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Using a highly ion conductive, chemically stable, mechanically robust, reinforced anion exchange membrane
(AEM) of nominal thickness 85 pm, we report an AEM water electrolyzer operating for longer than one year at
70 °C with 1 M KOH electrolyte, with Hy crossover below industrial limits. The minimal degradation observed is
due to the membrane-electrode-assembly and not due to the membrane, which exhibits negligible change in its
ionic conductivity after >1 yr operation. A minimal hydrogen crossover from cathode to anode of <0.4% was
also measured for a second cell running for 5000 h (>7 months). This study shows that future research towards

zero gap alkaline water electrolyzers should be directed to the development of active and stable catalysts and the
formation and integration of stable catalyst layers tailored to AEM water electrolyzers.

1. Introduction

An environmentally friendly energy carrier must be employed to
allow for the decarbonization of domestic heating, transportation, and
many industrial processes. Hydrogen is widely regarded as the primary
candidate material to fill this role due to its high energy density of 120
MJ kg~! and its widespread use as a feedstock chemical in fertilizer
production and steel refining [1]. The global demand is currently around
70 Mt H, with just 2% produced by electrochemical means, from either
water electrolysis or as a byproduct of the chlor-alkali industry, culmi-
nating in 830 Mt CO; emissions per year [2]. As part of many net zero
emission by 2050 strategies, hydrogen demand could increase ten-fold
by 2050 and so there is a clear need for green hydrogen production [3].

While hydrogen from a biproduct of sodium chloride electrolysis and
biohydrogen through fermentation processes are both considered [4],
the electrolysis of water has the biggest potential for scalability and
widespread adoption. Electrochemical splitting of water has been
known for over 200 years [5,6], and its commercial viability is
demonstrated with alkaline water electrolyzers (AWEs), which employ
inexpensive nickel based catalysts and nickel/steel cell fixtures due to
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the stability and conductivity of stable metal oxide surface layers in
alkaline media [7]. Such systems also use a porous diaphragm to facil-
itate ionic transport between the anode and cathode, but not so porous
to allow excessive gas crossover [8]. The significant separation of elec-
trodes leads to relatively large ohmic losses within the cell, which limit
typical AWE systems to operate between 200 and 400 mA cm™2 at a
voltage of 1.8-2.4 V [9], with an operating pressure of approximately 3
MPa [10].

The propensity of perfluorosulfonic acid ionomer membranes
(namely Nafion® by Du Pont.) [11] has led to the rise of proton ex-
change membrane water electrolyzers (PEM-WE) which, owing to much
reduced gas crossover and high proton conductivity, allow for higher
current densities and elevated pressures to be used [12]. Development of
noble metal iridium-based oxygen evolution reaction (OER) catalysts
and platinum hydrogen evolution reaction (HER) catalysts further
improved cell efficiencies, to the point where a PEM-WE typically re-
quires only a cell voltage of 1.6-1.7 V to draw 1 A cm 2 [12,13]. The
wide scale adoption of PEM-WE technology is hampered by high capital
expenditures associated with the noble metal -catalysts and
titanium-based stack materials, which are required to withstand

E-mail addresses: britton@ionomr.com (B. Britton), holdcrof@sfu.ca (S. Holdcroft).

https://doi.org/10.1016/j.powera.2023.100109

Received 17 October 2022; Received in revised form 21 December 2022; Accepted 7 January 2023

Available online 14 January 2023

2666-2485/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:britton@ionomr.com
mailto:holdcrof@sfu.ca
www.sciencedirect.com/science/journal/26662485
https://www.sciencedirect.com/journal/journal-of-power-sources-advances
https://doi.org/10.1016/j.powera.2023.100109
https://doi.org/10.1016/j.powera.2023.100109
https://doi.org/10.1016/j.powera.2023.100109
http://crossmark.crossref.org/dialog/?doi=10.1016/j.powera.2023.100109&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Moreno-Gonzalez et al.

corrosive acidic environments and highly oxidative potentials at the
anode [14].

Coinciding with growing interest in anion exchange membrane fuel
cells (AEM-FC) and the subsequent development of hydroxide ion-stable
cationic polymer membranes, anion exchange membrane water elec-
trolysis (AEM-WE) has emerged as a promising competitor to PEM-WE
for expediting the green hydrogen production at scale [15-17].
Combining the known benefits of utilizing stable, efficient non-noble
metal catalysis in alkaline environments, with the reduced ohmic los-
ses and reduced product mixing observed for cells incorporating a
polymeric membrane instead of a relatively thick porous diaphragm,
AEM-WE systems promise to revolutionize our energy systems [18].

While PEM-WE technologies operate with pure water due to the high
acidity of sulfonic acid groups, which affords sufficiently high ionic
conductivity [19], and mitigates against significant iridium dissolution
in liquid acidic electrolytes [20], AEM-WE systems are typically oper-
ated with a supporting electrolyte of either potassium hydroxide (KOH)
or potassium carbonate (K2COs). The role of the supporting electrolyte is
the subject of considerable study, particularly in the context of anode
electrochemistry, as it is found to play a key role in enhancing the cat-
alytic activity, active surface area, and ionic conductivity in the catalyst
layer [21-25]. Employing a supporting electrolyte at the cathode is less
considered [26], where it is frequently omitted to allow for effective
hydrogen removal and thus high current density operation [27]. For
example, Chen et al. report an AEM-WE achieving >7 A em ™2 at Ecenn =
2V, and an AEM-WE stability of >1000 h at a current density of 0.5 A
cm 2, with 1 M KOH anolyte at an operating temperature of 60 °C [28].

Despite these advances, inherent issues persist with AEM-WE tech-
nology, when compared to analogous PEM-WE systems. Firstly, the
diffusion coefficient of OH™ is four times lower than that of H' and so
AEMs typically exhibit lower ionic conductivities than PEM-based ana-
logues, prompting use of solid polyelectrolytes that possess high ion
exchange capacities (IEC) [29]. Secondly, AEMs are susceptible to
nucleophilic attack by the hydroxide ion, e.g., nucleophilic substitution
of cationic tetra-ammonium functional groups, or the ring opening of
imidazolium-cationic materials [30,31]. Many strategies to mitigate the
instability of AEMs against hydroxide ion attack have been investigated,
such as avoiding the presence of -H atoms and Hofmann elimination
reactions [32], functionalization of the cation with electron-donating
groups to reduce Sy2 reactions [33], or inducing steric constraints on
degradation pathways with hetero-cyclic ammonium groups [34]. For
example, steric protection around labile regions of poly-
benzimidazolium- [35-37] and polyimidazolium-based ionenes [38,39]
have been shown to dramatically decrease their rate of chemical
degradation while providing a high IEC so as to produce polymer
membranes with OH™ conductivities >100 mS cm™!, high tensile
strength, low gas permeability and high permselectivity. Consequently,
polybenzimidazolium- and polyimidazolium-based ionenes [38,39]
have been commercialized, appearing under the tradenames Aemion®
and Aemion+®, demonstrating promising performances in AEM-WEs
[40-42].

Herein, we report on the highly ion conductive, chemically stable
and mechanically robust AEM manufactured by Ionomr Innovations
Inc., specifically designed for industrialized AEM-WE operation. Pro-
gressive cell developments are reported leading to two electrolyzers
operating for 8900 h (>1 year) and for 5000 h (>7 months) with Hy
crossover below industrial limits, and an efficiency rivaling PEM-WE
and surpassing AWE technologies. The low rate of degradation
observed is shown to be due to the robust nature of the AEM, which
yields negligible change in its ionic conductivity after >1 year operation
at 70 °C.
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2. Materials and methods
2.1. Membranes

Aemion+® membranes (AF2-HWP8-75-X) were supplied in the Cl™/
I form by Ionomr Innovations Inc., and exchanged to the OH™ form by
soaking in 1 M KOH solution in a closed container for 24 h, exchanging
for a fresh solution after 12 h, prior to assembling in an electrolyzer cell.

2.2. Ex-situ membrane characterization

The water uptake of the membrane was determined in the Cl™
counter-ion form. Membranes were soaked in 1 M NaCl at room tem-
perature for 24 h, thoroughly rinsed with deionized water, and soaked in
deionized water at room temperature for 24 h. Membranes were
removed from the vessel, blotted with a wipe to remove surface water,
and weighed to obtain the wet weight (W,,, g). The length and thick-
ness were also measured. The membranes were then dried at 50 °C for
24 h and weighed again to obtain the dry weight (Wgy, g). The water
uptake of a membrane sample was calculated using Equation (1), and
reported as the average of three replicate samples together with the
standard deviation.

(szt - Wd)y)

dry

water uptake = x 100% (€8]

For in-plane conductivity tests, pre-cut membrane samples (1.2 cm
x 0.4 cm) were exchanged to the C1I™ form and placed between two
platinum electrodes in the conductivity testing cell [43]. The test cells
were then soaked in deionized water and connected to a Solartron SI
1260 impedance/gain-phase analyzer. The ionic resistance of the
membranes was measured by electrochemical impedance spectroscopy
(EIS) in the frequency range of 107 to 10* Hz. The obtained Nyquist plots
were modeled using a simplified Randles circuit, which consisted of a
double layer capacitor (Cgj, F) in parallel with a membrane resistance
(Rp, Q), and in tandem with an electrolyte resistance (R, Q). The
membrane conductivity (x, S cm V) is calculated as follows

(2

where [ is the distance between the two platinum electrodes (cm), and A
is the cross-sectional area of the membrane (cm?). The through-plane
Cl™ conductivity was also measured, where the distance between the
electrodes was taken as the wet thickness of the membrane. A simplified
equivalent circuit was used to obtain Rp, as described by Soboleva et al.
[43].

For tensile stress tests, membranes were exchanged to the Cl™ form,
blotted with a wipe and left to equilibrate to ambient conditions for 24 h.
Ambient conditions were chosen due to the absence of an environmental
chamber, required to control the water uptake of oven dried membranes
and dehydration of wet membranes. The tensile tests were carried out on
an Instron 3345 following the ASTM D638 testing procedure. The tensile
strength (6, MPa) is calculated by

o= 3)
where F is the force required to break the sample (N), A is the cross-
sectional area (mm?).

Hydrogen permeability was measured via chronoamperometry with
a VersaSTAT 4 potentiostat (Princeton Applied Research) in fuel cell
hardware from Fuel Cell Technologies Inc., at 60 °C with 0.2 L min~ ! H,
on the anode and 0.1 L min~! N, on the cathode (100% relative hu-
midity). The membrane was previously exchanged to the hydroxide
form by soaking in 1 M KOH for 24 h. The electrodes contained 0.4 mgp;
cm~2 with 30% Nafion® on Freudenberg H15C14 C-paper. Before the
chronoamperometry measurement, the cell was left to equilibrate until


astm:D638
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the open circuit potential reached 0.15-0.2 V. Then, the cell was sub-
jected to 3 potential cycles between the range 0.15-0.30 V at 10 mV s~
to clean the electrode surface, followed by performing linear sweep
voltammetry (LSV) at 5 mV st (0-0.6 V) to ensure the absence of
electrical shorting. Hydrogen permeability was calculated from the
averaged current measured at 0.500 V for 5 min at increasing pressures
(both sides) of 5, 10 and 15 psi.

Ex-situ chemical stability was measured by soaking AEMs in a sealed
container (Teflon) of 1 M KOH at 80 °C. Every month, the AEMs were
soaked in 1 M NaCl several times to exchange back to Cl~ counter-ion
form before soaking in DI water several times, following which, ten-
sile strength and water uptake measurements were conducted, alongside
NMR spectroscopic measurements to ascertain the degree of methyl-
ation and any loss in IEC [36].

2.3. Catalyst layers and gas diffusion electrodes

IrOy (Tanaka Co., 76% Ir), Pt/C (TANAKA Co.,36.9% Pt) and
Nafion® D520 dispersion were used as anode catalyst, cathode catalysts
and binder, respectively. Catalyst inks were prepared with 2 wt% solids
in a 1:3 mixture of water:IPA solvent. The solid composition was 92.5 wt
% IrOx and 7.5 wt% Nafion® for the anode ink and 70 wt% Pt/C and 30
wt% Nafion® for the cathode ink. Water was firstly added to the cata-
lysts, which were then sonicated in an ultrasonic bath for 10 min. Then,
the suspension was vigorously stirred while the IPA and Nafion® D520
were slowly added, followed by further sonication for 2 h in ice water.
The ink solutions were then coated on Ni-felts (Bekaert, 2N130-0,50) at a
flow rate of 1 ml min~! using a Sono-Tek coater with an ultrasonic
accumist nozzle (120 kHz, 3 W generator). During coating, the catalyst
inks were sonicated by intermittent probe sonication. Target catalyst
loadings of 2 mg;; cm ™2 and 1 mgp; cm ™2 were measured by mass bal-
ance. These were later corrected to be 1.2 mgy, cm~2and 0.7 mgpt cm_z,
respectively, based on the mass ratio of Ir or Pt determined from X-ray
photoelectron spectroscopy (XPS) analysis. It is believed that the drop in
final catalyst loadings is due to ink instabilities, to be resolved by future
investigations.

As an alternative to gas diffusion electrodes (GDE) prepared from
catalyst layers deposited from inks, as described above, expanded mesh
catalyst coated electrodes specifically designed for AWE applications
and were prepared with proprietary catalysts compositions and methods
by the supplier.

2.4. Zero gap electrolyzer cells

Zero gap cell electrolyzers used in this study were purchased from
Tandem Technologies Ltd. A 5 cm? active area cell was used for per-
formance tests by feeding 1 M KOH at a flow of 5 ml min~" on the anode
and cathode sides while heating at 80 °C. The compression of the spray
coated GDEs to the membrane was adjusted to 11% by using gaskets
with different thicknesses.

Durability tests were performed on 50 cm? active area cells fed with
70 °C, pre-heated 1 M KOH at a flow rate of 190 ml min~! on both the
anode and cathode sides. The flow field plates used for the 8900 h test
were made of titanium and included a recession pocket of 500 pm. The
flow field plates used for the 5000 h test were built on nickel and
included a shallower recession pocket of 75 pm. The thickness of the
anode and cathode electrodes were 340 pm and 420 pm, respectively,
and therefore PTFE gaskets or pre-pressed nickel felts (Bekaert
2Ni18-0.20) of the desired thickness were used to keep electrode
compression to <4%. The electrolyte was contained in two separated
reservoirs for anode and cathode circulation, which were connected
through a 1-inch bridge for level and concentration equilibration. The
electrolyzers were shut down for 2 h once a week to fill the tanks with
freshly prepared 1 M KOH solution, ensuring that the concentration did
not rise above 1.1 M due to the consumption of water. Once the
refreshed electrolyte was tempered back to 70 °C, LSVs, followed by EIS
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and polarization curves were measured before operating at continuous,
constant current for another 7 days. Hydrogen crossover to the anode
was measured off-line using an Eagle 2 Gas Detector by collecting at
least 2 L of effluent anode gas in a sample bag.

2.5. Electrochemical characterization

The anode was set as the working electrode, while the cathode served
as both counter and reference electrode for all in situ electrochemical
characterizations of the electrolyzer cells. Electrochemical impedance
spectroscopy (EIS) was measured using an Interface 5000E Gamry
potentiostat. EIS analysis was monitored with an amplitude of 0.15 A in
the frequency range of 0.5 Hz-200 kHz. The polarization curves were
measured with a power supply Keithley 2260B-30-72 by averaging the
voltage obtained during a constant current set for 60 s. Linear sweep
voltammograms were recorded at a scan rate of 10 mV s~! (0-0.5 V).

3. Results & discussion
3.1. AEM properties and initial AEM-WE characterization

Aemion+® membranes are based on poly-(bis)imidazolium ionenes,
which have been shown to have high ionic conductivity, mechanical
strength and persistent chemical stability against nucleophilic attack by
the hydroxide ion [39]. Both this class and the similar
poly-benzimidazolium and poly-(aryl)imidazolium ionene’s possess a
low degree of anisotropy and high ionic conductivity primarily due to
the high IEC (2.3-2.6 meq g~ ') and well-developed percolation of hy-
drophilic domains [39,44-46]. The high IEC typically results in high
water uptake and high dimensional swelling, which is known to result in
various degradation phenomena under AEM-WE operating conditions
[47]. A reduction in dimensional swelling by the incorporation of a
polyolefin reinforcement was previously shown to improve the stability
of Aemion+® for AEM-FC applications, but with increased resistance to
ionic transport [48]. A woven polyolefin reinforcement is used in the
thicker class of Aemion+® AEMs (AF2-HWP8-75-X) and similarly shows
low dimensional swelling (Table 1). The linear expansion in Cl~ form
was measured to be 10 + 1%, however the swelling in the z-direction
could not be accurately measured due to protrusion of the reinforcement
after drying in the oven. The water uptake of Aemion+® was 56 + 3% in
the chloride form.

Under ambient conditions, the tensile strength was measured to be
32 4+ 2 MPa in the ClI” counter-ion form (Table 1). This is lower
compared to 68 + 4 MPa for the non-woven reinforcement [48], but
with similar in-plane and through-plane Cl-conductivity of 5.8 4+ 0.2 mS
ecm™! and 6.9 + 0.1 mS cm™Y, respectively. Ex-situ characterization of

Table 1
Properties of Aemion+® AF2-HWP8-75-X membranes used in this study.

Membrane Type AF2-HWP8- Experimental Notes
75-X
Thickness (pm) 85+ 9 Nominal dry thickness as received
(I"/Cl™ counter-ion form)
IEC (meq g’l) 2.3-2.6 Nominal IEC, OH™ form
Physical Properties
Water Uptake 56 + 3% Cl™ form in DI H,0O, RT
Linear Expansion 10 £ 1%
Physical Properties
Tensile Strength (MPa) 32+2 Cl™ form, RT, ambient humidity®
Young’s Modulus (MPa) 198 + 16
Elongation to break 32+ 3%
Other Properties
Hydrogen Permeability 1.65¢10°'®  Measured with GDEs at 60 °C,
(mols'em ™' Pa ) 100% RH
Tonic Conductivity (mS 5.84+0.2[6.9 Cl™ form, RT, in-plane and
em™h) +0.1] [through-plane].
>112 In-situ, OH™ form, 80 °C

# RT = 22 &+ 2 °C. Relative humidity 30-40%.
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the OH™ conductivity requires methods to purge the membrane of
HCO3 /CO%‘ anions, that form due to the rapid reaction of atmospheric
CO4 with OH™ ions [49-51]. Unfortunately, this could not be done with
the conductivity cells used since the evolved CO3 tended to disconnect
the membrane from the electrodes, but is an objective of future study.
However, calculations of the ionic resistance in-situ, as discussed later,
indicates OH™ conductivity >112 mS cm™~! under AEM-WE operating
conditions of 80 °C. Hy permeability measurements were also conducted
in an AEM-FC setup at 60 °C, 100% relative humidity in a Hy pressure
range of 5-15 psi, and yielded a value of 1.65 e 107'® mol cm™! s7!
Pa~ . This compares well with other AEMs in the literature [52,53] and
avoids issues at high pressures such as the low bubble points with dia-
phragm separators [8].

As a result of the high ionic conductivity and the low thickness of the
AEM compared to commercial porous diaphragm-based materials,
reinforced Aemion+® membranes provide high AEM-WE efficiency.
Fig. 1a shows the initial IV curve for an AEM-WE cell, operating at 80 °C,
utilizing an AF2-HWP8-75-X Aemion+® membrane, spray coated IrOx
anode and Pt/C cathode, with a 1 M KOH electrolyte supplied to both
sides. Nafion® was used as the binder for the electrodes in this study due
to a lower degree of dimensional swelling and reduced susceptibility
towards catalyst delamination than Aemion® and Aemion-+® materials.
Improving the stability of Aemion® and Aemion+® based catalyst
layers is the objective of significant ongoing study [40,41,54], but falls
outside the focus of this work. Fig. la exhibits a current density of
approximately 1600 mA em 2 at 1.8 Vor 2500 mA cm ™2 at 2.0 V, which
is similar to that reported for many PEM-WE systems and represents a
significant enhancement over AWE systems [9,13]. A high frequency
resistance (HFR) of 103 mQ cm? (at 186 mA cm 2) was obtained by
fitting the Nyquist plots shown in Fig. 1b, with an equivalent circuit
(Fig. S1). Considering a wet AEM thickness of 115 4+ 1 pm in 1 M KOH,
this corresponds to an effective through-plane conductivity of 112 mS
cm™, although this is a lower limit because the electrical resistances of
the plates, GDEs and interfaces are not considered or subtracted.

In addition to the initial IV characteristics, AEM-WE systems must
approach lifetimes in excess of 50,000 h to compete with AWE tech-
nology, and >20,000 h to compete with PEM-WE systems [14]. Current
proposals from the Clean Hydrogen Partnership target an increase in
energy consumption (i.e., change in cell voltage) of <0.9% per 1000 h
by 2024 and < 0.5% per 1000 h by 2030, at nominal current densities of
600 mA cm 2and 1.5 A cm ™2, respectively [55,56]. For the 2024 target,
this corresponds to a maximum voltage increase of 18 pV h™! with a
starting cell voltage of 2 V. The stability of the 5 cm? cell operating at
~1 A cm™2 and a cell temperature of 80 °C is shown in Fig. lc.
Ecen@1000 mA cm 2 was measured to increase at a rate of 918 pv h!
with the 80 °C cell. A second preliminary stability test was conducted at
70 °C for 1000 h where a lower Ecg rise of 150 pV h~! was observed
(Fig. S2). It is noted that these two results are not directly comparable
due to other substantial differences in cell design, detailed in the
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supporting information.

For both experiments, even though voltage instabilities were
observed and the fact that the degradation is unsatisfactorily high, no
significant trends in HFR were noted, indicating that the membrane was
physically and chemically robust. Post-mortem SEM was deemed unre-
liable for examining the condition of the AEM after electrolysis due to
contraction of the membrane upon exchange back to the Cl form and
dehydration upon disassembly. However, NMR spectroscopic analysis of
the membrane before and after the 1000 h degradation test was con-
ducted - spectra are shown in Fig. S3 — and revealed the degree of
functionalization remained unchanged, indicating no loss in IEC [36].
This is consistent with ex-situ chemical degradation tests indicating
negligible change to the membrane’s mechanical and water uptake
properties after 5 months in 1 M KOH at 80 °C (Fig. S4). These data
confirmed the suspicion that despite the use of Nafion® as the binder,
degradation of the AEM-WE cell is due to the electrodes which typically
suffer from degradation and/or delamination [40,41], and not due to
membrane degradation. We therefore sought to confirm this in-situ by
employing highly stable electrodes in longer term stability tests.

3.2. Long term AEM-WE stability tests

Owing to their noted stability and high performance in AWEs, in-
dustrial electrodes were used in place of spray deposited electrodes for
long term stability tests. Incorporating the AWE electrodes in place of
the in-house spray coated electrodes resulted in higher Ecey, as illus-
trated in Fig. S5a. As observed from the Nyquist plots (Fig. S5b), the
higher Ecey is due to larger high frequency and low frequency re-
sistances, which might be due to the decreased contact area from the
electrodes open mesh structure or poorer electrical contact from their
non-compressible nature. It is noted that the electrodes used are not
optimized for AEM-WEs and so provide worse performances than can be
expected in AWE systems. As shown in this report, use of these elec-
trodes provided a means to examine the long term AEM stability,
minimizing GDE degradation effects.

50 cm? cells were employed and as depicted in Fig. 2a, a Ti flow field
plate with a 500 pm pocket was used in the year-long test, which
required an additional pre-pressed Ni felt porous transport layer (PTL)
on both compartments to establish electrical connectivity with the
electrodes. The PTL was assembled closer to the AEM due to initial
concerns with regards to pinching by the AWE electrodes. The later test
shows that this was unnecessary. A downside to this electrode configu-
ration is the further increased HFR to approximately 500 mQ cm? which
resulted in lower current densities (e.g., 200 mA cm 2 at 2.0 V) as shown
in Fig. 2b. Further anticipating the high oxidative potentials in the
preliminary tests to be a source of voltage instability, extended stability
tests were conducted at 200 mA cm ™2, in order to maintain a voltage of
~2V, a typical operating voltage of AWE and PEM-WE systems. Fig. 2b
shows the cell voltage for an applied current density of 200 mA cm 2

a) 2o __b) Fig. 1. Performance of a 5 cm?> AEMWE cell
1M KOH, 80 °C g 0.06] ut.ilizing Aemion-&.-® (AF2-HWP8-75-X) AEM

S.004] ) with spray-deposited IrOx anodes and Pt/C

20 o N o021 A‘“\% mA om cathodes on Ni felts, 1 M KOH electrolyte,
—h ¢ \_E/():OO . ‘ . |64° mA fm'z . ' cell temperature 80 °C. Nickel flow field

18 ° ! 000 005 010 0.15 020 025 030 035 plates were used with 10% compression of
2; e ° Re(2) (Q cm?) the GDEs. (a) IV curve, (b) Nyquist plots at
u.|g 161 //’ C) 2.1 05 186 mA cm ™2 and 640 mA cm? in the fre-
. %8: Ecg (1000 mA cm'z) 918 uv ht _ 04 & quency range 200 kHz-0.5 Hz. (C) ECell and
..-". s ] .9- T cEe s v 03 g HFR for the cell operating at a constant

1.4 mg ]:g_ 02 g, current of 1000 mA cm;z. The cell was
A2 = HFR (186 mA cm2) operated at 1040 mA cm™“ for 15 h prior to

12 A'I:2-HWP‘8-75+ Ir‘OX/PUC‘ . 1% E - " " — g; % operation at 1000 mA cm~2 (not shown).

0 500 1000 1500 2000 2500 “o 50 100 150 The electrolyte was refreshed prior to EIS

I (MA cm?) Time (h) acquisition. Degradation rate is calculated

from Ece; upon electrolyzer restart, after
EIS.
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0.0 . . : . B
Y 0 2000 4000 6000 8000 2
Time (h)
Ni PTL
AWE Anode C) 3.0 1 7uV b (600 mA cm?) o
; ’ —~ 2.8474wn 26d 2ogo0 Cou oo oD
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Fig. 2. 8900 hour stability test for a 50 cm®* AEMWE using an AF2-HWP8-75-X AEM with AWE electrodes, Ni PTLs and operating at 70 °C, with 1 M KOH electrolyte,
at 200 mA cm 2. (a) Schematic of the cell design. (b) Ecey during the stability test and the associated voltage increase. Voltage contributions from the HFR and LFR
are also depicted. (¢) Ecey from the IV curves at 200, 400 and 600 mA cm™2. Voltage stability during the initial 3000 h and subsequent 5900 h are indicated.

over 8900 h (370 days). Over the full 8900 h, Ec,j increased at a rate of
18 uv h~! from 1.92 V (0.9% per 1000 h), nearly 10x lower than when
using the spray coated GDEs. Reversible degradative behavior was
observed during the experiment, prompting the use of IV curves and EIS
every 7 days, to measure irreversible voltage decay. Additionally, the
electrolyte was refreshed prior to electrochemical characterization to
negate the gradual increase in hydroxide ion concentration through the
consumption of water.

Figs. S6a and S6b shows the IV curves and Nyquist plots every 1500
h, respectively, while Fig. 2c shows the voltage change at specific cur-
rent densities, obtained from the IV curves. Fig. 2¢ shows that irre-
versible voltage losses were significantly higher during the first 3000 h
(41 pv h~! at 200 mA cm~2?) but afterwards stabilized down to 11 pv
h~!. The high frequency intercept from the Nyquist plots shown in
Fig. S6b was taken as the combined electrical and ionic transport re-
sistances of the cell and as shown in Fig. 2b, was found to only increase
at arate of 3 pQ cm? h~! over the entire experiment, indicating that AEM
degradation and Ti/Ni passivation were negligible. However, the low
frequency resistance (LFR) component of the Nyquist plots, associated
with charge transfer -and possible mass transport resistances-was
measured to increase at a rate of 90 pQ em? h™}, e.g., 18 pv h'l,
assuming that the same change in LFR occurs at 200 mA cm ™2 to 91 mA
cm™2. By deconvoluting the two semi-circle features, increases in the
low frequency response for both elements is observed, as shown in
Fig. S7. Considering that each semicircle can be attributed to either the
cathode or the anode, degradative processes can be concluded to occur
on both sides of the cell.

To decouple the relative impact of the Ni PTL and the electrodes on

the overall voltage stability, an improved 50 cm? cell design was
adopted with Ni flow field plates that did not require the Ni felt PTLs.
This setup is depicted in Fig. 3a. For this durability analysis, a current
density of 600 mA cm ™2 was chosen to align with the EU target current
density and to ensure that the cell voltages were similar for both dura-
bility tests (initially ~1.9 V). IV curves and EIS were again conducted
every 7 days after refreshing the electrolyte. As shown by the IV curves
in Fig. S8a much higher current densities could be achieved compared to
the cell with the Ni felt PTL and Ti flow field plate and can be attributed
to the >50% reduction in HFR, as indicated by the Nyquist plots in
Fig. S8b. Additionally, the charge transfer resistance of the cell at 91 mA
cm 2 was found to be lower than the cell that incorporated the Ni PTL, i.
e., 0.52 Q cm? and 1.50 Q cm? respectively.

Measurement of the H; concentration in O3 evolved at the anode was
also incorporated for the second durability study. The H; crossover from
the cathode to the anode is directly related to the membrane perme-
ability and, although often disregarded in most academic articles, is a
critical metric for industrial applications. Industrial scale electrolyzers
are often shut down when the H; concentration in O is ~1.5% or >50%
of the lower explosion limit (LEL). As shown in Fig. 3b, a stable Hy
concentration of 0.2% was measured in the anode gas, meeting indus-
trial requirement.

As shown in Fig. 3c, analysis of the cell voltages obtained from the IV
curves indicates that after the initial break in period, the cell voltage at
200 mA cm 2 increased at a much-reduced rate of 4 pV h ™!, compared to
the previous cell shown in Fig. 2. Considering no change in the Hy% in
the anode, the initial voltage decrease suggests activation of the mate-
rials rather than a decrease in voltage due to gas crossover. This time
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Fig. 3. 5000 h stability test for a 50 cm®> AEMWE using an AF2-HWP8-75-X AEM with AWE electrodes and operating at 70 °C with 1 M KOH electrolyte at 600 mA

cm 2. (a) Schematic of the cell design. (b) Ecey during the test and the associated voltage increase. HFR and LFR during the stability test, measured at 91 mA cm™
and the % composition of H, in O, are also depicted. (¢) Ecey from the IV curves at 200, 400 and 600 mA cm™ “.
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period is omitted from the degradation analysis since it would lead to
underestimation of the component degradation rates. It is also noted
that no change in electrical shorting was measured from LSVs in the
voltage range 0-0.5 V, shown to have a minimum resistance of 769 mQ
cm? in Fig. S10 (625 mQ cm? for the 8900 h test, Fig. S9). Fig. 3b shows
that after the initial break in period, the new electrolyzer set up -without
the Ni PTL -exhibited a negligible increase in LFR, compared to 90 pQ
cm? h7! for the sample with the Ni PTL (shown in Fig. 2b). The HFR
shows an increase of 8 pQ cm? h™! which, considering the high chemical
stability to hydroxide ions shown ex-sity, it is likely to be a result of
other degradative process such as ionomer oxidation in direct contact
with the anode or potential free-radical attack, requiring further inves-
tigation [57,58]. The overall voltage degradation measured was 13 pV
h~! at 600 mA cm™2, representing an energy consumption increase of
0.7% over 1000 h and achieving the 2024 EU target.

Aside from the hardware used, the differentiating component be-
tween the two durability experiments is the absence or presence of Ni
felt PTLs, which appear to be the origin of the LFR degradation and
therefore the higher overall voltage decrease rate. The exposed nickel on
the high surface area felt PTL is likely oxidizing to the most active phase
of Ni (-NiOOH) during electrolysis [59], reported to form through the
electrochemical oxidation of p-Ni(OH), at potentials >1.30 V vs. RHE
[60]. On the other hand, since Ni hydroxides have reduced electrical
conductivity compared to base Ni metal [61], an increase in electrical
resistances might be expected. However, the HFR feature, shown in
Fig. 2b remained stable at 656 mQ cm? with a minimal increase of 3 pQ
em? h™L. Progressive cathode fouling and entrapment of gas bubbles
within the Ni PTL are therefore other possible factors influencing the
LFR feature and impacting the voltage degradation [62,63], but this
requires further investigation to be conclusive.

4. Conclusions

It is shown that a reinforced Aemion+® membrane, thickness 85 pm
exhibits negligible degradation in AEM-WE over a period of 8900 h.
Refinement of cell and component design led to an overall degradation
of just 13 pV h™%, at a current density of 600 mA cm™~2. Additionally, a
low Hy permeability maintained Hy crossover to <0.4% for the 5000 h of
the second test. This study shows that Aemion-+® is an inherently stable
membrane material for the efficient electrolysis of water and that future
work is required in the development of simultaneously active and stable
materials for catalysts, for catalyst layers, and the integration of catalyst
layers with AEMs.
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