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Fig. 3 Fourier transform infrared spectra of QPTP, QPTP-S5, QPTP-S10 and QPTP-S15
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Fig. 4 The curves of water absorption (a) and swelling ratio (b) of QPTP, QPTP-S5, QPTP-S10 and
QPTP-S15 membranes varying with temperature

AEM i1y OH 533220 AEMWE PERERY
RHEIN R . dl i A AR IR B OH 2 &%
BEEE RS AE . ARl S B, Bl AEM i OH 4%
SREBEE IR TR TS, 5 QPTP AR L.
QPTP-Sx JEHA Hm e T 2R, X2 H T
I T 7K 3 13z 3 s RN AR IS I, BRI

120 —=— QpTP
[ —e— QPTP-S5

—4— QPTP-S10
F —v— QPTP-SI5

)
~
=
]

OH f£3% /(mS - em
3

0 50 60 70 80
R /°C
K5 QPTP.QPTP-S5.QPTP-S10 f1
QPTP-S15 i) OH - 15 T A i i B2 A2 fL g h 2k
Fig. 5 The curves of OH™ conductivity of QPTP,
QPTP-S5, QPTP-S10 and QPTP-S15 membranes

varying with temperature

QPTP-S10 7 80 CHIAY B F1& 30 111. 2 mS/
cm, R QPTP % 83. 3 mS/cm, X FEHH —
RS2 0 42 3 R K R RN 2 25 R T8 16 %
R HEGE, SR, 5 QPTP - S10 JEAH kb, QPTP -
S15 e I H W I 1Y 125 1A% 723 3K P BB 1 T3
o AT 7K SR AT A5 S ) 25 - 28 AR A 2080 2 AR T AT
AR 2 B R B g A BRI L /] 6 ) AFM
I E— RS T Rk
2.4 FERRS. MR ARRE M

K FHA B 0 1 s (SEMD i1 F 7 i 1 s
(CAFMD) S A0 2R 18T B R T S b AT R AE . Horpr, /]
6(a)~6(d) 4 5h QPTP,QPTP-S5,QPTP-S10
1 QPTP-S15 JEfZE IR SEM K14, 8% BT A 3
T8 S IO TCE AR 2 4548, 18] 6 (e) ~6(h)
AR AFEM AL EL 6 (e) ~6(g) Rl I, il —
T B S T 2 38 M0 B PN 2 7K DX (G X0 1 o B
A K I AR B A i 2 . 8/ T AEM
(14 27 7K R G326 30 1 3 PT B e R i 7K
U] R KR B . AR 2 R
fk A i 15 26 I, 3 i i W K SR A fil QPTP -



C 7 BB 2%

5 o A

546 £

S15 [ IOR 73 1 e JBE WA AR » 22 1T 522 i € 14 1
R,

AEM R 47 0 HLAE 5 B2 XF T HL A 7K 9 K 0 iz
fTRECHEE, WA 7 PR, Irf AEM i
JEXAE 25 MPa DL [, Horf, QPTP - S i) A4 47 fif
SR AR T QPTP i, (H LW 2P Ry X
— SR RE2E S RS N O TR A A 1 5 A
P TR WK R AT WL AT A 52 B

VSR T B [ 2 S 30T S 55 BE AY /N R R R
QPTP fEEF1 QPTP-Sx i) TGA i<k aniE 7(b) fr
AN FTATIRAE 100 “C i 5 1 98 A S IR R 7K 73 /9
TR AR — DR E B B A e 250 °C L X 2N
BT I R AR, I HAE 350 °C BRI R AW
EHERREAR . SRR W4 0 AEM B R4
BUARE BE AIC 57 19 P A8 % 1 » BE 6 Wi 2 AEMWE
R 5 2L

100 nm

100 nm

K6 QPTP JE(a) . QPTP-S5 () ,QPTP-S10 fE(c) ,QPTP-S15 () i1 SEM El{%; QPTP lf(e) .QPTP-S5 I (D) |
QPTP-S10 fi(g) .QPTP-S15 i (h) f) AFM A&
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Fig. 7 Mechanical properties (a) and TGA curves (b) of QPTP, QPTP-S5, QPTP-S10 and QPTP-S15 membranes
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Fig. 8 The retention rate of ionic conductivity of QPTP-S10 after 1 080 hours at 80 °C in 1 mol/L. KOH (a);
'H NMR spectra of QPTP~-S10 before and after the alkaline stability test (b)
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of initial water electrolysis and water electrolysis for 72 hours



. 76 - BB 2%

5 oH A 16

(EIS) W R/R  FEK L fEIEETT 72 h 5 B BT RS
AR BT KRS R R T S R RRER
T AL SIS — TR G L X T BE SR IR e
BRI A R RO, 7E 800 h R I HLEA
W B o 1T 2 PR 7K AR o R A AR B PR
W5,

3 %k

ARWFFE IS TR R A RN G T — &R
G EAT AR 2R B k5 A LU 5] B 3R 0 SE B 5 528
JE, RGEPRTT T AR Ik 5 e Xof S B 1) 52 i KA
GERFM Y R AN 10 %0 (BE IR 430
I BT 2 19 AEM R 38 L SR 0 i 25 5 P g - HAE
80 C TH OH £S5 RHE G, ik 111, 2 mS/cm; 7
80 °C .1 mol/L KOH &M H i1 1 080 h J5,OH™
1 IRARAE RN 89. 390 5 b — A Ks H2H 25 oK Ha it
8,78 60 °C.0.6 A/em® M 1 mol/L KOH &4 Fi&E
ZrizfT 1 385 h, K HLff A iy 2848 7 0. 15 V., 5k
ML E s iR e, ATERVLELTIAT
A SRR A5 IR S W A S A T T K
R R PERE VK F i AEM 19— TR RO IS

S 30k

[1] Lu X, Zhang Y, Ma X, et al. Hydrogen bond network
assisted ultrafast ion transport of anion exchange
membrane grafting with covalent organic frameworks
for hydrogen conversion[]]. Angew Chem Int Ed,
2025, 64(21): €202503372.

Zou W, Tang G, Peng K, et al. Quinuclidinium-based
microporous anion exchange membranes for water
electrolysis[ J ]. Angew Chem Int Ed, 2025, 64(45);
e202514264.

Tuluhong A, Chang Q, Xie L, et al. Current status of

[2]

[3]
green hydrogen production technology: A review|[]].
Sustainability, 2024, 16(20): 9070.

Naik V'V, Koorata P K, Sampathkumar S N, etal. A

review on transport properties and performance of

[4]

commercial and novel membranes for anion exchange
membrane water electrolyser [ J ]. Int ] Hydrogen
Energy, 2025, 184. 151891.

Hu Y, Xiao Z, Xia D, et al. An attention-enhanced deep
learning framework for designing alkaline anion exchange
membranes| J]. J Membr Sci, 2025, 733: 124273.

[6] Yang B, Cunman Z. Progress in constructing high-

performance anion exchange membrane: Molecular

design, microphase controllability and in-device

property[ ] ]. Chem Eng J, 2023, 457 141094.
Li X, Zhang B, Guo J, et al. High-strength, ultra-thin

anion exchange membranes with a branched structure

(7]

toward alkaline membrane fuel cells[J]. ] Mater Chem
A, 2023, 11(20): 10738-10747.
Zhang F, Zhang Y, Sun L, ez al.

with an

(8]

A m-conjugated

anion-exchange membrane ordered ion-
conducting channel via the McMurray coupling reaction
[J]. Angew Chem Int Ed, 2023, 62(4): €202215017.

Chen W, Hu M, Wang H, et al. Dimensionally stable

hexamethylenetetramine

(9]

functionalized  polysulfone
anion exchange membranes| J]. J Mater Chem A, 2017,
5(29): 15038-15047.

[10] Xu F, Chen Y, Cao X, Comb-shaped

polyfluorene with variable alkyl chain length for

et al.

application as anion exchange membranes[ J]. ] Power
Sources, 2022, 545. 231880.
[11] Fischer L, Hartmann S S, Maljusch A, et al. The
influence of anion-exchange membrane nanostructure
onto ion transport; Adjusting membrane performance
through fabrication conditions[ ] ]. J Membr Sci, 2023,
669 121306.
[12] Park H'S, Hong C K. Anion exchange membrane based
on sulfonated poly ( styrene-ethylene-butylene-styrene )
copolymers[ J]. Polymers, 2021, 13(10): 1669.
[13] Tian D, Park S, Jo S,

postfunctionalization and cross-linking of epoxidized

et al. Simultaneous

polystyrene-b-polybutadiene-b-polystyrene for anion
exchange membrane[ J]. ACS Appl Energy Mater,
2024, 7(15): 6209-6219.

Zhu L, Yu X, Peng X, etal. Poly(olefin)-based anion

exchange membranes prepared using Ziegler-Natta

[14]

polymerization[ ] |. Macromolecules, 2019, 52 (11):
4030-4041.
Liu F, Miyatake K, Mahmoud A M A,

Polyphenylene-based anion exchange membranes with

[15] et al.
robust hydrophobic components designed for high-
performance and durable anion exchange membrane
water electrolyzers using non-PGM anode catalysts[ ] ].
Adv Energy Mater, 2025, 15(25); 2404089.

Price S C, Ren X, Savage A M, et al. Synthesis and

characterization of anion-exchange membranes based on

[16]

hydrogenated poly ( norbornene) [ J ]. Polym Chem,
2017, 8(37): 5708-5717.
[17] Cao D, Sun X, Gao H, et Crosslinked

polynorbornene-based anion exchange membranes with

al.



523

R SCIESE  JR R E — X) — IBOR SRR DR E B 1 S P T K LA

o 77 o

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

perfluorinated branch chains[ J]. Polymers, 2023, 15
(5): 1073.

Zhou X, Wu L, Zhang G, et al. Rational design of
comb-shaped poly (arylene indole piperidinium) to
enhance hydroxide ion transport for H, O; fuel cell[ ] 7.
J Membr Sci, 2021, 631. 119335.

Song W, Liang X, Zhang H. et al. Ultrathin anion
exchange membranes with an improved OH™ transfer
rate for high-performance AEMFCs[ ] ]. ] Mater Chem
A, 2022, 10(40) . 21503-21511.

Chen N, Hu C, Wang H H, ez al. Poly Calkyl-
terphenyl piperidinium) ionomers and membranes with
an outstanding alkaline-membrane fuel-cell
performance of 2. 58 W/em?[J]. Angew Chem Int Ed,
2021, 60, 7710-7718.

Xu S, Wei W, Su X, et al.

copolymer based poly(isatin terphenyl) anion exchange

Crown-ether block

membranes for electrochemical energy conversion
devices[J]. Chem Eng J, 2023, 455 140776.

Thanh Huong P, Olsson J S, Jannasch P. Poly
( arylene alkylene)s with pendant N-spirocyclic
quaternary ammonium cations for anion exchange
membranes[ ] ]. ] Mater Chem A, 2018, 6 (34).
16537-16547.

Olsson ] S, Thanh Huong P, Jannasch P. Poly(arylene
piperidinium )  hydroxide ion exchange membranes:
Synthesis, alkaline stability, and conductivity[ J]. Adv
Funct Mater, 2018, 28(2). 1702758.

Chen K, Liu A, Zhang X, ez al. Highly stable poly
(diphenyl sulfide piperidine) anion exchange membrane
grafting with flexible side-chain cationic group for
water electrolysis[J]. ACS Appl Polym Mater, 2024,
6(22): 13937-13948.

Li L, Lin C, Ma X,

membrane electrode

Rational design of
durable

et al.

assembly for anion

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

exchange membrane water electrolysis[ J |. Chem Eng
J. 2025, 508. 160916.

Liu J, Gao L, Ruan X, et al. Highly alkaline stability
poly Caryl ether piperidinium ) anion exchange
membranes with partial aryl ether segments[J]. Chem
Eng J, 2023, 471. 144547.

Zheng W, He L, Tang T, et al. Poly(dibenzothiophene-
terphenyl piperidinium ) for high-performance anion
exchange membrane water electrolysis[ J|. Angew Chem
Int Ed, 2024, 63(34): 202405738,

Cho W C,
Separators and membranes for advanced alkaline water
electrolysis[ J ]. Chem Rev, 2024, 124 (10): 6393-
6443.

Ponce-Gonzalez J, Whelligan D K, Wang L, et al. High

performance

Henkensmeier D, Jannasch P, et al.

aliphatic-heterocyclic  benzyl-quaternary
ammonium radiation-grafted anion-exchange membranes
[J]. Energy Environ Sci, 2016, 9(12): 3724-3735.
Zheng Y, Ash U, Pandey R P, et al. Water uptake
study of anion exchange membranes [ J .
Macromolecules, 2018, 51(9); 3264-3278.

Pan Y, Zhang Q, Yan X, er al. Hydrophilic side
chain assisting continuous ion-conducting channels for
anion exchange membranes[ J]. J Membr Sci, 2018,
552 286-294.

Hu X, Huang Y,

functionalized aryl ether-free polyaromatics as anion

Liu L, et al. Piperidinium

exchange membrane for  water electrolysers:
Performance and durability[ J]. ] Membr Sci, 2021,
621. 118964.

Huang Z, Zhu D, Ma M, et al. Highly efficient and
durable water electrolysis at high KOH concentration
enabled by cationic group-free ion solvating membranes
in free-standing gel form[J]. Small, 2025, 21 (4);

2408159.

Poly (diphenyl sulfide)-p-terphenyl piperidine anion

exchange membrane for water electrolysis

CHEN Wenbo', SONG Shuhong', PAN Yu', HE Gaohong*

(1. College of Chemistry and Chemical Engineering, College of Textile and Clothing, Qingdao University,
Qingdao 266071, China; 2. State Key Laboratory of Fine Chemicals, School of Chemical Engineering,

Dalian University of Technology, Dalian 116024, China)

Abstract; Anion exchange membrane (AEM) water electrolysis is an important direction for green



<78 -+ R e 5 R #i 46 %

hydrogen production, but the durability of AEM remains a major challenge. Due to the excellent thermal
stability, chemical and mechanical stability of polyphenylene sulfide (PPS), this paper proposed to
introduce the diphenyl sulfide monomer into AEM. Through a simple and controllable superacid-catalyzed
polycondensation reaction, a polyarylpiperidine polymer without aryl ether bonds was successfully
synthesized, and the corresponding piperidine-functionalized AEM was further prepared for water
electrolysis to produce hydrogen. The performance test results showed that the ion conductivity of the
membrane could reach 111. 2 mS/cm at 80 °C; after being immersed in 1 mol/I. KOH solution at 80 °C for
1 080 hours, its OH conductivity could still retain 89. 3% of the initial value, and no obvious changes in
chemical structure were observed, demonstrating excellent alkali stability. In addition, when the
membrane was assembled in a water electrolyzer and continuously operated at 60 “C, 0.6 A/cm’ of current
density and 1 mol/L. KOH electrolyte for 1 385 hours. the voltage of the electrolyzer only increased by
0. 15 V, showing outstanding stability. The above results fully confirm that this type of AEM has good
practical application prospects in the field of alkaline water electrolysis.

Key words: anion exchange membrane; anion exchange membrane water electrolysis; diphenyl sulfide;

piperidine; alkaline stability
1SS0 OL>OL>OL>OL>OL>OL>OLSOL> 0L OO OL>OLSOL>OLHOLS>OL> 0L OO 0L 0L OS> 0L 0L 0L 0L OS> 0L> 0L 0L 0L 0L OL> 0L 0L 0L OO OL> OS> OO

(#2558 IW)

was enhanced by phosphoric acid selective swelling-induced microphase separation. The study found that
the cross-linked structure formed by BPPO as a cross-linking agent and PyPEK significantly improved the
swelling resistance and mechanical strength of the membrane. For example, the ultimate tensile strength
of the POPEK-3 membrane was 45. 8 MPa, the swelling ratio was reduced to 6. 56% in 3 mol/L H,SO, ,
and it exhibited excellent membrane selectivity. The POPEK-1 membrane exhibited superior energy
efficiency compared to the Nafion 212 membrane at the same current density in VRFB applications. For
example, the POPEK-1 membrane achieved an energy efficiency of 90. 99% at 80 mA/cm?®, significantly
bettered than the Nafion 212 membrane’s energy efficiency (81. 87%). The POPEK membrane
demonstrates excellent VRFB cell performance, providing new insights for the design and optimization of
high-performance VRFB membranes.

Key words: vanadium flow battery; cross-linking; pyridine; poly Caryl ether ketone); ion exchange

membrane
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polymer chains in the near-surface region. This process successfully created a dense selective layer that was
homogeneous with the porous PVDF support, effectively avoiding interfacial defects and enhancing ion
selectivity. The optimized DMAc—-6. 4 composite membrane demonstrated a significantly reduced on VO?**
ion permeability coefficient of 5. 31 X 1077 em?/min. VFBs assembled with this membrane exhibited
substantial performance improvements: an energy efficiency (EE) of 81. 0% at a current density of
150 mA/cm?; stable coulombic efficiency (CE) and EE over 500 charge-discharge cycles; and a capacity
retention rate of 85. 5% after 200 cycles, far surpassing the original PVDF porous membrane. This
surface-selective swelling method is characterized by its simplicity, ease of operation, and universality,
offering an efficient and low-cost strategy for developing high-performance, high-stability proton exchange
membranes.

Key words: poly(vinylidene fluoride) ; ion-sieving membrane; selective swelling; all-vanadium redox flow

battery



