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E: R 1(6-REFH)-1-FEIRIEE T (Br-6-Pip) A1 1R+ /\BEx RESKIRIE) (PBP) %A, Hl&T
— ZHNRIN A KB MEE (/B 30% ) MIZRPEEKMEE (KeEnRIEIERE (x)]) BIBHES T 2c i
(x Pip-30% I8PBP fi§t ), ifid 'HNMR. SEM. TEM X7 TRAE, FIAYPENEM TGA, J12¢tERE . BF
SR PBETFBBERINK, B8 T bR RIESA X x Pip-30% 18PBP IEHEAEATREIN . 258, x Pip-30%
18PBP S HLAT R AT (A > B 4540, Bl e IEDRIEHERLE N 40% 3 2 70%, RS PN 43 B 45 4 1 5 4 s
x Pip-30% 18PBP JEABIEE T A0z M 2.26 mmol/g #2FHZ 2.88 mmol/g; 20 °C'F, MW/KFM 53.8%4 53
82.6%, HMKEM 9.9%IRFEE 23.4%; B THEFHM 28.9 mS/cm HZE 41.9 mS/em, FEEFEFELM 0.76 Q-cm? fFZE
0.39 Q-cm?; FUfBRE M 9.6 MPa BWFEZE 5.7 MPa, WA R 19.8% B Wi F] 35.5%; P& TBBER
M 1.32x10°~2.16x10°° em*/min. 60% Pip-30% 18PBP [ EA fefEmZi Abife, BT pUR i sa it . 7E
W40 mA/em® T, XA RERSCR A 80.0%; FERLTAE 100 mA/em® FY TGRS 200 A, FEE
BORPERFTE 91%~92%, MREERCRITRE T 4.2%.
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Prepar ation and properties of anion exchange membranes with
double side chainsfor vanadium redox flow battery
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(1. School of Materials Science and Engineering, Changzhou University, Changzhou 213164, Jiangsu, China; 2. State
Key Laboratory of Molecular Engineering of Polymers, Fudan University, Shanghai 200438, China )

Abstract: A series of anion exchange membranes (x Pip-30% 18PBP membranes) containing both long
hydrophobic (with an octadecyl grafting degree of 30%) and flexible hydrophilic (with an alkyl piperidine
grafting degree of x) side chains were prepared from co-grafting of poly(biphenylpyridine) (PBP) with
1-(6-bromohexyl)-1-methylpiperidine ionic salt (Br-6-Pip) and 1-bromooctadecane, and characterized by
'HNMR, SEM and TEM. The effects of alkyl piperidine grafting degree on the properties of x Pip-30%
18PBP membranes were analyzed through TGA and measurements on physical property, mechanical
properties, ion conductivity, vanadium ion permeability. The results indicated that the x Pip-30% 18PBP
membranes exhibited a well-defined microphase separation structure. With the increase of alkyl piperidine
grafting degree from 40% to 70%, the microphase seperation structure in the membranes was significantly
enhanced, the ion exchange capacity of x Pip-30% 18PBP membranes increased from 2.26 mmol/g to 2.88
mmol/g, the water uptake at 20 °C increased from 53.8% to 82.6%, and the swelling ratio increased from
9.9% to 23.4%. The ionic conductivity improved from 28.9 mS/cm to 41.9 mS/cm, while the surface
resistance decreased from 0.76 Q-cm’® to 0.39 Q-cm”. The tensile strength gradually decreased from 9.6
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MPa to 5.7 MPa, while the elongation at break gradually increased from 19.8% to 35.5%. The vanadium ion
permeability ranged from 1.32x10°° cm?/min to 2.16x10® cm*min. The 60% Pip-30% 18PBP membrane
exhibited the optimal comprehensive performance. A vanadium redox flow cell assembled with this

membrane achieved an energy efficiency of up to 80.0% at a current density of 40 mA/cm?®. After 200

charge-discharge cycles at a current density of 100 mA/cm’, the coulombic efficiency remained 91%~92%,

while the energy efficiency decreased by only 4.2%.

Key words: anion exchange membranes; superacid catalysis; flexible piperidinium cation; long hydrophobic

side chains; microphase separation; vanadium redox flow batteries; functional materials
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50%, KEAKPEMEE T /S RAER B Ny 30% (4%
BRI TTHERE ).

SRR B, VR 3 iR £ A Br-6-Pip AL,
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T &
Fig. 1 '"HNMR spectra of PBP (a) and 40% Pip-30% 18PBP (b)
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IR BT U Ay K o 5 % v o SR T AR S, TE
5 1.20~1.80 Kb U oy 4 AT 5% r STV FFY R0 02 41 IR W {0 %
PR FES, BT BRI IRIESS 14 2k 25
TXPRRME, WREER LA BT H13 A1 H14 fb2: i 8 &
Ao DA SRR IR EE S5,

2.1.2 SEM #= TEM 5#

K 2 b 60% Pip-30% 18PBP [ A4 i A1 ifi
SEM K, A[LIEH, 60% Pip-30% 18PBP JI5 4 it
W HAFE, 82 FLIA | 2805 WEFE (K 2a),
#H 60% Pip-30% 18PBP 7E A Sid F i nl REL T T
R AP AR B A A 2360 8 . 60% Pip-30% 18PBP
PERYJERE J 37 um (& 2b ),

Kl 2 60% Pip-30% 18PBP M (a) A#LHE (b)
SEM [

Fig. 2 Top view (a) and cross-sectional view (b) SEM images
of 60% Pip-30% 18PBP

& 3 & x Pip-30% 18PBP () TEM A,

a—40% Pip-30% 18PBP [iX; b—50% Pip-30% 18PBP fi; c—60%
Pip-30% 18PBP Jii; d—70% Pip-30% 18PBP J
Kl 3 x Pip-30% 18PBP ) TEM A
Fig. 3 TEM images of x Pip-30% 18PBP membranes
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WR W A B 5 K W 5 | K 20 F- 915 SR R K I8, s
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% 1 9 x Pip-30% 18PBP I 53543 kg 202"
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# 1 xPip-30% 18PBP JEEAy#1:
Table 1 Physical properties of x Pip-30% 18PBP membranes

[EC/(mmol/g) M7k S .
s Sy (20 °C) /% (20 °C) /% SCilik

HESA: i

40% Pip-30%

1SPBP it 226 222 53.842.7 9.9£1.0 A
50% Pip-30%

ISP;BPI?HE ° 250 249  60.7+2.3 133415 A
60% Pip-30%

18P;P1§§ ° 270 266 712426 167415 A
70% Pip-30%

1SPBP it 288  2.86 82.6+2.9 234+13 A
QI8PBP30 231 228 24619 47£05  [20]
QISPBP-10 260 254  423+20 11205  [20]
s-PDTP-48 — 240 136.0 20 [25]
PTP-85 225 221 44.7 199  [26]
QP2-CFy-1 227 225 40.0 280  [27]

e =" HETHE.

MR 1 ATLAER Y, Bl e e SENR e H A
(40%~70% ) FI3EI, x Pip-30% 18PBP JE (1 HE IEC
fEM 2.26 mmol/g #EF+ZE 2.88 mmol/g, WK
53.8%4 2 82.6%, WIKFM 9.9%FEmH = 23.4%,
55 QI8PBP-30 JEPUAH L, x Pip-30% 18PBP ALK
AT R ER S RUIREEIL 15 A D 08 T i
K BETT . BRI, S EAMPIREG Y E AR
s-PDTP-48 JE»] (IEC & 2.40 mmol/g, W/KZE N
136.0% ) AL, 50% Pip-30% 18PBP JIE [ /K % (IEC
4 2.49 mmol/g, WIKFH 60.7% ) AhSREAK . XA
S, RBEIEMBE RS | ARG T B BT K X3k, BHAS
T KBS AR b (A, DI T A 257K o
HAAEER S, R4 x Pip-30% 18PBP A KA
B, M EC AR K R G PTP-85 PO AN
QP2-CFs-1 JiEP7, HE Ak SRA R A BT I
VEEA G A 9 e e st ARSI R S B R 2 ()
DL S B BRSNS 2 R ZEEEVE T, DT 8 R IS8
SRR, PRFEREA R AR R o X — AR x
Pip-30% 18PBP JRAEM /KR AN AR Pt Z M S T
RAFIT-Ar, 38 T SCBR R FH B T3S 4 i
23 BFESEMEEBESH

% 2 M x Pip-30% 18PBP Ay 85 114 S AR A 1]
FLRH
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%2 x Pip-30% 18PBP Al Nafion 212 B T 14 F %
AR HEEBH (20 °C)

Table 2 Ionic conductivity and surface resistance of x Pip-
30% 18PBP and Nafion 212 membranes
JIESAE B SR/ (mS/em)  E I HLBL/(Q-cm?)

40% Pip-30% 18PBP fii 28.9+0.7 0.76+0.7
50% Pip-30% 18PBP fix 34.4+1.0 0.68+0.5
60% Pip-30% 18PBP fix 38.7+£0.9 0.46+0.6
70% Pip-30% 18PBP IX 41.940.8 0.39+0.4
Nafion 212 & 62.4 0.27

BT S TAL R R VREB Y HL R RCR
(VE) B8 M\ F 2 0] LIFH, x Pip-30% 18PBP Jii
B S AL R I 2 22 P N B Jo i R W 245 8 ( 40%~
70% ) BN 28.9 mS/cm HE I 41.9 mS/ecm, X
SER, B, Feh e B R E M AE 5 A T
T, IS TR AR, B K+
[ A BRERAL B AR IS T A, Rk T R AR S0
HVR, WRWE B 38 1 [ B Jod S 2 1 3 SR A W B 4R
I, SRR MRS M R T B B T R A Y iz B Rk
ARFETREWE FHE. AN, XFEEM0 AL
TRERAH A BIEAS, TR R T A 3R (L A
Mk — 28 m TR FRESE, B x Pip-30%
18PBP I[K B 715 5% (28.9~41.9 mS/em ) ik 45
Nafion 212 I ( 62.4 mS/cm ) WK, X2 [K &, Nafion
212 PR HMERR LS, BRI M AR ME IR o
H B &5 07 & A 58 5 i 1 RE 100

x Pip-30% 18PBP Jf5fifi 5 = M A £k Joe o Wk e 22
K (40%~70% ) g E, MEHEIHEBLMA 0.76 Q-cm’
M6 0.39 Q-em®, 5B LS RAALHLEAN I
OB, FEEEMEARMERT, B ETR
R, PR IR R T I Y Y BELRS A, A
T/ AE VRFB A H R RE , DI 2 /55 D) R 2% 8
1 EE, Frl4 i, 60% Pip-30% 18PBP F1 70%
Pip- 30% 18PBP 1Y [ 1] Hi PH #4535 T Nafion 212,
2.4 PEEEIAFIERES T

& 4 4 x Pip-30% 18PBP X[ TGA Mk .

40% Pip-30% 18PBPJi
— — 50% Pip-30% 18PBPfi
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Fig.4 TGA curves of x Pip-30% 18PBP
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1ABrBCH 100 °CHIT, BBk B 203 i x Pip-30%
18PBP RPN K 43 FIER A 128 & T3k 56 2 Bk
220~380 °C, LB Es 2 E I P IR IE A e Ji il i 119 44
REfies 55 3 ANBYBEN 380 °CLAE, BB EX N T
REVEREBEM . 25RRY], BEY FHEAERS
M EET R e ML S, 50 4 i VRFB RO IR

& 5k x Pip-30% 18PBP I (1) 07 77-1 48 ph 2k

15 — — 40% Pip-30% 18PBPJi
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— - 60% Pip-30% 18PBPJi
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s 1ol —— QI8PBP-30 f&
g _ |- = 7, — wsBropt
- L
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& / e | . ] -
=& 5F I a7 =T :
;7 PR !
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e | : [
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[ 5 x Pip-30% 18PBP f ¥ -1 28 i 4k
Fig. 5 Stress-strain curves of x Pip-30% 18PBP

LS WTLAE Bl 22 P 0 e Ao R W A
JE (40%~70% ) HI3EM, x Pip-30% 18PBP JfYHi
i3 B M 9.6 MPa 12 #i [ £ 5.7 MPa, Ifij i 24 %
M 19.8% IR 2] 35.5%, XSEN K, FbEmsE
Jot FEWR BE 0] DAREAR 2 F [ AE T 77, 5 0B R ML
SREE TR, TRIAT B T AR R, K Y P G YA
(A A5 BTN S0, AT 2 g B %) 7 4 R B0
B AR x Pip-30% 18PBP [ 51 E( 5.7~ 9.6 MPa )
# QI8PBP-30 [P (10.7 MPa) ik, HA & T
Q18PBP-0 fIFE (4.9 MPa ), 15 WA #8 K 5 /K Ml B 7 —
FERRRE ORBE TR 1R
25 YIBFEEESH

& 6~ x Pip-30% 18PBP Ity 4H B 79k i Bifi it
6] A 78 A T £6 Fs B R

TER s T i, T3S Ry
AIFERT, BEPTOIAR R S AL T kB N BE,
SEcR T AR, T RE AR RC Y L, B
AR T8 15 % W L Tt B A 1 Bk B . AT
6a W LLEH, IA %R x Pip-30% 18PBP [1)E2i5E
AR B T3 3 Y% T Nafion 212 5, #RPE K 6a 15
HLE T35 A5 5] E 6b, x Pip-30% 18PBP AL
BT BER (1.32x10°~2.16x10°° cm?/min ) BT
Nafion 212 i (3.83x10°° cm*/min ), {KAE %K
FHEIFKT AEM B Donnan HEJFRN . 2R, MEEZ2
P BE ke FEWR BEFE AT BE( 40%~70% AN, x Pip-30%
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18PBP AL T8 B F M 1.32x10°° cm®/min 41
#] 2.16x10°° em’/min, XJEFE A, K bEFEIRIE S
P 1) 5 398 0 OB ) IR AR S N, K S 1 R
BT SR R KT, AT T T IBE .

0.14 =~ Nafion 2121
0.12} —e—40% Pip-30% 18PBPJ /'
a —a—50% Pip-30% 18PBPJ .
g 0.10F —v—60% Pip-30% 18PBPJi& /‘
) 0,08 ——70% Pip-30% 18PBPJ_~ . v
T
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2 004 /:/?}%./
0.02} %‘%. =
0 L
0 10 20 30 40 50 60 70
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&l 6 x Pip-30% 18PBP JIs Y £ i -k J3 Bt i ] 17%) 25 £ iy
24 (a) MBIER (b)
Fig. 6 Curves of vanadium concentration with time (a) and
permeability (b) of x Pip-30% 18PBP membranes

2.6 VRFB MRS

TE T & e A, 60% Pip-30% 18PBP fiX

(38.7 mS/em )F1 70% Pip-30% 18PBP i( 41.9 mS/cm )

BB T SR, (B H KR (23.4% ) FIHL
BETBER (2.16x10°° cm?/min ) B B & THIH (4%
BN 16.7% LB T B BFH 1.67x10° cm’/min ),
I, BEFLEATERERAER 60% Pip-30% 18PBP fii
47 VRFB 5L et RE I

& 7 A 60% Pip-30% 18PBP [l Al Nafion 212 i
B4 B EE b i LB

MK 7 AT IE L, 60% Pip-30% 18PBP JRAIE4
FL % A JE SR ( CE ) ¥ T Nafion 212 i,
X FF KT H Donnan HERZW o7 40~200 mA/cm?
B HL R ETEEIN, 60% Pip-30% 18PBP JE Ay HL &
B (VE ) M 92.0%F% E 67.4%, HAKT Nafion 212
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