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Green Hydrogen Production by Low-Temperature
Membrane-Engineered Water Electrolyzers, and
Regenerative Fuel Cells

Alexandre Bodard, Zhangsen Chen, Oumayma ELJarray, and Gaixia Zhang*

Green hydrogen (H2) is an essential component of global plans to reduce
carbon emissions from hard-to-abate industries and heavy transport.
However, challenges remain in the highly efficient H2 production from water
electrolysis powered by renewable energies. The sluggish oxygen evolution
restrains the H2 production from water splitting. Rational electrocatalyst
designs for highly efficient H2 production and oxygen evolution are pivotal for
water electrolysis. With the development of high-performance electrolyzers,
the scale-up of H2 production to an industrial-level related activity can be
achieved. This review summarizes recent advances in water electrolysis such
as the proton exchange membrane water electrolyzer (PEMWE) and anion
exchange membrane water electrolyzer (AEMWE). The critical challenges for
PEMWE and AEMWE are the high cost of noble-metal catalysts and their
durability, respectively. This review highlights the anode and cathode designs
for improving the catalytic performance of electrocatalysts, the electrolyte and
membrane engineering for membrane electrode assembly (MEA)
optimizations, and stack systems for the most promising electrolyzers in
water electrolysis. Besides, the advantages of integrating water electrolyzers,
fuel cells (FC), and regenerative fuel cells (RFC) into the hydrogen ecosystem
are introduced. Finally, the perspective of electrolyzer designs with superior
performance is presented.
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1. Introduction

For at least 15 years, the scientific com-
munity has agreed that human activities
are the cause of global warming, notably
due to the quantities of carbon dioxide
(CO2) released into the atmosphere by
industry and transport (IPCC reports).[1]

To envisage a viable future by 2100, many
countries and companies are developing
a “net-zero emissions” program for 2050
or beyond.[2] In this quest, hydrogen
(H2), and hydrogen-based fuels are con-
sidered key pillars for decarbonization.[3]

Combined with efforts to stimulate
post-pandemic economic recovery and
address inflationary concerns, the global
energy crisis has become a major booster
for hydrogen-related projects. More
than 1.5 billion USD have been in-
vested worldwide in electrolyzer plants,
which split water into H2 and oxygen
(O2, Equation 1) using electricity.[4]

H2O (l) → H2

(
g
)
+ 1

2
O2

(
g
)

(1)

Currently, most H2 is produced from
fossil resources (e.g., the steam methane reforming (SMR)
method using natural gas), emitting significant amounts of
CO2.[5] Electrolysis is a promising method for producing clean
and pure H2 when the electricity used comes from renewable
(e.g., solar, wind, hydro, and tidal energy) or nuclear resources.[6]

CO2 capture is usually applied to reduce CO2 emissions during
H2 production.[7] The idea of H2 production from water electrol-
ysis is not new. H2 was discovered by the chemist Cavendish in
1766. Later in Jules Verne’s book The Mysterious Island pub-
lished in 1875, the fictional character Cyrus Smith refers to water
as a future fuel.[6b,8] Other than the potential of being an alter-
native to fossil fuels, H2 is overwhelmingly produced as an en-
ergy carrier, capable of storing energy and easy to transport.[9]

Although some natural reserves of white H2 (natural H2, formed
by natural processes[10]) have already been discovered, such as the
recent discovery in France of a reserve of possibly 46 billion tons
of H2, it is still not sufficient for the modern requires.[11] As out-
lined in the US National Clean Hydrogen Strategy and Roadmap,
green H2 (produced from renewable electricity), or blue H2 (pro-
duced with few CO2 emissions), rather than gray H2 (produced
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Table 1. Advantages and disadvantages of different electrolyzers.

Advantages Disadvantages Refs.

AWE • Widely commercialized (mature) • Low current densities [15b,18]

• Non-PGM catalyst • Gas cross-over [17,18,19]

• Long-term stability • Difficile coupling with renewable energies [15b,18,20]

• Low cost • Low reactivity (Cold start to nominal load < 50 min, Hot
start in minutes, Shutdown in minutes)

[15b,18a, 20]

• MW range • Low operating pressure [15b, 17, 18, 19a, 20a, 21]

• Corrosive liquid electrolyte (20%–30% KOH) [17, 18b]

PEMWE • Commercialized • High-cost components (noble metal Pt, Ru, Ir) [18a]

• High load range • Corrosive environment [15b, 17, 20a, 22]

• Compact cell design [18a]

• High operating pressure [15b, 18a, 20a, 22]

• High H2 purity (99.9%–99.9999%). [15b]

• Coupling with renewable energies is achievable [15b]

• High reactivity (Cold start to nominal load < 20 min,
Hot start in seconds, Shutdown in seconds)

[15b, 18a, 20b]

• High current densities [15b, 18b, 22]

• Higher voltage efficiency [19a]

AEMWE • Non-noble metal catalyst • Early commercialization stage [2, 5b, 18a]

• Less corrosive electrolyte • Membrane stability [15b, 18]

• Compact cell design • Low durability [17, 18, 19a]

• High operating pressure [15b]

• Coupling with renewable energies is achievable [15b]

• High current densities [23]

• High reactivity (Cold start to nominal load < 20 min) [15b]

SOEC • High efficiency • Early commercialization stage [1, 2, 15b, 20a, 21]

• Non-noble catalyst • Large system design [18a]

• Low durability [15b, 18a, 20a]

• Need proximity to a heat source (Operating temperature
700–850 °C)

[15b]

• Low reactivity (Cold start to nominal load > 600 min, Hot
start in minutes)

[15b, 18a]

• Low current densities [2]

• High cost [ 15b, 18a, 20a]

from natural gas reforming) must first be used in the hard-
to-decarbonize areas, such as the industrial sector (e.g., chem-
icals, steel, and refining) and the heavy-duty transportation.[12]

Given the power difference between hydrogen refueling sta-
tions (HRS, megawatt (MW) range) and industrial installations
(10 MW range), developing HRS becomes a priority to gain feed-
back before embarking on industrial projects. Then, green and
blue H2 can be used for long-term energy storage to enable a
clean grid.[13] With the power-to-gas concept in the clean grid,
renewable energy generation can exceed 100% of demand (it hap-
pened in Spain on Tuesday, May 16, 2023, for nine hours).[14]

Under this circumstance, it will mostly be more efficient to ex-
port this surplus to neighboring countries than to convert it back
into H2 due to the energy loss concerns.[15] In all, H2 and renew-
able energy-generated electricity are essential to the decarbonized
society. The former enables energy storage through the “power-

to-gas” concept. The latter enables low electricity prices, which
represent the main cost of electrolysis.[15b]

To produce green H2, several electrolysis systems are in the
spotlight, such as those operating at low temperatures, the al-
kaline electrolyte (i.e., alkaline water electrolysis, AWE) or solid
electrolyte (i.e., anion exchange membrane water electrolysis,
AEMWE), the acid one with solid electrolyte (i.e., proton ex-
change membrane water electrolysis, PEMWE), and the one op-
erating at high temperatures (i.e., solid oxide electrolysis cell,
SOEC). Their advantages and disadvantages are discussed in
Table 1. AWE is in the MW range and has a long durabil-
ity. However, it is already mature with liquid electrolytes, mak-
ing its system design renovation particularly difficult. There-
fore, AWE has fewer prospects for evolution than other solid
membrane electrolyzers (i.e., PEM, AEM, and SOEC). Although
SOEC electrolyzers may be more efficient than low-temperature
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electrolyzers, they will not be discussed in this study as they
operate at high temperatures, making them dependent on heat
sources. A solid membrane electrolyte makes it possible for the
electrolyzers to work under high pressure, eliminating the need
for a hydrogen compressor in the system.[16] The PEMWE and
AEMWE systems are the most promising electrolyzers since they
can also produce H2 directly under pressure, thus promoting
the use of H2 as an energy carrier and storage system.[17] More-
over, their high reactivity makes them particularly suitable for
coupling with renewable energies to potentially achieve decar-
bonized industrialization.

This scientific review aims to provide a comprehensive anal-
ysis of the state-of-the-art technologies and advancements in
electrolysis focusing on PEM and AEM electrolyzers, their chal-
lenges, and perspectives. Fuel cells and regenerative fuel cells will
also be discussed, as they are part of the evolution of electrolyzers
due to their functional proximity and the need for a clean grid.
In addition, the global hydrogen ecosystem aiming toward a de-
carbonized society is briefly introduced and discussed.

2. Low-Temperature Electrolyzers with Solid
Membrane

2.1. Hydrogen Evolution Reaction and Oxygen Evolution Reaction

The electrolysis of water, represented by Equation 1, involves
two distinct half-cell reactions known as the hydrogen evolu-
tion reaction (HER) and the oxygen evolution reaction (OER).
In a typical acid-electrolyte water electrolysis, H2O is oxidized
at the anode to produce O2 (Equation 2) while H+ is reduced
at the cathode to generate H2 (Equation 3). Electrochemical
production of H2 from water requires an input of energy to
overcome the inherent barrier, referred to as the overpoten-
tial (𝜂). The overpotential is defined as the difference between
the potential (voltage) E(i) of a specific half-reaction (0 V vs.
reversible hydrogen electrode (RHE) and 1.23 V vs. RHE for
HER and OER, respectively, as determined by thermodynam-
ics) and the experimental potential E0 at which the redox reac-
tion is observed. The thermodynamic voltage of a water elec-
trolyzer is 1.23 V. The larger the overpotentials of HER and
OER of the electrocatalysts, the higher the cell voltage values
the water electrolyzer will have. Based on the Nernst equation,
OER prefers alkaline conditions while HER is favored in acidic
media.[24]

In both the HER and OER systems, the efficient production
of H2 and O2 relies on the presence of suitable electrocata-
lysts that minimize overpotentials. These catalysts play a cru-
cial role in reducing the energy input required for the electro-
chemical reactions, leading to more efficient and sustainable pro-
duction of H2 and O2.[25] Noble-metal-based catalysts are pre-
ferred in acid electrolyte water electrolysis for their robust na-
ture to the corrosive environment. To reduce the cost of cata-
lyst fabrication, alkaline electrolyte water electrolysis broadens
the catalyst options to transition-metal-based catalysts. Noble
metals like Pt,[26] Ir,[27] Ru,[28] are commonly studied in water
electrolysis because of their promising overall performance in
acid electrolytes and sometimes in alkaline electrolytes (mostly
Pt-based for HER, Ir- and Ru-based for OER). For non-noble

metals, Mo-based catalysts show great potential for HER,[29] Co-
based and Ni-based catalysts are good for OER[30] and HER.[31]

Transition-metal-based alloy catalysts recently demonstrated su-
perior catalytic performance to conventional catalysts, including
Ni/Fe-based,[29,32] Co/Fe-based,[33] and Ni/Cu/Mo-based[34] elec-
trocatalysts. Intriguingly, some of these promising non-noble-
metal-based materials can serve as bifunctional catalysts (i.e., ac-
tive for both HER and OER) that could be employed in a sym-
metric cell to simplify the electrolyzer setup. The details of the
corresponding electrocatalysts will be discussed in the following
sections of this review.

2.2. Proton Exchange Membrane Water Electrolyzers (PEMWE)

Figure 1a depicts a 3D diagram of a real PEMWE cell. The operat-
ing principle of the PEMWE is to pump pure water to the anode
port, which flows through the bipolar plates (BPs) and gas diffu-
sion layers (GDLs) to the surface of the anode catalyst, where it is
dissociated into protons (H+), O2, and electrons (e−). The O2 is re-
leased into the water stream, while the protons pass through the
solid polymer electrolyte (SPE), under the effect of the concen-
tration gradient and the electric field, to the surface of the cath-
ode catalyst to immediately recombine with the electrons to form
H2. The electrons in the external electrical circuit are released
at the anode to generate the direct current (DC). They provide
the driving force (cell voltage) for the reaction.[21,36] The main
component of a PEMWE is the membrane electrode assembly
(MEA) composed of the SPE sandwiched between the two elec-
trodes and the BPs. The electrodes are composed of a porous cat-
alyst layer (CL) and even more porous GDLs (Figure 1b). These
are finally encased by the end plates which provide mechani-
cal support and serve as fasteners for all components. The CL
contains evenly dispersed electrocatalysts on a nanoporous sup-
port. It allows the reduction of the activation energy and pro-
motes charge transfer kinetics. The GDLs, sometimes called the
porous transport layer (PTL), play the role of the current collec-
tor. The addition of metallic meshes or sinters in GDLs can im-
prove the charge transfer. BPs are primarily responsible for the
uniform distribution of water in the cell. In addition, BPs func-
tion in heat transfer, separation of anode and cathode compart-
ments, and conductivity.[36a,37] The efficiency of the PEM elec-
trolyzer, particularly at higher current densities, is highly depen-
dent on the contact and interface structure between these multi-
ple components.[21,36a] As highlighted before, the electrocatalysts
on both the anode and the cathode are essential and represent
one of the main challenges of PEMWE.

2.2.1. Anode Engineering

The OER (Equation 2) takes place at the anode, which occurs si-
multaneously with the HER (Equation 3) of the cathode.

2H2O (l) → 4e− + 4H+ (aq) + O2

(
g
)

(2)

2H+ (aq) + 2e− → H2

(
g
)

(3)

Unfortunately, because of the multiple proton and electron
transfer, the OER has sluggish kinetics. It translates to a larger
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Figure 1. a) The 3D diagram of a PEM cell. Reproduced under terms of the CC-BY-NC-ND 4.0 license.[35] Copyright 2021, Chang Liu et al., published
by American Chemical Society, no change was made, https://pubs.acs.org/doi/10.1021/acsami.0c20690. b) PEMWE two cells representation extracted
from a stack.

anodic overpotential (𝜂a) than cathodic overpotential (𝜂c), making
OER one of the main problems that hold back the commercial-
ization of PEMWE.[38] Apart from water electrolysis, OER is com-
monly the half-reaction in many electrocatalytic systems such as
regenerative fuel cells, CO2 reduction, metal-air batteries, and
nitrogen fixation. It urges the studies to improve OER activity
for electrocatalysis.[39] Water dissociation produces a huge quan-
tity of protons, leaving the reaction environment acidic. It re-
quires the OER catalyst to be stable in an acidic environment.
There are two main mechanisms for the OER in an acidic envi-
ronment: the adsorbate evolution (AE) mechanism and the lat-
tice oxygen-mediated (LO) mechanism.[40] Wu et al. concluded
that LO-dominated catalysts are more active but less stable than
AE-dominated catalysts.[36a] Although a balance between activ-
ity and stability is required, stability matters first for the catalyst

in the PEMWE application. External factors such as catalyst de-
tachment and surface blocking, as well as internal factors such
as catalyst dissolution and surface reconstruction, are primary
reasons for catalyst instability and deactivation. Among them,
dissolution is the main parameter affecting the stability of OER
electrocatalysts.[40] Consequently, to obtain a highly stable cata-
lyst, dissolution must be inhibited. The interaction between the
different dissolution and deposition pathways is governed by the
kinetics of the associated reactions. To fully understand the com-
plex relationship between catalyst activity and stability, further ex-
ploration is required through advanced kinetic simulations and
characterization techniques in real catalytic systems.[36a]

Common Iridium (Ir), Ruthenium (Ru), and Non-Noble Metal-
Based Anode Catalysts: Currently, research is being carried out
mainly on three types of anode catalysts: Ir-based, and Ru-based,
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due to their high metallic conductivity of 104 cm−1 ohm−1,[21] and
noble metal-free anode catalysts. The “volcano plot” calculated
using density functional theory (DFT) suggests that noble met-
als generally have appropriate intermediate adsorption free ener-
gies, leading to better OER activity than that of non-noble metals.
Besides higher activity, noble metal catalysts also exhibit better
stability compared to non-noble metal catalysts. Theoretically, the
d-electron orbitals of the noble metal electrocatalysts (e.g., Ir and
Ru) are unfilled. It is easy for reactants to be adsorbed on the cata-
lyst surface with moderate adsorption energy, favoring the forma-
tion of reactive intermediate and contributing to the high catalytic
activity. Thus, Ir/Ru-based metal/oxide materials dominate the
acidic OER in commercial PEMWE devices for their unique cat-
alytic properties.[41] IrO2, with a loading of 2–2.5 mg cm−2, is the
most used anode catalyst in PEMWEs, thanks to its stability.[36a,42]

Due to its high cost and insufficient activity, solutions containing
less iridium but with better activity are being sought. Regulating
the structure of Ir metal is a way to improve activity and durability
while reducing the Ir load on the OER. The Ir metal irreversibly
oxidizes to Ir oxide during the catalytic reaction. Low-crystallinity
Ir oxide, namely IrOx, tends to show better OER activity than that
of IrO2. However, the low structural stability of IrOx because of
the Ir dissolution during the catalytic process reduces the life-
time of PEMWE. Yu et al. dispersed IrOx in the Nafion catalyst
layer to solve this dissolution problem. The IrOx/Nafion catalyst
uses an Ir loading of ≈0.08 mg cm−2 (≈1/30th the commercial Ir
loading in PEMWE) and shows good activity (current density of
1.8 A cm−2) and stability (4500 h under PEMWE operation).[43]

Another way of reducing the iridium loading is to introduce less
expensive components with higher activity than those of IrO2,
such as RuO2 (which has lower stability but higher activity than
those of IrO2).[36a,37,39] This strategy has proved effective in nu-
merous studies. For example, Du et al. placed Ru atoms in an
IrO2 matrix, allowing the Ru-IrO2 matrix to be dominated by
LO,[44] which enhances its activity (current density of 1 A cm−2

at a cell voltage of 1.722 V in PEMWE, better than 1.820 V of the
conventional IrO2 anode catalyst). With the same idea, doping of
non-noble metal can further reduce the overall cost of the cata-
lyst fabrication. Unfortunately, a minimum of 50 wt.% of Ir is
needed in the anode catalyst to keep a good OER activity, which
is still too much.[36a] Another idea is to disperse Ir or IrO2 on
non-noble metal oxide supports such as TiO2. However, the low
conductivity of metal oxides leads to a high Ir load.[45] Kim et al.
overcame this conductivity issue by choosing TiO2-MoOx com-
posite as support. The development of Ir-based supported an-
ode catalysts can not only reduce the use of Ir but also balance
the activity-stability relationship of anode catalysts.[46] Iridates,
which are oxides containing Ir and one or more metallic ele-
ments, show promise as low-Ir loading OER anode catalysts. Iri-
dates exhibit good OER activity and stability thanks to their crys-
talline structures.[36a] As for Ru-based anode catalysts, their low
stability hinders their future achievement in the performance re-
quired for industrial PEMWEs. Although some strategies (e.g.,
elemental doping) are being investigated to improve their stabil-
ity, Ru-based catalysts can currently only be used in combination
with Ir-based anode catalysts. Non-noble metal anode catalysts
present the same problem as Ru-based anode catalysts in terms
of stability, but they also exhibit low activity which makes them
not comparable to commercial materials.[36a,39] Acid stability re-

mains a major challenge for OER electrocatalysts in industrial
applications.[39] Indeed, OER performs better in an alkaline en-
vironment, while HER operates more successfully in an acidic
environment.[25]

2.2.2. Cathode Engineering

Popular Platinum-Group Metal (PGM)-Based Catalysts for
Cathode: In current PEMWEs, noble metal-based electrolysts,
such as the IrO2/RuO2 catalysts for the OER and platinum
(Pt)/palladium (Pd) catalysts as the cathode for the HER, are
commonly applied. PGM-based catalysts and their derivatives
are recognized as highly efficient catalysts for the HER. This is
attributed to their favorable properties such as excellent stabil-
ity and HER activity in acidic environments. According to the
Sabatier principle, due to their optimal hydrogen binding en-
ergy (HBE) and Gibbs free energy for atomic hydrogen adsorp-
tion (ΔGH*), low activation energies are required for hydrogen
desorption from the surface of PGM-based materials.[47] It ren-
ders PGM-based catalysts the ability to achieve a high exchange
current density near the thermodynamic potential. These cata-
lysts also exhibit a small Tafel slope and deliver close to 100%
Faradaic efficiency. Despite their exceptional performance, the
widespread application of PGM-based catalysts for large-scale H2
production is hindered by the high cost and limited reserves of
precious PGMs on Earth. Therefore, it is imperative to address
these challenges by reducing the noble metal loading and poten-
tially replacing them entirely with earth-abundant and non-noble
metal alternatives that offer high catalytic activity and stability.[25]

Numerous noble metals, non-noble metals, and metal-free
nanoparticles HER electrocatalysts are currently being studied.
First, the noble metal-based catalysts with the most efficient Pt
followed by Pb and Ru. Pd and Ru-based catalysts are studied
to compete for their efficiency to that of the Pt-based catalysts.
Pd shows a similar atomic size to Pt[25] and is three times more
abundant in the earth’s crust.[48] As for Ru, it is two times cheaper
than Pt according to the June 13, 2023, cost update,[49] and dis-
plays a moderate Ru−H bond strength like Pt.[25] Unfortunately,
Pd and Ru also have their own issues. Pd has become more ex-
pensive than Pt since 2019.[50] Ru is five times less abundant on
the earth curst than Pt.[48] This justifies that even the other no-
ble metals will not replace Pt without a proper solution to reduce
noble metals load on HER catalysts while keeping high stabil-
ity and activity. Nanoparticle engineering strategies are promis-
ing in this quest as the adjustments in size, shape, crystallinity,
facet, etc. of the electrocatalysts play key roles in HER activity.
One way to improve the specific area of the catalyst is by creat-
ing porous structures.[25] There are several other improvements
in catalyst engineering, such as the use of support materials or
single-atom catalysts, which offer high stability and activity with
minimal Pt loading. To reduce the amount of Pt required, the
implementation of supported single-atom catalysts has shown
promise in maximizing the efficiency of Pt use. This is achieved
by dispersing the highly active Pt in the form of the supported
single-atom moiety on the substrate, ensuring maximum and op-
timal utilization of the Pt component.[25,39,51] Apart from struc-
tural engineering, compositional engineering by alloying Pt, Pd,
or Ru with less expensive metals can also enhance the catalytic
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performance of the electrocatalysts.[6b] This approach is con-
stantly improving, as shown by the recent study of our group.
A simple and easy-to-implement molten salt-assisted strategy
(Figure 2a) was developed for the synthesis of a series of noble
metal-based carbon group intermetallic compounds, such as PtSi
(Figure 2b–d), at moderate temperatures and ambient pressure.
This synthetic strategy is universal and facile, which can be em-
ployed on many noble metals such as silicides: PtSi, Ru2Si3, and
RhSi; stannide: RuSn; and germanide: Ru2Ge3. The as-prepared
PtSi exhibits high HER activity and stability over a wide pH range
(0–14), which covers the acid, neutral, and alkaline media, as
shown in Figure 2e–g. Its activity is comparable to that of the
state-of-the-art Pt catalyst. To better understand the intrinsic ac-
tivity of PtSi in HER, DFT calculation was involved (Figure 2h).
The projected density of states (PDOS) in Figure 2j demonstrates
the electronic states crossing the Fermi level, implying conduc-
tive behavior. The down-shift of the D-band implies a lower des-
orption between adsorbed H species and PtSi, which favors HER.
The choice of Si is justified by its ability to reduce the hydrogen
bonding energy on the Pt surface (Figure 2i) and by its high avail-
ability as the second most abundant element on earth.[52] This
alloy PtSi strategy significantly reduces the cost of noble-metal
catalyst fabrication while providing efficient catalytic activity in a
wide pH range, which holds great promise in scale-up production
of low noble-metal loading HER catalysts.

Although many improvements are being made to reduce the
noble metal loading in HER catalysts, the simplicity and ease of
scaling up the process also require attention. Indeed, most syn-
thetic processes are complex and expensive, resulting in high
production costs for the final catalytic products. Furthermore,
the yields and quality of these catalysts are insufficient to meet
the demands of industrial and commercial applications.[25] The
same conclusions go for non-noble-transition-metal. Their per-
formances have been significantly improved for HER, but it is
still not enough. Performances of most non-noble-transition-
metal catalysts are not comparable to those of Pt-based catalysts
in terms of stability, activity, and durability in a wide pH range.
The few that do are mainly Mo- and W-based ones. In addi-
tion, there is a need to improve the understanding of the HER
mechanism for transition metals, as most current interpretations
are based on the classical theory of noble metal catalysts.[25] To
achieve this, in situ characterization needs to be developed not
only for non-noble metals but also for all HER catalysts, which
are currently limited to ex-situ characterization (i.e., before and
after HER). Ex-situ characterizations fail to capture crucial in-
formation, including the identification of reaction intermediates
adsorbed on the catalyst surface, the evolution of active sites, a
and the structure of the catalysts during the HER process.[25,39,53]

The search for metal-free HER catalysts is mainly carried out on
graphene and g-C3N4, trying to improve their activity by adjust-
ing their electronic structures thanks to non-metallic elements
doping.[25]

A major problem currently highlighted in the literature
is the lack of a standard to compare different catalysts. It
leads to too many papers claiming to have synthesized an
electrocatalyst with higher stability and activity than those of the
commercial one. However, they are rarely tested under the same
conditions.[25,36a,37,39–40,54] Laboratory tests are often done in half-
cell set-up with three electrodes (Figure 3a[36a]) but it does not

take into consideration the mass transfer loss and ohmic resis-
tance of the catalysts layer[36a,55] (Figure 3b). Besides, laboratory
experiments also overestimate the stability of the MEA at least on
the anode side.[56] An efficient and safe production of hydrogen
also relies on the membrane performance.

2.2.3. Electrolyte/Membrane Engineering

Nafion-Based Membrane Designs: The most commonly used
membrane in PEMWE is Nafion® (a registered trademark of
DuPont). The thin polymer membrane of Nafion ensures a com-
pact cell design, high proton conductivity, and excellent me-
chanical stability in an acidic environment, thanks to the pres-
ence of sulfonic functional groups (R-SO3H).[37] These groups
are responsible for the proton conductivity via an ion exchange
mechanism (vehicle and hopping mechanism), as represented
in Figure 4a,b.[57,58] Nafion also has the advantage of low gas
crossover, enabling the production of highly pure hydrogen.
However, this low gas crossover performance diminishes with
the increases in pressure and temperature, necessitating a robust
PEM for practical and safety applications.[59] The presence of H2
with O2 (especially the high H2 in O2 content in the anodic com-
partment) may lead to an explosion,[60] or even before the explo-
sion, to the generation of heat which will damage the system.[55]

Unfortunately, simply applying a thicker membrane reduces
overall catalytic efficiency.[15b,61] To avoid the H2 crossover issue,
several propositions have been made. A Nafion/graphene/Nafion
PEM, studied by Bukola et al., exhibits high proton conductivity
and eight times lower H2 crossover (2.6 × 10−9 mole cm−2 s−1

and 3 × 10−8 mole cm−2 s−1 for the Nafion/graphene/Nafion
membrane and Nafion 211 membrane, respectively) thanks to
the graphene properties.[62] Other studies applied Pt nanoparti-
cles as an interlayer between the electrodes to recombine hydro-
gen with oxygen, decreasing the H2 in O2 content at the anodic
compartment in PEMWE.[63]

For the stability issue, the Nafion polymer electrolyte is
one of the components responsible for the degradation of
the PEMWE during long-term operation.[64] Both the elec-
trolysis unit components and the cationic impurities released
by the feed water into the cathode cell will occupy the
ion exchange sites of the Nafion in the catalyst layers and
membrane.[65] With noble metal electrocatalysts usually being
applied in PEMWE, its high cost drives the search for inexpensive
alternatives.[16,18b,66]

An alternative to Nafion, studied by Park et al. the sul-
fonated poly(arylene ether sulfone) with a degree of sulfonation
of 50 mol.% (SPAES50) shows high performance without H2
crossover and at a lower price. The SPAES50 membrane with
20 μm used in PEMWE achieves 1069 mA cm−2 at 1.6 V and
therefore surpasses Nafion-based PEMWE and other perfluoro-
sulfonic acid and hydrocarbon membranes.[67] Another disadvan-
tage of the Nafion membrane is its sensitivity to dehydration,
which causes a decrease in proton conductivity under boiling
water temperature conditions.[68] Working at high temperatures
has the advantage of increasing the electrode kinetics. To take
this opportunity, TiO2 and SiO2 have been incorporated into the
Nafion membrane for their water retention properties, enabling
these membranes to operate above the boiling temperature of the

Small Methods 2024, 2400574 © 2024 The Author(s). Small Methods published by Wiley-VCH GmbH2400574 (6 of 29)

 23669608, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202400574 by E
cole D

e T
echnologie Superieur, W

iley O
nline L

ibrary on [28/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-methods.com
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fsmtd.202400574&mode=


www.advancedsciencenews.com www.small-methods.com

Figure 2. a) The schematic diagram of the molten salt-assisted strategy for noble metal-based carbon group intermetallic compounds. The STEM-EDS
elemental mapping images of as-prepared PtSi: b) Pt, c) Si, and d) Pt + Si. The HER polarization plots at a scan rate of 5 mV s−1 for Si, Pt foil, and
PtSi in the electrolyte of e) 0.5 m H2SO4, f) neutral, and g) alkaline solutions. h) DFT model for PtSi. i) The HER free-energy calculations at equilibrium
potential for Pt and PtSi. j) The d-orbital PDOS of PtSi and Pt. Reproduced with permission.[52] Copyright 2022, Wiley-VCH GmbH.
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Figure 3. a) Left: the three-electrode HER cell schematic. Right: the enlarged illustration of CL on a rotating disk electrode (RDE) and the pros and cons
of the three-electrode HER cell. b) Left: the PEM electrolyzer schematic. Right: The enlarged illustration of CL on MEA and the pros and cons of PEM
electrolyzer. Reproduced with permission.[36a] Copyright 2023, Royal Society of Chemistry.

water.[69] It should be noted that Nafion-TiO2 has only been tested
for PEMFC in the literature. To achieve a high-performance elec-
trolyzer, it is crucial to perfectly combine the above-mentioned
materials in a single system.

2.2.4. Cell Assembly Engineering

Bipolar Plates: For industrial water electrolysis, the price of
electricity is the most expensive part during operation (e.g., for a
1MW PEMWE).[19] After the power supply, it is the bipolar plates
(BPs) that cost the most in the PEMWE stack with a medium
potential for cost reduction according to IRENA.[15b] BPs are
electrically-conducting plates that are essential to join together

the cathode and the anode of the cells. The BPs are currently
composed of graphite, nickel, or stainless steel (SS) due to cost
concerns.[70] On the anode side of PEMWE, the corrosive and ox-
idative operating environment restricts materials to robust tita-
nium (Ti) bases for GDL and BPs.[55,71] However, the long-term
operation of water electrolyzers in humid and acidic conditions
inevitably results in the degradation and the corrosion of metal-
based BPs. The mitigation of this issue can be realized by ap-
plying protective coatings on BPs to safeguard the surface, as
summarized by Choi et al.[72] To find a cost-efficient alterna-
tive for BPs, low-cost metal-coated Ti alloy seems to be a neces-
sity. A recent article[71] improves the performance of Ti BP by a
cathode plasma electrolytic deposition of nitrogen-chromium
composite. The BPs with TiN/CrN composite coating obtained

Small Methods 2024, 2400574 © 2024 The Author(s). Small Methods published by Wiley-VCH GmbH2400574 (8 of 29)
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Figure 4. The schematics of a) The Vehicular mechanism and b) The hop-
ping mechanism of the proton conduction in a Nafion membrane. Repro-
duced under terms of the CC BY-NC-ND 4.0 license.[57] Copyright 2022,
Li-Yu Zhu et al., published by Elsevier B.V., no change was made, https:
//www.sciencedirect.com/science/article/pii/S1995822621001382#fig3.

considerable corrosion resistance and good conductivity in an
anode environment in PEMWE. Despite the developments in
corrosion-resistant metal BPs, carbon-based BPs are still of in-
terest for their inexpensive nature. Messing et al. analyzed the
uncoated carbon BPs (C-BPs) as the alternative to Ti BPs.[73] It
turns out that C-BPs applied in PEMWE exhibited low degrada-
tion rates (31.92 μV h−1 at 3 A cm−2 and 16.41 μV h−1 at 1 A cm−2),
which were lower than those of Ti-BPs. It highlights the poten-
tial of the application of C-BPs in water electrolyzers, which will
greatly contribute to reducing the cost of the cell setup. Another
recent article studied the different PTLs for PEMWE.[74]

Practical Genres of Membrane Electrode Assembly: Another im-
pactor on the efficiency of the stack is the MEA fabrication pro-
cess. There are two main ways to prepare membrane electrode
assembly (MEA), the catalyst-coated substrates (CCSs) method
(also named catalysts coated on gas diffusion layer (CCG) or
porous transport electrode configuration (PTE, Figure 5b)[75]) and
the catalyst coated on the membrane (CCM) method (Figure 5a).
CCM is to either deposit the catalyst directly on the membrane or
transfer the catalyst on the membrane through a decal process. It
requires a pre-manufactured, freestanding membrane to proceed
with CCM.[76] PTE is to deposit catalyst directly on the porous
transport layers, as depicted in Figure 5e. The self-supported elec-
trode is another popular type of PTE.[75] For PEMWE, the MEA
is commonly prepared with the CCM method where CCM is lo-
cated in the middle of the cell composed of a cathode CL, a PEM,
and an anode CL (Figure 5d) as it shows better performance.[55,77]

However, the operation conditions of PEMWE need to be taken

into consideration when applying the MEA fabrication methods.
Bühler et al. found that the performance of the PTE method
became better than that of CCM when the PEWME operates
above the current density of 750 mA cm−2.[78] A new method,
direct membrane deposition (DMD, Figure 5c), also attracts
attention as the membrane is directly fabricated on the gas dif-
fusion electrode in the DMD method (Figure 5f). It facilitates
the incorporation of nanostructured catalysts (e.g., nanoparticles
and nanofibers) in MEA. DMD provides enhanced electrochem-
ical performance while reducing catalyst loading. It can reduce
the noble metal loadings in PEMWE, thus decreasing the overall
cost of the device.[76,79]

Electrolyzer Stack Prospects: There is a significant lack of pub-
lications on global analyses of the PEMWE stack. The related re-
search articles were mainly published around 2010. Recent stack-
concerning research mainly speaks of fuel cells or cost com-
parison. One way of reducing the cost of PEMWE is to work
at high pressure, which would eliminate the need for energy-
intensive compressors.[80] However, as pointed out above, the
high-pressure operation requires solid components, which are
therefore more expensive than ambient ones. A balance has to
be found between component cost and high pressure. Another
advantage of the PEMWE stack over the AWE stack is that the
equipment around the PEMWE (e.g., dryer, compressor, gas sep-
arator, etc.) is much simpler than those around AWE.[15b]

A recent study highlights the fact that in 2021, not a single
PEMWE cell had achieved the performance for widespread ap-
plication. This performance is a cell activity over 1.0 A cm−2, an
Ir-power density over 50 kW/gIr at 1.6 V, and a degradation rate
under 6 μV h−1.[81] It is important to keep trying to improve the
performance of PEMWE cells. Another way of improving the per-
formance and reducing costs is to replace PEMWE with AEMWE,
which requires non-noble metals.

2.3. Anion Exchange Membrane Water Electrolyzers

The operating principle of the anion exchange membrane water
electrolyzer (AEMWE) is similar but with some differences to that
of PEMWE. Their main similarities are the presence of a solid
membrane, CLs, BPs, GDLs, the same reactant (i.e., H2O), and
products (i.e., H2 and O2). The reactions at the anode and cathode
are different from those in PEMWE since the environment is al-
kaline. It is not H+ that is carried from the anode to the cathode
but OH− from the cathode to the anode (Figure 6a,b). The wa-
ter flow is directed toward the cathode port to be dissociated into
H2 and OH−. The H2 is released at the cathode while the OH−

passes through the AEM and forms H2O and O2 at the anode.
To increase AEMWE performance, it is common to add a flow of
dilute alkaline solution in the cell for most studies.[18b,54,70,83a,84]

To enhance the performance in the electrode-electrolyte inter-
face, the ionomer is sometimes added to the AEMWE. It also
plays the role of uniformly distributing the catalysts which en-
sures the exchange of ions between the catalyst surface and
the membrane via its functional groups, improving the perfor-
mance in the 3-phase boundary (gas, liquid, and solid).[85] The
AEMWE is promising as it has the advantages of both PEMWE
and AWE.[54,86] However, it still faces many issues and requires
more research on its components since AEMWE mainly inherits
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Figure 5. Three mostly studied MEA components of PEMWE and their schematic illustrations of a) and d) CCM; b) and e) PTE; and c) and (f) DMD.
a–c) Reproduced under terms of CC BY 4.0 license.[55] Copyright 2022, Kexin Zhang et al., Published by Tsinghua University Press. d–f) Reproduced
under terms of CC BY 4.0 license.[76] Copyright 2019, Peter Holzapfel et al., Published by Elsevier B.V.

materials from AWE and PEMWE, resulting in poor stability and
durability.[54] The best performance of AEMWE currently comes
from PEMWE materials with noble metals. AEMWE research
therefore aims to find materials specially adapted to AEMWE.
Catalyst research needs to focus on non-noble metals, as they rep-
resent one of the key cost-saving advantages of AEMWE.

2.3.1. Anode Engineering

As highlighted before, due to the overpotential at the anode and
cathode, they both require highly efficient electrocatalysts, espe-
cially the anode one since the OER overpotential is significantly
higher than that of HER. Efficient electrocatalysts not only re-
duce the overpotentials but also improve the overall cell life.[84a]

Compared to PEMWE, AEMWE does not have an acidic envi-
ronment and thus can work more easily with non-noble metal.
Currently, IrOx (with different nanostructures, Figure 7a–c)[87] is
widely used as an anode electrocatalyst for AEMWE.

NiFe-Layered Double Hydroxides (LDH) Anode Catalysts:
Adapting the nanostructure concept, Koshikawa et al. synthe-
sized a single nanometer-sized NiFe-LDH (Figure 7d) as an elec-
trocatalyst for the anode, known as one of the best non-noble cat-
alysts so far in AEMWE.[88] This catalyst possesses better OER
activity than IrOx in both half and single cells with a lower over-
potential (Figure 7e, overpotentials of 247 and 281 mV for NiFe-
LDH and IrOx, respectively) to reach 10 mA cm−2. In an AEMWE
full cell with 1 M KOH at 80 °C, NiFe-LDH also presents higher
performance than that of IrOx, reaching a 74.7% conversion ef-

ficiency and a cell voltage of 1.59 V under working conditions of
1.0 A cm−2 (Figure 7f).

NiFe-LDH has been widely studied since the publication of
Koshikawa et al. in 2020[89,90] and its poor electrical conductivity
has been a challenge. This issue is often dealt with by hybridizing
NiFe-LDH with carbonaceous materials, which unfortunately de-
creases the overall stability of the catalyst. Sun et al. found a so-
lution to improve the conductivity without using carbonaceous
materials in 2021. They deposited a monolayer NiFe-LDH on Ni
foam which gives the catalyst a better conductivity than that of the
conventional bulk NiFe-LDH, allowing a 72.6% conversion effi-
ciency with a stability over 50 h at a current density of 1 A cm−2

in 1 M KOH AEMWE at 50 °C.[90a] Following this idea, in 2022,
Klingenhof et al. tuned NiFe-LDH on Ni foam with anions such
as CO3

2−, Cl−, and ClO4
− (Figure 8a–i), which increases the half

and single cells activities (Figure 8j,k). The improvements go up
to 91-fold and 2-fold compared to the original NiFe-LDH-coated
Ni foam for the 3LC cell and the AEMWE single cell, respectively
(Figure 8l). It reached a current density of 587 mA cm−2 at a cell
voltage of 1.52 V in a 5 cm2 AEMWE single cell.[89]

The insufficient mass transfer of the anode catalyst for OER
limits the overall water electrolysis performance (i.e., catalytic
activities and lifetimes) at industrial-level related current densi-
ties. A recent study by Li et al. revealed that porous hierarchical
structure engineering of the Ni-Fe electrocatalyst could promote
the mass transfer for OER in water electrolysis, thus resulting
in exceptional long-term durability.[32a] The authors employed a
seed-assisted heterogeneous nucleation approach to fabricate a
dense porous interlayer between the Ni foam substrate and the
flowerlike porous catalyst layer (CAPist-L1). This CAPist-L1
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Figure 6. a) The diagram of an AEMWE cell. Reproduced with permission.[82] Copyright 2020, Elsevier B.V. b) AEMWE two cells representation extracted
from a stack (*: The water flow can come from both electrodes or only from one[18b,83]).

ensures long-term durability of 15 200 h (over 21 months) in
a 3LC cell at 1000 mA cm−2 in 1 M KOH. When applied as
the anode catalyst in AEMWE, it offered a current density of
7350 mA cm−2 at a cell voltage of 2.0 V. Besides, a 1500 h stabil-
ity was also achieved at 1000 mA cm−2 at 80 °C in the CAPist-L1
AEMWE.

2.3.2. Cathode Engineering

Ni and Mo-Based Cathode Catalysts: As previously mentioned,
HER does not occur as easily as OER in an alkaline environment.
The most active and stable HER catalysts for AEMWE to date are
the nanometric Pt-Ni[91] and Pt/C catalysts.[92] Fortunately, same
as OER, HER in AEMWE can use non-noble metal at the cathode
side as well. For now, the most promising non-noble HER cata-

lyst seems to be a Ni-Mo-based one.[85,92b,93] Although Ni-based
electrocatalysts are less active than noble metal-based catalysts
when normalized by volume or surface area, it is generally pos-
sible to achieve a similar overpotential with higher loads without
any impact on cost since Ni is much cheaper than Pt.[92c] Chen
et al. applied the Ni-Mo catalyst for both OER and HER (Fe-NiMo-
NH3/H2 for OER and NiMo-NH3/H2 for HER). Integrated into
an AEMWE, these catalysts delivered 1.0 A cm−2 at a cell voltage
of 1.57 V at 80 °C in 1 M KOH with an energy conversion effi-
ciency of 75%.[94] Another study from Bartoli et al. highlights the
impact of MoO2 on the HER catalyst activity.[95] The authors fabri-
cated MnO2 catalysts from MoNiO4 nanorod arrays. The surface
polycrystalline MoO2 layer played a key role in the HER activity
enhancement, demonstrating a current density of 0.55 A cm−2

at a cell voltage of 2 V in AEMWE for more than 300 h at 60 °C.
Moreover, this catalyst synthetic procedure was also scaled up to
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Figure 7. a) The XRD pattern of the synthesized IrOx (green) and the commercial IrOx (blue); b and c) The SEM images of the commercial IrOx and
synthesized IrOx catalysts, respectively. Reproduced with permission.[87] Copyright 2017, American Chemical Society. d) The schematic of the synthetic
mechanism of NiFe-layered double hydroxide (LDH). e) Current-voltage curves. The inset: magnified curves. f) Current-voltage plots of MEAs with
NiFe-LDH (red) and IrOx (gray) as anode catalysts at 80 °C. Reproduced with permission.[88] Copyright 2020, American Chemical Society.

fabricate electrodes with an area of 78.5 cm−2, which were further
employed in an AEMWE stack of three cells.

With this knowledge, it seems logical to combine NiMo and
MoO2. Zhang et al. fabricated the MoNi4/MoO2@NF (Figure 9a)
catalyst and employed it in a water-alkali electrolyzer.[96]

MoNi4/MoO2@NF (noted as MoNi4 in Figure 9b–e) demon-
strates a 0 mV onset potential that is comparable to that of
Pt catalyst (Figure 9b,d). The Tafel slope analysis shows that
MoNi4/MoO2@NF follows the same kinetic rate-limiting step as
that of the Pt catalyst (Figure 9c). Besides, MoNi4/MoO2@NF sur-
passes Pt catalyst at high current density conditions (Figure 9b,c),
with robust durability after a period of 10 h (Figure 9e). Density
function theory (DFT) illustrates the kinetic energy barriers of
the prior Volmer step (ΔGH2O) and the concomitant combina-
tion of adsorbed H into molecular hydrogen (ΔGH, Tafel step)
on Ni, Mo, MoO2, and MoNi4 (Figure 10a). MoNi4 has the low-
est ΔGH2O among all the samples and a low |ΔGH|, providing a
fast Tafel step (Figure 10b,c). This NiMo/MoO2 catalyst seems
to be the state-of-the-art catalyst for alkaline cathode[97] and has
been used in the AEMWE stack. With Ni2Fe8–Ni3S2/NF as an
anode and Ni4Mo/MoO2/NF as a cathode, it offers high AEMWE
performance (1.65 V @ 1 A cm−2) and high durability (100 h @
1 A cm−2).[98]

Mn-Fe-Ni-Based Bifunctional Catalysts: Utilizing bifunctional
catalysts (i.e., the same catalyst for both the anode and the cath-
ode) is also another option to simplify the electrolyzer design,
offering extra opportunities to reduce the cost. This technol-
ogy is the subject of particular interest in terms of publica-

tions, several of which have been published recently.[85,99] Our
previous work of MnOx-decorated Ni-Fe phosphides nanosheets
on Ni foam (MnOx/NiFeP/NF, Figure 11a) as the bifunctional
catalyst allows the robust symmetric overall water splitting with
a current density up to 1000 mA cm−2.[99c] As depicted in
Figure 11b–f, the three-step synthetic process successfully fabri-
cates the MnOx/NiFeP on NF without forming aggregated MnOx
particles, providing a highly porous substrate structure with
evenly distributed metal elements. MnOx/NiFeP/NF exhibits ex-
ceptional bifunctional electrochemical performance toward wa-
ter splitting with an overpotential of 255 mV for HER and an
overpotential of 296 mV for OER at 500 mA cm−2. It makes
MnOx/NiFeP/NF ideal for the symmetric cell operation of wa-
ter splitting, which facilitates large-scale industrial operation.
Being employed as both cathode and anode in the symmetric
cell, MnOx/NiFeP/NF allows the overall-water-splitting perfor-
mance with 1000, 500, and 100 mA cm−2 at cell voltages of 1.828,
1.796, and 1.686 V, respectively (Figure 11g). Besides, Figure 11h
also demonstrates the robust durability of MnOx/NiFeP/NF in
the symmetric water splitting cell of 120 and 100 h at 500 and
100 mA cm−2, respectively. This MnOx/NiFeP/NF stands out
among many transition-metal-based HER, and OER bifunctional
catalysts (Figure 11i).

In industrialization, the direct electrolysis of seawater would
further decrease the expense of the operation. Based on the
same concept, our group proceeded with the design of the bi-
functional Mn-doped Ni2P/Fe2P catalyst for the overall seawater
splitting.[100] Combined with hydrothermal and phosphorization
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Figure 8. The SEM images of the fabricated anode materials: a,d, and g) NiFe(−CO3
2−)-LDH@Ni foam (NF) (red), b,e, and h) NiFe(−Cl−)-LDH@NF

(blue), and c,f, and i) NiFe(−ClO4
−)-LDH@NF (green). j) iR-corrected linear sweep voltage (LSV) analyses of OER performance at 60 °C of NiFe(-CO3

2−)-
LDH@NF (red), NF (black), and NiFe(-Cl−)-LDH@NF (blue)) at room temperature in 0.1 M KOH. k) The polarization curves of NiFe(-CO3

2−)-LDH@NF
(red) and NiFe(-Cl−)-LDH@NF (blue), and NF (black) in AEMWE single cell. Dashed lines: iR-corrected curves. l) The comparisons in factors of activity
improvement of anion tuning in the three-electrode liquid cell (3LC) at 60 and 25 °C, AEMWE single-cell, and the blow-up (different scale in the y-axis)
of the AEMWE single-cell. Reproduced with permission.[89] Copyright 2022, American Chemical Society.

methods, the 3D flower-shaped Mn-doped Ni2P/Fe2P on NF can
be fabricated with rich element distribution (Figure 12a–d). The
Mn-doped Ni2P/Fe2P catalyst shows high performance with low
overpotentials of 357 and 470 mV for OER and HER, respec-
tively, at 1000 mA cm−2 in the seawater splitting symmetric cell
(Figure 12e–g). Figure 12h,i also demonstrates the excellent HER
and OER durability of Mn-doped Ni2P/Fe2P, making these Mn-
Ni-Fe bifunctional water-splitting catalysts promising for future
applications.

To achieve significant electrolysis performance, the other
main component studied is the membrane and its related
elements.

2.3.3. Electrolyte, Membrane, and Ionomer Engineering

The AEM roles are to transport the OH− ions, separate the O2 and
H2 products, and be a barrier between the two electrodes for the
electrons. The AEM is composed of a polymer backbone, respon-
sible for mechanical and thermal stability, and a functional group
that transports the OH− anion, responsible for the ionic conduc-
tivity, ion exchange capacity, and transport number.[15b] The ideal
AEM and ionomer must have high conductivity and durability
as well as strong mechanical properties.[83a,84c,85,92b,c,101] The de-
tails of AEM characterization methods are described in a previ-
ous review.[19a]
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Figure 9. a) The synthetic route of MoNi4 supported by MoO2 cuboids on NF. Scale bars, NF: top-20 μm and bottom-1 μm; NiMoO4/NF: top-10 μm
and bottom-2 μm; MoNi4/MoO2/NF: top-20 μm and bottom-1 μm. b) The polarization and c) Tafel plots of the pure Ni nanosheets, MoNi4 supported
by MoO2 cuboids, and MoO2 cuboids on NF. d) The comparative chart of the state-of-the-art HER electrocatalyst materials. e) The polarization plots of
MoNi4 before and after 2000 cycles of cyclic voltammetry; inset: durability tests of MoNi4 at 10, 100, and 200 mA cm−2 with a scan rate of 1 mV s−1 in
1 M KOH. Reproduced under terms of CC BY 4.0 license.[96] Copyright 2017, Jian Zhang et al., published by Springer Nature.
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Figure 10. a) The free energy calculations of H adsorption, H2O adsorption, activated H2O adsorption, and OH adsorption. The adsorption-free energy
calculation diagram for b) the Volmer step and c) the Tafel step. Aqua balls: Mo; Blue balls: Ni; Red balls: O. Reproduced under terms of CC BY 4.0
license.[96] Copyright 2017, Jian Zhang et al., published by Springer Nature.

Polymer Membranes: A recent study published in 2021, af-
firms to have achieved the best current density and durability
for AEMWEs (Figure 13a) using four types of poly(fluorenyl-co-
aryl piperidinium) (PFAP, Figure 13b–e) copolymers in an an-
hydrous cathode system.[102] They obtained a current density of
7.68 A cm−2 at 2.0 V and 80 °C (Figure 13g), using PGM cat-
alysts with 1 M KOH feed at the anode, which is better than
the state-of-the-art PEMWE (6 A cm−2 at 2.0 V[103]). Without
PGM, the AEMWE still exhibits the outstanding performance

of 1.62 A cm−2 at 2.0 V and 80 °C (Figure 13f). Compared to
most of the other AEMs that give AEMWEs poor current den-
sity (below 4 A cm−2 at 2.0 V) and/or cell durability (<100 h),
this PFAP copolymer membrane enables PGM and PGM-free
AEMWEs to be stable for more than 1000 h, according to in-
situ characterization, under a 0.5 A cm−2 current density at 60 °C
(Figure 14a–d).

With an anhydrous cathode, this special system requires excel-
lent water diffusion from the ionomer and AEM to supply H2O
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Figure 11. a) The synthetic route of MnOx/NiFeP/NF. The SEM images of b and c) NiFeP/NF and d and e) MnOx/NiFeP/NF. f) The STEM image and
corresponding elemental mapping images of MnOx/NiFeP. g) The overall water splitting polarization plots of RuO2/NF//Pt/C/NF and MnOx/NiFeP/NF.
h) The durability test of MnOx/NiFeP/NF at 500 and 100 mA cm−2 in a two-electrode cell configuration. i) The comparison of 100 mA cm−2 current den-
sities and 1.8 V cell voltages of different bifunctional electrocatalysts for overall water splitting, respectively. Reproduced with permission.[99c] Copyright
2021, Wiley-VCH GmbH.

to the cathode. For this reason, PFBP-14 was chosen as the cath-
ode ionomer for its high performance in water diffusivity and ion
exchange capacity (IEC). The optimized ionomer content within
the AEMWE was found to be 25%, giving a current density of
7.68 A cm−2 (Figure 13g). PFTP-8 as the anode ionomer pro-
vides great IEC and low water diffusivity. PFTP-13 as the AEM
achieves a high current density (Figure 13e,f) and high stability
(Figure 14a,b). 1 M KOH was chosen as the electrolyte since a
high electrolyte concentration considerably reduces the overpo-

tential at a high current density.[84a] More details are studied on
the impact of electrolyte feed in the following research.[104]

AEM and ionomer are considered among the most difficult
to research for AEMWE, as they degrade at high temperatures
under basic conditions and are therefore responsible for the
poor stability and durability of AEMWEs.[83a] Some companies
(e.g., Dioxide Materials) have been working on the commer-
cialized AEM and obtained some pioneering results. For exam-
ple, their sustainion@37-50 AEM allows an AEMWE operation
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Figure 12. a) The schematic of the synthesis of Mn-doped Ni2P/Fe2P. b) The SEM image of Mn-doped Ni2P/Fe2P. c) The TEM image of Mn-doped
Ni2P/Fe2P. d) The HAADF-STEM image and its corresponding element mapping EDS images of Mn-doped Ni2P/Fe2P. Scale bar: 1 μm. e) The OER
polarization plots of the prepared catalysts tested in alkaline seawater. f) The HER polarization plots of the prepared catalysts tested in alkaline seawater.
g) The overpotential comparison of Mn-doped Ni2P/Fe2P at 500 and 100 mA cm−2 measured in seawater and alkaline freshwater. h) OER and i) HER
durability measurements of Mn-doped Ni2P/Fe2P under the alkaline seawater condition. Reproduced with permission.[100] Copyright 2022, Elsevier B.V.
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Figure 13. a) The schematic of the AEMWE, where CL consists of the catalysts and ionomers, b) PFBP-14, c) PFTP-8, d) PFTP-13, and e) cross-linked
PFTP. f) The current voltage plots at 80 °C. g) Current density value data of AEMWEs from 2012 to 2021. Reproduced with permission.[102] Copyright
2021, Royal Society of Chemistry.

up to 2000 h at 60 °C in 1 M KOH.[105] Notice that the an-
ion conductive sustainion@ series membrane can also be em-
ployed for other electrolyzers such as CO2 electrolyzer[106] and
photovoltaic-electrolyzer.[107] Although at a low current density
(50 mA cm−2), the sustainion@ membrane allowed a 6-month
operation of CO2-CO in an alkaline CO2 electrolyzer with CO
Faradaic efficiency maintaining ≈90%.[106] The progress of AEM
development holds a big opportunity to contribute to the net-zero
emission blueprint.

In short, the three main components of the AEMWE, the two
electrocatalysts, and the AEM, have already been discussed. They
need to be successfully linked to form an efficient stack to offer
industrial-level-related activities.

2.3.4. Optimizing the System Configurations

Most of the subjects concerning AEMWEs are inherited from,
or similar to, PEMWEs. For the AEMWE MEA manufacturing
process, CCM and CCS are directly derived from PEMWE. The
CCM approach for PEMWE is also preferred for AEMWEs, as it
enables higher ionic conductivity to be maintained.[18b] However,
due to rigorous operating conditions, CCM is mainly used in lab-
oratories whereas CCS is preferred in industrial processes.[70] It
is therefore necessary to develop one specifically for AEMWEs.
Park et al. studied the effects of the MEA fabrication process as
well as operating conditions on cell performance using commer-

cial materials such as FAA-3-50 and FAA-3-Br as the AEM and
anion exchange ionomer, respectively.[108] The cathode side was
made of Pt/C CL and carbon GDL while the anode side was made
of IrO2 CL and Ti GDL (Figure 15a,d). As highlighted in previ-
ously discussed studies, this one also found the CCM process to
be more effective than the CCS process (Figure 15b,c). Concern-
ing the electrolyte feed, the best performance was obtained with
1 M KOH at both the anode and the cathode and with a flow rate
of 2.5 ml min−1 (Figure 15e,f).

The optimal ionomer content was 20 wt.% (Figure 16a–c) and
the cell temperature was optimal at 70 °C (Figure 16d,e) over
which the AEM started degrading. Concerning the GDL thick-
ness it was optimal at 350 and 420 μm for the Ti-GDL and the
C-GDL respectively (Figure 16f,g). Those optimized AEMWE pa-
rameters allowed the catalytic enhancement up to 6-fold com-
pared to other reports.[108]

However, this fabrication process and operating conditions are
optimal for this AEMWE. The optimal conditions for different
materials and MEA systems might change.

A recent study on Ni-based GDL[109] concluded that NF offered
the best performance in terms of compromise between electrical
conductivity and mass transfer, as well as better durability and
stability than those of Ti-based GDL.

Many cases of water electrolysis are conducted at a very re-
stricted set of conditions. There is no standard to test AEM per-
formance. Table 2 lists some examples of AEMWE studies with
various experimental conditions. The components, setup, and
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Figure 14. In situ durability of a) PFTP-13-PGM AEMWE with IrO2 anode (2 mg cm−2) and Pt/C cathode (0.5 mg cm−2), b) PFTP-13-A/C Ni–Fe AEMWE
and c) PTFE-reinforced Sustainion®-A/C Ni–Fe AEMWE at 60 °C under 0.5 A cm−2; d) The current densities and in-situ durability of state-of-the-art
AEMWEs. Purple stars denote the commercial Sustainion® AEMWEs used in the presented work; red circles denote the PFAP-based AEMWEs in the
presented work; the green star denotes a poly(carbazole)-based AEMWE; blue hexagons denote typical hexamethyl trimethyl ammonium-functionalized
Diels–Alder polyphenylene (HTMA-DAPP)-based AEMWEs; the orange pentagon denotes a PAP-TP-85-based AEMWE; and black triangles denote other
AEMWEs. Reproduced with permission.[102] Copyright 2021, Royal Society of Chemistry.

assembly of AEMWE (e.g., catalyst nature, mass loading of the
catalyst, membrane, electrolyte, etc.) are all essential to the fi-
nal catalytic performance (i.e., current density, overpotential/cell
voltage, stability, etc.). In different reports, the experimental con-
ditions such as operating temperature, catalyst loadings, applied
membrane, and target current density for stability tests differ. It
leads to difficulty when trying to compare different studies that
did not use the same protocol. Thus, it is urgent to implement a
standard test to enable clear and full comparison for novel elec-
trocatalysts in AEMWE as proposed by Faqeeh et al. in ref. [110].

Materials for specific use in AEMWE are at an early stage
of development, as most previous studies have been car-
ried out on AEM fuel cells.[102] However, the characteristics
and related issues are almost identical.[54] With the recent
breakthroughs, some industries (e.g., Enapter) have already
commercialized their AEMWE systems from 2.4 kW up to
100 MW worldwide, which is applied in various industries
such as power supply and agriculture.[112] It demonstrates the

promise and importance of AEMWE in the future hydrogen
ecosystem.

3. Electrolyzers, Reverse Mode: Fuel Cells, and
Reversible Mode: Regenerative Fuel Cells

Research on fuel cells (FCs) and regenerative fuel cells (RFCs) is
crucial for developing the next stage in the hydrogen ecosystem
after its production. Meanwhile, challenges for FCs and RFCs are
similar to those of the HER electrolyzers, leading to scientific dis-
coveries that could be useful for both HER electrolyzers and FC
(e.g., in situ characterization techniques).[54,113]

3.1. Electrolyzers in Reverse Devices: Fuel cells

Fuel cell (FC) works in the opposite way of the water electrolyzer
(Equation 4). They change chemical energy into electrical and
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Figure 15. a) The schematic of an AEMWE single-cell. b) The polarization plots and c) Nyquist curves for AEMWE single cells under different fabrication
methods: CCM and CCS without and with hot-pressing at 50 °C. d) The SEM images of MEAs cross-sections with a 4 mg cm−2 anode catalyst loading.
Scale bar: 5 μm. e) The AEMWEs cell performance with different 1 M KOH flow rates on both sides of the electrode (1, 2.5, 5, and 10 ml min−1). f) The
polarization plots for AEMWEs operated under different reactant flow rates. Reproduced with permission.[108] Copyright 2018, Elsevier Ltd.

thermal energy. For example, the PEM FC system operates as
follows: at the anode, the H2 molecule on a catalyst decomposes
itself in protons and free electrons that create the electric current
(Equation 5). At the cathode, O2 reacts with the freed electrons
(Equation 6). Finally, protons recombine with oxygen ions when
they arrive at the cathode to make water (Equation 7). PEM FC is
the most currently used FC.[114] Other FCs are applied to different
situations such as acid electrolytes (i.e., PEM FC, Direct Methanol
Fuel Cell (DMFC), Phosphoric Acid Fuel Cell (PAFC)) and basic
electrolytes (i.e., SOFC, Alkaline Fuel Cell (AFC), Molten Carbon-
ate Fuel Cell (MCFC)),[115] as listed in Table 3.

2H2 + O2 => 2H2O + electricity + heat (4)

H2 => 2H+ + 2e− (5)

O2 + 4e− => 2O2− (6)

4H+ + 2O2− => 2H2O (7)

PEMFCs and SOFCs are considered the most promising.
However, the PEMFC operates at a too-low temperature, while
the SOFC operates at a too-high temperature. To counter these
disadvantages, a protonic ceramic fuel cell (PCFC) is studied as
it works at intermediate temperatures. Another rather recent FC
is the AEM FC with a high improvement potential.[117] The chal-
lenges for FC are quite like those for electrolyzers (i.e., improving
material designs).

One of many applications of the FC is their stationary use in
the electrical grid thanks to the power-to-gas conversion previ-
ously made by the HER electrolyzer. When electricity production
exceeds demand, electrical energy can be converted into H2 for
long-term storage by electrolysis. When electricity production is
low, it would be desirable to convert the chemical energy in H2
back to electricity by FC. This process requires power plants ca-
pable of both electrolysis and FC operation, a technology known
as regenerative fuel cell (RFC).

3.2. Electrolyzers in Reversible Devices: RFC

The RFCs are used for energy storage and conversion but for
now only in military and aerospace areas because of their high
price.[119] There are two types of RFCs: discrete and unitized
RFCs (DRFC and URFC, respectively). In a DRFC, the elec-
trolyzer and FC work relatively independently, as represented in
Figure 17a.

In URFC, the electrolyzer and FC are combined in one cell,
which forces the electrodes to be bifunctional. For URFC, there
are two types of operating configuration: the constant gas (CG)
and the constant electrode (CE) (Figure 17b,c). URFC in CE mode
demonstrates better performance than those of DRFC or URFC
in CG mode.[118] PEM FC, AFC, and SOFC are three main FCs
that are reversible, forming the principal RFC system.[116d] Cur-
rently. only UR-PEM FC has achieved a mature level.[119] For elec-
trolyzers, FC, and RFC, the PEM is the key to the challenges of
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Figure 16. a) The polarization and b) Nyquist curves for AEMWEs with 10 wt.%, 20 wt.%, and 30 wt.% ionomer contents at 50 °C and c) The SEM
images of the fabricated MEAs. d) The polarization and e) Nyquist curves for AEMWEs operated at 50, 60, and 70 °C. The polarization plots for single
cells with different thicknesses of f) Ti-GDLs and g) C-GDLs at 50 °C. Reproduced with permission.[108] Copyright 2018, Elsevier Ltd.
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Table 2. The comparison of AEMWE performances in various conditions.

Catalysts:
Anode/Cathode

Catalyst loadings [mg cm−2]:
Anode/Cathode

AEM Current density
[A cm−2]

Stability
[cell voltage increase < 10%]

Refs.

Stainless steel/Pt/C Not applicable/0.5 Sustainion@ X37-50 2.74 at 2.0 V at 60 °C > 25 h at 60 °C at 1 A cm−2 [110]

FAA-3-50 1.40 at 2.0 V at 60 °C < 10 h at 60 °C at 1 A cm−2 [110]

IrO2/Pt/C 2/2 FAA-3-50 1.00 at 1.8 V at 60 °C < 8 h at 60 °C at 0.5 A cm−2 [111]

4/0.4 FAA-3-50 1.50 at 1.9 V at 70 °C Not applicable [108]

2/0.5 PFTP-13 7.68 at 2.0 V at 80 °C > 1000 h at 60 °C at 0.5 A cm−2 [102]

cost reduction to compensate for noble metal materials. Table 4
lists the advantages and disadvantages of DRFC and URFC. Cer-
tain advances can benefit all devices. But to achieve high perfor-
mance, materials need to be developed specifically for each of
them, considering their different features.

3.3. The Hydrogen Ecosystem

With stable and large-scale H2 production being achievable, the
H2 ecosystem that empowers the global industry to transition
to a carbon-neutral blueprint can be put into the picture. This
scheme (Figure 18[120]) of the US Department of Energy (DOE)
represents quite well the H2 ecosystem at a global scale.[121] In
some hydroelectricity-rich regions, such as Québec and Norway
(almost 100% of the electric power is hydroelectric), renewable
energy is integrated into the electric grid. The excessive electric-
ity can be further converted and stored into clean H2 by elec-
trolyzer for future applications to reduce greenhouse gas (GHG)
emissions.[122] Given its abundant reserves of natural gas, North
America tends to be a leading region in the production of blue
hydrogen.[123] As pointed out in the introduction, the recent dis-
covery of natural hydrogen reserves, such as the large potential
reserve in France, could add a new source to this scheme if other
reserves are discovered around the world. For the H2 applica-
tions, studies put much effort into H2 vehicles, such as H2-FC
cars for daily commuting and H2-FC heavy-duty trucks for good
transport. It shows that the research interest in H2-FC trucks
(HFCTs) has grown rapidly in the past ten years, especially in
North America and Europe. The environmental impact, H2 sup-
ply chain, and storage tank system are the hottest concerns of
HFCTs.[122a] Take an example, the company “First Hydrogen” has

selected the City of Shawinigan (Quebec, Canada) to develop its
first green H2 ecosystem, where the local production of green H2
and the assembly of zero-emission commercial vehicles are se-
cured and developed.[124] In addition, new sources for importing
or exporting H2 could also be added to this H2 ecosystem scheme
in the future.

4. Conclusion and Perspectives

Low-temperature solid-membrane electrolyzers hold great
promise to produce green H2. Their high reactivity enables
them to be coupled with renewable energies. And their ability
to produce H2 directly under pressure makes it easy for storage
and transport. This review summarizes recent advances in
electrocatalysts for the anode and cathode as well as for the
membrane and their assembly in MEAs and stack systems for
PEMWE and AEMWE. With the application of noble metal-based
(e.g., Pt-, Ir-, Ru-based) catalysts, PEMWE is currently the most
advanced of water electrolyzers. However, the high cost the
noble metal-catalysts burdens the overall capital expenditure
of the cell device. The AEMWE seems to represent the next
generation, combining the benefits of PEMWEs and AWEs.
Non-PGM catalysts like NiFe-based catalysts reveal exceptional
catalytic performance in AEMWE. The difficulty of AEMWE
mainly falls on the durability issue that concerns the AEM sta-
bility and degradation. Membrane engineering remains the top
priority in achieving the long-term operation of both PEMWE
and AEMWE. The interdisciplinary benefit between electrolyzer
research and its reverse mode, FC, is also highlighted. Despite
these considerable achievements, several challenges remain:

Table 3. Comparison of FC, based on.[115,116]

Type Electrolyte Anode Cathode Ionic species T [°C] Application/range

Input Output Input Output

PEMFC Polymer (s) H2 O2 H2O H+ 80 Portable, transport/10 mW–1 MW

DMFC Polymer (s) CH3OH CO2 O2 H2O H+ 80 Portable, transport/10 mW–1 MW

AFC Potash (l) H2 H2O O2 OH− 100 Space, Military/1–100 kW

PACF Phosphoric acid (l) H2 O2 H2O H+ 200 Stationary/100–440 kW

MCFC Molten salt (l) H2 H2O + CO2 O2 + CO2 CO3
2− 650 Stationary/50 kW–10 MW

PCFC Ceramic (s) H2 O2 H2O H+ 400–600 Transport, stationary/100 W–10 kW

SOFC Ceramic (s) H2 H2O O2 O2 1000 Stationary/100 W–10 MW

DMFC: Direct Methanol; AFC: Alkaline; PAFC: Phosphoric Acid; MCFC: Molten Carbonate; PCFC: Protonic Ceramic; SOFC: Solid Oxide/(s): solid; (l): liquid.
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Figure 17. a) The DRFC system, combined with solar energy. Reproduced with permission.[116d] Copyright 2020 Elsevier Ltd. The schematic diagram of
b) constant gas and c) constant electrode URFC operating configurations. Reproduced with permission.[118] Copyright 2020, Royal Society of Chemistry.

PEM Challenges

1) Research into PEMWE must focus on BP and GDL, given their
large cost contribution and high reduction potential, then comes
the manufacturing of the MEA.[15b] 2) Although research is cur-
rently concentrating on finding non-noble catalysts for HER and
OER, performance is not yet comparable, which leads to the chal-
lenge of reducing noble metal loading using technologies such as
single-atom catalysts.

AEM Challenges

3) AEMWE research should focus on the membrane and ionomer
stability by studying the degradation mechanism via in-situ char-
acterization and by trying to find a balance between the hydroxyl
ion conductivity and functional group stability.[101] 4) Research
on AEMWE operating in pure water is also considered a fu-
ture challenge. 5) The AEMWE inherits most of its components
from the AWE and PEMWE, which still holds much space for
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Table 4. Comparison of URFC and DRFC, based on the publication of Pu
et al.[116d]

DRFC URFC

Advantages • Easy amplification,
repair, and management

• More compact and less
heavy system

• A closed water cycle • Less expensive

• Optimized electrolyzer
and FC capacities and
performances

• FC and electrolyzer can
operate simultaneously

• Cost-effective

Disadvantages • Complex system • Bifunctional electrodes
required

• Possesses lower volume
energy density

Operating principles • FC and electrolyzer work
independently

• FC and electrolyzer op-
erate alternatively in the
same cell

Applications • Renewable energy stor-
age and conversion

• Renewable energy stor-
age and conversion

• Space • More employable for
space

• Aircraft

• Submarine

Electrolyzers, FC, and RFC are only a small part of all the technology used in the
hydrogen ecosystem.

improvement for its optimization. Hence, it is necessary to con-
tinue research into specific materials for the AEMWE.

Figure 18. The U.S. hydrogen ecosystem, similar to that of other countries. Reproduced with permission.[120] Copyright 2020, John Wiley & Sons Ltd.

Global Challenges

6) There is still no consensus on how to test a new catalyst, mem-
brane, or stack, which makes it very difficult to compare the
results of two different research groups. It is therefore urgent
for the scientific community to agree on standardized measure-
ments and tests, as well as on a rating grid for grading different
types of components. This grid should take into consideration the
cost, stability, durability, efficiency, and all the other significant
characteristics such as the manufacturing complexity. 7) Too lit-
tle research has been done on complete stack systems, although
this is the ultimate industrial goal. The results from laboratory
tests such as a three-electrode system should be implanted into a
complete stack system for progress.

Perspectives

8) The research should focus on the area with interdisciplinary
benefits such as the characterization method (e.g., in situ or
operando technique) to better understand the mechanism and
the electricity cost. 9) As aforementioned, direct seawater electrol-
ysis has gained much attention these days. Although intriguing,
there are rising arguments on whether direct seawater electrol-
ysis provides significant economic, environmental, and techno-
logical incentives for the water electrolysis industry.[125] Detailed
and comprehensive analyses should be carried out to offer accu-
rate insights for global orientation in the H2 production industry.
10) With membrane engineering being one of the biggest chal-
lenges in water electrolysis, membrane-less electrolyzers might
represent an option to reduce the capital cost. A few years
ago, Esposito wrote a nice perspective on the topic in which
he proposed some membrane-less technologies.[126] It avoids
membrane-related issues and simplifies the cell assembly, offer-
ing another interesting direction for water electrolysis.
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To realize the industrialization of water electrolysis, the cost of
electricity remains the most significant factor in green H2 pro-
duction. In addition, this cost fluctuates, making the challenge
even more difficult. To reduce the cost of electricity, research is
being carried out into the coupling of electrolyzers and renew-
able energies, to take advantage of their overproduction during
periods of low demand. To achieve this last objective, extensive
weather forecasting is required to anticipate fluctuations. Thus,
the primary objective must be clean and low-cost electricity pro-
duction.
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