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Abstract

Environmental pollution and energy scarcity are the big challenges for the development of contemporary society.
The significant rise in global temperature further underscores the importance of adopting sustainable and clean
energy sources for environmental purification. This review focuses on the photothermal catalytic oxidation
technology, which combines the low energy consumption of photocatalysis with the high efficiency of
thermocatalysis, demonstrating substantial potential in the removal of volatile organic compounds (VOCs). It
systematically summarizes the research progress in the removal of VOCs by the photothermal catalytic methods
over the past five years, and on the basis of the fundamental principles of photothermal catalysis, this review
provides an in-depth analysis of the design principles of single-atom catalysts, reaction mechanisms, and their
prospects in VOCs purification. The research emphasis includes the mechanisms of photothermic action,
strategies for catalyst design, performance outcomes, and the limitations and challenges faced by the single-atom
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photothermal catalytic technology. It is envisioned that this review will guide the future development of single-
atom photothermal catalysts and significantly advance such an emerging research field.

Keywords: Single-atom catalyst, photothermal catalysis, volatile organic compound oxidation, catalyst design,
reaction mechanism

INTRODUCTION

Volatile organic compounds (VOCs) emanating from industrial and routine activities include a spectrum of
chemicals, such as benzene, toluene, and formaldehyde!*?. These substances endanger human health due to
their toxicity and contributions to photochemical smog formation upon interaction with atmospheric NO,,

which aggravates environmental pollution™. These emissions originate from a multitude of sectors,
including industrial processes, transportation activities, and solvent usage. The considerable emissions and
their significant ecological and health implications have rendered VOCs a pressing environmental concern
necessitating mitigation®. Thus, developing efficacious strategies for VOCs elimination is imperative for air
quality enhancement and public health protection.

Thermocatalytic oxidation is an effective method for eliminating VOCs, converting them into less toxic
(CO, and H,O) or high-value organic compounds, thus serving as a beneficial strategy for air quality
management'®®. This process typically operates in a temperature range of 25-500 °C, which is significantly
at temperatures lower than ca. 800 °C needed for direct thermal incineration. However, three common
challenges in thermocatalytic oxidation of VOCs are identified: (i) Most of thermocatalytic processes rely on
fossil fuels, which are stored in limited quantities, and the heating process leads to substantial CO,
emissions, limiting energy sustainability and producing undesired greenhouse gases"”; (ii) the balance
between thermodynamics and kinetics in catalytic reactions must be considered. Some reactions (e.g., the
selective oxidation of VOCs) may require low temperatures for high equilibrium conversions (which are
thermodynamically favorable) and high temperatures for high reaction rates (which are kinetically
favorable)"""”; and (iii) catalysts operating at high temperatures over long periods are prone to sintering and
deactivation of their structural and active sites"”. To overcome these limitations, there is an urgent need to
explore new technologies to reduce reaction temperatures and optimize the energy structure. Photocatalytic
oxidation, renowned for its capacity to moderately remove VOCs at room temperature (RT), leverages solar
energy (i.e., a naturally abundant, clean, and sustainable alternative)"*. Semiconductor materials such as
TiO, are commonly used in photocatalysis to generate electron-hole pairs when they are illuminated with
specific wavelengths of light. These photogenerated electrons and holes facilitate the reduction of adsorbed
oxygen and oxidation of water molecules, yielding the highly reactive radicals (such as O, and "OH) that

15,16

can degrade adsorbed pollutants into non-toxic products"*'*. Despite its advantages, photocatalysis

encounters three primary challenges"”'"*: (i) The narrow light absorption spectrum of conventional
photocatalysts, which underutilizes visible (Vis) and infrared (IR) light; (ii) the inefficiency in light
absorption and charge carrier transport, leading to low efficiency of photocatalytic VOCs oxidation; and
(iii) the limited selectivity of products, due to the different reactivities of specific photogenerated radical
species. These challenges hinder the large-scale and industrial application of heterogeneous photocatalytic
processes. Photothermocatalysis, an innovative and integrated technology, is applied across a variety of
areas, such as CO, conversion, water purification, hydrogen production, etc."*" [Figure 1]. This technology
harnesses the synergistic effects of thermal activation and photo-induced reactions to achieve low-energy
and high-efficiency VOC elimination and to reduce CO, emissions from fossil fuels. Categorized on the
basis of the interplay of light and thermal energy, photothermal catalytic oxidation encompasses four
types”*: photo-driven thermocatalysis, thermally assisted photocatalysis, photo-assisted thermocatalysis,
and synergistic photothermocatalysis. Despite the growing interest in photothermal catalysis, its
mechanisms remain partially unclear due to its early developmental stage, which has led to some debates.
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Figure 1. Schematic diagram of the main application areas of photothermal catalysis.

As a result, systematic reviews on the fundamental classification and reaction mechanisms of photothermal
catalysis are currently lacking.

Developing efficient catalysts is another necessary condition to mitigate VOC pollution and ensure
sustainable and green industrial production. In catalytic reactions, the interaction between reactants and
catalysts occurs at the active sites, so increasing the proportion of surface atoms of the active component
(which is usually an active metal) can directly improve catalytic efficiencies of the catalysts. Reducing the
metal active component to the single-atom scale is a catalyst design strategy to maximize the metal
utilization. Figure 2 illustrates the schematic diagrams of single-atom catalysts (SACs), single-site
heterogeneous catalysts (SSHCs), atomically dispersed supported metal catalysts (ADSMCs), metal
nanoclusters, metal nanoparticles (NPs), and metal particle catalysts. SACs can theoretically achieve 100%
utilization of metal atoms, which is equivalent to all surface metal atoms being fully exposed”. The study of
isolated metal atoms as active substances in heterogeneous catalysis can be dated back to the pioneering
work of Maschmeyer et al. in 1995, who reported the formation of an oxygen-coordinated Ti single-atom
material for the epoxidation of cycloolefins by grafting metallocene complexes on mesoporous SiO,””. In
1999, Asakura et al. found that the atomically dispersed Pt species on MgO exhibited a catalytic activity in
propane combustion comparable to the metallic Pt particles™. In 2007, Hackett et al. directly observed the
atomically dispersed Pd on Al,O, which showed good catalytic activity in the selective aerobic oxidation of
allyl alcohol™. In 2009, Kwak et al. demonstrated that at low Pt loadings (< 1 wt%), the atomically dispersed
Pt could be anchored on the surface of y-AL,O,". In 2011, Qiao et al. dispersed the atomic Pt on an FeO,
support and first introduced the concept of SACs"'. They prepared a Pt,/FeO, (Pt loading = 0.17 wt%)
catalyst, which exhibited excellent catalytic activity and stability in CO oxidation. Since then, single-atom
catalysis has attracted great interest from a number of researchers and has become a new frontier in the
catalysis field. Various SAC synthesis strategies have been developed, such as wet chemical methods,
photocatalytic reduction, atomic trapping, atomic layer deposition, confinement strategies, and pyrolysis
methods. These strategies enable single atoms to form chemical bonds with O, C, N, S, P, efc. on the surface
of the supports such as oxides, zeolites, carbon, and heteroatom-doped carbon, creating stable catalytic
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Figure 2. Schematic illustration of the various types of SACs, SSHCs, ADSMCs, metal nanoclusters, metal NPs, and metal particles
Copyright 2019 Wiley. SACs: Single-atom catalysts; SSHCs: single-site heterogeneous catalysts; ADSMCs: atomically dispersed
supported metal catalysts; NPs: nanoparticles.

active sites”**”. The prepared SACs have shown excellent activity and selectivity in environmentally catalytic
reactions, including CO oxidation, NO, elimination, VOCs oxidation, CO, conversion, and water
purification®™. Significant progress has been achieved in the SAC investigations, and several high-level
reviews have already covered the preparation, characterization, and applications of SACs. Thus, these topics
will not be reiterated in this review”*>**. In recent years, significant advancements have been made in the
application research on the SACs in photocatalysis"”, electrocatalysis®”, and thermocatalysis*”. Typically,
embedding single atoms into light-absorbing supports alters the band structure and electronic properties,
thereby adjusting their light absorption behaviors and charge transfer kinetics'*”. Additionally, the low
coordination configuration and unsaturated states of SACs facilitate enhanced adsorption and activation of
reactant molecules'”’. Advanced characterization techniques and important theoretical studies deepen the
understanding of SACs, enabling researchers to expect their application potential under different external
fields. Beyond the aforementioned applications of SACs, there are many emerging energy conversion fields,
such as photothermal and photoelectron catalysis, which are rarely developed using SACs'*”. Given the
immense potential of SACs, their development with appropriate characteristics can lead to exceptional

performance in these applications.

The integration of single-atom catalysis with photothermal catalytic technology marks an emerging research
frontier, comprehensive reviews in this area are still limited yet. This review seeks to address the research
gap in single-atom photothermal catalysis for VOCs oxidation by analyzing the challenges involved, thus
enhancing the academic resources available. Initially, the review categorizes photothermal catalytic systems,
emphasizing the mechanisms of photo-driven thermocatalysis and synergistic photothermocatalysis, along
with the design principles for efficient photothermal catalysts. Next, it explores the correlation between the
structure and performance of SACs in photothermal catalytic VOCs oxidation. Lastly, it conducts a
thorough analysis of the potential challenges associated with the SACs in photothermal catalysis for VOCs
oxidation, and the future research directions are proposed.
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PHOTOTHERMAL CATALYTIC OXIDATION

In current research, photothermal catalytic oxidation, a technology for VOC elimination that leverages a
photo and thermal dual activation mechanism, is recognized for its good efficiency. Photothermal catalysis,
as depicted in Figure 3, can be classified into four types based on the roles of photo induction and thermal
activation'*": (i) Photo-driven thermocatalytic oxidation, where photon energy is converted into thermal
energy to reach the ignition temperatures and accelerated the reactions; (ii) thermally assisted photocatalytic
oxidation, which boosts the photocatalytic performance by the moderately elevating temperatures; (iii)
photo-assisted thermocatalytic oxidation, in which photogenerated charge carriers augment the thermal
catalytic pathway, often by modifying the catalyst surface state or promoting the intermediate steps; and (iv)
synergistic photothermocatalytic oxidation, which integrates the effects of photocatalysis and
thermocatalysis, modulates reaction pathways and products selectivities by interfacing the catalyst surface
reactivity with photocatalytic processes”*.

Nevertheless, characterizing these reactions poses challenges due to the need for sophisticated measurement
techniques to assess local heating and charge transfer, and to quantify the contributions of light and heat in
catalytic oxidation*. Researchers primarily investigate VOCs oxidation within the framework of photo-
driven thermocatalysis and photothermocatalysis. Photothermocatalysis generally includes photo-assisted
thermocatalysis, thermally assisted photocatalysis, and synergistic photothermocatalysis. Figure 4 illustrates
the common photo-driven thermocatalytic device and synergistic photothermocatalytic device utilized in
the catalytic oxidation of VOCs.

Photo-driven thermocatalytic oxidation

Enhancing the energy of reactant molecules and accelerating intermolecular collisions to promote the
breaking of bonds in reactants and formation of products on the catalyst surface are crucial for increasing
the catalytic reaction rates. This is particularly evident in the thermocatalytic oxidation of VOCs, where heat
input is indispensable. Photo-driven thermocatalytic processes keep the principles of traditional
thermocatalysis, utilizing the photo-derived heat to overcome the activation energy of reaction and
substitute for fossil fuels'*. Here, photocatalytic performance of the catalyst is less pronounced, imposing
high demands on the photothermal conversion efficiency of catalytic materials and posing challenges.

Photothermal conversion mechanism

The photothermal effect in catalytic VOCs oxidation is the process where catalytic materials convert light
energy directly into thermal energy, a phenomenon found in both inorganic (e.g., noble metals and
semiconductors) and organic [e.g., carbon-based materials and metal-organic frameworks (MOFs)]
catalysts. This effect is mainly due to the localized surface plasmon resonance (LSPR), non-radiative
relaxation in semiconductors, and molecular thermal vibrations®”. The characteristics of these materials
dictate the pathways for converting light energy into heat, which can involve either a single mechanism or
the combined action of several mechanisms. In metallic materials, the LSPR arises when frequency aligns of
photon with the natural frequency of the electrons on the metal surface, inducing the coherent oscillations
via the charge-photon resonance. Upon irradiation at their resonant wavelengths, metal NPs experience the
plasmon-assisted photothermal effects, which generate hot electrons'***”\. These electrons decay either via
the radiative emission or the carrier multiplication triggered by the electron-electron interactions. The
scattering process redistributes the energy of hot electrons, causing a swift rise in the local surface
temperature of the metal. Subsequently, the energy transfer from electrons to lattice phonons initiates the
equilibrium cooling. Phonon-phonon coupling within the lattice facilitates cooling and the dissipation of
heat into the surrounding medium, thereby elevating the local temperature®™' [Figure 5A]. In
semiconductor materials, the electrons excited by light transition to higher energy states then return to the
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Figure 3. Schematic illustration of four discrete categories of photothermocatalysis. (A) Photo-driven thermocatalysis; (B) Thermally
assisted photocatalysis; (C) Photo-assisted thermocatalysis; and (D) Synergistic photothermocatalysis™**’. Copyright 2023 Cell Press.
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Figure 4. Diagrams of common catalytic oxidation of VOCs. (A) Photo-driven thermocatalytic device; and (B) Synergistic
photothermocatalytic device. VOCs: Volatile organic compounds.

lower ones. This transition releases energy, which is transferred to impurities/defects or surface dangling
bonds via either the radiative relaxation (as photons) or non-radiative relaxation (as phonons)®*. The
release of energy in the form of phonons results in the localized lattice heating. In carbon-based materials,
photothermal conversion involves the electron transitions from lower to higher orbital states, exciting
electrons from the valence band (VB) to the conduction band (CB). These excited electrons relax via the
electron-phonon coupling, transferring the absorbed light energy to the vibrational modes of the entire
atomic lattice and increasing the macroscopic temperature of the material®***. Organic nanomaterials share
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Figure 5. (A) The spatial distribution of the temperature rise due to photothermal effects on a Pd nanosheet at different wavelengths of
light (at a power density of 1 mW-pm'z)m].Copyright 2024 American Association for the Advancement of Science; (B) IR image over
the Pd/C, and Pd/Al,O; catalysts with light irradiation of 200 mW-cm and (C) Heat transfer mechanism over the Pd/C and Pd/Al,O,
catalysts®™”’. Copyright 2022 Elsevier. IR: Infrared.

a photothermal conversion mechanism similar to that of carbon-based materials. Upon illumination, z-7'
transitions occur in the benzene rings, reducing the band gap between the VB and the CB"". This facilitates
the charge transfer, driving lattice vibrations and increasing the temperature of the organic molecular
material. The composition of a photothermal catalyst enables two or more interactive mechanisms that
result in the localized surface heating"”, as depicted in Figure 5B and C.

Photothermal conversion efficiency (), a critical parameter for evaluating the performance of a photo-
derived thermocatalytic material, is often overlooked in research. It is defined as the ratio of the thermal
energy converted by the material to the incident light energy, as calculated by

E
n= thermal % 100%
Ephotons

where Ephotons represents the incident light energy from irradiation, while Ethermal denotes the thermal
energy converted on the catalyst surface. The pertinent studies offer a comprehensive explanation of the
detailed calculation formulas"®*. Some studies showed that the CeO,/LaMnO, composite had a broad light
absorption range of 800-1,800 nm. This material served as a highly active catalyst for VOC decomposition
under IR irradiation. At an IR irradiation intensity of 280 mW-cm?, its maximum photothermal conversion
efficiency reached 15.2%'*". In the photo-driven thermocatalytic decomposition of formic acid to produce
pure CO using a fluorite-type ZrO, system, the ZrO, nanosheets achieved a photothermal energy
conversion efficiency of 12.3% at an IR irradiation intensity of 500 mW-cm”*". In the photo-driven
thermocatalytic CO,-methane dry reforming reaction, the Ni NPs were loaded on the silicate nanotubes and
coated with a layer of CeO, to form a novel encapsulated photothermal catalyst (Ni-psnts@CeQO,). This
material achieved a photothermal conversion efficiency of 36.9%**. In practical applications, however, the
photothermal conversion efficiency is influenced by various factors, including the catalyst, reaction
condition, and light intensity.

Design of photo-driven thermocatalysts
In catalyst design, several key factors should be considered to enhance photo-derived thermocatalysis

performance, such as improving light absorption, optimizing internal electric fields for high-energy thermal
electrons and localized thermal effects, constructing active sites, and managing thermal energy storage.
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Figure 6A depicts the correlation of light power density or catalyst temperature to VOC conversion'®”. The
catalyst design aims to achieve optimal performance, i.e., trying to achieve a good effect that the surface
reaches a temperature adequate for catalyzing VOC elimination under natural sunlight illumination.
Efficient light absorption is fundamental to this catalytic process. Dark-colored catalysts are chosen for their
ability to absorb photons effectively, converting light into thermal energy and minimizing both re-radiation
and energy loss to non-thermal forms, which rapidly increases the catalyst surface temperature and activates
thermocatalytic reactions. For instance, the molecular dispersion of cobalt phthalocyanine (CoPc) on
carbon nanotubes (CNTs) enabled the efficient conduction of photo-derived thermocatalysis. Research
indicated that CNTs not only facilitated the anchoring and dispersion of CoPc molecules (providing the
active and stable catalytic sites), but also converted solar energy into localized heat (promoting the reactions
at optimal temperatures)'*. Zhang et al. demonstrated that surface site engineering could convert pale
yellow and non-photothermally active In,O, NPs into black and photothermally active H,In,0, (OH),"”. In
addition, adjusting the bandgap of a semiconductor to optimize the full-spectrum solar light absorption and
enhance the photothermal conversion is a proven method for improving catalytic performance, such as the
commonly used doping (which can create defect sites) and constructing heterostructures'®. For instance,
Fang et al. employed a one-step solid-state calcination and reduction method to introduce surface defects
and load Ag NPs on the surface of TiO,. The resulting black Ag/TiO,,, characterized by a high
concentration of surface vacancies and a narrow bandgap, responded to the full solar spectrum and
possessed an enhanced light absorption via the LSPR effect of Ag NPs [Figure 6B], leading to the significant
improvement in toluene oxidation rate!*”. Defective Mn,O, could harness solar energy for the photo-derived
thermocatalytic oxidation of ethyl acetate, eliminating the need for additional energy input. By reducing the
coordination numbers of Mn-O and Mn-Mn bonds, the bandgap structure was adjusted, enhancing light
absorption and leading to efficient catalytic oxidation under natural light irradiation'”. Noble metal NPs
with a LSPR effect supply a heat source for the catalyst. Meanwhile, these catalysts, known for their superior
catalytic performance (i.e., reducing activation energy, facilitating chemical bond cleavage, and optimizing
the adsorption and desorption of reactants and intermediates), are extensively applied in the photothermal
catalytic oxidation of VOCs. For example, Elimian et al. employed molecular sieves with high specitfic
surface areas to disperse oxygen vacancy-rich TiO, and Pt NPs, combining light absorption and catalytic
activity to swiftly convert light energy into thermal energy, thereby driving the photothermal catalytic
oxidation of toluene!. In addition to these developments, various thermal insulation materials have been
engineered to address specific heat loss mechanisms. These materials include the SiO, insulation layers, the
MOFs with imidazolium esters, the Cu coatings that mitigate IR radiation, and the innovative polyethylene
glycol (PEG)/MXene material for thermal energy storage”. Liu ef al. employed the physical vapor
deposition method to sequentially deposit a Ti/Al/SiO,/SiO,-Ni multilayer structure on a polyimide (PI)
film. This approach reduced energy loss from thermal radiation and consequently significantly enhanced
the photothermal temperature on the catalyst surface”’. Moreover, a catalyst comprising hollow Ti,C,T,
spheres loaded with Ru NPs and encapsulated by overlapping planar Ti,C,T, flake layers was designed to
minimize the thermal radiation, maximize the solar light absorption, and preserve the catalytic activity,
resulting in superior catalytic performance” [Figure 6C and D].

2-x7

Limitations of photo-driven thermocatalytic VOCs oxidation

(i) Reactor design imperfections compromise the test accuracy. In photo-driven thermocatalytic lab tests,
the catalyst surface temperature is completely determined by the illumination. Thermocouples, typically
positioned at the catalyst layer center, record higher temperatures than those at the edges. This discrepancy
in test hampers accurate determination of the catalyst surface temperature.
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Figure 6. (A) Correlation among light power density, catalyst temperature, and VOCs conversion[63].Copyright 2024 Elsevier; (B) Solid
UV-Vis-IR diffuse reflectance spectra of TiO,, TiO,_,,and Ag/TiOz_XW].Copyright 2024 Elsevier; Schematic of (C) low photothermal
effect of the porous side without planar Ti;C,T, flake layers and (D) high photothermal effect of the flat side with planar Ti;C,T, flake
layers. The ¢,k means minimized thermal emission (mid-IR emissivity)?!. Copyright 2024 Springer Nature. VOCs: Volatile organic
compounds; UV-Vis: ultraviolet-visible; IR: infrared.

(ii) Certain limitations are encountered in practical applications. To achieve high reactant conversions over
the catalysts, high-intensity illumination is required (several to tens of solar intensity), which poses difficulty
for directly using solar energy to completely oxidize VOCs. The proposed current method, which uses a
convex lens to focus light to natural intensity, is constrained by the reactor size limitation. In practical
working conditions, cloudy or dark environments can halt the photo-driven thermocatalytic reaction,
thereby restricting its industrialization. Therefore, constructing a catalytic capable of autonomous operation
without sunlight is equally important”.

Photothermocatalytic oxidation

Photoexcited catalysts can induce thermal and non-thermal effects as shown in Figure 7, with the latter also
playing a significant role in promoting chemical reactions, a fact that should not be overlooked*. The
primary non-thermal chemical effects in supported catalysts induced by photoexcitation include: (i) The
modulation of reactant adsorption by the photogenerated charge carriers'”; (ii) the promotion of surface
catalytic redox reactions via the charge carriers consumption”; and (iii) the regulation of the catalyst
surface state”. The photothermocatalytic effect, resulting from the synergistic interaction between thermal
activation and photo-induced pathways, markedly enhances the catalytic activity and allows for the
regulation of reaction pathways and product selectivities””. Research methods are primarily divided based
on the dominant catalytic mechanisms: one approach introduces a heat source into the photocatalytic
system, while the other integrates a light source into the thermal catalytic system. Distinguishing between
these two interwoven catalytic pathways in the photothermocatalytic process is often challenging.

Thermal-assisted photocatalytic oxidation

The thermally assisted photocatalysis depends largely upon the light-driven reactions, with the catalyst
having minimal thermocatalytic activity. This process mainly involves the photogenerated carriers of the
catalyst. Temperature usually plays a dual role in traditional gas-solid phase catalysis: It can reduce the
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Figure 7. Schematic diagram of thermal and non-thermal effects in the photothermocatalysis'*®. Copyright 2023 Cell Press.

apparent activation energy of photocatalysis, thus enhancing the mobility of photogenerated charge carriers
and mass transfer efficiency of the reactants””, but it may also lead to rapid recombination of charge
carriers and disruption of reactants adsorption"”?. For instance, as a typical photocatalyst, TiO, exhibits
significant activity in degrading VOCs under the ultraviolet (UV)-Vis light illumination. During the
photocatalytic removal of benzene, toluene, and xylene, VOC adsorption on TiO, facilitated the formation
of interfacial complexes. The initial photo-oxidation of toluene to benzaldehyde on TiO, was activated by
these complexes under the Vis light illumination, and benzaldehyde was further oxidized to CO, with
additional thermal energy. This synergistic effect of photo and thermal energy boosted photothermal
catalysis, hastening the complete oxidation of toluene into CO,". The {103} facet of Mn,O, was reported to
be of a superior photothermal catalytic activity, enabling the complete oxidation of HCHO at RT. The
HCHO conversion over the Mn,O, catalyst in thermocatalysis alone at 48 °C was only 11%. When the
photocatalytic temperature dropped from 25 to 5 °C, the formaldehyde conversion reduced from 71% to
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27%, underscoring the significance of thermally assisted photocatalysis in the photothermal mechanism
[Figure 8A]. The {103} facet of Mn,O, displayed the optimal photothermocatalytic activity due to enhanced
absorption of UV-Vis light and more efficient separation of the photogenerated electron-hole pairs'®’.

Photo-assisted thermocatalytic oxidation

In photo-assisted thermocatalytic reactions, thermal energy is the primary driver. Figure 8B depicts that
under the Vis light irradiation, PAO/Mn,0,/CeO, " significantly reduces the temperatures required for 10%
(T, and 50% (T.,,) CH, conversions to 180 and 225 °C, respectively. Moreover, light irradiation was found
to substantially enhance the thermocatalytic efficiency at constant reaction temperatures, a phenomenon
that was clearly demonstrated in Figure 8C. Light irradiation may excite molecular vibrations by increasing
the local temperature, thereby inducing a photothermal effect’®), while the photochemical effect also plays a
significant role in the reaction™. Investigating how the photogenerated charge carriers influence or alter
surface chemistry and electronic properties of the catalysts and intermediate reaction steps has become a
central issue®®™*. A thorough analysis of electron transfer pathways and their impact on the catalyst surface
states and adsorption behaviors is of decisive significance for elucidating the photothermocatalytic activity
and the overall reaction mechanism. Under the assistance of the simulated sunlight, the p-n heterojunction
formed in Co,0,/Ti0, exhibited a superior photothermocatalytic activity towards toluene oxidation. Within
the p-n heterojunction [MO,/TiO, (M = Co, Mn, Ce, Cu, Fe)] composed of different semiconductors, the
effective separation of electrons and holes generated an interfacial potential difference, which not only
suppressed the recombination of electron-hole pairs but also enhanced the quantum yield and generated
more active free radicals. These radicals played a key role in the complete oxidation of toluene. Upon
photoexcitation, the active charge carriers produced by the catalyst directly participated in the reaction, and
these carriers could also transfer to the unoccupied molecular orbitals of adsorbed molecules, initiating the
photochemical reactions. Consequently, in catalytic reactions where thermal energy was the primary driving
force, the active species introduced by photoactivation effectively reduced the temperature required for the
reaction and accelerated the oxidation process of toluene and its intermediates™™”.

Synergistic photothermocatalytic oxidation

The synergistic photothermocatalytic system propelled by the dual photothermic activation can harness a
synergistic effect of thermal activation and photo-induced reactions. The heat for photothermic effects
accelerates reaction kinetics, and the photochemical effect notably enhances apparent activity, surpassing
the sum of individual thermo- and photocatalysis. This synergism results in a good catalytic activity that
exceeds the combined activities of separate photo and thermal catalytic processes, leading to marked
improvements in catalytic activity and/or selectivity™. In the synergistic photothermocatalytic oxidation of
toluene, the results reported in the literature indicated that benzoic acid accumulated significantly under the
thermocatalysis alone condition. In contrast, the synergistic thermo- and photoactivation effectively
surmounted the energy barrier to benzoic acid ring-opening, further oxidizing it to maleic anhydride, thus
achieving the complete oxidation of toluene™. Additionally, it was found that there was an interaction
between the reactive oxygen species generated by photocatalysis (such as hydroxyl and superoxide radicals)
and the carboxylic acids produced by thermocatalysis. Photocatalysis facilitated the formation of aldehydes
and the consumption of carboxylic acids, whereas thermocatalysis accelerated the accumulation of
carboxylic acids and the degradation of aldehydes. This interaction significantly enhanced the oxidation
process of toluene™. Given the presence of the synergistic photothermocatalytic effect, studying and
regulating the impact of individual stimuli (light or heat) and surface processes on the catalysts present a
challenging task. Currently, the strategies for enhancing the performance of synergistic
photothermocatalysts primarily involve the construction of heterostructures, bimetallic NPs, and surface
defects, with the aim of strengthening the combined performance of photo- and thermocatalysis”*'!. The
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Figure 8. (A) Photothermo- or thermocatalytic activity over the catalyst under the controlled reaction conditions™®". Copyright 2023
American Chemical Society; (B) Conversion curves and (C) cycling stability test with or without irradiation (on/off)®*. Copyright 2021
Wiley; (D) Catalytic activity over the catalyst under the light illumination with different power density in synergistic
photothermocatalytic oxidation; and (E) Comparison of possible reaction mechanisms of thermocatalytic and photothermocatalytic
oxidation of C,H, ", Copyright 2020 Wiley.

construction of heterostructures encompasses the formation of heterojunctions between noble metal NPs
and semiconductors® and the enhancement of electron transfer via multiple heterointerfaces. For
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example, the Pt/TiO,-WO, catalyst showed a notable activity increase in the photothermocatalytic oxidation
of propane®. Under the UV-Vis light irradiation, the reaction temperature for a propane conversion of
70% reduced significantly from 324 to 90 °C [Figure 8D], and the apparent activation energy decreased from
130 to 11 kJ-mol™. The construction of heterostructures facilitated the effective charge separation, leading to
the efficient generation of oxidative free radicals. Concurrently, the conductivity of semiconductors
increases exponentially with temperature, suggesting that higher temperatures may aid in transferring the
more high-energy charge carriers to the active sites of the catalyst. From a thermocatalytic perspective,
heating also favors the desorption and transformation of intermediates on the catalyst surface [Figure SE].

Altering the composition of bimetallic NPs regulates their surface electronic structures and geometries,
thereby modulating the adsorption properties of reactants and products. This modulation enables the
precise control on the catalytic activity, selectivity, and stability, offering another effective method for the
optimization of catalytic performance*". Defect engineering strategies effectively enhance light absorption
efficiency and charge separation by strengthening the surface active sites and modulating the band
structures””. For instance, the controlled synthesis of Mn,O,-based catalysts with unsaturated coordination
defects exhibited excellent synergistic photothermocatalytic performance in the oxidation of ethyl acetate
and other OVOCs under simulated sunlight or even natural light illumination. Research results revealed
that light irradiation influenced the migration of lattice oxygen and initiated the C-H bond cleavage of the
CH,CH,- in ethyl acetate dissociation. Concurrently, the formation of oxygen vacancies played a crucial role
in enhancing the activation and dissociation of O,, which was then transformed into the highly reactive
oxygen species that participated in the deep oxidation process on the catalyst surface!.

Limitations of photothermocatalytic VOCs oxidation

(i) Measuring reaction temperatures in photothermocatalytic processes poses a challenge as well.
Thermocouples are used to determine the oxidation temperatures of VOCs by measuring only the outer
surface temperatures of the catalysts. However, they cannot precisely capture the localized temperature
changes caused by the conversion of photons, which introduces inaccuracies in the thermodynamic and
kinetic analysis of photothermocatalysis.

(ii) There is no consensus on the mechanism of photothermocatalysis. Researchers typically analyze
catalytic mechanisms from photo- or thermocatalytic perspectives. However, the use of in situ analysis
techniques is limited, and detecting transient species is challenging. Despite the broad application of density
functional theory (DFT)-based calculations in catalytic reaction studies and predictions, the numerous
intermediate products in photothermocatalytic processes necessitate greater precision in theoretical
calculations.

SINGLE-ATOM PHOTOTHERMAL CATALYSIS

Advantages of SACs

Strictly speaking, SACs expose all of the catalytically active metal atoms on the surface of a catalyst,
achieving 100% atomic utilization. This feature is particularly attractive for reducing the cost of noble metal-
based catalysts. Additionally, SACs bridge homogeneous and heterogeneous catalysis. Given the
outstanding performance and potential applications of SACs in photo- and thermo-catalysis, the future
looks promising for the photothermal catalytic oxidation of VOCs.

Single-atom photocatalysitic oxidation

In photocatalytic reactions, three key steps are involved: light absorption, charge carriers generation and
separation, and catalytic reaction. Firstly, narrowing the bandgap within a specific range is crucial for
generating the photogenerated electron-hole pairs. Embedding single atoms in the support modifies its
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band structure. The CB and VB positions of a photocatalyst must align with the redox potentials of the
reaction to initiate the photocatalytic process” [Figure 9A]. At the same time, this modification also
broadens the light response range and enhances light absorption. Secondly, the migration of
photogenerated carriers from the photocatalyst surface to the reactant molecules is essential for the redox
reaction. Studies indicate that introducing single atoms on semiconductors can accelerate the transfer of the
photogenerated electron-hole pairs, thereby speeding up the catalytic reaction™. As shown in Figure 9B, the
Schottky barrier between metal NPs and support typically hinders the extraction of the photoexcited
electrons, thereby reducing electron transfer and injection efficiency. However, when the size of metal NPs
is reduced to single atoms, their unique coordination structure with the support can significantly enhance
the metal-support interaction, thus accelerating electron transfer™. Thirdly, the adsorption and activation
of reactants on the SAC catalysts are essential for catalytic reactions. By adjusting the coordinately
unsaturated single-atom active sites, more favorable conditions and pathways for reactants and
intermediates adsorption and activation on the catalyst surface can be created [Figure 9C]. In the
photocatalytic VOCs oxidation, the single-atom catalytic process is relatively straightforward, traceable to
the initial activation steps, which include the photoexcited carrier separation and transfer, molecular
adsorption, intermediate formation, and final product desorption"°"..

Single-atom thermocatalytic oxidation

The SACs demonstrate high uniformity in geometric configuration, coordination environment, and
electronic state. This uniformity significantly modulates the selectivity and activity of thermocatalytic VOCs
oxidation via electronic and steric effects'"'. Adjusting the coordination environment of SACs can alter the
adsorption/desorption selectivity and adsorption strength of the active components towards different
molecules, thereby affecting the catalytic activity and stability"*>'*”. For example, reducing the oxygen
coordination number of Pt atoms through the reduction treatment adjusted the adsorption strength of
toluene, leading to the efficient and stable elimination of VOCs"* [Figure 9D]. The precise metal single-
atom acts as the active site, which simplifies the determination of reaction mechanisms and provides an
ideal platform for studying the structure-activity relationship at the atomic scale. The SACs that obey the
Mars-van Krevelen (MvK) mechanism typically react by activating the surface lattice oxygen species. This
mechanism is prevalent in the catalytic oxidation of hydrocarbons over the SACs supported on reducible
metal oxides"””. Introducing single-atom enhances catalytic activity of VOCs oxidation by creating surface
oxygen vacancies and boosting the reactivity of surface lattice oxygen, which reduces the reaction activation
energy"*. The Langmuir-Hinshelwood (L-H) mechanism is a prevalent process in thermocatalytic
reactions. It involves the adsorption of reactant molecules on the catalyst surface, followed by the
interactions between these adsorbed reactants. The SACs reduce the activation energy for reactions between
VOCs and O,, thus altering the reaction pathways. This mechanism is commonly observed in the reactions
such as catalytic hydrocarbon conversions and CO oxidation""”, as shown in Figure 9E. The Eley-Rideal (E-
R) mechanism involves one reactant in the gas phase and another reactant adsorbed on the catalyst surface.
In the VOCs oxidation, the SACs effectively activate oxygen molecules, generating the highly reactive
oxygen species®. These species serve as key intermediates in the E-R mechanism, directly reacting with
VOCs molecules"” [Figure 9F]. Typically, the thermocatalytic VOCs oxidation mechanism over the SACs
depends upon various conditions, such as the type of the metal atom, the nature of the support, and the
temperature of the reaction. In addition, for the single-atom thermocatalysts, the thermal stress during
reactions may lead to their deactivation, causing single atoms to aggregate and form the low active clusters.
The SACs are also susceptible to high-temperature sintering, which results in losing of their unique
properties of single atoms and formation of the particles. This issue is crucial in high-temperature oxidation
reactions. To mitigate this phenomenon, the catalyst preparation methods including high-temperature
pyrolysis, impregnation/co-precipitation calcination, high-temperature thermal migration, and heteroatom
doping can effectively prevent single-atom sintering"'*""". High-temperature pyrolysis decomposes metal
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Figure 9. Single-atom photocatalysis: (A) Band alignments for Ni single-atom decorated zincblende cadmium-zinc sulfide quantum dots
and control samples[%].Copyright 2020 American Association for the Advancement of Science; (B) Mechanisms underlying the
photoexcited electron dynamics involved in Ru NPs and Ru single-atom based catalyst™®. Copyright 2020 American Chemical Society;
(C) Possible process of selective photocatalysis of toluene oxidation over the catalysts with pure support and single-atom
introduction™"”. Copyright 2024 American Chemical Society. Single-atom thermocatalysis: (D) Schematic illustration of the
enhancement in catalytic stability for toluene removal over the supported Pt SACs with the regulated coordination environments"®%,
Copyright 2021 Elsevier; (E) Schematic diagram of MvK and L-H mechanism over the Pd SACs". Copyright 2023 Elsevier; (F)
Schematic diagram of E-R mechanism of catalytic HCHO oxidation over the Fe SACs"*”. Copyright 2022 Elsevier. NPs: Nanoparticles;
SACs: single-atom catalysts; MvK: Mars-van Krevelen; L-H: Langmuir-Hinshelwood; E-R: Eley-Rideal.

precursors at high temperatures, allowing metal atoms to coordinate with heteroatoms in the support,
thereby preventing sintering. Impregnation/co-precipitation followed by calcination constructs cation
vacancies in the support and rebuilds the surface lattice, yielding the single-atom materials with enhanced
thermal stability. High-temperature thermal migration excites bulk metals to release migratable metal
species, which are captured by the defect-rich supports, thus resulting in single-atom materials.
Heteroatom-doped thermal atomization uses high temperatures to break metal-metal bonds in NPs,
allowing metal atoms to coordinate with heteroatoms in the support and be anchored on the carbon
substrate, hence forming stable single atoms. Based on the analysis presented, the SACs may demonstrate
significant potential in the photothermocatalystic oxidation of VOCs.
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Single-atom photothermal catalytic oxidation of VOCs

As an emerging research field, the integration of SACs with photothermal catalysis is in its nascent stage.
Single-atom photothermal catalysts have been preliminarily explored for applications in water pollution
treatments''>""”), CO, reduction", catalytic oxidation*, and biomedical applications"'”. Such a technology
holds a significant potential for further research in the treatments of VOCs.

Photo-derived thermocatalytic oxidation of VOCs

Single-atom photothermal catalysts require a support to function, and they serve as enhancers rather than
replacements for traditional photothermal catalysts. By loading metal atoms on the supports with superior
photothermal conversion properties, catalytic performance of the single-atoms is preserved, and the low
catalytic activities of the supports are compensated, thereby harnessing green solar energy effectively.
Specifically, single atoms are dispersed on the supports with photothermal conversion properties, such as
carbon-based materials (e.g., graphene and CNTs) and metal oxides (TiO,, CeO,, Fe,O,, etc.)"". The IR
thermal imaging visualization has shown that the surface temperature of stable, uniformly dispersed
graphene-like anchored K SACs reached 73.8 °C under the irradiation of light (1,500 W-m?)"".
Additionally, Pd SACs (Pd,/N-graphene) dispersed on Ni-doped graphene achieved a surface temperature
of 125 °C under the irradiation of UV light (540 mW-cm™), enabling the efficient CH,=CH, conversion. The
strong local coordination of Ni-Pd prevented Pd aggregation, ensuring good stability of the catalyst"**. The
Fe,O,-supported Pt SACs"*’ demonstrated photo-driven thermocatalytic activity in converting 200 ppm
toluene under the irradiation of light (720 mW-cm™). Under these conditions, toluene conversion and CO,
yield reached 95% and 87% [Figure 10A], respectively. Research results indicated that the incorporation of
single-atom Pt did not improve the photocatalytic performance. Rather, it transformed solar energy into
thermal energy, achieving a rapid temperature increase to 210 °C under the light irradiation, which resulted
in the oxidation of toluene. In the photo-driven thermocatalysis, achieving catalyst temperatures above
200 °C typically requires intense optical power density, usually exceeding 1 W-cm™ (about ten times the
standard solar intensity). Researchers developed a dual single-atom strategy to mitigate this requirement.
Such a strategy involves adding a second single-atom metal to SACs, creating atomically dispersed multi-
metal sites. The aim is to optimize the active site centers, coordination environments, electronic structures,
and reactant adsorption/activation capabilities. Mo et al. synthesized a stable N-coordinated Ni and Fe dual
single-atom [(Ni, Fe)-N-C] on carbon materials. Under the irradiation of light (49.0 mW-cm?), this catalyst
reached the surface temperatures above 300 °C without additional energy, effectively driving the
thermocatalytic reactions"'”. Besides enhancing the photothermal conversion efficiency, minimizing heat
loss during these reactions is crucial. Researchers developed Fe-CeO, SACs and Ti foil heterostructure
catalysts, and found that the high oxidation state of the Fe single-atom reduced the reaction barrier for
ethanol decomposition. Additionally, the heterostructure significantly decreased the IR radiation loss, hence
optimizing thermal energy utilization in the photo-derived thermocatalytsis"*'.

Photothermocatalytic oxidation of VOCs

The photochemical effect is crucial in the photothermocatalytic oxidation. As shown in Figure 10B, the
presence or absence of light significantly affected the oxidation of toluene over the Pt,/CuO-CeO, (Pt,/CC)
SACs at the same reaction temperature"*"). The excellent catalytic activity was associated with the synergistic
effect of photo- and thermocatalysis. The loading of single-atom alters the band structure of a catalyst, thus
promoting electron-hole separation and aiding the progress of the surface fundamental steps. Studies
indicated that the loading of Ru single-atom and Mg-doping both inhibited the recombination of electrons
and holes in the Ru,/Mg-CeO, SACs, making it more likely to participate in the surface reactions and
effectively promoting the reaction under the photothermocatalytic conditions'****). Under identical external
field conditions, the SACs demonstrated superior performance compared to the supported metal NP
catalysts. As illustrated in Figure 10C, the conversion of heptane over the Pt,/CC SACs could be up to 55%
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Figure 10. (A) Toluene conversion and CO, yield over Pt,/Fe,O; under the irradiation of simulated sunlight with different optical power
densities'*®. Copyright 2021 Elsevier; (B) Long-term stability test for toluene conversion over the Pt SACs with or without
irradiation™"”. Copyright 2022 American Chemical Society; (C) Heptane conversion over the Pt,/CC and Pt,,,/CC catalysts as a
function of temperature with irradiation®*. Copyright 2023 Elsevier; (D) Mechanism of photothermocatalytic and thermocatalytic
toluene oxidation over the 0.39Pt,/CC catalystm”.Copyright 2022 American Chemical Society; and (E) Schematic diagram of the
photothermocatalysis mechanism of toluene oxidation on Pt-MnO, SACs"™. Copyright 2023 Elsevier. SACs: Single-atom catalysts;
Pt,/CC: Pt,/CuO-CeO,; Pty;,/CC: Pty,,/CuO-CeO,.

higher than that over the Pty,/CuO-CeO, (Pty,/CC) catalyst*’. Research revealed that under the light
irradiation, the SAC surface generated a more amount of reactive oxygen species (O, and "OH). The
oxygen species facilitated the activation of VOC molecules. Additionally, the moderate adsorption of
heptane and strong activation of gaseous oxygen of Pt /CC enable rapid and complete oxidation of heptane.
In contrast, the limited oxygen activation capability of Pty,/CC struggled to fully react with the excessively
adsorbed VOCs, leading to the accumulation of intermediate products and a decrease in catalytic
performance. The Pt/WO,-TiO, SACs also exhibited significantly higher activity in the
photothermocatalytic oxidation of short-chain alkanes (e.g., C,H, and C,H,) compared to the corresponding
Pt ,/WO,-TiO, catalyst"*. For C,H, oxidation, the photothermocatalysis over the Pt,,/WO,-TiO, catalyst
was almost ineffective due to the strong adsorption of C,H, molecules on Pt NPs (which resulted in catalyst
poisoning). In comparison, the oxidation of C,H, over the Pt /WO,-TiO, catalyst significantly increased
under exposure to light, overcoming C,H, poisoning, with the appropriated affinity between C,H, molecules
and Pt single-atom being the decisive factor.

In single-atom photothermocatalysis for VOCs oxidation, the focus is not only on adjusting reactant
adsorption to promote the reactions but also on controlling the reaction pathways via the consumption of
photogenerated carriers. Taking toluene (the typical aromatic compound) as an example, studies showed
that over the Pt SACs, the intermediate products of toluene oxidation were the same under both thermal
and photothermal conditions. However, as shown in Figure 10D, when light was introduced to the surface
of the catalyst, toluene was oxidized by a large number of reactive oxygen species, producing a significant
amount of carboxylates. Benzoic acid, an important intermediate before toluene ring opening, was a favored
intermediate after the introduction of light (which promoted the conversion of toluene to benzoic acid).
Compared to thermocatalysis, light illumination could release the active sites on the catalyst surface, thus
increasing the reaction rate””'!. This conclusion was further verified in the subsequent studies, where the
introduction of single-atom Pt enhanced the activity of surface lattice oxygen on MnO,, promoting the
formation of benzoic acid and the total mineralization of toluene"*. Additionally, during the photocatalysis
process, the Pt single atoms accelerated the formation of O,", aiding in the ring opening and deep oxidation
of toluene [Figure 10E]. The combination of experiments and DFT calculations revealed the synergistic
mechanism of photo- and thermocatalysis during the photothermocatalytic process, providing new insights
into designing efficient catalysts. The elimination temperatures of VOCs by single-atom photothermal
catalysts are compared and recorded in Table 1.

CONCLUSION AND OUTLOOK

Maximizing the utilization efficiency of metal atoms in catalysts and using solar energy to replace or assist
fossil fuels in eliminating VOCs align with the concepts of energy conservation, emission reduction, and
green catalysis. In recent years, researchers have extensively studied both single-atom catalytic materials and
photothermal catalytic oxidation of VOCs, achieving significant results. However, the field combining
single-atom with the photothermal catalytic technology is immature, particularly in the applications
involving energy conversion and environmental remediation. The potential of single-atom photothermal
catalysts remains largely untapped, and there is a significant gap in understanding their actual contributions
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Table 1. Performance of single-atom photothermal catalysts for VOCs oxidation

Optical power GHSV

Catalyst Catalytsis mode density VOCs :;‘;;m) (mL/g-h) To00, (°C) Ref.

0.25Pt,/Fe,0, Toto—driveln 720 mW-cm” Toluene 200 20,000 210 [46]
thermocatalysis

0.5Pt,/Fe, 0,4 P}I:oto—driveln 620 mW-cm” Toluene 200 20,000 190 [46]
thermocatalysis

0.17Pt,/MnO, Pr:wto-driveln 300 mW-cm™ Toluene 300 30,000 =112 (Tose,) [125]
thermocatalysis

0.17Pt,/MnO, Pﬁoto-driveln 600 mW-cm? Toluene 300 60,000 =151 (Tog0,) [125]
thermocatalysis

0.08Pt,/CC S?/]nergrzstic | 300 mW-cm™ Heptane 500 20,000 197 [24]
photothermocatalysis

0.20Pt,/CC Sﬁnergli]stic | 300 mW-cm™ Heptane 500 20,000 175 [24]
photothermocatalysis

0.42Pt,/CC Sﬁnergli]stic | 300 mW-cm™ Heptane 500 20,000 186 [24]
photothermocatalysis

0.17pPt,/CC Sﬁnergf:stic | 200 mW-cm™ Toluene 200 20,000 197 [121]
photothermocatalysis

0.39Pt,/CC Sﬁnergf:stic | 200 mW-cm™ Toluene 200 20,000 186 [121]
photothermocatalysis

0.83Pt,/CC Si;nerg;]stic | 200 mW-cm™ Toluene 200 20,000 174 [121]
photothermocatalysis

0.04Pt,/WO;-  Synergistic - Propane 10,000 - 240 [reaction rate 3,792 [124]

TiO, photothermocatalysis (umol/gpys)]

The ¢ represents the concentration of VOCs. VOCs: Volatile organic compounds; GHSV: gas hourly space velocity.

to enhancing photothermal catalytic performance. Therefore, future research in single-atom photothermal
catalytic VOCs oxidation could focus on the following areas:

(i) Development of single-atom photothermal catalysts. Currently, understanding the relationship between
the structure and performance of these catalysts involves complex experimental steps, such as synthesis,
screening, and optimization. Machine learning, a key artificial intelligence technology, can integrate the
theoretical computational data to predict the performance of single-atom photothermal catalysts effectively.
This approach possesses a significant potential to guide the design of optimal catalyst structures. Insights
gained from artificial intelligence predictions can be invaluable for selecting and designing catalysts that
improve performance and structural stability.

(ii) Mechanisms of single-atom photothermal effects. There is an urgent need to employ a combination of
various in situ characterization to investigate the mechanisms of single-atom photothermal catalytic
systems. For instance, developing techniques [e.g., in situ transmission electron microscopy (TEM), near-
ambient X-ray photoelectron spectroscopy (XPS), and in situ Raman spectroscopy] is essential for exploring
the coordination environments of single atoms and monitoring changes in the active sites. Furthermore,
developing spectral techniques such as IR cameras and ultrafast Raman thermometry to measure the local
heating and electron transfer processes can deepen the understanding of the fundamental mechanisms.

(iii) Actual condition performance testing. The SACs in both photo-derived thermocatalytic and
photothermal catalytic oxidation systems have not been sufficiently evaluated under the actual conditions.
In the actual industrial emissions, VOCs are usually diverse and complex, and often accompanied by large
amounts of water vapor, chlorinated VOCs, sulfur-containing VOCs, and NO,. Therefore, assessing the
performance of single-atom photothermal catalysts for the multi-component VOCs removal under realistic
conditions is essential.
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(iv) Sustainable photothermal catalytic system. Photothermal system faces limitations due to the factors,
such as the angle and intensity of natural light and the discontinuity caused by day-night cycles. From both
industrial and economic viewpoints, developing the catalysts and reactors capable of efficient catalysis
under mild light illumination conditions and maintaining performance in darkness would be of significant
practical importance. Such advancements in the above aspects would substantially contribute to global
energy conservation and emissions reduction goals.
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