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Analysis of the Sulfur Cathode Capacity Fading Mechanism and
Review of the Latest Development for Li—S Battery

Diao, Yan™ Xie, Kai™* Hong, Xiaobin Xiong, Shizhao
(National University of Defense Technology, College of Aerospace Science and Engineering, Changsha 410073)

Abstract Because of automotive industry sustainable development, the demand for higher energy density rechargeable
batteries make the lithium-sulfur (Li-S) batteries become one of the most attractive candidates. The Li-S systems have a
theoretical specific energy of 2600 Wh/kg while the theoretical capacity of sulfur is 1680 mAh/g. Sulfur is abundant, low cost
and environment friendly. Although the rechargeable Li-S batteries possess more advantages over the conventional lithium
ion batteries, the practical use faces with a variety of problems such as low specific capacity and short cycle life. Based on the
fundamental electrochemical process of the sulfur cathode, the capacity fading mechanism of the sulfur cathode is analyzed
in details. Combining with the works of our research team, the factors leading to the cathode property fading mechanism are
summarized. Firstly, the main issue is that sulfur is both ionically and electrically insulating. And the insoluble low-order
lithium polysulfide discharge products are also expected to be electronic insulators. So the cathode structure must contain
electronic conductors (carbon or metal powder) which will decrease the energy density. Secondly, researchers impute the
capacity fading into the residual Li,S, and Li,S in sulfur cathode even at 100% depth of charge. The formation of Li,S, and
Li,S increasing with cycling results in active material loss. And the deposition of irreversible Li,S or Li,S, at cracked sur-
faces of carbon particles causes cathode structural failure. Thirdly, high ordered lithium polysulfide (Li,S,, 3<<n<8) is solu-
ble in electrolyte, but low ordered lithium polysulfide (Li,S, and Li,S) is insoluble. Thus chemical precipitation/dissolution
reactions occur during the electrochemical process resulting in active material transition between liquid phase and solid
phase. But it is difficult for the high ordered lithium polysulfide to transfer completely from liquid phase to solid phase at the
end of cycles, so that will lead to the active material loss. Fourthly, another serious problem is the irreversible oxidation of
cathode active material. The formation of Li, SO, species increasing with cycling indicates an important capacity fading
mechanism of Li-S battery. In this paper, the main research directions and the latest development to enhance the performance
of sulfur cathode are reviewed from the aspects of carbon conductive structure, polymer coatings and metal oxides additives,
and also the problems in each research directions are analyzed. Finally, the further development of Li-S battery is discussed.
Keywords Li-S battery; sulfur cathode; capacity fading; carbon conductive structure; polymer coatings; nano-metal oxides
additives
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AT RER. Seqy B TR S AN AR 23 Ji S N 3
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TP LinSy Ml LinS 385 B A8 Ak i K RE SRR AT, B %
B A A B TR SR TR 2 RO 5 R (1) 32(8)
100% 5464 LipS, TSR 5T 1) 2 38 5 H Ll 2% 4 Tl 0k
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Figure 2 Discharge-charge property of Li-S battery™!
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(0.019 mol/L), ¥ M B T fint 11 94 B 5 AR DR Fe B 1 1
TR E Sqy) B T HRIR LA, AR L T S5 Mk EAR
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Horr g 7o b bR, mAh/g; n W BREE R SR AS 1
THL mol s F ARG 1B R, i 26.8 Ah; M
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Table 1 The relationship between DOD and the discharge specific
capacity

o n HR I AL JRCHLER FE q BB g
TR | !
(molemol " S) DOD (mAheg )

Ss— Sy~ 0.25 12.5% 210

Ss— ST 0.33 16.7% 280

Ss— ST 0.5 25.0% 420
Ss—LisS, 1 50.0% 840
Ss—LiS 2 100.0% 1680

SR/ &80y CiRE e as - CIE 3 Ul 2 AL P

quzz @, G5, Li,s,
q4n= a)8q58—>s§* + w6q58 ST + w4qsg - +

a)Zng—>LiZSZ+ DGs, 1i,s
q.,=ay 210+ o, - 260+ w, - 420+
@, -840+ a3 1680

Hrh, g HEUCERBOEH AR, mANg, o, WAL
o™ HIEAR T BRI, D o=l

AT O A P R A LisS,(d<n<Q) K T-H
fE, LETCR ARG I, SR 3G P o L 3 i 0 2%
RO 0k B e AR R, B R LisS, JA,
BT IEARSE R I e AR 22, M DAIE— 5 Akl il &
P LisS, XK FEUS A AL TR 2 .
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AL . AR S SR N, T PARRAR T 154K
s el
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W AW, AR, S MNEWREE MR,
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RV AR & AR AR (R e A 10 T A 45 gt 2 AN I (14 WAc 45 0
K, 8 SRR . [FII, Cheon %511
K AT =) LipS, F1 LinS 78 IE M, AN AT AR,
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TR ER = 53T, E ORI T Li SO, fE IEMK 1A
B, HPURE B R PR RB S 2, IX R
WETEP R AT R, BT EER 2, R
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% T ZEERIKAS (MWCNTS), ¥ MWCNTs 154 S
FIS B ER AR O8O0 EE A B AT 485 mAb/g.
Qiu %R AU J7 i 4 B B MWCNTSs, 75—1%
SERIIEAAA R, 60 AEFR G 25 B LR FFAE 670 mAh/g. Guo
2RISR B AR S AL AT I (A AOY/E Ty B, 4146 I e ke b
K4 (DCNTs), WL 3, 55 o i o 4% Rk 3 3
DCNTs it far, 22 n] DLRA BE I A7 88 2, 78
500 ‘C R4 ") DCNTs/S H& 45 1EM, 100 KIGH 5
HERFFEIIL 72.9%.

i

B3 TEmgikis DCNTs f) SEM BRI TEM &R
Figure 3 SEM and TEM images of DCNTs prepared by the template
wetting method?!

B oK 45 R A AL Z A B A K 26 (CNF) 52
F| Li-S AFFTA R 260, Kim 25252 CNF /£ S
ISINF, BB EE 2B T IE 1191 mAh/g, 40 KA G,
REARFFEZ) 500 mAh/g. Zhang 2B ¥ di g 2275
T IR AT 4, Wk Ja 345 BT 2 FLE5 M ik eF 4, Tl
FERI P AT A2 S N DR LE B £ 1R = B,
& 2 FUR £ 4 /B 52 6 S5 R IERROM B, G D B R
UL 4, 75 0.1 C fi5% K 20 RIEFAGE, A&ENIA 1057
mAh/g. Cui BF78/NHPER AT AAO MR, TEA 29705
WEUTRE AAO BE b, PRGBS RSB A AAO/
W, Bk AAO BB KR, 132825 0w 4F 4t
B A I, R R LA S, 0.2 Cf5% R 150
ARG, AT PR 7L 730 mAb/g.

Bl 4 ZSLBRET U/ E A IE AR A S 3 7 7 B
Figure 4 Schematic illustration of the preparation procedures of porous
CNF/S composite”!
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Sulfur |nfus)|on etching
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Figure S Schematic of design and fabrication process of hollow carbon nanofibers/sulfur composite structure
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AR, LA CMK-3 AR LB KL, 451
C/S HALEMIEM, FIE TR H TS Hpa. Hag
A5 (R B AR 2 N T Li-S FiL it ) g 132390,
KSR, {6 155 °C i B 40 ) B N Bk ke
M FLIE S VA 0 5 WAL 406 B 6 1 &5 A 11 Py e
b R L B T A SR R T TR
8, CARAEHE R b e P AR K B A R BT
B PR FLE 45 RS B S R SR i LA — e A B
WFFEN WX C/S B4 G5H, T LA i BT AT I
W R e ) o3 EOPE, PR SR B 20 AN L AR 45 4 T i
P&y FE S N R AR 83, AT 4085 1E A (1) 1 e Nazar
WFFE /NP I g K BeE VAl 4 7T 4L42 4 3~4 nm
1) CMK-3 RGP BESIAFLK. 1 50 R KA plikE
FAFL4r 7T SBA-15, FELL SBA-15 Jy#bii, LARERE A
TRATORAR, ERRTESME FHEN SBA-15 fLiEH, K4
KEWREZ SR, RIG4 min ik, B HF 5%
NaOH KBt v, 23k L AT HE A
FLBFEE CMK-3. ¥ CMK-3 5 P it R i ek 2 &
fil & CMK-3/S &40, RAREEWE 6. %
CMK-3/S S&MELRHBGWAESE, U0 &
Alik 1320 mAh/g, 20 RAAIF G ISR A AR FFAE 1100
mAh/g. Sun 2SR 5 CMK-3 BRI vE R4 T X0 E
FLIBZ A A FLIE(5.6 nm/2.3 nm)bFEE, L YO
0N 1138 mAh/g, JE4E 6 CRERIBORF, Won T R
PRI RE, 400 XAEH G 2 AR FF(ELY 300 mAh/g.
Nazar AfF 55/ N O 4 T —Ffr HL A7 00T FL3E 25 #4018
I FLER BMC-1(5.6 nm/2.0 nm), & JTi%Ar FLR 4% 1)
BMC-1/S & 45 W IEAGRIL T BUF AR 2k RE, 1 C f%
N YO L LA R A 995 mAh/g, 100 AR 5 24T
TREFAE 550 mAh/g.

Archer 2521 28 T bl 45 K4 T INOHT B 25 O
BE/BRIEMR AR, B STAE Sl N RS IR AR, R TARLE
Z L4 )8 B 4 B A A K BRI AR N, PR
KRR, FBIEAE T(a)FrasSNEES A AL N
h AR EER ) T HERRER. AN S R ER R TR 28 VR
W ORI T HCRIE T0% B IR B/ IE A KL, #E 0.5
C 53T 100 XAEH 5 w45 515 850 mAh/g.

Dudney %51 5 R #BRRIH4% T LR 7.3
nm {AFLER(MPC), &5 KOH XfHiRE47iG 1k, 7¢
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Figure 6 A schematic diagram of the sulfur confined in the intercon-
nected pore structure of CMK-35

B 7 20 BRR (a) P20 BRI 54 (b))
Figure 7 TEM images of (a) mesoporous carbon hollow spheres and (b)
C@S nanocomposite!*'!

MPC [f4LEE EAE AL /N T 2 nm 3L, 55 A
A7 U LB 454 (A L a-MPC. f AL T 1 2% B it
i, bR SRR RS, AU TAES LiT
SN R b= A R SR A, R R L 8.
KN ESLIE a-MPC/S 5 A 14 i ith 1 YO0 L 2%
15 1584 mAh/g, 50 AEH 5 75 B A LR FF7E 805 mAb/g.

MPC Activated MPC

.
KOH activation .4:»:.:
— N

B8 XUEFLIE a-MPC/S &4 IE M &5 #4) Jr Hom & )
Figure 8 Illustration of a-MPC/S composite cathode material by using a
bimodal porous carbon!*!

Gao SR IR 11 A i Yol 4 17 A B8 AT fLAR
NT 1 nm BRFLES R IORRER, RGBS RS N B ER P4 355,
il e SARERE & IEMA KL, RHEREEIWLE 9. %45
FI AR SO EERYERE, 500 YRAIGFRJG 0] 1 25 AT R
E 650 mAh/g.

AT Sk R RIRL SR ek,
TMAE Li-S it 455208 11, Liu 2590 fi ki i 78
FEA S0 R, 4 < =W S5 A BRI/ (FGSS)
YK G iR, R BT AC 4T Nafion XX FGSS A 8
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TR, H1% M IEMMEAE 1 CHEET, 100 IG5
A0 28 AT IA 505 mAh/g. Dai Z598  Se a4 58 2
(PEG) {78 AE R MURL I, K FH o 22 S0k A& 1 1) S A A
S (GO) A AL B BURL AN, 25 R A AT S0/ 52
G A IEWAE, HR B R = LE 10, 100 KIEH S,
A B RRLE 600 mAh/g. Zhang 250U H AL A
P E % HPG-1000 007 584%, FREHERERR B A4
BAHALBR T, 32 FLA SRR E A a8, RS R
R 11, 7510 C % MR AR ik 543 mAh/g.

Discharge
——

Charge

Pore diameter 1~2 nm
2 Sulfur e Lithium ion

. Microporous
carbon

B9 fi/dLeR L & a5k R R R B
Figure 9 A scheme of the constrained sulfur inside the micropores of
the sulfur-carbon sphere composite™*
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\ / + % ~\< vy )’ Graphene coating to
\ \ render electrical
conductivity

E Graphene
wrapping to trap
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HCl L =)

+ s K PEG layer to trap
Triton X-100 N polysulfides and

S/PEG accommodate

particles Graphene-sulfur Volie:change

composite

Bl 10 S mn 5 15 G5 1 S B R 2
Figure 10 Schematic of the synthesis steps for a graphene/sulfur com-
posite structure!*!
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Figure 11 Schematic illustration of entrapment of sulfur in graphene!*”
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B, A AT G R AT SR AR A T RN A B A
(PAN/GNS) & & ¥ 8E, PR FH AR W #0 A 1) 5 16 o1 4%
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Figure 12 Schematic of in situ polymerization and systemization of
pPAN-S@MWCNT composite®”!
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Figure 13 Schematic of in situ polymerization and synthesis of the
pPAN-S/GNS composite!®**”!
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Fh- = IR B (CTABY/E A BOREAR, T8 3 b 27 2R v
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Bt LR B RF ST T Wen 25U PR BN [ 4 il il 4%
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W SR WEWY (PTh) A 2 76 i ik R i b, 45 & =l
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Figure 14 Synthesis procedure of the S/PTh composites!””!

10 EH 13 22 AL R mT AR SR B A R . 1 O L A
H[IA 1119 mAh/g, 80 KA G 2% &A1 R FEAE 811
mAh/g. %50 /N 4R 2R AL 7 6 5 iR R i
(PANI) (U7 7E DL 2 BERRANOK A % i e 2 A4k
SRR, 4% PANi-S/MWCNT & & 45K IERAEL, 1K
LR TA 1334 mAb/g, 80 WRIFFR G 2 AR T
932 mAh/g"*".

FITF R Gao Z5IRHIER B8 R AL B 5 2010461 4%
TR BAFHER T AR, SRS R F AL AL AR
TR A 1 ) 2% SR K I 7 e A 7 485 K 45 TE AR R
(PANi@S/C), HRNGAHEZ)ZEZ N 5~10 nm, it
AN 43.7%HF, 10 C RAFR T EemBUra A= nl ik 635
mAh/g, 200 A G 2SR B A T 60%. iK%
Cao 2R [ 413 J7 ikl % 7 B o K4
(PANI-NT)KAFIEEY SR AT R 4, 78 280 C N 5%
AT AR, FRAUR 2 5 PANI-NT RAE RN, Al H
A RaE 3D ATHR LS 1 i~ 2R K SR 5 W)(SPANI-NT). 1%

S8 R AN ORI B At A A L A 5 i P A0 38 R A 27 SR A
% 1 70 155 FL O A o SRR e % SIS R A 2
N, gk kg R R WL 15, SPAN-NT [EM AT RIAE
0.1 C %2 F 100 XA 5 254/ 7] 145 837 mAh/g, 1Mi{E
1 C & T 500 RAEIN G2 A AT R FFL4E 420

bbbkt

@&@'@?

/
¥y 7 | S
>,

in sitd CHarge
vulcanization
Polymer Polymer + Sulfur - polymer + Lithium sulfide

“\\Discharge

Bl 15 SPAN-NT IERAS A ) S5 R i
Figure 15 Schematic illustration of the construction of the SPANi-NT
composite!™
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Figure 16 Scheme of PEDOT:PSS-coated CMK-3/sulfur composite'®*!
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