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Abstract

This review summarizes the advances and applications of single-atom catalysts (SACs) in the selective catalytic
reduction of NO by CO (CO-SCR). Various types of SACs are discussed, including conventional SACs, negatively
charged SACs, dual-atom catalysts, singly dispersed bimetallic sites catalysts, single-atom alloy catalysts, and
single-atom-cluster/nanoparticle catalysts. The unique properties of each type of catalyst and their catalytic
performance in CO-SCR are explored. SACs enhance the adsorption and activation of NO through synergistic
interactions with the support, thereby improving catalytic activity and optimizing the reaction pathway.
Furthermore, tuning atomic structure, coordination environment, and metal-support interactions can further
enhance the catalytic performance. Despite showing excellent catalytic activity under laboratory conditions, SACs
still face challenges in industrial applications, such as catalyst stability, scalability and resistance to poisoning.
Future research will focus on improving SAC stability, increasing the density of active sites, and enhancing
resistance to deactivation. Combining advanced synthesis methods, large-scale production techniques, and in-
depth structural characterization will be crucial for the industrial application of SACs in environmental and energy-
related fields.
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INTRODUCTION

Nitrogen oxides (NO,) are major gaseous pollutants primarily generated from the combustion of fossil fuels,
especially in industrial production and transportation. The primary components of NO, include nitric oxide
(NO), which makes up over 95%, and nitrogen dioxide (NO,), along with other nitrogen oxides"™.
Depending on their sources, NO, emissions are generally categorized into stationary or mobile. Stationary
sources mainly refer to power generation, chemical industries, and steel factories, while mobile sources
primarily include vehicles, airplanes, and ships"?. The harmful impact of NO, on the environment and
human health is significant. As part of greenhouse gases, NO, contributes to global warming, acid rain,
photochemical smog, and other environmental issues"**”.. Moreover, NO, is highly toxic and can damage
the respiratory and cardiovascular systems, and in severe cases, even cause death'. Therefore, controlling
NO, emissions has become a pressing global issue, essential for improving air quality and protecting human
health®..

To address this challenge, various NO, removal technologies have been developed*'*'”. Among them,
selective catalytic reduction (SCR) is the most mature and widely applied technology, particularly SCR of
NO, with NH, (NH,-SCR)"**". However, ammonia reacts with SO, in the flue gas to form ammonium
sulfate, leading to catalyst deactivation*”. In addition, the additional cost of ammonia and its potential
leakage issues have not been fully addressed. In recent years, SCR of NO, by CO (CO-SCR) technology has
gained increasing attention due to its economic advantages and higher reduction potential®**. In CO-SCR,
the toxic NO and CO in exhaust gases are simultaneously converted into non-toxic and non-polluting N,
and CO,, thus effectively removing pollutants.

Catalysts play a critical role in addressing environmental problems such as waste gas treatment and
greenhouse gas reduction. Supported catalysts typically consist of active metal species dispersed on support
materials, which help improve catalytic performance and durability*. However, they still face several
challenges: (1) Limited active sites: Although increasing the dispersion of metal particles can increase the
number of active sites, the utilization rate of active sites remains limited; (2) Poor selectivity: The reaction
selectivity of supported catalysts may be poor in some reactions, especially in complex reaction systems
where the active sites cannot precisely control the reaction pathways, leading to side reactions; (3) Limited
long-term stability: Supported catalysts may suffer from deactivation, poisoning, and sintering over time'*'..

In recent years, single-atom catalysts (SACs) have emerged as a promising new class of catalyst. Qiao ef al."*”
first proposed the concept of “single-atom catalysis”, marking a breakthrough in understanding
heterogeneous catalytic active sites [Figure 1A-C]. They reported that the Pt,/FeO, shows much higher
activity in CO oxidation reaction compared to Au nanoparticle (NP) catalysts. This discovery revealed the
unique catalytic properties of SACs and brought revolutionary progress to the field of catalysis. In SACs,
metal atoms are individually anchored on the support surface, achieving nearly 100% atomic utilization.
From traditional large metal NPs to small metal clusters and isolated single metal atoms, these structural
changes dramatically alter the electronic properties of catalysts and greatly improve catalytic performance [
Figure 1D and E]"*.. This progress has also inspired the development of dual-atom catalysts (DACs),
singly dispersed bimetallic sites catalysts, and single-atom alloy catalysts (SAACs)* . Currently,
researchers are actively building a comprehensive “SACs toolbox”, encompassing SACs, dual- (multi-) atom
catalysts, and single atom (SA)-cluster-NP catalysts, forming a multi-level catalytic system [Figure 1F]!***.
Meanwhile, various synthesis strategies for SACs have been developed, such as impregnation and co-
precipitation methods™”, atomic layer deposition (ALD)"", and high-temperature pyrolysis methods"™ [
Figure 1G] These methods provide effective routes for enhancing the stability and scalability of SACs,
which is essential for future industrial applications.
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Figure 1. (A) HAADF-STEM image of the Pt,/FeO, catalyst where the Pt SAs occupy the positions of the Fe atoms; (B) Comparison of
TOFs; (C) The proposed reaction pathways for CO oxidation on the Pt,/FeO, catalyst'*?. Copyright 2013, Springer Nature; (D) The
changes of surface free energy and specific activity with metal particle size"*’. Copyright 2013, American Chemical Society; (E) The
geometric and electronic structures of particles of several different sizes: SAs, clusters, and NPs™*. Copyright 2018, American Chemical
Society; (F) Schematic illustration of dispersion states of metal species on SACs, DACs and SA-cluster/NP catalysts'*®. Copyright 2022,
American Chemical Society; (G) Schematic illustration of the controlled synthesis strategy for SACs™>. Copyright 2020, American
Chemical Society. HAADF-STEM: High angle annular dark field-scanning transmission electron microscopy; SA: single atom; TOF:
turnover frequency; NP: nanoparticle; SAC: single-atom catalyst; DAC: dual-atom catalyst.

Research on SACs began in the early 21st century, but over the past decade, its application in various
catalytic fields has attracted extensive global attention. Since the concept of single-atom catalysis was first
proposed in 2011, the number of related research papers has surged dramatically, from approximately 100
papers per year to an exponential increase in recent years. According to Web of Science statistics, since
2011, the annual citation rate has steadily increased. By December 2024, over 8,000 related papers had been
published [Figure 2]"**. In the multidisciplinary fields, the research on SACs has been widely reported,
with the Chemistry field having the most related literature, followed by Physics, Materials Science, and
Engineering. With ongoing research, SACs are gaining increasing application prospects in energy
conversion, environmental protection, and chemical synthesis.
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Figure 2. (A) Bibliometric map generated by VOSviewer based on the Web of Science All Databases™>**; (B) Publication and citation
trends of single-atom catalysis-related articles over different years; (C) Publication distribution of single-atom catalysis-related articles
across various academic disciplines. The keyword analyzed was “single-atom catalysis”. The size of each circle correlates with the
occurrences in 8,444 Web of Science-indexed articles published from 1979 to 2025. The smallest circles represent 50 occurrences.

This review aims to systematically study the applications of SACs in the CO-SCR reaction and summarize
the current research status and development trends in NO, removal. We classify CO-SCR catalysts into
SACs, negatively charged SACs, DACs, singly dispersed bimetallic sites catalysts, SAACs, and single-atom-
cluster/NP catalysts. We will explore the properties, catalytic mechanisms, and performance of these
catalysts in the CO-SCR reaction [Table 1]. By introducing the advantages of different types of catalysts, we
aim to provide theoretical and practical guidance for catalyst design and development. Finally, we will
discuss future research directions and challenges, especially how to enhance catalyst stability and further
promote the industrial application of SACs. Through this review, we hope to offer new insights for the
development of SACs and the optimization of CO-SCR technology, contributing to the innovation and
advancement of environmental pollution control technologies.

OVERVIEW OF THE CO-SCR REACTION

Mechanistic insights into the CO-SCR reaction

In the CO-SCR process, the reaction primarily involves three elementary steps: adsorption of the reactants,
transformation of intermediate species, and desorption and diffusion of the products. During CO-SCR
reaction, the main products are nitrogen (N,) and carbon dioxide (CO,). However, the formation of
undesired by-products such as nitrous oxide (N,O) and NO, may also occur, depending on factors
including the catalyst composition, reaction temperature, and the concentrations of gases involved"””. At
relatively low temperatures, the reductive capacity of CO is weakened, which can lead to the formation of
intermediate species such as N,O instead of the ideal N, product. Enhancing the reducing environment can
further promote the reduction of N,O to N,, thereby improving N, selectivity”™*. Conversely, under
conditions of high oxygen concentration and elevated temperature, NO may be oxidized to NO,, thereby
negatively affecting the overall denitrification efficiency. The key transformation step centers on the
cleavage of the N-O bond in NO and the subsequent recombination with CO to form CO,"’. The overall
CO-SCR reaction encompasses several fundamental pathways, as summarized below:
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Table 1. Comparison of catalytic performance of different single-atom catalysts

Sample Reaction conditions T (°C) Catalytic performance Ref.
NO (%) CO (%) 0,(%) Others GHSV or WHSV NO (%) N, (%)

Single-atom catalysts
Ir,/m-WO, 01 02 2 / 50,000 h” 350 73 100 [74]
0.3Ag/m-WO, 0.1 0.4 / 50,000 h” 250  -73 100 [79]
5Ag/m-WO, 0.1 0.4 1 / 50,000 h’! 250  -64 100 [79]
Cro10RNy 06CeO, 05 1.0 / / 6,500 h” 120 100 -34 [84]
CroreRNg06Ce0, 0.5 1.0 / / 6,500 h” 200 100 100 [84]
Fe, Ce0,-AlL,0, 0.05 06 / / 30,000 h” 250 100 100 [871
Fe,/ALO, 0.05 0.6 / / 30,000 h” 400 100 -100 [871
0.2Rh/Ce0,-Octahedron  0.09 om / 2.5% H,0 225Lg"h" 266 100 / [89]
0.2Rh/Ce0,-Rod 0.09 om / 2.5% H,0 225Lg"h" 350  -95 / [89]
Cul- MgALO, 26 2.9 / / 12Lg'h’ 300 -93 -92 [90]
0.05 wt.% Rh/y- ALO; 0.1 0.5 / / - 290 100 / [91]
0.05wt.% Rh/y- ALO; 0.1 0.5 / 2% H,0 - 210 100 / [91]
0.1wt.%Rh/CeO, 0046 0175  / / 150Lg"h” 100 100 -90 [95]
0.1wt.%Rh/CeO, 0.046 0175  / 2.6% H,0 150 Lg"h” 120 100 -30 [95]
0.5%Ru/Ce0, 0047 0185  / ~3% H,0 150Lg"h’ -135  -95 / [96]
0.05%Ru/Ce0, 0047 0185  / ~3% H,0 150 Lg"h” -190 -95 / [96]
Rh,/CeO, 0046 0175  / 2.6% H,0 150Lg"h” 126 100 - 40 [97]
Ru,/CeO, 0.046 0175  / 2.6% H,0 150Lg"h” 200 100 -18 [97]
Pd,/CeO, 0046 0175  / 2.6% H,0 150Lg"h’ 208 100 -~ 67 [971
Pt,/CeO, 0046 0175  / 2.6% H,0 150 Lg"h” 350 100 -70 [97]
Ir,/CeO, 0046 0175  / 2.6% H,0 150Lg"h” -270 50 -33 [97]
0.59% Rh/SiO, 15 45 / / 540Lg"h’ 280 100 / [251]
0.05% Rh/SiO, 15 45 / / 540Lg"h’ 340 100 / [251]
0.03% Rh/SiO, 15 45 / / 540Lg" h’ 380 100 -50 [251]
Negatively charged single-atom catalysts
Pt-CuO/CoAIO 0.1 0.2 / / 10,000 h” 200 100 100 [105]
Pt-CuO/CoAIO 01 02 3 / 10,000 h” 200 91 80 [105]
Pt-CuO/CoAIO 01 02 1 200 ppm SO, 10,000 h" 200 885 100 [105]
IP'W-WO,/KIT-6 0.1 0.4 1 / 50,000 h” 250  -98 100 [107]
IP'W-WO,/KIT-6 0.1 0.4 3 / 50,000 h’! 250  -90 100 [107]
IP'W-WO,/KIT-6 0.1 0.4 1 100 ppm SO, 50,000 h” 250  -83 100 [107]
IN-I'W-WO,/KIT-6 0.1 0.4 1 / 50,000 h’' 250  ~80 100 [1071
IM-WO/KIT-6 0.1 0.4 1 / 50,000 h” 250  -40 100 [107]
Pt(0.1)Co(1)/AL0, 0.1 0.6 0.6 0.0555% C;H, 60,000 h” -260 - 65 / [252]

0.2% H,

13.9% CO,
Dual-atom catalysts
CuFe-N/C 0.1 0.2 / / 30,000 h” 225 100 100 [129]
Cu-N/C 0.1 0.2 / / 30,000 h” 225 -92 -88 [129]
Fe-N/C 01 02 / / 30,000 h” 225 -75 -73 [129]
Pt-Pd SACs-2 0.05 1 125 0.1% CH, 120Lg"h” 220 100 / [130]
Pd SAC & Pt SACs-2 0.05 1 125 0.1% CH, 120Lg"h” 290 100 / [130]
Pd SACs-2 0.05 1 125 0.1% C4H, 120Lg"h’ 270 100 / [130]
Pt SACs-2 0.05 1 125 0.1% C4H, 120Lg"h” 270 -23 / [130]
Singly dispersed bimetallic sites catalysts
Pdg3Rh,, 015 035 025  0.033%CH, - 249 50 / [122]

10% H,0

Pdo-Rhys 0.15 035 025  0.033%CH, - 259 50 / [122]
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10% H,0
Rh1Co,/Co0 0.05 0.05 / / 360Lg"h’ 100 -85 -100 [135]
Rh1Co,/Co0O 0.05 0.05 / / 360L gr1 h' 250 100 100 [135]
Rh-Co alloy NPS/SiO, 0.05 0.05 / / 360 L g'1 h' 290 100 ~94 [135]
Single-atom alloy catalysts

CusPd/Al, O, 0.5 0.5 / / 80,000 h' 200 100 100 [165]
CugPd/Al, O, 0.5 0.5 0.5625 / 80,000 h' 200 ~95 ~85 [165]
CusPd/AlLO, 05 05 / / 80,000 h’ 250 100 100 [165]
PdCu/Al,O4 0.5 0.5 / / 240,000 h? 225 ~98 ~36 [167]
PdIn/AlLO, 0.5 0.5 / / 240,000 h? 225 ~35 ~100 [167]
Pd(Ing5sClge)/ALO; 05 05 / / 240,000 h’ 225 78 -100 (167
PdIn/Al 0.5 1.0 0.25 / 40,000 h' 350 100 100 [168]
Pd-Pt-In/Ce 0.5 1.0 0.5 / 40,000 h' 350 100 100 [168]
Single-atom-cluster/NP catalysts

Cogy + C00,,/CZO 0.1 0.2 5 / 20,000 h” 250 100 100 [178]
Cogy + C00,,/CZO 0.1 0.2 5 5% H,0 20,000 h’ 300 -70 100 [178]
Coey + C00,,/CZO 0.1 0.2 5 50 ppm SO, 20,000 h” 300  -80 100 [178]
Cog,/CZ0O 0.1 0.2 5 / 20,000 h' 250 ~36 ~100 [178]
C00,,,./CZ0 0.1 0.2 5 / 20,000 h” 250 -56 -98 [178]
8Rh/TiO,/Ti 0.06 0.3 0.15 / 210 100 ~100 [1801]
8Rh/TiO,/Ti 0.06 0.3 0.3 / - 175 ~ 88 / [1801]
D-04CuAl-HO 25 5 / / 12,000 h' 375 100 100 [183]
D-04CuAl-HW 2.5 5 / / 12,000 h? 375 ~55 ~ 80 [183]

GHSV: Gas hourly space velocity; WHSV: weight hourly space velocity; SAC: single-atom catalyst; NP: nanoparticle; Ir:
iridium.

2NO +2CO — N, + 2CO, (1)
2NO + CO - N,0 + CO, (2)
N,O + CO - N, + CO, (3)
2NO + 0, — 2NO, (4)
2CO + 0, — 2CO, (5)

In the CO-SCR reaction, the catalytic mechanisms are generally categorized into three types: the Langmuir-
Hinshelwood (L-H) mechanism, the Eley-Rideal (E-R) mechanism, and the Mars-van Krevelen (MvK)
mechanism. In L-H mechanism, both NO and CO are first adsorbed onto the catalyst surface. NO interacts
with the metal sites via its oxygen atom, leading to the elongation and cleavage of the N-O bond. The
resulting nitrogen species may couple with another NO to form N, or convert into N,O. Meanwhile,
adsorbed CO reacts with surface oxygen species or oxygen derived from NO to generate CO,"*”. The E-R
mechanism involves the reaction between a gas-phase molecule and a surface-adsorbed species. Typically,
gaseous CO reacts with adsorbed NO. On catalysts such as H-CuCo-CeO,, NO undergoes N-O bond
cleavage to produce lattice oxygen and nitrogen intermediates. The lattice oxygen is subsequently consumed
by gaseous CO to form CO, and oxygen vacancies (O,), while the nitrogen species further react to produce
N,"". The MvK mechanism involves CO reacting with lattice oxygen to form CO,, leaving behind O, or
oxygen-deficient sites. NO is then adsorbed at these vacancies, where its N-O bond is cleaved. The liberated
oxygen restores the lattice structure, and the resulting nitrogen species couple to form N\
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Challenges and prospects of the CO-SCR reaction

However, CO-SCR still faces two major challenges in practical application: (1) Limited oxygen resistance:
High concentrations of oxygen can oxidize the active sites, inhibit NO adsorption and dissociation, and thus
reduce catalytic activity. Furthermore, oxygen may react with CO to form CO,, reducing the effectiveness of
CO as a reducing agent, and further lowering the NO removal efficiency*>**; (2) Limited catalytic activity at
low temperatures: At lower temperatures, particularly below 200 °C, the catalytic activity of CO-SCR is
significantly reduced due to the weakened reductive capacity of CO. This impairs the activation and
reduction of NO, promotes the formation of N,O, and ultimately leads to a decline in overall catalytic
performance®* . Therefore, developing catalysts with good low-temperature activity and oxygen
tolerance is a key to advancing CO-SCR technology. In addition, industrial exhaust gases also contain SO,,
H,O and other components, which can poison the catalyst and occupy active sites, thereby inhibiting the
catalytic activity of the CO-SCR reaction and reducing catalytic efficiency"** 7.

SINGLE-ATOM CATALYTIC SYSTEM IN CO-SCR REACTION

Single-atom catalysts

In the CO-SCR reaction, noble metal catalysts exhibit high activity and selectivity'”?. Among them, noble
metal SACs not only reduce costs but also further enhance catalytic performance. Among these metals,
Iridium (Ir) typically demonstrates superior resistance to oxidation, which has been confirmed in CO-SCR
reactions'®”. In this regard, the Ir,/m-WO, catalyst was synthesized on mesoporous WO, using a facile
impregnation method"””. In the presence of 2 vol.% O,, the Ir,/m-WO, catalyst exhibited excellent catalytic
performance, achieving a 73% NO conversion and 100% N, selectivity at 350 °C [Figure 3A]. Notably, at 200
°C, the turnover frequency (TOF) value was 6 times higher than that of Ir NPs supported on mesoporous
WO.. This superior performance can be attributed to the synergistic interaction between the isolated Ir
atoms and the WO,, forming Ir-WO, sites that effectively promote NO adsorption and activation”"”,

SACs exhibit significant differences in catalytic activity due to variations in their local coordination
environments and electronic structures™. Ji et al. successfully dispersed single Ag atoms on ordered
mesoporous WO, by varying the loading amount of the Ag precursor”. This resulted in Ag catalysts with
different local structures (varying Ag-O coordination numbers), leading to significant differences in
catalytic performance for CO-SCR. Notably, under conditions of 250 ‘C and 1% O,, the 5Ag/m-WO, catalyst
with a two-coordination structure exhibited 63% NO conversion and 100% N, selectivity [Figure 3B and C].
Similarly, the 0.3Ag/m-WO, catalyst with a six-coordination Ag-O structure achieved 73% NO conversion
and 100% N, selectivity at 250 °C. Density functional theory (DFT) results further indicated that the Bader
charges of Ag atoms on 0.3Ag/m-WO, and 5Ag/m-WO, were +0.82]e| and +0.21|e|, respectively, suggesting
that the Ag atoms in 0.3Ag/m-WO, are in a more oxidized state with a higher d-band center [Figure 3D].
This promotes the adsorption of CO/NO and various intermediates, particularly the co-adsorption of key
intermediates such as N,O* and CO*. By tuning the local structure of Ag SACs, CO can more effectively
reduce the N,O* intermediate, thereby enhancing catalytic performance.

The small Pd NPs supported on CeO, catalysts exhibit lower N, selectivity at temperatures below 200 °C. In
contrast, Pd atoms dispersed on Pd,/CeO, catalysts achieve complete conversion of CO and NO below 200
°C, with 100% N, selectivity® .

To gain deeper insight into the reaction mechanisms of Pd NPs and Pd SAs in the CO-SCR reaction,
dispersed Pd NPs and Pd SAs were prepared on CeO, (111) thin films™. On the Pd,/CeO, catalyst surface,
only a peak at 337.9 eV was observed in synchrotron radiation photoemission spectroscopy (SRPES), which
can be attributed to Pd** in Pd-O-Ce. In contrast, Pd NPs/CeO, catalyst surfaces also showed the presence
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Figure 3. (A) NO conversion over different Ir catalysts (1000 ppm NO, 2,000 ppm CO, 2vol.% O,, N, balance, GHSV = 50,000 hhy 4,
Copyright 2021, Wiley-VCH; (B) NO conversion and (C) N, selectivity over different Ag catalysts; (D) Bader charge values of Ag atoms
calculated for different Ag catalysts”®’. Copyright 2023, American Chemical Society; (E) SRPES data for Pd,/CeO, (red line) and Pd
NPs/CeO, (blue line) samples; (F) The proposed structural models of Pd NPs/CeO, (top) and Pd,/CeO, (bottom) catalysts; (G) CO
IRAS spectra for Pd,/CeO, (red line) and Pd NPs/CeO, (blue line) samples. (color code: yellow, Ce; red, O; blue, Pd; and black, o),
Copyright 2023, Springer; (H) NO conversion and (1) N, selectivity over Cr,sRh,,CeO ,, Rh,,,CeO,, Cry;,Ce0,, and CeO, (0.5% NO,

1.0% CO, 5% Ar, He balance, GHSV = 65,00 h™) 4. Copyrlght 2021, American Chemical Society; (J) NO converS|on and (K) N,
selectivity over Fe,/CeO,-Al,O ;, Fe,/Al,O, and CeO,-Al,0, (500 ppm NO, 0.6% CO, N, balance, GHSV 30 000 h™; (L) Model

structure of the catalyst surface with or without OV e Copyrlght 2024, American Chemlcal Society; (M) Model structure of

Mg;,CuAl,,0,, with O, (o1, Copyright 2019, The Royal Society of Chemistry. Ir: Iridium; GHSV: gas hourly space velocity;
SRPES: synchrotron radiation photoemission spectroscopy; O,: oxygen vacancies.

of Pd’, indicating that most of the deposited Pd remained in its metallic state [Figure 3E and F].
Additionally, the CO adsorption behavior on the two catalyst surfaces was clearly different [Figure 3G]. On
the Pd NPs/CeO, surface, N, formation resulted from the binding of N atoms after the dissociation of NO,
while N,O formation was likely due to the reaction between adsorbed NO and N atoms. The primary
reaction products were CO,, N,, and N,O. On the Pd,/CeO, catalyst surface, no desorption of N,O was
detected, indicating nearly 100% N, selectivity. This high selectivity can be attributed to the continuous N-O
bond cleavage in the O-N-N-O intermediate formed on the Pd,/CeO, catalyst surface.

To improve low-temperature activity and enhance N, selectivity, recent studies have focused on tailoring
the electronic structure of active sites and regulating metal-support interactions. The following examples
demonstrate how these strategies boost CO-SCR performance under mild conditions. A ceria-based catalyst
doped with Rh and Cr (Cr,,,Rh,,.CeO,) exhibits excellent redox activity at low temperatures®. This catalyst
consists of dispersed Rh**® and CeO,/CrO, , showing strong interactions between the components. The
incorporation of Cr into Rh-containing ceria leads to the dispersion of positively charged Rh species. The
Cr,,Rh,,,CeO, catalyst displays significant NO reduction activity at 372 K, whereas the Rh,,,CeO, catalyst
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shows no activity at this temperature. The N, selectivity of Cr, ,Rh,,,CeO, exceeds 99% at 473 K [Figure 3H

and I]. Analysis indicates that the addition of Cr disperses the Rh species responsible for adsorbing and

0.19

activating NO and CO, increasing the available adsorption sites for NO and CO. Chromium oxide species
promote the dissociation of NO on Rh sites and facilitate the transfer of oxygen species from NO to CO,
thereby lowering the activation energy for NO reduction.

In recent years, the synergistic effect of SAs and O, has also attracted widespread attention®*. Bai et al.
prepared an Fe /CeO,-AlO, catalyst using a co-precipitation method, where the Fe sites are atomically
dispersed within the surface CeO, lattice’™”. Compared to Fe /AlO,, the introduction of Ce atoms in Fe,/
CeO,-AL O, causes charge transfer from Fe to Ce, resulting in the formation of electron-deficient Fe sites.
Over a temperature range of 250-500 °C, Fe,/CeO,-Al,O, achieves complete NO conversion and 100% N,
selectivity [Figure 3] and K]. In situ characterization and computational studies suggest that the high activity
of Fe,/CeO,-ALO, can be attributed to the synergistic effect between Fe, sites and Ce-O,, where Ce-O,
enhances the adsorption of NO and N,O intermediates on Fe sites [Figure 3L]. The interaction and
cooperation between the SAs and the local environment of the support promote the formation of O,,
thereby enhancing the catalytic activity’®™*. Wu et al. confined Cu atoms within the MgALO, spinel lattice
to obtain Cu,-MgAlO,, which was used in CO-SCR reactions [Figure 3M]*. Its catalytic activity was found
to be significantly higher than that of a 0.1 wt.% Pt/CeO, noble metal catalyst. The high activity can be
explained by a similar mechanism, where Cu atoms lower the activation energy for CO oxidation, while NO
is adsorbed at the O,, leading to the formation of N,O, which subsequently decomposes to N.,.

To address the performance degradation caused by H,O, recent studies have focused on exploring SACs
with superior H,O resistance. The following investigations present representative advances in
understanding and improving the H,O tolerance of SACs, particularly Rh-based systems, in wet CO-SCR
conditions. Asokan et al. synthesized Rh/y-AlO, catalysts with Rh loadings ranging from 0.05 to 5 wt.%,
which resulted in Rh species varying from SAs to clusters and NPs"". They characterized the Rh species
using CO diffuse reflectance infrared Fourier transform spectroscopy (CO-DRIFTS)"***. As the Rh loading
increased, the proportion of atomically dispersed Rh species decreased [Figure 4A]. Under dry conditions,
all catalysts started converting NO to N, at approximately 210 °C. Among them, Rh clusters exhibited
superior catalytic performance [Figure 4B]. The addition of H,O promoted the reactivity of low-Rh-loaded
catalysts, while for catalysts with higher Rh content, NO conversion was inhibited [Figure 4C]. Notably, as
the Rh content decreased, the concentration of NH, increased. This suggests that as the proportion of
atomically dispersed Rh species rose, the NH, concentration also increased [Figure 4D and E]. This leads to
the conclusion that the specific reaction sites in a wet environment are different: for Rh clusters, the reaction
is 2NO + 2CO — N, + 2CO,, while for Rh SAs: 2NO + 3H,0 + 5CO — 2NH, + 5CO, [Figure 4F]"". This
indicates that atomically dispersed Rh species are active in NH, formation at low temperatures, and Rh SAs
also serve as active sites for the water-gas shift (WGS) reaction.

Khivantsev et al. revealed that the dispersed Rh SAs in Rh,/CeO, are highly active species for the CO + NO
reaction. Under dry conditions, the 0.1 wt.% Rh/CeO, achieves complete NO conversion at 100 °C, with a
small amount of N,O produced at 75 °C. Furthermore, under wet conditions, 0.1 wt.% Rh/CeO, shows
significant activity and selectivity, with complete NO removal occurring above 120 °C, and only a small
amount of N,O produced above 125 °C [Figure 5A and B]. Notably, NH, shows the highest selectivity
(around 55%-60%) in the temperature range of 125-150 °C, indicating that both NH, formation and the
WGS reaction occur simultaneously at the same Rh atom. In this process, Rh-H complexes serve as
intermediates in the hydrogenation of NO. The hydrogen stored on Rh atoms via the WGS pathway plays a
crucial role in NH, formation, with the isolated Rh atoms showing high WGS activity. The presence of Rh-
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Copyright 2020, American Chemical Society. CO-DRIFTS: CO diffuse reflectance infrared Fourier transform spectroscopy.

H facilitates the hydrogenation of NO, leading to ammonia production. In their study, Ru,/CeQO, was also
shown to have excellent reactivity at low temperatures. The 0.5 wt.% Ru/CeO, achieved 100% NO
conversion at approximately 150 °C under dry conditions'”. Upon the addition of water to the gas flow, a
significant amount of NH, was generated, as Ru,/CeO, is also an excellent WGS catalyst [Figure 5C and D].

Tian et al. synthesized different noble metal M,/CeO, SACs (M = Rh, Ru, Pd, Pt, and Ir) and studied their
catalytic activities under wet conditions"”. All the catalysts were tested in the presence of 3% H,O, with 50%
NO conversion as the activity indicator. The activity order of these catalysts was: Rh > Pd > Ru > Pt > Ir
[Figure 5E]. The Rh,/CeO, achieved complete NO conversion at 126 °C, whereas the Ir catalyst failed to
achieve 100% NO conversion even near 400 °C. In addition, the presence of H,O promoted the conversion
of both NO and CO compared to dry conditions [Figure 5F]. The maximum temperature for N,O
production followed the order: Rh < Ru < Pd < Pt < Ir [Figure 5G]. For N, selectivity, Pt and Ir exhibited
poor performance [Figure 5H]. For the Rh,/CeO, sample, NH, started to form at 60 °C and reached a
maximum (~ 260 ppm) at 116 °C, while the Ru,/CeO, sample showed the highest NH, production (~ 355
ppm). Other samples showed a maximum NH, concentration around 150 ppm [Figure 5I]. This variation is
due to the different catalytic activities of the SACs for the WGS reaction, which leads to different amounts
of NH, produced in the wet NO + CO reaction.

Negatively charged single-atom catalysts

The catalytic performance of metal catalysts fundamentally depends on the metal-reactant interaction
(MRI) and the metal-support interaction (MSI). MSI not only stabilizes the catalyst but also influences
interfacial processes, such as charge transfer and particle morphology [Figure 6A]“". The charge transfer
between the metal and support plays a critical role in determining catalytic performance. In 1978, Tauster et
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Figure 5. (A) Different gas concentrations and selectivity of reaction products under dry and (B) wet conditions (460 ppm NO, 1750
ppm CO, 2.6% H,0O when used, N, balance, 150 L g" h™ ™. Copyright 2021, Wiley-VCH; (C) Different gas concentrations during the
reaction for 0.5 wt.% Ru/CeO, and (D) 0.1 wt.% Ru/CeO, (470 ppm NO, 1850 ppm CO, 3% H,O, N, balance, 150 Lg h")P. Copyright
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Rh, 460 ppm NO, 1750 ppm CO, 2.6% H,0, N, balance, 150 L g” h™) ¥, Copyright 2021, Wiley-VCH.

al. introduced the concept of strong metal-support interaction (SMSI), which has since been shown to
significantly impact the activity, stability and selectivity”'*.. In a detailed model, electrons are transferred
from the oxide support to the metal atoms, leading to the formation of strong ionic bonds between
negatively charged metal atoms and the surface cations""".

Such negatively charged SAs, due to their unique electronic structure and charge distribution, can notably
enhance the adsorption of reactants, thus improving the overall catalytic performance. The MSI effect is
largely determined by the properties of the support material. Tang et al. used the DFT + U method to
investigate the supporting role of different metal oxides (MO,, M = Ti, Zr, Ce, Hf, Th) in Au SACs"*. They
found that the oxidation state of Au atoms changes from Au(0) to Au(1) depending on the metal oxide
support [Figure 6B-F]. Specifically, Au atoms on TiO, and CeO, are positively charged, while those on
ZrO,, HfO,, and ThO, are negatively charged [Figure 6G and H]. Adachi et al."” directly probed and
understood the local environment and the charge state of the active sites on Au SACs, which also affects the
adsorption of reactants*. On the rutile TiO, surface, both positively and negatively charged Au SAs greatly
promote CO adsorption, while neutral Au atoms show no noticeable adsorption. This demonstrates that
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Figure 6. (A) Schematic of the electron transfer between metal and support; (B) Charge density differences of Au atoms on TiO, (101);
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American Chemical Society.

negatively charged SACs, stabilized by strong MSIs, exhibit enhanced catalytic behavior, particularly in the
adsorption of key reactants, which is critical in catalytic reactions.

High oxygen levels and SO, inhibit CO-SCR by oxidizing active sites and competing for adsorption. To
overcome these issues, negatively charged SACs enhance resistance via electron transfer regulation. Ji et al.
prepared Pt-CuO/CoAlO catalysts and negatively charged Pt SAs were embedded into the CuO surface,
which was supported on the CoAlO nanosheets*. The Pt 4f X-ray photoelectron spectroscopy (XPS)
spectrum indicated that the Pt’ peak in the Pt-CuO/CoAlO shifted significantly towards the lower binding
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energy side, suggesting the formation of negatively charged Pt [Figure 7A]. X-ray absorption fine structure
(XAFS) analysis confirmed the SA dispersion and negatively charged state of the Pt atoms
[Figure 7B and C]. At temperatures ranging from 100 °C to 200 °C, Pt-CuO/CoAlO exhibited the best
catalytic performance [Figure 7D]. When the oxygen concentration was increased to 3%, the Pt-CuO/
CoAlO catalyst achieved 91% NO conversion and 80% N, selectivity at 200 °C [Figure 7E and F].
Furthermore, when SO, was introduced at concentrations of 50-200 ppm, the NO conversion remained at
88.5%, showcasing excellent resistance to SO, poisoning. DFT calculations revealed that negatively charged
Pt atoms promoted NO adsorption more effectively than positively charged Pt atoms"*”. Moreover, NO and
CO were more likely to occupy the surface compared to SO,, thus avoiding SO, poisoning. Ji et al. also
prepared the IrW-WO,/KIT-6 catalyst, where negatively charged Ir species were formed within IrW metal-
intermetallic NPs (= 4 nm) by isolating continuous Ir atoms"””. This catalyst achieved 100% NO conversion
and 100% N, selectivity at 250 °C under 1% O, conditions [Figure 7G and H]. The metal-intermetallic IrW
with isolated Ir atoms exhibited stronger NO activation capability than single Ir sites or Ir NPs and IrW-
WO,/KIT-6 maintained significant resistance to both O, and SO,. The strong interaction between metals in
IrW enhanced reaction activity in both NO dissociation and N, formation. During NO adsorption, the
electron flow from Ir and W to NO weakened the N-O bond strength, leading to a lower dissociation energy
barrier [Figure 71].

Dual-atom catalysts

SACs, while offering high atom utilization and well-defined active sites, often fall short in complex multi-
molecule catalytic reactions due to their limited structural diversity and absence of cooperative interactions
between active sites'™'*”. In contrast, DACs largely retain the advantages of SACs while introducing two
adjacent or separated metal atoms as active sites, which can be either homometallic or heterometallic"”""*..
Even when not directly bonded, metal pairs can exhibit strong electronic interactions if positioned within
appropriate interatomic distances"'"""”. Generally, DACs have a higher metal loading than SACs, as metal
atoms are more likely to form atom pairs under higher loadings"'"*'*"". The second metal atom not only
enhances the adsorption of reactant molecules but also tunes the local electronic structure of the dual-metal
catalyst, thus altering the interface electron transfer"”"**. DACs composed of different metal atoms exhibit
higher structural complexity, playing a more significant role and holding greater potential in regulating

127,128]

reaction pathways and improving reaction selectivity' .

Ding et al. developed a novel N-coordinated bimetallic catalyst (CuFe-N/C)"*’. The CuFe-N/C catalyst
achieved nearly 100% NO conversion and excellent N, selectivity within the temperature range of 225-400
°C [Figure 8A and B]. Two NO molecules adsorb at the Cu-Fe sites and couple to form the ONNO
intermediate. CO then adsorbs and reacts with ONNO to form CO, and N,O intermediates. N,O
subsequently dissociates into N, and O atoms, where the O atoms attached to Fe react with CO adsorbed on
Cu to generate a second CO, [Figure 8C]. The Cu-Fe coupling facilitates electron transfer from Fe to Cu,
making the electrons around Cu more delocalized and electron-donor-like. The electrons are then
transferred to the ONNO intermediate and activate it. The Fe — Cu — ONNO — Fe electron transfer forms
a complete cycle, improving electron transfer efficiency during the reaction.

Researchers prepared a Pt-Pd DAC on vacancy-enriched CeO, support [Figure 8D-F]"**.. The Pt-Pd DAC
exhibited excellent catalytic performance, with a T,, (the temperature at which 90% of NO is removed) as
low as 210 °C, much lower than Pd SAC and Pt SAC physical mixtures (Pd SAC + Pt SAC) [Figure 8G].

DFT calculations indicated that adjacent Pt and Pd atoms serve as active sites for CO and NO adsorption,
respectively [Figure 8H]. The energy barrier at Pt-Pd was 1.03 eV, lower than those for Pd-Pd and Pt-Pt,
suggesting that the catalytic process is easier at the Pt-Pd site. The Pt-Pd DAC facilitates the migration of
active intermediates, effectively lowering the energy barrier and accelerating the reaction.
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Figure 7. (A) Pt 4f XPS spectra of various catalysts; (B) Normalized Pt L;-edge XANES and (C) FT k’-weighted EXAFS spectra of Pt-
CuO/CoAlO; (D) NO conversion in the absence of O,; (E) NO conversion and (F) N, selectivity in the presence of 3% O, for various
catalysts (1000 ppm NO, 2000 ppm CO, 3% O, when used, Ar balance, 10000 h™) %) Copyright 2023, American Chemical Society;
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density differences (blue and yellow represent electron accumulation and loss, respectively) and Bader charge map (red and blue
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Singly dispersed bimetallic sites catalysts

Catalytic sites typically consist of one or more atoms on the catalyst surface, arranged in a configuration
that provides a specific electronic structure for the adsorption or dissociation of reactant molecules, thereby
catalyzing the reaction by lowering the activation energy"*". Compared to monometallic catalysts, bimetallic
catalysts exhibit enhanced catalytic performance due to the inclusion of a second metal, which alters the
electronic structure and modulates the catalytic properties of the monometallic catalyst"*>"*”. Singly
dispersed bimetallic sites refer to isolated catalytic sites composed of two different metal atoms distributed
at the atomic scale, typically stabilized on a support. In a bimetallic site M,A,, where M and A are the
elements present, M refers to the active center for adsorption or bond activation, while A can modulate the
local electronic environment, thereby enhancing catalytic performance****. In bimetallic NPs, the M, A, site
on the surface of the NPs exists in the metallic state, whereas on non-metallic supports, the M| A site is
typically in a cationic form [Figure 9A].
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For example, Co,0, was chosen as an oxide support (A,O,), with Rh as the metal M, resulting in the Rh,Co./
CoO catalyst, which was employed in CO-SCR reaction [Figure 9B]"*. At temperatures as low as 110 °C,
the Rh,Co,/CoO catalyst exhibited 100% N, selectivity. In contrast, the Rh-Co alloy NPs/CoO catalyst
displayed much lower N, production activity and selectivity, with values of 20% and 10%, respectively
[Figure 9C and D], while Rh,0,/CoO showed no activity at 150 °C [Figure 9E]. The Co-Rh,-Co structure at
Rh,Co, sites facilitates the co-adsorption and activation of two NO molecules, with the N,O decomposition
to N, having an exceptionally low activation barrier, which explains the observed 100% N, selectivity at low
temperatures. The adsorption of NO on the Rh atom of Rh,Co, is stronger than on the zero-valent Rh (Rh°)
atoms in Rh-Co bimetallic NPs. This is because the Rh atoms in Rh,Co, carry a positive charge during NO
adsorption, allowing more electron transfers from NO molecule and enhancing the Rh-N bond while
weakening the N-O bond.

The successful development of a catalyst with singly dispersed bimetallic sites, Rh,Co,, provides a new
approach to achieve highly selective bimetallic catalysts. This concept can be applied to design catalysts
where isolated bimetallic sites M, A, are constructed by having metal atoms M occupy the O vacancies of
metal oxides A-O". A similar preparation method [Figure 9F] can also be used to synthesize catalysts
composed of isolated bimetallic sites, such as Pt,Co, or Pd,Co,,"”. Additionally, many transition metal
elements can serve as either M or A in the construction of isolated bimetallic sites M,A,, enabling the
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development of a wide range of bimetallic catalysts with such sites"**"**. Notable examples include
previously reported Pt,Co,/Co0,0,", Ir,Zn /ZnO", Pd, Zn,/ZnO"™* and Ir,Ti,/TiO,"". The extension of
M, A, catalysts to other catalytic reactions shows that the charge-buffering capability of metal M and the
synergistic effect of metal A in catalytic reactions are key factors for achieving high catalytic efficiency"*"*..

Single-atom alloy catalysts

SAACs typically consist of two different metal atoms, one in a SA state and the other in an alloyed
state!”"*'*I_ SAACs offer several significant advantages. Firstly, the alloying effect enables these catalysts to
retain the high catalytic activity of SACs while enhancing their structural and thermal stability"****".
Secondly, by precisely tuning the composition and spatial configuration of metal atoms, SAACs can achieve
superior control over catalytic reactions, thereby improving both selectivity and efficiency"*'*.
Additionally, SAACs exhibit exceptional thermal stability and selectivity"*****) Moreover, co-adsorption at
the active sites of SAACs can alter the energy distribution of the entire reaction, significantly boosting
catalytic activity by several orders of magnitude**’.
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The advantages of alloy-based catalysts in the CO-SCR reaction are increasingly evident. In the case of IrRu
alloy catalysts, the incorporation of Ru can suppress the agglomeration of Ir particles and provide more
active sites for NO adsorption"*”"*. Ru also facilitates the CO oxidation process at lower activation energy
barriers while enhancing the oxidative resistance of Ir"*”**l. The synergistic effect between Ir and Ru is
attributed to the inherent properties of the IrRu alloy phase, rather than to the individual activities of
isolated Ir or Ru species"*. In SAAs, small amounts of active metals are well distributed on the surface of
another metal, enhancing catalytic activity via stronger metal-metal bonds or metal-NO interactions"*"'**.
In studies of Ir-doped Ni (110), the doping of Ir significantly reduced the formation barrier of N, and

increased the barrier for N,O formation, thereby improving N, selectivity"*.

In these SAACs, isolated noble metal atoms exhibit unique reactivity, while interactions with surrounding
metal atoms contribute to enhanced catalytic performance in a variety of reactions"*". Xing et al. prepared a
series of CuPd alloy NPs supported on ALO, and evaluated their catalytic performance in the NO reduction
reaction"”. The Cu and Pd atoms were uniformly distributed, with Pd atoms isolated by Cu atoms
[Figure 10A and B]. Among these, Cu,Pd/ALO, exhibited complete NO conversion to N, at 200 °C
[Figure 10C]. The outstanding performance was attributed to the synergistic interaction between Cu and
Pd. Under conditions with O, or O, + C,H,, Cu.,Pd/ALO, demonstrated higher performance than both Cu/
Al,O, and Pd/ALO, [Figure 10D]. The strong adsorption of NO inhibited CO adsorption on Cu, while the
presence of Pd enhanced the adsorption of CO on Cu, simultaneously weakening the adsorption of NO. Cu
atoms facilitated N-O bond cleavage by capturing oxygen atoms. Meanwhile, Pd doping destabilized
ONNO dimers, lowering the activation energy for the formation of N,O intermediates and promoting its
decomposition into N,.

Alloying different metals can alter the electronic and coordination environment of active metals, thereby
enhancing both catalytic activity and selectivity"*. In Pd-based bimetallic catalysts (PdM/ ALO,: M = Cu,
In, Pb, Sn, and Zn), PdCu exhibited higher NO conversion, while PdIn showed superior N, selectivity"*”.
The PdIn/ Al,O, catalyst demonstrated excellent N, selectivity at 200 °C. By replacing a portion of In with
Cu, a Pd(In, Cu,) pseudo-binary alloy structure was formed, further enhancing the catalytic performance
[Figure 10E]. The optimized Pd(In,.,Cu,,,)/ALO, catalyst achieved complete NO conversion to N, at 200 °C
[Figure 10F]. Cu substitution improved the adsorption and dissociation of NO, enhancing high-
temperature activity. In the presence of O,, CO reacted more readily, but residual NO reduced the NO
conversion [Figure 10G]. By partially substituting Pd in PdIn with Pt, the metallic state of In could be
retained [Figure 10H]"*. During the rich-lean cycle (air-fuel equivalence ratios » = 0.75/1.25),
Pd-Pt-In/CeO, exhibited good stability at 300 °C, while Pd/CeO, and PdIn/CeO, showed a sharp decline in
NO removal efficiency under lean conditions.

Single-atom-cluster/nanoparticle catalysts

In the case of complex reactions or systems, SACs may have limited capability to regulate catalytic activity
and selectivity due to their structural simplicity and the absence of necessary synergistic active sites.
Additionally, variations in the adsorption energies of different reactants may promote certain reaction steps,
while subsequent step may require distinct active sites, thereby limiting the overall catalytic efficiency"*. To
overcome these limitations, integrating SAs, clusters, and NPs into a unified heterogeneous catalyst can
enhance performance through synergistic effects and electronic structure tuning | This approach can
involve either the combination of SAs and NPs of the same element"*'”*”*), or the combination of SAs and
NPs from different elements [Figure 11A-C]""*. The NPs can be metal particles or metal oxides. When SAs,
clusters, and NPs are combined, the active metal components distribution in terms of size, morphology,

[170-172

local coordination environment, and the surrounding electronic states of active sites can be adjusted
through coupled synergistic interactions, thus influencing catalytic performance [Figure 11D]"”\. The
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Figure 10. (A) Mapping of Pd and Cu elements in CusPd/Al,O; catalyst; and (B) high-resolution image of a single NP; (C) NO conversion
to N, over Pd-Cu catalysts and (D) comparison of NO reduction in the presence of O, and C;H, (5,000 ppm NO, 5,000 ppm CO, He
balance, 80,000 h™)"®*!. Copyright 2019, The Royal Society of Chemistry; (E) Models of NP PdIn and Pd(In,,M,); (F) NO conversion and
N, selectivity on different Pd-In, Cu,/Al,O, catalysts (5000 ppm NO, 5,000 ppm CO, He balance, 240,000 h™ "7 Copyright 2019,
The Royal Society of Chemistry; (G) NO-CO-O, reaction on Pd-M/CeO, catalysts after five rich-lean cycles at 300 °C (5,000 ppm NO,
10,000 ppm CO, 0-7,500 ppm O,,He balance, 40,000 h™: (H) Model structure of (Pd,,Pt)In and the role of each metal in the
catalysis"™®. Copyright 2020, American Chemical Society. NP: Nanoparticle.

heterogenization of the surface structure offers distinct advantages in complex multiphase catalytic
reactions.

Liu et al. developed a dual-active-center catalyst, which integrated Co SAs and CoO, nanoclusters (NCs) on
Ce,,sZ1,,.0, (CZO) support [Figure 12A and B]"”. The DFT calculations showed that Co SAs primarily act
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as adsorption sites for CO, while CoO, clusters preferentially adsorb and activate NO. This catalyst
demonstrated over 99.7% NO conversion and 100% N, selectivity at 250-400 °C under 5 vol.% O, conditions
[Figure 12C and D]. Moreover, the Co SAs and CoO, clusters exhibit stronger adsorption to NO than to H,
O and SO,, providing excellent resistance to H,O and SO, poisoning. The unique synergistic effect between
Co SAs and CoO, clusters was identified as the key factor for the high CO-SCR performance of the Cog, +
C00,,c/CZO catalyst.

In single-atom-cluster/NP catalysts, the electron-deficient SA sites and the electron-rich NP sites can
selectively adsorb different reactants and cooperate catalytically in the reaction®”. Yang et al."™!
successfully synthesized Rh SAs and clusters on Rh/TiO,/Ti catalysts [Figure 12E]. The 8Rh/TiO,/Ti catalyst
achieved 100% NO conversion in the presence of O, at 190 °C. Additionally, it maintained a certain catalytic
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activity under different O, concentrations. The analysis revealed that the reactants NO and CO were
selectively adsorbed on the Rh, clusters and Rh, SAs, respectively, alleviating the competitive adsorption
between NO and CO [Figure 12F and GJ. The electronic interaction between SA and NP/cluster sites plays
an important role in modulating the electronic structure"*""*.

In three-way catalyst (TWC), Rh acts as an electron donor, while Pd serves as an electron acceptor. This
electron transfer between the two metals influences the catalytic performance™®. In single-metal-based
catalysts, systems with Pd SAs and Pd NPs can be used. The difference in electronegativity can drive
electron transfer from Pd, to Pd, sites, enabling the TWC reactions as Pd-Rh catalysts while reducing the
use of valuable Rh [Figure 12H]. Moreover, the structure of single-atom-cluster/NP catalysts can transform
under different reaction conditions, and such dynamic changes can significantly influence catalytic
performance. Liu et al. systematically studied the dynamic structural changes of CuO species during redox
processes®!. The 04CuAl sample, after treatment with hydrogen, showed a large number of Cu NCs. After
oxidation in dry air, the 04CuAl-HO sample retained a large number of Cu clusters. However, oxidation in
wet air resulted in most of the Cu being present as atomically dispersed Cu*" in the 04CuAl-HW sample,
with a few CuO clusters remaining [Figure 121].

Comparison of different single-atom catalyst systems

Different types of SAC systems exhibit distinct structural features, electronic properties, and catalytic
behaviors in CO-SCR reactions. A clear understanding of their respective advantages and limitations is
essential for rational catalyst design [Table 2].

Conventional SACs provide high atomic utilization and uniform active sites, offering an ideal platform for
mechanistic investigations. Their well-defined structures allow for precise control over reaction pathways.
However, the isolated nature of SAs limits their ability to activate multiple reactants cooperatively, which
may reduce performance under complex conditions. Negatively charged SACs, formed through electron
transfer between the metal and support, enhance NO adsorption and promote low-temperature activity.
These catalysts also demonstrate improved resistance to O, and SO, poisoning due to their modified
electronic structure. Nevertheless, maintaining a uniform charge distribution across the surface remains
challenging. DACs introduce synergistic effects between two neighboring atoms - either of the same or
different elements - thereby facilitating multi-step reactions and improving metal loading. The main
limitations lie in their complex synthesis and structural instability under harsh reaction conditions. Singly
dispersed bimetallic site catalysts integrate two different metal atoms into isolated sites, tuning local
electronic environments and adsorption energies. This leads to improved NO activation and higher
selectivity. However, the synthesis process is typically more demanding, and thermal stability is a concern.
SAACs embed SAs into alloy NPs, balancing high activity with enhanced stability. The alloying effect
optimizes intermediate adsorption/desorption behavior, though the catalyst’s performance can be highly
sensitive to the precise alloy composition and surface arrangement. Single-atom-cluster/NP catalysts
combine atomically dispersed species with clusters or NPs to broaden the range of active sites and improve
reaction selectivity in complex gas environments. The major drawback is the difficulty in controlling the
interfacial interactions between SAs and larger metal domains, which may lead to performance
inconsistency or partial sintering.

In summary, each SAC system has its own strengths tailored to specific operating conditions. The choice of
system should be based on the targeted reaction environment, temperature, gas composition, and durability
requirements. Continued exploration of synthetic strategies, stability control, and MSIs will be key to
advancing the design of next-generation CO-SCR catalysts.
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Table 2. Comparison of different types of SAC systems

SAC type Key features

Advantages

Disadvantages

Isolated metal atoms on
supports

Conventional SACs

Negatively charged Charge transfer from support
SACs to metal
DACs Homonuclear or heteronuclear

metal pairs

Two different atoms co-
dispersed and isolated on

Singly dispersed
bimetallic sites

support
SAACs Single atoms embedded in
alloy NPs
Single-atom- Atomically dispersed species
cluster/NP combined with clusters or
catalysts nanoparticles

High atom utilization; well-
defined sites; enables detailed
mechanistic study

Enhanced NO adsorption; good
0,/S0, resistance; better low-
temp activity

Synergistic effects; improved
multi-step reaction performance

Tunable electronic structure;
enhanced NO activation and
selectivity

Combined activity and thermal
stability; alloy effects optimize
reactivity

High activity in complex systems;

broadened adsorption and
activation scope

Lack of cooperative sites; limited performance in
complex multi-step reactions

Difficult to control uniform charge distribution across
catalyst surface

Challenges in precise characterization and control of
dual-atom active sites; complex synthesis; limited site
stability under reaction conditions

Complex synthesis process; challenging atomic-scale
characterization

Performance highly dependent on alloy composition
and surface structure

Difficult to control interface structure; potential for
sintering or performance inconsistency

SAC: Single-atom catalyst; SAAC: single-atom alloy catalyst; NP: nanoparticle; DAC: dual-atom catalyst.

DISCUSSION AND OUTLOOK

To comprehensively promote the development and application of SACs, this section discusses their key
progress and challenges from three perspectives: (1) the design and synthesis of SACs, with emphasis on
atomic-level control and scalable production; (2) the industrial applications and limitations of SACs,
particularly under complex operating environments; and (3) future research trends, including innovative
catalyst structures, advanced characterization, and theoretical insights. These aspects collectively provide
guidance for the practical and sustainable advancement of SAC technologies.

Design and synthesis of single-atom catalysts
SACs offer a platform for precise catalysis, enabling the design of catalysts at the atomic level. The main
focus is to achieve atomic-scale control over active sites to optimize reaction activity and stability"**.

Design strategies for SACs

Effective SAC design hinges on the precise manipulation of active sites. This can be achieved through
manipulating the spatial configuration of active atoms"*"*), fine-tuning the distances between active
), and modifying the coordination environment of these atoms [Figure 13A]"*. In recent years,
interface adaptation strategies have emerged, such as designing dual-atom structures with specific metal

188

atoms!

distances to optimize catalytic performance"™"*". The chemical environment of metal atoms in SACs,
including coordination structures and interactions with support, significantly influences their electronic
properties and catalytic activity”**>"*". Developing methods to precisely regulate these environments and
achieve long-term stability of surface species and active sites is a key direction in catalyst design.

Synthesis Methods for SACs

The synthesis of SACs typically uses techniques such as impregnation"*, ALD""*”, dissolution-and-
carbonization™ and cation exchange"”. In terms of catalyst stability, dispersion and scalability, each
method presents distinct advantages and limitations. Bottom-up synthesis methods, such as chemical
adsorption, co-deposition, and high-temperature treatments, establish strong MSIs that promote the
dispersion and stabilization of SAs®™!. Top-down methods, on the other hand, convert bulk metals or NPs
into stable SAs”. For example, mixing ceria powders of different forms with Pt/La-AlLO, catalysts and
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NPs after physical mixing of ceria with Pt/La-AIZO3[202].Copyright 2016, AAAS; (C) Schematic of the preparation of Pt,/Co SAACs via
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treating them at high temperatures results in the formation of Pt SAs on the ceria support [Figure 13B]"*.

Reported synthesis methods have achieved kilogram-scale production. A widely used method is mechanical
chemical synthesis, which uses mechanical energy to facilitate the physicochemical transformation and
chemical reactions between precursors®”.. This method is particularly attractive due to its scalability, high
catalyst yield, and broad applicability. For example, Gan et al. synthesized kilogram-scale Pt,/Co SAACs
using ball milling [Figure 13C]"***. By altering the metal precursors, they demonstrated the preparation of
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different co-loaded noble metal SAACs (M,/Co, M = Pd, Ru, Ir, Rh). Kilogram-scale SACs, such as
Au,/Ce0,™, Pd,/FeO,”, and Pd,/ZnO"", have also been successfully synthesized. Qu et al. used the gas
migration approach to directly emit SAs from bulk metals and form Cu(NH,), complexes under ammonia
gas, which were then captured by defects on ZIF-8 to produce SACs [Figure 13D]®>*.

Increasing metal loading in SACs often causes atom aggregation and NP formation, which compromises
atomic dispersion and catalytic efficiency. This challenge arises from limited anchoring sites and the
inherent instability of isolated atoms during synthesis and operation. To address this, advanced strategies
such as nitrogen-rich coordination environments"*****"*) and negative-pressure annealing treatments"*"”
have been employed to stabilize high-density SAs. For instance, Xiong et al. synthesized SAS-Fe catalysts
with a loading of up to 30 wt.%", and Chang et al. reported 17 SACs with loadings exceeding 20 wt.%,
enabled by high levels of nitrogen doping and optimized local coordination environments®”. However, high
metal loading is not the ultimate objective - catalytic performance and long-term stability are of greater
importance. Without metal-support interactions, high-loading SACs may suffer from serious aggregation

and reduced durability under practical conditions.

Large-scale production for SACs

To enable large-scale, continuous production, extensive efforts have been made to establish scalable and
reliable fabrication processes for SACs. One strategy involves atomizing precursor solutions, which are then
sprayed onto supports and annealed to produce SACs [Figure 13E]*"*. This method is highly versatile and
has been successfully used to synthesize 19 types of SACs, including SAACs, DACs, and bimetallic SACs, all
in a continuous production setting. Emerging synthesis methods, such as pyrolysis®"? and photochemical
methods™, are also under development. These techniques offer new possibilities for achieving efficient,
cost-effective and environmentally friendly production of SACs.

Although current synthesis methods can produce SACs at large scales, achieving efficient, simple, and
scalable production remains a significant challenge. The future of SAC development will center on
addressing challenges related to large-scale, sustainable, and green production processes. In conclusion, the
design and synthesis of SACs are entering a new era of precision, where atomic-level control and scalable
production are keys to realizing their industrial applications.

Industrial applications and challenges of single-atom catalysts

The transition from laboratory-scale synthesis to industrial application presents significant challenges
related to the cost, stability, reproducibility, and large-scale production of catalysts. While SACs exhibit
excellent performance at the laboratory scale, issues such as non-uniform distribution, high production
costs, and low efficiency hinder their large-scale adoption. Industrial catalysts, particularly those used in
heterogeneous catalysis, often operate in more complex environments, involving multiple phases, multiple
states, and multiple scales. These catalytic systems encompass active particles, porous supports, catalyst
particles, and reactor components, all of which must be carefully integrated”**"”. In industrial catalysis, the
design of the reactor and the compatibility of the catalyst are key factors for successful application".
Additionally, factors such as the catalyst surface structure, pore configuration, and reaction atmosphere
significantly influence reaction kinetics and product selectivity***’.,

From an industrial application standpoint, catalyst stability and space-time yield are the two most critical
concerns™'. (1) Stability: Catalysts, especially SACs, tend to lose activity under high-temperature or
oxidative conditions, a common scenario in industrial applications. Despite their superior catalytic activity
at lower temperatures, SACs are prone to sintering or aggregation over prolonged use, which significantly
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diminishes their catalytic performance®. Ensuring the long-term stability of the SA structure is thus a
critical challenge for industrial applications. Strategies such as defect engineering, spatial confinement, and
ligand design can enhance the stability of the active sites, suppress aggregation, and improve both the
activity and durability of the catalysts”***; (2) Space-time yield: Space-time yield, which measures the
productivity of a catalyst per unit volume per unit time, is a key indicator of the economic efficiency of
industrial catalysis. In large-scale applications, SACs typically exhibit lower space-time yields compared to
traditional NP catalysts”. Increasing the density and improving the distribution of active sites in SACs,
along with exploring new synthesis methods, is crucial for achieving high-yield, well-dispersed SACs that
maintain excellent catalytic performance across various reactions, thereby enhancing industrial
productivity.

SAC:s offer significant environmental and economic benefits due to their 100% atomic utilization and fully
exposed active sites. Traditional catalysts often suffer from deactivation due to sintering or poisoning, which
results in their disposal. These discarded catalysts, especially those containing noble metals, can contribute
to environmental pollution, contaminating soil and water””. By designing recovery systems that convert
used catalysts back into their SACs form, we can minimize the need for catalyst replacement, reduce
production costs, and lower waste disposal expenses. This approach also reduces the environmental impact
of discarded catalysts®***. For instance, using nitrogen-doped carbon-based thermal atomization
techniques™”, sintered noble metal particles can be redistributed into isolated atoms, recovering their
catalytic activity.

As catalyst synthesis techniques continue to improve and production scales expand, SACs are expected to
demonstrate significant environmental and economic benefits across various industrial fields, including
automotive exhaust treatment, industrial waste gas processing, wastewater treatment, and energy
conversion. This highlights the promising potential of SACs in driving both environmental sustainability
and economic efficiency.

Future directions and research trends

With the continuous advancement of catalytic technology, future research on SACs will focus on innovative
catalyst design, the enhancement of multifunctionality, and a deeper understanding of catalytic
mechanisms™'. SAACs, through the synergistic effects between metals, provide optimized catalytic activity
across multiple reaction pathways. These catalysts not only regulate the selectivity of reactions but also
exhibit excellent stability and efficiency in complex reaction systems. In addition, significant progress has
been made in the study of single-atom nano-island catalysts”***. Nano-islands comprise small particles
distributed on the support surface, where SAs can selectively adsorb. This structural design effectively
enhances the thermal stability of SAs, preventing their agglomeration under high-temperature reaction
conditions, while optimizing the electronic structure to improve catalytic selectivity and efficiency.

With the continuous improvement of experimental equipment, especially the development of aberration-
corrected high-resolution transmission electron microscopy (AC-HRTEM), the structure of individual
atoms can now be captured with precision, providing a solid foundation for the rational design of SACs and
the concept of catalysis. Future research will rely on more precise characterization techniques to reveal the
microstructure and reaction processes of catalysts””***. For example, AC-HRTEM can reveal the atomic-
level structure of catalysts, analyzing the distribution and morphological changes of active sites**;
synchrotron radiation technology can explore changes in the catalyst surface, oxidation state, and
coordination structure®***; while in situ Raman spectroscopy can capture dynamic processes during
catalytic reactions and establish dynamic characterization methods at the atomic/molecular scale®*.
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Additionally, in situ characterization techniques, such as in situ transmission electron microscopy (TEM),
can observe the structural evolution of catalysts and the changes in reaction intermediates under reaction
conditions””. These advancements will provide robust support for the design, optimization, and practical
application of catalysts.

Theoretical calculations also provide valuable guidance for the design of SACs. Compared to traditional
nano-catalysts, SACs have a more uniform atomic configuration, allowing methods based on DFT to more
accurately simulate the catalytic mechanisms and changes in active sites during reactions”****". Future
research should strengthen the integration of theoretical calculations and experimental validation,
particularly in the fine-tuning of catalytic reactions and optimization of catalytic performance, using
computational results to predict the behavior and reaction mechanisms of catalysts”*. Furthermore,
theoretical studies should explore the interaction between reactants and catalyst surfaces and the stability of
active centers, promoting the design and optimization of catalysts under various reaction conditions. In
addition, machine learning is emerging as a powerful tool for accelerating the discovery of SACs, enabling
rapid screening of active site structures, prediction of catalytic performance, and identification of optimal
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material combination |. By combining theoretical calculations with dynamic characterization
techniques, catalysts can be precisely designed for a wide range of reaction environments, ensuring their
efficiency and stability™*.

The future development of SACs will rely on the synergy among catalyst design, advanced characterization,
and theoretical calculations. The rational design of SAACs and nano-island structures enhances stability
and selectivity, while cutting-edge characterization techniques provide atomic-level insights into structural
evolution. Meanwhile, theoretical calculations guide experimental optimization by predicting catalytic
behaviors. The integration of these approaches will deepen mechanistic understanding and accelerate the
practical application of SACs.

CONCLUSION

This review summarizes the application and progress of SA catalytic systems in CO-SCR reaction. It begins
by introducing various types of SACs, including conventional SACs, negatively charged SACs, DACs, singly
dispersed bimetallic sites catalysts, SAACs, and single-atom-cluster/NP catalysts. The unique properties of
each catalyst and their application in CO-SCR are discussed in detail.

SACs promote the adsorption and activation of NO through synergistic interactions between the SAs and
the support, lowering the activation energy of NO reduction. This results in reaction pathways that differ
from those of NP catalysts, exhibiting significantly higher catalytic activity. Additionally, modifications of
the local structure of SAs (such as coordination environment and electronic structure) can influence the
formation of intermediate species, further enhancing catalytic performance. Negatively charged SACs, due
to the charge transfer between metal atoms and supports, demonstrate stronger NO adsorption ability. This
electronic transfer leads to higher catalytic efficiency in NO reduction and alters the binding strength at the
active sites, enhancing resistance to O, and SO, poisoning. DACs demonstrate important synergistic effects
in CO-SCR reactions. The interactions between the two metal atoms significantly boost catalytic activity,
with high metal loading typically offering better performance than SACs. Moreover, adjusting the acidity/
redox properties of the dual-metal sites can effectively reduce their affinity for H,O and SO,, enhancing the
resistance to H,O and SO, poisoning. Singly dispersed bimetallic sites catalysts, by incorporating a second
metal, optimize the electronic structure of the single-metal catalyst, improving catalytic properties. During
the reaction, the M| A, site plays a critical role in the adsorption and activation of NO, weakening the N-O
bond and lowering the activation barrier for N,O decomposition, which further enhances catalytic activity.
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SAACs combine the high activity of SACs with the superior stability of alloy catalysts. The co-adsorption of
active sites changes the energy distribution of the reaction, increasing the NO adsorption capacity and
facilitating N-O bond cleavage. The presence of the second metal also enhances the oxidation performance,
further improving catalytic activity and selectivity. Single-atom-cluster/NP catalysts combine the advantages
of both SAs and clusters/NPs, making them particularly effective in catalytic processes involving multiple
reactants or complex reaction conditions. The synergistic effect between SAs and clusters/NPs alleviates the
competitive adsorption of NO and CO on the catalyst surface, regulating the electronic structure and
improving catalytic efficiency. Overall, the application of SACs in CO-SCR reactions demonstrates
significant advantages, optimizing reaction pathways and enhancing overall catalytic performance.

As catalyst design and synthesis techniques progress, future research will focus on enhancing catalytic
performance by tuning the spatial arrangement of metal atoms, coordination environment, and MSIs.
Despite the outstanding catalytic performance of SACs under laboratory conditions, their industrial
application still faces many challenges, particularly related to catalyst stability, production costs, and
scalability. With the continued advancement of high-resolution microscopy and computational tools, future
research will place more emphasis on the structural characterization and mechanistic elucidation of
catalysts. The integration of theoretical calculations and experimental results will provide crucial guidance
for optimizing catalyst design.

In conclusion, even though SACs show great potential in CO-SCR reactions, their practical industrial
application still faces several challenges. Future research will focus on optimizing catalyst design and
synthesis methods, improving catalyst stability and industrial scalability, and addressing key issues related to
large-scale production. These efforts will drive the broader application of SACs in environmental protection
and energy conversion.
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