Journal of Electrochemistry

Volume 22

Issue 6 Special Issue on Interfacial
Elegjtrochemistry(Editor.‘ Professor MAO Bing-
wei

2016-12-28

Lithium-Sulfur (Selenium) Batteries: Interface Issues and Solving
Strategies

Nian-wu LI
Ya-xia YIN

Yu-guo GUO
CAS Key Laboratory of Molecular Nanostructure and Nanotechnology, Institute of Chemistry, Chinese
Academy of Science, Beijing 100790, China;,, ygguo@iccas.ac.cn

Recommended Citation

Nian-wu LI, Ya-xia YIN, Yu-guo GUO. Lithium-Sulfur (Selenium) Batteries: Interface Issues and Solving
Strategies[J]. Journal of Electrochemistry, 2016 , 22(6): 553-560.

DOI: 10.13208/j.electrochem.160566

Available at: https://jelectrochem.xmu.edu.cn/journal/vol22/iss6/2

This Review is brought to you for free and open access by Journal of Electrochemistry. It has been accepted for
inclusion in Journal of Electrochemistry by an authorized editor of Journal of Electrochemistry.


https://jelectrochem.xmu.edu.cn/journal
https://jelectrochem.xmu.edu.cn/journal/vol22
https://jelectrochem.xmu.edu.cn/journal/vol22/iss6
https://jelectrochem.xmu.edu.cn/journal/vol22/iss6
https://jelectrochem.xmu.edu.cn/journal/vol22/iss6
https://jelectrochem.xmu.edu.cn/journal/vol22/iss6/2

H22% 46l
2016 4 12 A

WAL
JOURNAL OF ELECTROCHEMISTRY

Vol.22 No. 6
Dec. 2016

DOI: 10.13208/j.electrochem.160566
Cite this: J. Electrochem. 2016, 22(6): 553-560

Artical ID:1006-3471(2016)06-0553-08

Http://electrochem.xmu.edu.cn

SR (A ) A2 5t P Y 57 D ) =L S AR TR IR R

EAR BREE 2R
(T E B 2EBE T F K 5 AR AR T S i =, b ER B2, dbat 100190)

FEE : T A AL PERE OB A ) T (033 BIE CRIE ) 90 A RROR B R A o5 68 o A, 5 S0 H A R 1 70 1T
Sh B GG ) R Vb T 1 1) TR Bk . AR SCAY R B (Y ) B T P AOF S 3 S O AR BROBEAL A F 5 A O R S
W T AR RBRAN A2 S 5 T B T AR RO A | OB T R R 5 S A A I ) e vt v A R

FE ST A AT

SFCRRIA) ;PG R SRR SR AR EE G 2K EAR

FESES: 0646

% v LU RE R I ot TE BB IR A7 64 28 R 2
A VR 43 42k 1 I A TR PR R = — RN, B K
FL it I AN B T A2 0 0F 18 VR A7 6 4 4 %o i LU RE R 1Y
TR DA BB A I B A S A R 1 A G L S
ELAG T ) FL RE B B (2600 Whkg?!) , A 244
YR HL b 451 35 ) AT 5T 4 A 0O B A B I A A ELA
FEARRR OEURF 5 G (0 PR R A R A A A L Tt
J A Fe LA g TS 07 ) v i e B R LT R —
1 2% (ff) BB it Ay 5 H i) &1

BB FRL b [ A7 AR A S P IR R . O A B
L™ ) (LiLS F LisS, ) Ik (9 fL 7 il g 7 5 3 fig
TR AW Z R Li,S,(4< x <8) 5 Kl THL
i IR, R R R N B T ) A 3R
JCHL o R PR R R K 5 4 S AR BRI 9 A B
o AL S5 [ S0 Ay T figp e 3ok S S B ] R LA P i
7 3k SR FH i A4 R 5B R B 1 S R Ry I A
AR R T B BT AR A HE R 7 ) (LioS A LS, )
(S H T EL, 22 AL 25 44 1% e B RL A 1T LA 6 O
e B2 A 2 B 2 V) E R B A R 1) L 285 4 XoF 22 i
B —E R, H 26 A0 # R A A
BRI 1 SRR S A R R A, 4
i LR L AR VR S R A R AR AR B A OB RN
it BT A A SRR A B A A ) R 4 e
TR L it YA 2 7 2 1 [ 245 L i 5 AT A (SEL) 7 42

iﬁ*ﬁ(iﬂﬁg: A

J PR M A BRI AR P 2 AN T R B RORI AR R,
IR 1) <5 Jom L S A0 7 FH ) 5 B ] AL

WioCER S HE TR BT R it HA g 0 B
LA R I ELHC RO 5 TR, B T A5 ) 4
PR A S HAR 2, 2 — P B B ¥ 7 A o 2
IER AR AN S EAR LG, W B A
SR, DR A0 LE R R A T AR A R D AR A A
Ab, T Ae  v OR B AR R B R I .
SR T PR A0 PR 3 [ R A7 A2 25 20 R AL | B A A G
it S o Al A6 ]

PR B R T A I TR K T B T AR E Y S
T, ol A5 B DG S A 47 B REC LA B (A0 PR Tt
P A% o TR 8L L A 2 i (G ) A B8 o L B A 1Y
R Sy A A T L, R 7 v A 2 TR A SRUAR E Y
F AT R A R AT T A S AN R A O
JRE BB 5T AT, A5 A D LA (G ) P Sl B T ) A
A H AR T .
2 SR () FB ot 5 TE (2 B B AR RIR 12
2.1 YA RPN

TERRA L rh, el Y PR Sy 0 T 7E FE L
R AR PR B P, 2SR Sy 5 S
LS 5 S* ZIMMEEAS. 78 Sg 5 S HeAzmid i
S BUR R 5 T r i ) 2 i AL B, i o R
RO, BRI AR R0 R T A 0 4 ) S A 2 I

Wk H 9T 2016-07-08, 21T H 1. 2016-08-08  * i@ i /3, Tel: (86-10)82617069,E-mail : ygguo@iccas.ac.cn
% A SR BF 4 30 H (No. 51225204, No. U1301244) | [E 5 & i BF & 330 351 H (2016YFB0100100) , H [ B} 2% B 46 5 301 H

(XDA09010300) 7%



-554.

2016 4

BV 25 T — B EAT R AL S (0.5 nm) (19 i
PKE @ AL E A AR (CNT@MPC ) 3 48,
TRSLAnE 1 PR 38 3 8 L AR (TEM) , =
O3PS B T 3B (HRTEM) | BK 22 %7 1F 385 S H
T WU 1 E B 3 (ABF-STEM) & 3 JE I 3
(ADF-STEM),, fig & ¥k # X §F 4k (EDX) &5 £ 1F
FEEE SIS KB, BLTE 0.5 nm A GLFL P DL
FEAR /N3 T8 (So) T AFTE . H T I ALALIE 1Y
YK BRIBON , XA AR A 1 B BE /N 73 F B (Sa)
T SR Sy 7 T8 A L L 22178,
Hammd e 1.9V EAG—FEG, WS, 5
S* Z IR WEEAE | ANAEAE Z AL B B 1 B SRR AL
IO, PR RS2 I B RS ORI AR FEAE 100% 28
Fi BT RAEAE Z B AL B B ¥ R, i b FL AL
T REHE R /N AR L2 05 10 I K 2 ) B = 4k
HL P45, 3 B 1E B B A) BE 8% 7E T R o R A
SRR E By B PRI ELA S AR SR RE (FE 0.1 C
) LI %% B T, 200 WA FR 5 54 1149 mAh-g! 1)
e ) RIS PR RE (5 C RIS R A4 800 mAh-
g A ). L, SR EEIR 19 /N o T B 45 1Y)
TE MR R} BE A AR AR I figt e AL 55 B 1F W% 44 L T
Z AR VAR PN S BN AR RN S 7R
LUK 114 ) B0 1 A, Huang 02 093380 2% 308 FH (14
T 2 T FEL A0 R P B TR 04 B B 4 T ELAR R 0.574
nm, BB W B8 Y4 F B AN 0.794 nm, XELLIEA
fL#ER 0.46 nm (1) FDU AL, P/ o3+
Sy F£ FDU FR AL A o ot i £ 1) o i 2 L I - 1 2 i
I8 2 HEAT . 55 A0 i FL A 0 oK R 8k i 1)
CFLAR B FLAR R SE AR TE 0.7 nm LA RIS 53 fn 4
HIRBA M Huang PR (TR =AW & 1.

SR, 3 T BE R B A B /6 2 & W IE A AR
BEIR AR 671 2% 2 (40 % , by mass, I [] ) 2 iRk 735 g
) [) AR B DR A i Tl 48 1 AT KA B AL AL
25 0 e 3K B v 28 e kU619 LA PR A 1Y) £ 28R A e
Al LR B 50 %. K 2 0 £l 45 04 iR i BR AR 2 A
Kt 0.5 nm A FFLFLIE , (AT AR LSRR B 1) T2
AFAE T HALFLEGEH N3 Fh 22 9 LA 45 44 B0 Bk Bk
R4 hy B AR/ IN 73 7 4 HEAR B 11 — 48 5 Fl I 28 J
Rk Zs 18], A FL25H A ) f i o S 1 i %
i, (AR AR A R EL A ARG 0 3h 2 e REL R
Z 9% FLIB 45 M O AL BR 55 5 A0 B A IE AR A RE L
ARG ERE (1 C M HREE T, 800 413
ZJE154E 600 mAh-g! By HLA ).

C

S

100 nm

1 S/ACNT@MPC)R)ZEAF (a)TEM M J, (b)HRTEM
Ji, (¢)ABF-STEM [ i, (d)ADF-TEM [ v LI &
(e) B AN (£) B 1Y) EDX JT 2 43 &1
Fig. 1 (a) TEM, (b) HRTEM, (c) ABF-STEM, (d) ADF-TEM,
and EDX elemental mapping images of (¢) carbon and
() sulfur of the S/(CNT@MPC)™

20 K R R [ AR b ] DA, T4 43 fE &
PR 4 TR AT R i 7E CMK-3 (14 40 K FL 38 P
TR H b ) T AR W 2 s, T CMK-3 H
3 ~ 4 nm A9 FLAE 15 B0 449 K B SRR | 7 70 L i
PR 22 175 % D\ Ses PR AN Se, SEMIFEAS | REASEEST
e RS 1 B A I, Se/CMIK-3 26 B A1 57 119
76 A1 i VR 2 B AR L 35 )Xo A 1% IR 3 355 iz B
JEH & A LLBE AR 5 T 1 B U AF A FRALFLIE
B R T AR S m p R, DR R 6% 2R B 5
0 A A BRI, e A, B A A 45 Y
A FLGE R MRk B T4 = /i 52 6 5 4 7 2
PEAEP. 55 4h |, Qian R4 PV % BLKE: B B B4 B AT A2
G S,.Se/C(x<0.1) BRI 78 Z FL ik Pt e A7 25 Hh
] ZE R RN A I R B B B BT 5 ) S1.Se/
C e S—Se #, BB 8] % Bt , JF HL42& i i
SHLE. RIS Y SesSenn/C A B RHEA I 5 1)
A rEae (20 A-g' LB E T, & 617
mAh-g" ) FIERMERE( A-g' R EE T, &5
500 WHEA G 245745 910 mAh-g ).

2.2 LR

W A, TR T O R S R
AR oy TAE L, SR 5 — I bR A0 R R K
TERRRON 1A RT7 58, Hod e o AL () 2 Wang TR
U P GE ) PAN-S & & #4 8F. Buchmeiser #f
ZH PUF He PR P13 51 %0 PAN-S W45 18 547 T
WEE AT & BAE 300 °C LA L B A1 PAN 915 B RE
VI R HE RN, A e A T e 28 7 4 o o A e



%7 6 ] 2 A R () HL it v Y 53 T )55 i o ik A - 555

electrode preparation
with SA binder

i

W)\ charge [ Lagfac?
—_— .5'4.63. R
m discharge | P00 F

EECMK-3 @Se oli

[%] 2 Se/CMK-3 114 it i £ b P /s 1 [0
Fig. 2 Proposed lithiation/delithiation processes of Se/CMK-
300

M 2K B R Z7E PAN 195> T4 . DIPAN-S fE
SRy TE AR A 6} R AR A AN A7 7 22 o A S %) 5 i B 2R AR
R AR, BT LA PAN-S ELAT 5 A9 A8 SR AL
SR IE AR E M. Wen BRI % B PAN 7] L)
Hial Se, Kl #2E & Li-Se A ith (9 PERE. 24 PAN-S 1E
W bR G & Bt 45 %I PAN R4 YA BE
Y B 2 s 0 AR 0, 25 55 6% 7 PAN-S
EEWRIANE, R Y2 5 kR R AR
BT RN, FEE R LRI 24V
[ & | 1 i PAN-S 5 & 4Pk e 0 W A0, st mT
UL, PAN-S 19 1k 2% p 5 I LB 1 A% 2 14 24 1 e &2
KEEM. BIRYE PAN KA, PAN-S H A
XF EE B L S PR (107 S om) |, (H A Rk
REA SR AR XY L 25 K o8 0, — 4k L 4 |
= YEZEF RR RS PAN-S B9 42 A BT LU B
PAN-S 15 FiPE B A6 AR R0 K ok PAN-S &
B W IE A R AL T B — 2D IR A B
T CHLEE AT DL 6 48 P 58 50k 5+ 19 Polymer-S
=RERE
2.3 57 TE R Bt

e BT A A R LA H B 2t R A%
S AR AR R 2 Bt 22 A S DA T TR BURE X L 85
R A A S T 2 — il O R AR IR A PR T
il 25 T — Fh 22 9 L8 2548 1) A B8 0 AR AL ik &2
A S5 A EH G@MC ) H T #1 5i H b 3 F 22 4% AL
45 M 1) G@MC B A7 # & Y R AR (3374 m?-
g"), KREFLEZ (2.65 cm®-g™) LA Ko 0 4% 1 22 90 i fL
5K, BERNS A WK Z AL L. G@MC RE SN B K
FORCHL Y R 2 AL IE AL ES Ry, At

RAFH =2 T i 4%, B R 45 0 BF 48 /) ol 4
i L b 4 FE R B4 ok N 2% B L, SIG@MC &
AR P S R ERE BE (75% R fi k= T ,0.5C
(4 HL 3 %5 R, 500 MR R34 541.3 mAh-g! 11
e i) RAGRMERE QC HWHRREE FARS
785.7 mAh- ") TEMR M BT AB Ze A Oy T, AR ER
A B Z AL S AT T AT R Ml R B
Zevkt, & ELEC E A G 1B 28 R RE 4R Ak
FLR A RS R M T B AR R A ST T, A
7T 2 5 A P A 1) B A2 0 M RO R g L R 42
Fe ) L2 FLAR LIRS, R T 000 B BB 2k R G T i
% 7F 70 750 o AR T R B 2 AR B R R e
18 ST, DT X 28 M N AT — o AR L 3R e
PR HL T 0 AR R M IR R T A IR 2 A
BLo T B B 1 45 16 1) 2% T A1 BB 08 52 B % 22
FRAR W B, AT AR I, B e A PR M e,
Wang 25 A\ PSRGE T 2 — e (EDA) &4 i 38 )5 A7
B2 475 (RGO) e W [ 22 B A B0 488 w3 2 A Fhs ek 19 1 .
EDA 1E R 22 B A2 5 T RGO X % 74 1) £ #it AL 4
R % B AE 7, 3658 T RGO %R A4 [ 52 BE 1, AT
TE RS A2 1 BT, 12 =5 481 G FE b 1) 706 24 1 BB . Nazar
PR IR Cui PR PR iRIE T S/ITLO, ME &
AR 1 L R Y TR AH BT R bR B Y
Ti,O; X Z i AL AR (Y WL B 58 70 35, B 6% 5 2 hifk
BRIE BT I AR R A ST, DA 00 2R AR RN B
LR R A G IR PE R LA, Nazar R84 PR % 1
MnO, 1 BE % 38 ik L 1w AE FH 0 B 22 B A AR, DA A
RN ) ZE MO0 . Cui IR B 5E T — R A
S ALY (MgO, ALLO;, CeO,, La,0; £l CaO) 4K
WL R 22 LRk 09 52 G 1R A 104 268 0K 7 B i b
TEAR AR B R . & BE MgO, CeO, Ml La,05 44 K
KEF RE 0238 i 2 )2 1b 2 W B R 4l 4K 2 B Ak A,
17 i e AL T AR M SR PR BE L S AN e A
S Z AL Bk B A R AR AL e A S e
g W B Z2 i AR, EE AT N 22 B Ak A 1 T B g
T T HE— 25 4 R AR A L 22 B AL B G oK A R S
Z LRI AL B 52 B G AR SR R R BB F T A 5 Y
N —#.
24 REBE

XoF Tt ATUAEL B B/ O 5 W) R A T R T AL BT R A
il 22 B A B 1R SR RO A A& FR . Bao BRAR
HEH ] S B A48 PEDOT Xf S/ICMK-3 & & b
BT T L7 , & PEDOT AMUBE 2 SICMK-3



-556 - W,

1

A

2 2016 4

ARG S M, B Y R AR TR R
PEDOT REfEAE MRS i A (472, Bj 1 SICMK-3
AR R Z2 B AR ) R T, DA D
il ZE AR AN, 4 ve AR FL T 1 2 o R R M e
Hh i RGOM g HL R G W™ A B4y P25 4
BB/ S G, B RE A ) 22 B AL R A BRI, R
T, AT 2 1 40 PR 1 e Cui MR 4% — 484k
R AL B A K ORI LV M B — 0 B 4 K
KL, o - T Y A A P T AR R Y T R A
B AR A R e S5 A TE L e AR
SRR ORE N GAY R s e s ko k- =R R R
ANBEA &N 2 B AL E R PR A R R T
SR B/ — SR ARER 9K A RHRE S R B 1 ik R
A SR L IR B8 A gk 2 i), AR ALK AL I 2 RE 8
e S R P R e e, BRI LR AR S MK
6 FRPERE (7 1000 YAE 2R3 rp | 45 UK 06 25 19 25
RN 0.033%). 71 £ B 55 L0 [ B 3
WY, HA7E 700 o A2 RS AR e A A e 2
A REAE AT A ) 22 6 A A A0 I | 410 2 AR R
T A A o 7 B A S M A ok 0 7 65 4 1) L R
b IE AR A4 B 23 DL = 2 T 45 BB Ry B it
i i 25 1] 1) 22 FL &5 ¥ LA R A 70 i i o R vh A e A7
FEMEEZ = H WAL AN E
2.5 EBER

FEL A Vs L R b 28 G B 1 4 B . A
T T P F A, 020 22 B Ak A T I R

fits 225 P 114 7 A A P b P YR E 9 118 R T,
VR PR PO 5E 1 BRI 28 B8 1~ /R [PMIM] TFSIT

Li electrode

Pristine film
(Li,CO; LiOH,Li,0)

zevgza s 2

Pristine film
SR G A

Li,PO, SEI film

Stable Li;PO,
SR SE| film RIS

N B

Li

= SE| formation

SEllayer Li*Li* Li* Li*

/
> I

Li~

K Z i ER B WA [Py,s] TESI 78 48 B f b v 7
F R AT & B[Py, TFSI 25 W14 B8 % 43 55010 il 22
T AL B 1 B ZEAR AN, I LG A7 A 7 A
A KA —E PR . Ho 38458 T3
FAE £ v H A ORI, M ATT & B 7 mol - L7
LiTFSI /) DOL-DME . fif & GE % 410 il 22 G fb 42 1)
A A, DT A S 2 AR A0 fof A5 R P S 1 R AR RN
KL 100%. 75 A0, AT 55 38 & 30, 3 ol g v
L 110 e T (R RE RE S R R A, X
Tt B — W . Xiao BRAEIZ4L 0 FH]
[Py, JTFSI & F W A AL ik 25 fL R W, & 3 [Pya]
TFSI & AR B Jin A BE#% 34 5 4> & 41 3% i1 SEI A
(R E I, D8 2 B B A 4 R R ok A
SR S 2 R AR L R AR A I A L R SR 1 R TR
A 22 ) DR A2 2006 Y2 000 1 22 AL AR 9 N
4 T R A0 A S AR ME AN S
2.6 TaAR A # st

R FEL b AN T SRE G L T I 2 4 R 9 A ) R
A SOk Ak S5 R) . H R PR R AR D 58, — PR R
FHH AU i b L, DA 58 42k e 4 s 41 A7 7
AR TR) RT3 5 — b S T 4 T A 0 W A7 18 W 8 2 T
PV /DAL SRR Ak 1 1) L AR R O E T
SR FH TRk 18 fe /i B2 A S I P Sk 7 671 A%
R A SRR R B A AR Al T 4
o R 25 Bl ) R, B % ) A S Rt — A T T
JE e e i SET L, {5 75 FH AL FhL 9 1) 22 4 P R it 42
0. 7381 Li-B A & AE 0 HL G H Ttk £ B b e BB
FH R AR PERE. Li-B A 4 BE 8 B A E 1

—  Cycling

SEl break
and repair

\

Li- L~

Li,PO, SEI film

StableLi;PO, ,
2B SE| film T A

Pl 3 R Ak B 453 i P RO TR B4R OR3P 109 463 i 0 7 Pl YU AR A o R g 2 R I
Fig. 3 Schematics of the different Li anode structures. The general Li metal (a) and Li;PO,-modified Li metal (b) anodes during

SEI formation and cycling!®



%7 6 ]

2 A R () HL it v Y 53 T )55 i o ik A 557

Li;Be, I H 4 J& £ AT DL 385 b (0B R 30 85 {45 2
Tk FL Yl P9 79 2 A i R R 4 . Liu PR G T
— Bl A RN 4 S A TR A B A T LA F At
TR b R R B e & TR A e i, MR R i 5t
T 2% P 2% . 32 e 1 e S 1T 2 A {HLRE 6% BH AR M IE
W B kM Z e 1 5 & m AR N, i H AR 0%
00 S I A A A, A R b ) 0 P R E
I E .

Y TSR i A A & 4 o s IR G il 2
o AP P A L b P R 2, DR 4 A B 4B
s B A 27 30 ke B 22 ) O VL Rl 1 A IR Al
SSHEANWT Y T 4 S B0 R i 7 A ) o B R R 4
AR 2 T At Ak 2 BB S R R A O, B3
&R AR R A A3, s T A R B R
K540 TE 4 R i R IR B b R IR S &)
BRSNS A FARE SEI RS W b il 28 K A i, 5
ST R F AR RO A A, T R R AR R RE S RN 4
JE AR R A R R K 4 R R R B2 OF B
Fa et — 2 FeE 1) SEL BF 2 fff Pl 4 J B 674 1) e A
MFBZ — AEHE R IT T — Bl A b R4
ALK 4 T B R A B2 B 25 RIEHE Bl — 252
FE IR RN T, SET B, &l 3 PR .ax )z A T SEI
LA 8 A7 IR B, BB A% AT 45500 o R ot 1 A
£, I HAE 703 A A 20 3 AR BB A AR E A 7E , 1 4K
T 4 S A R R R A B, AT T 4
JE&ER A R AL B A 2E TR A5 R R B X A A
T SEIT JE fil % 4 e 421 4 ri veh 1) 4 0 20 1 B IX A AR
SE N T SET 9 15 11 B 8 K J5 A7 b By 2% O i e
A JE B R [n) AR AR T — T 0 L X 4 e R
FH b Y 2 i EL AT T L Wen B T AR
b3 4 B A FR A 2R B LN R 2. 1 T LN &
R AR 7 R BR S AUE T 7R L
1) FL Y P RE 98 AT AL RH IR 2 Ak Y S 4 R B R
B, JF AR — 5 REEE F R A% ] A Y A L K
I LN SO 47 )2 R 6% £ 5 3 B F i 19 A8 AL
RGBS AE AL A A T = YRR AR A
(58P 4 g L P b 1) T, — R4 RE S R R L Y R
A2 P 0 R Y OB T S0 /0 A A 5 48, DT
P R B DTRRRLCR . 55 A, fie 3 9 2 38 70 3¢ B
LA R S H i B M kL S5 i RS W%
B DR B AL S 1) £ D R R AR 4R e
DT FRAL R . ik 6 4 T8 # £ A Tt v 4 4 ) 1R
e B 2 e A At 1 Y S

3 I%\ z:lg

SRR (TG ) FEL il 4 TE A B[] B i A 8 ) 5
P, T8 A B (I ) M2 ik 2= 1) e 400 o) 22 4k 90 1) 3%
M = AN 2R A BB AE T A 3 TR A AR 4 S T L
TR0 AL B 5 A S () I A A0 ] 22 B AL )
P H R D A i 2R T TR SR, BN ) 45
L L Tt LR TR S B ) 7 SR L < TR 7 Al e A i i
PEAE M SURRE 1Y SEL IR, 52 BUEE % 3 23 DT B L1
B AW A b B A Sk Ak TR I RE A B 11 22 B A
Yy o0 < i L ) R o R OR B R SRR SR 4 7 )
PRLARL (G ) HL 3t 28 48 PP A S AR W TR 2 IR AR B
bR R P OO 2 e IR A % i ) A
Lo PO SE , BIE R0 A K % R A LA P Tt
21 R 2 2 1] 9 b ) 4 P % e A e At 2 R
R BRI AR A A T A 2 —

2 % 3Tk (References) :

[1] Bruce P G, Freunberger S A, Hardwick L J, et al. Li-O,
and Li-S batteries with high energy storage[J]. Nature Ma-
terials, 2012, 11(2): 19-29.

[2] Cao R G, Xu W, Lv D P, et al. Anodes for rechargeable
lithium-sulfur batteries[J]. Advanced Energy Materials,
2015, 5(16): 513-537.

[3] Ji X L, Nazar L F. Advances in Li-S batteries[J]. Journal of
Materials Chemistry., 2010, 20(44): 9821-9826.

[4] Manthiram A, Chung S-H, Zu C. Lithium-sulfur batteries:
Progress and prospects[J]. Advanced Materials, 2015, 27(12):
1980-2006.

[5] Manthiram A, Fu Y, Chung S -H, et al. Rechargeable lithi-
um-sulfur batteries[J]. Chemical Reviews, 2014, 114(23):
11751-11787.

[6] Song M K, Cairns E J, Zhang Y G. Lithium/sulfur batteries
with high specific energy: Old challenges and new oppor-
tunities[J]. Nanoscale, 2013, 5(6): 2186-2204.

[7] Wang J L, He Y S, Yang J. Sulfur-based composite cath-
ode materials for high-energy rechargeable lithium batter-
ies[J]. Advanced Materials, 2015, 27(3): 569-575.

[8] Yang C P, Yin Y X, Guo Y G. Elemental selenium for
electrochemical energy storage[J]. Journal of Physical Che-
mistry Letters, 2015, 6(2): 256-266.

[9] Yang Y, Zheng G Y, Cui Y. Nanostructured sulfur cath-
odes[J]. Chemical Society Reviews, 2013, 42(7): 3018-
3032.

[10] YinY X, Xin S, Guo Y G, et al. Lithium-sulfur batteries:

Electrochemistry, materials, and prospects[J]. Angewandte



-558 W,

r}f: 2016 4

Chemie-International Edition, 2013, 52(50): 13186-13200.

[11] Ma J, Hu P, Cui G, et al. Surface and interface issues in
spinel LiNizsMn,sO,: Insights into a potential cathode
material for high energy density lithium ion batteries[J].
Chemistry of Materials, 2016, 28(11): 3578-3606.

[12] Xu K. Electrolytes and interphases in Li-ion batteries and
beyond[J]. Chemical Reviews, 2014, 114(23): 11503-
11618.

[13] Xin S, Gu L, Zhao N H, et al. Smaller sulfur molecules
promise better lithium-sulfur batteries[J]. Journal of the
American Chemical Society, 2012, 134(45): 18510-18513.

[14] Li Z, Yuan L X, Yi Z Q, et al. Insight into the electrode
mechanism in lithium-sulfur batteries with ordered mi-
croporous carbon confined sulfur as the cathode[J]. Ad-
vanced Energy Materials, 2014, 4(7): 1634-1642.

[15] Zhang B, Qin X, Li G R, et al. Enhancement of long sta-
bility of sulfur cathode by encapsulating sulfur into mi-
cropores of carbon spheres[J]. Energy & Environmental
Science, 2010, 3(10): 1531-1537.

[16] Ye H, Yin Y X, Xin S, et al. Tuning the porous structure
of carbon hosts for loading sulfur toward long lifespan
cathode materials for Li-S batteries[J]. Journal of Materi-
als Chemistry A, 2013, 1(22): 6602-6608.

[17] Zheng S Y, Han P, Han Z, et al. High performance C/S
composite cathodes with conventional carbonate-based
electrolytes in Li-S battery[J]. Scientific Reports, 2014, 4:
4842.

[18] Zheng SY, Wen Y, Zhu Y J, et al. In situ sulfur reduc-
tion and intercalation of graphite oxides for Li-S battery
cathodes[J]. Advanced Energy Materials, 2014, 4(16):
1400482.

[19] Xin S, Yin Y X, Wan L J, et al. Encapsulation of sulfur in
a hollow porous carbon substrate for superior Li-S batter-
ies with long lifespan[J]. Particle & Particle Systems Cha-
racterization, 2013, 30(4): 321-325.

[20] Yang C P, Xin S, Yin Y X, et al. An advanced seleni-
um-carbon cathode for rechargeable lithium-selenium
batteries[J]. Angewandte Chemie-International Edition,
2013, 52(32): 8363-8367.

[21] Liu Y X, Si L, Zhou X S, et al. A selenium-confined mi-
croporous carbon cathode for ultrastable lithium-seleni-
um batteries[J]. Journal of Materials Chemistry A, 2014,
2(42): 17735-17739.

[22] Ye H, Yin Y X, Zhang S F, et al. Advanced Se-C nano-
composites: A bifunctional electrode material for both
Li-Se and Li-ion batteries[J]. Journal of Materials Chem-
istry A, 2014, 2(33): 13293-13298.

[23] Zeng L, Zeng W, Jiang Y, et al. A flexible porous carbon

nanofibers-selenium cathode with superior electrochemi-
cal performance for both Li-Se and Na-Se batteries [J].
Advanced Energy Materials, 2015, 5(4): 1401377.

[24] Li X N, Liang J W, Zhang K L, et al. Amorphous S-rich
S..Se,/C (v < 0.1) composites promise better lithium-sul-
fur batteries in a carbonate-based electrolyte[J]. Energy &
Environmental Science, 2015, 8(11): 3181-3186.

[25] Wang J L, Yang J, Wan C R, et al. Sulfur composite cath-
ode materials for rechargeable lithium batteries[J]. Adva-
nced Functional Materials, 2003, 13(6): 487-492.

[26] Fanous J, Wegner M, Grimminger J, et al. Structure-relat-
ed electrochemistry of sulfur-poly (acrylonitrile) compos-
ite cathode materials for rechargeable lithium batteries[J].
Chemistry of Materials, 2011, 23(22): 5024-5028.

[27] Wang L, He X M, Li J J, et al. Analysis of the synthesis
process of sulphur-poly(acrylonitrile)-based cathode ma-
terials for lithium batteries[J]. Journal of Materials Chem-
istry, 2012, 22(41): 22077-22081.

[28] Guo J, Wen Z, Wang Q, et al. A conductive selenized
polyacrylonitrile cathode material for re-chargeable lithi-
um batteries with long cycle life[J]. Journal of Materials
Chemistry A, 2015, 3(39): 19815-19821.

[29] YinL C, WangJ L, Yu X L, et al. Dual-mode sulfur-based
cathode materials for rechargeable Li-S batteries[J]. Che-
mical Communications, 2012, 48(63): 7868-7870.

[30] Yin L C, WangJ L, Lin F J, et al. Polyacrylonitrile/graph-
ene composite as a precursor to a sulfur-based cathode
material for high-rate rechargeable Li-S batteries[J]. En-
ergy & Environmental Science, 2012, 5(5): 6966-6972.

[31] Li N W, Yin Y X, Guo Y G. Three-dimensional sand-
wich-type graphene@microporous carbon architecture
for lithium-sulfur batteries[J]. RSC Advances, 2016, 6(1):
617-622.

[32] Yang CP, Yin Y X, Ye H, et al. Insight into the effect of
boron doping on sulfur/carbon cathode in lithium-sulfur
batteries[J]. ACS Applied Materials & Interfaces, 2014, 6
(11): 8789-8795.

[33] Wang X, Gao Y, Wang J, et al. Chemical adsorption: An-
other way to anchor polysulfides[J]. Nano Energy, 2015,
12: 810-815.

[34] Wang Z, Dong Y, Li H, et al. Enhancing lithium-sulphur
battery performance by strongly binding the discharge
products on amino-functionalized reduced graphene ox-
ide[J]. Nature Communications, 2014, 5: 5002.

[35] Pang Q, Kundu D, Cuisinier M, et al. Surface-enhanced
redox chemistry of polysulphides on a metallic and polar
host for lithium-sulphur batteries[J]. Nature Communica-
tions, 2014, 5: 4759.



%7 6 ]

2 A R () HL it v Y 53 T )55 i o ik A 559

[36] Tao X Y, Wang J G, Ying Z G, et al. Strong sulfur bind-
ing with conducting magneli-phase Ti,0,,, nanomaterials
for improving lithium-sulfur batteries [J]. Nano Letters,
2014, 14(9): 5288-5294.

[37] Liang X, Hart C, Pang Q, et al. A highly efficient polysul-
fide mediator for lithium-sulfur batteries[J]. Nature Com-
munications, 2015, 6: 5682.

[38] Tao X Y, Wang J G, Liu C, et al. Balancing surface ad-
sorption and diffusion of lithium-polysulfides on noncon-
ductive oxides for lithium-sulfur battery design[J]. Nature
Communications, 2016, 7: 11203.

[39] JiL W, Rao M M, Zheng H M, et al. Graphene oxide as a
sulfur immobilizer in high performance lithium/sulfur
cells[J]. Journal of the American Chemical Society, 2011,
133(46): 18522-18525.

[40] QiuY, Li W, Zhao W, et al. High-rate, ultralong cycle-life
lithium/sulfur  batteries enabled by nitrogen-doped
graphene[J]. Nano Letters, 2014, 14(8): 4821-4827.

[41] TangC, Zhang Q, Zhao M -Q, et al. Nitrogen-doped aligned
carbon nanotube/graphene sandwiches: Facile catalytic
growth on bifunctional natural catalysts and their applica-
tions as scaffolds for high-rate lithium-sulfur batteries[J].
Advanced Materials, 2014, 26(35): 6100-6105.

[42] Chen H W, Wang C H, Dai Y F, et al. Rational design of
cathode structure for high rate performance lithium-sulfur
batteries[J]. Nano Letters, 2015, 15(8): 5443-5448.

[43] DuWC, YinY X, Zeng X X, et al. Wet chemistry syn-
thesis of multidimensional nanocarbon-sulfur hybrid ma-
terials with ultrahigh sulfur loading for lithium-sulfur bat
teries[J]. ACS Applied Materials & Interfaces, 2016, 8(6):
3584-3590.

[44] You Y, Zeng W C, Yin Y X, et al. Hierarchically mi-
cro/mesoporous activated graphene with a large surface
area for high sulfur loading in Li-S batteries[J]. Journal of
Materials Chemistry A, 2015, 3(9): 4799-4802.

[45] Xiao Z, Yang Z, Wang L, et al. A lightweight TiO,/graph-
ene interlayer, applied as a highly effective polysulfide
absorbent for fast, long-life lithium-sulfur batteries [J].
Advanced Materials, 2015, 27(18): 2891-2898.

[46] Ding B, Shen L, Xu G, et al. Encapsulating sulfur into
mesoporous TiO, host as a high performance cathode for
lithium-sulfur battery[J]. Electrochimica Acta, 2013, 107
(0): 78-84.

[47] Yang Y, Yu G H, Cha J J, et al. Improving the perfor-
mance of lithium-sulfur batteries by conductive polymer
coating[J]. ACS Nano, 2011, 5(11): 9187-9193.

[48] LiN W, Zheng M B, Lu H L, et al. High-rate lithium-sul-

fur batteries promoted by reduced graphene oxide coating

[J]. Chemical Communications, 2012, 48(34): 4106-4108.

[49] LiGC, Li GR, Ye S H, et al. A polyaniline-coated sul-
fur/carbon composite with an enhanced high-rate capabil-
ity as a cathode material for lithium/sulfur batteries [J].
Advanced Energy Materials, 2012, 2(10): 1238-1245.

[50] Song M K, Zhang Y G, Cairns E J. A long-life, high-rate
lithium/sulfur cell: A multifaceted approach to enhancing
cell performance[J]. Nano Letters, 2013, 13(12): 5891-
5899.

[51] Wang L, Wang D, Zhang F X, et al. Interface chemistry
guided long-cycle-life Li-S battery[J]. Nano Letters, 2013,
13(9): 4206-4211.

[52] Chung S-H, Manthiram A. A polyethylene glycol-sup-
ported microporous carbon coating as a polysulfide trap
for utilizing pure sulfur cathodes in lithium-sulfur batter-
ies[J]. Advanced Materials, 2014, 26(43): 7352-7357.

[53] Seh Z W, Li WY, ChaJ J, et al. Sulphur-TiO, yolk-shell
nanoarchitecture with internal void space for long-cycle
lithium-sulphur batteries[J]. Nature Communications, 2013,
4:1331.

[54] Zhang J, Ye H, Yin Y X, et al. Core-shell meso/microp-
orous carbon host for sulfur loading toward applications
in lithium-sulfur batteries[J]. Journal of Energy Chemistry,
2014, 23(3): 308-314.

[55] Ma G, Wen Z, Jin J, et al. Enhancement of long stability
of Li-S battery by thin wall hollow spherical structured
polypyrrole based sulfur cathode[J]. RSC Advances, 2014,
4(41): 21612-21618.

[56] Ma G, Wen Z, Jin J, et al. Hollow polyaniline sphere@
sulfur composites for prolonged cycling stability of lithi-
um-sulfur batteries[J]. Journal of Materials Chemistry A,
2014, 2(27): 10350-10354.

[57] WuF, Lee J T, Nitta N, et al. Lithium iodide as a promis-
ing electrolyte additive for lithium-sulfur batteries: Mech-
anisms of performance enhancement[J]. Advanced Mate-
rials, 2015, 27(1): 101-108.

[58] Yan Y(B¥¥), Yin Y X(BEHERK), Guo Y G(5 E [H), et al.
Effect of cations in ionic liquids on the electrochemical
performance of lithium-sulfur batteries[J]. Science China-
Chemistry( ' R} 2# k%), 2014, 57(11): 1564-1569.

[59] Suo LM, Hu Y S, Li H, et al. A new class of Solvent-in-
Salt electrolyte for high-energy rechargeable metallic lithi-
um batteries[J]. Nature Communications, 2013, 4: 1481.

[60] Zheng J M, Gu M, Chen H H, et al. Ionic liquid-enhanced
solid state electrolyte interface (SEI) for lithium-sulfur
batteries[J]. Journal of Materials Chemistry A, 2013, 1(29):
8464-8470.

[61] Yan Y, Yin Y X, Xin S, et al. High-safety lithium-sulfur



-560 - W,

r}f: 2016 4

[63]

[64]

[66]

battery with prelithiated Si/C anode and ionic liquid elec-
trolyte[J]. Electrochimica Acta, 2013, 91: 58-61.

Cheng X B, Peng H J, Huang J Q, et al. Dendrite-free
nanostructured anode: Entrapment of lithium in a 3D fi-
brous matrix for ultra-stable lithium-sulfur batteries [J].
Small, 2014, 10(21): 4257-4263.

Zhang X L, Wang W K, Wang A B, et al. Improved cycle
stability and high security of Li-B alloy anode for lithi
um-sulfur battery[J]. Journal of Materials Chemistry A,
2014, 2(30): 11660-11665.

Huang C, Xiao J, Shao Y Y, et al. Manipulating surface
reactions in lithium-sulphur batteries using hybrid anode
structures[J]. Nature Communications, 2014, 5: 3015.
LiN W, Yin Y X, Yang C P, et al. An artificial solid
electrolyte interphase layer for stable lithium metal an-
odes[J]. Advanced Materials, 2016, 28(9): 1853-1858.
WuMF, Wen Z Y, Liu Y, et al. Electrochemical behav-

iors of a Li;N modified Li metal electrode in secondary
lithium batteries[J]. Journal of Power Sources, 2011, 196
(19): 8091-8097.

[67] MaG Q,WenZY, WuMF, etal. A lithium anode protec-

tion guided highly-stable lithium-sulfur battery[J]. Chemi-
cal Communications, 2014, 50(91): 14209-14212.

[68] Yang C-P, Yin Y-X, Zhang S-F, et al. Accommodating

lithium into 3D current collectors with a submicron
skeleton towards long-life lithium metal anodes[J]. Nature
Communications, 2015, 6: 8058.

[69] Liang Z, Zheng G, Liu C, et al. Polymer nanofiber-guided

uniform lithium deposition for battery electrodes[J]. Nano
Letters, 2015, 15(5): 2910-2916.

[70] Zhang R, Cheng X-B, Zhao C-Z, et al. Conductive nanos

tructured scaffolds render low local current density to in-
hibit lithium dendrite growth[J]. Advanced Materials, 2016,
28(11): 2155-2162.

Lithium-Sulfur(Selenium) Batteries:
Interface Issues and Solving Strategies

LI Nian-wu, YIN Ya-xia, GUO Yu-guo
(CAS Key Laboratory of Molecular Nanostructure and Nanotechnology, Institute of Chemisiry,
Chinese Academy of Science, Beijing 100190, China)

Abstract: The stable interface is still a challenge for lithium-sulfur (selenium) batteries because of the low conductivity of sulfur

(selenium), dissolution of polysulfide (polyselenide), volume expansion of sulfur (selenium), and lithium dendrite growth. This review

describers some recent developments in lithium-sulfur (selenium) batteries and highlights our efforts in this field. The possible strate-

gies for building stable interface in the lithium-sulfur (selenium) batteries including nano-restriction effect, chemical bonding, interface

adsorption, surface coating, electrolyte optimization, and Lithium anode treatment have been discussed.

Key words: lithium-sulfur batteries, lithium-selenium batteries, interface, Li metal anode, nanotechnology.
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