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Exploring the properties, types, and performance
of atomic site catalysts in electrochemical
hydrogen evolution reactions

M. Nur Hossain, (2@ Lei Zhang, (2 *® Roberto Neagu® and Shuhui Sun*®

Atomic site catalysts (ASCs) have recently gained prominence for their potential in the electrochemical
hydrogen evolution reaction (HER) due to their exceptional activity, selectivity, and stability. ASCs with
individual atoms dispersed on a support material, offer expanded surface areas and increased mass
efficiency. This is because each atom in these catalysts serves as an active site, which enhances their
catalytic activity. This review is focused on providing a detailed analysis of ASCs in the context of the
HER.

understanding of their role in electrochemical HER processes. The introduction part underscores HER's

It will delve into their properties, types, and performance to provide a comprehensive

significance in transitioning to sustainable energy sources and emphasizes the need for innovative
catalysts like ASCs. The fundamentals of the HER section emphasizes the importance of understanding
the HER and highlights the key role that catalysts play in HER. The review also explores the properties of
ASCs with a specific emphasis on their atomic structure and categorizes the types based on their
composition and structure. Within each category of ASCs, the review discusses their potential as
catalysts for the HER. The performance section focuses on a thorough evaluation of ASCs in terms of
their activity, selectivity, and stability in HER. The performance section assesses ASCs in terms of activity,
selectivity, and stability, delving into reaction mechanisms via experimental and theoretical approaches,
including density functional theory (DFT) studies. The review concludes by addressing ASC-related
challenges in HER and proposing future research directions, aiming to inspire further innovation in
sustainable catalysts for electrochemical HER.
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1. Introduction

1.1. Background

Given concerns over climate change and environmental impact
from non-renewable fossil fuel consumption, exploring clean,
sustainable alternatives is crucial. Hydrogen, with its high
energy density, zero greenhouse gas emissions, and renew-
ability, stands out as a promising substitute.’ ® It can be either
directly burned as a fuel or utilized in fuel cells to generate
clean electrical energy.”** Most hydrogen production relies on
fossil fuels, causing issues like impurity, high costs, instability,
and low efficiency, undermining sustainability and depleting
fossil fuel reserves, while generating waste.'** Producing
green hydrogen through non-polluting and eco-friendly methods
is crucial. Electro-catalytic water splitting, utilizing electricity from
renewable sources, offers several advantages, including high
hydrogen purity, device simplicity, and renewability. Geothermal,
sea-wave, waterfall, and wind power are vital renewable energy
that can support electro-catalytic water splitting, thereby boosting
the production of green hydrogen.>*>° However, water electrolysis
is both energy-intensive and slow, requiring efficient electrocata-
lysts to lower activation energy and enhance conversion efficiency
in the cathodic reaction. Therefore, the use of efficient electro-
catalysts is crucial to reduce the overpotential and overcome
activation energy, enabling a cost-effective and energy-efficient
HER in water splitting processes. Fig. 1 illustrates the production
and utilization of hydrogen. Hydrogen can be synthesized through
water electrolysis powered by renewable energy sources and
facilitated by efficient electrocatalysts. The generated hydrogen
serves as a versatile green fuel, suitable for various applications
such as fuel cells, aircraft propulsion, industrial processes, house-
hold energy needs and energy storage solutions.

Ideally, an HER electrocatalyst should possess desirable
traits like low cost, ease of recycling, facile synthesis, high
durability, and robust activity across a broad pH range. While
Pt group metals (PGMs) are considered as benchmark catalysts
for HER due to their remarkable catalytic performance, their
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large-scale application is limited by drawbacks such as high
cost, natural scarcity, limited durability, and susceptibility
to poisoning. In contrast, non-PGM catalysts, such as Ir, Co,
Fr, Cu nanodendrites, Co-C;N,, Mo,C, Ni,P, MoS,/rGO
show significant potential for advancing sustainable energy
development.®>*” In this regard, various strategies have been
proven effective in enhancing the activity and stability of non-
PGM catalysts.***° These include introducing crystal defects to
enhance conductivity, increasing porosity for efficient charge
and mass transfer, promoting electrical contact between the
electrode and electrolyte, exposing abundant catalytic active
sites, and optimizing specific surface area. Furthermore, the
size of the metal plays a crucial role in determining its
physicochemical properties and subsequent electrocatalytic
performance.

1.2. The current status of traditional catalysts

In recent years, extensive research has focused on various earth-
abundant and non-PGM catalysts for HER, such as alloys,
chalcogenides, borides, carbides, phosphates, borophosphates,
phosphites, phosphides, phosphonates, and intermetallics,
and metal-free electrocatalysts.>®*° Despite significant pro-
gress, the catalytic performance of these materials still
requires improvement in both activity and stability. Transition
metal compounds, such as nitrides, sulfides, selenides, and
phosphides, have emerged as promising alternatives to pre-
cious metal catalysts for HER. Among these, transition metal
phosphides have attracted significant research attention due
to their unique metalloid properties and superior electro-
catalytic performance. Researchers are actively exploring their
potential as efficient catalysts for HER in water splitting
processes.”® Moreover, recent research has highlighted the
critical status of certain elements, considering their avail-
ability and usage in the electronic industry (Fig. 2).>! Elements
such as Zn, Ga, Ge, As, In, Te, and Ag are at risk of being
depleted entirely within the next 100 years. Additionally, Co
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Fig. 1 Illustration of sustainable green hydrogen (H,

and Cr are facing an increasing threat due to their growing
usage. Elements such as Li, Mg, P, Mn, Ni, and Cu are at
risk of limited availability, raising concerns about future
supply.’>*® These ‘endangered elements’ not only show
excellent electrocatalytic activity but also pose sustainability
challenges.

In response to these challenges, substantial research efforts
have been devoted to developing electrocatalysts using
advanced nanomaterials. The focus has been put on low-cost,
non-PGM alternatives, including transition metals, metal
alloys, core-shell structures, transition metal oxides, carbides,
nitrides, phosphides, dichalcogenides, borides, and metal-free
composite catalysts.>*®* Research efforts have explored various
synthesis protocols and approaches to enhance the intrinsic
activity of each active site and increase the number of active
sites for advanced HER catalysts. Studies have also investigated
the relationship between catalytic activity, morphology, struc-
ture, composition, and synthesis methods, aiming to optimize
the design and fabrication of nanostructured catalysts. Practi-
cal design strategies and advancements in nanostructured
catalysts offer significant promise for the development of
efficient and cost-effective electrocatalysts, propelling progress
toward a sustainable energy future. Specifically, the size of the
metal used as a catalyst significantly influences its physico-
chemical properties and electrocatalytic performance.®>®’
Reducing the metal size from the nanometer scale to the single
atom level not only enhances the geometric effect, maximizing
atom utilization, but also increases the surface-to-volume ratio
and active site concentration, both of which benefit HER
activity.®® Consequently, in recent advancements in electroca-
talysis, ASCs have gained increasing significance, particularly
for HER applications. The chronological progression of ASCs

This journal is © The Royal Society of Chemistry 2025

) production and utilization processes.

for HER showcases their journey from foundational concepts to
state-of-the-art technologies, propelled by advancements in
materials science, innovative synthesis techniques, and com-
putational methodologies (Fig. 3A).°°"®* Each atom in an ASC
serves as an active site, offering exceptional catalytic efficiency
and maximizing atom utilization, which in turn enhances both
catalytic activity and efficiency (Fig. 3B and C). Furthermore,
the precise atomic dispersion inherent to ASCs enables con-
trolled reaction environments, reducing energy requirements
(overpotentials) and improving selectivity towards specific reac-
tion pathways. Additionally, ASCs demonstrate remarkable
durability and stability during electrocatalysis. This robustness
is primarily due to the strong anchoring of individual atoms to
the support material, which effectively mitigates the risk of
atom aggregation or detachment under operational conditions,
thereby preserving the catalyst’s integrity and effectiveness.
However, it is important to note that reducing the size to the
atomic level does not always result in favorable changes to the
electronic structure for catalytic applications. While discrete
energy levels can replace the continuous energy spectrum, this
modification does not always lead to an enhancement in
catalytic performance. Computational quantum chemistry has
been integral in providing insights into the catalytic mechan-
isms involved in ASCs and their interaction with HER pro-
cesses. By investigating the relationship between catalytic
activity and physical properties such as morphology, structure,
and composition, researchers have been able to tailor the
design of ASCs for optimized HER performance. Despite these
advancements, transitioning to atomic levels introduces com-
plexities in the electronic structure that may not always be
beneficial for catalysis, highlighting the need for meticulous
evaluation of each ASC type. This refined understanding

Chem. Soc. Rev., 2025, 54, 3323-3386 | 3325
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Fig. 2 Aster plot depicting endangered element species and their potential applications as electrocatalysts for water splitting. Reproduced with

permission from ref. 51 Copyright 2022, Elsevier.

underscores the growing interest in metal-based ASCs as
potential candidates for electrocatalytic HER processes. The
discussions and findings presented in this review offer valuable
insights and open up possibilities for future breakthroughs in
ASCs development for HER.

2. Fundamentals of HER

2.1. Mechanism of HER

The electrochemical HER is a fundamental step in water
electrolysis, occurring at the electrode surface, where hydrogen
ions are reduced to produce hydrogen gas. Influenced by
factors like electrode material properties, electrolyte pH, and
applied potential, this complex reaction follows a two-step
process.*®#>% 1t involves the adsorption of hydrogen from a
hydronium ion (in acidic medium) or a dissociated water
molecule (in alkaline medium), followed by H, desorption.®>*”
The adsorption step forms crucial intermediate species on the
electrode surface, impacting the overall reaction. The reduction
step, influenced by the electrode material and environment, is a
key determinant of HER rate. It is a two-electron transfer reaction

3326 | Chem. Soc. Rev., 2025, 54, 3323-3386

that necessitates active catalysts to lower the energy barriers in
each step. The rate of HER is primarily determined by the
adsorption step, which is dependent on the surface area,
composition, and morphology of the electrode material. The
commonly accepted pathways for the HER involve the adsorp-
tion/desorption of a hydrogen intermediate (H*) through either
the Volmer-Heyrovsky or the Volmer-Tafel mechanism.®®*
The pathways for the HER under acidic and alkaline conditions
are shown in Fig. 4.9

The reaction pathway in the HER is determined by the Tafel
slope, obtained from a Tafel plot derived from the HER
polarization curve.’®°** A Tafel slope around 29 mV dec*
indicates a rapid and facile Tafel pathway, while a high density
of active sites favors the Volmer-Tafel mechanism.’* Conver-
sely, a low coverage of adsorbed hydrogen atoms leads to the
Volmer-Heyrovsky mechanism. However, the Tafel slope does
not solely represent the catalyst’s intrinsic activity and can
change with catalyst loading or hydrogen coverage.”>*® The
pH of the electrolyte plays a significant role, affecting the
solubility of hydrogen ions and the required reduction
potential. The use of acidic or alkaline electrolytes can enhance
HER performance by creating a favorable environment for

This journal is © The Royal Society of Chemistry 2025
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proton adsorption and reduction. The reaction pathways for the

HER in the acidic solution are represented as:**

Volmer step: H + e~ — H* (1)

This journal is © The Royal Society of Chemistry 2025

Heyrovsky step: H* + H' + e~ — H,

Tafel step: H* + H* — H,
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The HER in acidic media involves two distinct steps at the
active site of the electrocatalyst surface. In the first step, a
proton combines with an electron to form an adsorbed hydro-
gen intermediate, referred to as the Volmer step. Subsequently,
the second step occurs through either electrochemical
desorption, where the adsorbed hydrogen reacts with an elec-
tron and a proton to liberate H,, known as the Heyrovsky step,
or through chemical desorption, where two adjacent adsorbed
hydrogen intermediates undergo a chemical reaction to gen-
erate H,, known as the Tafel step. The asterisk (*) denotes the
active site on the electrocatalyst surface, where these reactions
take place. The reaction pathways for the HER in the basic/
neutral solution are represented as:*>

Volmer step: H,O + e~ — H* + OH™ (4)
Heyrovsky step: H,O + e~ + H* -> H, + OH™  (5)
Tafel step: H* + H* — H, (6)

The proposed reaction mechanism for the HER in alkaline
electrolyte can be described as follows. In the first step, known
as the Volmer step, a water molecule interacts with an electron
instead of a proton on the active surface of the catalyst,
resulting in the formation of an adsorbed hydrogen atom. This
introduces an additional step of water dissociation to generate
protons, which subsequently adsorb onto the active site. In the
second step, there are two possible pathways. The first is the
Heyrovsky reaction, where the adsorbed hydrogen atom reacts
simultaneously with a water molecule and an electron, leading
to the production of a hydrogen molecule. The second pathway
is the Tafel reaction, which involves the coupling of adjacent
adsorbed hydrogen intermediates, ultimately releasing Ho,.
These steps collectively contribute to the overall HER process
in an alkaline electrolyte. Understanding these mechanisms
is crucial for designing efficient electrocatalysts for HER
applications.

2.2. Role of catalysts

The efficiency of the HER is significantly impacted by catalyst
properties, including surface morphology, composition, elec-
trochemically active surface area, and the presence of active
sites. The surface area and composition of the catalyst material
directly influence proton adsorption rates and overall reaction
efficiency. Utilizing catalysts with larger surface areas and
specific compositions can enhance HER performance.>®°7 71
The Sabatier principle suggests that an optimal catalytic surface
should bind reaction intermediates neither too weak nor too
strong.'®> This principle can be quantified using calculated
or measured adsorption energies for relevant intermediates
at specific active sites on the surface. Fig. 5A illustrates the
relationship between theoretical adsorption energies and
experimental HER activity data for pure metal surfaces.'®®
The trends in measured HER activity can be explained by the
hydrogen binding energy (AEy) as a descriptor, determined
through density functional theory (DFT) calculations. Accord-
ing to this approach, the ideal electrocatalytic sites for HER
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Fig. 5 (A) Experimental HER activity in terms of exchange current density

(loglip)) for various metal surfaces against the calculated *H chemisorption
energy (AEn). The results of a simple theoretical kinetic model are also
depicted as a dotted line. (B) CVs and (C) RDE voltammetry for Cu
overlayer, Pt(111), surface alloy (SA), and NSA in Ar-saturated 0.1 M HCIOy,,
illustrating the correlation between HER activity and the position of Cu
atomic layers relative to the topmost Pt layer. Reproduced with permission
from ref. 107 Copyright 2016, Nature Publishing Group.

should bind *H slightly weaker (around 0.09 eV) than those
of Pd, Rh, or Pt. The electronic properties of metal surfaces can
be modulated through methods such as preparing bulk alloys
or selectively positioning atomic layers of solute metals at
the surface to form overlayers, surface alloys, or subsurface
alloys."®*'°® For instance, the pseudocapacitive behavior of
electrocatalysts plays a crucial role in the performance of the
HER because hydrogen typically needs to be adsorbed on the
electrocatalyst surface before the HER occurs.””'%” In this sense,
most potential HER electrocatalysts exhibit good pseudocapacitive

This journal is © The Royal Society of Chemistry 2025
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behavior in the hydrogen adsorption region. An efficient pseudo-
capacitor should desorb all the adsorbed hydrogen in the reverse
scan, maximizing its efficiency. While in an energy storage
system, adsorbed hydrogen is returned back to the electrolyte,
the HER is an irreversible process where the overaccumulation of
adsorbed hydrogen leads to hydrogen evolution. This similarity
between the HER and a hydrogen-based pseudocapacitor is
noteworthy. The adsorption of hydrogen, also known as under-
potential deposition of hydrogen, is a prerequisite for the HER,
making studies on the pseudocapacitive behavior prior to the
HER potential valuable for understanding electrocatalytic activity.
Comparing the pseudocapacitive behavior of Pt-based electro-
catalysts at positive potentials before the HER potential reveals
that ideal behavior, represented by a rectangular shape in cyclic
voltammograms (CVs), correlates directly with better HER electro-
catalytic activity and lower overpotential (Fig. 5B).” The pseudo-
capacitive behavior in the H adsorption potential region provides
crucial information about the electrocatalysts’ ability to efficiently
adsorb and desorb hydrogen with high coulombic efficiency,
indicating an appropriate H adsorption energy. The voltammo-
gram for near surface alloy (NSA) with 1 mL Cu initially
deposited shows significantly higher hydrogen evolution activity
than Pt(111) in Ar-saturated electrolytes, indicating clearer
activity trends with minimal experimental interference (Fig. 5C).
Additionally, examining the rate capability through CVs at differ-
ent potential scan rates offers insights into the HER rate
capability, characterized by the Tafel slope. Pseudocapacitance
investigation provides insights into the adsorption capabilities
of electrocatalysts without considering factors like gas evolu-
tion, mechanical perturbation, and the mechanical stability
of the electroactive film, which are involved in the harsh
conditions of the HER.”"'7108

The performance of HER is influenced by various surface
processes, which highlights the significance of electrocatalyst
morphology, even in well-defined catalysts like Pt."® Research
indicates that particle morphology, particularly at the nano-
scale, significantly impacts HER performance due to its effect
on surface properties and reaction dynamics."'"*?* This
impact is observed not only in traditional catalysts but also
in ASCs, where the local environment of the active sites can
profoundly affect activity. Consequently, defect engineering has
emerged as a highly promising approach for improving HER
performance, potentially offering greater benefits than simply
enhancing morphology to increase the availability of edge sites.
Precisely manipulating of these defects can optimize the den-
sity and functionality of active sites, directly boosting electro-
catalytic activity. This approach aligns with findings that
electrocatalytic performance is closely related to the number
of accessible and efficient active sites, which can be strategi-
cally increased through targeted defect engineering within the
catalyst structure.’*®''* Furthermore, the high surface area and
excellent electrical conductivity of the catalysts contribute to
enhanced HER performance.'*>''® Increasing the electro-
chemically active surface area (ECSA) of catalysts can lead to
an increase in the current density of the HER. Studies on metal-
based HER catalysts such as Cu, Ag, and Au nanodendrites

This journal is © The Royal Society of Chemistry 2025
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(NDs) have shown that higher ECSA correlates with higher HER
activity.*>'*”"*® For instance, Cu NDs demonstrated a signifi-
cantly higher double-layer capacitance (12.6 mF cm %) com-
pared to Cu wire (0.043 mF cm™?) (Fig. 6A and B). Similarly, Ag
NDs exhibited a much higher current density and approxi-
mately 10 times higher ECSA compared to Ag wire (Fig. 6C).
The synthesized Au NDs also showed a high ECSA (826.17 mC)
compared to polycrystalline Au wire (5.06 mC).**® The superior
catalytic activity of Au NDs was confirmed by their higher
current density (10 mA cm™?) at a lower overpotential (67 mV)
compared to Ag and Cu NDs (Fig. 6E and F). These findings
suggest that the increased ECSA contributes to the enhanced
HER performance of the synthesized Au NDs. The presence of
abundant O vacancies and Mn®" active sites in ultrathin MnO,
nanosheets has been found to significantly enhance the
HER activity by promoting conductivity and favorable H'
adsorption.'""*° Additionally, the introduction of boron into
the N-doped graphene matrix, forming borocarbonitrides
(BLC,N;), has been shown to further enhance electron transfer
by modulating the band structure and increasing the number
of active sites BC,N; and B,CsN;.'>>**! The core-shell structure
with multiple active sites has also been identified as a key factor
contributing to the high catalytic performance of HER in
alkaline media."** Therefore, key descriptors, including Gibbs
free-energy changes (AGy) value, exchange current density,
overpotential, faradaic efficiency, ECSA, mass activity, turnover
frequency, and stability, are commonly employed to evaluate
the overall performance of HER.

3. Properties of ASCs

3.1. Atomic structure of ASCs

ASCs offer great potential for the efficient use of metal
resources and achieving atomic economy. With identical active
sites, ASCs enable selective catalysis of specific reactions.
Furthermore, they exhibit remarkable atom utilization effi-
ciency, approaching a 100% utilization rate. This enhances
catalytic activity per atom while reducing the consumption of
metal resources.'**'** However, while ASCs present a see-
mingly simpler structural model, characterizing their active
sites introduces significant challenges. These sites are often
stabilized by surface defects on supports, such as carbon, metal
oxides, or other inorganic materials, complicating direct obser-
vations of their atomistic structures. Unlike traditional metal-
based catalysts, ASCs require sophisticated characterization
techniques. Methods such as high-angle annular dark-field
scanning transmission electron microscopy, X-ray absorption
spectroscopy, and advanced computational modeling are cru-
cial for uncovering the atomistic details of ASCs. These techni-
ques help elucidate the structures of ASCs, enhancing our
understanding of their relationship with catalytic performance.
The isolated nature of the metal atoms in ASCs allows for a high
surface area to volume ratio, leading to their high activity in
catalyzing reactions. Moreover, ASCs exhibit unique adsorption
properties due to their discrete electronic structure, offering
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highly tunable and selective adsorption of reactive molecules
like H". By customizing the coordination environment and
substrates, the adsorption behavior on ASCs can be precisely
controlled, which will positively influence the catalytic selec-
tivity and activity. The electronic structure of ASCs, influenced
by factors such as electronegativity and ionic radius, directly
impacts adsorption behavior and catalytic performance. DFT
calculations play a crucial role in predicting atomic-level prop-
erties and catalytic mechanisms of ASCs, allowing for a deeper
understanding of their catalytic behavior. By leveraging DFT
calculations, the entire reaction cycle, energy barriers for each
elementary step, and the electronic structures of active sites can
be analyzed, unveiling the structure-performance relationship.
Computational modeling using DFT calculations has exten-
sively contributed to the study of ASCs, revealing explicit

3330 | Chem. Soc. Rev, 2025, 54, 3323-3386

insights into the reaction processes.'”>'*° The adsorption

patterns of Pt single atoms on the C12A7 support are investi-
gated through initial DFT calculations, focusing on the ener-
getics of various adsorption models. Four distinct adsorption
sites near a cavity structure on the C12A7 (001) surface are
analyzed, along with the corresponding adsorption energies
(E.qs) of these anchored Pt single atoms (Fig. 7A-C)."*° Position
3 emerges as the most stable, boasting an E,qs of —9.53 eV,
significantly surpassing the cohesive energy of bulk Pt (—5.85 eV).
This underscores the thermodynamic stability of the anchored Pt
single atom against sintering, preventing aggregation and the
formation of Pt nanoparticles.’*"** The formation of Pt dimers
and trimers is ruled out due to elevated dimerization and
trimerization energies. In configuration 3, the Pt single atom is
ensnared in the middle of a cavity by two exposed oxygen ions,

This journal is © The Royal Society of Chemistry 2025
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representing a unique arrangement compared to other positions.
The surface cavity with unsaturated oxygen ions of C12A7 is
identified as providing a distinctive structure for securely confin-
ing the Pt single atoms. Consequently, the theoretical modeling
suggests the potential fabrication of thermally stable, atomically
dispersed Pt on the surface of C12A7.'3%73°

In a study conducted by Wang et al., a rational description
was developed to understand the structural stability and cata-
Iytic activity of ASCs."*> The researchers demonstrated that the
partial electrons, represented in purple, with the same orbital
symmetry as the substrate atoms could chemically bind to
them, resulting in a loss of catalytic ability. By adjusting the
relative positions between the active atom and the substrate,
the distribution of free electrons near the Fermi level could be
tuned to simultaneously optimize stability and catalysis, as
depicted in Fig. 7D and E. The competitive distribution of free
electrons near the Fermi level was identified as a crucial factor
that should be considered when optimizing both the structural
stability and catalytic activity of ASCs. Experimental synthesis
of ASCs for various reactions has demonstrated their tremen-
dous potential in catalysis."**"***> The process for preparing the
single-atomic Pt-loaded C12A7 catalyst is depicted in Fig. 7F."*°
The Pt/C12A7 catalyst was synthesized using a simple wet
impregnation method with K,PtC;, as the precursor. C12A7,
possessing a lattice framework with a positive charge [Ca,,Al,5064]",
has its positive charge balanced by anions within subnanometer
cages. Upon reduction, the atomic Pt species are expected to be
directly anchored to the surface cavities of C12A7, as predicted by

This journal is © The Royal Society of Chemistry 2025

the DFT results (Fig. 7A-C). Despite their exceptional catalytic
performance, the intrinsic factors governing ASCs’ activity remain
unclear. Optimizing the atomic structure of ASCs, including the
arrangement of atoms within the catalyst material, is crucial
for enhancing their catalytic performance. This can be achieved
through careful selection of metal atoms, support materials, and
synthesis methods, allowing for precise control over properties
such as electronic structure and reactivity. A comprehensive
understanding of the atomic structure of ASCs is essential for
maximizing their catalytic performance in specific applications.
The study of Co ASCs reveals how charge density and changes in
electronic structure, due to interactions between active sites,
significantly influence their properties and optimize structural
performance.'*® Fig. 7G illustrates the variation in charge dis-
tribution across different densities of Co,-N;O,; sites on the
catalyst’s support. With an increase from one to four Co;-N;0;
sites, there is a noticeable enhancement in charge connectivity
across the support, facilitating a redistribution of charge. This
effect is quantitatively supported by Bader charge analysis, which
indicates a decrease in the average charge transfer from Co atoms
as the density of Co;-N3;O; sites increases. This observation
aligns with the results from XAFS and XPS, confirming that the
electronic structure of Co atoms is adjustable through charge
redistribution in densely populated arrays. Further, the analysis
extends to the impact of local coordination environments on the
catalytic performance of metal ASCs."*”'*>'** As demonstrated
in Fig. 7H, four distinct Fe ASC configurations Fe;-C;, Fe;—Cy,
Fe;-N3;, and Fe;-N, were examined for their adsorption
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characteristics with various reactants.'*”

The adsorption ener-
gies varied significantly across these sites, with strong chemi-
sorption observed for O,, NO, SO,, and SO; on Fe,-Cs, Fe;-Cy,
and Fe;-Nj sites. This indicates potential sulfur poisoning at
these sites due to the stable chemisorption of SO, and SO;.
In contrast, the Fe;-N, sites exhibit weak physical adsorption
for SO, and SO; (E.qs < —0.5 eV), while maintaining robust
chemisorption for O, and NO. This selective adsorption beha-
vior suggests that Fe;-N, sites could be particularly resistant
to sulfur poisoning, favoring the adsorption of NO and O,. Such
findings underscore the importance of tailored site configura-
tions in optimizing the catalytic efficacy and selectivity of
ASCs, guided by both experimental findings and theoretical
predictions.

3.2. Unique properties of ASCs for HER

The performance of HER catalysts is influenced by the chemical
nature and density of active centers. To address challenges in
reaction kinetics and stability, it is crucial to develop HER
electrocatalysts that can tune surface chemistry through altera-
tions in electronic structure, morphology, composition, and
porosity/active surface area.”'**™'*” ASCs exhibit distinct char-
acteristics compared to cluster catalysts and nanoparticle
catalysts.’*®%° The surface of ASCs, including atoms at defect
sites, edges, and vertices, plays a crucial role in influencing
catalytic reactions. Downsizing nanoparticles and increasing
the number of undercoordinated surface atoms have been
employed to enhance catalyst efficiency. The smaller size,
structural effects, and coordination environment of ASCs con-
tribute to their promising physicochemical properties. Since
their introduction in 2011, ASCs have gained momentum,
particularly in the electrocatalytic sector."” ASCs offer excellent
atom utilization and unique size quantum effects, generating
interest in catalysis and chemical transformations. The devel-
opment of a flexible and simple synthesis approach that
modifies the interaction between metal centers and supports
can be used to tune the inherent features of ASCs.'>"'%?
However, key challenges in HER electrocatalysis for ASCs
include precise control over the local structure of single-
atomic sites and increasing the density of active sites. Rational
design of atomic structures greatly influences their intrinsic
activity, affecting the activation and adsorption of reactants.
Increasing the metal loading of ASCs can significantly boost the
density of active sites and related mass activity."*”***

The chemical properties of ASCs are determined by the
specific element used. Tailoring the electronic properties and
structures of ASCs enables effective control over adsorption
behavior during the HER process and, consequently, catalytic
activities.”>®'>* DFT calculations have been employed to sys-
tematically investigate the HER performance of various single
transition-metal atoms implanted in phosphorus carbide
monolayers, revealing a volcano-shaped relationship between
Gibbs free energy for hydrogen adsorption and HER activity
(Fig. 8A)."> The coordination environment also profoundly
influences the catalytic performance of ASCs.®*"*'>” Deter-
mining the optimum coordination scenario can be challenging
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158 The achieve-

due to the diverse range of ASCs and supports.
ment of advanced catalytic activity and stability in ASCs relies
on secure and close interactions between the SAs and coordi-
nating atoms on the support. The adjustment of coordinating
atoms is as critical as the variation of metal atoms, as it can
influence the electronic structures of HER catalysts. Coordinat-
ing atoms such as C, N, O, S, P, and B are commonly used in
conjunction with carbonaceous materials and defective metal
oxides/sulfides to modulate the electronic properties.'3%*>9:16°
ASCs dispersed on carbon-based materials, such as graphene,
graphdiyne, or graphitized carbon, have shown promise as
hybrid nanocatalysts for various applications.'®* Metal-carbon
coordination, formed between transition metal like Ni or Fe
and carbon materials, contributes to improved electrochemical
HER activities."®>'%* Defective sites on carbonaceous materials
act as anchoring sites for ASCs, providing unique electronic
structures that enhance catalytic activity. For example, Ni ASCs
on nanoporous graphene demonstrated excellent HER perfor-
mance due to stable coordination between Ni ASCs and carbon
atoms on the support.'® N-coordinating ASCs, prepared
through the straightforward process of N-doped carbon materi-
als, have also been extensively studied.'®®*®® The electronega-
tive N atoms possess lone-pair electrons that can bond with
the empty d-orbitals of transition metals, offering stable and
abundant anchoring sites on carbon materials without SA
aggregation.””®'”! Theoretical studies utilizing DFT calcula-
tions have explored the relationship between TM-N coordina-
tion and N-doped graphene (NG) supports in terms of HER
activity. Screening the performance of transition metal (TM)-
based ASCs (TM = Co, Cr, Fe, Rh, and V) supported on NG,
Hossain et al. calculated the respective Gibbs free energy
change (AGy) values."’”'”*> Among the tested samples, Co-
based ASCs showed high promise for HER, with a calculated
AGy of +0.13 eV in a four N atoms-coordinating model.
Sredojevic et al. conducted a computational search for efficient
ASCs by embedding TM atoms into monovacancies of graphene
and hexagonal boron-nitride (h-BN) structures.'”® Point defects
were employed to stabilize the metal adatoms and prevent their
aggregation into larger clusters. The efficiency of these catalysts
was evaluated based on their ability to adsorb hydrogen atoms
and facilitate their recombination into H, in a thermodynami-
cally neutral manner. By modelling the critical steps of the HER
using nine different metal adatoms embedded in three-point
defects of graphene and h-BN, they identified several ASCs with
nearly flat potential energy landscapes for HER, comparable to
or even more favourable than those found on Pt surfaces. In the
study of ASCs for HER, the recombination of H atoms into a
molecule plays a crucial role. ASCs capable of catalyzing HER
should accommodate one or two H atoms, depending on the
reaction mechanism. The initial step involves the chemi-
sorption of the first H atom, and adsorption geometries are
categorized as Al and B1, depending on the H coordination
number (Fig. 8B-H). The A1 geometry corresponds to H bind-
ing solely to the metal atom, while the B1 configuration
represents a bridge site between the metal adatom and the
neighbouring surface atom. The binding of an H atom to the

This journal is © The Royal Society of Chemistry 2025
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(A) Relationship between theoretical overpotential (74egr) and the hydrogen adsorption free energy of transition metals. Reproduced with

permission from ref. 155 Copyright 2021, Elsevier. (B) Adsorption configurations for one H atom and (C) two H atoms at ASCs. H and metal atoms are
shown as small yellow and large blue spheres, respectively, with gray spheres representing surface atoms and distances indicated by dy_m and dy_s.
(D) Atomic structures of graphene and h-BN with missing atoms, denoted by light blue, reddish-brown, and blue spheres for C, B, and N, respectively.
(E) Correlation between electronic band gap and adsorption energy of an H atom on pristine (orange circles) or preadsorbed (blue squares) metal
adatoms at VN; (F)—(H) similar correlation for three ASC groups, highlighting changes in H binding from the first to the second chemisorbed H at metal
adatoms with arrows. Reproduced with permission from ref. 173 Copyright 2020, American Chemical Society.

metals attached to certain defects is found to be weak and
unfavourable, except for Os at VC and Ru, Os, and Pt at VB.
The majority of the studied metals exhibit higher reactivity
when attached to VN than VC or VB, indicating stronger metal
binding at the former two defects (Fig. 8D). The ability of ASCs
to simultaneously adsorb two H atoms and their binding
energies are also analyzed. Among the metals attached to
VC, only Os can accommodate two H atoms, but the binding
is weaker compared to Os attached to VN. Pd and Pt at VB
strongly bind two H atoms, but one of the hydrogen atoms
adsorbs to the neighbouring B atom, leading to a large
separation that necessitates high energy barriers for recombi-
nation. The simultaneous binding of two H atoms to other
metal atoms embedded into VC and VB is weak. Thus,
the study primarily focuses on ASCs where the metals are
attached to VN when investigating the Volmer-Tafel (VT)
mechanism of HER. The H adsorption energies of the studied
ASCs reveal that most of them exhibit stronger binding for

This journal is © The Royal Society of Chemistry 2025

the first hydrogen atom compared to the second one. Fe, Ru,
Os, Co, Ni, Pd, and Pt adatoms attached to VN exhibit
band gaps ranging from 2.1 to 3.3 eV and favourably bind
the first H atom (Fig. 8E). Metal atoms with preadsorbed
H demonstrate larger band gaps, resulting in weaker binding
of additional H atoms. Fe, Ru, Os, and Co show modest
increases in band gaps but can still accommodate two
H atoms and facilitate the VT type of H, recombination.
However, preadsorbed H significantly increases the band gaps
of ASCs based on Ni, Pd, and Pt, making the binding of the
second H unfavourable for Pd and Pt and less disadvanta-
geous for Ni. ASCs based on Rh and Ir have their unique
characteristics, with large band gap values rendering the
binding of the first H atom unfavourable. However, the
presence of the H adsorbate decreases the band gaps and
enables stronger bonding of the second atom. Nevertheless,
the overall H binding in these ASCs remains weaker than that
in the free H, molecule.
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4. Advancement of ASCs

4.1. Recent emergence of ASCs

The size of metal particles plays a crucial role in determining
catalyst performance. Specifically, the specific activity per metal
atom increases as the particle size decreases, mainly because
smaller particles expose more metal atoms with unoccupied
coordination sites on their surface. These under-coordinated or
low-coordinated metal atoms are often highly reactive and serve
as active sites for catalytic reactions."””*'”® However, as metal
particles decrease in size, their surface free energy increases,
which promotes the aggregation of small clusters or nano-
particles. To prevent aggregation, researchers employ various
strategies to mitigate this issue. By carefully controlling synth-
esis conditions and employing support materials, it’s possible
to harness the enhanced reactivity of small metal nanoparticles
while minimizing aggregation, thereby optimizing their cataly-
tic performance. Practical supported metal catalysts, however,
are typically heterogeneous in the size and distribution of metal
particles on the support material, consisting of a mixture of
metal particle sizes ranging from nanoparticles to subnano-
meter clusters. This heterogeneity not only reduces the effi-
ciency of metal atom utilization but also often results in
undesired side reactions, posing challenging to identify and
control the active sites of interest. ASCs represent the ultimate
size limit for metal particles, consisting of individually dis-
persed metal atoms anchored on support materials. ASCs
maximize the efficiency of metal atom utilization, particularly
important for supported noble metal catalysts.®* Furthermore,
ASCs offer great potential for achieving high activity and
selectivity due to their well-defined and uniform single-atom
dispersion. One of the main advantages of ASCs is their high
mass efficiency, with nearly 100% catalyst utilization, as every
atom serves as an active site. This characteristic can lead to
significant cost savings compared to traditional catalysts. Addi-
tionally, ASCs feature a well-defined and specific atomic struc-
ture, which enables high selectivity toward the adsorption and
desorption of certain intermediates during catalysis, thereby
improving both reaction efficiency and selectivity. Moreover,
ASCs offer higher uniformity of active sites compared to nano-
particles, leading to improved performance.”®"®' Conse-
quently, ASCs have emerged as highly efficient and tunable
catalysts for energy conversion and storage applications.
Despite these advantages, ASCs face several challenges, includ-
ing the complexity of their synthesis. The process involved are
intricate, requiring precise procedures to ensure the stability
and dispersion of single atoms on supports. These steps are
technically demanding and crucial for achieving consistent
catalytic performance. Additionally, the aggregation of single
atoms into nanoparticles, particularly when using transition
metal oxide supports, can hinder effective electron transfer and
lead to instability under harsh environments."®*'%* Although
theoretical understanding of ASCs has advanced, it still lacks
complete clarity regarding the dynamics and interactions at the
atomic level during catalysis. This knowledge gap hinders the
ability to reliably predict and enhance catalyst performance.
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Furthermore, reproducing these catalysts with consistent qual-
ity and activity across different research settings and scaling
them for commercial use, remains a significant challenge.

Recent advancements have significantly enhanced the design
and application of ASCs for electrochemical HER.'***%” However,
due to high surface free energy, specially under harsh synthesis
and reaction conditions of HER, the rapid diffusion and agglom-
eration of isolated single atoms on support materials are the
most critical challenge that ASCs are currently facing. This
agglomeration process diminishes the catalytic efficiency and
stability of ASCs in HER. In recent years, substantial progress
has been made to address this issue. For example, nitrogenized
carbon materials with high conductivity and surface area have
been explored as effective supports. These materials provide
strong anchoring sites for single atoms and facilitate electro-
nic structure modulation, thereby enhancing the stability and
performance of ASCs.'®* Another effective strategy involves
exploring innovative support materials, including metal-
organic frameworks (MOFs), MXenes, metal dichalcogenides,
advanced carbon-based supports, and metal oxides. These
supports stabilize isolated single atoms, preventing aggregation
and enhancing electrocatalytic performance.®®'#¥'°° They
offer numerous anchoring sites for single atoms and can be
engineered to increase metal loading, thereby influencing the
catalytic activity and selectivity of the active metal centers in
ASCs. Modifying these supports can adjust the electronic and
geometric structure of the catalysts through metal-support
interactions, significantly enhancing their efficiency and
selectivity,1,20:14%:153,19L192 AGCg are primarily distinguished by
the type of central metal atom, such as iron, copper, nickel, or
platinum, plays a crucial role in determining their catalytic
behavior and potential applications.’®*'** The active site of a
ASC is typically characterized by its coordination environment,
which includes the number and type of neighboring atoms
bonded to the central metal. This environment significantly
influences the electronic structure of the metal atom and, in
turn, its reactivity.'*>'°® For instance, iron atoms coordinated
with nitrogen in a graphene matrix can exhibit distinct catalytic
properties compared to those coordinated with carbon in a
MOF structure.'”'*® Moreover, the specific arrangement of
these neighboring atoms - whether forming a square planar,
tetrahedral, or octahedral geometry - can significantly impact
the catalyst’s effectiveness and selectivity.'”® These advance-
ments have not only deepened the fundamental understanding
of catalytic mechanisms at the atomic level but have also
enabled the design of ASCs with tailored electronic structures
for enhanced HER activity.

4.2. ASC synthesis strategies

Various synthesis approaches, such as wet-chemistry, atomic
layer deposition (ALD) and electrodeposition, have been uti-
lized to design ASCs with different metal atoms, aiming to
enhance catalytic activities and stabilities for the HER.>%*2
The wet impregnation method, for example, is effective and
does not require specialized equipment, making it suitable
for large-scale production.’*® However, it has limitations in

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00333k

Open Access Article. Published on 21 February 2025. Downloaded on 5/2/2026 10:31:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

achieving high metal loading. High-temperature pyrolysis
methods, conducted under a protective atmosphere, have been
widely employed for synthesizing atomically dispersed materials
by decomposing selected precursors. These methods have been
utilized to obtain ASCs from various precursors, including carbon
sources, doped/coordination atoms, and metals."**?*”>'° For
example, MOFs and MOF-derived materials have been explored
as precursors in pyrolysis processes. Beyond serving as precur-
sors, MOFs also act as support materials in the MOF-derived
method, enabling the synthesis of efficient ASCs. While MOFs
typically suffer from low electrical conductivity, recent advance-
ments have demonstrated their potential as electrocatalyst
supports.>»?2 The thermal transformation of MOF templates
through pyrolysis leads to the stabilization of target single
atoms on a heteroatom-doped carbon support. The presence
of numerous organic linkers in MOFs provides potential
anchoring sites for metal atoms, preventing their aggregation.
MOFs offer unique characteristics such as tunable porosity,
high surface area, structural diversity, and adjustable function-
ality, making them suitable for producing various functional
ASCs.*'*?1° The use of conductive MOFs or hybrid structures
combining MOFs with conductive materials, has shown
improved electrocatalytic performance. For instance, the pyro-
lysis of Fe-containing MOFs resulted in the synthesis of Ni ASCs
within MXene sheets. Additionally, the intercalation of Fe-MOF
through a simple sonochemical method successfully produced
a hybrid architectural framework of MXene and MOF, with
Ni atoms coordinated on the MXene support (Fig. 9A and
Fig. 10A), demonstrating excellent HER activity (Fig. 10B).>*°
Pyrolysis, particularly on nitrogen-doped carbon support, is a
versatile and widely adopted technique for ASC preparation.
Although the high temperature in pyrolysis can lead to metal
aggregation, additional acid leaching can be applied to selec-
tively remove redundant metal nanoparticles without affecting
the anchored single metal atoms. These synthesis strategies
have successfully yielded a range of ASCs, including both non-
noble metal-based and noble metal-based ASCs.>*'>**

ALD technique has been employed to synthesize catalyst
materials with precise control over size, composition, morpho-
logy, and structure, including nanoparticles, nanoclusters and
ASCs.”?***! In one method, Pt ASCs were obtained by reacting
oxygen atoms on graphene nanosheets with a platinum pre-
cursor in a two-step ALD cycle.>** The size and loading weight
of Pt ASCs could be adjusted by changing the number of ALD
cycles. Similar approaches were used to prepare Pt ASCs on
nitrogen-doped carbon nanosheets (Fig. 9B and Fig. 10C) and
exhibited superb HER activity (Fig. 10D).”>® Another strategy
involved utilizing ALD to produce Pt ASCs and Pt nanoparticles
supported by nitrogen-doped graphene nanosheets, as well as
Pd catalysts and Pt, dimers on graphene.**%*** Although ALD
technique enables the growth of noble metal ASCs, such as Ru,
Pt, and Pd, on various substrates, it suffers from low yields,
high equipment and precursor costs, which limit its wide-
spread application.>*****??> Electrochemical deposition is a
widely used method to modify material surfaces. It offers
advantages such as adjustable particle size, deposition on
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the outer surface of the substrate for better exposure of active
sites, and fast, scalable, controllable, and efficient fabrication.
However, non-uniform plating can be a drawback in some
cases. Studies have successfully fabricated atomically dispersed
Pt atoms on single-walled carbon nanotubes (SWCNT) and CoP
nanotubes supported on Ni foam using electroplating and
potential-cycling methods, respectively.”*>*°* Vacancies in the
material can also stabilize single metal atoms during the
electrochemical process.”****” The cathodic reduction method
allows for the reduction of various metal ions. For example, Pt
atoms can be dissolved from Pt anodes and redeposited onto
cathodes. Pt ASCs supported on CoP nanotube arrays have
demonstrated high electrocatalytic activity for the HER process.
Similarly, Pt ASCs on SWCNT and ASCs of Ni and Fe have been
obtained through simple electroplating and electrodeposi-
tion methods, respectively.'®*?°> Ir ASCs were deposited on
Coy gFe ,Se,@Ni foam support using electrochemical deposi-
tion, while Pt ASCs were prepared on graphite carbon paper
(CP) through a controllable electrodeposition approach (Fig. 9C
and E) and exhibited higher HER activity compared to com-
mercial Pt/C catalyst (Fig. 10F).>*” Various alternative methods
have been explored for synthesizing ASCs, including hydrother-
mal and photochemical reduction. Bao’s group achieved Pt
ASCs on MoS, through hydrothermal reduction, improving
their performance.”* Iced photochemical was used for reduc-
tion to avoid metal atom aggregation and successfully deposit
Pt, Au and Ag ASCs on various substrates, respectively.”*®> Pd
ASCs were synthesized on ultrathin titanium oxide nanosheets

using room-temperature photochemical reduction by Zheng’s
238

group.

Covalent organic frameworks (COFs) are increasingly uti-
lized to synthesize ASCs for the HER due to their distinctive
properties. These frameworks offer nanoscale pore structures,
stable periodic arrangements, abundant coordination sites,
and a high surface area, making them ideal for hosting catalytic
active sites. Their robustness and environmentally friendly
nature, along with resistance to a broad pH range, further
enhance their suitability as electrocatalysts. Additionally, the
ability to customize COFs enables precise control over the
coordination environment, which significantly influences
the catalytic behavior of the hosted metal atoms. This adapt-
ability allows for the optimization of metal loading and the
enhances the catalytic activity and selectivity of the active metal
centers in ASCs.**°**” For instance, Zhang et al. developed an
innovative Pt-based ASC using a nitrogen-rich graphene analo-
gue COF (NGA-COF@Pt), synthesized through a conductive
agent-free and pyrolysis-free process at room temperature.>*®
This process utilizes the COF itself as a homogeneous current
collector, which not only facilitates charge transfer but also
enhances the intrinsic activity of Pt single atoms. NGA-COF was
meticulously synthesized through a reaction between 2,3,6,7,10,11-
triphenylenehexamine and hexaketocyclohexane (Fig. 5G), fol-
lowed by a controlled electrochemical modification process in
0.5 M H,S0, (Fig. 10H). HAADF-STEM confirmed the presence of
densely distributed Pt single atoms within the NGA-COF matrix,
indicating a uniform atomic dispersion, as shown in Fig. 10I.
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When tested for HER in 0.5 M H,SO,, NGA-COF@Pt achieved a
significantly lower overpotential of 13 mV at 10 mA cm >
compared to the 20 wt% Pt/C benchmark (Fig. 10]), demonstrat-
ing enhanced catalytic efficiency. Additionally, Tafel analysis
revealed a slope of 21.88 mV dec™ ' for NGA-COF@Pt, under-
scoring its superior kinetic performance in HER compared to the
28.65 mV dec™' observed for Pt/C (Fig. 10K). Ranjeesh et al.
synthesized a porphyrinic squaraine-linked COF 2D nanosheet
with bimetallic Co/Ni catalysts that produced 670 pmol H, over
45 minutes with a faradaic efficiency of 97% and an overpoten-
tial of 105 mV.>*® Yi et al developed a porous porphyrinic
triazine-based COF incorporating Co-N, active sites, which
exhibited a Tafel slope of 50 mV dec " and a low overpotential

3336 | Chem. Soc. Rev., 2025, 54, 3323-3386

of 94 mv.>** Qu et al.’s work with N-rich COFs absorbing Ru*"
ions led to ultrafine Ru species embedded in nitrogen-doped
carbons, showing remarkable HER performance in both alkaline
and acidic conditions with mass activities significantly surpass-
ing commercial Pt/C.*** Qiao and his team crafted a Zn-Salen
COF via Schiff base condensation, subsequently enhancing its
conductivity with poly(3,4-ethylenedioxythiophene) (PEDOT),
which led to an overpotential of 150 mV and a Tafel slope
of 43 mV dec™! for the PEDOT@Mn-Salen COFEDA hetero-
structure.>*> These studies underscore the powerful synergies
between COF architectures and metal functionalities, paving the
way for highly efficient and stable ASCs tailored for electrocata-
Iytic applications. The impact of these innovations is profound,

This journal is © The Royal Society of Chemistry 2025
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N/C, and Pt/C in 0.5 M H,SO4. Reproduced with permission from ref. 220 Copyright 2024, The Royal Society of Chemistry. (C) HAADF-STEM images of
Pt deposited through the ALD process on NCNS. (D) The HER polarization curves for Pt;/NCNS, Pt with both single-atoms and nanoparticles and Pt/C
catalysts obtained via LSV in 0.5 M H,SO4. Reproduced with permission from ref. 225 Copyright 2021, Wiley-VCH. (E) HAADF-STEM image of cathodically
deposited Ir single atoms on Cog gFeg2Se, and (F) Polarization curves of cathodically deposited ASCs for HER on different supports. Reproduced with
permission from ref. 227 Copyright 2016, Nature Publishing Group. Schematic illustration of the synthesis of (G) NGA-COF and (H) NGA-COF@Pt catalyst
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with permission from ref. 228 Copyright 2024, Nature Publishing Group.

setting new benchmarks for ASCs performance in HER and
encouraging further exploration across different electrochemical
applications. Looking forward, the field is poised to explore
more complex and hybrid ASC structures, leveraging the unique
properties of newly developed support materials and synthesis
techniques to further enhance the efficiency and sustainability
of hydrogen production.

4.3. Design principles for enhanced catalytic activity in ASCs

The design of ASCs for HER relies on a comprehensive under-
standing of atomic-level dynamics and the precise tuning of
electronic states at active sites. ASCs provide a versatile frame-
work for investigating the relationship between structure and
reactivity, as well as the complexities of catalytic mechanisms at
the atomic scale. The sucessful deployment of ASCs in indus-
trial settings depends on addressing challenges such as select-
ing appropriate supports and developing advanced design
strategies. To engineer ASCs with tailored active centers, high
selectivity, and optimized hydrogen output, several key design
principles are essential.'®®?"°7>>3 These principles include
establishing homogeneous active sites to deepen our under-
standing of catalytic processes and boost activity and selectivity,
fine-tuning the coordination configurations and oxidation states

This journal is © The Royal Society of Chemistry 2025

of the catalytic centers, managing the mass loading of ASCs to
ensure high density and uniform dispersion of active sites,
modifying local coordination environments through hetero-
atom doping, and meticulously engineering metal-support
interactions via both strong and electronic modalities. In
electrochemical HER, understanding catalyst behavior under
varying operational conditions, such as temperature, pH, and
electrical potential, is crucial due to the potential for catalyst
reconstruction.”>*** These conditions complicate the delinea-
tion of catalytic mechanisms and require precise identification
of active species. The performance of ASCs is significantly
influenced by the synergistic effects between the metal atoms
and their surrounding coordination atoms. Variations in the
inherent properties of support materials and the non-unifor-
mity of fabrication methods often result in the formation of
different active metal species. This is evident in studies by
Zhang and colleagues, where various forms of FeN, species
were identified in Fe-N-C ASCs, each displaying unique catalytic
properties.>>® Modern characterization techniques coupled with
theoretical modeling are vital for a comprehensive understanding
of these systems. Techniques such as XRD, TEM, XPS, FTIR,
and Raman spectroscopy play a crucial role in analyzing ASC
structures.”’ Specifically, ACCHAADF-STEM and X-ray absorption
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spectroscopy, including XANES and EXAFS, provide valuable
insights into the atomic configuration and electronic states of
ASCs.>*®*° These methodologies help in identifying the coordi-
nation number and bond lengths of atoms, which are crucial for
validating structural models derived from DFT calculations. This
integrated approach enables a comprehensive understanding of
the interactions between isolated atoms and supports, revealing
how these interactions influence catalytic activity and stability.

One of the main challenges faced by ASCs is aggregation at
high temperatures, driven by their high surface energy and
thermodynamic instability. In this regard, strategies to opti-
mize ASC design include controlling metal loading and employ-
ing robust support materials to prevent aggregation. For
instance, studies on the relationship between Pt loading and
hydrogen evolution activity in ASCs show that optimal loading
prevents cluster formation, which could otherwise reduce cat-
alytic activity.”®® Advanced synthesis methods, such as tunning
annealing temperatures, can regulate defect distribution and
improve the dispersion of metal atoms, thereby enhancing
catalytic performance.”®"**> The selection of metal atoms and
their interaction with support materials are critical for design-
ing ASCs with enhanced catalytic performance. Transition
metals such as Fe, Co and Ni, as well as noble metals like Pt,
are favored for their strong catalytic properties, which are signi-
ficantly influenced by the choice of support material >6*~26
Supports such as carbon-based materials, metal oxides, or
COFs stabilize metal atoms while modifying their electronic
properties through metal-support interactions (MSI),*>>41,242,206:267
This interaction is crucial for optimizing the activity and stability
of ASCs by influencing charge transfer and enhancing catalytic
performance. Challenges in managing MSI include establishing
effective interactions between metal sites and the support to
maximize the utilization of exposed active sites and understand-
ing the differing MSI characteristics between single atoms and
nanoparticles. For example, studies on Pt/TiO, have shown that
while nanoparticles may lose adsorption capacity due to MSI
effects, single atoms retain distinct catalytic functionalities after
specific treatments. This underscores the complex interplay
within ASCs that influences reactivity and selectivity.>®°

Doping strategies in materials chemistry, particularly for
electrocatalysis, are pivotal for enhancing HER performance.
Doping introduces foreign atoms into a material’s structure,
effectively altering its electronic and geometric properties.”*®>"*
Non-metal atom doping, such as nitrogen (N), sulfur (S), or
phosphorus (P), modifies the electronic structure of catalysts,
facilitating charge redistribution and optimizing hydrogen
adsorption energies.”’>*”* This process can significantly improve
catalytic activity and selectivity for HER. On the other hand, metal
atom doping focuses on incorporating metal atoms such as Co,
Ni, or Fe into the catalysts.””"*”>"*”” This type of doping typically
increases the density of active sites and influences the cata-
lytic process by altering electronic states and interactions with
hydrogen atoms, which are crucial for achieving low over-
potentials and high HER activity. Building on these principles,
heteroatom doping is recognized as a powerful strategy to enhance
the catalytic performance and selectivity of ASCs for HER.
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This approach modifies the coordination chemistry around
active metal sites, optimizing hydrogen adsorption and desorp-
tion by fine-tuning the electronic configuration of the catalyst.
These modifications affect not only the metal single atoms
(M-SAs) directly involved in the reaction but also the neighbor-
ing atoms, which play a significant role in influencing catalytic
outcomes.””® Changes in the electronic structure of metal sites,
similar to the role of ligands in homogeneous catalysts, and the
involvement of metal cations from the support in the reaction
process are crucial for enhancing both catalytic performance
and stability.>**?”%*%" Transition metals use their d-orbitals to
form low-energy transition states, while non-metals such as
carbon, oxygen, nitrogen, sulfur, or phosphorus contribute to
stability and tunability.?#'?%*> The variety in doping types, such
as pyridinic-N, pyrrolic-N, or graphitic-N, allows for the tailored
optimization of ASCs for specific tasks like HER, thereby
enhancing their effectiveness and efficiency.”®*7>%

4.4. Advancements in characterizing active sites of ASCs

Advancements in the characterization of active sites in ASCs
have revolutionized our understanding of catalysis at the
atomic level, largely due to the development and refinement
of various analytical techniques. These techniques allow for
precise determination of the electronic structure, atomic coor-
dination, and real-time beha