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membrane water electrolysis using
Aemion™ membranes and nickel electrodes†

Amirreza Khataee, *a Anuja Shirole,b Patric Jannasch, b Andries Krügera

and Ann Cornella

Anion exchangemembranewater electrolysis (AEMWE) is a potentially low-cost and sustainable technology

for hydrogen production that combines the advantages of proton exchange membrane water electrolysis

and traditional alkaline water electrolysis systems. Despite considerable research efforts in recent years, the

medium-term (100 h) stability of Aemion™ membranes needs further investigation. This work explores the

chemical and electrochemical durability (>100 h) of Aemion™ anion exchange membranes in a flow cell

using nickel felt as the electrode material on the anode and cathode sides. Remixing the electrolytes

between the AEMWE galvanostatic tests was very important to enhance electrolyte refreshment and the

voltage stability of the system. The membranes were analyzed by NMR spectroscopy after the AEMWE

tests, and the results showed no sign of severe chemical degradation. In a separate experiment, the

chemical stability and mechanical integrity of the membranes were studied by soaking them in a strongly

alkaline electrolyte for a month (>700 h) at 90 �C, followed by NMR analysis. A certain extent of ionic

loss was observed due to chemical degradation and the membranes disintegrated into small pieces.
Introduction

Global warming and climate change give rise to the utilization
of clean and renewable energies. Water electrolysis is one of the
promising technologies that can be used to exploit renewable
energies (solar and wind) to produce hydrogen for a sustainable
future.1,2 Hydrogen gas is an efficient energy carrier and an
alternative to fossil fuels to generate power.3 It can be produced
from various sources such as water,1–3 and the extremely high
gravimetric energy density of hydrogen is another attractive
property. Today, hydrogen has a production rate of 500 billion
m3 year�1 and is used in application areas like fertilizers,
petrochemical processes, fuel cells, steel rening, etc.4,5

Currently, less than 4% of hydrogen is produced by electrolysis
processes, mainly due to the high production costs.1,2 The most
mature and commercially available electrolysis technology,
alkaline water electrolysis (AWE), benets from using inexpen-
sive non-noble electrode materials (e.g., nickel and steel).2,6

Although AWE has a track record spanning over 100 years in the
industry, it suffers from the highly corrosive electrolyte (20–30%
KOH). Additionally, the operational capacity of AWE systems is
limited by the applied current densities. To avoid gas crossover
and safety issues2,6 at low current densities, AWE is usually
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operated at high current densities, which imposes high over-
potential in the system due to the high resistance of the
diaphragm.

Proton exchange membrane water electrolysis (PEMWE) was
introduced in the late 1960s and could overcome some of the
disadvantages of the AWE technology.7 The main advantages of
the PEMWE technology are high efficiency, compact design,
and high operating current densities (2 A cm�2 at 2.1 V).6,8 Also,
PEMWE benets from membrane separation and pure water
feed. The benchmark cation exchange membrane, Naon, is the
standard separator used for PEMWE systems. Naon reduces
the gas crossover signicantly compared to the diaphragm used
in AWE and provides high conductivity due to the high mobility
of exchanged protons.

On the other hand, the harsh acidic environment of PEMWE
limits the material choice for the catalyst, membrane, current
collector, and bipolar plate. Furthermore, the high cost of
Naon and catalysts used on the cathode (Pt) and anode (IrO2)
sides is another drawback of PEMWE.1,6,8,9

Anion exchange membrane water electrolysis (AEMWE) is an
emerging technology that has demonstrated superior features
and seems to be an excellent solution to the drawbacks
mentioned above. AEMWE incorporates the advantages of AWE
(low-cost and abundant materials) and PEMWE (moderate
temperature, membrane separation, and pure water). While
keeping the alkaline environment to reduce the electrocatalyst
cost as in AWE, the current is carried by hydroxide ions through
a dense polymeric anion exchange membrane (AEM).6,8 In
addition, to reduce the corrosion issues (20–30% KOH) of AWE,
J. Mater. Chem. A, 2022, 10, 16061–16070 | 16061
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the most common electrolytes that have been used in AEMWE
systems are moderately concentrated KOH, and a mixture of
K2CO3 and KHCO3.6,10,11

Recent reports on the concept of AEMWE show improved
performance using optimal operational conditions.6,11–15

However, the main challenges with the low ion conductivity and
long-term (electro)chemical stability of the AEMs (under highly
basic conditions at elevated temperatures) remain. In general,
the long-term use of AEMs is limited by the stability of the
polymeric backbone and pendant cationic functional groups.
Different benzimidazolium and imidazolium cations are widely
employed at high pH.16–19 Still, four distinct degradation path-
ways have been identied for these aromatic heterocyclic
cations in alkaline media: (I) nucleophilic substitution (SN2) of
the methyl groups at the N1 and N3 atoms, (II) nucleophilic
addition–elimination at the C4, C5 and C2 atoms, (III) ylide
pathway at the N1 and (or) N3 methyl hydrogen atoms, and (IV)
ylidene pathway at the H4, H5 and H2 atoms.20 However, the
most common degradation pathway has been reported to be the
nucleophilic addition–elimination at the C2 position, mainly
because the C2 position is more electropositive compared to
other positions. This makes it susceptible to hydroxide (OH�)
ion attack, consequently leading to the ring-opening.16,20

Different strategies have been proposed to protect the C2
atom against nucleophilic attack. Substitution at the C2 posi-
tion by bulky groups such as mesitylene is an effective method
to hinder hydroxide ion attack. Replacing the methyl groups of
mesitylene by bulky phenyl groups further increases the steric
hindrance at the C2 position.19,21,22 The bulky groups create
a considerable barrier against nucleophilic attack, while the
electron donating effect of these groups makes the C2 position
less susceptible to these attacks. Substituting the C4 and C5
positions of imidazolium with methyl groups also increases the
stability by avoiding degradation pathway IV.16,20

Using the strategies mentioned above, imidazolium-based
AEMs with ether-free polyaryl backbones have shown prom-
ising chemical, thermal and mechanical stabilities under non-
owing conditions and in ow cell applications. For example,
Holdcro et al. reported excellent alkaline stability aer
immersion in 10 M KOH at 80 �C aer 240 h.19 Also, only 5%
degradation was reported by Wang et al. for a poly-
benzimidazole-based AEM with a steric hindrance backbone
aer 800 h of immersion in 1 M NaOH at 60 �C.21 The alkaline
stability increased signicantly aer replacing the phenyl group
with mesitylene or hexamethyl-p-terphenylene groups.16,23–25

The latter group has been used to fabricate commercially
available imidazolium-based AEMs named Aemion™. These
membranes reach high hydroxide conductivity (40–140
mS cm�1) and ion exchange capacity (1.4–2.5 meq. g�1). In
addition, they have shown sufficient chemical stability in water
electrolysis for around 16 h, with a relatively low degradation
rate at 50 �C in 0.1 M KOH electrolyte.26 Pushkareva et al. re-
ported no severe degradation for Aemion AEMs (60 �C, 1 M
KOH) based on the polarization curves.11 Recently, Fortin et al.26

have investigated the electrochemical performance and short-
term (13 h) stability of Aemion™ AEMs in AEMWE systems
using catalyst-coated electrodes. The results are promising but
16062 | J. Mater. Chem. A, 2022, 10, 16061–16070
the medium- and long-term stability of Aemion™ AEMs are still
unknown from this study. Therefore, the current research
investigates the long-term and medium-term alkaline stability
of Aemion™ AEMs under non-owing conditions (700 h) and
ow cell applications (100 h), respectively. Also, to exclude the
catalyst effect on the membrane performance, nickel felt elec-
trodes were used on both sides of AEMWE.
Experimental
Chemicals and materials

All chemicals were commercially available and used without
further purication. Potassium hydroxide (KOH, 85%, VWR)
was used as the electrolyte for the AEMWE system and
pretreatment of AEMs. High purity potassium hydroxide
(99.99%) was supplied from Sigma-Aldrich and was used to
study effects of the purity of the electrolyte on the AEMWE
performance. Commercial nickel felt (75% porous, BEKAERT)
was used as the cathode and as the anode. AEMION™ AEMs
with different specications and in iodide form were purchased
from Ionomr, Canada. J-Flex Rubber Products provided the
Viton sealing gaskets. For 1H NMR spectroscopy, dimethyl
sulfoxide (DMSO, Sigma-Aldrich) and triuoroacetic acid (TFA,
Sigma-Aldrich) were used.
Pretreatment of Aemion™ membranes and nickel felt

All AEMs were pretreated by submersion in 1M KOH for, at least
overnight before AEMWE tests. The AEMs were rinsed with
Milli-Q water directly aer this to remove the excess KOH from
their surface. The nickel electrodes were pretreated by immer-
sion in 4 M hydrochloric acid solution for 10 min at room
temperature, and were then washed with Milli-Q water several
times until a neutral pH was achieved. For comparison
purposes, the nickel felt was pretreated thermally at 500 �C for
three hours under an air atmosphere.
Swelling ratio (%)

The swelling ratio was measured by immersing the AEMs (with
an area of 5 cm2) into 1 M KOH at 60 �C for 48 h. The
membranes were then taken out and wiped with tissue paper
before quickly measuring their length (Lwet). Next, the AEMs
were dried under vacuum for 48 h at 45 �C, and their length was
measured (Ldry). The swelling ratio was calculated as follows:

Swelling ratio ð%Þ ¼ Lwet � Ldry

Ldry

� 100 (1)

where Lwet and Ldry are the length of the AEMs in wet and dry
states, respectively.
Cyclic voltammetry

Cyclic voltammograms were recorded at room temperature at
a scan rate of 10 mV s�1 using a high power Iviuim XP10
potentiostat in a three-electrode electrochemical cell consisting
of a 1 cm2 nickel felt working electrode, a platinum-mesh
counter electrode and a Ag/AgCl reference electrode.
This journal is © The Royal Society of Chemistry 2022
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Electrochemical characterization

AEMWE tests were conducted in an electrochemical cell (Fuel
Cell Technologies) comprised of two nickel ow plates with a 5
cm2 serpentine ow eld and two gold-plated copper current
collectors. The ow eld's channel width, depth, and landing
width were 2mm, 1.18mm, and 1.6mm, respectively. One piece
of pretreated nickel felt (0.25 mm thickness) was placed on each
nickel ow plate and separated using an anion exchange
membrane. To avoid drying the AEMs, the cell was assembled
quickly, and the circulation of electrolytes was initiated imme-
diately. The cell was tightened using eight screws and by
applying 7 N$m torque force. For sealing the cell, Viton gaskets
with a thickness of 0.25 mm were used. The anolyte and cath-
olyte tanks (250 mL) contained 1 M KOH. A two-channel peri-
staltic pump (Watson-Marlow) at 10 rpm, equivalent to 2
mL min�1, was used to circulate the electrolytes to the anode
and cathode sides of the cell. All AEMWE tests were performed
at 60 �C. The electrolytes were circulated through the cell for at
least one hour until a temperature of 60 �C was achieved.
During one hour of heating the setup, pre-testing was per-
formed by monitoring the voltage at three or four different
current densities (250 mA to 2 A, 10 s each) to check for short-
circuiting. If the voltage was signicantly lower than expected,
then the system suffered from short-circuiting either externally
(between current collectors and endplates) or internally (broken
membrane).

Aer pre-testing, electrochemical characterization was con-
ducted according to the protocol shown in Fig. 1. All electrolysis
tests, polarization curves and electrochemical impedance
spectroscopy (EIS) spectra were collected using a ZAHNER
ZENNIUM pro potentiostat. The stability test of the AEMWE
system using different Aemion™ AEMs was carried out galva-
nostatically at 200 mA cm�2 for 20–22 h and was repeated four
times. The characterization tests (polarization curves and EIS)
were performed at the beginning and aer each constant-
current (CC) test. Aer the characterization test and before
Fig. 1 The protocol for characterization and stability tests of the AEMW

This journal is © The Royal Society of Chemistry 2022
starting the next CC test, the setup was shut down and elec-
trolytes on both sides were remixed. The lost electrolyte was
compensated with a fresh 1 M KOH solution. Polarization data
were measured by monitoring the cell voltage under galvano-
static conditions at different current densities starting from 5
mA cm

�2

and 3 min per current density. The reported voltage
values are averages of the last 30% readings on each current
level. The voltage measurement at high current densities was
terminated early if the voltage exceeded 2.4 V. The EIS
measurements were performed under potentiostatic conditions
at 2 V over a frequency range of 100 kHz to 1 Hz with a pertur-
bation amplitude of 5 mV. All membranes were characterized by
1H NMR spectroscopy aer AEMWE tests to check the (electro)
chemical stability.

Electrochemical impedance spectroscopy (EIS) at different
voltages

Potentiostatic EIS tests for AEMWE were conducted to separate
and identify different resistances of the system using the same
experimental setup as explained above. AF1-HNN8-50 was used
as the AEM, and acid pretreated nickel felt as the electrode. EIS
analysis was performed at different voltages starting from 1.8 V
to 2.4 V with an increment rate of 100 mV. The frequency was
varied in the range of 100 kHz to 1 Hz with a perturbation
amplitude of 5 mV.

Medium-term ex situ chemical stability of AEMs

The medium-term chemical stability and mechanical integrity
of the AEMs in a strong alkaline environment were investigated
by 1H NMR spectroscopy. The as-received AEM samples (AF1-
HNN8-50 and AF1-HNN5-50) were treated with 1 M KOH solu-
tion at room temperature during 24 h for ion exchange to the
OH� form. The samples were washed with distilled water for 1 h
to remove the excess KOH, and then wiped off and transferred
to 2 M KOH solution in test tubes. The sealed tubes containing
AEM samples were stored in an oven at 90 �C for 1 month. Aer
E system.

J. Mater. Chem. A, 2022, 10, 16061–16070 | 16063

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta03291k


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

0.
10

.2
02

4 
23

:3
7:

39
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
this, the samples were taken out and ion exchanged to the Br�

form by immersion in 1 M NaBr solution for 48 h at room
temperature. The samples were dried at room temperature for
24 h before being dissolved in DMSO-d6 for 1H NMR analysis.
The 1H NMR spectra of the as-received AEMs (AF1-HNN8-50 and
AF1-HNN5-50) were also recorded for reference. The extent of
degradation (ionic loss) was estimated by calculating the
percentage of the remaining cationic (benzimidazolium) groups
from 1H NMR data using eqn (2):

Remaining benzimidazolium ð%Þ ¼

0
B@
1� y

2

1� z

2

1
CA� 100 (2)

where y represents the integrated area between 6.00 and
4.35 ppm in the NMR spectra of the samples aer the in situ/ex
situ alkaline stability test, and z represents the integrated area
between 6.00 and 4.35 ppm in the NMR spectra of the pristine
AEM samples. The areas were integrated and compared to the
aromatic signal in the 9.20–6.30 ppm region of the NMR spectra
(arising from the 12 aromatic protons in the repeating unit) of
the respective AEM samples.25

Results and discussion

Prior to testing the medium-term electrochemical performance
of the AEMWE system, different resistances in the system were
identied through EIS analysis. Also, the inuence of pretreat-
ment of the nickel electrodes on the total cell resistance was
investigated. The following two paragraphs describe and
discuss the results.

EIS analysis of the AEMWE system at different voltages

Nyquist plots for the AEMWE system resulting from EIS analysis
at varying cell voltages are presented in Fig. 2a. The rst inter-
cept of the plots with the real axis (Z00 ¼ 0) in the high-frequency
region is interpreted as the pure ohmic resistance. It is the sum
of the contributions from electron transport (i.e., current
collectors, ow plates, and electrodes) and ion transport within
Fig. 2 (a) EIS analysis at different voltages for the AEMWE system using a
zoomed figure; (b) different resistances represented in a Nyquist plot, ex
anode and cathode, respectively. Experimental conditions: 1 M KOH ele

16064 | J. Mater. Chem. A, 2022, 10, 16061–16070
the membrane and the electrolyte.27 Furthermore, there is
a contact resistance between electrodes and the membrane.
This is most likely due to the formation of nickel hydride and
nickel (hydr)oxide layers during electrolysis on the cathode and
anode sides, respectively.28–30 It should also be noted that the
electrodes' surface conductivity is reduced due to the formation
of the (hydr)oxide layer, which impedes electron transport.31

Due to the sufficient conductivity of the electrodes and elec-
trolytes (1 M KOH), the electron and ion transport resistances
would be negligible. As seen in the inset of Fig. 2a, a constant
ohmic resistance, as expected, was achieved at different volt-
ages. It is safe to assume that the ohmic resistance is dominated
by the electrode-membrane contact resistance, electron trans-
port in layers formed on electrodes, and ionic transport resis-
tance within the membrane.27

The low-frequency region is broken down into three semi-
circles (Fig. 2b). The rst semi-circle remains almost constant
when varying the voltage associated with the electrode–elec-
trolyte interface resistance (RI).30,32 Considering the charge
transfer kinetics of electrochemical reactions, the anode side
has a more sluggish rate as four electrons are needed for
producing one molecule of oxygen while two electrons are
required on the cathode side for producing one molecule of
hydrogen. Therefore, the second and third semi-circles corre-
spond to the charge transfer resistance at the anode (Ra) and
cathode (Rc) sides, respectively. This is supported by the fact
that when the voltage increases over 2 V the semi-circle that
corresponds to the cathode side almost disappears. Finally, it
should be mentioned that the mass transfer semicircle in the
low-frequency region is disappearing due to electrolyte pump-
ing and increased convection.
Pretreatment of nickel felt

Due to the hydrophobic nature of nickel felt, it is necessary to
pretreat it for improving hydrophilicity and facilitating the
mass-transport properties. Also, the passive (hydr)oxide layer
that is naturally formed on the surface of nickel felt under an air
atmosphere should be removed to expose metallic nickel as
n AF1-HNN8-50 AEM and acid pretreated nickel electrodes: inset is the
emplarily at 2 V. Abbreviations: O, I, a and c stand for ohmic, interface,
ctrolyte on each side, 10 rpm flow rate and operation at 60 �C.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 EIS analysis of the AEMWE system using electrodes with
different pretreatment methods at 2 V. Experimental conditions: 1 M
KOH electrolyte on each side, a HNN8-50 Aemion™ membrane,
10 rpm flow rate and operation at 60 �C.
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much as possible. To fulll the goals mentioned above, hydro-
chloric acid (HCl) was used for pretreatment. Compared to
other strong acids, HCl is the most commonly used acid in the
literature as chloride ions substantially affect pitting formation
on the metal surface.33,34 Pitting occurs in several stages,34

starting from the penetration of chloride ions through the
passive lm to the metal/oxide interface and formation of
cationic vacancies due to the transfer of cations from the oxide
layer to the electrolyte. Then, local thinning of the oxide layer,
layer breaking, and nally local pit formation occurs. Nickel
electrodes were thermally pretreated under an air atmosphere
for comparison purposes. The performance of the AEMWE
system when using acid and thermally pretreated together with
untreated electrodes is shown in Fig. 3.

The AEMWE system using thermally pretreated electrodes
possesses the most signicant ohmic resistance as the oxide
layer thickness is likely larger than the naturally-formed oxide
layer, and both these have a thicker layer than acid pretreated
electrodes.35 This is conrmed by the largest interface resis-
tance (RI) for thermally pretreated electrodes.

The largest ohmic resistance is explainable as well. The oxide
layer impedes electron transport and increases the contact
resistance of the electrode membrane.

On the other hand, as mentioned earlier, the passive layer
formation reduces the active sites on the electrode, which may
explain why the charge transfer resistance at the anode side is
the largest.
Table 1 Properties of Aemion™membranes (all data weremeasured in h
was measured experimentally)

Aem Thickness (mm)
Ion exchange capacity
(meq. g�1)

AF1-HNN8-50 50 2.1–2.5
AF1-HNN8-25 25 2.1–2.5
AF1-HNN5-50 50 1.4–1.7
AF1-HNN5-25 25 1.4–1.7

This journal is © The Royal Society of Chemistry 2022
However, the AEMWE system using acid pretreated elec-
trodes shows the lowest ohmic and charge transfer resistances
due to the higher hydrophilicity, sufficient active sites, and
enhanced mass transport. More precisely, high hydrophilicity
helps to increase the interaction of electrolyte species with the
electrode's surface for effective electron transport activity.

Effect of membrane failure and electrolyte purity on the
electrochemical performance

A broken Aemion™membrane (with a crack in the middle) was
intentionally inserted in the cell and tested to get an idea of how
the AEMWE performance would be with a broken membrane.
As can be seen in Fig. S1,† extremely high current densities were
achieved at very low voltages. In the same gure, the EIS anal-
ysis conrms the latter as quite a low resistance was achieved.
The performance is similar to the AEMWE system in the
absence of the AEM so that the voltage losses across the AEM
due to the area resistance, ionic current ow and Donnan
potential would be eliminated. Furthermore, the KOH purity
effect on the AEMWE performance was studied. Two AEMWE
tests were conducted using 1 M KOH as the electrolyte with 85%
and 99.99% purities. It should be noted that both types of KOH
still contain around 85% KOH and 10–15% water. However,
99.99% purity of the second KOH type corresponds to the metal
traces (see Table S1† for more details).

Electrochemical characterization through polarization
curves at the beginning of the test showed that the purity of
electrolytes has almost no inuence on the performance of
AEMWE (Fig. S2a†). The results were conrmed by running
cyclic voltammetry tests to investigate the electrocatalytic
activity of nickel electrodes for the oxygen evolution reaction
(OER). As shown in Fig. S2b and c,† the OER activity of nickel
was enhanced relatively equally in both electrolytes aer 200
cycles. Therefore, KOH with a purity of 85% was used later for
medium-term AEMWE tests.

Medium-term electrochemical performance of the AEMWE
system using Aemion™ AEMs

Table 1 shows the key properties of the hexamethyl-p-terphenyl
poly(benzimidazolium) Aemion™ AEMs. The company Ionomr
provided all data except for the swelling ratio that wasmeasured
experimentally. The AEMWE tests to monitor the system's
stability and durability of the membranes were performed at
constant current (CC) with four repetitions, and the cell voltage
change was monitored over time. In addition, membranes of
the same thickness were compared. Comparing data in Fig. 4a
ydroxide form and provided by Ionomr except for the swelling ratio that

Area resistance
(U cm�2)

Water uptake
(%)

Swelling ratio
(%)

0.13 33–37 18
0.063 33–37 18
0.42–0.67 20–25 9
0.21–0.33 20–25 9

J. Mater. Chem. A, 2022, 10, 16061–16070 | 16065
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Fig. 4 Electrochemical characterization of the AEMWE system using AF1-HNN8-50 (a–c) and AF1-HNN5-50 (d–f); (a and d) constant current
tests via running steady-state electrolysis at 200 mA cm�2 (inset shows the voltage change rate), (b and e) Tafel slopes and exchange current
values extracted from polarization curves, (c and f) different types of resistances extracted from EIS plots. Tests 1–6 correspond to the char-
acterization techniques. Experimental conditions: 1 M KOH electrolyte on each side, 10 rpm flow rate and operation at 60 �C.
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and d, the cell voltage during CC tests for AEMWE using AF1-
HNN8-50 is around 2.3 V. However, using AF1-HNN5-50,
except for the rst test, the cell voltage is over 2.3 V and larger
deviations are observed in the IR-free case (discussed further in
the following paragraphs).

The cell voltage change over time is shown in the inset of
Fig. 4a and d. It should be noted that the rate of voltage change
was calculated based on the start and end values of each test. A
similar trend is seen for both systems. The rate increases
extensively during the rst 24 h but then, interestingly, stabi-
lizes and even decreases, which could stem from remixing the
electrolytes aer each CC test. To prove the latter, an additional
16066 | J. Mater. Chem. A, 2022, 10, 16061–16070
AEMWE experiment using AF1-HNN5-50 AEM was conducted
without electrolyte remixing. As seen in Fig. S3,† the voltage
shows an increasing trend and reaches the limit (2.4 V) aer
50 h. Also, the initial voltages of the 2nd and 3rd repetitions are
over 2 V and higher compared to that shown in Fig. 4d.
Therefore, electrolyte remixing is very effective in voltage
stabilization. Also, water crossover calculations were per-
formed. Considering the reaction principles of the AEMWE
system, water permeates through the membrane from the
anode to the cathode, which causes dilution in the anolyte and
concentration in the catholyte. To measure the water crossover,
the volume of electrolytes on both sides was measured aer
This journal is © The Royal Society of Chemistry 2022
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each CC test (before remixing), and the results are presented in
Tables S2–S5.† The theoretical calculations are based on Fara-
day's law by considering 3.5 as the hydration number of
hydroxide ions (OH�(H2O)n, n ¼ 3.5).36 The results show that
during the rst 20 h of each CC test, �47 mL water is theoret-
ically transferred from the cathode to the anode side, but only
�38 mL of this is found experimentally at the anode side, likely
due to evaporation. The theoretical values based on only elec-
trochemical reactions are in fairly good agreement with the
experimental values. Still, the values deviate slightly due to
different transport phenomena (diffusion, migration, and
electroosmosis) as well as depending on the water uptake and
thickness of the membranes. Overall, if the AEMWE system is
operated without remixing the electrolytes, almost the entire
electrolyte volume on the cathode will transfer to the anode
aer ve repetitions. In this way, the contribution from Donnan
and/or diffusion potentials to the membrane potential becomes
more signicant and leads to an additional overpotential.37

In addition, the voltage change rate of AEMWE using AF1-
HNN5-50 is a little bit (1–2 mV h�1) higher when AF1-HNN8-
50 is used. The origin of the voltage change was investigated
using EIS analysis at the beginning and aer each CC test. It
should be mentioned that the equivalent circuit shown in
Fig. S4† was used for EIS data analysis. As seen in Fig. 4b and e,
all resistances contribute almost equally to the total resistance,
except for the ohmic resistance. The most signicant contri-
bution is from changes in the OER kinetics (Ra) for the rst
three or four CC tests and, aerward, both OER (Ra) and HER
(Rc) kinetics. The contribution from the ohmic resistance is very
little when AF1-HNN8-50 is used. However, the ohmic resis-
tance is four times higher when using AF1-HNN5-50 which also
explains the larger difference between cell voltage and IR-free
values. As all experimental conditions are the same except for
the membrane, the higher ohmic resistance is due to the higher
ionic transport resistance (lower water uptake and ion exchange
capacity) of AF1-HNN5-50.

Considering the resistance change during the ve CC tests,
Rc experiences the most signicant change and is likely related
to nickel hydride phase formation on the cathode side. It is
important to note that the layer formation is reversible and
converted back to nickel during the shutdown time between
each CC test.29,38,39However, it is possible that the nickel hydride
layer is only partially deformed due to limited time.29 This is
probably why the thickness and extension of the layer during
each CC test are more signicant than during the previous
test29,39—consequently, the number of active sites on the elec-
trode decreases, which increases the Rc. The latter approach
also inuences the electrode-membrane contact resistance,
which could be one of the reasons for the ohmic resistance
increment of 14% and 23% for AEMWE using AF1-HNN8-50 and
AF1-HNN5-50, respectively.

On the other hand, the contact resistance could also be due
to the (hydr)oxide layer on the anode. Remarkably, the
electrode-membrane contact resistance is higher in the case of
AF1-HNN5-50 with a lower water uptake. It is difficult to say that
membrane aging (backbone degradation or deactivation of
cationic sites) contributes to this ohmic increment as
This journal is © The Royal Society of Chemistry 2022
(discussed later) the NMR analysis does not show any degra-
dation sign. However, reduction in water uptake of membranes
during the medium-term test and consequent reduction in
ionic transport is likely another prime reason.

The interface resistance (RI) increases slightly and then
stabilizes. The same trend is seen for the charge transfer
resistance at the anode side, which supports that the interface
resistance originates from the formation of a (hydr)oxide layer
on the anode side.

The polarization curves (Fig. 4c and f) further conrm that
the total resistance of AEMWE using AF1-HNN5-50 is higher
than when AF1-HNN8-50 is used. The highest current density of
620 mA cm�2 was achieved at 2.37 V for AEMWE using AF1-
HNN8-50 while 500 mA cm�2 was achieved at 2.39 V for AF1-
HNN5-50. Aer ve CC tests, the highest current density is
reduced by around 50% for both systems.

The electrochemical performance of AEMWE using thin
Aemion™ membranes (AF1-HNN8-25 and AF1-HNN5-25) was
studied, and the results are presented in Fig. 5. The CC tests at
200 mA cm�2 (Fig. 5a and d) show that the voltage change in the
rst 22 h is signicant but then shows no further signicant
increment. Compared to the presented results in Fig. 4a and d,
the cell voltage for each CC test is slightly lower. For instance, in
the case of AF1-HNN8-25, the cell voltage remains below 2.3 V.
Also, the voltage difference between the cell voltage and IR-free
values is smaller. The most obvious reason for these is the
thinner membranes’ lower area resistance, leading to lower
ohmic resistance. The same reason explains the voltage differ-
ence shown in Fig. 5a and d. This is also shown by the EIS data
shown in Fig. 5b and e. The ohmic resistance values for both
systems are almost half of the values shown in Fig. 4b and e and
are in agreement with the data in Table 1. Thus, the voltage
change rates are quite similar to those of the thicker
membranes. The main contributions to the total resistance are
still from OER and HER kinetics variation. Interestingly, the
interface resistance (RI) remains in the same range as that of the
AEMWE system using thick membranes. More notably, the
charge transfer resistance at the cathode and anode sides shows
the same trend. As all experimental conditions for tests shown
in Fig. 4 and 5 are the same except the thickness of membranes,
it is therefore not surprising to observe more or less similar RI,
Ra, and Rc. This provides another indication that the membrane
properties do not affect the kinetics and interface resistances.
With respect to the polarization curves (Fig. 5c and f), the
highest current density of 620 mA cm�2 and 500 mA cm�2 at
2.3 V for the AEMWE system using AF1-HNN8-25 and AF1-
HNN5-25 were achieved, respectively. However, aer ve CC
tests, the current density values dropped to 460 mA cm�2 and
250 mA cm�2.

Among the Aemion™ AEMs, the chemical stability of AF1-
HNN8-50 was analyzed by 1H NMR spectroscopy before and
aer ve CC tests. Fig. 6 shows the spectrum of the pristine AF1-
HNN8-50 membrane, which closely resembles the spectrum of
HMT-PBI.26 Holdcro et al. previously reported that major
degradation of HMT-PBI occurs via ring-opening through an
OH� attack at the C2 position of the imidazolium group. The
ring-opening degradation of imidazolium leads to the
J. Mater. Chem. A, 2022, 10, 16061–16070 | 16067

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta03291k


Fig. 5 Electrochemical characterization of the AEMWE system using AF1-HNN8-25 (a–c) and AF1-HNN5-25 (d–f); (a and d) constant current
tests via running steady-state electrolysis at 200 mA cm�2 (inset shows the voltage change rate), (b and e) Tafel slopes and exchange current
values extracted from polarization curves, (c and f) different types of resistances extracted from EIS plots. Tests 1–6 correspond to the char-
acterization techniques. Experimental conditions: 1 M KOH electrolyte on each side, 10 rpm flow rate and operation at 60 �C.
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formation of N–H groups and the corresponding proton signals
appear between 5.5 and 4.4 ppm in the NMR spectrum. Notably,
the spectrum of pristine AF1-HNN8-50 showed no signals in the
6.0–4.5 ppm region. Hence, this area was integrated and
compared with the signal of the 12 aromatic protons in the
9.20–6.30 ppm region to obtain the value of z using eqn (2). In
addition, Fig. 6 shows the spectrum of AF1-HNN8-50 (in Br�

form) aer ve CC tests. As seen, the spectrum does not show
any signicant changes, and only very minor signals related to
the degradation are observed in the region of 6.0–4.5 ppm.
Consequently, the extent of degradation (ionic loss) of AF1-
HNN8-50 aer AEMWE tests could not be quantitatively
determined.
16068 | J. Mater. Chem. A, 2022, 10, 16061–16070
On the other hand, the medium-term chemical stability of
AF1-HNN8-50 and AF1-HNN5-50 was studied by an ex situ
experiment. Aer exposure to 2 M KOH at 90 �C for one month,
the samples were converted to their Br� form and analysed by
1H NMR spectroscopy. Fig. 6 and S5† show the spectra of AF1-
HNN8-50 and AF1-HNN5-50, respectively. As seen, signicant
changes were observed in the aromatic region of these spectra
and clearly distinct degradation signals appeared in the 6.0–
4.5 ppm region. These new signals are characteristic of N–H
groups formed due to ring-opening degradation of the benzi-
midazolium cations.26 The extent of ionic loss for AF1-HNN8-50
was estimated to be 14%, while AF1-HNN5-50 showed an ionic
loss close to 7%. Also, bothmembranes disintegrated into small
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 1H NMR spectra of AEM HNN8-50, in the pristine form (lower),
after storage in 2 M KOH at 90 �C for one month (mid), and after the
electrolysis test (upper). The data were recorded in DMSO-d6.
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pieces. Hence, AF1-HNN8-50 was found to be more susceptible
to degradation compared to AF1-HNN5-50. The lower ionic loss
of AF1-HNN5-50 might be attributed to the lower electrolyte
uptake of this membrane, as reected in the lower swelling ratio
(Table 1), which reduces the probability of OH� attack.
Accordingly, from the viewpoint of medium-term chemical
stability, AF1-HNN5-50 appears to be a better candidate than
AF1-HNN8-50 under the investigated conditions.
Conclusions

The medium-term (electro)chemical performance of Aemion™
AEMs was successfully studied using in situ and ex situ tests. All
AEMs showed stable performance for more than 100 h during
galvanostatic AEMWE tests using nickel felt as the electrode.
Among the AEMs, AF1-HNN8-25 showed the highest ionic
conductivity and lowest ohmic resistance when used in
AEMWE tests. Also, the lowest overpotential and total resis-
tance were achieved. Due to water crossover through the
membrane and electrolyte imbalance, it was found that
remixing electrolytes is quite benecial for voltage stability in
medium-term tests. EIS analysis revealed that charge transfer
resistances at the cathode and anode sides have the highest
contribution to the total resistance and resistance increase
aer each CC test.

The chemical stability of AF1-HNN8-50 aer medium-term
AEMWE tests was conrmed by 1H NMR analysis which
showed no chemical degradation. However, soaking AEMs in
2 M KOH at 90 �C for one month caused both chemical degra-
dation and mechanical disintegration. AF1-HNN8-50 and AF1-
HNN5-50 showed 14 and 7% ionic loss aer a month, respec-
tively. In addition, they disintegrated into small pieces. Overall,
the current study reveals that Aemion™ AEMs are good
This journal is © The Royal Society of Chemistry 2022
candidates for medium-term water electrolysis tests under
carefully controlled experimental conditions.
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