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in noble metal-based catalysts for
CO oxidation
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Carbon monoxide, one of the major pollutants in the air, is mainly produced due to the incomplete

combustion of fossil fuels such as coal and oil. Among all the techniques developed for removing CO,

catalytic oxidation has been considered one of the most effective approaches, and the commonly used

catalysts include metal oxides and noble metals. Noble metal attracted extensive attention due to its

good catalytic performance at low temperatures and high resistance to poisoning. The review

summarizes the recent advances of noble metals including Pt, Pd, Au, Ru, Rh, and Ir in CO oxidation. The

effect of support, metal doping, the particle size of noble metals, and the hydroxyl groups on CO

oxidation is discussed. Besides, the metal-support interaction on the stability and activity is also involved

in this review. Finally, the challenges and opportunities of supported noble metal catalysts in practical

CO oxidation are proposed.
1 Introduction

Industrial exhaust and automobile exhaust have become the
primary sources of atmospheric pollution, and CO is one of the
most abundant components in exhaust gas.1–6 CO is mainly
produced from the incomplete combustion of fuel in oxygen-
decient conditions. It was reported that 90% of the CO emis-
sion in urban areas is frommotor vehicles. CO is also derived to
numerous environmental and health issues. For example, when
the CO concentration in the environment reaches 0.1% above,
humans may be poisoned and die within minutes. Therefore, it
is essential to nd an effective method to purify CO. Among all
the techniques, catalytic oxidation is one of the simple, inex-
pensive, and effective methods to remove CO. Besides, CO
oxidation was considered an important probe reaction to
investigate the structure and metal-support interaction of the
supported catalysts. In the past few decades, transition metal
oxides and noble metal catalysts have been developed for the
catalytic purication of CO. Among them, noble metal catalysts
received much attention due to their excellent low-temperature
CO oxidation activity.7–11 For example, it was reported that the
supported Au nanoparticles could oxidize CO even at −70 °C,
though the bulk Au is generally inert.12 Pt and Pd have been
extensively applied as the main components of three-way cata-
lysts to purify CO in diesel vehicle exhaust. Apart from the
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purication of CO emitted from the industrial exhaust and
automobile exhaust, the selective removal of trace amount of
CO in H2-rich conditions is vital for H2 fuel cell, as the H2

produced from methane streaming and water gas shi reaction
usually contains a low concentration of CO, which deactivated
the Pt electrode in the proton-exchange membrane fuel cells. In
this scenario, the key was to fully remove CO without H2

oxidation. Various catalyst including both noble and non-noble
catalysts have been developed for preferential CO oxidation. It
was recently reported that single-atom catalysts showed decent
preferential CO activity, which might be due to the relatively
weak H2 activation ability. On the other hand, the stability of the
single-atom catalysts remains challenging. The coordination
unsaturated single-atom noble metal species tend to aggregate
into nanoparticles under reductive conditions. A knowledge gas
on how to develop a catalyst with high stability, activity and
selectivity for CO preferential CO still existed. The noble metal
species were generally supported on metal oxides in those
catalysts. Apart from the intrinsic properties of noble metal, the
characteristics of the metal oxides also signicantly affected the
CO catalytic oxidation performance.

This paper reviewed the recent progress of supported noble
metal catalysts (including Pt, Pd, Au, Ru, Rh, and Ir.) in CO
catalytic oxidation. Although some reviews have summarized
the progress of supported catalysts in CO oxidation, a compre-
hensive review of the recent advances (particularly past three
years) of noble metal-based catalysts in CO oxidation is still
limited Table 1. This review critically reviewed the characteris-
tics of different supported noble metal catalysts and the key
factors affecting CO catalytic oxidation are discussed, including
catalyst carrier, dopant, metal particle size, hydroxyl group, etc.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The CO oxidation performance of parts of noble metal-based catalysts reported in the literature

Catalysts

Reaction conditions

CO conversion
(%)

Temperature
(°C) Ref.

Temperature
(°C)

WHSV
(mL g−1 h−1)

CO
(ppm)

O2

(%)

0.5%Ptn/ND@G 30–200 12 000 10 000 1 100 120 13
Pt/TiO2 60–160 47 900 8000 16 100 100 14
4.5%Pt/CeO2 50–500 60 000 1000 10 50 85 15
CoOx/Pt/CeO2 −50–85 75 000 10 000 20 100 20 16
Pt-CD/Al2O3 −80–80 18 000 10 000 1 100 −20 7
1%Pt-2%Bi/SiO2 20–160 134 000 10 000 20 100 100 17
1%Pt/SiO2 20–160 134 000 10 000 20 100 150 17
0.1%Pt/Sb–SnO2 100–450 120 000 10 000 1 100 240 18
0.1%Pt/SnO2 100–450 120 000 10 000 1 100 270 18
0.1%Pt/SiO2 100–450 120 000 10 000 1 100 270 18
Pt/CeO2 50–250 80 000 6000 0.6 100 180 19
Pt/Nb2O5 50–250 80 000 6000 0.6 14.9 180 19
Pd/CeO2(111) 50–300 60 000 20 000 2 100 150 20
Pd/CeO2(100) 50–300 60 000 20 000 2 100 200 20
Pd/CeO2–SnO2-800 −10–450 240 000a 2000 1 50 45 21
Pd/CeO2-800 −10–450 240 000a 2000 1 50 60 21
Pd/Ce0.3Zr0.7O2 100–300 600 000 10 000 0.5 50 134 10
Pd/Ce0.7Zr0.3O2 100–300 600 000 10 000 0.5 50 163 10
Pd1@HEFO 50–300 40 000 10 000 20 100 170 22
Pd@CeO2 50–300 40 000 10 000 20 100 253 22
Pd/a-Fe2O3 −50–250 15 000 10 000 20 100 120 23
Pd/g-Fe2O3 −50–250 15 000 10 000 20 100 80 23
Pd/MnOx–CeO2 50–450 40 000a 20 000 5 100 50 24
Co0.24Pd0.76 25–200 60 000 10 000 4 100 110 25
Au3Pd7/TiO2 50–250 48 000a 1000 10 50 139 26
PdFe/CeO2-HT 25–160 120 000 10 000 1 100 125 27
Pd-SBA-15 40–180 30 000 40 000 20 100 115 28
Au–Rh/NT 0–300 150 000 10 000 1 100 68 29
Au/NT 0–300 150 000 10 000 1 100 179 29
CeOx@Au/SiO2 50–450 16 000 20 000 16 100 180 30
Au/SiO2 50–450 16 000 20 000 16 100 340 30
Au/La(6.6)/HAP 40–120 60 000 10 000 1 100 60 31
Au/HAP 40–120 60 000 10 000 1 80 60 31
Au/CuO 0–250 15 000 10 000 21 100 55 32
Au/Cu2O 0–250 15 000 10 000 21 100 200 32
Ru–ZrO2 80–200 12 000a 10 000 0.5 95 100 11
Ru–TiO2 80–200 12 000a 10 000 0.5 90 100 11
5Ru/CeO2(110) 25–425 36 000 10 000 20 10 71 33
5Ru/CeO2(111) 25–425 36 000 10 000 20 10 99 33
5Ru/CeO2 (100) 25–425 36 000 10 000 20 10 96 33
Cu0.2Ru0.8/g-Al2O3 80–160 20 000 10 000 1 50 109 34
Ru/g-Al2O3 80–160 20 000 10 000 1 50 155 34
Rh/Ce-MCM-41 100–350 75 000 10 000 1 100 167 35
Rh/MCM-41 100–350 75 000 10 000 1 78 270 35
Rh1/ZnO-nw 150–400 40 000 10 000 1 100 210 8
3%Ir/BFA 0–220 20 000 10 000 1 100 20 9
2Fe/Ir/SiO2-350 20–220 18 000 10 000 1 100 80 36

a Gaseous hourly space velocity (h−1).
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This review aims to provide an overview of the practical appli-
cation of noble metal catalysts in CO catalytic purication
Fig. 1.

The conventional methods to prepare noble-metal based
catalysts including coprecipitation, impregnation, hydro-
thermal and et al. For example, it was reported that atomically
dispersed Pt1/FeOx was fabricated by co-precipitation via nely
controlling the Pt loading, pH value and temperature for CO
© 2024 The Author(s). Published by the Royal Society of Chemistry
oxidation.37 Similarly, Au single-atom and nanoparticle species,
isolated Ir species dispersed on FeOx were also fabricated via
the coprecipitation for CO oxidation,38 in which CO and O2

molecules reacted in the interface of sites through a Langmuir–
Hinshelwood mechanism. Apart from coprecipitation, other
approaches were also applied. Via optimizing the solution pH
during the synthesis procedure, atomically dispersed Pt species
was anchored on TiO2 and displayed higher CO oxidation
RSC Adv., 2024, 14, 30566–30581 | 30567
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performance than the nanoparticle counterparts.39 Zhang and
co-workers anchored isolated Pt atoms within the pore structure
of Al2O3 via a Pluronic P-123 assisted sol–gel approach for CO
oxidation.40 Other unconventional methods such photochem-
ical reduction, ame spray pyrolysis, and electrochemical
deposition were also reported for CO oxidation.41–43 The
methods to prepare noble-metal based catalysts for CO oxida-
tion is not the focus of the manuscript. The following section
will be discussed based on the type of noble metals.
2 Pt-based catalyst

Pt-based catalysts were extensively studied in CO oxidation and
have been considered as one of the most active noble metals for
CO catalytic oxidation.44–50 The following section will summa-
rize the recent progress of Pt-based catalysts in CO oxidation.
Particular effort was given to the structure–performance rela-
tionship investigation, including the effect of Pt particle size,
metal doping, the role of the hydroxyl group, and the support
effect.51–61
2.1 Effect of metal particle size

The particle size of Pt signicantly affected the activity of CO
catalytic oxidation. It is still controversial which one was more
active in CO oxidation among Pt single-atom, nanoclusters, and
nanoparticles. Beniya et al. investigated the relationship
between CO oxidation activity and the size of Pt species and
successfully established the relationship of CO oxidation
activity as a function of Pt sizes on TiO2.62 The ratio of metal to
cationic Pt atoms is linearly correlated to the CO oxidation
activity. Jia et al. loaded Pt single atoms (Pt1), clusters (Ptn), and
nanoparticles (Ptp) onto nanodiamond/graphene (ND@G)
composite carriers and explored the structure of the active sites
of the catalysts for the oxidation of CO.63 Due to the weak CO
adsorption, strong O2 dissociative adsorption of Pt clusters, and
the near 100% Pt dispersion, the fully exposed Pt cluster
(0.5 wt%) loaded on ND@G possessed optimal low-temperature
CO oxidation activity (Fig. 2a). Dessal et al. investigated the
structural stability of Pt/g-Al2O3 single-atom catalysts for CO
oxidation and their catalytic properties.64 It was indicated that
isolated Pt ions gradually aggregated to form partially oxidized
Pt clusters during the reaction. Since clusters had better activity
than isolated atoms, the formation of Pt clusters during the
reaction process or aer hydrogen treatment increased the CO
oxidation activity of Pt species. Cai et al. showed that the Pt
species on Pt/TiO2 catalyst had higher dispersion and smaller Pt
particle size aer calcination pretreatment of TiO2 at 700 °C.14

The reduced adsorption capacity of the catalyst for CO and CO2

allowed the complete conversion of CO at 100 °C, which was
40 °C lower than that of the samples without calcination
pretreatment. The concentration of noble metal on the catalyst
surface also signicantly affected the CO oxidation activity. By
increasing Pt loading, Maurer et al. increased the surface noble
metal concentration (SNMC) of the Pt/CeO2 catalyst by four
times, thereby reducing the distance between Pt species. The
high surface noble metal concentration promoted the
30568 | RSC Adv., 2024, 14, 30566–30581
formation of active Pt clusters at low temperatures. It increased
the reaction rate of CO oxidation, which further proved that the
surface noble metal concentration was the key to affecting the
low-temperature activity of the Pt/CeO2 catalyst (Fig. 2b).15 Chen
and co-workers demonstrated that CO-rich conditions induced
the reconstruction of Pt species from Pt1(CO) to Pt8(CO)9
complex using rst-principles investigation.45 Besides, a linear
scaling relationship was established between CO2 formation
rate and O adsorption energy among single atoms, clusters, and
nanocatalysts (Fig. 2c).

2.2 Elemental doping

Elemental doping is a conventional method to improve the CO
catalytic activity of Pt-based catalysts.65 Wang et al. doped BaO
as an additive into Pt/La–Al2O3 catalyst to effectively stabilized
the PtOx catalytic sites on the La–Al2O3 surface.66 The catalyst
still had almost 100% atomic dispersion aer hydrothermal
aging at 650 °C, indicating the good stability and sintering
resistance of the catalyst. Lee et al. investigated the effect of
MnOx doping on the CO oxidation activity of Pt/Al2O3 catalysts
by atomic layer deposition (ALD).67 Compared with the
unmodied Pt/Al2O3 catalyst, the addition of MnOx improved
the durability of the catalysts and inhibited the agglomeration
of Pt particles aer thermal aging at 1073 K. The modied
catalysts generated highly active Pt–MnOx interfacial sites to
increase the CO oxidation rate. Song et al. introduced transition
metal oxides (MOx, M = Fe, Co, and Ni) into Pt/CeO2 catalysts
and investigated the role of transition metal oxides in CO
oxidation.16 The variable chemical valence states of Fe and Co-
promoted the electron transfer from Pt to MOx, enhancing the
carrier's redox properties and the ability to activate oxygen
molecules. The stability of the catalysts mainly depended on the
ability of the carriers to provide oxygen. CoOx–Pt/CeO2 and
NiOx–Pt/CeO2 were highly stable under high humidity condi-
tions due to their ability to reversibly restore the reactive oxygen
species consumed by the reaction. CoOx was the optimal choice
for improving the CO oxidation performance of Pt/CeO2 cata-
lysts because it could simultaneously enhance the activity and
stability of Pt/CeO2. Nan et al. modied the Pt-based catalyst by
adding BiOx.17 The strong interaction between BiOx and Pt
resulted in PtxBiyOz clusters with excellent sintering resistance
in the CO oxidation reaction. The addition of BiOx resulted in
the formation of a unique Pt–[O]x–Bi cluster structure on the
surface of the catalysts, which allowed the efficient activation
and dissociation of oxygen molecules at low temperatures. At
the same time, this structure prevented poisoning of Pt species
due to CO supersaturation adsorption and efficiently activated
CO molecules, thereby reducing the activation energy of CO
oxidation. Liebertseder designed a TiO2–CeOx–Pt hollow cata-
lyst by a liquid-phase strategy using NaCl as a template
(Fig. 2d).44 The prepared catalyst showed stable performance in
the low-temperature CO oxidation.

2.3 Effects of hydroxyl groups

Hydroxyl species played a crucial role in improving the catalytic
oxidation of CO over Pt-based catalysts. Chen et al. synthesized
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The overview of the noble-based catalysts in CO oxidation.
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the Pt/Al2O3 catalyst by a rened colloidal deposition method
with 100% CO conversion at low temperatures.10 Structural
characterization combined with theoretical calculations
demonstrated that CO adsorbed on the kink sites of Pt(OH)x
could react with OH on the platform sites to form CO2, whereas
O2 molecules were activated on the terrace sites of Pt(OH)x to
regenerate OH groups. The kink and terrace sites of Pt species
synergy suppressed the competitive adsorption between CO and
O2, thus decreasing the reaction energy barrier for CO oxida-
tion. Similarly, they also tested the activity of the Pt/Al2O3 in CO
catalytic oxidation under hydrogen-rich conditions.68 The Pt/
Al2O3 catalyst possessed the active sites with both Pt(OH)x and
metallic Pt, weakening the competitive adsorption between CO
and H2 and facilitating O2 activation. The catalyst exhibited
100% CO conversion and 100% CO2 selectivity in the tempera-
ture range of −30 to 120 °C. Chai et al. reported that water
molecules on Pt(111) affected the low-temperature oxidation of
CO under near-ambient conditions.1 The results showed that
H2O was activated on Pt(111) to generate the key intermediates
(the reversibly adsorbed OH groups and the irreversibly adsor-
bed COOH groups), which signicantly increased the CO
oxidation in the temperature range of 290–320 K. Liu et al.
investigated the surface chemistry of ZnO/Pt(111) catalysts for
CO oxidation.69 The reaction rate of ZnO/Pt(111) was 30%
higher than that of Pt(111) in the range from room temperature
to 410 K. Meanwhile, the carboxyl groups formed at low
temperature, and the OH species located at the Pt/ZnO acted as
the intermediates and co-catalysts respectively to promote the
CO oxidation due to the synergistic interaction between ZnO
and Pt. Apart from experimental investigation, theoretical
calculations were also applied to study the effect of OH groups
on CO oxidation.60 Fig. 2e showed that the d-band center of Co
is shied from −4.14 to −3.99 eV in the presence of the OH
group, indicating the activity enhancement of Co species by OH
modication.
2.4 Support effect

The catalytic activity of Pt-based catalysts in CO oxidation is also
related to the support. Bae et al. compared the catalytic
© 2024 The Author(s). Published by the Royal Society of Chemistry
performance of Pt/Sb–SnO2, Pt/SnO2, and Pt/SiO2 catalysts with
the same Pt loading in CO oxidation.18 It was discovered that Pt/
Sb–SnO2 showed the best catalytic activity and high durability.
Further studies demonstrated that Pt/Sb–SnO2 had the most
abundant surface oxygen and was hard to form surface
carbonates during the reaction process, thus promoting the CO
oxidation reaction. Cai et al. prepared Pt/CoOx by dispersing Pt
on CoOx nanoclusters via the selective atomic layer deposition
method. The highly dispersed Pt maximized the interface and
enhanced the CO-PROX activity of Pt/CoOx, resulting in almost
100% CO conversion and CO2 selectivity at room temperature of
Pt/CoOx.70 Compared with conventional Pt/Co3O4, Pt/CoOx

exhibited weaker adsorption of CO and lower O2 activation
energy barriers, which indicated that different preparation
methods could signicantly affect the state of the active sites on
the support, thus in turn affecting the catalytic performance.
Wang et al. compared the CO oxidation performance of Pt/CeO2

and Pt/Nb2O5 catalysts.19 The Pt/CeO2 catalysts showed higher
activity than the Pt/Nb2O5 catalysts for CO oxidation due to the
easier activation of oxygen on CeO2, which has abundant oxygen
vacancies.
3 Pd-based catalysts

Apart from Pt, Pd-based catalysts were also extensively studied
in CO oxidation.71–74 The inuence of the support, bimetallic
doping, and Pd particle size will be summarized in the following
section.
3.1 Support effect

The support also markedly affected the catalytic performance of
Pd-based catalysts. Spezzati et al. demonstrated that the
different catalytic activity in CO oxidation of Pd/CeO2(111) and
Pd/CeO2(100) was mainly attributed to the difference in free
energy barriers.20 Slavinskaya et al. prepared Pd/CeO2, Pd/SnO2,
and Pd/CeO2–SnO2 catalysts and compared their catalytic
activity in CO oxidation.21 The results indicated that Pd/CeO2–

SnO2 had more active lattice oxygen and more thermally stable
PdOx(s)/Pd–O–Ce(s) clusters, which resulted in relatively better
low-temperature CO oxidation activity and excellent thermal
stability. Li et al. investigated the effect of Pd-support interac-
tions on CO oxidation performance for Pd/CeO2 and Pd/CeO2–

ZrO2 catalysts.10 As shown in Fig. 3a, the interactions between
Pd and the support were attributed to the surface reactive
oxygen species of the support. Pd existed in an ionic state on Pd/
CeO2 but in a metallic state on Pd/Ce0.3Zr0.7O2. Although the
dispersion of Pd was higher in the Pd/CeO2, the weaker
adsorption of CO by Pd in the ionic state resulted in lower TOFs.
In addition, further studies demonstrated that the pretreatment
conditions could dramatically change the Pd-support interac-
tions. The hydrothermal-aged Pd/CeO2 showed weak Pd–CeO2

interactions and poor catalytic performance, while the
hydrothermal-aged Pd/Ce0.7Zr0.3O2 exhibited higher Pd disper-
sion and excellent activity. Xu et al. synthesized a sinter-
resistant Pd single-atom catalyst Pd1@HEFO by a combina-
tion of mechanical milling and high-temperature calcination
RSC Adv., 2024, 14, 30566–30581 | 30569
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Fig. 2 (a) Relationship between the Pt–Pt shell coordination numbers and their TOF over Pt single, nanocluster, and nanoparticle. Reproduced
with permission from ref. 63 Copyright 2022, American Chemical Society. (b) The scheme of cluster formation model under reaction conditions
and the dependence of CO oxidation activity on the surface noble metal concentration (SNMC). Reproduced with permission from ref. 15
Copyright 2022, American Chemical Society. (c) Copyright 2024, American Chemical Society. (d)The synthesis of TiO2–CeOx–Pt hollow catalyst
by a liquid-phase strategy Reproduced with permission from ref. 44 Copyright 2024, Wiley-VCHGmbH. (e) The projected density of states of Co
species in CoOx/Pt(111) and HhCoOx/Pt(111).60 Copyright 2024, American Chemical Society.
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method.22 The results of characterizations indicated that the Pd
atoms were doped into the crystal lattice of HEFO through the
formation of stable Pd–O–M (M = Ce/Zr/La) bonds. Compared
with conventional Pd@CeO2 catalysts, Pd1@HEFO showed
higher reducibility of lattice oxygen and had more stable Pd–O–
M species, resulting in superior CO oxidation activity and better
thermal stability. Wang et al. prepared Pd/Fe2O3 catalysts with
different Fe2O3 crystal types by deposition precipitation method
and found that Pd/g-Fe2O3 showed better catalytic performance
than Pd/a-Fe2O3 in CO oxidation.23 Further characterization
showed that the strong interaction between Pd and g-Fe2O3

increased the concentration of Fe2+, promoted the redox cycle
between Fe3+ and Fe2+, and facilitated the activation of oxygen
molecules, thus exhibiting higher catalytic activity for CO
oxidation. In contrast, when Pd was loaded on a-Fe2O3, the
carbonate and bicarbonate species were easily formed on the
catalyst surface, which inhibited the oxygen activation process,
resulting in lower catalytic activity. Wang et al. investigated the
low-temperature CO oxidation activity of Pd-doped MnOx–CeO2

(MC) solid solution catalysts.24 In the process of calcination,
highly dispersed PdO that exhibited catalytic activity toward CO
oxidation was formed on CeO2 and MC supports. However, Pd2+

on CeO2 would be reduced to Pd0 during CO oxidation, whereas
MC can promote the transfer of lattice oxygen and thus stabilize
Pd2+. In addition, CO/O2 transient pulse experiments conrmed
that MC showed higher reducibility than CeO2 and could
facilitate CO oxidation at 50 °C.
30570 | RSC Adv., 2024, 14, 30566–30581
3.2 Bimetallic catalysts

Pd-based bimetallic catalysts are also widely used in CO oxida-
tion reactions.76 Wu et al. investigated the surface evolution of
CoPd alloy nanoparticles under CO oxidation reaction and
revealed the correlation between its catalytic activity and surface
composition.25 The synergistic effect between Pd and CoOx

promoted the CO oxidation activity of the bimetallic catalysts,
as Co was biased to the nanoparticle surface in the form of CoOx

during the CO oxidation reaction, and CO at high temperatures
led to themigration of Pd to the surface. Further studies showed
that this synergy could be further optimized by adjusting the
ratio of Co/Pd, and the results showed that Co0.24Pd0.76 had the
best CO conversion at low temperatures. Toghi and coworkers
synthesized bimetallic AuxPdy nanoparticles with different Au :
Pd ratios and loaded them on TiO2.26 The strong electronic
interactions existed between Au and Pd due to interatomic
charge transfer and electronic modication in the d-bands of Au
and Pd. In this bimetallic catalyst, Pd atoms adsorb and activate
O2 molecules, while CO is adsorbed at both Au and Pd sites, and
the synergistic interaction between Pd and Au atoms results in
the highest catalytic activity in CO oxidation over the Au3Pd7/
TiO2 catalyst. Choi et al. studied the inuence of hydrothermal
treatment on the activity of Pd-based bimetallic (Pd–Fe, Pd–Ni,
and Pd–Co) catalysts deposited on CeO2.27 The hydrothermal
treatment promoted the dispersion of Pd atoms and enhanced
the interactions between Pd atoms and transitionmetals, which
© 2024 The Author(s). Published by the Royal Society of Chemistry
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in turn improved the CO oxidation activity, resulting in the
PdFe/CeO2-HT catalysts showing the highest catalytic activity.
Grabow and co-workers examined the activity of PdCu alloy in
CO oxidation.75 As shown in Fig. 3b, the CO oxidation activity
was correlated to the binding energy of O and CO. It was pre-
dicted that PdCu3 alloys display comparable CO oxidation
activity as that of PdPt. The PdCu3 was able to achieve full
oxidation of CO below 150 °C even in the presence of H2O.

3.3 Effect of particle size

Soni and coworkers loaded small-sized (about 1 nm) Pd nano-
particles on SBA-15 by a modied deposition precipitation
method.28 The readily decomposable high-valent PdOx species
were present on the ligand-unsaturated Pd sites (Pdcus) over
smaller Pd nanoparticles. The weaker adsorption of CO on the
small-sized Pd nanoparticles promoted the low-temperature CO
oxidation activity. The CO oxidation mechanism on two
different sizes of Pd nanoparticles was illustrated in Fig. 3e and
f. Mehar and coworkers investigated the CO oxidation capacity
of catalysts prepared by depositing Pd on ordered monolayer
AgOx/Ag (111) surfaces to probe the transfer of oxygen from
AgOx to Pd and how the size of the Pd clusters affects the oxygen
transfer process.77 The results showed that the high oxygen-
ophilicity of Pd induced the transfer of oxygen atoms from AgOx

to Pd. The smaller the Pd cluster size, the more efficient the
oxygen transfer and the higher the CO oxidation activity. The
asymmetric edge sites of the Pd clusters had higher oxygen
concentrations, which in turn led to a higher CO oxidation rate
near the interface of Pd and AgOx. Liu and co-workers reported
that the transformation of Pd nanoclusters to nanoparticles
occurred in the gas containing CO and H2O.53 As displayed in
Fig. 3c, CO adsorbed on positively charged Pd species were
observed when only CO was injected to the in situ cell in
DRIFTS. On the other hand, when both CO and H2O were
injected, CO adsorbed on metallic Pd were identied indicating
the transformation of highly dispersed Pd to nanoparticles
(Fig. 3d).

4 Au-based catalysts

Bulk Au with lled d-orbital electrons showed lower activity for
O2 activation and therefore displayed lower oxidation
activity.78,79 However, when the Au particle downsized to the
nanoscale, it showed excellent CO oxidation performance.80–85

Current studies on Au-based catalysts focused on the effect of
metal dopants, supported carriers, and water molecules on CO
oxidation performance.

4.1 Effect of dopant

Doping components have been justied as an effective strategy
to boost the CO oxidation performance of Au-based catalysts.
Calzada et al. prepared bimetallic AuRu/TiO2 catalysts by urea
deposition precipitation and investigated their synergistic effect
in CO oxidation.86 The activity evaluation results indicated that
the bimetallic catalysts displayed higher activity than Au/TiO2.
The Au–Rh/TiO2 catalysts prepared by Camposeco et al.
© 2024 The Author(s). Published by the Royal Society of Chemistry
exhibited superior performance to monometallic catalysts. The
results indicated that in the bimetallic system new CO adsorp-
tion sites were constructed, thereby improving the performance
of the catalyst.29 Wang et al. modied silica-loaded Au nano-
particle catalysts with CeOx nanoparticles.30 The CeOx nano-
modication signicantly boosted the concentration of Aud+ on
the surface of Au nanoparticles, leading to better activity and
stability of CeOx@ Au/SiO2 catalysts than Au/SiO2. Manzorro
et al. prepared CeO2-modied Au/Y2O3–ZrO2 catalysts and
elaborated that an atomic layer thickness of CeO2 was generated
on the surface of Y2O3–ZrO2 microcrystals. This strengthened
the interactions between CeO2 and the loaded metal, and
improved the CO oxidation activity and stability of the catalysts
at high temperatures.87 Boukha et al. investigated the CO
oxidation performance of La-modied Au/HAP catalysts under
hydrogen-enriched conditions.31 The results showed that Au
species existed in the form of Aus+ and Au+ aer La doping. The
addition of La boosted the chemisorption of CO and weakened
the interaction of the catalyst with H2 and H2O, while the
reducibility and oxygen mobility of the catalyst were also
enhanced. The catalyst with the highest content of La (Au/
La(6.6)/HAP) exhibited a CO conversion of 100% and the
widest active temperature range.
4.2 Effects of carriers

The properties of the carrier have been proven to inuence the
CO oxidation performance of the Au-based catalysts. Mochizuki
et al. synthesized Au1/NiO catalysts and investigated the rela-
tionship between the surface state of NiO and the stability of Au
monoatoms.88 The experimental results indicated that Au
monoatoms were more prone to be anchored on the surface of
NiO with Ni vacancies than on the original NiO. Au atoms were
positively charged on the NiO surface and their charge state
depended on the carrier crystal structure. In addition, Au1/NiO
displayed high catalytic stability for CO oxidation reactions.
Campbell et al. explored the relationship between the CO
oxidation activity of Au/TiO2 catalysts and the nature of the
titanium dioxide carriers.89 The amorphous TiO2 carriers
exhibited better activity than crystalline TiO2 due to the pres-
ence of more active sites. Qi et al. deposited Au nanoparticles on
Cu2O nanoparticles with different morphologies and investi-
gated the CO oxidation performance of the prepared catalysts
under hydrogen-rich and oxygen-rich conditions.32 The Au
atoms were mainly adsorbed on the surface of Cu2O, which did
not change its initial morphology and the crystal structure. The
results also revealed that Au nanoparticles smaller than 10 nm
were deposited on the CuO surface with a strong interaction,
which boosted the activity of the Au/CuO catalyst. Furthermore,
Lin et al. prepared Au-deposited Ta2O5 catalysts with different
crystalline structures (hexagonal, rhombohedral, and pyro-
chlore).90 The results demonstrated that the Au-loaded hexag-
onal Ta2O5 (TT-Ta2O5) synthesized by the hydrothermal method
possessed the highest CO oxidation activity. Further research
revealed that the differences in the catalytic activity of CO
oxidation were mainly attributed to the differences in oxygen
activation and adsorption capacity of CO when Au was loaded
RSC Adv., 2024, 14, 30566–30581 | 30571
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Fig. 3 (a) The scheme of CO oxidation on Pd/CeO2, Pd/Ce0.7Zr0.3O2 and Pd/Ce0.3Zr0.7O2 catalysts. Reproduced with permission from ref. 10
Copyright 2020, American Chemical Society. (b) CO oxidation rate contour plot as a function of the binding energy of O and CO. Reproduced
with permission from ref. 75 Copyright 2024, Wiley-VCH GmbH. DRIFTS spectra while flowing (c) CO/He and (d) CO + H2O/He on Pd/FER.
Reproduced with permission from ref. 71 Copyright 2023, American Chemical Society. The proposed scheme of CO oxidation on (e) small and (f)
large Pd nanoparticles. Reproduced with permission from ref. 28 Copyright 2020, Elsevier.
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on carriers with different crystal structures. Liu and co-workers
reported the geometric edge effect on the interface of Au/CeO2

in CO oxidation.81 Au nanoparticles were dispersed on CeO2

with various morphologies including cube, octahedron, and
nanorod, among which nanorod CeO2 showed the highest CO
oxidation activity due to the unsaturated coordination envi-
ronment, thus lowering the oxygen formation energy and
promoting the CO adsorption (Fig. 4a–f). Similarly, Au nano-
particles were also anchored on ZnO nanorod or nanopyramid
for CO oxidation.79 Au loaded on ZnO nanorod showed a lower
activation energy, thus displaying a higher CO oxidation activity
(Fig. 4g and h).

4.3 The effect of water

H2O has a signicant effect on the catalytic oxidation activity of
CO oxidation. To clarify the role of H2O on CO oxidation
performance on Au/TiO2 catalyst at low temperatures, Fujitani
et al. rst deposited Au nanoparticles on the surface of single-
crystal TiO2(110), adsorbed H2O to saturation, and then con-
ducted a temperature-programed desorption analysis.91 Two
desorption peaks were observed in the H2O-TPD spectrum: the
peak at 370 K was attributed to molecular desorption of H2O,
while the peak at 510 K was attributed to recombinative
desorption of H2O. H2O dissociated into H and OH at the
interface of Au and TiO2, and H2O dissociation and CO oxida-
tion were carried out at the same active sites. The authors
claimed that the dissociation of H2O triggered the oxidation of
CO. Tran-Thuy et al. also investigated the effect of adsorbed H2O
30572 | RSC Adv., 2024, 14, 30566–30581
molecules on the CO oxidation over Au/BN catalysts that were
calcined at different temperatures.92 The results showed that an
increase in calcination temperature promoted the dispersion of
Au particles on BN carriers. Besides, the high calcination
temperature also improved the adsorption of water molecules
on the surface, increased the defect density on the BN carriers,
and enhanced the CO oxidation activity at room temperature
and higher relative humidity conditions. The CO oxidation
activity over the Au/BN catalysts increased with increasing
relative humidity, and the TOF of the reaction at high humidity
was correlated with physically adsorbed H2O in a volcano-shape
relationship with the adsorption intensity and the density of
H2O adsorbed on the surface. The increase in TOF under high
humidity conditions could be attributed to the formation of
CO(H2O)n and H2Oad species, in which CO(H2O)n was generated
by COad on Au0 and H2Oad on BN, indicating the importance of
the Au–BN interface sites. Zhao et al. also studied the promotion
effect of H2O on the oxidation activity of CO.93 Compared to Au
nanoparticles loaded on CeO2 (Au/CeO2-NP), water signicantly
affected the catalytic performance of Au single-atom catalysts
(Au1/CeO2). In the Au1/CeO2 single-atom catalysts, the positively
charged Au atoms as electron acceptors provided a more effec-
tive active site for the reaction of CO and OH groups due to their
higher oxidation state change. On the other hand, the near zero-
valent Au interfacial atoms in the supported Au nanoparticle
catalysts were not conducive to this oxidation reaction, thus
signicantly hindering the CO + OH reaction pathway.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The CO oxidation performance over Au nanoparticles dispersed on various CeO2. The TEM images of Au dispersed on (b) octahedron,
(c) cube, and (e) nanorod. The scheme of (d) planar and (f) edge interface. Reproduced with permission from ref. 81 Copyright 2024, Springer. (g)
The activity of CO oxidation and apparent activation (h) energy barrier for Au dispersed on ZnO nanorod and nanopyramid. Reproduced with
permission from ref. 79 Copyright 2023, Elsevier.
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5 Ru-based catalysts

Though Ru was less applied in CO oxidation compared to Au, Pt,
and Pd-based catalysts, the effect of supports and metal doping
on the catalytic performance of Ru-based catalysts was also re-
ported in the literature.
5.1 Effects of supports

The nature of the carrier signicantly affected the catalytic CO
oxidation performance of Ru-based catalysts. Mohamed et al.
investigated the CO oxidation over Ru/TiO2 and Ru/ZrO2 cata-
lysts, and the results showed that the Ru–ZrO2 catalysts were
more active.11 Zhang and co-workers prepared CeO2 nanorod
© 2024 The Author(s). Published by the Royal Society of Chemistry
and nanocube via a hydrothermal method and examined the
effect of CeO2morphology on Ru nanoparticles for CO oxidation
(Fig. 5a).94 Similarly, Li et al. designed and synthesized Ru
catalysts loaded on CeO2 nano-rods (NR), nano-cubes (NC), and
nano-octahedra (NO) to investigate the effect between the shape
and exposed crystalline surfaces ((100), (110), and (111)) of the
nano-CeO2 carriers on their low-temperature CO oxidation
activity.33 As shown in Fig. 5b–e, the (111) face of CeO2 nanorods
had a higher number of defects, while the nano-cubes and
octahedra were surrounded by relatively at (111) and (100)
faces, respectively. The strong metal-support interaction
between CeO2 nanorods and RuOx species rendered RuOx to
exhibit high stability in CO oxidation reactions. Run+ species
were dominated in the 5Ru/CeO2 NR-r catalyst, and those
RSC Adv., 2024, 14, 30566–30581 | 30573
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Fig. 5 (a) The illustration for the preparation of Ru/CeO2. Reproduced with permission from ref. 94 Copyright 2022, American Chemical Society.
(b) Low-magnification TEM image and (c and d) HAADF-STEM images of Ru/CeO2NR catalyst after reduction treatment; (e) the enlarged image of
the red square shown in (d). Reproduced with permission from ref. 33 Copyright 2019, American Chemical Society. CO adsorption models on (f)
Ru12(111) and (g) Cu2Ru10 surface. Reproduced with permission from ref. 34 Copyright 2019, Wiley. (h) The reaction energy barrier and (i) CO
adsorption model on Ru(101), 1-MLRu@Pt, and 1-ML Ru@Pt(111)x/Ru

(101)
1−x catalyst. Reproduced with permission from ref. 95 Copyright 2021,

Elsevier.
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species could diffuse into the surface lattice and form a Ru–O–
Ce structure on the surface of CeO2 nanorods, promoting the
formation of oxygen vacancies. Therefore, CeO2 nanorods-
loaded Ru catalysts exhibited the strongest Ru–CeO2 interac-
tions, as well as strong reducibility and the highest low-
temperature CO oxidation activity. Qin et al.94 loaded Ru onto
CeO2 nano-rods (NR) and CeO2 nano-cubes (NC) to investigate
the effect of Ru–CeO2 interaction on CO oxidation activity. The
results showed that the interaction of Ru with CeO2-NC was
stronger than that with CeO2-NR, which promoted the activa-
tion of lattice oxygen on CeO2-NC while weakening the redox
ability of RuOx. The moderate interaction of Ru with CeO2-NR
resulted in a high redox capacity of RuOx but a weak lattice
30574 | RSC Adv., 2024, 14, 30566–30581
oxygen activation ability of CeO2-NR. Thus, the Ru/CeO2-NR
catalyst exhibited higher catalytic activity than Ru/CeO2-NC in
low-temperature CO oxidation reactions.
5.2 Elemental doping

Elemental doping also signicantly affected the CO oxidation
performance of Ru-based catalysts. Du et al. selectively depos-
ited Pt on the (001) facet of Ru while exposing adjacent Ru
surfaces by selective atomic layer deposition.95 As shown in
Fig. 5h and i, for the bifunctional faceted Pt/Ru catalysts, the
deposition of a single layer of Pt atoms on Ru (001) effectively
reduces the competitive adsorption of CO and lowers the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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reaction barriers; and the neighboring exposed Ru surfaces
have higher dissociation activity of O2, which in turn improves
the catalytic performance of the catalysts in the reaction. Huang
et al. synthesized CuxRu1−x solid solution alloyed nanoparticles,
and the CO oxidation activity of CuxRu1−x nanoparticles (x =

0.05–0.7) were all enhanced compared to Ru nanoparticles, and
the highest CO oxidation activity was observed for Cu0.2Ru0.8
nanoparticles (Fig. 5f–g).34 The Ru atoms in the CuxRu1−x

nanoparticles mainly acted as the active sites, and the Cu atom
alloying attenuates the adsorption energy of CO on Ru atoms,
thus enhancing the CO oxidation activity of CuxRu1−x

nanoparticles.

6 Rh-based catalysts

The catalyst carrier affects the effectiveness of CO oxidation on
Rh-based catalysts. Rafaj et al. investigated the oxygen exchange
properties between Rh nanoparticles and the carriers CeO2(111)
or CeO2(110) in CO oxidation.96 In a low-pressure reaction cycle
at 300–770 K, the CO2 produced by Rh/CeO2(111) and Rh/
CeO2(110) contained 53% and 70% oxygen atoms originating
from the carriers, respectively, and the oxygen mobility of
CeO2(110) was higher than that of CeO2(111). The CO desorp-
tion energy of Rh/CeO2(111) was 2.39(7) × 10−19 J and that of
Fig. 6 (a and b) The free energy of CO oxidation via the M–vK mechanism
the optimized state of the elementary step in CO oxidation, where the gr
O2, and C atoms, respectively. Reproducedwith permission from ref. 8 Co
of Ir in CO oxidation. Reproduced with permission from ref. 36 Copyright
atomRh dispersed on four heteropoly acids. (f) The proposed reactionme
acid. Reproduced with permission from ref. 98 Copyright 2019, Nature

© 2024 The Author(s). Published by the Royal Society of Chemistry
Rh/CeO2(110) was 2.28(7) × 10−19 J. The catalytic performance
of Rh/CeO2(110) was better due to the weaker CO–Rh bonding
and higher oxygen exchange activity of the catalyst. González
Vargas et al. synthesized 1 wt% Rh/Ce-MCM-41 catalyst using
mesoporous Ce-MCM-41 material as a carrier.35 In this catalyst,
the small particle size of Rh and its high dispersion on the
carrier surface, as well as the presence of silica hydroxyl groups
on the catalyst surface would produce a synergistic effect, which
enabled the Rh/Ce-MCM-41 catalyst to realize the complete
conversion of CO at temperatures close to 440 K, whereas the
reference samples Rh/CeO2 and Rh/MCM-41 were inactive at
this temperature. The mechanistic study of the low-temperature
CO oxidation reaction of Rh/Ce-MCM-41 showed that CO
adsorbed on Rh3+ clusters to form intermediate species, and
Ce4+ doped in the mesoporous MCM-41 silica structure, along
with an abundance of O–OH reactive oxygen species on the
surface. Lin et al. deposited CaTiO3 with a thickness of 1 nm on
MgAl2O4 by atomic layer deposition, SrTiO3 and BaTiO3 lms
with a thickness of 1 nm on MgAl2O4, and investigated their CO
catalytic oxidation performance as catalyst carriers loaded with
Rh.97 The interaction strengths of Rh with the three chalco-
genide lms followed the order of Rh/CaTiO3/MgAl2O4 > Rh/
SrTiO3/MgAl2O4 > Rh/BaTiO3/MgAl2O4. When Rh was loaded on
over Rh1/ZnO, Pt1/ZnO, and Au1/ZnO SACs catalysts, respectively; (c)
een, blue, red, orange, and gray balls represent Zn Rh/Pt/Au, O, O from
pyright 2019, Elsevier. (d) The effect of FeOx ALD cycling on the activity
2019, American Chemical Society. (e) The oxidation potential of single-
chanism of CO oxidation over single-atom Rh anchored on heteropoly
Publishing Group.
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MgAl2O4 or BaTiO3 lms, Rh species formed larger particles
aer redox cycling at 1073 K, but small particles were formed on
SrTiO3 lms and remained better atomically dispersed on
CaTiO3 lms. Rh/SrTiO3/MgAl2O4 showed strong oxidizing
activity for CO aer reduction at 1073 K, while Rh/CaTiO3/
MgAl2O4 showed low oxidizing activity for CO. Rh monoatomic
catalysts also showed high reactivity for CO oxidation. Han et al.
prepared Rh, Au and Pt monoatomic catalysts with ZnO nano-
wires (ZnO-nw) as carriers and studied their CO oxidation
performance.8 As shown in Fig. 6a–c, the reaction proceeds
following the Mars-van Krevelen mechanism and the dissocia-
tion of oxygen molecules at the surface oxygen vacancies is the
rate-controlling step of the reaction. Among the three noble
metals studied, the Rh1/ZnO-nw catalysts have the lowest
energy barriers, and thus they have the highest CO oxidation
activity, and the Rh1/ZnO-nw catalysts have better resistance to
high-temperature sintering. Hulsey et al. explored the active
center of Rh-HPA catalysts in CO oxidation and demonstrated
that atomically dispersed Rh-catalyzed CO oxidation follows an
unconventional M–vK mechanism and that heteropolyacid
carriers are directly involved in the reaction Fig. 6e–f.98 Rh cycles
between Rh3+ and Rh+ and the reoxidation of the carrier is
a rate-controlling step.

7 Ir-based catalysts

Hong et al. used Fe-substituted hexaaluminate as a support to
disperse Ir nanoparticles (Ir/BaFeAl11O19) for CO oxidation.9

The interaction between Ir species on the crystalline surface of
hexaaluminate and the Fe species in the matrix of support
resulted in Fe oxidation state of +2, and the moderate adsorp-
tion of CO on the Ir sites, thus the catalyst showed good catalytic
performance in the CO-PROX reaction with high conversion,
good stability, and strong resistance to CO2 and H2O poisoning.
Wang et al. adopted atomic layer deposition strategies to
selectively deposit FeOx onto SiO2 and then further loaded Ir
nanoparticles with different particle sizes (Fig. 6d).36 The
activity of FeOx-coated Ir/SiO2 samples was signicantly higher
compared to the uncoated Ir/SiO2 samples and showed
a volcano-shaped pattern as the number of FeOx deposition
cycles increased. Among them, the 1.5 nm Ir/SiO2 sample
showed the best catalytic performance by achieving the
complete conversion of CO in a wide temperature range of 60–
180 °C aer two FeOx cycles.

8 Conclusion and outlook

With the development of modern industry, the negative effect of
CO on the environment is becomingmore andmore serious. CO
catalytic oxidation is an effective approach to reducing CO.
Noble metal catalysts have been widely used for CO catalytic
oxidation due to their better catalytic performance. Most of the
current studies focused on the inuences of elemental doping,
the particle size of precious metals, carrier type, oxygen vacan-
cies, and surface hydroxyl groups on CO catalytic oxidation.
Despite the tremendous progress has been made in the design
and fabrication of noble metal-based catalysts for CO oxidation,
30576 | RSC Adv., 2024, 14, 30566–30581
the practical application of those catalysts still faces some
problems and challenges that can not be ignored. In this
section, the challenges and opportunities in the development of
efficient catalysts for CO oxidation will be offered.

(1) The stability and poisoning resistance of noble metal-
based catalysts still need to be improved. The composition of
the exhaust gases is complex, containing a certain percentage of
water vapor and SO2, etc. It was widely accepted that the SO2

poisoned and deactivated the noble metal-based catalysts to
form sulfate or sulte. The development of precious metal
catalysts with high SO2 poisoning resistance is urgent. One of
the possible strategies is to coat the noble-metal catalysts with
a thin layer of acidic metal oxides, which suppressed the
adsorption of SO2, thus protecting the noble-metal sites from
poisoning. Considering that the size of CO is smaller than SO2,
the other possible approach was to the conne the noble-metal
atoms within the small size pore of the zeolites, in which the
pore only allowed the adsorption of CO on metal sites, and
protected the noble metals from interacting with SO2. Other
strategies to enhance the SO2 resistance are still highly desir-
able. Besides, the methods to regenerate the poisoned catalysts
are also needed.

(2) The design and selection of catalytic materials are the key
to efficiently remove CO. Though noble metal-based catalysts
were demonstrated effective, the high price limits the large
application of noble metals. The cost of precious metals
accounts for more than 90% of the catalyst production. How to
reduce the loading of precious metals without compromising
the catalytic performance is the focus of the research. Thanks to
the emergence of single-atom catalysts, which were character-
ized by the 100% exposure of the metal atoms, the effective
removal of CO molecules with acceptable cost is becoming
possible. On the other hand, non-noble metal catalysts with
comparable catalytic performance as noble metal catalysts are
more desirable. The transitionmetal nitride and carbide behave
like noble metals in electrochemical reactions, such as the
oxygen reduction reactions, and the hydrogen evolution reac-
tions. The application of transition metal nitride and carbide in
CO might be able to further decrease the cost of the catalysts. It
should be noted that the metal nitride/carbide could be
oxidized to metal oxides under oxygen-rich conditions. The
formed metal nitride@oxide structure might possess unique
electronic and geometric properties that enable effective CO
oxidation.

(3) The active sites of CO oxidation over noble metal-based
catalysts were still ambiguous. Some research reported that
atomically dispersed metal species were responsible for the CO
oxidation, while it was also claimed that the nanoclusters were
the sites where the reaction occurred. The current techniques to
identify the single-atom sites heavily rely on HAADF-STEM,
XAFS, and DRIFTS. Though those techniques can provide the
general structure information of the sample, it is still chal-
lenging to precisely reveal the electronic and coordination
environment with spatial resolution under working conditions.
Besides, a wide range of metal particle sizes were present in the
heterogeneous catalysts. It is challenging to distinguish the real
active sites.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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(4) Apart from studying the structure of the catalysts, it is
also critical to investigate the reaction mechanism as well as the
structure–performance relationship under working conditions.
The understanding of the reaction mechanism and the struc-
ture–performance relationship are the cornerstone for the
development of efficient CO oxidation catalysts. Although
enormous progress has been made in the mechanism study,
most of the studies were carried out under ideal conditions.
How the molecules such as H2O and SO2 that are generally
present in the exhaust affected the reaction mechanism still
needs to be further investigated. Besides, theoretical calculation
combined with experimental measurement is another area to
explore.

(5) Articial intelligence should be applied in the design of
CO oxidation catalysts. Articial intelligence is playing a more
and more important role in catalysis. The rapid development of
both the hardware and soware makes it possible to acquire
a huge amount of catalysis data, including reaction rate, kinetic
behavior, and the operando spectroscopy. All the information
can help to predict the CO oxidation activity of a particular
catalyst. On the other hand, the machine learning-based tech-
nique enables the discovery of the key descriptors, such as work
function, d-band center and Fermi energy, governing the CO
oxidation reaction rate. Based on the descriptor, we can design
a catalyst with excellent CO oxidation activity. We also expected
that the research along this line will promote the identication
of the best catalysts in CO oxidation.
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