
Li,S,/Li,SZ [A] (e 4K, o 3 26 HAT A A T B AR PR
BEXTPSs AW K BE /7, BRI AT DAd el W B — AL 1y
IR I G2 A ZE AR BN ARTRAE M B B 2 0 IR T
AR AR S VB < S AL A U TR SR o A R A
T

FLJ 71657 (Single-atom Catalysts, SACs) [
W R P55 T 201 14542 HH 1), 512 R M A 77 o i
WiEE O () LA g I RS ik b
HIAR R 78 S O B T AR I T B S AL

TEPERL AR 2 (AR F100% 04 8 IR 1R =)

) 50 1 & T v P R 0 S JURR B H T 5 R S R A
SACSTEMEAL S 52 W L E TR HBE - H A, SACs
FEHT AP M P2 A IGE JR P45 8 22 Ak
BIEs AVE AP ERE .

SACs i 2 R P A FAE R A Fp 4038 h B
I FH AT 5% AR A AL WS 1 O, &R R X
PSs B A 5SE 77, v] 18 W AR F 4 2 PSs, HrT i
A IR B A P 2 0] 1) AR TR 2 L3 7 % o A7
(AR — BRI R S5 T35 2 B R - 344
(R 24 K 235 ) RN A 2 v A 7R T 36 o e AR PR s =
FIHIPSsHIA#, Hasdt B - 5 i tEAa R - HAE
TE BB AR i rh PR S » Yang 252 YRR E T SACSTE
B E o AR N R A TR R IR T
Fe-N-C SACH] IR A i v 7= 47 2 8] (1) v] 1 4%

ML AEEER, ZFhSACSHEN F T4 g R PR IR0

B RS HL R I R, LB S B o 2 T) ) A AR
JG S BBl 75, ST B R L ) FEAL A M R

A ST A SR SACs 7 £ A H b rp ) 82 4T
T GRR LA AR RE [ LA B R 2o 2 2k
P AZ AR I 5 B EAT T 43 BB 5 BT ig, FHx
SACsTEHLAR HLth S AR IHAT T R

1 SACsHIEMFILERBEREF

&I IR TAE NS ACSHE L, SR Fh 2 (7]
[5G 4K BBl ) 2% 5 W B K o Yang 620 1 Of
SACH| N FHBT LR R o AT Fe B J5 7 1 353
Z LA IR WA R, IR T 153 1 Fe-N-C SAC
(FeSA) FIVE IEAR i 2 i, S8l 7 40 r b 1) v 35 26
P BEAIE PR A8 1 o IX — 5 T JH [ T-FeSA 5 PSs 2.
(1) ¥ 5532 N g DL R PSSTE A FLBRBEER b (14 BRI Ff
MM BR & T PSSR A4 5 55— J5 T, FeSATT LA
VE N ELAEAL T, s il PEPSs AN PE LI, SH K

WL 2 18] () S8 A3 SR s N 3ok R 1R 8l 2 o 3 1R
N, BT, B H AT P HIE I [ SACs, TiE PR H O
YN VU R BRI % £ )8  BPFeNi.CoMn. V. iX F
R DR IR e 4 & R (1) AL A9, 7 Tt
SEAE SR 55— 7 TH, X LR & & 1 b A
B, XS IREE AT o WARIE I (19 BRI ) LAh 4 S i 1
Ot AT DA Y, SACSTEAR B HE b ATk O 7F 010 A 1R
K770

ERE FLE L T B AR &8 )5 T ISACS
PIEALYERE . Zhang &0 & T R IB 44 A S0 L1
Fe.Co-Ni SACs (FeSA.CoSA.NiSA) , J-¥ H W T
SR R ) B A 2 oo LA 2RI 4 R R B, Fe-
S AL AT B2 F Rt J 7 H B R P 70 T3 F P e 22
R B A AR 52 1k PSSR B 51256 45 5 SR, Fe-
SA.COSA NiS Ak 7 Li, S IR B & 53 51 }4.10
3.05.2.97 umol-m 2, EJFeSAWL i & it (WL (a))
L AL 78 55 FEL 28 7E B 2% 5600 mAh-g B [ 78 JCHE,
H X BE 7, FeSA R [R] 5/ (LT (b) ~ (¢) ) »
VLA FeSAM L A SACs H A B AL 1 FEL AL 9 o T
Ry SR 2 SR B, 5 5 A PP R B (1) FE It 7E T
HAL 45 AR5 AT SR BE 0 22 2 PSs 1, 17 7E L A5 FeSA &
T o B P bt A I 21 (LT (d) ~ (e) ) » RBAHL
X PSS AL 5 [ il 1) 5 BA R R -

SACsXF B AP 2 18] (1 5 44 2 B By 77 2 (1) 5% Rl
AR IAE X PSS B AL b, IR IAE XS Li, S
AL CuiZE P B B TR T — R 5
SACsXTLi, ST fE 22 521 . 25 FER I, L 1V AR
RN BB 4oh S0 BRI (SAV@NG) X
RIFILLSTURA R 22 AR . SR 45 R B, FSAV@NG
FH T FEI R R, SEBL T i & i (T 23 4580%)
P LB )5 (FE3 CREHTR, 5 9645 mAh-g )
MKAEAFEENE (F£0.5 C N EE A H0.073%) .
A S 1 R 1 i S R T B T T VA b A R A A
PSs, H4Em T IR 2 8 LA R BBl )2, T3t
72 [B A Li, STE 5 HL AN 78 FEO AR (1 T BN o

2 SACsHIEEPECALIME

SACs 4 J@ L5 7 JF AN 2 ] S ) 27 JC T
BRI, T A5 B AR T ) 2% J i e 2 B B
HECALIT o H BT, K2 HSACsH 5 & A H 1k b i)
2R SR TR I 2 A DU AL A SRR 1) o SR T A4
KB TER B, 22 4 DU BC A7 A4 28 PR FR 45 ) 3 B0
XK L0 AR AN T2 8 S B R EA T 7 2 i
A EIE P, e e 8 2 S P A7 AR I £ 4% S



64 J7 R Tk R IR

40 5

1 AR AISACSTE LA HLH A 10 8 A 00 A 4

Table 1 A summary of SACs for Li-S battery application
e GO i o i St G
Mn N,0 (4) &R A HIAEL (MOF) fiT A=k 1EM% 0.2 1400 300 800 [37]
\ N(-) MOFHT A=k ER 1 801 1 000 757 [38]
A% N () BB LA B ER 0.2 1200 100 770 [36]
Co N(©) BRI HEI AR 0.5 749 400 545 [36]
Co N() CN, EM 0.5 1400 200 1160 [39]
Co N (4) RIBIH BN R 1 950 500 681 [40]
Co N (4) MOFATA Bk R 0.2 1250 100 1059 [41]
Co N() AT ER 2 709 1 500 208 [42]
Co N (4) REDITHEK ER 0.1 1462 100 825 [43]
Co N (4) BIBIH £ EMR 0.5 972 600 505 [44]
Co N (4) MOFHTAE B EA% 1 1045 1000 735 [45]
Co N,C (4) MOFfiTAE Rk ZnS 1EMK 1.6 1000 700 [46]
Co N (4) CoPcCl BER RS 0.3 1124 200 831 [34]
Co N PEE -7 i I 0.5 1161 300 850 [47]
Co 04 MOFAT A Bk e i 0.5 1010 200 703 [48]
Co N (4) A WAESERT A B F )2 0.5 1130 300 837 [49]
Co N (4) LD =P QAR JJZ 0.5 1310 100 787 [50]
Fe,Co N(3) REMATHERR R 0.5 1137 100 1097 [51]
Fe N() MOFAT4 Bk R 0.5 958 200 796 [52]
Fe N (4) REMTHERK ER 0.1 1139 300 427 [53]
Fe N (4) REMTHEK ER 0.1 1236 200 819 [31]
Fe N(3) REYATERR EMR 5 605 1 000 220 [54]
Fe NG CN, IEM% 0.2 1300 200 1241 [55]
Fe N (5) RAEYATAERR 1EM% 1 906 500 662 [56]
Fe N,P(4) RAEWAT AR R 0.2 1108 100 853 [57]
Fe N PEE -7 e i 0.5 1000 100 892 [35]
Fe N,B (4) REMATHERR ER 5 723 1 000 593 [58]
Fe N () REMATERR AR 0.5 1114 300 788 [59]
Ni N (4) REYATER i it 1 1059 500 826 [60]
Ni N (5) MOFfiTA B IER% 0.5 1086 500 798 [61]
Ni S(-) MosS, MosS, I 2 599 400 576 [62]
Zn N (4) MOFATA B Efutk 0.5 1225 100 1214 [30]
Zn C() Mxene Mxene 1ER% 1 796 400 706 [63]
Zn N (4) MOFf7A ik Coff Rkl IEM 1 932 800 686 [64]
Mo N,C (3) REMRTER IE% 4 564 1000 313 [65]
W N,0 (4) PEE 3o i 1 1100 1000 605 [33]
W N IR TiN/TiC i it 1 836 250 815 [66]
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Fig.1 (a) Electrochemical titrations of the Li,S¢ adsorption on different material (Inset: digital photo of the Li,S, solution after 12 h) ;
(b) Charge-discharge curves of the Li-S batteries at 0.5 C; (c) Voltage gaps of the Li-S batteries with various separators at
600 mAh-g™; (d) Cyclic voltammetry (CV) profiles of the Li-S cell with the PP separator or the FeSA-modified separator (Inset:
digital photo of the in situ Raman cell); (e) In situ Raman spectra of the Li-S cell with the Fe/NG-modified separator at different

voltages as indicated in (d) ¥
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Fig.2 (a) UV-vis spectra of Li,S, solution soaked by N-C, Fe-N,-C, and Fe-N;-C (Inset: digital photographs of Li,S, adsorption test) ;
(b) CV curves of Li,S, symmetric cells with different electrodes; (c) Li,S precipitation profiles of N-C, Fe-N,-C, and Fe-N;-C;
(d) LSV curves of Li,S oxidization of N-C, Fe-N,-C, and Fe-N;-C™
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Fig.3 (a)~(c) Schematic illustration of the relationship between d-band center positions and PSs adsorption-desorption capacities for
different structures; (d) Mo K-edge XAS spectra of Mo-N,C, before and after cycling *”; () In-situ time-resolved Raman contour
plots S/BCN electrodes at different discharge states ; (f) In-situ time-resolved Raman contour plots S/SAFes@BCN electrodes at
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different discharge state’
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Fig4 SEM images of the electrode surface after 200 cycles at 0.2 C: (a)~(b) S@3DFeSA-CN;(c)~(d) S@FeSA-CN; (e)~(f) S@CN™
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Fig.5 (a) The illustration of the fabrication of single atom zinc implanted MXene (SA-Zn-MXene) (the right figures in (a) are the

aberration-corrected HAADF-STEM images of SA-Zn-MXene); (b) Visual adsorption tests of SA-Zn-MXene, MXene, and super P
with their corresponding UV/vis spectra; (c) CVs of Li,S, symmetric cells of SA-Zn-MXene, MXene, and Al foil; (d) The Gibbs free
energy profiles of lithium polysulfides on SA-Zn-MXene and MXene™”
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Fig.7

(a) Ni-MoS, 44K /i FTHA ADF-STEM EIE J Ho5 B2 FRTEDS B s (b) Ni-MoS, 40K Fr 15 F 2 #2 EIHE ; (¢) Ni-MoS, 4K i)
e B AR 0 i ) iR R PR

(a) HAADF-STEM image of Ni-MoS, nanosheets, and its corresponding EDS mapping; (b) Atomic resolution picture of the Ni-
MoS, nanosheets and (c) related FFT-filtered atomic resolution image™
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CV curves of symmetric cells for (a) Co/SA-Zn@N-C/CNTs, (b) Co@N-C/CNTs, (¢) S@SA-Zn@N-C and (d) S@N-C from —1 to
1 V at a scan rate of 0.1 mV-s™'. Potentiostatic discharge profiles at 2.05 V with Li,S; catholyte of (¢) Co/SA-Zn@N-C/CNTs,(f)

Co@N-C/CNTs, (g) SA-Zn@N-C and (h) N-C'*!

Diffraction, HEXRD) KA &7~ (WIS (a) ) , DEBA
RURE AR BE [ AR Li, S, AR AR PSs 2 8] I OE A R4k
XA CHIFE G 100% 5 i) H b S it 47 S-—
BT RATI ] — R B 751 (Time-of-flight Secon-
dary Ion Mass Spectrometry, ToF-SIMS) #lliR, 25 3%
(LIS (b)~(c) ), TEIF G RS2 (Ketjen Black,
KB) /SHH3d-omsh/Ziifik/SEH 2 I H FIPSs % 4R 5 i
(I SIE 8 2 5 5 53 » 1T 3d-omsh/ZnS/SHF R} AI13d-
omsh/Co-N-C/SH R SIT#% )2 5 FE I H A2 55 , 3d-
omsh/ZnS/Co-N-C/SHMEHE A MEESITR 2, WEL T
DEB/ fU7E[F] 7 PSs 7 THI A U1 T IE 0 J5 18 4
J& AT ToF-SIMS 73T, 25 R R n (L I8 (d) ) , 7
FIKBAI £ 41 2 ZnSFISACo ) = 4 RHig AR ) FE
W 3 5E ST 2, R WA 7™ 51K ZE AR RN AR 46
B JE ot s A5 I SEBAVE st (R A RLESS , D8 A8 )5 28 4 Jed B A

RIMSTCER 13 B AL G EA AR T WL, 15724 I DEBA
RIRPRIN , RAT AR H a5 1S5 5 T BLEIR A 5 4
< FEAK A2 i _E 4R 2, UEWIDEBAY. 7 e B SIS AE
FHIPSs ZF AR L AT RME

5 RESRE
AR SR 4 RS ACSTE BB Fi it P 9 L AT
T 4R . DA LA R0 LA R R R BN

T2, 70 AL TR IR < ik P s S BC A2 3R 5T 3
AR T AR Bl 1R LA T T 23 SR 1R A &5 1 AT R
OB FUit e o BRI UE, H AT, SACSERRTR HL it )
JS2FAIT FE AR I B A B, AZ00F 7807 138 A T e FY
WS (BN 7. 46 A BIWETEE R AR UON, R
SRR LIt P SACs B T RT M ELAE LU T LA J5 T :
(1) AL TR 0  SACS R FRIEAL I i 5 4 i



T 1 R o e e R DIV

71

36
(a)
- D
5L
| =
= c
B
A
% ) Iy
= N L : , ,
20 22 24 34 36 38 40 20 25
20 (deq) Voltage (V)

Cycled S cathode

18 b
®) |4 Sulfur migration layer
16 8x 10" -
14
12 =3 i
7 6% 10°
04 3
3 8
ré s ‘:T:; 4% 10" 4
3
-6 €
Lsai =~ 3d-omsh/Zn§,Co-N-C
2x 10" —— 3d-omshiCo-N—-C
-2 —— 3d-omsh/ZnS
i = 3d-omsh/pure-carbon
0 T T T i
0 200 400 600 800
Sputtering time (s)
High
v v
=1 Sspecies { No =
migration migration B
layer layer ‘%

Low

High

Aysusiu)

Low

K18 (a) 3d-omsh/ZnS, Co-N-C /SBHRFEO.1 C T BIFR /3% i it £ A0 AH B2 1) )5 AT HEXRD 5 (b) 7E1 CHBFF 100X 5 S-— Ik &5 T 1 ToF-
SIMSEE 4341 B ; (¢) 7E1.0 CIEHR 1007 5 HIS- K2 T I ToF-SIMSIR [ 43 A FI3DIE 44 : (i) KB/S, (ii) 3D -omsh/Zlik#/S,
(iii) 3D-omsh/ZnS/S, (iv) 3D-omsh/ Co-N-C /SFlI (v) 3D-omsh/ZnS, Co-N-C /SII#; (d) ZEMEHR HILi4:J& B 2 1 [f ToF-SIMS
S-TCEMUFA: (i) Li-KB/S, (ii) Li-3D-omsh/4iH%/S, (iii) Li-3D-omsh/ZnS/S, (iv) Li-3d-omsh/Co-N-C/SF1 (v) 7E1 C 1004~ & #A

J5 FILi-3d-omsh/ZnS, Co-N-C/S H i !
Fig.8

(a) Charge/discharge curve of the 3d-omsh/ZnS, Co-N-C/S cathode at 0.1 C and the corresponding in situ HEXRD patterns; (b) ~(c)

ToF-SIMS depth profiles and 3D rendering of S-secondary ion distribution of cycled: (i) KB/S, (ii) 3d-omsh/pure carbon/S, (iii) 3d-
omsh/ZnS/S, (iv) 3d-omsh/Co-N-C/S and (v) 3d-omsh/ZnS, Co-N-C/S cathodes after 100 cycles at 1 C; (d) ToF-SIMS S-element
mappings on the surface of cycled Li metal anode of: (i) Li-KB/S, (ii) Li-3d-omsh/pure-carbon/S, (iii) Li-3d-omsh/ZnS/S, (iv) Li-3d-
omsh/Co-N-C/S and (v) Li-3d-omsh/ZnS, Co-N-C/S cells after 100 cycles at 1 C*!
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