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Abstract

Lithium-sulfur batteries with very high theoretical energy density are expected to be the next gen-
eration of secondary battery system. However, there are still drawbacks such as low active material
utilization and poor cycling stability, which prevent them from commercialization. In recent years,
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the performance of lithium-sulfur batteries has been significantly improved through the design and
synthesis of sulfur host materials, modified diaphragms and lithium anodes, and other strategies.
The conductive agent, an important component in the cathodes of lithium-sulfur batteries, has seen
less relevant research and progress. This paper compares the charge/discharge specific capacity,
Coulomb efficiency and cycling stability of lithium-sulfur batteries using acetylene black and Super P
as conductive agents in the cathode, revealing the important influence of the nature of conductive
agents on the battery performance, and also providing some guidance on the use and design of con-
ductive additives.
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1. T4

BB FL(Li-S) B M IR LU & 1675 mAWg, {H 2 B TS bR I 8 M) T -5 B A B 1) A8 2 o
FEGEE R AL, R ] [2]. BRAL, IR AL ITERR R AR, TEIRERE S
FLIA VR T H AR AR 0 248 2 5B — 5 SRR R AN e i (1 S B, SRR BRI R BR ORI FH 2R
FRIFEAR, AT SBHEEF AR rh 2 B PO R8I [3] [4]. BliE E Li-S B BA WA ECE S, — 12124V,
X N B A KR 2 T A, AN 2.1V, XENEEKEE S EAIE O R LAY, R IER N
BALEES] [6]. (RS 6 (2218 5)) /)2 A5 B 2 B A M IRV AR S 5 B4 2 TE IR SRR BRI b 25 T
el T iR, RSSO SO AR R P 2R Fth 7 T ]

VP2 WA TEAR AR Ft i e T TR R T AR i, R 22 B i P it 70 i o A R8T 1R TR AR
ZER[7] (8], 4 BIEBL T FBRIETE o 78 SR AR BRI 56T 7 ) S R 30 0 fof P %o LS R b 4D 2 i A 7
DR . Rk, BATER XS AN R T H R Bt 5 T R AT IR AL

T AR L S 2RI, TR ZEAEMRMIORL 2 A1 D05 AR 2 -5 L 2, R P AR sk
WIE . A HLE IR PO A R ARUE B3 SN ISR AT, e st R % . i RAS
3T EL R, F P SRR AR A R, s i s S BRI DRI, 5 PR IR A AR AR F s H P S B A R
RESS A RIS E R R N 78 o0 A%, X THEAR v P R TH E EEAEH . B— i, T SHBRIASER
R R AR R A i, BT DA AR A SRR A LR TS MR A T 2 R R 0 (R B R gD T R A P 2] [7]
(8], LARSEIEM ISV RG], et AR . SO A AR R S A [F 5 R Ik s
HERE . B RTATE R I S RE 2Rk, T i S SR RRGPKRE S, AT LAZEA R A
Al S LSS, TE KRR DARFHARAR b O PERE . 7E FERRIAS R U L RIR 7 S F Y 2%

TEARSCH,  FRATTIE I 3 5 R N5 AR P S0t 25 1R 25 B (KB) R (S ) il B 7 AR 55 2 - (K B-S)
TEAR S A ARLEEAT A BERAE o I8 I} F it F AL 2 BB« IR R 2k B SE R R R ST
YN, BRAUE T A AN R 5 B A IO AT AR R IR P Ak 2B R B ER T 7E 0.2 C AIREE N, RAL 101
ff1 AB H1 SP (1] HiH(AB + SP)WIZA MU L 25 5 885.9 mAhg '« 7E 0.5 C [ % R #E4T IR, AB + SP
) L ] 5 O EE S B8 768.7 mAhg ™, 1R 400 [BlJE, FRIBAIH LA B IR E 580.7 mAhg ', AE
TREFZFTTIL 75%, FRREEREE N 0.061%.
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2. S8
2.1. RIZEE - FBR(KB-S)EREIHI{E

KRS B(KB) 5H(S) % 3.7 LA BIBHA P R G, RREINR N ZHER AT 155 Chngk
12 ho T/EHHRGTE L 8:1:1 ¥ KB-S A4k, T B FAINURE 45 7 58w — 36 &) (PVDF) I BB b 78 73R
A SRIEIINIE &) N-F S e BRI (NMP)BF 5 42 A TR VR & 25k . Horh S EEFIFRAT 120 A 2
FL ¥ (Acetylene Black, AB)FITE B HE(AB) R T L 5 HL 2k 2 Super-P (SP) (1:1) #4211 & (AB + SP),
SHAIEE SN 10%. BEHSREHS SRR EEIRIREE T b, K2 150 um JERE, 1E 60°CHIE T HEAH
F A 12 h, AR A LA R ELAR N 13 mm (R, SIS HRAT Bt KB-S 1EM), S i3 KLI7E 1~2 mg/em’.

2.2. PRIRAE

K 4 H 7 2 538% (Scanning Electron Microscopy, SEM) RIS AR IO FESH , oA R4 T R THI TSR
FILEE, I BE— BN 5~10 kVo SRH] X SHEATH AU (X-ray diffraction, XRD)ZEAE S AL . R 7>
Hr(Thermo Gravimetric Analysis, TGA)R /3T Bl #1 R HRFE IR 1085 B ASLIAEHISEE TA Q50 AU
ML, BN, IREVERE RIS 600°C, FHEEHEA 10°C min o SR N, SRR — 5
IR L R RN L s A . ASSEEG S F 2250 2020 WFRILBAS,  MRAA R 2R IR B Bh 2k, 251 %
BET 7%(Brunauer-Emmett-Teller). BJH % (Barrett-Joyner-Halenda) X #4 BT LR AR . FLAE A5 BEA TR

2.3. BEEMIR

BT 4 H L ) B TE R R R FEA AT ORFARMEEIET 0.5 ppm), AWFFH T KB-S
IEM%, 16 mm 8L /E 96k, Celgard 2400 R, &F 30 pl B0 =560 TR I i B (LITFS R & A 1,
3- S JRIA(DOL)/ 2 - —HF(DME), & H 2% HRML(LINO,), 412 CR2025 f4lin . KM
PRI AR JBORVE R M P i) AR A RL I LS & P E IR TE R A R . A SLER KR LANCT
I R 48T 25°C 2 i AT, Wi RVE A 1.7~2.8 V, Qg3 it v e A [F] 1) s skl
SE A AL M RE o R IEIAMR 220 3R(Cyclic Voltammograms, CV)ii ik 23 B 5 [ I L 78 558 P 104 He
WAL B SRR S HE T AR A R ) FA 2 S B M FA 2 S NPT L FLA 2 s N FRLASE DA R AH I 1) S
MLEE, ARSI KA VMP3-7%[E Bio-Logic %18 MLAL2% TAERSEEATINR, MERIREE N 25°C, MR E IR
I 5 EERAT PR, FHEE RN 0.1 mV-s™' o SR A B BT R (Electrochemical Impedance Spectroscopy, EIS)
S b PP, A ZE TS E A 10 mHz~100 KHz, #RIEN 5 mV.

3. LRV

HE 1(a)s Bl 1(b), AIHIAB #MEMEERIR, KR K/NALE 40 nm /Ay, SP HIRIAR K/NKZIFE 60 nm
Fidi s BRI R SRR S M %S, A B TR EMEHI BT RS X —Fh 5 B0 DL B 5
FNEA G AT BET FLIR N 2(a)s [ 2(b), MR EMALIE A0, BATT LRI AB Fil AB + SP
IR A58 57.9 m2-g R S1.7 meg !, FLARELA BIA 0.11539 em?/g F10.1062 em¥g, AR A G
RIS R AL RS, HE 3(FREEEH KB-S IEM SEM, JESIHA LRI I, ¥
BH 0 0 () B SRR E N BB A R FLIE IR 50 o A DN T HE—2BAERH KB 1 S IS4, wH3LikT
T XRD RAEMER, Wl 3(b)FR, SHERKG MG, KB-S MR AR o H B 50 58 A S I RE
AT, ANAE 24° BT WM BN 5S AR U, FLATHN IR AR S T R IR EML, 72 24°F0 42° Bz tH BLH
ANpE g, T U0 B R B A HE NBRAL N, ASREFRBEATIN B . SR 73— 2008 1% KB-S MkHR S 3R 1 & &,
FER R A AT RE DR, XS R TGA #iZkan sl 4 Frow, MEIRRTLUE 1, BEERBENF S, 1%
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FEARZILE 150 CIHF IR AL R, B 450°CIN FURE AL BIR @ RES, i TAERURE N ks kT bl
FSEAFAE H PRI ATCARAL BT LAWY DURA 52 B b SR 50K B 2Ok B TR THE, MG 214 1% KB-S
BRI N 70%.

Figure 1. (a) SEM of AB; (b) SEM of SP
1. (a) AB B9 SEM; (b) SP #Y SEM
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Figure 2. (a) Specific surface area of AB and AB + SP; (b) Pore size distribution of AB and AB + SP
2.(a) AB #1 AB + SP HJLEZREIF; (b) AB #1 AB + SP HIFLIZS 70 [

e KB-S

Intensity (a.u.)

wdo . d |.I.,|"
10 20 30 40 50 60
20 (degree)
(b)

Figure 3. (a) SEM image of KB-S-AB + SP; (b) XRD patterns of KB-S composites
3. (a) KB-S-AB + SP K SEM; (b) S #1 KB-S E&##}#J XRD
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Figure 4. TGA of KB-S composites under nitrogen atmosphere
E 4. KB-S EAMRERSHE TH TGA

XoF P A R Y R4 T LTI R A B AR 2 R 2R L b 2 S LB, SR ECE R VSN 1.7~2.8 V, H4i
N 0.1 mV-S™ . a1 5(a)far, RUME AB SR N7 B A 8 4% FEL (R ) K2 26 Q. AB + SP R
AT HR IR ) Re RZ 15.8 Q, UF B -5 H 700 ) {8 P A2 o R S T SR A5 B e 1) v r 2
(7 B P o 5 FELRD 7K KB-S FLARIY) CV B n ] 5(b)Fs, A AB LI IEAR BB, e,
1T 2.26 V F1 2.02 V BT AN IR SR, 23 IR S J6iR Jif AR K BE LisS, (4 <n < 8)RIE— Dk i
AR LipSo/Li,S M R . AEFS R, A2 2.37 V A1 2.43 V HEE BN EALIE, XTI LiyS,/LisS
AR KBS LinS, B S (I A2 fEAEFH A S A B, ARG AR, A EE LR,
A5 FH P - LRI PR b b 0T VAR AL I SRR 555, (]S P A3 i P U PR IR IS B R 3G . I B RS
HLF LibS, (4 <n < 8)Fc#iy Li,Sy/Li,S M FE BT 8 JE /R R H AN 5(o) s, AHXTT(EH AB T H
FIRIEAL Hith, {HH AB + SP B 5 s e th BAT S /NS JERAHR 156 mV-dec™', KW AB + SP %
Fofr S5 FELFR AR A P E — B R Bl T Z a2 b R 30 70 2
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Figure 5. (a) EIS of the cells with AB and AB + SP conductive additives; (b) CV profiles for the AB and AB + SP at a low
scan rate of 0.1 mV-s™'; (c) Tafel plots corresponding to the reductions of Li,S,, to Li,S

5.(a) f#F AB #1 AB + SP SHLFIAY R thAY EIS; (b) £/ AB 1 AB + SP S FIRYE A KIE 0.1 mV-s ' B CV;
(c) AB #1 AB + SP #E Li,S,—Li,S TIEAIBIE/RH} R

REZMEREMNA: K o) T AN AT RS A G0 N A HAE 0.1 C B 1 C BIARRE 2R B 1E
REFEl. AB + SP I HIM R I 1 BLLF (A0 78 T80 H I 2 P AR AL IR 52 RE ), MR E R H 0.1 C. 0.2 C.
0.5 CiZB1KE 1 CHf, f#H AB + SP [ FLith ()i B B8 5240 504 1028.1 mAhg ™', 822 mAhg ™', 746.2
mAhg ', 602.5 mAhg " 345 T HUMU s B —Fh S R A A FL o 3 0 B RN BB S B ) AB A EL, AB + SP
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Figure 6. (a) Rate performance of the cells with AB and AB + SP conductive additives; (b) Charge/discharge profiles of AB
and AB+ SP at 0.1 C

6.(a) £ AB #1 AB + SP SHFIMEMAIEEMEE; (b) ABF1 AB + SP HL7E 0.1 C BOFE AR BhZR 3T ELE

PEFREREIR: KPR HAE 0.1 C NEE 50 B AR BOR fh & 3E T WP 0 LL i 4] 6(b), AT LAMLER
B TR AE 2.37~2.30 V HLRTEE N I — MR 6, AR WEAH 5B m O vV MK BE LioS, 4%
R B, TAE 2.10~2.05 V Z ALK&, MIARZRBAR LisS, [MFEAH Li,Sy/LiS B R . £
IR, 1E 2.25~2.40 VIEEINACHEIL—/N TG, RIREA Li,Sy/LioS M LipS, K Sg AL 2. A4
XFEE, AB + SPREG ML &M S A g, RUTAE 2. BEfE, X
AT R [R] LR 38 B N AR A A i, Hh & 7(a) Al & B, AB 7E 0.2C TE3RIA)IH 2 B 886.7 mAhg ™,
140 J)5 668.2 mAhg ', AB + SP £ 0.2 C fEH 147 & 885.9 mAhg ', 140 [B)5 697.4 mAhg ™', &
TREFZR 78.T%ATI AR = T Fph—Fp S AIIAE A, 1] 7(b) AT R B4 T RAE 0.5 C (1 HLIALE BE NG E 400
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Figure 7. (a) Cycling performance at 0.2 C; (b) Cycling stability at 0.5 C of the cells with different conductive additives
7.(a) £/ AB #1 AB + SP RIS TRIEMAY 0.2 C 1EIF; (b) £ AB 1 AB + SP RNESHLFIRVEMAY 0.5 C 1BER
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W AT, AB + SP HHLMIAIUA I B EL R B 768.7 mAhg !, B FEHUE BN, i A b
RN A 580.7 mAhg ™, X KUNTE R RE A, 000 TR 0 22 B A A T A EELAAR Y C T S IE A
SHME, — BT, AR R NARRGR ST, S — TR EER TS IER R 7
WAt — a5, PIARE SRR, & BSOS YR, RASBUSCEIL A= TR, 1EHREFEMN
T0%SRTEEIRL) 75.5%, FBAETIRFMLE 0.061%, X —45RIELK FH—XEH TRAFREAE 1:1
(1] AB + SP 5 FELAS IR AT F b o V5 A 14 22 B ACAE PR IR EAE o DRI, FRATTACRIR G T 1:1 19 AB +
SP (15 HLER IR ) FEAR Ay g — 20 3R A48 KB-S IR B AT B8 s ORI A o8 i Lo 25 5 DA S SR A RO (i A A o 1k
BET — PR R

4. g

AL IE R ke PR, USRI S RE . HURGR P AT REXS ERLAR i it ) AL 22 1k
REAH —E MM, JRATE X b i AL A BRI PR 2Rt 2 . BESEIR RIS AT AT 20 B xd
TR AB T HLENINGIAN AB + SP 3 FLENINFIXT AR AORE M, bl T A 3 R B AN R 5 B A A 0 [
YRR, BRI AR o 7 A A B 8 1 FER VBT O O AR R T . RATTRBIAE AB T B
IRFRIN SP R THE MR 57 75 B 1 A5 DU R R R A . Bk, BATARALE 1:1 1) AB + SP
(3 FL ISR FEAR it — D RATAE KB-S TEM AT 5 v (10 0 i L 7 o DA S 0 RO A A S 3
TRl S
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