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Recent progress in understanding the catalyst
layer in anion exchange membrane electrolyzers —
durability, utilization, and integration

Emily K. Volk, @22 Melissa E. Kreider, (2 ° Stephanie Kwon {2 *< and Shaun M. Alia*°

Anion exchange membrane water electrolyzers (AEMWEs) are poised to play a key role in reducing
capital cost and materials criticality concerns associated with traditional low-temperature electrolysis
technologies. To accelerate the development and deployment of this technology, an in-depth
understanding of cell materials integration is essential. Notably, the complex chemistries and interactions
within the catalyst layer (consisting of the anode/cathode catalyst, anion exchange ionomer, and their
interfaces with the transport layers and membrane) collectively influence overall cell performances,
lifetimes, and costs. This review outlines recent advances in understanding the catalyst layer in AEMWEs.
Specifically, electrode development strategies (including catalyst deposition techniques and
configurations as well as transport layer design strategies) and our current understanding of catalyst—
ionomer interactions are discussed. Effects of cell assembly and operational variables (including com-
pression, temperature, pressure, and electrolyte conditions) on cell performance are also discussed.
Lastly, we consider cutting-edge in situ and ex situ diagnostic techniques to study the complex
chemistries within the catalyst layer as well as discuss degradation mechanisms that arise due to the
integration of cell components. Simultaneously, comparisons are made to proton exchange membrane
water electrolyzers (PEMWEs) and liquid alkaline water electrolyzers (LAWE) throughout the review to
provide context to researchers transitioning into the AEMWE space. We also include recommendations
for standard operating procedures, configurations, and metrics for comparing activity and stability.

Hydrogen (H,) production from water electrolysis allows for the efficient conversion of low-cost renewable electrons to stored chemical energy, thereby limiting
the curtailment of variable renewable energies (e.g., wind and solar) and creating a promising long-term energy storage medium. This ultimately provides green
pathways for carbon-intensive and hard-to-decarbonize sectors including transportation; steel, cement, and ammonia production; and chemical synthesis, and
facilitates the energy transition from fossil fuels to variable renewable energy sources. Current barriers to water electrolysis penetration in the market originate
from the costly and rare materials required by current state-of-the-art PEMWEs and the low efficiency and incompatibility with intermittent operation of
commercial LAWEs. AEMWESs have the potential to offset these concerns by providing green H, production at high operating current densities and with the
potential for intermittent operation, while utilizing earth-abundant, non-platinum group metal (PGM) materials. Understanding the materials, interfaces, and
interactions within the catalyst layer of these devices is a critical next step to facilitate the development and deployment of AEMWE technology.

1. Introduction

and storage of low-cost, variable renewable electrons and,
ultimately, decarbonization across sectors."™ Current indus-

Green H, produced via electrochemical water splitting has trial methods, however, face cost and scalability challenges.>*
emerged as a key energy carrier to facilitate the integration Liquid alkaline water electrolyzers (LAWEs) traditionally

suffer from low operating current densities (on the order of
100 s of mA cm?),” highly caustic electrolyte (>7 M KOH)
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patibility with H, backpressure, thus requiring costly H, gas
separation and compression upstream for industrial

. . 2
¢ Department of Chemical and Biological Engineering, Colorado School of Mines, lmplementatlon- State-of-the-art proton eXChange membrane

Golden, Colorado 80401, USA. E-mail: kwon@mines.edu

water electrolyzers (PEMWEs) allow for both high operating
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current densities (2-5 A cm™2 at 1.8-2.0 V)°® and significantly
decreased H, separation costs with the ability to apply H,
backpressure.>* The harsh, acidic near-surface environment
in PEMWE systems, however, requires the use of expensive and
rare platinum group metal (PGM) materials for catalysts and
component coatings (transport layers and separators),” impos-
ing capital cost* and materials criticality”"® concerns. Further,
there is interest to move away from the fluoropolymer materials
often used for the membrane and ionomer in PEMWE systems
due to high costs and growing concerns over the lasting effects
of fluoropolymers on human health and the environment."
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Anion exchange membrane water electrolyzers (AEMWE) are
an emerging technology that encompass the benefits of
both LAWE and PEMWE technologies. Like PEMWEs,
AEMWE systems utilize polymer-based electrolytes and a zero-
gap approach to achieve high operating current densities
(>1 A cm™? at 1.8 V)."">'* AEMWE systems can also allow
for the application of H, backpressure to minimize H, separa-
tion costs.>*>'® More importantly, these systems operate with a
near-surface alkaline environment, which allows for the use of
non-PGM materials for catalysts and other components,***"”
thus significantly reducing capital cost and materials criticality
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Fig.1 Number of publications mentioning “alkaline electrolysis (grey,
AWE)"”, “liquid alkaline electrolysis” (green, LAWE), “proton exchange
membrane electrolysis” (red, PEMWE), and “anion exchange membrane
electrolysis” (blue, AEMWE) over the last 30 years. Data obtained from Web
of Science on 08/01/2023.

concerns. Furthermore, AEMWE systems typically operate with
dilute supporting electrolytes (i.e., 0.1-1 M KOH or K,CO3), or,
possibly, with pure water feeds,'® reducing operating cost and
materials durability concerns related to the high-concentration
electrolytes typically used in LAWE systems.

Over the last decade, interest in low temperature electrolysis
technologies has risen rapidly. Fig. 1 shows Web of Science
search results for the keywords “alkaline electrolysis” (grey
diamonds), “liquid alkaline electrolysis” (green squares), ‘“pro-
ton exchange membrane electrolysis” (red triangles) and
“anion exchange membrane electrolysis” (blue circles) by year.
Alkaline electrolysis is by far the largest field, with renewed
interest developing in the late 20th century. AEMWE and
PEMWE have comparatively skyrocketed in relevance in the
last 5 years; search results for ‘“anion exchange membrane
electrolysis” yielded 761 publications, 485 of which were pub-
lished in the last 5 years (i.e., 2019-present). Because “alkaline
electrolysis” may have inadvertently included results from
AEMWE, we also looked at the trends for ‘“liquid alkaline
electrolysis”; interestingly, this term emerges in 1991 and
doesn’t increase above 5 publications per year until 2015, at
the same time as AEMWE interest beings to rapidly increase,
suggesting its emergence was to help distinguish research in
traditional LAWE vs. novel AEMWE. As the AEMWE system is
an emerging technology within the field, there is a need to
translate the lessons learned from PEMWE and LAWE to
AEMWE and to elucidate the differences among these
technologies.

Several reviews have covered recent component-level
advances in AEMWE technology,"®*® including for mem-
branes/ionomers®**° and catalysts.*** A significant improve-
ment has been made over the course of the last 5-10 years in
enhancing the ionic conductivity of anion-exchange polymers
(>100 mS cm™')*® and prolonging the stability of AEMWE cells
(stability tests of up to 10 000 h have been reported).>* 272935742

© 2024 The Author(s). Published by the Royal Society of Chemistry
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More recently, several studies have reported novel strategies for
transport layer design by modifying the porosity and morphol-
ogy of materials to enhance AEMWE performance.**** These
improvements, alongside advances in catalyst development,
have enabled AEMWE cell performances exceeding 3 A cm™>
at reasonable voltages (1.8-2.2 V).">**

The reported performances of AEMWE, however, still fall
short of PEMWE counterparts. Both the oxygen (OER) and
hydrogen evolution (HER) reactions typically require higher
overpotentials in AEMWE relative to their PEMWE analogues,
with the OER as the more-limiting reaction in both conditions.®
HER kinetics drop by several orders of magnitude when moving
from acid to base,*>*® and although intrinsic OER kinetics have
been shown to be similar or slightly improved in alkaline vs.
acidic electrolytes, OER kinetics are more limited in AEMWE
than PEMWE at the device level. This discrepancy is likely due
to differences in catalyst-ionomer interactions and less-than-
optimal understanding of materials integration, ink rheology,
and electrode properties that can limit OER kinetics at the
device level. Furthermore, transport layer development in
AEMWE is significantly lacking compared to the PEMWE space,
and advances are needed to improve catalyst-transport layer
interfaces and the transport of liquid reactants and gaseous
products. Many questions remain regarding key device-level
variables, including ideal operating conditions and the role of
the ionomer within the catalyst layer. Few reviews have dis-
cussed such questions and research related to the integration
of the catalyst layer with other device components.

This review aims to cover recent advances in understanding
the catalyst layer in AEMWEs, with a focus on the chemistry
and physics behind the integration of materials at the device
level. To provide context for this review, the current state-of-the-
art in AEMWE cell components, including catalyst, membrane,
and transport layer design, will be briefly summarized in
Section 2. Next, recent advances in electrode development,
including catalyst deposition techniques and configurations,
catalyst-transport layer design strategies, and catalyst-ionomer
integration will be discussed in Section 3. The effects of cell
assembly and operational variables (Section 4) as well as in situ
and ex situ diagnostic techniques that can be used to under-
stand processes within the catalyst layer will be reviewed
(Section 5). Lastly, single-cell stability, with a focus on degrada-
tion mechanisms that arise due to the integration of compo-
nents, will be discussed in Section 6. Throughout this review,
key comparisons between AEMWE and LAWE and PEMWE will
be made to facilitate a knowledge transfer for researchers
transitioning into the emerging AEMWE space.

2. Overview of AEMWE cell
Components and recent component-
level advances

AEMWEs commonly use a cell hardware configuration analo-

gous to that widely used in PEMWE and PEM fuel cell (PEMFC)
technologies (Fig. 2a). However, there is yet no consensus on a

EES Catal., 2024, 2,109-137 | MM
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standard configuration for AEMWE. This is in sharp contrast to
the PEMWE components and assembly protocols that have
been standardized in several benchmarking efforts across the
US, EU, and internationally,””*° including in the Future Gen-
eration Membrane Electrode Assembly (FuGeMEA) configu-
ration outlined by the U.S. Department of Energy (DOE) H,NEW
Consortium.***° This current lack of effective benchmarking
and baselining within AEMWE reflects the current status of the
field and demonstrates the potential for developing and opti-
mizing components across AEMWEs. Common cell compo-
nents used in AEMWEs, as well as areas for future research,
are outlined below. Note, the cell components discussed here
specifically relate to research and development efforts at the
single-cell level; commercial stack components and configura-
tions likely have different design considerations, which will be
addressed but are not the focus of this review.

At either end of an AEMWE are the cell end plates (shown in
blue, Fig. 2a). These end plates have threading for bolts that
provide compression to the cell. The end plates are often made
of aluminium (Al) or stainless steel, which are chosen to apply
necessary compression and to withstand the mild temperatures
of AEMWE (60-80 °C). Beyond performing the desired function,
these materials choices should not have a significant impact on
electrolyzer performance or other materials integration. It is
worth noting that stainless steel exhibits a higher alkaline
stability than Al,"” which may be beneficial in case of a cell
leakage. In PEMWE systems, the end plates are often made of
anodized AL>"

The next components in the cell are the current collectors
(shown in gold, Fig. 2a). The current (or voltage) is supplied

M2 | EES Catal., 2024, 2,109-137

through the current collectors by leads connected to a power
supply or a potentiostat. They thus must be made of materials
with high electronic conductivity to minimize their resistance
contributions to the overall cell configuration. Most commonly,
Au-plated Cu is used for the current collectors for both AEMWE
and PEMWE."

The current collectors are then in contact with the flow fields
or bipolar plates (shown in grey, Fig. 2a) through which the
liquid reactant (i.e., water or supporting electrolyte) flows into
the cell. Flow fields for AEMWEs are most often made of
stainless steel or Ni due to their alkaline compatibility, analo-
gous to the materials choices in LAWE, without the need for the
PGM coatings used in PEMWEs. Yet, one must be cautious in
using stainless steel because it is prone to dissolution and
can introduce Fe contaminants into the electrolyte, which have
been shown to significantly impact the performance of Ni and
Co materials; specifically, Fe contaminants have been shown to
boost the OER activity of these catalytic systems.’>* Fe con-
tamination in the electrolyte has also been shown to negatively
impact long-term durability in pure-water feeds due to interac-
tions with the ionomer (details in Section 6).>* The use of Ni for
flow field materials also has some concerns. Although Ni is
stable against dissolution in alkaline and oxidizing environ-
ments, it is likely to passivate (i.e., form a less-conductive oxide
layer) and deform over time, decreasing cell performance. It is
therefore necessary to routinely polish Ni flow fields to avoid
complications such as increased contact and high frequency
resistances.

In comparison, PEMWE systems utilize flow fields made of
Ti due to its acidic stability. Pt or Au protective coatings are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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often used to help with longevity and minimize contact
resistances,” although the use of PGM or noble-metal-based
materials can contribute to cost concerns. Ti oxidation (i.e., to
TiO,) can lead to increased contact resistances, which can
result in a decrease in overall cell performance.’® Learning
from these experiences in the PEMWE field, the use of such
conductive coatings may be a good strategy to pursue for
AEMWE flow fields to prevent increased contact resistances
caused by Ni oxidation and thus to suppress cell degradation.

At the center of the cell is the membrane electrode assembly
(MEA). The MEA is composed of the anion exchange
membrane, anode/cathode catalyst layers, and transport layers,
all framed by polytetrafluoroethylene (PTFE) gasketing (for
research cells with no H, backpressure) with a typical total
thickness of <1000 um. Each individual component within the
MEA will be discussed in the following paragraphs.

The anion exchange membrane functions as the electrolyte
material in AEMWESs, analogous to the proton-conducting
membranes used in PEMWESs. The membrane is typically made
of a conductive polymer containing positively charged func-
tional groups (often N-based) to allow for the transport of OH™,
although there is yet no standardization for the membrane
choice. This contrasts with PEMWESs, where Nafion is often
used as the standard proton-conducting material. Several
reviews have highlighted recent advances in polymer chemistry
for anion exchange membranes and ionomers,”*>° including
those that are commercially available.>® Recent developments
in cation functional groups, side chain engineering, cross-
linking strategies, and backbone development have resulted
in anion exchange polymers that have high ionic conductivity
and alkaline stability. Such developments allow for extended
durability testing for AEMWE cells and bring the technology
closer to commercialization.

On either side of the anion exchange membrane are the
transport layers, which are also called gas diffusion layers
(GDLs) or porous transport layers (PTLs). The transport layer
facilitates the transport of liquid reactants (i.e., water or sup-
porting electrolyte) and gaseous products (i.e., H, at the cath-
ode, O, at the anode; Fig. 2b) and must be electronically
conductive to allow electrons to move between the catalyst
particles and the current collectors. It is also important to note
that, on the anode side, the transport layer must be able to
withstand high potentials (i.e., often up to and exceeding 2 V)
and an aqueous, alkaline environment (i.e., pH of 12-14).
Common materials for transport layers in AEMWEs include C
paper and Ni, Ni alloy, or stainless steel meshes and
foams,>"*”*® although C is not a viable choice for the anode
transport layer because it oxidizes and degrades at high poten-
tials and pH.>>*°

Comparatively, transport layers in PEMWESs often consist of
C paper at the cathode and Pt-coated Ti at the anode.®® Ti is
chosen due to its acid compatibility (i.e., it passivates but does
not corrode) and manufacturability, while Pt provides neces-
sary electronic conductivity.®' Transport layer properties are
critical for facilitating interfacial contact with the catalyst layer
and can heavily affect site accessibility. For PEMWEs, research

© 2024 The Author(s). Published by the Royal Society of Chemistry
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has suggested that the use of a microporous layer (MPL) at the
catalyst-layer interface can help facilitate interfacial properties,
including improved ionic and electronic contacts and increased
active-site accessibility.°*®® The MPL is usually a few microns
thick and has a smaller mesh size than the bulk of the transport
layer to facilitate these improved interfacial contacts. Such use
of an MPL is currently less studied in the AEMWE community,
although a recent study by Razmjooei et al. showed an improve-
ment in performance by utilizing a transport layer topped with
a Ni MPL in an AEMWE.*® This work suggests that AEMWE
performance could be improved by engineering the interface
between the catalyst and transport layer material; this will be
discussed further in Section 3.2. Lastly, transport layer design
also impacts membrane durability; transport layers can provide
structural support to the membrane and prevent excessive
creep (caused by swelling) into the catalyst/transport layers.
Such behaviors can occur when surface porosity is too high,
especially under H, backpressure operation, as has been shown
in PEMWEs.**

PTFE gaskets frame the transport layers and facilitate
desired compression to the cell. Note that gasketing can be
used for ambient pressure cells, but other methods are likely
required for high-pressure operation; pressurized operation
and effects of cell compression are discussed in Section 4.1.
The thickness of the gaskets can be adjusted individually for
the cathode and anode, allowing for different compressions as
well as the use of different transport layer thickness on
either side.

In between the transport layers and anion exchange
membrane are the anode and cathode catalyst layers. In this
review, the catalyst layer specifically refers to (1) the catalyst
particles themselves, (2) the anion-conducting polymer
(referred to as the ionomer) dispersed with the catalyst parti-
cles, (3) their interface with the porous transport layer, and (4)
their interface with the anion exchange membrane (shown
schematically in Fig. 2b and as a cross-sectional SEM image
from JM Mora et al.®® in Fig. 2c). Anode and cathode catalysts
can be deposited either on the membrane (catalyst coated
membrane, or CCM, approach) or on the transport layer
(catalyst coated substrate, or CCS, approach); the pros and cons
of these approaches are discussed in Section 3.2. The most
common deposition methods for anode and cathode catalyst
layers involve spraying from an ink (which can ultimately
translate to manufacturing techniques, such as a roll-to-roll
coating), though other deposition methods will be discussed in
detail in Section 3.1. The catalysts are often deposited as a
mixture with the ionomer (Fig. 2b); the role of ionomers and
details of catalyst-ionomer integrations are discussed in
Section 3.3.

Both anode and cathode catalyst layer designs involve many
of the same variables and considerations, including catalyst
loading, ionomer content, and electrolyte conditions, among
others. Anode catalyst layers, however, unlike cathode catalyst
layers, must be able to withstand high voltages and thus highly
oxidative conditions. Further, cathode catalyst layers have
different hydration considerations, especially when AEMWEs

EES Catal, 2024, 2,109-137 | M3
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are operated cathode dry (discussed further in Section 4.2).
Similarly, the electrolyte flow configuration (i.e., DIW vs. sup-
porting electrolyte, cathode wet vs. dry) will affect necessary
ionomer contents and these needs may vary between anode and
cathode catalyst layers. These topics are discussed further in
Section 3.3.

The most commonly used catalysts in PEMWE are Pt/C and
IrO, for HER and OER, respectively.” The acidic near-surface
environment of PEMWEs necessitates the use of these expen-
sive and rare PGM materials, as non-PGMs oxidize into soluble
forms at such conditions.!” In fact, even Ir-based materials
become thermodynamically unstable at the harsh OER reaction
conditions in both acid and base;'”**®” Ir has been shown to
dissolve via multiple routes at high anodic potentials, including
via the formation of IrO; (g) and, subsequently, to soluble
Ir04>",% raising concerns over the long-term durability of Ir
in electrolyzers.

Like in PEMWE, Pt/C and IrO, have historically been com-
mon choices for AEMWE catalysts. However, the alkaline
environment of AEMWEs also allows for the use of non-PGM
materials. First-row transition metals (e.g., Ni, Fe, Co, and Mn)
have been studied in many forms, including metallic nano-
particles, polycrystalline metals, sulfides, nitrides, and
oxides,®®! which are shown to be active for OER in alkaline
media. Metallic species often exhibit higher OER reactivities
than the respective oxides, but oxidative conditions (i.e., high
potential and pH) at the anode likely mean that any starting
material eventually converts to an oxidized (i.e., oxide or
(oxy)hydroxide) form in situ.”” Recent works have explored the
effects of varying composition (e.g., mixed metals and/or het-
eroatom X-ides, including nitrides, sulfides, phosphides,
etc.),”>7* of the use of different oxide forms,”®”® and the use of
supports”®®' to enhance catalytic activity, active surface area,
and electronic conductivity; such advances in catalyst develop-
ment have been reviewed previously.**>*

For the HER in AEMWE systems, many studies still use
PGM-based catalysts, primarily Pt or PtRu on high surface area
C, analogous to those used in PEMWE.**"** More recent works
have focused on developing alternative non-PGM materials,
including CoNiO,,% NiCu oxide,*® and Ni/CeO,-La,0;/C.*
Performance enhancements have been observed for transition
metal phosphides and sulfides, such as VCo-P*® and Feg ,Nig g—
Po.5S0.5,°° and there has been significant interest in NiMo-based
alloys.">?°™°? It is instructive to note that the optimal loadings
for non-PGM cathode catalysts in an MEA are typically several
times greater than those for PGM catalysts; for example Tricker
et al. found optimized cathode loadings of 0.3 mg cm™ > and 1.6
mg cm 2 for Pt/C and CoNiO,/C, respectively.®® The necessity of
higher loading may be due to lower accessible surface areas
and/or lower per site activity compared to PGM catalysts
supported on high surface area carbons. These materials are
often unstable and induce performance drops on the order of
100-200 mV at 10 mA cm ™ in three-electrode, rotating disc
electrode (RDE) studies vs. PGM cathode catalysts;”*"°> more
work is therefore required to develop non-PGM catalyst options
for HER. Promising catalysts must also be tested in AEMWE

M4 | EES Catal, 2024, 2,109-137
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devices, since RDE activity is not necessarily predictive of
performance in a device due to significant differences in the
catalyst layer environment and transport processes, as has been
demonstrated for PEMFCs.”®

For both anode (OER) and cathode (HER) catalysts, consid-
erations must also be made to material cost, availability, and
criticality. As discussed, PGMs, such as Ir, have been identified
as having high material criticality,”'® motivating the develop-
ment of non-PGM materials for OER and HER catalysts as well
as, more largely, AEMWE cell components. However, not all
non-PGMs have equal material costs or criticalities. For exam-
ple, Co has appeared alongside PGMs on critical materials lists
globally;>'*%” considerations to the long-term viability and
costs of sourcing different catalyst materials must be weighed
alongside measures of activity and stability.

The following sections will dive deeper into recent advances
in understanding how these individual components integrate
in AEMWEs, with specific focus on the catalyst layer and how
key interfaces impact the overall cell performance (e.g., over-
potentials, accessibility of active sites, stability, etc.).

3. Recent advances in electrode
development and configurations

Electrode manufacturing, including catalyst deposition meth-
ods, configurations, and composition, have been shown to
impact the overall performance of PEMFCs, PEMWEs, and,
more recently, AEMWEs. The following sections will explore
recent advances in electrode development, including catalyst
deposition techniques (Section 3.1), strategies for integrating
catalysts with membranes and transport layers (Section 3.2),
and catalyst-ionomer interactions and integration strategies
(Section 3.3).

3.1 Catalyst deposition techniques

There are numerous strategies for depositing catalytic materials
onto the membrane or transport layer. These deposition stra-
tegies can affect the type and nature of active sites (ie.,
chemical structures of the catalytic materials), the degree to
which active sites are exposed, and the network of electronic
and ionic conductivities between catalysts particles as well as
between the catalyst and the transport layer or membrane.
The most commonly used technique is spraying a catalyst
ink, composed of catalyst particles, ionomer, water, and alcohol
(e.g., n-propyl or isopropyl alcohol, ethanol, etc.), onto a sub-
strate (e.g., membrane or transport layer)."*°*'% This method
has also been widely implemented in PEMWE research.'*!
Typically, spraying can be performed by hand using an airbrush
(Fig. 3a) or by using an automated ultrasonic spray system
(Fig. 3b), both of which provide varying degrees of control
regarding deposition homogeneity. Typical, the tuning vari-
ables for these spraying techniques include ink composition
(including solvent choice and concentration as well as catalyst/
ionomer ratios) and preparation (including sonication and
icing procedures), deposition temperature, and deposition

© 2024 The Author(s). Published by the Royal Society of Chemistry
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time. Ink compositions need to be optimized for each catalyst-
ionomer pair, which can otherwise lead to significant discre-
pancy between research groups and research publications, as
shown previously in the PEMWE and PEMFC spaces.'*>**” For
example, the water and alcohol content in the ink solution
affects the surface tension of the ink, which, in turn, impacts
the dispersion of the catalyst in the ink and the ink drying
rates, all of which can significantly impact catalyst layer micro-
structure (Fig. 3c), as shown previously for PEMFCs."*>'%” The
ionomer content can similarly impact ink rheology as well as
catalyst dispersion, which has been shown to have significant
impacts on catalyst layer microstructure in PEMFCs'%*'% and
PEMWESs.'°® Catalyst agglomeration in inks can lead to less-
than-ideal surface areas of nanoparticle catalysts, impacting
activity. Different sonication procedures can help mitigate
catalyst and ionomer agglomeration, as has been shown in
PEMFCs (Fig. 3d),"** and such procedures must be developed
on a case-by-case basis depending on the catalyst-ionomer pair
used. The results depicted in Fig. 3c and d show that ink design
choices can have substantial effects on catalyst layer structure;
such lessons from these results are importantly transferable to
AEMWESs. Although optimizing each variable can be challen-
ging and time consuming, the abundance of tuning variables
can provide a high degree of control in terms of catalyst layer
thickness and microstructure. These spraying techniques also
have the advantage of facile scalability, adaptation to existing
commercial manufacturing methods (ie, roll-to-roll
coating),’®® and the ability to further optimize for cost and
processing needs.

Ink-spraying methods generally require the use of an iono-
mer or a polymeric binder to adhere the catalyst particles to the
substrate (i.e., membrane or transport layer). The ionomer may

© 2024 The Author(s). Published by the Royal Society of Chemistry

also serve as an ion conductor that helps to shuttle OH™ ions
through the catalyst layer to/from catalyst active sites. This is
especially critical in pure water operation, where the ionomer
phase is the sole ion conductor. Yet, such ionomers or polymers
can inhibit electronic conductivity pathways between catalyst
particles and between the catalyst and transport layers, as well
as block catalyst active sites, leading to decreased cell perfor-
mance. The catalyst can also facilitate oxidation and loss of the
ionomer, leading to instability within the catalyst layer and to
long-term durability concerns,”*'**'*® which will be discussed
in more detail in Sections 3.3 and 6.

In supporting electrolyte, anions in the bulk-liquid phase
provide additional OH™ conductivity and an ionomer may not
be required as an ion conductor. As a result, catalyst deposition
techniques that do not require the use of ionomer or polymeric
binder can be used, reducing concerns of site-blocking by the
ionomer and of inhibited electronic conductivity. If desired, an
ionomer can be integrated after electrode coating to facilitate
operation in pure water feeds. Such “direct” deposition meth-
ods that bypass the use of ionomers include electrodeposition,
chemical vapor deposition, physical vapor deposition (e.g,
sputtering),""" and plasma deposition,”"'**'** which differ in
the ways to deposit active catalysts on to the cell components.

In the electrodeposition method, the substrate material
(often the transport layer) is submerged in an electrolyte
containing metal ions of the desired catalyst type, and potential
is applied to deposit the metals on the substrate.'*''> These
materials can be grown as oxides or oxidized ex situ to the
desired form. Unlike airbrush spraying, electrodeposition
methods avoid ink rheology concerns and discrepancies;
instead, catalyst layer thickness and structure can be precisely
controlled via changes to the concentration and identity of the
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electrolyte solution and to the electrodeposition time and
potential.*""***"'8 This then allows for the formation of catalyst
layers on the nanoscale, which can be advantageous in terms of
maximizing active surface areas and minimizing mass
transport losses related to evolved gasses navigating the
catalyst and transport layers. For example, Sanchez et al. uti-
lized an electrodeposition technique on oxidized C-based
transport layers to achieve low loadings of Co-based HER
catalysts, decreasing mass transport resistances and increasing
overall cell performance.'” Relatedly, several other recent
studies have employed this technique to create three-
dimensional structures and enhance both OER and HER per-
formance by increasing active surface areas and tuning mor-
phological properties,*!16-118:120

Other strategies include thermochemical deposition, where
the catalyst materials are grown directly onto the transport layer
or membrane without the use of applied potential."”** Vapor
deposition techniques typically involve vaporizing metal pre-
cursors into inert carrier gases (e.g., Ar, N,, or He), which then
deposit on a substrate material to form thin catalyst layers.
These vapor deposition techniques include chemical vapor
deposition,'** physical vapor deposition (e.g., sputtering),"**
and plasma deposition.”""'>'*?

Lastly, considerations of the compatibility of different elec-
trode deposition methods with established manufacturing
methods (e.g., doctor blade, slot die, gravure, roll-to-roll, etc.)
are also important. For example, spray techniques, and the
associated ink developments required, lend themselves readily
to roll-to roll coating techniques, as has been shown for
PEMFCs. "%

3.2 Catalyst-membrane and catalyst-transport layer
integration strategies

As mentioned above, catalysts can be deposited on the
membrane or on the transport layer (CCM or CCS). For
PEMWE, the CCM approach is most popular. In the AEMWE
space, however, the preferred configuration (CCM vs. CCS) is
still being determined.

Several studies have utilized the CCM deposition tech-
nique for AEMWEs.'**®1237127 Hnjt et al. investigated the
CCM approach with NiCo,0, and NiFe,O, catalysts airbrush-
sprayed directly onto a polystyrene-block-poly(ethylene-ranbuty-
lene)-block-polystyrene membrane. The authors found that
there was good contact between catalyst and membrane in
cross-sectional SEM images and saw no catalyst delamination
after testing (20 h at 250 mA cm ™ 2)."** More recently, Koch et al.
utilized a direct bar coating method to create CCMs; their
AEMWE cell exhibited a high current density of 2 A cm ™2 at
1.8 V and low degradation rates of <1 mV h™", showing the
promise of such a method.

Despite these successes, concerns remain over the CCM
approach for AEMWE, and several studies have reported dur-
ability concerns related to the CCM approach. For example,
spraying an ink, typically composed of water and alcohols,
directly on the membrane may causing swelling, mechanical
deformation, and pinholes. In a study by Ito et al., the authors

16 | EES Catal, 2024, 2,109-137
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tested a NiFe catalyst and the same ionomer/membrane (ie.,
AS-4 and A201 from Tokuyama), and saw rapid MEA deactiva-
tion, attributed to delamination of the catalyst layer caused by
poor adhesion of the catalyst particles to the membrane.'**
They hypothesized that this was due to (1) mechanical failure of
the membrane, (2) sheer force imposed by the recirculating
electrolyte, or (3) chemical degradation of the ionomer. They
suggested that the ionomer was not robust enough to serve as a
binder in these systems, and suggested that the CCS approach
may be the preferred choice in AEMWE due to higher
stability.'** These results emphasize the importance of under-
standing the role of the ionomer in AEMWE catalyst layers; if it
can be identified that ionomers are not required for ion-
transport through the catalyst layer in supporting-electrolyte-
fed cases, such concerns over poor binding characteristics for
anion exchange ionomers may be mitigated. Ito et al. further
explored the use of PTFE as a binder;"** this is discussed in
more detail in Section 3.3.

Electrode deposition with the CCS approach has been
proposed to enhance catalyst layer stability by reducing losses
due to catalyst layer delamination. The CCS approach intro-
duces other considerations and concerns, however, such as
increased ionic resistance at the membrane-catalyst layer inter-
face and poor control of catalyst distribution onto/within the
transport layer. Catalyst layer design strategies, including in
how the catalyst particles are integrated with transport layer
and novel transport layer designs, can help overcome these
concerns.

As shown in the schematic in Fig. 4a, transport layer
morphology and porosity can be modified to increase inter-
facial contact with the membrane and improve catalyst layer
utilization, as well to improve liquid and gas transport. Several
approaches have been employed for engineering transport
layers, including utilizing different pore sizes, pore size gradi-
ents, microporous layers, and 3D printed transport layers.

Park et al. investigated the use of an MPL with two different
anode catalysts (i.e., IrO, and NiFe alloy) to improve interfacial
contact between the catalyst and transport layer. This resulted
in improved catalyst utilization, lower ohmic and charge trans-
fer resistances, and improved cell durability. The formation of a
microporous layer was facilitated by deposition via the CCS
approach due to the pores in the transport layer.”® In another
study, Razmjooei et al. utilized a Ni MPL on top of a Ni mesh
transport layer to facilitate improved catalyst layer contact with
both the transport layer and membrane, leading to improved
mass transport properties. The authors found that the MPL
provided reduced capillary pressure, allowing more-rapid trans-
port of liquid reactants through the catalyst layer to catalyst
active sites. They also observed decreased ohmic resistances
due to increased catalyst-transport layer contact.*® Similarly,
Park et al. used a pore-graded transport layer and unified
electrode design to improve catalyst layer contact, utilization
and conductivity,'*® as shown in Fig. 4b.

Hot pressing is another technique to help improve inter-
facial properties for CCS-deposited electrodes; this technique
has been studied extensively for PEMFCs, and, more recently,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of different transport layer strategies and the impact on the catalyst layer-AEM interface. Reprinted with permission from Xu et al.,

ACS Energy Letters. Copyright (2021) American Chemical Society.*® (b) Unified electrode strategy. Reprinted with permission from Park et al., ACS Catal.
Copyright (2022) American Chemical Society.*?® (c) SEM images of catalyst layer surfaces with different hot-pressing times. Reprinted from A. Lim et al., A
study on electrode fabrication and operation variables affecting the performance of anion exchange membrane water electrolysis, Journal of Industrial
and Engineering Chemistry, 76, 410-418, Copyright (2019), with permission from Elsevier.*>® (d) Photos of O, gas bubbles evolved at 1 A cm~2 in AEM
electrolyzers with different 3D-printed Ni transport layer pore sizes (40 pm, 100 um, 240 pm, 380 pm, 440 um). (e) Schematic of the anode and cathode
catalyst layers in an AEM electrolyzer (left) and optical microscope image of the 3D-printed Ni transport layer with a pore size of 240 um (right). (f) Optical
microscope images of a commercial Ni foam transport layer vs. a 3D-printed Ni transport layer with a pore size of 240 um. (d)-(f) Were reprinted with
permission from Huang et al., Angewandte Chemie International Edition, Copyright (2023) John Wiley and Sons.**

for PEMWEs.">™"*' Hot pressing utilizes a heated hydraulic
pump to compress the sprayed catalyst layer at different
pressures and temperatures. Hot pressing has several advan-
tages, including decreasing ohmic resistances. Several studies
have utilized this technique for AEMWE systems. For example,
Cho et al. studied the effects of changing the temperature of hot
pressing (i.e., room temperature, 50, and 80 °C) for AEMWEs
consisting of an IrO, anode and Pt/C cathode both with PTFE as
the binder material. The authors found that increasing the hot-
pressing temperature decreased polarization resistances and
led to increased activity; for a cell hot-pressed at 80 °C, the
activity was 1.9x higher than for a sample with no pressing."*>
Later, Lim et al. investigated differences in pressing time and
found that cell performance decreased with increased pressing
time (i.e., from 161 to 118 mA cm ™ at 1.6 V as the pressing time
increased from 0 to 3 min), which they attributed to structural
deformation of the catalyst layer and increased blocking of
catalyst active sites by the PTFE binder; this deformation with
increased hot-pressing time is shown in Fig. 4c.’*® The results
of these two studies suggest that hot pressing can be advanta-
geous, but that considerations must be made to treatment
times to avoid deformation and performance losses.

Focusing on the challenges of transporting electrons, gases,
and water through the anode transport layer, Huang et al
fabricated 3D Ni transport layers with straight-through pores
and variable grid sizes, which were then coated with a NiFe
catalyst. They found that there was a trade-off with grid (pore)
size between mass transport and catalyst utilization, and thus
the best performance was achieved with a gradient in grid size.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 4d shows the results of their study and the differences in
bubble formation for transport layers with different pore sizes.
Compared with a transport layer with a pore size of 240 pm
throughout, using a top layer with a pore size of 240 um over a
bulk pore size of 550 um led to a decrease in overpotential of 38
and 100 mV at 1 and 2 A cm >, respectively.** The surface
morphology and porosities of these 3D Ni transport layers led
to improved mass transport vs. a commercial Ni foam transport
layer; the differences in these transport layers are shown in
optical images from the authors in Fig. 4e and f. Other works
have also used transport layer materials directly as electrodes,
similar to the approach used in liquid alkaline electrolysis;
such works include the study of Ni foam,"****” Ni felt,>”""*® and
SS felt®” directly as catalysts in AEMWEs.

3.3 Ionomer content and catalyst/ionomer interactions

The ionomer is often used in the catalyst layer for multiple
purposes: (a) to adhere catalyst materials to the membrane or
transport layer, (b) to provide ionic conductivity for OH™
species (product in HER and reactant in OER) through the
catalyst layers, and (c) to facilitate ideal rheological character-
istics in catalyst inks for spraying deposition methods. In most
studies, the same polymer is used for the ionomer and
membrane. Many ionomers/membranes have been developed
by research groups'****! and commercially; typical commercial
ionomers include Aemion, Sustainion, Fumasep FAA-3, and
PiperION.*® Important properties for ionomers include their
ion exchange capacity (IEC), water uptake, and swelling, which
can deviate from the properties of the bulk membrane
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depending on the catalyst layer morphology. These properties
are often correlated; high IEC is desirable for good ionic
conductivity but can also lead to high water uptake and swel-
ling, which can then lead to poor mechanical integrity and
delamination of the catalyst layer. These effects have been
studied in part by the Kohl group.'*>'*? There are therefore
benefits to matching ionomer properties to the needs of the
catalyst layer.

The specific role of the ionomer in AEMWE can vary
significantly depending on the materials and operating condi-
tions used. An ionomer is required for pure-water AEMWE
operation to provide transport pathways for reacting OH™
species to/from catalyst sites. In supporting electrolyte, how-
ever, it has been proposed that the supporting electrolyte (e.g.,
0.1-1 M KOH) provides ample ionic conductivity through the
catalyst layer, rendering the ionomer unnecessary for such a
role.”® Lei et al. demonstrated this in their study of a NiFeCo
OER catalyst; they showed that discontinuities in ionomer-
catalyst contact (caused by pH-driven structural changes) had
a less significant impact on OER reactivity in supporting
electrolyte vs. operation in pure water.?” This work is discussed
in more detail in Section 4.2.

Several studies have identified “optimal” values for ionomer
content, with the majority of studies suggesting 5-20 wt%
ionomer in the catalyst layer,5%:9%124123,132,1447148 Thig optimi-
zation is based on a trade-off between having enough ionomer
to provide adhesion and ionic conductivity, and not having so
much that catalyst active sites are blocked or catalyst particles
are electronically isolated.*® Ideal ionomer loading is system-
dependent, however, and will likely be affected by the ionomer
properties, the electrode, and the operating conditions, as will
be discussed in more depth in Section 4.2.

Relatedly, the role of the ionomer likely varies between
anode and cathode catalyst layers. At the anode, the ionomer
may be more susceptible to oxidative degradation pathways
due to the local high potential environments; this is expected
to be less of a concern at the cathode. At the cathode, the
ionomer may play a critical role in providing site accessibility
and reactant/product transport through the cathode catalyst
layer, especially when operated under cathode dry conditions,
even in supporting electrolyte. Understanding specifically how
cathode ionomer content affects performance under different
flow configurations and operating conditions is therefore
necessary.

Preferred ionomer contents may also vary between anode
and cathode catalyst layers. For example, Faid et al. showed that
changing the Fumion ionomer content in the cathode catalyst
layer (Ni/C), for a cell fed with 1 M KOH at both electrodes, had
a more significant impact on cell overpotentials compared to
changing the ionomer content in the anode catalyst layer (NiO).
The authors hypothesized that increased ionomer content
negatively affected the morphology of the catalyst layer, redu-
cing exposed active sites; this hypothesis was supported by SEM
imaging.""” In contrast, using Pt/C and IrO, catalysts with
Aemion ionomer, Koch et al. found anode ionomer loading to
be the more significant variable.'*®> More work is required to
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understand how the membrane, ionomer, catalysts, catalyst
deposition method, and electrolyte used affect optimal iono-
mer loading.

Ionomer degradation is a significant problem with currently
available materials, especially in pure-water operation. As pre-
viously discussed, one such degradation mechanism is
mechanical instability due to swelling. This can be addressed
through tuning of polymer properties to decrease water uptake
and/or increase the elastic modulus.”® Other degradation
mechanisms are related to reactions between the ionomer
and the electrolyte™'*®'*® and catalyst materials.">*"'%'>° In
a study on degradation in AEMFC devices, Diesendruck and
Dekel found that the low-hydration environment present at the
cathode led to non-solvated OH™ with increased nucleophilicity
and ability to degrade the ionomer."*" Similar degradation
pathways may exist in AEMWE cathodes under dry cathode
operation, motivating the use of ionomers with high water
uptake in the cathode catalyst layer. Understanding these
system-specific interactions will be critical to preventing
catalyst-layer reconstruction or delamination, as well as ionic
conductivity losses.

Catalyst-ionomer interactions are particularly likely to lead
to ionomer degradation at the oxidative conditions at the anode
(i.e., high pH, high potential). For example, phenyl groups in
the ionomer backbone have been shown to adsorb to catalytic
active sites, which then facilitate oxidation of these groups
leading to ionomer degradation. Particularly in pure water
feeds, if electronically connected catalyst sites have insufficient
OH™ available to perform OER, these sites may preferentially
oxidize the ionomer instead. Perspectives on phenyl oxidation
have been summarized in a recent review by Matanovik and
Kim.' Catalysts can also interact strongly with ionomer func-
tional groups, with negative impacts on both activity and
stability. For example, Ghoshal et al. showed that the pore-
filled (PF)AEM Gen2 ionomer developed at the National Renew-
able Energy Laboratory reacted with a Co;0, catalyst, suppres-
sing the Co(ui/iv) transition and leading to decreased kinetic
reactivity."'® Krivina et al. have further shown that different
non-PGM catalysts can react differently with ionomers, leading
to variable levels of ionomer degradation and ionic-
conductivity losses; their work is discussed in more detail in
Section 6.>* It is therefore critical to study possible reactions
between relevant catalyst-ionomer pairs to improve stabilities.

In supporting electrolyte feeds, where the ionomer’s primary
role is likely catalyst layer adhesion, alternative polymers with
improved operational stability can be used. For example, PTFE
has been used in electrolyte-fed AEMWEs with promising
results.'0%1?*132146 Cho et al studied the use of PTFE as a
binder in an AEMWE single cell consisting of a Pt/C cathode
catalyst, IrO, anode catalyst, and an A201 anion exchange
membrane from Tokuyama. They found that 5-9 wt% of the
PTFE binder showed superior initial performance than higher
PTFE contents, but that there was rapid degradation caused by
catalyst delamination. When they increased the PTFE content
to 20 wt%, they saw stable AEMWE operation for 1600 cycles
of cyclic voltammetry from 1.5 to 2.2 V, suggesting that PTFE

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(or another polymeric binder) is viable as an alternative binding
agent to ionomer.'?>'4°

Careful consideration of catalyst-ionomer pairs and inves-
tigation into any possible reactions between such materials are
critical to gain deeper understanding of possible AEMWE
degradation mechanisms. Such knowledge has direct implica-
tions for catalyst layer design, where electronic and ionic
conductivity pathways must be created and maintained. Ulti-
mately, understanding ionomer degradation mechanisms and
implementing this knowledge into catalyst layer design can
help facilitate the development of AEMWEs with long opera-
tional lifetimes and assist their wide-scale deployment.

4. Effects of cell configuration and
operating conditions

While many cell assembly variables and cell operating condi-
tions have been standardized for PEMWE systems,*®>® such
variables remain undecided in the AEMWE space. As discussed
in Section 2, discrepancies remain over material choices for cell
hardware, including end plates, flow fields, and transport
layers. Such material choices alongside changes to assembly
and operational variables can directly affect reaction kinetics
and mass transport rates, and thereby lead to differences in cell
overpotentials and stabilities. This emphasizes the need for
understanding and optimizing for these choices, as well as for
standardization across laboratories to ensure comparable
results. Changes to assembly and operational variables, includ-
ing cell compression, temperature, and pressure will be dis-
cussed in Section 4.1, electrolyte variables and pre-treatment
procedures will be discussed in Section 4.2, and the need for
and recommendations for establishing baseline operation and
standardized protocols will be discussed in Section 4.3.

4.1 Effects of cell assembly and operational variables

Cell assembly variables related to material choices and elec-
trode configurations have been discussed in Sections 2 and 3,
respectively. Cell compression is another variable that has been
studied for AEMWEs and PEMWESs, which can be changed by
altering transport layer or PTFE gasket thicknesses. Gasket
stiffness can also play an important role in cell compression;
more-stiff gaskets will prevent additional compression occur-
ring when the cell is closed, whereas less-stiff gaskets can lead
to additional compression. Higher cell compression can lead to
better contact between the catalyst layer and the transport
layers/membrane, which, in turn, can decrease Ohmic and
kinetic losses and improve cell performance. However, overly
high cell compressions can cause membrane tearing or defor-
mation, decreasing cell longevity. Therefore, understanding the
implications of cell compression on performance and durabil-
ity as well as determining preferred compression ranges are
important for advancing AEMWE design.

In the PEMWE space, increasing cell compression has been
shown to reduce interfacial contact resistances and decrease
cell overpotentials, although it may have detrimental effects on
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the mass transport of gaseous products by constricting pores in
the transport layer and increasing hydrogen crossover through
the membrane.'®* For AEMWE systems, recent works provide
insights into the effects of varying cell compression on overall
performance. For example, Xu et al. systematically evaluated
several AEMWE single cells with different levels of cell com-
pression. They found that increasing cell compression led to
higher cell activities, which they hypothesized was related to
increased interfacial contact."*

Temperature is an important operational variable, as
changes to temperature directly affect kinetic rate constants,
thermodynamic equilibrium potentials, and ionic conductiv-
ities. The temperature range for low temperature electrolysis
technologies (including PEMWE and AEMWE) is generally
limited to below 100 °C (i.e., the boiling point for water), with
operation commonly between 50 and 90 °C.> Lim et al. eval-
uated the effects of changing cell operating temperatures in the
range of 50 to 90 °C and found that at a constant overpotential
of 591 mV, there was a +50 mA cm ™ > increase in current density
for every 10 °C increase in temperature. They attributed this
higher activity to increased ionic conductivity in the
membrane, ionomer, and electrolyte and to increased electro-
chemical kinetics."** Tonic conductivity is sensitive to tempera-
ture in the range of 0 to 100 °C, which is known to increase with
temperature. For example, OH™ transport via the Grotthuss ion
hopping mechanism is sensitive to temperature in this
range.'> The authors further saw a 22.6% decrease in Ohmic
resistance and a 21.9% decrease in kinetic resistances mea-
sured by in situ electrochemical impedance spectroscopy (EIS)
as the temperature increased from 50 to 90 °C, demonstrating
that higher temperatures are desirable for high cell activities.

Similarly, in a recent study by Capri et al., the authors
studied an AEMWE containing Fumasep FAA3-50 membrane
and ionomer, NiFe,0, anode catalyst, and Pt/C cathode catalyst
at different temperatures (30-60 °C) and saw a similar increase
in performance with increasing temperature. At 2.2 V, they
reported an increase of + 500 mA cm ™~ with every 10 °C increase
in temperature; their cell produced 1.35 A cm ™ of current at
30 °C and 3 A cm™ > at 60 °C, one of the highest reported current
densities for AEMWE. The authors similarly attribute this
performance gain to an increase in both ionic conductivity
and electrochemical kinetics, supported by decreasing Ohmic
and kinetic resistances observed in in situ EIS."

These works have clearly shown that operating at higher
temperatures has positive effects on cell activities. Increased
temperatures, however, can also accelerate component degra-
dation rates, leading to longevity concerns. Furthering under-
standing of how temperature impacts component-level and cell
durability will be critical, including membrane/ionomer degra-
dation pathways, catalyst-ionomer interactions, and transport
layer and flow field oxidation.

Application of H, backpressure is another cell operational
variable of interest. H, backpressure applied at the cathode
can reduce H, separation and compression costs by mitiga-
ting downstream processing costs.>* In fact, commercial
PEMWEs often operate with 15-30 bar of backpressure at the
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cathode.'>*"® Fewer studies have investigated the effects of H,
backpressure on performance in AEMWEs than in PEMWEs,
likely due to difficulties in designing and obtaining the specia-
lized cell hardware and test stand configurations required to
perform this work.

Recent works studying H, backpressure in AEMWE suggest a
rising interest in this area. Ito et al. evaluated an AEMWE
composed of a CuCoO, anode catalyst, Pt/C cathode catalyst,
and A201 membrane (Tokuyama) at 1, 5, and 8.5 bar of cathode
backpressure. They found that there were negligible increases
in cell overpotential and high-frequency resistances with
increasing cell pressure, and suggested that the pressure range
tested was not sufficient to determine a trend for these
parameters.’*® More interestingly, they found that H, gas
humidity decreased with increasing pressure; specifically, rela-
tive humidity decreased by one order of magnitude from 1 to
8.5 bar."*® Low relative humidity can decrease the need to dry
evolved H, gas downstream, reducing post-processing and
overall operating costs for H, production from AEMWESs. Such
decreased relative humidity in the product stream, however,
may be indicative of membrane dehydration, and future works
to investigate the implications of H, backpressure on water
management throughout the cell will be important to under-
stand and mitigate water transport limitations to the cathode.
Such water-management concerns are discussed further in
Section 4.2.

Applying H, backpressure also has important efficiency and
safety considerations; recent reports from PEMWE have shown
that increasing cathode backpressure can increase rates of H,
gas crossover from cathode to anode, leading to H, loss and
creating unstable H,/O, mixtures and introducing safety
concerns.'®»">”138 Like for PEMWE, anion exchange mem-
branes have some permeability to H,(g), and H, crossover
may also be a concern. Nafion, the standard membrane used
in PEMWE, has been reported to have a H, gas permeability of
approximately 1.73 x 10" mol ecm ' s™* bar " at 30 °C when
fully hydrated."®® Comparatively, Ito et al. found that the A201
membrane (Tokuyama) had a H,(g) permeability of 5.6 X
107"? mol em ™' s7" bar " at 50 °C.">° Other anion exchange
membrane chemistries will have different permeabilities to H,
and these values should be studied and reported. Ito et al
further studied the possibility of H, crossover at 1, 5, and
8.5 bar of backpressure, and concluded that H,(g) permeability
of an AEM was 0.16x that of a PEMWE operating at the same
conditions, indicating the strong possibility for H, backpres-
sure operation and the need to continue to study high-pressure
AEMWE systems."*® Another important consideration is that H,
backpressure operation is only feasible when the cell is oper-
ated at cathode-dry conditions (i.e., no water or supporting
electrolyte feed to the cathode), which can lead to problems
related to water management in the membrane, which will be
discussed in more detail in Section 4.2.

Cell pre-treatment and conditioning procedures
often employed to break-in electrolyzer cells and yield
improved performance. Such protocols are standardized for
PEMWE,*”*% but remain undetermined for AEMWE. This is, in
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part, due to a lack of knowledge about optimal operating
procedures and practices, as well as the wide range of materials
employed in the field; Section 4.3 discusses the need for
benchmarking, baselining, and standardized protocols
for AEMWE.

Several recent works have reported that conditioning the
membrane with electrolyte, either ex situ or in situ, before cell
operation is necessary to achieve high performance.'**'*® For
example, external membrane soaking before cell assembly is a
common pretreatment procedure, with methods ranging from
soaking in 0.5 to 3 M KOH for several hours up to several days.
Oftentimes, such procedures are utilized to ion-exchange mem-
branes and ionomers to OH™ form, thereby improving ionic
conductivity. These procedures also help to hydrate the
membrane before operation. Other approaches utilize in situ
membrane pretreatment procedures. For example, Cho et al.
found that pre-feeding AEMWEs with 0.5 M KOH decreased
Ohmic losses, likely by increasing ionic conductivity over time.
They showed that pre-treating the cell with 0.5 M KOH before
testing led to increased performance in the order of 0 h <
8 h < 24 h of pretreatment. They also suggested that flowing
electrolyte through the cell was more effective than soaking the
membrane in 1 M KOH for 24 h before assembly."*®

Relatedly, differences in cell conditioning procedures may
dramatically impact AEMWE performance. Conditioning with
potentiostatic vs. galvanostatic control, holds vs. cycling proto-
cols, and different timescales for these procedures undoubtedly
impact cell activity and durability. Such variables need to be
investigated moving forward, to aid both in advancing AEMWE
performance and in understanding and developing preferred
protocols that can be utilized across laboratories.

4.2 Electrolyte variables: including composition,
concentration, and flow configuration

Electrolyte variables - including the choice and concentration
of supporting electrolyte (or lack thereof) and the flow configu-
ration to the cell - can further significantly impact cell perfor-
mance by directly altering OH™ concentrations (reactant for
OER, product for HER) and ionic conductivities, with signifi-
cant impacts on cell reaction kinetics and mass transport rates.

Numerous studies have examined the effects of different
electrolyte choices and concentrations, including the type of
cations (Li*, Na*, K*) and anions (OH™, HCO;~, CO;>", PO,*")
in concentrations ranging from pure water (no salt) to
5 M.8»110:146,1597161 Generally, studies agree that operation in
supporting electrolyte yields higher performance and better cell
stability than pure-water operation. This has been attributed
to better ionic conductivity maintained throughout the
cell,>»#>1%> better stability of the anion conductive polymers
used for cell membranes and ionomer,'®® improved site
accessibility,'®* and near-surface pH effects that cause struc-
tural changes.®” Most commonly, supporting electrolytes con-
taining OH™ species provide higher cell reactivities than those
with carbonates or phosphates, due to both higher ionic con-
ductivities and reduced carbonation/phosphorylation of the
membrane/ionomer. However, the exact role of a supporting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrolyte and how it can affect catalyst layer structure and
overall cell activity and stability are still debated.

Near surface pH changes have been suggested to play a role
in catalytic activities and stabilities. Lei et al compared
AEMWE performance in pure water vs. two different supporting
electrolytes, 10 mM KOH and a phosphate buffer. These two
supporting electrolytes had a similar pH of 12 but were
expected to experience different near-surface pH swings during
water splitting reactions. The authors showed that near-surface
pH changes led to catalyst morphological changes for both pure
water and 10 mM KOH operation; such changes are evident in
SEM images of the anode catalysts before and after the reac-
tions, as shown in Fig. 5a-d. They further demonstrated that
using a phosphate buffer precluded this reconstruction, as
shown in Fig. 5e and f. In the pure water and KOH-fed cases,
the authors hypothesized that there was a loss in ionic contact
related to this reconstruction (Fig. 5¢ and h). Such reconstruc-
tion led to cell deactivation in pure water operation, although
this effect was less prominent in KOH-fed cells because the
additional ionic conductivity provided by the supporting elec-
trolyte was sufficient to overcome losses in the ionomer
network.®>

Zhang et al. similarly noted surface reconstruction effects for
Ni, Fe, and Co-containing oxide catalysts at different pH con-
ditions (ie., pH = 7, 12, and 14). Specifically, the authors
showed a decreased crystallinity for all samples in X-ray
diffraction (XRD) measurements after testing (ie., 6 h at
0.5 mA cm™?) in pure water conditions. They also suggested
that high pH (i.e., 14) was necessary to enhance stability of
these non-PGM catalysts, especially those containing Fe.'®®
Such results indicate the importance of understanding both
near-surface pH effects and the role of the ionomer in AEMWESs
with supporting electrolyte.

The identity of cations has also been reported to impact cell
performance. For example, some works have suggested that

View Article Online

Review

cations can interact with surface-adsorbed *OH and affect OER
activities."®"'*® Kiessling et al. demonstrated that cations with
larger charge densities have more significant stabilization of
adsorbed *OH, resulting in cell activities in the order of K* >
Na“ > Li", where K" yielded the highest cell performance."®*
Possible cation effects on HER have also been proposed. For
example, Chen et al. proposed that, with increasing pH, posi-
tively charged cations co-adsorb with OH, shifting the H
adsorption peak potential. They showed that this shift was also
impacted by cation strength, with further delays in the H
adsorption potential in the order of Li* < K" < Na" < Cs',
where Cs' resulted in the largest delay."®” These results further
provide insights into the disputed non-Nernstian pH depen-
dency of HER. Additional discussion on the role of cations in
HER can be found in the review by Jia et al.'®®

Changes to electrolyte composition during testing have been
shown to impact cell performance. For example, during opera-
tion in pure-water, the activity and durability can be affected if
there is residual KOH (or other supporting electrolyte) in the
reactor lines.'*®*®® Hassan et al. demonstrated this in their
study of an AEMWE with an IrO, anode catalyst, PtNi cathode
catalyst, and XION membrane (from Xergy Inc.). They showed
that when there was residual KOH in the lines, cell activity was
initially higher but degraded faster."®® Similarly, Kiessling et al.
reported significant activity loss after switching from 1 M KOH
to pure water and back to 1 M KOH (Fig. 5j)."°" Relatedly, Lei
et al. showed that extended AEMWE operation using a phos-
phate buffer as the supporting electrolyte led to phosphoryla-
tion of the membrane/ionomer and subsequent performance
losses. They demonstrated that these losses could be reversed
with brief exposure to 0.01 M KOH feeds (Fig. 5i).5* These
results suggest that electrolyte identity and flow protocols can
significantly change performance results.

Electrolyte flow configuration can also play a role in overall
cell performance. Cathode dry operation is desirable due to the

Before After
- . 5
> 22— ———— —— :
(Cathode: Ca: SOwt C - 1 mg/em’ - dry/H2| .
1M KOH before DIW| |AEM: A201 AEM I8
DIW An: 1102 - 2 mg/em’ - IM KOH
10 mM KOH Fed Lol [FO— IMKOH after DIW | (Cellpented @ 0C o]
‘ o _®
- “ ./
0
18F O?./
— 4 1M KOH - after o 7 @
= - 1M KOH - before
125 2 DIW P
b 517} J 0" ¢
80°C, 200 mA/cm’ g o’ o~ 165
Pure Water Fed - EE. P
oy c *' o~ ./ 1.6
o 2.0 o’ e’
o 16+ l o o 1.55 .
= o0 orw
s Ve 4 o0e° .
=W PB PB Og® 145 fani kom - aner 0= 90
st 15F o~ ’2/°/' 1
(¢] KOH KOH 14 =
1MKOH - before
35
Phosphate Buffer Fed N e
4 14
"o 20 40 60 80 100 0 500 1000 1500 2000
Time / hour Current Density / mA/cm?

Fig. 5 Anode catalyst layers before testing (a), (c) and (e) and after testing (b), (d) and (f) in 1 mM KOH (a) and (b), pure water (c) and (d), and phosphate
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stability test in phosphate buffer where the solution was periodically refreshed with KOH (i). Reprinted with permission from Lei et al., ACS Sustainable
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ability to apply H, backpressure and decrease H, separation
costs. Cathode dry operation has also been found to improve H,
gas diffusion through the transport layer, leading to more-
uniform cathode utilization vs. a catholyte-fed case.™*®

Cathode dry operation, however, introduces water transport
and membrane dehydration concerns, especially at high-
current operation. This concern arises, in part, due to the
differences in mass transport requirements for AEMWES vs.
PEMWESs. In PEMWE systems, water is both provided to and
consumed at the anode. However, in AEMWEs, water is pro-
duced at the anode and consumed at the cathode, requiring
water transport through the membrane to supply the reactant
for HER; this is shown schematically in Fig. 6a.'°>'’° As a
result, several studies have investigated the role of water con-
tent and water management in AEMWEs,'#>1431697171

For example, Koch et al. utilized neutron imaging to study
water content at different locations within an AEMWE with
membranes having different IEC. The authors concluded that
membrane dehydration does occur under cathode-dry opera-
tion, and that this effect becomes more pronounced at higher
operating current densities; this is shown in Fig. 6b, where the
membrane showed drier (redder) response from neutron ima-
ging at 1000 mA cm > vs. lower current densities. They further
suggest that choosing a membrane/ionomer with a higher
IEC can reduce cathode-drying complications by facilitating
improved water retention at high current operation; Fig. 6b
shows that wet (blue) regions are more evident for the high
IEC vs. mid IEC case. Overall, they show that when the cathode
is more dry (i.e., with cathode dry operation and with an
anion exchange polymer with low IEC), cell performance is
decreased."”!

As discussed in Section 3.3, high IEC can also lead to
increased ionomer swelling and cell deactivation, suggesting
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that there is a necessary balance. This phenomenon was
investigated by Huang et al. in a two-part publication on
ionomer optimization for water uptake in AEMWEs, covering
both the anode and cathode. The authors suggest that by cross-
linking the polymers in the ion exchange membrane and/or
ionomer with high IEC, such water uptake issues can be
mitigated."*>'*?

Pure-water and cathode dry operation, considered to be
advantages of PEMWE technology, are likely also desirable in
instances for commercialization of AEMWE technology. How-
ever, performance and durability are significantly improved in
supporting electrolyte for traditional catalyst layers, and some
works have suggested that the performance benefits of support-
ing electrolytes outweigh the arguments for pure-water
operation.’”>'”® Furthermore, some authors have argued that
dilute electrolytes may be more cost-effective than ultra-pure
deionized water, which has significant production costs."®*
Still, others have proposed routes for the implementation of
water only operation.'® Therefore, future works are necessary to
evaluate, simultaneously, (1) the necessity of operating
under these proposed “ideal” conditions and (2) the types of
materials that would enable pure-water, cathode-dry operation.
In the meantime, operating in supporting electrolyte allows
for significant developments in the field and improved
understanding.

4.3 Baseline operation and standardized protocols

As discussed in the previous sections, AEMWE is at an earlier
stage of development than PEMWE and LAWE technologies,
and materials for catalysts, transport layers, and anion
exchange polymers are still under active development. Further-
more, these materials behave differently from each other and
have different optimal operating conditions. There are also
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case (bottom left). Blue corresponds to wetter conditions whereas red corresponds to dryer (see legend in top left). Top row is for cells with a mid-ion
exchange capacity binder at three current densities, bottom for a high ion exchange capacity binder at three current densities. From left to right, cathode
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well-known differences in achievable performance based on
operating temperature, PGM vs. non-PGM catalysts, and pure
water vs. supporting electrolyte operation, but little consensus
has been reached in the field about what conditions should be
considered standard. Consequently, there is a lack of baseline
protocols and metrics for cell testing that would allow for direct
comparison across research groups.

As a start, the AEMWE field can borrow some best practices
from PEMWE. There have been efforts within the EU*’ and the
U.S. DOE’s H2NEW consortium*®*° to develop standard testing
protocols with set MEA materials, loadings, and processing
steps to serve as a benchmark for comparison. There have also
been efforts to eliminate intra-group performance variation due
to differences in test stations and protocols through round
robin testing of identical MEAs.*”” Importantly, these bench-
marks do not need to have the highest performance or most
advanced materials; instead, the emphasis is on using com-
mercial materials that are widely available to all research
groups. Initial efforts to standardize protocols for AEMWE have
been conceptualized and started through the U.S. DOE’s Hydro-
GEN consortium'”* and within the IEA,'”> but, as of yet,
decisions regarding appropriate baselining and benchmarking
remain undecided.

Because there are several concurrent lines of research in
AEMWE, there could be several benchmarks, for example
covering PGM and non-PGM catalysts, pure water and support-
ing electrolyte operation, and different classes of membrane
chemistries. Along with having defined materials, the bench-
marks would also need a standard testing protocol and perfor-
mance and/or durability metrics for comparison. Methods for
taking polarization curves, impedance spectroscopy, and dur-
ability tests should be standardized. Standard metrics for
comparing performance (e.g., voltage at 1 A cm 2, current
density at 1.8 V or at a voltage efficiency of 68%'’®) and
durability (e.g., degradation rate in mV h™* at 1 A cm™?) are
also necessary.

Based on the current state of the field, a reasonable bench-
mark cell, particularly to serve as a comparison for novel
membranes and anode catalysts (i.e., PGM cathode, supporting
electrolyte), would be a commercial NiFeO, anode catalyst and
Pt/C cathode catalyst deposited onto Ni and C transport layers,
respectively. While many forms of NiFeO, have been studied,
one of the most common, commercially available forms is
NiFe,O,. This material has been discussed in the literature as
a possible non-PGM benchmark catalyst for alkaline OER.”°
Although NiFe,0, lacks desirable materials properties (its
composition contains more Fe than has been reported
preferable,”>'”” it has relatively poor electronic conductivity,
and available particle sizes are relatively large (~30 nm)), it is
commercially available in relatively large quantities. Further-
more, for catalysts with similar particle sizes, differences
between three different commercial suppliers of NiFe,O, have
been shown to be low in RDE testing;”® NiFe,O, may therefore
be a reasonable candidate for a benchmark OER catalyst. The
best choices for the anion exchange membrane and ionomer
are yet to be known, which has implications for the choice of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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benchmarking temperature and supporting electrolyte. As a
baseline to maximize performance, we recommend 1 M KOH
and 80 °C, although these operating conditions may not be
accessible to all membrane chemistries and can hasten degra-
dation. While activity metrics at either a particular current
density or voltage are relevant for demonstrating progress
towards performance targets, such as the 3 A cm > at 1.8 V
(2026 target for PEMWE from the U.S. DOE),® a current density-
based metric is preferred for comparison due to the widely
varying high frequency resistances (HFR) in AEMWEs that
significantly affect measured cell voltages. Specifically, we
recommend reporting the HFR-free voltage (to account for
differences in cell hardware and membrane resistances) at
1 Acm ™2, an industrially relevant current density. For durability
assessments, the U.S. DOE PEMWE and LAWE targets are
stated in terms of a mV h™' increase at a constant current
density;® we therefore recommend that durability measure-
ments be conducted at a moderate, constant current density
of 1 Acm ™2

In addition to establishing common performance metrics, it
will be important to standardize best practices for materials
characterization before and after testing. Component-level
characterization of catalysts is common, but additional char-
acterization of fully assembled cells is necessary to understand
changes within the catalyst layer. The following section will
discuss recent advances in in situ and ex situ techniques to
understand such changes.

5. Ex situ and in situ diagnostic
techniques to understand changes in
the catalyst layer

Characterization of the used electrode and membrane materi-
als is necessary to understand processes within the catalyst
layer for AEMWEs. Changes to the chemical states of the
catalysts, to the distribution of catalyst and ionomer in the
catalyst layer, and to the morphology and porosity of
the catalyst layer are all of interest to study. Relevant character-
ization techniques include microscopy, tomography, spectro-
scopy, X-ray techniques, inductively coupled plasma-mass
spectrometry (ICP-MS), and gas chromatography-mass spectro-
metry (GC-MS) analysis, among others.

Ex situ characterization, which often involves comparing
materials before and after testing, provides valuable insights
into changes that occurred during testing. It is also typically
easier to implement than in situ/operando measurements since
no specialized cell hardware is required. In RDE studies, it has
become the standard to provide pre- and post-test characteriza-
tions of catalysts to show what changes have or have not
occurred, such as the conversion of “X-ide” (i.e., sulfides,
phosphides, etc.) OER catalysts to the (oxy)hydroxide form.”?
There are many differences between the operating environ-
ments of RDE and MEAs, however, meaning that there is a
need to also implement this type of ex situ, post-test
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characterization to study catalyst, ionomer, and membrane
changes and/or degradation after AEMWE testing.>®*">%82178179

Changes to catalyst layer morphology are most readily
studied by ex situ microscopy techniques, including scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM). In these studies, either top-down or cross-
sectional images of the catalyst layer either on the membrane
or transport layer are taken. For TEM imaging, the catalyst
layer is embedded in an epoxy or resin and microtomed
into a thin, transparent film. For example, cross-sectional
scanning TEM has been used to understand changes to catalyst
layer morphology and the membrane-catalyst interface
after different accelerated stress tests in PEMWE.'®® Several
recent studies have employed SEM techniques to show changes
to the catalyst layer structure in AEMWEs before and after
testing.3>113 144178181 pyghkareva et al. used post-test, top-
down SEM to understand the adhesion of the anode NiFe,O,
and cathode NiFeCo CCM catalyst layers on different mem-
branes (i.e., Sustanion, Aemion, and Tokuyama A201 shown in
Fig. 7a-c, respectively).'®" Although the same Nafion binder
was used for all of the MEAs in this study, catalyst layer
homogeneity and bonding to the membrane were much better
for Sustainion than for Aemion and A-201 membranes, in
agreement with the performance and HFR trends. This is
evident in the differences in lost catalyst observable in Fig. 7a
vs. Fig. 7b and c. Focusing on catalyst layer composition
changes, Razmjooei et al. studied NiAl and NiAlMo anode
catalyst layers on stainless steel anode transport layers using
cross-section SEM and energy dispersive X-ray spectroscopy
(EDX) elemental mapping.'"® They observed increased porosity
and increased O content after activation in KOH and durability
testing, corresponding to Al and Mo leaching and conversion to
oxidized Ni species. Simple optical images can also be used to
show changes in color and macroscale morphology or
coverage.”®

Structural changes to the catalyst and transport layers can be
assessed using XRD measurements.’®** For example, Chen
et al. used post-test XRD to show that there were no bulk
structural changes to the Ni transport layer, which they used
as support for the argument that resistance changes were
instead due to changes within the catalyst layer.”® It is impor-
tant to note that surface structural changes or amorphization
can be difficult to detect via bulk XRD, so complementary
techniques are also needed.

X-ray photoelectron (XPS) and Raman spectroscopies are
powerful tools to assess changes to catalyst and ionomer
composition and oxidation state in the catalyst layer.®* Further-
more, ICP-MS and inductively coupled plasma-optical emission
spectrometry (ICP-OES) can also be used to measure metal
dissolution from the catalyst layer and transport layers after
testing.5>°%182 Using a stainless steel felt as the anode catalyst,
Sampathkumar et al. found that while there were minimal
changes to the XRD pattern after cycling in 1 M KOH, XPS
and Raman spectroscopy showed significant changes in surface
composition and oxidation of the Ni, Fe, and Cr species.'®
These surface changes, including leaching of Fe and the
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Fig. 7 Top-down SEM images of NiFe,O, anode catalyst layers on (a)
Sustainion, (b) Aemion, and (c) Tokuyama A201 membranes at (top) 100 x
and (bottom) 400x magnification. Reprinted from Pushkareva et al.,
Comparative Study of Anion Exchange Membranes for Low-Cost Water
Electrolysis, Int. J. Hydrog. Energy, 45(49), 26070-26079, Copyright
(2020), with permission from Elsevier.}”® (d) Schematic of PEMWE cell
developed for in situ XAS measurements. Reprinted from Ampurdanés
et al.,, Cobalt-Based Oxide Materials as Non-PGM Catalyst for HER in PEM
Electrolysis and In situ XAS Characterization of Its Functional State, Catal.
Today, 336, 161-168, Copyright (2019), with Permission from Elsevier.1%3

formation of an (oxy)hydroxide layer, resulted in a decrease in
charge transfer resistance and an improvement in AEMWE
performance. Using XPS, Campagna-Zignani et al. found that
a NiMo cathode became less oxidized and its C overlayer was
removed after testing, which may relate to the observed
decrease in charge transfer resistance during the stability
test.>® Furthermore, XPS studies by Krivina et al. on NiCoO,,
NiFe,0,, and Ni, 5Co, sFe,0,4 anode catalysts identified distinct
changes in surface composition for the different structures
after durability testing (20 h at 500 mA cm™?).>* These authors
further utilized XPS to study the degradation behavior of the
ionomer for different catalytic systems, revealing important
details about catalyst-ionomer interactions and the implica-
tions on durability. This study is discussed in more detail in
Section 6. These works demonstrate the importance of char-
acterizing and considering changes to all components of the
catalyst layer.

In situ (operando) characterization is commonly defined as
measurement of materials under realistic operating conditions
(during the reaction). Though logistically more challenging,
in situ characterization can provide valuable insights into the
nature of the catalyst layer and membrane in the high pH, high
potential conditions of an AEMWE. As has been discussed in
several recent reviews,'®* % these techniques have been used

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to study bulk and surface chemistries, as well as catalyst layer
morphology. This is vital to understanding catalyst activity and
degradation mechanisms involving catalysts, ionomers, and
membranes.

In half-cell, three-electrode measurements, in situ X-ray
absorption (XAS); XPS, Raman, and UV-visible spectroscopies;
and XRD have been used to characterize compositional, phase,
and structural changes of HER and OER catalysts."**™%° On-
line ICP-MS has further been used to probe the pH- and
potential-dependent dissolution of metals from catalysts. While
significant insights have been gained from this work that have
helped to shape catalyst development efforts, it is important to
recognize that materials changes and rates of degradation can
be very different in an MEA environment vs. in a liquid
electrolyte. For example, an on-line ICP-MS study of a PEMFC
gas diffusion electrode half-cell found an order of magnitude
lower rate of Pt dissolution compared to an analogous study in
a three-electrode flow cell.’®" They attributed this change to
differences in mass transport that shifted the equilibrium
potential for dissolution and favored redeposition of dissolved
species.

To specifically understand the interactions between the
different components in the catalyst layer, in situ MEA char-
acterization is needed. Peng et al. used operando X-ray com-
puted tomography to understand catalyst layer utilization and
mass transport in an ultra-low Ir loaded PEMWE using various
Ti transport layers with uniform porosity.'®> They found a
significant inverse relationship between porosity and contact
area, with an intermediate contact area percentage found to be
optimal for catalyst utilization. Although mass transport resis-
tance is minimized for a transport layer with the highest
porosity, kinetic and ohmic overpotentials are minimized at
intermediate porosities and contact areas. Ampurdanés et al.
utilized a similar PEMWE cell with X-ray transparent Kapton
windows in both the end plates and holes in the current
collectors to conduct in situ Co K-edge and Ir Lz-edge XAS
measurements in transmission mode (Fig. 7d).">® Further
development of these in situ cells, particularly for AEMWE
devices, is needed.

Other characterization methods provide insights into
system-level operation and the origin of performance losses.
On-line GC-MS is often used for Faradaic efficiency and H,
crossover measurements. These measurements can be used to
assess the effects of operating conditions on H, crossover.
In situ EIS is often used to study changes in ohmic, kinetic,
catalyst layer, and mass transport resistances to better under-
stand the origin of overpotentials within the MEA. The devel-
opment of methods to quantify the electrochemical surface
area (ECSA) of non-PGM oxide catalysts is also necessary.
Currently, ECSA determination is largely limited to estimations
of the double layer capacitance, either from cyclic
voltammetry®®'®* or EIS'*>'°® measurements. These methods
have inherent errors and are reported to provide surface areas
accurate to within an order of magnitude.®®"%*

Recently, there have been efforts to develop reference elec-
trodes that can be integrated into the single cell to separate the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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contributions of the anode and the cathode.*>'*” Xu et al
demonstrated the use of a Ag/AgCl reference electrode, con-
nected to the cell via a hydrated strip of membrane, to measure
polarization curves and impedance spectroscopy. They found
that changes to the morphology of the anode transport layer led
to decreased anode overpotential and charge transfer resistance
with no impact on cathode performance, whereas an increase
in cathode transport layer thickness affected both the anode
and cathode."®® While there are challenges to successful imple-
mentation of reference electrodes, such as maintaining hydra-
tion and good connection with the MEA, reference electrodes
will be a powerful tool for understanding the impacts of
materials integration and operational choices on individual
components of the MEA.

To understand and improve AEMWE performance and dur-
ability, it is necessary to understand the origin of losses, the
condition of materials within the device, and degradation
mechanisms. Ex situ characterization of cell components and
the catalyst layer, such as through microscopy and spectro-
scopy, allows for post-mortem analysis of material changes and
effects on interfaces and integration. In situ techniques have
been employed extensively in half-cell, three-electrode measure-
ments, but it should not be assumed that these insights will
correlate directly with material behavior in single cells due to
differences in the reaction environment and the increased
importance of interactions between components in the single
cell. Further efforts to design cells and techniques for in situ
characterization in AEMWESs are needed, and ex situ materials
characterization should be employed more frequently for
improved understanding of the catalyst layer.

6. Catalyst layer stability and stability
testing protocols

Currently, AEMWE cells have demonstrated lifetimes on the
order of 10 000 h, but this likely needs to increase by at least an
order of magnitude to be competitive with other technologies.*

Individual, component-level stability of catalysts®>"*"'°” and
membranes®'**17219 hag been reviewed previously. For cata-
lysts, it is generally understood that oxidation and dissolution
are the biggest contributors to degradation. For membranes,
swelling and oxidation of the backbone are key concerns. These
effects can be compounded and made more complicated at the
device level, where the integration of components and cell
operating variables can have dramatic effects on stabilities.
This section will discuss durability considerations for AEMWE
operation, with a focus on degradation mechanisms that arise
due to the integration of components and cell operational
variables.

Membrane hydration is a concern for long-term AEMWE
operation, especially in cathode dry operation (discussed in
Section 4.2 based on the results of Koch et al.'’"). Wang et al.
further assessed water transport within AEMWES by evaluating
the effect of changing catalyst layer properties on the mass-
transport resistance of water in AEMWESs. In their first study,
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they modified catalyst distribution and thickness on a series of
different transport layers, finding that denser catalyst layers
promoted more efficient water transport.’®® In a later study,
these authors investigated the effects of membrane thickness
and catalyst layer porosity to further elucidate the origins of
concentration (i.e., transport) overpotentials and to understand
water transport in AEMWESs. They concluded that water trans-
port through the membrane is limiting. They further monitored
the relative humidity of evolved H,, finding that when this
value decreased, cell performance decreased concurrent with
an increase in overall cell resistances.'”® Long periods of rest
(i.e.,, 12+ h) have also been shown to lead to membrane
dehydration,"® which is important to consider especially for
dynamic operation of AEMWESs.

Membranes, ionomers, and supporting electrolytes are also
subjected to carbonation when the cell or electrolyte reservoirs
are exposed to the atmosphere.'*®?°°~2°? such carbonation can
decrease the ionic conductivity of the ionomers, leading to
decreased performance. Carbonation can also change the near-
surface pH, affecting activities and stabilities. Parrondo et al.
initially observed this degradation route for a water-fed AEMWE
single cell with a polysulfone-based membrane; they found that
short-term degradation was attributable to CO, intrusion and
subsequent carbonation.'”® This degradation route has also
been noted in anion exchange membrane fuel -cells
(AEMFCs)*°*?°" and CO, electrolyzers,>*® both of which often
employ the same types of anion exchange membranes utilized
in AEMWESs. For example, Zheng et al. concluded that CO,
intrusion in an AEMFC resulted in a Nernstian thermodynamic
shift in anode potential caused by a pH change associated with
increased carbonation as well as decreased kinetics resulting
from a lack of OH ™ reactants.>*® Such phenomena may trans-
late to AEMWESs.

Other pH effects are critical for AEMWE stability. For
example, Mayerhofer et al. studied a CuCoO, catalyst with an
Aemion membrane and ionomer from Ionomr in a single cell
AEMWE in both pure water and 0.1 M KOH. They concluded
that without supporting electrolyte, the near-surface pH was
not basic enough to keep CuCoO, in a thermodynamically
stable form and led to the dissolution of both Cu and Co; these
materials are predisposed to dissolve at low pH conditions.”
They conclude that supporting electrolyte is therefore required
to maintain the thermodynamic stability of non-PGM catalysts
and that anion exchange polymers are insufficient to provide
such a basic environment."*® Relatedly, Zhang et al. evaluated
the pH-stability relationship for Ni, Fe, and Co-containing
oxides and found that all materials tested had improved
stability at high pH (i.e., pH = 14) vs. weakly alkaline (i.e.,
pH = 12) or pure-water (i.e., pH = 7) conditions. The stability of
Fe-containing materials suffered the most with decreasing
alkalinity (i.e., at pH 7 and 12 vs. 14) due to increased Fe
dissolution measured with ICP-OES.'®

Krivina et al. also observed Fe dissolution in pure-water
operation. They found that, among a series of 5 non-PGM
catalysts (Coz04, NiO, NiC0O,, Nij 5C0¢ sFe,0,4, and NiFe,0,),
a Ni-rich surface was formed after durability testing in pure
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Fig. 8 (a) Metal ratios before and after testing in pure water for bimetallic
oxide catalysts measured with XPS. (b) The role of solvated iron species in
single-cell degradation, where Fe-spiked water showed increased oxida-
tion of the ionomer vs. pure water evidenced with XPS (inserts). (c)
Proposed mechanism of single-cell degradation for six oxide catalysts.
Reprinted with permission from Krivina et al., Advanced Materials, Copy-
right (2022) John Wiley and Sons.>*

water (20 h, 500 mA cm™~?) for Co-containing catalysts, whereas
for NiFe,O, an Fe-rich surface was formed, as evidenced by XPS
results (Fig. 8a). The authors attributed this change to prefer-
ential leaching of Fe and redeposition onto the catalyst surface.
The authors then intentionally introduced Fe®" species to the
electrolyte, resulting in an increased degradation rate that they
attributed to a disruption in the catalyst-ionomer network by
the dissolved Fe species (Fig. 8b).”* Future works that investi-
gate whether this effect persists in supporting electrolyte opera-
tion, as well as those focused on the development of methods to
stabilize Fe in OER catalysts, are critical.

Additionally, membrane and ionomer swelling at AEMWE
operating conditions, especially in pure water feeds, can lead to
cell degradation®®'*>'** and catalyst detachment and
delamination™'*® Chen et al. studied the effects of polymer
swelling in the membrane vs. the ionomer in the catalyst layer
separately, to probe if there was a difference in how perfor-
mance was affected. This study used Ir as the anode catalyst, Pt/
C as the cathode catalyst, and HMT-PMBI as the membrane and
ionomer. In doing so, they demonstrated that their crosslinking
strategy resulted in a 4x decrease in volumetric ionomer
swelling. With different degrees of crosslinking in either the
membrane or ionomer in the catalyst layer, the authors were
able to selectively change the water uptake capacity and probe
ionomer swelling for each location individually. They con-
cluded that membrane swelling has a minimal impact on
overall performance in pure-water feeds, but found that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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preventing ionomer swelling in the catalyst layer lead to a 4-fold
increase in the lifetime of the cell.’® These results suggest that
limiting ionomer swelling in the catalyst layer is essential to
achieving high cell stabilities.

To isolate the electrochemical stability of ionomers (i.e.,
without interference from the catalyst) in different supporting
electrolytes and oxidizing conditions, Krivina et al. used a
quartz crystal microbalance to measure mass loss as a function
of applied potential for films of ionomer. They found that the
ionomers gained mass at open circuit voltage due to hydration,
particularly in pH 10 and 14 electrolyte. Aemion fully delami-
nated at 700 mV overpotential in pH 10, whereas Sustainion
and PiperION had 5-10% mass loss in pH 14 at the 700 mV
overpotential.’®® These results show that ionomer can be
oxidized and degraded due to exposure to oxidizing potentials
and alkaline electrolyte, even without the presence of a catalyst.

Catalyst-ionomer interactions can also lead to degradation
of the ionomer and cell deactivation. This is especially critical
in pure water feeds, where the ionomer is essential to provide
ionic conductivity through the catalyst layer. Krivina et al.
recently conducted a comprehensive assessment of degrada-
tion mechanisms for AEMWEs operated in pure water with
different PGM (IrO,) and non-PGM (NiO, Co30,4, NiC0O,,
Niy.5C0¢ sFe,04, and NiFe,O,4) anode catalysts and with Piper-
ION membranes and Versogen ionomers.> Using post-test XPS
(C, N, and F 1s) spectra, they found that IrO, facilitated
significant ionomer degradation, which they attributed to high
electronic conductivity and more active sites for ionomer
oxidation reactions. They found that non-PGM catalysts also
facilitated ionomer degradation, but to a lesser extent due to
the decreased electronic conductivity of these systems com-
pared to IrO,. Fig. 8c shows the proposed effects of these losses
on cell performance; IrO, and Co;O, are expected to have
sufficient electronic conductivity to maintain accessibility to
active sites that are co-located with remaining ionomer at the
membrane interface. Conversely, NiCoO,, Ni, 5C0¢ 5Fe,0,4, and
NiFe,0, are predicted to have insufficient electronic conductiv-
ity through the catalyst layer, creating a gap between regions
accessible to electrons and to ions. Understanding and con-
trolling these catalyst-ionomer interactions will be essential for
improving durability in pure water operation.

AEMWE currently lacks standard operating and reporting
protocols, including for durability testing. Many studies
evaluate cells using potentiostatic or galvanostatic holds at
suggested operating levels (e.g, around 2.0 V or 1 A
cm ™ ?).38178201 while these tests provide insights into degrada-
tion mechanisms that arise due to the harsh, oxidative operat-
ing conditions, the practical operation of AEMWE electrolyzers
coupled with variable renewable energy sources will likely
operate at on/off operation. To assess the effects of such
operation on durability, other studies have investigated the
use of cycling tests, where the voltage or current is cycled from
high to low,"”'7° and periodic voltage bias.?’®> Campagna-
Zignani et al. evaluated cells with a 1 A cm™> hold and with
0.2 to 1 A ecm ™2 cycles. They found that for the current hold
case, the performance leveled off after initial deactivation. For
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the cycling test, they observed similar behavior, but the steady-
state activity was less than that for the hold test. They attributed
this to semi-reversible losses observed during the cycling
tests.*® Further investigations into the effects of cycling on
the chemistry of the catalysts (e.g., change to phase, crystal
structure), the chemistry of the ionomer (e.g., if there are
accelerated degradation/oxidation pathways) and to the catalyst
layer structure are necessary to understand how these cells will
behave in practice.

The timescales for comparing stability are also critical. Many
cells show dramatic changes in the first 10s of hours of
operation, and then level off to a steady state degradation rate.
For example, Campagna-Zignani et al. tested a cell composed of
NiFe anode, NiMo/KB cathode, and Fumatech FAA-3-50
membrane at 1 A cm™ > and observed initial rapid degradation
for 100, which leveled off at 80% of the initial efficiency over
the remaining 2000 h operation.*® Appropriate timescales for
reporting and comparing stability must therefore be estab-
lished. Further, the development and validation of accelerated
stress tests that can be completed on shorter time scales, and
which are employable by many researchers, are necessary.

7. Conclusions and future outlooks

Interest in AEMWE is rising rapidly as the need for lower-cost,
green H, production technologies compatible with intermittent
variable renewable energy sources rise. Recently, component-
level advances have dramatically enhanced AEMWE activities
and stabilities, and cells with high operating current densities
(e.g., >3 A cm?) and up to 10000 h operation have been
reported. While significant, these achievements fall short of
commercialization goals, and a critical next step in AEMWE
research will be to expand on these component-level advances
and move towards a more-rigorous understanding of device
integration, especially on understanding, designing, and devel-
oping the catalyst layer.

While AEMWE can adopt some catalyst-layer design strate-
gies from the PEMWE and PEMFC spaces, fundamental differ-
ences in the relevant chemistries for water splitting reactions,
ionomer and catalyst materials, and degradation mechanisms
necessitate AEMWE-specific research efforts. In terms of mate-
rials, questions surrounding the relevance of the electronic
conductivity of non-PGM oxide catalysts, which have much
lower conductivities than the PGMs used in PEM systems,
remain. Furthermore, while many PEMWE materials choices
have been standardized, there is no such consensus in the
AEMWE community regarding the preferred choices for cata-
lysts, membranes and ionomers, transport layers, and/or elec-
trolyte composition.

For AEMWE electrode design, decisions must be made
about preferred deposition methods and configurations. Spray
techniques lend themselves most readily to developed manu-
facturing techniques, such as roll-to-roll coating, used in the
PEMFC space. Modification and optimization of ink formula-
tions, rheological parameters, and spray temperature and times
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are avenues for further exploration and advancement in this
space. In terms of configurations, there is not yet a consensus
on whether CCM vs. CCS offers superior AEMWE performance.
Here, the balance between interfacial contact resistances, mass
transport effects, and catalyst layer stability must be studied
and optimized.

Studies on transport layer design and integration have
shown that C paper transport layers work well for cathode
catalyst layers. On the anode side, transport layer properties
are critical for electron and liquid/gas mass transport, and
further developments focused on fiber dimensions, pore size,
porosity, and type (e.g., foam vs. mesh vs. sinter) are necessary
to improve performance. Oxidation and dissolution of trans-
port layer materials may also be important considerations for
cell durability. Transport layer design strategies that are often
used in PEMWE, including the use of microporous layers and
conductive, protective coatings, will likely be key areas of
growth for AEMWE development.

The role of the ionomer in AEMWE remains ambiguous; in
PEMWE, the ionomer serves as the sole proton conductor
through the catalyst layer, and its integration is critical to
achieve high catalyst utilization and performance. For AEMWE,
operation in dilute supporting electrolyte offers significant
performance gains over pure-water operation and may obviate
the need for ionomer-facilitated ion conduction through the
catalyst layer. Understanding the specific role of the ionomer -
whether it serves as an ionic conductor, binder, and/or ink-
design agent - is a critical next step in AEMWE development.
Moreover, the chemical interactions between anion exchange
ionomers, catalysts, and electrolyte need to be studied; such
interactions have significant impacts on cell durability that are
specific to AEMWEs.

Furthermore, there is a critical need to establish baseline
testing procedures, benchmarks, and standardized perfor-
mance metrics so that reasonable comparisons can be made
between research groups. The optimization and standardiza-
tion of cell compression, backpressure, temperature, pre-
treatment procedures, and cell conditioning procedures are
necessary to support the advancement of this technology. Also,
diagnostic techniques, especially those that are in situ or
operando, must be advanced alongside materials development
and integration studies. Key parameters related to device
integration, including how the catalyst layer structure, porosity,
composition, and chemistries change during AEMWE opera-
tion, necessitate techniques that can probe these changes at
high pH and high voltage conditions in real time.

AEMWE durability remains a significant challenge, as it
involves both degradation mechanisms associated with indivi-
dual components and the interactions between materials that
can lead to additional degradation pathways. Furthermore,
strategies to respond to degradation pathways that may emerge
during different operation modes, including the impact of
intermittent loads, high temperatures, and H, backpressure,
are needed. Additionally, water transport and hydration of the
membrane and ionomer have been shown to play a role in cell
longevity and should continue to be studied in the future.
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Interactions between the catalyst and the ionomer have been
shown to vary between catalyst types, and future works that
explore different degradation pathways for different catalyst-
ionomer pairs are also critical. Cell losses have also been shown
to dramatically improve with dilute supporting electrolyte, and
therefore different stability targets should be considered for
pure water- vs. supporting electrolyte-fed AEMWEs.

Research dedicated to understanding and designing catalyst
layers for AEMWEs will be a critical next step in accelerating
the commercialization of this technology. Such advances will,
in turn, help enable the large-scale deployment of green H,
production by providing a cost-effective and performance-
competitive complementary technology to commercial PEMWE
and LAWE systems.
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