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1. Introduction

Catalysis plays a key role in the modern chemical industry, and heterogeneous catalysis, often using metal nanoparticles
(NPs) on various supports, has been widely applied in different industrial processes for energy production, environmental
remediation, metallurgy, pharmaceuticals, and so on. Catalysts can enable the efficient conversion of raw materials into high-
value, high-demand products while minimizing energy consumption and remediating environmental pollution. Thus, the
development of scalable, cost-effective, and durable catalysts has become a critical priority for society. For decades, catalyst
engineering focused on the regulation of macroscopic parameters such as catalyst composition, support structure and
morphology, and reactor design for NP catalysts. However, NP catalysts always have multiple active sites, including the
surface atoms covering some metal atoms, edge sites, and metal-support interfaces. Due to the complicated active metal
composition, modulation of NP catalysts is challenging at both the lab-scale and large-scale catalyst production. Former
investigations of this issue lacked atomic-level control, limiting the optimization of catalytic activity, selectivity, and stability.

In 2011, Zhang and coworkers [1] coined the new concept of single-atom catalysis, where catalysts consist of isolated
atoms dispersed on the support, enabling 100% metal dispersion and usage. Since then, most industrially relevant metal
elements in the periodic table have been prepared as single-atom catalysts (SACs) and have been demonstrated to be effective
for more than 50 reactions involving thermal catalysis, photocatalysis, and electrocatalysis [2,3]. This new concept advances
the development of many subjects, including chemistry, chemical engineering, energy, materials science, environmental
science, physics, and biology. Furthermore, the concept of single-atom catalysis has quickly gained global recognition,
advancing both the theoretical understanding and the experimental study of catalytic active sites from the nano-scale to the
atomic level and becoming a new frontier in heterogeneous catalysis. SAC engineering allows for precise electronic and
geometric manipulation, providing fundamental information and possible novel strategies for NP catalyst regulation in terms
of atomic-scale design. For example, it is now widely accepted that the coordination environment modulates the properties
of SACs, and a recent work manipulated the catalytic performance of a metal cluster catalyst by means of nitrogen (N),
phosphorus (P), and sulfur (S) triple doping on the carbon matrix around the clusters [4,5]. Single clusters have also been
developed based on the synergy of single atoms. However, the large-scale production of SACs is extremely challenging,
since single atoms tend to aggregate on large support particles (i.e., individual support particles or catalyst granules/pellets)
during scale-up, mainly due to lower external surface area, fewer anchoring sites, or other factors such as relatively weak
bonds between isolated atoms and a specific support surface. Thus, the engineering of single support particles continues to
pose difficulties.

This paper highlights strategies for regulating the coordination environment of metal single atoms (denoted as M,) to
optimize catalytic performance and permit the scale-up of SACs or single support particles. Suggestions for future studies on
SACs are also provided.



2. Single-atom catalyst engineering
The electronic properties and geometric structures of single atoms, including coordination number, bond length, and ligand

types, are critical for catalytic activity, selectivity, and stability [4]. Various strategies have been developed thus far to
modulate the electronic properties and geometric structures of single atoms (Fig. 1).
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Fig. 1. Illustrations of different strategies for SAC engineering and reported SAC scale-up strategies. CN: carbon nitride; 3D: three-dimensional;
CM: ceramic membrane; Mn-SA: manganese single atoms. Part of this figure is reproduced from Refs. [6,7] with permission.

One simple strategy involves optimizing support types to engineer strong atom—support interaction (SASI), thereby
modifying the electronic/geometric properties of the SAC. Supports such as metal oxides, carbon-based materials, and metal—



organic frameworks can not only anchor single atoms to prevent aggregation and optimize stability but also modulate
electronic properties and geometric structures, changing the catalytic performance of SACs. Coordination engineering of
SACs through precursor pretreatment has also been demonstrated to be an effective strategy for regulating SASI.

Another strategy involves doping and defect engineering. The introduction of heteroatoms (e.g., S, N, P, and O) or defects
around central single atoms is a promising strategy to tune the electronic properties of single atoms. Heteroatoms with
different electronegativities can modify the electron density of neighboring single atoms, thereby changing the adsorption
properties of the reaction intermediates and, further, the reaction activity. For example, doping elemental P into N-doped
carbon-based cobalt (Co) SACs can replace some of the N atoms in Co—Ny, forming a CoP;N; configuration. This substitution
modifies the electronic density of the single atoms, enhancing the NO;~ electroreduction activity [8]. The electronic structure
of SACs can be regulated not only through the inner shell atoms surrounding the central single atoms but also by changing
the outer shell atoms to construct a confined microenvironment around the central single atoms, thereby affecting SAC
catalytic performance and stability [9]. S doping in the outer shell of FeN, was reported to regulate the electron state of iron
(Fe) single atoms and promote carbon dioxide (CO,) adsorption/activation, accelerating the electrochemical reduction of CO,
to produce carbon monoxide (CO) [10]. By creating vacancies or defects in the support, the symmetry of the coordination
configuration can be tailored. For example, in Fe-N-C SACs, introducing carbon vacancies adjacent to Fe—N,4 using urea
etching disrupted the uniform electron distribution around the Fe atom. This asymmetric electronic state lowered the reaction
energy barrier for the oxygen reduction reaction (ORR), with a higher half-wave potential of 0.934 V in acidic media and
0.901 V in alkaline media. The resulting SAC outperformed both Fe-N—C SACs with a symmetric Fe—N, structure and
commercial Pt/C catalysts [11].

Regulating the number of coordination ligands around central single atoms is also an efficient means of SAC engineering.
Adjusting the treatment parameters, including temperature, heating rate, and atmosphere, during the SAC synthesis process
can modulate the coordination configuration of single atoms [12]. For instance, the coordination number of Ru—N in Ru—
N-C SAC decreased from 5 to 3 as the pyrolysis temperature increases from 700 to 900 °C, resulting in better catalytic
performance during the reductive amination of aldehydes [13].

Strain engineering also shows potential for the modulation of single atoms and neighboring atoms by changing the atomic
spacing and orbital overlap. Tensile strain increases the distance between atoms, while compressive strain brings atoms closer.
The changed strain determines the properties of the single atoms and their neighboring atoms, as well as the adsorption
strength of adsorbates, altering the catalytic performance. For example, the introduction of platinum (Pt) single atoms in
RuO, creates bulk tensile strain and local compressive strain; the tensile strain stabilizes the catalyst structure, while the
compressive strain weakens the adsorption of oxygen intermediates during electrochemical oxygen evolution reaction (OER).
This dual-strain strategy accelerates O, evolution and promotes OER activity [14].

The strategies described above provide versatile ways of designing SACs with tailored coordination environments,
enabling manipulation of the catalytic performance, selectivity, and stability of SACs.

3. Single-particle engineering for the large-scale production of SACs

Large-scale SAC production is necessary for SAC application in industrial reactions. From a lab scale of milligrams to an
industrial scale of kilograms or tonnes, several critical bottlenecks appear in the production of SACs. One issue is that single
atoms must be firmly anchored on the support, and supports in industrial applications are often granular or pelleted for
convenience. In comparison with smaller support particles, larger support particles have a smaller surface area and fewer
anchoring sites; this is particularly the case for non-porous or low-porosity supports. As a result, it is more difficult for active
metals to penetrate the interior part of the support during preparation, resulting in “eggshell” distributions and poorer overall
activity. Additionally, large-scale drying and calcination during preparation tend to create temperature differences between
the inner and outer layers of single particles, causing cracking or migration of the active metals and undesirable phase
transformation. Therefore, single support particle engineering is crucial for the large-scale production of SACs. Another issue
is that isolated single atoms tend to migrate and sinter under high-temperature treatment or chemical stress to form NPs, due
to their ultra-high surface energy. For example, during large-scale SAC production, the impregnation method often leads to
a loss of the targeted single atoms, which are prone to aggregation; moreover, aggregation becomes increasingly severe during
long-term operation. In large reactors, traditional preparation methods (e.g., impregnation and co-precipitation methods) tend
to suffer from poor mixing and temperature gradients that result in unevenly distributed hotspots or high precursor
concentrations, possibly facilitating the agglomeration of single atoms. Other synthesis methods (e.g., atomic layer deposition
and chemical vapor deposition) require expensive and complex equipment, limiting their industrial application. Thus,



simplifying the necessary equipment is essential for future large-scale SAC production. In summary, the main challenges in
scaling up SACs lie in maintaining the high dispersion and stability of single atoms and single support particles during large-
scale production, where aggregation, uneven heat/mass transfer, and poor process reproducibility often lead to the production
of NP catalysts and undesirable catalytic performance.

Despite these challenges, promising advances are emerging (Fig. 1). For example, three-dimensional (3D) printing can be
used for the construction of large 3D structures. A series of carbon-based SACs were synthesized by this method, achieving
single-particle engineering without the aggregation of single atoms [15]. In the study reporting this method, metal precursors
were first mixed with a hydrogel consisting of gelatin and gelatin methacryloyl (GelMA) to generate printing ink; the 3D
structure of the sample was then constructed using 3D printing. After freeze-drying to remove water and subsequent pyrolysis,
single atoms were successfully anchored on the gelatin/GelMA-derived carbon. The size of the material could be enlarged to
4 cm x 2 cm, showing potential for further enlargement with a commercial-scale 3D printer. This approach was applied to
synthesize Co, Ni, Cu, Zn, and Pt SACs, with a metal loading ranging from 3.9% to 21.0%. The material’s geometries and
patterns were controllable, offering a scalable and cost-effective route; for example, different hole sizes were produced
ranging from 1.0 to 2.0 mm. Another promising strategy for SAC scale-up is the click-locking strategy, which applies clicking
auxiliaries including vitamin C to function as “click-locking seat belts” to anchor single atoms [6]. Using a 100 L reactor, 10
kg of Cu;/CeO, SACs was successfully prepared, and the catalyst showed long-term stability during CO, hydrogenation, as
well as excellent stability after 350 h of thermal treatment in a CO, hydrogenation atmosphere. Using a fixation strategy, the
kilogram-scale production of M;/CN (M represents Fe, Mn, Ni, Co, or Cu; CN is short for carbon nitride) SACs with up to
14 wt% loading was achieved, exhibiting nearly 100% selectivity for singlet oxygen generation for antibiotic elimination and
showing great potential for industrial applications [16]. The cross-scale assembly of manganese (Mn) single atoms confined
in ZrO, ceramic membranes (Mn-SA@CM) stabilized the SACs within nanopores, enabling the pilot-scale water treatment
of 1200 L of real hospital wastewater with an exceptional decontamination rate of 9.8 x 10* min~! [7]. Other simple strategies
also show potential for SAC scale-up, including pyrolysis, ball-milling, and heating physically mixed compounds. These
innovations advance the application of SACs from the lab to industrial scale, although the universal, green, and cost-effective
mass production of SACs remains an ongoing pursuit.

4. Future perspectives and challenges

While remarkable progress has been made in single-atom catalysis, several challenges remain for widespread industrial
application.

(1) Long-term stability under harsh preparation and reaction conditions such as high temperature, a reduction atmosphere,
or corrosive media, remains a great concern. Tailoring SASIs, modulating SAC coordination environments and regeneration
strategies (e.g., ligand regulation), changing inner- or outer-shell elements around single atoms, and improving oxidative
treatment should be comprehensively investigated as possible means of stabilizing SACs. It should be noted that the structure
of'an SAC may evolve under reaction conditions. Consequently, stabilization strategies should account not only for the initial
catalyst structure but also for possible changes in the local structural environment during catalysis. Understanding the
dynamic structural evolution during operation is crucial, and the integration of artificial intelligence and machine learning
with experimental results might help in predicting optimal atom—support combinations, simulating reaction pathways, and
optimizing synthesis parameters.

(2) Scalable synthesis methods should be investigated from milligram-scale lab preparations to kilogram-scale production,
without decreasing atomic dispersion. Although strategies such as regulating the coordination environment have been
developed to stabilize single atoms, scaling up these techniques while maintaining uniform atomic dispersion remains
difficult. Moreover, the complexity and high cost of current synthesis technologies must be decreased and optimized. Great
efforts should be exerted to develop economically feasible synthesis methods with a high production efficiency and
comparatively low manufacturing costs.

(3) The application potential of SACs in industrial processes is often hindered by overlooked catalytic process
investigations. Special attention should be paid to research on SAC-mediated catalytic processes, in terms of reaction kinetics,
industrial reactor design, mass and heat transport processes, energy analysis and utilization, and process integration.
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