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ABSTRACT: Among existing water electrolysis (WE) technologies,
anion-exchange-membrane water electrolyzers (AEMWEs) show
promise for low-cost operation enabled by the basic solid-polymer
electrolyte used to conduct hydroxide ions. The basic environment
within the electrolyzer, in principle, allows the use of non-platinum-
group metal catalysts and less-expensive cell components compared to
acidic-membrane systems. Nevertheless, AEMWEs are still under-
developed, and the degradation and failure modes are not well
understood. To improve performance and durability, supporting
electrolytes such as KOH and K2CO3 are often added to the water
feed. The effect of the anion interactions with the ionomer membrane
(particularly other than OH−), however, remains poorly understood.
We studied three commercial anion-exchange ionomers (Aemion,
Sustainion, and PiperION) during oxygen evolution (OER) at oxidizing potentials in several supporting electrolytes and
characterized their chemical stability with surface-sensitive techniques. We analyzed factors including the ionomer conductivity,
redox potential, and pH tolerance to determine what governs ionomer stability during OER. Specifically, we discovered that the
oxidation of Aemion at the electrode surface is favored in the presence of CO3

2−/HCO3
− anions perhaps due to the poor

conductivity of that ionomer in the carbonate/bicarbonate form. Sustainion tends to lose its charge-carrying groups as a result of
electrochemical degradation favored in basic electrolytes. PiperION seems to be similarly negatively affected by a pH drop and low
carbonate/bicarbonate conductivity under the applied oxidizing potential. The insight into the interactions of the supporting
electrolyte anions with the ionomer/membrane helps shed light on some of the degradation pathways possible inside of the AEMWE
and enables the informed design of materials for water electrolysis.
KEYWORDS: anion-exchange-membrane water electrolysis, ionomer, supporting electrolyte, XPS, electrochemical degradation

1. INTRODUCTION

Water electrolysis has the potential to provide clean H2 from
renewable electricity for heating, powering transport, chemical
production, and metal refining.1 To compete with fossil fuels,
H2 must be low cost (probably <$2/kg) and produced at
scale.2,3 Improving efficiency and durability while dramatically
lowering the capital cost of electrolyzers is key to
implementing sustainable H2 production on a scale commen-
surate with energy needs.
Anion-exchange-membrane water electrolyzers (AEMWEs)

are a newer technology that has potential to overcome the
weaknesses of more mature electrolyzer technologies, such as
proton-exchange-membrane water electrolyzers (PEMWEs)
and alkaline water electrolyzers (AWEs).4,5 AEMWEs adapt
the compressed stack design of PEMWEs to produce
pressurized H2 but use a solid OH−-conducting anion-
exchange polymer membrane that creates a locally basic
environment for the cathode and anode catalysts.2,6 A sheet of

the solid AEM (typically 20−80 μm in thickness) is placed
between the anode and cathode electrodes, while a soluble or
dispersed form of the AEM polymer, the ionomer, is mixed in
the catalyst ink to improve ionic and physical contact between
the membrane and the catalyst-covered electrodes. Such
membranes/ionomers, in principle, allow the use of non-
platinum-group (non-PGM) catalysts that are superior to IrO2

in alkaline pH for water oxidation and avoid using
concentrated KOH, ideally pumping pure water through the
system instead for the lower balance of plant costs.7−9
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AEMWEs are still under development, and their durability is
inferior to PEMWEs and AWEs.2 The existing AEMs are
generally not as physically and chemically robust as Nafion
used in PEMWEs, and they suffer from insufficient ionic
conductivity during operation.2,10 To mitigate ohmic losses,
particularly in the catalyst/ionomer reaction layer, supporting
electrolytes such as 0.1−1.0 M KOH or K2CO3 have been
added to the AEMWE feed. Addition of an electrolyte
improves performance but introduces other issues.6,11−13

Performance loss pathways remain difficult to identify, and,
thus, an informed design of the cell components is challenging.
The interface between the catalyst and ionomer binder

comprises the reactive zone at the anode and is likely the
weakest point in the system due to the highly oxidizing
potential.14,15 Being in direct contact with the anode catalyst
surface, the ionomer would be the first to sustain any chemical
changes due to oxidation.16 The oxidation of the ionomers
under applied potential has been shown to lead to the
formation of new chemical structures, a change in local pH at
the catalyst surface, and consequent catalyst loss.16−19

In the presence of a supporting electrolyte containing
carbonate, the degradation modes may be more complicated.
The presence of carbonate anions instead of OH− might lead
to a steeper pH gradient within the membrane. The
understanding of the anion interactions and their effect on
the stability of the ionomer/membrane during operation in a
supporting electrolyte containing anions other than OH− is
limited.12,16,20

Here, our results suggest that the identity of the anions that
transport through the ionomer binder during electrolysis and
their interactions with the charged groups within the polymer
can facilitate ionomer degradation. We illustrate possible
degradation modes of ionomers in supporting electrolytes to
understand the interactions of anions with the ionomers
possessing different chemical structures. We focus on three
high-performance commercial ionomers, Aemion by Ionomr,21

Sustainion by Dioxide Materials,22 and PiperION by
Versogen23 (Figure 1), with common supporting electrolytes
under oxidizing applied potentials. Because different catalyst
surfaces have been observed to promote ionomer degrada-
tion,16 we do not add catalyst to the ionomers but instead test
them on planar metal electrodes across all experimental
degradation measurements. We analyze the effects of the
anions’ identity on their transport through the ionomers and
track the changes to the chemical structures of the ionomers as
the potential increases. We use density functional theory
(DFT) calculations to estimate trends in redox potentials and
visualize predicted highest occupied molecular orbitals
(HOMOs) located on the conjugated components of each
ionomer. This work thus provides insight into the nature of the
interactions of the various anions with the ionomers/
membranes, helps us to assess its effects, and illustrates the
structure−stability relationship for the different supporting
electrolytes. Particularly, this work is relevant for designing
more chemically stable ionomers and identifying the best
ionomer for an AEMWE given the supporting electrolyte used.

2. EXPERIMENTAL SECTION
2.1. Materials. Sustainion-XA9 and PiperION (PAP-TP-85)

ionomer solutions in ethanol (5 wt %) were used as received from
Dioxide Materials and Versogen, respectively. Aemion (AP1-HNN8-
00-X) by Ionomr dry powder was received and dissolved in ethanol to
obtain a 5 wt % solution. Supporting electrolytes were prepared using

KOH pellets (Fischer Chemical, ≥85.0%), K2CO3 (Fischer Chemical,
≥99.0%), KHCO3 (Fischer Chemical, ≥99.7%), NaOH (Fischer
Chemical, ≥97.0%), H3BO3 (Mallinckrodt, ≥99.5%), and perchloric
acid (60−62%, J. T. Baker Chemical, ACS grade) dissolved in 18.2
MΩ·cm H2O.

2.2. Electrochemical Measurements with a Quartz Crystal
Microbalance (QCM). Ionomer solutions at 5 wt % were spin-coated
at 3000 rpm onto 5 MHz Au/Ti quartz crystals (QCs, Fil-Tech) and
annealed at 80 °C for 15 min. Aemion films were then soaked in 1 M
NaCl for 1 h to ion-exchange the I− counterion for Cl−. Sustainion
films were soaked in 1 M KOH for 1 h after annealing. PiperION
films were soaked in 1 M HCl for 5 min immediately after spin-
coating and then rinsed with 18.2 MΩ·cm H2O and annealed at 80
°C. Prior to electrochemical testing, the PiperION films were also
soaked in 0.5 M NaOH for 15 min (see the discussion on the
preconditioning of the selected ionomers in the Supporting
Information). A BioLogic SP300 potentiostat was used operating in
a three-electrode mode. A Pt coil was used as the counter electrode,
while the Au/Ti QC with ionomer films on top served as the working
electrode connected to the QCM controller (Stanford Research
Systems QCM200) for monitoring mass changes during electro-
chemical testing. Potentials in three-electrode modes were measured
vs a 1 M KOH Hg/HgO reference electrode (CH Instruments). The
cell was degassed with N2 prior to electrochemical testing. High-purity
N2 was bubbled in the electrolyte during the experiment.

The ionomer films were tested in three electrolytes: 1 M KOH (pH
14), 1 M carbonate/bicarbonate buffer (pH 10), and 1 M borate
buffer (pH 8). In each supporting electrolyte, the films were first held
at the open circuit voltage (OCV) for 2 h, and then a series of
overpotentials (relative to the reversible oxygen potential in that
electrolyte) were applied (η = 400, 500, 600, and 700 mV) for 1 h
each. The films were then held at the OCV again for 1 h. The changes
to the QCM resonance frequency during the chronoamperometry
were converted to percent mass loss relative to the initial masses of
the fresh films in each supporting electrolyte. The films’ thicknesses
were calculated using the ionomers’ densities provided by the
manufacturers, the known area of the Au/Ti electrode, and the film’s
mass calculated from changes in resonance frequency using the
Sauerbrey equation:24 Δf = −Cf × Δm, where Δf is the observed
frequency change (Hz), Cf is the sensitivity factor of the 5 MHz AT-

Figure 1. Chemical structures of (a) Aemion by Ionomr, (b)
Sustainion by Dioxide Materials, and (c) PiperION by Versogen.
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cut quartz crystals (56.6 ± 3.7 Hz·μg−1·cm2), and Δm is the change in
mass per unit area (μg·cm−2). A Dektak 6M stylus profilometer was
used to confirm the calculated film thickness (see Table S1 for the
summary of the thicknesses).
2.3. Thin Film Characterization by X-ray Photoelectron

Spectroscopy (XPS). Pt/Ti-coated glass slides (1 cm × 1 cm) were
cleaned by O2 plasma and rinsed with ethanol at 3000 rpm. The 5 wt
% ionomer solutions were diluted to 0.16 wt % with ethanol and spin-
coated on the Pt/Ti-coated glass substrates at 3000 rpm and annealed
at 80 °C for 15 min. Aemion films were soaked in 1 M NaCl for 1 h
after drying on the hot plate. Sustainion films were soaked in 1 M
KOH for 1 h after annealing. PiperION films were soaked in 1 M HCl
for 3 min immediately after spin-coating and then rinsed with 18.2
MΩ·cm H2O and dried. The ionomer-covered substrates were
fabricated into electrodes by making an ohmic contact with the Pt
surface with a Cu-wire coil and Ag paint. The coil was then fixed in a
5-inch glass tube. The contact and the tube were insulated by epoxy
(Loctite 9460) and cured in the oven. The electrodes were tested in a
similar three-electrode cell as the Au/Ti quartz crystal electrode, but a
new electrode was used for each overpotential. The cell was degassed
with N2 prior to electrochemical testing. High-purity N2 was bubbled
in the electrolyte during the experiment. The films were held at the
OCV for 20 min before the potential was applied for 1 h in each of
the three supporting electrolytes. The working electrode was then
taken out, and the film was rinsed with copious amounts of water and
dried at 80 °C for 1 h. PiperION substrates were soaked in 1 M HCl
for 3 min after electrochemical testing before they were dried. Each
film was analyzed with X-ray photoelectron spectroscopy (XPS) on an
ESCALAB 250 (Thermo Scientific) using an Al Kα monochromated
(20 eV pass energy, 500 μm spot size) source. The samples were
charge-neutralized using an in-lens electron source. Spectra were
analyzed using Thermo Scientific Avantage 4.88 software. The C 1s
signal at 284.8 eV was used to calibrate the binding energy scale (see
Table S2 for the summary of peak fitting). A similar test was carried
out with the three ionomer films using 0.1 M HClO4 as electrolyte at
η = 400 and 600 mV. The films tested in acid were also analyzed with
XPS.
2.4. Attenuated Total Reflectance Measurements on

Postmortem Ionomer Films. Au/Ti-coated glass slides (3 cm ×
3 cm) were cleaned by O2 plasma and rinsed with ethanol at 3000
rpm. The 5 wt % ionomer solutions were spin-coated on the Au/Ti-
coated glass substrates at 3000 rpm and annealed at 80 °C for 15 min.
Aemion films were soaked in 1 M NaCl for 1 h after annealing.
Sustainion films were soaked in 1 M KOH for 1 h after annealing.
PiperION films were soaked in 1 M HCl for 5 min immediately after
spin-coating and then rinsed with 18.2 MΩ·cm H2O and annealed.
Prior to electrochemical testing, the PiperION films were also soaked

in 0.5 M NaOH for 15 min. The ionomer-covered substrates were
fabricated into electrodes as described previously. The electrodes were
tested in a similar three-electrode cell as above, but after applying each
overpotential for 1 h, the electrode was taken out, rinsed with copious
amounts of water, dried at 80 °C for 30 min (the PiperION film was
soaked in 1 M HCl for 5 min prior to drying to remove OH− that
would damage the film in the dry state), and analyzed by collecting an
attenuated total reflectance (ATR) spectrum (200 scans) using Smart
iTR accessory equipped with a diamond crystal on a Thermo Fischer
Nicolet 6700 spectrometer (4000−400 cm−1) with a resolution of 6
cm−1. The same substrate was then fabricated into an electrode again
to be tested at the next highest overpotential in the same supporting
electrolyte.

2.5. Computations. Density functional theory (DFT) was used to
assess both the oxidation potentials and vibration properties of
representative portions of Sustainion, PiperION, and Aemion. To do
so, a hybrid-GGA method was used, PBE1PBE/6-31+G*. The redox
potential was computed using a previously reported method,25 with a
computational standard hydrogen electrode value of −4.44 eV. The
truncated portions of the polymers were created by passivating
cleaved sp3-carbon bonds with charge compensatory protons. Both cis
and trans conformations of Sustainion were examined. For the larger
polymers, PiperION and Aemion, the polymer was truncated to
exclude cationic portions of the polymer (i.e., the portion with very
large oxidation potentials). A pseudo-solvent was included in the
computations using the self-consistent reaction field approach, with
the polarizable continuum model (solvent = water), simulated at 293
K. Frequencies were used to confirm that truncated geometries are at
least metastable, and the computed vibrations were scaled by 0.981 to
account for the DFT approach used herein.

3. RESULTS AND DISCUSSION
The ionic radius and hydration energy of ions have been
shown to govern ion transport through anion-exchange
membranes.26 The anions with lower hydration energy adsorb
onto the membrane more easily but diffuse slower.26

Adsorption refers to the process of anion partial dehydration
and formation of an electrostatic bond to the charged groups
on the membrane surface. The overall size of the anion and its
geometry also influence the adsorption of anions and the rate
of diffusion through the membrane. Given these findings,
anions strongly interacting with the cationic ionomer groups
might accumulate in the membrane, lowering OH− concen-
tration and thus conductivity, which can negatively affect the
ionomer/membrane stability.

Figure 2. Dissolution of ionomer films under applied potential. The mass changes were monitored for 7 h in 1 M KOH (blue traces), 1 M
carbonate/bicarbonate buffer (red traces), and 1 M borate buffer (green traces) for (a) Aemion by Ionomr, (b) Sustainion by Dioxide Materials,
and (c) PiperION by Versogen. The data is plotted as the percentage of mass loss relative to the initial mass of an ionomer film immersed in the
electrolyte. The overpotentials are referenced to EOER at the pH of the electrolytes. The open circuit voltage (Eocv) ranges measured for each
electrolyte are Eocv = −0.5 to −0.6 V vs EOER at pH 10, Eocv = −0.4 to −0.2 V vs EOER at pH 14, and Eocv = −0.6 to −0.1 V vs EOER at pH 8 (these
values are ranges because the electrolyte is devoid of redox species capable of setting the electrode potential). Inset: Aemion film flaking off a quartz
crystal after electrochemical testing in carbonate consistent with oxidative damage at the electrode/ionomer interface.
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To gain insight specifically into the ionomer/supporting
anion interactions under anodic applied potentials, we studied
simplified thin film model systems of commercial ionomers
(Aemion by Ionomr, Sustainion by Dioxide Materials, and
PiperION by Versogen) on Au/Ti and Pt/Ti electrodes in
three supporting electrolytes (pH ∼14, 1 M KOH; pH ∼10, 1
M K2CO3/KHCO3 buffer; and pH ∼8, 1 M borate buffer)
under a range of applied potentials. The specific versions of the
ionomer were chosen because they appear frequently in the
literature and their structure and properties are well known.
We recognize that newer materials might be available from
Ionomr, Dioxide Materials, and Versogen (for instance,
Aemion+)18,27 that we did not include in our study due to
their unavailability during the initial stages of the work. No
catalyst powder was added to avoid catalyst-surface-specific
degradation. Borate buffer (pH 8) was selected as the third
supporting electrolyte because, at this pH and concentration,
the aqueous species in the buffer exist mostly as a triborate
cluster (3B(OH)3 ↔ B3O3(OH)4

− + H+ + 2H2O).
28 While

this electrolyte provides a less basic pH, the bulky triborate
clusters are unlikely to adsorb and diffuse through the ionomer
films and affect the internal pH.29 The anions’ ionic radii,
geometries, and hydration energies are summarized in Table
S2.
3.1. Tracking Ionomers’ Dissolution under Applied

Potential. To assess the ionomers’ stability in the selected

electrolytes under increasing oxidizing potentials, thin ionomer
films (see Table S1 for thicknesses) were spin-coated from the
5 wt % ionomer solutions on Au/Ti quartz crystal electrodes.
Figure 2 shows the changes in the films’ mass under increasing
overpotential (overpotential η is the excess potential beyond
the thermodynamic potential required for the water oxidation
reaction to occur, reported in mV vs EOER at a given pH).
Initially at the open circuit voltage when no current flows

(OCV), the films were observed to gain mass (Figure 2). This
is likely due to the hydration of the films as well as counterion
exchange that further leads to water entering the polymer. In
borate buffer, this mass increase was the smallest for all
ionomer films. This result supports the initial hypothesis that
the triborate clusters28 have difficulty diffusing through the film
compared to OH− and CO3

2−/HCO3
−.

Films tested in the borate buffer also did not yield any mass
losses under applied oxidizing potentials, even at the highest
overpotential. In the KOH electrolyte, the ionomer films took
up water and increased in mass at the OCV. At η = 700 mV,
Sustainion and PiperION lost ∼5−10% of their mass. Aemion
appeared to lose some of the mass gained during hydration and
initial ion exchange at η = 600 mV. These mass changes might
be indicative of the ionomer dehydration or the initiation of a
degradation process. In K2CO3/KHCO3 buffer, the difference
between the mass losses observed for Aemion, Sustainion, and
PiperION was significant. Neither Sustainion nor PiperION

Figure 3. Chemical and electrochemical degradation routes for the studied ionomers. (a) Aemion is hypothesized to undergo degradation through
nucleophilic displacement or a nucleophilic OH− attack on the benzimidazolium C2-position that leads to the ring opening. (b) Sustainion can also
be subject to the imidazolium ring opening or undergo an OH− attack at the α-carbon joining the imidazole and the phenyl group. (c) PiperION
likely suffers from Hoffman β-elimination and SN2-methyl substitution in the piperidinium ring. Electrochemical degradation (shown only for
PiperION) is possible for all three polymers through the attack of reactive oxygen species (HO·, HO2

·, O2
−) that are produced as OER

intermediates or as a consequence of other electrochemical reactions under applied oxidative potential.
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lost mass. The Aemion film was completely lost at η = 700 mV
after just a few minutes (Figure S2 for the Aemion film that
was preconditioned differently in an attempt to improve
stability). Ionomer films are known to deadhere from a surface
during ion exchange,30 but this is unlikely the cause given the
time at OCV allowing for ion exchange into the HCO3

−/
CO3

2− form. It is possible that the origin of the film loss is a
chemical change to the structure of the ionomer that caused
the portion of the film directly in contact with the electrode to
become soluble. The inset in Figure 2 shows an Aemion film
starting to flake off at η = 600 mV. Based on this observation,
we conclude that the interface of the ionomer film directly in
contact with the electrode surface oxidizes, increasing solubility
and decreasing adhesion to the surface, while the rest of the
film is intact. The solubility of the fragment directly in contact
with the electrode causes the films to flake off.
The information that can be obtained from the QCM is

limited to the mass changes. Thus, to investigate chemical
degradation occurring in the system, additional character-
ization techniques were employed. Due to the thinness of the
ionomer layers, common techniques used to access the stability
of thick solid membranes, e.g., tensile strength or ion-exchange
capacity measurements, were not possible. Therefore, we
analyzed the ultrathin polymer films with surface-sensitive
characterization techniques to assess this interfacial region
where degradation was hypothesized.
3.2. Tracking Structural Changes in Thin Ionomer

Films with XPS. XPS was used to track changes to the
structures of the three studied ionomers in the different
supporting electrolytes. To obtain thinner ionomer films, the
ionomer solution was diluted to 0.16 wt %. The resulting film
thicknesses were 18, 9, and 12 (±1 nm) for Aemion,
Sustainion, and PiperION, respectively. Using such thin
polymer films allows us to gain the information about
structural changes occurring at the interface of the electrode
surface with ionomer and would not be possible on thicker

membranes. However, this approach eliminates the ability to
easily measure the films’ ion-exchange capacity and con-
ductivity, which are common and useful descriptors of the
membrane stability. These descriptors require measurements
of mass and volume along with typically measuring the
ionomer in a two-probe station, which is difficult with very thin
films due to lack of mechanical strength.
We also tested our hypothesis that the triborate clusters

(B3O3(OH)4
−) present in the pH 8 borate buffer would not

interact within the ionomer films. Boron has a low XPS
sensitivity factor (0.49; for comparison, the sensitivity factor of
C is 1.0 and N is 1.8).31 To determine if any boron-containing
species diffused in the films, we used thicker ionomer films
spin-coated from a 5 wt % solution and tested them at η = 600
mV in borate buffer. The B 1s peak was collected with a 75 eV
pass energy, and the B/C ratio in the film was calculated. For
Aemion, Sustainion, and PiperION, the B/C ratios were 0.3,
0.3, and 0.1%, respectively. That same nominal amount of B,
however, was also found in the ionomer films tested in KOH.
We infer that the B observed by XPS in the ionomer films is
due to the presence of the contaminants in the supporting
electrolyte, not additional B species entering the films.
The summary of the peak fitting and binding energies for

Aemion, Sustainion, and PiperION is shown in Table S3.
Complex polymer matrices such as ionomer films are
challenging to analyze by XPS given that the peak positions
are influenced by the bonding as well as the surrounding
environment, which in an ionomer includes charged counter-
ions. Using the published chemical structures, we tentatively
identified the peaks composing C 1s and N 1s spectra (see
below). Figure 3 shows the predicted chemical degradation
routes for Aemion,6,21,32 Sustainion,3,5,33 and PiperION6

polymers. A possible electrochemical route is shown for
PiperION. However, all three polymers can degrade under
applied potential through a variety of mechanisms.15,16,19,34

Figure 4. Structural changes to the Aemion film in three supporting electrolytes. XP spectra of C 1s and N 1s of Aemion thin films as Aemion
changes under increasing applied potential in (a) pH 10, 1 M K2CO3/KHCO3 buffer; (b) 1 M KOH; and (c) pH 8, 1 M borate buffer. Because the
thin polymer films might sustain beam damage during prolonged XPS analysis, we tested if the C 1s spectra of the ionomers changed as we increase
the number of scans on the same spot (Figure S1). We did not observe any changes caused by the increase in the number of scans for the three
ionomer films. Thus, peaks observed by XPS in the thin film samples tested under applied potentials are unlikely to be the result of beam damage.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c22472
ACS Appl. Mater. Interfaces 2022, 14, 18261−18274

18265

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c22472/suppl_file/am1c22472_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c22472/suppl_file/am1c22472_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22472?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22472?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22472?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c22472/suppl_file/am1c22472_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22472?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c22472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.2.1. Aemion Structural Changes. Aemion is composed of
substituted phenyl and benzimidazole fragments (Figure 1a)
and analyzed as a pristine thin film that has three peaks
contributing to its C 1s spectrum (Figure 4, bottom panel). We
assigned the peak at 284.8 eV to the CC and C−H bonds
that are dominant in that structure. The two smaller peaks at
higher binding energies amount to about 20% of the total
carbon in the structure and were assigned to C bound to N+

and N. The N/C ratio based on the chemical structure and
XPS data is ∼10 atom %. The N 1s spectrum of the pristine
film was also fitted with three peaks. The peak at 401.4 eV was
assigned to the N carrying the positive charge. The smaller
peaks at 398.3 and 400 eV likely originate from other nitrogen
atoms in the polymer structure that do not carry the positive
charge.
The structural changes of the Aemion film after polarization

in 1 M K2CO3/KHCO3 buffer are shown in Figure 4a. At η =
400 mV, the film maintained its initial composition. At η = 500
mV, the Pt/C ratio, which allows us to track dissolution,
increased from ∼0.11 to 0.28, though no new peaks appear in
the XP spectra. At η = 600 mV, the film dissolution became
more significant (Pt/C >1.0). A new peak at 288.2 eV
appeared in the C 1s spectrum. The N 1s spectrum changes
along with C 1s. The loss of the peak assigned to N+ at 401.4
eV was observed. The N/C ratio increased from ∼0.10−0.11
to 0.17. The unchanged N/C ratio in the XP spectra prior to η
= 600 mV suggests that during film degradation and
consequent dissolution, both N and C are lost together. As
the overpotential increases to 700 mV (the overpotential at
which the film falls off the electrode), another carbon peak
appears at 288.8 V, while N 1s completely lost its initial shape
and settled at ∼399.1 eV. Thus, the hypothesis that the
Aemion film suffers degradation in the K2CO3/KHCO3 buffer
and is lost from the electrode due to dissolution in the
electrolyte appears supported by the XPS data.
Aemion exhibited a slight mass loss in 1 M KOH starting at

η = 500 mV (Pt/C gradually increased from 0.11 to 0.26

between η = 500 and 700 mV). The N/C ratio remained
constant as did the C−N/total-C ratio. The shape of the N 1s
peak, however, changed; the contribution of the N+ becomes
smaller, while the other two N 1s peaks increase in relative
intensity (Figure 4b). The changes of the N 1s peak in the
absence of observed loss of nitrogen might indicate that some
benzimidazole groups are demethylated or the N+ is quenched
through another mechanism. We do not see the appearance of
any C 1s or N 1s peaks at higher binding energies than the
original peaks as we observe in the K2CO3/KHCO3 buffer.
Thus, we did not observe any signs of polymer oxidation in
KOH. The film loss during electrochemical testing in KOH is
not as pronounced as in K2CO3/KHCO3, suggesting that the
ionomer is more stable in KOH.
In pH 8, 1 M borate buffer (Figure 4c), Aemion films

demonstrated fewer changes to the film composition than in
KOH. The N/C and C−N/total-C ratios remained constant
throughout the electrochemical testing. The Pt/C counts
slightly increased at η = 700 mV, which is likely due to
ionomer instability at that overpotential independent of the
electrolyte. However, the shape of the N 1s peak changed;
diminished contribution from N+ and increased contributions
of the N 1s peaks at lower binding energies were observed.
The Aemion ionomer appears to undergo some structural

changes along with dissolution in all three electrolytes but it
appears to severely degrade only in the K2CO3/KHCO3 buffer.
The chemical degradation route predicted for Aemion through
the OH− nucleophilic attack is shown in Figure 3a.21 The
benzimidazolium ring opening and the formation of a
carboxylate from the original polymer would lead to the film
dissolution. Stabilized by a high degree of methylation, Aemion
degrades through this mechanism only when OH− becomes
strongly nucleophilic, which might be induced by proximity to
a charged electrode withdrawing electron density. Another
possible degradation route is oxidation of the polymer
structure by the OER intermediates or phenyl oxidation at
the metal surface. Interestingly, the presence of carbonate/

Figure 5. Changes to the chemical structure of Sustainion under applied potential. C 1s and N 1s XP spectra of Sustainion thin films tested at
increasing overpotential in (a) pH 10, 1 M K2CO3/KHCO3 buffer, (b) pH 14, 1 M KOH, and (c) pH 8, 1 M borate buffer.
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bicarbonate anions that are expected to interact with the
ionomer strongly affects the stability of the film. The absence
of the same degree of degradation in borate buffer (pH 8)
compared to that of carbonate/bicarbonate buffer (pH 10)
suggests that the pH of the bulk electrolyte alone does not
dictate the stability. The complete loss of the film during the
QCM experiment and the new higher-energy peaks in the C 1s
spectrum point to the polymer backbone fracturing into
soluble fragments leading to the film dissolution. Conductivity
of Aemion in carbonate and bicarbonate solutions is
significantly lower than in KOH (in 1 M KHCO3, σ = 3.8
mS·cm−1; in 1 M K2CO3, σ = 2.0 mS·cm−1; in 1 M KOH, σ =
10.0 mS·cm−1 at room temperature).21 Kiessling et al.
demonstrated that membrane conductivity is especially
important at high current densities.35 We achieve higher
current densities at higher overpotentials where Aemion shows
signs of degradation. A concentration gradient along with a pH
gradient might develop at the ionomer/bulk electrolyte
interface, making the polymer more prone to oxidation due
to either the local pH drop or the absence of OH− to
participate in OER.
3.2.2. Sustainion Structural Changes. The spectrum of C

1s for the pristine Sustainion film was fitted with three
component peaks; the peak at 284.8 V originating from the C−
C, C−H, and CC in the structure and two peaks at 285.9
and 286.9 eV, which we again assigned to C bonded to N and
N+ (C bonded to N was ∼20% of the total carbon content)
(Figure 5). The N 1s spectrum of the pristine film has two
peaks; the dominant peak at 401.6 eV that corresponds to the
N carrying the positive charge (the N in the imidazolium ring
is chemically equivalent due to resonance) and a much smaller
peak at 399.7 eV that was assigned to the N in the imidazolium
ring that was insufficiently methylated. The N/C ratio for
Sustainion thin film before testing was ∼6%.
Figure 5 shows similar changes occurring in the structure of

Sustainion in pH 14 KOH and K2CO3/KHCO3 buffer. The
peaks in the C 1s spectrum assigned to C bonded to N
diminished in both electrolytes (C−N/total-C ratio went
down from 20 to 5−9% in both electrolytes as early in the

testing as at η = 400 mV) and shifted by ∼0.5 eV. The N/C
ratio went from 6% to 3% indicating N loss. The N 1s peak
shape changed under applied potential in a similar way in both
supporting electrolytes. The peak at 401.5 eV assigned to N+

no longer dominates. Even at the lowest overpotential (η = 400
mV) in both supporting electrolytes, we now observed a set of
three peaks more comparable in size at 401.6, 399.9, and 398.1
eV. However, the N+ peak is not completely lost. The Pt/C
ratio increases slightly by η = 600 mV in both electrolytes
pointing at a small portion of the film dissolving.
Figure 5c shows the changes to the C 1s and N 1s XP

spectra of Sustainion tested in 1 M borate buffer at pH 8. The
C−N/total-C ratio decreased from 20 to 16%, which is a
smaller change than in KOH or K2CO3/KHCO3 where the
C−N/total-C ratio decreased by >50%. The N/C and Pt/C
ratios remained unchanged. The N 1s peak underwent changes
similar to those we observed in KOH and K2CO3/KHCO3, but
in this electrolyte, the N+ peak remained dominant.
Two of the possible chemical degradation routes for

Sustainion are shown in Figure 3b. Imidazolium ring opening
can be promoted by a nucleophilic attack.36 The decrease in
the C−N/total-C ratio along with the material dissolution seen
in the XPS results appears consistent with the loss of the
imidazolium side chains. The loss of side chains, but not the
backbone, is consistent with the ionomer film remaining on the
electrode during QCM testing. However, N is still present in
the film and, based on the new N 1s peaks at lower binding
energy, is experiencing changes in its oxidation state or
bonding environment. This would be possible if the
imidazolium was undergoing structural changes prior to the
complete degradation and separation from the backbone.
Thus, ring opening might be an intermediate to the removal of
the imidazole group or routes 1 and 2 might occur
concurrently in the case of chemical degradation by
nucleophilic attack. However, Sustainion does not obviously
degrade in the supporting electrolytes chosen for this study
without applied potential. Thus, if a nucleophilic attack is
occurring, it appears facilitated in some way by the oxidizing
potential.

Figure 6. Changes to the chemical structure of PiperION under applied potential. C 1s, N 1s, and F 1s spectra for PiperION thin ionomer films
tested in (a) pH 10, 1 M K2CO3/KHCO3 buffer, (b) 1 M KOH, and (c) pH 8, 1 M borate buffer.
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Electrochemical degradation pathways are also possible. For
instance, the phenyl connecting the imidazole ring to the
backbone might be oxidized by OER intermediates or at the
metal surface leading to the loss of the charge-carrying group.
Unlike Aemion, Sustainion degraded the least in the electrolyte
with the lowest pH while having an almost identical degree of
structural changes in KOH and carbonate/bicarbonate buffer.
Sustainion does not seem to be affected specifically by the
interactions with CO3

2−/HCO3
− anions as it degrades to the

same extent in KOH. Perhaps, the origin of Sustainion’s
tolerance of CO3

2−/HCO3
− anions is its ability to conduct

these anions more efficiently than Aemion. The conductivity
reported for Sustainion-X24 membrane in 1 M KHCO3 is 24
mS·cm−1 at room temperature, which is considerably lower
than its conductivity in 1 M KOH (64 mS·cm−1)37 but still
much higher than the conductivity of Aemion in CO3

2−/
HCO3

− forms (in 1 M KHCO3, σ = 3.8 mS·cm−1; in 1 M
K2CO3, σ = 2.0 mS·cm−1). The least degradation in the lowest
pH might be indicative of Sustainion being more affected by
the concentration of OH− in the electrolytes and undergoing
the loss of side chains as a result of the nucleophilic attack or
an oxidation reaction involving OH− attack and electron
transfer.
3.2.3. PiperION Structural Changes. We then examined if

PiperION thin films show signs of oxidative damage in the
supporting electrolytes under applied potential. In addition to
looking at C 1s and N 1s spectra, we also collected F 1s spectra
to monitor the trifluoromethyl group stability during operation
(the F/C ratio in the pristine film was calculated to be ∼1−
2%). The C 1s spectrum was fitted with three peaks: the
dominant peak at 284.8 eV assigned to C−C, C−H, and CC
and two smaller peaks at 285.9 and 286.7 eV for C−N+ bonds
(Figure 6, bottom panel). The N 1s peak for PiperION was
fitted with only one peak at 402.7 eV and was assigned to the
N+ present in the structure in the piperidinium ring (N/C is
about 3−4% in the pristine film, and ∼18% of C is bonded to
N out of the total carbon content).
In K2CO3/KHCO3, the film dissolution was observed at

lower overpotentials (Figure 6a). At η = 400 mV, the N 1s
spectrum changes to include several peaks at lower binding
energy but the new N 1s peaks disappear by η = 500 mV. The
observed changes to the shape of the N 1s peak might originate

from the intermediates of the degradation process. By η = 600
mV, the Pt/C ratio went from 11 to 41% along with a small
decrease in the N/C and C−N/total-C ratios. As the
overpotential of 700 mV was reached, the dissolution became
more significant (Pt/C = 150%) with N 1s peak shifting to
lower binding energy and decreasing in intensity. The amount
of C bonded to N also decreased by half. The F/C ratio for η =
600 and 700 mV was 4 and 3%, respectively (compared to 1−
2% in the pristine ionomer film), suggesting that while the
trifluoromethyl group remains, other carbon-containing frag-
ments are lost. However, we do not see any sign of carbon-
forming new bonds characteristic of degradation products. The
decrease in the N content and the absence of a more
pronounced mass loss during the QCM test are suggestive of
the chemical changes occurring at the charge-carrying side
chains. It is, nonetheless, difficult to pinpoint the mechanism of
degradation. The degradation products could dissolve in the
supporting electrolyte and thus not be picked up by the XPS
analysis.
During the electrochemical testing in 1.0 M KOH,

PiperION film was not observed to dissolve/detach until η =
700 mV (Figure 6b). At η = 700 mV, the Pt/C ratio increased
but not significantly: from 11 to 16%. The C−N/total-C ratio
decreased, and the F/C ratio increased.
In borate buffer (Figure 6c), despite a lower pH, no changes

in the film structure were observed until η = 700 mV. We
suspect that PiperION is not stable at this overpotential, and
this degradation is independent of electrolyte identity. By the
end of the electrochemical testing, the Pt/C ratio went from 11
to 30%.
PiperION was not observed to dissolve or sustain chemical

changes in 1.0 M KOH and pH 8 borate buffer until η = 700
mV. Thus, it does not seem to be affected by a high or low
concentration of OH− in the supporting electrolyte. However,
in K2CO3/KHCO3 buffer, the polymer underwent chemical
changes and dissolved. One of the possible electrochemical
degradation routes for this polymer is the oxidation of the
phenyl ring in the backbone (Figure 3c). However, we were
not able to observe any degradation products consistent with
that mechanism. Another mechanism might take place or the
degradation products may dissolve into the electrolyte making
it difficult to track them. To try and pinpoint the possible

Figure 7. Chemical changes in the structure of Aemion probed by ATR-FTIR. (a) ATR-FTIR spectra of Aemion films collected after testing the
films in 1.0 M KOH (red traces), 1 M K2CO3/KHCO3 buffer pH 10 (blue traces), and 1 M borate buffer pH 8 (purple traces). Top to bottom: the
black trace is of the pristine Aemion film and then in order of increasing overpotential (η = 400, 500, and 600 mV). (b) ATR-FTIR spectra
collected on Aemion films tested at η = 600 mV in the three supporting electrolytes.
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reasons for the instability of PiperION in carbonate/
bicarbonate buffer specifically, we considered the conductivity
of PiperION in carbonate and bicarbonate electrolytes. The
conductivity of the PiperION solid membrane in water at
room temperature when it is ion-exchanged to the carbonate
form is 6 mS·cm−1, and 5 mS·cm−1 when it is ion-exchanged to
the bicarbonate form.38 These values are higher than the
conductivity of Aemion in carbonate/bicarbonate electrolytes
but significantly lower than the carbonate/bicarbonate
conductivity reported for Sustainion. However, the conductiv-
ities reported in the literature are affected by the measurement
method. For example, in the recent work by Endrödi et al., the
conductivities of PiperION and Sustainion in carbonate and
bicarbonate electrolytes were measured for a range of elevated
temperatures and were found comparable.39 PiperION might
be affected by a lower local pH due to the concentration and
pH gradients forming at the interface of the thin film and bulk
electrolyte or be subjected to oxidation by the electrode
surface in the absence of OH− due to the low conductivity of
CO3

2−/HCO3
− anions.

3.3. Attenuated Total Reflectance (ATR) FTIR Spec-
troscopy Analysis of the Ionomer Films after Electro-
chemical Testing. To further investigate the film degradation
processes in the presence of the electrolytes under applied
potential, we employed ATR-FTIR on 5 wt % ionomer films.
3.3.1. Aemion ATR-FTIR Analysis. The summary of the

changes in the Aemion spectrum under each applied potential
in the three electrolytes is shown in Figure 7. In the pristine
film (black traces in Figure 7), the vibrational mode at 1630
cm−1 was assigned to the CN bond in the imidazole
fragment. We find a similar mode in the spectrum of an
imidazole compound in the literature.40,41 The most noticeable
changes in the spectrum occurred in the K2CO3/KHCO3

buffer. The mode at 1630 cm−1 transformed into two
vibrational modes with maxima at 1640 and 1610 cm−1. At η
= 500 mV, two new modes appeared at 1250 and 1220 cm−1;
the mode at 1400 cm−1 transformed into multiple modes, and
a small vibrational mode appeared at 753 cm−1. The
transformation of the CN mode into multiple modes can
be interpreted as the loss of the imidazole ring and possible
formation of N−H and other CC bonds in the changed

structure. The new modes at 1250 and 1220 cm−1 can
originate from a C−N or a C−O bond formation.
The changes observed by ATR-FTIR for Aemion tested in

KOH are not as pronounced (Figure 7, red traces). The
vibrational mode at 1400 cm−1 converts into multiple modes,
similarly to the changes we observe in the K2CO3/KHCO3
buffer. The small modes in the 1300−1250 cm−1 range
disappear but do not convert into new modes that appeared in
K2CO3/KHCO3. A small mode appears at 753 cm−1 at η = 500
mV, which is the region that describes changes in substitution
in aromatic compounds. This may indicate a demethylation of
the nitrogen in the imidazole as a result of the OH− attack or a
different mechanism. The 500 mV is the same overpotential at
which we start observing film loss and diminishing C−N/total-
C ratio by XPS.
Figure 7 also shows the gradual changes in the film structure

in a 1 M borate buffer. The vibrational mode at 1630 cm−1

deforms slightly compared to its initial shape and the region
between 1400 and 1250 cm−1 changes. The mode at 1390
cm−1 turns into two modes, and the small modes at ∼1320
cm−1 disappear. The observed changes might be indicative of
changes to the N bonding environment. However, the changes
are not significant enough to cause film loss that would be
apparent by QCM and XPS.
ATR-FTIR data for Aemion is consistent with the XPS

results: it shows that the film undergoes some structural
changes in every supporting electrolyte, with the changes in the
carbonate/bicarbonate buffer being the most significant. The
XPS analysis of the film tested in the carbonate/bicarbonate
buffer shows the formation of CO species along with N+ loss
and film dissolution. ATR-FTIR confirms these changes
showing the loss of the CN mode intensity and several
other new modes growing.

3.3.2. Sustainion ATR-FTIR Analysis. Sustainion ATR-FTIR
spectra at different overpotentials were collected in a similar
manner (Figure 8). Like Aemion, Sustainion possesses an
imidazole group. We assigned the vibrational mode at 1650
cm−1 to the CN in imidazole. The spectrum of Sustainion
undergoes similar transformations after electrochemistry in
KOH and K2CO3/KHCO3 buffer, with both the 1650−1530
and 1370−1330 cm−1 regions changing. We observed the
shape transformation of the mode assigned to imidazole, the

Figure 8. Chemical changes in the structure of Sustainion probed by ATR-FTIR. (a) ATR-FTIR spectra of Sustainion films collected after testing
the films in 1.0 M KOH (red traces), 1 M K2CO3/KHCO3 buffer pH 10 (blue traces), and 1 M borate buffer pH 8 (purple traces). Top to bottom:
the black trace is of the pristine Sustainion film and then in order of increasing overpotential (η = 400, 500, and 600 mV). (b) ATR-FTIR spectra
collected on Sustainion films tested at η = 600 mV in the three supporting electrolytes.
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loss of the vibrational mode at 1533 cm−1, and the growth of a
mode at 1567 cm−1. This region of the spectrum can have
modes from a variety of bonds including CN, CO, and
O−NO. The mode in the 1370−1330 cm−1 region changes
from a small broad one to a sharp mode. The observed changes
in the spectrum of Sustainion might originate from trans-
formations of the imidazole ring, leading to its loss due to the
nucleophilic OH− attack or by electrochemical oxidation.
Pellerite et al. reported similar changes in the IR spectrum of
Sustainion soaked in 1 M KOH for 24 h without any applied
potential.36 In that case, the observed changes in the spectrum
were later reversed by a soak in 1 N HCl and were attributed
to the formation of a carboxylated zwitterion upon CO2
addition, not permanent degradation by the ring opening.36

We, however, do not believe that Sustainion under applied
potential undergoes reversible changes in the KOH or
carbonate/bicarbonate buffer given the loss of nitrogen and
C−N bonds observed by XPS. The ionomer films tested in the
borate buffer show fewer changes in the spectrum. The 1533
cm−1 mode disappears, but no new mode appears at 1567
cm−1. There is a new vibrational mode at 1313 and 813 cm−1.
The mode at 1313 cm−1 might originate from the borate
species present in the film, but given the low amount of boron
determined by XPS, we conclude this is unlikely.
These studies suggest that Sustainion is sensitive of the

basicity of the electrolyte but might not be strongly affected by
anions such as CO3

2− or HCO3
−. XPS showed considerable

loss of the C−N bonds in both KOH and carbonate/
bicarbonate buffer. ATR-FTIR data supports these results
showing changes in the CN imidazole mode that suggest
that the charge-carrying group is degrading. This process might
be unaffected by the presence of CO3

2− or HCO3
− due to the

high carbonate/bicarbonate conductivity reported for Sustain-
ion. Fast conduction of the anions through the ionomer film
during operation would facilitate the transfer of OH− (and
protons in the form of HCO3

−) to (and away from) the
electrode surface. These processes would decrease the pH
gradient and provide sufficient OER reactants to avoid
ionomer oxidation.
3.3.3. PiperION ATR-FTIR Analysis. The ATR-FTIR spectra

of PiperION after electrochemistry in the three electrolytes are
shown in Figure 9. Consistent with our XPS results, the most

noticeable changes in the ATR-FTIR spectrum of PiperION
are observed in the K2CO3/KHCO3 buffer (Figure 9, blue
traces). The vibrational mode at 1630 cm−1 transforms into
multiple modes at 1640, 1605, and 1558 cm−1. The mode at
1558 cm−1 appears at η = 400 mV, and the one at 1605 cm−1

appears at η = 600 mV. The mode at 1395 cm−1 converts into
two modes by η = 600 mV. We, however, did not observe the
appearance of a stretch or a bend consistent with a carboxylate
formation, which is a degradation product predicted by the
electrochemical oxidation route. The changes in the 1640−
1560 cm−1 region of the spectrum might result from the
formation of new CN or CC bonds.
The PiperION film tested in KOH does not seem to

undergo any structural changes as no new vibrational modes
appeared in the ATR-FTIR spectrum. We also did not observe
any chemical changes in KOH by XPS (except at η = 700 mV).
The ATR-FTIR spectra of the film tested in borate buffer have
a small change in the 1600−1500 cm−1 region: a new mode
appears at 1558 cm−1, similarly to that observed in the K2CO3/
KHCO3 buffer. The mode becomes noticeable at η = 500 mV
and might be the result of some changes in the structure of the
ionomer.
PiperION did not show any signs of significant structural

changes in KOH or borate buffer evident by QCM, XPS (until
η = 700 mV), and ATR-FTIR. The stability of the ionomer,
however, can be impacted by the presence of a metal oxide
catalyst undergoing OER in an electrolyzer. We showed that
PiperION ionomer in direct contact with IrOx powder at the
anode of an AEMWE oxidizes substantially and loses
headgroups.14 In the carbonate/bicarbonate buffer, PiperION
undergoes structural changes, as suggested by our XPS and
ATR-FTIR data. XPS showed N loss and film dissolution but
without new peaks appearing in the C 1s spectra. ATR-FTIR
spectra revealed several new modes growing and the existing
modes changing shape. Based on the evidence presented by the
surface characterization techniques, the polymer undergoes
dissolution (e.g., we find an increase in the Pt/C ratio by XPS
after electrochemistry). We, however, cannot be sure in the
(electro)chemical mechanism because some of the degradation
products might dissolve into the electrolyte and avoid
detection.

Figure 9. Chemical changes in the structure of PiperION probed by ATR-FTIR on a diamond crystal. (a) ATR-FTIR spectra of PiperION films
collected after testing the films in 1.0 M KOH (red traces), 1 M K2CO3/KHCO3 buffer pH 10 (blue traces), and 1 M borate buffer pH 8 (purple
traces). Top to bottom: the black trace is of the pristine PiperION film and then in order of increasing overpotential (η = 400, 500, and 600 mV).
(b) ATR-FTIR spectra collected on PiperION films tested at η = 600 mV in the three supporting electrolytes.
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3.4. Computational Studies of Ionomer Oxidative
Stability. To help differentiate between chemical and
electrochemical degradation routes for these polymers, we
performed DFT calculations to computationally examine redox
potentials (E0) of the polymer structures and to predict where
the oxidation is likely to occur within the polymer. The
predicted E0 of the polymers suggests which are more likely to
oxidize under applied potential. The identification of the
chemical functionality of the polymer that the E0 corresponds
to leads to a better understanding of the degradation
pathway(s).
Our calculations indicate that E0 for the ionomers are

Sustainion (2.18 eV vs SHE cis, 2.33 eV vs SHE trans) >
PiperION (1.78 eV vs SHE) > Aemion (1.46 eV vs SHE)
(Figure 10). The range of values for Sustainion is attributed to

the competing effects produced by π-stacking: the destabiliza-
tion of the ground state and the stabilization of the spin density
via a multicenter single-electron bond. The latter was observed
for the imidazolium-containing side chain. Given the
stabilization provided by the imidazole fragment, the phenyl
ring in contact with it is less likely to be oxidized than the
phenyl ring next to it without the charge-carrying group.
However, the E0 for this route is very high. The experimental
data shows changes in the N 1s bonding environment or
oxidation state, which would not occur in the case of phenyl
oxidation. A possible route for Sustainion degradation, given a
high E0 for phenyl oxidation, is the loss of the side chains
through the OH− attack on the C connecting the phenyl and
imidazole fragment or the imidazole ring leading to the loss of
the side chains. This mechanism is perhaps promoted by the
applied potential as we see no evidence of Sustainion
degrading in the supporting electrolytes without applied
potential.
Within the PiperION structure, the phenyl rings adjacent to

the trifluoromethyl group help stabilize the HOMO by
withdrawing electron density, which decreases electron−
electron repulsion. Oxidative attack is thus likely to affect the
other phenyl rings in the backbone that are occupied by
higher-energy electrons. The changes we observed exper-
imentally are more consistent with the attack on the charge-

carrying groups given the changes in the shape of the N 1s
spectrum and the absence of carboxylate-related C 1s peaks or
vibrational modes. However, that does not rule out the
electrochemical aromatic oxidation as degradation products
may be in small amounts and/or dissolve into the electrolyte.
Because Aemion has the lowest E0, it appears most likely to

suffer from oxidative damage. Our calculations suggest that
oxidizing any cationic motif is unlikely. The E0 corresponds to
the removal of an electron from the benzimidazole. The
likeliest point of oxidative damage is the N in the
benzimidazole that does not have a methyl group attached to
it (Figure 1a). The methyl groups on the substituted phenyl
and imidazolium rings add spin stabilization. The imidazolium
ring opening is also proposed as the chemical degradation
route. We suspect that the polymer degrades through cleavage
of the imidazole ring, with applied potential playing a role in
the process. Aemion does not degrade in 1.0 M KOH without
applied potential, nor does it degrade in carbonate/bicarbonate
solutions. Thus, the routes leading to the polymer damage
might include an OH− attack on the polarized bonds or a
direct oxidation of the structure by the OER intermediates or
the electrode surface.

3.5. Analyzing the Ionomer Stability in Acidic
Environment. The higher degree of structural changes that
Aemion and PiperION showed in 1 M carbonate/bicarbonate
buffer compared to that of the other electrolytes suggested that
the interactions of the HCO3

−/CO3
2− anions with the ionomer

matrices play a role in the stability of the polymers during
OER. Our two hypotheses in regard to the effect anions have
on the ionomer were (i) the development of a pH gradient
with consecutive ionomer oxidation facilitated by a local pH
drop at the electrode surface and/or (ii) poor transport of
OH− to the electrode surface due to low carbonate/
bicarbonate conductivity of Aemion and PiperION, which
leads to the ionomer oxidation reaction dominating. To
determine if the low pH in addition to the applied potential
was responsible for the observed structural changes, we tested
the thin 0.16 wt % ionomer films in 0.1 M HClO4 (pH ∼1) at
η = 400 and 600 mV and analyzed them with XPS.
The stability of Aemion in the acidic environment seems to

be better than in the carbonate/bicarbonate buffer (Figure S6a
shows XPS data and fitting). No film dissolution or appearance
of new C or N peaks was observed at η = 400 mV. At η = 600
mV, while no changes in the C 1s and N 1s were observed, the
Pt/C ratio from XPS slightly increased signifying film
dissolution. Aemion does not appear to be affected by the
acidic pH while under applied potential and, thus, is likely not
degrading in the carbonate/bicarbonate buffer due to the local
pH drop. Given that we observed some degree of dissolution in
all four tested electrolytes, we hypothesize that ionomer
oxidation facilitated by applied potential occurs in all cases but
at a different rate. Testing Aemion in pH 1 acid showed its
good stability in acidic conditions. Thus, we were left to
suggest that the difference in OH− vs CO3

2−/HCO3
−

conductivities is causing Aemion to degrade in carbonate,
perhaps due to the formation of a modest pH gradient and lack
of OH− to oxidize at the electrode surface.
The structural changes observed for Sustainion tested in acid

resemble the results of the electrochemical testing in borate
buffer (Figure S6b). At η = 400 mV, no dissolution was
observed, but there was a small loss of the C−N bonds and a
change in the shape of the N 1s peak. At η = 600 mV, film
dissolution was identified and the loss of C−N bonds became

Figure 10. HOMO electronic occupation diagram calculated by DFT
for the ionomer fragments indicated. The HOMO is, to a first
approximation, the energetically most favorable site for oxidation to
occur.
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more pronounced. However, the N 1s peak assigned to N+ still
dominated the spectra for all overpotentials. Sustainion
sustained less damage in the acidic environment than in
base. Sustainion was apparently designed to operate in the
carbonate-containing environment. It degraded the most in the
electrolytes of higher basicity but only when potential was
applied. Given the comparably higher E0 estimated from DFT,
we hypothesize that the OH− attack becomes more likely when
the film is polarized by the electrode surface. It seems likely
that the carbonate/bicarbonate conductivity of Sustainion is
high enough to perhaps suppress larger pH gradients.
Interestingly, PiperION sustained significant damage in 0.1

M HClO4 (Figure S6c). At η = 400 mV, no dissolution was
observed, but a new high-energy peak appeared in the N 1s
spectrum. At η = 600 mV, the F/C ratio doubled, and the Pt/C
ratio increased signifying film dissolution. N 1s peak remained
at the same binding energy as in the pristine film but decreased
in intensity. The C 1s spectrum gained several peaks at higher
binding energy pointing to the formation of new C
compounds. The amount of the film loss during electro-
chemical testing in acid is similar to the film loss observed in
the carbonate/bicarbonate buffer. Thus, for PiperION, we
hypothesize that its stability might depend on both the
carbonate/bicarbonate conductivity and the local pH drop, as
we see degradation occurring in both HClO4 and carbonate/
bicarbonate buffer. We also know from our previous work that
PiperION is subject to oxidative degradation when used for a
prolonged operation in pure water AEMWE with IrOx and that
pH gradients are likely at high current densities.14

4. CONCLUSIONS

We analyzed the effects of supporting electrolytes on the
stability of anion-conducting ionomers under oxidizing
potentials in the context of their application in alkaline
membrane electrolyzers. The ionomers demonstrated different
degrees of stability in KOH, K2CO3/KHCO3 buffer, borate
buffer, and HClO4. Aemion degraded and dissolved in all four
electrolytes, with damage to the chemical structure being the
most pronounced in the carbonate/bicarbonate buffer. The
stability of Aemion seems to be affected by strongly interacting
carbonate/bicarbonate anions that may prevent a rapid flux of
OH− to the electrode surface and allow ionomer oxidation.
PiperION showed material loss in the carbonate/bicarbonate
buffer and acidic conditions, remaining stable in KOH and
borate buffer. The low conductivity of carbonate/bicarbonate
forms of PiperION might facilitate a pH gradient leading to
oxidative changes in the polymer due to the local pH drop or
the absence of sufficient OH− for OER in which case the
relative polymer oxidation rate increases. Sustainion exhibited
the same degree of degradation in KOH and carbonate/
bicarbonate buffer and little observed degradation in borate
buffer and HClO4. The degradation for this ionomer appears
to be triggered primarily by the applied potential but seems to
be favored in electrolytes with higher OH− concentration. We
also acknowledge that the presence of OER catalysts can
introduce additional degradation pathways (Figure S7).14

Looking forward, gas chromatography coupled with mass
spectrometry and nuclear magnetic resonance spectroscopy
can be employed to analyze (dilute) soluble ionomer
fragments to unravel the mechanisms of ionomer degradation.
The analysis of postmortem GDLs from pure-water-fed
AEMWE will also be key, as shown by our initial results.14

In sum, we demonstrated that a combination of character-
ization techniques can unravel some of the processes at the
ionomer/catalyst interface. The three-electrode setup was a
simple model system that mimics in many ways the anode of
the AEMWE. This approach can be successfully employed to
test the interactions of a variety of OER catalysts (PGM and
non-PGM). Such experiments can be run in parallel with the
AEMWE tests (with the GDLs being analyzed as well) to gain
a comprehensive understanding of water electrolysis in a zero-
gap configuration.
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