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Single atom catalysts (SACs) show exceptional molecular adsorption and electron transfer capabilities
owing to their remarkable atomic efficiency and tunable electronic structure, thereby providing
promising solutions for diverse important processes including photocatalysis, electrocatalysis, thermal
catalysis, etc. Consequently, SACs hold great potential in the detection and degradation of pollutants
present in contaminated gases. Over the past few years, SACs have made remarkable achievements in
the field of contaminated gas detection and purification. In this review, we first provide a concise
introduction to the significance and urgency of gas detection and pollutant purification, followed by
a comprehensive overview of the structural feature identification methods for SACs. Subsequently, we
systematically summarize the three key properties of SACs for detecting contaminated gases and discuss
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enhancement mechanism and advantages of SACs in polluted gas detection and purification, and
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1. Introduction

The emission of pollutants such as sulfur oxides (SO,), nitrogen
oxides (NO,), carbon oxides (CO,), and volatile organic
compounds (VOCs) from activities and industrial
manufacturing processes of human beings poses a substantial
risk to human health, leading to emergence of various diseases,
disruption of ecological balance, and decline in biodiversity."*
The real-time detection and purification of contaminated gases
are therefore of paramount importance and merit significant
attention.® The monitoring and purification processes both
involve adsorption and activation of contaminated gas mole-
cules, highlighting the pivotal role of catalysis in contaminated
gas detection and purification. Therefore, a profound compre-
hension of catalytic mechanisms in gas detection and purifi-
cation processes is indispensable for the development of
cutting-edge catalysts.

Single atom catalysts (SACs) demonstrate maximum atom
utilization efficiency with tunable electronic structure through
manipulating the single atom centers, coordination atoms and/
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or coordination numbers.®™*> Moreover, SACs offer an ideal
platform to investigate the structure-performance relationship
thanks to their homogeneous isolated active centers.*® Most
gas sensors operate based on catalytic processes, making SACs
ideal for high-performance gas sensing applications.'”'® Early
research showed that compared to traditional gas sensing
materials, SACs could maintain high sensitivity and rapid
response even at low temperatures.'®>* The efficient catalytic
activity of metal single atoms and their synergistic effects with
metal supports play crucial roles in this context.”*** Over the
past decades, various strategies have been employed to control
emissions of contaminated gases, including absorption,
condensation, biological degradation, and catalysis. Among
these approaches, catalysis shows great promise in eliminating
contaminated gases, advancing clean energy development, and
producing high-value chemicals. Thus, it is crucial to design
and develop highly efficient and chemically stable heteroge-
neous catalysts with adjustable structures and abundant active
sites to address challenges associated with contaminated gas
detection and purification.***” SACs have demonstrated excep-
tional performance in purifying contaminated gas by converting
it into harmless products and even value-added fuels/chem-
icals.”®?® Understanding the scientific mechanisms of SACs in
this field will greatly contribute to advancing their applications
in gas sensing and gas purification.****

In this review, the characterization methods to determine
the structure of SACs is first outlined. Next, the working
mechanisms of gas sensors are systematically summarized,
followed by a comprehensive description of research progress in
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Scheme 1 A comprehensive summary diagram illustrating the overview of the manuscript.

gas sensing using SACs, focusing on chemical sensitization,
electronic sensitization, and synergistic sensitization. Subse-
quently, the purification mechanism of contaminated gas is
summarized, followed by a systematic overview of purifying
polluted gases using SACs with a focus on photocatalysis and
electrocatalysis. Last but not least, some issues in this research
field are put forward and the corresponding solutions are sug-
gested (Scheme 1).

2. Characterization of SACs

Structural identification of SACs heavily depends on character-
ization techniques.®*?* Recent advancements in electron
microscopy, structure-sensitive spectroscopy, and in situ/oper-
ando methodologies have led to a deep understanding of
heterogeneous catalysis, including the structure of the catalyst
and catalytic process.>***! Fig. 1 summarizes the commonly used
techniques for characterizing structures of SACs at the atomic
scale. The atomic structure of SACs can be probed by using high-
resolution transmission electron microscopy (HRTEM) and
scanning transmission electron microscopy (STEM). HRTEM
enables direct visualization of individual atoms, revealing their
sizes, shapes, and distributions. STEM, particularly when
combined with energy dispersive X-ray spectroscopy (EDX),
facilitates mapping of individual atomic elements on the sup-
porting material to confirm their presence and provide infor-
mation about their spatial distribution. The characterization of
SACs' electronic structure primarily involves X-ray photoelectron
spectroscopy (XPS), X-ray absorption spectroscopy (XAS), and
infrared spectroscopy. XPS can offer insights into the oxidation
states and electronic structure of individual atoms, facilitating
comprehension of the interaction between single atoms and their
support material as well as the impact on catalytic behavior. XAS,
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encompassing both X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS),
can provide valuable information regarding the local structure
and coordination environment of single atoms, thereby con-
firming their monatomic properties. Furthermore, infrared
spectroscopy (IR), particularly when combined with CO as
a probe molecule, can furnish details about adsorption sites on
SACs while aiding in verifying the presence of single atoms and
offering insights into their catalytic behaviors. These character-
ization methods, often used in combination, can provide
comprehensive information about the structure, composition,
and behavior of SACs. However, characterizing SACs is still
challenging due to their unique nature, and ongoing research is
aimed at developing more advanced characterization techniques
for these materials.**** A comprehensive understanding of the
structure of SACs is crucial for designing more efficient SACs.***
Fig. 2 illustrates the general process for determining whether
a prepared catalyst is a SAC. Firstly, X-ray diffraction (XRD)
analysis is performed to verify characteristic peaks corresponding
to metal compounds in the sample. Subsequently, electron
microscopy techniques including scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) are utilized to examine whether nanoparticles,
sub-nanoparticles, or nanoclusters exist in the sample. Among
these electron microscopy methods, HAADF-STEM provides
high-quality imaging maps enabling identification of individual
metal atoms through dispersed bright spots.**** Finally, X-ray
absorption spectroscopy (XAS) is employed to ascertain whether
there exists metal-metal coordination. If all answers to these
questions are “No”, it indicates that the introduced metal atoms
are atomically dispersed. A comprehensive analysis of the coor-
dination structure of atomically dispersed metal atoms can be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of different characterization methods for studying SACs.

conducted using various techniques, such as X-ray photoelectron
spectroscopy (XPS) and X-ray absorption near edge structure
(XANES) spectroscopy to determine the valence states of single
atom centers in SACs; extended X-ray absorption fine structure
(EXAFS) spectroscopy to get the coordination numbers; and X-ray
emission spectroscopy (XES) together with density functional
theory (DFT) calculation and spectroscopy simulation to obtain
structural details.>*>°

3. Application of surface acoustic
wave (SAW) in gas detection

Since 1999, Kevin Ashton's development of the Internet of
Things (IoT) has garnered significant recognition from

© 2024 The Author(s). Published by the Royal Society of Chemistry

technical communities and scientific experts. Sensors, serving
as the fundamental building blocks of IoT, offer substantial
advantages for studying diverse domains such as environmental
conditions, climate patterns, human health status, food quality
assessment, and water analysis. For instance, wearable sensors
capable of detecting respiration or subcutaneous tissue can be
employed for medical diagnostics; gas or water quality sensors
can establish robust industrial safety measures and environ-
mental monitoring systems; paper-based sensors enable
instantaneous determination of food freshness and safety
levels. However, despite their pivotal role in numerous
scenarios, sensors still face challenges related to insufficient
sensitivity, selectivity limitations, stability issues, and reliability
concerns, which hinder their ability to meet expanding
demands. Sensors still encounter difficulties in detecting trace

Chem. Sci., 2024, 15, 6285-6313 | 6287


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01030b

Open Access Article. Published on 02 April 2024. Downloaded on 5/8/2024 9:36:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

How can the prepared catalyst be identified

View Article Online

Review

as a Single - Atom Catalyst (SACs) ?

Is there evidence of characteristic peaks in  YES

The characterization of nanocatalysts
is ineffective.

the XRD that atoms form compounds ?
NO

Is there indication of metal nanoparticles
in the backscatter SEM ?

YES

NO

Is there presence of sub-nanoparticles or

YES
clusters in the HR-TEM ?

NO

Is there presence of sub-nanoparticles or
cluster in HAADF-STEM ?

YES

NO

Is the valence state in the XANES indicative
of a metal ?

YES

NO

Determining the structure of SACs

XPS / element analysis: content of different atoms,
is molar ratio of coordination atom/metal atom >4 ?

XPS and L edge spectrum of X: Is there a peak for

EXAFS: s the coordination structure and bond length
in the first-coordination shell the same?
XES: Is there any signal for coordination atom?

XPS or soft XAS: Is there a peak for X-coordination
atom ?

Analysis of the second coordination shell:

1. Fit the FT magnitude of metal K-edge EXAFS spectra in R space;

2. Calculate the formation energy of all possible structures;

3. Calculate the XANES spectra of different structures theoretically and
compare them with the measured spectra;

4. Compare the bond length of calculated model with measured data.

The catalyst prepared is not atomically
dispersed.

-

The first-coordination shell @

M-X bond? T

SV
(2]

The second-coordination shell =

Fig. 2 The well-accepted protocol for determining the structure of SACs.

analytes at parts per billion (ppb) levels or lower concentrations
while differentiating between similar compounds like methanol
and ethanol. Therefore, it is imperative to develop highly
sensitive sensors with strong selectivity that exhibit exceptional
reliability and stability. One effective approach is to optimize
the sensing material/catalyst. Precious metals such as Pt, Pd,
and Ir, as well as metal oxides like ZnO, SnO,, and Co;0, are
commonly employed as catalysts due to their unoccupied d-
electron orbitals. However, the limited number of unsaturated
coordination atoms on the surface of particle catalysts leads to
low utilization of active sites. Reducing the size of metal
nanoparticles is considered as an efficient strategy for
increasing the number of catalytically exposed atoms, which
consequently modifies the surface atomic structure, electron
configuration, and surface defects. These alterations can
generate favorable geometric and electronic effects on the
coordination environment and enhance catalyst activity. A
typical example illustrating this concept is single-atom catalysts
(SACs), where active metal sites are isolated on a carrier or
stabilized by a non-metallic ligand to maximize atomic utiliza-
tion efficiency and catalytic activity. The significant enhance-
ment of catalytic activity and selectivity in electrocatalysis,
thermal catalysis, photocatalysis, and enzyme catalysis by SACs
has been well established. These principles have paved the way
for the development of various sensing methods such as elec-
trochemistry, chemical resistance, colorimetry, luminescence,
etc. In comparison to nanoparticles, nanoclusters, and bulk
catalysts, SACs offer several advantages: (1) maximizing the
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utilization of catalytic metals while minimizing their
consumption; (2) exhibiting unexpected stability and selectivity
owing to their customizable coordination environment; (3)
providing a comprehensive understanding of the mechanism
behind the coordination environment. Although sensing with
SACs is still at an early stage of development, remarkable
progress has been made since 2016 with immense potential.
Therefore, this section begins by providing a concise overview of
the fundamental principles underlying gas sensors, followed by
a comprehensive examination of three distinct mechanisms for
enhancing gas sensitivity in single-atom catalysts, drawing
upon recent advancements in the field of gas sensor research.

3.1 Working mechanism of gas sensors based on SACs

Gas sensors are typically made of metal oxides or conducting
polymers, which exhibit changes in electrical conductivity when
exposed to different gases.>”*° The change in conductivity can
be attributed to the change in electronic properties induced by
adsorption/desorption of gas molecules on the surface of
sensing materials.®>** Physisorption and chemisorption are two
different types of adsorption processes that occur on the surface
of semiconductors in gas sensors. They play a crucial role in the
sensing mechanism of these devices. The process of physical
adsorption involves the adherence of gas molecules to the
sensor surface through weak van der Waals forces (or London
dispersion forces). These relatively weak forces allow for
reversible adsorption and desorption processes at low temper-
atures. Importantly, no chemical bonding forms between the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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gas molecules and the sensor surface in physical adsorption.
This non-specific process can occur for any gas molecules, and
its capacity increases with increasing surface area. Additionally,
physical adsorption typically results in multilayered adsorption
as there is no limit to the number of layers that can be formed.
The process of chemisorption involves the formation of
a chemical bond between gas molecules and the sensor surface.
This interaction is characterized by its increased strength and
specificity compared to physical adsorption. During chemi-
sorption, gas molecules undergo reactions with the sensor
surface, resulting in the creation of new compounds. This
process is typically irreversible and occurs at elevated temper-
atures. Chemisorption generally leads to monolayer adsorption
as further adsorption becomes hindered once a monolayer is
formed. In terms of gas sensors, both physisorption and
chemisorption can influence their responses; chemisorption is
often more desirable due to its ability to provide higher sensi-
tivity and selectivity through specific interactions between gas
molecules and the sensor surface. Several theories, such as the
chemisorbed oxygen model,**® grain boundary barrier
model,**** bulk resistance model,*® space-charge layer model
(electron depletion layer (EDL) and hole accumulation layer
(HAL)),**® can explain the variations in conductivity. These
theories focus on electron transfer between gas molecules and
semiconductor surfaces. When the electron affinity of the gas
exceeds the work function of the semiconductor, electrons will
be transferred from the semiconductor surface to adsorbed gas
molecules, leading to the formation of adsorbed gas anions
(Fig. 3a), which alters the electronic conductivity of the
semiconductor.®* In addition to the gas molecules adsorbed
on the semiconductor surface, the chemisorbed oxygen species

View Article Online
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(0,7, 07, 0*7) also play a crucial role in the gas sensor,
significantly influencing the surface conductivity that is closely
related to the operating temperature and type of semi-
conductor, and therefore these factors ultimately impact the
characteristics of semiconductors in gas sensing applica-
tions.**>”> The process of generating chemisorbed oxygen
species on the semiconductor surface can be summarized by
formulae (1)-(4).”7°

0O5(gas) — O,(adsorbed), (air) (1)
Oj(adsorbed) + e~ — 207, (air, <150 °C) (2)
Os(adsorbed) + e~ — O, (air, 150400 °C) (3)
0,(adsorbed) + e~ — 0>, (air, >400 °C) (4)

For an n-type semiconductor, the gas-surface interaction can
be explained as follows (Fig. 3b): initially, upon heating to
a specific temperature, oxygen in the air is adsorbed onto desig-
nated sites on the semiconductor surface. Subsequently, the
adsorbed oxygen molecules capture electrons from the semi-
conductor conduction band, forming chemisorbed oxygen
species (0O, ”, O~, 0*") and simultaneously creating an EDL at the
semiconductor-gas interface.®””””””° This EDL causes an increased
electron transfer barrier. Reductive gases like ethanol can react
with chemisorbed oxygen species to release electrons back into
the semiconductor, thereby reducing the resistance.®*® After
consumption of the chemisorbed oxygen species, oxygen mole-
cules can be re-adsorbed onto the semiconductor surface to
produce new oxygen anions until the reaction reaches
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(@) Schematic illustration showing the three steps taking place over a semiconductor for sensing gas molecules. Schematic diagram

showing the detection principle of n-type (b) and p-type (c) semiconductors for sensing gas molecules.
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equilibrium. Conversely, introducing an oxidizing gas will further
deplete electrons and consequently increase the resistance in the
semiconductor. For a p-type semiconductor, when it comes into
contact with oxygen molecules (Fig. 3c), the oxygen molecules will
capture electrons from the semiconductor valence band, con-
verting them into chemisorbed oxygen ions.* Since the p-type
semiconductor conducts current through holes, this loss of
electrons leads to the formation of an HAL on the semiconductor
surface and thus a reduction in the charge transfer barrier. When
detecting reducing gases, these gas molecules react with adsor-
bed oxygen ions on the semiconductor surface, releasing elec-
trons back into the semiconductor where they recombine with
holes.?* This reduces hole concentration and diminishes the hole
accumulation layer, resulting in decreased conductivity and
increased resistance in the semiconductor. Conversely, when
oxidizing gases are detected, the oxidizing gas molecules can
capture more electrons from the semiconductor, which will
increase hole concentration and further enhance the conductivity
while reducing the resistance. Gas detection is achieved by
monitoring changes in resistance before and after gas exposure.
The resistances of semiconductor gas sensors, whether n-type or
p-type, are influenced by various factors. These factors can be
categorized into internal and external factors. Internal factors
primarily include the following aspects. (a) Doping level: the
resistance of a semiconductor is directly correlated with its
doping level. In n-type semiconductors, doping introduces addi-
tional free electrons, thereby enhancing the conductivity and
reducing the resistance. Similarly, in p-type semiconductors,
doping generates more holes which can also enhance the
conductivity and reduce the resistance. (b) Temperature: the
resistance of a semiconductor is temperature dependent. With
increasing temperature, there is an increase in the number of free
carriers (n-type electrons or p-type holes), resulting in a decrease
in resistance. External factors mainly encompass: (a) gas
concentration: when the semiconductor comes into contact with
target gases within a gas sensor setup, its resistance changes
accordingly. For an n-type semiconductor interacting with
reducing (oxidizing) gases like CO (0O,), its resistance typically
decreases (increases). For a p-type semiconductor, the resistance
change is in the opposite direction to an n-type semiconductor.
(b) Humidity: water vapor can affect the resistance of semi-
conductors by providing or accepting free carriers. (c) Crystal
lattice structure: the surface morphology of semiconductors will
impact the impurity concentration and grain boundary count;
surfaces that are rougher with more grain boundaries tend to
disperse carriers while increasing the impurity concentration.
In brief, the gas sensor system comprises of a sensor device,
a conversion circuit, and a power supply.*®® The gas sensor
device is responsible for detecting contaminated gases, while
the conversion circuit transforms the chemical signal from the
gas sensor into an electrical signal. The specific operation
principle involves the adsorption or reaction of contaminated
gas molecules onto a gas-sensitive material, leading to alter-
ations in the resistance/current/voltage.**** Thus, compre-
hending the sensitization mechanism of gas-sensitive materials
is pivotal for investigating adsorption, chemical reaction, and
desorption of oxygen molecules and polluted gases on

6290 | Chem. Sci, 2024, 15, 6285-6313
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semiconductor materials.””** SACs serve as an exemplary plat-
form for exploring these sensitization processes by offering
novel insights into the sensitization mechanisms at the atomic
level.®> In the context of chemical sensitization, SACs exhibit
unique catalytic properties in various chemical reactions due to
their distinct electronic structure and unsaturated coordination
environment. Additionally, SACs can provide active sites to
adsorb oxygen and pollutant gas molecules, which may migrate
to the surface of the sensing material through a phenomenon
known as the surface spillover effect.”**” In terms of electronic
sensitization, SACs form Schottky junctions with carriers by
exploiting differences in band gap and work function, thereby
facilitating electron transport.®®® Furthermore, SACs are able to
react with oxygen to generate metal oxides and establish het-
erojunction interfaces with carrier materials. The manipulation
of loss layers at these heterojunction interfaces can effectively
regulate electron transport and ultimately enhance sensor
performance.'® For synergistic sensitization, SACs act as acti-
vation centers for oxygen molecules by modulating their acti-
vation kinetics.'” Moreover, the activated oxygen molecules
influenced by SACs can also impact gas sensitivity through an
overflow effect.

3.2 Chemical sensitization of SACs

Chemical sensitization sensors for gas detection have been
extensively investigated. Unlike electrochemical sensors, chem-
ical sensitization sensor devices typically consist of a smaller
number of interdigitated electrodes and metal oxide semi-
conductor (MOS) materials, eliminating the need for electrolyte
and reference electrodes. Chemical sensitization sensors and
electrochemical sensors are two commonly used gas detection
systems, each with its own distinct advantages. In comparison to
electrochemical sensors, chemical sensitization sensors possess
the following advantages: (a) chemical sensitization sensors
typically exhibit higher sensitivity and can be applied to detect
extremely low concentration target gases. (b) Chemical sensiti-
zation allows for high selectivity towards specific gases by
utilizing specific catalysts or active substances that only react with
the target gases. This can reduce interference from other gases,
a problem more frequently encountered in electrochemical
sensors. (c) Chemical sensitization sensors offer superior long-
term stability and are not affected by environmental conditions
such as temperature and humidity, which can impact the
performance of electrochemical sensors. (d) Chemical sensitiza-
tion sensors usually operate without an external power support,
making them more convenient and cost-effective for use in
remote or hard-to-reach locations. (e) The design and
manufacturing processes for chemical sensitization sensors are
generally simpler. The resistance or direct current of chemical
sensitization sensors is commonly measured by the galvanostatic
or constant bias voltage method known as conductometry. To
ensure accurate measurements, it is crucial for chemical sensi-
tization sensors to exhibit appropriate conductivity. Insufficient
conductivity will result in unmeasurable current or voltage drop.
Pd single atoms (SAs) supported on TiO, exhibit a p-type char-
acteristic that can generate active oxygen species (such as O, ")

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from adsorbed oxygen, resulting in a state of high conductivity.
TiO, is a widely used n-type semiconductor. By introducing Pt
onto TiO,, new energy levels can be created within the bandgap of
TiO,, which can generate hole carriers - a characteristic of p-type
semiconductors. This occurs due to charge carrier modification
and Schottky barrier formation between Pt and TiO,, which
separates electron-hole pairs and improves hole conductivity.
Using p-type semiconductors in gas-sensitive applications offers
advantages such as enhanced selectivity and sensitivity to certain
types of gases. The catalytic activity of Pt can enhance the gas
sensitive properties of the material by improving chemical reac-
tions on its surface while also increasing oxygen vacancies that
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adhere to the Pd SAC, they undergo oxidation and release free
electrons into the p-type Pd SAC, depleting hole carriers and
leading to reduced conductivity. Upon removal of gaseous CO,
molecules, oxygen molecules re-adhere and restore the high
conductivity state of Pd SAC. Gas sensors based on conventional
semiconductors such as ZnO, SnO,, TiO,, and In,0; typically
require high operating temperatures, resulting in increased
energy consumption and limited applicability.®>"** SACs offer
advantages in chemical sensitization sensing due to their abun-
dant active sites and exceptional oxygen adsorption ability,'****”
which can enhance the catalytic spillover effect, leading to
improved sensitivity and selectivity while reducing the required

operating temperature.'® ™ For instance, in our previous study,
Pt single atoms and Pt nanoparticles were deposited onto ZnO

serve as electron capture sites thereby transforming TiO, into a p-
type semiconductor. When reductive analyte CO molecules
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Sn K-edge, and right: Pt Ls-edge of Pt—SnO,. Dry air in the figure means air treatment after CH, flow. Reproduced with permission from ref. 117
Copyright 2022, American Chemical Society. (i) Left: formation energies of Vg in pure WO3z and Pt anchored WOs slab as a function of the
chemical potential of O atom (u,). Vo-inside/surface indicates that the Vg is inside/at the surface of the WOs slab. Right: the total DOS of pure
WOs3 and Pt anchored WOs slab with V. The Fermi level is set to zero. Reproduced with permission from ref. 120 Copyright 2022, Wiley-VCH.
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using a dip-coating method as verified by EXAFS (Fig. 4a) and CO
DRIFTS (Fig. 4b)."* The Pt,/ZnO gas sensor demonstrated
a significant response to triethylamine (TEA) gas, while its
responses to other gases were not prominent, indicating high
selectivity of Pt;/ZnO towards TEA. Conversely, both ZnO and Pt-
NP/ZnO sensors showed low responses to all gases (Fig. 4c). The
supports in SACs often possess porous structures with regular
patterns that have high specific surface areas, facilitating efficient
molecule/ion transport and enhancing the adsorption capacity to
expand the resistance range.'** Xiang et al. reported that the
three-dimensional ordered mesoporous structure of SnO,
(3DOM) was significantly enhanced by incorporating Pt."** EXAFS
analysis revealed that atomically dispersed Pt predominated on
the surface of 3DOM at a concentration of 0.20 wt% Pt/SnO,
(Fig. 4d). This resulted in a large number of active sites, a high
Hall mobility, and a great content of reactive oxygen species,
while simultaneously reducing the response energy barrier. The
sensor made of 0.20 wt% Pt/SnO, demonstrated exceptional
performance with a low operating temperature of 80 °C and an
impressive detection limit (0.32 ppb) for TEA (Fig. 4e). The gas
sensing performance of Pt SAs could be significantly enhanced
when loaded onto a three-dimensional ordered mesoporous
WOs3, as demonstrated by Gu and co-workers (Fig. 4f)."** More-
over, the limitations in sensitivity and selectivity commonly
associated with chemical sensing materials at room temperature
(RT) can be overcome by adjusting the surface coordination of
SACs. The exceptional capability of Pd,/TiO,, which utilizes
a solitary Pd atom to generate adsorbed O, , along with its high
efficiency and specificity for catalytic CO oxidation under ambient
conditions, gives an unparalleled level of sensitivity compared to
previously reported room temperature sensing materials."*® This
finding is reminiscent of observations made with other SACs
employed for CO conversion (Fig. 4g). Generally, when SAs are
loaded onto metal oxide semiconductor (MOS), their coordina-
tion with oxygen is fixed within the lattice structure.’*® This
minimizes oxygen depletion during gas-sensitive reactions and
allows for easy replenishment by atmospheric oxygen, leading to
exceptional stability typically exhibited in SACs. Murata et al.
demonstrated that Pt atoms dispersed randomly in a SnO, lattice
underwent partial reduction without losing their lattice positions
under reducing gases such as 1% CH, and 1% H,."" In situ XAFS
measurements showed no formation of Pt nanoparticles even
during the reaction (Fig. 4h). For MOS, introducing SAs may
cause loss of complete coordination between metal and oxygen
atoms and result in incomplete metal-oxygen vacancy centers,
however, these vacancies can be replenished from the
surrounding air to maintain high stability."***** The experimental
phenomenon in the Pt;,/WO; system was confirmed by first-
principles calculations, wherein the introduction of Pt SAs led
to a reduction in Fermi level of WO; and an enhancement of its
reactive oxygen capability (Fig. 4i)."*

3.3 Electronic sensitization of SACs

Enhancement of gas response by tuning the concentration of
charge carriers is referred to as “electronic sensitization”. The
formation of a Schottky junction between surface-active centers
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and carriers is crucial for enhancing electron transfer in elec-
tronic sensitization.”**> SACs possess unique properties to
facilitate chemical reactions with high selectivity and efficiency.
Additionally, SACs present in air can react with molecular
oxygen to form metal oxides, creating heterojunctions with the
carrier material."””® Heterojunctions refer to interfaces between
two different materials that have distinct electronic
properties.’>**** A heterojunction plays a significant role in
modulating electron transport by altering the depletion layer
between the two different materials. Precise control of the het-
erojunction can enhance sensor performance, opening possi-
bilities for developing advanced sensing technologies capable
of detecting various substances with high sensitivity and
selectivity. According to a study conducted by Shin et al., Pt SA-
anchored carbon nitride nanosheets were integrated into a 1D
nanofiber structure containing SnO, (Pt;-N/CSnO,).*”” The Pt;-
N/C site exhibited strong adsorption of O,, with an adsorption
energy of —1.93 eV. Furthermore, the O-O bond length of O,
adsorbed on the Pt atom was longer compared to that on Pt
bulk. These findings suggested easier adsorption and dissoci-
ation of O, on Pt SA in comparison to that on SnO,, resulting in
an increased concentration of chemisorbed oxygen species
(Fig. 5a). The incorporation of Pt;-N/C into SnO, led to
a noticeable decrease of work function to 4.38 eV, indicating
electron transfer from Pt;-N/C to the main body of SnO,. This
observation supported the formation of the heterojunction as
a second enhancement mechanism, where enhanced oxygen
species adsorption occurred at the electron accumulation layer
formed between SnO, and carbon nitride (Fig. 5b). Conse-
quently, this increased the concentration of chemisorbed
oxygen on the surface of Pt;-N/C-SnO,. Gas sensing tests
showed that compared to the state-of-the-art formaldehyde gas
sensors (Fig. 5¢), Pt;-N/C-SnO, gas sensor exhibited superior
performance. Sun et al. developed a novel type of Pt;/SnO,@SiC
multi-heterojunction, which demonstrated that the incorpora-
tion of Pt SAs into SnO, altered its electronic structure, resulting
in efficient electron transfer within the formed hetero-
junction.”® During gas sensing, the redox reaction between
ethanol gas and ionized oxygen on Pt;/SnO, generated electrons
that were transferred to the heterojunction sensing material
(Fig. 5d). The presence of Pt SAs significantly enhanced the
electron transfer rate. Gas sensitivity tests revealed a significant
improvement in ethanol detection performance for Pt;/
SnO,@SiC (Fig. 5e). To elucidate the sensing mechanism, the
carrier concentration of Fe,;/NC was measured by the Hall-effect
measurement, and DFT calculations were performed based on
an FeN, coordination structure (Fig. 5f)."* DFT analysis showed
that Fe;/NC exhibited n-type semiconductor behavior with
a band gap of 0.5 eV (Fig. 5g), consistent with the result ob-
tained from the Hall effect measurement. Like n-type MOS gas
sensing materials, it was anticipated that NO,, as an oxidizing
gas, would induce an increase in electrical resistance when
interacting with Fe,/NC. To clarify the selective response of the
Fe,/NC gas sensor towards NO,, the adsorption structures and
energies of various experimentally measured gases were further
calculated by DFT (Fig. 5h). Based on the above research
examples, it is evident that SACs hold immense potential in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Schematic illustration showing the HCHO-sensing mechanism as well as the simplified energy band diagram of the heterojunction between
MCN and SnO,. (c) Comparison of the state-of-the-art formaldehyde gas sensors with that made of Pt—-MCN-SnO,. Reproduced with
permission from ref. 127 Copyright 2020, American Chemical Society. (d) Schematic illustration showing the gas sensing mechanism of Pt
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FeNC. (h) Adsorption energies of NO,, NO, NH3, H,, CO, and CH,4 on FeNC. Reproduced with permission from ref. 129 Copyright 2020, Royal

Society of Chemistry.

optimizing gas detection performance. Firstly, SACs possess
unique electronic properties that enable efficient adsorption
and transfer of electrical charges.” The distinctive electronic
structure of SACs can not only enhance the catalytic activity, but
also improve the selective recognition of gas molecules. Addi-
tionally, SACs also exhibit sensitivity to oxygen molecules,
rendering them ideal candidates for gas detection.

3.4 Synergistic sensitization of SACs

The unique characteristics of SACs can facilitate effective
interaction between gas molecules and single atomic active
sites, thereby enhancing the probability of oxygen molecule
adsorption and subsequent activation.”* The increased sensi-
tivity provided by SACs allows for faster and more precise

© 2024 The Author(s). Published by the Royal Society of Chemistry

detection of trace gases, particularly important when identi-
fying harmful pollutants or volatile organic compounds (VOCs)
at low concentrations. Moreover, an excess of reactive oxygen
species may accumulate on the surface of SACs, resulting in
rapid oxidation and removal of the target gas from the catalyst's
surface. Xue et al. achieved highly sensitive NO, detection by
dispersing Au atoms on a stepped ZnO surface (Au;/ZnO)
featuring abundant unsaturated terrace defects.'*> The electron
transport associated with the sensing process was elucidated
through theoretical studies. Fig. 6a illustrates the density of
states (DOS) for ZnO, Au;-ZnO, and Au;/ZnO + NO,. Upon
introducing Au SAs onto ZnO, a new band gap becomes
apparent, while the band gap of NO, widens significantly after
adsorption on the ZnO surface, indicating an increase in

Chem. Sci., 2024, 15, 6285-6313 | 6293
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resistance. The charge density analysis revealed that upon NO,
adsorption on Au,/Zn0O, a substantial number of electrons were
transferred from ZnO to NO,, consistent with the DOS analysis
results. Subsequent activation and oxidation occurred when O,
was adsorbed on the Au SAs, leading to rapid detachment of
NO, from the ZnO surface. This entire process caused a signif-
icant alteration in gas sensor resistance. This example clearly
demonstrates that synergistic effects between O, adsorption at
the Au SA site and NO, adsorption on ZnO surface can enhance
gas sensing performance. Furthermore, SACs based on MOS,
which exhibit selective adsorption of certain gas molecules over
single metal atom active sites, in contrast to vacancies on the
MOS support that often generate ROS to excite and catalyze
reactions, may achieve high sensing performance.'***** For
example, we demonstrated an ultra-sensitive gas sensor to
detect SO, that used atomically dispersed Ni on oxygen vacancy
rich SnO, nanorods (SAC-Ni/H-SnO,) as the sensing material.***
As shown in Fig. 6b, all tested sensors show the highest
response to SO, at 250 °C, among which, SAC-Ni/H-SnO,

6294 | Chem. Sci, 2024, 15, 6285-6313

(2 mol% Ni loaded H-SnO,) displays the highest gas sensitivity.
Fig. 6¢ presents the 60 days stability test of the gas sensor. After
60 days, the SO, response of the gas sensor made of SAC-Ni/H-
Sn0O,, H-SnO,, SAC-Ni/SnO, and SnO, decreased by 4.6%,
13.4%, 15.9% and 24.5%, respectively, reflecting long-term
stability of the SAC-Ni/H-SnO, gas sensor. Based on in situ
electron paramagnetic resonance (EPR) and iz situ infrared (IR)
spectroscopy measurements, it was revealed that the adsorbed
SO, could effectively react with the abundant superoxide free
radicals on the SAC-Ni/H-SnO, surface, resulting in a reduction
of the electrical double layer thickness and sensor resistance
through efficient release of trapped electrons. Hence, it can be
concluded that the synergistic effect between Ni-SAC and
oxygen vacancy makes SAC-Ni/H-SnO, exhibit high sensitivity
and selectivity to SO, (Fig. 6b).

To summarize, the use of SACs can significantly enhance gas
sensing performance via chemical sensitization, electronic
sensitization and synergistic sensitization mechanisms,
enabling gas sensors to operate at room temperature and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Advantages and disadvantages of SACs for the gas sensing
performance

Advantages Disadvantages

High efficiency
Exceptional selectivity
Superior stability
Cost-effective
Environmentally
friendly

Preparation complexity

Poor durability

Low sensitivity

High cost of precious metal-based SACs
Limited understanding of the SAC
mechanisms

thereby enhancing their safety, energy efficiency, and environ-
mental friendliness.

3.5 Advantages/disadvantages of SACs for gas sensing

SACs represent a novel frontier in heterogeneous catalysis,
owing to their distinctive properties and potential applications
across various fields, including gas sensing. As shown in
Table 1, we highlight the advantages and disadvantages of using
single atom catalysts for gas sensing performance. SACs
demonstrate high catalytic efficiency as each atom functions as
an active site, thereby significantly enhancing the gas sensing
performance. Moreover, the unique electronic and geometric
structures of SACs enable exceptional selectivity towards
specific gases. Additionally, SACs exhibit superior stability
compared to conventional catalysts, resulting in prolonged

Catalytlc OX|dat|on

Photocatalytic oxidation

Electrocatalytic oxidatio

View Article Online
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sensor lifetimes. Furthermore, despite the potentially higher
initial cost, the long-term cost-effectiveness of SACs is enhanced
due to their excellent efficiency and stability. However, the
preparation of SACs is complex which requires precise control
over the synthesis conditions. While SACs are generally stable,
they can exhibit susceptibility to aggregation under specific
conditions, resulting in reduced catalytic activity and compro-
mised gas sensing performance. The sensitivity of SACs can be
influenced by various factors, such as the type of support
material. The high cost associated with SACs, particularly those
based on precious metals, poses a disadvantage for their
widespread utilization in gas sensing applications. Additionally,
limited understanding of the mechanisms underlying SACs
hinders their optimization and application in the field of gas
sensing.

4. Catalytic properties of SACs

With the rapid advancement of industrialization, urbanization,
and global population growth, along with extensive utilization
of fossil fuels and the impact of climate change, the issue of
contaminated gas has become increasingly severe. Conse-
quently, there is a growing emphasis on research aimed at
discovering efficient, cost-effective and environmentally
friendly technologies for mitigating contaminated gas emis-
sions to our surrounding environment. Among the gas purifi-
cation technologies that have been developed, advanced
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Fig. 7 The catalytic mechanisms of SACs in various AOPs.
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oxidation processes (AOPs) show excellent performance.””**%**
AOPs possess the ability to break down persistent contaminants
through the generation of highly reactive oxygen species (ROS),
including hydroxyl radical (‘OH), sulfate radical ('SO,"),
superoxide radical ('O, "), etc."****° Based on the external energy
supply methods, the AOP system can be categorized into cata-
lytic oxidation, photocatalytic oxidation, and electrocatalytic
oxidation. In the following section, we will focus on the recent
advancements in utilizing SACs for gas purification, elucidating
the catalytic mechanisms of SACs in various AOPs, and exam-
ining the prospective opportunities and research directions for
further developing SACs in the field of gas purification (Fig. 7).

4.1 Catalytic oxidation reactions of contaminated gas over
SACs

The oxidation reactions can effectively convert contaminated
gases into non-toxic substances that are in alignment with
stable elements, leading to fewer secondary pollutants
compared to other treatment methods (Fig. 8a)."** However, the
oxidation treatment typically requires a high reaction temper-
ature and consumes a significant amount of energy
(Fig. 8b)."*>'** This dependence not only escalates the energy
demand but also presents challenges in terms of equipment
design and operation. To surmount these limitations,
researchers have been exploring alternative approaches to
mitigate the requirement for high reaction temperature while
maintaining efficient catalytic oxidation. Another extensively
studied strategy entails advancing catalytic reactions such as
novel photocatalyses and electrocatalyses, which rely on natural
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sunlight or renewable electricity, rendering them clean and
sustainable recycling technologies.

Recently, significant advancements have been made in the
development of high-performance SACs for AOPs."**'*¢ These
SACs demonstrate superior performance compared to nano-
particle counterparts.**”**° For instance, Ag SAs loaded on hol-
landite manganese oxide (Ag;/HMO) achieved complete
benzene oxidation at 220 °C at a gas space velocity (GHSV) as
high as 23 000 h™" (Fig. 8c).*" The isolated Ag atoms exhibited
exceptional ability in activating lattice oxygen and gaseous O,
due to their upshifted 4d orbitals. Incorporation of Ag atoms
onto cryptomelane-type manganese oxide (K/Ag-OMS-40)
resulted in an even higher rate of benzene conversion along
with excellent stability and enhanced resistance against chlo-
rine poisoning and moisture compared to the catalyst of 1 wt%
Pd supported on Al,0;."*> This enhancement could be attrib-
uted to an increased number of Mn octahedral defects and
newly formed Ag-O-Mn interaction entities that expedited
charge transfer and facilitated efficient benzene conversion.
The atomically dispersed noble metal atoms can also promote
HCHO oxidation at low temperature. For example, introducing
Au SAs onto a-MnO, and CeO, to form Au,/a-MnO, and Au,/
CeO, catalysts significantly enhanced their activity and stability
by facilitating the formation of oxygen vacancies, generating
active oxygen species, and providing charged Au species as
active sites."*'** At 75 °C, Au,/0-MnO, catalyst could completely
decompose 500 ppm HCHO stream with a WHSV of 60 L g~ *
h™'. On the other hand, among the various CeO, morphologies
tested, Au SAs on CeO, nanorods exhibited optimal catalytic

a
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Fig. 8 (a) A schematic diagram illustrating a catalytic oxidation reactor designed for purification of contaminated gas. (b) A diagram showing

different types of single-atom catalysts. (c) Conversion of benzene (Xc ) as a function of temperature over Agi/HMO at different gas hourly
space velocities (GHSVs) and Xc i, of HMO at a GHSV of 92 000 h~tis also given for comparison. Reaction conditions: benzene, 200 ppm; O,,
20% balanced by N; flow rate, 100 mL min~t. Reproduced with permission from ref. 151 Copyright 2017, American Chemical Society. (d)
Benzene conversion as a function of on-stream reaction time in the presence or absence of SO, over the as-obtained samples. Reproduced with

permission from ref. 158 Copyright 2021, Elsevier.
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performance with achieving complete mineralization of HCHO
at 85 °C. Besides Au SACs, Pt;/MnO, catalyst could achieve full
conversion of indoor-level toluene at ambient temperature
thanks to the generation of surface-active oxygen species (e.g.,
-OH).*® Chen et al. identified 0.47 wt% Pt,;/Mn-TiO, as an
exceptional catalyst with remarkable activity for complete
elimination of HCHO (100 ppm) at room temperature under the
conditions of WHSV = 60 L (g h)™" and RH = 50%.%*® Further-
more, non-noble metal SACs have also been studied for
contaminated gas decomposition. Through DFT calculations,
Liu et al. proposed that Al SAs on graphene could be a potential
catalyst for room temperature oxidation of HCHO via a pathway
involving the formation of HCOOH followed by CO and subse-
quent CO, release.”” The energy barriers associated with
breaking C-H bonds in HCHO and C-O bonds in HCOOH were
both determined to be 0.82 eV, which served as the kinetic
limiting steps during the reaction process. To deeply under-
stand the mechanism of SACs in AOPs, in situ experiments such
as in situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) and in situ X-ray absorption spectroscopy
(XAS) are unusually performed. For example, Hou et al
prepared a bimetal single-atom Pd,Co,/Al,O; catalyst, in which
the Co, sites rapidly generated O=Co=0 species for oxygen
activation, while the Pd; sites exhibited selective adsorption of
benzene with excellent sulfur resistance.**® The Pd;Co,/Al,O;
catalyst thus showed favorable catalytic performance for
benzene oxidation with approximately 90% conversion at 256 ©
C, and demonstrated gradual recovery after exposure to 25 ppm
SO, gas (Fig. 8d). Previous research has demonstrated that due
to the m-bond in benzene, it adopts a parallel or planar
configuration on densely packed transition metal surfaces. The
presence of both Pd; and Co; active sites effectively hindered
competitive adsorption between benzene and oxygen, thereby
enhancing the reactivity. Additionally, in another study, upon
introduction of SO,, the PdAO-SO; complex decomposed into
PdO, reactive oxygen species (ROS), and aluminum sulfite at low
temperatures.'*® ROS and PdO sites continued to participate in
the reaction, resulting in exceptional sulfur resistance.

4.2 Photocatalytic oxidation reactions of contaminated gas
over SACs

SACs can also greatly promote photocatalytic oxidation perfor-
mance.'® A typical photocatalytic system consists of two
essential components: a catalytically active site and a light-
harvesting unit.*** In the case of SA photocatalysts, metal SAs
act as the catalytically active sites, while the support serves as
the light-harvesting unit. Therefore, the interaction between
metal SAs and the support in these single-atom photocatalytic
systems plays a crucial role in determining charge-transfer
dynamics during photocatalytic reactions, which ultimately
governs the overall photocatalytic performance.'® It is also
important to note that the SAs in photocatalysis may have roles
beyond being solely catalytically active sites. For specific pho-
tocatalytic reactions, atomically dispersed SAs in SACs can be
utilized to enhance the activity and selectivity while simulta-
neously improving the capacity for absorbing light and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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facilitating charge transfer. SACs can influence three crucial
steps in a photocatalytic reaction, namely light harvesting,
charge separation/transfer, and surface catalysis (Fig. 9a-c).
Particularly, the presence of SAs on a semiconductor material
can modify its electronic structure, thereby changing the light
absorption properties of the semiconductor. For example,
coordinating Co®" atoms with g-C;N, could extend light
absorption up to 800 nm (Fig. 9d)."** The phenomenon of
enhanced light absorption has been widely observed in various
single-atom photocatalyst systems. For instance, Ye and
colleagues demonstrated a noticeable red-shift in the light
absorption spectrum of CdS by decorating CdS nanowires with
Pt SAs via the Pt-S bond."** A similar effect was also observed in
MOS. Lee et al. showed that incorporating Cu SAs onto TiO,
hollow spheres led to significantly improved light absorption
across all measured wavelengths (300-800 nm).*** They attrib-
uted this enhancement to the valence state change of Cu SAs,
which effectively modulated the local TiO, lattice. Despite these
findings, the exact mechanism responsible for the enhanced
light absorption induced by metal SAs remains a subject of
debate. As a result, further investigation into the role played by
metal SAs is highly warranted. The efficacy of the entire pho-
tocatalytic process heavily depends on the charge transfer
dynamics between single metal atoms and their semiconductor
support. The successful separation and transfer of photo-
generated electrons and holes at the metal-semiconductor
interface are pivotal for achieving optimal photocatalytic
performance.'*® When a metal contacts a semiconductor, an
electronic equilibrium is established, enabling photogenerated
electrons in the semiconductor to transfer via the formed
Schottky junction to the supported metal SAs. This distinctive
process of charge carrier separation across the metal-semi-
conductor interface can be fully harnessed by single-atom
photocatalysts. Interestingly, reducing the size of metal nano-
particles to individual metal atoms can significantly impact
their electronic structures and modify their interactions with
support materials, ultimately influencing the charge transfer
between light-harvesting materials and the individual atoms.
For example, our research discovered that seamless integration
of g-C3N, with solitary Co>" ions allowed for coordination of the
light absorption unit with the catalytic site.'®® Photogenerated
holes were predominantly located at the atomically dispersed
Co sites, while photogenerated electrons were primarily located
at the g-C3N, framework. As a result, when carriers migrated
from g-C;N, to atomically dispersed Co sites, it greatly sup-
pressed carrier recombination. This led to a substantial
enhancement in photocatalytic performance (Fig. 9e). Surface
reactions play a crucial role in determining the photocatalytic
activity and selectivity. Typically, these reactions are influenced
by the geometric and electronic structure of the photocatalytic
system. The adjustable surface structure of different supports
provides diverse coordination environments for SAs. Conse-
quently, it is possible to manipulate the geometric and elec-
tronic properties of single-atom photocatalysts through
interactions with the support material, thereby allowing modi-
fication of the adsorption configurations of reactants, inter-
mediates, and products as well as altering the reaction
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163 Copyright 2023, Elsevier.

pathway.'®” Compared to nanoclusters, nanoparticles, and bulk
materials, SAs possess unique coordinatively unsaturated sites
with distinctive electronic structures that can offer abundant
active surface sites for catalyzing chemical reactions. Our
research revealed that carbon nitride-supported cobalt SAs (C-
C,N,) with asymmetric coordination exhibited a desired elec-
tronic configuration for single-electron transfer water oxidation
reaction during photocatalysis, as demonstrated by near
ambient-pressure XPS (NAP-XPS) measurements (Fig. 9f), in situ
XPS analysis, and time-dependent DFT calculations.'®* Conse-
quently, this unique Co-C,N, photocatalyst significantly
enhanced the selectivity of CH, oxidation to CH3;OH under
visible light illumination.

Single-atom photocatalysts have demonstrated encouraging
performance in oxidizing contaminated gas under light
illumination.'®*"”® Furthermore, coupling photocatalysis with
other molecules (e.g., H,O, and PMS) to form more oxidative
radicals with stronger oxidation capability is conducive to
enhancing the photodegradation performance.'”*'”> Addition-
ally, photo-thermocatalysis offers another powerful technique
for environmental remedy.

4.2.1. Photocatalysis alone. Atomically dispersed metal
sites on various semiconductors have been shown promising to
promote the photocatalytic performance through tuning the
band structure, and charge separation/transfer properties.
Graphitic carbon nitride (GCN) is a commonly used substrate to
support SAs to construct single-atom photocatalysts.””® Our

173-175
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research found that an antimony single-atom photocatalyst (Sb-
SAPC, single Sb atoms dispersed on carbon nitride) could
effectively produce H,O, in water and ambient air under visible
light irradiation, which could be used to oxidize gaseous
pollutants.””” Zhang et al. dispersed single Zn atoms into the
interlayer of g-C3N, (Zn-CN-0.5) through a simple pyrolysis
method.””® XAFS and DFT studies revealed that Zn-CN-0.5
possessed a coordination structure of Zn-Nj; (Fig. 10a), which
could enhance visible light absorption and electron-hole pair
separation. As a result, Zn-CN-0.5 displayed greatly enhanced
photocatalytic activity to purify NO as compared to pure GCN
and Zn cluster-GCN (Fig. 10b). Besides GCN, oxides can also be
used as supports to fabricate single-atom photocatalysts. Wu
et al. anchored Pt single atoms onto TiO, nanosheet-assembled
hierarchical spheres (Pt;/TiO,-HS)."” The as-prepared Pt,/TiO,-
HS showed excellent and stable photooxidation activity of
HCHO (Fig. 10c). Chen et al. developed atomically dispersed Er
on TiO, photocatalyst (Er;-TiO,).**® Thanks to the outstanding
separation of electron-hole pairs, Er;-TiO, could degrade o-
xylene and acetaldehyde with a conversion ratio of 90% and
100%, respectively under light illumination (Fig. 10d). Mori
et al. prepared single-atom Eu®** doped g-C;N, nanosheets (Eu/
g-C3N,).*! The Eu®*" ion doping not only altered the optical
properties of g-C3N,, but also exhibited characteristic single-
atom Eu®* emissions due to the D, — ’F; transitions (J = 0-
4). As a result, Eu/g-C;N, showed a 12-fold activity increase in
cyclohexane removal as compared to pure g-C;N,. Xia et al.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) XANES spectra of different Zn—CN samples. Inset shows the DFT-calculated Zn—CN structure. (b) NO oxidation over different Zn-CN

samples. Reproduced with permission from ref. 178 Copyright 2023, Elsevier. (c) HCHO removal efficiency. Reproduced with permission from
ref. 179 Copyright 2023, Elsevier. (d) The dynamic degradation curves for o-xylene. The initial concentration of o-xylene was 50 ppm. The flow
rate of o-xylene and air was 20 sccm. 0.1 g photocatalysts was used. Reproduced with permission from ref. 180 Copyright 2022, Elsevier. (e) EPR
signal of superoxide radical. (f) Adsorption and catalytic ozonation pathway of CHzSH over Ag/MnO, PHMSs. Reproduced with permission from
ref. 182 Copyright 2018, American Chemical Society. (g) Light-induced charge separation and the proposed mechanism for photocatalytic

oxidation of NO over Pd-Cv-CN. (h) The evolution of NO and its oxidation products (NO, ™~

, NO,, NO<™) with irradiation time over Pd-Cv-CN. All

of the experiments were conducted under the same conditions: 2.2 ppm NO at a flow rate of 1.7 L min~ was irradiated by a 300 W Xe lamp at 298
K with a relative humidity ca. 50%. Reproduced with permission from ref. 184 Copyright 2021, Elsevier.

reported single-atom Ag incorporated porous hollow micro-
spheres (A2/MnO, PHMSs) for CH;SH removal in air."®* The Ag/
MnO, PHMSs could completely degrade 70 ppm CH;SH within
600 s under light illumination. Electron spin resonance (ESR)
and scavenger experiments indicated that -OH and 'O, were the
main reactive oxygen species engaging in methyl mercaptan
degradation (Fig. 10e). The experimental results show that
methyl mercaptan was decomposed into decarboxylation and
sulfate ion, which finally turned into the harmless SO,>~, CO,
and H,O (Fig. 10f). Besides noble metals, transition metals have
also been used to fabricate single-atom photocatalysts. Hu et al.
grew single Fe atoms onto TiO, hollow microspheres to
construct Fe;/TiO,-HMSs for the removal of NO.*** The Fe-O

© 2024 The Author(s). Published by the Royal Society of Chemistry

bonds and Fe-Ti bonds formed in Fe,/TiO,-HMSs ensured
robust interaction between single Fe atoms and TiO,. Owing to
the enhanced light adsorption, increased electron density and
facilitated charge separation, Fe;/TiO,-HMSs demonstrated
excellent NO removal rate under visible light irradiation with
a NO removal rate as high as 47.91%, 2.3 times that of pure
TiO,. Liu et al. fabricated g-C;N, with a controlled number of
carbon defects to manipulate the distribution of single-atom Pd
by leveraging its affinity to nitrogen atoms resulting from
carbon vacancies.’® The obtained photocatalyst exhibited
exceptional and durable photocatalytic activity in NO conver-
sion, surpassing pristine g-C;N, by approximately 4.4 times.
The improved photoactivity was attributed to the preferential
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separation and transport of photogenerated charge carriers due
to the introduction of Pd SAs (Fig. 10g and h).

4.2.2. Photo-Fenton reactions. Photo-Fenton
emerges as a promising strategy to remove pollutants due to the
strong oxidation power of -OH.'®>'*® Wang et al. synthesized
pyrrolic-type FeN, supported on g-C3;N, for VOC removal."® The
pyrrolic-type FeN, displayed better photo-Fenton activity than
pure g-C3N, and pyridinic-type FeN, in a wide window of pH.
Bader charge and differential charge distribution analyses dis-
closed that charge distribution was more favored over pyrrolic-
type FeN, (Fig. 11a). DFT calculations further confirmed that
pyrrolic-type FeN, was more stable and had higher intrinsic
activity for the photo-Fenton reaction than pyridinic-type FeN,.
Wau et al. chelated Fe(m) single atoms onto amidoxime with an
Fe loading of 24.04 wt% (U-g-PAO/Fe), which exhibited excellent
removal of H,S within 35 min via activating H,O, under visible
light.*®*® Furthermore, the outstanding activity could maintain
over a wide pH range from 2 to 10, superior to typical Fenton
catalysts. XAFS and DFT calculations disclosed that [amidox-
ime-Fe(OH)(H,0);]*" was the active site to activate H,0, to
produce -OH (Fig. 11b). H,0, activation was directly associated
with the metal center, and thus tuning the charge state of the
metal center in SACs offers a powerful strategy to improve their
catalytic activity.'® Zhan et al. introduced N vacancies into
a single-Fe-atom photocatalyst (Fe;-N,/CN) to boost the activa-
tion of H,0, (Fig. 11c)." According to transient absorption
spectroscopy measurements and DFT calculations, the N
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vacancies acted as the electron trap, propelling electrons to
accumulate on single Fe atoms. The high electron density over
the single Fe atomic sites was able to enhance H,0, activation.
As a result, the catalyst exhibited an 18-fold activity increase in
degrading ciprofloxacin gas as compared to pure CN. Besides
Fe, other elements were also exploited for photo-Fenton reac-
tions. A series of M-N, (M = Cr, Mn, Fe, Co, Cu) single-atom
photocatalysts were developed for the photo-Fenton reac-
tion,”* among which Cr-N, is the most efficient toward
removing gaseous bisphenol A under visible light irradiation in
a wide pH window from 3.0 to 11.0 (Fig. 11d). The accelerated
separation of photogenerated carriers and cycling of the Cr*"/
Cr*" couple could be attributed to the cooperation of photo-
catalysis and single atom catalysis. DFT calculations verified
that Cr-N, with a metalloporphyrin-like structure showed
higher activity in decomposing H,0, to produce -OH. Au is
another element that can trigger the photo-Fenton reaction.
Han et al. found that Au@MoS, could produce H,0, from H,0O
and air under natural sunlight illumination, with H,O,
production rate (791.72 uM of H,0, was produced in 6 hours)
2.5 times that of pure MoS, (Fig. 11e)."> The researchers further
used Mn?' to boost H,0, production by 2 times. These studies
extended the photo-Fenton reaction to iron-free catalysts and
offered new strategies to develop advanced gas purification
techniques. Dual atom catalysts were also developed to further
promote the photo-Fenton reaction activity. Niu et al. estab-
lished an N,P-coordinated Ni, Fe dual-atom photocatalyst (CN-
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(a) Bader charge and differential charge distribution analyses of pyrrolic-type FeN,4. Reproduced with permission from ref. 187 Copyright

2022, Elsevier. (b) Proposed photo-Fenton mechanism of U-g-PAO/Fe. Reproduced with permission from ref. 188 Copyright 2021, Elsevier. (c)
Schematic model of Fe;-N,/CN, Fe (rose red), N (blue), C (yellow) and N vacancy (black dotted circle). Reproduced with permission from ref. 190
Copyright 2021, Wiley-VCH. (d) Schematic illustration showing synergy in SA-Cr/PN-g-C3sN4 + H,O, + Vis system for producing -OH. Reaction
conditions: [BPA] = 10 mg L™, [H,O,] = 165 uM, [Catalyst] = 0.2 g L™, and pH = 7.0. Reproduced with permission from ref. 191 Copyright 2021,
Wiley-VCH. (e) Photocatalytic H,O, production over various catalysts. Reaction conditions: 300 W Xe lamp, 0.05 g photocatalyst, 50 mL H,O, pH
=5, 10 °C, ambient atmosphere. Reproduced with permission from ref. 192 Copyright 2019, Elsevier.
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FeNi-P) to activate H,O, under light irradiation.’* DFT calcu-
lations found that the single-Ni-atom center functioned as the
active site to produce -OH. The strong interaction between Fe
and Ni single atoms linked with a P-bridge could efficiently
decrease -OH formation energy. Therefore, CN-FeNi-P delivered
an excellent gaseous moxifloxacin removal ability, 3.7 times that
of pure CN. This study introduces a dual atom photocatalyst
into the photo-Fenton reaction and opens a new window for
designing novel atomically dispersed photocatalysts for envi-
ronmental treatment.

4.2.3. Other reactions. Sulfite [S(v)] activation provides
another efficient method to degrade pollutants. Tong et al.
fabricated single Fe atoms onto a bamboo-like porous g-C;N, for
S(wv) activation (Fig. 12).*** The catalyst with 2.5 wt%,, Fe displayed
16 times higher S(iv) activation activity and diclofenac removal
rate compared to pure g-C3N, under visible light irradiation. The
much-enhanced performance was attributed to the formation of
an Fe-S(iv) complex. Detailed experiments revealed that the
diclofenac removal process involved decarboxylation, hydroxyl-
ation, chlorine abstraction and cleavage at the bridging N atoms,
consistent with the Fukui index prediction.

4.3 Electrocatalytic reactions

SAC-based electrocatalysis has shown powerful oxidation
capability and has been extensively used for environmental
treatment. Electrocatalysis alone can remove contaminated gas
and deliver good performance. Integrating electrocatalysis with
the PMS system or applying photoelectrocatalysis demonstrates
stronger oxidation ability and thus achieves better contami-
nated gas removal performance.'**

4.3.1. Electrocatalysis alone. Electrochemical reduction or
oxidation works as a promising approach to remove contami-
nated gas due to the facile operation conditions and high effi-
ciency.'®® Recently, electrocatalysis has garnered unprecedented

© 2024 The Author(s). Published by the Royal Society of Chemistry

attention in nitrogen-containing molecule upgradation, which
enables conversion of nitrogen-containing waste into a wide
range of high value-added chemicals under mild operating
conditions, including NH;, NH,OH, N,H,, urea, and cyclohex-
anone oxime."” % It represents an exemplary technical solu-
tion for transforming waste into valuable resources (Fig. 13a),
which has attracted significant interest in the scientific
community.*®* Fig. 13b shows the relationship between the
calculated AG for NO adsorption on transition metal (TM)-N,/
graphene and the d-band center of the central TM, demon-
strating a clear linear correlation.””* For instance, when Fe, Co,
and Cu atoms are individually incorporated into graphene, their
computed d-band centers are approximately —2.97 eV,
—3.19 eV, and —3.52 eV respectively. These values align well
with their corresponding NO adsorption strengths (AG =
—1.27 eV, —0.77 eV, and +0.06 eV). Therefore, it can be inferred
that variations in AG values among different TM-N,/graphene
directly correspond to shifts in the position of the d-band
center.?**?** The moderate d-band center observed in Co-N,/
graphene results in a balanced interaction between its surface
and adsorbed NO molecules, which accounts for enhanced
kinetics in the NO reduction reaction (NORR) on Co-N,/gra-
phene. Chu et al. anchored single W atoms onto MoO; nano-
sheets (W;/MoO;_,) and studied its application in NO
removal.>® It was found that W;/MoO;_, not only delivered
super performance towards NH; generation, but also displayed
enhanced H,O dissociation while suppressing *H dimerization
to increase proton supply. In contrast to the weakly adsorbed
NO on pristine MoOj3, the Oy-induced coordinatively unsatu-
rated motifs of M0;-Os5 (in MoO3_,) and W;-O5 (in W1/M0O;_,)
exhibited remarkable NO adsorption capability with efficient
dissociation of the N=O bond.?*® As a result, W;/MoO;_,
exhibited outstanding catalytic performance in the NORR.
Besides W, In SAs have also been extensively investigated for the
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CuFe DS/NC measured in Ar and NO-saturated 0.1 M Na,SO, in an H-type cell. Reproduced with permission from ref. 201 Copyright 2023,

Wiley-VCH.

NORR. As reported by Chu and co-workers, the In SAs with an
In;-Os motif confined in amorphous MoO; achieved the high-
est NO reduction to ammonia faradaic efficiency (FE) of 85%
with an NHj; yield rate of 0.29 mmol h™" em 2.2 The N-N
coupling was effectively prevented over the as-developed In SAC
due to lack of continuous active sites, which suppressed N,
production and improved ammonia selectivity. Li et al. reported
that a NO-preoccupied transition state would occur on the
single-Fe-atom site, which would limit water adsorption and the
HER, leading to an outstanding nitrate reduction to ammonia
performance with an ammonia yield rate of 30 mol h™* gp. "
and an ultrahigh ammonia FE of 100% (Fig. 13c-d).>*® Besides,
Cu single atoms were also scrutinized. DFT calculations showed
a noticeable electronic interaction in the Cu-S; motif having

6302 | Chem. Sci, 2024, 15, 6285-6313

—0.24/e| electron transfer from the Cu single atom to the
surrounding S atoms (Fig. 13e).2® As a result, CuS; could
produce ammonia at a rate of 0.34 mmol h™' em ™2 in the NORR
(Fig. 13f). Additionally, dual-atom catalysts (e.g., CuFe DS/NC)
also exhibited remarkable efficacy in NO reduction to produce
NH; (Fig. 13g).>

4.3.2. Electrochemical activation of peroxymonosulfate
(electro-PMS). Electrochemical activation of peroxymonosulfate
(electro-PMS) emerges as a promising method for environ-
mental remediation because -SO,  has a stronger oxidation
ability and a longer half-life (2.5-3.1 V vs. NHE, 30-40 ps) than
-OH (1.8-2.7 V vs. NHE, 20 ns),>***'* which can be operated in
a wide pH window from 2 to 8. Liu et al. deposited Fe SAs onto
Mo,TiC,T, MXene with abundant Mo vacancies (Fe-SA/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Proposed mechanism of electro-PMS activation for SMX degradation over Fe-SA/Mo,TiC,T,. Reproduced with permission from ref.

212 Copyright 2022, American Chemical Society. (b) Top left: XANES spectra at the Cu K-edge. Top right: the k?>-weighted Fourier transformed
EXAFS spectra, where x(k) denotes the EXAFS oscillation function. Bottom: schematic illustration showing the proposed electro-PMS activation
mechanism on the Cu-SA/TizC,T, filter. Reproduced with permission from ref. 213 Copyright 2021, Royal Society of Chemistry.

Mo,TiC,T,) for PMS activation (Fig. 14a).*'*> The Mo vacancies
not only provided sites to anchor Fe atoms via forming Fe-O
bonds, but also served as the co-catalyst to prompt a Fenton-like
reaction. The Fe-SA/Mo,TiC,T, catalyst could completely
remove gaseous sulfamethoxazole (SMX) in a single-pass mode.
It is worth mentioning that the SMX degradation activity
showed a 24-fold and 67-fold increase over Fe-SA/Mo,TiC,T, as
compared to that over Fe-NP/Mo,TiC,T, and pure Mo,TiC,T,.
Experimental studies and DFT calculations revealed that the
single-atom Fe sites were responsible for the adsorption and
activation of PMS to generate reactive SO, under an electric
field. Liu et al. fabricated Cu-SA/Ti;C,T, with a Cu-O3 coordi-
nation for PMS activation to remove SMX (Fig. 14b).>** It was
found that 'O, was the main active species generated over Cu-
SA/Ti;C,T,, while -OH was the dominant species generated over

Fig. 15

Cu-NP/Ti;C, Ty, responsible for SMX degradation, indicating the
importance of size effect in PMS activation.

4.3.3. Photoelectrocatalysis (PEC). PEC provides another
powerful method for addressing environmental issues.”**>'¢
Zhao et al. used Cu-SA/TiO,_, to selectively reduce O, to H,O, in
a wide pH range (7-11).>"” The H,0, concentration could reach
276.23 pmol L ™" at pH = 9 (Fig. 15a), and 96.3% of sulfame-
thoxazole could be degraded over Cu-SA/TiO,_, within 10 min.
The catalyst also demonstrated excellent performance in five
other wastewater samples, indicating the wide application
potential of the developed catalyst for wastewater treatment.
Zhao et al. deposited Pd SAs onto F-TiO, with a Pd-F,0, coor-
dination to selectively reduce O, to H,0, with a selectivity up to
99% (Fig. 15b).>"®* Note that an additional channel bond HO-
O---Pd-F-TiO, propelled electron migration from the

Pd ;igs/mjlo, P

Slowh‘

Reduced H
junaummy H

(a) Schematic diagram showing photoelectrocatalytic oxygen reduction on the Cug 46-SA/TiO,_, photocathode in an alkaline solution.

Reproduced with permission from ref. 217 Copyright 2022, American Chemical Society. (b) Mechanism for photoelectrocatalytic O, reduction to
HO- over Pd-SA/F-TiO, and Pd NPs/F-TiO,. Reproduced with permission from ref. 218 Copyright 2022, American Chemical Society.
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conduction band of F-TiO, to Pd SAs to reduce Pd---O-OH to
-OH. The -OH generation rate could reach 9.18 pmol
L™' min~', one order of magnitude higher than that in
conventional advanced oxidation processes reported in the
literature. As a result, the kinetics of BPA and acetaminophen
degradation reached as high as 0.324 min™" and 0.175 min*,
respectively, and 93.2% of total organic carbon and 99.3% of
toxicity could be removed in 60 min. Through PEC, organic
pollutants can even be upgraded to value-added products. Qu
et al. developed single Ru atoms on Cu,O to degrade organics,**®
which achieved almost complete removal of BPA (99.6%). More
importantly, NH; could be produced concurrently (yield: ~37.4
ng h™' mg., ', FE: ~17.1%) at low voltages. The whole system
could decrease energy consumption by ~51.8% compared to
the nitrogen reduction reaction (NRR) process.

5. Summary and outlook

In this review, we first provided a concise introduction to the
significance and urgency of gas detection and pollutant purifi-
cation, followed by a comprehensive overview of the structural
feature identification methods for SACs. Subsequently, the
recent advances of SACs used in environmental detection and
remediation were systematically elaborated. Although great
efforts have been made in developing SACs for environmental
applications, many issues still remain. Next, we are going to
propose some solutions to address the current challenges and
expedite the development of SACs in pollution gas detection
and purification (Fig. 16). The development of advanced
synthesis techniques enables more precise control over the size,
shape, and distribution of individual atoms on the support

guidance

membrane device

Fig. 16 The outlook diagram highlighting the future research directions.
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material, thereby facilitating optimization of catalytic activity
and selectivity in SACs. The utilization of model small mole-
cules for immobilization aids in the creation of model SAC
systems, which can offer valuable insights into the structure
and behavior of SACs, aid in design optimization and perfor-
mance prediction for gas sensing applications. In SACs, equal
attention should be given to understanding the specific role
played by the support materials; however, this aspect is often
overlooked in current research. Future investigations shall
focus on comprehending how support materials influence
monatomic behavior and exploring modifications that can
enhance SAC performance. Furthermore, machine learning and
artificial intelligence can be employed to predict the structure,
composition, and performance of SACs. A comprehensive study
on the response pathway of SACs can provide significant
insights into their sensing mechanisms, enabling the design of
highly selective and sensitive SACs. Additionally, developing
environmentally friendly SACs using non-toxic elements repre-
sents an important strategy contributing to sustainable devel-
opment. These strategies have immense potential to
revolutionize the field of SACs while opening up new opportu-
nities for their applications in gas sensing and other domains.

(1) Structural homogenization for SACs: most of the SACs are
prepared via high-temperature pyrolysis, consequently, it is
difficult to construct SACs with a precise coordination envi-
ronment. Nowadays, only EXAFS measurement can be utilized
to probe the local structure of SACs. However, EXAFS can only
provide the average structure rather than the local structure
information. Furthermore, EXAFS cannot distinguish M-N, M-
C and M-O bonds due to the similar atomic weight of N, C and
O atoms. Even if the coordination numbers are the same, the
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moieties can be located on the plane, at the edge, or coordi-
nated with another vacancy. The above-mentioned factors lead
to the controversy over the coordination structure of SACs.
Without the precise local structure, the subsequent mechanism
exploration and explanation based on the electronic states of
the single metal atoms will become less meaningful. Synthe-
sizing SACs at low temperature or even at room temperature
may provide a guarantee for the development of SACs with
a uniform structure.

(2) Novel SAC design: although SACs have been extensively
used for environmental application, the working mechanism of
SACs is still unclear because of the complex multiple electron-
transfer steps. Determining the underlying working principle
that governs the performance in environmental remediation is
conducive to the rapid exploitation of novel efficient SACs.
Employing in situ techniques, such as in situ XAS and in situ
XPS, serves as a promising route to probe the structural evolu-
tion and the reaction pathway under working conditions.?***°
Also, designing dual atom catalysts based on the understanding
of SACs is beneficial to further improve the catalyst's activity
and stability.***

(3) High-throughput computational screening of SACs: the
conventional catalyst development process heavily relying on
experiments cannot meet the industrial requirements. Using
DFT predictions and deploying machine learning methods for
high-throughput screening can speed up catalyst design and
development process to obtain promising self-powered sensing
platforms for future hyperscaling of the Internet of Things
systems.**> Moreover, SACs are now utilized to remove pollut-
ants in the lab scale; scale-up experiments in a real environ-
ment, such as rivers or seas, are highly needed.

(4) Membrane device based on SACs: SACs are typically
prepared in the powder form before being deposited onto
a membrane for gas detection or pollutant degradation
purposes. However, there exists a significant disparity between
the activity of SACs and the performance in real devices incor-
porating SACs, resulting in unsatisfactory practical applica-
tions. Therefore, directly constructing SACs onto a membrane
as a monolithic catalyst can ensure the high activity of SACs and
propel the commercialization of SAC-based gas sensors and
other related products.

(5) Integration of detection and purification of contaminated
gas: at the current stage of study, environmental detection and
remediation are conducted as separate processes. Considering
the exceptional monitoring and remediation capabilities of
SACs, integrating them into a single device with both detection
and remediation functionalities will become a focal point for
future research.
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