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e of CO2 affect the alkaline
stability of anion-exchange membranes?

Sapir Willdorf-Cohen, a Songlin Li,a Simcha Srebnik,b Charles E. Diesendruck *cd

and Dario R. Dekel *ade

Anion-exchange membranes (AEMs) enable electrochemical energy devices to operate in alkaline

environments, allowing the use of earth-abundant, platinum group metal-free catalysts. This makes

them highly attractive for applications such as AEM fuel cells (AEMFCs), water electrolyzers (AEMWEs),

and oxygen separators (AEMOSs). However, two key challenges still hinder their commercialization:

chemical degradation of the membranes and carbonation from atmospheric CO2, both of which impair

conductivity and reduce long-term performance. Building upon our ex situ novel technique to measure

the alkaline stability of quaternary ammonium salts (QAs) and AEMs at different hydroxide hydration

levels, in this study we investigate the effect of CO2 on the stability of the AEMs. Specifically, we evaluate

the stability of AEM standard benzyltrimethyl ammonium cations (BTMA+) in the presence of mixtures of

hydroxide and (bi)carbonate anions at different ratios and hydration levels. Additionally, we introduce

a novel technique to simultaneously evaluate (bi)carbonate impact and hydroxide conductivity in AEMs.

Our results reveal that the presence of (bi)carbonate anions surrounding BTMA+ significantly reduces QA

degradation. This phenomenon is further supported by molecular dynamics simulations, which suggest

a “salting-out” effect, where water more strongly hydrates hydroxide ions, isolating them from the

organic QA sites and reducing degradation probability. These findings provide new insight into AEM

behavior in CO2-containing environments such as ambient air. This study provides new, valuable data to

overcome the critical challenge of AEM alkaline stability and opens new avenues for the design of more

durable AEM materials, advancing the development of AEMFCs, AEMWEs, and AEMOSs for real-world

applications.
1. Introduction

Anion-exchange membrane (AEM) fuel cells (AEMFCs) and
anion-exchange membrane water electrolyzers (AEMWEs) have
been attracting signicant attention as promising green and
efficient technologies for energy conversion and storage.
Recently, novel anion-exchange membrane oxygen separators
(AEMOSs) were also developed. All these electrochemical tech-
nologies operate in an alkaline environment, and thus, allow
the use of precious metal-free and critical raw material-free
electrocatalysts from a wide selection of affordable and abun-
dant materials, as well as uorinated-free, low-cost anion-
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exchange membranes (AEMs).1–12 Despite the signicant prog-
ress recently achieved in AEM-based electrochemical research,
the commercial development is primarily impeded by:1 degra-
dation processes in AEMs during the cell operation, and2

carbonation processes in AEMFCs and water-fed dry-cathode
AEMWEs.3,13–18

The chemical decomposition of the AEMs during cell oper-
ation remains the main concern and challenge, limiting the
operation time of these technologies.19–24 The combination of
a high alkaline environment and high operating current
densities in the AEMFC and dry-cathode AEMWE results in low
hydration of the cathodes and AEM/cathode interface
(Fig. 1).25–28 In these conditions, the generated hydroxide anions
have limited water microsolvation, turning them into extremely
reactive nucleophiles and bases.26,29–31 This, in turn, accelerates
the degradation at the AEM/cathode interface,28,32,33 leading to
a detrimental reduction in anion conductivity and therefore in
operando cell performance over time.34–37

In order to overcome the stability issues of AEMs, signicant
efforts have been made mainly in the synthesis of highly
alkaline-stable quaternary ammonium (QA),21,27,33,38–55 sulfo-
nium and phosphonium salts,56–59 as well as metal ions,60–65 as
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic diagram showing hydration level (high hydration areas in blue and low hydration areas in red), direction of themigration of OH−

anions and diffusion of water, and electrochemical reactions at the electrodes during operation in (a) AEMFC, (b) AEMWE in dry cathode
operation mode, and (c) AEMOS devices.
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cationic functional groups for AEMs. In addition, new adequate
techniques for predicting the chemical stability of AEMs in ex
situ tests that mimic real cell operation conditions have also
been developed.28,66–70

Conventional tests to measure the alkali ex situ stability
consist of the immersion of cationic model molecules and
polymers in a basic aqueous solution at different concentra-
tions (1–10 M KOH) and temperatures (from room temperature
up to 160 °C).19,38,47,71 However, these tests do not adequately
simulate the conditions found in operando cells, because even at
a high concentration of 10 M KOH aqueous solution, the
hydroxide hydration level is signicantly higher than the one
found around the cathode electrode in the operating cell.25,32,72

One of the newly emerged ex situ techniques is our recently
developed technique to measure the alkaline stability of AEMs.
This method simulates the operando environment of AEMs in
high-current electrochemical devices.28,69 It relies on generating
mobile anhydrous hydroxide anions (OH−) by oxidizing potas-
sium (K) metal in situ, then forming a complex of K+ with 18-
crown-6 ether (CE), resulting in CE-K+/OH− in water-free DMSO-
d6. Using this protocol, we have studied the stability of
numerous QA cations and AEM polymers dissolved in non-
aqueous solvents, mimicking the low hydration environment
of AEMFC and AEMWE cathodes and AEM/cathode interface.
Using this technique, we consistently found that all AEM
cationic species degrade very rapidly at low hydration levels l,
particularly when there are four or fewer water molecules per
hydroxide anion (l# 4) available for solvation.28 However, when
the number of water molecules per hydroxide anion reaches or
exceeds ve (l $ 5), the OH−

rst solvation sphere is full, and
the anion becomes signicantly less nucleophilic and basic,
and thus the alkali degradation of the AEM polymer is
reduced.29

Besides the important effect of low hydration on the stability,
several studies have shown that the presence of CO2 is critical
and must be considered in the development of practical AEMFC
and AEMWE systems.13,14,18,73–76 Therefore, whenever ambient
air (which contains ∼400 ppm of carbon dioxide) is involved
This journal is © The Royal Society of Chemistry 2025
(both as a feed in AEMFCs or equilibrium with water feed in
AEMWEs), AEMs face a critical technological challenge – the so-
called carbonation process.76,77 While alkaline stability is typi-
cally tested under very controlled conditions,28,69,70 in reality, the
carbonation process is scarcely considered in such tests. In the
carbonation process, the CO2 dissolves in water and reacts with
the hydroxide anions in the cell, to form (bi)carbonate anions
according to the following equations:

OH− + CO2 # HCO3
− (1)

HCO3
− + OH− # CO3

2− + H2O (2)

In AEMWEs, performance is enhanced by employing
a supportive hydroxide or carbonate ion electrolyte, improving
conductivity and activating the electrocatalyst. However, chal-
lenges arise from water transfer, membrane degradation, and
electrolyte carbonation.78,79 The carbonation process occurring
in the AEM and supporting electrolyte reduces the mobility of
carbonate species, leading to increased ohmic resistance.
Additionally, carbonation of the ionomer lowers the local pH,
resulting in decreased catalytic efficiency.80 In general, the
formation of (bi)carbonates due to the presence of CO2 in the
ambient air reduces the conductivity of the AEM and, therefore,
the cell performance as well.77 In the case of AEMFCs,
researchers have gained insight into the impact of CO2 on cell
performance through a range of recent experimental studies
and modeling efforts.14,76,81–83 The majority of these studies
focus on determining the conditions required to mitigate the
carbonate reaction and reduce the amount of the three carbon-
containing species in the membrane, CO2, HCO3

−, and CO3
2−.

More recent studies propose various approaches to reduce
the voltage penalty caused by CO2 in AEMFCs. These include
increasing current density, raising cell temperature and
hydration level, and decreasing cathode ow rate.82–84 A recent
numerical model of ambient air-fed AEMFC showed that oper-
ating at higher current densities has two benets. Firstly, it
enhances the general performance and the power densities of
J. Mater. Chem. A, 2025, 13, 35316–35328 | 35317
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the cell, even though an expected decrease in AEM performance
at high current densities (generally above 1000 mA cm−2) is
anticipated.13,32 Secondly, it enables the reduction of the impact
of CO2 on the cell performance, as at higher current densities
the (bi)carbonate concentration in the cell is negligible, allow-
ing for effective operation with ambient air.76

All the previously mentioned studies focused on the effect of
CO2 on cell performance; however, to the best of our knowledge,
no one has considered whether the presence of CO2 affects the
stability of the AEM and, therefore, the electrochemical cell. In
a pioneering work in this direction, Srebnik & Dekel investi-
gated the inuence of carbonate anions on the alkaline stability
of benzyl trimethylammonium-based QA compounds (BTMA+)
through Molecular Dynamics (MD) simulations. Their study
reveals that carbonate anions display a greater affinity for water
than hydroxides and therefore are more hydrated.85 Conse-
quently, due to the presence of carbonate anions, the hydroxide
anions have less water to solvate, which in turn makes them
more reactive towards the QA cations. This, in turn, increases
the degradation of the QA.31 This effect is reported to be more
pronounced at low hydration levels. On the other hand, it was
also reported that the carbonate anions concentrate sufficiently
near BTMA+. As a result, the access of hydroxides to the BTMA+

is diminished compared with the carbonate-free scenario,
thereby stabilizing the QA. Thus, it was concluded that the
impact of carbonate anions protecting the BTMA+ versus the
improved reactivity of unsolvated hydroxide anions required
further investigation.85

To thoroughly investigate the effect of (bi)carbonates on the
alkaline stability of QAs, in this study we developed a new
experimental protocol to determine the effect of the carbon-
ation process on the hydroxide-induced BTMA+ degradation,
specically at low hydration levels. To the best of our knowl-
edge, this is the rst study that experimentally investigates the
effect of CO2 on AEM stability, with support from MD
simulations.

2. Methods section
2.1 Experimental section

2.1.1 Materials. CE-K+/OH− complex was prepared as
described previously,28,29 stored, and handled in a glovebox
(water and O2 kept at <1 ppm levels). Nuclear magnetic reso-
nance (NMR) tubes (Wilmad-LabGlass) with septum were used
for kinetic studies. BTMA, in its bromide form, was purchased
from Sigma-Aldrich. Commercial FAA-3-30 AEM with 30 mm dry
thickness was obtained from Fumatech® (IEC = 1.5–1.8 mmol
gr−1). All other materials, unless otherwise stated, were used
without additional purication.

2.1.2 Preparation of water-free hydroxide and (bi)
carbonate solutions. In a glovebox, a CE-K+/OH− solution was
prepared by weighing 0.5 mmol from the CE-K+/OH− complex
and dissolving it in anhydrous DMSO-d6 following the proce-
dure developed in ref. 28. The solution was then divided
according to the targeted hydroxide-(bi)carbonate ratio in the
specic experiment. Part of the solution was separated to be
used as the hydroxide ion solution (solution 1), and the
35318 | J. Mater. Chem. A, 2025, 13, 35316–35328
remaining solution was transferred into a Schlenk glass tube to
undergo conversion into a (bi)carbonate solution. The Schlenk
was sealed with a septum and insulating tape and removed
from the glove box. CO2 gas (99.99999%) was bubbled into this
solution to react with the hydroxide anions, resulting in the
formation of dry (bi)carbonate in DMSO-d6, (solution 2). This is
a complete reaction as under alkaline conditions, dissolved CO2

reacts rapidly with OH− to form bicarbonate (eqn (1)), and at
high pH, further equilibrates to carbonate (eqn (2)). These well-
established reactions conrm that the interaction of OH− with
CO2 indeed yields (bi)carbonate species.86 Finally, the Schlenk
with solution 2 was returned to the glove box.

2.1.3 Kinetic studies of BTMA+ alkaline degradation. In
order to understand the effect of the carbonation on the
stability of the BTMA+, ex situ stability tests were conducted
utilizing varying concentrations of hydroxides and (bi)carbon-
ates. The concentration of these anions within a 0.5 ml of
DMSO-d6, were calculated by:

½ðBiÞcarbonate �M ¼ ½ðbiÞcarbonate �mmol

0:5 ml
(3)

½OH��M ¼ ½OH��mmol

0:5 ml
(4)

All test conditions are summarized in Tables 1 and S1.
Hence, we also dened the effective hydration number of the
solution, l effective (leff), as follows:

lðeffÞ ¼ ½H2O�mmol

½OH� þ ðbiÞcarbonate�mmol

(5)

This initial set of experiments was carried out at low hydra-
tion levels, specically with leff = 1 and 4 (Fig. S2). In further
experiments, the hydroxide concentration was consistently
maintained at xed levels (0.9 M and 0.7 M) while the (bi)
carbonate concentration was varied. For 0.9 M OH− the (bi)
carbonate concentration was 0, 0.05, and 0.1 M (Tables S2 and
S3); and for 0.7 M OH− (bi)carbonate concentration was 0, 0.15,
and 0.3 M (Tables 2 and S4). For each OH− concentration, we
conducted tests at two distinct hydration levels. Here, we
dened lOH− as:

lOH� ¼ ½H2O�mmol

½OH��mmol

(6)

Consistently, with an OH− concentration of 0.9 M, the corre-
sponding calculated lOH− values are 1.1 and 4.4. The experi-
ments with lOH− = 1.1 and 4.4 were repeated three times from
independent preparations (Fig. S2) to determine the sample
standard deviation of measurements. Similarly, when employ-
ing a 0.7 M OH− concentration, the calculated lOH− = values are
1.4 and 5.7. To be able to describe the solvation state of the (bi)
carbonate, in addition to the hydroxide, we also dened l(bi)

carbonate as:

lðbiÞcarbonate ¼ ½H2O�mmol

½ðbiÞcarbonate�mmol

(7)
This journal is © The Royal Society of Chemistry 2025
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Table 1 Degradation rates and calculated half-lives for BTMA+ with 0, 0.1, 0.3, 0.5, and 1 M (bi)carbonates in DMSO-d6 solutions at 45 °C with leff
= 1 and 4

(Bi)carbonate
[M]

leff

leff = 1 leff = 4

lOH− l(bi)carbonate

Rate constant
[h−1]

Calculated half-life
t1/2 [h] lOH− l(bi)carbonate

Rate constant
[h−1]

Calculated half-life
t1/2 [h]

0 1 0 6.62 × 10−2 10.5 4 0 1.96 × 10−3 353
0.1 1.1 10 4.82 × 10−2 14.4 4.4 40 1.25 × 10−3 554
0.3 1.4 3.3 1.35 × 10−2 51.3 5.7 13.3 6.35 × 10−4 1090
0.5 2 2 1.12 × 10−2 61.9 8 8 1.22 × 10−4 5672
1 0 1 2.41 × 10−8 >1 × 106 0 4 6.21 × 10−10 >1 × 106
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For each experiment, three DMSO-d6 solutions were prepared
inside a glovebox with a dry N2 atmosphere: solutions 1–3. The
NMR tube was lled with the calculated ratio of solutions 1 and
2 and with additional DMSO-d6 (Tables S1, S2, and S4). The tube
was double-sealed with Teon tape and a septum to avoid any
potential contamination. Solution 3, which contained the di-
ssolved QA in anhydrous DMSO-d6, was transferred to a 1 ml
disposable syringe sealed with paralm and removed from the
glovebox along with the NMR tube. Before initiating the exper-
iment, precise quantities of ultra-pure water (UPW) were
inserted into the NMR tube to change the microsolvation state
of the anions until the desired l is achieved. Subsequently,
solution 3 was added. The NMR tube was immediately intro-
duced into the instrument to start the BTMA+ concentration
measurements. NMR spectra were recorded in a Bruker
AVANCE III 400 MHz or Bruker AVANCE 300 MHz spectrometer.
The chemical shis are referenced to signal at d= 0.00 (TMS) or
partially undeuterated solvent peaks. The relevant aromatic
signals were integrated over time to measure the reaction
progress. All stability tests were conducted at 45 °C. Represen-
tative calculations for eqn (3)–(7) and concentrations are
included in the SI.

2.1.4 Anion conductivity and ex situ AEM stability
measurements. The AEM samples were rst converted into their
HCO3

− form by immersing them in 1 M KHCO3. Then, the
samples were placed in a membrane testing system (MTS 740,
Scribner Associates Inc.) to perform stability tests in three
different forms: OH−, HCO3

−, and in mixed form (OH−/
HCO3

−). The procedure to obtain the true OH− conductivity of
Table 2 Degradation rates and calculated half-lives for BTMA+ at 0, 0.15,
OH− concentration of 0.7 M with lOH− = 1.4 and 5.7

(Bi)carbonate [M]

0.7 M OH−

lOH− = 1.4

Rate constant [h−1] Calculated half-life

0 4.02 × 10−2 17.2
0.15 2.18 × 10−2 31.8
0.3 1.16 × 10−2 59.8

This journal is © The Royal Society of Chemistry 2025
an AEMwas done following the protocol previously described by
Dekel et al.87,88 The membrane in bicarbonate form underwent
decarbonation through in situ exchange with hydroxide anions.
This exchange occurred by splitting water using a direct current
(generated by Ivium-n-Stat, Ivium Technologies) of 0.1 mA
through two platinum mesh electrodes. All experiments were
conducted under an N2 ow rate of 500 sccm at 80 °C and
a relative humidity (RH) of 60% on the AEM. This enables the
decarbonation process to take place until the HCO3

− and CO3
2−

anions are completely displaced by OH− anions. Once the true
OH− conductivity is reached, the alkali stability of the AEM was
determined by the decay of OH− conductivity over time.58,66 The
mixed OH−/HCO3

− form in the AEM was achieved by stopping
the applied direct current at the midpoint of the highest true
OH− conductivity. The membrane stability was then similarly
measured by the reduction in anion conductivity over time. The
stability of the AEM in its bicarbonate form was measured
without applying the current to ensure no hydroxide ions are
formed, and then keeping the HCO3

− in the AEM during the
stability test.
2.2 Computational methods

All-atom MD simulations of BTMA+ in DMSO were carried out
using the LAMMPS soware package.89 Water was modeled as
rigid molecules using the SPC/E potential,90 carbonate anions
were modeled using the CHARMM force eld,91 and BTMA+,
hydroxide, and carbonate anions were modeled using the OPLS
force eld.92 A cutoff distance of 10 Å was used for non-bonded
and 0.3 M (bi)carbonates in DMSO-d6 solutions at 45 °C at a fixed initial

lOH− = 5.7

t1/2 [h] Rate constant [h−1] Calculated half-life t1/2 [h]

9.59 × 10−4 723
5.39 × 10−4 1286
4.82 × 10−4 1438

J. Mater. Chem. A, 2025, 13, 35316–35328 | 35319
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Fig. 2 (a) Degradation mechanism of BTMA+ with OH− by nucleo-
philic attack (SN2). Relative BTMA+ remaining as a function of time in
DMSO-d6 solutions at 45 °C with 0, 0.1, 0.3, 0.5, and 1 M (bi)carbonates
for: (b) leff = 1, and (c) leff = 4.
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interactions and the simulation time step was set to 1 fs. The
concentration of carbonate anions was varied in the range of 0–
0.1 M. Water/hydroxide molar ratios of 1.4 and 5.7 were
considered, and a 10 : 1 hydroxide : BTMA+ was used for all
simulations, consistent with the experimental set-up. The
system was kept in charge neutral by adding the appropriate
number of potassium cations or bromine anions and DMSO,
the latter used as a solvent. Periodic boundaries were imposed,
and the system was equilibrated using the isothermal-isobaric
ensemble (NPT) for 200 ps at 298 K and 1 atm. The resulting
cubic simulation box was approximately 4.2 nm in length aer
equilibration. Thirty heating and cooling cycles were used for
the production stage. Each cycle consisted of 4 steps:1 100 ps
canonical ensemble (NVT) heating to 600 K,2 300 ps NVT cooling
to 298 K,3 100 ps NPT equilibration, and4 100 ps data collection
every 1 ps under NVT ensemble conditions. Nosé-Hoover ther-
mostat and barostat were used with temperature and pressure
dampening parameters of 100 fs and 1000 fs, respectively.93

3. Results and discussion

We investigated the effect of carbonation on the stability of
BTMA+ at low hydration levels of leff = 1 and 4. It is known that
BTMA+ typically undergoes a SN2 reaction with hydroxide, as
illustrated in Fig. 2a.94,95 The kinetics of this reaction was
determined by analyzing the changes in the aromatic region of
the QA (7.5–7.6 ppm) and its degradation product peak (7.0–7.2
ppm) using 1H-NMR integration (Fig. S3–S14 and Tables S5–
S16).31

Fig. 2b shows BTMA+ stability results under different
concentrations of (bi)carbonate: 0 (pure OH−), 0.1, 0.3, 0.5, and
1 M (pure (bi)carbonate)) for leff = 1 and 4. As can be seen in
Fig. 1b (leff = 1), BTMA+ rapidly degrades when the solution
contains only hydroxide anions (0 M). The calculated half-life of
BTMA+ under these conditions was determined to be 10.5 h
(Table 1). The high degradation rate is due to the low hydration
of the solution, consistent with our previous results.28,29 When
(bi)carbonate anions are added, the BTMA+ degrades more
slowly. The calculated half-lives of BTMA+ were found to be 14.4,
51.3, and 61.9 h, for 0.1, 0.3, and 0.5 M (bi)carbonates, respec-
tively (Fig. 2b and Table 1). When the solution contains only (bi)
carbonates (1 M), no degradation of the BTMA+ was detected
aer 12 h of stability test. These results demonstrate a clear
trend in which, at constant leff = 1, BTMA+ cations degrade
more slowly as the concentration of (bi)carbonate increases.
This means that in an operando AEMFC, while keeping the same
hydration in the membrane, carrying the charge with increasing
(bi)carbonates (instead of hydroxide), may reduce the AEM
anion conductivity, affecting the cell performance, but this in
turn will increase the AEM stability and therefore, the AEMFC
performance stability.

Fig. 2c presents the results of BTMA+ stability tests at leff= 4,
utilizing the same concentrations of (bi)carbonates. As can be
seen in Fig. 2c, the half-lives of BTMA+ were considerably longer
at leff = 4. The calculated BTMA+ half-lives for 0, 0.1, 0.3, and
0.5 M (bi)carbonate were determined to be 353, 554, 1090, and
5672 h, respectively. In addition, when only (bi)carbonate is
35320 | J. Mater. Chem. A, 2025, 13, 35316–35328
present, again, BTMA+ remains undegraded. These results are
consistent with the trend observed at lower hydration levels,
demonstrating that higher concentrations of (bi)carbonates
contribute to increasing the stability of the BTMA+ in alkaline
media.

Fig. 2c further demonstrates the slower degradation rate of
BTMA+ under higher hydration conditions (leff= 4 as compared
to 1). For instance, with 0.3 M (bi)carbonates, the degradation
rate at leff = 4 is two orders of magnitude slower compared to
that at leff = 1 (1.35 × 10−2 versus 6.35 × 10−4, Table 1). This is
also consistent with our previous work, which indicates that the
degradation rate of BTMA+ decreases with increasing hydration
level.28 However, it is noteworthy that the effect of (bi)carbonate
remains prominent even when utilizing a higher hydration level
(leff = 4).

These results clearly show that the introduction of (bi)
carbonate plays a crucial role in stabilizing the BTMA+ cations.
This journal is © The Royal Society of Chemistry 2025
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However, the nominal concentration of hydroxide anions
decreases as well while adding (bi)carbonates in the solutions.
This raises the possibility that the reduced degradation could be
attributed to the diminished presence of hydroxide in the
system. To gain deeper insight into this phenomenon, we
designed and conducted a new series of experiments wherein
the hydroxide concentration was maintained constant while
systematically varying only the concentration of (bi)carbonates.

Fig. 3 illustrates the changes in BTMA+ remaining concen-
tration during stability tests, where all experiments included the
same hydroxide concentration of 0.7 M (NMR spectra in
Fig. S15–S20, while Tables S17 and S18 contain the relevant
data). Different concentrations of (bi)carbonates (0, 0.15, and
0.3 M) were added to the solutions. The experiments depicted in
Fig. 3 were performed at 45 °C in DMSO-d6 solutions, resulting
in calculated lOH− values of 1.4 and 5.7, respectively. Table 2
summarizes the degradation rates and the calculated BTMA+

half-lives for all the experiments in Fig. 3. According to Fig. 3a
(lOH− = 1.4), the calculated half-lives are 17.2, 31.8, and 59.8 h
corresponding to 0, 0.15, and 0.3 M (bi)carbonates, respectively.
Thus, BTMA+ degradation is slowed down by the addition of (bi)
carbonates, even while the concentration of hydroxide is
Fig. 3 Relative BTMA+ remaining as a function of time in DMSO-d6
solutions at 45 °C. All experiments initiate with an OH−concentration
of 0.7 M, while initial (bi)carbonate 0, 0.15, and 0.3 M (bi)carbonates for
(a) lOH− = 1.4, and (b) lOH− = 5.7.

This journal is © The Royal Society of Chemistry 2025
constant. The results depicted in Fig. 2b, considering a lOH− =

5.7, exhibit a similar trend. In this case, the calculated half-lives
for BTMA+ degradation at 0, 0.15, and 0.3 M (bi)carbonates are
723, 1286, and 1438 h, respectively. Remarkably, when lOH− =

1.4, the degradation rate is approximately 3.5 times slower in
the presence of 0.3 M (bi)carbonates compared to their absence.
Likewise, for lOH− = 5.7, the degradation rate is approximately 2
times slower in the presence of bicarbonates. Hence, these
ndings suggest that not only does the addition of only 0.3 M
(bi)carbonate to the medium result in a substantial decrease in
the degradation rate of the BTMA+, but also, the effect of CO2 is
more pronounced at lower hydration levels.

To investigate the impact of even lower concentration (bi)
carbonates (0, 0.05 and 1 M) on BTMA+ stability, additional
stability tests were conducted using a higher hydroxide
concentration of 0.9 M (NMR spectra are available in Fig. S21–
S38, and the associated data can be found in Tables S19 and
S20). The presence of (bi)carbonates undeniably contributed to
the stabilization of BTMA+, even when present at a lower
concentration of (bi)carbonates.

The experimental results obtained in this study agree with
previous MD research, which demonstrated that the presence of
carbonate anions stabilizes the BTMA+.85 However, the question
of whether the enhanced hydration of carbonate anions
diminishes the hydration of hydroxide, thereby increasing
nucleophilicity and subsequently degrading BTMA+, remains
unanswered.85 Additionally, density functional theory (DFT)
calculations report that the free energies of hydration for
hydroxide and carbonate anions are −449 and −1213 kJ mol−1,
respectively.96 Consequently, the introduction of bicarbonate
should induce dehydration of hydroxide, potentially acceler-
ating the degradation rate of BTMA+.28 This contradicts the
experimental ndings in this study but aligns with the previous
MD study.85

A plausible explanation is that bicarbonate consumes
hydroxide to form carbonate (eqn (2)). However, even if this
were the case and we take the addition of 0.3 M bicarbonate to
0.7 M hydroxide as an example, the rate should be less than
twice as slow. But in this study, the observed rate is 3.5 times
slower, indicating that such a reaction leading to hydroxide
concentration reductions cannot fully explain the change in
rate. If this reaction is indeed complete, we are also introducing
an additional 0.3 M of water, which in this hypothetical case
would raise the overall leff by 0.5.

To further study this rate reduction, we performed new MD
simulations to further explore the effects of microsolvation of
the different anions. Mixtures containing BTMA+, hydroxide,
and carbonate anions were simulated. Bromide anions were
added as counterions to BTMA+ and potassium cations were
added to achieve overall charge balance. DMSO was used as an
explicit solvent. Carbonate anions were chosen as opposed to
bicarbonate anions because, at practical AEMFC current
densities, the dominant species in the AEM during fuel cell
operation are only hydroxide and carbonate anions.76 Moreover,
carbonate provides a “worst case scenario” as it is more
hygroscopic than bicarbonate.96
J. Mater. Chem. A, 2025, 13, 35316–35328 | 35321
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Fig. 4 Average coordination number (CN) of OH− anions around
BTMA+ as a function of carbonate concentrations for solutions of
0.7 M OH− and l(OH−) = 1.4 and 5.7.

Fig. 5 MD-derived configurations at l(OH−)=5.7 illustrate the water
phase under two conditions: in the presence (a) and absence (b) of
carbonate. The aqueous phase is easily distinguished and contains
water, hydroxide, and carbonate molecules (only in a), while the larger
BTMA+ molecules can be seen surrounding the aqueous phase with
the charged end at the interface. H in white, C in cyan, N in blue, O in
red. DMSO, Br−, and K+ omitted for clarity.
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Fig. 4 presents the coordination number (CN) of OH− anions
around BTMA+ in a solution containing 0.7 M OH− and with
varying carbonate concentrations (0, 0.15, and 0.3M) for l(OH−)
= 1.4 and 5.7. Without carbonates, there is an average of 0.11
and 0.08 OH− anions surrounding BTMA+ at l(OH−) = 1.4 and
5.7, respectively. In other words, BTMA+ interacts with an OH−

anion around 11% and 8% of the time, respectively. With
0.15 M carbonates, these values decrease to 10% and 5%. At
0.3 M carbonates, only 8% and 2% of BTMA+ are surrounded by
OH− at l(OH−) = 1.4 and 5.7, respectively. Thus, for both
l(OH−) = 1.4 and 5.7, the introduction of 0.15 and 0.3 M
carbonate anions results in a decrease of at least 10% and 70%
in the CNs, respectively, compared to scenarios where no
carbonate is present, highlighting the signicant impact of
adding carbonate to the system. Notably, the CNs at higher
l(OH−) are smaller. This is due to the greater hydration of the
hydroxides at higher l(OH−), as is further discussed below.

The MD simulations validate that the addition of more
carbonates reduces the CNs of OH− anions surrounding
BTMA+. This effectively stabilizes the BTMA+. These results
align with the experimental data depicted in Fig. 3 of this study,
illustrating that the presence of carbonates serves as a stabilizer
for BTMA+. Also, this effect is particularly pronounced under
conditions of low hydration levels. Consequently, the subse-
quent objective was to investigate the causes of this “stabilizer”
phenomenon.

Inspection and analysis of the snapshots from the MD
simulations (Fig. 5) indicate that the addition of carbonate
anions drives the system towards microphase segregations
between an “aqueous phase”, made of aqueous microbubbles
encompassing the water molecules, hydroxide, carbonate
anions and counterions (not shown); and an “organic domain”
which comprises the DMSO and BTMA+ molecules. Fig. 5 shows
the largest aqueous cluster, composed only of water molecules
and ionic species, that is phase-separated from the DMSO
solvent (DMSO is not shown for clarity). Although DMSO is not
present in real cells, it was used as a solvent to enable ex situ
investigation of degradation under very low hydration. As
shown in our earlier work,28 this approach mimics real cell
35322 | J. Mater. Chem. A, 2025, 13, 35316–35328
conditions where water depletion at the cathode increases OH−

nucleophilicity, accelerating cation degradation. The DMSO
system reproduces this regime in a controlled manner, com-
plementing in-cell observations. Fig. 5 also shows that BTMA+

molecules are located at the interface between the two phases.
This is similar to the well-known “salting-out” effect used in
organic chemistry, in which increasing the ionic strength leads
to better and faster phase separation.97,98 Inside the aqueous
domain, the carbonate effectively reduces the hydroxide
microsolvation as it binds water more strongly, as indicated by
DFT.96 However, this hydroxide is still part of the aqueous phase
but has a lower probability of reaching the interface and
attacking BTMA+.

Fig. 6 shows the average number of water (blue) and free
OH− (pink) molecules in the aqueous cluster when carbonate is
present or absent for both cases of l(OH−) = 1.4 and 5.7. As
suggested, the addition of carbonate leads to larger aqueous
clusters. For instance, the average number of water molecules in
clusters rises from 55.41 to 84.55 when carbonate anions are
introduced into the system at l(OH−) = 1.4, and from 38.63 to
50.42 at l(OH−) = 5.7. On the other hand, the average number
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 The average number of watermolecules in aqueous cluster and
the average number of free OH− anions with and without carbonates
for (a) l(OH−) = 1.4 and (b) 5.7.
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of free hydroxide anions in the cluster decreases with the
additions of carbonate (from 0.37 to 0.01 for l(OH−) = 1.4, and
from 2.99 to 1.29 for l(OH−) = 5.7).

The results in Fig. 6 further support the “salting out” effect,
demonstrating that the addition of carbonate increases the size
of the aqueous cluster due to this phenomenon. Moreover, the
Fig. 7 Normalized anion conductivity of AEMs as a function of time at
80 °C, 60% RH, and 500 standard cubic centimeters (sccm) min−1 N2

gas.

This journal is © The Royal Society of Chemistry 2025
decrease in the number of free hydroxide ions is attributed to
their involvement in reactions (eqn (1) and (2)) to form
carbonate and water species. This effect is most pronounced at
low hydration, aligning with the experimental results and
highlighting the stabilizing role of carbonate anions on AEM
cationic groups.

To provide additional support for the fact that the presence
of CO2 anions reduces AEM degradation, we developed a new
protocol to test the alkaline stability of membranes ex situ. The
test measures the anion conductivity decay during the degra-
dation test time while controlling the levels of bicarbonate
anions present in the AEM. This new protocol also advances our
abilities towards more representative stability tests and data for
electrochemical devices and better simulates AEMFC and
AEMWE environments. The anion conductivity was measured
in AEMs in three different ionic forms: OH− form, HCO3

− form,
and in a OH−/HCO3

− mixed form. Detailed information
regarding this new protocol can be found in the experimental
section. Throughout all the conducted experiments, the degra-
dation of the AEMs was measured by the decay in their anion
conductivity over time.

Fig. 7 illustrates the decay of normalized anion conductivity
of AEMs in their different forms (OH−, HCO3

−, and OH−/
HCO3

− mixed form) as a function of time using a nitrogen
environment set at 60% RH at 80 °C. The combination of high
temperature and very low RH induces a low hydration level in
the AEMs, and therefore, fast degradation kinetics.67 As can be
seen in Fig. 7, the AEM exhibited the highest stability when it is
in its HCO3

− form, reaching ca. 88% anion conductivity reten-
tion aer 33 h. However, the AEM in its OH− form displayed
lower stability, retaining only ca. 31% of anion conductivity
aer 33 h. Moreover, the result obtained in the OH−/HCO3

−

mixed form test shows that the AEM degradesmuch slower than
OH− form, with a slope closer to the HCO3

− one. The AEM in
both HCO3

− and OH−/HCO3
− mixed forms exhibited relatively

high alkali stability, with a measured conductivity decay value
of only 0.5 and 0.7% h−1, respectively. In contrast, the AEM in
the hydroxide form displayed a higher conductivity decay value
of 2.3% h−1. The decay of normalized anion conductivities
followed a generally linear trend, indicating that the degrada-
tion rates of conductivity remained relatively constant
throughout the stability test. These ndings, as depicted in
Fig. 7, provide further evidence that an AEM in its bicarbonate
form exhibits slower degradation under low RH conditions,
while the OH− form experiences signicantly faster
degradation.

4. Conclusions

AEMFC development is hindered by operating challenges in
ambient air, mainly due to CO2 causing rapid carbonation and
reducing cell performance. Furthermore, the impact of CO2 on
AEMWE fed with water hasn't been studied yet. In this work, we
studied for the rst time the effect of the presence of (bi)
carbonates on the chemical stability of BTMA+ cations. The
experiments were performed with different OH−: HCO3

− ratios,
as well as with the same OH− concentration and different
J. Mater. Chem. A, 2025, 13, 35316–35328 | 35323
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HCO3
− concentrations. Results indicate that inducing CO2

reduces the degradation rates and therefore improves the
chemical stability of the BTMA+ cations. In addition, similar to
pure hydroxide systems, as hydration levels decrease, the
degradation rates are accelerated, yet the carbonation stabilizer
effect is stronger at lower hydration levels. These experimental
results are supported by MD simulations that show that OH−

coordination around BTMA+ is higher at lower hydration, but
decreases substantially with carbonation, particularly at very
low hydration levels. Based on ourMD ndings, we propose that
the stability of BTMA+ in the presence of carbonate anions may
be due to the “salting-out” effect, particularly pronounced at
lower hydration levels. Although exposing an AEMFC cell to CO2

causes a moderate reduction in the anion conductivity, our
results suggest that running cells in contact with CO2 may
inhibit membrane degradation and increase the operating
lifetimes. This stabilization effect in AEMmay also be attributed
to the “salting-out” phenomenon, similar to that observed with
BTMA+. Consequently, the potential utilization of AEM with (bi)
carbonate anions in electrochemical devices for prolonged
durations necessitated further investigation. We strongly
believe that these ndings will promote the development of
highly stable AEMs for electrochemical applications.
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