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1. Introduction

Hydrogen is a sustainable fuel produced through water electrol-
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Quaternized perfluorinated polymers are promising anion exchange membranes (AEMs) for hydrogen
energy devices due to their excellent dimensional stability and high ionic conductivity, which arise from
limited ion exchange capacities (IECs) and well-developed hydrophilic/hydrophobic microphase-
separated morphologies. However, their poor alkaline stability remains a critical challenge. In this study,
a series of Aquivion-based perfluorinated AEMs was synthesized with varied tethering structures to
systematically examine the effects of sulfonyl-containing linkages, alkyl spacers, and nitrogen-based
cyclic cationic end groups on alkaline stability. We specifically introduced sulfonate ester linkages and
alkaline-stable cationic groups, such as N-methylpiperidinium and 1,2-dimethylimidazolium, into
perfluorinated AEMs, as these functionalities have not been previously used in such systems. Compared
with the sulfonyl- and sulfonate ester-linked AEMs, the sulfonamide-linked AEMs incorporating hexyl
spacers exhibited markedly enhanced alkaline stability by preventing hydrolytic cleavage of the linkage
between the perfluoroalkyl ether side chains and cationic end groups. Among them, the AEM bearing N-
methylpiperidinium end groups (Aquivion-SO,NH-6CPip) showed greater hydroxide conductivity
retention (83.8%) after immersion in 1 M KOH at 60 °C for 192 h, while the AEM containing 1,2-
dimethylimidazolium end groups (Aquivion-SO,NH-6CIm) achieved a higher hydroxide conductivity of
256 x 1072'S cm™! at 80 °C. Both Aquivion-SO,NH-6CIm and Aquivion-SO,NH-6CPip demonstrated
good potential in water electrolysis and fuel cell applications. Notably, the Aquivion-SO,NH-6CIm AEM
exhibited good water electrolysis performance, achieving a high current density of 518 mA cm™ at
2.2V, which is comparable to that of the commercial Sustainion X37-RT membrane.

Perfluorinated PEMs are distinguished by (i) excellent proton
conductivity combined with balanced dimensional stability,
arising from their well-defined hydrophilic/hydrophobic

ysis powered by renewable energy and converted into clean elec-
tricity in fuel cells without carbon emission.’® A proton exchange
membrane (PEM), a key component of both fuel cells and water
electrolyzers, significantly impacts the performance and durability
of these hydrogen energy devices.*> Among the various types of
PEMs, perfluorinated PEMs comprising a polytetrafluoroethylene
(PTFE) backbone with perfluoroalkyl ether side chains terminated
by sulfonic acid groups, namely perfluorosulfonic acid (PFSA),
have been widely adopted as the standard material, such as
Nafion®, 3M™, and Aquivion® ionomer membranes.®®
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microphase-separated morphology containing interconnected
ionic clusters and water channels, (ii) exceptional chemical
stability, owing to the fully fluorinated polymer backbone, and (iii)
good mechanical properties, conferred by their semicrystalline
structure and relatively low ion exchange capacity (IEC)."**

In recent decades, there has been growing focus on oper-
ating fuel cells and water electrolyzers under alkaline condi-
tions using anion exchange membranes (AEMs) with non-
precious metal catalysts, since this method provides a cost-
effective alternative to acidic PEM-based systems that depend
on expensive noble metal catalysts.”*'® However, most AEMs
intrinsically exhibit lower ionic conductivity than PEMs because
hydroxide ions have lower mobility than protons.'” In addition,
AEMs face a trade-off between ionic conductivity and dimen-
sional stability, as increasing IEC boosts ionic conductivity but
also results in higher water uptake (WU) and swelling ratio
(SR).*™ To address this trade-off, an effective strategy involves
designing AEMs with comparatively low IECs, complemented by
well-developed hydrophilic/hydrophobic microphase-separated

RSC Adv, 2026, 16, 8667-8681 | 8667


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra09534d&domain=pdf&date_stamp=2026-02-12
http://orcid.org/0000-0003-3377-1031
http://orcid.org/0000-0002-6392-8194
http://orcid.org/0000-0002-7633-2058
http://orcid.org/0000-0002-8482-903X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09534d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016010

Open Access Article. Published on 12 February 2026. Downloaded on 3/3/2026 8:36:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

morphologies that facilitate ion transport while constraining
swelling.*® In this context, quaternized perfluorinated polymers
have attracted significant interest as AEMs because their
extremely hydrophobic backbones and hydrophilic cationic side
chains readily promote such morphologies.”*** Consequently,
unlike hydrocarbon-based AEMs, perfluorinated AEMs do not
necessarily require additional modifications such as cross-
linking or porous support reinforcement, which are commonly
employed to balance membrane properties.**

However, perfluorinated AEMs typically show limited alka-
line stability, especially when their strongly electron-
withdrawing perfluoroalkyl ether side chains are directly
attached to electron-deficient cationic end groups, making
them highly susceptible to hydroxide attack through nucleo-
philic substitution.”**” Bosnjakovic et al. reported that quater-
nized perfluorinated polymers, prepared by reacting a 3M-based
sulfonyl fluoride precursor with various tertiary amines,
hydrolyze into acidic sulfonated perfluorinated PEMs rather
than remaining as AEMs when exposed to 1 M KOH.?® Recently,
Lee and colleagues observed a similar instability in per-
fluorinated AEMs derived from Nafion- or Aquivion-based
sulfonyl fluoride precursors, where the sulfonyl ammonium
groups hydrolyzed to sulfonic acids after 96 hours in 0.5 M
NaOH.” Fortunately, it is possible to improve the alkaline
stability of perfluorinated AEMs by introducing an appropriate
spacer between the perfluoroalkyl ether side chains and the
cationic end groups through a chemically stable linkage. For
example, Kim and co-workers reported that Nafion-based per-
fluorinated anion exchange ionomers containing penta-
methylguanidinium groups exhibited good alkaline stability
when the sulfonyl linkage was replaced with an amide linkage
and a phenyl spacer was used introduced.?® Park and co-workers
created an alkaline-stable perfluorinated AEM by attaching tri-
methylammonium cations to a 3M-based sulfonyl fluoride
precursor through a hexyl spacer and a sulfonamide linkage.*®
Similarly, Liu and co-workers demonstrated that incorporating
aliphatic spacers can effectively stabilize short-side-chain per-
fluorinated AEMs, leading to improved alkaline stability.**-*

Another reason why perfluorinated AEMs have gained
significant interest is that they can be synthesized from mass-
produced perfluorinated sulfonyl fluoride precursors origi-
nally created for perfluorinated PEMs, providing an advantage
for potential commercialization.?** Here, we report the synthesis
of a series of Aquivion-based perfluorinated AEMs with different
combinations of linkages, spacers, and cationic end groups
using various synthetic routes. The effect of tethering structures
on the alkaline stability of Aquivion-based perfluorinated AEMs
was systematically studied, with particular emphasis on the
cleavage of sulfonyl-containing linkages (e.g., sulfonyl, sulfo-
nate ester, and sulfonamide) under alkaline hydrolysis condi-
tions. As mentioned earlier, previous studies have
demonstrated that introducing appropriate alkyl spacers can
enhance the alkaline stability of perfluorinated AEMs. However,
alkaline-stable nitrogen-based cyclic cations, such as 1,2-di-
methylimidazolium and N-methylpiperidinium, which are
widely used in hydrocarbon-based AEMs,**** have not yet been
incorporated into perfluorinated AEM systems. Therefore, in
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this work, we specifically synthesized Aquivion-based per-
fluorinated AEMs containing N-methylpiperidinium and 1,2-
dimethylimidazolium cationic groups to investigate their
effects on alkaline stability. The membrane properties of the
Aquivion-based perfluorinated AEMs were also studied, and
their potential for hydrogen energy applications was evaluated
through anion exchange membrane water electrolysis (AEMWE)
and anion exchange membrane fuel cell (AEMFC) tests.

2. Experimental

2.1. Materials

All reagents were used without further purification and are listed
as follows: 2-bromoethoxy-tert-butyldimethylsilane (99%, Sigma-
Aldrich), 1,2-dimethylimidazole (96%, Thermo Scientific), 1,6-
dibromohexane (97%, Alfa Aesar), N-methylpiperidine (99%,
Sigma-Aldrich), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) (98%,
Sigma-Aldrich), N,N-diisopropylethylamine (Hiinig's base)
(99.5%, Sigma-Aldrich), ammonium hydroxide (30 wt%, J.T.
Baker), potassium hydroxide (85%, Acros Organics), potassium
bromide (99%, Alfa Aesar), silver nitrate (99.85%, Acros
Organics), and sodium nitrate (99%, Showa). The solvents used
in this study for synthesis and characterization were as follows:
dimethylformamide (DMF) (99.8%, Thermo Scientific), dimethyl
sulfoxide (DMSO) (99.9%, Acros Organics), methanol (99%,
Macron Fine Chemicals™), diethyl ether (99.8%, Honeywell
Fluka™), acetonitrile (99.6%, Acros Organics), and deuterated
dimethyl sulfoxide-ds (DMSO-dg) (99.9%, Sigma-Aldrich). The
Aquivion-based perfluorinated sulfonyl fluoride precursor pellets
(Aquivion® P87S-SO,F with an equivalent weight of 870 g mol ™,
Solvay) were purchased from the Fuel Cell Store.

2.2. Synthesis of a perfluorinated sulfonamide precursor
(Aquivion-SO,NH,)

Perfluorinated sulfonyl fluoride precursor (Aquivion-SO,F) (10
mmol), ammonium hydroxide (45 mmol), and DMF (80 g) were
stirred with a magnetic stirrer. After 30 days of stirring, the
precursor pellets were fully dissolved, forming a clear solution.
The solution was then heated to 100 °C with stirring for 2 h to
remove residual ammonia, then poured into deionized water,
which precipitated a light brown polymer powder. The precip-
itate was washed with methanol and diethyl ether to remove
residual solvents and impurities. After drying, the brown
powder of perfluorinated sulfonamide precursor (Aquivion-
SO,NH,) was obtained.

2.3. Synthesis of cationic compounds (TBS-2CIm, Br-6CIm,
and Br-6CPip)

2-Bromoethoxy-tert-butyldimethylsilane (6.5 mmol) was dissolved
in 10 mL of acetonitrile under magnetic stirring and a nitrogen
atmosphere at 60 °C. Subsequently, 6 mmol of 1,2-di-
methylimidazole was added to the solution, and the Menshutkin
reaction was conducted at 60 °C for 12 h. After the reaction, the
mixture was cooled to room temperature and poured into excess
diethyl ether to precipitate a viscous product and remove
unreacted compounds. The collected product was then dried

© 2026 The Author(s). Published by the Royal Society of Chemistry
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under magnetic stirring and reduced pressure at 90 °C overnight.
Finally, the 1,2-dimethylimidazolium cationic compound with an
ethoxy butyldimethylsilane group, named TBS-2CIm, was ob-
tained. 18 mmol of 1,6-dibromohexane and 50 mL of acetonitrile
were stirred magnetically at 60 °C. A solution of 1,2-di-
methylimidazole (15 mmol) in 30 mL of acetonitrile was then
added dropwise via a dropping funnel to the mixture, allowing the
Menshutkin reaction to proceed for 12 hours. After cooling to
room temperature, the mixture was poured into a 500 mL beaker
containing excess diethyl ether to precipitate a viscous liquid at
the bottom and remove unreacted 1,6-dibromohexane. The
residual solvent in the collected liquid was evaporated under
reduced pressure at 90 °C with stirring. The resulting 1,2-di-
methylimidazolium cationic compound with a hexyl bromide
group, named Br-6CIm, was obtained. The synthesis of the N-m-
ethylpiperidinium cationic compound with a hexyl bromide
group, called Br-6CPip, is similar to that of Br-6CIm, except that
1,2-dimethylimidazole is replaced by N-methylpiperidine.

2.4. Synthesis of sulfonyl-linked 1,2-dimethylimidazolium
perfluorinated anion exchange membranes (Aquivion-SO,N-
Im)

Aquivion-SO,F (5 mmol) was reacted with 1,2-di-
methylimidazole (7.5 mmol) via the Menshutkin reaction at
150 °C in anhydrous DMAc (150 mL) for 12 h. During the
reaction, the Aquivion-SO,F particles gradually dissolved in the
solution as they were converted into a sulfonyl-linked 1,2-di-
methylimidazolium perfluorinated polymer, denoted as Aqui-
vion-SO,N-Im. The polymer was then precipitated using excess
diethyl ether, washed three times with diethyl ether, and dried
under vacuum at 90 °C, yielding a beige powder of Aquivion-
SO,N-Im. Aquivion-SO,N-Im AEMs were fabricated via a solvent
casting process, which involved preparing a 5 wt% polymer
solution, solidifying it at 120 °C under vacuum for 12 h, washing
with methanol, and drying in an 80 °C air-flow oven.

2.5. Synthesis of sulfonate ester-linked ethyl 1,2-
dimethylimidazolium perfluorinated anion exchange
membranes (Aquivion-SO3-2CIm)

Aquivion-SO,F (5 mmol) was reacted with the cationic compound
TBS-2CIm (15 mmol) in anhydrous DMAc (150 mL) at 120 °C for
12 h via the sulfur(vi) fluoride exchange (SuFEx) reaction, using
DBU as a catalyst. After cooling to room temperature, the solution
was poured into excess diethyl ether to precipitate the sulfonate
ester-linked ethyl 1,2-dimethylimidazolium perfluorinated poly-
mer, designated as Aquivion-SO;-2CIm. The resulting polymer was
purified by washing three times with diethyl ether and methanol.
Finally, after vacuum drying at 90 °C, a beige powder of Aquivion-
SO;-2CIm was obtained. The membrane preparation of Aquivion-
SO;-2CIm AEMs follows the solvent casting described previously.

2.6. Synthesis of sulfonamide-linked hexyl 1,2-
dimethylimidazolium perfluorinated anion exchange
membranes (Aquivion-SO,NH-6CIm)

A sulfonamide-linked hexyl 1,2-dimethylimidazolium per-
fluorinated polymer, denoted as Aquivion-SO,NH-6CIm, was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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synthesized by reacting Br-6CIm (15.0 mmol) with the precursor
Aquivion-SO,NH, (5.0 mmol) in the presence of Hiinig's base
(5.0 mmol) at 120 °C for 24 h using anhydrous DMAc as the
solvent. After the reaction, the solution was cast onto a glass
plate and heated at 120 °C for 12 h to form a membrane. The
membrane was then peeled off by immersion in deionized water
and subsequently washed with methanol to remove residual
solvent and unreacted compounds. After drying in an 80 °C air-
flow oven, the Aquivion-SO,NH-6CIm AEM was obtained.

2.7. Synthesis of sulfonamide-linked hexyl N-
methylpiperidinium perfluorinated anion exchange
membranes (Aquivion-SO,NH-6CPip)

A sulfonamide-linked hexyl N-methylpiperidinium perfluorinated
polymer, referred to as Aquivion-SO,NH-6CPip, was synthesized
by reacting Br-6CPip (15.0 mmol) with the precursor Aquivion-
SO,NH, (5.0 mmol) in the presence of Hiinig's base (5.0 mmol) at
120 °C for 24 h using anhydrous DMAc as the solvent. The
subsequent procedure for preparing the Aquivion-SO,NH-6CPip
AEMs is identical to that of the Aquivion-SO,NH-6CIm AEMs.

2.8. Characterization

Fourier transform infrared (FTIR) spectroscopy was performed
using a PerkinElmer Spectrum ONE instrument. Liquid-state
nuclear magnetic resonance (NMR) analysis was conducted on
a Bruker AVANCE III HD 600 MHz spectrometer for samples di-
ssolved in DMSO-de. X-ray photoelectron spectroscopy (XPS) was
conducted with a ULVAC-PHI PHI 5000 VersaProbe utilizing
a monochromatic Al Ko radiation source (1486.6 eV). Thermog-
ravimetric analysis (TGA) was performed using a TA/SDT-Q600
instrument at a heating rate of 10 °C min~" from 100 °C to
800 °C under a nitrogen flow of 100 mL min~". Small-angle X-ray
scattering (SAXS) data were collected using the In-vacuum Eiger X
9M detector at the 25A beamline of the Taiwan Photon Source
(TPS). Atomic force microscopy (AFM) phase images of the AEM
samples were obtained in tapping mode using a Bruker Dimen-
sion ICON SPM instrument at ambient temperature. Trans-
mission electron microscopy (TEM) images were acquired using
a JEOL JEM-2100F instrument at an accelerating voltage of 120 kV
for AEMs stained with RuO,. The water contact angle (WCA) and
oil contact angle (OCA) of the membrane surfaces were measured
using a contact angle analyzer (OSA60SS, LAUDA) to evaluate
their surface wettability. Deionized water and dodecane were
used as the probe liquids for WCA and OCA measurements, and
the droplet volume was fixed at 20 pL.

2.9. Measurements of membrane properties

The actual ion exchange capacity (IEC) was determined by
Morh's titration. An AEM in the Cl™ ion form was immersed in
1 M Na,SO, solution at room temperature for 24 h to facilitate
the complete exchange of Cl™ ions into the solution. Then, the
solution was titration with AgNO; aqueous solution, using
K,CrO, as a colorimetric indicator. The actual IEC can be
calculated based on the consumed volume of AgNO; solution
(Vagno,), the AgNO; solution concentration (Cagno,), and the dry
membrane weight (m4,,) using the following equation:

RSC Adv, 2026, 16, 8667-8681 | 8669
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Vagno, X Cagno,
mdry

IEC =

Prior to measuring water uptake (WU) and swelling ratio
(SR), the AEM in its Cl™ ion form was soaked in deionized water
at 30 °C for 24 h. After gently wiping the membrane to remove
surface water, its weight and length in the hydrated state (W}
and L) were recorded. The membrane was then dried in
a vacuum oven at 100 °C for 4 h, followed by measuring its
weight and length in the dry state (W4 and Lq). The WU and SR
were calculated using the following equations:

Wo = Wa 100%

WU (%) =~
d

L L

SR (%) 4 % 100%

d

The hydration number, representing the number of water
molecules per cationic group in the AEM, was calculated using
the IEC, WU, and the molar mass of water (18.02 g mol ') as
shown below.

WU x 1000
~ IEC x 18.02

The ionic conductivity (¢) of an anion exchange membrane
was measured using a Metrohm Multi Autolab/M204 instru-
ment with a two-probe cell immersed in N,-saturated deionized
water at a predetermined temperature in a sealed flask.
Frequency response analysis (FRA) in the potentiostatic mode
was performed over a frequency range of 10 kHz to 0.1 Hz to
obtain the Nyquist plot. The ionic conductivity (¢) can be
determined by the real impedance-axis intercept value (Rg), the
membrane thickness (7), and the contact area (A) as follows.

T
7= Ry x 4

The effective ion mobility (1) in an anion exchange
membrane can be calculated using ionic conductivity (o),
Faraday's constant (F), and ion concentration (7). According to
P. Knauth's method, the ion concentration (n) in an anion
exchange membrane can be determined by IEC and WU, which
is directly related to the hydration number (2).* The following
equations are used to calculate effective ion mobility (u).
Y
T Fxn

u

_IEC 1000
"T WU ax18.02

The mechanical properties of the AEM samples were evalu-
ated using a Shimadzu AG-SI universal testing machine under
ambient conditions. Membrane specimens were cut into strips
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with dimensions of 50 mm x 4.5 mm and tested at a stretching
speed of 20 mm min . At least six specimens were measured for
each sample, and the reported values of elastic modulus, tensile
strength, and strain at break represent the averaged results.

2.10. Water electrolysis and fuel cell tests

The water electrolysis test was performed using a zero-gap cell
(5 cm? electrolyzer hardware, Dioxide Materials) controlled by
a potentiostat/galvanostat (Autolab PGSTAT204, Metrohm)
equipped with a current booster (BOOSTER10A, Metrohm) for
power supply, monitoring, and data acquisition. Prior to
testing, the zero-gap cell containing an AEM was conditioned by
circulating 1 M KOH at 60 °C and a flow rate of 25 mL min~"
under a constant voltage of 1.5 V for 15 min. Subsequently, the
polarization curve was recorded in potentiostatic mode by
scanning the cell voltage from 1.2 V to 2.2 V in 0.05 V incre-
ments. Ni foam and NiFe catalyst-coated Ni foam were
employed as electrodes in the zero-gap cell. The preparation
procedure for the NiFe catalyst-coated Ni foam electrodes is
described in detail in SI.

The fuel cell test was conducted using a single cell operated
on a fuel cell testing system (Tension Energy, Inc., Taiwan)
equipped with an electronic load controller. The single cell,
with an active area of 4 cm?, consisted of a membrane electrode
assembly (MEA) fabricated by sandwiching an AEM between
two gas diffusion electrodes (GDEs) without hot pressing.
During operation, humidified hydrogen and oxygen gases (60 °
C, 100 mL min~") were supplied to the anode and cathode,
respectively, without applying backpressure. After the open-
circuit voltage (OCV) stabilized, the polarization curve was
recorded in potentiostatic mode by decreasing the cell voltage
from the OCV to 0.2 V. The procedure for preparing GDEs is
described in detail in Supplementary Information.

3. Results and discussion

3.1. Synthesis and characterization of cationic compounds
and Aquivion-based perfluorinated anion exchange
membranes

In this study, we synthesized a series of Aquivion-based per-
fluorinated AEMs with varying linkages, spacers, and cationic
end groups, including Aquivion-SO,N-Im, Aquivion-SO;-2CIm,
Aquivion-SO,NH-6CIm, and Aquivion-SO,NH-6CPip, using
SuFEx, Menshutkin, and Sy2 reactions. The SuFEx reaction
generally involves the reaction of a sulfonyl fluoride with a silyl
ether to form a sulfonate ester. The Menshutkin reaction
specifically refers to the conversion of a tertiary amine into
a quaternary ammonium salt by reaction with an alkyl halide.
The synthetic routes are shown in Scheme 1.
Aquivion-SO,N-Im is a sulfonyl-linked 1,2-di-
methylimidazolium perfluorinated polymer without a spacer,
while Aquivion-SO;-2CIm features a sulfonate ester linkage and
an ethyl spacer connected to a 1,2-dimethylimidazolium end
group. Both polymers were derived from the perfluorinated
sulfonyl fluoride precursor (Aquivion-SO,F). Notably, Aquivion-
SO;-2CIm was obtained via a SUFEX reaction by reacting the tert-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis routes of cationic compounds and Aquivion-based perfluorinated anion exchange membranes.

butyldimethylsilyl ether group of TBS-2CIm cationic compound
with the sulfonyl fluoride group of Aquivion-SO,F.*" In contrast,
Aquivion-SO,NH-6CIm and Aquivion-SO,NH-6CPip were
synthesized from the perfluorinated sulfonamide precursor
(Aquivion-SO,NH,) by the nucleophilic substitution (Sx2) reac-
tion with Br-6CIm and Br-6CPip cationic compounds, respec-
tively, yielding sulfonamide-linked perfluorinated polymers
with a hexyl spacer and 1,2-dimethylimidazolium or N-methyl-
piperidinium end groups. In addition, the precursor Aquivion-
SO,NH, was prepared by reacting solid Aquivion-SO,F pellets
with aqueous ammonia in DMF under heterogeneous condi-
tions. The reaction was performed for 30 days to ensure the
complete dissolution of the Aquivion-SO,F pellets in the
resulting solution.

The functional groups of cationic compounds and Aquivion-
based perfluorinated polymers were analyzed by FTIR. The twin
peaks corresponding to C-H asymmetric and symmetric
stretching vibrations, observed at 2950-2930 cm™ ' and 2865-
2855 cm™ ' in Fig. 1a, are attributed to the methyl and methy-
lene groups in TBS-2CIm, Br-6CIm, and Br-6CPip.**** The C=N
stretching peak, originally located at 1529 cm ™' for the imid-
azole ring in dimethylimidazole (Im),* shifted to 1536 cm ™"
and 1540 cm ™" for the imidazolium moiety in TBS-2CIm and Br-
6CIm,**¢ respectively, indicating successful quaternization.
Additionally, the Si-C bond in TBS-2CIm and the C-N" bond in
Br-6CPip were confirmed by the characteristic peaks at
1260 cm ™' and 945 cm Y, respectively.*>*

In the FTIR spectra of all Aquivion-based perfluorinated
polymers (Fig. 1b), an intense absorption band between 1300
and 1100 cm™ ", attributed to the C-F stretching vibrations of
the polymer backbone, was observed.***” The precursor

© 2026 The Author(s). Published by the Royal Society of Chemistry

Aquivion-SO,F exhibited two peaks at 823 and 796 cm ™', cor-

responding to the S-F stretching vibration.**** Upon replace-
ment of the S-F bond in Aquivion-SO,F with the S-N bond in
Aquivion-SO,NH,, the asymmetric SO, stretching peak was ex-
pected to shift from 1470 cm ™! to 1392 cm .32 However, we
observed that the peaks associated with the SO,F group at 1470,
823, and 796 cm ' decreased markedly in intensity but still
existed in the spectrum of Aquivion-SO,NH,. This suggests that
the amination reaction of Aquivion-SO,F to form Aquivion-
SO,NH, was not complete even after 30 days of reaction time.
After coupling the side chains of perfluorinated precursors with
Im, TBS-2CIm, Br-6CIm, and Br-6CPip compounds, the
symmetric SO, stretching peaks associated with sulfonyl,
sulfonamide, or sulfonate ester linkages appeared at 1051 cm ™"
for Aquivion-SO,N-Im and Aquivion-SO;-2CIm, and at
1054 cm ' for Aquivion-SO,NH-6CIm and Aquivion-SO,NH-
6CPip.*** In addition, the absorption bands corresponding to
the C-H bond of the alkyl spacer (2950-2930 cm™ ' and 2865~
2855 cm '), the C=N bond of the imidazolium end-group
(1536-1540 cm '), and the C-N" bond of the piperidinium
end-group (945 cm™ ') were observed in the spectra of these
Aquivion-based perfluorinated AEMs, as expected.

Fig. 2 shows the 'H NMR spectra of cationic compounds and
Aquivion-based perfluorinated AEMs. The methyl protons in
1,2-dimethylimidazole (Im), assigned to signals at 2.23 ppm and
3.51 ppm (denoted as H, and Hy), shifted to 2.58 ppm and
3.77 ppm after quaternization of Im to form TBS-6CIm and Br-
6Im cationic compounds. Meanwhile, the imidazole proton
signals originally observed at 6.67 ppm (H,) and 6.96 ppm (Hg)
for Im shifted to 7.61-7.63 ppm for TBS-6CIm as well as 7.64-
7.70 ppm for Br-6CIm. Similar shifts of these proton signals (Ha,

RSC Adv, 2026, 16, 8667-8681 | 8671
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Fig. 1 FTIR spectra of (a) the cationic compounds (Im, TBS-2CIm, Br-
6CIm, and Br-6CPip) as well as (b) the Aquivion-based perfluorinated
AEMs and their precursors.

Hy, H,, and Hy) were also observed when Im was coupled with
Aquivion-SO,F to form Aquivion-SO,N-Im. In addition, the
methyl proton signals of the tert-butyldimethylsilyl group in
TBS-2CIm at —0.06 ppm (H,,) and 0.79 ppm (H,) disappeared,
while the methylene proton signals associated with the ethyl
spacer were retained but slightly shifted from 3.86 ppm (H,) and
4.25 ppm (H,) to 3.67 ppm and 4.15 ppm, respectively, con-
firming the successful synthesis of Aquivion-SO;-2CIm.

For Br-6CIm and Br-6CPip, the methylene proton signals
were distributed between 1.2 and 4.1 ppm. Among these, the
signals from methylene protons adjacent to nitrogen appeared
at 4.11 ppm for Br-6CIm and at 3.28-3.53 ppm for Br-6CPip.****
The individual methylene proton assignments of Br-6CPip were
confirmed by its COSY spectrum (Fig. S1). When hexyl di-
methylimidazolium and hexyl methylpiperidinium were teth-
ered to perfluorinated polymer via a sulfonamide linkage to
yield Aquivion-SO,NH-6CIm and Aquivion-SO,NH-6CPip,

8672 | RSC Adv, 2026, 16, 8667-8681
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a signal near 7.1 ppm, attributable to the SO,NH proton, was
observed (Fig. 2b). However, its intensity was fairly weak, likely
due to zwitterionic behavior of the sulfonamide group inter-
acting with the cationic end groups (Fig. S2).*** Aside from this,
the proton signals corresponding to the hexyl di-
methylimidazolium and hexyl methylpiperidinium groups in
Aquivion-SO,NH-6CIm and Aquivion-SO,NH-6CPip were
present and slightly shifted upfield. In addition, XPS analysis
was used to detect elements in Aquivion-based perfluorinated
AEMs. As shown in Fig. S3, characteristic peaks for S 2p (~168
eV), C 1s (~291 eV), N 1s (~400 eV), O 1s (~532 eV), and F 1s
(~688 eV) appeared as expected. The combined FTIR, "H NMR,
and XPS results confirm the successful synthesis of the cationic
compounds and Aquivion-based perfluorinated AEMs.

3.2. Physicochemical properties of Aquivion-based
perfluorinated anion exchange membranes

The degree of functionalization (DF) of the Aquivion-based
perfluorinated AEMs was estimated from the ratio of the theo-
retical IEC to the measured IEC, as listed in Table 1. For the
Aquivion-SO,N-Im and Aquivion-SO;-2CIm AEMs, their DF
values were determined to be 88.2% and 81.8%, respectively,
which are comparable to those of other perfluorinated AEMs
(75-85%) reported previously.®® In contrast, the Aquivion-
SO,NH-6CIm and Aquivion-SO,NH-6CPip AEMs, prepared from
the precursor Aquivion-SO,NH,, exhibited relatively lower DF
values (31.9% and 28.9%), primarily due to incomplete ami-
nation of their precursor as mentioned earlier in the FTIR
result.

Water uptake (WU), swelling ratio (SR), and hydration
number (A) reflect the membrane's dimensional stability and its
ability to promote microphase separation, both of which are
crucial for the performance of AEMs in electrochemical devices
such as fuel cells and water electrolyzers. Owing to the ultra-
hydrophobic polytetrafluoroethylene backbone and limited
IEC, the Aquivion-based perfluorinated AEMs synthesized in
this study exhibited low WU values of 4.0-14.1 wt% and low SR
values of 5.8-8.1%, both considerably lower than those of most
commercially available AEMs.** The hydration number 4,
calculated as the ratio of WU to IEC, represents the number of
water molecules associated with each cationic group in the
AEM. Interestingly, regardless of IEC and DF, the three AEMs
bearing 1,2-dimethylimidazolium cations (Aquivion-SO,N-Im,
Aquivion-SO3-2CIm, and Aquivion-SO,NH-6CIm) exhibited
nearly identical A values (8.7-8.8), whereas the Aquivion-SO,NH-
6CPip AEM carrying N-methylpiperidinium cations had a lower
A value of 6.3. This result highlights the critical influence of
cation type on hydrophilic/hydrophobic microphase separation
in perfluorinated membranes and implies that 1,2-di-
methylimidazolium cations may have better affinity with water
molecules than N-methylpiperidinium cations.

The surface wettability of the Aquivion-based perfluorinated
AEMs was evaluated by measuring the water contact angle
(WCA) and oil contact angle (OCA). As shown in Fig. S4, these
AEMs exhibited hydrophobic and oleophilic surface character-
istics, with WCAs ranging from 99.6° to 108.1° and OCAs below

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 H NMR spectra of (a) the cationic compounds (Im, TBS-2CIm, Br-6Clm, and Br-6CPip) as well as (b) the Aquivion-based perfluorinated

AEMs.
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lon exchange capacity, degree of functionalization, water uptake, swelling ratio, and hydration number of the Aquivion-based per-

IEC (mmol g )

Membrane code Linkage Spacer Cation Theoretical® Measured” DF® (%) WU? (wt%) SR® (%) A

Aquivion-SO,N-Im Sulfonyl None  1,2-Dimethylimidazolium 1.02 0.91 88.2 14.1 8.1 8.7
Aquivion-SO;-2CIm Sulfonate ester Ethyl  1,2-Dimethylimidazolium 0.97 0.82 81.8 12.9 8.0 8.8
Aquivion-SO,NH-6CIm  Sulfonamide Hexyl  1,2-Dimethylimidazolium 0.93 0.34 31.9 5.1 6.8 8.7
Aquivion-SO,NH-6CPip  Sulfonamide Hexyl = N-Methylpiperidinium 0.92 0.31 28.9 4.0 5.8 6.3

“ Theoretical ion exchange capacity (IEC) refers to the IEC of the AEM with the 100% degree of functionalization. > Measured ion exchange capacity
(IEC) was obtained by titration for the AEM in C1~ form. © Degree of functionalization (DF) is defined as the ratio of the number of cation end-group
to a repeated unit. ¢ Water uptake (WU) was determined by the weight difference between the AEM in fully hydrated state and in the dried state at
30 °C. ¢ Swelling ratio (SR) was determined by the length difference between the AEM in fully hydrated state and in the dried state at 30 °C.
/ Hydration number (2) is defined as the number of water molecules for each cation end-group.

16.6°. The hydrophobicity of these AEMs is similar to that of the
Nafion proton exchange membrane (WCA = 105°) and slightly
weaker than that of PTFE (Teflon) (WCA = 110°).>*

3.3. Alkaline stability of Aquivion-based perfluorinated
anion exchange membranes

Due to the strong electron-withdrawing effects of the per-
fluoroalkyl side chains and cationic end groups in the per-
fluorinated AEMs, the sulfonyl-containing linkages (such as
sulfonyl, sulfonamide, and sulfonate ester) that connect these
side chains to the cationic groups are highly vulnerable to
nucleophilic attack by hydroxide ions, especially under strongly
basic conditions. As a result, these linkages undergo alkaline
hydrolysis, transforming into sulfonic acid groups.®® As a result,
the perfluorinated AEMs are transformed into perfluorinated
PEMs (i.e., perfluorosulfonic acid (PFSA) polymers).”® Recently,
Lee et al. reported that the alkaline hydrolysis of perfluorinated
AEMs can be identified by the appearance of an FTIR absorption
peak at 1060 cm™ ', corresponding to the symmetric SO,
stretching of the sulfonic acid group.*® This method enables
a facile assessment of the alkaline hydrolysis of perfluorinated
AEMs.

Fig. 3 compares the FTIR spectral evolutions of the Aquivion-
based perfluorinated AEMs synthesized in this work under
alkaline conditions. For Aquivion-SO,N-Im, the absorption
peak of the symmetric SO, stretching shifted from 1051 cm™" to
1060 cm ™" after exposure to 0.2 M KOH at room temperature for
0.5 h, indicating that its sulfonyl linkage was hydrolyzed to form
a sulfonic acid end group. In contrast, the Aquivion-SO;-2CIm
AEM underwent alkaline hydrolysis of the sulfonate ester
linkage when immersed in 1 M KOH at room temperature for
1 h. On the other hand, no shift of the symmetric SO, stretching
peaks was observed in the FTIR spectra of Aquivion-SO,NH-
6CIm and Aquivion-SO,NH-6CPip, even after treatment in 1 M
KOH at 60 °C for 192 h. Moreover, the absorption peaks corre-
sponding to the C=N bond of the imidazolium group in
Aquivion-SO,NH-6CIm (1540 cm ') and the C-N* bond of the
piperidinium group in Aquivion-SO,NH-6CPip (945 cm ')
remained intact after the prolonged alkaline treatment. In
contrast, the C=N peak of imidazolium cations disappeared for
Aquivion-SO,N-Im and was only partially retained for Aquivion-

8674 | RSC Adv, 2026, 16, 8667-8681

SO;-2CIm after alkaline treatment. These results demonstrate
that Aquivion-SO,N-Im is more susceptible to alkaline hydro-
lysis than Aquivion-SO;-2CIm. However, both of them are much
less alkaline stable than Aquivion-SO,NH-6CIm and Aquivion-
SO,NH-6CPip.

We further employed TGA to investigate the thermogram
changes of Aquivion-based perfluorinated AEMs under alkaline
degradation conditions, aiming to gain a better understanding
of their alkaline stability. As shown in Fig. 4, the thermograms
of all Aquivion-based perfluorinated AEMs prior to alkaline
treatment exhibited two distinct weight loss steps. The first
weight loss step, observed between 350 °C and 420 °C, corre-
sponds to the thermal decomposition of cationic end groups
and alkyl spacers in the perfluorinated polymer, while the
second weight loss step, occurring above 420 °C, is attributed to
the decomposition of the remaining polymer backbone.*®
However, for both Aquivion-SO,N-Im and Aquivion-SO;-2CIm,
after 1 h of alkaline treatment in 1 M KOH solution at room
temperature, the weight-loss associated with the cationic
groups and alkyl spacers completely disappeared, and only
a single decomposition step at around 450 °C was observed.
This result can be attributed to the alkaline hydrolysis of
Aquivion-SO,N-Im and Aquivion-SO;-2CIm, which converts
them into the PFSA polymer (Aquivion-SO;H) with the loss of
cationic end groups.

On the other hand, the thermograms of Aquivion-SO,NH-
6CIm and Aquivion-SO,NH-6CPip still exhibited the 350-420 °©
C weight-loss step even after 192 h of alkaline treatment in 1 M
KOH at 60 °C. This weight loss, attributed to the thermal
decomposition of the cationic groups and alkyl spacers, was less
pronounced for Aquivion-SO,NH-6CIm (Fig. 4c) than for Aqui-
vion-SO,NH-6CPip (Fig. 4d). This observation suggests that
a greater fraction of the hexyl 1,2-dimethylimidazolium units in
Aquivion-SO,NH-6CIm had already undergone alkaline degra-
dation prior to thermal decomposition compared with the hexyl
N-methylpiperidinium  units in  Aquivion-SO,NH-6CPip.
Accordingly, Aquivion-SO,NH-6CPip exhibits higher alkaline
stability than Aquivion-SO,NH-6CIm.

Taken together, the TGA and FTIR results show that the
alkaline stability of these AEMs follows the order: Aquivion-
SO,N-Im < Aquivion-SO;-2CIm < Aquivion-SO,NH-6CIm <

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Alkaline stability comparison of the Aquivion-based perfluorinated AEMs with various linkages, spacers, and cationic end groups.

Aquivion-SO,NH-6CPip, as illustrated in Scheme 2. The alkaline
instability of perfluorinated AEMs mainly comes from (i) the
hydrolysis of sulfonyl-containing linkages between per-
fluoroalkyl side chains and cationic end groups through
nucleophilic substitution, or (ii) the degradation of cationic end
groups via nucleophilic substitution or Hofmann elimination
reactions. As mentioned earlier, both perfluoroalkyl side chains
and cationic end groups are strongly electron-withdrawing,
making sulfonyl-containing linkages between them especially
vulnerable to nucleophilic attack by hydroxide ions. Overall,
sulfonate esters are more prone to alkaline hydrolysis than
sulfonamides because sulfonate esters are better leaving groups
in nucleophilic substitution reactions.””*® This explains why
Aquivion-SO,NH-6CIm and Aquivion-SO,NH-6CPip, which
contain sulfonamide linkages, did not hydrolyze into Aquivion-
SO;H after alkaline treatment, unlike Aquivion-SO;-2CIm and
Aquivion-SO,N-Im. In the case of Aquivion-SO,N-Im, its
sulfonyl linkage is directly attached to electron-deficient 1,2-
dimethylimidazolium cations, making it especially vulnerable
to hydroxide attack.>*” By contrast, the sulfonate ester linkage
in Aquivion-SO;-2CIm is likely stabilized by the adjacent ethyl
spacer,®* which may account for the slightly higher alkaline
stability of Aquivion-SO;-2CIm relative to Aquivion-SO,N-Im.
In addition to the linkages, the cationic end groups in per-
fluorinated AEMs must also possess sufficient resistance to
alkaline degradation to ensure the membrane performance in
AEMWEs or AEMFCs. Park et al. previously reported that a hexyl
spacer provides a higher energy barrier against Hofmann
elimination degradation of quaternary ammonium end groups

8676 | RSC Adv, 2026, 16, 8667-868]1

in perfluorinated AEMs compared to shorter alkyl spacers.*®
Accordingly, the hexyl spacers in Aquivion-SO,NH-6CIm and
Aquivion-SO,NH-6CPip not only distance their cationic end-
groups from the perfluoroalkyl side chain but also help stabi-
lize these end-groups to some extent. More recently, N. Xie et al.
reported that the lowest unoccupied molecular orbital (LUMO)
energy of hexyl N-methylpiperidinium is higher than that of
hexyl 1,2-dimethylimidazolium based on density functional
theory (DFT) calculations, suggesting that hexyl N-methyl-
piperidinium is less susceptible to hydroxide attack.”® These
findings reasonably explain why the Aquivion-SO,NH-6CPip
AEM containing hexyl N-methylpiperidinium units exhibited
better alkaline stability than the Aquivion-SO,NH-6CIm AEM
containing hexyl 1,2-dimethylimidazolium units.

3.4. Ionic conductivities of Aquivion-based perfluorinated
anion exchange membranes

Ionic conductivity plays a critical role in determining the
performance of AEMs in practical electrochemical applications.
To avoid the influence of alkaline hydrolysis, the ionic
conductivity of Aquivion-based perfluorinated AEMs was
measured in the CI~ form, which was prepared by immersing
the membranes in a 1 M NaCl solution for 24 h prior to
measurement. As shown in Fig. 5a, the chloride ion conduc-
tivities of these AEMs increased with temperature in the range
of 30-80 °C and were strongly dependent on their IEC values.
Among them, the Aquivion-SO,N-Im AEM with the highest IEC
(0.91 mmol g~ ') exhibited the highest chloride ion conductivity
(9.4 x 107> S em™ " at 80 °C), whereas the Aquivion-SO,NH-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Temperature-dependent ionic conductivities of perfluorinated polymer membranes (a) before and (b) after immersing in 1 M KOH at

room temperature for 24 h.

6CPip AEM with the lowest IEC (0.31 mmol g~ ') showed the
lowest conductivity (1.9 x 1072 S em ™" at 80 °C). On the other
hand, the effective chloride-ion mobilities of our Aquivion-
based perfluorinated AEMs were estimated at 30 °C using the
method proposed by P. Knauth. The estimated values were 3.54
x 107° em® v~ ' s7* for Aquivion-SO,N-Im, 3.09 x 10" em?>Vv~*
s ' for Aquivion-SO;-2CIm, 2.40 x 10 ® cm® V' s for Aqui-
vion-SO,NH-6CIm, and 9.67 x 10~7 em® V- ' s~ for Aquivion-
SO,NH-6CPip. These effective chloride-ion mobilities are
comparable to those reported for PPO-based AEMs by P. Knauth
et al. and are substantially lower than the chloride-ion mobility
in infinitely diluted aqueous solution (7.9 x 10 *em®V 's " at
25 °C), which can be primarily attributed to the tortuosity of the
hydrated ion-conducting channels within the membranes.*®

Since the dimethylimidazolium end groups of Aquivion-
SO,N-Im and Aquivion-SO;-2CIm underwent alkaline hydrolysis
to form sulfonic acid groups, these two AEMs were converted
into Aquivion-SO;H PEMs after immersion in 1 M KOH for 24 h.
In contrast, under the same alkaline conditions, Aquivion-
SO,NH-6CIm and Aquivion-SO,NH-6CPip remained as AEMSs
and underwent ion exchange from Cl- to OH . Following
alkaline hydrolysis or ion exchange, the ionic conductivities of
all membranes increased markedly to values exceeding
107> S em™ ' (Fig. 5b), comparable to that of the commercial
PFSA PEM, Nafion NRE 212.

Table 2

The Aquivion-SO,NH-6CIm AEM exhibited a higher
hydroxide ion conductivity (2.56 x 107> S em™ " at 80 °C) and
a lower activation energy for ion transport (9.8 k] mol ') than
Aquivion-SO,NH-6CPip (2.25 x 107> S ecm ' at 80 °C and
14.5 k] mol ', respectively), as presented in Table 2 and Fig. 6a.
This can be attributed to the more well-defined hydrophilic/
hydrophobic phase-separated nanostructure of Aquivion-
SO,NH-6CIm, as evidenced by the SAXS diffraction patterns
(Fig. 6b), and TEM micrographs (Fig. 7). Aquivion-SO,NH-6CIm
(A = 8.7) displayed two SAXS peaks corresponding to the d-
spacing of nanodomains (~8.6 nm) and the nanodomain size
(~2.8 nm), whereas Aquivion-SO,NH-6CPip (1 = 6.3) showed no
such peaks. Moreover, the hydrophilic nanodomains in the
TEM micrograph of Aquivion-SO,NH-6CPip appeared relatively
ill-defined. These observations are consistent with the well-
known cluster-network model, which predicts that PFSA
membranes form continuous ion-conducting channels through
the coalescence of ion clusters once the hydration number (1)
exceeds 7."4%

In terms of elastic modulus, tensile strength, and strain at break
(Table 2), Aquivion-SO,NH-6CPip exhibited slightly better
mechanical properties than Aquivion-SO,NH-6CIm, primarily due
to its relatively lower water uptake (WU). Both membranes, in the
fully hydrated state, are sufficiently robust for practical applica-
tions, as their elastic moduli (0.33 and 0.75 GPa) and tensile

lonic conductivities and mechanical properties of the Aquivion-SO,NH-6CIm and Aquivion-SO,NH-6CPip AEMs

Ionic conductivity at 80 °©

Elastic modulus” (GPa)

Tensile strength? (MPa) ~ Strain at break? (%)

C(mScm™)
Membrane code Cl” form” OH form’ E,° (k] mol™")
Aquivion-SO,NH-6CIm 3.5 25.6 9.8
Aquivion-SO,NH-6CPip ~ 1.9 22.5 14.5

0.33 £ 0.08
0.75 £ 0.16

312+ 1.6
48.2 £ 2.5

21.6 £5.1
12.4 £ 3.5

@ Before measurement, the AEM was immersed in 1 M NaCl at RT for 24 h to ensure itself in CI~ form. ® Before measurement, the AEM was
immersed in 1 M KOH at RT for 24 h to ensure itself in OH™ form. ° The activation energy was calculated from the slope of the Arrhenius plot
of hydroxide ion conductivity. ¢ All the membrane samples for the tensile test were fully hydrated.
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Fig.7 TEM micrographs of the Aquivion-SO,NH-6CIm and Aquivion-
SO,NH-6CPip AEMs.

strengths (31.2 and 48.2 MPa) are significantly higher than those
reported previously for the commercial Nafion NRE 212 membrane
(0.086 GPa elastic modulus and 12.7 MPa tensile strength).**

(a)

107"

e
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(a) Arrhenius plots of hydroxide ion conductivity, and (b) SAXS diffraction patterns of the Aquivion-SO,NH-6CIm and Aquivion-SO,NH-

It is noteworthy that, after 192 h of alkaline treatment in 1 M
KOH at 60 °C, the hydroxide ion conductivity of Aquivion-
SO,NH-6CPip (1.35 x 107> S cm ') was close to that of Aqui-
vion-SO,NH-6CIm (1.43 x 10> S cm '), as shown in Fig. 8. That
is because the decline in hydroxide ion conductivity for Aqui-
vion-SO,NH-6CIm was more pronounced than for Aquivion-
SO,NH-6CPip. Specifically, Aquivion-SO,NH-6CPip retained
83.8% of its initial ionic conductivity, whereas Aquivion-SO,NH-
6CIm retained only 68.5%. This result suggests that Aquivion-
SO,NH-6CPip exhibits better alkaline stability compared to
Aquivion-SO,NH-6CIm, in line with the TGA findings.

3.5. Water electrolysis performance

To further evaluate the applicability of Aquivion-SO,NH-6CIm
and Aquivion-SO,NH-6CPip AEMs in electrochemical systems,
we tested their performance in AEM water electrolysis (AEMWE)

(b) _
X
9 100 4
8 83.8%
v — Vv —
® 80-
2
>
'*3 60 - 68.5%)
S
T
5
O 40
2
g Alkaline treatment in 1M KOH at 60°C
; 20{ —#A— Aquivion-SO,NH-6CIm (OH")
.‘2_‘ —¥— Aquivion-SO,NH-6CPip (OH")
©
E o Ll T T T T Ll Ll Ll
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Time (h)

Fig.8 Time-dependent (a) of hydroxide ion conductivity at 60 °C and (b) the corresponding ion conductivity retention relative to the initial value
for the Aquivion-SO,NH-6CIm and Aquivion-SO,NH-6CPip AEMs during 192 h of alkaline treatment in 1 M KOH at 60 °C.
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Fig. 9 Polarization curves of AEMWE for Aquivion-SO,NH-6CIm,
Aquivion-SO,NH-6CPip, and Sustainion X37-RT AEMs in 1 M KOH at
60 °C using Ni foam electrodes (dot lines) and NiFe catalyst-coated Ni
foam electrodes (solid lines).

using a zero-gap cell without noble metal catalysts. The polari-
zation curves of AEMWESs based on these two Aquivion-derived
AEMs and a commercial benchmark membrane, Sustainion
X37-RT (Dioxide Materials, USA), recorded at 60 °C in 1 M KOH,
are compared in Fig. 9. Aquivion-SO,NH-6CIm exhibited supe-
rior AEMWE performance compared to Aquivion-SO,NH-6CPip,
likely due to its higher hydroxide ion conductivity. Using Ni
foam electrodes, at 2.2 V, the current densities of Aquivion-
SO,NH-6CIm, Sustainion X37-RT, and Aquivion-SO,NH-6CPip
reached 317, 283, and 216 mA cm 2, respectively. Notably, the
performance of Aquivion-SO,NH-6CIm was comparable to that
of Sustainion X37-RT, indicating its strong potential for
AEMWE.

Furthermore, coating the Ni foam electrodes with a NiFe
catalyst via reductive deposition during a solvothermal reaction

1.2 — - 140
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= Aquivion-SO,NH-6CIm (power density) =~ Sustainion (potential)
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Fig. 10 Polarization curves of AEMFC operated at 60 °C under
humidified hydrogen and oxygen for MEAs based on Aquivion-
SO,NH-6CIm, Aquivion-SO,NH-6CPip, and Sustainion X37-RT AEMs.
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remarkably enhanced the AEMWE performance of all
membranes. The current densities at 2.2 V increased to 518,
512, and 339 mA cm > for Aquivion-SO,NH-6CIm, Sustainion
X37-RT, and Aquivion-SO,NH-6CPip, respectively. Despite its
relatively low IEC (0.34 mmol g~ '), Aquivion-SO,NH-6CIm still
delivered AEMWE performance comparable to that of a quater-
nary ammonium-functionalized Aquivion-based AEM (AQ720A-
4, IEC = 0.92 mmol g~ ') reported recently by Carbone et al.
(~555 mA cm ™2 at 2.2 V and 60 °C).%2 These results demonstrate
that sulfonamide-linked perfluorinated polymers with a hexyl
spacer and 1,2-dimethylimidazolium or N-methylpiperidinium
end groups are promising candidates as AEMs for practical
applications, even at low degrees of functionalization.

3.6. Fuel cell performance

Fig. 10 compares the AEMFC performances of MEAs based on
Aquivion-SO,NH-6CIm, Aquivion-SO,NH-6CPip, and Sustainion
X37-RT AEMs. All fuel cells exhibited open-circuit voltages (OCVs)
close to 1.0 V, indicating negligible gas crossover. Owing to its
higher hydroxide conductivity, the MEA with Aquivion-SO,NH-
6CIm achieved a higher maximum power density (57 mW
cm ) than that with Aquivion-SO,NH-6CPip (47 mW cm™2), as
expected. However, both values were lower than that of the Sus-
tainion X37-RT-based MEA (113 mW cm ™ ?). This difference can
primarily be attributed to the much higher hydroxide conduc-
tivity of Sustainion X37-RT (6.67 x 107> S cm™ ' at 60 °C)*
compared with our Aquivion-based membranes. Additionally,
the lower fuel cell performance of the Aquivion-based MEAs may
also result from the commercial ionomer (Sustainion XB-7) used
as the catalyst binder, which is likely more compatible with the
Sustainion X37-RT membrane than with these Aquivion-based
perfluorinated AEMs. Reduced interfacial compatibility at the
catalyst-membrane interface can lead to less efficient electro-
chemical reactions at the fuel cell's triple-phase boundary.

4. Conclusions

We synthesized four Aquivion-based perfluorinated AEMs with
different tethering structures (Aquivion-SO,N-Im, Aquivion-SO;-
2CIm, Aquivion-SO,NH-6CIm, and Aquivion-SO,NH-6CPip) by
varying combinations of sulfonyl-containing linkages, alkyl
spacers, and nitrogen-based cyclic cationic groups via the SuFEx,
Menshutkin, and Sx2 reactions. Due to their highly hydrophobic
backbones and relatively low IEC values, all Aquivion-based
perfluorinated AEMs exhibited excellent dimensional stability,
with swelling ratios of less than 8.1%. Comparative analyses of
FTIR and TGA indicated that the alkaline stability of these per-
fluorinated AEMs follows the order: Aquivion-SO,N-Im < Aqui-
vion-SO;-2CIm < Aquivion-SO,NH-6CIm < Aquivion-SO,NH-
6CPip. Both the sulfonyl and sulfonate ester linkages under-
went hydrolytic cleavage under mild alkaline conditions (1 M
KOH at room temperature), leading to the conversion of Aqui-
vion-SO,N-Im and Aquivion-SO;-2CIm AEMs into perfluorinated
PEMs. The ethyl spacer appeared to stabilize the sulfonate ester
linkage in Aquivion-SO3-2CIm to some extent, resulting in the
slightly higher alkaline stability relative to Aquivion-SO2N-Im. In
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contrast, the incorporation of a sulfonamide linkage combined
with a longer hexyl spacer effectively suppressed alkaline hydro-
lysis in Aquivion-SO,NH-6CIm and Aquivion-SO,NH-6CPip.
Owing to the higher intrinsic alkaline stability of the N-methyl-
piperidinium cation compared to the 1,2-dimethylimidazolium
group, Aquivion-SO,NH-6CPip exhibited higher hydroxide
conductivity retention (83.8%) than Aquivion-SO,NH-6CIm
(68.5%) after 192 h of alkaline treatment in 1 M KOH at 60 °C.
Nevertheless, Aquivion-SO,NH-6CIm displayed slightly higher
hydroxide conductivity (2.56 x 107> S ecm ' at 80 °C) than
Aquivion-SO,NH-6CPip (2.25 x 10> S ecm ™" at 80 °C), due to its
more well-defined hydrophilic/hydrophobic phase-separated
nanostructure. Both Aquivion-SO,NH-6CIm and Aquivion-
SO,NH-6CPip AEMs have demonstrated good potential for
AEMWE and AEMFC applications. Notably, the Aquivion-SO,NH-
6CIm AEM exhibited great water electrolysis performance,
reaching a high current density of 518 mA cm ™2 at 2.2 V, which is
comparable to that of the commercial Sustainion X37-RT
membrane.

The major limitation of this study is the incomplete ami-
nation of the Aquivion-SO,F precursor, which restricts the
achievable degree of functionalization in the Aquivion-SO,NH-
6CIm and Aquivion-SO,NH-6CPip AEMs. This limitation
results in relatively low IECs and, consequently, lower hydroxide
conductivities than those of highly functionalized AEMs. Future
efforts should focus on developing alternative synthetic strate-
gies to create sulfonamide-linked perfluorinated AEMs with
alkyl spacers and alkaline-stable cationic end groups, without
relying on the Aquivion-SO,NH, precursor, to further improve
membrane performance.
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