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Nano-catalysts, defined as materials typically operating at the nanometer scale (between 1 and 100
nanometers), significantly enhance catalytic performance in chemical reactions due to their unique
properties such as increased surface area and altered electronic characteristics . This enhanced
performance is crucial for various applications, ranging from energy transformation and pollution cleanup
to modern chemical synthesis, often leading to environmentally friendly procedures . The ability to
precisely control their structure at the atomic level is a new frontier in catalyst chemistry, enabling the
optimization of reaction rates, selectivity, and stability.

One of the primary advantages of nano-catalysts stems from their high surface area-to-volume ratio, which
facilitates enhanced accessibility of reactants and heightened interaction with the catalyst surface. This
characteristic allows for a greater number of active sites to be exposed, leading to improved reaction rates
and efficiencies compared to traditional bulk catalysts . For instance, a comparison between bulk and
nano-catalysts illustrates that while bulk catalysts tend to produce mixed products, nano-catalysts, with
their precisely controlled and well-defined active sites, are capable of yielding more selective products .

IJSAT260110119 Volume 17, Issue 1 (January-March 2026) 1


https://www.ijsat.org/

@ International Journal on Science and Technology (IJSAT)

i I E-ISSN: 2229-7677 e Website: www.ijsat.org e Email: editor@ijsat.org
w

Mixed products Selective products

Comparison of Bulk and Nano-ca...

The concept of atomic-level control in nanocatalysis involves engineering catalysts with precision down
to individual atoms or small clusters of atoms. This strategy has led to the development of single-atom
catalysts (SACs), dual-atom catalysts (DACs), and triple-atom catalysts (TACs), which represent a
significant advancement in heterogeneous catalysis. SACs, for example, feature isolated metal atoms
dispersed on a support material, maximizing atom utilization efficiency and offering unique electronic and
geometric properties distinct from traditional nano-catalysts. This allows for a more precise control of
surface metal atomic structure and often leads to distinct selectivity that corresponding nanoparticle
catalysts might not achieve.

The dynamic nature of single atoms in chemical reactions is critical. Heterogeneous chemical reactions
frequently occur over solid surfaces at elevated temperatures and involve gases, playing a vital role in
various industrial processes, including energy production, healthcare, and pollution control. These
catalytic reactions take place at the atomic level, where active structures form under reaction conditions.
Understanding catalysis at the single-atom resolution is therefore a major step towards developing a
rational framework for future catalytic processes. In-situ environmental (scanning) transmission electron
microscopy (E(S)TEM) enables direct imaging of dynamic surface and sub-surface structures of reacting
catalysts at atomic resolution under controlled reaction environments.
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For example, in the electrochemical CO2 reduction reaction (CO2RR), atomically dispersed Ag catalysts
demonstrate unique properties that contribute to enhanced activity and selectivity. These nanomaterials
exhibit exceptional catalytic activity, 100% active Ag utilization, and unique electronic structures, which
allow for a better understanding and establishment of structure-activity relationships.
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Nanomaterials in CO2 Conversio...

The design of SACs focuses on overcoming limitations such as atomic agglomeration and active site
passivation by utilizing confined spaces and innovative structural designs, as seen in single-atom nano-
islands (SANIs) catalysts. Furthermore, precise control over the mesoporous structure of the matrix
material, which directly affects mass diffusion, can significantly influence industrially relevant reaction
rates.

Atomic-level regulation strategies for SACs often involve nonmetal heteroatom doping and polymetallic
active site construction. These strategies aim to overcome the bottleneck of intrinsic activity enhancement
by carefully tuning the metal single-atomic sites, with particular interest in interatomic interfaces and
interactions. The manipulation of atomic structures to design multiple catalytic active sites, such as in
DACs and TACs, is crucial for achieving superior activity and selectivity in multi-intermediate chemical
processes. DACs and TACs possess higher metal loading and more structurally flexible active sites
compared to SACs. These developments, including the construction of binuclear DACs and the study of
homologous binuclear DACs with different metal-metal distances, have significantly enhanced catalyst
reactivity and advanced the understanding of structure-activity relationships.
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The integration of single-atom sites with other valuable components like atoms, clusters, and nanoparticles
in atomic-level synergistic catalysts can combine the advantages of individual catalytic sites, thereby
enhancing the activity, selectivity, and stability of various chemical reactions . These synergistic catalysts
can activate key rate-determining steps and facilitate multistep transformations . Advanced
characterization techniques, such as X-ray absorption fine structure (XAFS) spectra and Bader charge
analysis, are vital for understanding the local atomic environment and electronic structure-activity
relationships in these catalysts.

The ability to tailor atomic distances in metal catalysts is also important for regulating catalytic
performance, as it significantly influences the environment of active metal atoms and is a key factor in
designing targeted catalysts. Moreover, heterogeneous metal catalysts are far from static, continuously
evolving under reaction conditions by creating and removing surface sites in response to their reactive
environment. This dynamic restructuring, along with the precise control of mesoporous structures,
contributes to achieving desired functions and high reaction rates.

In practical applications, nano-catalysts are becoming indispensable for various industrial chemical
transformations, including biomass conversion to biofuels and electrochemical diazidation of alkenes. For
example, manganese catalysis paired with electrochemical azide oxidation using olefins has been
developed as a versatile method to form adjacent carbon-nitrogen bonds, which are common in
pharmaceutical compounds. The electrochemical approach offers tunable precision in oxidizing power,
preserving sensitive substituents. Similarly, cobalt carbide (Co2C) nanoprisms are effective for olefin
production via the Fischer-Tropsch to olefin (FTO) reaction, highlighting the role of specifically structured
nanocatalysts. Efforts are also underway to fabricate high-loading SACs, despite the challenge of isolated
metal sites being prone to agglomeration. Overall, the atomic-level control offered by nano-catalysts
represents a crucial pathway for developing sustainable and efficient catalytic processes for energy,
chemical, and environmental industries.

Single-atom catalysts (SACs) represent a significant advancement in heterogeneous catalysis,
distinguished by isolated metal atoms dispersed on a support material, offering maximum atom utilization
efficiency and unique catalytic properties. The synthesis and characterization of these materials are critical
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for realizing their full potential in various applications, including energy conversion and environmental
catalysis.

Synthesis Methods for Single-Atom Catalysts:

The primary goal of SAC synthesis is to achieve atomic-level dispersion of metal atoms while preventing
agglomeration, which is a significant challenge due to the high surface free energy of isolated atoms.
Various strategies have been developed to overcome this, broadly categorized into bottom-up and top-
down approaches.

1. Bottom-Up Approaches: These methods involve assembling SACs from atomic or molecular
precursors and are the most common.

(Impregnation-Reduction): This is a widely used method where metal precursors are adsorbed onto a

support material from a solution, followed by reduction to anchor the metal atoms. A scalable two-step
annealing method, combining impregnation and annealing, has been developed to synthesize ultra-high-
density SACs with metal contents up to 23 wt% for various metals on different chemical carriers like
nitrogen-doped carbon (NC), porous carbon nitride (PCN), and ceria (CeOx).
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This approach typically involves depositing metal precursors on a carrier, followed by low-temperature
annealing for controllable anchoring of metal atoms and ligands, washing to remove unbound metal, and
finally high-temperature annealing for complete ligand removal. Traditional wet synthesis methods,
however, can lead to waste generation and require purification steps.

Atomic Layer Deposition (ALD): ALD allows for precise control over material synthesis at the atomic
scale, making it suitable for designing SACs with atomic-level accuracy. This technique is particularly
effective for controlling the deposition of isolated metal atoms on various supports.

Pyrolysis of Precursors: Pyrolysis, especially of metal-organic frameworks (MOFs), is a highly
effective method for producing carbon-supported SACs. MOFs, with their periodic porous structures, act
as ideal precursors for SAC synthesis, enabling uniform dispersion and stabilization of single atoms.
During pyrolysis, the organic ligands decompose, leaving behind isolated metal atoms coordinated within
the carbon matrix. Pyrolytic synthesis requires careful control to tune the structures and properties of the
resulting SACs.

Defect Trapping: This method utilizes defects in the support material to trap and stabilize individual
metal atoms. Defect engineering in SACs can provide unique active sites and allow for precise regulation
of defect types and spatial distribution, optimizing catalytic efficiency and selectivity.

Coordination Anchoring: Involves anchoring metal atoms to specific coordination sites within the
support structure, often involving heteroatoms like nitrogen, sulfur, or oxygen. This strong metal-support
interaction enhances stability and prevents metal atom migration and agglomeration. Nonmetal
heteroatom doping is also used to regulate metal single-atomic sites and enhance intrinsic activity.
Freezing Synthesis: A relatively new approach aimed at developing a general and simple synthetic
pathway for high-performance SACs by exploiting structural characteristics.

Laser Solid-Phase Synthesis: This technique has been reported to fabricate atom-nanoisland-sea
structured SACs, particularly robust for thermal catalysis at elevated temperatures.

2. Top-Down Approaches: These methods involve breaking down bulk materials into atomically
dispersed species.

Abrasion Method: A green and facile top-down approach where bulk metal is directly atomized onto
different supports (e.g., carbon frameworks, oxides, nitrides) through mechanochemical abrasion,
typically via ball-milling. This method distinguishes itself from traditional wet synthesis and ball-milling
techniques by starting with bulk metal and often requiring only optional thermal purification, thus
minimizing waste products.
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Synthesis methods for SACs

3. Emerging Strategies:

Correlated Single-Atom Catalysts: Focuses on creating SACs with cooperative interactions between
adjacent single atoms to promote bimolecular or more complex reactions.

Controllable Atomic and Mesoporous Structures: A general method for synthesizing SACs that allows
for precise control over both the atomic structure of the single atomic site and the mesoporous structure
of the matrix material, which is crucial for mass diffusion and reaction rates.

3D Printing: A facile and high-output method for large-scale synthesis of functional SACs by directly
and automatically preparing target materials with specific geometric shapes from printing ink and metal
precursors.

Characterization Techniques for Single-Atom Catalysts

Identifying and characterizing single atoms on a support material requires advanced analytical techniques
that can probe their atomic dispersion, coordination environment, electronic structure, and stability.

1. Direct Imaging Techniques:

Aberration-Corrected Scanning Transmission Electron Microscopy (AC-STEM) / High-Angle
Annular Dark-Field Scanning Transmission Electron Microscopy (HAADF-STEM): These
techniques provide direct visual evidence of isolated single metal atoms on a support. They are crucial for
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observing the atomic dispersion and distribution of metal centers, especially in situ/operando studies to
understand dynamic structural changes during catalysis.

2. Spectroscopy Techniques for Electronic and Local Structural Information:

X-ray Absorption Fine Structure (XAFS) Spectroscopy (XANES and EXAFS): XAFS is
indispensable for determining the oxidation state, coordination number, and local geometric structure
around the single metal atoms.

X-ray Absorption Near Edge Structure (XANES) provides information about the electronic state and
coordination symmetry of the metal atoms.

Extended X-ray Absorption Fine Structure (EXAFS) offers details on the bond lengths, coordination
numbers, and types of neighboring atoms around the central metal atom, confirming the presence of single
atoms rather than clusters or nanoparticles. XAFS is particularly valuable for in situ/operando studies,
providing real-time insights into structural dynamics under reaction conditions.

X-ray Photoelectron Spectroscopy (XPS): XPS provides information on the elemental composition,
chemical states, and electronic structure of the surface atoms of SACs.

Mossbauer Spectroscopy: Used primarily for iron-based SACs, this technique helps determine the
oxidation state and local environment of the iron atoms.

Fourier Transform Infrared Spectroscopy (FTIR) and Raman Spectroscopy: These techniques
characterize the vibrational modes of molecules adsorbed on the catalyst surface, providing information
about reaction intermediates and active sites.

Ultraviolet-Visible (UV-Vis) Spectroscopy: Used to analyze the electronic transitions of the metal
centers and their interactions with the support.

3. Other Essential Characterization Techniques:

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) / Atomic Emission Spectroscopy (ICP-
AES): Quantify the metal loading in the catalyst.

Temperature-Programmed Reduction (TPR) / Desorption (TPD): Provides insights into the
reducibility of the metal species and the strength of adsorption of reactants/products, respectively.
Electrochemical Techniques: Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and
electrochemical impedance spectroscopy (EIS) are used to evaluate the electrochemical performance,
active surface area, and charge transfer kinetics in electrocatalytic applications .

Density Functional Theory (DFT) Calculations: Theoretical calculations are crucial for understanding
the electronic structure, reaction mechanisms, and structure-property relationships at the atomic level,
complementing experimental observations. DFT can predict adsorption energies, transition states, and
reaction pathways.

Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS): This technique offers rapid screening
of SAC synthesis conditions and elucidation of deposition mechanisms.

Applications and Challenges

SACs exhibit exceptional catalytic activity, selectivity, and stability across a wide range of reactions,
including electrochemical energy conversion (e.g., oxygen reduction reaction, CO: reduction reaction,
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hydrogen evolution reaction), photocatalysis, organic synthesis, and environmental remediation. Their
unique properties stem from the low coordination status, quantum size effects, and strong metal-support
interactions .

However, challenges remain, such as the complex formation processes, achieving high metal loading
without agglomeration, and maintaining the stability of single atoms, particularly at elevated temperatures
or under harsh reaction conditions. While some studies report ultra-high-density SACs with metal contents
up to 23 wt%, achieving such high loadings with stable, atomically dispersed sites is still a formidable
task. The development of scalable and economical synthesis methods is also crucial for their industrial
commercialization.

Recent Advancements

Recent advancements in SAC research focus on several key areas:

Improved Synthesis Strategies: New methods are continually being developed to achieve higher metal
loadings and enhance stability. Examples include the two-step annealing method for ultra-high-density
SACs and laser solid-phase synthesis for robust SACs. MOF-derived SACs are also gaining prominence
due to their tunable structures and high stability.

Atomic-Level Regulation: Strategies like nonmetal heteroatom doping and polymetallic active site
construction (e.g., dual-atom catalysts, DACs) are employed to fine-tune the electronic structure and
coordination environment of single atoms, leading to enhanced catalytic performance and selectivity.
Advanced Characterization: The development and application of in situ/operando characterization
techniques, particularly those utilizing synchrotron radiation, are providing unprecedented insights into
the dynamic behavior and structure-activity relationships of SACs under realistic reaction conditions.
These techniques are crucial for identifying active sites and understanding reaction mechanisms at the
atomic scale .

Computational Methods: DFT calculations are increasingly integrated with experimental studies to
predict optimal SAC designs, elucidate reaction pathways, and understand the fundamental principles
governing SAC performance .

Sustainable and Cost-Effective Production: Efforts are directed towards utilizing sustainable precursor
materials, such as biomass , and developing large-scale, economical synthesis approaches like 3D printing
to facilitate the broader adoption of SACs.

Atomic-level control profoundly impacts catalysis by enabling the precise manipulation of catalytic
sites, leading to enhanced reaction rates, selectivity, and stability in chemical reactions . This level of
control is fundamental to the design and optimization of nano-catalysts, particularly (SACSs), dual-atom
catalysts (DACSs), and triple-atom catalysts (TACs), which represent the pinnacle of atomic precision in
heterogeneous catalysis .

One of the primary benefits of atomic-level control is the maximization of atomic utilization efficiency .
In traditional bulk or nanoparticle catalysts, only a fraction of metal atoms on the surface are catalytically
active. However, with atomic-level control, as seen in SACs, virtually every isolated metal atom dispersed
on a support material serves as an active site, approaching 100% atomic utilization . This not only reduces
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the reliance on precious and expensive metals but also makes catalytic processes more cost-effective and
sustainable .

Atomic-level control allows for the precise tuning of the electronic and geometric properties of active sites
. Isolated metal atoms in SACs exhibit a low coordination status, leading to quantum size effects and
strong metal-support interactions (SMSI) . These interactions are crucial for modulating the electronic
structure of the single metal atoms, thereby optimizing the binding energies of reactants and intermediates
. This electronic fine-tuning can lead to significantly enhanced catalytic activity and selectivity compared
to their bulk or nanoparticle counterparts . For instance, the precise coordination environment of single
atoms, often involving heteroatoms like nitrogen, sulfur, or oxygen from the support matrix, can be
controlled through nonmetal heteroatom doping, further fine-tuning their intrinsic activity and selectivity

The ability to control catalysts at the atomic level also provides an unprecedented opportunity to
understand reaction mechanisms. SACs, with their well-defined and uniform active sites, bridge the gap
between homogeneous and heterogeneous catalysis . This uniformity allows researchers to establish clear
structure-activity relationships, which are vital for the rational design of highly efficient catalysts . By
visualizing dynamic atomic-level processes under controlled reaction environments using techniques like
in-situ environmental (scanning) transmission electron microscopy (E(S)TEM), scientists can gain crucial
insights into catalyst stability and functionality in real-time.

Atomic-level control is particularly critical for enhancing reaction rates. By optimizing the electronic
structure and coordination environment of single atoms, specific reaction pathways can be favored, and
activation barriers can be lowered, accelerating the overall reaction . This is evident in various
applications, including electrochemical energy conversion reactions such as the oxygen reduction reaction
(ORR), carbon dioxide reduction reaction (CO2RR), and hydrogen evolution reaction (HER), where SACs
demonstrate superior performance . For example, in the CO2RR, atomically dispersed Ag catalysts exhibit
exceptional activity and 100% active Ag utilization due to their unique electronic structures facilitated by
precise atomic control.

The challenge of maintaining stability, particularly preventing atomic agglomeration due to the high
surface free energy of isolated atoms, is addressed through advanced atomic-level control strategies .
Synthesis methods such as coordination anchoring, defect trapping, and the use of specific support
materials like metal-organic frameworks (MOFs) are designed to stabilize individual metal atoms . Recent
advancements in scalable synthesis, such as a two-step annealing method, have enabled the creation of
ultra-high-density SACs with metal contents up to 23 wt% while maintaining atomic dispersion and
thermal stability. Furthermore, innovative structural designs like single-atom nano-islands (SANIs)
catalysts utilize confined spaces to prevent agglomeration and active site passivation .

Recent advancements in atomic-level control extend beyond single atoms to include polymetallic active
sites. The development of dual-atom catalysts (DACs) and triple-atom catalysts (TACs) allows for
cooperative interactions between adjacent metal atoms, which is crucial for complex reactions involving
multiple intermediates . These catalysts, with their higher metal loading and more flexible active sites
compared to SACs, can be precisely engineered to enhance activity and selectivity . The ability to tailor
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atomic distances in these polymetallic catalysts significantly influences the environment of active metal
atoms, allowing for targeted catalyst design and further enhancing catalytic performance .

In summary, atomic-level control in catalysis, particularly through the development of SACs and related
structures, provides:

Maximum Atom Utilization Efficiency : Nearly 100% of metal atoms are active, reducing reliance on
precious metals .

Enhanced Catalytic Activity and Selectivity: Tuned electronic and geometric properties optimize
reactant binding and enable specific product formation .

Improved Understanding of Reaction Mechanisms: Well-defined active sites bridge homogeneous and
heterogeneous catalysis, aiding in the establishment of structure-activity relationships .

Increased Stability: Advanced synthesis and support strategies prevent atomic agglomeration, ensuring
long-term performance .

Versatility in Applications: Effective in various catalytic processes, including energy conversion,
photocatalysis, and environmental remediation .

These advantages underscore the transformative impact of atomic-level control in pushing the boundaries
of catalytic efficiency and sustainability.

Detailed Analysis of SACs, DACs, and Nanopatrticles:

Single-Atom Catalysts (SACs)

Synthesis: The primary challenge in SAC synthesis is to achieve atomic-level dispersion of metal atoms
while preventing agglomeration, driven by the high surface free energy of isolated atoms . Common
bottom-up synthesis methods include wet-chemical synthesis (impregnation-reduction), where metal
precursors are adsorbed onto a support and then reduced to anchor the atoms . A scalable two-step
annealing method can achieve ultra-high-density SACs with metal contents up to 23 wt% on various
carriers like nitrogen-doped carbon (NC) . Pyrolysis of metal-organic frameworks (MOFs) is another
effective route, using the porous structures of MOFs as templates for uniform dispersion and stabilization
of single atoms within a carbon matrix . Defect trapping and coordination anchoring methods utilize
defects or specific coordination sites within the support material (often involving heteroatoms like N, S,
or O) to stabilize individual metal atoms and prevent migration . Laser solid-phase synthesis has also
emerged for robust, atom-nanoisland-sea structured SACs .

Applications: SACs are highly promising for various catalytic applications due to their exceptional
activity and selectivity. They have shown superior performance in electrochemical energy conversion
reactions, such as the oxygen reduction reaction (ORR), hydrogen evolution reaction (HER), and carbon
dioxide reduction reaction (CO2RR). For instance, atomically dispersed Ag catalysts exhibit exceptional
activity and 100% active Ag utilization in CO2RR due to their unique electronic structures . Beyond
electrocatalysis, SACs are also applied in photocatalysis, organic synthesis, and environmental
remediation.
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Challenges: The main challenge for SACs remains the complex formation processes, particularly
achieving high metal loading without agglomeration and maintaining the stability of single atoms,
especially at elevated temperatures or under harsh reaction conditions . While methods like single-atom
nano-islands (SANIs) catalysts, which utilize confined spaces, have been developed to address
agglomeration and passivation , scalable and economical synthesis methods are still crucial for industrial
commercialization.

Recent Advancements: Recent advancements focus on improved synthesis strategies, such as the two-
step annealing method for ultra-high-density SACs , and laser solid-phase synthesis. Atomic-level
regulation, including nonmetal heteroatom doping and polymetallic active site construction (like DACs),
is employed to fine-tune the electronic structure and coordination environment, enhancing catalytic
performance and selectivity. Advanced in situ/operando characterization techniques, often utilizing
synchrotron radiation, provide unprecedented insights into dynamic behavior and structure-activity
relationships under realistic conditions. Computational methods, such as Density Functional Theory
(DFT), complement experimental observations by predicting optimal designs and elucidating reaction
pathways. Efforts are also directed towards sustainable production using biomass-based precursors and
large-scale methods like 3D printing.

Dual-Atom Catalysts (DACs) and Triple-Atom Catalysts (TACs)

Synthesis: DACs and TACs are synthesized with the aim of creating cooperative interactions between
adjacent metal atoms, which is crucial for complex reactions involving multiple intermediates. These
catalysts, with their higher metal loading and more flexible active sites, are precisely engineered to
enhance activity and selectivity beyond what single atoms can achieve. The precise manipulation of atomic
distances in these polymetallic catalysts is vital for regulating catalytic performance.

Applications: DACs and TACs are particularly suited for reactions that benefit from synergistic effects
between multiple active sites. They show promise in multi-electron transfer processes, such as oxygen
evolution reactions (OER) and nitrogen fixation, as well as complex organic transformations. Their ability
to activate key rate-determining steps and facilitate multi-step transformations makes them valuable for
advanced chemical synthesis.

Challenges: The main challenges involve achieving precise control over the atomic distance, composition,
and interaction between the multiple metal atoms. The stability of these multi-atom active sites under
reaction conditions, especially at higher temperatures, is also a critical consideration.

Recent Advancements: Research into DACs and TACs is rapidly advancing, focusing on atomic-level
engineering to design multiple catalytic active sites . The development of binuclear DACs with varying
metal-metal distances has significantly enhanced catalyst reactivity and advanced the understanding of
structure-activity relationships . The integration of these multi-atom sites with other components like
clusters and nanoparticles in atomic-level synergistic catalysts combines the advantages of individual sites,
further enhancing activity, selectivity, and stability.
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Nanoparticle Catalysts

Synthesis: Nanoparticle catalysts are typically synthesized using various methods to control size, shape,
and morphology, such as wet-chemical methods (e.g., reduction, precipitation, sol-gel), physical methods
(e.g., sputtering, evaporation), and electrochemical methods. The goal is to maximize the surface area and
expose a large number of active sites.

Applications: Nanoparticle catalysts have been widely adopted in various industrial processes due to their
high surface area-to-volume ratio and good activity. They are extensively used in hydrogenation,
oxidation, Fischer-Tropsch synthesis, and environmental catalysis, including automotive catalytic
converters for NOx reduction.

Challenges: Despite their widespread use, nanoparticle catalysts face challenges such as sintering
(agglomeration of nanoparticles at high temperatures), which reduces surface area and activity, and
leaching of active metal components . Their selectivity can also be lower than SACs or DACs due to the
presence of multiple types of surface sites and varying crystal facets.

Recent Advancements: Advancements in nanoparticle catalysis include strategies to improve their
stability, such as encapsulating nanoparticles within porous frameworks or using strong metal-support
interactions to prevent sintering . The design of nanoparticles with specific crystal facets or surface
modifications also helps to enhance selectivity and activity . Understanding the dynamic restructuring of
heterogeneous metal catalysts under reaction conditions is also crucial for optimizing their performance.

Single-atom catalysts (SACs) represent a significant breakthrough in heterogeneous catalysis, offering
unparalleled atomic efficiency, tunable electronic properties, and exceptional selectivity due to their
precisely defined active sites. By dispersing individual metal atoms on a support material, SACs maximize
the utilization of precious metals, approaching 100% atomic efficiency, which significantly reduces costs
and enhances sustainability compared to traditional nanoparticle catalysts. This atomic precision allows
for a profound impact on catalytic performance, enabling optimized binding energies for reactants and
intermediates, thereby accelerating reaction rates and increasing product selectivity for a wide array of
chemical processes. The unique low-coordination environment and quantum size effects of isolated metal
atoms in SACs facilitate strong metal-support interactions, which are crucial for tuning their electronic
structure and overall catalytic activity.

However, the field of single-atom catalysis still faces several challenges. A primary concern is the inherent
tendency of isolated metal atoms to agglomerate, particularly under harsh reaction conditions or elevated
temperatures, due to their high surface free energy. This agglomeration can lead to a loss of the unique
catalytic properties associated with single atoms. Another challenge lies in achieving high metal loadings
while maintaining atomic dispersion and stability, as complex formation processes can limit the scalability
and economic viability of SAC synthesis. Furthermore, the stability of active sites against passivation by
strongly adsorbed intermediates or by products is also a consideration for practical applications.

Recent advancements in SAC research are actively addressing these limitations and expanding their
potential applications:
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1. Enhanced Synthesis Strategies: New synthesis methodologies are continually being developed to
improve metal loading and stability. Techniques such as a scalable two-step annealing method have
enabled the creation of ultra-high-density SACs with metal contents up to 23 wt% on various carriers like
nitrogen-doped carbon and ceria, significantly overcoming previous loading limitations. The pyrolysis of
metal-organic frameworks (MOFs) has emerged as a powerful route, utilizing their porous structures to
uniformly disperse and stabilize single atoms within a carbon matrix. Other innovative approaches include
defect trapping and coordination anchoring, where defects or specific coordination sites in the support
material stabilize individual metal atoms. Laser solid-phase synthesis has also been reported to create
robust atom-nanoisland-sea structured SACs, offering enhanced thermal stability. Top-down approaches
like the abrasion method provide greener alternatives for synthesizing SACs by mechanochemically
atomizing bulk metals onto various supports.

2. Atomic-Level Regulation and Polymetallic Active Sites: Beyond single atoms, the concept has
evolved to include polymetallic active sites, such as dual-atom catalysts (DACs) and triple-atom catalysts
(TACs) . These multi-atom catalysts are engineered to provide cooperative interactions between adjacent
metal atoms, which is crucial for complex reactions involving multiple intermediates or multi-electron
transfer processes like oxygen evolution reactions and nitrogen fixation. The precise manipulation of
atomic distances in these polymetallic catalysts is vital for regulating catalytic performance and achieving
superior activity and selectivity compared to SACs for certain reactions. Nonmetal heteroatom doping is
also used to fine-tune the electronic structure and coordination environment of metal single-atomic sites,
enhancing their intrinsic activity and selectivity.

3. Advanced Characterization and Computational Insights: The precise characterization of SACs,
DACs, and TACs is paramount. Aberration-corrected Scanning Transmission (AC-STEM) and High-
Angle Annular Dark-Field Scanning Transmission Electron Microscopy (HAADF-STEM) provide direct
visualization of isolated metal atoms and their distribution. X-ray Absorption Fine Structure (XAFS)
spectroscopy, including XANES and EXAFS, is indispensable for determining the oxidation state,
coordination number, and local geometric structure of the metal atoms, confirming their single-atom
nature and coordination environment. These techniques, particularly when used in situ/operando, provide
real-time insights into dynamic structural changes under reaction conditions, which are critical for
understanding catalyst stability and functionality . Computational methods, such as Density Functional
Theory (DFT), complement experimental observations by predicting optimal designs, elucidating reaction
pathways, and establishing structure-property relationships at the atomic level.

4. Expanding Applications: SACs are finding increasing applications across diverse fields:

Electrocatalysis: They show superior performance in electrochemical energy conversion reactions,
including the oxygen reduction reaction (ORR), hydrogen evolution reaction (HER), and carbon dioxide
reduction reaction (CO2RR) . For instance, atomically dispersed Ag catalysts exhibit exceptional activity
and 100% active Ag utilization in CO2RR due to their unique electronic structures .

Photocatalysis: SACs are proving effective in photocatalytic processes for energy and environmental
applications.

Organic Synthesis: Their high selectivity makes them ideal for various selective organic synthesis
reactions, minimizing unwanted byproducts .
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Environmental Remediation: SACs are being explored for pollution control and environmental
purification processes.

Future Scope:

The future scope of single-atom catalysis is vast and holds immense promise for transformative
advancements in chemical technology:

1. Rational Design and Predictive Modeling: Integrating advanced machine learning and artificial
intelligence with high-throughput computational screening (e.g., DFT calculations) will accelerate the
rational design of SACs with tailored properties for specific reactions . This will move beyond
empirical discovery towards predictive catalysis.

2. Scalable and Sustainable Synthesis: Developing cost-effective, energy-efficient, and
environmentally friendly synthesis methods for large-scale production of SACs remains a critical goal
. This includes exploring biomass-derived precursors and advanced manufacturing techniques like 3D
printing to enable industrial implementation.

3. Dynamic Catalysis and Operando Studies: A deeper understanding of the dynamic restructuring of
SACs under realistic reaction conditions is crucial. Further development of in situ/operando
characterization techniques, especially those offering atomic-level resolution in complex
environments, will provide unprecedented insights into active site evolution, deactivation
mechanisms, and true catalytic pathways.

4. Beyond Single Atoms: Advanced Polymetallic Catalysts: Further exploration and precise control
over DACs, TACs, and even higher-order multi-atom catalysts will unlock new synergistic effects for
more complex, multi-step reactions, potentially mimicking enzymatic functions. Engineering specific
atomic distances and compositions within these clusters will be key to optimizing performance.

5. Integration with Other Nanomaterials: Combining SACs with other functional nanomaterials, such
as quantum dots, plasmonic , or metal-organic frameworks, could lead to synergistic catalysts with
enhanced light-harvesting capabilities, improved mass transport, or novel reaction pathways.

6. Addressing Stability in Harsh Environments: Enhancing the long-term stability of SACs,
particularly in corrosive or high-temperature industrial processes, is essential for their practical
adoption. Strategies such as encapsulating single atoms within robust frameworks, utilizing stronger
metal-support interactions, and designing self-healing catalysts will be vital.

7. New Application Domains: Expanding the application range of SACs to emerging fields like CO:
capture and utilization, advanced hydrogen production and storage, and selective biomass conversion
will be crucial for addressing global energy and environmental challenges.

In conclusion, SACs have already demonstrated their potential to revolutionize catalysis through
unprecedented atomic efficiency and selectivity. Continued advancements in synthesis, characterization,
and the design of complex polymetallic sites, coupled with a deeper understanding of dynamic catalytic
processes, will pave the way for a new era of highly efficient, sustainable, and precisely controlled
catalytic technologies.
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