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1.2 PyAPEF BERy$I&

PyAPEF 2G4 09 55 i B an &l 1 () iR,
B 4,4" - (1,3 2 Nle — 3 — 1 B iA (0. 02 mol,
6.408 6 g) \AEFHIKARFLK (0. 02 mol, 6. 682 4 )&
wom A =8 . I m A K, CO; (0. 02 mol,
3.869 6 g) \N,N- —H 3 Z, it (DMAc, 16 mL),
FE 90 “CTF RN 9 by 225 S5 K 8 04 5 g i
FIA L L BRI REY. ¥MzREWH L
B K E MR LRV TCHLER  FhoE R AR
U SR IF A FLZS BEAE T AE 100 “C 244 F T4 6 h,
53] APEF, 7E4#7 HLA I HE A9 = 1 48R (500 mL)
o APEF (10, 0 @) % T N — HT 5 it 1 %2 i
(NMP, 70 mL), it A 3 - #F Kk iE (2. 95 ¢)
K,CO; (5.0 @), FHERAE 90 “C T h; 8 hy I 45 3
5 TR B A 1 L 2B TP U HRA
Y. ¥REYM B KAER 0.5 h, flig, HE
FRAEDR SR JE T B A BEAE TP e 100 CE&AF T+
f2 6 h, 13 %] PyAPEF R &Y. MG REYH
"H NMRllE H#4# (DS)

PyAPEF 457740 °F - il 4 PyAPEF ¥
WK 1.0 g PyAPEF REWYAT 7.3 mL N- %L
ML e I T 5 22500 0 9 DS BR A BT W VR 8 55 7
AP BEEGHR 1,70 "C 148 4 h, 15 3| HLE PyAPEF -
virgin i (R 30 ~35 um)., #RJ5. ¥ PyAPEF -
virgin 5 FH B 2 (85 %0 . i 12 43 850 E A7 e B
AT 4 h, JEEESR 5k 80 °CL 100 C. 120 C F
140 °C, #:54  BEREAEBL R (3 mol/L, 50 mL)
24 by o PN W T B TR A 4R R B R L SR IS K
Py APEFBAFHCT#r ff BB R (3 mol/ L) I 4%
FH o AR PR B B ], A O 1 3R A5 1 RS 1 44
3y PyAPEF-80. PyAPEF - 100, PyAPEF - 120,
PyAPEF-1408, 151 PyAPEF i f8 fr 4n &l
1(b) I , B s o BN 1(o) iR .
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BEYETH NMR 43 #1 % | Bruker Avance
500 M A7, /M X BB (SAXS) M7 71
7 X SRS DS ADVANCE b 347, 3 £ B
9 0. 05°~10", B R B Lg(nm ) JH =0 (D 5L
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AS= %xmo/ (5)
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A ADL B IR 48 42K s W oo HTR I K=

JEE BT s g5 W AR S BE T 09 T B BT 5+ @5 Mioiymer
FRA W A OT 5> i g/mols Ml R 1)
g3 HE, g/mol; AS Sy TR i ik 4b 3L S 0 % ik
R, 005 Agy I TR, om” 5 Ao N TR 5 i S5 15 T
Hoem?,

FREA TR CRRD H BHL (R R H F Ak 22 T A 3 (Zah-
ner, Zennium) (10 Hz~1 MHz, &Z #H IR IF 10 mV)
AT, Db A HOJR o o B A% A 25T AR
1. 314 ecm”, 1. 5 mol/L. VOSO, /3 mol/L. H,SO, fE
SR . PR T CBD LB (R, Q + em®) SR H]
K6 HATIH
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AP Ry Sy B I ) S L BEL, Q5 Ry Ry ANy I
A It R FEL R, Q5 S TR, em®
T8, mS/em) TR AT -

L
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:EtEF':Rs j‘]ﬁ 3 mol/L H, SO, EF'H;‘:E/‘JEEKE»Q,L jﬂ
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JE B LR i i THYY - 5000 J7 g hr F13k
oL T ry . HAR A 5 mm/min, 146 K
&4 50 mm, J& ELEHE 30 mm, AFFp K 5 N
FE AL RS 10 mm X 50 mm, JEEEE 35~40 pm),
I EHAE A .

PR BB . H IR #oh — 0
A 30 mL %) 1. 5 mol/L VOSO,/3 mol/L H,SO, &
W, B — M A 30 mL B 1. 5 mol/L. MgSO,/
3 mol/L HySO, . HIEEAN - Al W 436G it
Gorttt 2 T6 , Jb 50384738 FD #F 764 nm Ab e AP 2
VO TERBRBEF W H OB . BB R ()
THE
dCy ()

dt

K P HBERE, cm’ /min; Vi 833 M RAK
Blem?® s Co AU WM BT v FE  mmol/L; Cy R i
FRBE VA P AU 7 IR, mmol /L L AR,
pms S A BEA AR em?” 50 B & INA] , min,

BB T R S B E RN
Fofl, A AT

S=¢/P €))
K. S HE PN, S min/em®; P HHLE T35
% Z A em” /min; 6 S BETE 3 mol/L B R Y FL &
X, mS/cm,

LSRRG R W R R A< S I SR & e
A 20 mL B 1. 5 mol/L V*" [ V*"/3 mol/L
H, SO, %, I138 2 I 3 A5 6 A r AT H . F e i
Rk H Neware 5V/3A H it 132X 2 48 78 15 L I 2%
FET AT . LR FE I Ll 80~300 mA/em” , FEji
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4 N
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LA RS9k 1,65 V A1 0. 8 V., i 3t H i
TSR AR HL b ) i s 80R  RIE G348 (CE, o) L
FERCRE(VE, ) FfE AR (EE, Y0) . HL b 976 5
PEREIN X, 23 590 76 5 H U %% B (140 mA/em?® | 160
mA/cm? (180 mA/em®) 4T 7T FL G ER I 3, 1
[ A3 B 100 YR AE B4 B8 463 1) 1 B b B P o

FRE R b 22 B PR I . K AR 5 (5 em X5
em) 2 1 #E 60 mL HL i % (0. 15 mol/L VO; /
3 mol/L H;SO,)H1 30 d, J5E Jy 40 °C, 41T
D436 BT S 00 3 R A R R VO, AR
FEREAR = A VO R B2 KA 764 nm,
2 HR 5
2.1 PyAPEF [9&R4E

KH'H NMR 353087 T PyAPEF k2= 451
(F2), WMBEZAENRE 6 1~3 FIfE 5188 T4
KIBEREA Y fE A ke 3 A1 5 i) PyAPEF B T
b1 #2 6 8. 32 Fl 8. 27 (s 5 X U & Ttk
mE (H5, H6)™ , AL e R A R 51 A TR AW
FHEP . MEBEREAE (DS J2iE i H NMR i &1
BRI T R BUE R S N S B B 0 8. 32
F1 8. 27 fbIFJE Tk BERY BT (H5, H6) 5 6 1~3 &b
I8 T AWk B (H7 ~ H1) S R4 1, 3HE A

DS=T7A; 5 /Ac-11) (10)

K Ao BT H5 1 H6 A Acain N
B H(7~1H)F AT,
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F FF F H APEFJJ'
o)<y e
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Fig. 2 'H NMR of APEF and PyAPEF in CDCly
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TGN, I 80 “CHETFZ 140 “CHY . R
i) ADL {E M\ 2. 89 #8424, 04, Ui B T+ A
F TR E A BRSSP A SEGOH 0 5 . 8l Wl TR T3
VM Ab PR S B 5 A 3 mol/L BRFRVA W T 24 h,
V- W TR TR J S 48 oA B TR R M, 4R Ji5 3K T S A A TR
i) ADL, Z55%M BRAEGER T A9 ADL HAR T
HAERERR ) ADL {3 1T BB 2 o A7 R VA J& AH X
BARPTEL, IEAh, ADL {E7Em R AR R i 22 Ak b
TELE B TE R RS (2, 3] B UH PR B A s D
L WE 45 R X6 5 I A B A, S350 1 El AR R L, DA
BREAR T REI SRR 53 1 RE T

N FHAE VREFB 1 85 38 e i 28 R 47 1 R
Fow o T A1 R S o A2 B 5 KR (WUD Al
VI (SR B2, PyAPEF R & 7K 216 3 4n
Kl 3(b) iR s R 28 5 FR ¥ ik 1 PyAPEF - virgin fi

(8 KN 8. 4306 iX AT BB T R A W45 # v 3%
K R IHE B 5 P 5 7K 4 7 A U, R R D K. 48
ik PyAPEF B (1) & 7K 685 PyAPEF - virgin i
AN, I 5 20 BE v N IR B T v 0 A
PyAPEF-80.PyAPEF-100,PyAPEF-120,PyAPEF-
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22. 4100, BXHEPR AR 5k b 22 8] 14 1 B A H A&
SR TRt AR S5 SR 00 1 2E TT S B0E - B
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2K TFREMEIE AN . Sk R IR 4 R [
3 15 MRS R 3(o M4 .

WKl 3(e) fix . PyAPEF JETE 85 % (it 434550
TR Vs Y TP 1 U ik 3 B T K O B B . A
13.35% 38 I &) 24. 57%. I Ab, B R 7 Ik B Y
ADL #5755 BRI RO 7228 Ak Sl 38 0K 7 Mt TR 5 Mk I
TR A I SR 15 24 KT M4 FHE TA OC, iX 3
BT RAYBE R 5> T RE 055 . eIk
TR 100 °C B BEAE 3 mol /L GR35 ik
RALH 8. 86%0, X — G ATBEIH K T 4 W e 1 55
WP it 23548 4 S I B 5T 19 i K AR s A 2
PO T R RK . BRI AR AN B KR A B TR
AT S0 B TR BRI AN ) 22 1 B

i 11.4 (b) 25 ()30
B- T .
% 4 112 ‘;t _20¢ :;Jr
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S 15t ol
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0.6 5 & 10 .{H'i ol
104 & sl &
02 18 k=
0 0 Lz / ; 0
5 AP, pee 20, pep 0 S, P A0 g 120 g0 20 400 20 A0
PNy e et pyAPEF T RYNT pyAPE AP n P ITSENIN N D o)
‘ ® 3 mol/L H,SO
( ) —— PyAPEF-virgin ? 80 mo ,SO,
= —— PyAPEF-100 s |
= 0
E
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| : . I A 3 3 H'E;< Q Q Q Q V)
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K3 PyAPEF JE R
Fig. 3 Membrane properties of PyAPEF membranes
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FKHI SAXS J5 4341 T PyAPEF JEE B i AH 43
PG5 o IO A3 R Y S T ol P S A i 1
To, B, AR TR FE R, 2B KIS,
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YR T iR R TR Sl A
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HLBLC0. 13~0. 26 Q » em?) , Eorf1 PyAPEF-140 fi
AT ELEH A 0. 13 Q » em®, 5 Nafion 212 F{ 1 B,
FHC0. 13 Q » em®)AHY . X A] g S i T b weE 55 AT
b PR I K GO 3 12 A AT i 28 A
WERG SR T AL . 8] 3(D Jy PyAPEF JE1E
3 mol/L H,SO, Wiy 7 H § %, PyAPEF i)
JT - F, 5 R B B IR RE Y R T G ) dn
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Fig. 4 Permeability of PyAPEF and Nafion 212 membranes and mechanical properties of PYAPEF membranes

PyAPEF - virgin 1 PyAPEF JE& 4 L M: g 1
YRR 4(d) ~4 (), PyAPEF - virgin i HA %5
AIAILAI R B FAg FOsE g [ 1] 4 (D ] CR RR v Al B2 oy

70. 68 MPa, # [ 1. 65 GPa) , 3% 1] fEJ2 H Kl
PEFH I A 25 4 WIoE 45 F RV 7K 1 4 FRUIBR AR 45 440 Fr) B
IV B0 . 2RI e 5 A AT 55 28 A1
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SR 6. 33203 NB] T 13. 45%, X JEH TR
UK BN E 30 F R 9855 . 283 140 °C
IR AL 1 IS 1 PyAPEF - 140 AR SR AR 45 9% 5
AT 5 B (Al PR 437 4 5 B2 2ok 46. 42 MPa) , J2
Nafion 212JE(17. 0 MPa) iy 2. 7 1. W] PyAPEF
AT RLEA I 5 0 T 2P .

iH A RERE (EDS) A 4 o+ 0 (085 (SEMD X

PyAPEF-virgin

PyAPEF -virgin fil PyAPEF - 100 fE#E1T T 22 1 43
B SR 5 B 253 BRI K - S JTER B AR X
EE RN B 2RI AN ISk i
JiKJ5E 9 PyAPEF - 100 JIE 14 3% T 0L I 550 £ B0 5 B
AR ACR B X 3 AT 8 55 9 ik S BUBR ™ A W
MR A G B g R 5 PyAPEF R AYH ik
R T AL BE IS R A R (K 3D .

Regulus8100 5.0kV 6.8mm x100K SE(UL)

PyAPEF-100

K5 PyAPEF (% EDS #3570 7 Al SEM 734

Fig. 5

2.3 PyAPEF [ER B jith e
¥ PyAPEF fif 23] VREB i jth o, 75 AR H
it BT I LR b R R AN B 6 B, — R
W FUES 18 38 23 0 I 1 PR3 ™ A B R
H5EAESIE 2SR Nafion 212 JAH
H. . PyAPEF Jiifg CE B BAL T Nafion 212 I, X 7F
AWK H Y 25 FE U A AR e [ 6 () ], 3X
JEH T PyAPEF JB N 1E Hi, fif 1) bk g £55 56 AT R
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Fig. 6 Battery efficiency of VRFB with PyAPEF and Nafion 212 membranes
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Fig. 7 Discharge capacity of the VRFB with PyAPEF-100 and Nafion 212 membranes (a); cycling performance of VRFB
with the PYAPEF-100 membrane (b) ; VO** concentration of PyAPEF-100 membranes versus immersion time (c)
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Preparation of pyridine-type partially fluorinated adamantane-containing
poly(aryl ether) membranes and their performance study
in vanadium redox flow batteries

ZHANG Xinyan, ZHANG Bengui, ] IANG Sinan,
PANG Xinyu, LI Tao, YANG Yuchao, ZHANG Songwei

(School of Chemical Engineering, Shenyang University of Chemical Technology,
Shenyang 110142, China)

Abstract; Vanadium redox flow battery (VRFB) has high intrinsic safety, capacity and power decoupling,
and shows good application prospects in the field of large-scale energy storage. As a key component of
VRFB, membranes have an important impact on battery performance. Existing membranes used for VRFB
are either expensive or have poor ion conductivity. Therefore, it is of great significance to develop new
low-cost and high-performance membrane materials. In this study, partially fluorinated adamantane-
containing poly(aryl ether) was synthesized, and pyridine groups were further grafted and functionalized.
After swelling-induced microphase separation, PyAPEF membranes were obtained. PyAPEF membrane
showed low area resistance (0. 13 Q ¢ cm®), low swelling ratio, and high mechanical strength (>46. 42
MPa), which was better than Nafion 212 membrane (area resistance 0. 13 ¢ cm’, mechanical strength
17.0 MPa). At a current density of 200 mA/cm?, the PyAPEF-140 membrane showed excellent energy
efficiency (EE=84.59%) in the VRFB test, which was higher than that of the Nafion 212 membrane (EE
=380. 37%). In addition, the PyAPEF-100 membrane showed stable battery performance in 1 000-cycle
tests, showing good membrane stability. The PyAPEF membrane prepared in this study achieved excellent
battery efficiency in VRFB and has good application prospects in vanadium redox flow battery.

Key words: vanadium redox flow battery; ion exchange membrane; adamantane; perfluorobiphenyl; pyri-
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