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Research Progress in Ether-free Polyaryl Anion Exchange Membranes
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Abstract: Anion exchange membrane water electrolysis, as an emerging clean energy conversion
technology, is considered one of the most promising water electrolysis technologies due to its advantages
such as low equipment cost and high operational efficiency. As the core component of this technology,
the structure and properties of the anion exchange membrane (AEM) directly affect the long-term
operational stability and efficiency of the electrolyzer. AEMs among these, ether-free polyaryl AEMs
have emerged as a current research hotspot due to their excellent chemical stability and durability in
alkaline operating environments, attributed to the absence of hydrolytically susceptible ether linkages in
their polymer backbones. This review systematically reviews the research progress on ether-free polyaryl
AEMs: first, the basic structural composition and functional mechanisms of AEMs are introduced; second,
the influence of different polymer backbone types on their microstructure and properties is analyzed;
third, various design strategies for cation groups and their conduction mechanisms are discussed in detail,
followed by a summary of current mainstream membrane fabrication methods. Additionally, an overview
of the current research status of composite anion exchange membranes is provided. This review aims
to serve as a reference for the further optimization and performance enhancement of anion exchange
membrane materials.
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Figure 1 (a) Schematic diagram of the structure of a linear anion exchange membrane; (b) Hydrophobic chain segment group
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Figure 2 Design of an AEM: (a) the degradation of the functional groups of AEMs that occurs in alkaline solutions; (b) the
flexible OH transport channels present in alkaline-resistant AEMs; and (c) the proposed alkaline-resistant AEMs featuring
shape-persistent OH  transport channels. (d) Synthesis of quinuclidinium-based and branched AEMs with varying chain rigidity.
TPM refers to TPM, TPB denotes 1, 3, 5-triphenylbenzene, and Trip stands for triptycene. (e) Calculated rotational energy versus
the dihedral angle of the branching units in the designed AEMs. (f) CO, adsorption and desorption isotherms of the synthesized
AEMs and (g) pore size distribution profiles derived from CO, sorption isotherms using density functional theory (DFT)
calculations (Reproduced with permission from Ref. [28]; Copyright (2026) John Wiley and Sons)
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Figure 3 (a) Schematic diagram of the branched structure;
(b) Branched unit?®?"]
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Table 1 Performance comparison between High-Performance AEM and commercial AEM
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(mS-cm ™) IEC or cation loss) (MPa/%)

PFAP 208 (80 °C) 22% (o loss) in 5 mol/L NaOH, 80 °C/2000 h 84.5/25.6 [19]
PFPB-QA 122 (80 °C) 3% (o loss) in 1 mol/L NaOH 80 °C/720 h 28.0/33.9 [21]
qPTTP-7 142.7 (80 °C) 14% (o loss) in 1 mol/L NaOH 80 °C/3000 h 28.64/13.23 [27]

PTPQ-Trip 168.8 (80 °C) 0.012% (o loss) in 10 mol/L NaOH 80 °C/3000 h 15.6/14.4 [28]
PTAP-PTBINP-Q5 130.38 (80 °C) 16.73% (o loss) in 2 mol/L NaOH 80 °C/1200 h 43.15/16.54 [32]
10XQPBP 132.9 (100 °C) 15.22% (o loss) in 2 mol/L NaOH 80 °C/3024 h 50.5/23.3 [33]
0O-PDQA 106 (80 °C) 4% (o loss) in 2 mol/L NaOH 80 °C/3024 h 12.3/11.6 [34]
FAA-3-50 48 (80 °C)
FAA-3-PK-75 72 (80 °C) 72% (o loss) in 5 mol/L NaOH, 60 °C/500 h 25-35/15-20 [35]
FAS-30 67 (80 °C)
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Figure 4 Schematic diagram of degradation pathways for different cationic groups: (a) quaternary ammonium cation; (b) piperidinium

cation; (c) quinolinium cationl!7-?*!



1052 R

2026 &

F R RE R A ) SR R K E AT, T &R A 2
D) S 3 P T o H 5 R SR G Ry A8 4T B A X
TRAN 1A R Wang 25 HOU4R Hy “ fr 7 Wit S g,
1) B 5 o R 0 % 11 BB = WV 2 L R W T A& (PTPip-
Br), £ Menshutkin Jz N $2 £ 75 £t B 7 & 5 1
N-IBIRBHE T, BIE RS e Re SR = ok J
WRIE AEMs. 1% 8T BEAS B IR IE BH 251 I A8
PG, SRR 1E 7K - BRK SR 43 25 T e 4%
FAnIE T, [ 45 R WE BH B8 -5 IR A BH B - 1 P
FVE T, B &g T A& 3P DA e 5 h i £
S8 M) R . 80 °C I A E AR AL T %
ik 133.5 mS+-em !, QPTPip-ASU-15 7£ 2 mol- L™
NaOH. 80 °C %k 4 T ¥& 1 1200 h 5 1% T 1 {&
B4 91.02%, QPTPip-ASU-5 [{] I i T % % J&f w] ik
255 mW-cm 2,

Li 25 W JF e ) 36 5 8 N- R 3R 28 7 R
B 1 A i BE 5K 05 Bk 45 7T M 8 AEMs(PPTQ-OH)
(E15), WSEHL T 2 AR PR 98mk: H—, Btk dase
P15 2 HT AT AR A 17K, 7E 10 mol/L NaOH(80 °C)
X — M BT 2 2% AF IR R 1800 h, JoAT A {k 2%
P& fife, A% T R IEFE Uk, 3z B B A R E £5 2 AEMs
TERIR BER &) AR R SRR R R =,
FH &5 7 45 M Bt B QB Pk, g2- ik B SR 7 A
R 5 38 40 B S S B, o3- B 5 7 L B K[ PR

J — CH,CH,— [ 45 HL 1 3B, &5 & % B iz ok 21
1 (DFT) H 5040 S2 H: e N N- — FF BL IR IE 44 B F 5
(JEAEE 319.95 kI -mol ' versus 63.72 kJ-mol ");
=, RETRRE AT AL, FTHE T ARSI R R %
JEEZE 80 °C i A MR HL 5 %A 139.1 mS-cm ™', [H]
i 7E 4l 7K A K SR AK T 10%, 7£ 10 mol/L NaOH
HH K R R KT 2%, BB 5 R ST R E
PEo HANUMIERE FIFER W, B s A28 41.5 MPa,
W7 L4 K R IA 50%, FLE IRA A WL P BE 5E A FR
TE o FET XML AR RETE 2.0 VT L%
A 1.94 Acem 2, X RFITERER B, MR R I
ST B AR S A R R M AR g AL
FREMENS—, AT —REhREE, KGFa
BB 7 A2 e 57K AR R SR AL 1 DGR B kAl
ifii Nagadarshan 25 1 () iJF 7t 58 £5 k S AL I8 JR 707
it (VRFBs) B FH 9 A0, K FH 28 7 M0 B0 - DR WE 6
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Figure 5 (a) Synthesis routine of polymers based on PPTQ; "H-NMR spectra of PPTQ (b) and PPTQ-I (c) (Reproduced with

permission from Ref. [47]; Copyright (2026) John Wiley and Sons.)
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Figure 6 Hydroxide ion transport mechanisms in anion

exchange membranes: (a) surface site-hopping mechanism,

(b) Grotthuss mechanism and (c) vehicle mechanism®®
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Figure 7 General reaction and mechanism of nickel-catalyzed reactions
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Figure 8 General reaction scheme and polymerization mechanism of superacid catalysis



VAN

1056 7

h=x
=]

%

DI 8 2026 4

Bkt 5 73 fil C— O B I (51 43 B R B SR A 5 (W%
ARMVJEdE )0 T I 1 SR i R v 2 o ) B P 45
BHCIEC, T 45 (1) B & 1 58 #: JBE 72 80 °C I I
H K 120 mS-em™ (A AR B T oL SR A
PIBPEAS E PE . Ayl A I e k) i s e R
R P (0 [T B 1 A e R A T T I R e . B
Jei s NI R T & Fh 2 B A0 05 56 B ok & A v
i FH 25 A0S H 1k B 1 AEML. 5] 41, Wang [4] B 16
68 3T S P R R A A ) 40 R RN, LD A% T —
RY O R R 0,2- 2RI 25 B AL
(75 H=—WR W ) BH 55 7 28 e 5 (QPTPF6D-x) . fE N
— P07 IR, VR SR T AT & B e b
Bt e R E IR UE BH B 1 Ak H I R A T S AL
B AR R TE R O Ay B A R, A AR R T A%
5., 7£80 °CIf, QPTPF6D-25% AEM (1] 1 H 5
HKILF151.02 mS-cm . BN BRKMEE AL IE B AN
W55 B350, T ORRR LI B OK & 6 T e T
40 MPa) FIICVE K 2 (K T 22.69%) . il & TGk 3+
4 AEM B A B I B, K QPTPF6D-25%
AEM 2 ¥I7E 2 mol/L NaOH 1 1800 h, BT {4 %
TREFFTE95% LA b 64k, 7E 100% RH A1 175 kPa
MR 22 ~, QPTPF6D-25% AEM [f) U4 {8 Th % 2%
J& (PPD) 4 616.93 mW-cm 2. [& [}, DFTHFSE T
NGRS B R A . BEJS, Wang [4]
A 04 S ) € v 205 S R A A 1 < — B R
G RINAE 5 BRI [ 5 1 28 i (AEM),
ETETE TR E MG IR, UK R B Ak
AR, fFA ARG R R MO A Ak,
T I 5 I e Dy s AR S K P R T B4 B 5 1
14525 21 AEM 1 DG e B 1 i TE, (5] i 40 )
A QUSRS 2 1A = Wk e ol 11 O Rl S TR TP
PRAET R R ZEBE DR, XFh
B 1) B B AL 4@ E 7 80 °C I K AEM 1)
OH &k %2 152.57 mS-cm ' [AIIF, & RH
JIE5 % I HH A A 11 RSE R e 1 (TR K 2R R 56.89%,
IR 18.87%). AL, ZIEEA L5 L4
SEVE, 7E3 mol-L™" NaOH % ik 12 1 1000 h )5,
L 52 R R BE % (80 °C) 115 M 90.78% . 1E fix 2% ) HR.
Lt K (80 °C) 1, £5 & M RE i £ 1Y QPTPSF-15
BESZEL T 536 mW-om I (E I R . X R
i) £ v P B B ) 2 £ SR R R T 4 T AEM & iR
R BR A, FE A BREL H i B T AN R Sl T wT
SO Ry

4 BE8E

4.1 BEW/IMABRESRER

IH) 5 - 52 e FEE A Sy ELAK 27 e R 25 1 B A% o
P, LI 35 54 R 2R 3l T I H SRR
MM -5 ¥ B Ao s P X DA SHE T D% K B i A PR
S, e E L) T AR AGHERE . A B
I, B H G R A K R
B %S BAZ O AR B AR R AR
51N Th e M G K Bk (U 4 & S Ak BRAS R S
WA HLHESE COFs'™), 4 & HLHESE MOFs 2 %),
I P 20 K SR S () W B 22 R 1, S0 Ak
WL 45 A 1)K Y R 45, T B [ T S 1 25 A
BET, AR S ATHGN LT LA (DRI
TFAEH AR T K G K URL IR 51 N AT 4 g & 4
(18 AL fnm i, sl A AR SRR S
Vs B IHER S HERY, M FRAR S T IE RS R &,
REETHSE, DHSEREEXMT T 2)H
SEMUBRSR 5 R~ R 0 7 3R O R 4 K
BTN Bk v, BRI GBS iz
), A R s B I AR ML
XN T 4 RE BT K IS AT P ) 4 0 5 B I & Ok
) (3) Mg Ak R M TR gk
K (W1 ZrO,. TiO,. CeO, %) AR 710 B i iE
brae IS TE, TR R G 2R 2 AR
W T ey, AT S5 35 4 T e 16 i i e 12k U7
(4) Z DR L) 7 oK s i ik 7 B A R e Thae
(G BURL (0 3 FL S (AL IR B PEIE L 25, FTI
T AEM [ 85 715 S AMO A S D BE, a0 E 3 Bt
To g fEAGIE YRS, P R R A 45 7Y

15140 : Nonjola %5 V23 33 Ak 2 4 P SR BK, 1) 4%
T AR AR (QPSHTIO,) 4K & & i
TiO, 2R K JURL R 5 N3 58 7 RSk vk, it 7
BT AL IRTE T . 4 TiO, M 78 504 10 wt% b,
A4 M5 HL S R GA B i 1.25%107 Seem ™'
BN THLA KRR = 7 IS AR e v, FEORKR
T RIGFHURERE . TR S5 #  HT K B, TiO, §5i
FLIE R AW A5, TR T EAF T 5
TAE S A X K. Liss PR it A m TR
G £ ik B AL 5B W/ 9h K ZrO,(CLQCPAES/nano-
Zr0,) 4 AEM. 99K Zr0, 15| N 52 B R &
VIR 43 B S A P [RIVE A, A T I A AU
B AL IE . 7£ 80 °C I, B & (CLQCPAES/



7 3 FRET LS5 ORI 0 JE B B8 A8 e LA 70 it 1057

7.5% ZrO,) i) & AR B G K 514 55.2 mS-em s
BNGIK ZrO, FHATACHK, M EAE (R i F 5 %
RN, B TR R IR M RE AR K . &
55 B R AR BB E 1, #E 60 °C 1 mol - L™
NaOH A1 4b #1340 hj5, o5 R RFR T 93%.
Miller % VSV 52 JF & 1 — Fh LANIO 4 2K Bk
“Hh T A K MoO5-xNiMoO,, 4K ¥ 1 77 1%, 314
HN T AEM K B fi# . X Pl gk e 4 Mg 4Rt 1
F B MG PR A, A R T AR M. TR
AEMWE St i, 12 48 4k 751 45 1rO, PH A% e Xf
i, 76 1.8 VHLIE FSZHL T 0.9 A-om ™ [ HL I 4
JEo B NGRS AR BB IR T T R AR A
MIPERE, BN T 9K M RHE 38 A B R B30
225 T I % . Zhao %5 51K AR 4 K £F 4R 1]
B A (Pal) 5 N FEEAL R B (QPSH il & B &
AEM. Pal 4l K £F- 4k 1) 51 AR 12 T N 55 /K X 35k
VR, MR T R IR IO 2> B R . 7E 80 °C
I, & & % (QPST/Pal-0.5) i) & %A AR H 3 %35 3|
93.0 mS-cm ', FLAE L T 48%. 5 ANYKLF
YEI R T IR E RE, R ORFE T B ITE K2
UbAak, B4 BOE RO R I # R e AR Y
HEREEE M.
42 WREBRNESAEFRRE
) B - 52 e JEE A Sy LK 5 e R 2 A L
T, BAKTHERRE, HAfL g | S R4 MAE
S X6} TR TH 2R R R S K T s AT i R U,
TG 55 4% T HUBRER i 1 5 i e A 1
DA [RS8 B —
KRR : Ry 7 IS 1 THI FELBH (ASR) BASR FH 25344
ThER s i U, o B S G <15 pm). SR1M,
b 5 PR, 30 SR S D B LA 3 B SR
B, SRR A % S s AT i R R B AR
AL, e E L) T RN . WK E S
MU EE (7 J& « AEM 75 BL7E 78 43 WK BLARAIE =
BT H S R RO R RUIC VA K 3 DL RE R T R
P 2 E) BRASS47 U0), A 8 1 Jo BEALE v B T RS 4
& (IEC) N BB SR m, HBUKEK™®H, T
LI 5 FE 2 e . RSP T, W5 5] K I il 4
4 (MEA) i 43 J2 1, % el 1 fi 28 0k 1) 3= 2 i
PR, B B 7 A e Ak 2 R e M R PR 7 SR
PEL mE m AL TAEREE TR, BEW LRI
B B 4] (hn 2= R ) T W 7™ 02 PR A 2 B Ak
FE G5 R EAE K IR 1T, REWE 2R &

BN (1) 25 7 52 B RO, 2k 1T 51 Pk e K
NREEGE R IR SR, ARG R AR S B
BT AP N IE A . SRR TG R —
EW R R, B R —Fh “ =R 7 BCC ok
07 G5, A AL A v ELURR R B w8 1 e TS
FRE (I 22 FL 58 DU 4R 2.0 PTFE. 75 475 19t i 2, 4
K 2T 4 0 25 0 1 o S PR 2R, E L ALRR P TS
NERMESREE T ESEEY, Bl—MA
HWIZZFFF R E A, HARE s 8
PETCUR R (1) o R — 1 e BT e Y
TR AHRMEHR AL T S U S, #1538
B AT JB R R MR B ARG (P B AUROK ) ASE B T
BELF [RIEST, A7) B OREF A S P AT L bk o B2 FH RS A2
P, iR e 7 A g8 < 55 1o JE B, szEL
BRI 5 R R e ME R 75 R WIEAS IR AT
KPR H R A WA EIRAT N, T 2 A
N 5 1T T A 30 Y, 3t o R e A 2L A
(MEA) ¥y ST Ag e 1k Bl 1k iz A7 i #2 ih i By 2
B A S B, (2) T MR % T 21k 5 AL
B R 2R B R % Re
FFNE, (8T X G E A A= T 252,
N AEM [ | AR AR i e it 1B g At . 1
ShAL AR E R T R W Z EMERE 2 FLAT R (0
ePTFE) B WA A6 2206 M, ATy 9 30 0 8 4%
SFREVFRMEERY, MR ILAEH 2 =I5
]S Sen

15l 41, Nicotera 2% 7 i 5o 44 1 4 22 5 B fi
R4 B F A4 BHINIM-N) #8 N Z= 5240 ZE R (gPSU)
B, i Thfil 4% T qPSU/NIM-N" 44K 5 4 B
VER—FhThEE K IE R, NIM-N {28k 1 8 1%
SHEMAERE, WE T HE RS L REiE,
BRI TR BE SR, 7£80 °CH, E& A&
FTHSREER. BAGOKRER AR R TR
AU ER B, 0 B 3 7 R R tE. £ AEM
K EL IR, A BEE AR B B (0.5 mol - L7
KOH) % 4 '~ & Bt 0 7 1 14 g, HHLOR % B 7
22 VINIAF3.7 A-em 2. il 4 (5 4 ik B I
R IFIZ /TR M. Abouzari-lotf [ A 8@ it
WS FEARA, BRSNS AR 9K
Y IR L, H 2% T B YK A Yk S5 RN A 43
BIEATIAEM. X FhURE IR 25 K4 {8 R 7E 80 °C i
A AR B SR EIA 132 mS-em ™. 44K 4 4 5t
JRPEAE 700 BN S HE, T 2R BB - 5 1 =2



1058 R

2026 &

BRI R TR RS R e A R e k. B4
JIEE 7£ 60 °C. 1 mol-L™' NaOH 153 672 h 5, HL
SRR RARIRB . Yool ik 4 E AL 7 SR A
(GO)**ME by 49 K UK} 45 A 78 Ml Fumion (FAA-3)
B, & T — MR R E A, GO
FINEERE TR RKE R E 1B 5%, 7
90 °C I F 1t & & I (FAGO 1.08%) ) Hi, 5 %34 5|
106.83 mS-cm ™. % A\ GO M58 1 JIE (R H L b < 1tk
FBRARE 1o 76 Hy O, R I, 1% 5 A i
3157 132 mWeem  [RIIEAE Th R % FE, F R L
RIS AME . Beabh, 1Z B IE I R I ThREAL
A1 52 )7 AR 2T 4 (c-GNF) A\ 7 Mk Fumion (FAA3)
b P, 3l 4 T FAGNF &2 & 155 1 58
o AE N — PR A 43 G I k], o-GNF il i &
BRI TS R AW AR EAER, (2T B
M IORE 43 B 45 0, A AR TE T B AR R SUR
7£ 90 °C I}, FAGNF-1.70% & & JE () 5 7 L G %
% #5871 mS-cm™', SEALFAA3 I 2 /. B
c-GNF A5 T 1o K P (KAl 1 )L 76.62°
P22 49.91°), i B E N EH T RSP RErE. S0
Ji B B A 1k, #E 60 °C [#15 mol - L
NaOH H1i2 8 500 h &, HL S &R F7 5wk 71%,
T 2E A PR BE 28% . £E H,/O, KR HL it , 1%
A 45 I (V) VR AR Th 56 %5 A 1) 115.9 mW-em 2, FJF
FLARH, c-GNF 1 5] N\ a3 oAb ol W &5 A4 A 5 1
MIEAER, PRI 7RISR, Li%PE
A Th e AR SR AR AL A SR 0 (rGO) 1 N 3L 22
7, i@ 1T Menschutzin [z W 5258 A6 A1 (QPSU)
Mg T R BE A, K BE T A8 4k rGO(LrGO) 1F
LRI FE R AU R T W N 2, 3 5] N T FiAk
WZEE B, At m T8 A A & (IECik
2.05 mmol-g ") H MY T HELE B @i, 780 °C
iif, CQPSU-2%-LrGO & & i 5 7 HL 3 R ik
139.7 mS-cm ' 45 A rGO A2 B W 2% B Z 4k T
JEE PRI A, TR K RAK T 10%, FH AR 748 7 AL
PRI RE . AR R A AR e v, TEBR
IAEE IR 500 h ) B FRARRE R 77%, HAE
Fenton i HH AL HE 50 h AR BE R, % B8 RIS TH
FOIESE, rGO 55 3 -& W'k 1) s AH B FH & 32 7 i
T PR 5 F A ) S BT

5 Zig
RS T B T 20 4 B (AEM) (9 7F 55 i

J&, A o H AL SR S R A BT AR S AL ST
R AR R A RS . SCERER I, RS HEM 4 T
Vet (a2 ZEWI R L SINES E R T 2R 1))
T AEM AR R E MRS S 2 RER
A SR (5L NGK R SR 2 FLAT R 5 ) U
FTRE T A3 3 MLBRGR L 5 RUST A 1 2 T 1) £
iR, HEsh H s ALt . R ik, AEM
A THT I K R0RG R PEAS A2+ 1P R S8 4 HE L R A
TZBRA AU IR A R TR PR R
BROMLER, R R FE 75 MBI AT BHA 22 (T K TE B
Tew AL C— HAE )8 4 55 10 v SRR ik B 251
M) B et & B0 (kg BB R kL
PRI 25 7 DA K ) A8 BRI (5 & e
2 BRI AR IR RAL SR ) K B 37
s (HEs e sk e . LR IR 55
SR I 2 ) 55 22 5 T e T LAHES) AEM P RE )
EERE

RPN

1 Vinodh, R.; Kalanur, S. S.; Natarajan, S. K.; Pollet, B. G.
Recent advancements of polymeric membranes in anion
exchange membrane water electrolyzer (AEMWE): a
critical review. Polymers, 2023, 15(9), 2144.

2 Buonomenna, M. G.; Patonia, A. Green hydrogen in
Europe: Where are we now? Hydrogen, 2025, 6(4), 105.

3 Mao, J. Y.;; Wang, X. C.; Nie, Y. T.; Chen, X. Q.; Hu, C.;
Zhu, A. M.; Chen, W. P.; Xie, Z. X.; Zhang, Q. G. Anion
exchange ionomers for anion exchange membrane fuel
cells: properties, advances, and future directions. Int. J.
Hydrog. Energy, 2025, 196, 152593.

4  Bukar, A. L.; Menesy, A. S.; Kotb, K. M.; Chaitusaney,
S.; Abido, M. A.; Kassas, M.; Taura, U. H.; Hamza, M.
F. Modelling, design and techno-economic comparison
of electrolyzer technologies for photovoltaic-wind grid-
tied hydrogen refueling infrastructure. Int. J. Hydrog.
Energy, 2026, 199, 152514.

5  Yang, B. W.; Zhang, R. F.; Shao, Z. F.; Zhang, C. M.
The economic analysis for hydrogen production cost
towards electrolyzer technologies: current and future
competitiveness. Int. J. Hydrog. Energy, 2023, 48(37),
13767-13779.

6  Min, K.; Jeong, I.; Kim, H.; Kim, T. H. Polycarbazole-
SEBS-crosslinked AEMs based on two spacer polymers
for high-performance AEMWE. J. Mater. Chem. A,
2024, 12(1), 343-353.

7  Mondal, S.; Peter, S. C. Unraveling anodic reaction
challenges and mitigation strategies in anion exchange



PR 4 JOME IR T R B I T S B Ut e

1059

10

11

12

13

14

15

16

17

18

membrane water electrolyzer (AEMWE) systems. ACS
Energy Lett., 2026, 11(1), 43-53.

Kiran, K.; Bumenn, E.; Kungl, H.; Jodat, E.; Karl, A;
Eichel, R. A. Assessment of dry cathode configuration
in anion exchange membrane water electrolysis: a mini
review. Electrochem. Sci. Adv., 2026, 6(1), €70012.
Chen, Y.; Yu, Z. X.; Tang, J. L.; Zhang, X. Z.; Guo, S.
J.; Tang, X. W.; Chen, Z. Q.; Zhan, Y. Q. Functionalized
MXene acts as a crosslinking agent to construct
new anion exchange membranes for anion exchange
membrane water electrolysis. J. Power Sources, 2025,
641, 236875.

Yang, B. W.; Zhang, C. M. Progress in constructing
high-performance anion exchange membrane: molecular
design, microphase controllability and in-device
property. Chem. Eng. J., 2023, 457, 141094.

Rakhshani, S.; Araneo, R.; Pucci, A.; Rinaldi, A.;
Giuliani, C.; Pozio, A. Synthesis and characterization
of a composite anion exchange membrane for water
electrolyzers (AEMWE). Membranes, 2023, 13(1), 109.
Altinisik, H.; Celebi, C.; Ozden, A.; Devrim, Y.; Colpan,
C. O. A review on membranes for anion exchange
membrane water electrolyzers. Renew. Sustain. Energy
Rev., 2026, 226, 116277.

Cha, M. S.; Lee, J. Y,; Kim, T. H.; Jeong, H. Y;
Shin, H. Y.; Oh, S. G.; Hong, Y. T. Preparation and
characterization of crosslinked anion exchange
membrane (AEM) materials with poly(phenylene ether)-
based short hydrophilic block for use in electrochemical
applications. J. Membr. Sci., 2017, 530, 73-83.

Mei, W. H.; Wang, Z.; Yan, J. L. Poly(ether sulfone)
copolymers containing densely quaternized oligo(2,
6-dimethyl-1, 4-phenylene oxide) moieties as anion
exchange membranes. Polymer, 2017, 125, 265-275.
Kim, D. J.; Lee, B. N.; Nam, S. Y. Synthesis and
characterization of PEEK containing imidazole for anion
exchange membrane fuel cell. Int. J. Hydrog. Energy,
2017, 42(37), 23759-23767.

Arges, C. G.; Ramani, V. Two-dimensional NMR
spectroscopy reveals cation-triggered backbone
degradation in polysulfone-based anion exchange
membranes. Proc. Natl. Acad. Sci. U. S. A., 2013,
110(7), 2490-2495.

Olsson, J. S.; Pham, T. H.; Jannasch, P. Poly(arylene
piperidinium) hydroxide ion exchange membranes:
synthesis, alkaline stability, and conductivity. Adv.
Funct. Mater., 2018, 28(2), 1702758.

Mayadevi, T. S.; Sung, S.; Varghese, L.; Kim, T. H.
Poly(meta/para-terphenylene-methyl piperidinium)-
based anion exchange membranes: the effect of

backbone structure in AEMFC application. Membranes,

20

21

22

23

24

25

26

27

28

29

2020, 10(11), 329.

Chen, N. J.; Wang, H. H.; Kim, S. P.; Kim, H. M.; Lee, W.
H.; Hu, C.; Bae, J. Y.; Sim, E. S.; Chung, Y. C.; Jang, J.
H.; Yoo, S. J.; Zhuang, Y. B.; Lee, Y. M. Poly(fluorenyl
aryl piperidinium) membranes and ionomers for anion
exchange membrane fuel cells. Nat. Commun., 2021, 12,
2367.

Hu, C.; Park, J. H.; Kim, H. M.; Wang, H. H.; Bae, J. Y;;
Kang, N. Y.; Chen, N. J.; Lee, Y. M. Elucidating the role
of alkyl chain in poly(aryl piperidinium) copolymers
for anion exchange membrane fuel cells. J. Membr. Sci.,
2022, 647, 120341.

Lim, H.; Jeong, I.; Choi, J.; Shin, G.; Kim, J.; Kim, T.
H.; Park, T. Anion exchange membranes and ionomer
properties of a polyfluorene-based polymer with alkyl
spacers for water electrolysis. Appl. Surf. Sci., 2023,
610, 155601.

Zheng, W. T.; Ren, R.; Yin, L. Q.; Tang, T.; Ding, G. H.;
Lee, H.; Sun, L. C. OH— conductivity enhancement of
quinuclidinium-based anion exchange membrane by the
introduction of dibenzothiophene. J. Membr. Sci., 2025,
733, 124300.

Zhang, D. B.; Hao, W. L.; Li, J. Y;; Li, J. D.; Yang,
Y. Q. Anion exchange membranes from microporous
poly(arylene piperidinium)-based polymers containing
spirobifluorene structure. Polymer, 2025, 320, 128117.
Hao, W. L.; Li, J. Y;; Li, J. D.; Yang, Y. Q. High-
performance block-branched poly(aryl piperidinium)
anion exchange membranes for water electrolyzers. J.
Membr. Sci., 2025, 733, 124302.

Xue, J. D.; Douglin, J. C.; Huang, T.; Jiang, H. F,;
Zhang, J. F.; Yin, Y.; Dekel, D. R.; Guiver, M. D. Chain
entanglement and free-volume effects in branched
poly(arylene piperidinium) anion-exchange membranes:
Random-branched versus end-branched. J. Membr. Sci.,
2025, 717, 123519.

Li, S. S.; Gan, R. J.; Li, L.; Li, L. D.; Zhang, F. X.; He,
G. H. Highly branched side chain grafting for enhanced
conductivity and robustness of anion exchange
membranes. lonics, 2018, 24(1), 189-199.

Han, L.; Gong, S. T.; Zhang, X. L.; Yang, M.; Yan, X.
M.; He, G. H.; Zhang, F. X. Four-arm star-shaped high-
performance poly(aryl piperidine) anion exchange
membranes for fuel cells. J. Mater. Chem. A, 2024,
12(11), 6341-6350.

Zou, W. H.; Tang, G. G.; Peng, K.; Mo, X. W.; Hu, T
Yang, Z. J.; Xu, T. W. Quinuclidinium-based microporous
anion exchange membranes for water electrolysis. Angew.
Chem. Int. Ed., 2025, 64(45), €202514264.

Peng, Z.; Zhang, R.; Zhao, W. Z.; Wu, Y.; Zhao, Y.; Yang, J.

S. Triazine-based multi-heteroatom branching strategy



1060 R

]

Eind 2026 4

30

31

32

33

34

35

36

37

38

39

for high-performance anion exchange membranes in
water electrolysis. J. Membr: Sci., 2026, 738, 124827.
Li, Y.; Zhao, S. Q.; Liao, Y. C.; Zhang, Z.; Liu, B. X;
Xiao, Z. R.; Wu, S. H.; Wang, Z.; Tian, T.; Zhang, L.;
Chan, S. H.; Song, X. Y.; Ye, Q.; Zeng, P.; Tang, H.
L. Engineering crystallinity and hydrated ion clusters
via branched design for anion exchange membranes in
water electrolysis. Nano Res., 2025, 18(6), 94907452.
Choi, J.; Kim, H.; Jeon, S.; Lee, M. S.; Nam, Y.; Park, Y. S.;
An, S. E.; Kim, M.; Lee, C.; Park, H.; Cho, H. S.; Lee,
A. S.; Lee, J. H. One-pot monomer-level fabrication of
anion exchange membranes for high-performance water
electrolysis. Small, 2025, 21(41), e04491.

Tuo, S. J.; Dai, Y. J.; Tian, L.; Liu, C.; Wang, F.
H.; Zhu, H. Novel hydrophobic covalent cross-
linking poly(terphenyl isatin piperidinium) with
poly(triphenylpyridine) for anion exchange membranes.
ACS Appl. Energy Mater., 2024, 7(15), 6537-6547.
Mondal, A.; Tripathi, B. P. Methylene-cross-linked
poly(biphenyl piperidinium) anion exchange membranes:
enhanced alkaline stability and performance for water
electrolysis applications. ACS Appl. Mater. Interfaces,
2025, 17(44), 60476-60489.

Arunkumar, [.; Rana, M. M.; Jeevitha, A.; Gokulapriyan,
R.; Yu, J. H.; Yoo, D. J. Synthesis of an alkaline-stable
in situ cross-linked poly(ether imide)-based anion
exchange membrane electrolyte for water electrolyzers
and fuel cell applications. ACS Sustainable Chem. Eng.,
2024, 12(25), 9361-9375.

Ion-Ebrasu, D.; Pollet, B. G.; Caprarescu, S.; Chitu,
A.; Trusca, R.; Niculescu, V.; Gabor, R.; Carcadea, E.;
Varlam, M.; Vasile, B. S. Graphene inclusion effect on
anion-exchange membranes properties for alkaline water
electrolyzers. Int. J. Hydrog. Energy, 2020, 45(35),
17057-17066.

Kuppusamy, H. G.; Dhanasekaran, P.; Nagaraju, N.;
Neeshma, M.; Dass, B. M.; Dhavale, V. M.; Unni,
S. M.; Bhat, S. D. Anion exchange membranes for
alkaline polymer electrolyte fuel cells: a concise review.
Materials, 2022, 15(16), 5601.

Wu, X. Y.; Hu, X. L. Anion exchange membranes
for hydrogen technologies: challenges and progress.
Chimia, , 2023, 77(7-8), 494-500.

Sata, T. Studies on anion exchange membranes having
permselectivity for specific anions in electrodialysis:
effect of hydrophilicity of anion exchange membranes
on permselectivity of anions. J. Membr. Sci., 2000,
167(1), 1-31.

Chempath, S.; Einsla, B. R.; Pratt, L. R.; Macomber, C. S.;
Boncella, J. M.; Rau, J. A.; Pivovar, B. S. Mechanism of
tetraalkylammonium headgroup degradation in alkaline

40

41

42

43

44

45

46

47

48

49

50

fuel cell membranes. J. Phys. Chem. C, 2008, 112(9),
3179-3182.

Li, Z. H.; Chen, J. J.; Zhou, J. Y.; Nie, Y. W.; Shen, C. H.;
Gao, S. J. Trimethyl-ammonium alkaline anion exchange
membranes with the vinylbenzyl chloride/acrylonitrile
main chain. Macromol. Res., 2021, 29(7), 494-504.
Qaisrani, N. A.; Ma, L. L.; Liu, J. F.; Hussain, M.;
Li, L.; Li, P. Y,; Gong, S. T.; Zhang, F. X.; He, G. H.
Anion exchange membrane with a novel quaternized
ammonium containing long ether substituent. J. Membr:
Sci., 2019, 581, 293-302.

Mohanty, A. D.; Bae, C. Mechanistic analysis of
ammonium cation stability for alkaline exchange
membrane fuel cells. J. Mater. Chem. A, 2014, 2(41),
17314-17320.

Marino, M. G.; Kreuer, K. D. Alkaline stability of
quaternary ammonium cations for alkaline fuel cell
membranes and ionic liquids. ChemSusChem, 2015,
8(3), 513-523.

Patil, S. S.; Madhura, V.; Kammakakam, I.; Swamy, M.
H.; Patil, K. S.; Lai, Z. P.; Rao H N, A. Quinuclidinium-
piperidinium based dual hydroxide anion exchange
membranes as highly conductive and stable electrolyte
materials for alkaline fuel cell applications. Electrochim.
Acta, 2022, 426, 140826.

Pan, D.; Pham, T. H.; Jannasch, P. Poly(arylene
piperidine) anion exchange membranes with tunable N-
alicyclic quaternary ammonium side chains. ACS Appl.
Energy Mater., 2021, 4(10), 11652—11665.

Wang, Y.; Wang, S.; Sui, Z. Y.; Gu, Y. M.; Zhang, Y. C,;
Gao, J.; Lei, Y. J.; Zhao, J. L.; Li, N.; Wu, J. Y.; Wang,
Z. “Fishbone” design of amino/N-spirocyclic cations
toward high-performance poly(triphenylene piperidine)
anion-exchange membranes for fuel cells. ACS Appl.
Mater. Interfaces, 2024, 16(3), 4003—4012.

Zeng, M. Y.; He, X. Y; Wen, J.; Zhang, G. B,
Zhang, H. B.; Feng, H. H.; Qian, Y. Li, M.
N-methylquinuclidinium-based anion exchange
membrane with ultrahigh alkaline stability. Adv. Mater:,
2023, 35(51), 2306675.

Nagadarshan, S. S.; Harshitha, H. Y.; Pattar, J.;
Halashankar Swamy, M. H.; Anil Rao, H. N. Anion
exchange membrane based on poly(arylene ether
sulfone)s functionalized with quinuclidinium-
piperidinium dual cations for vanadium redox flow
battery applications. Polymer, 2024, 302, 127025.
Aggarwal, K.; Li, S. L.; Nijem, S.; Dekel, D. R
Diesendruck, C. E. Polymer backbone chemistry shapes
the alkaline stability of metallopolymer anion-exchange
membranes. Chem., 2024, 30(20), ¢202400029.
Schoustra, S. K.; Smulders, M. M. J. Metal coordination



PR 4 JOME IR T R B I T S B Ut e

1061

51

52

53

54

55

56

57

58

59

60

61

62

63

in polyimine covalent adaptable networks for tunable
material properties and enhanced creep resistance.
Macromol. Rapid Commun., 2023, 44(5), 2200790.
TReEar, RIESH, HER, S, KRR, XIf. Eig
KA TS 7 e Fidt e . e fe At HRK,
2024, 13(11), 3856-3870.

Mk, ERKAE. REVIIE TR R . #
miL L, 2026, 43(2), 256-270.

Ma, L. L.; Wang, T. Effects of hydration level and
hydrogen bonds on hydroxide transport mechanisms
in anion exchange membranes. ChemSusChem, 2025,
18(13), €202402660.

Ma, L. L.; Wang, T. Rational understanding hydroxide
diffusion mechanism in anion exchange membranes
during electrochemical processes with RDAnalyzer.
Angew. Chem. Int. Ed., 2024, 63(34), €202403614.
Zheng, W. T.; He, L. L.; Tang, T.; Ren, R.; Lee, H.; Ding,
G. H.; Wang, L. Q.; Sun, L. C. Poly(dibenzothiophene-
terphenyl piperidinium) for high-performance anion
exchange membrane water electrolysis. Angew. Chem.
Int. Ed., 2024, 63(34), €202405738.

Chen, C.; Tse, Y. S.; Lindberg, G. E.; Knight, C.; Voth, G.
A. Hydroxide solvation and transport in anion exchange
membranes. J. Am. Chem. Soc., 2016, 138(3), 991-1000.
Hibbs, M. R.; Fujimoto, C. H.; Cornelius, C. J.
Synthesis and characterization of poly(phenylene)-
based anion exchange membranes for alkaline fuel cells.
Macromolecules, 2009, 42(21), 8316-8321.

Hu, C.; Wang, Y.; Lee, Y. M. Ether-free alkaline
polyelectrolytes for water electrolyzers: recent advances
and perspectives. Angew. Chem. Int. Ed., 2025, 64(3),
€202418324.

Jang, H.; Lee, S.; Ha, J.; Choi, K.; Ryu, T.; Kim, K;
Jeon, H. S.; Kim, W. Preparation and characterization of
tetra-imidazolium hydroxide polyphenylene membranes
via nickel catalyzed C—C coupling polymerization.
Energies, 2016, 9(4), 1-10.

Ahmed Mahmoud, A. M.; Miyatake, K. Optimization of
the pendant chain length in partially fluorinated aromatic
anion exchange membranes for alkaline fuel cells. J.
Mater. Chem. A4, 2018, 6(29), 14400—-14409.

Akiyama, R.; Yokota, N.; Miyatake, K. Chemically
stable, highly anion conductive polymers composed
of quinquephenylene and pendant ammonium groups.
Macromolecules, 2019, 52(5), 2131-2138.

Lee, W. H.; Kim, Y. S.; Bae, C. Robust hydroxide ion
conducting poly(biphenyl alkylene)s for alkaline fuel
cell membranes. ACS Macro Lett., 2015, 4(8), 814-818.
Zhang, Y. C.; Gu, Y. M.; Li, Z. Y.; Sun, S. Y.; Li, X.
W.; Sun, B. Z.; Yu, X. Y.; Wang, Z. High-performance
fluorinated poly(aryl-piperidine) anion exchange

64

65

66

67

68

69

70

71

72

73

74

membranes containing flexible biphenyls: realize
effective regulation between ionic conductivity and
dimensional stability. Renew. Energy, 2025, 250, 123255.
Zhao, J. L.; Gao, J.; Yang, J. Y.; Lei, Y. J.; Zhang, Y.
C.; Gu, Y. M.; Wang, Y.; Gao, W. Y.; Zhao, J. B.; Wang,
Z. Hydrophobic thiophene unit modification for the
construction of novel anion exchange membranes for
high-speed transport of ion channels. ACS Sustainable
Chem. Eng., 2024, 12(32), 12126-12134.

Nguyen, Q. H.; Tinh, V. D. C.; Oh, S.; Pham, T. M.; Tu,
T. N.; Kim, D.; Han, J.; Im, K.; Kim, J. Metal-organic
framework-polymer complex-derived single-atomic
oxygen reduction catalyst for anion exchange membrane
fuel cells. Chem. Eng. J., 2024, 481, 148508.

Firouz Tadavani, K.; Zhiani, M.; Gharibi, H.; Yan, C. F;
Xiao, J. W.; Munawar, T.; Wang, Z. D.; Shi, Y. Effective
MOF-derived electrocatalysts based on nitrogen and
different transient metal doped (M: Ni, Co, and Fe) for
oxygen reduction reaction toward direct ethanol fuel
cell. Int. J. Hydrog. Energy, 2024, 91, 1343-1354.
Hagesteijn, K. F. L.; Jiang, S. X.; Ladewig, B. P. A
review of the synthesis and characterization of anion
exchange membranes. J. Mater. Sci., 2018, 53(16),
11131-11150.

Narducci, R.; Sgreccia, E.; Knauth, P.; Di Vona, M. L.
Anion exchange membranes with 1D, 2D and 3D fillers:
areview. Polymers, 2021, 13(22), 3887.

Du, N. Y.; Roy, C.; Peach, R.; Turnbull, M.; Thiele, S.;
Bock, C. Anion-exchange membrane water electrolyzers.
Chem. Rev., 2022, 122(13), 11830-11895.

Kim, J. E.; Yun, Y. H.; Park, H.; Albers, J.; Doo, G.;
Lee, S.; Seo, J.; Lee, C.; Kim, M.; Cho, H. S.; Kim, S.
K.; Lee, J. H.; Choi, Y. W.; Kim, J. H. Hydrogen-bonded
QSEBS/ZrO, mixed matrix anion exchange membranes
for water electrolyzer. Fuel, 2024, 376, 132684.

Wang, X. Q.; Wang, N. X; Li, X. T.; An, Q. F. A review
of nano-confined composite membranes fabricated inside
the porous support. Adv. Membr:, 2021, 1, 100005.
Nonjola, P. T.; Mathe, M. K.; Modibedi, R. M. Chemical
modification of polysulfone: composite anionic
exchange membrane with TiO, nano-particles. Int. J.
Hydrog. Energy, 2013, 38(12), 5115-5121.

Li, X. H.; Tao, J. X.; Nie, G. H.; Wang, L. C.; Li, L. H;;
Liao, S. J. Cross-linked multiblock copoly(arylene ether
sulfone) ionomer/nano-ZrO, composite anion exchange
membranes for alkaline fuel cells. RSC Adv., 2014,
4(78),41398-41410.

Bartoli, F.; Castello, C.; Peruzzolo, T.; Berretti, E.;
Sediva, E.; Bouzek, K.; Hnat, J.; Plevova, M.; Poggini,
L.; Miller, H. A. MoO;_NiMoO, nanorods synthesized
using NiO nanoparticles for hydrogen evolution in anion



1062 R

Eind 2026 4

75

76

77

78

79

80

81

82

83

exchange membrane water electrolysis. Chem. Eng. J.,
2025, 511, 162026.

Li, Y. Y.; Li, M. S.; Zhou, S. Y.; Xue, A. L.; Zhang,
Y.; Zhao, Y. J.; Zhong, J.; Zhang, Q.; Yang, D. W.
Enhancement of hydroxide conductivity by incorporating
nanofiber-like palygorskite into quaternized polysulfone
as anion exchange membranes. Appl. Clay Sci., 2020,
195, 105702.

Ng, W. K.; Wong, W. Y.; Loh, K. S.; Masdar, M. S.;
Shaari, N.; Pang, M. M. A comprehensive overview of
polyphenylene oxide-based anion exchange membranes
from the perspective of ionic conductivity and alkaline
stability. J. Ind. Eng. Chem., 2024, 138, 49-71.
Escorihuela, J.; Narducci, R.; Compai, V.; Costantino, F.
Proton conductivity of composite polyelectrolyte
membranes with metal-organic frameworks for fuel
cell applications. Adv. Mater. Interfaces, 2019, 6(2),
1801146.

Zhao, Y.; Li, Y.; Zhu, J. J.; Lejarazu-Larraiaga, A.;
Yuan, S. S.; Ortega, E.; Shen, J. N.; Gao, C. J.; van der
Bruggen, B. Thin and robust organic solvent cation
exchange membranes for ion separation. J. Mater. Chem.
4, 2019, 7(23), 13903-13909.

Zheng, Y. W.; Ash, U.; Pandey, R. P.; Ozioko, A. G.;
Ponce-Gonzalez, J.; Handl, M.; Weissbach, T.; Varcoe, J.
R.; Holdcroft, S.; Liberatore, M. W.; Hiesgen, R.; Dekel,
D. R. Water uptake study of anion exchange membranes.
Macromolecules, 2018, 51(9), 3264-3278.

de Moor, G.; Charvin, N.; Iojoiu, C.; Planes, E.
Mechanistic study of water transport in anion-exchange
membranes and its influence on ionic conductivity
and fuel cell operation. ChemSusChem, 2025, 18(20),
€202501604.

Wang, Z. X.; Chen, K.; Han, J. H.; Zhang, X. Y.; Wang,
B. W.; Du, Q.; Jiao, K. Anion exchange membranes for
fuel cells: Equilibrium water content and conductivity
characterization. Adv. Funct. Mater., 2023, 33(40), 2303857.
Charyton, M.; lojoiu, C.; Fischer, P.; Henrion,
G.; Etienne, M.; Donten, M. L. Composite anion-
exchange membrane fabricated by UV cross-linking
vinyl imidazolium poly(phenylene oxide) with
polyacrylamides and their testing for use in redox flow
batteries. Membranes, 2021, 11(6), 436.

Das, G.; Park, B. J.; Yoon, H. H. A bionanocomposite

84

85

86

87

88

89

90

91

based on 1, 4-diazabicyclo-2.2.2-octane cellulose
nanofiber cross-linked-quaternary polysulfone as an
anion conducting membrane. J. Mater. Chem. A, 2016,
4(40), 15554-15564.

Samsudin, A. M.; Hacker, V. Development of
alcohol)/
poly(acrylamide-co-diallyldimethylammonium chloride)

electrospun quaternized poly(vinyl

anion exchange membranes for alkaline fuel cells.
Nanomaterials, 2025, 15(12), 907.

Haq, O. U.; Choi, J. H.; Lee, Y. S. Anion-exchange
membrane for membrane capacitive deionization
prepared via pore-filling polymerization in a porous
polyethylene supporting membrane. React. Funct.
Polym., 2018, 132, 36-42.

Maurya, S.; Shin, S. H.; Kim, M. K.; Yun, S. H.; Moon,
S. H. Stability of composite anion exchange membranes
with various functional groups and their performance for
energy conversion. J. Membr. Sci., 2013, 443, 28-35.
Simari, C.; Capri, A.; Ur Rehman, M. H.; Enotiadis,
A.; Gatto, L.; Baglio, V.; Nicotera, I. Composite anion
exchange membranes based on polysulfone and silica
nanoscale ionic materials for water electrolyzers.
Electrochim. Acta, 2023, 462, 142788.

Abouzari-lotf, E.; Ghassemi, H.; Nasef, M. M.; Ahmad,
A.; Zakeri, M.; Ting, T. M.; Abbasi, A.; Mehdipour-
Ataei, S. Phase separated nanofibrous anion exchange
membranes with polycationic side chains. J. Mater.
Chem. A, 2017, 5(29), 15326-15341.

Arunkumar, I.; Kim, A. R.; Lee, S. H.; Yoo, D. J.
Enhanced fumion nanocomposite membranes embedded
with graphene oxide as a promising anion exchange
membrane for fuel cell application. I/nt. J. Hydrog.
Energy, 2024, 52, 139-153.

Arunkumar, I.; Gokulapriyan, R.; Sakthivel, V.; Kim,
A.R.; Oh, M. S.; Lee, J. Y.; Kim, S.; Lee, S.; Yoo, D. J.
Functionalized graphene nanofiber-incorporated fumion
anion-exchange membranes with enhanced alkaline
stability and fuel-cell performances. ACS Appl. Energy
Mater., 2023, 6(14), 7702-7713.

Bai, Y.; Yuan, Y. F.; Miao, L. Y.; Lii, C. L. Functionalized
rGO as covalent crosslinkers for constructing chemically
stable polysulfone-based anion exchange membranes
with enhanced ion conductivity. J. Membr. Sci., 2019,
570, 481-493.



