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Machine learning-driven design of single-atom
catalysts for carbon dioxide valorization to
high-value chemicals: a review of photocatalysis,

electrocatalysis, and thermocatalysis
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Yuxuan Yi®fand Lifen Liu (2 %<

The pressing need for carbon-neutral technologies has driven extensive research into photocatalytic,
electrocatalytic, and thermocatalytic CO, reduction, with highly efficient single-atom catalysts (SACs) due
to their atomically dispersed active sites, tunable coordination environments, and well-defined electronic
structures. Recent advances in SACs have demonstrated enhanced activity, selectivity and stability through
rational design strategies incorporating transition-metal-based single-atom sites, nitrogen-coordinated
frameworks, and perovskite-, graphene-, or MOF-supports. Mechanistically, SACs facilitate CO, activation
via optimized CO, adsorption, electronic-state modulation and selective stabilization of key intermediates,
thus promoting tailored product formation. Despite significant progress, challenges remain in understanding
the precise electronic effects governing intermediate binding and selectivity and suppressing metal aggre-
gation under operando conditions. This review systematically integrates experimental findings with machine
learning (ML)-assisted first-principles calculations, deep learning (DL) frameworks, and density functional
theory (DFT) modeling to refine the performances of SACs. ML-driven Bayesian optimization accelerates
catalyst discovery by correlating the synthesis parameters with reaction kinetics and thermodynamics. High-
throughput experimental validation combined with multi-technique characterization elucidates the struc-
ture—activity relationships, providing insights into the electron transfer dynamics, coordination tuning, and
catalytic site evolution. The integration of active learning algorithms enables self-optimizing SACs, dynami-
cally adjusting synthesis and reaction conditions for superior selectivity and faradaic efficiency. By bridging
predictive modeling with experimental validation, this review presents a comprehensive framework for the
rational design of next-generation SACs, paving the way for high-efficiency conversion of CO, into valuable
chemicals. The synergy between Al-driven catalyst discovery and mechanistic elucidation represents a para-
digm shift toward viable and selective CO, valorization strategies.

1. This review discusses advancements in green chemistry, particularly in the CO, reduction reaction (CO,RR) using single-atom catalysts (SACs). Key develop-
ments include the use of SACs for photocatalysis, electrocatalysis, and thermocatalysis, with improved CO, activation, enhanced selectivity, and increased
efficiency through atomic-level precision.

2. The integration of experimental techniques with machine learning (ML), deep learning models (DL), and DFT establishes a data-driven framework for opti-
mizing the design of SACs. This approach facilitates the iterative refinement of the catalyst properties, prediction of reaction pathways, and enhancement of
efficiency and selectivity, thereby generating wider interest.

3. The future of this field lies in achieving a comprehensive understanding of mechanisms and refining SAC design through ML/DL/DFT and experimental
validation. These insights will guide the rational development of SACs with enhanced performance, aiding the scalability of CO, reduction technologies and

contributing to sustainability.
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1 Introduction

Rapid industrialization has greatly increased CO, emissions,
intensifying the greenhouse effect and creating various social,
ecological and environmental challenges. China’s rising share
in global emissions has spurred efforts for “dual carbon” goals,
emphasizing the need for effective solutions like catalytic CO,
reduction technologies. These technologies enable CO, conver-
sion into valuable small organic molecules via thermocatalysis,
electrocatalysis," * and photocatalysis,” offering promising path-
ways for CO, capture, storage (CCS), and utilization (CCU).*”
Thermocatalysis at high temperatures can activate CO,, break-
ing C-O bonds and thereby producing C; and C, products.
Meanwhile, in electrocatalysis,>® CO, gets electrochemically
reduced to form intermediates like formate, CO and methane;'°
in photocatalysis,"* which mimics photosynthesis, light energy
is used to generate charge carriers to activate and reduce CO,.">
These last two methods offer efficient solutions under mild con-
ditions to reduce CO, emissions."® Converting CO, into high-
value chemicals, such as CO, CH;, HCOOH and C, compounds,
is both a carbon utilization strategy and a focus area of CO,RR
for academic and industrial researchers.'® The related progress
is shown in the pivotal role of catalytic science and technology
in driving advances in energy, environmental and industrial
sectors, enhancing reaction efficiency and selectivity and lower-
ing activation energies.’® In recent years, the rapid progress of
nanotechnology has propelled “nanocatalysts” to the forefront
of energy, chemical, and environmental engineering owing to
their high surface areas and unique catalytic properties.'®"”
Catalysts are designed to reduce the size of active metal com-
ponents and to unveil the distinct catalytic effects at the nano-,
sub-nano- and SAC-scale."® The concept of SACs was introduced
while creating a Pt,/FeO, catalyst, where a single platinum atom
was anchored on a ferrite nanocrystal.

SACs offer distinct advantages over traditional nanocata-
lysts, including exceptionally high atomic efficiency, large
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surface areas and well-defined, uniform active sites. These
properties make SACs highly effective in catalytic appli-
cations such as organocatalysis,'®*® photocatalysis*'** and
electrocatalysis.>>>* In CO,RR, SACs, especially those incor-
porating Co, N and C (e.g., M-N-C), exhibit superior per-
formance due to their tailored coordination environments,
enhanced electronic properties and precise control over the
active site geometry. The high reactivity of these materials
stems from their ability to fine-tune the electronic structure
and optimize the catalytic pathway, facilitating efficient CO,
activation and reduction to small organic molecules such as
CO, formate, and methane. The mechanism involving CO,
adsorption, activation via metal sites, electron transfer and
bond cleavage, and formation of specific products, is deter-
mined by the catalyst’s electronic structure and the reaction
conditions.>® Despite significant progress in the design of
high-density, high-stability SACs, the underlying mecha-
nisms and their transformation during reactions remain
poorly understood. While SACs theoretically maximize
atomic efficiency, the increased surface energy of the iso-
lated metal atoms, due to their higher surface area, can lead
to aggregation under reaction conditions. As the metal
loading increases, SACs tend to cluster, leading to a loss of
catalytic performance. Therefore, achieving both high stabi-
lity and large substrate loading in SACs remains a major
challenge. This issue is particularly relevant in CO,RR,
where maintaining the integrity of the isolated metal sites is
crucial for efficient CO, activation and selective reduction to
organic molecules. Hence, solutions for optimizing support
materials, such as nitrogen-doped carbon frameworks, to
stabilize isolated metal sites and prevent aggregation while
maintaining their high reactivity and selectivity for CO,RR*®
are highly desirable.

Prediction and optimization of SACs using ML have become
key research directions, with recent major advancements in
ML offering powerful tools for accelerating catalyst discovery,>”
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fine-tuning reaction parameters, and unveiling complex reac-
tion pathways.”®?° A key advancement in photocatalysis is the
development of NiNi heterobimetallic SACs, which outperform
traditional catalysts by utilizing a redox-active ligand for CO,
activation, highlighting the importance of dual-metal
cooperation in catalyst design.?® In electrocatalysis, ML-guided
DFT calculations have optimized SACs, achieving low overpo-
tentials and high CH, selectivity. Cu-Al catalysts, optimized
via ML and DFT, show improved faradaic efficiency and selecti-
vity, with active learning refining the reaction conditions such
as the temperature and pressure.>’ Thermocatalysis has bene-
fited from AI platforms like Carbon Copilot (CARCO), which
accelerated the discovery of SACs for CO, conversion, achieving
high precision in catalyst design within weeks.”> Mechanistic
studies using ML and ab initio calculations, such as with CuPt/
TiO, catalysts, reveal that interface design is crucial for stabi-
lizing CO, intermediates, further guiding the rational design
of SACs.”?

While existing reviews®*° have extensively covered the
preparation methods, characterization techniques, auxiliary
agents, and catalyst supports for SACs, there is a notable
paucity of discussions on the synergistic optimization of ML/
DL/DFT approaches alongside experimental strategies in the
design of SACs, the identification of optimal reaction con-
ditions, and the fine-tuning of SACs preparation parameters.
In this context, our review offers a comprehensive analysis of
the preparation methods, characterization techniques,
mechanistic insights, reaction kinetics, and the integration of
ML predictions for SACs in CO,RR. We emphasize the pivotal
role of these approaches in optimizing the reaction pathways
and enhancing the catalytic performance. Additionally, by
employing machine learning to elucidate and validate the CO,
reduction mechanisms, we aim to predict previously unex-
plored reduction pathways and intermediates, thereby provid-
ing a robust theoretical and technical foundation for the tai-
lored production of advanced chemicals in industrial
applications.
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2 Single-atom catalysts: design,
preparation, characterization and
prediction

2.1 Formation and optimization of single-atom catalysts

The preparation of SACs involves dispersing isolated metal
atoms onto a stable support to prevent aggregation into
larger clusters or nanoparticles.®” Single-atom dispersion
requires strong metal-support interactions to prevent aggre-
gation during synthesis or post-synthesis processes.***° In
wet-chemical methods, aggregation is inevitable unless the
metal atoms or complexes strongly bind to the support. SACs
consist of isolated metal atomic sites dispersed on a support,
where metal atoms are not arranged in continuous lattice
structures as in metal nanoparticles, nor embedded in the
surface lattice of metal oxides or other non-oxide com-
pounds. These active sites typically consist of the metal atom
and its first coordination shell, composed of oxygen or other
non-metallic atoms. The active sites interact with nearby
surface structures, such as metal atoms and oxygen
vacancies. These sites adsorb and activate reactant mole-
cules, forming surface intermediates, and ultimately gene-
rate products. The structural complexity of SACs arises from
the diversity of the ligand shells surrounding the dispersed
metal atoms. These metal atoms are often located at defect
sites on the support, such as step edges, corners, and voids.
Although the metal atoms are isolated, their chemical and
coordination environments vary significantly depending on
their specific positions. This variation in ligand coordination
induces different electronic perturbations in the metal
atoms’ valence orbitals, altering their electronic structure
and ultimately affecting the catalytic performance (Fig. 1).
Furthermore, the addition of two or more metal atoms to a
single dispersed metal atom can form dimers or trimers,
which often exhibit distinct an sometimes enhanced cata-
lytic properties.
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CO,RR has attracted considerable attention in recent years,
especially in the fields of photocatalysis, electrocatalysis, and
Fischer-Tropsch synthesis (FTS).*>*! SACs have gained promi-
nence due to their exceptional catalytic properties. When sup-
ported on materials such as carbon-based substrates, SACs can
mimic the activation and reduction capabilities of homo-
geneous catalysts, facilitating CO, conversion into small
organic molecules.”> Despite their potential, challenges
persist, including the strong C=O bond dissociation energy,
competition with the hydrogen evolution reaction (HER), low
product selectivity, and catalyst stability issues.”” Recent
advancements have focused on optimizing SACs to enhance
CO, activation, tune electronic properties, and improve reac-
tion pathways. For example, supporting SACs on nitrogen-
doped carbon materials has been shown to significantly
improve the CO,RR efficiency by enhancing the charge transfer
and stabilizing the key intermediates. Understanding and con-
trolling the metal-support interaction is critical for improving
the SACs performance, as it modulates the CO, binding energy
and the formation of the desired products.

The use of a single-atom iron catalyst supported on carbon
nitride has been demonstrated, where metal sites dispersed on
a nitrogen-doped carbon matrix serve as active centers for the
adsorption and activation of CO,,** enabling its reduction to
CO and hydrocarbons. Similarly, ultra-thin nitrogen-doped
carbon nanosheets have been employed as supports for single-
atom nickel catalysts, significantly enhancing the efficiency of
CO,RR. By integrating principles from homogeneous catalysis
with quantum computational chemistry, these SACs have been
engineered to mimic the CO, activation processes observed in
homogeneous systems. Co-doping with carbon and nitrogen
further boosts the catalytic efficiency by modifying the elec-
tronic environment of the SACs, optimizing the CO, adsorp-
tion, and facilitating the formation of reaction intermediates.
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To further enhance the SACs catalytic performance, future
development should focus on the following key aspects:

1. Optimization of metal-support interactions: tuning the
interactions between metal active sites and the support is
essential for improving the SACs performance. By modifying
these interactions, the electronic structure of the metal atoms
can be adjusted, thereby improving the CO, adsorption and
facilitating the formation of reaction intermediates.

2. Synergistic effect of multi-metallic sites: incorporating
two or more metal atoms into SACs can enhance its catalytic
performance. This synergistic effect provides new avenues for
SACs optimization.

3. Regulation of surface defects: introducing specific
defects, such as oxygen vacancies or nitrogen doping, can
effectively modulate the electronic environment of SACs, opti-
mizing the catalytic pathways and enhancing the catalytic
efficiency and selectivity.

4. Catalyst stability and reusability: improving the stability
of SACs and preventing the loss or aggregation of metal atoms
during prolonged reactions is essential for the industrial appli-
cation of SACs.

2.2 Performance predictions by DFT and machine learning

2.2.1 Structure-determined catalytic properties of single-
atom catalysts. The structure of SACs is crucial for their cata-
Iytic properties, particularly in CO,RR. The geometric and elec-
tronic characteristics of SACs govern their activity, selectivity,
and stability across different reaction conditions.*® These pro-
perties depend on the active metal center,*®*” its coordination
environment, promoters, and support materials. Geometric
features such as coordination number, bond lengths, and
bond angles influence the distribution of active sites and the
catalyst’s interaction with reaction intermediates.*”™*® Catalysts
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Fig. 1 Effects of metal-size reduction on the surface free energy of auxiliary agents, and the interactions between auxiliary agents and catalyst sup-

ports in single-atom catalysts.

with unsaturated coordination sites often exhibit higher
activity due to the better adsorption of the intermediates, and
the bond structure affects CO, activation by modulating the
electronic interactions between the catalyst and adsorbates.

The electronic structure of SACs is linked to bonding
between the metal centers and reactants, with key factors such
as the d-band center, electronegativity, and ionization energy
playing a crucial role. The position of the d-band center con-
trols electron transfer to adsorbed species, enhancing
CO,RR.* Electronegativity and ionization energy govern the
catalyst’s ability to donate or withdraw electrons, affecting
interactions with CO, and products. Promoters such as alkali
metals can further modify the electronic structure, adjusting
the electron density and enhancing the adsorption of inter-
mediates. The support material affects the metal dispersion,
catalyst stability, and geometric configuration, influencing the
electronic interactions and CO,RR efficiency.

ML models are increasingly used to predict SAC perform-
ance in CO,RR, leveraging high-dimensional data to uncover
structure-activity relationships. Parameters such as the coordi-
nation number, bond length, d-band center, and electro-
negativity are key input features in these models.
Computational methods like DFT predict the binding and
adsorption energies, which are essential for understanding the
CO,RR mechanisms. These properties are fundamental in the
rational design of optimized catalysts.”®

Key structural features vary for different CO,RR pathways,
including photocatalysis, electrocatalysis, and thermocatalysis
(Table 1). In photocatalysis, the band gap and electronic
affinity govern light absorption and electron transfer
efficiency. Electrocatalysis emphasizes charge transfer and the
d-band center for efficient electron flow at the electrode
surface. In thermocatalysis, geometric descriptors like the
coordination number and bond lengths are critical for the
reaction rate and product distribution, particularly at high
temperatures.

2.2.2 Explanation and validation of the reaction mecha-
nism. The use of SACs for CO,RR to produce value-added
chemicals, through photocatalysis,”” electrocatalysis,>” and
thermocatalysis,”” requires an in-depth understanding of the

4902 | Green Chem., 2025, 27, 4898-4925

underlying reaction mechanisms. Recent developments in ML,
integrated with DFT, have become pivotal tools for unraveling
these mechanisms by predicting the reaction dynamics, energy
profiles, and intermediates, thus advancing the design of
efficient catalysts.

Machine learning models, particularly those integrated
with DFT calculations, have shown significant potential in pre-
dicting the electronic structure and energetics of SACs. For
instance, the first-coordination sphere-support interaction
(FCSSI) has emerged as a key descriptor for regulating the cata-
lyst performance in CO,RR. ML models, such as extreme gradi-
ent boosting regression (XGBR), utilize DFT-derived data to
predict limiting potentials (UL), which directly influence reac-
tion pathways and selectivity toward specific products.’®
Moreover, ML has proven effective in identifying intermediate
species and elucidating reaction pathways. For example, the
use of ML models to predict product selectivity in SACs sup-
ported on modified graphene (e.g., MoO, on H-doped gra-
phene and FeO, on N,0-doped graphene) demonstrated the
ability to distinguish between products like formate and CO.>*
This highlights the potential of ML to identify SACs that mini-
mize side reactions, such as HER,> and favor target products
such as formic acid or CO. In addition to predicting known
pathways, ML models can uncover previously unobserved reac-
tion mechanisms. For example, the prediction of new C-C
coupling processes in graphdiyne-based SACs for C; product
formation offers new possibilities for CO,RR, potentially
enhancing the overall CO, conversion efficiency.® These
models provide an integrated framework to validate existing
hypotheses and predict novel catalytic routes, which is critical
for developing more selective and efficient CO,RR catalysts.

The application of graph neural networks (GNNs) and trans-
former-based models, such as CatBERTa, has further strength-
ened the predictive capabilities of ML models. These hybrid
models can predict adsorption energies by utilizing spatial
coordinates and textual representations of catalytic systems,
thus allowing for the discovery of unknown intermediates and
reaction pathways.”” Additionally, ML models can identify
optimal reaction conditions, such as metal centers (Mn, Co,
Ru, Os) and support interactions, which are crucial for product

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of the descriptors for machine learning models of single-atom catalysts in CO, reduction reactions via photocatalysis, electroca-

talysis, and thermocatalysis

Descriptors

Photocatalysis

Electrocatalysis Thermocatalysis

Structural and geometrical properties
Bond lengths

Bond angles

Atomic radius

Coordination numbers

Atomic positions (one-hot encoding)
Number of specific element atoms
Surface hollow, bridge, and top sites
Chemical and elemental properties
Electronegativity

Ionization energy

Atomic mass

d-electron count

d-band center

Valence electron number

Electron affinity

Physics-informed descriptors

SOAP (smooth overlap of atomic positions)
MBTR (many-body tensor representation)
ACSF (atom-centered symmetry functions)
Synthesis and experimental parameters
Calcination temperature (°C)
Calcination time (h)

Reduction temperature (°C)

Reduction time (hours)

Reaction temperature (°C)

Reaction pressure (MPa)

GHSV

Time on stream (h)

Experimental data and metrics

Tafel slope (17)

Band gap (eV)

Catalyst per volume (mg mL ™)
Sacrificial agent

N N NN

SNENENEN

SNENEN

selectivity, as seen in the case of CH, production.’® By integrat-
ing ML with computational studies, the exploration of CO,RR
mechanisms becomes more systematic and accurate. This
approach not only allows for the identification of new inter-
mediates and reaction steps, but also enables experimental
validation, which accelerates the discovery of high-perform-
ance SACs. The synergy between ML predictions and experi-
mental data fosters an iterative process that refines reaction
mechanism models, facilitating the rational design of SACs for
efficient CO,RR.

ML-based methods, when coupled with quantum-level
simulations, offer valuable insights into CO,RR mechanisms
on SACs. These approaches facilitate the prediction of inter-
mediates, reaction pathways, and optimal conditions, leading
to the design of SACs with tailored properties for enhanced
CO,RR performance.

2.2.3 Designing single-atom catalysts and optimizing reac-
tion conditions. The design and optimization of SACs for
CO,RR rely on predicting catalytic properties, which depend
on the catalyst structure, support material, and reaction con-
ditions. ML models are highly effective in predicting the
impact of the synthesis strategies on catalyst performance by
using descriptors, such as the coordination number, d-band
center, and local chemical environments. These models aid in

This journal is © The Royal Society of Chemistry 2025

N N N N N N N N N N NN NN
N N N N N N S O R NN

selecting the most efficient SAC compositions and predicting
the adsorption energies of CO,RR intermediates, thereby
guiding the design of SACs for specific products, such as CO
or formic acid.*® Additionally, ML assists in optimizing reac-
tion conditions (e.g., temperature, pressure, and electrolyte
composition), which are crucial for enhancing the catalyst
stability, selectivity, and efficiency. Through DL and active
learning, ML can identify the reaction conditions that suppress
side reactions, such as hydrogen evolution.®°

Active ML methods, including reinforcement and self-
supervised learning, enable models to autonomously search
for optimal SAC structures and reaction conditions. These
models iteratively refine predictions through continuous feed-
back from experimental data, accelerating the discovery of
high-performance SACs. Moreover, ML facilitates the design of
catalyst supports and surface modifications by considering
local coordination environments and the electronic effects
induced by dopants.>® In practical applications, ML has
already contributed to the discovery of SACs such as Zn-NP;
and Sn-P,, which exhibit promising CO,RR activity and selecti-
vity.®® By predicting the optimal catalyst structures and con-
ditions before synthesis, these models minimize trial-and-
error processes and accelerate the development of efficient
SACs for CO,RR. Furthermore, ML-driven frameworks enable

Green Chem., 2025, 27, 4898-4925 | 4903
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the high-throughput screening of catalyst materials and reac-
tion parameters, expediting the discovery of novel SACs. The
iterative refinement of SAC structures and reaction conditions
continuously enhances the catalyst performance and CO, util-
ization strategies.

In summary, integrating ML with SAC design and optimiz-
ation offers a transformative approach to developing high-per-
formance catalysts. By predicting the optimal catalyst struc-
tures and reaction conditions, ML accelerates the discovery
and optimization of SACs for more efficient CO,RR.

2.2.4 Mutual verification framework integrating DFT and
machine learning. DFT plays a pivotal role in elucidating the
electronic structure, adsorption behavior, and reaction mecha-
nisms at active sites, effectively complementing experimental
studies. With its high accuracy, DFT facilitates the interpret-
ation of experimental observations and the prediction of cata-
lytic performance, effectively bridging experimental data with
theoretical models. These calculations are indispensable for
optimizing the design of SACs and refining catalytic pathways.
However, the high computational cost of DFT poses chal-
lenges, particularly when modeling large or complex systems.

To address these computational limitations, various ML
models, including Random Forest (RF), Support Vector
Machines (SVM), Neural Networks (NN), and Graph Neural
Networks (GNNs), have been employed to predict the catalytic
performance of SACs and gain insights into their underlying
mechanisms. These models utilize the structural and elec-
tronic properties of catalysts to predict the catalytic activity,
stability, selectivity, and key reaction parameters such as acti-
vation energy and charge transfer.

From a mechanistic perspective, Zhu et al®' identified
eight key descriptors that characterize the electronic and struc-
tural properties of catalysts: N4 (the number of d-shell valence
electrons of metal atoms), which influences reactivity; EA (elec-
tron affinity), representing the metal’s ability to accept elec-
trons; CT (charge transfer from metal-zeolites to intermedi-
ates), quantifying electron redistribution during the catalytic
step; H, (hydrogen count in carbon atoms) and Hg (hydrogen
in H,0, CH30H, CH,), which influence the reactant activation;
N, (coordination number of carbon to metal), capturing the
interaction strength between the carbon-based intermediates
and the metal; Py (number of proton/electron transfers),
offering insights into the proton or electron transfer mecha-
nisms; and Nyp (hydrogen bonds), which stabilize the reaction
intermediates.

To predict CT (e)—the charge transfer between the metal-
zeolites and intermediates—ML models are trained using three
key features: C (coordination number for intermediate to
metal), N, (coordination number for oxygen to metal), and NI
(number of atoms in intermediates). These features capture the
strength of the interaction between intermediates and the
metal, the interaction of oxygen-containing species with the
metal, and the complexity of the intermediates. By analyzing
the relationships between these features and charge transfer,
ML models help identify active sites and understand the critical
electronic redistributions necessary for catalytic activity (Fig. 2).
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Once trained, ML models can predict key DFT-derived
quantities, such as CT (e), activation barriers, and intermedi-
ate energies, at a significantly reduced computational cost.
This accelerates the screening of catalysts and intermediates,
allowing DFT calculations to focus on the most promising can-
didates. Additionally, ML enables efficient exploration of
complex parameter spaces, uncovering insights into the reac-
tion mechanisms that DFT alone might not fully resolve.

From a mechanistic perspective, ML provides deeper
insights into catalytic processes by identifying key descriptors
and elucidating their influence on reactivity. It offers a funda-
mental understanding of how electronic structures drive
charge transfer and how intermediate coordination impacts
catalytic efficiency. The integration of ML with DFT and experi-
mental data accelerates SACs discovery and optimization, pro-
viding a powerful framework for designing next-generation
catalytic materials with tailored properties.

2.3 Efficient and innovative methods for the preparation of
single-atom catalysts

The preparation methods for SACs impact their performance
in CO, reduction, with each method offering distinct advan-
tages and limitations (Fig. 3). Co-precipitation is cost-effective
and scalable, yielding SACs with high surface area and catalytic
activity.®> However, high metal loading can cause aggregation,
reducing catalyst efficiency. It is suitable for large-scale pro-
duction, but struggles with metal dispersion at high
loadings.®®

Ion exchange enables precise metal deposition, increasing
active site density and surface area,®>®® but suffers from high
reagent consumption and catalyst instability®® due to site
degradation.®” Chemical vapor deposition (CVD) and atomic
layer deposition (ALD) achieve atomic-level metal dispersion,
yet remain cost-intensive and complex, limiting their scalabil-
ity. The sol-gel method, though solvent-free with good dis-
persion, risks metal aggregation at high temperatures.
Electrodeposition, often following substrate cleaning and elec-
tropolishing, facilitates nanostructure formation, while spin-
coating efficiently deposits functional layers like perovskites,
followed by annealing. Hydrothermal synthesis grows metal
oxide nanowires, and photolithography with etching fabricates
precise substrate patterns.®®

For large-scale applications, co-precipitation offers cost
efficiency and scalability, whereas CVD and ALD provide
superior atomic precision but face economic and scalability
constraints. The optimal method depends on balancing the
cost, precision, and industrial feasibility.

2.4 Comparison in the characterization of single-atom
catalysts

Accurate characterization is crucial for understanding the
structure-property relationships of SACs, which exhibit unique
catalytic behaviors due to their atomically dispersed active
sites. The complexity of SACs, including their coordination
environment, electronic structure, and metal-support inter-
actions, requires the use of complementary techniques that
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microscopy (STEM) combined with energy-dispersive X-ray
spectroscopy (EDS), provide spatial insights into the dispersion
and localization of single atoms. TEM reveals the distribution
of active sites, while STEM-EDS achieves atomic-scale resolu-
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tion, providing detailed insights into the elemental compo-
sition and structural features. Spectroscopic techniques,
including X-ray absorption fine structure (XAFS) and X-ray
photoelectron spectroscopy (XPS), play a crucial role in
probing the local coordination environment, oxidation state,
and chemical bonding of single atoms. These methods reveal
the critical interactions between the active sites and the
support, while also characterizing the surface’s elemental com-
position and chemical states.

In situ techniques, such as Fourier transform infrared spec-
troscopy (FTIR) and Raman spectroscopy, allow for real-time
monitoring of active sites and surface chemical environments
during reactions. FTIR monitors the adsorption behavior and
vibrational modes of reaction intermediates, while Raman
spectroscopy tracks dynamic changes in catalytic sites under
reaction conditions, elucidating the reaction mechanisms.
Thermal characterization methods, such as temperature-pro-
grammed reduction (TPR) and thermogravimetric analysis
(TGA), assess metal-support interaction strength, reducibility,
and thermal stability, all of which are essential for evaluating
the catalyst durability under operational conditions.

The integration of these techniques offers a comprehensive
understanding of SACs, connecting their atomic structure,
electronic properties, and reaction mechanisms to the catalytic
performance and selectivity. This holistic approach not only
advances fundamental knowledge, but also informs the
rational design of next-generation catalysts for CO, hydrogen-
ation and other critical reactions.

3 Photocatalytic CO, reduction
3.1 Mechanism of photocatalytic reduction

The photocatalytic reduction of CO, with H, utilizes light
energy, typically from ultraviolet or visible light, to drive the
reaction, converting CO, and H, into valuable products such
as methane, methanol, and other organic compounds. This
process involves several critical steps. First, photon absorption
occurs when the semiconductor catalyst absorbs light, exciting
electrons from the valence band to the conduction band,
thereby generating electron-hole pairs (e /H'). The electrons
and holes are then separated and migrate within the catalyst’s
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conduction and valence bands, with electrons (e”) participat-
ing in the CO,RR, while holes (H') are involved in the oxi-
dation of H,. During CO,RR, the electrons reduce CO, into
products such as carbon monoxide, methanol, or methane,
depending on the catalyst and reaction conditions. This reac-
tion proceeds through e~ and H' transfer, with different inter-
mediates forming based on the targeted product. The oxi-
dation process involves H' at the catalyst surface, which
oxidize H,, generating H' that provide the protons necessary
for CO,RR. These key steps are crucial for optimizing the cata-
lyst performance and guiding the development of efficient
photocatalysts for CO, hydrogenation (Table 2).

In photocatalytic CO, hydrogenation, the use of SACs is par-
ticularly effective. SACs, with their atomic-level dispersion on
supports, create well-defined active sites that facilitate efficient
electron and proton transfer, thereby optimizing the reduction
steps. These catalysts enhance the reaction rates, selectivity,
and stability by minimizing energy barriers, stabilizing reac-
tion intermediates, and promoting specific electron transfer
processes. The preparation of SACs—including metal choice,
support material, and synthesis method—significantly influ-
ences their catalytic performance. By fine-tuning the electronic
properties of metal atoms and their interaction with the
support, SACs can be optimized to enhance CO, activation,
improve product selectivity, and boost the overall efficiency of
the photocatalytic reduction process (Fig. 4).

Inspired by photosynthesis, photocatalysis leverages light-
driven redox reactions for CO, fixation. In this process, photo-
generated charge carriers are separated in the semiconductor®
and transferred to the catalyst surface, where they react with
adsorbed CO,. This results in the conversion of CO, into valu-
able organic compounds such as formic acid, CO, alcohols, and
hydrocarbons.”® Compared to traditional CO, purification
methods, photocatalysis offers advantages such as mild reaction
conditions, low energy consumption, and minimal environ-
mental impact, positioning it as a promising technology for sus-
tainable CO, utilization and carbon management.”

3.2 Reaction kinetics of photocatalytic reduction

The reaction kinetics of photocatalytic CO,RR, particularly
when catalyzed by SACs, begins with photon absorption,
which excites electrons and generates active sites on the cata-

Table 2 Equilibrium potential (E.q vs. RHE) and reaction enthalpy (AH) for the reduction of CO, to different products

Product CO, reduction pathways Eeq (V) AH (k] mol™)
Cco CO, +2¢ +2H" - CO + H,0 -0.10 -41.2
CH, CO, + 8¢ + 8H" > CH, + 2H,0 0.17 -253.0
C,H, 2CO, + 14e” + 14H" — C,H + 4H,0 0.14 264.3
C;Hg 3CO, + 20e” + 20H" — C3Hg + 6H,0 0.09 374.2
C,H, 2C0, + 12¢” + 12H" —» C,H, + 4H,0 0.08 127.8
CH;0H CO, + 6e” + 6H" - CH;0H + H,0 0.03 -131.0
C,H,OH 2CO, +12e” + 12H" — C,H;0H + 3H,0 0.09 216.1
C,;H,0H 3CO, + 18¢~ + 18H" — C;H,OH + 5H,0 0.1 331.2
CH;CHO 2CO0, + 10e” + 10H" = CH3;CHO + 3H,0 0.06 130.1
HCOOH CO, +2e~ + 2H" — HCOOH -0.12 -31.2
CH,COOH 2C0, + 10e” + 10H" — CH,COOH + 2H,0 0.11 122.1

4906 | Green Chem., 2025, 27, 4898-4925
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lyst surface. The efficiency of this process is largely influenced
by the metal’s ability to facilitate electron transfer and the
support material’s role in stabilizing the excited states. Early
research on photocatalytic CO,RR dates back to the 1970s,
initially focusing on semiconductor materials for water split-
ting applications. In the 1980s, research shifted towards using
solar energy to drive CO,RR into organic chemicals, with early
studies concentrating on methane and carbon monoxide pro-
duction. Initial reaction models were oversimplified, typically
assuming surface adsorption and electron transfer as the
primary steps. However, with advancements in the catalyst
materials and reaction conditions, the kinetics of the process
became increasingly complex, involving multiple steps, various
intermediates, and charge carrier participation.

As catalyst materials diversified, selectivity and product dis-
tribution in photocatalytic CO,RR emerged as critical research
themes. Different catalysts not only affect the separation
efficiency of electron-hole pairs, but also play a decisive role in
the formation pathways of intermediates, thus determining
the final product. The reaction kinetics of photocatalysis
involve several complex stages, including catalyst excitation,
electron-hole pair separation and migration, and the for-
mation and transformation of intermediates.

Enhancements in reaction kinetics are often achieved
through orbital coupling between metal atoms and adjacent
ligands, especially in bimetallic sites. For instance, Pt-Ru
dimers on g-C;N, demonstrate significantly improved catalytic
performance for CO,RR and HER by weakening the binding
strength with intermediates and adjusting the orbital energy
levels.”? This strategy allows for more efficient catalytic pro-
cesses by optimizing the interaction between the catalyst and
the reaction intermediates.

rec = ke - I - (Ceo, )™+ (Cur,)™

This journal is © The Royal Society of Chemistry 2025

The rate of a photocatalytic reaction (rpc) is generally line-
arly dependent on the light intensity (ljgh). However, under
high light conditions, the reaction rate may become limited by
the catalyst’s electron carrier capacity, resulting in kinetic sat-
uration. The rate is also influenced by the concentrations of
CO, (Cco,) and H, (Cy,), as well as by the surface adsorption
characteristics of the catalyst, illumination conditions, and
reactant concentrations (e.g., npc, @pc, Ppc). Moreover, the life-
time of the photogenerated electrons and the efficiency of the
charge carrier separation are critical factors that impact the
overall reaction efficiency. The separation efficiency of charge
carriers is closely related to the catalyst surface structure and
the light intensity. If photogenerated electrons recombine with
holes on the catalyst surface, the reaction efficiency will be sig-
nificantly reduced. Therefore, optimizing the charge carrier
migration and separation efficiency is crucial for improving
the performance of photocatalytic CO, reduction.

3.3 Photocatalytic reduction of CO, using single-atom
catalysts

3.3.1 Mechanisms of auxiliary agents in photocatalysts.
The photocatalytic reduction of CO,, first explored by
Fujishima et al.”? in 1972 using TiO, for water splitting and
later advanced by Halmann’® in 1978 for CO, conversion to
formic acid and methanol, has attracted substantial interest
due to its potential in sustainable CO, utilization. This process
offers several advantages, including mild reaction conditions
(ambient temperature and pressure), the use of renewable
solar energy, and an environmentally friendly approach.”
However, the efficiency of photocatalytic CO,RR is still hin-
dered by challenges such as inefficient charge separation,”®
low energy transfer efficiency, and limited CO, adsorption and
activation on catalyst surfaces. Addressing these limitations is
crucial for advancing practical applications.”””®
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Optimizing CO, adsorption and activation on the catalyst
surface is key to improving the photocatalytic performance.
However, a detailed understanding of surface site dynamics is
still lacking. Feng et al.”® introduced an innovative strategy by
constructing Mn single-atom sites on TiO, nanostructures,
which modified the local coordination environment, enhan-
cing CO, adsorption and the localization of photogenerated
electrons, thus improving the catalytic efficiency. Similarly,
Zhang et al.®® developed a dual-site system combining Au/Co
double-monoatom-supported CdS for CO,RR. In this system,
Co sites promote CO, adsorption and reduction, while Au sites
facilitate the collection of photogenerated electrons, selectively
producing CO and CH, with 82% selectivity. This design
underscores the importance of effectively distributing photo-
generated charges across different single-atom sites to
enhance the photocatalytic selectivity.

Auxiliary agents play a vital role in optimizing SACs for
photocatalytic CO,RR by modulating their electronic struc-
tures, stabilizing active sites, and facilitating charge transfer.
Strategies such as defect engineering, heteroatom doping, and
co-catalyst integration significantly influence reaction path-
ways, improving the catalytic activity and product
selectivity.®™® One effective approach involves introducing
oxygen vacancies or structural distortions in the catalyst
support to enhance the CO, adsorption and charge separation.
For instance, in Pd-SA/TiO,, oxygen vacancies created under a
hydrogen-rich atmosphere serve as strong anchoring sites for
Pd single atoms, preventing agglomeration and tuning their
electronic structure. This modification increases the CO
selectivity to 92.51% and catalytic activity to 56.84 pmol g~*
h™ by facilitating charge transfer and minimizing electron-
hole recombination.?*

Heteroatom doping further refines the electronic properties
of SACs by modifying charge distribution at the active sites.
Doping with elements such as nitrogen, sulfur, or phosphorus
stabilizes the reaction intermediates and enhances CO, acti-
vation. In Cu-based SACs, nitrogen-doped carbon supports
strengthen metal-support interactions, promoting C-C coup-
ling and enabling selective C,. product formation. The dopant
atoms shift the d-band center of the Cu sites, reducing the
activation energy barriers and optimizing multi-electron trans-
fer processes.®’

Co-catalyst incorporation provides another effective strategy
for improving SACs performance by introducing additional
charge transfer pathways or cooperative catalytic mecha-
nisms.®® Overall, the integration of defect engineering, hetero-
atom doping, and co-catalysts significantly enhances SACs per-
formance in photocatalytic CO,RR. These strategies collectively
improve charge transfer, stabilize reaction intermediates, and
suppress recombination losses, leading to higher catalytic
efficiency and selectivity.

3.3.2 Supports for photocatalysts. The inherent chemical
inertness of CO,, combined with weak adsorption and high
activation barriers, poses significant challenges for efficient
CO,RR, especially at low concentrations. Additionally, competi-
tive HER further hinders progress in this area. To overcome

4908 | Green Chem., 2025, 27, 4898-4925
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these obstacles, Lyu et al.®” designed oxygen-deficient Co;0,
hollow nanoparticles supported on a macroporous N-doped
carbon framework. The introduction of oxygen vacancies dis-
rupted the Co-O-Co symmetry, enhancing CO, adsorption and
activation, while the macroporous structure increased active
site availability and facilitated the transport of photogenerated
electrons. This work underscores the importance of active site
symmetry modulation for improving catalytic performance in
low-concentration CO,RR.

MOFs have attracted considerable interest for their ability
to modulate electron transport in photocatalysis, owing to
their tunable porosity, high surface area, and the potential to
tailor active sites. Porphyrins and their derivatives, known for
their excellent photosensitivity, can create conductive pathways
through their stacked units. The incorporation of metals
further enhances electron transport, although precise control
of these pathways remains a challenge. Huang et al®®
employed a thermal-induced strategy, using thorium ions as
unstable coordination nodes in porphyrin-based MOFs to
control electron transport, thereby improving carrier separ-
ation and enhancing photocatalytic efficiency. This study pro-
vides valuable insights into carrier dynamics within photo-
catalytic systems. MOFs provide high surface area, tunable
porosity, and defined coordination sites, ensuring uniform
metal dispersion and electronic modulation. Their confine-
ment effect prevents metal aggregation, while enhancing CO,
activation. MOF-derived carbons retain structural integrity and
improve conductivity, facilitating charge transfer and reaction
kinetics.

Recent developments in SACs have demonstrated their
potential for CO,RR, driven by their unique electronic pro-
perties, high dispersion, and enhanced -catalytic activity
through defect engineering. SACs offer additional active sites
at the atomic scale, which significantly enhance catalytic per-
formance. Cheng et al.®® utilized the large surface area and
planar conjugate structure of g-C3N, to anchor Ni single atoms
through a self-limiting method.”® This approach not only
stabilized the Ni single atoms, but also promoted efficient CO,
adsorption and electron transfer from g-C3;N, to Ni via Ni-N
coordination, resulting in a CO, conversion rate that is 7.8
times higher than that of pure g-C;N, under visible light. This
highlights the critical role of tuning active sites for improving
CO,RR efficiency.”!

Zhang et al.”*> developed Co-SA@SP by anchoring single-atom
cobalt on commercial superconducting carbon black. The Co-N,
coordination sites in this material reduced the CO" desorption
energy barrier, enhancing the catalytic reactivity, CO selectivity
(84.2%), and stability under UV light. The suppression of HER
further promoted CO,RR, demonstrating the potential of SACs
to inhibit competitive reactions and enhance selectivity. This
simple and cost-effective catalyst offers a promising pathway for
scalable photocatalytic CO,RR in industrial applications.
Catalyst carriers critically influence SACs’ photocatalytic CO,RR
by modulating the electronic structure, charge transfer, and
active site stability. The carrier dictates metal-support inter-
actions, adsorption strength, and reaction selectivity.

This journal is © The Royal Society of Chemistry 2025
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Semiconductor supports with oxygen vacancies effectively
anchor single metal atoms, preventing aggregation while
tuning their electronic environment. In Pd-SA/TiO,, oxygen
vacancies enhance metal-support interactions, optimizing
Pd’s oxidation state and CO, activation. This defect engineer-
ing improves the charge separation and suppresses recombina-
tion, boosting the catalytic efficiency.®*

Carbon-based supports, such as graphene, CNTs, and nitro-
gen-doped carbon (N-C), offer high conductivity and
n-conjugation networks that enhance charge transport. In Cu-
SACs, N-C stabilizes Cu atoms, improving C-C coupling and
favoring C,, products. Strong metal-support interactions
(SMSI) optimize Cu’s electronic state, lowering activation bar-
riers and increasing the CO, conversion selectivity.®®> Hybrid
architectures incorporating plasmonic nanostructures or co-
catalysts further enhance the SACs performance. Plasmonic-
metal-SACs hybrids use localized surface plasmon resonance
(LSPR) to extend the carrier lifetimes and improve charge
transfer, lowering the activation barriers. Co-catalyst inte-
gration facilitates charge separation and directional electron
flow, optimizing the reaction selectivity.*®

In summary, defect engineering, conductivity tuning, and
confinement effects are key to improving the SACs stability
and reactivity. Future research should focus on optimizing the
metal-support interactions and charge transfer pathways to
enhance SAC-based CO,RR.

3.3.3 Perovskite-structured photocatalysts. In photo-
catalytic CO,RR, perovskite-based SACs have garnered con-
siderable attention due to their unique structural and elec-
tronic properties, which enhance their catalytic performance.
Perovskite materials, with their distinctive crystal structures,
offer multiple advantages in the context of SACs for CO,RR.

The perovskite structure, characterized by a corner-sharing
octahedral arrangement of metal cations and halide anions,
provides a versatile platform for modulating the electronic pro-
perties, optimizing the charge carrier dynamics, and facilitat-
ing enhanced photocatalytic activity. In Cs3Sb, 5Bi; 5Cl,Brs per-
ovskite catalysts, the formation of a built-in electric field (IEF)
within heterojunctions facilitates efficient electron-hole separ-
ation, a key factor in improving the photocatalytic CO,RR
efficiency. The coupling of these materials with other catalysts,
such as Bi-BTC frameworks, has shown that the synergistic
effects between the two components can significantly boost
photocatalytic performance, leading to high CO and CH,
yields.”?

In addition, engineering the electronic structure of perovs-
kites through doping or phase transition can further enhance
their catalytic properties. For example, doping perovskite struc-
tures with metal ions or using phase transitions to generate
piezoelectricity can increase the adsorption capacity for CO,
and reduce the energy barrier for its conversion.”* The piezo-
electric effect, induced by phase transition under external
stimuli, can produce a polarized electric field that accelerates
CO, activation, contributing to improved catalytic efficiency. In
the case of Cs;Bi,Bro-based perovskites, the introduction of Cu
atoms into the perovskite lattice has been shown to promote

This journal is © The Royal Society of Chemistry 2025
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charge separation and enhance the electronic structure of the
material, which further lowers the energy barriers for CO,RR.
The atomically dispersed Cu acts as a critical site for charge
transfer, improving the selectivity for CO production while
maintaining stability over multiple cycles.

The engineering of heterojunctions by combining perovs-
kites with other semiconductors, such as Cos;0,, has proven
highly effective for promoting efficient charge separation. The
formation of built-in electric fields at the heterojunction inter-
face enhances the photocatalytic CO,RR performance, with
Na-ion incorporation further strengthening these electric
fields to boost CO, adsorption and activation.’® Thus, perovs-
kite SACs possess unique properties, such as their tunable
band structures, efficient charge separation, and enhanced
CO, adsorption, all of which play crucial roles in improving
the directional selectivity of photocatalytic CO,RR.°” These
structural features, coupled with innovative doping strategies
and heterojunction formation, position perovskite-based SACs
as promising candidates for the efficient conversion of CO,
into valuable chemicals (Fig. 5).

4 Electrocatalytic CO, reduction
4.1 Mechanism of electrocatalytic reduction

CO,RR converts electrical energy into chemical energy, produ-
cing valuable small molecules via electrochemical reduction.’?
However, in aqueous systems, the HER often competes with
CO,RR, significantly reducing selectivity and efficiency. To
address this, the development of highly efficient electrocata-
lysts with high activity, selectivity, and stability is crucial for
advancing CO,RR technology. SACs have emerged as promis-
ing candidates due to their well-defined active sites, maximiz-
ing atom utilization. The performance of SACs is primarily
determined by the electronic structure and coordination
environment of the single metal atoms, which can effectively
modulate CO, adsorption, activation, and reduction. SACs
promote the reduction process by facilitating the formation of
key intermediates such as "CO,, ‘COOH, and ‘CHO through
unique reaction pathways, while minimizing HER by optimiz-
ing the binding energies of hydrogen and CO, intermediates.
The enhanced selectivity and efficiency of SACs arise from the
atomic-level control over the reaction mechanisms, enabling
precise tuning of the product distribution. Ongoing efforts to
improve SACs for CO,RR have focused on stabilizing the metal
sites, increasing conductivity, and optimizing the local elec-
tronic environment to achieve scalable, practical performance.

CO,RR is a complex multi-electron, multi-proton process
where intermediates like "CO are crucial for C, product for-
mation. Strong interactions between '‘CO and metal catalysts
(e.g., Pt, Fe, Ni) can poison the active sites, favoring HER and
diminishing the CO,RR efficiency.”® On the other hand,
metals with weak "CO binding (e.g., Au, Ag, Zn) facilitate "CO
desorption, which prevents efficient C-C coupling and results
in CO as the final product.”® However, metals with moderate
CO binding strengths, such as Cu, Ni, Co, and Zn, are among
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the few catalysts capable of selectively producing C, and other
organic carbon products,' striking a balance between "CO
binding and desorption, thereby enabling effective C-C coupling.

Electrocatalytic CO,RR typically occurs in an electro-
chemical cell, where an electrode (a metal or alloy electrode)
catalyzes the reaction between CO, and H,, converting them
into useful chemicals. During this process, CO, is adsorbed
onto the catalyst surface, where it is activated through electron
transfer, generating reactive intermediates like 'CO,™™ (a
radical anion) or "CO,H (a hydrogenated intermediate). This
step requires overcoming the adsorption energy barrier
between CO, and the electrode, typically occurring on metal
electrodes (e.g., copper, silver, gold). The reduction reaction
involves the transfer of electrons and protons; electrons are
delivered via the electrode, while protons come from the elec-
trolyte. The electrode surface reduces CO, intermediates, gen-
erating species such as CO,"™ or CO,H.

The electrocatalytic reaction proceeds through the for-
mation of intermediates, which are progressively reduced to
final products like methanol, methane, and other hydro-

4910 | Green Chem., 2025, 27, 4898-4925

carbons (Fig. 6). The overpotential, defined by the current
density and voltage applied, plays a critical role in determining
the product selectivity. Different electrocatalysts significantly
affect the distribution of products. For instance, copper-based
catalysts are often superior to others, promoting a range of
carbon-containing organic products such as alkanes, alkenes,
and alcohols, while silver and gold catalysts typically favor the
formation of CO.

Thus,
between CO, intermediates, the electronic properties of the
metal catalysts, and reaction conditions are key to enhancing
the efficiency and selectivity of electrocatalytic CO,RR.

understanding and optimizing the interaction

4.2 Reaction kinetics of electrocatalytic reduction

In recent years, significant progress has been made in under-
standing the electrocatalytic CO,RR using SACs, leading to
improved catalytic performance. SACs are particularly appeal-
ing due to their high metal atom utilization, distinct electronic
properties, and excellent catalytic efficiency. However, the iso-
lated active sites in SACs can limit their effectiveness in reac-
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tions that require the simultaneous activation of multiple reac-
tants or intermediates. To address this limitation, strategies
have been developed to combine the advantages of SACs with
multi-atomic sites, resulting in “fully exposed metal cluster cat-
alysts” (FECCs)."”" These FECCs can simultaneously activate
different reactants, enhancing the reaction kinetics and
improving the overall electrocatalytic performance.

Recent studies'®> have demonstrated that tuning the atomic
dispersion of metal species within SACs can significantly
enhance the catalytic efficiency. For instance, by adjusting the
pyrolysis temperature, researchers have successfully transi-
tioned nickel (Ni) species from clusters to single-atom scales,
resulting in a Ni FECC with superior CO,RR performance. The
optimized Ni FECC achieved a FE of up to 99% for CO pro-
duction, with a CO partial current density of 347.2 mA cm 2,
and exhibited stable performance over 20 hours of electrolysis.
Theoretical calculations revealed that sulfur doping plays a
crucial role in regulating the charge distribution across mul-
tiple Ni sites, thus accelerating the reaction kinetics and facili-
tating efficient CO,RR to CO.

Another study'® focused on the development of a model Ni
SAC with well-defined Ni-N, coordination on a conductive
carbon support, which was used to explore the CO,RR mecha-
nism. Using advanced operando techniques, such as X-ray
absorption spectroscopy, Raman spectroscopy, and near-
ambient XPS, it was found that the Ni* sites in the Ni SAC were
highly active for CO, activation, acting as the actual catalytic
sites for the CO,RR. Electrochemical kinetics studies identi-
fied the rate-determining step of the CO,RR as the conversion
of '"CO,@ + H' — "COOH, providing key insights into the
mechanistic details of CO,RR.

Despite the outstanding performance of SACs in CO,RR,
the relationship between their electronic and geometric struc-
tures and their electrocatalytic properties remains an area of
ongoing investigation. Factors such as the coordination
environment of metal atoms, the nature of the conductive

This journal is © The Royal Society of Chemistry 2025

support, and the interactions with secondary catalysts all sig-
nificantly influence the efficiency and selectivity of SACs in
CO,RR. Understanding these structure-function correlations is
critical for the rational design of SACs that exhibit high
activity, selectivity, and stability."%*

The kinetics of electrocatalytic CO,RR are influenced by
several key factors, including current density, applied voltage,
catalyst surface properties, and the concentrations of CO, and
H,. Typically, the reaction rate is proportional to the current
density (j, A cm™?), with the reaction rate increasing as the
current density increases, until a saturation point is reached.
The overpotential (i) represents the difference between the
required voltage for the reaction and the theoretical voltage,
reflecting the activation barrier on the catalyst surface and sig-
nificantly affecting the reaction rate. This relationship is often
described by the Tafel equation, which characterizes the logar-
ithmic dependence of the reaction rate on the overpotential:

ﬂ:aEc+bEc'lOg‘j

Additionally, the reaction rate (rgc) is affected by the con-
centrations of CO, and H,. The rate for CO,RR typically
follows the equation:

rEC:k-j

rec = ke * (Ceo,)™ - (CHz)bEC

where Cco, and Cy, represent the concentrations of CO, and
H,, and agc and bgc are the reaction orders with respect to
CO, and H,, and typically determined experimentally.

Overall, SACs have demonstrated remarkable potential in
CO,RR, with atomically dispersed active sites, tunable elec-
tronic structures, and enhanced reaction kinetics. However,
challenges remain in the catalyst design, synthesis, and
characterization. Future research should focus on developing
novel synthetic strategies to precisely control the atomic dis-
persion, improving the catalyst stability under practical con-
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ditions, and further
relationships.

elucidating the structure-activity

4.3 Electrocatalytic reduction of CO, using single-atom
catalysts

4.3.1 Influence of auxiliary agents on electrocatalytic per-
formance. SACs offer exceptional activity, selectivity, and atom
efficiency, making them highly suitable for selective CO,RR.*®
The performance of SACs is largely governed by the mor-
phology and coordination environment of the metal center,
typically in M-N-C structures.'®® These structures facilitate the
adsorption and activation of CO,, as well as the reduction
process, by enabling precise control over the binding energies
of key intermediates, such as ‘CO,, ‘COOH, and ‘CHO. One
example is the Ni-N/NCNT catalyst developed by Kim et al.,**’
which achieved a FE of 96.73% for CO production in a zero-
gap CO, electrolyzer with an optimized membrane electrode
assembly (MEA). The asymmetrical Ni-N-C structure enhances
CO, adsorption, facilitates high CO coverage, and suppresses
HER, improving the CO, electroreduction activity by boosting
metal utilization and CO,RR efficiency.’®® In contrast, Yang
et al.'® demonstrated that halogen activation of metal sites
can further enhance performance. Bromide, in particular, pro-
motes the selective exposure of planar bismuth surfaces,
resulting in a high current density and greater than 90%
selectivity for formic acid, whereas chlorides and iodides tend
to disorganize the active sites."*°

The CO,RR involves complex intermediates and competing
reaction pathways, making optimization challenging. Jin
et al.''' addressed this by constructing atomically dispersed
heterodiatomic pairs, where "‘COOH intermediates bridge
across heteroatomic sites, lowering their formation energy.
This modification enhances electron delocalization via Mo-Fe
d-d orbital coupling, which promotes ‘CO desorption and
improves CO selectivity. The introduction of dual- and multi-
active centers has also gained attention for its ability to acti-
vate multiple reactants, improving selectivity and product
diversity. For CO,RR, dual-site catalysts often feature separate
sites for CO, activation and subsequent hydrogenation or C-C
coupling. The spatial arrangement of these sites influences the
migration of intermediates, and optimizing "H coverage can
help mitigate HER, improving the selectivity for CO,RR over
hydrogen evolution.

Single-atom alloy catalysts (SAAs) are another promising
approach for CO,RR to C,; products, although challenges
remain in achieving selective C-C coupling. Cao et al''?
reported on a Bi-Cu SAA catalyst that achieved 73.4% FE for
C,. products. The interaction between Bi and Cu modulated
the electronic structure of Cu, lowering the CO, adsorption
and activation energy, enhancing intermediate formation, and
improving the C,, selectivity. This study highlights the poten-
tial of SAAs in regulating active sites, and provides a new strat-
egy for catalyst design. In a different approach, Cai et al'"?
used Pd atoms for CO,RR to formic acid with a Pd/C-Pt/C
composite electrode, demonstrating a new method for low-
temperature aqueous-phase electrocatalysis. Additionally,
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Quan et al'™* developed nitrogen-coordinated Cu SACs (Cu/
NC) for CO, electrocarboxylation with styrene, achieving 92%
FE and nearly 100% product selectivity for phenylsuccinic
acid.

Metals such as Fe, Co, Cu, Zn, and Sn are increasingly used
in CO,RR due to their distinct product selectivity. Sn, In, and
Pb primarily produce formic acid while effectively inhibiting
HER,'">!'® whereas Zn, Au, and Ag favor CO production due to
their strong interaction with the CO" intermediate, which is
crucial for large-scale CO production."””""'® However, the high
cost of Au and Ag limits their practical application. Cu, as the
only metal capable of producing C,, products, holds signifi-
cant potential, as C, products (ethanol and ethylene) offer
greater commercial value compared to C; products (CO and
methane).'®® Despite this, the structural sensitivity of copper
single atoms and their role in CC coupling remain areas of
ongoing research. It has been assumed that CO,RR to both CO
and C, products occurs at the same Cu site, but recent studies
suggest that distinct Cu sites may be involved in these steps.'*!
Further mechanistic investigations are required to clarify these
processes and optimize the catalyst performance. Cu-based
catalysts have been extensively studied for CO,RR, with various
modifications improving their selectivity and efficiency. This
strategy can be extended to other Lewis-acid metals to further
enhance the CO,RR performance. Wang et al."** developed an
InBi bimetallic catalyst supported on In,O; nanodots on
Bi,0,CO; nanosheets, where the synergistic effect between the
metals and the enhanced CO, adsorption led to 97.17% FE in
an H-type electrolyzer.

Heteroatom doping, particularly with nitrogen, sulfur, or
phosphorus, alters the electronic properties of the support
material and enhances the SACs activity. Nitrogen-doped
carbon supports improve the interaction between metal
centers and CO,, facilitating CO, adsorption and reduction.
This doping stabilizes the metal sites and prevents agglomera-
tion, thus improving the catalyst’s stability over prolonged
reactions. The coordination environment of the metal center is
further optimized by the inclusion of multiple heteroatoms in
the support structure. In Cu SACs, nitrogen-doped carbon
support adjusts the binding strength of *CO and "“COOH inter-
mediates, enhancing CO,RR to C,H,. This synergy between
the metal and support is crucial for maximizing the CO,RR
performance. Co-catalysts, often in the form of small nano-
particles or sub-nanoclusters, have been integrated with SACs
to promote cooperative catalysis. In these tandem systems, one
site activates CO,, while the other facilitates CO coupling,
leading to higher-order products such as C,H, and CH,. Cu
SACs coupled with copper nanoclusters exhibit enhanced
selectivity for C,. products by promoting CO,RR to CO, fol-
lowed by coupling at the NP site.'*?

Moreover, modifying the coordination environment around
the metal site further enhances the SACs performance. For
instance, Cu SACs supported by N,-bidentate sites in a graph-
diyne structure show higher selectivity for methane production,
with reduced side reactions. This design achieves a FE of 80.6%
for methane and a current density of 160 mA cm™2.'**
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The support curvature also affects the SACs activity. Ni SACs
supported on spherical carbon materials exhibit optimized
nanocurvatures, which influences the interfacial electric field,
modulating intermediate adsorption during CO,RR. This
results in a CO partial current density of 400 mA cm™> at 99%
FE.125

Cu SACs supported by nitrogen-doped carbon quantum
dots (CQDs) exhibit enhanced catalytic performance, with a FE
of over 80% for ethanol production and stable performance
over 50 hours. This improvement stems from the atomic dis-
persion of Cu sites and the interaction with the nitrogen-
doped support.'?®

4.3.2 Electrocatalyst support materials. In 2023, Cui
et al'” designed an Al-Cu tandem catalyst supported on
carbon nanotubes (CNTs) to improve CH, production via
efficient CO,RR and enhanced electron transfer, significantly
boosting the CH, selectivity. This catalyst system uses the
complementary properties of Al and Cu, facilitating the conver-
sion of CO, and increasing the overall efficiency of methane
production. Similarly, Ding et al.’*® developed a cascade cata-
lyst combining SnS, nanosheets with single-atom Sn, achiev-
ing 82.5% ethanol selectivity. In this system, CO, is first
reduced to formic acid on SnS,, followed by bicarbonate for-
mation at the single-atom Sn sites, where C-C coupling occurs
in situ to yield ethanol. This mechanism exemplifies the
synergy between different catalytic sites and materials, promot-
ing high selectivity for desired products.

While precious metals such as Ru, Pd, and Pt have demon-
strated high efficiency in CO,RR, their high cost and limited
scalability prompt the exploration of more affordable and scal-
able SACs.'**3! Liu et al.’** developed a Sn-Cu diatomic cata-
lyst by introducing Sn into isolated Cu sites, which achieved a
FE of 99.1% for CO production.”® The high efficiency of this
catalyst is attributed to its efficient atom utilization, SMSI, and
the high wunsaturation of the coordination environment
around the metal atoms. Additionally, the nitrogen-doped
porous carbon support improves mass transfer, ensuring that
the catalyst can maintain high performance over extended
periods.

Su et a reported a Cu/Zn hierarchical porous catalyst
that inhibits HER, while favoring alcohol formation. This cata-
lyst enhances intermediate interactions with the surface.
Furthermore, it features a porous structure that increases the
density of surface active sites and improves the surface-to-
volume ratio, promoting the formation of C, products. In
another study, Chen et al."*> employed a Cu®" electrolyte to
balance Cu ion dissolution and deposition, achieving 83.3%
ethylene selectivity after 4 hours of electrolysis."*® The periodic
removal of accumulated bicarbonate during the reaction
further stabilized the catalyst, maintaining high performance
and selectivity. The combination of ultrafast thermal shock
synthesis and pore engineering enhanced the electrode’s reac-
tive surface area, facilitated charge transfer, and improved
selectivity, ultimately boosting the catalyst’s overall efficiency.
Fan et al."®” addressed stability concerns in acidic systems by
modifying the electrode surface with benzimidazole-functiona-
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lized ionomer groups. This modification activated CO, and
enhanced C-C coupling, achieving over 80% multi-carbon
selectivity. The control of the microscopic water environment
and the improvement of the catalyst stability under acidic con-
ditions further contributed to the high performance.

Oxygen or nitrogen vacancies in the support material can
improve metal-support interactions and increase the number of
available active sites. Supports like TiO, or carbon materials
with oxygen vacancies can stabilize metal sites and facilitate
electron transfer, lowering the activation energy for CO,RR. This
enhances the reaction rates and improves selectivity for valuable
products such as C,, compounds. Using Ti;C,0,-based MXene
supports showed that the asymmetric coordination of the metal
center improved CO,RR and product selectivity. The support’s
ability to modulate the metal’s electronic properties and inter-
action with intermediates contributed to enhanced catalytic
activity, such as improved formic acid production.'*®

The chemical composition of the carrier is also important.
Nitrogen-doped carbon supports, for instance, can enhance
the electronic environment of SACs, improving CO, adsorption
and the formation of C,, products. Supports with high surface
area and tunable porosity, such as MOFs, are ideal for disper-
sing metal atoms uniformly, improving accessibility to reac-
tants and boosting the catalyst efficiency."*’

Tandem catalysis, where SACs are combined with nano-
clusters or sub-nanometric catalysts, can further enhance per-
formance. These hybrid systems allow for cooperative inter-
actions, where one component activates CO, and the other
facilitates CO coupling to form higher-order products. Cu-
based SACs combined with copper nanoclusters show
improved selectivity for C,, products due to this synergy.'*?
The stability of SACs is also influenced by the support.
Conductive and stable supports, like graphene or carbon nano-
tubes, help maintain the high dispersion of metal atoms and
ensure efficient electron transfer, preventing aggregation and
preserving catalytic activity. A study of CuFONC, a carbon com-
posite with Cu single atoms supported by F, O, and N-doped
motifs, found that the carrier stabilized the Cu sites, enhan-
cing CO-C coupling and selectivity for C, products. The car-
rier’s chemical environment strengthened the interaction
between Cu and CO intermediates, leading to an FE of
80.5%."*° The curvature of the carrier also plays a role. Ni SACs
on spherical carbon exhibited superior CO, reduction perform-
ance due to the stronger electric fields generated by the nano-
curvature. These fields help optimize the adsorption of inter-
mediates, enhancing the SACs activity.'*®

Overall, these studies demonstrate the effectiveness of SACs
in CO,RR, highlighting various strategies for improving the
efficiency, selectivity, and stability. The use of different metal
combinations, such as Cu-Sn, Cu-Bi, and Cu-Zn, as well as
modifications to support structures and electrolyte conditions,
plays a critical role in tailoring the catalytic properties and
enhancing the overall CO,RR. The transition to more afford-
able, scalable SACs is essential for advancing CO,RR techno-
logies, with significant potential for commercial applications
in producing valuable carbon-based products.**
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4.3.3 Graphene-structured electrocatalysts. Graphene-based
SACs offer significant advantages for CO,RR due to their excel-
lent electronic conductivity, high surface area, and the ability to
fine-tune the local electronic environment of active sites. The
key to enhancing the catalytic activity of graphene-based SACs
lies in the design of graphene’s structure, particularly through
defect engineering, heteroatom doping, and the creation of 3D
graphene (3DGr) architectures. The 3D structure of graphene not
only prevents issues such as re-stacking observed in 2D gra-
phene, but also improves mass and electron transport, essential
for efficient CO,RR. The introduction of defects and hetero-
atoms (e.g., nitrogen, sulfur) in the graphene matrix further
modifies the electronic properties of the catalyst, enabling better
activation of CO, and stabilization of the reaction intermediates.

The modification of the graphene matrix plays a critical role in
improving the selectivity and efficiency of CO,RR. For example,
nitrogen doping and the introduction of vacancy defects have
been shown to modulate the electronic environment, optimizing
the charge distribution at the active sites. In iron-based SACs sup-
ported on nitrogen-doped graphene (Fe-N-C), nitrogen plays a
key role in lowering the CO,RR onset potential and widening the
potential range for achieving high CO FE. This is due to the
enhanced charge capacity of the ‘COOH intermediate, which
facilitates selective CO,RR over competing reactions like hydrogen
evolution. Additionally, the introduction of defects provides
additional catalytic sites, improving reactivity while maintaining
the material’s structural integrity (Fig. 7)."*>'*

Another significant aspect of graphene-based SACs is the
tailored design of the interfacial microenvironment (Fig. 7).
For instance, in CoPc catalysts supported on a graphitic
carbon nitride/graphene (C;N,/G) matrix, the graphene matrix
enriches CO, and dissociates H,O to produce active hydrogen
species, further enhancing the catalytic performance. The
interaction between C3;N, and graphene also optimizes the
electronic properties of the active sites, leading to a higher
turnover frequency (TOF) and exceptional CO selectivity, with a
FE consistently above 98%.'** These findings highlight the
importance of both structural and compositional engineering
in graphene-based SACs, demonstrating that the manipulation
of defects, doping, and microenvironment tuning are essential
for improving the CO,RR performance.

Thus, the combination of hierarchical graphene structures,
defects, heteroatom doping, and interfacial microenvironment
design results in SACs with enhanced catalytic stability,
product selectivity, and CO,RR efficiency. These strategies are
crucial for advancing the development of efficient and high-
performance catalysts for CO, conversion.

5 Thermocatalytic CO, reduction
based on Fischer—Tropsch synthesis

5.1 Reaction kinetics and mechanism of Fischer-Tropsch
synthesis

The FTS mechanism for CO, hydrogenation on SACs involves
several key stages: adsorption of CO,, activation via hydrogen-
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ation, and product formation through well-defined pathways.
The reaction starts with the adsorption of CO,, which is then
hydrogenated to form active intermediates such as “CO, metha-
nol, or methane. This process typically follows a surface
adsorption-reaction-desorption cycle. Temperature plays a
crucial role in these reactions; FTS generally occurs at elevated
temperatures (300-500 °C), where the reaction heavily relies on
thermal energy to overcome activation barriers. CO, hydrogen-
ation to olefins and other FTS products is an exothermic reac-
tion, with low temperatures favoring product formation, while
higher temperatures enhance the reaction kinetics. In practice,
unreacted syngas is often recycled to optimize conversion.
High pressure conditions also favor olefin formation. The reac-
tion equations of CO, hydrogenation to alkane, olefin and
alcohol are shown in the following formulas:

COZ +H2 — CO+H20

1
CcO -+ 2H2 — *Cann -+ Hzo
n

2n+1
CO + +

1
Hy — EC}’!HZH‘FZ + H,O0

1 n—1
CO +2H; — —CyH(p41)OH + ——H,0
n n

The reaction rates in FTS follow the Arrhenius equation,
where the rate is exponentially dependent on temperature:

_Ea
I'ers = A-€° R0

Here, rers is the reaction rate, A is the pre-exponential
factor, E, is the activation energy, R is the gas constant, and T
is the absolute temperature. The reaction rate also depends on
the concentrations of CO, and H,, with the dependence often
described by a power-law expression:

rrrs = krts - (Co,)™ - (Ca, )™

- o _Ea
rrrs = ks - (Ccoz)a“s'(cﬂz)b“s'e RT

where kgprg is the rate constant, and aprg and bprg are the reac-
tion orders with respect to CO, and H,, respectively. Higher
reactant concentrations typically increase the reaction rate,
particularly at elevated temperatures.

At lower temperatures, the reaction is often limited by elec-
tron transfer and hydrogenation steps. At higher temperatures,
the rate is more influenced by the activation energy.
Temperature adjustments allow for selective production of the
desired products: lower temperatures favor methane, while
higher temperatures promote olefin and alcohol formation.

The reaction mechanism varies depending on the catalyst
and temperature. For Fe-based catalysts, the active phase has
shifted from metallic iron to the FeC, phase in recent
studies,"* following the Mars-van Krevelen (MvK) mechanism.
This mechanism divides the reaction into the surface and
outer layers of the catalyst, with fast reactions following the
Langmuir-Hinshelwood (L-H) pathway, where most of the FTS
activity occurs at a small fraction of active sites. The slow
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Fig. 7 lllustration and benchmark of the local embedding for modeling single-atom catalysts, along with the synthesis procedure and morphology
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embedded fragment (right), (d—f) SEM, TEM, and HR-TEM images of CoPc/C3N4/G.**® Reproduced from ref. 142 and 143, with permission of ACS

Catalysis, copyright 2024.

pathway, governed by the MvK mechanism, occurs predomi-
nantly at the majority of active sites."*®

Britbach et al.'*” explored the kinetics of CO, hydrogen-
ation over Fe-based catalysts, identifying key inhibitory factors
such as the strong adsorption of oxygen-containing species
and the effects of shifting the equilibrium to lower CO partial
pressures. They proposed new kinetic expressions based on
the L-H model, which incorporate these dynamics.
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Product distribution in CO, hydrogenation typically follows
the Anderson-Schulz-Flory (ASF) model:

This journal is © The Royal Society of Chemistry 2025

W, =n(1+a)’a"?

where n is the carbon number, W, is the mass fraction of
hydrocarbons with n carbon atoms, and a is the chain growth
probability.

The integration of reaction kinetics models with ML and
DL is an emerging direction for uncovering unknown mecha-
nisms. Sun et al.'*® employed a combined approach of artifi-
cial neural networks (ANN) and response surface methodology
(RSM) to simulate the product distribution of FTS in a micro-
channel reactor. The model demonstrated the ability to predict
the formation rates of hydrocarbon products in the C,—Cjs
range, as well as the olefin-to-paraffin ratio (OPR), showing
advantages in rapid convergence and high predictive accuracy.
This approach offers a novel perspective for studying the kine-
tics of complex catalytic processes. Wang et al."*® developed a
radial basis function neural network (RBFNN), which offers
fast convergence and reduced computation time, to generate
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data matrices with a limited set of experimental data. A com-
prehensive kinetic model, coupled with a genetic algorithm
(CKGA), was used to select mechanisms and infer potential
reaction pathways. The RSM-based RBFNN, constructed via
central composite design, processed responses and sub-
sequent singular/multiple optimizations to produce the data
matrix. This approach provides a highly practical and valu-
able tool for process engineering design and practice,
especially for understanding product distribution during
FTS (Fig. 8).

5.2 Single-atom catalysts in CO, conversion via Fischer-
Tropsch synthesis

The synthesis of SACs for CO, hydrogenation typically involves
the reduction of metal precursors to isolated metal atoms,
which are subsequently dispersed onto supports through
thermal or chemical reduction. The catalytic performance of
SACs is strongly influenced by strong metal-support inter-
actions (SMSI), which stabilize metal atoms and facilitate the
activation of CO, and H,. These interactions play a crucial role
in determining the reaction pathway and product selectivity.
Notably, the metal’s d-band structure modulates the adsorp-
tion and activation of CO, ultimately affecting the product dis-
tribution. For instance, Co,/W¢Sg favors the formation of C,.
hydrocarbons,"*® whereas Ni;/W4S; exhibits higher selectivity
toward methanol, highlighting the critical role of metal-
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support interactions
selectivity.

Iron-based SACs, particularly those supported on CeO,,
further exemplify the influence of support interactions and
preparation conditions on catalytic performance. Wang
et al.®' demonstrated that iron species can be effectively dis-
persed on CeO, via the deposition-precipitation method,
forming Fe®" single atoms under CO, hydrogenation con-
ditions (300 °C, 2 MPa). These single atoms are stabilized
through Fe-O-Ce bonds, which play a key role in CO, acti-
vation. Additionally, co-doping with Ru enhances the iron dis-
persion and prevents metal aggregation under reaction con-
ditions, thereby stabilizing the catalyst and modulating the
electronic environment of the active sites.

The CO, hydrogenation reaction on SACs proceeds through
the adsorption of CO, and H, onto metal atoms, leading to
protonation and electron transfer, forming intermediates such
as 'CO and "HCOOH. The binding strength of CO, and its
intermediates is a critical factor in determining the reaction
mechanism and product distribution. Metal-support inter-
actions, particularly those involving reducible oxides such as
CeO,, facilitate electron transfer and optimize the binding
energies of the reaction intermediates, thereby influencing the
catalytic selectivity.

In conclusion, the rational design of SACs for CO, hydro-
genation necessitates precise control over metal dispersion,

in controlling the reactivity and
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Fig. 8 Machine learning assists in unveiling the reaction kinetics process: (a) integrating machine learning models, (b) schematic of the genetic
algorithm (GA) for mechanism discrimination and data regression (CLD refers to chain-length dependent), (c) schematic of RSM for significance ana-
lysis (NPR refers to a normal plot of residues, RVP refers to residues versus predictions, BCP refers to the Box-Cox plot for power transform, and CD
refers to Cook’s distance), (d) schematic of RBFNN formulated from the Gaussian function. Reproduced from ref. 149, with permission of ACS

OMEGA, copyright 2021.
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oxidation state, and metal-support interactions. Co-doping
strategies, such as incorporating Ru, improve metal dispersion
and enhance the stability of active sites under reaction con-
ditions. The optimization of metal-support interactions, par-
ticularly by tuning the metal’s d-band structure, is essential
for achieving superior catalytic activity and selectivity.

6 Advanced strategies for single-
atom catalysts innovation in CO,
reduction

Recent advancements in SACs have demonstrated their signifi-
cant potential in enhancing CO,RR, offering exceptional
atomic efficiency and tunable catalytic sites. By maximizing
atomic utilization, SACs ensure that each active site corres-
ponds to a single metal atom, thereby substantially enhancing
catalytic efficiency compared to conventional nanoparticle-
based catalysts. This atomic-level precision, combined with the
ability to finely tune the electronic structure and coordination
environment of active sites, facilitates efficient CO, activation
and reduction. SACs have been shown to catalyze the for-
mation of key small organic molecules, such as formate,
carbon monoxide, and methane, through mechanisms invol-
ving CO, adsorption, electron transfer, and bond cleavage.

View Article Online
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Despite these promising advancements, a comprehensive
mechanistic understanding of SAC-mediated CO,RR remains
incomplete. Current knowledge of precise reaction pathways,
the identification of key intermediates, and the role of atomic
coordination in determining catalytic activity remains limited.
Gaining deeper insights into these mechanistic aspects is
crucial for optimizing SACs for large-scale applications. A fun-
damental understanding of the reaction mechanisms will
enable the rational design of SACs with enhanced stability,
selectivity, and efficiency-critical attributes for achieving sus-
tainable CO,RR and contributing to global carbon neutrality
objectives.

Furthermore, SACs represent a paradigm shift from conven-
tional catalysts, which typically consist of supported metal or
metal oxide nanoparticles. The unique atomic-scale structure
of SACs facilitates novel reaction pathways that differ signifi-
cantly from those of traditional catalysts. These distinct reac-
tion dynamics are crucial for advancing CO,RR, enabling more
efficient conversion and improved product selectivity.

This integrated framework, as shown in Fig. 9, enables the
precise design and optimization of SACs, paving the way for
scalable and efficient CO, conversion.

The performance of SACs is fundamentally governed by
their structural design, which directly impacts the catalytic
activity and selectivity. This review introduces an innovative
approach for CO,RR, where experimental data guide the selec-

From experiments to models

Multiple iterative optimization

Saving time, costs, and labor expenses

CO: reduction
experiment

From models to experiments

Catalyst design
Optimization of reaction conditions

Optimization of SACs synthesis conditions

Single-Atom Catalysts
CO, reduction

Machine learning

DFT Deep learning

Input features/Output features

—— = Photocatalytic
Prediction of unknown mechanisms Electrocatalytic
Reaction kinetics model Thermocatalytic
Reaction thermodynamics model
Production conditions for specific products Layerl Layer2 ... Layer M ... Layer N
Verification and interpretation of mechanisms
Xl Yl
No
XZ VZ
Yes
Done F Loss <tol ?
Xa Yo
Input Hidden Layer Output

Fig. 9 Holistic iterative optimization framework for CO, reduction using single-atom catalysts: integrating advanced machine learning, deep learn-
ing, DFT, reaction kinetics and thermodynamic models, high-throughput experimental feedback, and Bayesian optimization for the rational design

and enhancement of catalytic performance and mechanistic insights.
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tion of reaction conditions, preparation methods of SACs, and
key microstructural features. These factors serve as critical
parameters in ML models and DFT calculations. By developing
mechanistic models based on reaction kinetics and thermo-
dynamics, we aim to iteratively refine active learning models,
self-supervised learning frameworks, and large-scale predictive
models. In combination with multimodal models, high-
throughput experimental data and material characterization
results are used to uncover the relationship between the cata-
lyst structure, catalytic properties, reaction pathways, and inter-
mediate selectivity. These efforts reveal previously unexplored
CO,RR mechanisms, providing valuable insights into the
rational design of SACs for the highly selective production of
target chemicals. Furthermore, by applying Bayesian optimiz-
ation principles, we propose a strategy to enhance the experi-
mental outcomes, enabling continuous iteration between
model predictions and experimental validation.

6.1 Optimization of catalyst synthesis in structure and
conditions

The catalytic hydrogenation of CO, encompasses multiple
pathways, including thermocatalytic, electrocatalytic, photo-
catalytic, and photo-electrocatalytic reduction. Among these,
thermocatalysis has reached a relatively advanced stage of
industrial application, while electrocatalytic and photocatalytic
systems remain largely confined to laboratory research.

Photocatalysis, inspired by natural photosynthesis, provides
an alternative approach for CO,RR, offering advantages such
as low energy consumption and high flexibility. However,
photocatalytic systems currently face limitations, including low
conversion efficiency and high costs associated with photovol-
taic systems. Challenges such as poor interfaces, crystal lattice
mismatches, and dangling bonds still limit the performance
of photocatalytic and electrocatalytic materials.

Electrocatalysis presents several advantages, including the
ability to operate under mild reaction conditions (ambient
temperature and pressure) and the flexibility to modulate
intermediate species. These features make electrocatalysis a
promising option for scalable CO,RR. However, high costs
associated with electrocatalytic systems, particularly expensive
materials used in catalysts and electrodes, pose significant bar-
riers to commercialization.

Future research should focus on developing advanced
materials to address the fundamental limitations of these
systems. For example, low-dimensional semiconducting
materials are promising for constructing high-quality inter-
faces with well-aligned band gaps, facilitating efficient light
absorption and charge transfer. The integration of van der
Waals heterostructures into photoelectrodes can enhance
exciton dissociation, enabling more efficient electron and hole
transfer to the catalyst’s active sites, thereby improving the
overall catalytic performance. Optimizing reaction conditions
—such as the temperature, pressure, and CO/H, ratio—will be
crucial for enhancing the catalytic efficiency of SACs.
Particular attention should be paid to the design of new
support materials, such as perovskite-based structures, to regu-
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late metal-support interactions. These innovations will enable
better control over the electronic properties and coordination
environments of SACs, improving the selectivity and efficiency
of CO, reduction.

Overall, while SACs have shown significant promise in CO,
hydrogenation and other critical reactions, addressing the
remaining challenges related to the cost, reaction conditions,
and mechanistic understanding is essential for large-scale
implementation of SACs in sustainable CO, reduction.
Continued improvement in both the fundamental understand-
ing of SACs and the development of new materials will help
achieve more efficient, cost-effective, and scalable solutions for
CO,, utilization, advancing scientific innovation and global
sustainability goals.

6.2 Machine learning-driven design and pathways of single-
atom catalysts for CO, reduction

The use of SACs for CO, reduction into valuable chemicals has
attracted significant attention due to their potential to reduce
carbon emissions and store renewable energy. Achieving high
selectivity and efficiency in CO,RR necessitates a comprehen-
sive understanding of the reaction mechanisms, active sites,
and intermediate species involved. By integrating ML with DFT
calculations, this approach has emerged as a powerful tool for
elucidating the reaction mechanisms, optimizing the catalyst
design, and predicting reaction pathways.

ML techniques, including DL, active learning, and self-
supervised learning, facilitate the prediction of key catalytic
properties, such as intermediate adsorption energies, binding
affinities, and the electronic structures of SACs. Analyzing
large datasets enables ML models to uncover correlations
between the catalyst composition, support materials, and cata-
Iytic performance, offering valuable insights into designing
highly selective SACs for specific high-value CO,RR products.
Notably, ML can guide the design of SACs with tailored pro-
perties, such as optimized metal-support interactions and
atomic arrangements, thereby improving the reaction pathways
and catalytic efficiency.

Integrating ML models with multi-modal data, such as
structural and operational information derived from tech-
niques like electron microscopy, further advances the compre-
hension of catalytic systems. This integration aids in designing
SACs with specific properties that optimize the reaction
mechanisms and enhance the catalytic performance. For
instance, in Cu-based SACs, ML models have been employed
to control the morphology of metal nanoparticles, which, in
turn, influences the reaction mechanism and product distri-
bution, thereby improving the CO,RR performance.

Despite the promise of ML in catalyst design, several chal-
lenges remain. A major hurdle is the lack of high-quality,
annotated datasets for effective ML model training. Data scar-
city and experimental noise often lead to inaccurate predic-
tions, hindering the development of optimal catalysts.
Furthermore, ML models struggle to capture the full complex-
ity of catalytic systems, especially non-equilibrium effects that
influence the SACs stability and reactivity. To overcome these
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challenges, future research should focus on expanding and
refining datasets through high-throughput experimental tech-
niques and advanced simulations. Hybrid approaches combin-
ing data-driven ML methods with first-principles calculations,
such as ML-DFT, could further enhance the prediction accu-
racy and reliability. Another limitation of the current ML
models is their limited interpretability. While ML can accu-
rately predict the catalytic properties, understanding the
underlying physical mechanisms remains a significant chal-
lenge. Enhancing the transparency of ML models through
explainable AI techniques is crucial for gaining deeper insights
into the catalytic processes and guiding the rational design of
SACs with improved performance.

Coupling ML with operando techniques, such as X-ray spec-
troscopy and electron microscopy, facilitates the real-time
monitoring of active sites and structural dynamics during reac-
tions. This real-time analysis provides valuable insights into
the formation of reaction intermediates and the evolution of
active sites throughout the CO,RR process, offering a deeper
understanding of the catalytic behavior of SACs.

While ML models hold great promise for advancing the
design and optimization of SACs for CO,RR, addressing chal-
lenges related to the data quality, model interpretability, and
system complexity is essential for realizing their full potential.
Integrating ML with high-throughput experimentation,
advanced simulations, and operando techniques will pave the
way for the development of more efficient and selective SACs,
ultimately advancing CO,RR technologies and contributing to
global sustainability goals.

6.3 Synergistic optimization of catalysts via machine learning
and experimental validation

Developing SACs for CO,RR requires integrating advanced ML,
DFT, and experimental validation to enhance the catalyst per-
formance and optimize the reaction pathways. The synergy
between predictive models and experimental data provides
deeper mechanistic insights, guiding the rational design of
SACs with high selectivity and efficiency.

To elucidate the reaction mechanisms of SACs and identify
the active phases in CO,RR, both computational and experi-
mental approaches must be integrated. Computational tech-
niques such as DFT predict the electronic structure of active
sites, adsorption energies, and reaction intermediates. By
incorporating ML models (e.g., RF, DL, and transformer
models), these predictions enable the accurate identification
of key catalytic properties and reaction pathways. Optimization
of SACs can be achieved by selecting the appropriate descrip-
tors for catalysts, auxiliary agents, and support materials, with
a focus on tailoring the spatial structure to enhance the cata-
lytic performance.

Bayesian theory provides a robust framework for construct-
ing thermodynamic and kinetic models based on experimental
data, facilitating the prediction of highly selective, efficient,
and stable SACs. Integrating these predictions with experi-
mental validation enables iterative model refinement.
Incorporating new experimental data enhances the predictive

This journal is © The Royal Society of Chemistry 2025
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accuracy, facilitating the development of more precise models.
This continuous feedback loop between the computational
predictions and experimental testing is crucial for uncovering
previously unknown reaction pathways and optimizing SACs
for CO,RR. Furthermore, by continuously updating models
with new data and refining reaction mechanisms, optimal
reaction conditions for specific products can be predicted. The
iterative optimization process enables tailored SACs design,
adjusting the catalyst structures and reaction environments
based on the desired product distribution.

The dynamic interplay between the ML predictions, DFT
simulations, and experimental validation accelerates SACs
development, ensuring more efficient and selective CO,RR.
The continuous refinement of computational models and
experimental methodologies deepens mechanistic understand-
ing, facilitates the design of highly selective SACs, and opti-
mizes reaction conditions, ultimately advancing scalable cata-
Iytic applications.

7 Conclusion

SACs have shown great potential in CO,RR due to atomically
dispersed active sites, which allow for tunable catalytic pro-
perties. However, further development is necessary to fully
understand the reaction mechanisms, optimize conditions,
and scale up the catalysts. The integration of DFT, ML, and
experimental validation holds immense promise for designing
next-generation SACs with improved efficiency, selectivity, and
stability.

1. The synergy between DFT and ML has greatly advanced
the SACs design for CO,RR. DFT provides insights into the
electronic structure and reaction intermediates, while ML opti-
mizes the catalyst properties, predicts the reaction pathways,
and tailors the SACs functionalities to enhance both efficiency
and selectivity.

2. Iterative ML refinement through continuous experi-
mental validation creates a dynamic feedback loop, progress-
ively improving SACs. Integrating experimental data enhances
the prediction accuracy, enabling the design of SACs with
superior stability and selectivity for specific products.

3. Achieving deeper mechanistic understanding requires
precise identification of active sites. Combining ML, DFT, and
experimental techniques helps elucidate complex reaction
pathways, optimizing the SACs coordination environments and
improving selectivity.

4. The SACs design must account for the different reaction
conditions, such as temperature, pressure, and CO/H, ratios.
Fine-tuning these parameters alongside well-designed SACs
enhances the catalytic performance and stability under practi-
cal conditions.

5. Multimodal modeling, combining DFT structural
descriptors with experimental data, allows for precise control
over the SACs active sites and configurations, facilitating the
development of highly active and scalable catalysts for indus-
trial CO,RR applications.
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These advancements are crucial for realizing practical
CO,RR technologies and achieving global sustainability goals.
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