$34E 3 A S Vol. 34 Iss. 3
2017 43 A CHINESE JOURNAL OF APPLIED CHEMISTRY Mar. 2017

)
e
e

ERMARRERDBEBRREOMRER

s

ER ST BAKT RAK HAE
("B BLZE RIS 2B HE S 330003 B B R Be B 330031)

T

B B BFSRRBOERYE TN —F E SR S B T MRS R T AT e B R Y
) B AT R B O R G P S5 F PR AL T — R AT BE o IX R0 )3 44 K 2546 WE AR 3R 5 0 P A 0 R 4 AL
W RE , I A 5L E RS M Y 0B i TR, 2D AR AR 2 T A A o g R
TR . ASSCZRIR T IR AL SR T ik BUIL R Y A0 B TR B L TR I A T I ik B IR e
FITE AR I 25 1 L R 3R I S IR I ST 45 R, S PP T ek B 2R H A O T e A BRI, JF X ARSI SR E AT T e 2R
IR BRI B B T SR B

th & 43255 0646. 1 SCHRFRIRAS : A B :1000-0518 (2017 )03-0245-17

DOI:10. 11944/j. issn. 1000-0518.2017. 03. 160438

FNHAS Sony 24 RIAE T EAE 81 e i LI s RO RE S iy el R M R A o T 7 i 1 S5
RS2 B TNNTH) 2R o BT, BEE 7 % — M BEAR A /D B 2R (0 L . RS 1 L T A LI
AR AR I A R I IS LR S A A 0 T L R 2 JEE B e W 0 AN K, TR B G 3 B, o 2R 2K
1o 5 A RSE BELS 1LT d E) R T A A R S Y 2R o P, B AR SE R B T i ——2R
AL RS TRk RIS AR . 1973 4F, Wright %5 H3l THRA M (PEO) -KSCN & 5410 FHUBTIT , &
WA RS Y P R B Tl L T DL, AT R T e AR A Y R R RS, 1978 4R,
Armand %5 4 R 5 ERIE U G WA RO e R P A LR, B AR TR TR
EYE AR AL . X BT S AT SR R AR SR AR R TR o A F Tt R P 4 [
AECE B ASAEH , SO 1 IR HL S R A A ) TR L AN 22 A R [R]R TRkh T CHL I AR
fifp SR S RAR WETE R BB 2E WO AE 2200 AN L, I3 81, ri il T SR T AR B BB, U IR 4%
SV e, (A B AME B AT LU N R 3% 5, B AR R, T R R ORI S e (X
SRR JRATAE 1) — > F R I DU 28 H S 2 . PRI, BT 8 Gy i o2 3R 5 1) vl g ok = il 1 /L S R0

AARARRS 733 e iR 96 2850 it S A S M 45 o (ELX 285 31 9 5 | A4 b 2 P v i SO i) BILARE RE . H
AT, BT I A B R B3 R W i o A A A MR ) — Bl A RO vk o ik BEIL IR Wy ] LU 2 Fif
ROVt RIS S —E , S BIERE LB LB T RE R G I Bl X R B G Y HA R 7> 7 i
A KRS 2B AT A5 5 AL AT B AR L RIS AR RS Yy LR s, BRRE PR IE
AR RO A PR EAER E T, [T SUREE — 20 By 2 7 vl R A i A2 P

FLAE 1987 4F, Giles 257 $2 K i B IR F T4 i b, i ERAALHE SR £ B ik ( MPEG )
PRFIRAECIG-RT M- RIE LN (PS-PB-PS) =i BIIL R Y 153 3] PS-P(B-g-MPEG) -PS g B3
Yy, 54 7L (LICF;S0,) MR 4 —RE(PEG) #E BL AR G Yy i AL 2 PERE RS2 i, Rk BB B9 il o

2016-11-02 Y fi ,2016-12-22 &[] ,2016-12-27 $57

R B RFHEFE S (21404054 ) Jiizs Bh24 342 (20152F56020) TP 48 0 F T RHE 30 H (DB201602034 ) | 15 4 Al - 24 Rk o5 & 30
AP 4 (FE528) (2013360110004 ) 2 S22 A 1 122 5 B TRHIF RE 45 (R #Ui2E ) (20133601120006 ) 35¢ H ¥t B

TR BEATY, YII 3 Tel :0791-83953377 ; Fax:0791-83953373 ; E-mail ; tongyongfen@ nchu. edu. en; HFFE 7 [« 48 H it 3 A4 v
fift o

e[RRI R 4 SLIE , 2052 5 Tel :0791-83969562 ; Fax:0791-83969561 ; E-mail ; ywchen@ ncu. edu. en; BF5E 75 1] : 45 ML A BH AE L 3t
Ak 2 RE IR R



246 R e 2 o534 %

L E R A VAR A %, R AR L SR Tk 1070 S/em B, B, 7E 1989 4F, Khan
A Yl ABA ik B SR A R TR A R R £ A R - SRR LR R IR IR R 2
R (POEM-PS-POEM) , 24 n( Z5IE(EO) ) :n (B3R (LICIO, ) ) =17:1 W, e K& i L & R A]
1.2 %107 S/em, BlJS , REZEARHIF ARG BN S50 1t i Be b R 1F S 24 Wy v e o 14
B

T RE YRR IR PR R T R BN AR ik B IR H g o R B AL LA B B R Y
BTG 5 Lk B IR o I 0] X sk PR ik B SR W H it o S R B e Bk EA T PR ARSI

1 i B RY L

1.1 BEUZHERHRBRERY

TERR B TRt R AW LR B, SR B AL 4% (PEO) B X 201 B MO/ 3 2 B2 (PEG ) 2
BFFE IR 2 R, PEO 94 TA5HIRIZS (M S5 D i T8 R AR SR AL 12 05 5 B 2 vl T L A %5 3, LA
FePESREE B, T B LA IR 28 5800 A5 A0 7 3 B S T, WA R B I I SR 5 W28 R I 2 v ) 24 0 3
LiX“Y& T PEO v W] R ARl s TR AT F X\ Li " BB Fxf [ LiX ], Bl 5 Lt s X 325454
TR FHEL L, X] T8 [ LiX, ] 7, 540, PEO 45 B b (1 %0 74 IO B 7, T Li* F77E 25 25900, Li ¥
3 15 R T A5 % SE B S [ S IR A W R TP RS (J 1) o eI E T, B v s
H 23 T4 B O HGE SR TR A TE S, Li * NI 945 4T A 57 - 8 ) e AR S 2 SR B
st PEO 55 BGE A SCL T L BOSE M PRT R o HLE R SR 1 x 10 ° ~ 1 x 1077 S/cm, JEiE
AT ) Sz B o FHTEESR Jir PR e 4 (91 25 S A 0 v A A6 S B B 1 IR LB R AR A 3 AR [l . Bexthier 257 A
PR SR AR e Fe ], [ 25 38 A W A A o 9 8 T R 5 o W S 1B, B8 L T PEO-SEE &5
HAMERR SR <107 S/em) {9 F TR L PEO BA w45 02 . PR BRI A w4k Bof 2
WHIIZ BN BE ST, B AL A IR (T,) S AR, X k7 B XS PEO IR R MEAT ook . e fy % o5 2 B0
F IR A W45 0 ISR e B Z2 ik DA B2 s ik B 032 B RE T A 3E Li™ 103EA . By
AR S FERL PEG (IR E 3R &4 14k FEACHk PEO JEIR B AW, SR T —IRHLFE AT PEO (%%
AP, b S SR B R o BRI, i B R R — R R RE CRIE SR A W 1 2 M RE IR, SLAT 1)
PR B T R — R A O

og 0/

(0/1{0-/0
(

Bl Li"f& PEO T2 &
Fig.1 The migration of Li* in PEO

L1 BlsFREERY WS T A4 TR AW M TR RS 5 T i SR —FhE 2y
W, DR Al I 2R BT B O 43 B 454, 48 B T E BMOWLEY PEO i PEG [ i3 h A7 15 . 59 4h,
FLIREE B 5] AL AT DAAR 47 H 4 i) PEO BE () 45 &, 35 0 53 56 B 1032 3l B8 1, A 30 Hb A% Fi 21 B8 1
Yang IFRIZH A 00 T — Rl T LIRS o 245, B 2 " (PEG) o M (4 A 750 28 45 W v A e, 43
B LL R SR LN 78 2 1F g 3 20 I ot 6 o % [ 25 HL AR B ZE 30 1 80 °C T HL 3 R 43 B AT LA A F
1.3 x10 " F17.9 x 10" S/cm, WFFLUEH, f1 T ke SR 5 1A, 30 T 05E PEG (38445 &, e 7
PEG [z 3hBE 7, B A S RGFIH AR = . AR TR A hER STk (ATRP) BA M IEILRY
(RN FINIRRER C —FEF EERG ) (PVC-POEM) 5 LiCF, SO, IR B 54 1 i fif I HL A AR
OYBILER SRR YA ARAE Sr 1 POEM M P, IR T, i BRI T %5k 4.4 x 10 7° S/em™ . Yoshimoto



553 W VRHE DT B b ok B SR Wy v ik o ) F 9t 247

AT D) L IR IR /NS (SMA ) 5 H S Y AR R 38 I T ( PEM) HEAT [ 2125 SR 3 TR Il EL A 4
T ) LA T . SMA SR ST T E T B ATUBEAS E 1, T PEM U 32 X AR B T A SR . %
fif R RELE AN K RO B B, SMA AHAT PEM AH, 24 m(PEM):m(SMA) =7:3 i, 7 50 C K, HL-FZEA[ 35
2.8 x107° S/cm, LA SMA HIGIK) PEM A G2,

BRI 1 B B — i b PR A 4B, — P BOR L B IVER, i — 3 A T
HptERe, HlanpLtERe . X —8E B w HA = B AL AR R BN R AR M5 (PS) o XA AR HAY
TRBR A L2 RE T, RELE O X IR A E A S5 TS BT iz ks

Balsara 2" X[ £2 lipt Be AL 2R ) PS-PEO 22481 Eh HEAT T 712 MIWF 5, X HLZ AR G5 M AT T 05T,
e AT o o e o Rl U S —
H AR ([ 2) 3% %R Y78 PEO-PS 1 5 RS
T X 35, PEO 5 3= 2 DA R i R AEAE , AR T 541
BT o [ i B e 24T T AT, E B R RR
PR i B WE & PEO £ A9 38 i el S R B8 i o3k —
M RAE, £ 60 C & T, I K HRME N
2 x107* S/em ™™ XFF =i Bf PS-PEO-PS {k %, K2 PS-PEO it BIILRY 5 A LITFSI (0 XK e
60 CHI SR 42.3 x10 4 $/em!™ P

%Lﬁ@] bﬁﬂ%l:@?ﬁ%%ﬁ% B’\J;@fﬁjﬁﬁjj , ﬁﬁ Fig.2 Elemental mapping of a PS-PEO block copoly-
T T A T B . Y PS JEH g 60 ¢ mer SPE doped with LTSI
A, HiH SR K2 x 10 77 S/em! ™™ | Niitani 2612
XIB-A-BREI A PEO 5 PS fyhrfhi:ReiEAT 75T, B3 PEO AHEE/R 43402 /iK% 80% B, FL s 11
SARABEAF] 1 x 107" S/em , (HHAUBIEREIR 2,

PRI, ik B AL SR i 4 R RN S5 40 L 2 W A SR 0 LA S PO LR MR B 55 1 o S B i Al
BE . Devaux 2l EO 4 LI RIS AR BS54 5 ) A S5 B 2 Mk Bim B A 2028 , 153 Je (W AL 2%
PEREM IR Bt IL R Y . AL AR PS-PEO-PS HAG B 4y (1) e HE T R AU RE o FREVES 1) EO 5 PS ik
Bt o — i s R AR A ] EO £ (25 M it , 7R IRAC T A B AR R i L R (H% 2k
FHL A o 4L e Yt A PR M BB 22 o TR T ik B AL R Y R I A iy e e R4, ZE = A R KT A T
NGy Uk, FEREA AP H L S A 7 A
1.1.2 AH-RAAEHEEERY TG B G AR RE WA, IR & 3% 4
T FEE P ] s v R A IO P AL B, Y8 hn T R T P B S B B

Z AR 1 SAU0E (POSS) AE i —Fh 4K G A HILICHLA AR AT B, i AR A X AL Ak B i 1 —
ARG KR 2 I T B AWE SRR 7 POSS i T HAR IR I ST RSN, BETE R S IR &
FRUEEOMG B AR, A B TR SR A WEEBLEEIRE 1. Lee 25 JE17 T POSS 5 PEO itk B 4L 5
YIRS . LAR & I FE VIR R R (PEGMA ) F13-(3,5,7,9,11,13,15- L 5% TR H A [9.5.1.13,
9.15,15. 17 13 |- )\ AR RE AL -1- 58 ) HEE IR TRER (MA-POSS) S HuATE AL R Y, F9¢ T POSS &4t
FERA WL A XT B A SO P RE R i), ELEs A XN 18] 3 P o & B2 POSS 5 A [R B, ik B L SR ) o A
JOT 1) 5238 L TR SR A gt — B D R ATT Y T A 25 AN K . 2 MA-POSS BEIR 43 45°R 31%
If, A IR A B 1 H SR T K 2. 05 x 10 77 S/em, X FESE IS Tt BEL IR YITE B T 99 KR 43 25 i
S AL R A

T ARG P HA ToE B I 5 T RE AR 22 S2 AL BE B A T 8+ e R g )1z B F S
BV BT SO M A H R B B A Y R B B AR, A R T T B IS
3. Lee PRI ™ AkLl & 8 POSS BIA HL-TEHL S Al Btk By, e i an &1 4 7R o ol s % B
EC i, XA SR i S U R BB EA T T AIESY, it — 20 ST A ik B L R W i AT b, ke R B R
HON 21% fy MA-POSS 37 Akt B LI My i i I 7E 60 C450F PRI SN 1.6 x 10 ™% S/em, 11 [7) 45 45 4
AL BRI RN 5. 6 x 10 7 S/em, RS AL BEILRYIR S T4 FHEB s sh, HAg

i
A
V4
)
x
0

PS-PEO
+ LiTFSI



248 R e 2 o534 %

(a) s s
CPDN, AIBN 5 MA-POSS, AIBN 5
=€:0 THF, 80 °C CN ) *8 THF, 85°C CN 0 0 %
o s e} Q 0 (N L
= ] = \ AARA
2» (CPDN = tsﬂj 2’ (MA-POSS =0§!° ) 20‘ g W m
o} g e
o i R= &H, g i geo~geR L AL W
o CH Ay 2o 2t Y) ) ) )\
A fke XV dyaymish
L Vs o
g \ \
\;.;' ‘:’u P
PEGMA P(PEGMA) A PBP PEG 0SS

CPDN, AIBN
THF, 85°C CN

PEGMA MA-POSS PRP

13 i BEER Y PBP(a) RIUCHLIERY) PRP(b) i 45 Bk ™
Fig.3 Synthesis of (a)poly( poly( ethylene glycol) methyl ether methacrylate ) -block-poly ( methacrylisobutyl-POSS)
(PBP) and (b) poly( poly ( ethylene glycol) methyl ether methacrylate-random-methacrylisobutyl-POSS) ( PRP) via
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Fig.4 Synthesis of organic/inorganic hybrid branched-graft copolymer( BCP) via RAFT polymerization'®’
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Fig.6  Structure of the poly (ethylene oxide-b-6-(40-cyanobiphenyl-4-yloxy ) -hexyl methacrylate) PEO-5-PMA/CB
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block copolymer membrane doped with LiClO,
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Fig.7 Liquid crystalline dendron-coil-dendron BCP. The length of the PEO coil does not indicate the actual coil length'**’
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Fig. 10  Structure of two diblock copolypeptoids: pNeh-b-pNte (left) and pNdc-b-pNte (right) , with identical chain

length( 18 monomers per block ) ™!’
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Molecular design Single-ion solid polymer electrolyte
- 4 Self-standing film
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[ 13 PS-b-P(MALi-co-POEGMA) i Bt 36510y v it i BOULs R8Pl K Sy
Fig. 13 Electrolyte design
a. design at the molecular level of the tri-functional block copolymer bearing PS, POEGMA and, PMALit functions;
b. self-assembly leads to distinct functions : PS domains ensure mechanical anchor, POEGMA matrix is responsible for
ionic transport at the solid state whereas PMALi enables Li doping and anion immobilization; c. atomic force
microscopy phase image revealing the nano-scale structure of the electrolyte; d. robust self-standing films are obtained

after solvent castingm]
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Fig. 14 Synthesis of Li[ PSTFSI-co-MPEGA ] ***
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Fig. 15 Chemical structure of the single-ion conductor triblock copolymer P( STFSIL) -b-PEO-b-P( STFSILi) "
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Fig. 16 Chemical structure and schematic diagram of the single-ion conductor copolymer comprise poly ( lithium 1-
[ 3-( methacryloyloxy ) propylsulfonyl ]-1-( trifluoromethylsulfonyl ) imide ) and poly ( ethylene glycol) methyl ether

methacrylate blocks proposed as an electrolyte for lithium-metal-based batteries™”’

cell
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Fig. 17 (a) Constant current charge/discharge potential vs. specific capacity profile of the Li/LiBC-1/LiFePO,

extracted from cycle 2 at C/10rateand cycle 50 at C/5 rate and (b) specific capacity versus cycle number profile at

different charge/discharge rates at 70 °C "]
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Table 1 Examples of block copolymer electrolytes and conductivity
Polymers Structure or illustration Temperature/°C  Conductivity/ (S+cm 1) Ref.

e Main Chain

e, i
P(MPEGM-co-HPEGM) EQ Chain 30 1.3x10*

=~—""- C. Chain

¢ P(MPEGM-co-HPEGM)

(8]

Continued on next page
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continued from previous page

Polymers Structure or illustration Temperature/°C  Conductivity/(S+-cm ") Ref.
=
PS-PEO 60 2x107* [14-15]
|
o}
n m n
PS-PEO-PS 60 2.3x107* [16]
s
PMA ( POSS-PEG) 25 2.05 x 1073 [24-25]
PEGDMA-PMA ( POSS-PEG) 7 5”8 60 1.6 10~ [28]
CN e} o}
o o
c
¢ e
2 g-oaf
-ad R D}io-..s%'k
Si.g SR
I
0
p n ]
. . -5
P(STFSILi ) -PEO-P( STFSILi) O:T:O 0=?=0 60 1.3 x10 [46]
N-L{" T‘ Lif
0=8=0 0= ‘l.S:O
CF; CF;
o]
5
b
m
N ch, o o
[+] Q
Poly ( PEGM ) -b-poly ( LIMTFSI ) 23 2.3x10° [47]
2
cHy, ¥ o=g
A

L]
Li

CF;3
BN"—ng
5 (=]

PS-PEO : polystyrene-polyethylene oxide; PS-PEO-PS:polystyrene-polyethylene oxide-polystyrene; PMA ( POSS-PEG) :poly{3-(3,5,7,9,11,
13,15-heptaisobutyl-pentacyclo[ 9.5. 1. 13,9. 15,15. 17,13 ] octasiloxane-1-yl ) propyl methacrylate | -poly [ poly ( ethylene glycol ) methyl ether
methacrylate ] ; PEGDMA-PMA ( POSS-PEG ) : poly ( ethylene glycol dimethacrylate )-poly {3-(3,5,7,9, 11, 13, 15-heptaisobutyl-pentacyclo
[9.5.1.13, 9. 15, 15. 17, 13 ] octasiloxane-1-yl ) propyl methacrylate | -poly [ poly ( ethylene glycol ) methyl ether methacrylate ];
P(STFSILi ) -PEO-P( STFSILi) : poly ( styrene trifluoromethanesulfonylimide of lithium-b-ethylene oxide-b-styrene trifluoromethanesulfonylimide of
lithium) ; Poly( PEGM ) -b-poly ( LIMTFSI) ; poly [ poly ( ethylene glycol) methyl ether methacrylate ] -block-poly ( lithium 1-[ 3-( methacryloyloxy )

propylsulfonyl ] -1-( trifluoromethylsulfonyl ) imide ) .
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Fig. 18  Effect of domain orientation on ion transport in a lamellae-forming system. The block and gray layers repre-

sent conducting and nonconducting domains, respectively !
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Fig. 19 (a)Phase contrast AFM of the cross-sectional view of neat PEO-b-PMA/CB material aligned in a 5 T field.
The thin bright stripes correspond to PEO cylindrical domains. The field was applied vertically in the image plane as
indicated. (b)The transmitted intensity of the aligned PEO-b-PMA/CB sample under crossed polarized light against
the angle(0) between the magnetic field direction and the polarizer shows periodic variation at every 90° indicating
strong alignment of the mesogens along the field direction over large areas. Micrographs span roughly a 1.5 mm field

of view. The sample rotation axis is parallel to the optical axis of the microscope ™"’
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Fig.20 (a)The average room temperature electrical conductivity of 120:1 EO1:Li + sample aligned in 5 T magnetic
field in two orthogonal directions; nonaligned material’s conductivity shown for comparison. Error bars represent
standard deviation of o for at least three independent alignment experiments. (b ) Temperature dependence of

PP . . . . . . . 34
conductivities shown in Arrhenius convention( x-axis reversed). Lines are added as a visual gulde[ !
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Fig.21 Schematic of lithium ion migration in a single-ionconducting block copolymer electrolyte
Schematics of the single-ion conducting block copolymer electrolyte at low and high temperatures. At low temperatures, the PEO (left)

and PSLiTFSI(right) blocks are microphase separated, and the ions are clustered ( gray circles). At high temperatures, the PEO and

PSLiTFSI blocks are mixed; the clusters( circles) are nearly dissolved; and the lithium ions are mobile*?]
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Fig. 22 Order-to-disorder transition temperatures )

(Topy ) for LiClO,-doped PS-b-P2VP-01 and PS-b- Fig.23  y.; for LiC10,-doped PS-b-P2VP as a function
P2VP-02, evaluated by SAXS and depolarized light of r = [LiClO, ]/[2VP], r =0 to 0.08 (left). The
scattering( DPLS) , as a function of x = [ LiClO, ]/ TEM images were obtained by quenching the sample at
[2VP]. The linear least-squares fit to T, yields different temperature, indicating LAM, HEX and BCC
2350 C/molar ratio ( X ), and the degradation microdomains, respectively ( right) **’

temperature (T, ) was set to be 250 °C in this study"™*’
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Block Copolymer Electrolytes for Lithium Batteries

XU Yuzhong’, TONG Yongfen"* , TAN Licheng’, CHEN Yiwang""*
(“School of Environmental and Chemical Engineering,
Nanchang Hangkong University , Nanchang 330063 , China ;
*College of Chemistry ,Nanchang University , Nanchang 330031, China)

Abstract Ion-conducting block copolymers( BCPs) as conducting materials have attracted significant interests
in solid state lithium batteries. BCP self-assembly offers promise for designing ordered materials with nanoscale
domains. Such nanostructures provide a facile method for introducing sufficient mechanical stability into
polymer electrolyte membranes, while maintaining the ionic conductivity at levels similar to corresponding
solvent-free homopolymer electrolytes. This ability to simultaneously control conductivity and mechanical
integrity provides opportunities for the fabrication of sturdy, yet easily processable, solid-state lithium
batteries. This review presents a brief overview of recent progress in ion-conducting block copolymers base on
polyoxyethylene and single ion conductors. We also summarize some experimental studies of BCP electrolytes
with respect to the effects of morphology on ionic conductivity. Finally, we present some remaining challenges
for BCP electrolytes and highlight several important areas for future research.
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