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Single atom catalysts for water electrolysis:
from catalyst-coated substrate to
catalyst-coated membrane

Sol A Lee,†ab Sang Eon Jun,†ac Sun Hwa Park,c Ki Chang Kwon,c Jong Hun Kang,*d

Min Sang Kwon *a and Ho Won Jang *ae

Green hydrogen production through water electrolysis is considered the next-generation technology

capable of industrial-scale hydrogen production to achieve carbon neutrality. The core of constructing a

water electrolyzer lies in designing the membrane electrode assembly (MEA) with optimal integration of

the membrane, electrocatalysts, and gas diffusion layer. Among the two representative MEA fabrication

methods, catalyst-coated substrates (CCS) and catalyst-coated membranes (CCM), CCM shows great

promise due to its catalyst layer/membrane interface contact and scalability. The key factor in the CCM

method is the effective application of the powdered catalyst onto the membrane. In this respect, the

utilization of single-atom catalysts (SACs) has emerged as a noteworthy focus due to their

unprecedented catalytic activity resulting from unique electronic/atomic configurations and high atomic

utilization efficiency. Incorporating SACs into CCM–MEA has the potential to be a cutting-edge water

electrolysis technology. However, it is still in its infancy due to the instability of the components (SACs,

membranes, ionomers, supports) and degradation during the SACs–CCM–MEA fabrication and cell

operation. Herein, we outline the representative fabrication method of MEA and provide a comprehen-

sive analysis of SACs applicable to MEA. Then, we discuss the advantages of SACs–CCM–MEA and the

challenges for industrial hydrogen production. Finally, this review concludes with future perspectives on

the development of single-atom catalyst-coated membranes and the expected achievements.

Broader context
Hydrogen is considered as the most promising energy source due to its high energy density, non-toxicity, and zero CO2 emission. Electrochemical water
electrolysis, including hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), is one of the promising methods to obtain pure hydrogen. For a
highly efficient water electrolysis, it is necessary to design the membrane electrode assembly (MEA) with optimal combination of membrane, electrocatalysts,
and gas diffusion layer. In this respect, the catalyst-coated membrane (CCM) method has been developed for low ohmic losses, efficient mass transport, and
scalability. Additionally, single atom catalysts, demonstrating exceptional catalytic activity and atomic utilization efficiency, attracted much attention. In this
review, we introduce the integration of SACs and CCM–MEA, which enables to exhibit high utilization of SACs, facile ion transport, low interfacial resistance,
and excellent scalability.

1. Introduction

In recent decades, the use of fossil fuels has led to a signifi-
cant increase in carbon dioxide emissions, resulting in severe
environmental pollution and global warming. Therefore, the

development of a new energy economic system based on
renewable energy has become an urgent and imperative task
worldwide.1–4 Hydrogen, as an energy carrier, has emerged as a
prime interest as a substitute for fossil fuels toward carbon
neutrality.5–8 Despite its potential as a clean energy source,
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mature hydrogen production technologies to date are using
fossil fuels; reforming technologies (steam reforming process,
partial oxidation, autothermal reforming, etc.), pyrolysis of
hydrocarbons, and gasification of coals. The representative
steam reforming reaction is the thermochemical process under
high pressure and temperature by reacting hydrocarbons and
steam to produce hydrogen and carbon dioxide represented by
the following equations:

CH4 + H2O " CO + 3H2 (1)

CO + 3H2 " CO2 + H2 (2)

First, methane reacts with steam to form carbon monoxide
and hydrogen with the aid of heat. Then, carbon monoxide and
steam are reacted to generate carbon dioxide and hydrogen
called a water–gas shift reaction. The pure hydrogen is finally
separated from the mixed gas and impurities by pressure swing
adsorption. However, current hydrogen production technolo-
gies use confined resources and generate carbon products,
which are inadequate for carbon neutralization.9,10 Therefore,

the production of so-called ‘‘green’’ hydrogen, which emits no
CO2, is gaining substantial attention by utilizing renewable
energy sources.11–14 One promising approach to accomplish
renewable H2 production involves integrating solar energy
conversion technology with water electrolysis such as photo-
voltaic-electrolysis and photoelectrolysis.15–18

Water electrolysis technology has been considered a sustain-
able way for large-scale hydrogen production.19–22 To enhance
cost competitiveness compared to conventional hydrogen pro-
duction methods, a highly efficient water electrolysis system
should be developed.23–25 In particular, the development of this
technology should not only focus on improving the perfor-
mance of individual functional components such as electrodes
and catalysts,26–29 but also on the operation of a merged cell
with optimized performance.30 From this perspective, alkaline
water electrolysis is the most mature technology for hydro-
gen production.31–33 However, it faces challenges such as low
current density, gas crossover, and limitations in operating
under high-pressure conditions.31,34 Therefore, novel water
electrolysis technologies using ion-exchange membranes have
been developed, providing advantages in terms of improved
reaction kinetics with high current density.35 Depending on the
type of membrane used, the water electrolyzer (WE) can be
classified into two categories: proton exchange membrane
water electrolysis (PEMWE) and anion exchange membrane water
electrolysis (AEMWE). In an ion-exchange membrane water elec-
trolysis system, a key component is the membrane electrode
assembly (MEA), which comprises an ion exchange membrane,
catalyst layer, and liquid/gas diffusion layer (GDL).36 The early
stage of MEA fabrication involved the catalyst-coated substrates
(CCS) method, where catalyst-coated supports were sandwiched
with membranes.37 Subsequently, recognizing the importance of
the catalyst/membrane interface, the catalyst-coated membrane
(CCM) method was developed, allowing the direct introduction of
catalysts onto the membrane.38–40 This method demonstrates
several advantages that position itself as a compelling option for
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water electrolysis, including low ohmic losses, efficient mass
transport, and scalability. Recent studies have highlighted the
significant impact of the MEA fabrication method on cell perfor-
mance and scalability.41,42

Taking advantage of the CCM method, we propose the
incorporation of recently spotlighted single-atom catalysts
(SACs) into CCM–MEA. In recent years, the field of SACs has
witnessed significant advancements in various electrochemical
reactions such as the hydrogen evolution reaction (HER),43–46

the oxygen evolution reaction (OER),29,47–49 the carbon dioxide
reduction reaction (CO2RR),50–55 the oxygen reduction reaction
(ORR),56–58 the nitrogen reduction reaction (NRR),59–61 and the
chlorine evolution reaction (ClER).62,63 In addition, SACs have
been developed in the field of photoelectrochemical,47,64–73 and
photocatalytic74–81 water splitting, and organic synthesis.82–86

Atomically dispersed metals offer several advantages over con-
ventional nanoparticulate counterparts, including high atomic
utilization efficiency, enhanced adsorption of reactants,
improved charge separation, and selective reactions.29,72 These
advantages arise from the unique electronic configurations and
environmental coordination of single atoms.87 Thus, SACs
have demonstrated exceptional catalytic performance by ser-
ving highly active catalytic sites, which facilitates interactions
between reactants and catalysts.88,89 Recent studies have
demonstrated that high loading of SACs and delicate tuning
of the metal–support interaction could accelerate surface
reaction rates in water electrolysis and enhance the mass
activity.90–92 By combining the advantages of SACs and CCM–
MEA, it is possible to achieve the ultimate water electrolysis
system for efficient and sustainable hydrogen production.

Fig. 1 shows the schematic illustration of the SACs-
incorporated MEA water electrolyzer and developments in both
ion exchange membrane water electrolyzer and single atom
catalysts. For decades, MEA-based water electrolyzers including
PEMWE and AEMWE have been developed a lot in respect
of stacking structure, electrolyte, catalyst deposition, and
efficiency.93–97 Meanwhile, the synthesis and application of
SACs for electrochemical reactions have been in the spotlight
and advanced recently.98–104

In this review, we focus on the integration of SACs and CCM
architecture, which possesses great potential for highly effi-
cient, durable, and cost-effective water electrolysis. The combi-
nation of SACs and CCM represents a promising approach that
harnesses the individual strengths of both technologies, lead-
ing to synergistic effects and enhanced water electrolysis cell
performance. It is expected that SACs–CCM–MEA will exhibit
high utilization of SACs, facile ion transport to single metal
atoms, low interfacial resistance between the SACs and the
membrane, and scalability. Specifically, the uniformly dis-
persed catalyst layer would ensure complete contact between
the SACs and the membrane, eliminating any inactive and
empty reaction sites. Additionally, it might provide a direct
and shorter path not only for H+ or OH� ions to move from the
membrane to the reaction sites, but also for charges to effi-
ciently transfer at the electrode–electrolyte interface. Moreover,
large-scale fabrication of MEA with high performance can be

achieved through SACs–CCM–MEA for the industrialization of
hydrogen production. This novel approach to integrating indi-
vidual high-level techniques has the potential to overcome the
limitations of conventional electrolysis systems.

2. Catalyst-coated substrate and
catalyst-coated membrane for the
membrane electrode assembly

Water electrolysis techniques have undergone development,
progressing from alkaline water electrolysis to proton/anion
exchange membrane water electrolysis, aiming at efficient and
cost-effective generation of hydrogen in a large-scale. The MEA-
based water electrolyzer is considered a promising technology
for industrial hydrogen production due to its improved struc-
ture providing low ohmic resistance and enhanced mass trans-
fer properties.105 Fig. 1 illustrates the components of the MEA-
based WE, including an MEA, gaskets, flow field plates/current
collectors, and end plates; an electrochemical reaction occurs
at MEA. Gaskets serve the important function of preventing
both electrolyte leakages and electrical contact with the flow
field plates/current collectors, except for the active region. The
electrolytes circulate through the flow field plate with a carved
flow channel, while the end plates are employed for the
assembly purpose. Since the performance of water electrolysis
significantly relies on the MEA, studies have focused on enhan-
cing interfacial interactions within the MEA by developing

Fig. 1 Schematic illustration of SACs-incorporated MEA water electro-
lyzer and timelines of developments in ion exchange membrane water
electrolyzer and single atom catalysts.
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various components (catalysts, membranes, supports), as well
as MEA fabrication methods.106,107

2.1 Membrane electrode assembly

The MEA represents a core component of the WE where the
electrochemical reactions occur. The MEA has a sandwiched
structure comprising ion exchange membrane and a pair of
OER/HER electrodes, which consist of catalysts and supports.
The ion exchange membrane selectively allows the ion trans-
port, depending on the type of membrane utilized such as
anion exchange membrane or proton exchange membrane. The
GDL serves as a catalyst support, facilitating the transport of
liquid and gas products, as well as charge carriers. The perfor-
mance of MEA is significantly influenced by the employed
fabrication method, as it determines the resistance, ion move-
ment, and gas diffusion properties of the MEA. Contingent
upon the fabrication method, the MEA can be categorized as a
CCS if the catalysts are loaded onto the substrates, or as a CCM
if the catalysts are coated on the membrane surface.

2.2 Catalyst-coated substrate

In the early stage, the MEA was mostly prepared with CCS by
taking advantage of its simple and easy fabrication process.108,109

In the CCS fabrication process, the catalysts are coated on
supports or substrates, and then the membrane and catalyst/
support are hot-pressed to form the MEA. Due to its independent
fabrication process of membrane and electrode, it enables the
manufacture of bulk CCS-type MEAs (denoted as CCS–MEAs).
Spray coating is one of the widely employed technologies for CCS
fabrication, wherein the catalyst ink, catalysts and ionomers
dispersed in a solvent are sprayed onto the gas diffusion electro-
des (GDE), as illustrated in Fig. 2a. The composition of catalyst
ink is a pivotal factor in achieving a uniform catalyst layer on
substrates. Thus, optimization of the ionomer content, catalysts
loading, and the solvent system is necessary. Numerous studies
have reported on the effects of ionomer contents and catalyst
loading on the performances of water electrolysis.110,111

To deposit powder catalysts on substrates, the popular and
simple method is hand spraying, which involves using a spray
gun to apply catalyst ink onto the substrates. After spraying
the catalyst inks, the solvent is evaporated, and the process is
repeated several times to load a desired amount of catalysts. As
a selective example, Vincent et al. prepared catalyst inks con-
sisting of deionized water (DI), isopropyl alcohol (IPA), alkaline

ionomer, and commercial catalysts (Acta 3030 (CuCoOx)).36 The
catalysts were coated using the hand spraying method on
microporous carbon paper with an air spray gun and dried at
80 1C for 2 hours. Fig. 2b and c show that the catalyst layer was
formed on substrates without voids or cracks. Despite being a
straightforward technique for electrode preparation, hand
spraying lacks precise control over the uniformity of the catalyst
layer due to its reliance on manual operation. As an advanced
technique, sonicated spraying provides even finer control over
catalyst distribution and loading by atomizing catalyst inks into
a fine mist through the ultrasonic nozzle. Bühler et al. used an
ExactaCoat device (SonoTek) to spray coat Ir-based catalysts
inks on a titanium fiber anodic porous transport layer.112 They
investigated the influence of IrO2 loadings and the amount of
ionomer content (Nafion) on the behavior of PEMWE. The
same method was applied to prepare a bipolar MEA, where
IrO2 was uniformly spray coated between the AEM and PEM by
Mayerhöfer et al.108

Despite the mature techniques for synthesizing powder
catalyst, the loading of such catalysts requires the use of
organic binders (ionomer) which can poison the catalytic active
sites and impede the diffusion of generated gas species. An
alternative approach that offers an advantage in terms of
catalyst–support adhesion and a binder-free reaction environ-
ment is the direct growth of catalysts on substrates. This direct
growth can be accomplished through physical vapor deposition
methods or solution-based methods.

The physical deposition of catalysts onto substrates provides
advantages in reproducibility and scalability. One method that
utilizes the physical deposition is the magnetron sputtering in
an oblique angle deposition (MS-OAD) technique, which has
been employed to manufacture nanostructured anodes for
AEMWE. López-Fernández et al. showed the preparation of
Ni, NiFe, and CuxCo3�xO4 catalysts on carbon paper as an
anode using MS-OAD.113 They achieved a high WE performance
by leveraging the porous nanostructure of the catalyst layer,
while using a minimal load of catalysts.

Solution-based methods include sol–gel methods, electro-
deposition, chemical bath deposition, etc.114–119 Ahn et al.
demonstrated the preparation of Ni/carbon paper (CP) electro-
des through electrodeposition, serving as both the anode and
cathode for AEMWE.120 They highlighted the promising aspect
of direct growth of Ni on CP using electrodeposition, particu-
larly in terms of catalyst loading on substrates. When compared
to the bulk electrodes with high catalyst loading of up to a few mg,
the fabricated MEA showed a current density of 150 mA cm�2 at a
cell voltage of 1.9 V, operating at a temperature of 50 1C, with a low
Ni amount of 17.0 mgNi cm�2 on CP. In another study, Lee et al.
fabricated a NiFeV layered double hydroxide (LDH) OER electrode
by surface corrosion of Ni foam in a chemical bath containing Fe3+

and V3+.121 The AEMWE using the NiFeV LDH anode showed
comparable performance compared to a WE utilizing commercial
IrO2 and Pt/C catalysts.

Various CCS fabrication methods have been developed for
ion exchange membrane water electrolysis toward large-scale
hydrogen production. With the development of a catalyst

Fig. 2 (a) Schematic of spray coating. SEM images of GDL (b) before
catalyst loading and (c) after catalyst loading. Reproduced with permission
from ref. 36. Copyright 2017, Elsevier.
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coating system, it is possible to fabricate CCS over 100 cm2

scale.122 One such method for ion exchange membrane water
electrolysis is CCS–MEA, which involves the hot-pressing of a
membrane and catalyst/supports. However, fabricating large-
scale CCS–MEA is challenging due to the mechanical contact
between the membrane and the catalyst/support, resulting in a
performance loss caused by ohmic resistance at the catalyst/
membrane interface. Additionally, the low catalyst utilization
on supports (e.g., GDE) poses a bottleneck in terms of cost-
effectiveness. Consequently, the need to directly coat catalysts
on the membrane has prompted the development of the
catalyst-coated membrane fabrication method.

2.3 Catalyst-coated membrane

The CCM refers to one of the methods used for MEA fabrica-
tion, wherein catalysts are directly deposited on the membrane
surface. In comparison to the CCS method, the CCM method
provides a facile catalyst–membrane interlayer, resulting in low
interfacial resistance during the electrochemical reaction. Addi-
tionally, it enables the increase of mass efficiency with low
catalyst loading, thereby leading to a high-performance MEA
water electrolyzer. Park et al. conducted a comparative study
on the AEMWE performance of CCS–MEA with and without
hot-pressing, along with CCM–MEA. The result indicated that
the CCM–MEA showed the better performance with good
repeatability.123 However, MEA fabrication using the CCM
method faced the challenges such as membrane swelling and
catalyst detachment.124 Therefore, the development of an
appropriate preparation method has become significant for
the fabrication of stable CCM–MEAs. Several CCM fabrication
methods, such as spray coating, decal transfer coating,
doctor blade coating, brushing, inkjet printing, layer-by-layer
deposition, bar coating, and solvothermal method have been
developed.97,125,126

Similar to CCS fabrication methods, direct spray coating is
widely employed for CCM. Klose et al. demonstrated the use of
all-hydrocarbon MEAs, utilizing a sulfonated poly(phenylene
sulfone) (sPPS) membrane onto which the catalysts were
spray-coated using catalysts inks.127 IrO2 with a loading of
1.5 mg cm�2 and 0.5 mg cm�2 of Pt was deposited as the
OER and HER catalyst, respectively. As shown in Fig. 3a and b,
the OER/HER catalyst layers were directly formed on sPPS and
Nafion N115 membranes, each with a thickness of ca. 7 mm.

The CCM–MEA using sPPS showed lower gas cross-over com-
pared to the MEA using Nafion and exhibited a current density
of 3.5 A cm�2 at 1.8 V.

The decal transfer method is another extensively used
approach for CCM preparation, which is considered a feasible
method for mass production. It provides the advantage of low
resistance between the catalyst layer and polymer electrolyte
membrane, as well as reduced mass transfer resistance with the
thin catalyst layer.128–130 The conventional decal transfer process
consists of multiple steps.130,131 First, a catalyst slurry or ink is
cast onto the substrates. Subsequently, the catalyst layer is
transferred to the polymer membrane through hot-pressing. This
hot-pressing step is performed above the glass transition tem-
perature (Tg) of the polymer used as a membrane. Above Tg, the
polymer membrane softens, allowing for interpenetration of
the polymer across the interface. After hot-pressing, the substrate
is removed. Park et al. employed the decal transfer method
to prepare an IrO2 inverse-opal MEA for polymer exchange
membrane water electrolysis in order to reduce the catalyst
loading.130 Fig. 4 shows the process of preparing the inverse-
opal MEA. The decal transfer method involves the following steps:
(1) preparation of the IrO2 inverse-opal electrode via pulse electro-
deposition, (2) hot-pressing of electrodes onto the membrane, (3)
removal of the sacrificing layer, and (4) spray coating of the
cathode catalyst layer on the opposite side of the membrane.
The interconnected pores and increased surface area of the inverse-
opal structure enable enhanced catalyst utilization, leading to high
mass activity for PEMWE. Bernt et al. utilized the decal transfer
method to fabricate 5 cm2 MEAs for PEMWE, employing Pt/C and
IrO2/TiO2 as the HER and OER catalysts, respectively.132 The
catalyst inks were prepared by mixing solvent, catalysts, DI water,
and Nafion ionomer solution. These catalysts inks were then coated
on decal substrates such as ethylene-tetrafluoroethylene (ETFE) and
polytetrafluoroethylene (PTFE). After drying, the electrodes were
hot-pressed onto a Nafion membrane. They showed that optimiz-
ing the electrode thickness and catalyst loadings can enhance the
interface resistance and catalyst utilization.

Fig. 3 Cross-sections of (a) sulfonated poly(phenylene sulfone) (sPPS)-
MEA and (b) Nafion-MEA by spray coating. Reproduced with permission
from ref. 127. Copyright 2020, WILEIY-VCH.

Fig. 4 Photographs of preparation steps for inverse-opal MEA in
the decal-transfer method. Reproduced with permission from ref. 130.
Copyright 2019, Elsevier.
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The hot-pressing process can significantly affect the perfor-
mance of the CCM–MEA because it influences the physical
characteristics of the interface contacts among MEA components.
Yazdanpour et al. demonstrated the direct coating of ink-jet printed
Pt/MWCNT on Nafion membranes for polymer electrolyte
membrane fuel cells (PEMFC).133 They optimized the hot-
pressing conditions (temperature, pressure, and duration) to fabri-
cate a CCM–MEA and compared its performance with that of CCM
created based on the decal transfer method. They demonstrated a
high-quality and dense CCM–MEA fabricated by hot-pressing com-
pared to the CCM method by decal transfer. The typical method for
catalyst layer formation involves the use of catalyst inks. However,
the use of catalyst inks can result in a dense catalyst layer, which
impedes the mass transfer of liquid/gas and reduces catalyst
utilization. To address this issue, researchers have developed some
direct catalyst layer deposition techniques.

Wan et al. designed an all-in-one MEA by fabricating a 3D-
ordered catalyst layer on a porous polypropylene (PP) membrane
using hydrothermal synthesis.97 First, the CoNi LDHs were synthe-
sized on a porous PP membrane through the solvothermal method
and converted to CoNiS by a hydrothermal process. The as-
prepared CCM was subsequently pressed to fabricate the CCM–
MEA at 70 1C for 3 minutes at 0.1 MPa. The fabricated all-in-one
MEA showed a current density of 1 A cm�2 at 1.57 V benefiting
from its 3D-ordered catalyst layer structure, which facilitates liquid/
gas mass transfer, provides a high catalytic active sites density, and
accelerates ionic transport at the integrated catalyst/membrane
interface.

Koch et al. developed the bar coating method to directly deposit
the catalyst for CCM fabrication.126 The catalyst layers were bar-
coated onto a membrane, allowing for control over the catalyst
loading by introducing adhesive foil to protect against swelling and
wrinkling. Bar-coated CCM showed comparable cell efficiency
(1 A cm�2 at 1.8 V) to the spray-coated CCM–MEA. The uniformity
of catalyst coating, dual side coating, repeatability of the coating,
and durability are required for electrolysis coating applications
using large-scale CCM. Efforts have been made to fabricate large-
scale CCM for water electrolysis up to a few hundred cm2 scales
with the aid of catalyst coating equipment such as an ultrasonic
coating system. For PEMWE, the fabrication of CCM has been
developed for industrial application, however, low catalyst utiliza-
tion and dissolution of platinum group catalysts during operation
are the main challenges toward large-scale CCM–MEA. In the case
of AEMWE, the durability of the membrane/electrocatalysts and
deformation during the fabrication process make it difficult to
design CCM–MEA, limiting the practical application. Therefore,
adequate strategies for designing integrated CCM–MEA are
required for securing long lifetime and high performance.

3. Single atom catalysts (SACs) for MEA
in water electrolysis
3.1 Why SACs in water electrolysis?

Numerous researchers have endeavored to improve the cataly-
tic activity and sustainability of electrocatalysts for highly

efficient hydrogen production, while simultaneously reducing
the cost involved in the synthetic process.134–137 In line with
this objective, a groundbreaking advancement in electro-
catalysts has emerged: the utilization of single atom catalysts.
This cutting-edge approach possesses tremendous potential to
revolutionize the field of catalysis. Unlike conventional cata-
lysts consisting of nanoparticles or bulk materials, atomically
dispersed catalysts possess unique electronic and geometric
characteristics that render them exceptionally efficient in pro-
moting both HER and OER.138 Depending on the support
matrix, these properties can be elaborately modulated,
thereby influencing the surface redox chemistry during water
electrolysis.139

The utilization of single atom catalysts in water electrolysis
provides several advantages which can be categorized into the
following two categories: atomically confined active sites opti-
mized for both water reduction and oxidation, and high atomic
utilization efficiency. Firstly, the atomically confined active
sites of SACs enhance the intrinsic catalytic activity by increas-
ing the opportunities for the target reactions to occur.140,141

The catalytic activity of SACs can be significantly influenced by
the support matrix, which is the material that provides an
environment for dispersing and anchoring the single metal
atoms. This influence is attributed to the variation of the
oxidation state and coordination environment of SACs depend-
ing on the supports, leading to the modulated adsorption and
activation of reactant molecules. Secondly, the high atomic
utilization efficiency in SACs provides significant resource
efficiency.142,143 Due to the extremely high surface-to-volume
ratio of SACs, all the individual metal atoms actively participate
in the surface reaction of water electrolysis. As a result, the
usage of SACs can reduce the consumption of noble or rare
metals required for the synthesis of electrocatalysts. This
characteristic makes SACs more economically and environmen-
tally sustainable by minimizing the use of scarce resources.
These advantages of SACs are applicable to both HER and OER.

Jiang et al. introduced single-atom Ru catalysts anchored on
a nanoporous MoS2 (np-MoS2) and investigated the synergistic
effect between Ru sites and sulfur vacancies in alkaline HER.144

By tuning the ligament size of np-MoS2, the curvature-induced
strain can be introduced into sulfur vacancies (Fig. 5a).
Through the DFT calculations, they explained that H2O mole-
cules are easily adsorbed on the Ru sites of Ru/MoS2 and
subsequently dissociated into H and OH species due to a lower
water adsorption energy of �0.516 eV and a low energy barrier
for the Volmer step, respectively. Furthermore, the H–H cou-
pling can be readily accomplished by Ru sites on Ru/MoS2

due to the small hydrogen adsorption free energy (Fig. 5b).
In Fig. 5c, the absorption edge of Ru K-edge X-ray absorption
near edge structure (XANES) spectrum of Ru/np-MoS2 is located
between those of RuCl3 and RuO2, indicating the oxidation
state of +3 to +4 after doping in MoS2. In Fig. 5d, the Fourier-
transformed extended X-ray absorption fine structure (FT-EXAFS)
spectrum of Ru/np-MoS2 exhibits a prominent peak at ca. 1.6 Å,
corresponding to the scattering path between Ru and S. This
implies that Ru element exists in isolation without Ru-Ru bonding
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in Ru/np-MoS2. As shown in Fig. 5e, the catalytic activity of Ru/np-
MoS2 was compared with those of nanoporous MoS2 (np-MoS2),
Ru single atoms on plane MoS2 (Ru/P-MoS2), and Ru single atoms
on nanoporous MoS2 with larger ligament (Ru/Lnp-MoS2).
Compared to the other samples, Ru/np-MoS2 shows a much lower
overpotential of 30 mV to achieve a current density of 10 mA cm�2

and a Tafel slope of 31 mV dec�1. In Fig. 5f, the electrochemically
active surface area (ECSA)-normalized current density of Ru/np-
MoS2 at an overpotential of 100 mV is larger than those of Ru/Lnp-
MoS2 and Ru/P-MoS2. This indicates that the intrinsic catalytic
activity in HER significantly depends on the magnitude of strain, as
higher strain induces more variation in the electronic states and
atomic structure of Ru sites and sulfur vacancies.

Zhang et al. selectively anchored Ir single atoms onto the
three-fold hollow sites and oxygen vacancy sites of defective
CoOOH to explore how the catalytic activity in OER is controlled
by anchoring sites.49 Defective CoOOH offers three possible
sites for immobilizing the metal species as support for single
atom anchoring. These sites include the three-fold face-
centered cubic (fcc) hollow sites of oxygen, the three-fold
hexagonal close-packed (hcp) hollow sites of oxygen, and the
oxygen vacancy sites (Fig. 6a). In this research, singly-dispersed
iridium cations were anchored to the three-fold hollow sites of
surface oxygen (Ir1/TO-CoOOH), while isolated iridium anions
were located at oxygen vacancies (Ir1/VO-CoOOH) via cathodic
and anodic electrochemical deposition, respectively. In Fig. 6b,
the white line intensity implies that the valence state of Ir in
Ir1/TO-CoOOH ranges from +3 to +4, while in Ir1/VO-CoOOH, it
is slightly higher than +4. This difference can be attributed to
the charge transfer under reductive and oxidative environments

during the synthesis. In Fig. 6c, no dominant peak at 2.71 Å was
observed in either sample, indicating the absence of Ir–Ir
interaction. As shown in Fig. 6d, Ir1/VO-CoOOH showed
dramatically enhanced catalytic activity compared to Ir1/TO-
CoOOH and the original CoOOH with an overpotential of
200 mV to attain a current density of 10 mA cm�2. In Fig. 6e,
Ir1/VO-CoOOH exhibited a specific activity of 17.3 mA cm�2 at
an overpotential of 300 mV, which was 5.75 times higher than
that of Ir1/TO-CoOOH. Fig. 6f shows the free energy diagrams of
CoOOH, Ir1/TO-CoOOH, and Ir1/VO-CoOOH, with the rate-
determining step energy barrier of Ir1/VO-CoOOH showing the
lowest value of 1.63 eV.

Until now, various types of SACs have been reported for
highly efficient HER and OER including noble metal-based
SACs, non-noble metal-based SACs, single atom alloys, and
dual metal SACs. In HER, elements such as Pt,145–147

Ru,148–150 Ni,151–153 Co,154–156 Fe,157–159 and V160–162 have been
selected to promote atomically confined hydrogen adsorption
and desorption. For OER, Ir,163–166 Ru,141,167,168 Au,169,170

Fe,171–173 Ni,174,175 and Co176–178 single atoms were developed.
Recently, multi-component SACs have been explored to outper-
form the performance of single-component SACs. For instance,
Pt–Ru and W–Mo dual atom catalysts have shown superior
performance in HER and OER, respectively.179–182

3.2 Application of SACs into MEA

Single atom catalysts can be applied to both CCS and CCM
methods. As can be seen in Fig. 7a, the CCS method involves
the preparation, coating, and drying of catalyst inks containing
SACs. Separate substrates, acting as gas diffusion layers, are

Fig. 5 (a) Schematic illustration of the construction of Ru/np-MoS2. (b) Free energy diagrams at difference sites in HER. (c) XANES and (d) FT-EXAFS
spectra of Ru/np-MoS2, Ru foil, RuCl3, and RuO2. (e) Polarization curves of Ru/np-MoS2 as compared with np-MoS2, Ru/P-MoS2, Ru/Lnp-MoS2, Ru/C,
and Pt/C. (f) ECSA-normalized current density at an overpotential of 100 mV for Ru/P-MoS2, Ru/Lnp-MoS2, and Ru/np-MoS2. Reproduced with
permission from ref. 144. Copyright 2021. Springer Nature.
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employed to coat the catalyst inks prepared for both HER and
OER. Then, the MEA is fabricated by integrating two catalyst-
coated substrates and a membrane (Fig. 7b). This fabrication
process typically involves sandwiching the two substrates between
an anion-exchange membrane or a proton exchange membrane by
hot pressing. On the other hand, in the case of the CCM method,
the catalyst ink with SACs is directly coated onto both sides of the
membrane, which is the key distinction compared to the CCS
method (Fig. 7c). There are several coating techniques such as spray
coating, spin coating, inkjet printing, doctor blade coating, and
decal transfer method. Subsequently, the gas diffusion layers and
the catalyst-coated membrane are assembled by hot pressing,
resulting in a CCM–MEA with SACs (Fig. 7d). In both cases, the
actual reactions occur at the interface between the membrane and
the catalyst layer. Therefore, it is necessary to significantly increase
the quantity of SACs at the interface to achieve high performance
with the smallest amount of SACs.

3.3 Binder-free SACs with bottom-up method

3.3.1 Synthesis. The synthetic approaches of binder-free
SACs can be categorized into the bottom-up method and the
top-down method. The bottom-up method involves the synth-
esis of materials in a uniform manner from atoms, molecules,
or ions. There are several synthetic approaches that fall under
the bottom-up methods, such as atomic layer deposition, sol–
gel process, chemical vapor deposition, and hydrothermal
synthesis. In this review, we provide selective examples of
bottom-up methods for binder-free SACs.

Atomic layer deposition. Atomic layer deposition (ALD) is a
cyclic process that relies on sequential self-limiting reactions
between gas phase chemical precursors and a solid substrate
surface.183,184 This technique enables the formation of atom-
ically dispersed metals as well as the uniform and conformal
thin films, within structures with high aspect ratios and porous
materials.185

Sun’s group successfully prepared one-to-one bimetallic
Pt–Ru dimer single atom catalysts through an ALD process
(Fig. 8a).179 Firstly, for the deposition of Pt on NCNTs,
they utilized trimethyl(methylcyclopentadienyl)-platinum(IV)
(MeCpPtMe3) as the precursor and the process was conducted
at 250 1C. The high-purity N2 was used for both the purging
and carrier gas. The container for MeCpPtMe3 was main-
tained at 65 1C to ensure a steady-state flux of Pt to the
chamber. The Pt precursor shows a tendency to react with the
N atoms of NCNTs, establishing a strong metal–support
interaction through the chemical bonding between atomically
distributed Pt metals and N sites. Then, Ru metal was selectively
anchored beside Pt single atoms using bis(ethylcyclo-
pentadienyl)ruthenium(II) precursors (Ru(C2H5C5H4)2). The
ratio of dimer structure is around 70%, which indicates that
most of the single atoms exist in dimers. Recently, Zhang et al.
synthesized Co single atom-modified Pt nanoparticles on
NCNTs via the ALD process.186 After the formation of Pt NPs,
Co single atoms were selectively deposited using bis(ethyl-
cyclopentadienyl)cobalt(II) (Co(C5H5)2) as a precursor and
high-purity N2 as both purging and carrier gas.

Fig. 6 (a) Schematic illustration of oxygen-terminated (001) surface of defective CoOOH with the single atom anchoring sites. (b) XANES and
(c) FT-EXAFS spectra of Ir1/TO-CoOOH, and Ir1/VO-CoOOH, Ir powder, IrCl3, and IrO2. (d) Polarization curves of CoOOH, Ir1/TO-CoOOH, and Ir1/VO-
CoOOH. (e) Specific activities of samples normalized by ECSA at an overpotential of 300 mV. (f) Free energy diagram of CoOOH, Ir1/TO-CoOOH, and
Ir1/VO-CoOOH in OER. Reproduced with permission from ref. 49. Copyright 2022. Springer Nature.
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Electrochemical deposition. Zeng’s group reported a universal
electrochemical deposition method which is applicable to
various metal elements and supports for the formation of
SACs.187 The depositions occurred on both the cathode and
anode, resulting in the SACs acquiring unique electronic states
due to the various redox reactions. Representatively, Ir single
atoms were anchored on Co(OH)2 nanosheets using a standard
three-electrode system. A low concentration (100 mM) of IrCl4

was added to a 1 M KOH electrolyte and the cathodic deposi-
tion was performed with a depositing potential ranging from
0.10 to �0.40 V. Conversely, the anodic deposition utilized a
potential range of 1.10 to 1.80 V. A scanning rate of 5 mV s�1

was employed for one scanning cycle, which was repeated ten
times to obtain C–Ir1/Co(OH)2 from the cathode and three

times to obtain A–Ir1/Co(OH)2 from the anode. In Fig. 8b,
iridium cations were moving toward the cathode during the
cathodic deposition. Based on the coordination number (CN) of
3.1 for the Ir–Cl contribution, the cations were supposed to
be IrCl3+. Furthermore, considering the CN of 3.3 for the Ir–O
contribution, they proposed that the IrCl3+ cations coordinated
with three oxygen atoms on Co(OH)2. Fig. 8c shows the move-
ment of iridium-complex anions toward the anode during
the anodic deposition. The UV-vis adsorption spectroscopy
indicated the adsorption of Ir(OH)6

2� species, suggesting that
Ir(OH)6

2� anions serve as the depositing species during the
anodic deposition. This observation aligns with the EXAFS
result obtained for A–Ir1/Co(OH)2, which showed a coordina-
tion number of 5.8 from the Ir–O contribution.

3.4 Powder-type SACs with top-down method

3.4.1 Synthesis. The top-down method is a way used to
reduce the size of materials to the nanoscale by breaking down
bulk substances, which is simple and advantageous for large-
scale production. The top-down method includes various tech-
niques such as mechanical milling,188 etching,189 and laser
ablation.190,191 The selected examples of preparing powder-type
SACs are introduced as follows.

Pyrolysis of spatially confined element. Chen et al. proposed a
two-step pyrolysis method derived from metal–organic frame-
works to obtain Co SACs bound with N, P, and S on a hollow
carbon polyhedron support (Fig. 9a).192 The initial step
involved the pyrolysis of highly cross-linked poly(cyclotriphos-
pazene-co-4,4 0-sulfonyldiphenol) (PZS) coated zeolitic imida-
zolate framework (ZIF-8) core–shell composites (ZIF-8@PZS)

Fig. 7 Schematic of (a) SAC-CCS–MEA and (b) MEA fabrication by hot pressing. (c) Schematic of the SAC–CCM–MEA and (d) MEA fabrication.

Fig. 8 (a) Schematic of synthesis process of the Pt–Ru dimer SACs using
ALD process. Reproduced with permission from ref. 179. Copyright 2019,
Springer Nature. Schematics of (b) cathodic and (c) anodic deposition of Ir
species using three-electrode system. Reproduced with permission from
ref. 187. Copyright 2020. Springer Nature.
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at 650 1C under an Ar atmosphere. This process resulted in
the formation of nitrogen, phosphorus, and sulfur co-doped
hollow carbon polyhedron (NPS-HC-650). The formation of
the hollow structure followed the Kirkendall effect, in which
the interdiffusion occurred between the S2� ion from the PZS
shell and the Zn2+ ion from the ZIF-8 core. The smaller ionic
radius of the Zn2+ ion compared to the S2� ion led to faster
outward transport of Zn2+ ions compared to the inward
transport of S2� ions. The continuous unequal interdiffusion
created Kirkendall voids, resulting in the generation of a
hollow structure. Similar to the S species, the P species from
the PZS shell diffused into the hollow NPS-HC-650 archi-
tecture and dispersed uniformly. Subsequently, the cobalt
precursor was added, which could be absorbed onto the
hierarchical pore structure of NPS-HC-650, forming Co/NPS-HC-
650. Finally, Co1-N3PS/HC catalyst was obtained by the pyrolysis of
Co/NPS-HC-650 at 950 1C under an Ar atmosphere.

Thermal transformation. Li’s group reported the synthesis of
Ag single atom catalysts using the thermal transformation of Ag
nanoparticles.193 The Ag NPs were prepared by dissolving
AgNO3 into ammonium hydroxide and DI water, followed
by the addition of the solution to the MnO2 suspension.
To observe the transformation of Ag NPs, in situ environmental
transmission electron microscopy (ETEM) was utilized. As can
be seen in Fig. 9b, both the number and diameter of particles
were significantly decreased as the temperature was increased
to 300 1C. At 350 1C, the Ag NPs vanished in the ETEM image.
From aberration-corrected high-angle annular dark-field scan-
ning transmission electron microscopy (AC-HAADF-STEM)

image, it was confirmed that both small Ag clusters and single
atoms exist on thermally transformed AgNP/MnO2-350 1C.

Ball milling. Wang et al. introduced a ball-milling method for
the large-scale synthesis of Co single atom catalysts surrounded
by sulfur and nitrogen atoms (Fig. 9c).194 The surface atoms
existing in Co powders are easily dissociated and captured by
sulfur and nitrogen co-doped carbon (SNC) due to the stronger
binding between Co and N atoms in CoN4 than that between Co
and Co atoms in bulk Co powders. For the synthesis, SNC
support and Co powder were combined and placed into an iron
tank. Subsequently, 50 agate balls with a diameter of 3 mm
were added to the tank. The iron tank was then inserted into a
ball milling machine and milled at a power of 100 W for a
duration of 4 hours. After the completion of the ball milling
process, the agate balls were separated, and the resulting
powder was stirred in a mixed solution of hydrochloric acid
(3 M) and hydrofluoric acid (1 M) for 2 hours. The XANES
spectra showed that the Co absorption edge of Co-SNC is far
from that of Co foil, indicating the positive electronic states of
the Co in Co-SNC catalyst. Moreover, FT-EXAFS spectrum of Co-
SNC exhibits only one distinct peak at 1.44 Å, corresponding to
the first coordination shell of Co–N bonding. This result
suggests that Co atoms in Co-SNC are fully dispersed via ball-
milling techniques and N atoms possess a stronger binding
energy with Co atoms compared to S atoms.

3.4.2. Application of powder-type SACs into CCS–MEA.
Rong et al. reported the Ru/Co dual-sites single atom catalysts
anchored on N-doped carbon via pyrolysis and acid etching
for proton exchange membrane water electrolysis.103 The
schematic illustration of synthetic process of Ru/Co–N–
C-800 1C is shown in Fig. 10a. To obtain catalysts in powder
form, the Zr6-based UiO-66-NH2 was firstly synthesized using
RuCl3, CoCl2, and 2-aminoterephthalic acid (H2BDC-NH2). The
H2BDC-NH2 serves as a host for encapsulating Ru3+ and Co2+

ions through a self-assembly process. Subsequently, the
pyrolysis of RuCl3/CoCl2-UiO-66-NH2 was conducted in an Ar
atmosphere at 800 1C to anchor singly dispersed Co and Ru
atoms on nitrogen-doped carbon. Finally, the inert ZrO2 was
eliminated via acid etching. In Fig. 10b, the brighter dots
highlighted in the HAADF-STEM image indicate the presence
of the singly dispersed metal atoms on the substrate. As shown
in the FT-EXAFS spectra of the Ru K-edge in Fig. 10c, the
prominent peak of Ru/Co–N–C-800 1C at 1.48 Å is assigned to
the interaction with the nearest N/C atoms. Also, in Fig. 10d,
the FT-EXAFS spectrum of the Co K-edge of Ru/Co–N–C-800 1C
shows a dominant peak at 1.39 Å, indicating the presence of
Co–N bonds. The Ru/Co dual-sites SACs were utilized as both
HER and OER electrocatalysts for PEMWE (Fig. 10e). For the
fabrication of the catalyst-coated substrates, the powder-type
catalysts were sprayed onto a GDL having 2 � 2 cm2 dimension
with a mass loading of 1 mgcat cm�2. Then, the catalyst-loaded
GDLs were assembled with a Nafion 117 membrane. As can be
seen in Fig. 10f, they achieved steady hydrogen production up
to 330 hours with an efficiency of 82.4%.

Fig. 9 (a) Schematic illustration of synthetic process of Co1-N3PS/HC.
Reproduced with permission from ref. 192. Copyright 2020. Wiley-VCH.
(b) TEM images of AgNP/MnO2 at different temperature of 50, 150, 200,
and 300 1C. Reproduced with permission from ref. 193. Copyright 2020.
Wiley-VCH. (c) Schematic illustration of the ball-milling process to obtain
single atoms. Reproduced with permission from ref. 194. Copyright 2021.
Wiley-VCH.
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Wu et al. investigated a Ni-incorporated RuO2 catalyst to
improve the stabilization of the RuO2 lattice under acidic OER
conditions.195 The powder-type Ni–RuO2 catalyst was applied to
the anode in PEMWE. In Fig. 11a, a schematic illustration of
the synthetic process of Ni–RuO2 is provided. Firstly, metal
precursors were applied onto a carbon black support by a wet
impregnation process. The resultant mixture was annealed
in an H2/Ar atmosphere, leading to the formation of Ru3Ni
nanoparticles. Secondly, Ru3Ni nanoparticles were converted
into Ru3NiOx, while the carbon support was simultaneously
eliminated by air annealing. Finally, the resulting Ru3NiOx

catalyst underwent an acid-leaching process, which effectively
removed unstable Ni species and yielded the desired Ni–RuO2

catalyst. In Fig. 11b, the normalized Ni K-edge XANES spectrum
of Ni–RuO2 indicates that the oxidation state of Ni in Ni–RuO2

is closer to that of NiO. Fig. 11c depicts the FT-EXAFS spectrum
of Ni-incorporated RuO2, which exhibits a dominant peak at
1.6 Å corresponding to the scattering path between Ni and O.

As-synthesized Ni–RuO2 electrocatalyst showed significantly
improved OER activity and stability in acidic conditions com-
pared to bare RuO2. This improvement was attributed to the
lowered limiting potential and reduced Ru demetallation. This
powder-type Ni-incorporated RuO2 catalyst was applied to con-
struct the PEMWE, with Pt/C and Nafion 117 as the cathode
and membrane, respectively (Fig. 11d and e). For the fabrica-
tion of the CCS, 3.1 mg cm�2 of Ni–RuO2 powder mixed with
20 wt.% PTFE binder was drop-casted onto a platinized tita-
nium fiber felt electrode. The electrode was then dried and
pressed under a pressure of less than 0.5 MPa using a hot-press
machine. Finally, it was annealed in air for 30 minutes at
350 1C, followed by the circulation of a 0.1 M HClO4 solution.
In Fig. 11f, the current–voltage curves exhibit that the device
with Ni–RuO2 shows higher water electrolysis activity compared
to those with RuO2 and commercial RuO2. Specifically, at room
temperature, it requires only 1.78 V, 1.95 V, and 2.10 V to
achieve current densities of 500 mA cm�2, 1000 mA cm�2, and
1500 mA cm�2, respectively.

Wang et al. introduced a novel NiHO/Ni5P4 heterostructure
with both Ru nanoclusters and single atoms as a highly active
HER catalyst in alkaline conditions.196 Fig. 12a shows a HAADF-
STEM image revealing the uniform dispersion of both Ru
nanoclusters and single atoms on the surface of amorphous
NiHO. As shown in Fig. 12b, slight changes in the bonding
distances were observed for the NS-Ru@NiHO/Ni5P4 in com-
parison to the reference Ru foil and RuO2. The distance

Fig. 11 (a) Schematic illustration of synthetic process of Ni–RuO2. The
normalized (b) XANES and (c) EXAFS spectra of NiO, Ni foil, and Ni–RuO2.
(d) Schematic and (e) digital photograph of PEMWE device. (f) I–V curves of
PEMWE device using Ni–RuO2, RuO2, and Com-RuO2 as OER catalyst and
commercial Pt/C as HER catalyst. Reproduced with permission from ref.
195. Copyright 2023. Springer Nature.

Fig. 10 (a) Schematic illustration of synthetic process of Ru/Co–N–C-
800 1C. (b) HAADF-STEM image of Ru/Co–N–C-800 1C showing the
isolated Ru and Co single atoms. The normalized EXAFS spectra of Co foil,
CoPc, CoO, and Ru/Co–N–C-800 1C for (c) Co element and (d) Ru
element. (e) Digital photograph of components in PEMWE device. (f) The
current–time stability of Ru/Co–N–C-800 1C as both anode and cathode
in acidic PEM. Reproduced with permission from ref. 103. Copyright 2022.
Wiley-VCH.
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between Ru atoms decreased from 2.37 to 2.35 Å, while the
distance between Ru and O atoms in the Ru–O bonding
increased from 1.52 to 1.56 Å. These changes can be attributed
to the interface coupling between the Ru nanoclusters and the
NiHO substrate, as well as the unsaturated coordination of the
Ru surface atoms with oxygen atoms from the NiHO substrate.
In Fig. 12c, NS-Ru@NiHO/Ni5P4 shows the lowest overpotential
of 16 mV to achieve a current density of 10 mA cm�2 for the
HER in an alkaline electrolyte. They suggest that the alkaline
HER pathway begins with the adsorption of a water molecule
near the surface Ru single atoms, followed by the formation of
a bridged H intermediate configuration, which effectively
reduces the energy barrier for breaking the O–H bond in water.
During the water dissociation process, the bridged H atom is
captured by the adjacent atomically-layered Ru NCs, while
the resulting OH-species diffuses into the electrolyte. Simulta-
neously, another water molecule is adsorbed by the Ru
surface atoms and undergoes dissociation with the collabora-
tive action of the nanoclusters and surface atoms. Based on
the high catalytic activity and stability demonstrated by the

powder-type NS-Ru@NiHO/Ni5P4 in an alkaline environment,
an AEMWE system was constructed using IrO2-plated nickel foam
as the anode and FAA-3-PK-30 (Fumasep) as the membrane. The
measurement was conducted at 50 1C with a flow of 1.0 M KOH
electrolyte. In Fig. 12d, the device with the NS-Ru@NiHO/
Ni5P48IrO2 system showed outstanding performance in water
electrolysis, achieving a low cell potential of 1.7 V to obtain a
current density of 1.0 A cm�2; the catalytic performance to obtain
this level of current density was retained for over 150 hours, as
shown in Fig. 12e.

3.4.3 Application of powder-type SACs into CCM–MEA.
Zeng et al. reported single Pt atoms dispersed in cobalt
hydrogen phosphate, having a Pt(OH)(O3)/Co(P) coordination,
which resulted in high catalytic activity and stability in the
OER.104 Although Pt NPs have typically been neglected as OER
catalysts due to their inactivity, Zeng’s team demonstrated that
Pt single atoms embedded in a CoHPO support displayed 2–4
orders-of-magnitude higher turnover frequency (TOF) than
bulk Pt counterpart. The powder-type Pt SACs dispersed on
CoHPO were synthesized by icing-assisted photochemical
reduction. Specifically, a controlled amount of 2 mg mL�1

K2PtCl6 was added to an aqueous solution containing CoHPO,
which was rapidly frozen in a liquid nitrogen (�196 1C) bath to
ensure the homogeneous distribution of Pt precursor. Then, the
mixture was subsequently irradiated using a 300 W Xe light source
equipped with 420 nm and IR light filters. Fig. 13a shows the
HAADF-STEM image revealing atomically dispersed Pt sites on
amorphous CoHPO. The FT-EXAFS spectra shown in Fig. 13b
displayed a major peak at ca. 1.62 Å for Pt1/CoHPO, which was
shorter than the Pt–O peak at 1.68 Å observed for PtO2, but slightly
larger than the Pt–OH peak at 1.58 Å derived from Pt(OH)4. These
findings indicated that Pt single atoms interacted with both
surrounding O and OH species. Fig. 13c presents the OER
polarization curves, showing that the Pt1/CoHPO exhibited highly
enhanced catalytic activity with a low overpotential of 246 mV to
achieve the current density of 10 mA cm�2. This overpotential was
significantly lower than other M1/CoHPO catalysts, including Ir1,

Fig. 12 (a) HAADF-STEM image of NS-Ru@NiHO/Ni5P4 showing the iso-
lated Ru single atoms. The normalized EXAFS spectra of Ru foil, RuO2, and
CoO, and NS-Ru@NiHO/Ni5P4. (c) Polarization curves of the HER catalysts.
(d) I–V curves of AEMWE device using NS-Ru@NiHO/Ni5P4 and IrO2. (e)
Chronopotentiometry curve of NS-Ru8IrO2 AEMWE at 1.0 A cm�2, inset:
comparison of activity (left) and stability (right) for NS-Ru8IrO2 and other
previously reported AEMWEs. Reproduced with permission from ref. 196.
Copyright 2023. Wiley-VCH.

Fig. 13 (a) HAADF-STEM image of Pt1/CoHPO showing the isolated Pt
single atoms. The normalized EXAFS spectra of Pt foil, PtO2, Pt(OH4)�2H2O
and Pt1/CoHPO. (c) Polarization curves of the OER catalysts. Digital
photograph of (d) AEMWE device and (e) CCM-type MEA. (f) I–V curves
of AEMWE device using benchmark Pt/C8Ir/C and Pt1/CoHPO. Repro-
duced with permission from ref. 104. Copyright 2022. Springer Nature.
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Ru1, Ni1, and Fe1. Advanced operando Attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR) and X-ray
absorption spectroscopy (XAS) techniques suggested that the
oxidation state of Pt SACs in CoHPO remained below 4+ during
the OER process. DFT calculations further supported that the
remarkable activity and stability of Pt SACs could be attributed to
the unique coordination environment of Pt(OH)(O3)/Co(P) sites.
Based on powder-type Pt1/CoHPO with high activity and stability
in the OER, a catalyst-coated membrane-type AEMWE device was
assembled (Fig. 13d and e). Alkymer was utilized as the AEM and
immersed in a 1 M KOH solution for 24 hours to exchange Cl�

into OH�. For the catalyst ink, 20 mg of Pt1/CoHPO and 2 mg of
Ketjen Black were dispersed in a mixed solvent containing water,
ethanol, and Dupont D521. To achieve the CCM-type MEA,
approximately 2 mg cm�2 and 3 mg cm�2 of the catalyst ink were
sprayed on the membrane using a spray gun. Fig. 13f illustrates
the water splitting performance of the CCM-type Pt1/CoHPO-
based AEMWE, which produced an industrial-level current den-
sity (1 A cm�2) at a low cell voltage of 1.8 V. It is noteworthy that
the Pt1/CoHPO-based MEA contained an ultralow amount of
Pt element (B29 mg cm�2), whereas the benchmark Pt/C + Ir/C
MEA contained a significantly larger amount of noble metals
(B1 mg cmPt+Ir

�2).

4. Advantages of SACs–CCM–MEA

Two-types of MEA fabrication methods were introduced to
apply SACs in water electrolysis cells, SACs–CCS–MEA and
SACs–CCM–MEA. Compared to SACs–CCS–MEA, SACs with
CCM-type MEA have several advantages regarding cell perfor-
mance (Fig. 14).

Firstly, the SACs–CCM–MEA facilitates the high utilization
efficiency of SACs. This approach involves directly applying the
catalyst ink onto the surface of the membrane, ensuring that it
does not remain inside the GDL and therefore remains fully
utilized. This method enables more efficient utilization of the
catalyst. Additionally, a majority of the metal single atoms,

anchored on the support matrix, are uniformly dispersed on the
membrane. This uniform dispersion ensures complete contact
between the SACs and the membrane, eliminating any inactive
and empty reaction sites.

Secondly, the SACs–CCM–MEA offers an advantage in ion
transport by shortening the diffusion path for ions (H+ for PEM
and OH� for AEM). It secures a direct and shorter path for ions to
travel between the membrane and the reaction sites of the
catalyst, as proximity is ensured. Thus, the overall water electro-
lysis process is more efficient, enabling higher current densities.

Thirdly, the SACs–CCM–MEA minimizes interfacial resis-
tance between the catalyst layer and the membrane. The direct
contact between SACs and the membrane enables efficient
charge transfer and reduces the resistance at the electrode–
electrolyte interface. By reducing interfacial resistance, it is
possible to lower the overall ohmic resistance, resulting
in improved water electrolysis performance. Moreover, this
approach facilitates uniform current distribution across the
interface in the MEA, reducing the risk of localized high-
resistance areas. In the case of SACs–CCS–MEA, the SACs are
in sparse contact with the membrane, although they are well
distributed along the support, resulting in the localization of
highly resistive sites.

Lastly, the SACs–CCM–MEA method offers excellent scalability
for MEA production. Scalability is crucial for meeting increasing
demand and achieving cost-effective production of MEA on a
larger scale. Many researchers have developed state-of-the-art
synthetic methods for large amounts and high metal loadings
of SAC powders. For improved mass production and reduced
complexity of MEA, the CCM method is suitable since the con-
tinuous and automated manufacturing process is possible.
In addition, the catalyst loading can be precisely controlled by
adjusting the amount of catalyst ink applied to the membrane.

Several advantages of SACs–CCM–MEA were introduced,
including high utilization of SACs, facile ion transport, low
ohmic resistance, and scalability. Despite its remarkable super-
iority, some potential challenges related to SACs, membrane,
and the assembly of SACs–CCM–MEA hinder practical applica-
tions. Thus, it is essential to address the limitations of inte-
grating SACs and the CCM architecture for highly efficient and
cost-effective hydrogen production.

5. Challenges

Although SACs–CCM–MEA is promising for green hydrogen
production by taking advantage of a zero-gap structure with a
favorable catalyst/membrane interface, there is still a long way
to go toward achieving commercial hydrogen production.
Fig. 15 displays the challenges of SACs–CCM–MEA, focusing
on two main components: SACs and CCM, as well as the
fabrication of MEA using SACs and CCM.

5.1 Challenges of SACs

Introducing SACs with high atomic utilization and unique
properties has shown a promising pathway toward water

Fig. 14 Schematic of the advantages of CCM–MEA with single atom
catalysts.
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electrolysis with high current density. Although remarkable
advance has been achieved in the use of SACs in water electro-
lysis, significant efforts should be devoted to developing fabri-
cation methods and stability.

To fabricate a CCM–MEA for large-scale hydrogen produc-
tion, the SACs should be synthesized on an industrial scale.
The SACs can be synthesized as powder-type or directly formed
on the substrates through various techniques. In the case of
indirect coating of SACs for CCM–MEA, the catalyst ink with
SACs poses a challenge in terms of its poor dispersibility
leading to agglomeration during the coating process. It should
be carefully prepared with the optimized mixture of solvents.
Additionally, scaling up SACs poses another challenge in
achieving commercial-scale production for higher levels of
technological maturity. Increasing metal-atom densities in
SACs is challenging, typically exceeding 5 wt%. Xia et al.
reported the synthesis of SACs with high metal loadings up to
40 wt% based on the crosslinking and self-assembly of gra-
phene quantum dots.197 Achieving high metal atom density
with sufficient spacing can prevent the aggregation of SACs and
lead to increased catalytic activity.

In addition, developing SACs with excellent stability is
imperative but still a challenge due to the high surface-free
energy and low coordination number of SACs under synthetic
and reaction conditions. They are easily aggregated and dis-
solved if there is a poor chemical interaction between metal
atoms and support matrix. Therefore, a thorough comprehen-
sion of metal–support interaction is necessary to achieve highly
stable SACs. Until now, strong chemical and structural interac-
tions have been reported using various substrates such as metal
oxides, graphene, g-C3N4, and metal–organic frameworks. For
example, Wu et al. synthesized highly stable Ni-incorporated

RuO2 for acidic OER and Ni atoms embedded into the lattice of
RuO2 with Ni–O interactions not only boosting the catalytic
activity but also stabilizing the catalysts.195 There are other
strong interactions between metal atoms and surrounding
atoms including Pt–O,145 Pt–N2C2,198 and Ni–C4.199 Thus, for
future work, it is necessary to find the unique chemical bond-
ings and focus on enhancing the interactions.

Furthermore, catalyst layers containing SACs are easily
detached or peeled off from membranes under large current
density due to the low structural stability at the interface.
In this respect, improving the quality of catalyst ink dispersion
is necessary to ensure a highly robust MEA. The crucial con-
sideration in controlling the dispersion of catalyst ink is its
composition. Lots of studies have revealed the importance of
ionomer to carbon ratio.200,201 One step further, in SACs–CCM–
MEA, it is necessary to find an optimized ratio between SACs
and carbon or carbon with SACs and ionomer exhibiting the
highest structural stability without detachment.

Moreover, similar to the micro/nano electrocatalysts, SACs
are usually prepared on carbon-based supports. However, SACs
on carbon-based support can be damaged during anodic reac-
tion due to the oxidation of carbon-based supports, resulting in
physical damage. Therefore, proper SAC support materials with
good adhesion are required for water electrolysis.

5.2 Challenges of membrane

The ion exchange membrane, composed of polymer backbones
as the main chains and cationic/anionic groups as the second-
ary functional groups, enables water molecule transport and
prevents gas permeation. Ion exchange membranes are classi-
fied into two types, CEMs and AEMs, based on their selective
permeability to specific ions, which is determined by their
inherent charges. The main properties for evaluating ion
exchange membranes in water electrolysis are as follows:
(1) ion exchange conductivity that refers to the number of
exchangeable ions per membrane dry weight, (2) swelling ratio,
which measures the linear expansion of the membrane when
exposed to water, calculated as the difference between the
membrane length in a dry state and a wet state, (3) water
uptake, indicating the degree of change in membrane mass
change when exposed to water, (4) gas permeation that quan-
tifies the extent of gas cross-over, (5) mechanical stability of the
membrane in the electrolytes, which is one of the most impor-
tant properties. For practical CCM–MEA applications, the
membrane should exhibit excellent ionic conductivity or
low area resistance, long-term operational stability, and high
mechanical stability while maintaining low cost.

The consensus regarding the most challenging aspects of
the membranes lies in the stability issues associated with
mechanical deformation under operation conditions. Compared
to the commercial cation exchange membrane (e.g., Nafion),
ensuring excellent stability in an AEM poses a challenge due to
the polymer backbone degradation caused by OH� ions. Under
the KOH-fed condition of AEMWE, various degradation mechan-
isms of commercial AEMs have been reported.202 Cationic groups,
such as quaternary ammonium (QA) groups, pyridinium, and

Fig. 15 Schematic of challenges of SACs–CCM–MEA for water
electrolysis.
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imidazolium, can cause AEM degradation through the bimolecu-
lar nucleophilic substitution (SN2), Hofmann elimination, phenyl
oxidation, radical oxygen reaction, and other degradation
mechanisms.203 The polymer backbone chains can also be
broken through dehydrofluorination, hydrolysis, and other
chain-cutting processes. As selected examples, Parrondo et al.
conducted 1H-NMR analysis to examine the degradation of
polysulfone-based AEMs using post-mortem samples and
reported backbone degradation during long WE operation.204

Chen et al. prepared AEMs with a polymer with a poly(fluorenyl
ether ketone sulfone) backbone and imidazolium- and qua-
ternary ammonium (QA)-functionalized groups.205 They com-
pared various membrane properties, including water uptake,
OH� conductivity, and alkaline/thermal stability. After immer-
sing the membrane in 1 M NaOH, the QA-functionalized
membrane was broken into small pieces, indicating a decrease
in mechanical stability. The ion exchange capacity (IEC) of both
membranes was reduced at elevated temperatures, suggesting
degradation of the cationic groups and polymer backbone
under an alkaline environment. Arges et al. addressed the
durability issue of polysulfone (PSF) AEMs in alkaline solutions
using 2D NMR techniques, including correlation spectroscopy
(COSY) and heteronuclear multiple quantum correlation
spectroscopy (HMQC). The hydrolysis of the PSF-based AEM
backbone was confirmed through the 2D NMR spectra, leading
to the formation of phenyl alcohol.

In summary, ensuring the stability of membranes for CCM–
MEA in the operating environment is imperative. However, still,
it remains challenging to scrutinize the degradation mecha-
nism during operation. The majority of the research has
focused on reporting the degradation of membranes using
post-mortem samples, while the difficulty of unveiling the
in situ deformation of membranes poses a bottleneck to design-
ing durable membranes.

5.3 Challenges of SACs–CCM–MEA

Although the SACs and CCM are both promising for water
electrolysis, the design of SACs–CCM–MEA is still in its infancy
with only a few reports available on water electrolysis. The main
challenges faced by SACs–CCM–MEAs are their instability
originating from the components such as SACs, membranes,
ionomers, supports, as well as the fabrication methods and
degradation that occurs during operation.

First, there are several ways to fabricate CCM–MEA includ-
ing direct/indirect methods. Compared to CCS–MEA, adjusting
the in situ catalyst deposition technique is difficult due to the
swelling and nonconducting characteristics of the polymer
membrane. Since SACs are typically prepared on supporting
materials, a simple and plausible method for fabricating SACs–
CCM–MEA is using catalyst ink or slurry to form a catalyst layer
on the membrane. However, the membrane can undergo swel-
ling and shrinkage during the solvent absorption and drying
process.206 These results in severely wrinkled and unstable
catalyst layers, posing significant challenges in mass produc-
tion. The catalytically active single atomic sites can be ham-
pered by the ionomer or binder. Consequently, it is essential to

develop an adequate fabrication technique to obtain durable
SACs–CCM–MEA.126

Second, the CCM fabrication method generally includes hot-
pressing of the catalyst/membrane and GDL to ensure favorable
contact at the interfaces. The hot-pressing temperature is
determined by considering the glass transition temperature
(Tg) of the membrane and ionomer. Several studies have
reported the effects of hot-pressing CCM–MEA with micro/
nano-catalysts on water electrolysis performance. For example,
Siracusano et al. investigated the effect of hot-pressing of MEA
on PEMWE performance.207 They controlled the hot-pressing
temperature (180 1C, 200 1C) and time (1.5 min, 3 min) and
tested the cell at an operating current density of 1 A cm�2 at
55 1C. Depending on the hot-pressing conditions, the MEAs
showed different stability due to the varied extent of adhesion
of the catalyst layer to the membrane. Optimal hot-pressing
conditions are prerequisites for fabricating CCM–MEA since
the interface contact significantly impacts the MEA perfor-
mance. Despite the several advantages of hot-pressed CCM–
MEAs, hot-pressing can result in the migration and agglomera-
tion of SACs, which are major issues associated with SACs.208

Various strategies have been implemented to atomically
disperse SACs and inhibit their movement on the supports.
However, the heat and compression process can provide suffi-
cient energy to reconstruct SACs at the interface. Recent studies
have demonstrated hot-pressing of CCM–MEA at lower tem-
peratures, which can inflict less damage to the membrane and
catalyst layer.

Finally, the establishment of standardized testing criteria
for CCM–MEA is crucial to facilitate reliable performance
comparisons. Numerous MEAs undergo testing under diverse
operating conditions, including variations in temperature, type
of electrolytes, and catalyst loading level, which poses chal-
lenges to compare the MEA performance. For example, the SAC
loading level can lead to significant disparities in WE perfor-
mance, thereby necessitating the presentation of data under
a consensus setup. Additionally, the operating temperature
and electrolytes can have significant influences on several
membrane properties, such as durability and ion exchange
capacity. Therefore, it is imperative to establish a standardized
and consensus testing condition for assessing and reporting
the WE performance of MEAs.

6. Conclusion and perspectives

Water electrolysis is considered one of the most promising
technologies for producing green hydrogen to accomplish
carbon neutrality. Water electrolysis has been developed from
alkaline water electrolysis, a mature technology, using the
diaphragm to separate generated hydrogen and oxygen. How-
ever, the low energy efficiency (especially low current density)
and gas crossover are the main challenges. Since General
Electric Co. first used PEM for electrolysis in 1967, dedicated
efforts to develop ion exchange membrane water electrol-
ysis technologies have led to achieving competitiveness for
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industrial-scale hydrogen production. The core of ion exchange
membrane water electrolysis is the zero-gap MEA, which con-
sists of a catalyst/support and a membrane. Studies on SACs
have demonstrated their potential as promising electrocatalysts
for WE over the past few decades, due to their maximum atomic
efficiency and extraordinary catalytic activity. In the context of
ion exchange membrane water electrolyzer, studies on MEA
preparations have revealed that MEA fabrication significantly
impacts resultant WE performances. Two major methods for
MEA fabrication are the CCS and CCM methods. While the CCS
method was developed early on due to its simplicity, the non-
uniform catalyst/membrane interface resulted in elevated high-
frequency resistance. On the other hand, the CCM method
shows promise as it enables direct contact between the catalyst
and membrane, thus reducing the ohmic resistance at the
interface. Therefore, a combination of SACs and CCM–MEA
has the potential to be a cutting-edge technology for green
hydrogen production for the following reasons.

Fig. 16a shows the promising aspects of designing SACs–
CCM–MEA in terms of cell voltage. Initially, the MEA was
developed in the form of CCS–MEA employing micro/nano-
catalysts because of its simple and easy fabrication process. The

development of the CCS fabrication method subsequently led
to the incorporation of nanostructured catalysts on support/
substrates, thus enhancing mass transport through structural
effects. The CCM–MEA with the nanostructured catalysts can
provide the advantage of reduced operating voltage by mini-
mizing ohmic resistance at the catalyst/membrane interface.
Additionally, nanostructured catalysts play a role in increasing
catalytic active sites and facilitating gas/liquid transfer.
By introducing SACs into the CCM–MEA, it is possible to reduce
cell voltage through high mass activity and increased catalytic
active sites. Fig. 16b shows the typical polarization curve
of MEAs, illustrating the kinetic, ohmic, and mass transfer
regions as rate-determining steps. Compared to conventional
CCS–MEA with micro/nano electrocatalysts, SACs–CCM–MEAs
can enhance cell performance due to the introduction of
catalytic active SACs (kinetic region), close contact between
catalyst/membrane (ohmic region), and high utilization of SACs
with low catalyst loading (mass transfer region). Consequently,
the energy efficiency of hydrogen production can be signifi-
cantly enhanced under high current operation.

Fig. 16c shows the overall comparison between CCS–MEA
with micro/nano-catalysts and SACs–CCM–MEA. CCS has a less

Fig. 16 (a) Effects of different types of MEA on operating cell voltage. (b) Expected J–V curves of MEAs. (c) Comparison of CCS–MEA with micro/nano-
catalysts and CCM–MEA with SACs.
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uniform catalyst/membrane interface than CCM, resulting in an
increase in ohmic resistance. The presence of layers of micro/
nano catalysts layer with ionomer can cause ionomer aggregation
and hinder gas diffusion and ion transport. These phenomena
can ultimately result in mass transfer limitations in MEA cells,
particularly in high current density regions. In contrast, SACs–
CCM forms a uniform catalyst/membrane interface, expediting
ion transport and lowering ohmic resistance. Since the utilization
of SACs can significantly reduce the catalyst loading, gas/liquid
diffusion can be accelerated. Furthermore, the thickness of the
catalyst layer at the atomic scale can mitigate the issues associated
with ionomer aggregation.

However, current technologies are facing several challenges
in the context of SACs–CCM–MEA for water electrolysis toward
green hydrogen production. In terms of catalysts, comparing
the activities of SACs in MEA is difficult because of different
experimental conditions. The operating temperature, extent of
the compression, and catalyst loading pose obstacles to direct
comparison among different WE devices. Furthermore, SACs
can migrate and undergo reconstruction during operation,
similar to other electrocatalysts. Thus, it is necessary to develop
operando characterization techniques to understand the degra-
dation mechanism of SACs. Strategies to ensure the stability of
SACs are imperative to prevent the dissolution or aggregation of
SACs. In the case of an ion exchange membrane, the degrada-
tion mechanism during operation should be unveiled to design
a durable membrane. Current techniques rely on post-mortem
membranes, which provide limited information on polymer
degradation. Particularly, the stability of the AEM in an alkaline
environment should be improved for durable AEMWE.

The development of SACs–CCM is more challenging than
current CCM fabrication using nanoparticles mainly due to the
difficulty of synthesizing large amounts of SACs. Although
current technologies enable scalable CCM up to a few hundred cm2,
preparing ample SACs ink without agglomeration is a prere-
quisite for practical CCM fabrication. Optimized fabrica-
tion methods of SACs–CCM–MEA should be developed to
enable large-scale hydrogen production with high efficiency.
Although various approaches exist for designing CCM–MEA,
the WE performance is significantly affected by the CCM
preparation methods, wherein catalyst distribution, catalyst/
membrane contact, and membrane deformation should be
considered.

Introducing SACs into CCM–MEA has a long road ahead.
Nevertheless, we believe that SACs–CCM–MEA, coupled with
advanced fabrication methods, will shine the light on the path
toward cost-effectiveness and enhanced cell performance in
industrial green hydrogen production for carbon neutrality.
The feasibility of SACs–CCM–MEA can also be demonstrated
in various practical applications, such as CO2 electroreduction
and fuel cells, which require high operating current density
with scalability at a low-cost since MEAs and SACs for these
applications also have been widely investigated. We anticipate
that this review will provide valuable insights into the design of
state-of-the-art technology for MEA water electrolyzers, contri-
buting to green hydrogen production.
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J. P. Espinós, A. R. González-Elipe, F. Yubero and A. de
Lucas-Consuegra, Chem. Eng. J., 2022, 433, 133774.

114 S. A. Lee, T. H. Lee, C. Kim, M. G. Lee, M.-J. Choi, H. Park,
S. Choi, J. Oh and H. W. Jang, ACS Catal., 2018, 8,
7261–7269.

115 Y. Kim, S. E. Jun, G. Lee, S. Nam, H. W. Jang, S. H. Park and
K. C. Kwon, Materials, 2023, 16, 3044.

116 S. A. Lee, T. H. Lee, C. Kim, M.-J. Choi, H. Park, S. Choi,
J. Lee, J. Oh, S. Y. Kim and H. W. Jang, ACS Catal., 2020, 10,
420–429.

117 S. A. Lee, J. W. Yang, S. Choi and H. W. Jang, Exploration,
2021, 1, 20210012.

118 N. K. Oh, J. Seo, S. Lee, H.-J. Kim, U. Kim, J. Lee, Y.-K. Han
and H. Park, Nat. Commun., 2021, 12, 4606.

119 D. H. Kweon, M. S. Okyay, S.-J. Kim, J.-P. Jeon, H.-J. Noh, N. Park,
J. Mahmood and J.-B. Baek, Nat. Commun., 2020, 11, 1278.

120 S. H. Ahn, B.-S. Lee, I. Choi, S. J. Yoo, H.-J. Kim, E. Cho,
D. Henkensmeier, S. W. Nam, S.-K. Kim and J. H. Jang,
Appl. Catal., B, 2014, 154–155, 197–205.

121 J. Lee, H. Jung, Y. S. Park, S. Woo, J. Yang, M. J. Jang,
J. Jeong, N. Kwon, B. Lim, J. W. Han and S. M. Choi, Small,
2021, 17, e2100639.

122 J. Lee, H. Jung, Y. S. Park, N. Kwon, S. Woo, N. C. S. Selvam,
G. S. Han, H. S. Jung, P. J. Yoo, S. M. Choi, J. W. Han and
B. Lim, Appl. Catal., B, 2021, 294, 120246.

123 J. E. Park, S. Y. Kang, S.-H. Oh, J. K. Kim, M. S. Lim,
C.-Y. Ahn, Y.-H. Cho and Y.-E. Sung, Electrochim. Acta,
2019, 295, 99–106.

124 B. H. Lim, E. H. Majlan, A. Tajuddin, T. Husaini,
W. R. Wan Daud, N. A. Mohd Radzuan and M. A. Haque,
Chin. J. Chem. Eng., 2021, 33, 1–16.

125 Y. Shi, Z. Lu, L. Guo and C. Yan, Int. J. Hydrogen Energy,
2017, 42, 26183–26191.

126 S. Koch, L. Metzler, S. K. Kilian, P. A. Heizmann,
F. Lombeck, M. Breitwieser and S. Vierrath, Adv. Sustain-
able Syst., 2022, 7, 2200332.

127 C. Klose, T. Saatkamp, A. Münchinger, L. Bohn, G.
Titvinidze, M. Breitwieser, K. D. Kreuer and S. Vierrath,
Adv. Energy Mater., 2020, 10, 1903995.

128 M. S. Saha, D. K. Paul, B. A. Peppley and K. Karan,
Electrochem. Commun., 2010, 12, 410–413.

129 G. Wei, Y. Wang, C. Huang, Q. Gao, Z. Wang and L. Xu, Int.
J. Hydrogen Energy, 2010, 35, 3951–3957.

130 J. E. Park, S. Kim, O.-H. Kim, C.-Y. Ahn, M.-J. Kim,
S. Y. Kang, T. I. Jeon, J.-G. Shim, D. W. Lee, J. H. Lee,
Y.-H. Cho and Y.-E. Sung, Nano Energy, 2019, 58, 158–166.

131 J. H. Montoya, L. C. Seitz, P. Chakthranont, A. Vojvodic,
T. F. Jaramillo and J. K. Norskov, Nat. Mater., 2016, 16,
70–81.

132 M. Bernt, A. Siebel and H. A. Gasteiger, J. Electrochem. Soc.,
2018, 165, F305–F314.

133 M. Yazdanpour, A. Esmaeilifar and S. Rowshanzamir, Int.
J. Hydrogen Energy, 2012, 37, 11290–11298.

134 H. Park, J. W. Bae, T. H. Lee, I. J. Park, C. Kim, M. G. Lee,
S. A. Lee, J. W. Yang, M.-J. Choi, S. H. Hong, S. Y. Kim,
S. H. Ahn, J. Y. Kim, H. S. Kim and H. W. Jang, Small, 2022,
18, 2105611.

135 H. Kim, J. Kim, W. Guo, G. H. Han, S. Hong, J. Park,
H. W. Jang, S. Y. Kim and S. H. Ahn, Int. J. Hydrogen Energy,
2022, 47, 2093–2102.

136 M. G. Lee, J. W. Yang, H. R. Kwon and H. W. Jang,
CrystEngComm, 2022, 24, 5838–5864.

137 M. K. Lee, M. Shokouhimehr, S. Y. Kim and H. W. Jang,
Adv. Energy Mater., 2022, 12, 2003990.

138 J. Yang, W. Li, D. Wang and Y. Li, Adv. Mater., 2020,
32, 2003300.

139 F. Zhang, Y. Zhu, Q. Lin, L. Zhang, X. Zhang and H. Wang,
Energy Environ. Sci., 2021, 14, 2954–3009.

140 X. Mu, X. Gu, S. Dai, J. Chen, Y. Cui, Q. Chen, M. Yu,
C. Chen, S. Liu and S. Mu, Energy Environ. Sci., 2022, 15,
4048–4057.

141 P. Zhai, M. Xia, Y. Wu, G. Zhang, J. Gao, B. Zhang, S. Cao,
Y. Zhang, Z. Li, Z. Fan, C. Wang, X. Zhang, J. T. Miller,
L. Sun and J. Hou, Nat. Commun., 2021, 12, 4587.

142 S. Liang, C. Hao and Y. Shi, ChemCatChem, 2015, 7,
2559–2567.

143 L. Zhang, K. Doyle-Davis and X. Sun, Energy Environ. Sci.,
2019, 12, 492–517.

144 K. Jiang, M. Luo, Z. Liu, M. Peng, D. Chen, Y.-R. Lu,
T.-S. Chan, F. M. F. de Groot and Y. Tan, Nat. Commun.,
2021, 12, 1687.

145 T. Ma, H. Cao, S. Li, S. Cao, Z. Zhao, Z. Wu, R. Yan, C. Yang,
Y. Wang, P. A. van Aken, L. Qiu, Y.-G. Wang and C. Cheng,
Adv. Mater., 2022, 34, 2206368.

146 S. Ye, F. Luo, Q. Zhang, P. Zhang, T. Xu, Q. Wang, D. He,
L. Guo, Y. Zhang, C. He, X. Ouyang, M. Gu, J. Liu and
X. Sun, Energy Environ. Sci., 2019, 12, 1000–1007.

147 K. L. Zhou, C. Wang, Z. Wang, C. B. Han, Q. Zhang, X. Ke,
J. Liu and H. Wang, Energy Environ. Sci., 2020, 13,
3082–3092.

148 Y. Sun, Z. Xue, Q. Liu, Y. Jia, Y. Li, K. Liu, Y. Lin, M. Liu,
G. Li and C.-Y. Su, Nat. Commun., 2021, 12, 1369.

Review EES Catalysis

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 1
:4

2:
16

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ey00165b


© 2024 The Author(s). Published by the Royal Society of Chemistry EES Catal., 2024, 2, 49–70 |  69

149 Y. Liu, X. Liu, A. R. Jadhav, T. Yang, Y. Hwang, H. Wang,
L. Wang, Y. Luo, A. Kumar, J. Lee, H. T. D. Bui, M. Gyu Kim
and H. Lee, Angew. Chem., Int. Ed., 2022, 61, e202114160.

150 T. Luo, J. Huang, Y. Hu, C. Yuan, J. Chen, L. Cao,
K. Kajiyoshi, Y. Liu, Y. Zhao, Z. Li and Y. Feng, Adv. Funct.
Mater., 2023, 33, 2213058.

151 P. Li, G. Zhao, P. Cui, N. Cheng, M. Lao, X. Xu, S. X. Dou
and W. Sun, Nano Energy, 2021, 83, 105850.

152 Q. Wang, Z. L. Zhao, S. Dong, D. He, M. J. Lawrence,
S. Han, C. Cai, S. Xiang, P. Rodriguez, B. Xiang, Z. Wang,
Y. Liang and M. Gu, Nano Energy, 2018, 53, 458–467.

153 Y. Xue, B. Huang, Y. Yi, Y. Guo, Z. Zuo, Y. Li, Z. Jia, H. Liu
and Y. Li, Nat. Commun., 2018, 9, 1460.

154 S. Yang, Z. Si, G. Li, P. Zhan, C. Liu, L. Lu, B. Han, H. Xie
and P. Qin, Small, 2023, 19, 2207651.

155 Y. Zhao, P. V. Kumar, X. Tan, X. Lu, X. Zhu, J. Jiang, J. Pan,
S. Xi, H. Y. Yang, Z. Ma, T. Wan, D. Chu, W. Jiang,
S. C. Smith, R. Amal, Z. Han and X. Lu, Nat. Commun.,
2022, 13, 2430.

156 X. Liu, Y. Deng, L. Zheng, M. R. Kesama, C. Tang and
Y. Zhu, ACS Catal., 2022, 12, 5517–5526.

157 Y. Pan, S. Liu, K. Sun, X. Chen, B. Wang, K. Wu, X. Cao,
W.-C. Cheong, R. Shen, A. Han, Z. Chen, L. Zheng, J. Luo,
Y. Lin, Y. Liu, D. Wang, Q. Peng, Q. Zhang, C. Chen and
Y. Li, Angew. Chem., Int. Ed., 2018, 57, 8614–8618.

158 C. Hu, E. Song, M. Wang, W. Chen, F. Huang, Z. Feng,
J. Liu and J. Wang, Adv. Sci., 2021, 8, 2001881.

159 L. Wang, X. Liu, L. Cao, W. Zhang, T. Chen, Y. Lin,
H. Wang, Y. Wang and T. Yao, J. Phys. Chem. Lett., 2020,
11, 6691–6696.

160 A. Han, X. Zhou, X. Wang, S. Liu, Q. Xiong, Q. Zhang,
L. Gu, Z. Zhuang, W. Zhang, F. Li, D. Wang, L.-J. Li and
Y. Li, Nat. Commun., 2021, 12, 709.

161 K. Wang, L. Jiang, T. Xin, Y. Li, X. Wu and G. Zhang, Chem.
Eng. J., 2022, 429, 132229.

162 G.-L. Hou, T. Yang, M. Li, J. Vanbuel, O. V. Lushchikova,
P. Ferrari, J. M. Bakker and E. Janssens, Angew. Chem., Int.
Ed., 2021, 60, 27095–27101.

163 X. Zheng, J. Tang, A. Gallo, J. A. Garrido Torres, X. Yu,
C. J. Athanitis, E. M. Been, P. Ercius, H. Mao, S. C. Fakra,
C. Song, R. C. Davis, J. A. Reimer, J. Vinson, M. Bajdich and
Y. Cui, Proc. Natl. Acad. Sci. U. S. A., 2021, 118,
e2101817118.

164 Q. Wang, Z. Zhang, C. Cai, M. Wang, Z. L. Zhao, M. Li,
X. Huang, S. Han, H. Zhou, Z. Feng, L. Li, J. Li, H. Xu,
J. S. Francisco and M. Gu, J. Am. Chem. Soc., 2021, 143,
13605–13615.

165 Q. Wang, X. Huang, Z. L. Zhao, M. Wang, B. Xiang, J. Li,
Z. Feng, H. Xu and M. Gu, J. Am. Chem. Soc., 2020, 142,
7425–7433.

166 J. Yin, J. Jin, M. Lu, B. Huang, H. Zhang, Y. Peng, P. Xi and
C.-H. Yan, J. Am. Chem. Soc., 2020, 142, 18378–18386.

167 X. Duan, P. Li, D. Zhou, S. Wang, H. Liu, Z. Wang,
X. Zhang, G. Yang, Z. Zhang, G. Tan, Y. Li, L. Xu, W. Liu,
Z. Xing, Y. Kuang and X. Sun, Chem. Eng. J., 2022,
446, 136962.

168 Y. Hu, G. Luo, L. Wang, X. Liu, Y. Qu, Y. Zhou, F. Zhou,
Z. Li, Y. Li, T. Yao, C. Xiong, B. Yang, Z. Yu and Y. Wu, Adv.
Energy Mater., 2021, 11, 2002816.

169 J. Zhang, J. Liu, L. Xi, Y. Yu, N. Chen, S. Sun, W. Wang,
K. M. Lange and B. Zhang, J. Am. Chem. Soc., 2018, 140,
3876–3879.

170 S. Choi, S. A. Lee, J. W. Yang, W. Sohn, J. Kim, W. S. Cheon,
J. Park, J. H. Cho, C. W. Lee, S. E. Jun, S. H. Park, J. Moon,
S. Y. Kim and H. W. Jang, J. Mater. Chem. A, 2023, 11,
17503–17513.

171 C. Chen, M. Sun, F. Zhang, H. Li, M. Sun, P. Fang, T. Song,
W. Chen, J. Dong, B. Rosen, P. Chen, B. Huang and Y. Li,
Energy Environ. Sci., 2023, 16, 1685–1696.

172 X. Wang, L. Sun, W. Zhou, L. Yang, G. Ren, H. Wu and
W.-Q. Deng, Cell Rep., 2022, 3, 100804.

173 Z. Zhang, C. Feng, X. Li, C. Liu, D. Wang, R. Si, J. Yang,
S. Zhou and J. Zeng, Nano Lett., 2021, 21, 4795–4801.

174 Y. Li, Z.-S. Wu, P. Lu, X. Wang, W. Liu, Z. Liu, J. Ma,
W. Ren, Z. Jiang and X. Bao, Adv. Sci., 2020, 7, 1903089.

175 S. E. Jun, S. Choi, J. Kim, K. C. Kwon, S. H. Park and
H. W. Jang, Chin. J. Catal., 2023, 50, 195–214.

176 P. Kumar, K. Kannimuthu, A. S. Zeraati, S. Roy, X. Wang,
X. Wang, S. Samanta, K. A. Miller, M. Molina, D. Trivedi,
J. Abed, M. A. Campos Mata, H. Al-Mahayni, J. Baltrusaitis,
G. Shimizu, Y. A. Wu, A. Seifitokaldani, E. H. Sargent,
P. M. Ajayan, J. Hu and M. G. Kibria, J. Am. Chem. Soc.,
2023, 145, 8052–8063.

177 Z. Li, Z. Wang, S. Xi, X. Zhao, T. Sun, J. Li, W. Yu, H. Xu,
T. S. Herng, X. Hai, P. Lyu, M. Zhao, S. J. Pennycook,
J. Ding, H. Xiao and J. Lu, ACS Nano, 2021, 15, 7105–7113.

178 Y. Liu, S. Zhang, C. Jiao, H. Chen, G. Wang, W. Wu, Z. Zhuo
and J. Mao, Adv. Sci., 2023, 10, 2206107.

179 L. Zhang, R. Si, H. Liu, N. Chen, Q. Wang, K. Adair,
Z. Wang, J. Chen, Z. Song, J. Li, M. N. Banis, R. Li,
T.-K. Sham, M. Gu, L.-M. Liu, G. A. Botton and X. Sun,
Nat. Commun., 2019, 10, 4936.

180 M. Luo, J. Cai, J. Zou, Z. Jiang, G. Wang and X. Kang,
J. Mater. Chem. A, 2021, 9, 14941–14947.

181 R. Li and D. Wang, Adv. Energy Mater., 2022, 12, 2103564.
182 Y. Yang, Y. Qian, H. Li, Z. Zhang, Y. Mu, D. Do, B. Zhou,

J. Dong, W. Yan, Y. Qin, L. Fang, R. Feng, J. Zhou, P. Zhang,
J. Dong, G. Yu, Y. Liu, X. Zhang and X. Fan, Sci. Adv., 2020,
6, eaba6586.

183 S. M. George, Chem. Rev., 2010, 110, 111–131.
184 B. J. O’Neill, D. H. K. Jackson, J. Lee, C. Canlas, P. C. Stair,

C. L. Marshall, J. W. Elam, T. F. Kuech, J. A. Dumesic and
G. W. Huber, ACS Catal., 2015, 5, 1804–1825.

185 J. Fonseca and J. Lu, ACS Catal., 2021, 11, 7018–7059.
186 L. Zhang, Q. Wang, L. Li, M. N. Banis, J. Li, K. Adair,

Y. Sun, R. Li, Z.-J. Zhao, M. Gu and X. Sun, Nano Energy,
2022, 93, 106813.

187 Z. Zhang, C. Feng, C. Liu, M. Zuo, L. Qin, X. Yan, Y. Xing,
H. Li, R. Si, S. Zhou and J. Zeng, Nat. Commun., 2020,
11, 1215.

188 T. Gan, Q. He, H. Zhang, H. Xiao, Y. Liu, Y. Zhang, X. He
and H. Ji, Chem. Eng. J., 2020, 389, 124490.

EES Catalysis Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 1
:4

2:
16

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ey00165b


70 |  EES Catal., 2024, 2, 49–70 © 2024 The Author(s). Published by the Royal Society of Chemistry

189 P. Rao, D. Wu, Y.-Y. Qin, J. Luo, J. Li, C. Jia, P. Deng,
W. Huang, Y. Su, Y. Shen and X. Tian, J. Mater. Chem. A,
2022, 10, 6531–6537.

190 S. Kang, Y. K. Jeong, S. Mhin, J. H. Ryu, G. Ali, K. Lee,
M. Akbar, K. Y. Chung, H. Han and K. M. Kim, ACS Nano,
2021, 15, 4416–4428.

191 N. Fu, X. Liang, X. Wang, T. Gan, C. Ye, Z. Li, J.-C. Liu and
Y. Li, J. Am. Chem. Soc., 2023, 145, 9540–9547.

192 Y. Chen, R. Gao, S. Ji, H. Li, K. Tang, P. Jiang, H. Hu, Z. Zhang,
H. Hao, Q. Qu, X. Liang, W. Chen, J. Dong, D. Wang and Y. Li,
Angew. Chem., Int. Ed., 2021, 60, 3212–3221.

193 N. Zhang, X. Zhang, L. Tao, P. Jiang, C. Ye, R. Lin,
Z. Huang, A. Li, D. Pang, H. Yan, Y. Wang, P. Xu, S. An,
Q. Zhang, L. Liu, S. Du, X. Han, D. Wang and Y. Li, Angew.
Chem., Int. Ed., 2021, 60, 6170–6176.

194 H. Wang, X. Wang, J. Pan, L. Zhang, M. Zhao, J. Xu, B. Liu,
W. Shi, S. Song and H. Zhang, Angew. Chem., 2021, 133,
23338–23342.

195 Z.-Y. Wu, F.-Y. Chen, B. Li, S.-W. Yu, Y. Z. Finfrock,
D. M. Meira, Q.-Q. Yan, P. Zhu, M.-X. Chen, T.-W. Song,
Z. Yin, H.-W. Liang, S. Zhang, G. Wang and H. Wang, Nat.
Mater., 2023, 22, 100–108.

196 K. Wang, J. Cao, X. Yang, X. Sang, S. Yao, R. Xiang, B. Yang,
Z. Li, T. O’Carroll, Q. Zhang, L. Lei, G. Wu and Y. Hou, Adv.
Funct. Mater., 2023, 33, 2212321.

197 C. Xia, Y. Qiu, Y. Xia, P. Zhu, G. King, X. Zhang, Z. Wu,
J. Y. Kim, D. A. Cullen, D. Zheng, P. Li, M. Shakouri,

E. Heredia, P. Cui, H. N. Alshareef, Y. Hu and H. Wang,
Nat. Chem., 2021, 13, 887–894.

198 H. Jin, S. Sultan, M. Ha, J. N. Tiwari, M. G. Kim and
K. S. Kim, Adv. Funct. Mater., 2020, 30, 2000531.

199 L. Zhang, Y. Jia, G. Gao, X. Yan, N. Chen, J. Chen,
M. T. Soo, B. Wood, D. Yang, A. Du and X. Yao, Chem,
2018, 4, 285–297.

200 S. Khandavalli, J. H. Park, N. N. Kariuki, D. J. Myers,
J. J. Stickel, K. Hurst, K. C. Neyerlin, M. Ulsh and S. A.
Mauger, ACS Appl. Mater. Interfaces, 2018, 10, 43610–43622.

201 S. Shukla, S. Bhattacharjee, A. Weber and M. Secanell,
J. Electrochem. Soc., 2017, 164, F600.

202 G. A. Lindquist, Q. Xu, S. Z. Oener and S. W. Boettcher,
Joule, 2020, 4, 2549–2561.

203 S. A. Lee, J. Kim, K. C. Kwon, S. H. Park and H. W. Jang,
Carbon Neutralization, 2022, 1, 26–48.

204 J. Parrondo, C. G. Arges, M. Niedzwiecki, E. B. Anderson,
K. E. Ayers and V. Ramani, RSC Adv., 2014, 4, 9875.

205 D. Chen and M. A. Hickner, ACS Appl. Mater. Interfaces,
2012, 4, 5775–5781.

206 N. Du, C. Roy, R. Peach, M. Turnbull, S. Thiele and C. Bock,
Chem. Rev., 2022, 122, 11830–11895.

207 S. Siracusano, N. Van Dijk, R. Backhouse, L. Merlo,
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