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Single atom catalysts (SACs) have received soaring interest in
environmental applications due to their ultrahigh atomic
efficiency and drastically reduced metal loading. In this review,
we summarized the preliminary efforts in applying SACs for
heterogeneous catalytic ozonation (HCO). Mechanistic
analyses revealed a creditable consensus that highly dispersed
active single atoms can accelerate the decomposition of ozone
(O3) into surface-adsorbed *O and free O,. However, the activity
of SAC toward Oz decomposition varies, depending on the
central metal species and coordination environment. In this
review, we discussed the synthesis and characterization of
SACs, emphasizing their application and catalytic regimes in
HCO. Also, limitations and prospects of SAC-based HCO were
proposed to shed light on future studies.
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Introduction

To address the deteriorating environmental issues, it is
highly imperative to advance modern decontamination
technologies to realize high efficiency in a sustainable
manner. Advanced oxidation processes (AOPs) are ad-
vantageous to rapidly oxidizing refractory pollutants by
producing diverse reactive oxygen species (ROS), such as
hydroxyl radical ("OH, 1.8-2.7 V) [1], sulfate radical (SO,"",

2.5-3.1 V) [2], superoxide radical (O,", 1.7 V) [3], and
singlet oxygen ('0,, 0.81 V) [4]. Notably, strengthening the
interfacial interaction between catalysts and oxidants is the
key to activating peroxide for ROS production [5]. Although
homogeneous catalysts exhibit an excellent activity and are
easy to define the active centres, their poor stability and
non-recycability hinder further application in environmental
remediation [6,7]. In this regard, heterogeneous catalysts
that can be assembled into bulky structures with well-de-
signed catalytic sites are endowed with more applicability.

Single atom catalysts (SACs) are emerging hetero-
geneous catalysts, rendering the high dispersion of
atomic metal sites on the supporting materials. Different
from the conventional metal oxides, SACs with atomic-
level dispersion and strong metal-substrate electronic
interactions overcome the dilemma of metal agglom-
eration and leaching [8,9]. Likewise, anchoring metal
atoms onto carbonaceous support can minimize the
usage of metal and effectively remedy the friability of
carbon materials in the oxidative environment [10ee].
Due to the maximum exposure of metal sites and unique
electronic properties, SACs displayed an outstanding
catalytic activity in AOP systems, for example, ozona-
tion, photocatalysis, and Fenton-like processes [11,12].

Unequivocally, O; oxidation is a typical and extensively
implemented AOP technology for pollutant abatement [13].
Compared to the single ozonation process, heterogeneous
catalytic ozonation (HCO) can fundamentally mineralize
recalcitrant organics via not only direct ozonation but also
indirect catalytic oxidation harnessing ROS [14]. However,
low Oj utilization efficiency and susceptibility to bicarbo-
nate interference (k-op/nco,- = 8.5 X 10°M~1s™1) are bot-
tlenecks of the HCO technology, preventing it from
industry-scale applications [15]. Inspiringly, Wang et al. re-
ported that single-atom Co anchored on graphite carbon
nitride (g-C3;N,4) were conducive to O3 decomposition and
generation of both solution hydroxyl radical ("OHg..) and
surface-adsorbed hydroxyl radical ("OH,q) [16°¢]. Shokuhi
Rad et al. also suggested that single-atom Pt had a great
potential to adsorb Oj for catalytic activation [17]. To date,
SACs have exhibited appealing advantages in catalytic
ozonation in light of strengthening the binding of O3 with
the active metal sites and subsequent evolving diverse ROS
for accelerated oxidation kinetics with deeper mineralization
efficiency.
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Synthesis, characterization, and application of SACs-based HCO.

Reprinted with permission from (a) Ref. [62] Copyright 2023 John Wiley and Sons and (b) Ref. [43] Copyright 2023 American Chemical Society.

However, the exploration of SAC-based HCO is still in
the infant phase, lacking a comprehensive and critical
review. In this mini-review, we summarized the recent
advances and SACs applied in HCO and the associated
regimes (Figure 1). Particularly, we proposed challenges
and prospects for SAC-based HCO in water deconta-
mination.

Synthesis and characteristics of single atom
catalysts

A universal strategy for precise SACs design and mass
production with low cost is the prerequisite for large-
scale applications. Additionally, accurate recognition of
the coordination environment of embedded single atoms
is critical to reveal the structure-activity relationship in
catalysis. Common active single metal atoms and sub-
strate species are shown in Figure 2a and b.

Synthesis strategies

The direct pyrolysis of metal-containing and carbon-rich
precursors can produce carbon-based SACs. For in-
stance, metal-organic frameworks (MOFs) with well-
defined metal coordination and carbon/nitrogen ligand
are extensively used precursors for developing SACs
under inert gas atmospheres (for example, N,, Ar, He)
and high temperatures (>700°C) [18,19]. MOF-derived

SACs are promising catalysts for AOP due to their
hierarchically porous structures, excellent electrical
conductivity, and well-dispersed single metal sites
[20,21]. In addition, the evaporation and etching of the
sacrificing zinc (Zn) component in bimetallic Metal-Zn-
MOF will create vacancies and defects as additional
adsorption and binding sites to host the target active
metal centers [22]. Covalent organic frameworks, poly-
mers, and versatile biomass are also versatile carbon-rich
precursors for anchoring metal atoms and synthesizing
SACs [23-25]. However, direct pyrolysis spontancously
leads to the production of metal nanoparticles (NPs),
requiring further acid purification to derive SACs.

Wet-chemical technology can achieve the large-scale
production of SACs via impregnation and co-precipita-
tion. The metal precursor is typically anchored to various
supports (e.g. graphene, graphite-carbon nitride (g-
C3Ny), and titanium oxide (TiO;)) via the two ap-
proaches [26-28]. For example, a single-cobalt (Co)
catalyst was fabricated by dicyandiamide impregnation
with a metal salt to prevent the formation of crystalline
metal NPs, ensuring Co is firmly attached to C3Ny
[16ee]. Likewise, electrostatic adsorption and ion ex-
change can also pre-immobilize metal atoms by the wet-
chemical approach. Huang et al. designed a SAC (single
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Characteristics of single atom catalyst and its reaction mechanism in combined AOP systems. (a) Active single metal atoms. (b) Common substrate

species. (c) Reaction mechanisms of SACs in combined AOP systems.

Reprinted with permission from (b) Ref. [26,64,65] Copyright 2018 American Chemical Society, Ref. [35,42] Copyright 2023 Elsevier and Ref. [66]
Copyright 2018 John Wiley and Sons. (c) Ref. [27,56] Copyright 2021 Elsevier and Ref. [40] Copyright 2023 American Chemical Society.

Pt-bonded silicon carbide (SiC) substrate) by attaching
PtCl¢* on aminated SiC through electrostatic interaction
[29]. Such strong bonds between the active metal center
and the scaffold (also known as strong metal-support
interactions) are beneficial to isolating single atoms for
better dispersion and improving structural stability.

Other physicochemical techniques are also developed to
synthesize SACs, including atomic layer deposition
(ALD), mass-selected soft-land (MSSL), ball milling,
and electron/ion irradiation [30-33]. However, ALD and
MSSL require delicate operations and high energy
consumption, preventing mass-scale production. Thus, it
is highly desirable to develop novel strategies for SACs
manufacturing with well-defined structures and high
loadings in the future.

Characteristics techniques

Morphological and textural characteristics, coordination
configuration, and electronic properties of SACs de-
termine their catalytic capacities, which can be identified
by various advanced characteristics approaches. In respect
of structure and morphology, aberration-corrected high-
angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) can directly visualize the

spatial distribution (approximately 0.1 nm) of metal atoms
under the dark field [34]. Compared with conventional
transmission electron microscopy (TEM) and scanning
electron microscopy (SEM), HAADF-STEM is the most
convincing technique for observing the atomic metal
dispersion in SACs [35]. Extended X-ray absorption fine
spectroscopy (EXAFS) and X-ray absorption near-edge
structure (XANES) are two typical approaches to re-
vealing the coordination environment and chemical states
of SAGs, respectively [36,37]. Besides, attenuated total
reflection-Fourier-transform infrared spectroscopy, X-ray
photoelectron spectroscopy, and Mdssbauer spectroscopy
are also used to elucidate the chemical states and func-
tionality of SACs [38e]. Therefore, the physiochemical
properties of SACs should be analyzed comprehensively
using various techniques.

Applications of single atom catalysts for
heterogeneous catalytic ozonation

HCO has excellent potential in pollutant abatement
owing to its easy operability and strong practicability.
The highly dispersed SACs with a low metal loading
(< 10 wt%) can trigger ROS production by accelerating
O3 decomposition with excellent reusability because of
minimized metal usage and controlled metal leaching.
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Particularly, the versatile SAC platform provides diverse
metal coordination structures, leading to fine-tuned re-
activity and selectivity to evolve different ROS via
HCO. To this end, this section will comprehensively
showcase the recent advances in applying SACs for
HCO (Table 1).

Decontamination capacities

Pharmaceutical and personal care products, pesticides,
and oxalic acid (OA) are typical organic pollutants that are
persistent, migratory, and biotoxic [39]. Their long-term
exposure and accumulation will contaminate the water
environment. Transition metal(e.g. Fe, Co, Mn, Cu)-
based SACs showed exceptional performance in HCO for
treating organic wastewater [106,40-42]. Specifically, the
efficiency of single-atom iron (Fe) with a high valence
(03/Fe™-N,0,-C) was 190% higher than Oj alone when
treating the secondary effluent [41¢]. The Fe center with
the highest positive electrostatic potential can combine
with the terminal O atom of O3 to produce “OH rapidly
(R, =6.72 x107®). Likewise, single-atom Fe anchored on a
carbon framework (Fe-Ny) showed outstanding perfor-
mance in catalytic ozonation of secondary effluent from
landfill leachate. Fe-N4/O3 achieved 91% OA degradation
and ~100% pHBA removal and the efficiencies are 57 and
2.2 times of pure ozonation, respectively. [43]. Wang et al.
reported that single-atom Co on g-C3N4 (03/Co-Ny)
achieved 100%  oxidative  destruction of OA
(ko,j0a < 0.04M~1s71) by producing highly reactive “OH
[16e¢]. However, single-atom Fe on g-C3Ny (Fe-N,) ex-
hibited negligible activity in catalytic ozonation, sug-
gesting that the central metal species and associated
coordination chemistry collectively regulated the HCO
activity [27]. To date, the cases of employing SACs for
HCO and aqueous pollutant removal are still limited. The
structure-activity/selectivity of SACs on different support
needs to be further revealed.

Different from aqueous micropollutants, volatile organic
compounds are gaseous organic compounds, such as
methanol (CH;OH), isopropanol (IPA), and methyl
mercaptan (CH3SH). Na* doping in SAC-Pt (Na-Pt/
TiO;) promoted the formation of “OH at single-atom Pt
sites during ozonation, realizing a high CH;OH con-
version efficiency (100%) and CO; selectivity (91.34%)
[44]. Additionally, atomically dispersed Pt/FeO, could
catalyze the ozonation of toluene at room temperature,
benefiting from the synergistic effect between single-
atom Pt and the surface hydroxyl group on Pt-FeO,
[45¢]. The amorphous FeO, support provided extra acid
sites for the "OH production and surface oxidation of
toluene. Therefore, metal oxide supports also play an
important role in regulating the performance of dis-
persed single-atoms for HCO. Ma et al. proposed that
the electronic metal-support interaction induced sig-
nificant electron perturbation between anchored Mn and
scaffold SiO, [46]. Then O3 will adsorb onto the Si-O-

Mn configuration for activation, which subsequently at-
tacks CH;3SH at the interface. Therefore, the adsorption
and transformation of O3 on SACs determine the effi-
ciency in pollutant removal, which will be fully dis-
cussed below.

Migration and transformation of O3 on single atom
catalysts

The adsorption of O3 onto the catalyst is the prerequisite
for O3 activation and initiating interfacial redox reac-
tions. For instance, SAC-Pt on graphene exhibits high
reactivity to adsorb O3 and enable elongated peroxide O-
O bond, resulting in ROS for pollutant degradation [17].
Notably, different single metal atoms show discrepant
O3 adsorption configurations, depending on the oxygen
binding energy of the central metal and the coordination
environment. Wang et al. suggested that the adsorption
energies of O3 on NiNy (-1.65¢V) > CoNy (-2.79 eV)
> MnNy (-2.99 V), but the interaction type of Oz on a
single Mn site was a head-on configuration (Pauling-
type) rather a side-on configuration (Griffiths-type) on
Co site [16®e]. In this scenario, O3 would be more
readily decomposed into surface-adsorbed *O on the
single Co atom, and meanwhile, generate a free O,.
According to previous literature, the critical species *O
can coordinate several redox reactions, including (1) at-
tacking organics directly, (2) capturing H to form "OH,
and (3) reacting with O; to form surface-bound *O-O
species [47-49]. Although the existence of *O has been
confirmed by 7z situ Raman, the transformation from *O
to other ROS remains controversial.

Metal cations on SACs are also Lewis acid sites, which
will introduce surface hydroxyl (-OH) when surrounded
by water molecules (H,0) [45]. However, the adsorption
and decomposition of Oz by -OH on SACs are less dis-
cussed and remain debatable. Cui et al. pointed out that
H,O first adsorbed on Na-Pt/TiO, and is readily de-
composed to OH* due to its low activation barrier [44].
On the contrary, Wang et al. suggested that the role of
H,0O should be ignored because there are no obvious
changes in the XANES and EXAFS profiles of SACs
(Co1-C3Ny, Mn;-C3Ny, and Ni;-C3Ny) in water [16ee].
Thus, the genuine role of H,O in SAC-based HCO
should be identified.

Furthermore, the catalytic performance of SACs is gov-
erned by different coordination environments. Nitrogen
(N) is the most versatile heteroatom for anchoring the
central metal and can construct various coordination,
including M-N,, M-N3, and M-N,. Among these, Co-N,
resulted in the elongated O-O bond length (/o.0) to
1.507 A due to its high electron density, which is sig-
nificantly longer than Co-Nj (1.476 A) and Co-Ny4
(1.475 /OX) [SOee]. In addition, the Fe-pyridinic Ny moiety
with electron-rich Fe single atom exhibited higher ac-
tivity when compared to Fe-pyridinic N3 [51]. A robust
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6 Single atom catalysis in environmental systems

coordination environment would significantly reduce the
leaching of metal ions, improving the stability and reu-
sability of SACs [52]. Therefore, adjusting the co-
ordination environment via controlled pyrolysis can
enable the customization of high-activity SACs.

In HCO, shortening the distance between ROS and
pollutants and avoiding ROS self-quenching will re-
markably improve ozone utilization efficiency and ac-
celerate pollutant removal. Recently, surface hydroxyl
radical ("OH,4) has been widely investigated in HCO
due to its strong anti-interference [53¢]. It has been
confirmed that single-atom Co was more conducive to
producing *OH,q compared with Mn in catalytic ozo-
nation. Therefore, the behaviors of O3 transformation on
different single atoms can be different. In summary, the
outstanding performance of SACs-based HCO can be
attributed to the following two pathways: (1) direct
ozonation enhanced by Oj adsorption on active metal
sites, (2) indirect oxidation of surface-confined radicals
and non-radicals promoted via in-situ O3 decomposition.

The density functional theory is frequently employed to
visualize the electronic characteristics of SACs and reveal
the evolutionary pathway of O3 to diverse ROS. In addition
to the adsorption energy of Oz on SACs, the intrinsic elec-
tronic properties of SACs, such as density of states (DOS),
charge/spin density, and D-band structure can provide
atomic-level insights into the mechanism of O; activation at
different SAC sites [10]. For instance, DOS revealed that
the strength of single Pt atoms near the Fermi level sharply
decreased compared to bulk Pt [54]. While the charge/spin
density could reflect the charge accumulation or attenuation
region between central metal and C atoms around, where
electron-rich sites facilitated O-O bond breakage and ROS
generation [55]. Therefore, combining the electronic prop-
erties of SAC and its reaction pathway with O; can help
reveal the transformation pathway of ROS on SACs to in-
itiate diverse reaction pathways.

Performance in combined advanced oxidation process
systems

Interestingly, SACs also show excellent catalytic perfor-
mance in combined AOP systems, where Oz generally
acted as a trigger for ROS production (Figure 2¢). Cao et al.
proposed that O3 is more favorable to trap photoelectrons
than O, due to the higher electrophilicity in the Oz/pho-
tosystem, which greatly accelerated the formation of *“OH
on Fe-Ny via one-electron reduction pathways
(03—5°05 /HO; — "OH, or 0,——'0;—'0H) [27]. A
similar role of Oz has also been discovered in a typical
peroxone reaction that Oz substantially promoted the
generation of HO," on the HOO-Mn-N; site, followed by
radical chain reactions to produce “OH [40]. In terms of the
Os/peroxymonosulfate (PMS) system, single Co atoms
promoted the SOs™~ generated, which then reacted with

05 to generate SO4” [56]. To this end, SACs have broad
application prospects in HCO and combined AOP systems
for the decontamination of organic micropollutants.

Conclusions and prospects

In summary, single-atom catalysts (SACs) are promising
catalysts for environmental remediation via hetero-
geneous catalytic ozonation. Versatile designated
methods render isolated atoms with high dispersion in
diverse substrates, providing fine-tuned coordination
environment to achieve unique geometric structures and
desirable electronic properties for catalytic ozonation.
The active metal species and the strong electronic
metal-support interactions not only promote the ad-
sorption of ozone (O3) but also accelerate its decom-
position into reactive *O and free O, by activating and
decomposing the peroxide O-O bond. To fully dissect
the oriented interfacial reaction pathways, we proposed
the following prospects of SACs-based HCO to en-
lighten future studies and practical applications.

First, the performance stability and structural robustness
of SACs need to be improved in HCO. The catalytic
activity of SACs may suffer from significant performance
decline during cyclic use or when subjected to water
matrix interference, because of the loss/coverage of ac-
tive metal sites, alteration of coordination environment,
structure destruction, and ROS quenching [43]. This is
particularly true when the support material is a carbon
framework because of the vulnerability in the highly
oxidative environment. Thus, deliberate materials en-
gineering design with strong coordination, anti-corrosion
support, and stable configuration may address this pro-
blem. Meanwhile, as a prerequisite for SACs applica-
tions in AOPs, the generation of by-products caused by
the complicated water matrix should be taken into
considerations. In summary, more effects should be
dedicated to the design and synthesis of SACs from low-
cost precursors, via facile approaches, and most im-
portantly, with on-demand molecular structures and
stable performances in practical catalytic ozonation.

Second, precise identification and rigorous evaluation of
active sites in SAC should be conducted. There is no
doubt that SACs play an important role in catalytic
ozonation, while the structure-activity relationships are
poorly understood due to the inherent complexity of
SACs and limited studies. Nevertheless, the structural
features and chemical environment of carbon (e.g., de-
fects, heteroatoms, functional groups) or metal oxide
(e.g., Lewis acid sites, oxygen vacancies) supports also
significantly affect he reactant adsorption (O; and mi-
cropollutants) and reaction pathways. Of particular in-
terest, the role of water molecules in both liquid and
gaseous phase reactions should be assessed, which helps
understand the evolution of different ROS in HCO.
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Third, the interaction mechanism between O3 and other
oxidants (photogenerated electrons, PMS, H,0,, etc.) on
SACs has not been fully explored. So the different roles
of O3z in combined AOP systems should be deliberately
clarified. T'o evaluate the practical application potential,
it is highly imperative to advance granulation and in-
tegrated membrane filtration technologies with SACs
and investigate its continuous flow reactions for actual
decontamination of practical wastewater effluents.

Finally, to gain insights into the transfer and evolution of
O; into diverse ROS on SACs, designated in-situ ex-
periments should be conducted and advanced analytical
instruments should be harnessed to dive into the kinetic
features and associated mechanisms. For example, in-
situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) and electron paramagnetic re-
sonance (EPR) are advantageous for monitoring the
decomposition behavior of Oz and the generation of
surface oxygen species on SACs [57]. In situ XAS
technology and Maoéssbauer spectroscopic technique
can help directly monitor the valence/spin state of
central metals to elucidate their intrinsic functions and
evolution in HCO. The rational design of SACs
and in-depth exploration of the associated catalytic
ozonation mechanism would lay the foundation for
practical application.
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