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The increasing global demand for green and sustainable energy has positioned hydrogen as a crucial
energy carrier. Among various production methods, water electrolysis, particularly anion exchange mem-
brane water electrolysis (AEMWE), holds a promising technology to produce a large quantity of green
hydrogen. To ensure economic viability and sustainability, it is essential to develop highly active, stable,
and cost-effective non-precious metal-based electrocatalysts for AEMWE. Significant research efforts
have focused on catalyst development and the overall performance of AEMWE cells in recent years,
underscoring the need for a consolidated and up-to-date analysis of the field. This review provides a
comprehensive overview of AEMWE technology, including its working principles, cell configurations,
operational parameters, and mechanism. Furthermore, it discusses the various components of AEMWE
and their impact on sustainable operation. A particular emphasis is given to a detailed survey of the recent
Received 23rd October 2025, advancements in non-precious metal catalysts for AEMWE applications. Finally, the major challenges are
Accepted 12th December 2025 critically analyzed, alongside potential strategies to overcome them. Overall, this review aims to provide
DOI: 10.1039/d5dt02543e perspectives into current developments and outline future research directions toward achieving efficient,
rsc.li/dalton scalable, and sustainable hydrogen production through AEMWE.

1. Introduction
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MJ] kg '."* Hydrogen is regarded as a promising energy
carrier, holding the potential to reshape the global energy
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landscape and mitigate environmental challenges. Currently,
conventional hydrogen production methods, such as steam
methane reforming, are still dominant but are
accompanied by large amounts of CO, emissions. While the
concept of “blue” hydrogen, incorporating carbon capture
and storage, has been suggested as an interim solution, the
long-term vision is shifting towards “green” hydrogen pro-
duced from water electrolysis powered by renewable energy
sources.’

Among the low-temperature water electrolysis technologies,
alkaline water electrolysis (AWE) and proton exchange mem-
brane water electrolysis (PEMWE) are the most established.*
AWE is a relatively low-cost and has simple cell architecture,
but its lower efficiency and corrosive nature in highly alkaline
conditions are limiting its progress. In contrast, PEMWE
enables high current densities, a compact system design, and
high-purity hydrogen (>99.9%). However, its acidic environ-
ment restricts the catalyst choices to noble metals (Pt, Ir, Ru,
etc.), significantly increasing the capital cost.”> To overcome
these limitations, AEMWE has recently emerged as a promis-
ing hybrid strategy that combines the structural and functional
advantages of PEMWE with the inexpensive alkaline chemistry
of AWE. Operating under mildly alkaline conditions enables
AEMWE to utilize transition metal-based non-precious cata-
lysts (Ni, Fe, Co, Mn, Cu etc.), thereby widening material
options and reducing overall cost.®® Additionally, the broad
compositional tolerance in the alkaline environment offers a
versatile platform for advanced catalyst design by alloying,
heteroatom doping, and defect engineering to maximize elec-
tronic structure, boost active site accessibility, and enhance
catalytic turnover.

Over the past decades, numerous transition metal-based
catalysts have been developed, demonstrating high efficiency
for oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER) processes in alkaline conditions.'®"> Having
overall good water-splitting performances, many researchers
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employed these catalysts in a stack cell AEMWE device. NiFe-
based catalysts have consistently shown superior OER activity,
while NiMo-based catalysts are recognized as the most
effective for HER in AEMWE systems, although other vari-
ations and compositions of metal ions with significant per-
formance are also being reported.”> A few review articles
recently have summarized the development of OER and HER
catalysts for AEMWE."'® However, the relevant discussions
regarding AEMWE operations and catalyst development are
relatively limited in scope. Considering future possibilities of
the AEMWE technology, it is required to understand the
rationale of catalyst development and the current progress of
catalyst development in this field. Also, the transition from
lab scale OER/HER study to AEMWE study is required to evalu-
ate their performance at a pilot scale. Apart from that, the
stack cell parameters, such as membrane electrode assembly
(MEA) fabrication method, temperature, analyte flow design,
etc., also need to be analyzed to achieve a high-performance
technology.

In this review we have comprehensively summarized
various water electrolysis technologies and emphasized the sig-
nificance of AEMWE for the next-generation technology for
green hydrogen production. The composition and operating
mechanisms of the AEMWE device are systematically dis-
cussed, with particular attention to strategies for improving
performance and durability. A major focus is given to non-pre-
cious metal-based catalyst development and their design strat-
egies. The performance benchmark at the pilot scale with
these materials was also highlighted. Furthermore, we have
provided current challenges in the pilot scale of water electro-
lysis and their possible solutions to make a significant jump
to the industrial scale. This review will help the reader to
understand the AEMWE components, their optimum utiliz-
ation, catalyst development, their performance status, chal-
lenges, and future opportunities for the next-generation green
hydrogen production technology.
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2. Modern technologies for water
electrolysis

AWE is easy to operate among the available electrolysis
systems and is currently being used at the megawatt scale with
two electrodes submerged in highly concentrated aqueous
alkaline electrolytes (KOH or NaOH).'® A traditional AWE
system uses nickel or steel electrodes separated by a porous
diaphragm. Although conventional AWE has considerable
advantages, it also has serious limitations, such as operating
with corrosive electrolytes, limited mobility of hydroxide ions,
efficiency losses (inefficiencies), and hydrogen-oxygen mixing,
which makes it difficult to adapt to intermittent renewable
energy sources. In response to these limitations, PEMWE
technology was introduced in the 1960s, marking a significant
breakthrough in the hydrogen industry.'® In PEMWE systems,
the liquid alkaline electrolyte is replaced with a solid proton-
conducting polymer membrane, which simultaneously trans-
ports protons and acts as a gas separator for the anode and
cathode. This setup allows high current densities (*2 A cm™?)
under moderate temperatures (50-80 °C), where the use of
platinum group metal catalysts (Pt for cathode and IrO, for
anode) facilitates exceptionally fast HER kinetics."” However,
the corresponding acidic environment requires highly cor-
rosion-resistant parts, including catalysts, current collectors,
and bipolar plates. Consequently, rare and expensive materials
(Ir- and Pt-based catalysts, Ti-based components, etc.) are
needed. These materials are particularly scarce (~0.001 ppm in
the Earth’s crust) and, therefore, have limited annual pro-
duction. The rising demand for these limited materials in
other industries also puts upward pressure on the price of
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these materials, which directly translates into high capital
costs of PEM electrolyzers, which are estimated at USD
1100-1800 per kWe in the International Renewable Energy
Agency (IRENA) report.'® Although PEMWE offers compact,
efficient, and high-rate hydrogen production compared to
AWE, it relies on rare materials, which pose a significant
obstacle to scaling up. These limitations have driven research
into AEMWE, which combines the advantages of both PEMWE
and AWE. Like PEMWE, AEMWE uses a solid polymer electro-
lyte, which separates the anode and cathode compartments,
but it is an alkaline rather than acidic operation. The foremost
rationale for the development of AEMWE is to diminish the
cost since Earth-abundant, non-precious metal catalysts such
as nickel, cobalt, etc. can be used." A general comparison
table of these technologies is represented in Table 1.'®
AEMWE devices can use either pure water or low concen-
trations of alkaline feed, such as dilute KOH solutions. While
it is currently at a lab scale, it is still an emerging low-tempera-
ture electrolysis technology that has several advantages, includ-
ing low cost. One distinct feature of AEMWE is its zero-gap cell
design, which reduces gas crossover, hence improving the purity
of both hydrogen and oxygen gas and increasing the energy
efficiency. Lower cell resistance enhances the overall performance
of AEMWE by enabling higher current densities. This improve-
ment allows for more compact system designs, reduced catalyst
mass loading, and a smaller overall stack footprint. Despite these
advantages, several challenges persist for AEMWE, including the
limited stability of OER catalysts, low ionic conductivity of anion
exchange membranes, and issues related to MEA construction
and long-term durability. To guide its development, the IRENA
has set an ambitious target for AEMWE technology by 2050:
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Table 1 Characteristics' comparison of AWE, PEMWE, and AEMWE technologies.'® (Here, SS = stainless steel; NF = Nickel foam; CC = Carbon

cloth; GDL = Gas diffusion layer)

Parameters AWE PEMWE AEMWE

Operating temperature (°C) 70-90 50-90 25-80

Operating pressure (bar) 1-30 <70 <35

Electrolyte (mol L) KOH (5-7) Pure water Pure water or KOH (0.1-1)

Separator Diaphragm PEM AEM

Anode catalyst Ni-based oxides or alloys IrO,/RuO, NiFe or NiFeCo alloys/oxyhydroxides
Cathode catalyst Ni-coated SS or alloys Pt/C NiMo alloys

Anode GDL Not always present Ti mesh NF

Cathode GDL Not always present Ti mesh NF or CC

Bipolar plates Not always present Ti or Pt-coated Ti SS or Ni-coated SS

Current density/voltage range 0.2-0.8 A cm™%/1.4-3.0 V

achieving current density >2 A cm™> at <2 V with operational

durability of up to 100000 hours."® However, current AEMWE
systems typically operate at lower current densities with limited
long-term durability. Therefore, to tackle these challenges and
meet the target, it is important to understand the AEMWE
mechanism and to develop its components, especially catalyst
materials and membranes.

3. Overview of components and
mechanism of AEMWE devices

The majority of the materials and components currently used
in AEMWE devices have been adapted from AWE and/or
PEMWE. Hence, there exists substantial scope for continued
research and innovation. In contrast to PEMWE, where com-
ponents and assembly protocols have been standardized or
benchmarked internationally, AEMWE lacks a universally
accepted configuration or performance standard.’°** The
general architecture of zero-gap AEMWE devices for single-cell
stack cells is discussed briefly below with a note that commer-
cial multi-stack electrolyzers may have different design con-
siderations, which are beyond the scope of this review.>*"**> A
typical AEMWE cell comprises several key components: an
MEA, gaskets, bipolar plates (BPP) with flow field, current col-
lectors, and end plates, as illustrated schematically in Fig. 1a.

3.1. Membrane electrode assembly (MEA)

The MEA is the core of the AEMWE device and is a sandwich
structure consisting of an AEM with catalyst layers (CLs) and a
GDL or porous transport layer (PTL) on each side. The MEA
represents the complete assembly that is present between the
bipolar plates, serving as the functional heart of the electroly-
zer. Typically, it has a symmetrical configuration at the center,
layered as GDL/CL/AEM/CL/GDL (Fig. 1a). All these com-
ponents need to be fully functional in order to have efficient
water electrolysis. The physical and electrochemical properties
of each MEA component are summarized in Fig. 1b, highlight-
ing their role in AEMWE.

The AEM is one of the most important components of the
AEMWE electrolyzer. The typical function of the AEM is to
transport the hydroxide ions across the membrane. Also, it

This journal is © The Royal Society of Chemistry 2026

1.0-2.0 A cm™%/1.4-2.5V 0.2-2.0 Acm™2/1.4-2.0 V

acts as a separator of gaseous hydrogen and oxygen products,
produced during the reaction. It is typically composed of a
long-stranded polymer backbone (generally polysulfone or
polystyrene cross-linked with divinylbenzene) with anion
exchange functional groups such as quaternary ammonium
salts, -NH;", -RNH,", -R;P*, -R,S" etc. A detailed discussion
on different AEMs and their performances can be found in
previously reported articles.”*>° In general, an ideal AEM
should exhibit high ionic (hydroxide ion) conductivity, excel-
lent thermal, mechanical, and chemical stability, and low
specific resistance to ensure efficient and durable operation of
the AEMWE system.>’

There are two widely adopted methods generally used to
prepare the MEA. In one method, the CLs are coated directly
on each side of the membrane followed by the assembly of
GDLs, known as the catalyst-coated membrane (CCM) method.
Alternatively, the CLs are coated over the conductive substrate
(e.g. GDL)* followed by sandwiching using the AEM, known as
catalyst-coated substrate (CCS) method.*' To prepare a CCM or
CCS, a catalyst ink is generally prepared that is composed of
water, alcohol, and a binder or ionomer. An optimized ratio of
ionomer and catalyst is highly desired for reducing the mass/
ion transport resistance and for good adhesion between
ionomer, membrane, and electrode.**** Typically, anion
exchange ionomers are preferred to prepare the catalyst ink
rather than Nafion for better ion transport in AEMWE.?® While
the CCM method is well established in PEMWE, the preferred
approach for AEMWE is still under investigation. Although
direct catalyst coating on AEMs possesses difficulties like swell-
ing and shrinking, recently several studies showed promising
performance by adopting the CCM method of MEA
formation.>”~*° For instance, Klingenhof et al. applied a direct
coating on AEM using the wet-film bar coating method, which
was stabilized and protected using a combination of a
polytetrafluoroethylene (PTFE) inner foil and an adhesive
outer foil. They fabricated an NiFe-LDH (layered double
hydroxide) anode catalyst layer on the AEM, which showed
promising AEMWE performance by operating at a voltage
below 1.8 V at a current density of 2 A cm™> at 80 °C with
decent stability for 110 hours.*' Similarly, extensive studies
were done on the CCS method for MEA fabrication also.** **
Galkina et al. prepared NizFe-LDH coated on a Ni PTL using

Dalton Trans., 2026, 55, 540-562 | 543
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Fig. 1 (a) Typical representation of a single stack AEMWE device; (b) the overview of the components of an MEA.

the CCS method, achieving 2 A em™> at 2 V and 60 °C, and
1000 hours of stability with a degradation rate of 84 uv h™".**
A hybrid approach combining both the CCS and CCM
methods on the opposite sides of the MEA has also been
reported to enhance the overall performance.*® Although these
methods were reported extensively, both the CCS and CCM
methods have their own advantages and disadvantages. For
example, the CCM method allows direct contact between the
catalyst and membrane, which facilitates the ion transport,
minimizes charge transfer resistance, and maximizes the elec-
trochemically active surface area. However, this method
requires precise coating control to prevent membrane damage
and leaks, which can affect long-term durability. On the other
hand, CCS methods are easy to implement and can utilize an
effective and rigid GDL or PTL as a substrate, which minimizes
membrane degradation and enhances mechanical durability.
However, its possesses high interfacial resistance, and poor
utilization of the electrochemically active surface area.
Although hot-pressing the CL and AEM minimizes these draw-
backs, CCM is still preferred in terms of high activity and low
interfacial resistance. Often, the ionomer decreases the ion/

544 | Dalton Trans., 2026, 55, 540-562

mass transport or prevents the active material from being fully
exposed to the reactant, and hence an increase in ionomer
content affects the performance of the catalyst. However, the
in situ material grown over the surface of a GDL or PTL or even
on an AEM resolves the issue of the requirement for an
ionomer and associated drawbacks.*®> The MEA fabrication
using a self-supported electrode (SSE), where the catalyst
material is grown directly on a GDL such as NF, offers a signifi-
cant advantage over the CCS method, as this method is
binder-free. Moreover, the direct interfacial contact between
the catalyst and AEM markedly reduces interfacial resistance.
The resistance could be further minimized if the catalyst
material is directly grown on the membrane or vice versa. In a
recent study, Wan et al. adopted a swelling-assisted transfer
method to form an anode catalyst layer (ACL) on an AEM
(Fig. 2a). They first synthesized a nanoarray of anode catalyst
on nickel foil and subsequently deposited the ionomer to
achieve a uniformly distributed AEM surface. Utilizing the
swelling behaviour of the AEM in deionized water at 50 °C,
they successfully detached the nickel foil, thereby forming a
three-dimensional ACL/AEM structure. In parallel, they also

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) Design strategy for 3D-ordered ACLs in an MEA with the advantages and disadvantages of CLs prepared using different methods; AEMWE
performance of different MEAs including CCM, CCS, 3D-ordered MEA prepared by a conventional decal transfer and 3D-ordered MEA prepared by a
swell-assisted transfer method: (b) under ambient pressure at 60 °C for 1 M KOH solution flowing in both the anode and the cathode, and (c) under
ambient pressure at 60 °C for pure water flowing in both the anode and the cathode; (d) long-term stability performance of a water-fed AEMWE
device at 1000 mA cm™2 and 60 °C.#” Reprinted with permission from ref. 47. Copyright 2024 Royal Society of Chemistry.

fabricated MEA with CCS, CCM, and conventional ordered
methods for comparative evaluation. As shown in Fig. 2b and
¢, at 60 °C in 1 M KOH and pure water, the current densities
followed the order: CCM < CCS < conventional ordered MEA <
3D-ordered MEA. Furthermore, they have observed that this
3D-order MEA technique has exceptional stability in 1 M KOH

This journal is © The Royal Society of Chemistry 2026

solution with a low voltage degradation rate of 120 pV h™" at 8
A cm™? current density for 1000 hours at 60 °C. In a pure
water-fed condition, a voltage degradation rate of 71 pV h™" at
1 A em™> current density for 700 hours was also observed
(Fig. 2d).*” These studies highlight the importance of MEA fab-
rication for optimized AEMWE performance.

Dalton Trans., 2026, 55, 540-562 | 545
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3.2. Other components of AEMWE

At the laboratory scale, the common design of AEMWE devices
is generally square-shaped, although a few studies have also
reported polygonal or circular or a combined variant
design.**™" Regardless of the geometry, gaskets are employed
between the MEA and BPP to compensate for pressure non-
uniformities caused by variations in the GDL thickness and to
ensure a tight seal that prevents leakage. The materials for the
gasket need to possess strong alkali resistance and a high
fusion point (>200 °C); suitable examples include Teflon,
polytetrafluoroethylene (PTFE), and perfluoroalkoxy (PFA).”>
The next component is BPP material with a flow field that
facilitates electrolyte distribution within the cell. Typically,
these BPPs are made of stainless steel or nickel or nickel-
coated stainless steel for robust stability and corrosion resis-
tance behavior under alkaline conditions.”® Being electroni-
cally conductive, these plates can also function as current col-
lectors. Alternatively, a separate current collector made of Au-
plated Cu can also be used, as bare Cu is prone to corroding in
alkaline conditions.>* At either end of the cell stack, end plates
are placed, which have threaded bolts that provide the com-
pression to the cell. The end plates need to be hard, rigid, and
corrosion resistant and must withstand mild temperatures
(40-80 °C for AEMWE). Acrylic- or polypropylene-based end
plates are favored for lab scale as they are chemically inert and
insulating in nature. For excellent mechanical strength and
endurance, Ni or stainless steel also can be used.>*>*

3.3. Operating mechanism of AEMWE

In an AEMWE device, water splits into H, and O, at the
cathode and anode, respectively, under pure water conditions
or alkaline conditions, where HO™ serve as charge carriers. In
contrast, in PEMWE, H" serves as the charge carrier. The fun-
damental operating mechanism in PEMWE is that H,O is sup-
plied to the anode side, where it is oxidized to O, (eqn (1)) and
H', followed by transportation of H' through the PEM to the
cathode side, where it will reduce to H, (eqn (2)). This mode of
operating mechanism is often known as dry cathode oper-
ation, because no electrolyte is directly supplied to the cathode
side.

Anode:
2H,0 — O, +4H" 4 4e” (1)
Cathode:
4HT +4e” — 2H, (2)
Overall:
2H,0 — 2H, + O, (3)

This is considered to be advantageous in terms of ease of
separation of H, and its high purity. In contrast, in AEMWE,
since the charge carrier is HO™, the basic operating mecha-
nism is to supply the electrolyte from the cathode side. The
H,0 molecules will reduce to the cathode side to generate H,
and HO™ (eqn (4)), followed by HO™ transportation to the

546 | Dalton Trans., 2026, 55, 540-562
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anode side via the AEM to oxidize to O, molecules (eqn (5)),
known as dry anode operation.

Cathode:
4H,0 + 4e~ — 2H, + 4HO™ (4)
Anode:
4HO™ — O, +2H,0 + 4e” (5)
Overall:
2H,0 — 2H, + O, (6)

However, various operating conditions can be employed in
AEMWE, including dry anode, dry cathode, and both wet con-
ditions, and the optimal operating mechanism is yet to be
exclusively benchmarked. AEMWE operating in dry anode con-
ditions depends primarily on AEM’s HO™ transport capabili-
ties. As there is no supply of anolyte to the anode side, the
overall performance of the AMEWE cell depends majorly on
AEM’s ion transport efficiency, i.e., the ionic conductivity of
the AEM. This mode is particularly suitable when pure water is
used as the feed, as hydroxide ions are generated in situ at the
cathode. Conversely, when the dry cathode mode is operational
in an AEMWE cell, the use of KOH solution is preferred as
HO™ is the reactant at the anode. In this case, water molecules
are co-transported along with hydroxide ions from the anode
to the cathode via electroosmotic drag, where they are sub-
sequently reduced to produce hydrogen. The advantage of the
dry cathode condition is that there is no need for further puri-
fication of H,. On the other hand, the dry anode condition can
be used when pure water is fed to the cell to avoid corrosion in
high alkali conditions. As the KOH-containing electrolyte has
better ionic conductivity than pure water, the voltage input
and thereby energy consumption is less in the cell operating in
dry cathode mode.>® At elevated current densities, operation
under one-side dry conditions may lead to a severe performance
degradation during long-term studies. In particular, the cell
operating in dry cathode conditions might face the problem of
the membrane drying out due to fast reaction at high current
densities. To validate this, Koch et al. investigated dry cathode
operation in an AEMWE cell via in situ neutron imaging at
various current densities (Fig. 3). Their studies confirmed that
the dry cathode operation leads to an imbalanced water distri-
bution in the MEA where the high-water content is present at
the anode side with a gradient towards the cathode side. This
water imbalance becomes more pronounced at higher current
densities, as the water at the cathode is predominantly con-
sumed in the reduction reaction and is simultaneously trans-
ported to the anode through electro-osmotic drag (Fig. 3a).
Furthermore, the same study was conducted to compare two
cathodes with varying ion exchange capacity (IEC) ionomers.
The findings revealed that the cathode containing a high IEC
ionomer exhibited superior water retention within the MEA
across all current densities, compared to the one with a rela-
tively low IEC ionomer. The polarization data confirmed that
the high-IEC cell demanded a lower overpotential at a particular
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Fig. 3 Relative drying of the AEMWE device fed with 0.1 M KOH only on the anode side with (a) a mid IEC (1.8-2.2 meq. g~*) cathode and a high IEC
(2.3-2.6 meq. g™ cathode. White denotes no change in neutron intensity, blue an increase in water content (lower intensity) and yellow to red a
decrease in water content. (b) Short-term degradation during a 1 A cm™2 current held over up to six hours; (c) high frequency resistance during six-
hour measurement.>® Reprinted with permission from ref. 52. Copyright 2022 Royal Society of Chemistry.

current density than the mid-IEC cell (Fig. 3b). However, when
electrolyte was fed to both sides, the activity of the cell
increased. Also, the stability test for 6 hours at 1 A cm™ current
density shows that both the wet cathode and the high-IEC dry
cathode degraded with a rate of 45 mv h™", while the mid-IEC
cathode degraded with a rate of 75 mV h™" (Fig. 3c).>®> Hence,
operating under both-side wet conditions not only mitigates
membrane dehydration but also enhances catalyst activity at
high current densities, contributing to improved long-term cell
durability. Additionally, both-side continuous flow facilitates
efficient removal of gas bubbles for better performance of the
cell. Generally, the overall AEMWE performance is affected by
the collective nature of its components and the chosen operat-
ing mechanism. Hence, it is essential to optimize all the com-
ponents, along with the operating conditions and mechanisms,
to achieve the best performance. In the literature, only cathode
side,”**”"°" only anode side,*"*® and both side flow®*"* of elec-
trolyte are reported, where the researchers optimized their cells
according to the working conditions.

This journal is © The Royal Society of Chemistry 2026

Considering AEMWE’s performance, the catalyst material
plays a pivotal role in governing the electrochemical reactions,
directly impacting the overall cell performance. Consequently,
careful consideration of the catalyst selection and design is
important. In the following section, the rationale behind the
development of non-precious catalyst materials is discussed in
detail, highlighting their design strategies, performance
characteristics, and potential advantages for AEMWE
application.

4. Recent development of non-
precious catalysts for AEMWE

AEMWE relies on two key electrochemical reactions known as
OER at the anode and HER at the cathode. Although platinum
group metals (PGMs) exhibit good activity towards the OER/
HER, their scarcity and cost are a major concern. Therefore, to
enable cost-effective production of green hydrogen via AEMWE

Dalton Trans., 2026, 55, 540-562 | 547


https://doi.org/10.1039/d5dt02543e

Published on 15 December 2025. Downloaded on 4/21/2026 1:29:09 AM.

Perspective

technology, the development of non-precious, Earth-abundant,
and effective electrocatalysts to catalyze both the OER and
HER is necessary. AEMWE can utilize Earth-abundant tran-
sition metal-based catalysts as it operates in alkaline or near-
alkaline conditions. Therefore, a significant effort has been
made to develop highly efficient and cheap transition metal-
based catalysts. In order to meet the requirement of industrial
applications, high-performance electrocatalysts should satisfy
the following minimum criteria: (1) they should deliver 1 A
em ™ current density at minimum overpotential or voltage
input; (2) they must maintain their electrochemical and
mechanical stability at >1 A cm™ for a prolonged time at
industrial conditions (~60 °C, pure water, 0.1 M, or 1 M KOH
solution); and (3) their production should be scalable, repro-
ducible, and economically viable."®

Transition metals represent a rational and strategic choice
to satisfy the abovementioned criteria by catalyzing the OER/
HER processes in alkaline conditions, owing to their versatile
redox chemistry and unique electronic structure.””””’
Transition metals like Ni, Co, Fe, Mo, etc. have unique elec-
tronic structures and favorable redox characteristics. Their par-
tially filled d-orbitals enable fast electron transfer with mul-
tiple accessible oxidation states, which effectively modulates
the binding energies with reaction intermediates for favorable
reaction kinetics.”®®® According to the Sabatier principle, reac-
tions passing through surface-adsorbed intermediates require
optimum adsorption/desorption of the intermediates for facile
catalysis. If the binding energy is too strong, the intermediates
accumulate at the surface and poison the active sites, whereas
if the binding energy is too weak, reaction intermediates
cannot be stabilized and thereby impede the -catalytic
process.®! Transition metals, in particular Ni, Co, Fe, Mo, etc.,
are particularly attractive to catalyze the OER/HER process as
either pure metals, alloys, oxides, hydroxides, sulfides, phos-
phides, or complex structures like layered hydroxides, dichal-
cogenides, or metal-organic frameworks (MOFs).**®” The
advantage of utilizing these materials is that they allow tuning
of their properties by several modifications such as doping,
defect-site creation, heterostructure creation, interfacial engin-
eering, and nano-structuring. Such approaches enable the
optimization of catalytic performance by improving active site
accessibility, conductivity, and stability. The following subsec-
tions subsequently discuss the development of these materials
for AEMWE applications.

4.1. Layered double hydroxides (LDHs)

LDH materials attracted considerable attention as electrocata-
lysts in the past decade. Owing to their ease of synthesis, large
surface area, good activity, and stability, LDHs represent an
excellent choice of materials for the OER/HER in alkaline
media. Among all LDH materials, NiFe-LDH is widely recog-
nized as the most efficient for the OER in alkaline con-
ditions.®® These materials serve as pre-catalysts for the OER
process, where highly active metal oxyhydroxides (e.g.,
NiFeOOH) are the actual catalysts that are responsible for the
OER process.®>° The OER activity of LDH materials is strongly
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influenced by the metal ratio (Ni/Fe or, in general, the M/M’
ratio), which affects their crystallinity and local electronic
environment. Jiang et al. reported that with increasing Fe/Ni
ratio, the crystallinity decreases. They have observed a higher
Fe** content with increasing Fe/Ni ratio, where Fe*" gradually
substitutes the Ni host matrix, leading to higher structural dis-
order in NiOOH. Consequently, the OER activity was found to
be NizFe > Ni;Fe, > NiFe;-LDH; i.e., with increasing Fe/Ni ratio,
the activity decreased. In situ Raman studies revealed that the
more disordered NizFe, and NiFe; LDHs show an irreversible
phase transition during the potential change, whereas the
more ordered NizFe-LDHs were able to return to the initial
stage with good crystallinity. Furthermore, they have employed
NizFe-LDH in AMEWE as the anode material and achieved
2.07 A em™>@2 V with stable operation for 400 hours at 1 A
cm ™2 current density with a degradation rate of 0.1 mv h™".**
Several other studies reported utilizing NiFe-LDH as an anode
catalyst with high stability at 1 A cm™ for 1000,
9000 hours.”® Furthermore, surface engineering via doping of
Co, and W in NiFe-LDH also showed promising performance
for AEMWE as an anode catalyst.”*"%°

Although LDH materials are promising OER catalysts for
AEMWE, their performance degradation is often observed at
high current densities (>1 A cm™?). This could be attributed to
local pH change, excessive bubble formation, and chemical
degradation, which were tackled by several researchers via
morphology modulation, interlayer engineering, and nanos-
tructuring methods.””°° One of the strategies proposed by Li
et al., who enhanced the transport of HO™ between the mem-
brane and catalytic interfaces, successfully regulated the local
pH change for enhanced long-term AEMWE operation. For
that, they have introduced a hierarchical zwitterion-NiFe-LDH
interface where the cationic moieties of the zwitterions help to
transport OH™ across the electrode-membrane interface
(Fig. 4a). This strategy enabled a dynamic OH™ transport
network that neutralized accumulated H' during the OER
process. Consequently, in practical AEMWE, the z-NiFe-cata-
lyzed AEMWE device exhibited a low cell voltage of 1.76 V at 1
A cm™” and long-term stability over 14 000 h, with a voltage
degradation rate of 12.3 pV h™" (Fig. 4b and c)."®°

In addition to pure alkaline water, seawater electrolysis
gained attention due to its natural abundance. However, H,
production via seawater electrolysis is challenging due to the
complex composition of seawater. The presence of ions such
as Cl7, and Br™, along with various microorganisms, promotes
material corrosion and inhibits the desired catalytic process.
Therefore, the catalyst must possess strong corrosion resis-
tance and high selectivity toward H,O or HO™. This can be
achieved by developing corrosion-resistant materials with high
selectivity for the water-splitting reaction. In a recent study
Saada et al. showed that NiFe-LDH deposited on NiCr foam
showed excellent corrosion resistance during seawater electro-
lysis,”* where Cr played a major role as a CI~ repellent, consist-
ent with the findings of a few other studies.'*'® Enhancing
mass and electron transfer, particularly through materials with
strong electron-capturing capabilities, can facilitate the for-
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mation of OER active species with improved kinetics, thereby
promoting efficient seawater electrolysis, as observed by Luo
et al. in their recent study. They have used a self-sacrificing
and dual-ion etching (SSDIE) strategy to develop FeOOH/
FeNiCo-LDH heterogeneous nanosheets on honeycomb-
channel N-doped carbon (HCNC), as shown in Fig. 4d. The
strong hydrogen/electron capturing ability of FeOOH along
with the rapid mass/electron transfer efficiency of conductive
HCNC in FeOOH/FeNiCo-LDH/HCNC collaboratively acceler-
ated the reconstruction process for a faster OER, leading to

This journal is © The Royal Society of Chemistry 2026

efficient seawater electrolysis. The electrolyzer setup is shown
in Fig. 4e, and the activity and stability in seawater showed a
decent performance, as shown in Fig. 4f and g."**

Along with NiFe-LDH, other LDHs such as NiCo-LDH,
NiCoFe-LDH, and CoFe-LDH have also been explored for
AEMWE applications.'®*"'°® However, the HER performance of
bare LDHs is not as promising as noble metal Pt. Although a
few reports employed the modified or surface-engineered
LDHs as both cathode and anode catalyst,’>”® many reports
have used LDH as the anode and NiMo alloy as the cathode
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material in AEMWE.'®”'%® Recent studies showed that the
presence of Mo and Ni as an alloy or as nanocomposite gives a
performance similar to or often better than Pt
Nonetheless, LDH materials are promising electrocatalysts as
anode material for AMEWE applications.

4.2. Metal oxides

Among transition metals, elements such as Ni, Fe, and Co
have been widely utilized in their oxide forms as catalysts for
the OER/HER. Compared to monometallic oxides, bimetallic
or mixed metal oxides (MMO) generally exhibit superior per-
formance. Recent studies investigated this class of materials
for AEMWE applications. Extensive works on NiFe,O, and
derivative materials were reported in the past. For instance,
Wang et al. reported 1.66 V cell voltage and 1000 hours of
stability (with minimal 0.24 mV h™" voltage decay) at 1 A cm™>
current density using NiFe,O, as the anode catalyst material.
Furthermore, they have optimized the mass loading, and they
observed that the activity trend varied with mass loading as 2.5
> 1.0 > 3.5 mg cm>. With optimized mass loading, they have
observed a high current density of 4.0 A cm™ at 1.89 V applied
voltage.""" In a different study, Yoon et al. reported Ti-doped
NiFe,O, as an anode catalyst for high-performance AEMWE
application."*? Apart from NiFe,0,, other mixed metal oxides
such as NiMn,0,,'"* NiC0,0,,'** and Cu,sCo,50,'"° were
also reported as anode catalysts for AEMWE. However, those
studies used the noble metal Pt as the cathode catalyst in their
AEMWE configuration. Among non-noble metals, NiMo-based
material showed good performance as a cathode material
towards the alkaline HER."'® In their study Cui et al. demon-
strated an AEMWE configuration by using NiFeMo, as a pre-
catalyst for the anode material and MoNi, as the cathode
material. The overall system showed 1000 hours of stability at
1 A cm™? current density with a rate of voltage decay of 130 pV
h™".'® In alkaline conditions, the HER process is initiated by
the cleavage of H-OH bonds, which often requires high energy
input for most catalysts. However, Ni and Mo work synergisti-
cally to facilitate the process and therefore reduce the high
energy input. To validate this, Lin et al introduced NiMo/
MoO, as an HER catalyst via an interlayer anchoring strategy
(denoted as NiMo/Int/NF) to achieve high activity and stability
at a high current density. The NiMo/Int/NF catalyst surpassed
Pt/C in terms of activity, as demonstrated in Fig. 5a. Based on
the Tafel slope (derived from the steady-state potential), the
in situ Raman study (in a mixed solution of KHCO; and
K,CO3), the EIS study, and the in situ XRD study, they have
concluded that the rate-determining step (RDS) is the Volmer
step for NiMo/Int/NF, whereas for Pt/C it is the Heyrovsky step
(Fig. 5b). Therefore, the heterostructure benefited the fast
Volmer step (RDS), thereby accelerating the overall hydrogen
evolution kinetics. Moreover, the interlayer structure was
shown to enhance the mechanical robustness of the catalytic
layer. With the integration of NiMo/Int/NF as the cathode
material and CAPist-L1 as the anode material in the AEMWE
device (Fig. 5¢), the cell achieved 1 A cm™> current density at
1.78 V (Fig. 5d). Furthermore, the device achieved robust stabi-
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lity for 3000 hours at 1 A cm™> with a voltage decrease rate of
22.8 pv h™" (Fig. 5e).'"7

Apart from NiMo-based catalysts, NiCu-MMO was also
reported as a cathode catalyst for AEMWE.* Other studies also
have utilized different cathode materials. For example Liang
et al. used a Co3V,04 nanoarray (COVO@NF) as a base material
and performed nitridation and phosphorization treatments to
synthesize CoN/VN@NF and P-CoVO@NF materials as both
cathode and anode catalysts, respectively. They have proposed
that the nitrogen anions upregulate the d-band centre (g4) of
Co and V to optimize the energy barrier for improving HER
activity, and the phosphate anions downregulate the corres-
ponding &4 to favour the deprotonation of oxygen-containing
intermediates during the OER. Their AEMWE cell achieved a
current density of 500 mA cm™> at a voltage of 1.76 V and
maintained a stable operation for 1000 hours in 1 M KOH elec-
trolyte at 70 °C with only a 1.01% voltage degradation.®®

4.3. Metal sulfides

Transition metal-based sulfides have been widely studied for
alkaline OER/HER applications in the past decades. However,
only a limited number of studies have reported their catalytic
performance in AEMWE applications. Nonetheless, in general,
metal sulfides often perform better in the HER than related
hydroxide or oxide materials. This enhancement arises from
the higher polarizability of sulfur relative to oxygen, which
increases the electron density around the metal centre and
optimizes the charge distribution to favour the HER process.
The metal sulfides are usually derived from their corres-
ponding metal oxides or hydroxides. In a relevant study, Park
et al. derived CozS, nanosheets over NF by direct sulfurization
of Co;0, nanosheets over NF. They have observed an increased
HER activity of Co3S,/NF compared to Co;O,/NF in a three-
electrode system. Furthermore, they have utilized this Co;S,/
NF material as a cathode catalyst and CuCo-MMO as an anode
catalyst to study single-cell AEMWE performance. They
achieved a current density of 431 mA cm™ with cell voltage 2.0
V at 40-45 °C."® The metal sulfides can also be derived from
MOFs to tune the morphology of the material. In a recent
study, Choi et al. employed an MOF-derived approach to fabri-
cate Co-incorporated NiS, (MD-Co/NiS,) as an HER electrocata-
lyst. The resulting MD-Co/NiS, retained the original spherical
morphology of the MOF precursor, exhibited an increased
surface area, and showed improved HER activity in a three-
electrode system. When applied as a cathode catalyst in
AEMWE, the device achieved a current density of 1 A ecm™ at
1.97 V and demonstrated stable operation for 50 hours at 0.5 A
em™? and 70 °C.>° In another morphology-driven approach,
Devarayapalli et al. embedded CdS nanoparticles in a zeolite
imidazole framework (ZIF-67). The resulting CdS@ZIF-67
nanocomposite, employed as an anode catalyst, delivered a
cell potential of 1.85 V at a current density of 1 A cm™> com-
pared to the ZIF-67 material, which required 1.95 V for the
same result at 60 °C."*° For the OER, metal sulfides typically
act as pre-catalysts that undergo in situ transformation into cat-
alytically active oxyhydroxide phases. For example, Khan et al.

This journal is © The Royal Society of Chemistry 2026
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synthesized Co-FeCogSg material using an oriented solid
phase synthesis (OSPS) method and performed electro-
chemical activation to obtain the final catalyst, Co-FeCoOOH.
Their proposed method enabled a mechanically strong inter-
face, rapid interfacial charge transfer, and fast bubble evol-
ution under fluctuating working conditions (at constant and
fluctuating current densities of 20, 100, 500 mA cm™>). As a
result, the AEMWE assembled with the Co-FeCoOOH as an
anode catalyst needed a cell voltage of 1.79 V at 1.0 A cm >
with 410 hours of stability at 500 mA cm 2.

The catalytic prominence of Ni and Fe is also reflected in
their sulfide-based systems. Also, the utilization of NF as a
robust, highly conductive substrate facilitates the direct growth

This journal is © The Royal Society of Chemistry 2026

of these catalysts and substantially enhances their overall
electrochemical performance. Chanda et al studied NiFeS
nanosheets that were immobilized on Ti;C, MXene-decorated
nickel foam (Ti;C, MXene/NF) for OER and HER processes
and also for AEMWE application.” Similarly, Kumar et al. uti-
lized NF as a substrate and developed MoS,-Ni;S,/NF as both
an anode and a cathode catalyst for AEMWE application."*®
These studies demonstrated the potential of metal sulfides as
both anode and cathode catalysts for AEMWE application.

4.4. Metal phosphides

Metal phosphides have been extensively investigated as catalyst
materials for the HER and OER in alkaline media. Phosphorus
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displays strong electronic interactions with metal centres and
modulates their d-band states via d-p hybridization to opti-
mize the adsorption-desorption kinetics of the key reaction
intermediates. In the HER, this electronic modulation facili-
tates water dissociation for accelerated hydrogen evolution,
while in the OER, these materials generally undergo surface
reconstruction to form catalytically active metal oxyhydroxides.
Consequently, these materials find their application in water
electrolysis, as demonstrated by various research groups in the
past decades.’*"'*> For AEMWE applications, metal phos-
phides are majorly utilized as HER catalysts. For instance, Guo
et al. studied a series of NiFeP materials that were synthesized
on AEMs via a facile Pd-catalyzed electroless deposition
method. The optimized Ni, y9Feq 0gPo.15 €lectrocatalyst showed
superior HER performance, comparable to Pt/C in an AEMWE
device fed with 1.0 M K,CO; solution.'*® In another study, Kim
et al. studied NiCoP material as an HER catalyst along with
bare NiP and CoP materials, where NiCoP showed superior
HER activity compared with the bare materials. This perform-
ance enhancement was attributed to the near 1:1 balance
between phosphide and phosphate in the material. They have
achieved 1 A em™ current density at 1.88 V with 100 hours of
stability with a minimal degradation rate of 0.21 mV h™" in a
single-cell AEMWE device with a Ni,gCos,P;0/CP cathode and
Ni,Fe,/SS anode.'”* Apart from the introduction of Fe and Co
in NiP materials, B and V doping of NiP materials is also
reported for AEMWE applications. Zhao et al. reported B and V
co-doped in NiP material as a cathode catalyst in alkaline and
seawater electrolysis. They have utilized an asymmetric feeding
mode for seawater electrolysis (seawater at the cathode and 1
M KOH at the anode side) to avoid a chloride oxidation reac-
tion at the anode side and achieved a decent stability of
30 hours at 0.5 A cm™ current density."*® In addition, CuCoP
material was also reported by Guo et al. as a cathode catalyst
for AEMWE application.'?®

In addition to transition metals in metal phosphides, the
presence of trace amounts of lanthanide metal can boost the
catalytic performance. Zhang et al. demonstrated a Ce-doped
Fe,P/NiCoP hybrid pre-catalyst that underwent surface recon-
struction into highly active (oxy)hydroxide species during the
OER with the help of more oxyphilic Ce metal ions. The syn-
thesis procedure of the pre-catalyst is shown in Fig. 6a, where
they have used NF as a substrate template for the direct growth
of the material. They have observed that the pre-catalyst under-
went a controlled surface reconstruction into Ce-FeOOH/
NiCoP during the OER with significantly enhanced charge and
mass transfer, and reduced the energy barriers for the *OH for-
mation, and this was supported by density functional theory
(DFT). They have utilized Ce, Fe,P/NiCOP@NF as an anode
and homemade Ce, ;—~CoP/Ni;P@NF as a cathode to form the
MEA and tested it in a customized AEMWE electrolyzer, as
illustrated in Fig. 6b and c. The AEM electrolyzer delivered a
current density of 1.0 A cm™? at a low cell voltage of 1.812 V
and outperformed the benchmarked RuO,/NF(+)||Pt/C/NF(-)
system (2.035 V at 1.0 A cm™?) at 60 °C in 1.0 M KOH solution
(Fig. 6d). Furthermore, it sustained a stable operation at 1.0 A
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cm™? for 579 hours without significant degradation, as shown
in Fig. 6e.”” Furthermore, advanced heterostructure or nano-
composite materials with corresponding hydroxides or sulfides
also attracted attention for their versatile electronic and physi-
cal properties that favor these gas evolution reactions. Several
notable studies, like the mesoporous Ni,P@FePO,H, pre-elec-
trocatalyst studied as an anode material by Meena et al.,'*”
nickel copper phosphide-nickel sulphide (NCP-NS) as both
anode and cathode material by Singh et al.,'*® and maple leaf-
shaped porous Ni,P/Ni,Ss as an anode by Wang et al,'*’
demonstrated industrial-level AEMWE performance.

The use of self-supported electrodes, such as catalysts
directly grown on NF, is also widely adopted, as NF not only
serves as a structural support but also functions as a GDL
within the AEMWE cell. It is therefore important to under-
stand NF and Catalyst@NF’s hydrophilic and aerophobic
nature towards these gas evolution reactions. Clearly, materials
with a highly hydrophilic and aerophobic nature are favourable
for these reactions. In this regard, Wan et al. developed an
Fe( »Nig g—P 5505 material, along with bare material Ni-Pg 5S 5
over NF, and studied their hydrophilic and aerophobic
natures. As shown in Fig. 6f, the contact angles of NF, Ni-
Py5S0.5 and Fe, ,Nig g-Py5S0.5 are 86.1°, 52.9° and 0°, respect-
ively. This demonstrates that the design of the nano-island
arrays on the NF surface is beneficial for the electrode’s wett-
ability, and Fe, ,Niy g—Py 5505 has superhydrophilic properties.
Furthermore, the contact angles for gas bubbles of 72.8, 138.2,
and 142.3° for NF, Ni-P, 5So5, and Fe,,Nig g—Po 5505, respect-
ively, indicated the superaerophobicity of the Fe, ,Nig g—Pg.5S0.5
electrode. Therefore, effective reactant transportation and
product removal benefited their developed catalyst, which they
employed as both anode and cathode for AMEWE application
(Fig. 6g). They have reported a robust performance of their
system with a requirement of 2 V cell voltage at 2.5 A cm™>
current density and long-term 300-hour stability at 1 A cm™
current density with a degradation rate of 0.08 mV h™" at 60 °C
in 1 M KOH.”

2

4.5. Metal alloys

Transition metal alloys hold a promising future as non-precious
catalysts for the OER and HER in AEMWE applications. Recent
studies utilized Ni, Fe, Co, Cr, Mn, Mo, and their alloys as catalyst
materials for AEMWE studies.®*”>"3° For instance, Lee et al.
studied Fe-Co-Ni ternary amorphous catalyst as an anode cata-
lyst,"** Yang et al. demonstrated several multilayer engineered
NiFeM (M: Co, Mn, and Cu) materials as anode catalysts,** Wang
et al. reported a NiCoFeCrMn high-entropy alloy as an anode cata-
lyst,"*> and Yeo et al. investigated a NiMo/Co-nanowire (NW)/
carbon paper (CP) catalyst as a cathode material for AEMWE.®"
Surface reconstruction during the OER process is a
common phenomenon, and alloy-based materials also
undergo the same process. However, limited surface construc-
tion often restricts the utilization of active sites on the MEA,
which results in limited performance. Thus, the performance
can be enhanced by bulk transformation to achieve the
maximum number of active sites for the reaction. A study by
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Fig. 6 (a) Schematic illustration of the Ceg;—Fe,P/NiCoP@NF preparation process; (b) schematic illustration of AEMWE electrolyzers; (c) photo-
graph of an AEMWE platform; (d) J-V curves of Ceg;—Fe,P/NiCoP(+)||Ceg1—CoP/NizP(-) and RuO,@NF(+)||Pt/C@NF(-) at 60 °C; (e) chronopoten-
tiometry of the electrolyzer at 1.0 A cm™2 (60 °C, 1.0 M KOH).*” Reprinted with permission from ref. 107. Copyright 2025 Wiley-VCH. (f) Static water
contact-angles, bubble contact angle measurements, and schematic diagram for the transformation of hydrophobic/hydrophilic blank NF, Ni—
Po.sSos and Feg2Nigg—PosSos electrodes; (g) schematic component of an AEMWE for testing Feg»Nipg—Po 5So0.5//Feo2Nipg—Po.sSos catalyst
systems.71 Reprinted with permission from ref. 108. Copyright 2022 Elsevier.

Chen et al. showed that the introduction of Mo in a NiFe alloy
results in complete surface reconstruction during CV acti-
vation via Mo leaching with the additional benefit of the pres-
ence of cationic vacancies in the structure. The bare NiFe alloy,
on the other hand, had limited surface reconstruction
(Fig. 7a). As a result, Vy;,-NiFe showed better OER performance
than bare NiFe. In an AEMWE cell setup with Vy,-NiFe as an
anode catalyst the current density of 1.0 A cm™> was achieved
at 1.71 V at 60 °C in 1 M KOH. The stability study with continu-
ously changing operating conditions at different current den-
sities and a static current density of 1 A cm™> demonstrated
the robust stability of the system (Fig. 7b and c).'**

Catalyst degradation over time is a serious issue for the
practical implementation of AEMWE for hydrogen generation.
In a compact cell with a two-electrode system, it is usually
difficult to monitor the cause of the degradation of the per-
formance."®* NiMo-based materials are now widely used as
cathode materials for AEMWE, and therefore monitoring and
resolving the degradation of NiMo-based cathodes under inter-
mittent operation is necessary. To deal with this, Jeon et al.
developed an AEMWE cell integrated with a reference electrode
with an extended anion exchange membrane to ionically
connect the MEA to an external reference electrode chamber,

This journal is © The Royal Society of Chemistry 2026

as shown in Fig. 7d. The external chamber housed a reversible
hydrogen electrode, immersed in 1 M KOH, and connected
ionically to the MEA through the extended membrane region,
which functioned as a Luggin capillary to sense the electric
field between planar electrodes (Fig. 7e). They have used an
MEA with a NizMo cathode and carbon-encapsulated
NizMo@C60 cathode to study their degradation. Their study
revealed that MEAs with Niz;Mo cathodes exhibited significant
degradation, whereas the Ni;Mo@C60 cathode exhibited
remarkable durability under the same conditions. The irrevers-
ible transformation of HER-active metallic Ni;Mo into HER-
inactive hydroxides during OCV periods was evidenced during
the continuous rise in cathode potential and was considered
the primary source of degradation (Fig. 7f and g). The conver-
sion of metallic Ni;Mo into its hydroxide phase involves sub-
stantial volumetric expansion. However, in Ni;Mo@C60 cata-
lysts, the surrounding carbon shells sterically constrain this
expansion, thereby inhibiting the oxidative transformation
from metal to hydroxide. Integrating a reference electrode into
the AEMWE therefore enabled a precise decoupling of overvol-
tage contributions, provided critical insights into degradation
mechanisms, and allowed a rigorous evaluation of catalyst
durability under practical operating conditions."*?
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(a) Schematic of catalyst reconstruction; long-term durability of the Mo-NiFe-based AEMWE recorded under (b) different current densities

and (c) a constant current of 1.0 A cm~2.133 Reprinted with permission from ref. 119. Copyright 2025 Royal Society of Chemistry. (d) Exploded view of
AEMWE integrated with a reference electrode; (e) schematics showing the working principle behind the sensing of the electric field between the
cathode and anode by the reference electrode; cell voltage and electrode potentials at 1 A cm™2 and under an open circuit during an intermittent
protocol using (f) NizMo and (g) NizMo@C60: the inset figure in (f) indicates an intermittent protocol used to test MEAs, consisting of repeated
cycles of 30 min of chronopotentiometry at 1 A cm™2 and 30 min of OCV.'*® Reprinted with permission from ref. 121. Copyright 2025 Wiley-VCH.

4.6. Metal organic frameworks

The increasing popularity of MOF as OER catalysts has gained
significant attention from researchers. Their tuneable compo-
sition with transition metal ions (Ni, Co, Fe, etc.) and organic
ligands leads to large specific surface areas and abundant pore
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structures, offering an advantage towards the facile OER
process. Recent studies have demonstrated their application in

AEMWE also as an anode material. Like other catalysts, MOF
materials also act as a pre-catalyst for the OER process, and
owing to the presence of weak coordination bonding, they
undergo phase transitions into high-valency metal oxyhydrox-
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ides at high voltage. Recently, Li et al. demonstrated the con-
struction of Ni(Fe)OOH for the OER from a NiFe-MOF
material, where benzene-1,4-dicarboxylic acid was used as an
organic linker to prepare the NiFe-MOF. The complete struc-
tural reconstruction was confirmed via post-activation XRD
and Raman studies. The presence of Fe caused lattice distor-
tion, resulting in the elongation of Ni-O bonds in the Ni(Fe)
OOH with oxygen vacancies. They studied Ni(Fe)OOH for
AEMWE as an anode catalyst against the NiMoO, cathode cata-
lyst and showed more than 300 hours of stability at 1 A cm™>
current density.°® Another study by Lin et al. showed the struc-
tural reconstruction of B-MOF-Zn-Co to B-doped CoOOH for
the facile OER process. They have achieved a current density of
1 A cm™? at 2.04 V using B-MOF-Zn-Co as an anode catalyst."*®
Similarly, Zhou et al. reported a D/CoFe-MOF catalyst that
underwent stepwise activation during the OER, progressing
from the bare MOF state to an intermediate a-FeOOH state,
and finally to an OER-active CoFeOOH phase. Theoretical
study showed the decreased Co-OOH bond length and
enhanced electron localization on adsorbed OOH* species,
which resulted in good OER activity. Their AEMWE cell
achieved a current density of 1 A cm™ at 1.69 V and main-
tained a long-life stability for 300 hours with negligible vari-
ation at 60 °C in 1 M KOH."*’

To have the overview of the performance benchmarks, the
details of the developed transition metal-based only anode cat-
alysts, only cathode catalysts, and both anode/cathode catalysts
for AEMWE application are summarized in Tables 2-4. As
observed from the literature, the major focus was found to be
on anode catalyst development. However, cathode catalyst
development (alternative to a Pt catalyst) is also necessary.
Contemporary research needs more focus to develop highly
efficient and cheap cathode catalyst materials.

5. Challenges and future prospects

Although AEMWE is still in its infant stage, significant
achievements have been made in the development of the com-
ponents of the MEA, ie., catalyst materials, membranes, and
gas diffusion layers. These advancements have enabled pilot-
scale demonstrations in which single-cell AEMWESs achieve
current densities approaching 1 A cm™> at low operating vol-
tages with promising stability. Transition metal-based cheap
materials are being utilized as high-efficiency anode and
cathode catalysts. In parallel, suitable membrane develop-
ments are also in progress. These developments have brought
the technology closer to practical implementation. Standing at
this stage, it is crucial to understand some of the crucial chal-
lenges that need to be solved in order to achieve high-perform-
ance AEMWE for hydrogen production.'**

The challenges can be broadly categorized into two classes;
one is technical, and the other is economic. Technical chal-
lenges include catalytic efficiencies, interfacial issues, mem-
brane durability, MEA’s configuration, and operational con-
ditions. Economic challenges are obviously the costs related to
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the production of catalysts, membranes, and other com-
ponents. A critical analysis of the technical aspects is outlined
below.

5.1. Catalytic efficiency and stability

These are of the utmost importance for high-performance
AMEWE process. However, catalyst degradation or the for-
mation of a non-conductive passive layer drastically reduces
the catalyst’s performance, especially at high current density.
It is common for catalysts to undergo surface reconstruction
during reactions, which can be monitored via in situ
studies.’®*** Therefore, a careful catalyst design with suitable
properties for the generation of highly dense active sites with
good conductivity during the reaction is highly desirable to
achieve a high current density. To deal with this challenge,
operando characterization approaches are effective to study the
material’s property during the reaction. Post this, careful
engineering is desirable to mitigate the possible degradation
issues.

Many studies utilized Nafion as ionomer, which is a cation
exchange ionomer."*>'** This creates a barrier for the HO™ ion
to come close to the catalyst as the ionomer suppresses the cat-
alyst’s exposure to HO™ ions. This leads to a partial perform-
ance loss of the catalyst. Therefore, an anion exchange
ionomer is a better choice for this kind of operation.
Furthermore, the ionomer-catalyst ratio impacts the overall
performance of the catalyst. Excess ionomer would lead to
blockage of the catalyst active site and less ionomer content
would to poor binding of the catalyst with the membrane or
GDL. Therefore, optimization of the ionomer-catalyst ratio is
highly desirable.

As the discussed catalysts usually perform well in mild or
moderate KOH solutions, as a future target, pure-water acti-
vation and impure water activation (such as tap water, pond
water, river water, or seawater) could add more value to this
technology. For large scale hydrogen production, a direct use
of natural water would be highly beneficial. This of course
requires a highly active catalyst that can activate water mole-
cules in mild conditions. As pure water provides extremely low
ionic conductivity, the catalyst itself must possess high intrin-
sic conductivity with superhydrophilicity. This could be
achieved via alloying, nanostructure and interfacial engineer-
ing of transition metal-based catalysts. Addressing this chal-
lenge would substantially improve both the cost-effectiveness
and scalability of hydrogen production.

Recent studies highlight that many catalysts are reported
for water electrolysis where testing conditions were used either
in three-electrode setups (study of half-cell reactions, e.g., only
OER or HER) and/or simply in a two-electrode system in an
alkaline medium at room temperature.'®*>%” Although these
studies are important for catalyst development, the vast utiliz-
ation of these developed catalysts in AEMWE is lacking cur-
rently. Therefore, it is necessary to test these catalyst materials
on an industrial scale to make the transition faster.
Furthermore, several testing protocols in the three-electrode
system need to be relevant for practical electrolyzer operation,
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such as electrolyte composition, pH, and temperature, along
with mass-loading optimization, activity, and long-term stabi-
lity testing at meaningful current densities.

5.2. Interfacial compatibility

This issue arises from poor adhesion and mismatched inter-
faces between the catalyst and membrane, which can impede
electron and mass transfer across the MEA and consequently
limit cell performance.*' Such problems often originate from
improper MEA fabrication methods or due to the incompat-
ibility of membrane-ionomer—catalyst. Therefore, ensuring
intimate contact and optimized structural integration between
the catalyst and membrane easily mitigates this challenge for
enhanced AEMWE performance. This requires case studies
with membrane and ionomer variants to understand and solve
the issue. Also, as discussed before, an interlocking strategy to
fabricate the MEA is a potential solution to minimize the inter-
facial incompatibility, requiring no need for an ionomer.

5.3. Membrane conductivity and durability

The conductivity and durability of the AEM have a huge
impact on AEMWE'’s performance. Unlike PEM, AEMs are less
durable, and therefore significant research effort to develop
highly efficient membranes is necessary. In order to get high
conductivity and close contact of the electrodes, the mem-
brane must be thin, but thin membranes degrade fast. On the
other hand, thick membranes are durable but less conductive.
Hence, a thin membrane is highly desirable with good stabi-
lity. Furthermore, AEMs face degradation issues under high
pH conditions and elevated temperatures.'>* Therefore, a clear
objective is a trade-off through advanced material design, such
as chemically robust backbones, improved ion-exchange
groups, and composite strategies, which is imperative. In par-
allel, the cost of production needs to be reduced for affordable
marketing.

5.4. MEA fabrication

MEA fabrication, whether via a CCS, CCM, or ordered interlock
strategy, has a huge impact on AEMWE’s performance.
Although multiple fabrication approaches have been reported
in the literature, a universally accepted benchmark for optimal
MEA preparation has yet to be established.*"*” Contemporary
research should focus on identifying fabrication strategies that
maximize the efficiency, durability, and scalability of AEMWE
devices.

5.5. Operational conditions and standardized testing

In the past, the testing of AEMWE has been evaluated under
diverse operational conditions, including electrolyte types
(pure water, alkaline water, seawater, etc.), operating tempera-
tures (25-80 °C), feeding methods (anode feeding, cathode
feeding, and dual feeding modes), and flow rates (1-500 mL
min~"). However, as highlighted by Titheridge et al., building
a consistent relationship between these variables and cell per-
formance is a challenge as of now, due to the lack of standar-
dized testing protocols. Hence, they have proposed standar-
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dized testing protocols for AEMWE to benchmark the overall
system configuration.’® Several other reports and inter-
national agencies also highlighted standardized testing proto-
cols for AEMWE for a reliable comparison and to accelerate
scale-up.'®?>*® Following these protocols the performance vs.
the standardized testing would provide a meaningful solution
for future operations.

6. Summary and perspective

In summary, we have provided a concise overview of modern
technologies for hydrogen production via water electrolysis,
with a particular focus on the emergence and significance of
AEMWE for cost-effective hydrogen generation. Key com-
ponents of AEMWE and their operating mechanisms were
highlighted to present a comprehensive understanding of the
cell architecture. Furthermore, membrane-catalyst compatibil-
ity with efficient MEA fabrication strategies was discussed. We
provided a detailed analysis of recent advances in non-pre-
cious, Earth-abundant catalyst materials investigated over the
past decades, emphasizing the critical roles of metal compo-
sitions such as Ni and Fe for the OER and Ni and Mo for the
HER, as well as their synergistic interactions in replacing PGM
catalysts to enhance AEMWE performance. Finally, the current
status, challenges, and future prospects were highlighted for
the transition from pilot-scale to industrial-level AEMWE
applications.

AEMWE holds substantial potential for hydrogen pro-
duction on an industrial scale, and significant research and
development is required to achieve this goal. Therefore, a
thorough understanding of a catalyst’s property and its degra-
dation mechanism at operating conditions is imperative. The
dynamic reconstruction is a common phenomenon that
occurs during the reactions and needs to be monitored via
in situ characterization studies. Pre- and post-study characteriz-
ation studies are also necessary to understand the same. Along
with stability, the activity of the materials needed to be
retained during the cell operation, and therefore, catalysts
with high conductivity and abundant active sites are necessary.
Although this review emphasized the recent catalyst develop-
ment, the need for membrane development and MEA fabrica-
tion has equal importance for the successful implementation
of AEMWE technology. Therefore, more focused research
should be devoted to the GDL/CL/AEM interfaces to improve
MEA performance and operational lifetime.
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