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Durability of anion exchange membrane
water electrolyzers
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Feng-Yuan Zhang,® Katherine E. Ayers*® and Yu Seung Kim (2 *°

Interest in the low-cost production of clean hydrogen is growing. Anion exchange membrane water
electrolyzers (AEMWEs) are considered one of the most promising sustainable hydrogen production
technologies because of their ability to split water using platinum group metal-free catalysts, less
expensive anode flow fields, and bipolar plates. Critical to the realization of AEMWEs is understanding
the durability-limiting factors that restrict the long-term use of these devices. This article presents both
durability-limiting factors and mitigation strategies for AEMWEs under three operation modes, i.e., pure
water-fed (no liquid electrolyte), concentrated KOH-fed, and 1 wt% K,COs-fed operating at a differential
pressure of 100 psi. We examine extended-term behaviors of AEMWEs at the single-cell level and
connect their behavior with the electrochemical, chemical, and mechanical instability of single-cell
components. Finally, we discuss the pros and cons of AEMWEs under these operation modes and
provide direction for long-lasting AEMWEs with highly efficient hydrogen production capabilities.

Hydrogen is an attractive energy carrier that can be stored, re-electrified on demand, and used to produce ammonia and other industrially important chemicals
and materials. Currently, a majority (>95%) of hydrogen is produced from fossil fuels by steam reforming which releases massive amounts of carbon dioxide
and atmospheric pollutants. Consequently, interest in hydrogen production from renewable sources such as biomass, geothermal, solar, or wind through
water-splitting technology is growing. The anion exchange membrane water electrolyzer (AEMWE) is an alternative water-splitting technology to the well-

established alkaline or proton exchange membrane water electrolyzers. AEMWEs use less expensive platinum group metal-free electrocatalysts like alkaline
water electrolyzers, and have the capability to produce pressurized hydrogen at a high hydrogen production rate. However, the performance and durability of
AEMWES need to be significantly improved for practical use. In this article, we present the performance and durability of state-of-the-art AEMWESs. Then we
discuss the durability-limiting factors of AEMWEs based on our own and other’s key publications. Comprehensive degradation mechanisms and in-depth

discussions on the mitigation strategies will provide future directions to develop commercially viable AEMWE systems.

1. Introduction

power generation and transmission sectors.”” The most common
hydrogen generation method is the steam reforming of methane

As the U.S. Department of Energy pushes the H,@Scale initiative,
research for a more efficient and cost-effective water electrolyzer
has received substantial attention due to large-scale hydrogen
production and utilization requirements for the resiliency of the
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or other hydrocarbons which results in high emissions of carbon
dioxide. Consequently, water electrolyzers that electrochemically split
water into hydrogen and oxygen have garnered great interest.>* For
high-temperature operation (700-950 °C), solid-oxide steam electro-
lyzer cells (SOECs) have been developed and demonstrated at the
laboratory and experimental plant scale (Fig. 1a). The high operating
temperatures of SOECs provide benefits when operating at a rela-
tively low cell voltage with negligible kinetic limitations (high heating
value (HHV) electrolysis efficiency is close to 100% at current
densities of ~1 A cm™2). However, problems associated with high-
temperature operations such as: long start-stop time, rapid
degradation due to high-temperature interdiffusion of the cell
components, and poisoning by the corrosion products, currently
make SOECs challenging to deploy in the market.?
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Fig. 1 Schematic single cell configurations of different water electrolyzers. (a) SOEC, (b) AWE, (c) PEMWE, and (d) AEMWE.

For low-temperature operation (<100 °C), alkaline water
electrolyzers (AWEs) are the well-established technology. AWEs
use an aqueous KOH solution as a liquid electrolyte and a
porous diaphragm separator (Fig. 1b). The research activity
to develop platinum group metal (PGM)-free electrocatalysts for
hydrogen and oxygen evolution reactions (HER and OER,
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respectively) is well documented.”” Current research is moving
towards leveraging chloralkali cell configurations, e.g., the
zero-gap design, to increase current density or add pressure.
The hydrogen production rate of AWEs is low, typically
200 mA cm ™ at a cell voltage of 1.8 V with an energy efficiency
of 75%py.>°
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Proton exchange membrane water electrolyzers (PEMWEs)
use a proton exchange membrane (PEM) and ionomer in the
electrode which allows cell operation without circulating liquid
electrolytes. In this configuration, both electrodes (anode and
cathode) are in physical contact with a non-porous PEM resulting in
compact cell arrangements (zero-gap configuration) (Fig. 1c). This
zero-gap design allows the operation of PEMWES at ~2 A cm™ > with
an efficiency of 74%yy.” Besides, the non-porous membrane of
PEMWE:s allows for differential pressure operation which produces
high-pressure hydrogen at the cathode and atmospheric pressure
oxygen at the anode. Such differential pressure operations can
minimize the need for second stage mechanical compression to
pressurize for hydrogen storage. Despite these advantages, the high
costs of the electrocatalysts, such as iridium oxide and platinum,
and the corrosion-resistant current collectors and separator plates in
acidic environments may become a limitation for very large systems
as the cell stack becomes a larger contributor to total system cost.'’
Both AWEs and PEMWEs are considered matured technologies and
have been deployed at a commercial scale depending on the specific
needs of the application.

Anion exchange membrane water electrolyzers (AEMWES)
operate under an alkaline environment in which PGM-free
catalysts could be used. Anion exchange membranes (AEMs) are
non-porous hydroxide-conducting polymers that contain immobi-
lized, positively charged functional groups on their backbone or
pendant side chains, enabling a zero-gap configuration and
differential pressure operation (Fig. 1d). The overall reaction
of AEMWEs consists of HER and OER. Water or alkaline liquid
electrolyte is circulated through the cathode where water is
reduced to hydrogen and hydroxide ions by adding two elec-
trons from the anode (H,O + 2e~ — H, + OH ). The hydroxide
ions diffuse through the AEM to the anode while the electrons
are transported to the cathode through the external circuit.
In the anode, the hydroxide ions recombine as oxygen and
water and produce two electrons (20H™ — 10, + H,O + 2¢").
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The hydrogen and oxygen form as bubbles at the surface of the
HER and OER catalysts, respectively. Similar to PEMWEs, the
zero-gap configuration of AEMWEs employing a non-porous
membrane can produce hydrogen at a high rate and minimize
the need for mechanical hydrogen compression for storage."" It
is worth noting that AEMWESs take advantage of both AWEs
(PGM-free catalyst) and PEMWEs (zero-gap configuration and
non-porous membrane). Interestingly, in stark contrast to
PEMWESs that use only polymer electrolytes, many AEMWEs often
use liquid electrolytes (e.g., KOH or K,COs solutions) in addition to
polymer electrolytes. A recent modeling study suggested that the
additional liquid electrolyte not only reduces the ohmic resistance
of the membrane and catalyst layer, but also improves the reaction
kinetics.'*> By adding a liquid electrolyte to the cell, the local pH
increases at the catalyst-electrolyte interface and an additional
electrochemical interface is generated. Industrial AEMWES com-
prised of Ni-based catalysts produced hydrogen with ~1.8 A cm™>
at 2 V in 1 M KOH which approaches the performance of
conventional PEMWEs under ambient pressure.’* Due to the
low-cost of catalysts and hardware, applicable zero-gap configura-
tions, and differential pressure operation, interest in hydrogen
production via AEMWESs is growing. A bibliometric analysis of the
publications of AEMWEs by Journal Citation Reports (JCR)
indicated that the articles’ publication number of AEMWE-
related research rapidly increased over the last three years (Fig. 2),
reaching 7.2% of the publication number of water electrolyzer
research in 2020.

The most critical technical challenge for AEMWESs in commer-
cially viable systems is their durability. The durability of AEMWESs
normally means the longevity or lifetime of the devices. In the
early stage of AEMWE development, the longevity measurement
of AEMWE:s is relatively easy because the lifetime of the cell is
short (<500 hours). However, as more durable AEMWEs are
developed, measuring the longevity of AEMWEs becomes
cumbersome. Note that running a cell over 10000 hours takes
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Fig. 2 Bibliometric analysis of the publications for water electrolyzers and
AEMWEs. “Water” and “electrolyzer” were used to search words for water
electrolyzers. "Anion exchange membrane” and “electrolyzer” were used
to search words for AEMWEs.

more than a year. Therefore, the durability of AEMWES has often
been evaluated by the voltage change rate during an extended-
term test (100-1000 hours) or by an accelerated stress test (AST)
using degradation accelerating parameters such as higher oper-
ating temperatures, high current density, etc. However, one
should note that extended-term tests using the voltage change
rate and longevity under AST conditions cannot accurately
predict the lifetime of AEMWEs because the cell lifetime is
affected by the combination of several degradation modes and
often limited by catastrophic failure. Therefore, it is still impor-
tant to obtain the lifetime of the cell by continuously running
the cell under normal operating conditions.

While the stack lifetime of commercial PEMWE:s is close to
20000 to 60 000 hours, the reported longevity of most AEMWESs
is <3000 hours. Moreover, most AEMWEs have been tested under
ambient pressure conditions. In the early stage of research, the
chemical stability of AEMs under high pH conditions was regarded
as the most critical durability-limiting factor of AEM-based electro-
chemical devices and consequently, extensive research was accord-
ingly devoted. To date, several hydroxide-conducting polymers
comprising of an alkaline-stable cationic functional group and
polymer backbone, are available for AEM-based electrochemical
devices."*° Those alkaline-stable polymers showed less than 5%
loss in ion exchange capacity (IEC) even after several thousand
hours in 1-4 M KOH at 80-95 °C.*"** However, many AEM fuel
cells (AEMFCs) and AEMWES have shown a substantial reduction
in performance over the first 100-200 hours of operation.>*
These results suggest that there are other durability-limiting
factors besides the alkaline instability of AEMs.

3396 | Energy Environ. Sci., 2021, 14, 3393-3419
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Here, we present the durability-liming factors of AEMWEs.
We have structured our discussion based on the following
considerations. First, when comparing the durability of AEMFCs
and AEMWESs, the durability of AEMWESs seems to be better.
When the same quaternized Diels-Alder poly(phenylene) AEM
and ionomer were used, the lifetime of the AEMFC using the
polymer was only 300 hours.”® In contrast, the lifetime of the
AEMWE was more than 2000 hours.>® The higher longevity
of AEMWESs is also evidenced by the fact that approximately
2000 hours of durability of AEMFCs was demonstrated recently
after extensive research,® whereas the reported lifetime of a 1 M
KOH circulated AEMWE was 12 000 hours even though AEMWE
research was still in infancy.’’ This result suggests that the
durability-limiting factors for the two AEM-based devices may
be different and previous articles on AEMFC durability*>* may
not cover all aspects of the AEMWE-specific degradation path-
ways. Second, when determining durability-limiting factors, the
performance of AEMWEs needs to be considered because there
are often trade-offs between performance and durability. This
aspect is critical since a commercially viable AEMWE system
requires both good performance as well as durability. The
performance of AEMWESs using PGM-free catalysts is of particular
interest as the primary benefit of AEMWEs is their ability to use
PGM-free catalysts. Third, the durability of AEMWEs strongly
depends on the operation mode, i.e., the type of liquid electrolyte
and applied pressure level. Counterintuitively, the corrosive con-
centrated KOH-circulating AEMWEs showed more stable per-
formance than pure water-fed AEMWESs which suggests that the
primary durability-limiting factor may change depending on
operating environments. Therefore, it is critical to address the
durability-limiting factors of AEMWEs in terms of operation
modes. Fourth, transient operations including start-up/stop,
may affect the lifetime of AEMWESs. However, transient operations
for AEMWESs are much less extensive than automotive fuel cells
for which large voltage swings and frequent start-up/stops are
expected.’® Since there are limited durability studies for the
transient operation of AEMWEs, we herein provide the durability
perspective of AEMWESs under steady-state operating conditions.

2. State-of-the-art performance and
durability of AEMWEs

The performance and durability of AEMWES are strongly depen-
dent on circulating alkaline electrolytes. In this section, we
begin with a discussion of the effect of liquid electrolytes on
AEMWE performance. Then we present the progress of AEM-
WE’s performance and the state-of-the-art (SOA) durability
under three electrolyte circulation modes, i.e., pure water-fed
(no liquid electrolyte), concentrated KOH-fed, and 1 wt% K,CO5-
fed AEMWEs.

2.1. Effect of liquid electrolyte on AEMWE performance

Circulating liquid electrolytes can dramatically improve AEMWE
performance. A possible reason for the notable performance
increase with the additional liquid electrolyte circulation is

This journal is © The Royal Society of Chemistry 2021
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attributed to the fact that the liquid electrolyte provides higher
hydroxide ion transport and extended catalyst-electrolyte inter-
facial area. For PEMWESs, a perfluorosulfonic acid (PFSA) iono-
mer can provide a highly acidic environment without liquid
electrolytes as the sulfonic acid functional group of the ionomer
is more acidic than the liquid electrolyte, i.e., sulfuric acid. The
quaternized ionomers have limited ability to provide a highly
basic environment as the quaternary ammonium groups in the
ionomers are less basic than alkali metals (pK, of conjugated
acid of quaternary ammonium and KOH = ~10 and 15.7,
respectively).>®

Fig. 3 explains the impact of circulating liquid electrolytes
on AEMWE performance with a schematic of half-cells using
hexamethyltrimethylammonium functionalized Diels-Alder
poly(phenylene) (HTMA-DAPP) under pure water-fed, 1 wt%
K,CO;-fed, and 1 M KOH-fed conditions. Under the pure water-
fed conditions, only the polymeric material provides hydroxide
conduction pathways as in the case of PEMWEs. The hydroxide
conductivity (gpun) of the AEM is 18.4 mS cm ™" at 50 °C. At the
electrode, the effective conductivity (0efective) Of the ionomeric
binder is calculated to 1.2 mS ecm™" from eqn (1).

&
Ocffective = Obulk X ? (1)

where opyc = bulk conductivity, ¢ = volume fraction, 7 =
tortuosity.

Under the 1 M KOH-fed conditions, the conductivity of the
AEM increases to 57.4 mS cm ™. At the electrode, the Gegective Of
the ionomeric binder and the liquid electrolyte increases to
27 mS cm™ ', respectively. Note that the conductivity increase in
the liquid electrolyte phase is much more significant. Adding
the highly concentrated KOH solution improves the catalyst
utilization five times. The improvement of the catalyst utiliza-
tion is due to the expanded catalyst-electrolyte interfacial area
and the improved intrinsic kinetics of the catalysts. Under the
1 wt% K,COs-fed conditions (equivalent to 0.07 M KOH), the
conductivities of the AEM and the ionomeric binder are 37 and
2.4 mS cm™ ', respectively. Like the 1 M KOH-fed conditions,
the added K,COj; electrolyte (Geggective = 2.46 mS cm ™ ') provides
an additional pathway of hydroxide conduction that contributes
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to increased catalyst utilization 1.5 times that of the pure water-
fed conditions. As a result of the low ohmic resistance and high
catalyst utilization, the performance of the liquid electrolyte-fed
AEMWEs is much better than that of pure water-AEMWE.
The current density of the pure water-, 1 wt% K,CO;- and 1 M
KOH-fed AEMWEs at 60 °C were 450, 1200, and 1700 mA cm >
at 2 V, respectively.

2.2. Performance progression of AEMWEs

When comparing AEMFCs,****%’ the performance improvement
of AEMWES is more impressive because it has been achieved with
PGM-free catalysts. Various PGM-free HER catalysts including:
transition metals, and the transition metal’s alloys, and com-
pounds with oxides, nitrides, chalcogenides, phosphides, carbides,
borides, etc., have been made to exhibit a certain degree of activities.
Ni-Based catalysts showed relatively high HER activity among
PGM-free catalysts.*® Still, as far as we know, the best alkaline
HER catalysts are platinum-based alloys or defects-doped
platinum.**™** As for OER catalysts for AEMWES, a large variety
of metals show high OER activity and corrosion stability in an
alkaline environment. The most promising transition metals are
found in the fourth row of the periodic table (3d elements).**™*®
The order of OER catalytic activity of metal catalysts from
highest to lowest are reported in the order of Ni > Co > Fe >
Mn.*® Various metal oxides, halide, nitride and phosphide with
different structures including perovskites, spinels, and rutiles
that also have high OER activity.”®>* The earth-abundant transition
metal and metal oxide OER catalysts have shown extended-term
stability (ca. 100 hours) and potential cycling stability (including
>5000 cycles) under half-cell experiments.® In this section, we
present the current status of AEMWE performance using PGM-free
catalysts at different cell operation modes. It is worth noting that a
large number of papers reported pure water-fed AEMWE per-
formance using PGM catalysts because many PGM-free catalysts
were developed for concentrated KOH solution circulating
AWEs and studies on ionomer-catalyst interactions for HER
and OER are still scarce.

Fig. 4a and b shows the chronological progress in cell
performance of pure water-fed AEMWEs employing PGM-free
catalysts. The AEMWE performance of MEAs employing a

Pure water-fed 1 M KOH-fed 1wt% K,CO,-fed AEM + KOH KOH lonomer +KOH
KOH(M) o (mS/ecm) KOH (M) Ger(mS/cm) KOH (M) Gez(mS/cm)
1 57.4 127 1 3.7
40.8 014 |3 0.1 2.7
1wt.% K,CO, 1wt.% K,CO,

0.01 23.8 0.014 L 0.9 0.01 1.6

AEM  electrode Catalyst i ué liquid- ionomer- "

ionomer elqectrol e catalyst  catalyst o 104 ° '

Ve interphase interphase

Fig. 3 Schematic illustration of a half cell with supplying pure water, 1 M KOH, or 1 wt% K,COs solution.’? We estimated the conductivity of AEM from
the high-frequency resistance of the cell using an HTMA-DAPP AEM as a function of KOH concentration at 50 °C.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Selected performance of AEMWEs in the literature. (a) Pure water-fed AEMWEs with PGM-free anode/PGM cathode.>’ =% Adapted with
permission.>®®* Copyright 2013, IOP publishing, Copyright 2021, American Chemical Society. (b) Pure water-fed AEMWEs with PGM-free anode/
PGM-free cathode. 264756 (c) 1 M KOH-fed AEMWESs.®®~"* Adapted with permission.®’~"* Copyright 2014, Elsevier, Copyright 2017, IOP Publishing,
Copyright 2019, American Chemical Society, Copyright, 2020, John Wiley and Sons. (d) 1 wt% K,COs-fed AEMWESs.”>~"# Adapted with permission.”2~"4
Copyright 2012, 2018, Elsevier, Copyright 2014, John Wiley and Sons. The 2020 cell data was produced at Los Alamos National Laboratory. AEM: alkyl
ammonium functionalized poly(styrene-b-ethylene-b-styrene) triblock copolymer (SES-TMA, 35 um thick); anode: NiFe (4 mg cm™2); cathode: PtRu/C

(50 wt% Pt, 25 wt% Ru, 2 mgp, cm™2).

PGM-free anode and PGM cathode increased from 0.2 to
0.85 A cm 2 at 2.0 V in publications from the year 2011 to
2015. Then, a substantially higher performance (>0.5 A cm >
at 1.7 V) was obtained by 2020 and 2021 cells (Fig. 4a). The
striking performance improvement is primarily due to the high
IEC (~3.3 mequiv. g ') of the ionomer that provides a high
pH environment.’® Additionally, the AEMWEs used thin
membranes (thickness: 20-35 um) and operated at high tem-
peratures (85 and 90 °C). The AEMWE performance of MEAs
employing PGM-free catalysts for both electrodes also increased
from 0.24 to 1.0 A cm™2 at 1.8 V from the year 2012 to 2020
(Fig. 4b). When compared to PGM catalyzed AEMWEs (black
dash line), the PGM-free AEMWEs exhibited lower performance
due to the limited activity of the PGM-free cathode. The
AEMWE using a PGM cathode and PGM-free anode (blue line
in Fig. 4a) outperformed the PGM-catalyzed AEMWE (black
dash line Fig. 4b).

Like pure water-fed AEMWEs, the concentrated KOH-fed
AEMWE performance of MEAs significantly improved over the
last years (Fig. 4c). The current density of 0.1 A cm™ 2 at 1.8 V of
the 2014 cell (dark gray line) increased to 1.0 A cm > for
the 2019 cell (pink line). The performance of 24 wt% KOH-
fed AEMWE reported in 2019 showed higher performance
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(1.7 A cm™? at 2.0 V, green line), presumably due to the highly
concentrated (4.4 M) KOH electrolyte. The 1.0 M KOH-fed 2020
AEMWE cell employing a commercially reinforced membrane
(X37-50-T, thickness: 50 um, Dioxide Materials) exhibited sub-
stantially higher performance (1 A em™2 at 1.57 V, light blue
line) at 80 °C with an efficiency of 75.1%yyuy that was even
higher than the PGM-catalyzed AEMWE (black dash line).
Compared to the performance of pure water-fed AEMWEs,
the performance of KOH-fed AEMWEs was notably better
(0.3 A cm™? at 1.57 V for water-fed vs. 1 A cm™> for 1 M KOH-
fed). Although no longer-term stability was reported for the 2020
cell, notable performance loss was observed over the 25 hour
test at 50 °C and a constant current density of 500 mA ecm ™ 2.>°

Fig. 4d shows the chronological progress of the single-cell
performance of 1 wt% K,CO;-fed AEMWEs from 2014 to 2020.
The performance of 1 wt% K,CO;-fed AEMWE:s is relatively low.
The current density of the concentrated KOH-fed AEMWEs
(PGM-free electrodes) is >0.5 A cm™ > at 1.6 V (green and light
blue lines in Fig. 4c), while the current density of the 1 wt%
K,CO3-fed 2020 AEMWE cell (PGM-free anode) is 0.34 A cm ™2 at
1.6 V (light blue line). One of the reasons for this low perfor-
mance is the high cell resistance of 1 wt% K,CO;-fed AEMWESs
because of their lower mobility, approximately 3-4 times in the

This journal is © The Royal Society of Chemistry 2021
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presence of carbonate and bicarbonate ions, compared to a
carbonate ion-free system.”>”®

The literature survey indicates that the performance of
current PGM-free catalyzed AEMWEs increases in the order:
concentrated KOH-fed (Fig. 4a, light blue) » pure water-fed
(Fig. 4a, blue) > 1 wt% K,COj3-fed (Fig. 4b, light blue). The high
performance of the concentrated KOH-fed AEMWEs is mainly
due to the high pH environment. The higher performance of
the SOA pure water-fed AEMWEs compared to 1 wt% K,CO;-fed
AEMWEs contradicts the results shown in the electrolyte
impact (Section 2.1). However, one should note that the pure
water-fed AEMWE performance in literature was obtained at
relatively high operating temperatures and more advanced iono-
meric binders that provide a high local pH at the catalyst-electro-
lyte interface. Also, one should consider that other cell issues, such
as soft shorts or gas mixing, may cause the very low voltages of
highly-performing AEMWE cells.

2.3. Durability of AEMWESs

The papers that reported high performance of AEMWEs typically
discussed cell durability after relatively short-term (<100 hours)
operations and often under less rigorous conditions (low current
density, low operating temperature, and ambient pressure). This is

—~
Q
~
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because the literature focused more on the material development
viewpoint at the cost of cell durability. Consequently, the best
durability of AEMWES was reported in separate papers under less
rigorous conditions. Also, it was noted that in most cases, PGM
catalyst-containing cathodes were used to evaluate AEMWE’s
durability because PGM catalysts have better HER activity and
stability. In this section, we survey the longest lifetime of
AEMWEs under the three operating modes. Additionally, we
present the reported lowest voltage degradation rate of AEMWESs
to provide the current status of AEMWE durability.

The long-term performance of pure water-fed AEMWESs was
reported in 2012-2014 (Fig. 5a).>>”7 All three pure water-fed
AEMWESs have more than 500 hours of lifetime at 50 °C and a
constant current density of 200 mA cm ™2, The degradation rate
of the cells was relatively high because less stable AEMs and
ionomers were used for the tests. The quaternized Radel™
poly(sulfone) AEM used in one of the cells had an aryl ether
group in the polymer backbone that is susceptible to the nucleo-
philic substitution, Sy2, under high pH conditions. Ex situ alkaline
stability of the benzyltrimethyl ammonium functionalized Diels-
Alder poly(phenylene) (BTMA-DAPP) polymer indicated that the
hydroxide conductivity of the polymer decreased from 13 to
1 mS em™ " after 550 hours exposure in 0.5 M NaOH at 80 °C

(b) 22
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— — ]
S S 20
& Y 6.4
g - © &)
° = BTMA-DAPP 0 g8 . (1]
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Fig. 5 Durability of AEMWES. (a) Pure water-fed AEMWESs under ambient pressure.?® (b) 1 M KOH-fed AEMWES at a current density of 1 A cm™2. AEM:
Sustainion®™ Grade T or Sustainion® X37-50 (50 um thick), anode: NiFe,O,4 (1.8 mg cm~2), cathode: rainy nickel on nickel fiber paper (14.5 mg cm~2).**
Reproduced with permission.>* Copyright 2021, Elsevier. (c) Concentrated KOH-fed AEMWEs.”® Cell 1: the cell voltage was measured at 500 mA cm ™2
and 80 °C with 20 wt% (3.6 M) KOH solution. AEM: PSU-PVP (120 um thick), ionomer: Nafion, anode: Ni form; cathode: proprietary. Reproduced with
permission.”® Copyright 2020, Elsevier. Cell 2: the cell voltage was measured at 300 mA cm™2 and 75 °C with 6 M KOH solution. AEM: Zirfon Perl (500
UPT AGFA) sandwiched by two pieces of polypropylene, anode: stainless steel 316L, cathode: Ra-Ni.8° (d) 1 wt% K,CO3-fed AEMWE at a current density
of 500 mA cm~2 and under 100 psi differential pressure. The AEMWE cell data was produced at Nel Hydrogen. AEM: HTMA-DAPP (78 um thick). lonomer:

Aemion, anode: CozO4 (3 mg cm™2), cathode: Pt black (3 mg cm™2).
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and 95% RH due to the Sy2 of the BTMA group."® The reported
longest lifetime of the pure water-fed AEMWE under steady-
state conditions is the BTMA-DAPP based AEMWE that operated
2200 hours before the test was halted due to other testing
commitments. However, the voltage degradation rate of the
BTMA-DAPP-based AEMWE was high, ca. 0.2 mV h™" at the low
current density. Recently, Xu et al. reported a more stable PGM
catalyzed pure water-fed AEMWE at 80 °C and a constant current
density of 500 mA cm 2. The cell voltage increased from 1.7 to
1.75 V after 500 hours (voltage degradation rate: 0.1 mv h™*).”®
Challenges in the durability of water fed-AEMWEs include
demonstrating > 10000 hours of operation with higher hydrogen
production rates and lower degradation rates. Demonstration of
durability under differential pressure conditions remains a future
task as well.

Fig. 5b shows the long-term test of a 1 M KOH-fed AEMWE at
the current density of 1 A cm™> using commercial AEMs
(Sustainion®) and PGM-free catalysts. The cell using Sustainion®
Grade T AEM was able to operate >12 000 hours with a voltage
degradation rate of 0.7 pv h™.*' The concentrated KOH-fed
AEMWE cells using a non-quaternized membrane also showed
stable performance (voltage degradation rate = ~30 pV h™") over
700 hours at 75-80 °C (Fig. 5¢).”**® Note that the AEMWE using
the non-quaternized membrane requires a higher concentrated
KOH solution (3.6-6 M) for a high hydrogen production rate. In
the AEMWE cell with 20 wt% KOH, relatively large voltage
fluctuations were observed due to the KOH concentration change
suggesting that it may be critical to control the KOH concentration
for highly concentrated KOH-fed systems.

The durability of 1 wt% K,CO3z-fed AEMWESs was evaluated
typically over 500-700 hours under 100 psi differential pressure
conditions. Fig. 5d shows an 1 wt% K,COs-fed AEMWE employing
the HTMA-DAPP AEM at a constant current density of 0.5 A cm™>.
The voltage decay rate at the operating temperature of 50 °C
decreased over time and started to stabilize around ~50 pv h™*
at the end of the 500 hour test. After 500 hours, the operating
temperature of the cell was raised to 65 °C. The voltage of the
cell dropped by ca. 50 mV, but the degradation rate increased to
~200 pV h™". After 200 hours of operation at 65 °C, the cell’s
operating temperature was returned to 50 °C to see whether the
good durability at 50 °C was recoverable. The cell’s voltage was
higher than that of the initial 500 hour test. However, the cell
was stabilized with a voltage decay rate of ~1 vV h™". At the end
of the 750 hour test, the AEMWE did not show signs of cross cell
leak or electronic-short failures, and the cell was able to run
with a current of up to 2 A ecm 2. Throughout the durability test,
the AEMWE cell was held at 100 psi differential pressure.

A literature survey indicates that the highest longevity of
AEMWESs demonstrated was obtained with 1 M KOH-fed AEMWE
for 12000 hours with a degradation rate of 0.7 pV h™". The
longevity of pure water-fed and 1 wt% K,CO;-fed AEMWESs were
only demonstrated for <3000 hours. The voltage degradation
rate of SOA pure water-fed and 1 wt% K,COs;-fed AEMWEs are
higher than that of the SOA 1 M KOH-fed AEMWE (50-200 uvV h™"
over 500 to 700 hours at a constant current density of 500 mA cm™ ).
It is noted that the good durability of the pure water-fed AEMWE cell
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was obtained at a relatively high temperature (80 °C) and low
operating voltage (1.7-1.75 V). In contrast, the good durability of
the 1 wt% K,CO;-fed AEMWE was obtained at a lower temperature
(50-65 °C) and higher operating voltage (1.9-2.0 V). The different
optimum operating conditions in terms of operating temperature
and cell voltage suggest that the primary durability-limiting factors
for these AEMWEs with these two operation modes may be
different. In the next section, firstly, we provide background
information on AEMWE durability that includes cell voltage
behaviors during an extended-term test of AEMWEs and the
effects of bipolar plates and gas diffusion layers (GDLs) on
AEMWE durability. Then we discuss the durability-limiting
factors of AEMWEs with these three operation modes: pure
water-fed, concentrated KOH-fed, and 1 wt% K,CO;-fed operating
with differential pressure.

3. Durability evaluation of AEMWE
single cell

3.1. Cell voltage behaviors during an extended-term test

The durability of AEMWES is typically evaluated by measuring the
cell voltage over time at a constant current density. Fig. 6 shows
several cell voltage behaviors at a constant current density that
were commonly observed during an extended-term operation (ca.
100 hours). Fig. 6a shows the stable performance of AEMWESs in
which the cell voltage is constant. A slight decrease in cell voltage
may occur during the first ten hours most likely due to the cell
break-in during which the optimal interface between the electro-
catalyst and electrolyte is formed. Fig. 6b shows the gradual cell
voltage increase over time (Type 1). This is the most common
degradation behavior and it often appears concurrently with
other voltage behaviors. The primary cause of this behavior is
the loss of a cationic functional group of the AEM that increases
the cell’s resistance. Catalyst dissolution/aggregation or other
slow degradation of MEA components can also be the cause of
this voltage behavior. In this mode of degradation, the cell
degradation rate (V h™") is well defined. Fig. 6¢ shows a stepwise
increase in voltage (Type 2). This type of voltage behavior
originates from rapid performance decay due to catalyst activity
loss or local pH change by ionomer oxidation. Fig. 6d shows a
spike type of voltage behavior (Type 3). Cell degradation occurs
within a short period, but this degradation is recoverable. Change
in the liquid electrolyte concentration or water transport issues
due to evolving gas®" may cause such voltage behavior. Fig. 6e
shows a gradual voltage decrease (Type 4), which is the opposite
behavior of Fig. 6b. A gradual increase of hydrogen crossover by
AEM thinning may cause this behavior. This voltage behavior
makes the durability evaluation by cell degradation rate difficult
as the cell degradation rate does not accurately reflect the
degradation process. If AEM thinning occurs with cationic group
degradation, then the cell voltage may look constant. Therefore,
the cell showing a stable cell voltage may need to be placed in a
longer-term test or have the faradaic efficiency measured. Fig. 6f
shows catastrophic failure. The mechanical failure or pinhole
formation of AEM can result in such behavior (Type 5).

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Various voltage behaviors of AEMWEs during 100 hour extended-term test at a constant current density.

3.2. Effect of bipolar plates and gas diffusion layers on
AEMWE’s durability

The choice of proper bipolar plates (BPs) with flow fields and
gas diffusion layers (GDLs) is crucial to AEMWE performance
and durability. Fig. 7a shows the schematic of BP and GDLs in a
single cell. In AEMWESs, BPs are used to conduct current and
heat, distribute reactants (H,O) into and products (H, and O,)
out of the active area, and provide mechanical support as well
as separation for the stack. Due to the less corrosive alkaline
environment in AEMWESs compared to PEMWEs, cheap materials
such as stainless steel (SS) and graphite can be used for BPs in
the research which would greatly reduce the stack cost.®*%>%3

However, the degradation and corrosion of the BPs in AEMWEs
may still occur with an improper selection of the chemical
composition of BP materials and surface property as well as
AEMWE operating conditions. Although SS materials can provide
good corrosion resistance in alkaline solutions in AEMWESs, SS
alloys with increasing Ni and Cr contents will provide severe
passivation and form metal hydroxides (FeOOH, CrOOH) on the
anode of the BP’s surfaces leading to high interfacial contact
resistances (ICRs) and high overpotentials in the stacks.®**°
Graphite BPs are not suitable for long-term use with high
potentials in the anode since carbon materials are susceptible
to corrosion under OER conditions in the presence of OH™ ions,

—— First stability test
—— Second stability test
—— Without catalyst

10 min to remove the bubbl

2 4
Time (hour)

6 8 10 12 14 16

Fig. 7 (a) Typical components in AEMWEs with AEM, bipolar plates (BPs) and gas diffusion layers (GDLs). (b) Felt-type GDL.8® Reproduced with
permission.8® Copyright 2021, American Chemical Society. (c) Foam-type GDL.8” Copyright 2013, Elsevier. (d) Visualization image of trapped gas bubbles
in the microfluidic chip representing a foam GDL.8 Reproduced with permission.®® Copyright 2014, Elsevier. (e) Stability test of the water electrolyzer,
showing the first 10 hour stability test, removing bubbles, and then the second 6 hour stability test.5® Reproduced with permission.8° Copyright 2019,
Elsevier. (f) Thin well tunable GDLs with straight pores and gradient porosity.® Copyright 2017, Royal Society of Chemistry.
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which are excellent nucleophiles.'* Compared to PEMWES, very
few publications discuss the durability of BPs in AEMWEs.
Therefore, more studies that explore the corrosion resistance,
flow field patterns, and surface treatments for durable BPs in
AEMWEs are needed.

The GDL is a porous transport layer located between the
catalyst layer and the BP for transferring electron, mass and
heat between the two components. Coating a GDL with catalysts
results in a gas diffusion electrode (GDE) or a catalyst-coated
substrate (CCS). Commonly used GDLs in AEMWEs include
carbon paper or cloth, SS felt or mesh, Ti felt or foam, Ni foam,
etc. (Fig. 7b and c).* Mechanical/physical problems (e.g., over-
compression, low permeability and wettability) and chemical/
electrochemical failures (e.g. corrosion, erosion, and oxidation)
can contribute to GDL degradation, further reducing the dur-
ability of AEMWEs. As aforementioned, since the OER condition
and OH™ ions lead to the corrosion of carbon materials during
long-term operation, carbon GDLs can be more easily corroded
than graphite BPs due to the higher concentration of OH™ near
the AEM. Similar to BPs, the passivation layer on SS and Ti GDLs
can ensure AEMWE durability, which also leads to a high ICR.
Additionally, the corrosion of metallic GDLs occurs when the
voltage is above 2 V.°! Therefore, the corrosion of SS GDLs leads
to the degradation of contact points between GDLs and catalyst
layers causing increased MEA resistance and weak durability of
AEMWESs. Although a lower operation voltage (<1.9 V) may
reduce the corrosion of GDLs and improve the durability, the
current density will be sacrificed, resulting in a lower hydrogen
production rate.

More importantly, GDLs play an essential role in the mass
transport of reactants and products. Recent studies have found
that the mass transport aspect of GDLs also impacts the
stability and durability of AEMWEs. During the electrolysis
operation, oxygen bubbles on the anode must be removed from
the GDL as soon as possible to prevent them from blocking
catalyst active sites, especially at high current densities. Bazylak
et al. visualized the gas bubble transport in GDLs to study how
GDL geometry affects the multiphase flow in electrolyzers.®®
Microscopy images showed that gas bubbles were trapped in
the microfluidic chip representing a porous foam-based GDL in
Fig. 7d. This can cause a greater mass transport problem
in foam-based GDLs compared to felt-based GDLs. In addition,
the researchers also found that the porosity, thickness, and
pore diameter of GDLs greatly affect bubble accumulation in
GDLs. Another study confirmed that the trapped gas or gas
accumulation in GDLs greatly impacted the stability of AEMWES,
as shown in Fig. 7e.% In the stability test of AEMWES, catalyst-
coated carbon clothes were used as GDEs, and 1 M KOH was
pumped into AEMWES with a flow rate of 60 mL min~". In the first
10 hours (black line in Fig. 7e), slow degradation of 3 mAcm >h™"
was observed. Then, the power supply for the AEMWE was turned
off, but the water pump kept working to pump out H,/O, bubbles
from the cell for 10 min. Interestingly, the performance of the
AEMWE almost fully recovered after resuming the test (red line in
Fig. 7e), and the current density returned to its initial value,
indicating that the decay in the first 10 hours was due to the
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bubble accumulation and the blockage of water transportation in
GDLs. Bubble accumulation and the resulting dehydration of
catalyst layers and AEMs caused the blockage of reaction sites,
starvation, and reduction on OH™ conductance. This process may
lead to not only short-term stability problems but also severe
degradation over a longer period of time.

To the best of our knowledge, few studies have been
reported on the BPs and GDLs for durable AEMWESs. Thus,
more investigation is needed. Pt coated Ti BP/Pt coated Ti GDL
and graphite BP/carbon paper could be used at the anode and
cathode, respectively, as baseline materials to evaluate other
components of AEMWESs for benchmark c