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The electrocatalytic hydrogen evolution reaction (HER) is an efficient technology for hydrogen production
and holds great significance for the development of renewable energy economies. Rare-metal-based
catalysts are considered benchmark catalysts for the HER; however, their application in HER reactors is
limited due to their high cost and poor stability. Rare-metal single atom catalysts (RMSACs) can be
considered as promising candidates for the HER due to several advantages such as high activity, high
stability, and high atom utilization. The rational design of RMSACs for HER reactors has become a research
hotspot in this field. This paper reviews the research progress in the development of RMSACs for large
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scale hydrogen production under actual operating conditions, including high current density, seawater
electrolysis, and long-term operation. Firstly, the mechanism, design and synthesis method of RMSACs for
the HER are summarized. Then the atomic-level rational design strategy of RMSACs was proposed for
enhancing the HER performance under actual operating conditions. Lastly, the opportunities and

DOI: 10.1039/d4ey00205a

rsc.li/eescatalysis challenges for industrial applications of RMSACs are also discussed.

Broader context

Renewable hydrogen energy (H,) is currently seen as one of the most promising options capable of replacing fossil fuels. In the hydrogen production process,
catalyst performance will directly determine the productivity of the plant. Currently, commonly used rare metal-based catalysts suffer from low activity, selectivity
and stability. In recent years, rare metal single atom catalysts (RMSACs) have become a new frontier of research due to their highest atom utilization, uniform
active sites and good stability. Although RMSACs have shown good activity in hydrogen production from electrolytic water, most of the current studies are still
carried out in a laboratory setting without considering the real industrial environment. In this paper, the research progress in the development of RMSACs for
large-scale hydrogen production under actual operating conditions is systematically discussed. Firstly, the dynamic mechanism of the HER process and the failure
mechanism of seawater electrolysis are explored, and then the rational design strategy of RMSACs for hydrogen production from electrolytic water under real
operating conditions is summarized. In addition, the current opportunities and challenges of RMSACs for hydrogen production by seawater electrolysis under
practical operating conditions are analyzed. These insights contribute to the further development of RMSACs for hydrogen production on a large scale.

1. Introduction

Since the advent of the first and second industrial revolutions,
coal, oil, natural gas, and other fossil fuels have played a
significant role as the primary energy sources for industrial
production processes." However, it is important to recognize
that these fossil fuels are non-renewable resources. Prolonged
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and excessive exploitation of these resources has resulted in a
rapid decline in fossil energy reserves, thereby triggering a
global energy crisis.>* Absolutely, the development of sustain-
able, renewable, green, and pollution-free energy sources has
become an urgent task in our pursuit of a more sustainable
future.*® Hydrogen (H,) is a substance known for its excep-
tional specific mass and energy density (142 MJ kg™ '), making
it the material with the highest value on earth. Consequently, it
is commonly seen as one of the most promising options to
replace fossil fuels. Hydrogen offers numerous advantages,
including high combustion heat value, zero carbon emissions,
and recyclability. These qualities have garnered significant
attention worldwide, positioning hydrogen as a compelling

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The operating conditions for large scale hydrogen production and
the application prospects of hydrogen energy.

solution for a cleaner energy future.®” Hydrogen energy holds
the potential to replace various fossil fuels, including oil and
coal, in a wide range of applications. However, the current
industrial scale hydrogen production reactors face demanding
operating conditions, such as high current density, utilization
of seawater, and long-term operation. Fig. 1 illustrates the
typical working conditions and the promising application pro-
spects for hydrogen production through water electrolysis.
Finding an environmentally friendly, cost-effective, safe, and
efficient method of supplying hydrogen energy is a pressing
challenge in the hydrogen energy industry. Under practical
operating conditions, hydrogen evolution reaction (HER) cata-
lysts often encounter challenges such as low activity, poor
selectivity, and limited stability. These issues significantly
hinder their widespread application in large scale hydrogen
production.®® Therefore, the development of highly active HER
catalysts is required.'®* Rare-metal based catalysts (e.g., Pt, Ir,
Ru and Pd) are currently commonly used as HER reference
catalysts."®> However, the low abundance and difficulty in
mining rare metals on earth, as well as their susceptibility to
poisoning and poor stability during use, have significantly
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impeded the widespread utilization of rare metal-based cata-
lysts in the HER.'*'® Therefore, the development of highly
active and stable HER catalysts has become the focus of
research in this field.

Single atom catalysts (SACs) refer to active metals dispersed on
catalyst supports in the form of atoms, which are the minimum
limit of the active site on the spatial scale, and theoretically enable
the utilization of metal atoms to reach 100%.'°** Compared to
nanoparticles (NPs), SACs exhibit more excellent catalytic activity
due to their more obvious size effects.’®>* Since Zhang and his co-
workers first synthesized SACs in 2011,>® new regulatory mechan-
isms of active sites, coordination structures, and catalyst mor-
phology have been continuously researched, greatly enriching the
research on SACs.’>**7> At the same time, due to their unique
atomic structural characteristics and rich electronic structure,
SACs have high activity and stability in the HER process. Fig. 2
illustrates the development of rare metal single atom catalysts.
Consequently, it is imperative to engineer rare metals as the active
sites of SACs.*® Recently, rare-metal SACs (RMSACs) have been
synthesized and used in the HER process, showing excellent
performance.>”*°

Unfortunately, most of the currently reported RMSACs can-
not be applied to industrial reactors because of the damaged
coordination structures or low selectivity under harsh industrial
conditions (e.g. high current density, seawater, and electrolytic
cells). Therefore, rational design and optimization of the atomic
structure of RMSACs are of great significance for the large scale
applications of RMSACs in the HER reactor.

This paper presents an extensive overview of the research
advancements in large scale hydrogen production utilizing rare
metal single atom catalysts under actual operating conditions.
This review encompasses three key aspects: high current den-
sity conditions, seawater electrolysis, and long-term operation.
Fig. 3 visually presents the key areas covered in this review. This
paper first reviews the mechanism of the HER process. Further-
more, this review highlights the common synthesis methods
employed for synthesizing RMSACs. These methods include
high-temperature pyrolysis, atomic layer deposition (ALD),
electrochemical methods and ball milling. Then the atomic-
level rational design strategy of RMSACs was proposed for
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Fig. 2 The progress in rare metal single atom catalyst development. Overall, the development of RMSACs has undergone three phases, i.e., initial
exploration (2011-2015);2>*17%3 in-depth research on HER activity and mechanism has expanded the application field of RMSACs, thus opening up the
second phase: water electrolysis (2016—2020),*~*® and actual operation conditions (2021-2024).4”75° This figure has been adapted/reproduced from
ref. 25 and 41-50 with permission from Springer Nature, The American Association for the Advancement of Science, American Chemical Society, RSC
Publishing, John Wiley and Sons and Elsevier, copyright@©?2011, Springer Nature Limited. Copyright©2012, The American Association for the
Advancement of Science. Copyright©?2013, American Chemical Society. Copyright@©Royal Society of Chemistry, 2015. Copyright©2017 The Authors.
Published by Wiley-VCH Verlag GmbH & Co. KGaA. Copyright©2018, American Chemical Society. Copyright©2020, American Chemical Society.
Copyright@©?2021 Elsevier B.V. All rights reserved. Copyright©2022 Elsevier B.V. All rights reserved. Copyright©2023, American Chemical Society.
Copyright@©Royal Society of Chemistry, 2024.

enhancing the HER performance under actual operating condi- H,O+e +* - H*+ OH™ (4)
tions. This review provides a comprehensive assessment of the
progress made in these areas and offers prospects for the large H*+H,O+te — H,+OH" ()
scale applications of RMSACs. This work serves as a valuable

H* + H* - H, (6)

reference for the design and synthesis of rare metal SACs in the

context of large scale hydrogen production processes. In alkaline electrolytes, the prevailing perspective suggests

that the initial step in the hydrogen evolution reaction (HER)
process is still the Volmer process. However, unlike in acidic
environments, the Volmer process in alkaline environments
involves the dissociation of water molecules at the active site,
resulting in the formation of protons and hydroxyl species. The
proton subsequently attaches to the active site of the catalyst
and engages in electronic reactions, resulting in the formation
of hydrogen intermediates. In alkaline electrolytes, the second
phase of the HER process exhibits two different pathways. The
first pathway involves the hydrogen intermediate adsorbed on
the active site reacting with water molecules and electrons
simultaneously, ultimately generating hydrogen gas. This path-
way is known as the Heyrovsky step. Alternatively, the hydrogen
intermediates adsorbed on adjacent active sites can combine

2. Fundamental understanding of HER
mechanisms
2.1 Overview

From an overall perspective, the HER involves the reduction of
protons (H") in acidic electrolytes or the reduction of water
molecules (H,0) to produce hydrogen gas (H,) in alkaline and
neutral electrolytes.®*®* The hydrogen evolution reaction
(HER) mechanism can be generally categorized into two path-
ways: the Volmer-Heyrovsky pathway and the Volmer-Tafel
pathway.®*®> The reactions shown in eqn (1)-(3) describe the
HER process in acidic electrolytes.

H'+e +* > H* 1) with each other, leading to the production of hydrogen gas.

P This pathway is referred to as the Tafel step. Therefore, the
H*+H' +e - H, (2) . . .

overall HER process in alkaline electrolytes includes the Volmer

H* + H* > H, (3) step for proton adsorption and hydrogen intermediate for-

mation, followed by either the Heyrovsky step or the Tafel step

The mechanism of the hydrogen evolution reaction (HER) in
alkaline electrolytes remains unclear due to the complexity of
the process and the sluggish kinetics caused by high
overpotential.®® Eqn (4)-(6) describe the HER process in alka-
line electrolytes.

34 | EES Catal., 2025, 3, 32-56

for hydrogen gas generation.

In order to clearly understand the HER mechanism,
researchers have proposed a variety of characterization meth-
ods, such as X-ray photoelectron spectroscopy (XPS),>"*"~"*

Raman spectroscopy,”>* infrared (IR) spectroscopy,”®”” and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Rational design of RMSACs for large scale hydrogen production under actual operating conditions.>*~®° This figure has been adapted/reproduced
from ref. 51-60 with permission from Elsevier, John Wiley and Sons, RSC Publishing, Springer Nature and American Chemical Society, copyright©2024
Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology. Copyright©?2023 Wiley-VCH GmbH.
Copyright©Royal Society of Chemistry, 2022. Copyright©2024, The Author(s). Copyright©2024, American Chemical Society. Copyright©2024
Wiley-VCH GmbH. Copyright©2024 Wiley-VCH GmbH. Copyright©2024 Elsevier Inc. All rights reserved. Copyright©2023 Wiley-VCH GmbH.

Copyright©2024, American Chemical Society.

X-ray absorption spectroscopy (XAS),”®”° as well as ab initio

molecular dynamics (AIMD),*°®* density functional theory
(DFT),*>™” and first principles.”®'°® Nowadays, many researchers
choose to use multiple characterization methods simultaneously,
or use the characterization methods and theoretical calculations
to verify each other, to understand the HER process occurring in
the active site from multiple perspectives and to analyze and
integrate the experimental results, so as to provide new ideas for
the rational design of high-activity HER catalysts.”>'°™"” For
example, Dong et al.'™® designed Ni single atom anchored on
MoS,-FeS (Ni@amorphous MoS,-FeS) and investigated the effect
of the relationship between the catalyst carrier structure and the

© 2025 The Author(s). Published by the Royal Society of Chemistry

coordination environment of Ni single atoms on the HER activity
of the catalysts by first-principles calculations (Fig. 4(a)—(c)).
Theoretical calculations showed that the amorphous MoS,-FeS
has the lowest AGy- (0.312 eV), while the composite carrier can
more stably ensure the effective loading of Ni single atoms, which
can realize the HER process in a wider pH range. Cao et al.'"’
carried out ab initio calculations of molecular dynamics (AIMD) as
well as constrained AIMD modeling using explicit solvation
modeling and investigated the details of the kinetics of the acidic
Volmer reaction over transition metal single atom catalysts (TM/
N,C, TM = Mn, Cr, Fe, etc.) loaded onto N,C and re-optimized the
constant potential free energy distribution of the Volmer reaction

EES Catal., 2025, 3,32-56 | 35
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Fig. 4 Examples of theoretical computational methods to study HER mechanisms. (@) MoS,, FeS and MoS,-FeS structure models. (b) Schematic
diagram of adsorption energy of Ni@MoS,—FeS single-atom catalysts at different sites. (c) AG of electrocatalysts with different structures. (d) Hydrogen
adsorption and hydrogen desorption on different catalysts. (e) Analysis of the angle between adsorbed hydrogen and the O—H bond of water. (f) AIMD
simulation for illustration and analysis of the *H---O-H angle and *H---H distance.™®° This figure has been adapted from ref. 118 and 119 with
permission from IOP Publishing and American Chemical Society, copyright IOP Publishing. Copyright©2023, American Chemical Society.

by using thermodynamic integration (TI) and charge extrapolation
methods (Fig. 4(d)-(f)). It is shown that there is a strong charge-
dipole interaction between the negatively charged intermediate
H* produced by the Volmer process and the H,O molecules at the
interface, resulting in the formation of a unique *H.--HOH
configuration. This unique effect is sufficient to alter the pathway
of the acidic Volmer reaction and significantly increase its kinetic
barrier, as evidenced by HER activity tests and Tafel slopes.

In summary, the ultimate goal of studying the HER process
by combining theoretical calculations with experimental vali-
dation is to gain a deeper understanding of the kinetic process
of HER, so as to find methods that can reduce the Kkinetic
energy barriers and provide theoretical support for the rational
design of high activity HER catalysts.

2.2 Dynamic mechanisms of the HER process

Theoretical calculations indicate that rare metal-based single-
atom catalysts (RMSACs) with an atom utilization rate of up to
100% should have HER activities superior to those of the
benchmark catalysts, such as Pt and Ru, which are commonly
used today.*®*2°"128 However, the experimental results revealed
that the HER activities of most of the RMSACs were still
unsatisfactory. The puzzling discrepancy between the theoreti-
cal calculations and the experimental results suggests that the
active sites and mechanisms of HER single atom catalysts are
not yet comprehensively investigated, and new research tools
are needed to further understand the dynamic processes occur-
ring on SACs. Thanks to the development of in situ character-
ization and operational profiling techniques (e.g., in situ
Raman, in situ/operational XAS, in situ ATR-SEIRAS, etc.), it is
possible to follow the dynamic catalytic processes occurring on

36 | EES Catal.,, 2025, 3, 32-56

SACs, thus allowing researchers to gain insights into the
fundamental mechanisms of the HER on SACs under operating
conditions.">*7*%”

Wang et a proposed an effective interfacial water mole-
cule activation mechanism, which is a unique mechanism
originating from the synergistic interaction between Co single
atoms (Co-Nj3) and Co nanocrystals (Co NCs) to optimize the
HER process, and thus this coupled catalyst (CoONC-SA/N*-C)
exhibits excellent HER activity (Fig. 5(a)). In situ attenuated total
reflectance-surface enhanced infrared absorption spectroscopy
(in situ ATR-SEIRAS) demonstrated the Volmer-Heyrovsky pro-
cess on the CONC-SA/N*-C catalyst and that the H* intermedi-
ates originated from interfacial H,O molecules adsorbed on the
catalyst surface. However, interfacial H,O molecules are able to
form a relatively rigid interfacial water network, which hinders
the mass transfer process of H,O molecules to the catalyst
surface, whereas Co NCs are able to disrupt the rigid interfaces
and produce more free H,O molecules, which enhances the
adsorption of H,O molecules on the Co-Nj; sites, which is
specifically manifested in in situ ATR-SEIRAS by the appearance
of Co-H peaks at a lower potential. Density-functional theory
calculations revealed that the change in the free energy of
dissociation of water molecules was significantly lower (0.16 eV)
for the CONC-SA/N*-C catalyst compared to the uncoupled CoSA/
N-C and CoNC/N-C catalysts, indicating that H,O molecules were
more readily dissociated on CoNC-SA/N*-C, which is consistent
with the results of in situ ATR-SEIRAS. Meanwhile, the charge
density difference results indicated that the electrons were trans-
ferred from Co-Nj to Co(111), while the Co-3d PDOS results found
that the d-band center of Co in CoNC-SA/N*-C was —2.44 eV.
The in situ ATR-SEIRAS and DFT results together indicate the

1 138
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In situ characterization techniques used to investigate the dynamic mechanisms of the HER. (a) In situ ATR-SEIRAS of Conc/N-C, Cosa/N—-C and

Conc-sa/N*—C catalysts. (b) The operando Raman spectra of Pt—Ru/RuO,, Pt/C and Ru/RuQO,; the Pt Lz-edge XANES and the Ru K-edge XANES of Pt—Ru/
RUO:;. (¢) In situ Ru K-edge XANES spectra, the oxidation state of Ru and the corresponding EXAFS R-space spectra of Ru/NC at various potentials and
reference catalysts for the HER; kinetic energy barrier for water dissociation and energy barriers for hydrogen migration from the NC surface to the adjacent
Ru SA and Ru cluster sites.*®7%° This figure has been adapted/reproduced from ref. 138-140 with permission from American Chemical Society, Springer
Nature and John Wiley and Sons, copyright©2022, American Chemical Society. Copyright©2024, The Author(s). Copyright©?2023 Wiley-VCH GmbH.

synergistic effect between Co NCs and Co-N;, where Co NCs
modulate the electronic structure of the Co-Nj site and optimize
the HER process, thus enhancing the HER activity of CoONC-SA/
N*-C, which is consistent with the experimental results.

Zhu et al."*® synthesized an efficient and stable Pt single-
atom catalyst (Pt-Ru/RuO,) and comprehensively investigated
the different contributions of Pt SAs, Ru and RuO, to the HER
process by combining operando Raman and operando XAS
spectroscopies (Fig. 5(b)). Specifically, operando Raman spectro-
scopy revealed that the peak ratios of both Pt—-Ru/RuO, and Ru/
RuO, showed a rapid decrease with increasing HER potential
and the peak ratios decreased at almost the same rate, which
indicated that both Pt-Ru/RuO, and Ru/RuO, had the ability to
dissociate water efficiently, but Pt SAs did not contribute to the
water dissociation step; operando XAS spectroscopy revealed that
Pt SAs, Ru, and RuO, contributed to the HER process; on the
other hand, operando XAS and operando Ru K-edge XANES found
that the valence states of Pt and Ru continued to decrease during
the catalytic process, which suggests that both Pt and Ru are
active sites for the HER process. Therefore, Zhu and his colla-
borators proposed that the HER process occurs on Pt-Ru/RuO,.
It is noteworthy that the H,O molecule did not approach the Pt
SAs directly and dissociate, but first dissociated into H* on the
RuO, carrier and then H* approached the single atom active site
and finally generated H,. Consequently, throughout the process,
RuO, facilitated the slow dissociation process of the H,O mole-
cule, whereas the Pt SAs together with Ru facilitated the H*
adsorption and enhanced the H* adsorption.

Zhu et al."*® synthesized a Ru catalyst with a dual locally
supported structure (Ru/NC) by co-dispersing amorphous
ruthenium hydroxide clusters and adjacent Ru SAs on layered

© 2025 The Author(s). Published by the Royal Society of Chemistry

NaCoO, via a cation exchange reaction at room temperature.
Experimental tests showed that Ru/NC possessed excellent HER
activity with an onset overpotential close to 0 eV and an over-
potential of 24 mV at 10 mA cm 2. Huang and colleagues
utilized in situ XAS spectroscopy to reveal the dynamic struc-
tural evolution of Ru/NC during the HER process. Specifically,
the Ru hydroxide clusters evolved toward Ru clusters during the
HER process, while the oxidation state of Ru SAs remained
almost unchanged, suggesting that Ru SAs with Ru clusters are
the true HER active sites. The changes in Ru-O-Ru and Ru-Ru
intensity peaks in the in situ EXAFS spectra proved this.
Meanwhile, the combination of in situ Co K-edge XANES and
EXAFS spectra revealed that the NaCoO, substrate exhibits
good structural stability, which suggests that NaCoO, acts as
a carrier in Ru/NC. The results of density functional theory
calculations (DFT) further indicated that the excellent HER
activity of Ru/NC originated from the action of the truly active
substances, Ru SAs and Ru clusters (Fig. 5(c)).

In summary, tracking the dynamic processes occurring on
SACs through advanced in situ characterization techniques,
combined with theoretical simulation and experimental validation,
is essentially a study of the dynamic transformation process of
reactants, intermediates, and other species over catalysts.
Studying the dynamic mechanism of the HER through in situ
characterization enables researchers to gain a deep under-
standing of the mode of action between reactants, interfaces
and active sites in the HER process, to probe deeply into the
actual active sites and conformational relationships of SACs,
and at the same time, to discover the root cause of the slow
dynamics of the HER process and to propose a more reasonable
design scheme for SACs based on it.
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3. Synthesis strategy of rare metal
SACs for the HER

3.1 High-temperature pyrolysis

The process of pyrolysis is frequently used to create SACs. This
method offers advantages such as ease of operation and
simplicity in terms of instrumentation.’® Typically, the current
pyrolysis technique subjecting metal-containing
precursors to pyrolysis under the protection of an inert gas.
High temperatures are typically needed for pyrolysis, frequently
between 800 and 900 °C. However, at such elevated tempera-
tures, there is a risk of metal single atoms migrating and
aggregating into larger particles. To mitigate this, a post-
pyrolysis acid treatment is commonly employed after obtaining
a single atom catalyst through high-temperature pyrolysis of
metal precursors. Frequently, the high-temperature pyrolysis
method is employed to synthesize SACs that are supported on
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N-doped carbon materials. For instance, Chen et al.'*' demon-
strated the synthesis of tungsten single atom catalysts (W-SACs)
anchored on N-doped carbon supports via high-temperature
pyrolysis of tungsten-containing precursors. Liu et al.*** devel-
oped a method to prepare a platinum single atom catalyst
(Pt SA/NP-NC) with abundant Pt-N-4 sites using a high-
temperature pyrolysis ammonium iodide etching strategy.

3.2 Atomic layer deposition (ALD)

The ALD method involves depositing atoms onto a catalyst
substrate in the form of a single atom layer. Precise manipula-
tion of the morphology and structure of deposited atoms via
this technique is crucial for investigating the catalytic mecha-
nism and establishing the relationship between the structure
and the activity of single atom catalysts.'*® There are numerous
advantages offered by ALD that cannot be found in other
deposition methods. The first advantage of ALD is its ability

MoS-NTA/Ti;C;

Reduction

Pt,/Co,NC

Fig. 6 Examples of ALD and electrochemical methods. (a) Synthesis of Pt—MoS; by ALD. (b) HAADF-STEM image of Pt—MoS,. (c) Synthesis of Pt;/Co;NC.
(d) HAADF-STEM image of Pt;/CosNC. (e) Synthesis of Pt;/NCP. (f/) HAADF-STEM image of Pt;/NCP.24>147148 This figure has been adapted/reproduced
from ref. 145, 147, and 148 with permission from John Wiley and Sons, Elsevier and Springer Nature, copyright©2022 Wiley-VCH GmbH. Copy-
right©2021 Elsevier B.V. All rights reserved. Copyright@©?2021, Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature.
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to achieve precise control over the atomic film thickness. This
level of control allows for the creation of films with exceptional
uniformity and accuracy, making ALD an ideal choice for
applications where precise film thickness is critical. Aside from
achieving precise thickness control, films created using ALD
also demonstrate outstanding shape retention. Moreover, ALD
offers outstanding chemoselectivity, especially in the formation
of single atom films."** Jiao et al."** utilized ALD to immobilize
single Pt atoms on a MoS, nanoarray, resulting in the fabrica-
tion of a highly efficient catalyst known as Pt/MoS, NTA (the Pt
single atom catalyst on the MoS, nanoarray, Fig. 6(a) and (b)).
When used in the hydrogen evolution process (HER), this
catalyst performed exceptionally well. The precise control
offered by ALD enabled the deposition of Pt atoms in a
single-atom configuration, maximizing the catalytic activity of
Pt. On a similar note, Thalluri et al'*® employed ALD to
synthesize Ru single atom catalysts (Ru SACs) with remarkable
activity in the HER. By carefully designing the ALD process,
Thalluri was able to reduce the nucleation delay during Ru
deposition. Due to this optimization strategy, Ru SACs are able
to exhibit excellent HER performance.

3.3 Electrochemical methods

Indeed, electrochemical methods offer a fast and simple
approach to preparing SACs."*® Compared to pyrolysis methods
that often require high temperatures, electrochemical methods
can be conducted under relatively mild conditions. These mild
conditions simplify the preparation process and help minimize
energy loss during catalyst synthesis. Electrochemical techni-
ques have garnered considerable interest in the domain of
single-atom catalysts for the HER. Chen et al.'*® demonstrated
the synthesis of Pt;/Co;NC SACs with high HER activity using a
mild electrochemical reduction method (Fig. 6(c) and (d)). This
approach allows for the reduction of metal ions to single atoms on
a support material, resulting in enhanced catalytic performance.
Similarly, Li et al."*” developed a universal top-down route com-
bined with a mild electrochemical reduction method to prepare
uniformly dispersed Pt SACs (Pt;/NCP) (Fig. 6(e) and (f)). These
catalysts exhibited excellent performance in the HER. The electro-
chemical reduction method enabled the precise control of Pt
dispersion, ensuring the optimal utilization of Pt atoms for
efficient catalysis.

3.4 Ball milling

Ball milling is an intriguing technique for producing SACs. This
technique involves the use of mechanical forces generated by
the collision and grinding of balls in a milling jar."*® During
ball milling, significant shear forces and localized high tem-
peratures are generated, which can be beneficial for optimizing
the chemical bonds and surface properties of catalyst materials.
This process can also result in a more even distribution of
metal atoms on the catalyst support.’® Ball milling has a
number of noteworthy benefits, including simplicity and envir-
onmental friendliness. Unlike some other preparation methods
that may involve complex procedures or require harsh condi-
tions, ball milling is a relatively straightforward process.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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It typically requires minimal chemical additives and can be
performed under ambient conditions, reducing the environmen-
tal impact associated with catalyst synthesis.'** Additionally, the
ball milling technique allows for the efficient production of large
quantities of SACs. This is particularly advantageous as it
addresses the challenge of scaling up the production of
SACs." Jin et al.">* employed a mechanical ball milling method
to prepare nitrogen-doped carbon supported Pt SACs (repre-
sented as K,PtCl;@NC-M) with abundant defects. The ball
milling process facilitated the incorporation of Pt atoms into
the carbon matrix, resulting in the formation of SACs with
nitrogen dopants. The resulting K,PtCl;@NC-M catalyst exhib-
ited exceptional performance in the hydrogen evolution reaction
(HER), showcasing its effectiveness as an electrocatalyst. The
simplicity and speed of the preparation process further highlight
the appeal of this ball milling method. This study provides new
insights and potential avenues for the large scale synthesis of
SACs. The mechanical ball milling method offers a straightfor-
ward and efficient approach to produce catalysts with excellent
performance, opening up possibilities for the scalable produc-
tion of SACs.

4. Rational design of RMSACs under
high current density conditions for
hydrogen production

4.1 Pt SACs

The development of catalysts capable of high activity at high
current density is an important requirement for the realization
of industrial water electrolysis.'>® However, unlike water elec-
trolysis in the laboratory, the reaction rate of water electrolysis
is gradually accelerated by the increase of current density,
which leads to a large number of H, bubbles accumulating
on the surface of the electrodes, impeding the contact between
the catalyst active sites and water molecules and thus reducing
the efficiency of water electrolysis. In addition, high current
density not only corrodes the carrier and destroys the local
environment of the active site, but also damages the coordina-
tion structure of the active site, leading to the deactivation of
the catalyst. Rare metal-based catalysts are currently the most
widely used catalysts in high current density electrolysis of
water for hydrogen production; however, rare metal-based
catalysts still have great limitations."”® This is because, firstly,
rare metal-based catalysts are mostly nanoscale catalysts, and
their active sites often consist of rare metal clusters or particles
such as Pt and Ru. During high current density electrolysis,
these clusters or particles tend to agglomerate and form larger
particles that eventually detach from the electrode, resulting in
lower activity and stability of electrolyzed water. Second, the
lower atomic utilization rate and unclear active sites are not
conducive to the realization of high activity of rare metal-based
catalysts and also lead to the need to use more rare metals in
the preparation of rare metal-based catalysts, which raises the
cost of preparation and use."**">” RMSACs can effectively solve
the limitations and deficiencies of rare metal-based catalysts.
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Firstly, RMSACs have a high atom utilization rate, which can
effectively improve the catalytic activity for hydrogen produc-
tion by electrolysis of water under high current density; sec-
ondly, RMSACs have a more clear and adjustable coordination
structure of the active sites, which can effectively protect the
active sites, and at the same time, the interaction between the
active sites and the carriers can also slow down the corrosion of
the carriers by high current, which makes the active sites of
RMSACs able to preserve long-term effectiveness in the process
of electrolysis of water at high current density. Therefore, it is
very necessary to design Pt, Ru and other rare metals as the
active sites of single-atom catalysts and optimize them using
various modulation methods to achieve efficient hydrogen
production by electrolysis of water at high current density.
Pt/C catalysts have always been the preferred catalysts for
the HER. Pt SACs are considered to be the best substitute for
traditional rare metal catalysts.">® However, at high current
density, Pt SACs are prone to metal atom aggregation, catalyst
detachment, and incomplete mixing with electrolyte, limiting
their application under high current density conditions. Pt
single-atom catalysts are essential for their utilization in high
current density reactors. Cao et al.*>® reported the synthesis of
Pt SACs (Pt/Co(OH),) anchored on Co(OH), through a one-step
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method (Fig. 7(a)-(c)). Pt/Co(OH), exhibited outstanding HER
performance, setting a new global benchmark with an over-
potential of merely 4 mV and a current density of 10 mA cm 2.
In this work, a current density of 1500 mA cm™ > was achieved
by Pt/Co(OH),, which is even more significant. X-ray fine
extended structure spectroscopy (EXAFS) revealed that Pt single
atoms existed in the form of Pt-Cl,, and no Pt-Pt bond was
detected. Crystal orbital Hamilton population (COHP) and
integrated crystal orbital Hamilton population (ICOHP) calcu-
lations demonstrated that incorporating Pt single atomic sites
can effectively lower the occupancy of Pt-H antibonding orbi-
tals, leading to enhanced hydrogen desorption efficiency.
Meanwhile, the interaction between Pt single atom sites and
Co(OH), optimized the local environment of Pt single atoms,
which is the key to achieving high current density electrolytic
water performance of Pt/Co(OH),.

Zeng et al."® quickly frozen the solutions of cobalt hydrogen
phosphate (CoHPO) and K,PtClg synthesized by liquid nitrogen
to ensure the uniform dispersion of Pt precursors in the
solution. Then xenon lamps with specific wavelengths of light
were used to make the samples react and melt, and the
products were collected by centrifugation to prepare Pt SACs
dispersed on CoHPO (Pt;/CoHPO) (Fig. 7(d)-(f)). The effective
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production of Pt single atom species was demonstrated by X-ray
diffraction (XRD) and aberration-corrected high angle annular
dark field-scanning transmission electron microscopy (HAADF-
STEM). Pt;/CoHPO showed excellent HER performance, with a
Pt turnover frequency (TOF) of up to 12.8 s~' at —100 mV,
approximately 41 times that of commercial Pt/C. An anion
exchange membrane water electrolyzer (AEMWE) was further
assembled using this bi-functional catalyst as the anode and
cathode with a mass load as low as 0.029 mgp cm >. The
AEMWE achieves an industrial current density of 1 A cm™ > and
durability of over 100 h at a low battery voltage of 1.8 volts.
Combined with experimental studies and density functional
theory (DFT) calculations, it is shown that Pt;/CoHPO has a
unique Pt(OH)(0;)/Co(P) coordination. The primary reasons for
the increased electrocatalytic activity and stability are the
unique coordination structure of single-atom Pt sites and the
robust electron coupling between isolated Pt atoms and nearby
Co atoms.

DFT calculations indicate that the introduction of some
axial ligands (such as -Cl and -CN) can enhance the HER
performance of SACs. This is brought about by the axial
ligands’ strong first electron affinity. When chelating metal
single atom active sites, the metal active sites exhibit more
excellent adsorption capacity for key intermediates *OH and
*H, thereby promoting the speed limiting step (Volmer step) of
HER kinetics. This allows the SACs to show more excellent HER
activity and exhibit higher current density.'®* Zhang et al.'®®
reported a series of Pt SACs (X-Pt/LDH, X = Cl, F, Br, I,OH) with
axial coordination. Zhang and his co-workers introduced Pt
SACs onto NiFe-layered-double-hydroxide by electrochemical
deposition and then precisely adjusted the axial ligands on
the Pt units through a simple radiation-impregnation proce-
dure (Fig. 8(a)-(d)). The best HER performance was observed
with Cl-Pt/LDH. When the overpotential in 1.0 M KOH was
10 mA cm ™2, the mass activity reached 30.6 A mgp, *, and when
it was 100 mV, it reached 25.2 mV. It is 133 times more
expensive than commercial 20% Pt/C and 5 times more expen-
sive than HO-Pt/LDH. The membrane electrode assembly
(MEA)-based water electrolytic cell Cl-Pt/LDH demonstrated
exceptional performance, achieving a high current density of
1 A em™? and an energy conversion efficiency of 80%.

Yue et al.'®* proposed a “defect substitution’-induced strat-
egy to construct a hierarchically stabilized system of Pt single
atoms (Ptsx@Mo,C@NC) by defect substitution, using a poly-
oxometalate (POM) (NH,),[ZnMogO,,He] (ZnMog) as a template
(Fig. 9(a)—(d)). The Pt SAs are designed to be embedded in the
single atom defects on Mo,C and captured by axial N atoms.
Due to this unique “three-dimensional modulation”, Ptsy@
Mo,C@NC exhibits excellent HER performance, showing
overpotentials of only 25 and 66 mV under acidic and alkaline
conditions, respectively, at current densities of up to
100 mA cm 2. The HER process can also be realized at a
current density of 1000 mA cm ™2, In addition, Ptss@Mo,C@NC
exhibited excellent stability, with little or no decay in perfor-
mance after 12 000 cycles. In situ electrochemical shell-isolated
nanoparticle-enhanced Raman spectroscopy (SHINERS)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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together with theoretical calculations revealed that the excel-
lent activity of Ptsa@Mo,C@NC originated from the electron
affinity of the ligand, in particular the strong electronic effect of
axial N on the Ptg, site, which facilitated the adsorption and
dissociation of H,O, while decreasing the free energy of adsorp-
tion of H* and the detachment energy of H,, optimizing
the active site and the HER kinetic process occurring at the
active site, thus greatly improving the HER performance of
Ptsa@Mo0,C@NC.

4.2 Ru SACs

The electronic and geometric structures of Ru are highly similar
to Pt and Ru is cheaper than Pt, making it a viable alternative to
pt.120:166:167 Therefore, designing Ru as an active metal for SACs
is important for realizing the application of SACs in high
current density electrolysis of water. Zhai et al.'®® synthesized
a single atomic site Ru catalyst stabilized on defective NiFe
LDH (Ru;/D-NiFe LDH) by a simple electrodeposition and
subsequent etching procedure as a direct and practical method
(Fig. 8(e)-(h)). The synthesized Ru,/D-NiFe LDH exhibits excel-
lent HER properties, as demonstrated in performance tests that
indicate a low overpotential of 18 mV at a current density of
10 mA cm > and a high turnover frequency of 7.66 s~ " at an
overpotential of 100 mV. Importantly, the assembled two-
electrode battery of Ru,/D-NiFe LDH achieved an industrial
current density of 500 mA cm > at a low battery voltage of
1.72 V. According to the DFT calculations, the optimal regula-
tion of H adsorption energy is achieved by Ru,/D-NiFe LDH. In
addition, the abundant number of active sites accelerates water
division kinetics, thereby enhancing intrinsic HER activity and
achieving industrial current density.

Research has demonstrated that the electrochemical proper-
ties of catalysts are highly sensitive to the atomic-level electro-
nic environment due to the synergistic interaction between
single atomic sites and metal nanoparticles.’®**”® In a sphe-
rical core-shell structure, metal nanoparticles (NPs) can inter-
act with multiple metal single atoms anchored on the core
shell, resulting in an electron metal cage interaction (EMCI)
that is similar to the endohedral metal fullerene (EMF)."""
Based on this concept of electron metal cage interaction,
rational design of RMSACs can be carried out. Enhanced
catalytic performance, stability, and selectivity for various cat-
alytic reactions can be achieved by customizing both the core-
shell structure and the characteristics of the single metal
atoms. By rational design, Feng et al'’> have created a Ru-
based hybrid electrocatalyst, with Ru NPs serving as the core
and single atom RuNx scattered over oxygen-like fullerene
carbon cages serving as the shell. This catalyst has shown low
overpotential in both acidic and alkaline media, excellent HER
activity, and good stability (greater than 100 h). Runp@RuNx-
OFC/NC can deliver a high current output without high
overvoltage under both acidic and alkaline conditions on an
industrial scale. According to DFT calculations, efficient
electronic communication between Ru NP and atomic Ru
distribution on the carbon cage facilitates the transfer of charge
from Ru NP to single atom Ru, altering the electronic density of
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The Author(s). Copyright©2021, The Author(s).

the Ru site. This enhances the adsorption of hydrogen and the Luo et al.*®® synthesized an Ru SAC (Runp-Rusy@CFN-800)
dissociation of water by reducing the Gibbs free energy, thereby by embedding Ru single atoms (Russ) and Ru nanoparticles
improving the HER activity of the catalyst. (Ruyp) into a 3D crystal fullerene network (CFN) through a new
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lattice limited domain strategy (Fig. 9(e)-(h)). Thanks to the
synergistic effect between Runp and Rug,, the synthesized
Runp—Rusa@CFN-800 showed significantly superior HER
activity. In particular, in order to drive a current density of
10 mA cm ™2, an overpotential of only 33 mV is required under
alkaline conditions. Benefitting from the ultra-stable CFN

© 2025 The Author(s). Published by the Royal Society of Chemistry

substrate Runp-Rusa@CFN-800 shows stable and long-term
electrocatalytic stability in >1400 hours. Best of all, Ruyp—
Rus,@CFN-800 can deliver 1000 mA cm 2 current output at
251 mV overpotential at an industrial level, superior to com-
mercial Pt/C. Theoretical calculations show that the electron
synergistic effect between Ruyp and Rugs can regulate the
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electronic structure of Ruynp—Ruga@CFN-800 and reduce the
Gibbs free energy of intermediate species during hydrolysis
dissociation, thus accelerating the hydrogen precipitation pro-
cess and achieving ultra-high current density.

In summary, the key factor for developing high current
density RMSACs is to optimize the kinetic processes by apply-
ing different regulatory techniques to facilitate the production
and release of crucial intermediates, decrease the free energy of
the rate-determining step, improve the intrinsic HER activity of
the catalyst, and consequently attain higher current density.

Rational design of RMSACs can improve their activity for
electrolytic hydrogen production at high current density. The
modulation strategies in essence modulate and improve Pt, Ru
and other active sites, thus optimizing the electronic structure
of the active sites, reducing the activation energy of the key
decisive speed step in the HER process, which is conducive
to the formation of intermediate products, and accelerating
the adsorption and detachment process of the reactants on the
catalysts. At the same time, reducing the destruction of the
ligand structure of the active sites as well as the integrity of the
carriers in a high current density environment allows RMSACs
to exhibit more excellent performance in the high current
density electrolysis process. However, due to the different
electronic structures of different active sites, the means of
modulation to enhance the performance of hydrogen produc-
tion from water electrolysis at high current density are not the
same. Meanwhile, the catalytic mechanisms occurring in the
active sites of the catalysts are also different due to the different
active metal elements, coordination structures and local envir-
onments. Therefore, it is even more necessary to rationally
design the rare-metal single atom catalysts to show the optimal
conformational relationship to adapt to the needs of hydrogen
production by water electrolysis at high current density under
different conditions.

5 Rational design of RMSACs under
seawater electrolysis conditions for
hydrogen production

Direct electrolysis of seawater has the potential to provide
clean, low-carbon hydrogen while also purifying seawater,
which is crucial for promoting and achieving sustainable
hydrogen energy. In recent years, scientists have made signifi-
cant efforts to advance the field of direct electrolysis of seawater
for hydrogen production.”**"”

Although the electrode reaction that occurs at the cathode
during the electrolysis of both freshwater and seawater is the
HER, there are significant differences in the HER processes
occurring in seawater electrolytes compared to those in fresh-
water. Firstly, unlike fresh water, seawater is compositionally
complex. Complex impurities and ions in seawater (Na*, Mg>",
Ca®", etc.) can lead to drastic changes in the pH of the electrode
surface, which results in the formation of precipitates such as
Ca(OH),, Mg(OH),, etc., and these precipitates can impede the
active sites of the electrodes, resulting in poor stability."”*8°
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In addition, impurity ions may affect the adsorption/desorption
behavior of reaction intermediates. High concentrations of
chloride ions lead to chloride corrosion at the anode, which
not only corrodes the electrodes, but also CI™ competes with the
oxygen evolution reaction (OER) of the electrolyzed water, further
inhibiting the electrolysis efficiency. Moreover, they can corrode
most catalysts and electrodes containing metal elements.'®"%*
Secondly, the catalytic materials are not stable under high
current density, strong alkali, and long-term operation condi-
tions. Furthermore, compared to other hydrogen production
technologies, seawater electrolysis is expensive, and it is cur-
rently difficult to achieve large scale electrolytic hydrogen pro-
duction at current electricity prices. Therefore, finding solutions
to the challenge of large scale green hydrogen production is key
to transforming the future energy structure and building a clean
and low-carbon energy system.'®>'8¢ Fortunately, the emergence
of RMSACs has opened up the possibility of direct seawater
electrolysis for hydrogen production.

5.1 Rational design of RMSACs to improve HER performance
in seawater electrolysis

The most direct way to increase HER activity is to optimize the
HER decisive step process on the active site. Therefore, it is
essential to design RMSACs to accelerate the slow kinetics of
HER and reduce the ultra-high overpotential of HER processes."®”
Pan et al.'®® developed an efficient catalytic material consisting of
single-atom Ru-N, sites and Ru nanoparticles anchored on
nitrogen-doped carbon (Ruy.nps/N-C) through the coordination
pyrolysis strategy of formaldehyde melamine resin (Fig. 10). The
HER performance of Ruy,nps/N-C has been shown to be excep-
tional in performance tests. Ru;,nps/N-C demonstrates an over-
potential of 375 mV at a current density of 10 mA ¢cm > and
maintains stability in natural seawater (yellow sea seawater, pH =
7.8) for 24 hours. In artificially simulated seawater, it shows an
overpotential of 58 mV and also remains stable for 24 hours. After
60 minutes of electrolysis, the Faraday efficiencies of Ruy.,nps/N-C
in natural seawater and artificial simulated seawater were found
to be 85.7% and 98.2%, respectively, displaying a noteworthy
improvement over commercial 20% Pt/C. Meanwhile, the com-
mercial 20% Pt/C failed to deliver comparable results. Subsequent
experiments showed that the strong synergistic effect between the
Ru-N; site and Ru nanoparticles changed the electronic structure
and accelerated the HER dynamics. Simultaneously, Ru nano-
particles can efficiently achieve the dissociation of H,O to
produce adsorbed hydrogen and may also facilitate the process
of combining adsorbed hydrogen atoms to form H, followed by
desorption from the single atom Ru-N, site, thus improving the
HER performance of the catalyst.

Through the use of DFT calculations, competitive coordina-
tion pairing (Ru-Ru bond) and single atoms (Ru-O bond)
between Ru clusters, Qian and his colleagues'®® were able to
redistribute charge between Ru and O atoms in the ZnFe,O,
unit while balancing the formation of the new Ru-O bond and
breaking of the ZnFe,O, bond. This leads to the production and
maintenance of individual Ru atoms, which boosts the binding
of water molecules and optimizes the energy required for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10

Synthesis, HAADF-STEM and HER performance of Ruynps/N—C. (a) Synthesis of Ruy,nps/N=C. (b) HAADF-STEM image. (c) LSV curve in seawater

and 1 M KOH. (d) FE in seawater and 1 M KOH.'88 This figure has been adapted/reproduced from ref. 188 with permission from American Chemical

Society, copyright©2022, American Chemical Society.

hydrogen adsorption (AGy-), resulting in significant HER activ-
ity at the Ru location. Meanwhile, Ru clusters contribute to the
rapid evolution of electrons and protons into H,. These units
share more free electrons to participate in the hydrogen
desorption process, optimizing proton adsorption and hydrogen
desorption. Based on this, the authors synthesized the Ruy ,~
ZnFe,0,~C catalyst. Thanks to the optimized coordination effect
and electronic synergy between Ru clusters and single atoms,
this catalyst exhibits excellent activity and stability in alkaline
and seawater media with overpotentials as low as 10.1 and
15.9 mV, exceeding benchmark commercial Pt/C catalysts. In
addition, it has significantly excellent mass activity, about 2 and
8 times higher than those of Pt catalysts in alkaline seawater
(1 M KOH + seawater) and real seawater media, respectively.

It is worth mentioning that seawater electrolysis is a series
reaction that includes the HER and OER, and the performance
improvement of the HER can reduce the voltage loss of the
whole electrolysis cell, thus reducing the energy consumption
of the whole seawater electrolysis process. Even if the OER is
the bottleneck step, optimization of the HER performance can
improve the performance of the whole system to a certain
extent, making the whole seawater electrolysis process more
efficient. For example, by optimizing the cathode catalyst and
design strategy, the electrical energy consumption can be
effectively reduced, thus improving the efficiency of the whole
electrolysis process. Efficient HER catalysts can accelerate
hydrogen production, allowing more electrons to participate

© 2025 The Author(s). Published by the Royal Society of Chemistry

in the OER at the anode, thus indirectly improving the effi-
ciency of the OER. Consequently, enhancing the HER activity is
essential for the widespread application of RMSACs in seawater
reactors. To design RMSACs for seawater reactors, it is crucial
to consider the HER performance in seawater. However, solely
focusing on HER activity is insufficient. To facilitate the large
scale application of RMSACs in seawater reactors, it is also
necessary to approach design from other perspectives.

5.2 Rational design of RMSACs to improve selectivity in
seawater electrolysis

In seawater electrolysis, the elevated Cl~ concentration in sea-
water causes it to move towards the anode due to the electric
field, where it experiences an oxidation reaction.'®° It has been
shown that the key to the problem of catalyst selectivity in
seawater electrolysis is the chlorine corrosion that occurs on
the anode.""** Immobilization of reactive metals in the form
of atoms on suitable carriers with optimized coordination
environments and electronic structures is the key to solving
the chlorine corrosion problems, such as unique coordination
structure of the active sites, interactions between the active
sites and carriers, etc. Therefore, rational design of RMSACs
to optimize the coordination environments and electronic
structures of rare metal atom centers and to increase the
reaction energy barriers of CIOR and CIER while decreasing
the OER activation energies of rare metal single-atom catalysts

EES Catal., 2025, 3, 32-56 | 45
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is an important idea to improve the selectivity of RMSACs in
seawater electrolysis processes.

Wu et al.'®® synthesized a self-supported Pt-CoFe(u) layered
double hydroxide (LDH) electrocatalyst using a self-assembly
synthesis strategy (Fig. 11(a)-(c)). The Pt nanocatalysts were
formed spontaneously by the oxidation of Fe*" in the self-
supporting CoFe(u) LDHs, without the need for external redu-
cing agents or environments. With overpotentials of 214 mV
and 15 mV at 10 mA cm™ >, respectively, the catalyst demon-
strated good performance in the OER and the HER in 1 M KOH.
Even at high current densities of 100 and 500 mA cm ?,
the catalyst remained stable for a minimum of 40 hours. In
addition, when integrated into a real seawater electrolysis cell,
the self-supported Pt-CoFe(un) LDHs required only 1.651 V and
1.858 V to achieve a current density of 500 mA cm ™2 in 1 M KOH
seawater electrolyte. The exceptional three-dimensional porous
structure of self-supporting Pt-CoFe(i) LDH and the synergistic
interaction between Pt clusters and CoFe hydroxide were the
major factors influencing both its superior catalytic activity and
improved chemical stability.

The study conducted by Wen et a reported the prepara-
tion of Ir single atom (Ir SA)-immobilized spinel Ni,Mn;_,0,
catalysts and screening of the best-performing catalyst, named
Ir;/Ni; ¢Mn, 40,4, for the OER in seawater (Fig. 11(d)-(f)). The
catalyst exhibited low overpotentials of 330 and 350 mV for
attaining 100 and 200 mA cm™ > current densities, respectively.
Moreover, under industrial operating conditions, the
assembled Ir;/Ni; ¢Mn, 40, and Pt/C electrode pair achieved
500 mA cm > with only 1.50 V battery voltage. Subsequent
experimental characterization and theoretical calculations have
demonstrated that Mn-based oxides may exhibit excellent
selectivity in alkaline electrolytes due to the surface polariza-
tion adsorption process of similar chloride ions. Moreover, the

l 196
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incorporation of Ir-SAs into the Mn-based oxide structure can
further enhance the OER activity by facilitating the adsorption
and activation of oxygen species on the catalyst surface. This is
due to the unique electronic and structural properties of Ir-SAs,
which provide highly active and stable active sites for the OER
process. The authors attribute the excellent OER activity and
selectivity of the catalyst in real seawater to the combined effect
of the Ni,Mn; ,0, structure and the Ir SAs, which promote
surface charge transfer kinetics and energy stable *OOH and
unstable chloride ion adsorption.

Improving the selectivity of RMSACs for OER processes is an
important means to enhance the hydrogen production rate of
seawater electrolysis. Additionally, it can increase the lifespan
of electrodes and decrease the formation of CER process
products. In summary, the OER process is equally crucial for
enhancing the rate of hydrogen production from seawater
electrolysis as the HER process. It is unreasonable to solely
focus on the HER activity of RMSACs while neglecting their
selectivity for the OER process.

6 Rational design of RMSACs under
long-term operation conditions for
hydrogen production

The aggregation of metal single atoms during long cycle
processes is the core issue that affects the stability of RMSACs.
When the size of metal active particles decreases to the atomic
level, their surface energy sharply increases, making single
atoms more likely to aggregate.'”” While N atoms can serve
as anchor points for stabilizing individual metal atoms, the
substrate of RMSACs can undergo corrosion over long periods
of operation.'”® 2% This may disrupt the M-Nx structure,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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leading to aggregation of single atoms and ultimately reducing
the stability of the catalyst. Significantly, poor long-term opera-
tion stability can increase the cost of catalyst synthesis and
usage, which is not conducive to the large scale application of
these catalysts in reactors. Therefore, designing RMSACs to
improve their long-term stability is crucial for enabling the
widespread adoption of RMSACs in long-term operation reac-
tors on a large scale.

6.1 Electronic metal-support interaction

The phenomenon of electron transfer between a metal and a
support causing electronic disturbance is termed as electronic
metal-support interaction (EMSI). Studies have indicated that
EMSI has a distinctive function in managing the distribution
and resilience of metallic particles, especially those metal
atoms that have a high surface binding free energy.>’**%
Therefore, the rational design of RMSACs and the incorpora-
tion of EMSI into them can effectively enhance the long-term
cycle stability of RM SACs. Kuang et al’’® utilized a SiO,
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template strategy to carbonize polydopamine (PDA) and pre-
pare N-doped mesoporous hollow carbon spheres/Pt single-
atom catalysts (Pt;/NMHCS) that possess a highly intercon-
nected 3D porous structure and high specific surface area
(Fig. 12(a) and (b)). In Pt;/NMHCS, isolated Pt atoms and
adjacent C/N atoms are combined through covalent bonds to
maximize the EMSI effect. Pt;/NMHCS exhibits excellent long-
term stability in the reaction, as evidenced by only a 3 mV
increase in overpotential after 3000 CV cycles at a current density
of 10 mA cm ™. SEM, TEM, and HAADF-STEM characterization
all demonstrate that Pt aggregation was not observed in Pt/
NMHCS before and after the reaction, unlike in 20 wt% Pt/C,
which showed significant Pt particle aggregation after the reac-
tion. Further experiments have shown that the stability of
Pt,/NMHCS comes from its powerful EMSI effect. Compared to
the feeble interaction between Pt and the carbon support
observed in 20 wt% Pt/C, the robust interaction between Pt
single atoms and NMHCS in Pt;/NMHCS induces substantial
electron transfer. Notably, this interaction effectively impedes
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the movement and clustering of Pt single atoms during the
reaction process. This is the reason why Pt;/NMHCS exhibits
excellent long-term stability.

6.2 Dual-atom site regulation

When two metal atoms combine to form a dual-atom site within a
SAC, their cooperation can have several beneficial effects.”**>"
Firstly, this cooperation can optimize the electronic structure of
the metal active site, thereby enhancing the activity of the catalyst
for processes such as the HER. Additionally, the presence of the
diatomic pair can induce the rearrangement of electrons around the
metal active site, leading to further improvements in stability.”**
Therefore, the stability of RMSACs in the HER process can be
enhanced by introducing a second metal single atom. Zhao et al.*®’
carried out research in which Pt-Ru dual-site SACs (Pt;Ru;/NMHCS-
ADAC) were synthesized using activated N-doped mesoporous
hollow carbon spheres (NMHCS-A) as a support (Fig. 12(c) and
(d)). They achieved remarkable performance in the HER by means
of rational design. The Pt;Ru;/NMHCS-A DAC showed outstanding
HER capabilities and had an overvoltage of just 22 mV when run at
a current density of 10 mA cm™>. Importantly, the Pt;Ru;/NMHCS-A
DAC demonstrated long-term stability. The overpotential increase
(1110) was only 3 mV after 10 000 cycles of CV. HAADF-STEM images
indicated that Pt and Ru atoms maintained isolation and did not
aggregate. In addition, the stability of the Pt;Ru;/NMHCS-A DAC in
acidic environments was verified by chronoamperometric testing.
Subsequent experiments demonstrated that the stable C;-Pt-Ru-N,
structure present in Pt;Ru;/NMHCS-A DAC facilitated strong inter-
actions between Pt and Ru. Electronic rearrangement occurred
around Pt atoms due to the presence of Ru atoms. This interaction
and electronic arrangement contribute to the excellent HER stability
observed for the Pt;Ru;/NMHCS-A DAC.

Rong and his co-workers**® developed Ru-Co diatomic cata-
lysts immobilized on N-doped carbon through a pyrolysis etching
strategy (Ru/Co-N-C) (Fig. 12(e) and (f)). The HER performance
tests demonstrated that Ru/Co-N-C achieved a current density of
10 mA cm™? in 1 M KOH with only 23 mV overpotential. Ru/Co-
N-C demonstrated outstanding durability during the process of
the HER, particularly. Chronoamperometric testing revealed that
Ru/Co-N—C displayed exceptional durability for 20 hours at —50
MA CMye, - and —100 MA cMlye, . In addition, the Ru/Co-N-C
catalyst proved to be successful in functioning as a stable compo-
nent of proton exchange membrane water electrolysis cells,
sustaining operations at a high current density of 450 mA cm™>
for a total of 330 hours. Subsequent experiments elucidated that
the introduction of the Co-N, site triggered atomic separation
structures and synergistic effects between the Ru-N, site and Co-
N, site. This induced electron rearrangement around the Ru-N,
site, enhancing the corrosion resistance and long-term stability of
Ru/Co-N-C during the HER process. These findings highlight the
significance of the Co-N, site in improving the performance and
durability of the Ru/Co-N-C catalyst.

6.3 Coordination environment regulation

In the process of preparation of RMSACs, the stability of metal
SACs for the HER can be affected by the bonding energy
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between the metal single atom and the ligand.>"” If the bonding
energy is low, the metal single atom should migrate on the
support material and eventually agglomerate to form particles,
leading to decreased stability of the SACs.>'®*!” A significant
research finding is that the M-Nx structure can play a bene-
ficial role in stabilizing metal single atoms (where M represents
a metal).”"®*>*> However, when considering an N-doped carbon
support, the nitrogen species can vary, including pyridine-like
nitrogen, pyrrole-like nitrogen, and quaternary nitrogen.>**>**
Each nitrogen type possesses different abilities to stabilize
metal single atoms. Generally, pyrrole-like nitrogen has been
identified as achieving optimal stability and activity for metal
single atoms. Therefore, it becomes crucial to optimize the
coordination structure of the active site of RMSACs through
rational design, aiming to achieve the pyrrole-like M-Nx struc-
ture. Zhang et al.**> conducted a comprehensive study investi-
gating the influence of different types of nitrogen (N) on the
stability of Pt SACs for the HER. The stability performance tests
revealed that Pt single atoms anchored with pyrrole-like N
exhibited the highest stability. In an accelerated degradation
test (ADT) with 5000 cycles, the current density of the Pt SAC
with pyrrole-like N was maintained at 88%. Subsequent inves-
tigations provided insights into how pyrrole-like N enhances
the stability of Pt single atoms at multiple levels. Firstly, the
introduction of pyrrole-like N induced more defects in the
carbon support. These defects not only enhanced the HER
activity of the catalyst but also stabilized individual Pt atoms,
reducing their aggregation caused by migration within the
support material. Secondly, the geometric effect of pyrrole-
like N facilitated stronger binding between Pt single atoms
and the pyrrole-like N groups. This enhanced binding helped
capture and inhibit the aggregation of Pt single atoms during
the catalyst synthesis process. Lastly, pyrrole-like N exhibited a
stronger binding affinity for Pt single atoms, resulting in a
more stable Pt-N bond. The overall improved stability of the
catalyst can be attributed to the increased stability of the Pt
single atom structure. The stability and long-term viability of Pt
SACs for HER applications can be greatly improved by introdu-
cing pyrrole-like N and optimizing the coordination structure.

6.4 Active site shielding/adsorption strategy

As previously described, impurities and ions in seawater can
lead to poor stability of the electrolysis process. Cl~ will be
adsorbed on the active site of the catalyst and compete with the
OER process, while the pH of the electrolyte will gradually
change as the electrolysis process proceeds, generating OH ™,
which then combines with the metal ions to form a precipitate
and prevents the electrolysis process from continuing. Therefore,
in addition to rationally optimizing the active sites, coordination
environments and local environments of the rare metal single-
atom catalysts to maintain the structural stability, inhibiting the
binding of CI™ to the active sites during the electrolysis process
or stabilizing the pH of the electrolyte in the vicinity of the
electrodes by altering the composition and structure of RMSACs
is another important strategy to improve the performance of
long-term electrolysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Sun et al.’” synthesized a Pt single atom catalyst (Pt-SA)
dispersed in ultrathin nickel-vanadium layered double hydro-
xide (NiV LDH) by a simple mixed-solvent preparation strategy.
Tests showed that Pt-SA/NiV-LDH exhibited excellent activity
and long-cycle electrolytic performance. In a simulated alkaline
seawater environment, Pt-SA/NiV-LDH required 130 mV and
215 mV to achieve industrial-grade current densities of 1000
and 2000 mA cm ™2, respectively, and could achieve a stability of
500 h at 500 mA ecm™ >, as well as exhibiting good chlorine
resistance. Subsequent studies have shown that, thanks to the
modification of the microscopic coordination environment of
Pt-SA/NiV-LDH, the optimization of the NiV-LDH carrier, and
the synergistic effect of Pt SA and NiV-LDH, Pt-SA/NiV-LDH is
able to have a shielding effect on CI™ in the electrolyte while
facilitating the adsorption and dissociation of the reaction
intermediates of *H,0, *OH, and *H and can stabilize the pH
of the electrolyte around the electrode and slow down the
deposition of Ca(OH),, Mg(OH), and other substances, thus
enabling Pt-SA/NiV-LDH to exhibit excellent long-term opera-
tion stability.

Chen et al®*® synthesized a Ru-Mn diatomic catalyst
(Ru/Mn-NiFe LDH) loaded onto NiFe LDH nanosheets. Tests
showed that Ru/Mn-NiFe LDH exhibited excellent perfor-
mance, requiring an overpotential of 44 mV and 210 mV to
achieve 100 mA cmgeo > for HER and OER processes in
alkaline seawater, respectively. What’s more, Ru/Mn-NiFe
LDH showed excellent activity and long-term operation sta-
bility in alkaline seawater, which was not only able to achieve
a high current density of 2000 mA cmgeo >, but also a
stability of more than 252 h at industrial current density.
In order to explain the source of the excellent activity and
long-term operation stability of Ru/Mn-NiFe LDH, Chen
et al. proposed a satellite shielding strategy. Specifically,
the presence of Mn single atoms introduces a large number
of Lewis acid sites, which are able to bind to OH™ generated
in situ at the cathode, slowing down the pH rise of the
electrolyte and inhibiting the generation of metal hydroxide
precipitates such as Ca(OH), and Mg(OH),. At the same time,
a large number of Lewis acid sites can rapidly replenish OH™
at the anode to isolate Cl, thus protecting the Ru single
atom active sites, which improves the activity and long-term
operation stability of Ru/Mn-NiFe LDH. At a high potential,
the effectiveness of the Cl™ shielding strategy may be greatly
reduced. Therefore, Duan et al.>*” improved the long-term
stability of RMSACs in seawater electrolysis through a
dynamic Cl™ adsorption process that occurs at the active
site. Specifically, Duan et al. synthesized an Ir single-atom
catalyst loaded onto CoFe-LDH (Ir/CoFe-LDH). During the
electrolysis of seawater, the interaction between the Ir SA
and CoFe-LDH enables the Ir SA to adsorb Cl™ from seawater,
resulting in the formation of a specific Ir-OH/CI coordina-
tion structure. This unique Cl adsorption state regulates the
electronic structure of the Ir active center, which greatly
improves the long-term operation stability of Ir/CoFe-LDH,
achieving excellent stability of more than 1000 h at a current
density of 400-800 mA cm 2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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7 Summary and outlook
7.1 RMSACs under high current operating conditions

Although RMSACs currently demonstrate excellent perfor-
mance in the laboratory for the HER, there are significant
challenges for their large scale applications in industrial HER
processes.””® In order to achieve authentic industrial production,
HER reactors must operate at industrial current densities exceed-
ing 440 mA cm™ > However, at such high current densities, most
RMSACs currently used face issues of poor HER performance
under real operating conditions. Firstly, many RMSACs face
limitations in achieving high current density due to factors such
as the active site of the metal, coordination environment, and
support. Secondly, under high current density, various side reac-
tions can occur on the catalyst surface, hindering the HER process
and leading to a decrease in catalyst performance. Continuous
improvement and the pursuit of higher performance reactor
catalysts are essential for addressing these challenges. It is worth
noting that several reports have confirmed that optimizing metal-
support interactions and interface effects, as well as using carbon
materials as stable supports, can lead to the synthesis of RMSACs
with high HER performance, even at high current densities.*****°
In conclusion, high current density electrolytic water reactors
require high-efficiency catalysts with excellent performance and
low price. Therefore, the development of RMSACs that can be
adapted to high-current conditions and their scalable and con-
trollable preparation technologies are of great significance for
large scale hydrogen production.

7.2 RMSACs for seawater electrolysis

The electrolysis of seawater for hydrogen production, which
does not rely on limited freshwater resources, is anticipated to
supplant current hydrogen production methods using water
electrolysis and is viewed as a viable solution for large scale
hydrogen generation. However, the complex composition of
seawater poses challenges as various ions and impurities can
affect the active sites of RMSACs, leading to catalyst poisoning
and deactivation. Additionally, the high concentration of chlor-
ide ions (Cl7) in seawater can compete with the OER at the
anode, hindering efficient hydrogen production through sea-
water electrolysis. Moreover, the precipitation of chlorine gas
(CL,) from the anode can cause electrode corrosion, damaging
the electrode and reducing the efficiency of hydrogen produc-
tion from electrolytic seawater.>*" Currently, strategies such as
electronic engineering, defect engineering, and interface engi-
neering have been reported to precisely regulate the atomic
orbital energy levels and electronic structures of RMSACs.
These approaches strive to improve the inherent activity and
self-sustainability of the catalyst. Nano-engineering techniques
are employed to construct nano-porous structures, increase
active sites, accelerate the mass transfer process, and improve
the seawater electrolysis performance of RMSACs.***** With
these advancements, it becomes possible to achieve seawater
electrolysis even under industrial current densities. Therefore,
the exploration and optimization of RMSAC structures are
essential for improving the seawater HER performance and
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catalyst selectivity, ultimately driving the advancement of the
seawater electrolysis hydrogen production sector.

7.3 RMSACs under long-term operation conditions

A thorough investigation into the deactivation mechanism of
RMSACs under actual working conditions can provide valuable
insights for the design of more stable catalysts. The stability of
RMSACs used for the HER is primarily evaluated in two aspects.
Firstly, it involves their stability during storage, which can help
reduce the costs associated with catalyst transportation. Sec-
ondly, the long-term stability of HER SACs under high current
density is crucial for the industrialization. The primary cause of
RMSAC deactivation during extended use is the aggregation
that occurs as single atoms migrate. Research has revealed that
when the particle size of active metals is reduced to the atomic
level, the surface free energy dramatically increases, leading to
the clear aggregation tendency of single atoms. Furthermore,
under high current density, the electrode experiences more
pronounced polarization, which affects the adsorption and mass
transfer processes of intermediates on SACs. This interference
severely impacts the activity and stability of the catalysts, limit-
ing their industrial applications.*** Recently, numerous reports
have successfully improved the stability of rare and precious
metal-based single-atom catalysts under high current densities
through rational design approaches. Investigating the long-term
stability of RMSACs and enhancing the HER activity under
prolonged operating conditions hold great significance in
achieving large scale industrial applications of these catalysts.

7.4 Application potential of non-rare-metal single atom
catalysts

Some non-rare metal single atom catalysts (NRMSACs, Fe, Co,
Ni, etc.) are also able to show better activity in the HER process.
Therefore, through the continuous efforts of scientists, there are
more reports on the application of NRMSACs for hydrogen
production from electrolyzed water.>*>**¢ Generally speaking,
compared with rare metals, non-rare metals have higher ele-
mental abundance and cheaper cost. At the same time, with the
discovery of new strategies for regulating the active sites, coordi-
nation structures, electronic structures and local environments
of non-rare metals, NRMSACs are sometimes able to exhibit the
same catalytic activity as the RMSACs. Consequently, NRMSACs
may be expected to replace RMSACs in the future, providing a
new idea for low-cost and high-efficiency hydrogen production
from electrolyzed water. However, there is still a long way to go
before this goal can be realized. The applications of NRMSACs
still have several key problems: (1) although the HER activities of
some NRMSACs are very good, the activities of most of the
NRMSAC:s still have a large gap compared with those of RMSACs,
and at the same time there are deficiencies in the stability and
selectivity and (2) currently, most of the studies on NRMSACs are
still in the stage of laboratory exploration, and the researchers’
understanding of the active sites and catalytic mechanism is still
unclear, which needs to be further explored. Overall, the devel-
opment of low-cost, high-activity, selective and stable catalysts is
an inevitable requirement for the realization of large scale
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electrolysis of water for hydrogen production. With continuous
research on RMSACs and NRMSACs, a complete set of high-
efficiency, cheap and green catalysts for water electrolysis will be
designed in the future, which will provide new possibilities for
the development of large scale hydrogen production by water
electrolysis.
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