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Preparation and properties of sulfonated poly(fluorenyl ether ketone) proton
exchange membranes for vanadium redox flow battery

YE Zhoulin, XIONG Lei, LIN Qilang, CHEN Dongyang’
( School of Materials Science and Engineering, Fuzhou University, Fuzhou 350116, Fujian, China )

Abstract: Poly(fluorenyl ether ketone)s (PFEK-x) were firstly synthesized from high-temperature
polycondensation of 9,9-bis(3,5-dimethyl-4-hydroxyphenyl)fluorene (DMBHF), 9,9-bis(4-hydroxyphenyl)
fluorene (BHF) and 4,4'-difluorophenone (DFB), herein, x=30, 40, 50, and refers to the content of DMBHF
(based on the amount of substance of DFB, the same below). The PFEK-x obtained were then brominated
by bromination of the methyl groups and then reacted with sodium 4-hydroxybenzenesulfonate to yield
sulfonated poly(fluorenyl ether ketone)s (SPFEK-x) with different ion exchange capacities. Finally, novel
and low-cost proton exchange membranes (PEMs) were prepared by solution-casting SPFEK-x into
membranes and acidification. The samples were characterized by '"HNMR, FTIR and TGA, followed by
analysis on their properties. The results showed that SPFEK-40 membrane exhibited excellent
comprehensive performances, such as high proton conductivity and icon selectivity, low VO** permeability,
and low surface resistance. The energy efficiency of vanadium redox flow battery (VRFB) assembled with
SPFEK-40 membrane reached 88.2% at a current density of 80 mA/cm®, higher than that of the VRFB
assembled with Nafion 212 (84.8%). In addition, the discharge capacity retention ratio of the VRFB
assembled with SPFEK-40 membrane after 30 cycles was 84.3%, which was much higher than that of the
VRFB assembled with Nafion 212 (66.1%). Moreover, the synthetic route could be scaled-up easily since it
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was based on inexpensive raw materials without dangerous sulfonation reactions. The SPFEK-x membranes

also displayed good mechanical properties and oxidation stability.

Key words: vanadium redox flow batteries; proton exchange membranes; poly(fluorenyl ether ketones);

proton conductivity; energy efficiency; functional materials
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(1.2 mmol ) DMBHF, 0.9812 g (2.8 mmol ) BHF,
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WK R RRK ; 3, dRSEAERTE T I
M1 h; SRIGTHE R 165 CHARZLI N 24 h, W4
RIS EI R ORI, B E R LB T KU,
SUR - Fanl = R BN K N Tl Dt/ O =
Fi N EAE A AR b, ®EIERE 12 h 53
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97%. Har=Ynl e kA L, [HxE DMBHF 5
BHF 24y & & DFB #)J% &4 4.0 mmol,
HA &A%, R0 DMBHF % 4, #f DMBHF
PRI ER 1.6, 2.0 mmol 145 (5 25 Bkl iy 2
PFEK-40, PFEK-50,

122 $#4E % EE ( Br-PFEK ) #94-%,

LI NBS X PFEK-x [ (78 H et ik, Hi
NBS ffi R B2 R P RHY M EN 1.2 5. L
Br-PFEK-30 B & M5 . e G i idkss . [l
BB . KR A S AT 50 mL = FHRE
JIIA 1.0000 g PFEK-30 ( i, JREELY A0 &4
2.18 mmol ). 15 mL 1,2-"5 %%, HLLRE S+,
HREYWEEEMIGMA 04665 g (2.62 mmol )
NBS, ZJETHEZE 85 °C; ¥ 0.0317 g (0.13 mmol )
BPO Af#7E 10 mL 1,2- A2k, FIHE &1
1~2 h ks BPO A B & & H, BPO Jin5e
JE ARSI N 6~8 hy S 45 IG5 BIRG L AR, %
W T WA PR P AT S 9 € 1) T IR 4

U A R TR R R LA IR A AR AR
Birp, BEIHEEE 12 h Z SR E AR BT, A
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SPFEK-30 f& BRI« 10 BC AT #E i pi b . nhm e
BEE . /KA A AT Y 50 mL = BRI A
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WIEHFTRGYHRBEEB4S (X7 R
. 12000 Da) BT 3 d, ML 38 O R =Y
SPFEK-30, =3 90%., %[ iR [R I o & ik
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REWN A USSR A R .
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AUE, IR TR 0.5h, #E Lh)E
P FRBIEKCHCE B MR L, #E 80 °CF T4
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W, SR IE R R e LB KR A AL
1.4 FRAEFEFAEBE MK
1.4.1 KRA4E7 %
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FH A L i AR 30 21 S0 G 35 A, 9% 8098 A 4000~
400 e, HIFIFE N 0.2 cm™'. TGA Mt MR
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IR EJEE A 100~800 °C, FF7E 150 °CAbF- IR
30 min DABR 258 B8 7K - TS 7 o 2 BRI
KR T RE R 7B ML, W R A A R D) AR
1 emx 10 om £ 4%, 26 A e B 7E 20 T MR RE 5 1)
Frffh e, HrhEeRE e K S mm/min, 857 4 WK
W IME . WK A KL I E PEMs
(80 °CT# 12 h) £ THRAE T 5N R E
A2 BTk 24 h 5 TR R BEAR AL, KRN
FEEWG K 5 9 BT S 3G I S 00 R BB i 1) LU, K
8k S K 1) B R 338 TIN50 e A 5 %) E A o
KH Fenton i3] (IAKFECN 3% H,0, F1 6.58x
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YRR AR I 8] L RIS 1 h i e B B R
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e, i (1) %F [EC #EfTitE .

AV xc (1)
m
AP IEC HE T, mmol/g; m N PEMs
Fitt, g; AV WIHFER) NaOH R AR,
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J AL TR M« SR F A A 28 i B BT i ( EIS )
MAE, MR e B 5 SClk[39-401h AR IR o 32 i o
mma A 1 emx5 cm PYEEIE , A ge Hrp, 2%
FERB AR T AEAS [ BE R S T, I st A A 2R
JEEIAE 1x10°~1x107 Hz Z[a], A4 125 0 45 iy
Nyquist i BRI & 5%, #:L (2) #1715

a:ixmoo (2)
RA

K. o AR TFAESE, mS/iem; L PN Z [E A
P, cm; R AFESEBE, Q, MadiEEL Nyquist
TEE LR EAREE]; A4 MIRARSEE R, cm?,

TR FEL BN 38 0 58 i BT AN A2 , 464 PEMs
FEARAE 1.0 mol/L VOSO,4+2.0 mol/L H,SO4 IR A VAR
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Q.O SPFEK-x (x=30, 40, 50)

HIZ i 24 h, SRE ST B BRI, AL St
Gy RWEERAY , H ) A BB IR Y R A, R A
ARLHEFN 2.41 em®o AT A9 AT R VL FLAE 1~
10 MHz Z 1], THHBHIE (3) #F47IHE
AR = (R, —R,))xS (3)
. AR WL, Q-em?; Ry b T 413 AL 5 1)
B UL BH , Q; Ry AR ZEAE T AL T i B, Q;
S A HEEE LA RE L, em’,
VO™ & i R ARG SCHR 41700 52 o ¥ 35 mL
1.0 mol/L VOSO,+2.0 mol/L H,SO, ¥l 35 mL
1.0 mol/L MgS0,+2.0 mol/L H,SO, % Wi v A Hi 43
BIPANEAEan o TR T E S P PRI
JFEWIRAE MgSO, W, i FHEE40-7T W4t B
PRl VO, VO BIER (D, mYs ) Hia (4)
A
VB%:A%(CA—CB) (4)
Ko Ve i MgSOL AR, mL; cp I H MgSO,
I AEATAE T VO B E , mol/L; ¢ il fa],
s; A NWIERES AUA IR, cm?®; L g REEE 5
MRS, m; cah VOSO, FIFTIRH B, 1.0 mol/L.
VRFB PERRINA : (A A Ak TARR I,
PEMs %¢ A VRFB %8, A R0 ik mm R
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9 cm®, MISCMHAIITE IR F k4T, M, I Hdk
SEWBOR 2 512 A 100 F1 50 mL 1.0 mol/L VOSO,+
2.0 mol/L H,SO4 IR A ¥ W , ¥ I £ &7 200 mL/min,
B EIEE N 0.7~1.7 V., B E SR
(CE). HLJERE (VE), BEHZE (EE) nLIH
FUMCHR MBS H, W (5) ~ (7) FiR:

t
CE/%=-4x100 (5)
tC
IVddt
VE /% = %100 (6)
J.Vcdt
EE/%:EXIOO (7)
CE

e o T g 235 SERCRECR I E], b v A
Vaar il g se e AR R L, Vo

2 ZHR5WE

21 BEMHIRAI
PFEK-30. Br-PFEK-30 F1 SPFEK-30 f) 'HNMR
TEENE 1 PR,

+a \+
G "

a,when R=H

a, when R;=Br

p—

DMSO0-ds

Fhe

2

K 1 PFEK-30(A). Br-PFEK-30 ( B) #1 SPFEK-30 (C)
#) "HNMR & &
'HNMR spectra of PFEK-30 (A), Br-PFEK-30 (B)
and SPFEK-30 (C)

Fig. 1

1A AL, & 7.28 A& EF15 516K CDCl,
w6 2.01 AME 51§13 JE T PFEK-30 H i K H
3 EEET, §6.50~8.20 ZufE S IEIH)E T I

FEFE T, R 1B AL, 62.01 AbZEH 3 F SR T
{E 50N, TE 6 429, 4.32 A T B iy &k
TE50, HJET—CH,Br Wy4ERL, TFI D& L
T Br-PFEK-30. i #F—CH,Br &l 115 S 5 R K
SR S Wi ERE i TR AN A A D 3
Br-PFEK-30 AY7RALFEFETE 90%LA . HEl 1C AL,
8 2.50 AMMF 58 DMSO-d i % . i b Jm 19 3R &
YR B —CH,Br &l 11551, IMi7E J 5.16 &b ih
BT B R TE S, UE & L T SPFEK-30,

PFEK-30. Br-PFEK-30. SPFEK-30 f# FTIR i
EnE 2 Frs.

PFEK-30

Br-PFEK-30

SPFEK-30

—SO;Na

3500 3000 2500 2000 1500 1000 500
WeE/em™!

K 2 PFEK-30. Br-PFEK-30 1 SPFEK-30 f) FTIR &
Fig. 2 FTIR spectra of PFEK-30, Br-PFEK-30 and
SPFEK-30

A& 2 AT 0L, 3 AR AL Y FTIR 3% 5 DL F 2[R
(IR 3062 em ' Ak 35 C—H S 46 4k 3
WL 5 2955 F1 2926 em ' kb F KL BRI F 3 |
i T C—H S 1) i 45 i 3 W A0 5 1600 T 1488 em™!
A G 90 R 2R I AN O6F B FRO6E B BR Bl R g . 5
PFEK-30 [{Y) FTIR 3% & A I , Br-PFEK-30 7£ 697 cm '
A0 B C—Br HE Y PR 30 W Wi g ;. SPFEK-30 7&
1050 cm" A&k HY BRURH; i 56 AT A R AE R i g o 53 41,
TR BRI A WK, O—H #0145k 3 S 5%
SPFEK-30 7F 3412 cm ' &b H B 5E W ic0e , 45 SR 1,
EREY RG] A T BRI A

SPFEK-x 7EMVEIERT T 71 DMAc., NMP #i
DMSO H ¥ B A 5+ i i1 . SPFEK-x 1 IEC 40
M 1R,

%1 SPFEK-x # Nafion 212 Jfiffj IEC

Table 1 IEC of SPFEK-x and Nafion 212 membranes
T i JELJ¥ /um IEC/(mmol/g)
SPFEK-30 85 1.42
SPFEK-40 87 1.72
SPFEK-50 82 1.97
Nafion 212 50 —
e =" AR,
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i 1 Al W, SPFEK-x Y IEC B DMBHF
JCEEHE F HE 3G NS, SPFEK-30. SPFEK-40
1 SPFEK-50 WM E (X IEC 43 %1k 1.42. 1.72 Fi
1.97 mmol/g,

22 MBREURIUBEESF

PFEK-30. Br-PFEK-30 F1 SPFEK-x Ef) TGA

Mk anisl 3 pron, HAREE L3 2.

a
100 £ PFEK-30
s 90
E‘é 80
= Br-PFEK-30
W 70 b
=
60 -
50 -
200 300 400 500 600 700 800
RE/C
100 EP
SPFEK-30

90
R SPFEK-40
¥ g0l
= 80
ﬁ 0l SPFEK-50
HE
60 -
50
200 300 400 500 600 700 800
TEREE/°C
¥ 3 PFEK-30. Br-PFEK-30 (a) J% SPFEK-x (b) KX
TGA Hhk
Fig. 3 TGA curves of PFEK-30, Br-PFEK-30 (a) and

SPFEK-x (b) membranes

F & 3a A L, PFEK-30 AR ad f2 LA —A>
Bk E SR, HREREA 400 CAL, HEA
TRAY) 550950 . 1l Br-PFEK-30 JI5 4 #4073 fift 1ot
AP NP BE: 250~350 °C A TR T 35 35 AT (g 4y
fift; 450 CLLLENRE Y F4E M . H I 3ba]
U, SPFEK-x MBI AR E S B,
A3 VA PR i R L AT 1 IS8 9 R A 1 o0 il . BB
IEC R38N, RGPl ik S I BT e A 1 ek i 6 A 55
HZ, Wik, SPFEK-x e — A mkER
JEREZ 38, & 2 AT, FFfS SPFEK-x BEHY 5%
PORHIRIE (Ts,) $#4>250 °C, BEREHH & VRFB Xf
PEM #fsE PERy 2K .

AL EE R VRFB X} PEM (A B 12
H 2 2 [ L, SPFEK-30 R 240t ] 4 279 min, Bl
% TEC MBG 0, RS 240 [a] 38 25 i o iX 2 i T TEC
) B T BB K R340, T2 F] Fenton 35
oS SAL A FR SR T SR A W B T s R A R

Fenton X7 1 h J&, SPFEK-30. SPFEK-40, SPFEK-50
JE B B3R B R 96.2% . 95.1% . 93.2%, H:
FRT P I T Nafion 212 JIEEFY) 98.9%., 45 00,
SPFEK-x HEHEA RIFMA L EM . {1 SPFEK-x
FEE 1 2 HH Tk 45 4 1 SR A AR MRS T 5 4 05 Rl
PEREAL RIS R, X TR e A Y
FRPCPE DL — 2045 i S AR e M R I 22 00
I

% 2 SPFEK-x #l Nafion 212 JE £ $k BE A48 Ak A 2 1
Table 2 Thermal stabilities and oxidative stabilities of
SPFEK-x and Nafion 212 membranes

AR E P

‘o .
i Tl A min R R
SPFEK-30 321.5 279 96.2
SPFEK-40 282.3 234 95.1
SPFEK-50 256.1 156 93.2
Nafion 212 357.8 — 98.9
Vi 7 fRFA,

2.3 WKERBKESH

PEM TE T BB LA FHEEST, BEANIK D
FXF PEM 19 BT F &4 e & thoe PE R PE AT, X2 i T
i B LUK & A8 FE it VEHICLE 5
GROTTHUSS MLl #1732 50, I 1 76 A TR i
JEF SPFEK-x 5 Nafion 212 BRI AK R K %5 K
R, GEE 4 R, B 4 AT, Bl R EE BT
FE R TEC (938N, PEMs BYWE K RN ik R
B AL HEIN . — 5 T2 BT R 3k A o 2R K SR AT
IEC (IMIETE T R AG Wk Br b 55 K il iR 5L A 1 5k
Wy oy — 7 T TR EE A T R e T e R A
IRy Z A B AH EAE T, DTS SO W A SR 38
VRFB — izt TR, HILEE R E R T %
KFEREEIRE, ZR T, bis DMBHF & &9,
SPFEK-x IR IEC M 1.42 mmol/g ¥ % 1.97 mmol/g,
WK 14.6%38 2 41.5%, MIEKRM 9.6%H &
21.8%. 1M Nafion 212 JE [0 7K R FI7 KR 351 4
17.5%F1 6.9%., L T, SPFEK-40 EA1 SPFEK-50
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Fig. 4 Water uptake (a) and swelling ratio (b) of SPFEK-x
and Nafion 212 membranes
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Fig. 5 Proton conductivities of SPFEK-x and Nafion 212
membranes curves as a function of temperature (a)
and Arrhenius plots (b)
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Fig. 7 Strain-stress curves of SPFEK-x membranes
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assembled with SPFEK-40 and Nafion 212 membranes
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