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SUMMARY
SACs are transforming CO2 conversion and energy applications due to their high catalytic efficiency, unique
electronic structures, and maximal atom utilization. They have shown great promise in CO2 electroreduction,
hydrogenation, and dry reforming, yet challenges remain in their synthesis, stability, and scalable production.
This review explores advances in SAC design, support interactions, and electronic tuning to enhance cata-
lytic performance. It also analyzed state-of-the-art characterization techniques used to probe SAC structures
and reaction mechanisms. Machine learning is emerging as a powerful tool for predicting SAC stability and
optimizing reaction pathways. By examining recent breakthroughs and existing limitations, this work pro-
vides insights into the future of SACs in energy applications and CO2 utilization, highlighting their role in sus-
tainable chemical transformations and carbon-neutral technologies.
INTRODUCTION

Over the past century, the Earth’s temperatures have been

increasing because of the growing emissions of carbon dioxide

(CO2).
1,2 By 2040, global energy consumption is projected to

rise by over 48%. Fossil fuels, which remain the primary source

of energy, are major contributors to the emission of CO2 into the

atmosphere.3,4 Renewable energies like wind and solar energy

offer viable alternatives to fossil fuels, helping to mitigate this

issue.5,6 However, these sources are subject to seasonal,

nocturnal, and geographical variations. Furthermore, various in-

dustries such as textiles, paper and pulp, aluminum refineries,

iron, cement, steel, and landfills generate additional CO2 emis-

sions during their processes.7,8 In fact, CO2 alone accounts for

approximately 77% of total greenhouse gas (GHG) emis-

sions.9,10 While natural processes like ocean absorption and for-

est growth do remove some CO2 from the atmosphere, they are

insufficient to counterbalance the excess CO2 present in the

air.11

The Paris Agreement commits countries to cutting CO2 emis-

sions, aiming to limit global warming below 2�C. The agreement

prioritizes reducing human activities that generate CO2 and

developing technologies that can reduce and transform CO2

emissions into value-added products within a circular economy

framework.12 To meet these goals, a sustainable method for

removing 800 Gt (gigaton) of CO2 from the atmosphere between

2010 and 2150 must be established.13–15 Currently, the world
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can utilize just 10% of global CO2 emissions, or 3.7 Gt/year.

Nonetheless, the possibility of CO2 sequestration may be greatly

expanded by combining companies with suitable carbon cap-

ture and storage (CCS) mechanism.16 This integration might

also allow for continuous generation of fuels and other valuable

products. This worldwide effort has the potential to generate a

$0.8–1.1 trillion yearly market for carbon-based products, even

if it just uses 10% of the CO2 supply.9 As a result, carbon cap-

ture, utilization, and storage (CCUS), and another energy appli-

cation like the CO2 and methane reforming provides a me-

dium-term strategy for lowering global CO2 emissions.17,18

Advancements in technology that focus on decreasing energy

consumption and adapting current facilities for CO2 utilization

are expected to be promising in the coming years.3 Implement-

ing CCS technology in fossil fuel–dependent power production

systems is the only way tomeet the 40% reduction in GHG emis-

sions objective set by Europe’s energy road plan toward a low-

carbon energy system by 2030.19

Recent research has focused on catalytic processes that

transform CO2 into valuable chemicals and fuels for energy

applications.20 Essentially, there are multiple strategies for

reducing CO2 emissions: physical, biochemical, electrochemi-

cal, photochemical, radiochemical, thermochemical, carbon

sequestration and storage, and chemical. Physical methods,

such as deep-sea sequestration and geological storage, are

limited by high costs and complexity.21,22 Chemical approaches

for CO2 conversion include the use of homogeneous23 and
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heterogeneous catalysts,24 as well as biochemical,25 electro-

chemical,26 photochemical,27 radiochemical,28 and thermo-

chemical processes.29,30 While these methods show promise

for producing valuable chemicals, several challenges hinder their

advancement. These include the exceptional stability of CO2,

high energy and temperature requirements,23 scalability issues

in industrial applications, the need for multifunctional active

phases, the complex nature of tandem cascade reactions,

and the difficulties in understanding and controlling reaction

mechanisms. These obstacles lead to inefficiencies and eco-

nomic disadvantages. Nonetheless, the exploration and exten-

sive development of innovative alternatives provide promising

opportunities for improvement.31

SACs andmetal-single atom catalysts (M-SACs) have recently

developed as potential catalysts for CO2 utilization processes

(CO2UPs) due to their outstanding performance.32,33 SACs,

which contain separatedmetal atoms dispersed on a conductive

support, introduce an innovative approach to catalysis by merg-

ing the benefits of both heterogeneous and homogeneous cata-

lysts.34,35 SACs are catalysts in which individual metal atoms are

dispersed and stabilized on a supporting material, often exhibit-

ing unique catalytic properties due to their atomic level disper-

sion. Unlike zeolites and metal-organic frameworks (MOFs),

which are porous materials that primarily function as hosts for

catalytic sites or reactants, SACs rely on isolated metal atoms

as the active sites. These isolated atoms often achieve higher

atomic utilization and exhibit distinct electronic structures

compared to the clusters or nanoparticles found in zeolites and

MOFs, leading to unique catalytic behavior.36

The downsizing of metal sites to the atomic scale offers

several benefits, including unique low coordination of metal

atoms, strong metal support interactions, electronic structures,

andmaximum utilization of metal atoms.37–39 Solid-state hetero-

geneous SACs with analogous M-Nx moieties have recently at-

tracted significant attention for various CO2 utilization methods.

This is due to their ease of preparation, unique electronic and

geometric structures, excellent conductivity (particularly when

supported on carbon materials), structural stability, and

outstanding CO2UPs performance and durability.40–42 In a short

period, the field of SACs for CO2UPs has grown fast, resulting in

the research of diverse single metal sites and reduction prod-

ucts.43 Nonetheless, as the specific surface area of SACs rises,

their surface free energy experiences a pronounced increase,

which in turn facilitates the tendency for agglomeration coupling

and the creation of sizable clusters during both their preparation

and reaction processes.44 Maiden research on catalysts with

isolated metal atomic sites can be traced back to 1979, when

Ji et al. confirmed the presence of isolated rhodium (Rh) single

atoms on the surface of Al2O3 using nuclear magnetic resonance

and 13C relaxation time distribution.38 In addition to oxide sys-

tems, Meshitsuka et al.39 designed a Ti single site catalyst in

1995 by directly attaching a metal-organic combination onto

the inner surface of mesoporous silica. This catalyst demon-

strated exceptional selectivity and efficiency in the process of

epoxidizing cyclohexene and pinene with tert-butyl hydroperox-

ide. In 1999, Meshitsuka et al.,39 demonstrated that atomically

dispersed Pt ions stabilized onmagnesium oxide exhibited com-

parable activity to Pt nanoparticles in the combustion of propane
2 iScience 28, 112306, June 20, 2025
at low temperatures. They used X-ray absorption fine structure

(XAFS) data to verify the absence of platinum particles. Subse-

quently, Abbet et al.,45 prepared Pdn (1–30) clusters and single

Pd sites onmagnesium oxide films using a selective soft-landing

method. The single Pd atoms catalyzed the formation of benzene

at a low temperature of 300 K. During this period, numerous

studies were conducted on supported catalysts, particularly sin-

gle metal species on oxide substrates. The soft-landing method

for precise nanoclusters was widely developed, and significant

progress was made in catalytic research for various important

conversions. Atomically dispersed metal sites are the principal

active centers in these catalysts, whereas coordinated atoms

(mostly carbon and nitrogen) surrounding the metal sites

contribute to CO2 activation or intermediate dissociation via

electronic polarization.46–48 The synergetic effects of heteroge-

neous SACs considerably improve the catalytic performance of

CO2UPs.

This article gives a comprehensive and critical review of recent

advancements and prospects of SACs for CO2UPs, with a focus

on the production of valuable products. It offers an extensive

overview of how SACs influence product formation and enhance

the production ofmulticarbon compounds.Moreover, it explores

the synergistic effects of single atoms and cascade systems,

emphasizing the cutting-edge approach of integrating SACs

into cascade systems for CO2 conversion research (CO2CR).

The combination of the unique properties of single atoms and

the efficiency of cascade systems holds great potential to

achieve unparalleled selectivity and conversion rates in trans-

forming CO2 into valuable products. SACs can serve as funda-

mental building blocks within individual catalytic stages of

cascade systems. Each SAC can be strategically placed at spe-

cific stages to perform targeted chemical transformations,

creating a highly tailored and efficient reaction pathway. Further-

more, the review delves into the characterization methods of

SACs supported by computational studies, drawing on recent

publishedworks of SACs for CO2UPs. It also addresses the chal-

lenges associated with utilizing SACs for CO2UPs and offers

valuable recommendations for realizing the full potential of

SACs in CO2 reduction.

SINGLE ATOM CATALYSTS (SAC)

From bulk to atomic, a history of single-atom catalyst
development
The concept of isolated atoms acting as catalysts is not new.

Even before its application in modern heterogeneous catalysts

with supported metals, nature utilized single atoms in various

forms to drive crucial chemical reactions. Examples includemet-

alloenzymes, organometallic complexes, and open framework

structures.49 Pioneering work by Flytzani-Stephanopoulos

et al.,50 and Bashyam and Zelenay51 challenged the traditional

view of metal nanoparticles in catalysis. These researchers

demonstrated that isolated ionic gold/platinum and oxidized co-

balt/iron species were responsible for activity in the water-gas

shift and oxygen reduction reactions, respectively. Advance-

ments in experimental techniques later confirmed the presence

of these isolated centers, solidifying the concept of SACs as in

Figure 1 showing the timeline for SACs concept.



Figure 1. SACs: a decade of stunning advancement and the ability for a bright future (Data obtained from Web of Science)
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Notably, Zhang et al.’s landmark work showcased the high

productivity of platinum single atoms on iron oxide for CO oxida-

tion, ushering in a new era in heterogeneous catalysis.52,53 Sin-

gle-atom catalysis has exploded in popularity over the past

decade, becoming a major focus in modern chemical research.

Early researchers soon realized the potential cost advantages of

using atomically dispersed species for precious metals, and

enhancing their utilization became a key focus in the field.54

Over the 10-year journey since the topic’s consolidation, sin-

gle-atom catalysis has explored the entire periodic table. The va-

riety of host materials has also grown. Although metal oxides

were initially the most extensively studied, customized carbons

have become the most dominant in recent years. The range of

applications has broadened, with an increasing emphasis on

heterogeneous catalysis.55 Iron (Fe), cobalt (Co), and nickel (Ni)

atoms dispersed individually on nitrogen-doped carbon mate-

rials have exhibited remarkable catalytic activity in key energy-

related processes, such as oxygen reduction,51 hydrogen evolu-

tion reaction,56 and CO2 conversion.
57 While research on single

atom photocatalysts is still in its infancy compared to electroca-

talysts, this field also holds great promise for addressing the en-

ergy crisis.58 The starting point for single atoms was the concept

of subnanometer clusters, which paved the way for moving

beyond the nanoparticle scale.59

Advantages of subnanometer clusters and single atoms
over nanoparticles
The significance of particle sizes in determining catalytic proper-

ties is well-established, leading to the development of various

catalyst forms, including nanoparticles, nanosized clusters,

and monatomic catalysts, to enhance their effectiveness.40,60

Transitioning metal active sites from nanoparticles to sub-nano-

meter clusters and then to single atoms introduces differences in

metal atom aggregation and coordination structures in sup-

ported catalysts.61–63 Homogeneous catalysts, heterogeneous

nanoparticles, and SACs of the same metal often exhibit distinct

catalytic behaviors due to differences in atomic utilization and

coordination environments.37 For instance, homogeneous nickel

complexes demonstrate high activity for CO2 activation in hydro-
genation reactions but suffer from poor stability and recyclability,

limiting their practical applications.64 In contrast, nickel nanopar-

ticles supported on oxides offer improved durability; however,

their catalytic activity and selectivity are largely influenced by

particle size, leading to variations in performance.65 Single-

atom Ni catalysts anchored on nitrogen-doped carbon over-

come these limitations by achieving nearly 100% atomic utiliza-

tion, significantly enhancing CO2 conversion efficiency and

selectivity.66 Similarly, copper-based homogeneous catalysts

efficiently catalyze CO2 reduction but require ligand stabilization

to maintain their activity.67,68 While Cu nanoparticles supported

on zirconia provide better stability, their performance is hindered

by low selectivity due to the presence of multiple active sites.69

In contrast, Cu-SACs anchored on carbon-based supports

demonstrate superior catalytic efficiency, attributed to their

well-defined single-atom active sites that optimize electronic in-

teractions with the support material.66,70,71 For instance, Yang

et al. reported that Cu-SACs exhibit significantly enhanced

CO2 hydrogenation selectivity compared to Cu nanoparticles,

achieving higher conversion efficiency and product specificity.72

These examples underscore the critical role of SACs in bridging

the gap between homogeneous and heterogeneous catalysis,

offering a promising avenue for advancing CO2 utilization tech-

nologies by improving activity, stability, and selectivity. How-

ever, stabilizing high-surface-energy metal particles on support-

ing materials is challenging, as it requires significantly reducing

the loading and consequently the availability of active sites for

the catalytic route.73

Supported sub-nanometer cluster catalysts (SNCCs, <2 nm)

offer nearly fully exposed active atoms, maximizing atom utiliza-

tion and enhancing specific activity.74 Notably, studies by Hu

et al. and Wang et al. have shown that reducing metal particles

to �1 nm shifts the d-band center closer to the Fermi level,

enhancing electron delocalization, reducing activation energy,

and improving catalytic activity.75,76 Positioned between nano-

particles and SACs, sub-nano clusters balance active site avail-

ability with oxidation state modulation, making them advanta-

geous for catalytic reactions.76,77 Their unique geometric

structures and metal–support interactions can be flexibly
iScience 28, 112306, June 20, 2025 3
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regulated to optimize intermediate adsorption and reaction

pathways, offering unique catalytic performances and high

selectivity78–82

In contrast, SACs represent the ultimate downscaling of cata-

lysts, with isolated metal atoms stabilized on supports.83 SACs

achieve 100% atom utilization efficiency and precise active

site control, addressing challenges in adsorption and activation

of intermediates.84,85 Since the groundbreaking work of Qiao

et al. in 2011, where SACs with separated Pt atoms were synthe-

sized, SACs have demonstrated high activity and stability.58 For

instance, Pt-based SACs are active for specific reactions but

may lack efficiency in others due to the absence of metal–

metal bonds.86,87 The development of robust support materials

and advanced techniques, such as aberration-corrected micro-

scopy, has enabled better stabilization and characterization of

SACs.88 Despite their reduced number of active sites compared

to SNCCs, SACs exhibit unique electronic properties due to the

isolation of metal atoms, making them effective for specific reac-

tions such as CO2 conversion and oxygen reduction.63,89–92

Two-dimensional (2D) materials, such as Ti3C2Tx MXene, are

promising supports for SACs due to their high specific surface

area, excellent conductivity, and active basal planes.93–99 These

supports enhance the exposure and stability of active sites,

improving catalytic performance.100,101 Furthermore, SACs

anchored on oxide supports benefit from surface imperfections

that act as anchoring sites for metal clusters and individual

atoms.102–104 The practical fabrication of SACs remains chal-

lenging due to their inherent mobility and sintering tendencies

under realistic reaction conditions.105 Nevertheless, advance-

ments in synthesis methods and support materials continue to

push the boundaries of SAC applications.

The concept of SACs has advanced significantly since its

inception, with applications in thermocatalysis, electrocatalysis,

and photocatalysis.106 For example, SACs have shown promise

in fuel cell reactions and CO2 conversion due to their precise en-

gineering of active sites.107–110 However, challenges such as

synthesis scalability, stability under reaction conditions, and lim-

itations in adsorption and activation for complex reactions

persist. Comparatively, while nanoparticles provide abundant

active sites, their interior atoms remain inaccessible, limiting

overall efficiency.86,87 Sub-nanometer clusters, with their high

surface atom fraction and tunable electronic properties, offer a

middle ground between nanoparticles and SACs.46,62,84,111 By

leveraging their distinct advantages, SACs and SNCCs comple-

ment each other in advancing catalytic technologies, paving the

way for sustainable and efficient processes.

Synergetic effect of single atom and cascade system
In the pursuit of sustainable and effective solutions to address

the global challenge of CO2 emissions, researchers have delved

into innovative approaches within CO2 conversion technologies.

One groundbreaking concept involves the implementation of

cascade systems for CO2 conversion. This approach integrates

multiple catalytic stages, each conducting distinct chemical

transformations, to convert CO2 into valuable products. By har-

nessing synergistic effects through sequential catalytic reac-

tions, cascade systems promise improved selectivity and overall

conversion efficiency. This novel approach opens possibilities to
4 iScience 28, 112306, June 20, 2025
transformCO2 into a diverse range of valuable multicarbon prod-

ucts, including hydrogen, hydrocarbons, alcohols, and other

high-value chemicals.112 Previously explored cascade systems

have included permutations of electrochemical, thermochem-

ical, and biochemical reactions in CO2 upgrades to multicarbon

products.94,113–121 However, these often rely on harsh reaction

conditions (high temperature and pressure) and generate by-

products, necessitating costly separation.122–126 Cascade elec-

trochemical and biochemical processes utilize ambient condi-

tions but have, thus far, led to limited productivity of C4

chemicals. Cascade systems for CO2 conversion encompass

various innovative designs, each optimized to achieve specific

product selectivity and overall efficiency. A common type in-

volves the integration of multiple catalysts in a tandem arrange-

ment, where the product of one catalytic116 stage becomes the

feedstock for the subsequent stage. For instance, the first cata-

lyst may convert CO2 to an intermediate, such as CO, which is

then fed to a second catalyst for further transformation into hy-

drocarbons with yields exceeding 60% or alcohols. An alterna-

tive variant employs a multifunctional catalyst with separate

active sites, which enables consecutive reactions to efficiently

convert CO2 into desired products in a single reactor. Re-

searchers have also explored photocascade systems, where

light-driven catalysis initiates specific reactions followed by sub-

sequent thermal catalytic steps. Thesemultistage configurations

offer the potential to unlock higher selectivity and synergistic ef-

fects, facilitating the conversion of CO2 into a different of valu-

able fuels and chemicals.118 The incorporation of SACs into

cascade systems represents a cutting-edge approach in CO2

conversion research. By combining the exceptional properties

of single atoms with the efficiency of cascade systems, re-

searchers aim to accomplish unprecedented selectivity and con-

version rates in transforming CO2 into value-added products. In

such a setup, SACs can serve as the building blocks of individual

catalytic stages within the cascade system. Placing each single-

atom catalyst strategically at specific stages enables targeted

chemical transformations, creating a highly tailored and efficient

reaction pathway. The utilization of SACs ensures atomic preci-

sion, allowing for precise control over reaction intermediates and

products.127 Moreover, the high surface area and tunable prop-

erties of SACs can be leveraged to enhance the interaction

among different catalytic stages, advancing efficient mass and

energy transfer within the cascade system. Despite the chal-

lenges, the integration of SACs into cascade systems holds

immense promise in advancing CO2 conversion technologies,

providing a sustainable and versatile solution to mitigate CO2

emissions while producing valuable chemicals and fuels.61

Nevertheless, the process of obtaining controlled production of

SACs continues to be difficult because of the rapid migration

aswell as aggregation of active atoms throughout manufacturing

or later application procedures. The most practical and efficient

method to achieve SACs is to sustain monodispersed atoms on

suitable substrates. Various techniques, including confinement

impacts, coordination effects, and chemical bonding, have

been documented to provide isolated metal sites on supports.

These methods involve restricting the loading quantity of the

active component, enhancing interactions among metal atoms

and supports, and utilizing defects or voids on the
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support.84,128–130 A recent study explored the tandem conver-

sion of CO2 to 1-butene (1-C4H8) through a system combining

a CO2-to-C2H4 electrolyzer with a C2H4 dimerization step. Using

a bimetallic metal-organic framework (MOF) with tunable pore

structures and periodic channels, the study optimized selectivity

and activity for the dimerization process. The most effective

MOF, containing Ru and Ni catalytic sites, achieved a 1-C4H8

production rate of 1.3 mol gcat
�1 h�1 with 97% C2H4 conversion.

The cradle-to-gate carbon intensity was estimated at �2.1 kg

CO2e/kg 1-C4H8, assuming CO2 from direct air capture and

wind-powered electricity, demonstrating the potential of

cascade systems for sustainable CO2 utilization.
131

Characterizations
The development of SACs has necessitated advanced charac-

terization methods to elucidate their structural and electronic

properties.132,133 These techniques provide critical insights into

the atomic dispersion, coordination environment, and catalytic

mechanisms of SACs, facilitating their optimization for CO2 con-

version.134 However, SAC characterization presents several

challenges, including the difficulty of detecting isolated atoms,

distinguishing them from nanoparticles, and understanding their

dynamic behavior under reaction conditions.135,136 A combina-

tion of microscopic, spectroscopic, and operando techniques

is often required to achieve a comprehensive characterization

of SACs.132,137–139

Microscopic techniques provide direct visualization of SAC

structures, offering insights into atomic dispersion and

morphology. High-angle annular dark-field scanning transmis-

sion electron microscopy (HAADF-STEM) and transmission

electron microscopy (TEM) are commonly used to confirm sin-

gle-atom dispersion.140 For example, HAADF-STEM imaging

(Figure 2D) of Cu-SA/Ti3C2Tx identifies individual Cu atoms as

bright dots uniformly distributed across the Ti3C2Tx lattice, indi-

cating the absence of Cu clusters and confirming atomic disper-

sion. TEM imaging (Figure 2C) further reveals the nanosheet

morphology of the catalyst, which enhances surface area and fa-

cilitates electron transfer, improving catalytic performance.

Although X-ray diffraction (XRD) is useful for determining struc-

tural properties,128,141–144 it lacks the sensitivity to detect iso-

lated atoms.145 Bao et al. employed XRD to confirm that the

Cu-SA/Ti3C2Tx catalyst retains its Ti3C2Tx-like crystal structure,

with the absence of diffraction peaks for copper species (Fig-

ure 2B) suggesting that Cu atoms remain atomically dispersed

rather than forming nanoparticles or clusters. Additional micro-

scopic techniques, such as high-resolution transmission elec-

tron microscopy (HR-TEM), may be required to further resolve

atomic structures.36

Spectroscopic methods provide elemental, electronic, and

coordination information, which is crucial for understanding the

behavior of SACs. X-ray photoelectron spectroscopy (XPS) is

commonly used to analyze oxidation states and electronic inter-

actions.22,146,147 In the case of Cu-SA/Ti3C2Tx, XPS reveals Cu

2p binding energies at 932.5 and 952.4 eV, indicating a mixed

Cu0 and Cu1+ oxidation state. This suggests partial electron

transfer between Cu and Ti3C2Tx, influencing catalytic selec-

tivity.36 X-ray absorption spectroscopy (XAS), including X-ray

absorption near-edge structure (XANES) and extended X-ray ab-
sorption fine structure (EXAFS), offers additional structural in-

sights.148 XANES analysis at the Cu K-edge (Figure 2E) confirms

that the Cu valence state lies between metallic Cu0 and Cu1+,

while EXAFS (Figure 2F) reveals a dominant Cu–O coordination

peak at �1.6 Å, with no Cu–Cu scattering at 2.2 Å, reinforcing

atomic dispersion. Further EXAFS fitting (Figure 2G) suggests a

Cu–O3 coordination environment, aligning with Bader charge

analysis (+0.42), which indicates electronic interactions between

Cu and surface oxygen groups. Inductively coupled plasma-op-

tical emission spectrometry (ICP-OES) quantifies Cu loading at

0.2 wt. %, validating the effectiveness of the synthesis approach

in achieving a well-defined SAC structure.36

Operando and in situ characterization techniques are essential

for studying the dynamic behavior of SACs under reaction con-

ditions. Yang et al. investigated the structural evolution of Cu

nanocatalysts during CO2 reduction using operando analysis,

including 4D electrochemical liquid-cell scanning TEM. Their

findings revealed that metallic Cu nanograins oxidize into sin-

gle-crystal Cu2O nanocubes upon exposure to air after electrol-

ysis, highlighting the dynamic nature of SACs.147 Additionally,

Amirbeigiarab et al. demonstrated the spontaneous formation

of low-coordinated Cu surface species at the onset of CO2 elec-

troreduction using in situ scanning tunneling microscopy (STM),

surface XRD (SXRD), and Raman spectroscopy. STM imaging

showed a disordered adlayer on Cu terraces, suggesting the

presence of immobile molecular species, while SXRD provided

atomic-level insights into surface restructuring. Raman spec-

troscopy further confirmed the formation of bidentate carbon-

ates and carbonate anions, which are crucial for catalytic

performance.149

Despite advancements in characterization techniques, signif-

icant challenges remain in fully understanding SACs. The pri-

mary difficulties include detecting single atoms, as conventional

techniques like XRD lack the sensitivity to identify isolated

atomic sites, necessitating advanced imaging methods like

HAADF-STEM. Distinguishing single atoms from nanoparticles

requires complementary techniques such as XAS and EXAFS

to confirm atomic dispersion and avoid misinterpretation of

agglomeration. Understanding dynamic changes under reaction

conditions remains complex, even with operando techniques, as

real-time tracking of atomic-scale transformations is chal-

lenging. Additionally, correlating structure with catalytic perfor-

mance demands a multi-technique approach integrating spec-

troscopy, electrochemical analysis, and theoretical modeling

to establish structure-activity relationships in SACs. Future

research should focus on improving in situ and operando tech-

niques, developing higher-resolution imagingmethods, and inte-

grating computational simulations with experimental data to gain

deeper insights into SAC behavior. Addressing these challenges

will enhance the design and optimization of SACs for CO2 con-

version and other catalytic applications.

SACs BASED CATALYSTS

SACs have lately gained prominence in catalysis due to their

ability to use the advantages of both homogeneous and hetero-

geneous catalysts, while also incorporating distinctive charac-

teristics that bridge the gap between them.34 In contrast to
iScience 28, 112306, June 20, 2025 5



Figure 2. Physical characterization

(A) Preparation and structural characterization of Cu-SA/Ti3C2Tx.

(B) XRD pattern.

(C) TEM image.

(D) HAADF-STEM image in which some of the Cu SAs are highlighted by red circles.

(E) XANES spectra at the Cu K-edge with CuO, Cu2O and Cu foil as reference.

(F) The k2-weighted Fourier transform (FT) EXAFS curves in which c(k) denotes the EXAFS oscillation function.

(G) EXAFS fitting curve of Cu-SA/Ti3C2Tx, insert is an illustration of Cu-SA/Ti3C2Tx structure. The yellow, blue, dark yellow, red, and white balls represent Cu, Ti, C,

O, and H, respectively. Reprinted with permission from36.
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heterogeneous catalysts, SACs optimize atom utilization and

possess homogeneous active sites with adjustable electronic

environments, resulting in exceptionally high catalytic activity

and selectivity. Additionally, SAC exhibits enhanced stability

and exceptional recyclability.33,61,150,151 The utilization of single

atoms in CO2 conversion represents a groundbreaking approach

that holds immense potential for addressing environmental chal-

lenges and advancing sustainable chemistry.141,152 Single

atoms, precisely isolated on suitable catalyst materials, offer

unique electronic and structural properties that can significantly

impact CO2 conversion reactions.153 This innovation has far-
6 iScience 28, 112306, June 20, 2025
reaching applications and effects across various aspects of

CO2 conversion.
153 The advantages of SACs for CO2 conversion

include highly active catalytic centers that enhance CO2 activa-

tion and facilitate specific chemical transformations. These cat-

alysts can significantly accelerate reaction rates and improve

overall conversion efficiency.154–156

Cu-based SAC catalysts
Single site decorated copper catalysts represent a cutting-edge

approach in the realm of CO2 conversion.157 These catalysts

involve the precise placement of individual catalytic centers,
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often Cu atoms, onto a supporting material.158,159 The primary

aim of this technology is to efficiently accelerate the conversion

of CO2 molecules into valuable chemical products through cata-

lytic reactions.159,160 The uniqueness of single site decorated

copper catalysts lies in the isolated copper atoms, strategically

dispersed on the supporting material.161 These single atoms

possess distinct electronic and geometric properties that enable

precise CO2 activation and subsequent conversion reactions.

The isolated nature of the copper atoms minimizes undesired

side reactions, leading to enhanced selectivity and catalytic effi-

ciency in CO2 conversion processes. The supporting material is

crucial in maintaining and improving the catalytic efficiency of

copper catalysts that are modified with single-site decoration.

This material often possesses a high porosity and surface area,

ensuring maximum exposure of the active phase to CO2 mole-

cules. The interaction between the Cu atoms and the supporting

material makes an optimal environment for catalytic reactions,

resulting in improved overall efficiency.162 For instance, Chen

et al., Both theoretical and experimental evidence have empha-

sized the crucial function of Lewis acid in a Cu/Al2O3 SAC for the

electrochemical conversion of CO2. Through theoretical calcula-

tions, it was shown that Lewis’s acid sites in metal oxides, such

as aluminum oxide and Cr2O3, have the ability to adjust the

electronic structure of copper atoms bymaximizing intermediate

absorption. This, in turn, leads to an improvement in CO2

methanation163

Recently, 2Dmaterials have garnered significant attention as a

robust platform for supporting SA catalysts due to their large

specific surface areas, numerous exposed active sites, and

exceptional catalytic activities.94–96 In particular, 2D Ti3C2Tx
MXene (where Tx represents surface functional groups) has

been extensively studied for various catalytic reactions because

of its excellent electronic conductivity, catalytically active basal

planes, and unique graphene-like layered structures.101,164,165

Moreover, its abundant ability to reduce, suitable surface imper-

fections, and hydrophilic surface properties render it a perfect

contender for providing support and stability to individual

atoms.166,167 Bao et al. demonstrated through experimental

and theoretical studies that atomically dispersed Cu–O3 sites

on 2D Ti3C2Tx MXene facilitate C–C coupling of CO molecules,

leading to the formation of the key *CO-CHO intermediate. Theo-

retical simulations further reveal that these Cu–O3 sites lower the

free energy barrier of the potential-determining step, thereby

enhancing the catalytic activity and selectivity of copper single

atoms for CO reduction. This synergistic effect accounts for

the remarkable performance of Cu-based SACs in CO2

conversion.36

Fe-based SAC catalysts
Fe-based SACs hold significant promise in addressing the global

challenge of CO2 emissions and advancing sustainable CO2 uti-

lization technologies.44,168 These catalyst systems involve the

integration of Fe atoms in unique configurations on supporting

materials to assist the efficient transformation of CO2 molecules

into valuable chemical products through catalytic reactions. The

support material used in Fe-based single-atom catalysts play a

crucial role in stabilizing and enhancing their catalytic perfor-

mance.169,170 This material typically possesses a large porosity
and surface area, ensuringmaximumexposure of the active sites

to CO2 molecules.171 The coordination between the iron atoms

and the supporting material establishes a suitable environment

for catalytic processes, leading to improved overall efficiency.

In CO2 conversion, the Fe-based SACs interact with CO2 mole-

cules to initiate various chemical reactions. These reactions

often involve reduction pathways that lead to the formation of

valuable compounds like CO, formic acid, or methane. The spe-

cific reaction mechanisms depend on the unique properties of

the Fe atoms, the supporting material, and the reaction condi-

tions.169 Furthermore, beyond just maximizing the utilization ef-

ficiency of their single sites and ensuring well-defined active

sites with high selectivity, the precise configurations and

synergistic effects significantly boost both catalytic efficiency

and selectivity.169,172,173 This renders them indispensable to

advancing effective carbon capture and conversion strategies.

Ongoing research seeks to optimize the design of these cata-

lysts, uncover novel reaction pathways, and explore their poten-

tial in various CO2 conversion applications. Fe single atoms

exhibit distinctive electronic and geometric properties that

enable precise CO2 activation and subsequent conversion reac-

tions. The isolation of the iron atoms reduces undesired side re-

actions, leading to improved selectivity and catalytic efficiency in

CO2 conversion processes.172,174 For instance, Takele et al., and

Li et al., described a catalyst composed of atomically dispersed

Fe coordinated with nitrogen-doped carbon, which exhibited

heightened activity in CO2 reduction to produce CO.174,175

Lately, scientists have been investigating the synergistic inter-

play between the active sites and the intricate networks of hier-

archical carbon nanotubes (CNTs) and graphene nanoribbons

(GNRs). This catalytic setup combines two distinct elements:

iron-nitrogen (Fe-N) active sites and a complex network of

CNTs and GNRs. By optimizing the design and composition of

the catalyst, researchers seek to enhance its performance in

CO2 conversion processes. Ultimately, the development of Fe–

N sites on hierarchically mesoporous CNTs and GNRs repre-

sents a significant advancement in the field of sustainable energy

and chemical production. These catalysts offer a tailored

approach to addressing CO2 emissions by harnessing the

unique properties of the active sites and the nanostructured sup-

port network.176 The straightforward conversion of commercial

CNTs into isolated Fe–N4 sites anchored on carbon CNT and

GNR networks Fe-N/CNT@GNR was described by Pan et al.

Oxidation-induced partial removal of CNTs leads to the forma-

tion of GNR nanolayers connected to the remaining fibrous

CNT frameworks. This process reticulates a hierarchically mes-

oporous complex, allowing for a large active surface area and

efficient mass translocation. The Fe residues derived from CNT

development seeds operate as sources of iron to create sepa-

rate Fe-N4 groups situated at the basal plane and margins of

CNTs and GNRs. These moieties possess a strong inherent abil-

ity to activate CO2 and inhibit hydrogen evolution, as depicted in

Figure 3.176

Fe3+-based SAC catalysts
Another class of Fe-based SAC catalysts are atomically

dispersed Fe3+ sites which play a crucial role in the catalytic con-

version of CO2 into valuable products.177 These catalytic sites
iScience 28, 112306, June 20, 2025 7



Figure 3. Synthesis method

(A) Schematic representation shows the conversion of multiwalled CNTs into Fe-N/CNT@GNR.

(B) Modifying the mass ratios of KMnO4 and CNTs to induce structural changes from CNTs to CNT@GNR to GNR. Reprinted with permission from.176
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involve the presence of individual Fe ions, in their trivalent Fe3+

state, dispersed on a suitable support material. These sites are

designed to facilitate the activation and transformation of CO2

molecules, contributing to efforts aimed at reducing CO2 emis-

sions and harnessing this GHG for sustainable chemical pro-

cesses. The significance of atomically dispersed Fe3+ sites lie

in their ability to mimic the active sites found in natural enzymes.

These sites frequently feature metal ions with unique electronic

properties that influence the activation of CO2 molecules by ad-

sorbing and stabilizing them, facilitating favorable chemical

transformations to targeted valuable products, such as CO, for-

mic acid, or other organic compounds, depending on the spe-

cific catalytic conditions.177 Moreover, by preventing the clus-

tering of metals, atomically dispersed Fe3+ sites maintain their

catalytic effectiveness and ability to selectively promote desired

reactions over extended periods of time. For instance, Jun et al.

developed a catalyst featuring dispersed single-atom Fe sites,

capable of producing carbon monoxide.117,177 Through oper-

ando X-ray absorption spectroscopy, they identified the active

sites as isolated Fe3+ ions coordinated with pyrrolic nitrogen

(N) atoms on an N-doped carbon support. The Fe3+ ion remains

in its +3-oxidation state during catalysis, likely due to electronic

interactions with the conductive carbon matrix as illustrated in

Figure 4. The improved catalytic performance of these Fe3+ sites

is attributed to their enhanced CO2 adsorption and reduced CO

adsorption compared to traditional Fe2+ sites. Structural charac-

terization confirmed the atomic dispersion of Fe sites within the

carbon matrix. HAADF-STEM imaging (Figure 4A) revealed a

well-defined porous structure, while energy dispersive X-ray

spectroscopy (EDS) mappings (Figures 4B and 4C) demon-

strated a uniform distribution of Fe and N within the carbon

framework. Further insights from atomic-resolution aberration-

corrected HAADF-STEM imaging (Figure 4D) revealed bright

spots (�0.2 nm) corresponding to atomically dispersed Fe and
8 iScience 28, 112306, June 20, 2025
Zn sites. The Fe K-edge XANES spectrum (Figure 4F) and Fe

2p3/2 XPS spectrum exhibited binding and edge energies

consistent with Fe2O3 and Fe3+-tetraphenylporphyrin-Cl, veri-

fying the +3-oxidation state of Fe. This indicates that Fe ions un-

derwent oxidation from +2 to +3 during pyrolysis, in agreement

with previous reports on Fe-containing organic precursors. The

Fe K-edge EXAFS spectrum (Figure 4H) further confirmed the

atomic dispersion of Fe sites, with spectral fitting suggesting a

planar Fe–X4 (X = N or C) coordination structure. The average co-

ordination numbers for Fe–N and Fe–Cwere 3.4 and 0.5, respec-

tively, with no detectable Fe–Fe bonding.177–179

MOF-based SAC catalysts
MOF-SACs, or metal-organic framework-based single-atom

catalysts, are novel types of catalysts that show great promise

in converting CO2 into useful chemicals. This catalytic system in-

tegrates the accuracy of SAC sites with the special qualities of

MOFs.MOFs are porousmaterials with well-defined nanoporous

architectures made of metal nodes joined by organic linkers.180

The integration of single metal atoms into MOFs results in

MOF-SACs, which offer several advantages for CO2 conversion:

The porous nature of MOFs offers a large surface area, enabling

efficient CO2 adsorption and access to the single-atom catalytic

sites.9,181

Single metal atoms within the MOF structure act as isolated

catalytic centers. Their precise arrangement allows for fine-tun-

ing of reactivity and selectivity, mimicking the reactivity of natural

enzymes.182 The electronic properties of both the MOF frame-

work and the singlemetal atom enhance CO2 activation and con-

version, even under mild reaction conditions. The MOF structure

stabilizes and isolates the single metal atoms, preventing

agglomeration and maintaining catalytic activity over time.183

Depending on the specific reaction conditions and the properties

of the catalyst, products like CO, formic acid, or more complex



Figure 4. Physical characterization

(A) HAADF-STEM image and EDS mappings of (B) Iron and (C) Nitrogen of the region represented by the red square.

(D) Aberration-corrected HAADF-STEM image and (E) EDS spectrum of the red square region.

(F) Fe K-edge XANES spectra of Fe3+–N–C (black), Fe2O3 (blue dashed), Fe3+TPPCl (green dashed), FeO (pink dashed), and Fe foil (orange dashed). (Inset) The

enlargement of the main edges.

(G) k-space and (H) R-space Fe K-edge EXAFS spectra. Shown are data (black) and fitting curves (red). Reprinted with permission from.177
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hydrocarbons can be generated.184 Ongoing research aims to

optimize the synthesis and design of MOF-SACs as depicted

in Figures 5A and 5B,181 uncover their catalytic mechanisms,

and develop scalable processes for industrial applications.185

The development of MOF-based SACs presents an exciting

avenue for advancing sustainable CO2 utilization technologies,

bridging the gap between porous materials and precise

catalysis181,186–188

Ni-based SAC catalysts
Single-atom nickel (Ni) sites are advanced catalysts for efficient

CO2 conversion.
49 These catalysts feature isolated nickel atoms

on a high-surface-area support material, working as active sites.

The exceptional properties of these single atoms allow precise

CO2 adsorption and activation, minimizing side reactions and
enhancing selectivity and efficiency. The support material stabi-

lizes the nickel atoms and enhances catalytic activity by

providing an optimal environment for CO2 interaction. Single-

atom Ni sites can convert CO2 into valuable products like syn-

gas, CO, formic acid, or methane, liable on the catalytic material

and reaction parameters as in illustrated Figure 6.31,132,189,190

Another category of Ni-based SACs includes nickel dual-atom

sites, which represent a state-of-the-art catalyst system de-

signed for the efficient conversion of CO2 into valuable chemical

products. This advanced catalyst involves the strategic arrange-

ment of two nickel atoms within a specific configuration on a

supporting material. The primary goal of this technology is to

improve the activation and transformation of CO2 molecules

through catalytic reactions.191 The distinctive feature of nickel

dual-atom sites lies in the precise arrangement of two nickel
iScience 28, 112306, June 20, 2025 9



Figure 5. Synthesis method

(A) MOFs based single atom catalysis, (B) Potential advantages of MOFs over traditional substrates for the fabrication of SACs. Copyright with permission

from.188
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atoms in close proximity. This arrangement creates synergistic

effects that significantly boost the catalytic selectivity and activ-

ity of the catalyst. The close interaction between the dual nickel

atoms facilitates efficient CO2 adsorption, activation, and subse-

quent transformation into desired products.192 The supporting

material used in this catalyst system provides a stable platform

for anchoring and stabilizing the dual nickel atoms.193 Typically,

this material possesses high surface area and porosity, allowing

for maximum exposure of the active sites to CO2 molecules. The

combination of the dual nickel atoms and the supportingmaterial
10 iScience 28, 112306, June 20, 2025
creates an optimal environment for catalytic reactions, mini-

mizing unwanted side reactions and enhancing overall effi-

ciency.171,194 In CO2 conversion, the nickel dual-atom sites

engage with CO2 molecules to initiate chemical transformations.

These reactions often involve reduction pathways that lead to

the formation of valuable compounds such as CO, formic acid,

or methane.195 The specific reaction mechanisms depend on

the unique properties of the dual nickel atoms, the supporting

material, and the reaction conditions. The development of nickel

dual-atom sites holds great promise for advancing the field of
Figure 6. Synthesis and physical properties

of prepared porphyrins

(A) Synthetic illustration for Ni–N4–TPP & Ni(�Cl)–

N3O–TPP by modified Lindsey’s methods.

(B) 3D molecular structure of Ni(�Cl)–N3O–TPP

established by SC-XRD.

(C) Ni K-edge XANES spectra of Ni–N4–TPP,

Ni(�Cl)–N3O–TPP, and Ni foil. Reprinted with

permission from.132



Figure 7. An overview of SACs application

in chemical CO2 conversion displayed in

this review
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CO utilization and mitigating CO2 emissions.196 The synergistic

effects resulting from the close arrangement of two nickel atoms

enhance the catalyst’s efficiency, making it an essential compo-

nent of sustainable CO2 conversion technologies. Ongoing

research focuses on optimizing the catalyst’s design, uncovering

new reaction pathways, and exploring its potential in various

CO2 conversion applications.197 For example, Hao et al., estab-

lished a catalyst with nickel dual-atom sites through in situ con-

version of nanoparticles into dual atoms. Both experimental and

theoretical investigations showed that during the catalytic pro-

cess, the Ni dual-atom sites facilitate the adsorption of hydroxyl,

creating electron-rich active centers. These centers present a

modest reaction kinetic barriers for *COOH production and

*CO desorption. This catalytic microenvironment results in faster

kinetics compared to either bare dual-atom sites or adsorption of

hydroxyl-regulated single-atom sites.198

A single Ni atom supported on a hybridized boron, carbon,

and nitrogen (BCN) nanosheet represents a promising catalyst

system in the realm of CO2 conversion. This innovation involves

the integration of a single nickel atom, a 2D nanosheet

composed of BCN, and a specific hybridized structure.199

The primary objective of this catalyst system is to facilitate

the transformation of CO2 into valuable chemical products

through catalytic reactions. The single nickel atom serves as

a highly active and selective catalytic site due to its unique cat-

alytic properties and reactivity.200 The atom is intentionally iso-

lated and distributed on the surface of the BCN nanosheet, al-

lowing for precise control over its interactions with reactant

molecules.201 This isolation enhances the atom’s catalytic effi-

ciency, enabling specific CO2 activation and conversion pro-

cesses. The hybridized BCN nanosheet offers several advan-

tages in this context. Its composition combines boron,

carbon, and nitrogen, which collectively create a versatile plat-

form with tailored chemical properties.199,202 This composition

enhances the nanosheet’s affinity for CO2 adsorption and acti-

vation, providing an ideal environment for catalytic reac-

tions.202,203 The 2D structure also provides a large surface

area, ensuring ample exposure of active sites and promoting

the accessibility of reactants.204,205 In CO2 conversion, the cat-

alyst’s single nickel atom interacts with CO2 molecules ad-
sorbed onto the hybridized BCN nano-

sheet. These interactions lead to the

activation of CO2 and subsequent chem-

ical transformations, such as reduction

reactions that yield valuable products

like CO, formic acid, or methane.206,207

The specific reaction pathways and

mechanisms can vary based on factors

such as reaction conditions and the

unique properties of the catalyst system.

The incorporation of a single Ni atom

supported on a hybridized BCN nano-
sheet holds significant potential for addressing the global chal-

lenge of CO2 emissions.208 By harnessing the atom’s reactivity

and the nanosheet’s tailored properties, this catalyst system of-

fers a pathway to convert CO2 into useful chemicals, thereby

contributing to sustainable and environmentally friendly CO2

utilization strategies.209

Cd-based SAC catalysts
Cd-based SACs represent an emerging and innovative

approach in the field of catalytic CO2 conversion. These cata-

lysts involve the incorporation of individual Cd atoms onto a

suitable support material, aiming to efficiently facilitate the

transformation of CO2 molecules into valuable chemical prod-

ucts through catalytic reactions. The uniqueness of Cd-based

SACs lies in the isolated Cd atoms that serve as highly active

and selective catalytic centers.210 These single atoms possess

distinct electronic and geometric properties that enable precise

CO2 activation and conversion reactions. The isolation of the

cadmium atoms minimizes unwanted side reactions, leading

to improved selectivity and catalytic efficiency in CO2 conver-

sion processes.211 The choice of support material is crucial in

stabilizing and enhancing the catalytic activity of Cd-based

SACs. This material typically possesses a high surface area

and porosity, ensuring optimal exposure of the active sites to

CO2 molecules. The interaction between the Cd atoms and

the support material creates an ideal environment for catalytic

reactions, resulting in enhanced overall efficiency.211 Although

SACs show significant promise in heterogeneous catalysis,

achieving high loading levels of these catalysts continues to

be a major challenge. Ongoing research aims to optimize the

design of these catalysts, explore novel reaction pathways,

and assess their potential in various CO2 conversion applica-

tions. For example, an extremely high loading of Cd-based

SACs was achieved through a trapping, emitting strategy and

gas migration. This approach resulted in a loading of 30.3

wt. %, with the emitting process enabling the adjustment of

the loading amount from 30.3 to 1.4 wt. %. In the context of

CO2RR applications, the Cd-NC SACs with an 18.4 wt. %

loading demonstrated optimal Faradaic efficiency (FE)

performance.212
iScience 28, 112306, June 20, 2025 11



Figure 8. Physical characterization of the

catalyst

(A) Diagram of the Cu-CD catalyst prepared using

low-temperature calcining process.

(B) large field of view and (C) magnified view of

TEM images (the inset is the crystal lattice).

(D) Relatively large-field of viewand e typical viewof

HAADF-STEM images of distributed single Cu

atoms in carbon dots. Yellow circles in (E) indicates

typical single Cu atoms. Reprinted with permission

from.243

iScience
Review

ll
OPEN ACCESS
SACs APPLICATIONS FOR CO2 CONVERSION

The catalytic transformation of CO2 into valuable fuels and chem-

icals presents a promising and economically viable alternative to

fossil feedstocks, while also enabling large-scale CO2 recy-

cling.22,180Cost-effective andhighly efficient catalysts are crucial

for reducing the costs associated with CO2 utilization as in Fig-

ure7.213,214Conventional catalystsbasedonmetal nanoparticles

frequently lack efficiency in utilizing active metals, effective cata-

lytic activity, and proper selectivity.215,216 Consequently, there

has been an increasing fascination with SACs, which provide

optimal atom usage, a distinctive electrical configuration, and

robust metal-support interactions. These characteristics make
12 iScience 28, 112306, June 20, 2025
SACs a promising approach to enhance

catalytic efficiency and long-term dura-

bility. Additionally, the well-defined struc-

tures of SACs facilitate in-depth studies of

themechanisms and active sites involved

in CO2 conversion.
217–219

CO2 electrochemical reduction
Advancements in science and technology

have led to increased global energy con-

sumption, posing significant environ-

mental challenges in the 21st century.220

The electrocatalytic conversion of CO2

into carbon-based fuels has attracted

attention due to its ability to operate in

ambient conditions, adjust the reduction

products via external parameters, store

renewable electrons from solar, tidal,

and wind energy, and have the potential

to reduce global demand for fossil

fuels.221 This method offers a means to

close the carbon cycle and utilize off-

peak, intermittent renewable elec-

tricity.222–225 However, CO2 activation

presents challenges due to its high ther-

modynamic stability, requiring substan-

tial overpotentials and reducing energy

efficiency. Electrocatalytic CO2 reduction

faces difficulties such as sluggish reac-

tion kinetics, complex reaction pathways,

and competing water reduction reactions

in aqueous environments.212,226–228

Despite these obstacles, CO2RR can
yield a variety of products, including carbon monoxide, formic

acid, methane, methanol, ethanol, and ethylene.229 A major

obstacle to making CO2RR viable for renewable energy storage

is the similar thermodynamic potential of its products.

Catalysts play a crucial role in CO2RR, with different metals

exhibiting varying adsorption strengths for intermediate prod-

ucts, which influence product distribution.24 Categorically,

metal catalysts can be classified into four types based on their

properties and behavior toward products of CO2RR: formate-

selective metals (e.g., Sn, Pb, and In), CO-selective metals

(e.g., Ag, Zn, and Au), hydrocarbon-selective Cu, and

hydrogen-selective metals (e.g., Pt, Ni, Fe, Co, Pd, and

Ga).230–234 Other extensively investigated catalysts encompass
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2D transition metal carbide/nitride,235,236 transition-metal com-

plexes with organic ligands,237 and copper-based multinary

sulfides (CMSs).238 Despite progress, existing catalysts are still

inefficient for practical applications, with the high cost of noble

metal catalysts adding to the challenge

Promising solutions are emerging through catalyst design,

aiming to overcome these energy efficiency and selectivity

barriers.239 Catalysts are driving a paradigm shift in CO2 con-

version processes, enabling advancements in areas like

electrochemical CO2RR. Despite significant efforts, the pri-

mary obstacle to large-scale CO2RR implementation remains

the lack of highly reactive, selective, and cost-effective elec-

trocatalysts. Therefore, designing and synthesizing high-

performance CO2RR electrocatalysts is crucial. SACs are

promising candidates for catalyzing electrochemical CO2RR

due to their maximized atomic utilization. A partial-carboniza-

tion approach was proposed by Yanming Cai et al. to alter the

electronic structures of single-atom catalysts. This approach

led to the development of a carbon dots–based SAC contain-

ing CuN2O2 sites as shown in Figure 8. The SAC demonstrates

a Faradaic efficiency of 78% and selectivity of 99% for CH4,

achieving a current density of 40 mA/cm2. Their findings

also highlighted that the high Faradaic efficiency and selec-

tivity is attributed to the introduction of the oxygen ligand

into the catalyst structure which lowered the endothermic en-

ergy of the intermediate.227 Single-atom metal catalysts, such

as Me–N–C catalysts with metals like Ni, Fe, Co, Zn, Mn, etc.,

are unique cases that deviate from the basic properties of

metallic materials. These catalysts involve the atomic disper-

sion and bonding of metal ions to nonmetallic functional

groups. They have attracted considerable interest for their

ability to selectively produce CO from CO2 reduction reac-

tions.43,240 Significantly, single-atom nickel catalysts have

shown exceptional efficiency in converting CO2 to CO,

exceeding that of conventional metal-organic-carbon cata-

lysts and even competing with catalysts using noble

metals.241 For instance, at �0.81 V RHE, a Ni–N–C catalyst

synthesized by topochemical transformation attained about

100% CO selectivity. This high selectivity is attributed to the

protective carbon layer, which effectively promotes topo-

chemical transformation while maintaining the Ni–N4 struc-

ture. Additionally, it prevents the aggregation of Ni atoms

into particles, thereby providing a large number of active sites

for catalytic reactions.242 An analogous Ni–N–C catalyst in a

gas diffusion electrode setup achieved a CO partial current

density over 200 mA cm�2 and maintained a consistent CO

Faradaic efficiency of around 85%, underscoring its consider-

able promise for future industrial uses.

Another intriguing SAC in CO2 conversion is the Cd-based

SACs, which interact with CO2 molecules to initiate various

chemical reactions. These reactions often involve reduction

pathways leading to the formation of valuable compounds

such as CO, formic acid, or methane. The specific reaction

mechanisms depend on the unique properties of the Cd atoms,

the supporting material, and the reaction conditions.195,210 Their

isolated and active nature enhances catalytic efficiency, making

them a significant player in the development of effective carbon

capture and conversion strategies153
CO2 reforming of methane
In the dry reforming of methane (DRM), methane and CO2 are

converted into a mixture of CO and H2 called syngas.244 How-

ever, in this reaction, heterogeneous catalysts employ a broad

size distribution of active metals, with only a small portion effec-

tively serving as active sites.245 To enhance metal utilization ef-

ficiency, SACs have been developed.246 Tang et al.247 intro-

duced a SAC featuring Ru and Ni atoms on CeO2 nanorods,

showcasing exceptional low-temperature dry DRM activity.

These single-atom sites worked synergistically to enhance H2

production, as confirmed by density functional theory (DFT) cal-

culations. Similarly, noble metal SACs like the Pt/CeO2 catalyst

developed by Shen et al.248 exhibited improved metal utilization

and demonstrated effective DRM reactivity at 350�C, with the

Pt–CeO2 interface playing a crucial role in CH4 activation and

CO2 dissociation. Other notable SACs include a Rh-La2Ti2O7

catalyst, which achieved over 25% conversion of CH4 and CO2

at 550�C. This remarkable catalytic performance is attributed

to the coexistence of Rh0 and Rhd+ species in Rh–La2Ti2O7,

which enhances electron transport and increases the mobility

of active oxygen species.249 Also, a Ni/HAP SAC by Akri

et al.,190 which displayed significant DRM performance at

750�Cwith excellent resistance to coke formation. Despite these

advantages, SACs face challenges in synthesis and stabilization

and have not consistently outperformed traditional heteroge-

neous catalysts. Additionally, SACs often struggle with stability

in fixed-bed reactors for DRM reactions.190

A synergistic effect of single-atom Ni1 and Ru1 sites on CeO2

nanorods (Ce0.95Ni0.025Ru0.025O2) has been reported for DRM

(CH4 + CO2).
247 This catalyst, featuring highly active SACs,

achieves a turnover rate of 73.6 H2 molecules per site per sec-

ond at 560�C, with 98.5% selectivity to H2. The Ni1 and Ru1
sites remain atomically dispersed and cationic even at temper-

atures up to 600�C, working together to reduce the activation

barrier and enhance H2 and CO production rates. This perfor-

mance surpasses that of catalysts containing only Ni1 or Ru1
sites. Computational studies reveal that Ni1 sites activate CH4

to form CO, while Ru1 sites dissociate CO2 to CO, with H2 form-

ing through H atom coupling on Ru1 sites. Small active sites at

the atomic level often face synthesis challenges and show min-

imal improvement in catalytic reactivity. For the DRM reaction,

nanocluster and nanoparticle level metal sites (larger than 1 nm)

are more effective. Recent studies have shown that Ni sites

sized 10–20 nm exhibit significant DRM activity and reduced

coke formation above 700�C. Below 700�C, Ni sintering effects

are less significant, but coke formation increases and catalyst

activity decreases, especially for CH4 activation.250,251 There-

fore, proper sizing of active sites is crucial for achieving high ac-

tivity and coke resistance in low-temperature DRM reactions.

Further research is needed to understand the size effects of

active metals and guide the synthesis of cost-effective, highly

active catalysts. Kim et al.252 reported a Pt-NiCe@SiO2 sin-

gle-atom alloy (SAA) prepared by the reverse microemulsion

method for DRM. Figure 9A shows the TEM image of the

reduced Pt0.25-NiCe@SiO2 SAA catalyst. The yolks are well

distributed within the SiO2 shell, with an average cavity diam-

eter of 106.5 nm and a wall thickness of 6.6 nm. Isolated Pt

atoms, highlighted in yellow circles, confirm the SAA structure.
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Figure 9. Physical characterization of the

ctalayst

(A) TEM, (B) AC-HAADF-STEM, and (C, D) HRTEM

images of the reduced nanotubular yolk–shell

Pt0.25-NiCe@SiO2 SAA catalyst. Reprinted with

permission from.252
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HRTEM images shown in Figures 9C and 9D reveal lattice

fringes of 0.20 nm (Ni (111)), 0.18 nm (Ni (200)), 0.31 nm

(CeO2 (111)), and 0.27 nm (CeO2 (200)), indicating a Ni–CeO2

interaction. Pt–Ni alloys are mostly at the yolk edges, suggest-
14 iScience 28, 112306, June 20, 2025
ing Pt-terminated Pt–Ni catalysts form a

stable core–shell structure under

reducing conditions. The yolk-shell

morphology and Pt–Ni SAA structures

prevent carbon formation and enhance

catalyst stability. This design facilitates

CO desorption and reduces carbon

deposition. Adding 0.25 wt%Pt ensures

120 h stability at 500�C during DRM by

forming Pt–Ni SAA structures within the

SiO2 shell, enhancing interactions and

suppressing carbon formation.

Rao et al.253 introduced a concept for

achieving highly durable DRMat low tem-

peratures by integrating active sites with

light irradiation. They successfully devel-

oped two types of active sites on CeO2:
Ni–O coordination (NiSA/CeO2) and Ni–Ni coordination (NiNP/

CeO2). These sites enabled two distinct reaction paths

to produce the key intermediate CH3O*, which helps prevent

coke formation. However, under light irradiation, formate
Figure 10. Operando DRIFT-SSITKA in

panels (A, B) and panels (C, D) for in situ

Raman spectra of DRM reaction over

NiSA/CeO2

Reprinted with permission from.253



Figure 11. The catalytic performance of the reduced Ni1@mp-CeO2 and Ni1/CeO2 at 750
�C

(A) CH4 conversion.

(B) Corresponding changes of CH4 rates with respect to the initial rates (r/r0); (C) Arrhenius plot; (D) TGA data of the spent catalysts after reaction.

(E) Stability test of Ni1@mp-CeO2 catalyst in continuous DRM for 120 h.

(F and G) Schematic illustration of the structure evolution of the two Ni single atom catalysts supported on bulk CeO2 and mesoporous CeO2 during the DRM.

Reprinted with permission from.254
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(HCO2*) increased, linearly adsorbed CO decreased, and

gaseous CO bands became more prominent depicted in Fig-

ure 10A. Aminimal change occurred in the dark, as shown in Fig-

ure 10B. Light enhances NiSA/CeO2 activity by accelerating car-

bonate-to-CO conversion and CO desorption. Switching to
13CO2/

12CH4/Ar showed a distinct isotope effect, indicating light

speeds up CH3O* to CO conversion. In situ Raman with C18O2

revealed that light significantly accelerates Ce–O ionization and

CH3O* formation, with a shift of 27 cm�1 under light compared

to 18 cm�1 in the dark as shown in Figures 10C and 10D. This

study revealed that the CH3* to CH3O* path over NiSA/CeO2 is

crucial for anticoking. Additionally, light irradiation further

enhanced this reaction path during DRM, as demonstrated by

operando DRIFTS-SSITKA.
Li et al.254 developed ordered mesoporous ceria (mp-CeO2)

to stabilize Ni single atoms in DRM. As shown in Figure 11,

the Ni1@mp-CeO2 catalyst exhibited superior DRM perfor-

mance with a lower CO2 deactivation rate (kd) of 0.1 3

10�3 h�1, compared to 9.63 10�3 h�1 for Ni1/CeO2. Figure 11D

illustrates that catalyst deactivation in DRM is caused by coke

deposition and Ni sintering. Remarkably, the Ni1@mp-CeO2

catalyst-maintained stability for 120 h without significant deac-

tivation (see Figure 11E), due to its strong metal-support inter-

action and confinement effect. This demonstrates that Ni single

atoms supported on mesoporous CeO2 offer better stability

than those on bulk CeO2. The Ni1@mp-CeO2 catalyst, featuring

many oxygen vacancies and basic sites, activates CO2 and re-

moves carbon deposits more effectively than the Ni1/CeO2
iScience 28, 112306, June 20, 2025 15



Figure 12. In situ DRIFTs spectra and mechanism of DRM reaction

(A–C) 1310–1700 cm�1 spectra over Ru1/CeO2-NP, Ru1/CeO2-NR and Ru1/Mg-CeO2-NR under dark conditions at 450�C; (D) 1310–1700 cm�1 spectra over Ru1/

Mg-CeO2-NR under dark and >650 nm illumination at 450�C; (E) 1310–1700 cm�1 spectra over Ru1/Mg-CeO2-NR under dark and full spectrum illumination at

450�C and (F) 1700–2200 cm�1 spectra over Ru1/Mg-CeO2-NR under dark and full spectrum illumination at 450�C; micro-steps of DRM reaction. Reprinted with

permission from.255
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catalyst. The mesoporous structure also prevents Ni cluster

sintering, improving stability. This study shows that Ni single

atoms can grow into nanoclusters during DRM and using

them as precursors helps suppress carbon deposition.

Zhang et al.255 developed a Ru1/Mg-CeO2-NR SAC that ex-

ceeded the thermodynamic equilibrium limit for syngas produc-

tion under photo-thermal catalysis (PTC) conditions, even at high

flow rates. The catalyst achieved syngas production rates of 0.56

molg�1h�1 for H2 and 0.85 molg�1h�1 for CO at 500�C. Oper-

ando experiments demonstrated the Ru-O-Ce electron transfer

path and its impact on the rate-determining step (RDS) of the

DRM. During these experiments, no significant correlation was

observed between b-CO3* or COOH* concentrations and cata-

lyst performance (see Figure 12). However, CHx concentration

was strongly linked to performance in Ru1/CeO2-NR and Ru1/

Mg-CeO2-NR, with the Ru-O-Mg structure in Ru1/Mg-CeO2-

NR enhancing CHx levels and performance, indicating CH4

dissociation as the rate-determining step in DRM. UV light

boosts CH4 dissociation, leading to higher H* generation and

H2 production (see Figures 12D and 12E), which improves the
16 iScience 28, 112306, June 20, 2025
H2/CO ratio and overall performance under photo-thermal con-

ditions. Mg doping and the nanorod structure increase CO2

adsorption and COOH* conversion (see Figures 12A–12C),

further enhancing CO production. Light irradiation also improves

CO2 adsorption (see Figures 12D and 12E), contributing to the

superior photo-thermal catalytic performance of Ru1/Mg-

CeO2-NR.

DRMtypically requireshigh temperatures, leading to theexsolu-

tion and redistribution of active sites. However, characterizing

these catalysts after cooling and sample preparation often results

in the active atoms diffusing back into the bulk. Mekkering et al.256

investigated the factors influencing the migration dynamics of

atoms on the surface and subsurface of supported SACs during

the DRM at 700�C–900�C. The catalysts’ performance improved

with reaction as rhodium atoms migrated from the subsurface to

the surface. While the oxidation state of rhodium changed from

Rh(III) toRh(II) orRh(0) duringcatalysis, atommigrationwas thepri-

mary factor affecting performance. Multiple processes have been

hypothesized for SACs stimulating impact, including stronger in-

teractions with support, the formation of low-coordinated active



Figure 13. Catalyst performance

Initial (A) CH4 formation rate, (B) CO2 conversion and (C) CH4 selectivity over Ru/CeO2 and Ru/Mg-CeO2 under thermal and photo-thermal conditions; (D) CO2

conversion and CH4 selectivity during 10 h evaluation test; (E) CH4 formation rate, CO2 conversion and CH4 selectivity over different catalysts. Reprinted with

permission from.268
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sites, and active site-support.257–259However, these contributions

frequently interact, confusing the understanding of their catalytic

nature and impeding rational SAC evolution.260 Zuo et al.261 stud-

ied single-atom Ni1/Mg(100) and single-site Ni4/Mg(100) catalysts

in DRM, combining DFT, kinetic Monte Carlo (KMC) simulations,

and experiments studies. This approach clarified the reaction

mechanisms on SACs, including pathway interplay, conversion,

selectivity, carbon deposition/elimination sources, and the roles

of Ni sites and MgO support.

CO2 methanation
CO2methanation is an exothermic, thermodynamically favorable

reaction. Supported nickel catalysts are effective but face kinetic

limitations at lower temperatures. The catalyst’s structure greatly

influences its activity and selectivity, and understanding the

mechanism remains challenging due to structural complexity.262

Converting CO2 to CH4 offers a sustainable alternative to fossil

fuels and is useful for syngas production. CH4 is a crucial raw

material for syngas and other chemical products, compatible

with existing equipment, and a potential fossil fuel substitute.

However, the conversion of CO2 at lower temperatures is chal-

lenging but desirable.263 Effective catalysts must be stable and

active at high pressures and temperatures, often requiring pre-
cise tuning.163 The support material prevents metal agglomera-

tion and maintains activity, while its properties (size, surface

area, porosity, acidity, and basicity) impact catalytic perfor-

mance and selectivity. Supported metal catalysts offer a cost-

effective alternative to expensive Ru, Pt, and Pd-based

catalysts. By doping 4–6 wt % of precious metal onto a cheaper

support, SACs enhance catalytic performance and reduce

costs.264 Atomically dispersed metals provide active sites and

maximize efficiency.265 Similarly, Shi et al.266 developed an

atomic-scale photocatalyst, Pt@Def-CN, for CO2 methanation

with H2O by embedding single Pt atoms into defect sites of car-

bon nitride (CN) and adding �OH groups. This catalyst achieved

high CO2 reduction activity (6.3 mmol g�1 h�1 CH4) and 99%CH4

selectivity in pure water. The �OH groups enhanced CO2

adsorption, while Pt atoms activated CO2 to form CH4 and pro-

duced H and O2 from H2O. Pt sites reduced the rate-limiting

step’s energy barrier and improved CH4 selectivity. Pt@Def-CN

was made by first creating primitive CN (P-CN) from melamine,

then hydrothermally treating it to form Def-CN with �OH groups.

Pt was introduced at Def-CN edges and bound through low-tem-

perature calcination. XRD and FTIR confirmed no structural

changes to CN, while AC-HAADF-STEM and EDS mapping

showed uniform dispersion of atomically isolated Pt.
iScience 28, 112306, June 20, 2025 17



Figure 14. Full solar absorption (300 nm to 2

mm) and high IR absorption

(A) Normalized UV–Vis–IR absorption spectrum of

the Ni/Y2O3 nanosheets.

(B) Normalized UV–Vis–IR absorption spectrum of

the selective light absorber (AlNx/Al foil).

(C and D) The light-driven temperature and CO2

conversion rates of the Ni/Y2O3 nanosheets with

(Ni/Y2O3 + S red) and without (Ni/Y2O3 green) the

selective light absorber-assisted photothermal

system, respectively, under different intensities of

sunlight irradiation.

Reprinted with permission from.269
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Vogt et al.267 employed operando XAS and FT-IR to explore

the size effect of SiO2-supported Ni catalysts for CO2 methana-

tion. They found that sub-2 nmNi particles had lower d-band en-

ergy, affecting catalytic activity. Smaller Ni particles favored CO

production, while larger particles were more methane selective.

Single-atom Ni catalysts produced only CO. The size effect in Ni/

SiO2 catalysts was attributed to changes in the electronic struc-

ture for particles 1–7 nm, whereas for larger particles (8–21 nm),

the effect was due to increased active site abundance. Addition-

ally, Ru/Mg-CeO2 catalyst was developed based on single-atom

and photo-thermal catalysis concepts.268 It achieved a CH4 for-

mation rate of 469 mmol g�1 h�1 at 400�C under photo-thermal

conditions, demonstrating good stability. Characterization re-

vealed the advantages of single Ru atoms, the Ru-O-Ce struc-

ture, and alkaline metal doping. ISI-XPS experiments confirmed

electronmigration fromCe andMg to Ru via Ru-O-Ce and Ru-O-

Mg paths under photo-thermal catalysis. As shown in

Figures 13A and 13B, the Ru/Mg-CeO2 catalyst achieved higher

CH4 formation rates and CO2 conversion compared to Ru/CeO2,

demonstrating that Mg doping enhances reaction performance.

The Mg-doped catalyst also lowered the initial CO2 methanation

temperature and showed noticeable CO2 conversion at 573 K.

Additionally, Mg doping improved methane selectivity as shown

in Figures 13C–13E, likely due to increased H2 dissociation ca-

pacity from enhanced activation of H2 at Ru sites, facilitated by

electron migration from low-valence metals. Furthermore, Li

et al.269 developed a photothermal system using a selective light

absorber to achieve temperatures up to 288�C under ineffective

solar irradiation (1 kW m�2), three times higher than traditional

systems. They synthesized ultrathin amorphous Y2O3 nano-

sheets with single Ni atoms (SA Ni/Y2O3), which showed excel-

lent CO2 methanation performance. The system achieved 80%

CO2 conversion and a CH4 production rate of 7.5 L m�2 h�1 un-

der solar irradiation (0.52–0.7 kW m�2), demonstrating its effec-

tiveness for converting CO2 to valuable chemicals using

dispersed solar energy. The UV–Vis–IR spectrum Figure 14A
18 iScience 28, 112306, June 20, 2025
shows full solar absorption (300 nm–

2 mm) and high IR absorption (2–10 mm),

leading to heat dissipation and limiting
temperatures to 78�C under 1 kW m�2 (see Figure 14C). The se-

lective light absorber absorbs 300–1300 nm (�100% of the solar

spectrum) with minimal IR absorption (see Figure 14B. The radi-

ative heat loss from the absorber is 0.21 kWm�2 at 200�C, much

lower than that of Ni/Y2O3. The photothermal systemwith the se-

lective light absorber on a quartz tube enhances temperatures.

Ni/Y2O3 nanosheets reach 288�C under 1 kW m�2, which is 3.7

times higher than direct irradiation (see Figure 14C). The system

achieves 80% CO2 methanation efficiency, outperforming

Ni/Al2O3 systems that only reach 81�C, as illustrated in

Figure 14D.269

CO2 formylation with aniline
ConvertingCO2 intovaluableproductsusingefficientand reusable

catalysts is crucial for mitigating carbon emissions.270,271 Devel-

oping a catalyst that effectively promotes the N-formylation reac-

tionundermildconditions ishighlydesirable.N-Formamidesserve

as crucial intermediates in the production of numerous pharma-

ceuticals and function as protective agents for amines. Addition-

ally, they catalyze various chemical reactions.272 SACoffer excep-

tional potential due to their optimal atomutilization and remarkable

catalytic activity.38,273 Various fabrication methods for utilizing

SACs in N-formylation have been documented. including atomic

layer deposition,274 wet chemistry52 andMOF derivative.275 How-

ever, thesemethods often demand harsh conditions, such as high

temperature, high pressure, acids, or complex reaction proced-

ures. facilitating large-scale industrial applications, developing

straightforward and efficient methods for producing SACs is

crucial. Qiang Cao et al. developed a highly efficient zinc-based

SAC for converting CO2 into valuable N-formanilide under mild

conditions. their catalyst exhibits exceptional activity and recycla-

bility, offeringa promising approach toCO2utilization andenviron-

mental sustainability.276 The effective synthesis of a single-atom

zinc catalyst based on a porous organic polymer was achieved

by Yingjun Li et al. Under moderate reaction conditions, this cata-

lyst demonstrated outstanding efficiency in transforming CO2 into



iScience
Review

ll
OPEN ACCESS
valuable N-formanilide. Their finding highlighted that the excep-

tional catalyst activity and selectivity can be ascribed to the uni-

form distribution of zinc single atoms and the permeable structure

of the support material. Crucially, this catalyst can be reused

several times without a substantial decrease in activity, show-

casing its promise for practical usage in CO2 valorization

systems277

CO2 hydrogenation
The production of higher alcohols has gained significant atten-

tion due to their versatile applications as solvents and fuel addi-

tives in various industries.278–281 Given the natural process of

photosynthesis, where fossil fuels originated from carbon and

hydrogen, artificially combining CO2 and H2 to recreate hydro-

carbon fuels presents a promising approach to sustainabil-

ity.282,283 Converting CO2 into valuable products through direct

hydrogenation presents challenges due to CO2’s stability. How-

ever, significant advancements have been made in producing

single-carbon compounds like formic acid, carbon monoxide,

methane, and methanol using this method.283,284 Both direct

hydrogen reduction and chemical reduction in water have been

explored to achieve these products.285–290 The conversion of

CO2 into methane through thermocatalysis is a relatively

straightforward process that can be achieved under mild condi-

tions. This method has demonstrated high efficiency in convert-

ing CO2 to methane. Additionally, producing carbon monoxide

from CO2 can be accomplished through the reverse water-gas

shift reaction. Furthermore, the industrial-scale production of

methanol from CO2 has already been realized in Iceland, utilizing

geothermal energy and catalytic processes.291–293

Kothandaraman et al.292 developed a highly efficient homo-

geneous catalytic system for converting CO2 into CH3OH.

This system utilizes pentaethylenehexamine and Ru-Macho-

BH (1) as catalysts, operating at temperatures between

125�C and 165�C in an ethereal solvent. It achieves an initial

turnover frequency of 70 h�1 at 145�C and maintains robust-

ness over five cycles with a turnover number exceeding 2000.

The system can process CO2 from various sources, including

air with its low concentration of 400 ppm CO2. Remarkably,

this represents the first successful demonstration of direct

methanol production from air-captured CO2, achieving a yield

of 79%. Also, Sugiyama et al. introduced294,295 a PdMo inter-

metallic catalyst that enables low-temperature CO2 hydrogena-

tion. Synthesized via the simple ammonolysis of an oxide pre-

cursor, this catalyst shows excellent stability in both air and

reaction environments, significantly boosting catalytic activity

for converting CO2 to methanol and CO compared to a Pd

catalyst. A turnover frequency of 0.15 h�1 for methanol synthe-

sis was achieved at 0.9 MPa and 25�C, matching or surpassing

state-of-the-art heterogeneous catalysts operating under

higher pressures (4–5 MPa). Table 1 summarizes key advance-

ments in SACs for CO2 utilization, emphasizing improvements

in catalytic performance, selectivity, and stability. It provides

an overview of various SACs, their synthesis methods, active

sites, and their effectiveness in electrocatalytic or thermocata-

lytic CO2 reduction. Notable trends include the development of

SACs with well-defined metal-N-C structures, which enhance

CO2 adsorption and activation. Recent research focuses on
tuning electronic structures through coordination engineering

to improve selectivity toward C2+products.

COMPUTATIONAL WORKS

In the quest for efficient CO2 conversion using SACs, DFT

methods have emerged as indispensable tools for deciphering

the underlying molecular mechanisms and catalytic pathways.

DFT offers a computational framework to explore the intricate

electronic and structural changes during CO2 conversion,

providing insights into reaction energetics, intermediate species,

and reaction kinetics. From traditional functionals like local den-

sity approximation (LDA) and generalized gradient approxima-

tion (GGA) to more advanced hybrid and dispersion-corrected

functionals, DFT methods offer a spectrum of accuracy and

computational efficiency.240,322 Additionally, approaches such

as van der Waals-corrected DFT and advanced spin-orbit

coupling calculations allow researchers to capture subtle inter-

actions and electronic properties essential in CO2 conversion.

This introduction highlights the spectrum of DFT methods em-

ployed in elucidating CO2 conversion mechanisms by SACs,

showcasing their pivotal role in guiding experimental design,

optimizing catalysts, and advancing the field toward sustainable

and selective carbon transformation technologies.323,324 For

example, Jiao et al., used DFT calculations to illustrate the effect

of adsorption configuration on the activation energy, which has

an impact on the selectivity and stability under the applied po-

tential. Their results indicated that the Cu10–Cu1x+ site in an

atom-pair catalyst (APC) promotes CO2 activation via a ‘biatomic

activating bimolecular’ mechanism. This offers an ideal model of

interface design at the atomic level, because the afforded APC

features two different atomic centers to absorb two different

molecules. However, the concept of APC is an effective and

competent supplement to SAC andwill afford numerous new op-

portunities for atomic-level dispersed catalysts to be applied in

more complex catalytic reactions.325 An adsorption design re-

duces the activation energy, leading to enhanced activity, selec-

tivity, as well as stability at comparatively low potentials. In a

different report,158 DFT computations demonstrated that N/O

coordinated Cu decoration sites enhance CH4 selectivity by sta-

bilizing the adsorption of *CHO and *O key intermediates as

shown in Figure 15. This strategy achieved a CH4 FE of 71% at

a current density of 100 mA cm�2 and a CH4 energy efficiency

(EE) of 21%. The produced CH4 has 50% the energy intensity

of that produced in the best prior electrolyzers.158

In addition to experimental methods, several computational

tools are employed to study the DRM mechanism and evaluate

the impact of experimental variables on the response.326,327

DFT modeling and microkinetic modeling are used to investigate

the fundamental chemical processes in the breakdown of

methane and CO2 on different metal surfaces.327–329 Lea

Ga�spari�c et al.,326 utilized the fundamental chemical processes

of dry reforming of methane (DRM) onNi(111) and NiO(100) using

DFT simulations as models for metallic and oxidized nickel cat-

alysts. The results indicate that although DRM may be achieved

on metallic Ni at elevated temperatures, a notable challenge

arises from the occurrence of coke production, which coincides

with the same activation barriers for C* creation and DRM
iScience 28, 112306, June 20, 2025 19



Table 1. Recent advances in SACs for CO2 utilization

Catalyst Synthesis methods Applications Catalytic efficiency Key product Key findings Reference

Pd-Cu

Pt-Cu SACs

Galvanic displacement CO2RR 60% C2+ products C2H4 and CH4 Atomically dispersed platinum group

metal (PGM) species on copper

surfaces suppress HER and promote

CO2 reduction by facilitating CO*

hydrogenation and CO-CHO*

coupling via Pd-Cu dual-site

pathways, enabling selective CH4

and C2H4 production.

Chhetri et al.192

Cu-N/O single

sites

Spray the decoration

on commercial catalyst

CO2RR 71% C1 CH4 A coordination strategy using EDTA

stabilizes Cu ions, forming Cu-N/O

single sites and regulating Cu cluster

size, achieving 71% CH4 selectivity

(Faradaic efficiency) under acidic

CO2 reduction with minimal CO2

loss (<3%). The process halves

energy intensity compared to

conventional methods, enhancing

efficiency.

Fan et al.,158

p-block Al SAC pyrolysis CO2RR 98.76% C1 CO, HCOOH The Al–NC single-atom catalyst with

Al–N4 sites overcomes transition

metal limitations in CO2RR by

balancing *COOH formation

and *CO desorption, achieving

98.76% CO Faradaic efficiency

and a turnover frequency of

3.60 s�1. It delivers high CO

partial currents (309 mA cm�2

in a flow cell, 605 mA in an MEA)

with exceptional efficiency.

Ma et al.,296

Ni single atoms Pyrolysis CO2RR 100% C1 CO A scalable Ni single-atom

catalyst on carbon black

achieves >100 mA cm�2

current density with nearly

100% CO selectivity and

minimal hydrogen evolution

in a gas-phase reactor. Scaled

to a 10 3 10 cm2 cell, it delivers

8 A current and 3.34 L h�1 CO

production, though limited Ni

site density affects the 60%

CO selectivity.

Zheng et al.,297

(Continued on next page)
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Table 1. Continued

Catalyst Synthesis methods Applications Catalytic efficiency Key product Key findings Reference

BiCu-SAA in situ electrochemical

reconstruction

CO2RR 73.4% C2+ C2H4 The BiCu-SAA electrocatalyst

enhances CO2 reduction to

C2+ products with a 73.4%

Faradaic efficiency by promoting

C–C coupling, outperforming

conventional Cu-based catalysts.

It maintains high structural

stability and performance at

400 mA cm�2 in a flow

cell system.

Cao et al.,298

Cu–Ag spatially dispersed CO2RR 69.9% C2+ C2H5OH A coordination-controlled

Ag–Cu alloy catalyst with

spatially dispersed Cu

clusters enhances *CO

binding through Cu–Cu and

Cu–Ag interactions, shifting

CO2 reduction selectivity from

ethylene (69.6% FE) to

ethanol (40.4% FE).

Kim et al.,299

Cu surfaces and

Cu(i) species

Electrodeposition CO2RR 76% C2+ C2H5OH Single-atom Cu (Cu1) catalysts

lack intrinsic activity for C2+

product generation due to

insufficient active sites for *CO

hydrogenation and CO–CO

coupling, but small Cu clusters

formed via aggregation enable

efficient CO–CO coupling.

The C2+ performance of

these Cu clusters is substrate-

dependent, offering guidance

for catalyst optimization.

Zhang et al.,300

F-doped

Cu SACs

one-step solid-

state pyrolysis

CO2RR 7.03 mmol

h�1 mgper Cu�1 C2+

C2H4 A fluorine doping strategy

enables the reconstruction

of isolated Cu atoms into Cu

nanocrystals with stable Cu+

species, achieving high C2+

product generation with

exceptional Cu utilization.

In situ Raman spectroscopy

and DFT confirm fluorine’s

role in enhancing structural

evolution and catalytic

performance.

Jia et al.,301

(Continued on next page)
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Table 1. Continued

Catalyst Synthesis methods Applications Catalytic efficiency Key product Key findings Reference

Sn single atom two-step

stabilization strategy

CO2RR 92.4% C1 HCOOH High-density Sn SACs achieve

efficient acidic CO2 reduction

to formic acid (Faradaic

efficiency: 90.8%, current

density: �178.5 mA cm�2) by

creating a favorable alkaline

microenvironment and optimizing

the pH-dependent *CO2-

intermediate adsorption strength,

suppressing HER competition.

Sun et al.,302

Single-atom

Cu/ZrO2

impregnation Hydrogenation 100% C1 CH3OH A single-atom Cu–Zr catalyst with

Cu1–O3 units enables selective

CO2 hydrogenation to methanol

at 180�C, while Cu clusters or

nanoparticles favor CO by-

product formation. The migration

of Cu1–O3 units to the surface

enhances catalytic activity,

offering insights for designing

efficient copper-based catalysts.

Zhao et al.,303

Single-atom Rh

embedded on

Ti-doped CeO2

impregnating Hydrogenation 99.1% C2+ C2H5OH The Rh1/CeTiOx single-atom

catalyst exhibits ultra-high

ethanol selectivity (z99.1%)

and turnover frequency

(493.1 h�1), with excellent

stability. Synergistic Ti-doping

and monoatomic Rh enhance

CO2 activation and C�C

coupling, contributing to

outstanding catalytic

performance.

Zheng et al.,304

Ir1–In2O3

single-atom

precipitation

method.

Hydrogenation 99% C2H5OH The Ir1�In2O3 single-atom

catalyst achieves >99%

ethanol selectivity and high

turnover frequency (481 h�1)

by utilizing a bifunctional design

with isolated Ir atoms and

adjacent oxygen vacancies.

Synergistic activation of CO2

and C�C bond formation via

a Lewis acid-base pair

enhances its catalytic efficiency.

Ye et al.,305

(Continued on next page)
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Table 1. Continued

Catalyst Synthesis methods Applications Catalytic efficiency Key product Key findings Reference

Rh1/ZrO2 SAC impregnating Hydrogenation 9.4 molCO gRh�1 h�1 CO The Rh1/ZrO2 single-atom

catalyst enables efficient

switching from CH4 to CO

with >99% CO selectivity in

CO2 hydrogenation,

achieving high activity

(9.4 mol CO$gRh�1$h�1) and

stability by tuning both

Rh1 atoms and alkali ions.

The alkali ions alter the

reaction pathway and

improve catalyst stability

by reinforcing Rh1-

support interactions.

Li et al.,306

Pd-promoted

ZnZrOx

coprecipitation

method

Hydrogenation 85% CH3OH The Pd-ZnZrOx catalyst

exhibits enhanced

methanol production

and stability by atomically

dispersing Pd in the

ZnZrOx matrix, which

increases oxygen

vacancies and facilitates

H2 dissociation. This

promotes CO2

hydrogenation on adjacent

Zn sites, resulting in high

activity and robustness.

Lee et al.,307

FeK/Co–NC SAC atomically dispersing Hydrogenation 42.2% C5+ C5+ The FeK/Co–NC catalyst

shows efficient CO2

conversion to long-chain

hydrocarbons with up to

42.4% C5+ selectivity, stable

performance over 100 h, and

reduced methane formation,

thanks to Fe–Co alloy

formation on the Co–NC

support.

Hwang et al.,308

(Continued on next page)
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Table 1. Continued

Catalyst Synthesis methods Applications Catalytic efficiency Key product Key findings Reference

Na–CoFe2O4/

CNT SAC

Pyrolysis Hydrogenation 39% C1 CH4 The Na–CoFe2O4/CNT

catalyst exhibits high CO2

conversion (�34%) and

selectivity toward light

olefins (�39%) by forming

a stable bimetallic alloy

carbide (Fe1–xCox) 5C2,

outperforming single-

metal and mixed-

metal catalysts.

Kim et al.,309

Rh1/TiO2 SAC depositing

functionalized

Hydrogenation 80% CO The Rh1/TiO2 catalyst,

modified with amine-

functionalized phosphonic

acid monolayers, shows

an �83 increase in CO2

reduction turnover frequency

at 150�C and improved on-

stream stability. The

modification enhances

CO selectivity and CO2

hydrogenation activity by

positioning amine groups

near Rh1 sites.

Jenkins et al.,310

Rh1/CeO2 ispersing Rh

atoms onto CeO2

Dry reforming >80% H2/CO The Rh1/CeO2 single-atom

catalyst undergoes product-

driven restructuring,

transitioning from single

Rh atoms to nanoparticles

and clusters, which affects

its catalytic performance

in methane reforming by

CO2, highlighting the

dynamic nature of single-

atom catalysts under

reaction conditions.

Tang et al.,311

(Continued on next page)
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Table 1. Continued

Catalyst Synthesis methods Applications Catalytic efficiency Key product Key findings Reference

Yolk–Shell Pt-

NiCe@SiO2

Core-shell synthesis Dry reforming 45% H2/CO The Pt-NiCe@SiO2 single-

atom-alloy (SAA) catalyst

exhibits exceptional

carbon resistance and

stability in dry reforming

of methane (DRM) due to

its yolk–shell structure and

Pt–Ni SAA, which prevent

carbon formation and

enhance reducibility

at 500�C for 120 h.

Kim et al.,252

RuNi SAC Thermal reduction Dry reforming 0.44 mmol g�1$min�1 H2/CO The RuNi-SAA catalyst

supported on Al2O3

enhances CO and H2

production in solar-driven

dry reforming of methane

(DRM), achieving high

rates under photothermal

conditions.

Yin et al.,312

Ni-Ce SAC Pyrolysis Dry reforming 60,000 mL gcat
�1 h�1 H2/CO Ce-doped HAP supports

Ni single atoms, preventing

coking and sintering during

dry reforming of methane

(DRM), enhancing catalyst

stability and selectivity for

methane activation, leading

to high activity and stability

over 100 h.

Akri et al.,190

Ni–Mo SAC Pyrolysis Dry reforming 60% H2/CO The molybdenum-doped

nickel nanocatalyst stabilized

at the edges of a single-

crystalline MgO support

shows no coking or sintering,

with stable operation for

over 850 h during dry

reforming of methane,

achieving continuous

synthesis gas production.

Song et al.,313

(Continued on next page)
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Table 1. Continued

Catalyst Synthesis methods Applications Catalytic efficiency Key product Key findings Reference

Pt-TiO2 SAC spatial confinement Dry reforming 34.41 mol gPt
�1 h�1 H2/CO The catalyst developed

using spatial confinement

on TiO2 surfaces effectively

controls platinum species

from single atoms to

nanoclusters, optimizing

syngas production with

high activity and stability.

It achieves an outstanding

syngas generation rate of

34.41 mol gPt�1 h�1 and

a high turnover frequency

of 1289 h�1.

He et al.,314

Ir@CeO2�x hydrothermal method Dry reforming 973 mmolCH4
gcat

�1 s�1 H2/CO The 0.6% Ir/CeO2�x catalyst

achieves high CH4 (�72%)

and CO2 (�82%) conversion

with a CH4 reaction rate

of �973 mmolCH4

gcat�1 s�1, maintaining

stability for 100 h at 700�C.
The metal-support interface

structure facilitates CH4

dissociation and prevents

coke formation, ensuring

long-term performance.

Wang et al.,315

Ru1/3L-TiO2 DFT-D3 method CO2 methanation 80% CH4 The process of hydrogenation

of CO* / HCO* is recognized

as the rate-limiting step. The

methanation process occurring

on the Ru1/3L-TiO2 realized

a lower activation energy and

was accompanied by a

significantly reduced

endothermic heat, in

contrast to the reactions

on the Ru1/2L-TiO2.

Lei et al.,316

(Continued on next page)
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Table 1. Continued

Catalyst Synthesis methods Applications Catalytic efficiency Key product Key findings Reference

1% Ni SAs-

Bi3O4Br

Wet chemical method Hydrogenation 100% selectivity for HCOO HCOOH The defect self-regulation

mechanism enables photo-

induced reconstruction,

wherein Ni single atoms

inhibit the migration of

oxygen species to the

oxygen vacancy surface,

thereby preventing

deactivation and

guaranteeing prolonged

catalytic stability.

Meng et al.,317

Co doped

copper catalyst

electroreduction of a

Co-Cu precursor

CO2 methanation exceeding 60% CH4 Mechanistic studies showed

that the inclusion of individual

Co atoms facilitates the

activation and dissociation

of H2O molecules, therefore

reducing the energy barrier

for the hydrogenation

of *CO intermediates.

Li et al.,318

Ru1Ni/SiO2 Hydrothermal synthesis CO2 methanation 100% CH4 Both in situ experiments as

well as theoretical calculations

validate that the interface

sites of Ru1Ni-SAA serve

as the intrinsic active sites,

facilitating the direct

dissociation of CO2 and

reducing the energy barrier

for the hydrogenation of

the CO* intermediate, thus

directing and augmenting

the hydrogenation of

CO2 to CH4.

Zhang et al.,319

Ru1Ni/CeO2 Hydrothermal synthesis CO2 methanation �90% CO2 conversion

and �99% CH4

selectivity at

CH4 The cohabitation of Ru

and Ni sites substantially

enhances the reaction

compared to their individual

active component catalysts.

Zhang et al.,320

Pt�CN catalyst Hydrothermal synthesis CO2 methanation 99% CH4 The Pt sites were not

significantly involved in

H2 development due to the

distinctive environment

established by �OH

groups and adsorbed CO2.

Shi et al.,266

(Continued on next page)

iS
c
ie
n
c
e
2
8
,
1
1
2
3
0
6
,
J
u
n
e
2
0
,
2
0
2
5

2
7

iS
cience

R
e
v
ie
w

ll
O
P
E
N

A
C
C
E
S
S



Table 1. Continued

Catalyst Synthesis methods Applications Catalytic efficiency Key product Key findings Reference

Cu/C–Al2O3 SAC Hydrothermal synthesis Electrochemical CO2

methanation

62% CH4 The results indicate that the

hydrogenation of CO2 to

methane is enhanced on

Lewis’s acid oxide-

supported Cu single atoms.

Chen et al.,163

Zn-TpPa Wet chemical method N-formylation

of amines

TOF 17,155 h�1 amon N-methylaniline Out of all the catalysts that

were available, Zn-TpPa

demonstrated the greatest

TOF, promoting the

N-formylation of

N-methylaniline with

CO2 and hydrosilanes

that were highly recyclable.

Cao et al.,276

Zn(OAc)2@P(BiPy-

DVB)-1

Copolymerization N-formylation

of amines

94% N-methylformanilide Under moderate circumstances,

the ideal single-atom Zn catalyst

had the greatest TOF among

all recorded heterogeneous

catalysts.

Li et al.,277

Ru-POM-ILs/

BMImOAc

Wet chemical method N-formylation

of amines

96.0% formamides The current catalyst can be

recycled without noticeable

loss of activity and has improved

long-term storage stability

even in the air.

Ma et al.,321
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Figure 15. DFT calculations on CO2 protonation to CH4,

where (A) is an energy profile and (B) is different intermediate.

Reprinted with permission from.158
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product synthesis. Although nickel oxide prevents the produc-

tion of coke, it is not very efficient as a catalyst due to its high

activation energy and sluggish surface diffusion of H*. This

research also elucidates the observed disparities in DRM effi-

ciency between Ni catalysts based on undoped CeO3 (Ni/

CeO3) and CeO3 doped with MnO (Ni/MnCeO3). The lack of

the 2020 cm+1 vibrational peak on the Ni/MnCeO2 catalyst is

due to the absence of carbon monoxide adsorbed on the top

surface of metallic Ni, which is commonly found on Ni/CeO2

catalyst. The existence of this peak on Ni/CeO2 suggested that

nickel particles possess a high degree of metallicity and are sus-

ceptible to carbon poisoning. In contrast, the lack of the peak on

Ni/MnCeO2 indicates that Ni particles have undergone sufficient

oxidation to reduce carbon poisoning, while still enabling DRM.

This explains why Ni/MnCeO2 is a superior DRM catalyst

compared to Ni/CeO2 as in shown Figure 16.

Despite numerous experimental studies aimed at characterizing

the reaction mechanism on single-alloy catalysts, the underlying

reasons for the observed promoting effects remain unclear. This

has shifted the focus toward guiding the experimental design of

more effective single alloy catalysts for methanol synthesis. In

the realm of catalyst design, theoretical calculations provide a

highly advantageousmethodology for the identification of reaction

routes, intermediates, and active sites. By combining empirical

and theoretical investigations, scholars can acquire a more pro-

found understanding of CO2 hydrogenation, thereby facilitating

the advancement ofmore effective catalysts formethanol produc-

tion.330,331 Lingna Liu et al.332 usedDFT calculations to investigate

theadsorptionpropertiesand reactionprocessofCO2hydrogena-
tion to CH3OH on a copper-based catalyst with varying Ir doping

ratios. Throughout the reverse water-gas shift (RWGS) pathway,

CO2 initially hydrogenates to trans-COOH, which then isomerizes

to cis-COOH and subsequently dissociates into CO + OH. CO

further hydrogenates sequentially to form HCO, H2CO, H3CO,

and the final product, H3COH. The results reveal that the rate-

determining step for the Ir6Cu3(111) surface is the formation of

CO+OH, while for Ir6Cu3(111) and IrMLCu(111), it is the formation

of HCO, with energy barriers of 1.21 eV, 1.35 eV, and 1.34 eV,

respectively. Additionally, H2 dissociation is nearly spontaneous

on IrCu(111) surfaces, providing ample hydrogen for the

reaction. The study highlights the significant influence of Ir doping

ratios on the hydrogenation process, particularly on the

IrMLCu(111) surface. These findings offer valuable insights for

designing andoptimizing Ir-dopedCu-basedcatalysts for CO2 hy-

drogenation to methanol as in illustrated Figure 17.

IMPACT OF MACHINE LEARNING IN DEVELOPING THE
PROCESS

In the advancement of renewable energy transformation tech-

nology, catalysts play a pivotal role.333 These solutions offer a

sustainable and environmentally friendly approach to tackle the

energy problem as well as global climate change concerns.334

Conventional heterogeneous catalysts typically comprise multi-

ple metal particles of varying sizes, with only a small fraction of

metal atoms acting as catalytic active species.335 Additionally,

the presence of multiple active sites with different selectivities

leads to variations in product distributions, reducing metal utili-

zation efficiency and selectivity.336

SACs, along with double-atom catalysts (DACs) and triple-

atom catalysts (TACs), bridge the gap between homogeneous

and heterogeneous catalysis. However, designing highly effi-

cient SACs is challenging due to the extensive combinatorial

design space. The combination of 44 metals with various sub-

strate supports could lead to millions of possible SACs.337 Tradi-

tional experimental and computational methods, including DFT,

face significant time and cost constraints, making purely trial-

and-error approaches infeasible.

ML, a rapidly evolving artificial intelligence technique, has tran-

sitioned from theoretical research to practical applications in ma-

terials science. ML is widely used to analyze complex datasets,

detect structural flow abnormalities in disordered materials,338

and investigate relationships between physical characteristics

andcatalytic performance.339,340 Specifically,MLhasbeen instru-

mental in understanding the adsorption energy of reaction

intermediates and the maximum adsorption capacities of SACs

supported ongraphene-based solid-state electrolytes.341 Various

ML algorithms, including K-nearest neighbor regression (KNR),342

random forest regression,343 support vector regression (SVR),344

gradient boosting regression (GBR),345 extremegradient boosting

regression (XGBR), deep neural networks (DNN),346 andGaussian

process regression (GPR)347 have been employed for SACdesign

(see Figure 18), are now being employed for the design of SAC.347

Among these, RFR, GBR, DNN, and GPR have shown promising

results in catalyst optimization.348

ML has been instrumental in advancing CO2 electroreduc-

tion,349 which relies on CO as a key intermediate for generating
iScience 28, 112306, June 20, 2025 29



Figure 16. The snapshots and computed reaction (DE, blue) plus activation (Eact, red) energies of the primary steps in the breakdown of CH4

and CO2, as well as the production of water and hydrogen molecules, on Ni(111) are presented
For each reaction, the reaction pathways that include the primary steps with the smallest activation barriers are depicted in green. All computed reaction energy

pathways and their matching IS, TS, and FS structures are displayed. Reprinted with permission from.326
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multi-carbon hydrocarbons and oxygenates. Traditional catalyst

evaluation often depends on a single assessment criterion,

which may lead to biased outcomes. To address this, an

XGBR-based predictive model was developed, using RFR,

GBR, KNR, and SVR as training algorithms for comparison.

The final XGBR model demonstrated the highest prediction ac-

curacy, integrating a DFT database with ML techniques to

rapidly screen potential catalysts for CO2 electroreduction.228

This framework identified 94 prospective SACs for CO2 electro-

reduction by overlaying results from CO2 reduction and

hydrogen evolution reaction (HER) studies. By employing feature

engineering and high-throughput screening, ML-based models

enable researchers to efficiently identify promising catalysts

before conducting detailed experimental investigations.228

Additionally, ML has been applied in DRM to mitigate catalyst

deactivation due to coke formation and sintering at high reaction
30 iScience 28, 112306, June 20, 2025
temperatures.350–352 Traditional DRM catalyst development relies

on expensive trial-and-error approaches, but ML models have

facilitated the prediction of key performance parameters such

as methane and CO2 conversion rates, syngas ratios, and carbon

deposition.353–356 Jiwon Roh et al.357 proposed an interpretable

ML framework that reduces computational costs while offering

valuable insights into catalyst performance. Their framework uti-

lized Shapley additive explanations and partial dependence

values for enhanced data preparation and analysis, achieving an

R2 value of 0.96. Experimental validation confirmed its potential

to accelerate catalyst discovery. The effectiveness of this frame-

work was validated through experimental tests focused on the

dry reforming of methane, confirming its potential to significantly

accelerate the rational design of catalysts as shown in Figure 19.

ML has also emerged as a powerful tool in CO2 hydrogenation,

particularly in methanol synthesis. Direct catalytic hydrogenation



Figure 17. The transition states of the pri-

mary steps involved in carbon dioxide hy-

drogenation on Ir3Cu6(111) surface

Red, Oxygen atom; White, Hydrogen atom; gray,

Carbon atom. Reprinted with permission from.332
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of CO2 is a promising strategy to meet growing fuel demands

while reducing anthropogenic CO2 emissions.358 However, the

reaction’s thermodynamic constraints necessitate catalysts

with high selectivity to minimize unwanted byproducts.359

Several ML models, including multilinear regression, LASSO,

ridge regression, SVR, GPR, RFR, GBR, and artificial neural net-

works (ANNs), have been developed to predict CO2 conversion

efficiency and methanol selectivity. Using 698 experimental

data points from fixed-bed reactors (2010–2020), Vanjari

et al.360 demonstrated that GBRT and ANN exhibited superior

predictive accuracy, with R2 values of�0.95. Their analysis high-

lighted catalyst composition and calcination temperature as key

factors influencing performance as illustrated in Figure 20.

The integration of ML into catalyst research has significantly

advanced materials discovery, enabling rapid screening and

optimization of catalysts for CO2 electroreduction, DRM, and hy-

drogenation processes. By leveraging ML-based predictive

models, researchers can efficiently explore large design spaces,

reducing reliance on traditional, resource-intensive methods. As

ML techniques continue to evolve, they will play an increasingly

vital role in accelerating the development of next-generation cat-

alysts for sustainable energy applications.

CHALLENGES AND PROSPECTS

Addressing the challenges associated with general CO2 conver-

sion requires a multidisciplinary approach that leverages SACs,
cascade systems, and machine learning.

These challenges can be represented in

terms of low selectivity and yield. Con-

ventional CO2 utilization methods,

including CO2 conversion, dry reforming,

and hydrogenation applications, often

suffer from low selectivity and yield, lead-

ing to inefficient carbon transforma-

tion.361 This is primarily due to the com-

plex nature of CO2 and the multitude of

competing reactions. Additionally, cata-

lyst deactivation poses a significant

challenge, limiting the effectiveness and

sustainability of CO2 conversion pro-

cesses.362 Traditional catalysts are prone

to deactivation over time, resulting in

reduced performance and increased

operational costs. In addition, the kinetics

of CO2 conversion reactions are often

slow, hindering the overall efficiency of

the process.363 Overcoming these kinetic

limitations is crucial for the development

of economically viable CO2 utilization
technologies.364–367 Furthermore, achieving desired product

distributions is challenging, as CO2 conversion often results in

a mixture of products with varying carbon chain lengths.367,368

This hampers the production of specific high value multicarbon

compounds.

SACs offer an innovative method for addressing difficulties of

several applications of CO2 conversion.368 SACs provide

enhanced catalytic activity,369 precise control over selectivity,162

decreased metal consumption,370 increased stability,371 easier

mass transfer,372 and adjustable reactivity by incorporating iso-

lated metal atoms onto a supporting material.373 The combina-

tion of these traits together enhances the performance of

SACs in converting CO2, leading to increased efficiency, long-

term stability, and cost-effectiveness. Moreover, the combina-

tion of SACs with robust support materials and the knowledge

obtained from computational studies highlights their potential

as crucial elements in sustainable technologies.374 This presents

a hopeful opportunity to tackle environmental issues by convert-

ing CO2 into valuable products.

Implementing cascade systems is a strategic approach to

address challenges associated with different applications such

as CO2RR, DRM, and hydrogenation. using SACs. Several cata-

lysts are sequentially integrated in a cascade system to increase

selectivity and overall efficiency.375 Using a cascade system may

start with SACs that have metal atoms tuned for activating CO2,

then go on to catalysts that convert intermediate products into

the fuels or required chemicals in different applications for CO2
iScience 28, 112306, June 20, 2025 31



Figure 18. Modeling the aggregation energy of SA-bimetallic cata-

lysts with both clean and O* adsorbed surfaces using machine

learning algorithms
Reprinted with modification form.347
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conversion.151 The sequential design facilitates a more extensive

exploitationof theCO2 reduction route, thereforeaddressingprob-

lems such as inadequate product selection and incomplete con-

version. Through the strategic integration of SACs with other cat-

alysts in a cascade, it is feasible to enhance the overall process,

optimize reaction kinetics, and attain increased yields of valuable

products from different CO2 conversion applications.376 Further-

more, one of the strategies is to incorporate ML techniques that

show great promise in optimizing and accelerating the develop-

ment of efficient catalysts for CO2 general conversion applica-

tions.377MLalgorithmscananalyzevastdatasets,predictcatalytic

activity, and identify novel catalyst compositions, accelerating the

discoveryprocess.Additionally,MLcanaid inunderstandingcom-

plex reaction mechanisms, leading to the design of catalysts with

improved selectivity and performance. The integration of ML in

CO2 conversion and utilization research also enables the identifi-

cation of structure-property relationships, facilitating the rational

design of catalysts tailored for specific CO2 conversion

pathways.378

In technologies of CO2 utilization, it is imperative to recom-

mend strategic measures for future progress. First, fostering

interdisciplinary research collaboration between scholars

specializing in catalysis, materials science, and ML is crucial

for the seamless integration of SACs, cascade systems, and

ML methodologies in the domain of CO2 utilization. Such inter-

disciplinary collaboration holds significant potential for pushing

the boundaries of innovation in this field. Second, rigorous

experimental validation is underscored. Despite the value of

theoretical models and simulations, robust confirmation of the

efficacy of proposed approaches through extensive real-world

testing is indispensable. This validation process is crucial for
32 iScience 28, 112306, June 20, 2025
elucidating the scalability and practical applicability of the envis-

aged technologies. Lastly, advocating for policy support and in-

dustry adoption is emphasized. Government policies and incen-

tives are identified as pivotal drivers for the widespread adoption

of innovative CO2 utilization technologies, and collaborative ef-

forts with industries are essential for the effective and expansive

implementation of these advancements, ensuring a substantial

and meaningful environmental impact.

FUTURE DIRECTIONS

The exploration of SACs represents a significant advancement in

catalysis, presenting unique opportunities and challenges.379

Based on the existing literature, several promising future direc-

tions can be identified to enhance the understanding, synthesis,

and application of SACs in various catalytic processes. While

current synthesis methods such as pyrolysis, wet chemistry,

and coordination confinement have yielded promising results,

the development of more precise and scalable synthesis tech-

niques is crucial.380 Future research should focus on high-

throughput synthesis, employing automation and machine

learning to optimize synthesis parameters rapidly, refining elec-

trochemical deposition to achieve better control over the disper-

sion and stability of single atoms on support materials, and

developing in situ synthesis methods that allow for the formation

of SACs directly under reaction conditions, potentially leading to

more active and stable catalysts.381

Advances in characterization techniques are essential for a

deeper understanding of SACs’ structure–property relation-

ship.382 Future efforts should aim to enhance atomic-level reso-

lution using state-of-the-art electron microscopy and spectros-

copy methods to achieve better visualization and identification

of single atoms, developing techniques to observe the behavior

of SACs under actual reaction conditions in real time, and

leveraging AI and machine learning to analyze large datasets

from characterization studies, identifying patterns and correla-

tions that may not be immediately evident.383

A comprehensive understanding of the mechanisms underly-

ing SACs catalytic activity is necessary to guide the rational

design of new catalysts.384 In addition, future research should

focus on first-principles calculations using DFT and other

computational methods to predict the activity and stability of

SACs, developing detailed kinetic models to describe the

behavior of SACs in various catalytic processes, and applying

machine learning algorithms to predict the performance of

SACs based on their structural and electronic properties.385

While significant progress has been made in using SACs for

CO2 conversion, addressing the current challenge of low CO2

conversion efficiency and selectivity is crucial. Future research

should focus on overcoming this challenge through hybrid cata-

lyst systems, such as combining SACs with other catalytic mate-

rials or using tandem reaction systems, which will enable multi-

step CO2 reduction and enhance product yields. Additionally,

applying machine learning algorithms to predict optimal reaction

conditions, coupled with real-time data from the system, will in-

crease the efficiency and precision of CO2 conversion.

Also, future research should explore other potential applica-

tions such as renewable energy, investigating the use of SACs



Figure 19. Workflow of explainable artificial intelligence in catalyst discovery

Reprinted with modification form.357

iScience
Review

ll
OPEN ACCESS
in hydrogen production, fuel cells, and battery technologies,

environmental remediation, exploring the potential of SACs in

pollutant degradation and water treatment, and chemical syn-

thesis, extending the application of SACs to the synthesis of

fine chemicals and pharmaceuticals.386 The integration of

SACs with emerging technologies can lead to breakthroughs in

catalytic performance by combining SACs with nanostructured

materials to enhance their activity and selectivity, investigating

the potential of SACs in photocatalytic processes for solar en-

ergy conversion and environmental applications, and exploring

the use of SACs in electrocatalytic processes for energy storage

and conversion.217,386

Also, addressing the scalability and sustainability of SACs is

essential. Developing environmentally friendly and sustainable

synthesis routes, investigating the use of earth-abundant and

non-toxic materials, and addressing the challenges associated

with scaling up SAC production for industrial applications are

key research goals.386 The future of SACs is promising, with

numerous opportunities for advancements in synthesis, charac-

terization, mechanistic understanding, and applications. By

leveraging cutting-edge technologies and interdisciplinary ap-

proaches, researchers can overcome current challenges and un-
lock the full potential of SACs in various catalytic processes,

contributing to a sustainable and efficient chemical industry.

CONCLUSION

In conclusion, this review provided an in-depth analysis of the sig-

nificant advancements and the current state of SACs. The histori-

cal evolution of SACs highlights their transition from theoretical

concepts to practical applications, driven by advancements in

synthesis methods such as pyrolysis, wet chemistry, and

coordination confinement. These methods have enabled the pre-

cise control of SAC structures, crucial for their unique catalytic

properties. Comprehensive characterizations using techniques

like high-resolution transmission electron microscopy (HR-TEM),

XAS, and atomic force microscopy (AFM) have provided detailed

insights into the atomic distribution and electronic environment

of SACs, furthering our understanding and optimization of these

catalysts. The review also emphasizes the versatility of SAC-

derived materials, including Cu-based, Fe-based, Ni-based, and

Cd-based catalysts, as well as more complex structures like yolk

shell Pd@Fe andMOF-based SACs. Each of thesematerials dem-

onstrates specific advantages in various catalytic reactions,
iScience 28, 112306, June 20, 2025 33



Figure 20. Methodology for development of ML models

Reprinted with modification form.360
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underscoring the broad applicability of SACs. Particularly note-

worthy is their role in CO2 conversion applications, where SACs

facilitate processes such as electrochemical reduction, hydroge-

nation, reforming of CH4, methanation, cycloaddition with epox-

ides, and polymer production. These applications not only

contribute to mitigating CO2 emissions but also offer pathways

for generating valuable chemicals and materials, highlighting the

environmental and economic benefits of SACs. The integration

of machine learning and computational methods has significantly

impacted the field, enabling the optimization of synthesis pro-

cessesand the prediction of catalyst performance.Computational

studies, including DFT calculations, provide atomic-level insights

into the mechanisms of SACs, guiding experimental research

and accelerating the discovery of newcatalysts.Despite these ad-

vancements, challenges such as scalability, stability, and cost-

effectiveness remain. Addressing these issues is critical for the

broader industrial adoption of SACs, and future research must

focus on developing more robust supports, optimizing atom-sup-

port interactions, and reducing production costs. The future of

SACs lies in interdisciplinary approaches that combine advance-

ments inmaterials science,chemistry, andcomputational technol-

ogies. Collaborative efforts across academia, industry, and gov-

ernment will be essential to drive innovation and tackle global

challenges. Continued exploration of SACs for emerging applica-

tions, particularly in renewable energy and environmental remedi-

ation, will be crucial. This review underscores the transformative

potential of SACs in catalysis, offering unparalleled opportunities

for scientific discovery and practical applications. With ongoing

research and technological advancements, SACs are poised to

play a pivotal role in shaping a sustainable future, revolutionizing

catalytic processes, reducing environmental impact, and contrib-

uting to the development of green technologies.
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I., et al. (2020). CO2 electrolysis – Complementary operando XRD, XAS

and Raman spectroscopy study on the stability of CuxO foam catalysts.

J. Catal. 389, 592–603. https://doi.org/10.1016/j.jcat.2020.06.024.

149. Amirbeigiarab, R., Tian, J., Herzog, A., Qiu, C., Bergmann, A., Roldan

Cuenya, B., and Magnussen, O.M. (2023). Atomic-scale surface restruc-

turing of copper electrodes under CO2 electroreduction conditions. Nat.

Catal. 6, 837–846. https://doi.org/10.1038/s41929-023-01009-z.
150. Chen, C., Li, J., Tan, X., Zhang, Y., Li, Y., He, C., Xu, Z., Zhang, C., and

Chen, C. (2024). Harnessing single-atom catalysts for CO 2 electroreduc-

tion: a review of recent advances. EESCatal. 2, 71–93. https://doi.org/10.

1039/d3ey00150d.

151. Guo,W.,Wang, Z., Wang, X., andWu, Y. (2021). General Design Concept

for Single-Atom Catalysts toward Heterogeneous Catalysis (Preprint at

John Wiley and Sons Inc). https://doi.org/10.1002/adma.202004287.

152. Sun, Q., Jia, C., Zhao, Y., and Zhao, C. (2022). Single atom-based cata-

lysts for electrochemical CO2 reduction. Preprint at Science Press 43,

1547–1597. https://doi.org/10.1016/S1872-2067(21)64000-7.

153. Shang, X., Yang, X., Liu, G., Zhang, T., and Su, X. (2024). A molecular

view of single-atom catalysis toward carbon dioxide conversion.

Chem. Sci. 15, 4631–4708. https://doi.org/10.1039/d3sc06863c.

154. Su, X., Yang, X.F., Huang, Y., Liu, B., and Zhang, T. (2019). Single-Atom

Catalysis toward Efficient CO 2Conversion to CO and Formate Products.

Acc. Chem. Res. 52, 656–664. https://doi.org/10.1021/acs.accounts.

8b00478.

155. He, C., Gong, Y., Li, S., Wu, J., Lu, Z., Li, Q., Wang, L., Wu, S., and Zhang,

J. (2024). Single-Atom Alloys Materials for CO2 and CH4 Catalytic Con-

version (Preprint at John Wiley and Sons Inc). https://doi.org/10.1002/

adma.202311628.

156. Loy, A.C.M., Teng, S.Y., How, B.S., Zhang, X., Cheah, K.W., Butera, V.,

Leong, W.D., Chin, B.L.F., Yiin, C.L., Taylor, M.J., et al. (2023). Elucida-

tion of Single Atom Catalysts for Energy and Sustainable Chemical Pro-

duction: Synthesis, Characterization and Frontier Science (Preprint at

Elsevier Ltd). https://doi.org/10.1016/j.pecs.2023.101074.

157. Wang, H., Zhan, G., Tang, C., Yang, D., Liu, W., Wang, D., Wu, Y., Wang,

H., Liu, K., Li, J., et al. (2023). Scalable Edge-Oriented Metallic Two-

Dimensional Layered Cu2Te Arrays for Electrocatalytic CO2 Methana-

tion. ACS Nano 17, 4790–4799. https://doi.org/10.1021/acsnano.

2c11227.

158. Fan, M., Miao, R.K., Ou, P., Xu, Y., Lin, Z.Y., Lee, T.J., Hung, S.F., Xie, K.,

Huang, J.E., Ni, W., et al. (2023). Single-site decorated copper enables

energy- and carbon-efficient CO2 methanation in acidic conditions.

Nat. Commun. 14, 3314. https://doi.org/10.1038/s41467-023-38935-2.

159. Wang, Y., Zhu, Y., Zhu, X., Shi, J., Ren, X., Zhang, L., and Li, S. (2023).

Selective Hydrogenation of CO2 to CH3OH on a Dynamically Magic

Single-Cluster Catalyst: Cu3/MoS2/Ag(111). ACS Catal. 13, 714–724.

https://doi.org/10.1021/acscatal.2c05072.

160. Song, Q.W., Zhou, Z.H., and He, L.N. (2017). Efficient, Selective and Sus-

tainable Catalysis of Carbon Dioxide (Preprint at Royal Society of Chem-

istry). https://doi.org/10.1039/c7gc00199a.

161. Zhang, H., Jin, X., Lee, J.M., andWang, X. (2022). Tailoring of Active Sites

from Single to Dual Atom Sites for Highly Efficient Electrocatalysis. ACS

Nano 16, 17572–17592. https://doi.org/10.1021/acsnano.2c06827.

162. Li, M., Wang, H., Luo, W., Sherrell, P.C., Chen, J., and Yang, J. (2020).

Heterogeneous Single-Atom Catalysts for Electrochemical CO2 Reduc-

tion Reaction (Preprint at Wiley-VCH Verlag). https://doi.org/10.1002/

adma.202001848.

163. Chen, S., Wang, B., Zhu, J., Wang, L., Ou, H., Zhang, Z., Liang, X., Zheng,

L., Zhou, L., Su, Y.Q., et al. (2021). Lewis Acid Site-Promoted Single-

Atomic Cu Catalyzes Electrochemical CO2Methanation. Nano Lett. 21,

7325–7331. https://doi.org/10.1021/acs.nanolett.1c02502.

164. Naguib, M., Mochalin, V.N., Barsoum, M.W., and Gogotsi, Y. (2014). 25th

anniversary article: MXenes: A new family of two-dimensional materials.

Adv. Mater. 26, 992–1005. https://doi.org/10.1002/adma.201304138.

165. Zhao, Q., Zhang, C., Hu, R., Du, Z., Gu, J., Cui, Y., Chen, X., Xu, W.,

Cheng, Z., Li, S., et al. (2021). Selective Etching Quaternary MAX Phase

toward Single Atom Copper Immobilized MXene (Ti3C2Clx) for Efficient

CO2Electroreduction to Methanol. ACS Nano 15, 4927–4936. https://

doi.org/10.1021/acsnano.0c09755.

166. Zhao, D., Chen, Z., Yang, W., Liu, S., Zhang, X., Yu, Y., Cheong, W.C.,

Zheng, L., Ren, F., Ying, G., et al. (2019). MXene (Ti 3 C 2 )
iScience 28, 112306, June 20, 2025 39

https://doi.org/10.1002/adma.201701784
https://doi.org/10.1002/adma.201701784
https://doi.org/10.1039/d3cs00967j
https://doi.org/10.1039/d3cs00967j
https://doi.org/10.1002/cmtd.202100020
https://doi.org/10.1016/j.nanoen.2016.03.024
https://doi.org/10.1016/j.nanoen.2016.03.024
https://doi.org/10.1021/jacs.6b11023
https://doi.org/10.1002/cphc.201900680
https://doi.org/10.1002/ange.201612617
https://doi.org/10.1021/jacs.8b11729
https://doi.org/10.1016/j.electacta.2021.138988
https://doi.org/10.1016/j.electacta.2021.138988
https://doi.org/10.1038/s41467-023-40970-y
https://doi.org/10.1038/s41467-023-40970-y
https://doi.org/10.1002/adma.202210658
https://doi.org/10.1002/cjce.23747
https://doi.org/10.1002/cphc.201900468
https://doi.org/10.1002/cphc.201900468
https://doi.org/10.1002/cssc.201501575
https://doi.org/10.1002/cssc.201501575
https://doi.org/10.1016/j.jcat.2020.06.024
https://doi.org/10.1038/s41929-023-01009-z
https://doi.org/10.1039/d3ey00150d
https://doi.org/10.1039/d3ey00150d
https://doi.org/10.1002/adma.202004287
https://doi.org/10.1016/S1872-2067(21)64000-7
https://doi.org/10.1039/d3sc06863c
https://doi.org/10.1021/acs.accounts.8b00478
https://doi.org/10.1021/acs.accounts.8b00478
https://doi.org/10.1002/adma.202311628
https://doi.org/10.1002/adma.202311628
https://doi.org/10.1016/j.pecs.2023.101074
https://doi.org/10.1021/acsnano.2c11227
https://doi.org/10.1021/acsnano.2c11227
https://doi.org/10.1038/s41467-023-38935-2
https://doi.org/10.1021/acscatal.2c05072
https://doi.org/10.1039/c7gc00199a
https://doi.org/10.1021/acsnano.2c06827
https://doi.org/10.1002/adma.202001848
https://doi.org/10.1002/adma.202001848
https://doi.org/10.1021/acs.nanolett.1c02502
https://doi.org/10.1002/adma.201304138
https://doi.org/10.1021/acsnano.0c09755
https://doi.org/10.1021/acsnano.0c09755


iScience
Review

ll
OPEN ACCESS
Vacancy-Confined Single-Atom Catalyst for Efficient Functionalization of

CO 2. J. Am. Chem. Soc. 141, 4086–4093. https://doi.org/10.1021/jacs.

8b13579.

167. Zhao, S., Wen, Y., Peng, X., Mi, Y., Liu, X., Liu, Y., Zhuo, L., Hu, G., Luo,

J., and Tang, X. (2020). Isolated single-atom Pt sites for highly selective

electrocatalytic hydrogenation of formaldehyde to methanol. J. Mater.

Chem. A Mater. 8, 8913–8919. https://doi.org/10.1039/d0ta00190b.

168. Chang, B.,Wu, S., Wang, Y., Sun, T., and Cheng, Z. (2022). Emerging sin-

gle-atom iron catalysts for advanced catalytic systems. Nanoscale Horiz.

7, 1340–1387. https://doi.org/10.1039/d2nh00362g.

169. Yan, Y., Cheng, H., Qu, Z., Yu, R., Liu, F., Ma, Q., Zhao, S., Hu, H., Cheng,

Y., Yang, C., et al. (2021). Recent progress on the synthesis and oxygen

reduction applications of Fe-based single-atom and double-atom

catalysts. J. Mater. Chem. A 9, 19489–19507. https://doi.org/10.1039/

d1ta02769g.

170. Qi, K., Chhowalla, M., and Voiry, D. (2020). Single Atom Is Not Alone:

Metal–Support Interactions in Single-Atom Catalysis (Preprint at Elsevier

B.V.). https://doi.org/10.1016/j.mattod.2020.07.002.

171. Hossain, M.N., Zhang, L., Neagu, R., and Rassachack, E. (2024). Free-

Standing Single-Atom Catalyst-Based Electrodes for CO2 Reduction.

Preprint at Springer 7, 5. https://doi.org/10.1007/s41918-023-00193-7.

172. Liu, Q., Wang, Y., Hu, Z., and Zhang, Z. (2021). Iron-based single-atom

electrocatalysts: synthetic strategies and applications. RSC Adv. 11,

3079–3095. https://doi.org/10.1039/d0ra08223f.

173. Li, Y., Li, Y., Sun, H., Gao, L., Jin, X., Li, Y., LV, Z., Xu, L., Liu, W., and Sun,

X. (2024). Current Status and Perspectives of Dual-Atom Catalysts to-

wards Sustainable Energy Utilization (Preprint at Springer Science and

Business Media B.V). https://doi.org/10.1007/s40820-024-01347-y.

174. Takele Menisa, L., Cheng, P., Qiu, X., Zheng, Y., Huang, X., Gao, Y., and

Tang, Z. (2022). Single atomic Fe-N4 active sites and neighboring

graphitic nitrogen for efficient and stable electrochemical CO2 reduction.

Nanoscale Horiz. 7, 916–923. https://doi.org/10.1039/d2nh00143h.

175. Li, Z., Jiang, J., Liu, X., Zhu, Z., Wang, J., He, Q., Kong, Q., Niu, X., Chen,

J.S., Wang, J., and Wu, R. (2022). Coupling Atomically Dispersed Fe–N5

Sites with Defective N-Doped Carbon Boosts CO2 Electroreduction.

Small 18, e2203495. https://doi.org/10.1002/smll.202203495.

176. Pan, F., Li, B., Sarnello, E., Fei, Y., Gang, Y., Xiang, X., Du, Z., Zhang, P.,

Wang, G., Nguyen, H.T., et al. (2020). Atomically Dispersed Iron-Nitrogen

Sites on Hierarchically Mesoporous Carbon Nanotube and Graphene

Nanoribbon Networks for CO2 Reduction. ACS Nano 14, 5506–5516.

https://doi.org/10.1021/acsnano.9b09658.

177. Gu, J., Hsu, C.-S., Bai, L., Ming Chen, H., and Hu, X. (2019). Atomically

dispersed Fe3+ sites catalyze efficient CO2 electroreduction to CO. Sci-

ence 364, 1091–1094. https://doi.org/10.1126/science.aaw7515.

178. Sharma, P.P., Wu, J., Yadav, R.M., Liu, M., Wright, C.J., Tiwary, C.S., Ya-

kobson, B.I., Lou, J., Ajayan, P.M., and Zhou, X. (2015). Nitrogen-Doped

Carbon Nanotube Arrays for High-Efficiency Electrochemical Reduction

of CO 2 : On the Understanding of Defects, Defect Density, and Selec-

tivity. Angew. Chem. 127, 13905–13909. https://doi.org/10.1002/ange.

201506062.

179. Vajda, S., Pellin, M.J., Greeley, J.P., Marshall, C.L., Curtiss, L.A., Ballen-

tine, G.A., Elam, J.W., Catillon-Mucherie, S., Redfern, P.C., Mehmood,

F., and Zapol, P. (2009). Subnanometre platinum clusters as highly active

and selective catalysts for the oxidative dehydrogenation of propane.

Nat. Mater. 8, 213–216. https://doi.org/10.1038/nmat2384.

180. Umar, M., Abdulazeez, I., Tanimu, A., Ganiyu, S.A., and Alhooshani, K.

(2024). Synergistic effect of CexOy and Zn ion within the ZIF-zni frame-

work for enhanced electrocatalytic reduction of CO2. J. Environ.

Chem. Eng. 12, 112899. https://doi.org/10.1016/j.jece.2024.112899.

181. Jiao, L., and Jiang, H.L. (2019). Metal-Organic-Framework-Based

Single-Atom Catalysts for Energy Applications (Preprint at Elsevier Inc).

https://doi.org/10.1016/j.chempr.2018.12.011.
40 iScience 28, 112306, June 20, 2025
182. Huang, H., Shen, K., Chen, F., and Li, Y. (2020). Metal-organic frame-

works as a good platform for the fabrication of single-atom catalysts.

ACS Catal. 10, 6579–6586. https://doi.org/10.1021/acscatal.0c01459.

183. Wang, D., and Zhao, Y. (2021). Single-atom Engineering of Metal-

Organic Frameworks toward Healthcare (Preprint at Elsevier Inc.).

https://doi.org/10.1016/j.chempr.2021.08.020.

184. Zhou, D., Li, X., Shang, H., Qin, F., and Chen, W. (2021). Atomic regula-

tion of metal-organic framework derived carbon-based single-atom cat-

alysts for the electrochemical CO2reduction reaction. J. Mater. Chem. A

9, 23382–23418. https://doi.org/10.1039/d1ta06915b.

185. Nwosu, U., and Siahrostami, S. (2023). Copper-based metal-organic

frameworks for CO2 reduction: selectivity trends, design paradigms,

and perspectives. Catal. Sci. Technol. 13, 3740–3761. https://doi.org/

10.1039/d3cy00408b.

186. Feng, D., Zhou, L., White, T.J., Cheetham, A.K., Ma, T., and Wei, F.

(2023). Nanoengineering Metal–Organic Frameworks and Derivatives

for Electrosynthesis of Ammonia (Preprint at Springer Science and Busi-

ness Media B.V). https://doi.org/10.1007/s40820-023-01169-4.

187. Li, C., Ji, Y., Wang, Y., Liu, C., Chen, Z., Tang, J., Hong, Y., Li, X., Zheng,

T., Jiang, Q., et al. (2023). Applications of Metal–Organic Frameworks

and Their Derivatives in Electrochemical CO2 Reduction (Preprint at

Springer Science and Business Media B.V). https://doi.org/10.1007/

s40820-023-01092-8.

188. Li, C., Zhang, H., Liu, M., Lang, F.-F., Pang, J., and Bu, X.-H. (2023).

Recent progress in metal–organic frameworks (MOFs) for electrocataly-

sis. Ind. Chem. Mater. 1, 9–38. https://doi.org/10.1039/d2im00063f.

189. Zhou, Y., Zhou, Q., Liu, H., Xu, W., Wang, Z., Qiao, S., Ding, H., Chen, D.,

Zhu, J., Qi, Z., et al. (2023). Asymmetric dinitrogen-coordinated nickel

single-atomic sites for efficient CO2 electroreduction. Nat. Commun.

14, 3776. https://doi.org/10.1038/s41467-023-39505-2.

190. Akri, M., Zhao, S., Li, X., Zang, K., Lee, A.F., Isaacs, M.A., Xi, W., Gang-

arajula, Y., Luo, J., Ren, Y., et al. (2019). Atomically dispersed nickel as

coke-resistant active sites for methane dry reforming. Nat. Commun.

10, 5181. https://doi.org/10.1038/s41467-019-12843-w.

191. Jiao, J., Yuan, Q., Tan, M., Han, X., Gao, M., Zhang, C., Yang, X., Shi, Z.,

Ma, Y., Xiao, H., et al. (2023). Constructing asymmetric double-atomic

sites for synergistic catalysis of electrochemical CO2 reduction. Nat.

Commun. 14, 6164. https://doi.org/10.1038/s41467-023-41863-w.

192. Chhetri, M., Wan, M., Jin, Z., Yeager, J., Sandor, C., Rapp, C., Wang, H.,

Lee, S., Bodenschatz, C.J., Zachman, M.J., et al. (2023). Dual-site cata-

lysts featuring platinum-group-metal atoms on copper shapes boost hy-

drocarbon formations in electrocatalytic CO2 reduction. Nat. Commun.

14, 3075. https://doi.org/10.1038/s41467-023-38777-y.

193. Wang, H., Kang, X., and Han, B. (2024). Rare-earth Element-Based Elec-

trocatalysts Designed for CO2 Electro-Reduction (Preprint at John Wiley

and Sons Inc). https://doi.org/10.1002/cssc.202301539.

194. Hu, C., Bai, S., Gao, L., Liang, S., Yang, J., Cheng, S.D., Mi, S.B., andQiu,

J. (2019). Porosity-Induced High Selectivity for CO2 Electroreduction to

CO on Fe-Doped ZIF-Derived Carbon Catalysts. ACS Catal. 9, 11579–

11588. https://doi.org/10.1021/acscatal.9b03175.

195. Zhang, X., Guo, S.X., Gandionco, K.A., Bond, A.M., and Zhang, J. (2020).

Electrocatalytic Carbon Dioxide Reduction: From Fundamental Princi-

ples to Catalyst Design (Preprint at Elsevier Ltd). https://doi.org/10.

1016/j.mtadv.2020.100074.

196. Yang, Y., and Liu, S. (2024). Theoretical Insights into Dual-Atomic Cata-

lysts for Electrochemical CO2 Reduction. J. Phys. Chem. C 128, 6269–

6279. https://doi.org/10.1021/acs.jpcc.3c08289.

197. Wang, X., Xu, L., Li, C., Zhang, C., Yao, H., Xu, R., Cui, P., Zheng, X., Gu,

M., Lee, J., et al. (2023). Developing a class of dual atom materials for

multifunctional catalytic reactions. Nat. Commun. 14, 7210. https://doi.

org/10.1038/s41467-023-42756-8.

198. Hao, Q., Zhong, H.x., Wang, J.z., Liu, K.h., Yan, J.m., Ren, Z.h., Zhou, N.,

Zhao, X., Zhang, H., Liu, D.x., et al. (2022). Nickel dual-atom sites for

https://doi.org/10.1021/jacs.8b13579
https://doi.org/10.1021/jacs.8b13579
https://doi.org/10.1039/d0ta00190b
https://doi.org/10.1039/d2nh00362g
https://doi.org/10.1039/d1ta02769g
https://doi.org/10.1039/d1ta02769g
https://doi.org/10.1016/j.mattod.2020.07.002
https://doi.org/10.1007/s41918-023-00193-7
https://doi.org/10.1039/d0ra08223f
https://doi.org/10.1007/s40820-024-01347-y
https://doi.org/10.1039/d2nh00143h
https://doi.org/10.1002/smll.202203495
https://doi.org/10.1021/acsnano.9b09658
https://doi.org/10.1126/science.aaw7515
https://doi.org/10.1002/ange.201506062
https://doi.org/10.1002/ange.201506062
https://doi.org/10.1038/nmat2384
https://doi.org/10.1016/j.jece.2024.112899
https://doi.org/10.1016/j.chempr.2018.12.011
https://doi.org/10.1021/acscatal.0c01459
https://doi.org/10.1016/j.chempr.2021.08.020
https://doi.org/10.1039/d1ta06915b
https://doi.org/10.1039/d3cy00408b
https://doi.org/10.1039/d3cy00408b
https://doi.org/10.1007/s40820-023-01169-4
https://doi.org/10.1007/s40820-023-01092-8
https://doi.org/10.1007/s40820-023-01092-8
https://doi.org/10.1039/d2im00063f
https://doi.org/10.1038/s41467-023-39505-2
https://doi.org/10.1038/s41467-019-12843-w
https://doi.org/10.1038/s41467-023-41863-w
https://doi.org/10.1038/s41467-023-38777-y
https://doi.org/10.1002/cssc.202301539
https://doi.org/10.1021/acscatal.9b03175
https://doi.org/10.1016/j.mtadv.2020.100074
https://doi.org/10.1016/j.mtadv.2020.100074
https://doi.org/10.1021/acs.jpcc.3c08289
https://doi.org/10.1038/s41467-023-42756-8
https://doi.org/10.1038/s41467-023-42756-8


iScience
Review

ll
OPEN ACCESS
electrochemical carbon dioxide reduction. Nat. Synth. 1, 719–728.

https://doi.org/10.1038/s44160-022-00138-w.

199. Zhang, Y., Liu, T., Wang, X., Dang, Q., Zhang, M., Zhang, S., Li, X., Tang,

S., and Jiang, J. (2022). Dual-AtomMetal andNonmetal Site Catalyst on a

Single Nickel Atom Supported on a Hybridized BCN Nanosheet for Elec-

trochemical CO2Reduction to Methane: Combining High Activity and

Selectivity. ACS Appl. Mater. Interfaces 14, 9073–9083. https://doi.org/

10.1021/acsami.1c22761.

200. Liu, X.-H., Jia, X.-L., Zhao, Y.-L., Zheng, R.-X., Meng, Q.-L., Liu, C.-P.,

Xing, W., and Xiao, M.-L. (2023). Recent advances in nickel-based cata-

lysts for electrochemical reduction of carbon dioxide. Advanced Sensor

and Energy Materials 2, 100073. https://doi.org/10.1016/j.asems.2023.

100073.

201. Daiyan, R., Zhu, X., Tong, Z., Gong, L., Razmjou, A., Liu, R.S., Xia, Z., Lu,

X., Dai, L., and Amal, R. (2020). Transforming active sites in nickel–

nitrogen–carbon catalysts for efficient electrochemical CO2 reduction

to CO. Nano Energy 78, 105213. https://doi.org/10.1016/j.nanoen.

2020.105213.

202. Zhang, H., Lu, X.F., Wu, Z.P., and Lou, X.W.D. (2020). Emerging Multi-

functional Single-Atom Catalysts/Nanozymes. ACS Cent. Sci. 6, 1288–

1301. https://doi.org/10.1021/acscentsci.0c00512.

203. Yu, Y., Zhu, Z., and Huang, H. (2024). Surface Engineered Single-Atom

Systems for Energy Conversion (Preprint at John Wiley and Sons Inc).

https://doi.org/10.1002/adma.202311148.

204. Zhou, L.L., Liu, P.X., Ding, Y., Xi, J.R., Liu, L.J., Wang, W.K., and Xu, J.

(2022). Hierarchically porous structure of two-dimensional nano-flakes

assembled flower-like NiO promotes the formation of surface-activated

complex during persulfate activation. Chem. Eng. J. 430, 133134.

https://doi.org/10.1016/j.cej.2021.133134.

205. Cho, Y.S., and Kang, J. (2024). Two-dimensional materials as catalysts,

interfaces, and electrodes for an efficient hydrogen evolution reaction.

Nanoscale 16, 3936–3950. https://doi.org/10.1039/d4nr00147h.

206. Gandionco, K.A., Kim, J., Bekaert, L., Hubin, A., and Lim, J. (2024). Sin-

gle-atom Catalysts for the Electrochemical Reduction of Carbon Dioxide

into Hydrocarbons and Oxygenates (Preprint at John Wiley and Sons

Inc). https://doi.org/10.1002/cey2.410.

207. Wang, J., and Luo, X. (2024). Theoretical Investigation of the BCNMono-

layer and Their Derivatives for Metal-free CO2 Photocatalysis, Capture,

and Utilization. ACS Omega 9, 3772–3780. https://doi.org/10.1021/ac-

somega.3c07795.

208. Yang, M., Qin, B., Si, C., Sun, X.Y., and Li, B. (2023). Electrochemical Re-

actions Catalyzed by Carbon Dots from Computational Investigations:

Functional Groups, Dopants, and Defects (Preprint at Royal Society of

Chemistry). https://doi.org/10.1039/d3ta06361e.

209. Nguyen, D.L.T., Kim, Y., Hwang, Y.J., and Won, D.H. (2020). Progress in

Development of Electrocatalyst for CO2 Conversion to Selective COPro-

duction (Preprint at Blackwell Publishing Inc.). https://doi.org/10.1002/

cey2.27.

210. Wu, Y., Chen, C., Yan, X., Sun, X., Zhu, Q., Li, P., Li, Y., Liu, S., Ma, J.,

Huang, Y., and Han, B. (2021). Boosting CO2 Electroreduction over a

Cadmium Single-Atom Catalyst by Tuning of the Axial Coordination

Structure. Angew Chem. Int. Ed. Engl. 60, 20803–20810. https://doi.

org/10.1002/anie.202105263.

211. Li, J., Chen, C., Xu, L., Zhang, Y., Wei, W., Zhao, E., Wu, Y., and Chen, C.

(2023). Challenges and Perspectives of Single-Atom-Based Catalysts for

Electrochemical Reactions. JACS Au 3, 736–755. https://doi.org/10.

1021/jacsau.3c00001.

212. Wang, S., Zhou, P., Zhou, L., Lv, F., Sun, Y., Zhang, Q., Gu, L., Yang, H.,

and Guo, S. (2021). A Unique Gas-Migration, Trapping, and Emitting

Strategy for High-Loading Single Atomic Cd Sites for Carbon Dioxide

Electroreduction. Nano Lett. 21, 4262–4269. https://doi.org/10.1021/

acs.nanolett.1c00432.
213. Harthi, A., Abri, M.A., Younus, H.A., and Hajri, R.A. (2024). Criteria and

cutting-edge catalysts for CO2 electrochemical reduction at the industrial

scale. J. CO2 Util. 83, 102819. https://doi.org/10.1016/j.jcou.2024.

102819.

214. Peter, S.C. (2018). Reduction of CO2 to Chemicals and Fuels: A Solution

to Global Warming and Energy Crisis. ACS Energy Lett. 3, 1557–1561.

https://doi.org/10.1021/acsenergylett.8b00878.

215. Li, X., Wu, X., Lv, X., Wang, J., and Wu, H.B. (2022). Recent Advances in

Metal-Based Electrocatalysts with Hetero-Interfaces for CO2 Reduction

Reaction (Preprint at Elsevier Inc.). https://doi.org/10.1016/j.checat.

2021.10.015.

216. Fan, W.K., and Tahir, M. (2021). Recent trends in developments of active

metals and heterogenous materials for catalytic CO2hydrogenation

to renewable methane: A review. J. Environ. Chem. Eng. 9, 105460.

https://doi.org/10.1016/j.jece.2021.105460.

217. Yin, H., Pan, R., Zou, M., Ge, X., Shi, C., Yuan, J., Huang, C., and Xie, H.

(2024). Recent Advances in Carbon-Based Single-Atom Catalysts for

Electrochemical Oxygen Reduction to Hydrogen Peroxide in Acidic Me-

dia. Nanomaterials 14, 835. https://doi.org/10.3390/nano14100835.

218. Gong, Q., Ding, P., Xu, M., Zhu, X., Wang, M., Deng, J., Ma, Q., Han, N.,

Zhu, Y., Lu, J., et al. (2019). Structural defects on converted bismuth ox-

ide nanotubes enable highly active electrocatalysis of carbon dioxide

reduction. Nat. Commun. 10, 2807. https://doi.org/10.1038/s41467-

019-10819-4.

219. Wicks, J., Jue, M.L., Beck, V.A., Oakdale, J.S., Dudukovic, N.A., Clem-

ens, A.L., Liang, S., Ellis, M.E., Lee, G., Baker, S.E., et al. (2021). 3D-Print-

able Fluoropolymer Gas Diffusion Layers for CO2 Electroreduction. Adv.

Mater. 33, e2003855. https://doi.org/10.1002/adma.202003855.

220. Zhu, Z., Jiang, T., Ali, M., Meng, Y., Jin, Y., Cui, Y., and Chen, W. (2022).

Rechargeable Batteries for Grid Scale Energy Storage. Chem. Rev. 122,

16610–16751. https://doi.org/10.1021/acs.chemrev.2c00289.

221. Kibria, M.G., Edwards, J.P., Gabardo, C.M., Dinh, C.T., Seifitokaldani, A.,

Sinton, D., and Sargent, E.H. (2019). Electrochemical CO2Reduction into

Chemical Feedstocks: From Mechanistic Electrocatalysis Models to

System Design (Preprint at Wiley-VCH Verlag). https://doi.org/10.1002/

adma.201807166.

222. Ahmad, T., Liu, S., Sajid, M., Li, K., Ali, M., Liu, L., and Chen, W. (2022).

Electrochemical CO2 Reduction to C2+ Products Using Cu-Based Elec-

trocatalysts: AReview (Preprint at Tsinghua University Press). https://doi.

org/10.26599/NRE.2022.9120021.

223. Dresselhaus, M.S. (2001). Solid State Physics, Part IV: Superconducting

Properties of Solids. 6.732, Fall. World J. Condens. Matt. Phys. 5. https://

www.scirp.org/reference/referencespapers?referenceid=1532973.

224. Whipple, D.T., and Kenis, P.J.A. (2010). Prospects of CO2 utilization via

direct heterogeneous electrochemical reduction. J. Phys. Chem. Lett.

1, 3451–3458. https://doi.org/10.1021/jz1012627.

225. Olah, G.A., Prakash, G.K.S., and Goeppert, A. (2011). Anthropogenic

chemical carbon cycle for a sustainable future. J. Am. Chem. Soc. 133,

12881–12898. https://doi.org/10.1021/ja202642y.

226. Zhang, Y.J., Sethuraman, V., Michalsky, R., and Peterson, A.A. (2014).

Competition between CO2 reduction and H2 evolution on transition-

metal electrocatalysts. ACS Catal. 4, 3742–3748. https://doi.org/10.

1021/cs5012298.

227. Zhu, D.D., Liu, J.L., and Qiao, S.Z. (2016). Recent Advances in Inorganic

Heterogeneous Electrocatalysts for Reduction of Carbon Dioxide (Pre-

print at Wiley-VCH Verlag). https://doi.org/10.1002/adma.201504766.

228. Zhang, L., Zhao, Z., andGong, J. (2017). Nanostrukturierte Materialien f€ur

die elektrokatalytische CO 2 -Reduktion und ihre Reaktionsmechanis-

men. Angew. Chem. 129, 11482–11511. https://doi.org/10.1002/ange.

201612214.

229. Cheng, Q.,Wang, M., Ni, J., Zhang, L., Cheng, Y., Zhou, X., Cao, Y., Qian,

T., and Yan, C. (2023). Comprehensive Understanding and Rational

Regulation of Microenvironment for Gas-Involving Electrochemical
iScience 28, 112306, June 20, 2025 41

https://doi.org/10.1038/s44160-022-00138-w
https://doi.org/10.1021/acsami.1c22761
https://doi.org/10.1021/acsami.1c22761
https://doi.org/10.1016/j.asems.2023.100073
https://doi.org/10.1016/j.asems.2023.100073
https://doi.org/10.1016/j.nanoen.2020.105213
https://doi.org/10.1016/j.nanoen.2020.105213
https://doi.org/10.1021/acscentsci.0c00512
https://doi.org/10.1002/adma.202311148
https://doi.org/10.1016/j.cej.2021.133134
https://doi.org/10.1039/d4nr00147h
https://doi.org/10.1002/cey2.410
https://doi.org/10.1021/acsomega.3c07795
https://doi.org/10.1021/acsomega.3c07795
https://doi.org/10.1039/d3ta06361e
https://doi.org/10.1002/cey2.27
https://doi.org/10.1002/cey2.27
https://doi.org/10.1002/anie.202105263
https://doi.org/10.1002/anie.202105263
https://doi.org/10.1021/jacsau.3c00001
https://doi.org/10.1021/jacsau.3c00001
https://doi.org/10.1021/acs.nanolett.1c00432
https://doi.org/10.1021/acs.nanolett.1c00432
https://doi.org/10.1016/j.jcou.2024.102819
https://doi.org/10.1016/j.jcou.2024.102819
https://doi.org/10.1021/acsenergylett.8b00878
https://doi.org/10.1016/j.checat.2021.10.015
https://doi.org/10.1016/j.checat.2021.10.015
https://doi.org/10.1016/j.jece.2021.105460
https://doi.org/10.3390/nano14100835
https://doi.org/10.1038/s41467-019-10819-4
https://doi.org/10.1038/s41467-019-10819-4
https://doi.org/10.1002/adma.202003855
https://doi.org/10.1021/acs.chemrev.2c00289
https://doi.org/10.1002/adma.201807166
https://doi.org/10.1002/adma.201807166
https://doi.org/10.26599/NRE.2022.9120021
https://doi.org/10.26599/NRE.2022.9120021
https://doi.org/10.1021/jz1012627
https://doi.org/10.1021/ja202642y
https://doi.org/10.1021/cs5012298
https://doi.org/10.1021/cs5012298
https://doi.org/10.1002/adma.201504766
https://doi.org/10.1002/ange.201612214
https://doi.org/10.1002/ange.201612214


iScience
Review

ll
OPEN ACCESS
Reactions (Preprint at JohnWiley and Sons Inc). https://doi.org/10.1002/

cey2.307.

230. Liu, M., Pang, Y., Zhang, B., De Luna, P., Voznyy, O., Xu, J., Zheng, X.,

Dinh, C.T., Fan, F., Cao, C., et al. (2016). Enhanced electrocatalytic

CO2 reduction via field-induced reagent concentration. Nature 537,

382–386. https://doi.org/10.1038/nature19060.

231. Ham, Y.S., Choe, S., Kim, M.J., Lim, T., Kim, S.K., and Kim, J.J. (2017).

Electrodeposited Ag catalysts for the electrochemical reduction of CO2

to CO. Appl. Catal., B 208, 35–43. https://doi.org/10.1016/j.apcatb.

2017.02.040.

232. Lei, F., Liu, W., Sun, Y., Xu, J., Liu, K., Liang, L., Yao, T., Pan, B., Wei, S.,

and Xie, Y. (2016). Metallic tin quantum sheets confined in graphene to-

ward high-efficiency carbon dioxide electroreduction. Nat. Commun. 7,

12697. https://doi.org/10.1038/ncomms12697.

233. Yan, C., Lin, L., Gao, D., Wang, G., and Bao, X. (2018). Selective CO2

electroreduction over an oxide-derived gallium catalyst. J. Mater.

Chem. A Mater. 6, 19743–19749. https://doi.org/10.1039/c8ta08613c.

234. Klinkova, A., De Luna, P., Dinh, C.T., Voznyy, O., Larin, E.M., Kumacheva,

E., and Sargent, E.H. (2016). Rational Design of Efficient Palladium Cat-

alysts for Electroreduction of Carbon Dioxide to Formate. ACS Catal. 6,

8115–8120. https://doi.org/10.1021/acscatal.6b01719.

235. Handoko, A.D., Steinmann, S.N., and Seh, Z.W. (2019). Theory-guided

Materials Design: Two-Dimensional MXenes in Electro- and Photocatal-

ysis (Preprint at Royal Society of Chemistry). https://doi.org/10.1039/

c9nh00100j.

236. Lim, K.R.G., Handoko, A.D., Nemani, S.K., Wyatt, B., Jiang, H.Y., Tang,

J., Anasori, B., and Seh, Z.W. (2020). Rational Design of Two-

Dimensional Transition Metal Carbide/Nitride (MXene) Hybrids and

Nanocomposites for Catalytic Energy Storage and Conversion. ACS

Nano 14, 10834–10864. https://doi.org/10.1021/acsnano.0c05482.

237. Zhang, S., Fan, Q., Xia, R., and Meyer, T.J. (2020). CO2 Reduction: From

Homogeneous to Heterogeneous Electrocatalysis. Acc. Chem. Res. 53,

255–264. https://doi.org/10.1021/acs.accounts.9b00496.

238. Regulacio, M.D., Wang, Y., Seh, Z.W., and Han, M.Y. (2018). Tailoring

Porosity in Copper-Based Multinary Sulfide Nanostructures for Energy,

Biomedical, Catalytic, and Sensing Applications. ACS Appl. Nano Mater.

1, 3042–3062. https://doi.org/10.1021/acsanm.8b00639.

239. Zhang, Z., Li, S., Zhang, Z., Chen, Z., Wang, H., Meng, X., Cui, W., Qi, X.,

and Wang, J. (2024). A Review on Electrocatalytic CO2 Conversion via

C–C and C–N Coupling (Preprint at John Wiley and Sons Inc). https://

doi.org/10.1002/cey2.513.

240. Wang, Z., Wang, F., Peng, Y., Zheng, Z., and Han, Y. (2012). Imaging the

homogeneous nucleation during the melting of superheated colloidal

crystals. Science 338, 87–90. https://doi.org/10.1126/science.1224763.

241. Liu, S., Yang, H.B., Hung, S., Ding, J., Cai, W., Liu, L., Gao, J., Li, X., Ren,

X., Kuang, Z., et al. (2020). Elucidating the Electrocatalytic CO 2 Reduc-

tion Reaction over a Model Single-Atom Nickel Catalyst. Angew. Chem.

132, 808–813. https://doi.org/10.1002/ange.201911995.

242. Li, X., Bi, W., Chen, M., Sun, Y., Ju, H., Yan, W., Zhu, J., Wu, X., Chu, W.,

Wu, C., and Xie, Y. (2017). Exclusive Ni-N4 Sites Realize Near-Unity CO

Selectivity for Electrochemical CO2 Reduction. J. Am. Chem. Soc. 139,

14889–14892. https://doi.org/10.1021/jacs.7b09074.

243. Cai, Y., Fu, J., Zhou, Y., Chang, Y.C., Min, Q., Zhu, J.J., Lin, Y., and Zhu,

W. (2021). Insights on forming N,O-coordinated Cu single-atom catalysts

for electrochemical reduction CO2 to methane. Nat. Commun. 12, 586.

https://doi.org/10.1038/s41467-020-20769-x.

244. Mosaad Awad, M., Hussain, I., Ahmed Taialla, O., Ganiyu, S.A., and Al-

hooshani, K. (2024). Unveiling the catalytic performance of unique

core-fibrous shell silica-lanthanum oxide with different nickel loadings

for dry reforming of methane. Energy Convers. Manag. 311, 118508.

https://doi.org/10.1016/j.enconman.2024.118508.

245. Mosaad Awad, M., Hussain, I., Mustapha, U., Ahmed Taialla, O., Musa

Alhassan, A., Kotob, E., Shafiu Abdullahi, A., Ganiyu, S.A., and Alhoosh-
42 iScience 28, 112306, June 20, 2025
ani, K. (2023). A critical review of recent advancements in catalytic dry re-

forming of methane: Physicochemical properties, Current Challenges,

and Informetric Insights. Chemistry 19, e202300641. https://doi.org/10.

1002/asia.202300641.

246. Kaiser, S.K., Chen, Z., Faust Akl, D., Mitchell, S., and Pérez-Ramı́rez, J.
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356. ELMAZ, F., Y€ucel, Ö., and MUTLU, A.Y. (2020). Predictive Modeling of

the Syngas Production from Methane Dry Reforming over Cobalt Cata-

lyst with Statistical and Machine Learning Based Approaches. Interna-

tional Journal of Advances in Engineering and Pure Sciences 32, 8–14.

https://doi.org/10.7240/jeps.558373.

357. Roh, J., Park, H., Kwon, H., Joo, C., Moon, I., Cho, H., Ro, I., and Kim, J.

(2024). Interpretable machine learning framework for catalyst perfor-

mance prediction and validation with dry reforming of methane. Appl.

Catal., B 343, 123454. https://doi.org/10.1016/j.apcatb.2023.123454.

358. Marlin, D.S., Sarron, E., and Sigurbjörnsson, Ó. (2018). Process Advan-
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