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Abstract: The performance of proton exchange membranes in vanadium redox flow batteries directly
determines battery efficiency. Sulfonated polyether ether ketone (SPEEK) membranes demonstrate great
potential to replace Nafion membranes due to their simple structure, controllable sulfonation degree, and
cost advantages. This review focuses on SPEEK-based membranes, centering on the core issue of “how
to balance proton conductivity and vanadium ion permeation resistance”. It systematically summarizes
mainstream modification strategies including organic-inorganic hybridization, cross-linked structure
construction, surface functionalization, and porous structure regulation, with a focus on discussing the
enhancement mechanisms of different modification methods on the selectivity of membrane materials.
Finally, the challenges faced in the development of SPEEK-based membranes and potential future research
directions are discussed.
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Figure 1 Preparation process of SPEEK
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Figure 2 Strategies for improving the performance of SPEEK!®!
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Figure 3 (a) Schematic diagram of SPEEK/FCB composite membrane; (b) Mechanism of vanadium ion migration interference in

SPEEK/GO composite membrane; (c¢) Schematic diagram of organic-inorganic hybrid filler doped membrane; (d) Schematic

diagram of interaction between SPEEK and PEI®!]

w16 f% . 5 IEHLAUR IR R AL, = 4Eg oK R
15 SPEEK I AH 25 11 73 22 #% 0 Pk fil. 70 N
R, 75 YA kLR T 5]\ B £ B8 5 SPEEK it
% 00 2 18] %2 B AH FAE FH (9 8 B8 1 (1 — OHL,
—SO;H. —NH, %) DL E T —H MMHE
P [, X fE B4 B8 5 SPEEK fift e (1 5%
AV RIVER, 3 — 05 A MR A Ak 2 1 R
MRS} RaE M. Zheng 25 PV T4k 7 884 (sGO)
5] N SPEEK, sGO & T [ 7 ik 25 [4] v] $2 L 201 4 (1)
T AL, FE T AEGNK S50 5 v e SR T AR U S
FfERE T R EB@E s e, A BT & 1%
$47 M. Kong % P21 Liu 2 BV 5y 51 5% FH i oh g
A7 897 (NH, — GO) Fil 2 — i 2R 47 8845 (GO —
NH,) #4745 24, $i# ik — NH, 5 — SO;H & i %
FR BT, KRG R S A, A s 7 kS 5
EIEAR Z A AR . BhAh, 184 HoAth SPEEK
B IO RS R AL P gk P
R RO 7). SRk, —4Egh K iE
BHE 3 E T M LZEA PERE, (B35 SPEEK A%
PEAT AR it — 20 Ak

2.1.3  HHL- LA R}

AL - TN IE R 3 EAAFE &8 A UAES
(MOFs) Fl LA/ A HLHEZE (COFs). 1X A4 kA I
()AL &5 R ot F s S it 1 B i asaE, s AL
RS Re SR LR T A R Ay . [FIRE, H 5
A LA FE R 558 R . BT VRFB
T AR 52 N R R 25 1F, 2% S MOF # K}, i R
A 57 1) Ze-MOF BF ¢ 5 N 32 . Liu25 P ik
# UI0-66 % %1 MOF 5| A\ SPEEK A rf (411 & 3¢ filr
7~)s H0.55 nm & il iE, /DT AKEPLE TR
SV 440,72 nm, V3 4950.82 nm, VO* 414
0.65 nm, VO, %15 0.63 nm), [A] i} #8445 1 (Hs0,"
5 0.24 nm) @ i, {8 SPEEK/UIO-66-OH & & 5 11
BT i Pl SPEEK R T1IL 2 1% . fH 23t
A R (4] 2 R) PR A E A P 2 {45 B 7 ik (A1 49 o
FHETT SR 715 S35 F B . Zhang %5 P81 4E Liu
S AU BB T 2 Rt MOF A4k :
P Th i 1 T TR 15 10K 1 35 ] ) IM-UTO-66-AS, 75
R £h HE ] 5 R 3 ] 1) UTO-66-PS, A 2t H
TR RERE R B A S R TR SR T R



VAN

578 7]

h=x
=]

%

DI 8 2026 4

R AP, COF 7% Ve % 0 B 2% 1 55 MOF
— 8. Li%e Pl % 7 h# Ak Schiffiig X 45 % COF #1
K} (SSNW-1) K5 F 8 N\ SPEEK H i % 2 & Ji,
% COF & & [ FLA% (0.48 nm) [ 13411515 % 0L 2 1%
%, RIS LR TH 2 (1) K AR 38 AT A B 17 i
R £ 5. R MOF 5 COF 7 SPEEK Ji5 g 14
HEIE T R iz, (E 2 BR T A - FeoE
RS, RTAAE LS TR Tk Ak A=

214 ST IR
B T IRV B B 0 7 S K T RE I
774 5 SPEEK ¥ i AL VR il 2 B & i, %IJH%D/\

TR E W BE R S5 K RV 5 SPEEK 2 [8] T Rl ) 31
TR EI IR 4, PR R G B R Bh, DLk
BB R, FESN2K, —KRHE
TR S SR R AT Ik s, 9140, Zhao 25 POVEE
SPEEK Hs N5 i 3. £ M5 (PVDF), Hi vy 45 i [X 45,
VE NP BEAZ I i, A8 5 JETE RS € I R 254
[F) B, i) PVDF (1) 1 45 i 45 P R0 7K 4 Sk 4170
JEENK, NBERTH T N ER &1Fik#F
PE 4l SPEEK #2151 8.3 1%, Lt Nafionl17 $2
5.71%. 15,2 H T PVDF A &3 LM 1% 6

bt %5 PVDF I VR & 13 i, ’EAH;-:EI’JID"i%%%iK
BB, I, BE &S FREYRIER
BB EER,

A —JRIERt 4 i 5 SPEEK s i 5 A1 40 H.
VEFATE BB AC Bk . Liu%s PU7E SPEEK 5| A%
Tk 195 IV i (PET)(1&] 3d), 470 HE A2 5K 19 W IR 25 74 1 T
AT B F3IE R KR T . 5820 PEI =%
P B2, S 1 B 5 R R T (Y AR EL AR P, Mt
TN R0 2% S5 4 . Chu 25 B35 sk e o Rg Ak,

(1) 5 R TE I SPEEK. Hh il 45 P 14 i o IR Mef o 2
F X3 G F 19 Donnan /£ . 5 SPEEK fiff i % [4]
Z A B F AR AH ELAE AR ) 44 25 4] T 7 7
PRI IA K 56, L [FA 20 790 T IIE .
Qian 25 PN G+ 1 3 B (0 4 R 3 141 )
o TR, R H 5 SPEEK Tk 1% 4 (41 1) [ 4
LS T R TR NS E AR B TR IE R I
e (A W RS 1 BUK A DA 8 1Bvivk 3 W =1 e s 34
Fay, A1 A B0 L RV, AT R A 1R 5
22 eENMHE

A2 P (1 A% 0 B ) 4K 27 SPEEK
5 A SRS W B Y S AS IS5 1, B7E SPEEK U]
B Bl NDhREEE A, DAL A M BHLAR . 5 i
PEAE. Maranesi 25 B B8 F — B L0 AR i
1) 4 ¥ SPEEK I 7F 150~180 °C I, SPEEK %
Ttk /2 5= 41 (— SO;H) 2 &5 73 — 2% SPEEK % (1) 5
B IR 2 8] T AT (0 B 4a TR ). Kim 25 PR
FaX — b, #4875 (2,5- A ke ) 2 b A AL
1 22 4% (ABPBI-GO) 5 2% I = i 4k i SPEEK 42
WCHEE o 2R B S — T T 3o AT I B 1) b S B
A 2 A8 BR A5 R, o — 7 TH ABPBI-GO H ] Dk I
B 5 R A YEE R IR 5 ] 2 18] O R BoAH ELAE
FHAB AT T RO B AR R S5 0, 526 R B RS e
BTG . b2 S BRI 2 55 4 B A IR T 44 SR A
B IR B2 B 2k A v . LiZe PR A [F TRl
TR 77 2, X SPEEK A B gk 44 () % 12E 47
PR U, B A T 1 I R S 4] (] 4b iy
7Iv )SPEEK 43 ¥ 5 [] (1) 22 %% (— NH,) 5 fif g % [4]
(— SOH) KAMHAEH, A BRI #EF2 5. Fish
SN R BE R B T =i T i S 2. UM

OO"OOO”OQO”‘
O 0O OO 0O

{ Q HAoH-o-otol-o-otol

so2

N
SO;H

B4 (2)#BSPEEKPT; (b) SPEEK-SAL
Figure 4 (a) Thermally cross-linked SPEEK); (b) SPEEK-SA?!



4 3 I B YTAE: Bl SR TR % A SRR P Tt RS AT 7 i e 579

BB 4l SPEEK IR & T L3715, 5W
BB A b, Ao M B R A A S =
et S gia ettt (HERl& T2 EnE
F, AR Ry, A AT KB AE = T 2K
23 EEI1ZHE

& 4t SPEEK 5 & 55 22 SR i 48 5 ] 4% 5 )2
SER, JTAER, WFFUN B I ot T 2R AR T
PERE I FRAR AR 0 WL %) o2 ) e 5 s 9 A
FREE B2 2 B 2 H & 2 20 A I
T L BRI T T2 TR L B S e S L R A B 4
T £ 1R 22 FLEE R B2 6 T DL SR B B AR
Ji 2 (FDM) AR 1] 2% ¥ 3D 4T FlI i
231 ZEEAME

ZEE G MM AR EREUE 2 2 85
(B 5a 7R ). S8 2 57 57 DR B B2 4 (1) 45 1)
FaE i, B E 47 T AR S AR LS 52
X &g, W2 R SEIE G I 25 Gt Re i k.
Jia 2 MOV S 2 (TPA) 55 SPEEK ISR &, K %
FLE SRR (PPYIR AL, il 1 = WG F B )
SPEEK/TPA/PP Z& 4k, il (S/T/P i), PP 3¢ 4 2 i
FLIFE 5 B 202, M P9 B3G5 5 G I i) A e 1k
R T 2 SPEEK FEATUAR 3 5 AN 2 1) vl it o ok
TR E LE RN R A BT B, Zeng 25 AR
% VRFB R PE i Il 4 7 2R VU9 £ M (PTFE) 4
X FR A 78 5T A8 # JEL, 43 3 K SPEEK Al SPEEK/
UIO-66-NH, He#5 7E PTFE Wl (41 & 5b~5¢ fiw ),
P T A4 T R L b S R P A o R T S R
PSR Ty, DA GRS 5T 1 A% i 14 e SE 4R 1Y) SPEEK/
UIO-66-NH, = (% MOF) & [a] £ £t . M 1E 4 — ]
ikt S MOF [ 2 B4 FEL R UL, SR A 41 SPEEK
2. 7£80 mA-cm > HLR % R, A MOF ) — [
1] 1B RS B R 69.66%, B i T % 2 B A
IERRIN ] 62.37%. %5 & WIS 78 7 #H VRFB
IE AR s SRR, BRI Th AR )2, &
SRR, FEERMNE, ZEE A RS %
T2EE 4, KW TS B2 Bk
ARG, H R DS kA
232 fLBIHAR

LB A = TR EWER B Z RS
VB, R A AR R S B, 2 LR
W FE R AE SO 2 R S IR AR 25 1 (18] 5d)
Han 25 214 SPEEK %% 4% 7F TiO, 44 >k 4% b B 1%
TR, TiO, YK ARRR IR AL 45 0 =3, Wit 5

SPEEK [fJAH F 1 FH PR il B i, 4540 8 1@ 1,
KIEBEARLIBE H I B ik Bt Fryies
AT HERSHE T I, T2 R G 8CEH,
L S T 4% 2 FLIE R . Qian 25 M3 i #
9 22 3 R 1] £ B R ik [ ANk T RE Ak ) SP@f 9
K LT 4, L\ SPEEK JE i b ) & FLISE 78
MG A, SP@IGUKEFY4ER) =5 58 A 1
(1%t A 5 T2 P TR A A O A e 1, Ak e
BB — Do, FLBRIE A X 2 FLER R 1 5
R, Hfil & T2E 2, KR FEfE LS A
TR T AR A=
233 MHEHmREEE

FHEE ALV P LLARTE 71035 S5 AH 2 25 (NIPS) V& i
N o ZT R RR N AR A R (K )
A S 3R A B B 8 S BUR A G
B, KA T —TORE 43 B B - B AL, TR
AR AN FLER H (0 B Se iR ), 5 SPEEK
HATHE A, Lue™IE 2 5L R B (PES) T 5] A
SPEEK, #fi7k PES F13% 7K SPEEK 7£ [ 44 i F2 v &
A, TR LG . B E SRR AR
BRI, TRV ZE RO R R, Bl R Ik [ i 4
HHEFLIR I %%, SPEEK 83t 1T 7 EHE, F S5
T AL BEREAS T T I0AE X, SUORBE i T
FE 5 I % 8 . 8 2% R 1) VRFB 1 i (P & 3%
999.21%, He & AN EH N 91.62%) N H A fr il iE
e REZ — . ZMlHh, Chen 25 1OV F) F firy ik A
Bl % 2 LI . 4T BRASAR V Hin \ PES/SPEEK
TR 5 Y VI R ) R A B9 i 1) 6 P, TR P T
Bk e, H14 R R FLAR R 22 AL . o] 4 TR AR T
HH AN Ay Nafion 1151 1/10, SR AH#E 401k
A — A 5, AHH LR IR A &), A S fa
EMEAFE— BB
2.3.4 3DITEHI

3D T E L FH A% i TR BB v (FDMUVE) ]
Fro JEIT ARG ME (I A R AL, B AR
P2z, BRI E R TR — BT g .
A I A A I RS sh I, 12T B, BB 5 Rk
JELFR 1) 2% (0 B SERTZR ) o 3D AT B L /] LA
AT BT R AR5 T LT S50 ™, Thiam 25 4
F) FI FDM i ffil] 4 1 PEEK i, J8 13K PEEK i &
T TE R BR R V2 VR 25 5 1~ 7K R U4k RO 406 34 20 Rt
HE AT T AL, 75 3 3D-SPEEK 5. 1) FH mi 5 i 1
A SO AT AL S e 24 4% 1) 3D-SPEEK



580 R

2026 &

(b) @

(a)

O=S=0

O=S=0

UIO-SPEEK / \
PTFE \
OH
| CI)H Vi
O=S=0 -10n
C"H | 0=S=0
0=S=0 |
| SPEEK
(d) ()
(e)
0)
O O oooooooooo
o> o (99900

5 (QZEEAEIIRER;(b) U-S/P/SHRIIRER; ()2 )2 B AR & B ()FLIE TR AR & B () AR F A% Il 2 1

JELFR) 7~ 3 18 s (F) FDMIVE il 46 (A JE 1) 7 o 1

Figure 5 (a) Schematic diagram of the multi-layer composite membrane; (b) Schematic diagram of the U-S/P/S membrane;

(c) Schematic diagram of the multi-layer membrane mechanism; (d) Schematic diagram of the pore-filling membrane;

(e) Schematic diagram of the membrane prepared by the phase inversion method; (f) Schematic diagram of the membrane

prepared by the FDM method
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Table 1 Comparison of battery efficiencies of SPEEK-based composite membranes applied in all-vanadium flow batteries
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