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Glossary of Acronyms

AEM: Anion exchange membrane

AEMFC: Anion exchange membrane fuel cell
AEMWE: Anion exchange membrane water electrolyzer
Alkyl-A: Alkyl ammonium

BTMA: Benzyltrimethyl ammonium

CE: Coulombic efficiency

CNT: Carbon nanotube

DABCO: Diazabicyclo[2.2.2] octane

DAPP: Diels—Alder polyphenylene

EE: Energy efficiency

ETFE: Ethylene tetrafluoroethylene

FE: Faradaic efficiency

FLN: Polyfluorene

HDPE: High density polyethylene

IEC: lon exchange capacity

Im: Imidazolium

IPN: Interpenetrating polymer network

LDPE: Low-density polyethylene

MEA: Membrane electrode assembly

OCV: Open circuit voltage

QAPPT: Poly(N-methyl-piperidinium-co-p-terphenyl)
PAE: Poly(arylene ether)

PBI: Polybenzimidazole

PE: Polyethylene

PEEK: Poly(ether ether ketone)

PES: Poly(ether sulfone)

PGM: Platinum group metal

Pip: Piperidinium

PPD: Peak power density

PPO: Poly(p-phenylene oxide)

PTFE: Polytetrafluoroethylene

PSf: Polysulfone

Pyr: Pyridinium

ROMP: Ring opening metathesis polymerization
SEBS: Poly(styrene-b-(ethylene-co-butylene)-b-styrene)
VE: Voltage efficiency

WU: Water uptake



Table S1. H,/O, AEMFC performance of MEAs using aryl ether polyaromatic membranes.

Year Bae | Gl ?J(r-lmked I(Ei;quiv. B () gngT)S s lonomer D 5 Ref.
one group Composite || ) (°C) C) (um) cm?)

2015 | PES | BTMA n/a 1.0 68(80) | 110(80) | 50 | PES 1.0 1

2018 | PEEK | BTMA Composite | 1.8 95(80) | 119(80) | 15 | PEEK 0.93 2

2019 | PPO | Benzylim | X-inked | 1.7 (12055) 62(80) |50 | PPO-BTMA | 1.02 3
Phenyl

2019 | PPO | piperaziniu | n/a 2.0 88 (60) | 108(60) |50 | PPO-Phenyl 1,5, 4
m piperazinium

2020 | PES | BTMA Xdinked | 1.1 53(25) | 30(25) |50 | PES 0.61 5

2021 | PPO__| BTMA n/a 15 77(80) | 94(80) | 90 | na 0.51 5

2021 | PES | N-spirocy | n/a 14 25(80) | 136(80) | 46 | PPO 0.85 7

2021 | PES | N-spirocy | nia 17 80(25) | 36 (80 |55 | ETFE-BTMA | 1.48 G

2022 | PPO* | BTMA Xdinked | 2.2 (123(?) 160(80) | 20 | PPO 058 | °

2022 | PPO | BTMA Xdinked | 3.6 (1;07) 52(30) |50 | Phenyl-Pip | 0.58 10

aCl form at 95% RH, ®PPO/Olefinic IPN. ¢ H,/CO,-free air.




Table S2. H,/O, AEMFC performance of MEAs using aryl ether-free polyaromatic membranes.
IEC o (mS

HEA Year Gt (mequiv WL ) cm™) : lonomer P Ref
Synthesis group a") “ | (°C) C) (um) (W cm?) :
PBI 2016 | Im 2.5 55(25) | 10(25) | 34 PBI 0.37 i
Metal-promoted | 2017 | BTMA 21 (1%_’) 86(80) |50 | FLN 0.52 12
Diels—Alder 2018 | Alkyl-A 2.0 83(30) | 48(30) | 30 Polyphenyl 0.88 B
Acid-catalyzed | 2018 | Alkyl-A 2.2 70 (80) | 100 (80) | 30 FLN 1.50 "
Acid-catalyzed 2018 | Phenyl-Pip 2.7 58 (80) 137 (80) 30 Phenyl-Pip 1.50 5
Acid-catalyzed | 2019 | Phenyl-Pip | 2.7 58 (80) | 137 (80) | 30 Phenyl-Pip 1.90 B
Acid-catalyzed | 2019 | Phenyl-Pip | 2.4 90 (30) | 193 (95) | 25 Phenyl-Pip 1.89 .18
Acid-catalyzed | 2019 | Alkyl-A 1.2 42/(80) | 95(80) |36 Piperidine-co- | 4 5 1
terphenyl

Acid-catalyzed | 2019 | Alkyl-A 2.1 70(80) | 112(80) | 35 Polybiphenyl | 1.60 2
Acid-catalyzed | 2020 | Alkyl-A 2.2 (1501) 145 (80) | 25 FLN 0.56 21
Acid-catalyzed 2020 | Alkyl-A 2.3 76 (70) 125 (70) 50 Polycarbazole | 1.61 2
Acid-catalyzed | 2021 ;tiﬂgig 19 80(80) | 105(80) | 45 | PPO 118 2
PBI 2021 | Alkyl-A 3.1 95 (80) | 135(80) | 10 PBI 1.16 2

. D 180 FLN-Pip-co- 25
Acid-catalyzed | 2021 | Phenyl-Pip | 2.8 (&0) 138 (60) | 22 Biphenyl-Pip | 258
Metal-promoted | 2021 | Alkyl-Pip 1.5 75(80) | 95(80) | nla__| PPO 0.56 %
Acid-catalyzed | 2022 | Alkyl-A 1.8 69 (30) | 123 (80) | 25 Polybiphenyl | 0.60 z7
Acid-catalyzed | 2022 | Alkyl-Pyr 1.9 27 (80) | 120 (80) | 21 FLN 0.50 2
Acid-catalyzed | 2022 | Alkyl-A 1.9 45(30) | 108 (80) | 30 FLN 0.92 2
PBI 2022 | Alkyl-Pip 2.0 83(80) | 80(80) | 20 PBI 0.79 3
Acid-catalyzed | 2022 | Phenyl-Pip | 2.5 35(80) | 121(80) | 30 Phenyl- 1.20 3
PBI 2022 | Im 2.9 73(30) | n/a 5 PBI 1.40 32
Acid-catalyzed 2022 | Phenyl-Pip 2.8 55 (20) 205 (90) 20 Phenyl-Pip 1.72 3
Acid-catalyzed | 2022 | Alkyl-A 1.8 69 (30) | 155 (80) | 20 Polycarbazole | 1.85 %
Acid-catalyzed | 2022 | Phenyl-Pip | 2.8 (1;(% 138(60) | 20 | Phenyl-Pip 2.30 3
Acid-catalyzed | 2023 | Alkyl-A 2.1 (18102) 152(80) | n/a | Polycarbazole | 0.55 %

" Alkyl-A & - a7
Acidcatalyzed | 2023 | QOIS | 3.0 72(80) | 157 (80) | 25 Phenyl-Pip 0.65
Acid-catalyzed | 2023 | Phenyl-Pip | 2.4 (13%1) 168(80) | 28 | Phenyl-Pip 0.72 %
Acid-catalyzed | 2023 | Alkyl-A 1.7 96 (80) | 126 (80) | 35 Phenyl-Pip 0.74 3

. . FLN-Pip-co- 40
Acid-catalyzed | 2023 | Phenyl-Pip | 2.8 54 (80) | 162(80) | 8 Biphenyl.Pip | 078
Acid-catalyzed | 2023 | Alkyl-A 2.4 (181(?) 155 (80) | 40 FLN 0.84 41
Acid-catalyzed 2023 | Phenyl-Pip 2.5 10 (80) 143 (80) 20 Phenyl-Pip 0.85 42
Acid-catalyzed | 2023 | Alkyl-Pip 1.2 36 (80) | 82(80) | 50 Alkyl-Pip 1.00 B
Acid-catalyzed | 2023 | Alkyl-A 2.1 45(80) | 180 (80) | 30 FLN 1.00 &
Acid-catalyzed | 2023 | Alkyl-A 1.4 58 (80) | 115(80) | 17 Phenyl-Pip 1.08 %
Metal-promoted | 2023 | Alkyl-A 2.5 71(80) | 136 (80) | 24 Polyphenyl 1.27 %
Acid-catalyzed | 2023 | Alkyl-A 2.3 90 (80) | 175(80) | 30 FLN 1.33 a7
Diels—Alder 2023 | Alkyl-A 2.0 48(30) | 83(80) | 25 Norbornene 1.40 #
Acid-catalyzed 2023 | Phenyl-Pip 2.5 80 (80) 217 (80) 25 Phenyl-Pip 1.61 49

. . FLN-Pip-co- 50
Acid-catalyzed | 2023 | Phenyl-Pip | 2.7 97 (80) | 148 (80) | 20 Biphenyl-Pip | 200

" - 230 FLN-Pip-co- o
Acid-catalyzed 2023 | Phenyl-Pip 3.1 (25) 143 (80) 20 Biphenyl-Pip 2.61

" - 150 FLN-Pip-co- 52
Acid-catalyzed 2024 | Phenyl-Pip 2.8 (80) 126 (80) 20 Biphenyl-Pip 2.00




Table S3. H,/O, AEMFC performance of MEAs using polyolefinic membranes.

: IEC ~ [oms PPD
HEA . Year Gt (mequiv. V.YU (%) cm™) : lonomer (W cmr Ref.
Synthesis group 1 (°C) 5 (um) 2

g') (C) )
Radiation-graft | 2016 | BTMA 3.2 (228; 1025 |50 |PvBC 0.61 5
Radiation-graft | 2016 | Benzyl-Pyr 2.1 n/a n/a 52 Polysulfone 0.98 4
Vinyl 2017 | Phenyl-A | 14 42(25) [ 35(30) |22 | SEBS 0.38 %
Radiation-graft_| 2017 | BTMA 2.1 57(30) | 68(80F |25 | ETFE-BTMA | 1.16 %
Radiation-graft | 2017 | BTMA 2.9 (1??(% 76 (30F |25 | ETFE-BTMA | 145 57
Anionic 2017 | BTMA 14 52(30) | 112(70) |50 | PPO 0.30 5
Radiation-graft | 2018 | BTMA 25 (1;(% 208(80) |22 | ETFE-BTMA | 2.0 5
Vinyl 2019 | Akyl-A 34 69 (25) | 198(80) | 64 | Norbomene | 0.51 %
Anionic 2019 | Alkyl-A 15 28(25) | 65(80) | 60 | FLN 0.52 &
Radiation-graft | 2019 | BTMA 24 (12251) 155 (25)* | 21 ETFE-BTMA | 2.6 02
Vinyl 2019 | Alkyl-A 3.8 73(25) | 152(80) | 10 | ETFE-BTMA | 35 &
Anionic 2020 | BTMA 14 45(30) | 40(60) |n/a | SEBS 0.59 5
Vinyl 2020 | Alkyl-A 35 73(25) | 147 (80) | 10 | Norbormene | 3.2 &
Vinyl 2021 | Alkyl-Pyr | 1.9 ???(% 100 (80) | 21 PPO 1.1 0
Vinyl 2021 | BTMA 15 98(80) | 116 (20) |50 | PPO R
Vinyl 2022 | BenzylPip | 1.6 9(80) | 102(80) | 4 Phenyl-Pip 1.00 %
Vinyl 2022 | Benzyl-Pip | 1.9 (12451) 172(80) |35 | PPO 0.98 60
ROMP 2023 ﬁ'ky"cyc“c 17 87(80) | 67(80) |n/a | Phenyl-Pip 10 7
Vinyl 2023 | Alkyl-A 2.0 71(25) | 109(80) |30 | FIN 1.07 7
Vinyl 2023 | Akyl-Pyr | 25 75(95) | 130 (90) | 40 | Styrene 0.66 7

a CI form. PH,/CO.-free air and PGM-free cathode.

Table S4. H,/CO,-free air AEMFC performance of aryl ether-free MEAs.

. IEC . PPD
Year — Calian (mequiv. : Cailiuel Operat|°ng lonomer (W cmr Ref.
backbone group g (um) | catalyst temp. (°C) 2)
2017 | ETFE BTMA 2.1 21 Ag/C 70 ETFE-BTMA | 0.65 I
2018 | LDPE BTMA 25 22 Ag/C 80 ETFE-BTMA | 0.66 i
2019 | LDPE BTMA 2.9 25 N-C-CoOx 65 ETFE-BTMA | 0.66 "
2019 | Phenyl-Pip Phenyl-Pip | 2.4 25 Ag 95 Phenyl-Pip 0.92 6
2021 | ETFE BTMA 2.1 50 Co—-Fe/CNT 60 Polystyrene 0.8 &
2021 | HDPE BTMA 24 20 Fe-N-C 80 ETFE-BTMA | 1.0 6
2022 | Phenyl-Pip | Phenyl-Pip | 2.4 18 g;\lgé-gHs 95 Phenyl-Pip | 0.5 7
2022 | Phenyl-Pip Phenyl-Pip | 2.4 15 Zn-N-C 80 Phenyl-Pip 0.83 8
2022 | Phenyl-Pip Phenyl-Pip | n/a 20 Co-Mn-oxide | 80 Phenyl-Pip 0.83 &
2023 | Phenyl-Pip BTMA n/a 22 Fe-N-C 85 Phenyl-Pip 0.51 80
2023 | Phenyl-Pip | Phenyl-Pip | 2.7 25 Ni (anode) 80 Phenyl-Pip 0.55 81
2023 | Phenyl-Pip | Phenyl-Pip | 2.4 15 | Mealfree g Phenyl-Pip | 060 | ®




Table S5. AEMFC durability of MEAs using aryl ether polyaromatic membranes.

. IEC PPD AEMFC durability
Year BackSifCation (mequiv ; lonomer (W cmr : n Ref
bone | group 4 © | (um) 3 Temp | i Time | Loss :
g) ) (C) | (Acm?) | (h) | (%)
2012 | PAE | BTMA 27 50 | PAE-BTMA | 0.19 60 |03V |55 |>70 | ®
2019 | PPO_| Benzykim | 1.7 50 | PPO 1.02 70 106 58 |20 |3
2020 | PPO_| Im 14 25 | PPO 0.75 60 0.2 960 |70 | *
2021 | PPO_| BTMA 15 90 | na 0.51 60 |02 24 |39 | °©
2021 | PPO Q:';V"phe”y' 2.0 15 | PPO 15 70 | o6 120 |14 |
) ETFE- . ;
2021 | PES | N-spirocy | 1.3 10| 5TiA 1.1 61 0.6 550° | 7
2022 | PPO_| BTMA 23 na | PPO 0.45 60 |03 20 |13 | ®
2023 | PES | Pyr 18 na | PES 0.49 60 | 0.4 10 R
aH,/CO.-free air. PPGM-free cathode. °Cl- form at 95% RH, ‘PPO/olefinic IPN.
Table S6. AEMFC durability of MEAs using aryl ether-free membranes.
Cation zi(;q ¢ PPD AEMFC durability
Year | Backbone | goip g | & | lemener Wem™ MTemp [ i Time | Loss | Ref
g) |™ ) C) | (Acm?) | (h) (%)
2012 | DAPP BTMA 17 |50 E%”K" 0.20 60 |03V |30 |67 |®
2018 | Phenyl Phenyl-Pip | 27 | 30 | Phenyl-Pip | 1.50 80 |02 120 0 |
2018 | Phenyl Alkyl-A 22 |30 | FLN 1.50 80 |06 550 15 | @
2019 | Phenyl Phenyl-Pip | 24 | 25 | Phenyl-Pip | 1.89 95 | 05° 300 4 |7
2019 | Norbornene | Alkyl-A 33 |10 EL'\:A')EA 35 80 |06 5000 | 10 |
2020 | FLN Im 22 |25 | FIN 0.62 60 |02 115 | 21 5
2020 | DAPP Alkyl-A 26 |39 | FLN 1.22 80 |06 900 |24 | ®
2021 | Phenyl Phenyl-Pip | 2.8 | 22 | FLN-co- 258 80 |04 100 |27 | %
Bipheny
ETFE- ~ 3 "
2021 | HDPE BTMA 24 |20 [ g2 2.0 80 |06 150 10
2021 Ehg‘nif Alkyl-A 28 |15 | FLN 2.34 70 |02 200 |4 o
2021 | Phenyl Phenyl-Pip | 28 | 20 | Phenyl-Pip | 2.80 60 |02 500 |29 | ®
2021 | ETFE Phenylim | 1.7 | 25 EK/E\ 0.71 60 | 0.05 670 |35 |
2022 | DAPP Alkyl-A 20 |30 | FLN 150 80 1.0 200 0 | %
2022 | Carbazole Alkyl-A 2.3 50 | Carbazole 1.05 60 0.6 1,000 15 4
2020, Norbornene | Alkyl-A 3.3 10 | Norbornene | 3.2 75 0.6 2,000, | 4, 95 96
2022 Y : : : 3,600 | 19 ’
2022 | PE Ferroceniu | 17 | go [PE- | g74 120 |05 500 |39 |9
m ferrocenium
2023 | DAPP Alkyl-A 20 | 25 | Norbomene | 141 80 1.0 200 5 | ®
2023 | Phenyl Phenyl-Pip | 24 | 15 | Phenyl-Pip | 0.91 80 | 0.25° 100 |25 | @
2023 | Phenyl Phenyl-Pip | 25| 25 | Phenyl-Pip | 1.61 60 | OCV 1,000 | 8 %
2023 | Ethylene- | o viPip | 25 | 40 | Phenyl-Pip | 0.66 80 |ocv |60 |9 72
styrene

aH,/CO.-free air, Precoverable loss, ‘PGM-free cathode




Table S7. AEMWE performance of MEAs (pure water-fed).

. IEC Catalyst ;
Year | Backbone Celitery (mequiv. i lonomer 'I;emp d el Ref.
group g’ (um) ) anode | cathode LY

2019 | Polystyrene | Benzyl-Pip | 1.2 n/a SEBS-Pip 50 IrO, Pt/C 0.08 o8
2020 | FAA-3-PK-1 13 75 n/a 50 NiFe | NiMo 045 | @
2020 | Phenyl-Pip 33 20 Phenyl-Pip 80 FeNi | PUC 0.8 00
2020 | Phenyl Alkyl-A 2.6 26 BTMA 85 NiFe | NiMo 0.9 07
2020 | Phenyl Alkyl-A 2.6 26 BTMA 85 NiFe | PtRu 275 |
2021 | Phenyl-Pip 2.2 40 Phenyl-Pip 69 Ir0, PUC 075 | @
2021 | Phenyl [ Alkyl-A 2.0 50 FLN 60 Ir0, PUC 1.0 03
2021 | FLN-co-Phenyl-Pip 28 30 Ehg‘r‘@‘l’_'mp 80 | Ir0, | PtC 0.7 104
2021 | SEBS Alkyl-A 1.7 32 FLN 60 Ir0, PUC 082 | ™
2021 | Phenyl Alkyl-A 2.0 50 FLN 60 Ir0, PUC 075 | ™™

. SEBS-Alkyl- o6
2022 | SEBS Alkyl-Pip 1.1 na | g 60 IrO, Pt/C 0.75
2022 | Norbor Alky-A 30 Norb-Alkyl-:A__| 60 IrOx PUC 0.4 07
2022 | Phenyl-Pip 2.7 30 Phenyl-Pip 60 FeNi | PUC 1.2 08
2022 | Phenyl-Pip 3.0 50 Phenyl-Pip 80 g‘FeZ NiFeCo f'%{t/ 109

4 .

2023 | Phenyl-Pip 1.8 60 Phenyl-Pip 80 Ir0, PtRUC | 0.6 0
2023 | Biphenyl | Alkyl-A 2.6 50 Phenyl-alkyl-A | 60 Ir0, PUC 0.7 i
2023 | Phenyl-Pip 25 25 Phenyl-Pip 90 FeNi_ | PUC 127 | ®
2023 | X37-50 [Im 11 50 FAA-3 70 NiFe | NiMoO, | 0.6 772




Table S8. AEMWE performance of MEAs (KOH-fed).

IEC

Cation (meq t KOH (M) | Catalyst iat
Year | Backbone . lonomer / Temp Ref.
group 1“)'\’ g | (um) (°C) anode cathode 1.8V

2018 | Polystyrene | Im 1.1 50 Benzyl-Im 1/60 NiFe NiFeCo 0.5 "3
2019 FAA-3-50 1.3 50 FAA-3 1/50 IrO, Pt/C 0.46 "3
2019 | Polystyrene | Pyrroli 2.7 60 n/a 1/60 NiFe NiMo 0.25 4
2019 PBI-Im 2.5 50 n/a 1/60 NiAIMo NiAlMo 0.85 "5
2020 FAA-3-PK-1 1.3 75 n/a 0.1/50 NiFe NiMo 1.0 9
2020 Carbazole | Alkyl-A 2.3 50 Carbazole 1/70 IrO, Pt/C 2.5 2
2020 Benzim 2.3 50 FAA-3 1/60 Ir black Pt/C 1.84 16
2020 | Polystyrene | Im 11 |50 | Nafion 1/80 Fe-NiMo | NiMo ?gg a |
2020 | Polystyrene | Im 1.1 50 n/a 1/45 IrO, CuCO 1.26 "8
2020 Phenyl Alkyl-A 2.6 26 BTMA 1/85 NiFe PtRu 5.3 101
2021 Fumapem-3-PE-30 1.9 30 FAA-3 1/50 IrO, NiCu 0.9 "o
2021 | Polystyrene | Pyrroli 2.0 80 PTFE 1/80 NiFe NiMo 0.4 120
2021 X37-50 Im 1.1 50 n/a 1/50 NiFeCo NiFeCo 0.8 121
2021 X37-50 Im 1.1 50 Nafion 1/60 NiCo Pt/C 1.0 122
2021 Phenyl Alkyl-A 2.0 50 FLN 0.1/60 IrO, Pt/C 2.0 108
2021 Polysulfone | BTMA 1.0 48 n/a 1/80 Ni Pt/C 1.0 123

. FLN-co- 104
2021 FLN-co-Phenyl-Pip 2.7 30 Phenyl-Pip 1/80 IrO, Pt/C 3.5
2022 Phenyl-Pip 2.3 30 Phenyl-Pip | 1/85 IrO, Pt/C 0.7 124
2022 FLN | Alkyl-A 2.0 43 FLN 1/70 IrO, Pt/C 0.9 125
2022 FAA-3-50 1.3 50 FAA-3 1/50 NiFe Pt/C 1.1 126
2022 FAA-3-50 1.3 50 FAA-3 1/70 Ni-IrO, Pt/C 1.2 1er
2022 | Polystyrene [ Im 1.1 50 FAA-3 1/60 Perov Pt/C 1.16 128
2022 | Benzlm 2.5 50 Benzim 1/60 Ir Pt/C 1 129
2022 | SEBS é‘:';y" 19 | na |FAA3 1170 IrO, PYC 1.0 130
2022 Phenyl-Pip 3.0 50 Phenyl-Pip | 1/80 NiFe,O4 NiFeCo 0.12 109
2022 FAA-3-50 1.3 50 FAA-3 1/60 NiFe-PS NiFe-PS 1.5 131
2022 | Norbornene | Alkyl-A | n/a 30 Alkyl-A 0.3/50 PbRuO PtNi 1.65 132
2022 | Phenyl Alkyl-A | nfa | n/a Krl‘gl‘_ﬁ‘ 1/55 NiFe PYC 10 18
2022 Carbazole Alkyl-A 2.3 50 PTFE 1/80 CuCO Pt/C 3.0 134
2023 Phenyl Pip 1.8 60 Phenyl-Pip | 1/80 IrO, PtRu/C 2.0 "o
2023 Phenyl Pip 2.9 15 Phenyl-Pip | 1/80 IrO, Pt/C 1.4 135
2023 | Biphenyl | Alky-A | 26 | 50 ;tiﬂ}&" 1/60 IO, PYC 124 i

~ Polysulfon . 136

2023 Polysulfone | Alkyl-A 1.3 45 e-Alkyl-A 1/80 Ni Pt/C 0.85
2023 | X37-50 Im 11 |50 | ra 1/80 EeN'OO 'gg,g@R“‘ 156 17
2023 Phenyl-Pip 2.5 25 Phenyl-Pip | 1/90 FeNi Pt/C 5.5 49
2023 Phenyl-Pip 2.4 80 Phenyl-Pip | 1/80 CO304 Pt/C 1.9 138
2023 FLN-co-Phenyl-Pip 3.0 50 Phenyl-Pip | 1/80 Fe-Ni-Co | PtRu/C 7.8 139




Table $9. AEMWE durability of MEAs.

0.1 M KOH

IEC AEMWE durability
Backbo | Cation (meq
Year ; (um | lonomer Tem - ; Ref.
ne group o, ) Mode b I\;unal Tr:me Loss (%)
g’) (°C) (h)
Phenyl- 0.2 Acm? 140
2014 | Phenyl |BTMA |17 |80 | EMem 924 50 |22 2,200 | 400 mv
0.5 cm?/ 1 141
2014 | A201 18 |28 |PTFE R, |4 |19 1,000 | 150 mv
0.025 Acm?/ "
2016 | Polybenzim 25 |34 |FAA3 00200 ¢ 60 |22 244 | 300mV
2018 | Polystyrene-Im 11 |50 |1Im 1Acm?/ 60 | 1.9 2,000 | 5mvh 13
ysty : 1 M KOH : :
2019 | Polybenzim 25 |50 |n/a 1A cm?/ 60 | 208 |150 |o03mvhl |
Y : 1 M KOH : :
Styrene- 0.2 Acm? 4 101
2020 | Phenyl 26 |26 | giren 924 60 |18 160 | 1.3mVh
2
2021 | X37-50 1.1 50 | Im 0.5 A cm™/ 60 | 1.9 170 120 mV 3
water
2
2021 | Phenyl-Pip 22 |40 | Phenyl-Pip %af)tér cm™/ 55 | 1.86 | 180 | 0.67mVvh' | 12
]
0.75 A cm? 820’;‘\/\22“9)
2021 | Phenyl-Alkyl-A 22 |30 |FLN fwi% KCOJ | 50 | 1.02 | 400 | Toeouer 105
60-100 psig ’
recoverable)
FLN-co-Phenyl- FLN-co- 0.5 Acm? 104
2021 | b 27 |30 | preeton | S akon 60 |16V |1,000 |0
2
2021 | Polystyrene 09 |50 | Styrene-m | 1ACT 60 | 1.85 | 12,000 | 0.02mvh' | 1
2
2022 | Phenyl-Pip 23 |30 | Phenyl-Pip ?'aigﬂ / 60 | 175 |400 |011mvht | 12
Alkyl- SEBS- 2VI01M 07A p -
2022 | SEBS | pif 11 | wa | Mo | kon 60 | 272 1300 | 1.0mvn
2
2022 | Norbomene 34 |30 | Norbomene | 1ACMPUe 5o | 5 500 | 935mvht | 1o
-2
2022 | Norbomene 34 |30 | Nobomene | \ASTTOTM Fap |48 600 | stable 145
2
2022 | Phenyl-Pip 27 |30 | Phenylpip | O-2AcMY 60 |17 180 | 100mV 108
pure water
2
2022 | Phenyl-Pip 30 |50 | Phenyl-pip | %-2ACmY 80 | 16 200 | stable® 109
pure water
2022 | Polybenzim 21 |50 | Benzim 1Acm?/ 60 | 178 |100 | stable 129
: 1 M KOH :
Phenyl- 1Acm?/ 4 133
2022 | Phenyl-Alkyl-A na | na | ety S 55 | 172 |400 | 93mvh
1Acm?/ 4 131
2022 | FAA-3-50 13 |50 | FAA3 e 60 | 173 |300 |8 mvh
1Acm? reversible 126
2022 | FAA-3-50 13 |50 | FAA3 pem 50 |2 2000 | ove
Carbaz 0.5 Acm? 4 134
2022 | 52 Alkyl-A | 23 |50 | PTFE gomem |45 | 173 |3000 |113mvh
. . 1Acm? 110
2023 | Phenyl-Pip 1.8 60 Phenyl-Pip 0.1 M KOH 60 1.92 300 170 mV
0.5 Acm? 137
2023 | X37-50 11 |50 |1Im 0.5 Ao 80 | 165 |100 | Stable
2
2023 | Phenyl-Pip 25 |25 | PhenylPip | AT 60 | 162 |2500 |0.015mvht |4
2
2023 | X37-50 | Im 11 |50 |Im 1.8Vem™ 70 | 963A 149 | 29% 12
pure water cm
Polysulf 0.5 Acm? 146
2023 | PO BIMA |22 |44 | Polysufone | 5 oA 30 | 175 |480 | 3%
Phenyl- 1Acm?/ - 11
2023 | Phenyl | Ayl |26 |50 | pheY aem 60 | 185 |3500 |65mVh
Aemion+ - ' 1Acm? 4 147
2023 | (SO ey 25 | 85 | Nafion pem 70 |20 5,000 | 0.6mVh
2
2023 | Phenyl-Pip 24 |80 | Phenyl-Pip | 2ACM 80 |21 600 | 50V h 138




2023

FLN-co-Phenyl-
Pip

3.0

50

Phenyl-Pip

1.5 Acm?/
1 M NaOH

60

1.8

2,000

50 OV h'

@using phosphate buffer.




Table S10. Flow battery performances of membranes. Data was extracted from graphs by
Digitizelt Version 2.3.3. IEC values of Nafion are taken from the specification sheets.

Type Year | Membrane CE(%) | VE(%) | EE (%) ;Ef): gl | ey
2018 | PAEK-API 2.0 975 831 811 143 e
2018 | QPPP-1 100.0 70.0 70.0 16 s
2018 | QPPP-2 99.0 87.0 86.1 2.0 s
2018 | QPPP-3 99.0 81.0 80.2 24 s
2018 | IMPPP-1 100.0 67.0 67.0 12 s
2019 | PE/PP-g-PVBTMA 33% 90.1 811 73.0 148 50
2019 | PE/PP-g-PVBTMA 210% 915 82.7 75.7 3.52 50
2019_| QA-OMPAEK20 97.9 83.7 81.9 2.33 TS
2019 | QA-TMPAEK40 95.5 84.7 810 | 246 57
2019 | BM-TMIm 4 NN 99.7 81.8 815 2.75 52
2019 | BM-TMIm 4 NF 99.2 84.7 84.0 2.55 52
2019 | BM-TMim 4 FN 99.2 86.7 860 | 258 52
2019 | BM-TMim 4 FF 97.6 86.8 84.7 2.37 52
2019 | Im-bPPO 96.2 781 75.1 0.71 5
2019 | BPN1-100 97.9 83.7 81.9 26 =
2019 | m-TPNA 99.2 86.4 857 | 213 5
2019 | p-TPN1 99.6 86.4 860 | 215 5
2020 | M-PPFStMTZ-Me3 98.8 85.2 84.1 16 75
2020 | M-PPFStMTZ-Med 99.9 7 716 115 755
2020 | PBI-GTA-112% 98.2 92.1 90.5 2.82 %
2020 | PBI-GTA-93% 97.8 90.6 88.6 | 2.39 %
2020 | PBI-GTA67% 99.2 87.6 86.9 1.9 %

AEM 2020 | Py2-ADMPEK- 99.7 83.3 83.1 2.1 57
2020 | Py2-ADMPEK-2 97.9 88.0 86.1 2.45 57
2020 | Py2-ADMPEK-3 98.6 89.5 88.2 2.59 57
2021 | VIMPPO _10% 94.9 73.8 70.0 nia 58
2021 | VIMPPO 15% 975 76.5 74.6 nia 78
2021 | VIMPPO 20% 97.6 68.4 66.8 na 58
2021 | DQA-TAPFE-20 95.1 84.4 80.3 155 759
2021 | PTP-CHPTMA 98.9 89.2 88.3 na 760
2021 | PBI-48% BPTMA 99.3 83.0 82.4 1.9 o1
2021 | PAES-8mPip-0.20 96.7 84.2 81.3 149 52
2021 | PAES-8mPip-0.25 96.2 87.2 83.9 164 2
2021 | PAES-8mPip-0.30 93.4 87.4 816 178 52
2021 | QAPPEK-P-50 95.6 88.6 84.6 0.98 763
2021 | ImPEEK 98.4 86.2 849 | 216 =
2021 | CImPEEK 98.5 87.2 85.9 2.04 5
2021 | PTP-QA 98.9 90.6 896 | 2.80 75
2021 | CMVI-C10 95.3 82.5 78.6 0.98 75
2021 | CMVIC3 971 83.2 78.2 1.21 75
2022 | PAPI 2.5 96.8 85.0 82.2 151 7%
2022 | PAPI 2.25 97.0 83.7 81.2 144 76
2022 | PTFE/PAPI 25 97.4 85.3 83.0 na 7%
2022 | PAPI 2.0 975 82.5 80.4 1.38 76
2022 | PTFE/PAPI 2.25 976 841 82.2 na 7%
2022 | PTFE/PAPI 2.0 97.9 83.6 81.9 na 76
2019 | FAP 450 98.0 79.0 775 2.18 52

Commercial | 2019 | FAP 450 98.8 83.0 82.0 0.93 5

AEM 2021 | FAP 450 98.0 74.2 72.7 na %
2022 | FAP 450 95.2 84.6 80.6 na 7%
2018 | Nafion 115 97.0 86.0 83.4 >0.9 s
2018 | Nafion 117 93.6 84.0 78.6 >0.9 e
2019 | Nafion 117 83.0 76.5 635 >0.9 50
2019 | Nafion 212 87.9 92.0 80.8 >0.92 TS
2019 | Nafion 212 96.0 86.9 83.4 >0.92 52

Nafion 2019 | Nafion 212 90.1 92.4 83.2 >0.92 53
2019 | Nafion 212 915 86.8 79.5 >0.92 5
2020 | Nafion 212 95.6 87.0 831 >0.92 755
2020 | Nafion 212 88.9 90.5 80.4 >0.92 %
2020 | Nafion 212 85.6 90.3 773 >0.92 57
2021 | Nafion 115 98.1 76.2 74.8 >0.9 78
2021 | Nafion 115 975 83.3 813 >0.9 %0




2021 | Nafion 115 97.6 79.2 773 >0.9 1
2021 | Nafion 115 94.4 88.1 83.1 >0.9 163
2021 | Nafion 115 974 78.8 76.8 >0.9 16
2021 | Nafion 117 94.0 81.4 79 >0.9 67
2021 | Nafion 212 91.3 87.9 80.2 >0.92 15
2021 | Nafion 212 95.4 85.9 82 >0.92 162
2021 | Nafion 212 93.5 81.9 76.6 >0.92 i
2022 | Nafion 115 90.4 86.9 785 >0.9 16
2020 | O-PBI 99.5 79.3 78.9 n/a 1%
2022 | gel-mPBI/py-PBl/gel-mPBI assembly 98.5 91.9 90.5 n/a 168
PBI 2022 | gel-mPBl/m-PBl/gel-mPBl assembly 98.6 91.3 90.0 n/a 168
2022 | gel-mPBI/PBI-O0/gel-mPBI assembly 99.9 89.3 89.3 n/a 168
2023 | p-OPBI/10x-OPBI/p-OPBI assembly 99.7 91.1 90.8 n/a 16
Table S11. lon-pair HT-PEMFC durability of MEAs.
IEC : o
lon-pair HT-PEMFC durabilit
Y Backbo | Cation (meq ( | on-pair urabfity Ref
ear | e group uiv. )pm e Mode/Rea | Temp | Initial Time Loss (%) St
g") ctant gas (°C) V (h)
Styrene- 0.4 VIPr2o 0.22 A 0.33 mA cm2
2016 | DAPP | BTMA | 1.7 |65 =9.7kPa, | 120 > 500 B 170
BTMA ; cm h
H,-air
2
2020 | Psf BTIMA |18 |77 |PTFE &22_5\2 e 160 | 054 | 25 16 mV b "
2020 | Polybenzim na | na | na Safom™ |60 |0eo |30 | oAmvh |
0.2Acm 180- No 173
2020 | PSf Pyr 17 |39 | PSf-Pyr O o0 | 04 120 degradation
Styrene- 0.6 A e
2020 | DAPP | Alky-A | 1.8 |40 | Phosphonic | 5\ .0 160 | 055 | 500 0.35mVvht | 17
acid 2
2021 | Polybenzim 39 |45 | PTFE g':" ‘; oM 1180 | 055 | 48 0.5mV h" 175
M
2021 | Polybenzim na | nfa |na 93AC™ 1160 | 065 | 200 3'§gra sation | ™
M
2022 | FLN Alkyl-A | 184 |52 | PTFE 9”125 gzcm' 140 | 067 |60 02mvht | 17
Polyphe | DABC 0.3 V/8% 17A 33mAcm? | s
2022 | 1 o 25 | 100 | PTFE R/ o0, | 160 | g2 | 60 "
Nafion/Styren 06 A cmr No
2022 | DAPP | Alky-A | 1.8 |35 | e-Phosphonic | 5\~ 160 | 052 | 2500 | o o [
acid z
2023 | Phenyl-Pip 19 |60 | PTFE 9/H2 Aocm' 120 |07 1,000 glggra dation | ™
2-\U2




Table S12. Performance and durability of CO, and CO electrolyzers.

i

Device durability

Year | Membrane Electrolyte (mA cm?) Main product FE (%) hour v Ref.
2003 | Selemion 0.2 M K;SO, 100 CcO > 50 n/a n/a 181
2014 | Fumasep 1M KOH 250 Propyl alcohol | 21 n/a n/a 182
2014 Selemion 0.1 M NaHCO; 10 CH, 85 1 1.25 183
2016 | n/a 0.1 M H,SO4 100 CcO 92 250 3 184
2016 | Fumatech }1('5"0*8?"' &0SM 1 550 CoHs 46 n/a n/a 185
2017 | Sustainion Deionized H,O 140 Formic acid 94 550 3.4 186
2017 n/a 0.5 M KHCO,3 200 cO 64 n/a n/a 187
2017 | AMI-7001 0.01 M KHCO3 200 CcO 95 1,000 3.0 188
2017 AMI-7001 0.01 M KHCO,3 50 cO 90 4,380 3.0 188
2018 Fumatech 2.0 M KOH 630 CoH, 42 1 3.3 189
2018 | n/a 1 M KHCO3 200 CcO 90 n/a n/a 190
2018 Fumatech 1M KHCO3 145 HCOO- 64 n/a n/a 191
2018 | PSMIM 0.5 M KHCO3 300 CcO 90 8 2.75 192
2018 n/a 1.0 M KHCO3 450 CoH, 50 n/a n/a 193
2018 n/a 0.1 M KHCO;3 450 CoH, 36 n/a n/a 194
2018 | Fumasep 1M KOH 250 CoH, 18 n/a n/a 195
2018 | Fumasep 1 M KHCO4 200 CoHq4 30% n/a n/a 196
2019 | Fumatech 0.1 M CsHCO; 200 CcoO 60 n/a n/a 1o7
2019 Sustainion 0.1 M KHCO,3 100 cO 80 135 3.75 198
2019 | Sustainion 0.01 M KHCO3 162 CcO 97 10 3.0 199
2019 | n/a 0.1 M KHCO3 150 CoHy 46 100 4 200
2019 Sustainion 0.5 M KHCO,3 300 cO 99 9 2.6 201
2019 | Fumasep 1 M KHCO3 250 EtOH 41 n/a n/a 202
2019 Fumasep 3 M KHCO3 300 EtOH 41 12 3.7 203
2019 | Selemion 1 M KHCO3 700 CcO 85 10 3.75 204
2019 | Fumatech 2.0 M KOH 450 AcO" 48 n/a n/a 205
2020 | QAPPT o o iC0s8 01 350 co 82 n/a n/a 206
2020 PiperlON 0.1 M CSOH 500 cO 80 100 3.2 207
2020 | Fumasep 1 M KHCO; 225 CH,4 73 n/a n/a 208
2020 n/a 3.0 M Cs,CO3 200 cO 90 n/a n/a 209
2020 Sustainion 1.0 M KHCO3 200 HCOO- 92 100 ~2 210
2020 | Sustainion 0.1 M KHCO3 220 CoHy 69 100 3.8 21
2020 QAPPT pure water 200 cO 90 100 2.3 212
2020 | Selemion 0.5 M KHCO3 400 CcoO 99 n/a n/a 213
2020 | Sustainion 1 M KOH 500 C,H, 33 n/a n/a 214
2020 | Fumasep 2 M KOH 180 AcOr 42 n/a n/a 215
2020 | Sustainion 2 M KHCO3 150 CcoO 55 n/a n/a 216
2020 Sustainion 0.01 M KHCO,3 200 cO 82 n/a n/a 217
2021 Aemion 1M KOH 50 CcO >50 100 2.3-2.6 218
2021 | Sustainion }1('5"0*8?"' or1M 150 co 100 » 25 210
2021 Sustainion 0.1 M KHCO3 100 CoHy 40 14 2.4 219
2021 Sustainion 0.1 M KHCO,3 300 EtOH 34 2 5-6 220
2021 | Fumatech 1M KOH 200 CoH, 40 n/a n/a 221
2021 | Sustainion 3 M KOH 150 C,H, 68 n/a n/a 222
2021 Sustainion 1M KOH 500 CoHy n/a 110 2.8 223
2021 | Fumasep & 1M KOH 200 co 69 5 26 123
Sustainion
2021 | Fumasep 1M KOH 65 HCOO 90 n/a n/a 224
2021 Fumasep, G60 0.5 M KHCO,3 70 cO 78 10 2.12 225
Fumasep, 0.1 MKOH & 1.0M
2022 Neosept‘; KHCO, 45 co n/a 16 4.1 226
2022 QAPPT KOH, CsOH, KHCO; | 500 cO 78 100 3.3 221
2022 | Sustainion 3 M KOH 100 CoHy 70 83 3.0 228
2022 | SC-BPM 0.5MK:S0.&0.1M | 54 CoH 34 n/a n/a 2
KHCO;
2022 | Fumatech pure water 100 CcoO 30% 0.5 3.7-3.9 230
2022 | Fumasep 1 M KHCO, 347 CoHq4 30% n/a n/a 1
2022 | Sustainion 2 M KOH 200 AcO" 36 n/a n/a 232
2022 Sustainion 0.1 M KOH 125 CoH, 68 5 3.5 233
2022 | Sustainion 0.1 M KOH n/a CcO 89 n/a n/a 234




2022_| Orion AMX 2 M KOH 200 acetate 44 120 2.2 75
2022 | Fumasep 1 & 3 M KHCO3 125 n/a n/a n/a n/a 236
2023 | Aemion 0.1 M KHCO, 200 co 96 200 3.1 27
2023 | PVA/PQ44-OH | 0.5 M KHCO, 250 nia 88 n/a nia 7
2023 | Fumasep 1M KOH 200 co ~95 2 27536 |2
2023 | Sustainion 1M KOH 100 HCOO 92 8 2.1 20
2023 | Selemion 0.1 M KHCO, 700 CoHe 100 na nia z
2023 | Fumatech 0.1 MKHCO; 200 CoHe 78 400 4.67 2z
2023 | Aemion 0.01 M KHCO, 100 co 90 100 3.0 23
2023 | Radatongrafted | o 5 v kHco, 300 co 90 n/a n/a 244
2023 | Radiatongrafted | o 4y ko, 150 co 80 200 31 s
PVA &
2023 | poly(diallyldimethy | 0.5 M KHCO, 18 HCOO" 90 n/a n/a 246
lammonium)
2023 | Sustainion 0.1 M KHCO3 300 CcO 66 n/a n/a 247
2023 | PiperlON 0.1 MKHCO, 300 co 40 10 3.05 2
2023 | Sustainion 2 M KOH 300 co 90 1 2 2
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