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Abstract

Electrospinning polyacrylonitrile (PAN) separators have higher porosity, electrolyte uptake, ther-
mal stability, and ionic conductivity than commercial polyolefin-based separators. However, the
poor mechanical properties and sulfur-blocking ability limit the practical application of electro-
spinning PAN separators in lithium-sulfur batteries. In this study, PAN/polyimide (PI) composite
nanofiber separators were prepared by electrospinning to improve their mechanical and electro-
chemical properties. The results show that the composite separator has excellent thermal stability
and exhibits better mechanical properties than the pure PAN separator (1.8-fold increase in tensile
strength), as well as effective inhibition of polysulfide shuttling. The incorporation of PI signifi-
cantly improves the porosity and electrolyte uptake. In addition, the composite separator has a high
ionic conductivity (1.31 x 10-3 S/cm), a wide electrochemical window (4.7 V) and excellent cycling
performance. It maintains a discharge specific capacity of 594.38 mAh/g after cycling 100 cycles at
0.1 C. The electrospinning PAN/PI separator may be a promising candidate for lithium-sulfur bat-
tery separators.
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AR I BT B R A ELS B 2R E (1675 mAh g )Rl RE &% (2600 Whikg)— B2 = D) R L F & 1
G It 2 —[1]-[3]. SRTM 2B “ GRS SRS R FI 2, SRS 2; [
I, #H 48 FHA A AT (R AR, 2RI BRI 5 | 2 Fth J o A 2 s Do ek, 8 — 25 PRI 77 FLIH 1Y
ARGy, XK KRS T H Ak R B [4]-[8]

B L AR L Tt f PP TR, BRARON B 2 5 s ) B Al B TAE, (A (R B8 FR AR e g
BT IGE Sy, XA A FE AR BE[O] [10]. RS 22 )3k (R 9K £ 4 R 5 e T e s f FLIR
ROBHFTE 70%LA L) AN ER ZALHRGEZE) T T2 %0 . X R AR [ 4 4t o
P AR R R AR AT 2 1 8 A i R, I SR A7 S B By O R AP AR [11]-[14]. R Im AR L4 (PVDF) [15]
[16]. RAMHE(PAN) [17]-[19]. FX 2K R 2 —BEES(PET) [20]. R ZIHEE(PVA) [21]-[231% 40 T4
BEHEA L5 1 R TR A R AR e e, XA RO T R AR A Bk A R . F G S T 2 AL
PAN JEBETR IS 2 (¥ H M), A Bh T4 B TR Pad AL S, (R el T2E PAN JRS 2 B« SRR
IR R BEY, P&t — 5 5 k3% [24]-[26] . PI & —Fh HAT 1 5 i Stk (40 A P2 2499 500°C) i)
AHLE S TARE, FNIE 0 2 7B ZE R AR AT PR A vl AN 8 B 26 A T AT e AR RRAR 33 1 R R
PERE AU . IeAh, PI RGP EH KBRS, BA—EMEmaE), iS22t
YT RS B B E T i A AR, AT RO B 22 BRA 0 [27]-[29] -

FF E3R PAN PR A, ASHTF 7@ RAARIR i AR #1145 7 PANIPI E A 9K eF4Ebmit, #1777
AN R B0 P A TSR RERIRE . BA LSS T WA RO s, fEERE R AME, Pk
RN, M A sE AP BE . IREE M, PAN/PI A 9K LT 4ERa T LLRI A PI AR R 1k 3
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1 20 BEL 4K 22 B 0 B R S T 0 VG B A e, 7 L T PR A 2
2. SLHERSy

2.1. 8l
RN (PAN, Mw = 85000, Aladdin), EEEIf(PI, 500~800 H, Aladdin), —H! % H [/l (DMF,
Aladdin).

2.2. BYRBAYECH]

FH T R-FFREL 1.08 g PAN A3 A H1 0.12 g PI KR, B T4 8y 20 mL FIBEBE A, P10 B -h s
T 10 mL ) DMF 3%77), #I55 EIRE N 12%(1) PAN/PI 9:1 . IR E T 60°CHIMMBH, In#di
FE12h j5, BUNEBERORHEREMH . 2B EIRT7, Bl T R EIKEEA 12%F PAN/PI8:2 F1 PAN/PI
7:3 WAE ST EE

2.3. PAN/PI [RRERY$1&

R BT 22 IR 20 ml (VRS A5, FHEARON 0.6 mm 95224 Sk BAEvE as b, fiem 5 165
KAEgisek b R 2R, BWE PANPIERTIHES 0.3 mi/h, JFENHEY 10 Ky, #k54
Ptk 2 8] (USRS [ RE A 15 ome il Ja R 1 26 BT FEZ) 0N 40 pum (RF LS L2 UK LT ERRTAN 40°C /5%
WA T 1 24 h, AELFAE R TR BRI T 08 o R T IS RO 2T 4E IR BY B 9 16 mm [
RO

2.4. HRFATRATHIE

¥ 7i2:1 BT HOR TG SRR . RS R A PVDF (EWHR IR A I R 0B, TREUE = (1) NMP
WM S0 ST G RL . BEJS R TRSRBH SRR AR B, JFE 40C N HE TR 240, Fa
B Ta i BT R EAR 0N 14 mm B A (9 S BIAK, IS I EGR & 0.4 mg-cm 2,

2.5, SEHACE B

HEHCHEF IR 0.1 mol/L 1) LioSe v E T3 OBt ey, il R i) 5 P e BB 7 o 8 2RI 8 997 06
L, EEE ERTERA 4 T W EROME)RRFE . 5 E 24 h 5, WERFH hIE R e ae
6, BLEEEAS [ [ B0 22 BRAL D HIGE A A R2mi . Ferbr, (1] Celgard2400 FRJEERY LiaSe ¥R XS R4 .

2.6. MRIRIES &

K FHHHE B 7 B A% (SEM) AN 56 FRL T 5 S (TE M) B I AR AROWE T 30033547 1 20 WT o SR AR L I A5 4
ZLAMEREA(FTIR, Perkin Elmer /A &) Fil X SR ATHH U (XRD, #i€ 7 D8 Advance, 3% )X R (1) 46 2 ik
SrIEAT T 3. SR 2.5 KN FdRIE NI 1 BRI PR, KRBT AL 5 mm x 75 mm [ £4 7Y
REE, JEEEN 40+ 5 um. FHRIGRT, FiZE /1N 0.55 kN, Hifdi#E %y 3mm/min, AFALRFENAR 4 K.
T f A U AR T R 1) AR R ME (JC2000C L F T 9K 7l 2 AX)

A5 FH IE T BB 0T B R R FLBR 28 AT 70K, AR DA N A AT T 5

Porosity (%) = %xloo% 1)
Hrp p NIETEEEE, MO TR E, M oM S, V NREART[30].
AR LR 2 2 1 B8 B P F A v T A e«
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Electrolyte Uptake (%) = WV:/WO x100% )
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2t Wo AT W 53530 Bt 6 ARSI L h i F L AE31]
2.7. BUEFSE

EFRH TN F B N AR E AR R CR2032 A i fi i, &8 Li fE N, S1EN
FIAR, HLAE%E A 1 M LITFSI in DOL:DME (v/v, 1:1) with 1% LiNOs, ¥ 100 uL. £ CHI660 E H
A2 AR S, A T A it A Ak 2 BB (BIS) R MR 2 i 4R (CV), HALE 18 1.7~2.8V, Hi%N
0.1~10°Hz, HME R 0.1~0.4 mV/s. RAGLMEFRRLIE(LSV)FBREH BB Li//BgIE/SS B Pl 1
HALERE &, AR 0.1 mV/s, HiHEETEEDy 0~6 V. B 1 HL G35 200 2 2 A 55000 Bt
(SS/FEIENSS) MR, FAHEAE N 0.1~10° Hz, FFilid L F AR5

oo 4
R, xS

R o NETHSER, dNBEKERE, S MR, R Mk EKAHEFE[32].
78 R R 40 L (Land electronics) i A 1E I 78 i FEURR AR 7 A i /E 0.1 C F7EHLE 2.8 V Al
WA 1.7 V IEPERE, £ 0.1C. 0.2C. 05C. 1C. 2C. 0.1 C [ HLRZ B T 34T A5 2k Re Il o

3. GREIL

N T ICER LG L UK LT YR T 3, Gl I T BB (SEM) R R T HEAT 7 WgE. K 1 B T
PAN BRIEFI52% T AR PL AR SEM EHE . 15 1(a)/2& PAN FRARIFIROW TSN, AT LA 24 5] FLFR
IARYIAT, TRLAE BN 0.31 pme & 1(b). [ 1(c)/E PAN:PI by 9:1 1 8:2 5 4 e i (1 2 i e 3 An
YIRS, MEBREIRIEIN, BRI 448 BAAEER/N, 338 0.21 pm A1 0.17 pm. 3XZF N PI
BEINMPEAR T VSR ORE AR B, IS A AETERR ri AR T DA, BT R A R It R oK 4 4 ) 2% 25
M ERMOGH, RA 2 PANPPI A 7:3 1, £F4Ed g B B0 sRBRE5 M (14 1(d)), X FERF NI &1 PI
BRSBTHEBAERIG, Jieh iz 28R 0 TR, A5 TR S 4.
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Figure 1. SEM images of fibrous membranes and their diameter distributions of (a) PAN, (b) PAN/PI 9:1, (c) PAN/PI 8:2,
and (d) PAN/PI 7:3
1. FFH4ERERD SEM BIIS R EERZH%E: (a) PAN. (b) PAN/PI 9:1. (c) PAN/PI 8:2, (d) PAN/PI 7:3
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Figure 2. FTIR plots of PAN/PI fiber membrane and its constitu-

ents (PAN, PI)
& 2. PAN/PI 474 R K E LB AR A 7 (PAN, PDAY FTIR

(b) 4s0
400 4 T
T
{’___‘,_-.-—i---.._g__ﬁ____§ _ 350+ I
= |
/ g% . .
o
i 5 250
€
£ 2004
2
-]
2 1504
=)
- 100 I
i
50
Celgard2400  PAN PAN/PI9:1  PAN/PIS:2 Celgard2400  PAN PAN/PI9:1  PAN/PIS:2

Figure 3. (a) Porosity; (b) Electrolyte uptake of Celgard2400, PAN, PAN/PI 9:1, and PAN/PI 8:2 separators
[& 3. Celgard2400. PAN. PAN/PI9:1. PAN/PI 8:2 fRi&RY(a) FLERZR; (b) EEFRRIRULE

088 I A 325 =24 ) FLR 5 R HL g8 S MR SO R R A A7 A2 B LRV, JF D Lt AR i - e i

Celgard2400 K& 2R H 2 JEM PR, AL A B R ICR BAR, ARITF Lt P se5s . Mgy
22 K8 JE 1) 22 AL 285 K A0 ST R B PE A i REIRWSCSE 22 1 AR, ANTIT RS LitiRE B . an il 3(a) B

Celgard2400 R & 1) FLER AN N 52.1%, 1 i L4977 22 B IS (1) FL B % B (AR T Celgard2400 B, 9 PAN.
PAN/PI 9:1 A1 PAN/PI 8:2 FIFLER R 254 73.0%- 79.8%- 73.8%. <] 3(b) Ayix VU b b F 1) b At Jo IR UL R
239N 91.5%. 332.4%. 387.2%. 315.0%. 1] LRI Pl /B 2445 v 1 Be R FL R 5 R el fige JoR W AT
XATRE RN P AR I i A 5 rE R R AR A R AV ar, Bl T82% T Pl 5, 4F4E E ARV
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(Bl 1(b)), #R4elafh 152 BIFLR, M Re WS fif 47 50 2 B WA . 124 PAN:PI ELoA 8:2 I, FLERZEAIH
R B AG, X 2RI B PI 528 S8R FLIR A B A5 (E 1(c)), fE— e B
M7 LIt AR

TR T 0 AR 5 IO R D S K Ml T LA SR R %) PR D, A /N R B AR R
TEVEPEER LT . 15 4(a)F0I&] 4(b) A Celgard2400 KT PAN R I FRAs /KB fliff, 43519 105.3° £ 2.5°Fl1
78.4°+3.7°. MOk, Bl NT 907K WK BN HUARICE — € RN RE ), LiMERI s (. & 4(c).
4(d)>y PAN/PI 9:1 1 PAN/PI 8:2 545 I IR £E AN [F] I 8] B PR /K H& ik A0 AR A1 00 o 7P i o IS P T o 7
F5r A8 104.0° + 10°F01 121.2° + 5.2°, B Jo5 /5 HUARUR 7% 1200 ms G R FFERE, 7307000 36.8° + 4.1°F
63.6°+7.7°. PAN/PI9:1 )& & MR IEHA /D Bk Eefb ff, 32 B0 M B It fe i DA R4S SR, Hid
77 24, [ 5 100 99 2K 2 2 T 245 465 A6) R 3 THD 1F) A% 1 s A (2 30 7 P R oA ) PR i, G A R 0 2 £ T 7
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Figure 4. Static water contact angle of separator (a) Celgard2400, (b) PAN, (c) PAN/P1 9:1, (d) PAN/PI 8:2
& 4. PRBERER7S/k M A (a) Celgard2400. (b) PAN. (c) PAN/PI 9:1, (d) PAN/PI 8:2

i FH o P 368 5 SR IR VR TR R i) 2%, A R AF A 1) A 5 (B0 MIPa) I 55 (14 A i) e 5 &5
(20 MPa). 1 FL 25 22 YR AT YE R R TR 97 22 i R v AT R B L3E S, 27 4k R) FOAH BV 055, IR
TR A Rt — P E . ACRIFIE GRRELS S T PAN R R AT A PI RS REE, (ELRFEHAD
oSV RE ) TR LA AT )5 P RE . PAN BRI A S & BRI ) 5 M Re an 1] 5 iR, PAN £F 45 1) e K
/3 A 3.1 MPa, 1l PAN/PI 9:1 £F4ER K i KB /174 5.5 MPa. PAN/PI 9:1 £ 45 i) WAy 38.1%, #H
LE T PAN £R4EBE(Y) 16.5%, HNARA TR KMEET:, X AT RERH A PAN/PI 9:1 R £ 4ESH 40 . 43 A7 5
B157, R BUE R RFIE LT  (HAERRE, B PAN/PI 8:2 4R 4E it i KN /1 R4 3.3 Mpa, {H#]
A 412%MRAE . BRI, BEIR PANIPI E& KA HERE 1) 72 1 Bt 5 7 BRI LUk A — e 1 2%
PH, {H Pl MBI A RRIER ) R 2] T S .
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Figure 5. (a) Stress-strain diagram; (b) Error analysis diagram for PAN, PAN/P19:1, and PAN/PI 8:2 separators
[ 5. PAN. PAN/PI9:1. PAN/PI 8:2 fRIERI(a) K1 - ME[E; (b) RESE

PAGE M RRER — N EESH, SR T &R TR, an SRR A TR AR B K 25 51 kS F it i
RN v T EWRIXTEE Celgard2400 fRfE 5 PAN R G YKL 4ERg i I Fa e, MR ZET
HERARET X DU A o AN [0 POl P2 T AT AL PR SR . SIS N 5] 6 Jirass, T RAACHIL Celgard2400 F fEEAE N
AE] 160°C I PRI 1 h 5 BLAWAE, 200°C I [ By T P i AL, e el B G A i@ W] LR ARt — 2 1
K, 240°CHFRIEC A 5w, 2T, BT PAN F PI 5 M #cE, =Fh YT 90K 4T 4 kR e
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Figure 6. Thermal stability photographs of Celgard2400, PAN, PAN/PI 9:1, and PAN/PI 8:2 separators
6. Celgard2400, PAN. PAN/PI9:1, PAN/PI 8:2 FREsHIAFaE B

I AR RE AR BE IR, A TR PANPI Ey 9:1 (IFRARAE N & A BB HEAT 5 52 2 B AL
7SI BRI EE A 2 P RE DI
FERRER B, BN 7 EEN A B T AR iR LB T I R A S E 2 AT B, v TSR
Gigh oKL 4R X Z AL R E R, X T T 2y BeERs . mE 7@ R, o T
Celgard2400. PAN. PAN/PI F&R7E 24 h NIYZ ALY 9 HUE HL. X7 Celgard2400 &, 12h fFIEATG
¥ DME W ik i, 24h 5 RERE, K& M TIREM G . MR PAN. PAN/PI BE AL 2%
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ALY o R85 2, £ 124 h 5 AAMEZHRAYEE PAN BB, MHELZT, S PAN/PI
BRIELET, DME VAWM LT84, XK PAN/PI BREX 2 LA B s ER . & 7(b) A%
BRI 1 24 h 5 R 2 O R J A5 UV-vis B2k, £ 300~500 nm A& AUy A s T — fir 2 Al
VIS 7 [33]. RIS, JEiE PAN/PI RS B 21K 2 B A i WO 158 5 58 8 = B it b e 51
RKHE—AESE T PAN/PI FE S AT LUAT i) 22 R AL ) AR KN
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Figure 7. (a) Polysulfide diffusion rate test for three different separators; (b) UV-vis pattern of the upper solution
after diffusion test of three different separators

E 7. (a) ZHAREIIREAZHRADYT BUEEMIK; (b) =#ARMREY ARG ERRRR UV-vis EliE
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Figure 8. (a) SS//separator//SS cells Electrochemical impedance spectra; (b) Scanning linear voltammetric
curve of Li//separator//SS cell of using Celgard2400, PAN, and PAN/PI separators

8. S%H Celgard2400. PAN. PAN/PI BRR&ERY(a) SS/FRASE//SS LAY FELFBRITILE; (b) Li//FRAR
/1SS BB ith A IR L MR R hzk

BT HL 5 5 (o) 2 1l B B S S AR T e T I B B AR, R AR L Y A R R R O E L, WA
I SSHREESS Lt B A I AT R AT 7T . 4015l 8(a) Bz, Nyquist B2k 5 x il 2 7] AR EE 26 BRI )
PRELBH(Rp), MRIERE@) A HEHRENE TS E., PANPI BE&&EE 7S E(1.31x10°S/em), i
=T PAN (0.99 x 1073 S/cm) Al Celgard2400 (0.82 x 1073 S/em), 33 VAP - H: vy B fift JoR W S R A e 1k,
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Figure 9. (a) EIS spectra; (b) CV curve; (c) First charge-discharge curve; (d) Cycling performance of lithium-sulfur
batteries with three different separators

E 9. =M EIFRERETE A (a) EIS EE; (b) CV #hiZk; (c) BRFTHABRILZ; (d) BIMERE

PERE T B AR AR FE Rk — B 7T T S TR F Ak 2 e e . R AR 2 BT RS (BIS)AFF AT 1 FRLI ) FE
th2E R N E) A5, Wi 9(a)fin. Celgard2400. PAN. PAN/PI H i i) L 5 4% BB (Re) 20 1M 154.2 Q,
151.1Q, 132.0Q. FILAKIL, PAN/PI Hi it (1) FHHT B AR T ARy, X VHRT PAN/PI Bt i) v LB 2%
VS B 10 PR SO T P I R T FRAR B SN B 5, AT ASE R 5 P AR R 2 TR A SE A 1 S A M.
T HIAE 1.7~2.8 V ZIAIEAGIEJF S, 0 AN R BRI FRVBAE 0.2 mV/s IR 2 N k4T T30
RZ(CVYIR, Wl 9(b)fram. i FEIBAE 1.8V Al 2.2V WL B AN IR JR I, xoF 7T 55 i ) ] va K
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Figure 10. (a) Multiplication rate performance of lithium-sulfur batteries with three different separators; (b) Constant-current
charge/discharge curves of lithium-sulfur batteries with PAN/PI separators at different multiplicities
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