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The catalytic oxidation of volatile organic compounds (VOCs) is of considerable significance for the sus-
tainable development of the chemical industry; thus, considerable efforts have been devoted to the ex-
ploration of efficient catalysts for use in this reaction. In this regard, the development and utilization of
single-atom catalysts (SACs) in VOCs decomposition is a rapidly expanding research area. SACs can be
employed as potential catalysts for oxidizing VOC molecules due to their optimal utilization efficiency,
unique atomic bonding structures, and unsaturated orbits. Progress has been achieved, while the chal-
lenges surrounding precise regulation of the microstructures of SACs for improving their low-temperature
efficiency, stability, and product selectivity under practical conditions are remaining. Therefore, elucidat-
ing structure-performance relationships and establishing intrinsic modulating mechanisms are urgently
required for guiding researchers on how to synthesize effective and stable functional SACs proactively.
Herein, recent advances in the design and synthesis of functional SACs for application in the catalytic
oxidation of VOCs are summarized. The experimental and theoretical studies revealing higher efficiency,
stability, and selectivity of as-prepared functional SACs are being highlighted. Accordingly, the future per-
spectives in terms of promising catalysts with multi-sized composite active sites and the illustration of
intrinsic mechanism are proposed. The rapid intelligent screening of applicable SACs and their industrial
applications are also discussed.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Volatile organic compounds (VOCs) are known to adversely af-
fect the environment and human health [1]. Hence, the elimina-
tion of VOCs is a considerable challenge in the development of in-
dustrial chemistry [2-4]. In this regard, the catalytic oxidation of
VOCs to harmless products, such as CO, and H,O, is a promising
strategy for VOC decomposition [5], and the development of effi-
cient catalysts is central to this strategy [6]. Typically, supported
noble metal-based catalysts are efficient in the catalytic oxidation
of VOCs; however, their high costs and low utilization efficiency
impede their further industrial applications [7]. Accordingly, exten-
sive efforts have been devoted to improve the atomic utilization by
decreasing the particle size of the catalyst, which may considerably
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increase the specific activity per metal atom and reduce the asso-
ciated cost [8]. Ideally, single-atom catalysts (SACs) have attracted
considerable attention in the field of catalysis owing to their 100%
atom efficiency and unique catalytic performance. The optimal uti-
lization efficiencies, unique atomic bonding structures, and unsat-
urated orbitals of SACs are considered to bring new opportunities
for environmental pollution remediation, which becomes a preva-
lent research frontier [9,10].

Indeed, several SACs have been designed for use in the oxi-
dation of VOCs, which exhibit better performance than the cor-
responding supported-nanoparticles catalysts [11]. For instance,
Pei et al. synthesized an Ru/m-y-Al,03 SAC, which exhibited an
outstanding catalytic efficiency in the selective degradation of
1,2-dichloroethane (Tgp=270°C) compared to Ru NP/m-y-Al,03
(Tgp=323°C) and pristine m-y-Al;03 (Tgp =386°C) [12]. Further-
more, the Ru/m-y-Al;03 SAC was also found to display an ex-
cellent anti-Cl poisoning effect and water resistance during the
stability test [12]. Additionally, Hao and co-workers verified that
the single-atom Pt;/OMS-2 catalyst is significantly more efficient
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Fig. 1. Schematic illustration and overview of recent advances in the synthesis of functional single-atom catalysts for VOCs oxidation. Reprinted with permission [12].
Copyright 2021, American Chemical Society. Reprinted with permission [13]. Copyright 2021, American Chemical Society. Reprinted with permission [14]. Copyright 2019,
Elsevier. Reprinted with permission [16]. Copyright 2022, Wiley-VCH. Reprinted with permission [17]. Copyright 2019, Elsevier. Reprinted with permission [20]. Copyright
2021, The Royal Society of Chemistry. Reprinted with permission [22]. Copyright 2020, Elsevier. Reprinted with permission [24]. Copyright 2022, Elsevier. Reprinted with
permission [26]. Copyright 2014, Wiley-VCH. Reprinted with permission [27]. Copyright 2015, American Chemical Society. Reprinted with permission [28]. Copyright 2018,
American Chemical Society. Reprinted with permission [30]. Copyright 2017, American Chemical Society. Reprinted with permission [33]. Copyright 2018, American Chemical
Society. Reprinted with permission [34]. Copyright 2019, Elsevier. Reprinted with permission [35]. Copyright 2020, Springer. Reprinted with permission [36]. Copyright 2022,
The Royal Society of Chemistry. Reprinted with permission [37]. Copyright 2020, Elsevier. Reprinted with permission [38]. Copyright 2023, Elsevier. Reprinted with permission
[41]. Copyright 2020, Elsevier. Reprinted with permission [42]. Copyright 2022, Elsevier. Reprinted with permission [45]. Copyright 2021, Elsevier. Reprinted with permission

[49]. Copyright 2019, Wiley-VCH.

than that of supported Ptyp/OMS-2 sample in the low-temperature
oxidation of benzene [13]. Meanwhile, Dai and co-workers iden-
tified that the TOFp (2.69 s~!') of a Pt;/meso-Fe,0; SAC at
160°C was much higher than that of the Ptyp/meso-Fe,03 sample
(1.16 s~1) during benzene combustion [14]. Even though progress
has been achieved, systematic SAC modification to enhance its
low-temperature efficiency, stability, and product selectivity un-
der practical conditions is still in its infancy. A detailed under-
standing of the relationship between structural regulation strat-
egy and pollutant decomposition would help to further strengthen
the performance of SACs and promote environmental sustainabil-
ity.

Notably, the performance of SACs for VOCs oxidation are highly
dependent on the structural characteristic and micro-environment
of supported metal active sites [15]. The homogeneity and un-
saturated coordination of single-atom sites may facilitate facile
modulation of their electronic structures to promote the activity
and stability during the oxidation process of VOCs. In particular,
the metal-support interactions (MSIs), resulting from the differ-
ence in chemical potentials of metals and supports, will induce the
charge redistribution of the whole SAC systems, thus modulating
the adsorption and activation behaviours towards reactants (oxy-
gen species and VOC molecules) and enhancing their catalytic per-
formances. Meanwhile, the coordination bonding between metal
atoms and supports can stabilize the isolated metal atoms with
high surface energy to prevent their migration and aggregation.
As demonstrated, the rational design of SACs with distinct struc-
tures, low cost, and high efficiencies is of great significance in fu-
ture industrial applications. Therefore, considerable effort has been
devoted to the design and synthesis of promising SACs for applica-
tion in VOCs oxidation by precisely regulating their structures and
properties; such as optimizing electronic and coordinated struc-
tures for boosting VOC molecule activation, modifying surface char-
acteristics for promoting active oxygen species activation, modulat-

ing MSIs and constructing dual-atom sites for improving their sta-
bility under practical conditions (Fig. 1).

Subtle difference of coordination and electron structure could
cause distinct catalytic behaviour for identical single sites. So, the
precise control of the local environment of SACs has been a hard
task. The coordination structures and interactions between atomic
metals and supports were discovered to pose a significant influ-
ence on the physicochemical characteristics and catalytic perfor-
mances of SACs. However, there is still a lack of clarity on the
structure-catalytic correlation. Consequently, it is of great impor-
tance to explore the structural composition and interaction be-
tween different types of supports and various loaded metals to
promote the catalytic activity of SACs. Unfortunately, contempo-
rary evaluations have repeatedly focused on the categorization
of SAC structures and contaminant compounds. A comprehen-
sive report specifically focusing on the catalytic oxidation of VOCs
over metal SACs is lacking. Herein, we proposed that a sum-
mary and discussion of recent progresses, by detailing the func-
tional SACs in different ways, is urgently required for guiding re-
searchers on how to synthesize effective and stable SACs proac-
tively.

With this background, in this review, we introduce the ad-
vanced strategies for creating functional SACs and how they may
be used to oxidize VOCs. Previously reported experimental and
theoretical studies revealing higher efficiency, stability, and selec-
tivity of as-prepared functional SACs are being highlighted. More
attentions have been paid to reveal the corresponding intrinsic
catalysis mechanism for VOCs oxidation over these functional SACs.
The structure-function relationship of functional SACs is also em-
phatically discussed to give a hand for the rational design of SACs.
Moreover, perspectives related to further challenges, directions,
and design strategies of SACs for use in VOCs oxidation are also
provided. The synthesis strategies and modulating methods sum-
marized in this review will provide a generalizable platform for the
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Fig. 2. (a) Catalytic performance of single-atom catalysts with diverse electronic metal-support interactions for the catalytic oxidation of acetone. Reprinted with permission
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Wiley-VCH. (c) Reaction mechanisms of toluene oxidation over the atomically dispersed Pt—(OH)«(O)—Fe species. Reprinted with permission [18]. Copyright 2021, American
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[23]. Copyright 2023, Elsevier. (e) Schematic illustration of the hydrogen reduction treatment for Pt;/MnOy catalyst. Reprinted with permission [24]. Copyright 2022, Elsevier.

future design of well-defined functional SACs for efficient thermo-
catalytic oxidation reactions.

2. Synthesis of functional SACs for the catalytic oxidation of
VOCs

2.1. Improving the activation of hydrocarbon molecules

The VOCs oxidation is typically initiated by hydrocarbon
molecules adsorption and activation over active sites, and then
proceeding by the cleavage of C-H/C-C/C=0/C-N/C-Cl bonds in
collaboration with active oxygen species. As a result, the activa-
tion of reactants across a catalyst surface is the rate-determining
step, which typically correlates positively with the catalytic effi-
ciency of VOC oxidation. The intrinsic mechanism of this action
has been discovered as the electron/charge transition from ac-
tive sites to VOC molecules. Modulating the electronic structures
of atomic metal species can dramatically improve VOC molecule
adsorption and activation. For instance, metal species with lower
charge density are favoured to adsorb and activate the low-polar
ethane/propane molecules. While polarized metal species predom-
inate in this mechanism for activating ketone/ester VOCs via C=0
bonding. Furthermore, when oxidizing aromatic hydrocarbons, a
mixture of metallic and positively charged metal species is re-
quired. Due to electron transfer and orbital hybridization that
occur during metal-support interactions, single-atom active sites
might potentially be used as the efficient active sites for the acti-
vation of different hydrocarbon molecules since their valence state
and chemical bonding are readily regulated.

To that purpose, scientists have made significant attempts to in-
crease the catalytic efficiency of SACs by modulating the coordi-
nated and electronic structures of their atomic sites. For instance,
in a recent study, Jiang and co-workers proposed that modulat-
ing the electronic metal-support interactions (EMSIs) of a Pt;-CuO
SAC significantly promoted its activity in acetone oxidation (Fig.
2a) [16]. This is attributed that the EMSIs are determined to pro-

mote charge redistribution via the Pt—O—Cu moieties, modulat-
ing the d-band structures of the atomic Pt sites and strengthening
the adsorption and activation of reactants. Here, positively charged
Pt atoms are superior in activating acetone at low temperatures,
and the stretched Cu-O bonds facilitate the activation of lattice
oxygen atoms to participate in the subsequent oxidation (Fig. 2b)
[16].

Furthermore, introducing several surface-active groups, such as
acid sites and hydroxyl groups, may significantly increase the abil-
ity of SACs for VOCs activation [17]. Accordingly, Liu et al. re-
ported a facial method for introducing sufficient hydroxyl groups
into a single-atom Pt/FeOy catalyst [18]. Based on a comprehen-
sive experimental study, the active sites in the catalytic ozonation
of toluene were identified as atomically dispersed Pt-(OH)x(O)-
Fe. The surface hydroxyl groups greatly promoted the adsorption
and activation of toluene molecules (Fig. 2c) [18]. Cui et al. also
demonstrated that sodium ion doping (Na-Pt/TiO, SAC) facilitates
the formation of -OH around atomically dispersed Pt and dramati-
cally enhances the catalytic performance with 100% of isopropanol
conversion and 91.34% of CO, selectivity [19]. Additionally, Wen
et al. successfully demonstrated a synergy relation between Pd
atoms and surrounding acid sites in promoting cyclohexane ad-
sorption and decomposition [20]. Notably, Brgnsted acid sites, in
the form of proton-donating hydroxyl groups, can stabilize cyclo-
hexane molecules, which would be further oxidized over atomic
Pd sites (Fig. 2d). The Pd/Ti-SBA-15 SAC, with an extremely low
Pd loading (0.04wt%), has been found to demonstrate an excel-
lent catalytic activity (Tgg =270°C) in cyclohexane combustion, ex-
ceeding those of Pd nanoparticles supported on Ti-SBA-15 with a
high Pd loading (0.5wt%, Tgy=370°C) and Pd/SBA-15 without Ti
substitution (Tgg=420°C) [20]. Wang et al. increased the Lewis
acid sites over PtyPd;/Al,05 catalyst by introducing rare earth ions
(La3* and Ce3t), which greatly promote the adsorption and activa-
tion of toluene molecules [21].

Regulation of support structure and property was chosen as an
effective technique to increase SAC performance. For instance, Chen



Z. Jiang, Y. Wang, C. Chen et al.

o

a

N
=]
=)

&
.
[
b

3
H \
(
< r .
Lo
Reaction rate of HCHO (umol g ,¢'s™')

0.6

0.4

Active lattice oxygen atoms
110 per acitve site

¢
R, =36A x».
5 ) 1
02| B &
A2
0] SR 00
0 2000 4000 6000 8000 o B
Pulse number of O,—~
c d

Ag HNMO- HMO Ag/HMO-A

Chinese Chemical Letters 35 (2024) 109400

e
o Pt SA/MgO
<e !

E,==10.15eV Ty Eoy=4.19 eV

o f It ‘ ©
$ + .
1 E,ge=0.40 eV

rommoi— (V) 4414+ ' ‘ peassyU)

@ o 4+
+-+-+ -10.15 eV “ £3.25¢eV +

@
8

18,0 A"\

Conversion (%)

3

Ln R(mol,, g."s")

H

17.0- CgHg: 200 ppm oret =01 (9]
i n
2 w0 Rexed 4.95eV -9.20 e\
Ao M
-17.5 3
. «

88.42eV

& 4

A
i 1
@D
185 _D_,"D—’—,'D'o_d:fta
MO Reaction Or

(I ++++ ?ghv +;v; (I

S S -

-5.0 -4.7

o

Ag,/HMO

Na /HMO HMO o, 0

Py + © T

Fig. 3. (a) Temporal analysis of products results of Ag-HMO at 70°C (blue shade) and 100°C (red and blue shades) using a CO probe. The inset model shows twelve lattice
oxygen atoms (pink) within a shell with a radius of approximately 3.6 A (R-shell) of the CAS (yellow) at 70°C. Mn atoms are depicted as blue balls. Reprinted with permission
[26]. Copyright 2014, Wiley-VCH. (b) The structure and performance of Ag-HMO SAC. Reprinted with permission [27]. Copyright 2015, American Chemical Society. (c) The
comparison efficiency and structure of hollandite manganese oxide (HMO) and supported single-atom catalysts in formaldehyde oxidation. Reprinted with permission [30].
Copyright 2017, American Chemical Society. (d) The catalytic performance of HMO and single-atom Ag;/HMO catalyst for benzene abatement. Reprinted with permission [32].
Copyright 2017, American Chemical Society. (e) Theoretical calculations of the most stable structures of MgO and Pt SA/MgO and their effects on the formation of oxygen
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et al. claimed that regulating the exposed facet of CeO, supports
in Au;/CeO, SACs can considerably improve their HCHO removal
ability [22]. Jia and co-workers reported a HSiW chainmail coated
Pt/CeO, SACs. They further proved that the outside layer of HSiW
coating facilitated the activation and hydrolysis of chlorobenzene
as well as provided a buffer between Pt and HCI, as a result,
substrate activation was promoted and excessive oxidation of HCI
was prohibited [23]. By using a hydrogen reduction procedure,
Feng et al. increased the performance of the single-atom Pt;/MnOx
catalyst. The researchers demonstrated that the hydrogen-treated
SACs possessed weaker Mn-O bonds and a lower Pt-O coordina-
tion number, which results in balanced lattice oxygen mobility and
volatile organic compound adsorption, both of which are neces-
sary for the oxidation of toluene and isohexane. (Fig. 2e) [24]. As
demonstrated above, optimizing electronic and coordinated struc-
tures are determined to be effective methods for boosting VOC
molecule activation, which significantly improve the utilization ef-
ficiency of supported metal atoms. Combining the reaction char-
acteristics of different VOCs, further selection of suitable supports
and metals can be achieved accordingly.

2.2. Promoting the activation of oxygen species

The activation of molecular oxygen (O,) is another critical step
in oxidation reactions. The activation of oxygen species (generally
containing one of or both lattice and/or adsorbed oxygen) signifi-
cantly affects the mechanism and reaction pathways of VOCs oxi-
dation [25]. Notably, SACs with highly dispersed metals are known
to be efficient in VOCs activation; nevertheless, the size and struc-
ture effects are projected to simultaneously inhibit the capacities
of such SACs for oxygen species activation. Therefore, considerable
attention has been paid to explore potential strategies for activat-
ing oxygen species at low temperatures. Generally, introducing re-
ducible metal oxides, modifying support structures, and strength-
ening the MSIs are crucial methods of improving oxygen species
activation.

In this regard, Hu et al. reported the promotion of oxygen
species activation over an SAC [26]. They discovered that the sin-

gle silver atoms (converted from Ag particles under thermal driv-
ing force) were confined at 4-fold O4-terminated surface hollow
sites of a hollandite manganese oxide (HMO) and trapped by the
tunnel of MnO, at its openings (Fig. 3a) [26]. Correspondingly, the
so-called single-atom Ag chains could activate both the lattice and
molecular oxygen species, leading to enhance its low temperature
HCHO oxidation activity (Fig. 3b) [27]. Accordingly, this method
was developed for designing other SACs using low-cost alkali metal
catalysts, which also exhibited outstanding efficiencies in activating
oxygen species [28-30]. For instance, Chen et al. determined that
the surface lattice oxygen atoms could be easily activated at low
temperatures using the Na;/HMO SAC, which was attributed to the
high electronic densities of the Na atoms [30]. Hence, the surface
lattice oxygen species of Na;/HMO, which displayed higher neg-
ative charges, exhibited stronger nucleophilic properties. The cat-
alytically active centres included the surface single Na, vicinal lat-
tice oxygen atoms, and the electronic states of the surface lattice
oxygen species were critical in determining the catalytic perfor-
mance in HCHO oxidation (Fig. 3c) [30]. Wang et al. also demon-
strated that the strong electron transfer from Pt single-atoms to
MnO, can improve the activity of surface lattice oxygen to boost
the mineralization of toluene [31].

Notably, the capacities of SACs in oxygen species activation are
essentially attributed to the electronic states or the d-band cen-
troids of the metal atoms. Therefore, modulating the d-band struc-
tures of atomic active sites via interactions with reducible supports
is a possible approach for promoting the activations and transfor-
mations of active oxygens. In this regard, a method of improving
the activation of the lattice and adsorbed oxygen species over a
single-atom Ag/HMO catalyst has been reported by Chen and co-
workers [32]. Here, the upshifted d-band centroids of the atomic
Ag sites favoured the dissociation of O, via charge transfer from
the Ag 4d orbitals to the antibonding m* orbitals of O,, signif-
icantly promoting the circulation of diverse oxygen species and
oxygen vacancies (Fig. 3d) [32]. A similar study conducted by Jia
and co-workers demonstrated that the synergy between Au atoms
and metal oxide supports in the Au;/MnO, SAC could liberate
more surface oxygen vacancies, promoting the activation of oxy-
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gen species and improving the low-temperature catalytic oxidation
activity toward HCHO [33].

For lattice oxygen activation, Chen et al. reported the Pt/MnOy-
TiO, SAC with high-valence Mn cations as “anchors” in TiO, [34].
The introducing of Mn species significantly promoted the transfor-
mation of lattice oxygens on the catalyst surface, which improved
the performance of low-temperature HCHO oxidation. Similarly,
another example of the oxygen species activation was reported by
Zhao et al. [35]. In this work, the introducing of Pt atoms pro-
moted the activation of lattice oxygens, and the oxygen vacancies
could be easily generated on the Pt SA/MgO surface, which facili-
tated the activation of O, for participation in the oxidation reaction
[35]. Crucially, the activated O, molecules generally dissociated
to *O atoms at the Pt sites and then reacted with the adsorbed
H,O0 to generate "OH via the following reactions: O, — *O +*0 and
*0+H;0— "OH + OH (Fig. 3e). The high coverage of OH species
was conducive to further oxidation processes, thereby improving
the low-temperature activity [35]. Additionally, the atomic disper-
sion of Ag on MnO, was achieved by the redox reaction of H,O, by
Li and co-workers [36]. They demonstrated that the in situ gener-
ated Mn vacancies on [MnOg]°~ layers during H,0, corrosion are
beneficial for the trapping sites of Ag*. The Mn vacancy-trapped
Ag improves the reducibility and active lattice oxygen storage ca-
pacity of MnO, [36]. Combined with DFT calculations, Ag single
atoms in Ag-O-Mn units show remarkable promotion for the ad-
jacent oxygen vacancies and lattice oxygen activation compared to
Ag nanoparticle counterparts.

In general, the in-depth decomposition of VOCs to harmless
products such as H,0 and CO, at low temperatures coincides with
the activation of oxygen species. It is well acknowledged that the
surface properties of the catalysts, especially for surface imperfec-
tions, are connected to the activation process of O, and the kinds
of active oxygen species. Surface imperfections, particularly oxy-
gen vacancies in catalysts, can promote O, activation and the pro-
duction of active oxygen species. They can react rapidly with the
pre-adsorbed reactants, and then readily converted to oxygenates
or non-toxic products, thus greatly increasing catalytic efficiency.
Generally, introducing reducible metal oxides, modifying support
structures, and strengthening the MSIs are crucial methods for im-
proving oxygen species activation.

2.3. Improving the stability of single-atom catalysts

As industrial emissions often comprise H,0, CO,, and SO,, the
tolerance and stability of SACs are critical in their practical applica-
tions [37]. The most remarkable challenge is the stability of active
sites against migration and aggregation under practical conditions.
Therefore, the development of thermally robust and stable SACs
that can sustain complicated oxidative processes at high temper-
atures has attracted considerable interest; however, the discovery
of such SACs presents several challenges. Reducible metal oxides,
such as CeO,, Co304, MnOy, FeOy, and TiO,, possessing strong re-
dox properties and relatively low O, vaporization enthalpies, are
prospective for interaction with atomic metal species, which can
significantly facilitate the stabilization process of supported SACs.
For instance, the Pt-Ce0,/Co304 and Ag/Ce0,-Mn,05 single-atom
catalysts exhibit the superb long durability for toluene oxidation
due to the strong interactions between Pt/Ag atoms and supports
[38,39]. A proper H, reduction treatment of Pt;/MnOy at 200°C
benefits the generation of Pt-O with low coordination number and
the weak Mn-O bonds, resulting in the excellent catalytic stabil-
ity (Fig. 4a) [24]. Wang et al. reported that the MSIs of Au-loaded
WO3/TiO, SACs greatly improve the thermodynamic stability of Au
atoms, resulting in the durability of VOCs degradation [40]. Jiang
et al. developed a universal strategy to stabilize Pt atoms at the
mono-oxygen vacancies of CeO, with diverse exposed facets [41].
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The proposed stabilization mechanism was as follows: the formed
Pt-O-Ce interface had to be spontaneously distorted via strong
MSIs to maintain its thermodynamic stability. The obtained Pt-
Ce0, SAC exhibited an exceptional efficiency and thermal stabil-
ity, even when calcined at 800°C (Fig. 4b) [41]. Similarly, a recent
study conducted by Yang et al. confirmed that the MSIs of an as-
synthesized Pt/CeO, SAC could facilitate the formation of oxygen
vacancies, further promoting its thermal stability, even during ex-
tended calcination at 400 °C [42].

The development of dual-atom sites is a beneficial strategy for
the widespread application of SACs in complex oxidation reac-
tions [43]. Notably, adjacent metal atoms in bimetallic SACs may
provide a synergistic effect for improving the anti-poisoning per-
formance of SACs operating in complex conditions. Recently, the
meso-Fe,03-supported bimetallic Au-Pt single-atom catalyst was
successfully prepared by Deng and co-workers, which possessed
the best resistance to SO, due to the unique bimetallic atomic
active sites that promote its strong sulfate decomposition abil-
ity and prevent it from being poisoned [44]. As illustrated in Fig.
4c, for Ptpp/meso-Fe,0s, Pt active sites were easily poisoned by
SO,, resulting in severe deactivation of the key step (the first C-
H bond activation in methoxy species assisted by SMSI) during
the reaction. However, SO, prone to adsorb on Fe,03 to form iron
sulfate over the Au;Pt;/meso-Fe,05 catalyst, preventing the irre-
versible bonding of SO, with the active sites of Au;Pt; [44]. In ad-
dition, Hou et al. adopted a novel strategy to prepare the bimetal
Pd;Coq/Al;03 SAC with dual active sites and good dispersions of
Pd and Co single atoms [45]. Notably, the bimetallic Pd;Co;/Al,03
SAC exhibited a superior SO, resistance compared to Pd;/Al,03,
and the catalytic efficiency of Pd;Co;/Al,05 gradually recovered in
the presence of SO, (Fig. 4d) [45]. This excellent stability can be
ascribed to the stronger circulation of Pd®-Pd®+ from the Pd;Co,
bimetal sites to potentially prevent the formation of the PdO-SO;
complex and promote sulfate decomposition at low temperatures.
Consequently, recoveries of the active sites after SO, poisoning
were promoted (Fig. 4e) [44].

Exploration of SACs with superb anti-poisoning performance is
also critical for their use in catalytic oxidation of VOCs. Generally,
inhibiting the adsorption of poisonous molecules on active sites is
an efficient approach to increase the anti-poisoning performance of
functional SACs. Recently, ZrO,-supported Cl-coordinated Pd single
atoms with exceptional Cl resistances were reported, which exhib-
ited satisfactory water resistance, long-term stability, and sufficient
resistance to CO and dichloromethane (DCM) during VOC elimina-
tion [46]. Here, the residual Cl species from the Zr-metal-organic
framework coordinated to Pd facilitated the formation of Pd;—Cl
species during pyrolysis, suppressing the adsorption of DCM and
freeing more active sites for the adsorption of toluene and its in-
termediate (Fig. 4f). Therefore, the anti-poisoning performance of
the Pd@ZrO, SAC was considerably improved [46].

Therefore, strengthening the metal-support interactions (MSIs)
and optimizing the coordinated bonds have been identified as
crucial methods for improving the thermal stability and anti-
poisoning performance of synthesized SACs. The electron transfer
between oxide supports and noble metal atoms is promoted for
MSIs attributing to their orbital hybridization. The interface contact
is also more favourable for the mutual effect of noble single atom
and support, thereby enhancing the Cl-/S-/H,O-resistance and long
durability of the catalyst.

3. Intrinsic mechanism of VOCs oxidation over functional SACs

Notably, the rational design of effective SACs for use in VOCs
oxidation requires a comprehensive understanding of the underly-
ing reaction mechanism. With the size of metal species decreasing,
the changes of VOCs adsorption and activation capacity of prepared
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Fig. 4. (a) Stability test of single-atom Pt/MnOy catalyst during toluene oxidation within 16 h of on-stream reaction. Reprinted with permission [24]. Copyright 2022, Elsevier.
(b) The catalytic performance for methanol oxidation over prepared Pt;-CeO, material after annealing at different temperatures. Reprinted with permission [41]. Copyright
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catalysts. Reprinted with permission [45]. Copyright 2021, Elsevier. (e) Schematic illustration of the recovery process after SO, poisoning on Pd;Co/Al,03 surface. Reprinted
with permission [45]. Copyright 2021, Elsevier. (f) Stability test of single-atom Pd@ZrO, catalyst and its stabilization mechanism. Reprinted with permission [46]. Copyright

2022, American Chemical Society.

catalysts significantly influence their catalytic mechanism [47]. De-
termining the kinetic model and mechanism of VOCs oxidation on
the catalyst surface is of great importance for designing the func-
tional SACs. In general, three mechanism models for VOCs oxida-
tion over supported SACs have been proposed, including Langmuir-
Hinshelwood (L-H) mechanism, Eley-Rideal (E-R) mechanism, and
Mars-van Krevelen (MvK) mechanism [9]. The L-H model begins
with the adsorption of oxygen species and VOC molecules on the
surface of the catalyst. Then the redox reaction proceeds between
the adsorbed oxygen species and the adsorbed reactant, which is
the rate-controlling step. Comparatively, for E-R model, the oxygen
species are adsorbed on the catalyst surface, and VOC molecules
are oxidized in the gas phase. The MvK mechanism is also known
as redox mechanism, because the catalyst is reduced in the first
step and then re-oxidized in the second step [48]. First, the VOC
molecules are adsorbed on the catalyst and interact with the lat-
tice oxygen on the catalyst surface, resulting in the reduction of
metal oxides and the formation of oxygen vacancies. Then the re-
duced site is regenerated rapidly by the compensation of gaseous
oxygen or the transfer of oxygen atoms.

Initially, a typical L-H mechanism with the representative oxi-
dation routes for the low-temperature oxidation of HCHO over the
Au/o-MnO, SAC was revealed by Chen and co-workers [33]. As dis-
played in Fig. 5a, HCHO was initially adsorbed, activated by the
catalyst, and then oxidized by O, to CO, via several intermediates
(H,CO,, HCOO, and CO) [33]. During the reaction, a gaseous O,
molecule was adsorbed and dissociated by Au to form adsorbed
oxygen species, which were then transferred by surface oxygen
vacancies to the oxygen lattice to supplement consumption (Fig.
5a) [33]. Note that an outstanding capacity for oxygen activation-

desorption is crucial in realizing the complete oxidation of HCHO
at a lower temperature [33]. For another situation, HCHO oxida-
tion over a Pt/Mn-TiO, SAC was determined to obey the Mars-
van Krevelen (MvK) mechanism, according to the correlation be-
tween the structure and performance, with lattice oxygen species
on the catalyst surface playing a critical role [34]. Based on the re-
sults of in-situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) and H-D exchange, it can be inferred that Op,
coordinated to the Pt atoms may be consumed via the oxidation
of HCHO and the intermediates. This would result in unsaturated
Pt coordination, further activating O, and providing active Oju
for the reaction, thereby inducing enclosed oxygen circulation (Fig.
5b). The foregoing study further analysed the MSI effect (from a
redox-driven hydrolysis-precipitation process) in facilitating the ac-
tivation and mobility of O, of this Pt-based SAC, which was the
crucial factor influencing its remarkable performance in the low-
temperature oxidation of HCHO [34].

Additionally, to understand the influences of the MSIs on the
surface mechanism, subsequent studies were conducted by Jiang
et al. [49]. Further, experimental and theoretical investigations in-
dicated that this catalyst consisted of Pt sites with a large propor-
tion of occupied high electronic states. These sites were found to
present strong affinities for inactive Co?* sites and functioned as
anchors on the surface of the (111) crystal plane, increasing the
MSIs of the Pt;-Co30,4 material and accelerating the rate of oxy-
gen vacancy regeneration. This promoted the co-adsorption of the
probe methanol and O, molecules [49]. Density functional theory
(DFT) calculations confirmed that electron transfer over the oxygen
vacancies reduced the methanol adsorption energy and activation
barriers to methanol oxidation. This theoretical investigation serves
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Fig. 5. (a) Representative oxidation routes for low-temperature oxidation of formaldehyde over a single-atom Au/a-MnO, catalyst. Reprinted with permission [33]. Copyright
2018, American Chemical Society. (b) The mechanism of formaldehyde oxidation over a single-atom Pt/Mn-TiO, catalyst. Reprinted with permission [34]. Copyright 2019,
Elsevier. (c) The schematic diagram of promoted efficiency of Pt;-Co304 material for typical VOCs oxidation. Reprinted with permission [49]. Copyright 2019, Wiley-VCH. (d)
Schematic diagram of dichloromethane oxidation over Pt-Co/HZSM-5 catalyst. Reprinted with permission [50]. Copyright 2021, Elsevier.

as a solid foundation for characterizing and understanding single-
atom catalysts for the enhancement of the C-H bonds dissociation
during methanol decomposition (Fig. 5¢) [49].

Subsequently, Su et al. revealed the DCM degradation mecha-
nism on Pt-Co/HZSM-5 ternary catalyst [50]. As given in Fig. 5d,
the DCM molecule was initially adsorbed on HZSM-5 with abun-
dant acid sites and completely oxidized under the joint action
of Pt and Co. Co can effectively anchor Pt atoms to realize the
monoatomic dispersion of Pt, and the formed single-atom Pt, in
turn, can increase the proportion of oxygen vacancies on the Co304
surface, thereby enhancing the redox performance of Co304 [50].
The synergistic effect among the Pt, Co, and HZSM-5 promoted the
dissociation and deep oxidation of DCM and protected the catalyst
from poisoning [50].

The clear structure of SACs makes them potential to be taken
as the promising platforms to explore how the reaction proceed.
Generally, the mechanism of VOCs oxidation is associated with the
processes of pollutants and oxygen species activation. The MvK
and L-H mechanism models are preferable for this reaction. The
SACs with reducible transition metal oxides supports (such as CoOy
and FeOy) can operate via MvK mechanism, where the lattice oxy-
gen species are activated and the dissolved O* will participate to
the intermediate transformation. The metal-support interactions
are crucial in this process. When a metal is loaded on the sup-
port, the loaded metal disrupts the structure of the support, weak-
ening the metal-O bonds, which in-turn promote the activation of
lattice oxygen at low-temperatures. The generated oxygen vacan-
cies can be re-filled by the O, gaseous. Correspondingly, the L-H
mechanism occurs over the SACs with oxides support that contain-

ing abundant oxygen vacancies (such as CeO, and HMO). The suffi-
cient surface oxygen vacancies promote the activation of adsorbed
oxygen species, which can boost the mineralization of hydrocar-
bons. Therefore, we can select the proper supports and modulate
the MSI to optimize the oxidation mechanism based on the molec-
ular structure characteristics. In some cases, the combination of L-
H and MvK models can significantly improve the low-temperature
efficiency of VOCs decomposition.

4. Summary and outlook

Interestingly, owing to their unique coordination structures,
SACs with the highest utilization efficiency are promising for use
in the low-temperature catalytic oxidation of VOCs. Thus, substan-
tial effort has been devoted to discovering SACs with characteris-
tic structures that can be used for VOCs oxidation. In this concept,
we summarized recent advances in the design and synthesis of
efficient SACs for use in the catalytic oxidation of VOCs. Particu-
larly, recent studies in the field were found to focus on the con-
struction of efficient SACs and modulation of their structures and
properties to improve their catalytic performance, stability, and se-
lectivity. These considerable efforts have yielded extremely good
prospects in terms of VOCs decomposition. Correspondingly, the
field has witnessed progress, but certain challenges prevail; includ-
ing the fabrication of multi-sized composite active sites, improve-
ment of the selectivity towards specific product, determination of
the intrinsic mechanism and active site evolution, industrial pro-
duction and application, and rapid intelligent screening of applica-
ble SACs.
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(1) Fabrication of multi-sized composite active sites. Notably,

the typical SACs only comprise individual metal atoms with
size of approximately 0.25-0.45 nm. These metal atoms may
not adsorb VOCs (with a size of 0.50-0.75nm) and O,
molecules (0.33nm in size) simultaneously. The charged
metal atoms are highly effective in activating organic hydro-
carbons, but they may not co-activate the adsorbed oxygen
species owing to the size effect, resulting in a lower selec-
tivity toward harmless total oxidation products. By contrast,
the nanoclusters active sites exhibit outstanding capacities
for the adsorption and activation of surface O, molecules,
attributing to their metallic properties. Therefore, through
careful optimization of the distributions and relative propor-
tions of these species (atoms and nanoparticles), a highly ef-
fective catalyst for total oxidation reactions can be synthe-
sized.

(2) The selective catalytic conversion of hydrocarbons into high-

value products is a promising technique in VOCs controlling.
However, Improving the desirable product selectivity mean-
while restraining deep oxidation still mains a great challenge
[51]. The unique structure and uniform coordination envi-
ronment of SACs make them easier to be modulated for im-
proving the specific product selectivity. Geometric changes
relative to the parent metal, such as variations in metal bond
lengths and strain effects due to lattice distortions, can af-
fect the electrical structure of atomic species. Furthermore,
ensemble effects, by means of the replacement of adjacent
atoms, can markedly affect the type of surface intermedi-
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ates and the adsorbed layers stably formed during the re-
action process. Additionally, the construction of bifunctional
active sites is determined as the efficient method to facilitate
the selectivity of harmless products during heteroatoms-
containing VOCs decomposition. For instance, the synergy
between redox sites and acid sites can greatly enhance the
selectivity of HCl selectivity (restraining harmless Cl,) for
chlorinated VOCs oxidation. Moreover, the combination of
weak oxidation sites (noble metal atoms) and suitable re-
ducible sites (transition metal oxides clusters) will promote
the N, selectivity and inhibit the NOx production during the
oxidation of nitrogen-containing VOCs.

(3) Determination of the intrinsic mechanism and active site

evolution. The intrinsic mechanism of VOCs catalytic ox-
idation over an SAC needs to be clarified, as the ratio-
nal design of effective SACs for use in VOCs oxidation re-
quires a comprehensive understanding of the underlying
reaction mechanism. Accordingly, determining the intrin-
sic mechanism of VOC decomposition at the atomic scale
is expected to promote the widespread use of promising
SACs. Notably, dynamic catalytic reactions generally occur
at the atomic level in active catalyst structures. Therefore,
novel insights into the complex catalytic reactions at the
atomic level are crucial in understanding the mechanisms
and structure/property relationships. In this regard, in-situ
characterisation methods, including in-situ DRIFTS, proton-
transfer-reaction mass spectrometry, operando near-ambient
pressure X-ray photoelectron spectroscopy, in-situ transmis-
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sion electron microscopy, and in-situ X-ray absorption spec-
troscopy, should be developed and employed to determine
the changes of metal species. Moreover, in-depth observa-
tions of the VOCs oxidation processes would aid in providing
reasons for the effectiveness of these SACs and thus guide
the synthesis of promising SACs.
Industrial production and application. Although numerous
studies on the synthesis of efficient SACs have been re-
ported, the practical applications of such materials in in-
dustrial production are yet to be realized. This is attributed
that the industrial VOCs emissions are usually accompanied
by multicomponent pollutants, such as H,0, SO,, NOy, and
halogenated or sulfur-containing VOCs, which will react with
metal atoms to cause their deactivation. In addition, the
long-term operation and transient high temperature may in-
duce migration of isolated atoms, then inhibit the catalytic
activity of SACs. Owing to the inevitable complexities of such
industrial emissions, effective strategies for use in synthesiz-
ing stable, efficient SACs must be explored. How to maintain
atomic dispersion of metals on SACs under working condi-
tions is worth careful considerations. Moreover, currently re-
ported methods of preparing SACs are generally restricted
to specific supports or metals; thus, a universal preparation
method is necessary. Large-scale production (above the kilo-
gram level) is essential for the industrial application of SACs.
Notably, a recent study conducted by Hai et al. contributed
to overcoming this challenge. The authors introduced a ver-
satile approach combining impregnation and two-step an-
nealing to synthesise ultrahigh-density SACs with metal con-
tents of up to 23 wt%, with 15 metals on chemically dis-
tinct carriers (Fig. 6) [52]. Finally, in available literatures, in
most cases SACs work in powder form; but industrial catal-
ysis requires monolithic catalysts and set reaction devices.
it can be predicted that the integration of SACs into set re-
actors will be a top priority for their large-scale applica-
tions.

(5) Rapid intelligent screening of applicable SACs. Typically, the
design of catalysts to accelerate reactions is challenging,
as catalyst exploration is currently conducted via blanket
screening; however, the machine learning (ML) technology
may resolve this problem. ML is a subfield of data science,
playing a central role in the paradigm shift from the use of
traditional approaches. Thus, ML is a powerful approach for
identifying and designing novel catalysts via the establish-
ment of deeper correlations between the structure/activity
relationship and principles of catalysis. Correspondingly, ML
has been exploited in predicting catalysis and chemical re-
actions. Hence, ML may be used to screen for similarities
in SACs to identify useful pathways for designing and fab-
ricating novel SACs for their rational application in the low-
temperature catalytic oxidation of VOCs. This may emerge as
the primary method of catalyst design in the future.

=

Owing to their unequalled advantages, SACs have shown con-
spicuously improved performance on VOCs catalytic oxidation. In
this review, we particularly focus on the specific manner and struc-
tural regulation methods to enhance catalytic performance of func-
tional SACs. More importantly, the structure-function relationship
of SACs is discussed to give a hand for the rational design of SACs.
We believe that such a comprehensive understanding can help re-
searchers to synthesize the functional SACs in a target, and boost
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the industrial development and green development at the same
time.
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