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The bigger picture

Sunlight harvesting and

conversion is a challenging and

active research area.

Photothermal catalysis, as a

promising technology, can

dramatically enhance the catalytic

activity and modulate the catalytic

pathway due to a synergy

between photochemical and

thermochemical reaction

pathways. It is pivotal to

improving the photothermal

catalytic conversion by exploring

efficient photothermal catalysts

with intense broadband solar

energy absorption and high

efficiency of solar-to-heat

conversion. Understanding the

synergy of light and heat

underlying photothermal effects is

of significant importance for

enhancing photothermal catalytic

performance. In this review, we

present the functioning principles

and categories of photothermal

catalysis, catalyst design criteria

and strategies, and recent

progress in applying

photothermal catalysis in several

important reactions of

heterogeneous catalysis.
SUMMARY

Solar energy provides an alternative, sustainable, and clean source of
energy to meet the global energy demands without extra carbon
emissions. However, the utilization efficiency of sunlight via most
traditional photocatalytic processes remains relatively low. Photo-
thermal catalysis, combining the advantages of photocatalysis and
thermocatalysis, has emerged as a new fast-growing research area.
In this review, we first discuss three different mechanisms of photo-
thermal effects and then describe the functioning principles of photo-
thermal catalysis.We categorize the photothermal catalysts into three
types based on their specific coupling modes of thermochemical and
photochemical pathways. We also illustrate the catalyst design strate-
gies and characterization methods for photothermal catalysis. As spe-
cific examples of applications, we summarize the recent research
progress on the photothermal catalytic reactions for CO2 conversion,
CH4 activation, NH3 synthesis, and water splitting. Last, we present
the challenges and perspectives in this field, as a guide for future
development in photothermal catalysis.

INTRODUCTION

Global energy demand is rapidly increasing due to the growth of the world’s popu-

lation and substantial industrial production.1,2 Currently, the traditional fossil fuels

(oil, natural gas, and coal) still constitute the main source of energy consumption

in the world (Figure 1A).3 However, the tremendous consumption of fossil fuels

can lead to severe environment issues and huge amounts of carbon emissions.4

Hence, significant efforts have been devoted to the exploration and development

of renewable energy,5 such as solar,6 wind, ocean, tidal, and wave energy. A rising

trend in renewable energy sources has been demonstrated by the fast growth of

renewable energy in recent years (Figure 1B).

Solar energy, as a type of abundant, clean, and renewable energy, has been widely

used in various fields in the past decades, including desalination,8 solar evapora-

tion,9 and photoelectric processes.10 In 1972, a pioneering work was reported by

Fujishima and Honda on a photoelectrochemical system composed of a TiO2 photo-

electrode and a platinum electrode for water splitting,11 leading to the birth of a new

research field: photocatalysis. Since then, the utilization of solar energy to drive

heterogeneous catalytic reactions for fuels and chemicals has gained extensive

attention as an environmentally friendly and promising alternative to traditional het-

erogeneous catalytic processes driven by thermal energy.6,12 Although enormous

research efforts have been devoted to semiconductor photocatalysis, twomain chal-

lenges have greatly hindered the large-scale application of photocatalysis until now,

namely weak absorption of sunlight in the visible and infrared (IR) regions and very

low apparent quantum efficiency.13,14
52 Chem Catalysis 2, 52–83, January 20, 2022 ª 2021 Elsevier Inc.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.checat.2021.10.005&domain=pdf


Figure 1. Current status of solar energy utilization

(A) Global primary energy consumption in 2019 by source (sources: BP Statistical Review of World

Energy and Ember).3

(B) Modern renewable energy generation by source in world (sources: BP Statistical Review of

World Energy and Ember).3

(C) Applications of photothermal effect.

(D) Compound parabolic concentrator (CPC) located in the upper level of the white container,

above the pilot solar reactor (left); 300 kW pilot solar reactor with off-gas system for Zn dust

production in operation (middle); solar tower at WIS (Weizmann Institute of Science, Israel) with

beam-down optical system (right).7 Copyright 2016 Elsevier Ltd. All rights reserved.
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Along with photocatalysis based on semiconductors, photothermal catalysis has

become an exciting and fast-growing new research area in the past few

years. Indeed, photothermal catalysis can combine the advantages of thermocatal-

ysis and photocatalysis, thereby rendering excellent catalytic performance even un-

der moderate conditions.15 Meanwhile, we have witnessed the rapid growth of

various innovative photothermal materials and their extensive applications in

catalysis.16

In this review, we first introduce the fundamental principles of photothermal catal-

ysis, including different mechanisms of photothermal conversion (i.e., plasmonic

localized heating, non-radiative relaxation of semiconductors, and thermal vibra-

tion in molecules) and different types of photothermal catalytic processes. Subse-

quently, we discuss several typical photothermal catalysts and the design

strategies of effective photothermal catalysts, including the hybrid structures of

metal nanoparticles/semiconductors, metal nanoparticles/MOFs, and semiconduc-

tors/MOFs. Thereafter, we outline recent developments in various catalytic reac-

tions, including CO2 conversion, CH4 activation, NH3 synthesis, and water split-

ting. Last, the challenges and perspectives of photothermal catalysis are

presented. The aim of this review is to offer enhanced understanding of photother-

mal catalysis and shed light on the design and potential applications of photother-

mal catalysts.
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Figure 2. Different mechanisms of photothermal effect
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A BRIEF OVERVIEW OF PHOTOTHERMAL CATALYSIS

Mechanism of photothermal effect

In fact, researchers are very familiar with the photothermal effect of sunlight, such as

in the application of solar water heaters. In addition, there are photothermal power

generation and photothermal energy storage device design (Figure 1C).14,17,18

Particularly, intensive attempts and strategies have been devoted to realizing photo-

thermal industrialization. Large-scale and highly concentrated solar systems, such as

heliostat fields and towers, are expected to provide high-temperature conditions to

drive thermal and thermochemical processes for fuel production, as well as some

traditional industrial processes (Figure 1D).7,19

The photothermal effect has been widely observed in various photothermal mate-

rials, such as inorganic materials (e.g., plasmonic metals and semiconductors)20,21

and organic materials (e.g., polymers)22, which convert incident light into thermal

energy (heat) under irradiation. A photothermal process is a direct conversion of so-

lar light, which can exhibit maximally achievable efficiency of energy conversion

compared with other solar energy utilization technologies. According to the interac-

tion mechanisms of light and matter, three different photothermal mechanisms can

be classified, namely, plasmonic localized heating, non-radiative relaxation in

semiconductors, and thermal vibration of molecules (Figure 2).17,23 Light may be

converted into heat through one or more of these photothermal mechanisms in a

particular photothermal material.

Plasmonic localized heating

Under external irradiation, the electromagnetic wave can induce collective oscilla-

tion of electrons at the interface between the conducting materials and a dielectric

medium (e.g., air or water) when the light’s frequency matches the resonant fre-

quency of conduction band electrons. Such coherent electron oscillations can be

confined on a subwavelength structure, which is referred to as surface plasmon reso-

nance (SPR).24 Since it is extremely localized, this phenomenon is sometimes called

localized surface plasmon resonance (LSPR).25 SPR excitation can lead to a dramatic

enhancement of local electric fields and produce a high concentration of energetic

(hot) electrons on the surface of a plasmonic structure.26 After excitation (about

5–100 fs), the energy from SPR can decay via non-radiative (electron-electron colli-

sions and electron-hole pair recombination) and radiative (re-emission of photons)

pathways.27 The plasmon decay via the non-radiative pathway can couple to phonon
54 Chem Catalysis 2, 52–83, January 20, 2022
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modes by electron-phonon scattering and thereby heat up the metal lattice (100 fs

to 1 ps). This heat can be dissipated to the surrounding environment (100 ps to 10 ns)

through phonon-phonon relaxation. Hence, three different processes are involved in

SPR: enhancement of local electric field, generation of hot electrons, and photother-

mal conversion.26 The SPR can be observed in nanomaterials with high mobility of

free electrons, such as Au, Ag, Cu, Al, and doped semiconductors.28,29 More impor-

tantly, the SPR can be easily tuned in the entire visible and near-IR (NIR) region of the

solar energy spectrum by manipulating the size, shape, and composition of plas-

monic nanomaterials.24 For example, the plasmon absorption peak of Au nanopar-

ticles exhibited red shift with increasing particle diameter from 517 nm (for the 9 nm

particles) to 575 nm (for the 99 nm particles).30 Moreover, Au nanostructures can

broaden the spectral range of SPR and change the mode of SPR by reducing shape

symmetry. For example, Au nanorods possess longitudinal modes in the NIR region

due to the plasmon oscillation of electrons along the long axis of the nanorods, in

addition to transverse modes at shorter wavelengths. The SPR spectra of Au nano-

rods can be tuned by tailoring the aspect ratio.31 For the bimetallic Au-Ag alloy

nanoparticles, it was found that the SPR band showed a linear blue shift with

increasing silver content.32

Non-radiative relaxation in semiconductors

In semiconductors, strong light absorption can be exhibited, with the light wavelength

close to the band-gap energy. Photons with near or higher energy than the band gap

can cause the generation of electron-hole pairs.33 Then, the excited electrons can relax

to the lower-energy states. The energy can be released through two mechanisms: non-

radiative relaxation in the form of excited phonons and radiative relaxation through

emitted photons. Due to the non-radiative relaxation process, local heating is produced

via lattice vibration. However, the recombination of electrons and holes across the band

gap can lead to energy loss through photon emission. Hence, the band-gap width of

semiconductors can crucially determine the photothermal conversion efficiency.

For the semiconductors with narrow band gap, the energy of most photons from

sunlight is higher than the band-gap energy, leading to the production of elec-

tron-hole pairs above the band gap. These electron-hole pairs can relax to band

edges via the non-radiative relaxation pathway, releasing excess energy in the

form of heat. In contrast, most of the photons with energy lower than the band-

gap energy are scattered in the semiconductors with wide band gap, leading to

extremely low efficiency of photothermal conversion.

Thermal vibration in molecules

Loosely held electrons can be excited from the ground state to the higher-energy

orbitals when incident light energy matches the electronic transition energies in

molecules. For example, the electron transition can occur from the highest occupied

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) under

irradiation. Then, the photoexcited electrons relax back to the ground state

through the electron-vibration coupling, leading to heat generation in molecules.

Carbonaceous34 and some polymeric materials35 (usually polymers with black color)

with strong light absorption can convert solar energy into thermal energy through the

thermal vibration mechanism due to their abundant conjugated p bonds, which can

facilitate electron excitation from p to p* orbitals even with low irradiation energy.36

Furthermore, the energy gap between the LUMO and the HOMO can decrease when

the number of p bonds increases.
Chem Catalysis 2, 52–83, January 20, 2022 55
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By comparison, these three photothermal mechanisms can happen because of the

nature of specific photothermal materials. For plasmonic localized heating, a large

number of free electrons (e.g., electrons in the conduction bands of metals) are

needed in order to induce coherent oscillation of electrons or surface plasmon reso-

nance. Thus, this mechanism usually happens in metals or metallic nanostructures.

The SPR will decay through non-radiative relaxation or photon re-emission. As a

result, the oscillating electrons will return to the non-resonant ground state in the

materials. For the non-radiative relaxation in semiconductors, no SPR effect is

observed due to the lack of a large number of free electrons in semiconductors

before irradiation. However, the electrons excited from the valence bands to the

conduction bands will relax back the valence state via electron-phonon coupling.

Hence, strong electron-phonon coupling is needed to facilitate the energy transfer

from electrons to phonons, leading to the localized heating of semiconductors. In

the mechanism of thermal vibration in molecules, the electrons are excited from

the ground state to the excited state within the molecules, instead of the semicon-

ductors or metals. After that, the excited electrons will relax back to the ground state

via electron-vibration coupling, leading to the localized heating of the molecules. In

this case, if themolecules were adsorbed on the surface of ametal or semiconductor,

the separate mechanism of plasmonic localized heating (on metals) or non-radiative

relaxation (on semiconductors) can exist simultaneously under the irradiation of solar

light.
What is photothermal catalysis

Both light and heat are common sources for driving reactions in heterogeneous

catalysis, where most catalytic reactions can occur via thermal catalytic processes,

such as hydrogenation, oxidation, carbonylation, polymerization, halogenation,

cracking, hydration, alkylation, isomerization, and other reactions.37–39 Since ther-

mal energy can be easily obtained through the combustion of fossil fuels, most in-

dustrial catalytic reactions are driven by thermal energy, such as the Haber-Bosch

process (ammonia synthesis),40 Fischer-Tropsch synthesis,41 CO2 hydrogenation

to methanol,42 and water-gas shift (WGS) reaction.43 However, the high energy de-

mand and rapid consumption of fossil fuels, as well as the environmental issues

induced by carbon emissions, have made traditional thermal catalytic processes un-

desirable in the long run. Hence, it is highly desirable to seek green, mild, and sus-

tainable ways to drive catalytic reactions.
Functioning principles of photothermal catalysis

Generally speaking, if a reaction involves light, heat, and catalytic conversion, it can

be regarded as photothermal catalysis. The thermal energy or heat can be produced

by photothermal materials (self-heating) or introduced from an external heat source

(assisted heating) during the photothermal catalytic process. In this review, we focus

on the photothermal catalysis based on the photothermal effect (self-heating), which

can modulate the catalytic transformation via the thermochemical or photochemical

pathway (Figure 3).44 In the thermochemical pathway, the photothermal catalytic

system can interact with incident light and then dissipate the absorbed photon en-

ergy into thermal energy (heat), which can promote the transfer of charge carriers

and enhance the catalytic activity. In the photochemical pathway, the photoexcited

‘‘hot’’ carriers (electrons or holes) can be generated under light irradiation and then

participate in catalytic reactions.45 It should be noted that sometimes it is hard to

fully differentiate these two intertwined catalytic pathways during a photothermal

catalytic process.44
56 Chem Catalysis 2, 52–83, January 20, 2022



Figure 3. Functioning principles and categories of photothermal catalysis
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Under irradiation, hot carriers can be generated in photocatalysts, and their energy

is usually much higher than that of carriers generated in thermal excitation. These hot

carriers can transfer into unoccupied molecular orbitals of adsorbate molecules and

thus induce photochemical transformation, which is completely different from that of

traditional thermal pathways. Furthermore, in some cases, it is possible to selectively

cause desorption, dissociation, or translational motion of adsorbates on the surface

of plasmonic metal nanoparticles by populating specific antibonding resonances of

adsorbates.26 Therefore, one fascinating feature of photothermal catalysis is the

possibility of tuning the selectivity toward specific target products via the photo-

chemical pathway in conjugation with the thermal pathway. In other words, some

"impossible" chemical reactions and desirable products in thermally driven catalysis

can be completed by photothermal catalysis. In addition, heat generation can be

localized around active sites resulting from direct local heating in the nanoscale dur-

ing the photothermal conversion process, avoiding the need for supplying excessive

heat to heat up an entire reaction system.14
Categories of photothermal catalysis

In photothermal catalysis, light and thermal effects can work separately or collec-

tively. As a result, photothermal catalysis can be classified into three major types

of reactions based on their specific reaction pathway(s), i.e., thermochemical or

photochemical. The first type is thermal-assisted photocatalytic reaction, in which

the main reaction pathway is the photochemical pathway. The catalyst itself cannot

enable reactions driven only by heat.46 The reaction may involve the excited elec-

tronic state or hot carriers of photocatalyst. Thermal energy plays an assisting role

in further reducing apparent activation energy of photocatalysis, promoting photo-

generated carriers’ mobility and mass transfer rate, thus accelerating the reaction

process (Figure 4A).47
Chem Catalysis 2, 52–83, January 20, 2022 57



Figure 4. Different types of photothermal catalysis

(A) Thermal-assisted photocatalysis.47 Copyright 2014 the authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(B) Photoassisted thermocatalysis.48 Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(C) Photodriven thermocatalysis, subtype of (B)49 Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(D) Photothermal co-catalysis.50 Copyright 2020 American Chemical Society.

(E) Photocatalysis-thermocatalysis cycle (PTC), subtype of (D).51 EHP, electron-hole pair. Copyright 2017 Elsevier Ltd. All rights reserved.
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The second type is photoassisted thermal catalytic reaction, where themain reaction

mechanism is the thermochemical pathway, similar to traditional thermal catalysis

(Figure 4B).48 In this case, the reaction involves mainly the ground electronic state

of the photocatalyst. Light plays the role of enhancing the local temperature and

thus exciting vibrational states via the photothermal effect, with a minor contribution

of the photochemical pathway. Thus, proper temperature conditions and good abil-

ity to absorb light for the photocatalyst are required for the reaction.52 The extreme

case of this type is photodriven thermocatalysis, where light is utilized only to supply

heat. Excellent light absorption ability and light-to-thermal conversion efficiency are

needed for this subtype of photocatalyst. The heat generated from solar light is the

energy used to increase the temperature of catalysts and reactants, which can avoid

the harsh conditions in conventional thermal reactions (Figure 4C).49

The third type is photothermal co-catalysis, which is a result of the collective contri-

bution of the thermochemical and photochemical pathways. The heat emitted from

the photothermal effect can promote the reaction process through the thermochem-

ical pathway, while the photochemical effect also contributes significantly to the
58 Chem Catalysis 2, 52–83, January 20, 2022
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apparent activity, leading to a synergistic effect of thermal and photochemical path-

ways that is different from the simple sum of these two pathways50 (see Figure 4D).

The reactionmay involve the coupling of the excited electronic states, or hot carriers,

with the excited vibrational states (due to thermal energy) of photocatalysts. Some-

times, the synergy between the photocatalytic and the thermocatalytic cycles can

occur sequentially. As shown in Figure 4E, in the upper half of the illustrated reac-

tion, oxygen vacancies are produced by UV-visible light (UV-vis) excitation, while

in the lower half, CO2 is thermally catalyzed by oxygen vacancies to CO.51

Here are the similarities and differences for all these three types of photothermal

catalysis. In terms of similarity, they all absorb solar light as the energy supply to

drive a catalytic reaction, while heat is generated from a part of or all the absorbed

solar energy. The difference among them is the specific destination (or final forms of

energy) of all the absorbed solar energy. In thermal-assisted photocatalytic conver-

sion, the solar energy is primarily used by the photocatalytic pathway, i.e., gener-

ating the excited electronic state to induce a reaction, while heat generation is a

small part of the absorbed solar energy, e.g., much smaller than the energy used

to produce the excited electronic state. In addition, the generated heat will influence

the reaction mechanism by exciting vibrations or phonons in the ground electronic

state. In contrast, if the photocatalytic pathway is significant in a reaction and the

generated heat is a relatively large portion of the absorbed solar energy, photother-

mal co-catalysis can occur. In this case, the generated heat will influence the reaction

mechanism by exciting vibrations or phonons in the excited electronic state, leading

to the synergy effect of the thermocatalytic and photocatalytic pathways. For photo-

assisted thermal catalytic conversion, the absorbed solar energy is mostly used to

generate heat, providing excited vibrations or phonons in the ground electronic

state. Even though some solar energy can be used to produce excited electronic

state via the photochemical pathway, this portion of energy should be much smaller

than the energy used to generate the heat for inducing the thermocatalytic pathway.

Consequently, these three types of photothermal catalysis differ in terms of the

origin of overall activation energy. In thermal-assisted photocatalysis, the overall

activation energy is dominated by the contribution from the photochemical

pathway, with some small contribution from the thermochemical pathway. In the

photoassisted thermal catalytic reaction, the overall photothermal catalysis is mostly

contributed by the thermocatalytic pathway, with only minor contribution from the

photothermal pathway. In photothermal co-catalysis, the overall activation energy

originates from the comparable contributions of the thermochemical and photo-

chemical pathways, and is usually lower than the simple sum of the activation en-

ergies from the thermochemical and photothermal pathways due to the synergy

effect.

During photothermal catalysis, sometimes external heat supply (in addition to the

heat generated for the photothermal effect of catalysts) may be used to facilitate

the reactions, which is practical in terms of applications. The external heat likely

will not change the nature (or the type) of a particular photothermal catalysis.

From the viewpoint of solar energy utilization, highly efficient photothermal catalysis

with less or no external heating supply is desired.
DESIGN OF PHOTOTHERMAL CATALYSTS

Over the past decade, we have witnessed a fast growth in photothermal catalysis,53–55

and it has demonstrated much higher energy efficiency and catalytic activity than
Chem Catalysis 2, 52–83, January 20, 2022 59



Figure 5. Design of photothermal catalysts.

(A) Schematic diagram of a general photothermal catalyst.

(B) Solar irradiance energy spectrum.
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conventional photocatalytic processes or thermocatalytic processes. Actually, the ma-

terials and structural engineering at the nanoscale have played crucial roles in the

design of good photothermal catalysts.14 The unique optical and catalytic properties

of nanomaterials arise from the size and quantum effects.56 When the size decreases

to the nanometer scale, new properties like tunable effective refractive index, semicon-

tinuous band gap for semiconductors, and local field enhancement effects can be

observed. Accordingly, the nanomaterials can enhance the light absorption efficiency

and regulate the bandwidth and local field light-heat conversion. Similar size effects

have been confirmed in various other heterogeneous catalytic reactions,57,58 which

could determine the product activity or selectivity or even alter the overall catalytic

pathway.
Design criteria

Three vital design criteria shall be used for photothermal catalysts to obtain excel-

lent catalytic performance: (1) achieving intense light absorption across the entire

solar spectrum, (2) accomplishing high efficiency of light-to-heat conversion, and

(3) realizing superior catalytic activity and stability. The first and second criteria

mainly depend on the nature and structure of photothermal materials. For the third

criterion, it can borrow ideas from the design of traditional thermal and photochem-

ical catalysts.

Based on these three criteria, an effective photothermal catalytic system should

possess several important components: light absorber, catalytic support, active

sites, and/or co-catalysts (Figure 5A). The light absorber absorbs incident light

and effectively converts it to thermal energy (heat) instead of undergoing radiative

re-emission, which should be the key component for the performance of photo-

thermal catalysis. Thereby, a good light absorber will exhibit superior optical

and thermal properties across the entire solar spectrum (e.g., from 300 to

2,500 nm), with minimal transmittance and reflectance. Then, the produced ther-

mal energy can increase the surface temperature of the catalyst via the heat trans-

fer process. To obtain excellent catalytic performance, sufficient catalytic active

sites and an accessible support are two equally important factors in catalyst

design, which can determine the activity and stability of photothermal catalysts.59

Of course, in some cases, the photothermal materials themselves can act as cata-

lytic sites and/or support.33
60 Chem Catalysis 2, 52–83, January 20, 2022
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Common photothermal materials

For the design of photothermal catalysts, the crucial factor is to convert light energy

to thermal energy maximumly through the design of effective photothermal mate-

rials. Hence, in the following section, we will illustrate several typical photothermal

materials (or catalysts) in order to guide the catalyst design.

Semiconductors

Semiconductors are widely used in conventional photocatalysis due to their advan-

tages of simple preparation, low cost, and low toxicity with a tunable band gap,

while UV light is usually chosen as the irradiation source.60 However, as shown in Fig-

ure 5B, visible (400–760 nm) and IR light (>760 nm) accounts for the majority of the

solar light spectrum, as 43% and 53%, respectively, while UV light (290–400 nm) ac-

counts for only 4%. According to E = hn (h is the Planck constant, n means the light

frequency), visible and IR light has energy lower than 3.1 eV, which makes it difficult

to excite electrons in the valence band for most semiconductors. In other words, UV

light is needed as the irradiation source for most semiconductors, which conflicts

with the goal to maximize the solar energy utilization efficiency by using the entire

solar energy spectrum. Furthermore, the efficiency of photocatalytic processes is

extremely low (usually in the range of hundreds of mmol g�1 h�1), mainly due to

the rapid recombination of photogenerated charge carriers in traditional semicon-

ductors with broad band gap.61 Thus, narrowing the band gap in semiconductors

can enhance the light absorption in a wide spectrum and thus facilitate solar-light-

induced reactions via the photothermal effect.62

Several semiconductors with suitable band gap were revisited owing to the develop-

ment of photothermal catalysis over the past several years. For instance, semicon-

ductors with a narrow band gap, such as Ti2O3
33 nanoparticles, Fe3O4,

50 and black

titania,63 have been investigated for photothermal catalysis.

Metallic nanoparticles

Metals are usually excellent conductors of electricity and heat, and can effectively

absorb solar energy and convert it into heat. As an important factor that deter-

mines the optical properties of metal nanomaterials, the SPR effect can be pro-

duced by metallic nanoparticles by a specific irradiation wavelength, leading to

strong light absorption. In reported work, it has been demonstrated that the plas-

monic metal nanostructures are easy to excite with visible and NIR light, which

provides the energy for catalytic reactions via the SPR effect.64 Indeed, once

exposed to light, the catalytic reactions occur on the surface of metallic nano-

structures, which can be influenced by the aforementioned three processes

involved in SPR. Therefore, enhancing the SPR effect of plasmonic nanomaterials

is a way to expand the light absorption spectrum, improve the light-to-heat con-

version, and thus enhance the catalytic performance. Currently, plasmonic noble

metal photothermal catalysts such as Au, Ag,65,66 and Ru67 have received wide-

spread attention. Meanwhile, some non-precious metals, including aluminum

(Al),68 copper (Cu),69 niobium (Nb),54 nickel (Ni),70 and iron (Fe),50,68,71 have

been exploited. The shape, morphology, size, and composition of plasmonic

metal nanostructures are the key factors influencing their light-to-heat perfor-

mance. Govorov and Richardson found that the surface temperature increase of

Au nanoparticles was proportional to their size according to numerical simula-

tions.72 In contrast, it has been reported that the conversion efficiency of light-

to-heat decreases when the size of nanoparticles increases, owing to the

increased scattering.73 On the other hand, the previous report demonstrated

that the shape and morphology of Au nanoparticles played an important role in
Chem Catalysis 2, 52–83, January 20, 2022 61
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SPR-induced heat generation based on calculation with Green’s dyadic method.74

Nanorods exhibited a pronounced increase in heating efficiency compared with

nanospheres. In addition, thin planar structures possessed higher heating effi-

ciency than nanorods.74

In addition to the properties of photothermal materials, the photocatalytic perfor-

mance is decided by the intensity of the incident light. Researchers found that in

the early stage of irradiation, the photo-to-thermal conversion efficiency increased

quickly as the catalyst bed temperature rose sharply. After that, the conversion effi-

ciency reached a steady state, and further enhancing the illumination intensity

caused a decline in efficiency.50,75

Despite the richness of variety and controllable morphology in the synthesis of

metal nanomaterials, their concerning environmental impact, high cost, and

complex preparation process cannot be ignored. Moreover, structural distortion

of metal nanoparticles is likely to occur in the presence of acids, alkalis, or

salts, and nanoparticles tend to agglomerate under harsh conditions or can be

poisoned by trace contamination. These drawbacks restrict their applications.70

Carbonaceous materials

Diverse forms of nanocarbon materials (Figure 6), such as biomass-derived amor-

phous carbon,76 graphene,34 graphene oxide (GO) or reduced graphene oxide

(rGO),77 and carbon nanotubes (CNTs),78 have been reported in photothermal con-

version. Owing to their light absorption in a wide range, great stability, high thermal

conductivity, and tunable molecular and electronic structures, and the ease of

tailoring their micro/macrostructures, carbon nanomaterials have become prom-

ising photothermal catalysts. However, it must be noted that the carbon-based

materials possess relatively high emissivity (approximately 0.85) due to their high

surface reflection. Hence, the surface reflection needs to be reduced in carbon nano-

materials in order to achieve optimal efficient in solar energy conversion.

MOFs

Metal-organic frameworks (MOFs), featuring semiconductor-like behaviors, are con-

nected by metal ion points and supported through organic ligands to complete the

formation of 3D extension in space. They have recently attracted significant interest

in the fields of photocatalysis and photothermal catalysis.48 The advantages of reg-

ularity, adjustable pore size, diversity of topological structures, and malleability

make MOFs a promising type of material for various catalytic reactions, while their

controllable band gap is particularly suitable for photocatalysis or photothermal

catalysis.

MXenes

Transition metal carbide, carbonatite, and nitride (MXenes) are a new type of 2D

materials possessing special electronic and optical characteristics.83 MXenes can

be expressed as Mn+1XnTx (n = 1–3), where ‘‘M’’ represents the traditional metal,

including Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, or Mo; ‘‘X’’ represents carbon or nitrogen;

and ‘‘Tx’’ means the surface termination, such as oxygen, hydroxyl, and fluorine.

In MXenes, n layers of X are covered by ‘‘n + 1’’ layers of M, arranged in the struc-

ture of [MX]nM. Ti3C2Tx was the first MXene reported in 2011 for its electronic

properties, similar to those of a semiconductor, and outstanding ability in photo-

thermal conversion.84
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Figure 6. Carbon materials and other photothermal materials

(A) Natural woods.79 Copyright 2017 Elsevier, Inc.

(B) Graphene oxide (GO).77 Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(C) Functionalized chemically reduced graphene oxide (f-crGO).34 Copyright 2017 American Chemical Society.

(D) Sulfur-doped graphitic C3N4.
80 Copyright 2010 American Chemical Society.

(E) Niobium and titanium carbides (MXenes).54 Copyright 2021 American Chemical Society.

(F) Functionalized titanium carbide nanosheets.78 Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(G) Two-dimensional ultrathin MXene ceramic nanosheets.81 Copyright 2016 American Chemical Society.

(H) Surface-passivated beta-Mo2C nanowires.82 Copyright 2019 The Royal Society of Chemistry.

ll
Review
Others

In addition to the above-mentioned main types of photothermal materials, other

materials such as chalcogenides and polymers (e.g., polypyrrole, polyaniline)85

can be used as photothermal materials.

Strategies to improve photothermal catalytic performance

The photothermal catalyst needs to absorb solar light as the energy supply to drive a

catalytic reaction, while heat is generated from a part of or all the absorbed solar en-

ergy. The difference between various photothermal catalysts is the specific destina-

tion (or final forms of energy) of all the absorbed solar energy, originating from the

differences in their coupling of thermochemical and photochemical pathways. We

can apply the knowledge of traditional photocatalysis and thermal catalysis to

improve the performance of photothermal catalysts. For instance, if the system tem-

perature of the photothermal catalysis can reach the same level as pure thermal

catalysis, the principles for regulating traditional thermal catalysis may be applied

to the photothermal catalysis. Similarly, reactions involving photochemical pathways

can be tuned by strategies used in traditional photocatalysis. To enhance the photo-

thermal effect and achieve maximum catalytic performance, several common

improvement strategies have been developed, including tuning of light absorption,
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improvement of heat generation and transfer, and enhancement of catalytic kinetics.

Furthermore, another typical and effective approach is to design a composite or

multifunctional catalyst that combines the functions of each component to improve

the overall catalytic performance.

Tuning of light absorption

From the perspective of solar energy absorption, the visible light region accounts for

44% of the total energy for solar light, and IR light accounts for 53%. Most of the tradi-

tional semiconductors absorb only the UV light part (3% of the solar energy).86 There-

fore, how to optimize the sunlight absorption when using semiconductors should be

considered when designing photothermal catalysts. A common design strategy is to

modify the semiconductor catalyst via the introduction of defects or vacancies, which

can adjust the physical and chemical properties of semiconductors.87,88 The defect

structures can broaden the light absorption range and accelerate the separation rate

of photogenerated carriers. For example, the cost-effective Bi2O3-x with oxygen va-

cancies exhibited strong absorption in the wavelength range of 600–1,400 nm due to

the SPR effect (Figures 7A–7C), demonstrating efficient photoconversion of CO2 to

CO even under NIR light irradiation with low intensity.89

Apart from tuning the light absorption ability of the material, another efficient way to

enhance photocatalysis performance is to transform unused red and NIR radiation

into available UV-vis light by up-conversion of luminescent materials. For example,

P. Esparza et al. found improvement of commercial TiO2 in the photocatalytic

decomposition of methylene blue in water.92 G. Liu et al. proved the promotion of

up-conversion agents in solar water-splitting efficiency for hematite (a-Fe2O3).
93

Similarly, for carbon-based materials, a facile strategy is to increase refraction and

scattering inside the materials through the construction of nanostructures,94,95

such as hierarchical graphene foam,94 in which sunlight can be trapped and subse-

quently absorbed through multiple internal reflections.95 Meanwhile, the light-

shielding effect of graphene sheets is a significant obstacle for their application in

photocatalytic areas, mainly due to their unavoidable exposure to light. In addition

to controlling the dosage of these graphene sheets to relieve the negative effects of

light shielding, structure regulation, such as using small or in-plane holey materials

composited with semiconductors, is feasible as well.96

For plasmonic metal nanostructures, the optical properties are adjustable by their

size, shape, and composition. Thus, the rational design of plasmonic nanostructures

with optimal size, shape, and composition is the way to increase the conversion

efficiency of solar energy. In addition, the plasmonic band can be tuned from the

visible to the NIR region using hollow structures, such as nanocages or nano-

frames.97 The nanostructures with broad plasmonic bands in the visible and NIR re-

gions is an ideal platform to investigate photothermal catalysis.

In general, the light absorption ability of catalysts is very important for light-driven

reactions; therefore, tuning of light absorption is applicable to all kinds of photother-

mal catalysts.

Improvement of heat generation and transfer

From the viewpoint of energy transfer, the conversion of light to heat and the

following heat transfer are crucial for photothermal catalysis. And then, improve-

ment of heat generation and transfer is a potential method to improve photothermal

catalytic performance, especially for materials with low light-to-heat conversion
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Figure 7. Effective strategies to improve catalyst performance

(A–C) Plasmonic hot electrons from oxygen vacancies for infrared light-driven catalytic CO2 reduction on Bi2O3-x.
89 Copyright 2020 Wiley-VCH GmbH.

(A) UV-vis-IR absorption spectra (inset: photos of Bi [left] and Bi2O3-x [right]).

(B) Schematic illustration of LSPR excitation on Bi2O3-x. (C) The cycling test for photocatalytic CO production over Bi2O3-x.

(D and E) Integration of photothermal effect and heat insulation to efficiently reduce reaction temperature of CO2 hydrogenation.
90 Copyright 2016

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (D) Schematic illustration of the formation and the temperature variation under light irradiation of (a)

Au&Pt@ZIF and (b) Pt@ZIF + Au. The dots represent the Pt nanocubes, while the cubes represent the Au nanocages. (E) Transmission electron

microscopy images of Au&Pt@ZIF.

(F–H) Light-driven methane dry re-forming with single atomic site antenna-reactor plasmonic photocatalysts.91 Copyright 2020 the authors, under

exclusive license to Springer Nature Ltd. (F) Schematic of a Cu-single-atom Ru surface alloy catalyst with the dry re-forming reactants and products

shown on the left. (G and H) Reaction rate (G) and long-term stability (H).
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efficiency. After the electronic excitation by photons, the photonic energy should be

converted into thermal energy effectively, rather than being reflected or radiatively

re-emitted. Meanwhile, heat utilization has important impacts on the catalytic per-

formance. Actually, the surface temperature of photothermal catalysts is usually

higher than that of the surrounding environment due to localized heating. To

enhance reaction activity, it is necessary to maximize the heat transfer efficiency

from the catalysts to the reactants absorbed on their surfaces. Therefore,
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photothermal catalysts with large specific surface area, high thermal conductivity,

and strong reactant adsorption capacity are favorable for photothermal catalysis.

In this case, the heat energy is utilized to drive the catalytic reaction, instead of being

lost to the surroundings via convection and conduction.17,95 An alternative idea is to

cover the catalysts with a thermal insulation layer to prevent or reduce heat loss.98

For instance, a zeolite imidazolate framework (ZIF-8) can be used to encapsulate

plasmonic metal nanoparticles to form a hybrid structure (Figures 7D and 7E), where

ZIF-8 can act as an ‘‘insulator’’ to inhibit heat loss.90

Enhancement of catalytic kinetics

For heterogeneous catalysis, it is well known that the activation of reactant mole-

cules occurs on the active sites of catalytic surfaces.99 Hence, increasing the number

of active sites is an effective way to enhance the photothermal catalytic activity. In

particular, increasing active sites could greatly improve the catalytic efficiency for

catalysts that already have excellent light-to-heat conversion capabilities. For

example, it was reported by Henderson et al. that photoexcited hot carriers, coupled

with single-atom active sites, could improve the catalytic activity toward dry re-form-

ing of CH4 (Figures 7F–7H).91 Theoretical calculations using quantum chemistry

modeling indicated that single-atom doping of Ru on the Cu (111) surface, com-

bined with excited-state activation, resulted in a substantial reduction in the energy

barrier for CH4 activation. Synthesizing supported materials like metal oxides is an

essential way to provide the adsorption and activation sites for reactants at inter-

faces by constructing strong interactions between reactants and metal support.

Introduction of co-catalyst or active noble metals such as Pt, Pd, and Ru100 is another

way to improve the photothermal catalytic activity.

Formation of hybrid nanostructures

The construction of hybrid nanostructures is a popular and straightforward strategy

to enhance photothermal catalytic performance. In this way, the catalytic activity can

be synergistically improved via the integration of two or more components into the

hybrid photothermal catalysts. Usually, these photothermal catalysts consist of plas-

monic or non-plasmonic metallic nanoparticles loaded on the inorganic support

(mainly metal oxides), in which a different role can be played by each component.

The following are common hybrid nanostructures in photothermal catalysis.

Metal/semiconductor structures

Introduction of metal nanoparticles such as Pt, Au, or Ag101 as a co-catalyst can alle-

viate some of the intrinsic issues of semiconductor photocatalysts. These co-catalyst

nanoparticles can extend the lifetime of photoinduced charge carriers and improve

the separation rate of electron-hole pairs at the interface of the metal/semicon-

ductor. However, for most semiconductors, this approach still faces several issues,

including poor absorption of low-energy photons, short photon penetration depth,

and short diffusion length of charge carries.101 Combination of plasmonic metals

and semiconductors can effectively address these issues by using the SPR effect.

In the plasmonic metal/semiconductor nanostructures, the plasmonic nanoparticles

can interact with light in a wide range of the solar energy spectrum, especially visible

light, and thus dramatically enhance the generation and transfer of hot electrons.

Meanwhile, it can modify the band gap of semiconductors via the formation of a

Schottky barrier at the interface, and thus trap the transferred hot electrons.44,101

A typical nanostructure of this framework is Au/TiO2.
102 It was reported that the

deposition of Au nanoparticles onto the rutile can enhance the visible light harvest

and improve the production yields of CO and CH4 under a wide solar energy
66 Chem Catalysis 2, 52–83, January 20, 2022



ll
Review
spectrum owing to the SPR of Au nanoparticles and the direct heat generation from

IR light.103

Non-plasmonic transitionmetals such as Pt, Pd, Ir, and Rh loaded on semiconductors

can exhibit the photothermal effect via the interband or intraband transition of

photoexcited electrons. According to the work from Zhu’s group,104 the bound elec-

trons in non-plasmonic transition metals can be excited (under light with short wave-

lengths) to a high-energy band via the interband electronic transitions, and the

excited electrons with sufficiently high energy can transfer to the LUMO of adsorbed

reactant molecules on the surface of metal nanoparticles, similar to the photoexcited

electrons in plasmonic metal nanoparticles. The electrons excited by the low-energy

visible or IR light also enhance reaction rates via the photothermal effect. These elec-

trons do not have enough energy to be injected into adsorbate states. Obviously,

the non-plasmonic metals/semiconductors are promising photothermal catalysts,

as non-plasmonic metal nanoparticles are widely employed for important organic

chemical synthesis in traditional thermal catalysis.

Metal/MOF or semiconductor/MOF hybrid structures

MOFs have been widely used in various thermal catalytic reactions due to their high

porosity and high surface area. According to the literature, the photothermal effect

of MOFs can be determined by the optical absorption of the MOF.105 However, the

photothermal catalysts based on MOFs have not been widely investigated owing to

their relatively weak absorption in the visible and IR regions. To improve the catalytic

efficiency, a common strategy is to integrate plasmonic metal nanoparticles or plas-

monic semiconductor materials with MOFs, which can harvest visible or NIR light

owing to their wide-range tunable LSPR band.44

In a recent report, the Pd nanocube (NC)@ZIF-8 composite was fabricated through

the encapsulation of Pd nanocubes into ZIF-8, exhibiting superior catalytic activity

toward selective catalytic hydrogenation of olefins under irradiation.106 The Pd

nanocube cores effectively convert light into heat via plasmonic photothermal ef-

fects, while the ZIF-8 shell protects the Pd cores, accelerates the catalytic hydroge-

nation via H2 enrichment, and facilitates substrate selection with a specific size for

selective catalysis. Subsequently, this group designed composites of Pt nanocrys-

tals/porphyrinic MOFs (PCN-224), which exhibited remarkable catalytic activity in

aromatic alcohol oxidation under light owing to the synergy between the photother-

mal effect and the generation of singlet oxygen.107 A hybrid nanostructure of core-

shell Cu7S4@ZIF-8 was reported for a valuable cyclocondensation reaction under

laser irradiation. The core of Cu7S4 hollow microspheres served as a nano-heater

due to the NIR plasmonic photothermal effect, and the catalytic shell of ZIF-8

showed enhanced activity for the cyclocondensation reaction.108
CHARACTERIZATION OF PHOTOTHERMAL CATALYSIS

Characterization of photothermal catalysts is very important for understanding the

catalytic mechanism and thus for the catalyst design. Most characterization methods

for traditional thermal catalysis and photocatalysis can be applied to photothermal

catalysis. Typically, the chemical composition of catalysts can be analyzed through

the elemental composition (inductively coupled plasma [ICP], energy-dispersive

X-ray [EDX], electron energy-loss spectrum [EELS], high-angle annular dark-field

[HAADF] imaging) or the chemical state and structure (X-ray diffraction [XRD], X-

ray photoelectron spectroscopy [XPS], X-ray adsorption spectroscopy [XAS], Fourier

transform infrared [FTIR] spectroscopy, Raman). The physical properties and
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Figure 8. Characterization of photothermal catalysis

(A–C) Visible-light photocatalytic, photoelectrochemical, and solar thermal properties of aluminum-reduced black titania.110 Copyright 2013 The Royal

Society of Chemistry. (A) Mass production of black titania (TiO2-x) using the Al-reduction method. (B) Absorption spectra of the 500�C-reduced TiO2-x

sample, the high-pressure-hydrogenated black titania (HP-TiO2), and pristine titania (TiO2). (C) Thermal image map of cool-pressed disks (from TiO2

and 500�C-reduced TiO2-x powders) after irradiation under an AM 1.5G Xe lamp solar simulator for different times.

(D and E) Three-dimensional imaging of localized surface plasmon resonance of metal nanoparticles.111 Copyright 2013 Macmillan Publishers Ltd.

(D) EELS maps of LSPR components of a silver nanocube.

(E) Three-dimensional visualization of the LSPR components of a silver nanocube. Copyright 2013 Springer Nature.
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nanostructure of catalysts can be observed by electron microscopy (SEM, transmis-

sion electron microscopy [TEM], high-resolution TEM [HR-TEM], atomic force micro-

scopy [AFM]). Gas adsorption-desorption analysis109 (gas ad) is often utilized to test

the ability of catalysts to adsorb species in thermal catalysis. The defects can be

confirmed by electron spin resonance (ESR) or XPS. The thermal stability of catalysts

can be measured with thermal gravimetric analysis (TGA). The electronic band struc-

ture plays a major role in deciding the optical absorption ability of a semiconductor.

Therefore, it is necessary to characterize the band structure in photocatalysis (den-

sity functional theory [DFT], UV photoelectron spectroscopy [UPS], XPS). All of the

above characterization methods can be applied to photothermal catalysis.

Ex situ characterization and computational methods of photothermal catalysis

For the photothermal catalytic systems, the characterizations of light absorption and

photothermal conversion ability are very important, such as the methods of UV-vis-

NIR spectrometry and IR camera. For example, the absorption spectra and thermal

image maps of black titania can be resolved through the UV-vis spectra and IR cam-

era, respectively (Figures 8A–8C).110 In addition, the 3D images related to LSPRs can

be reconstructed through EELS. For example, 3D images of a single silver nanocube

were obtained via the analysis of EELS maps (Figures 8D and 8E).111 The LSPR
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spectral components (a–ε) resulting from non-negative matrix factorization (NMF) to

the spectrum images at different tilt angles are shown in Figure 8D, and the normal-

ized EELS maps corresponding to five NMF components are shown on the left. A

tomographic reconstruction of the EELS maps related to the respective LSPR com-

ponents displays a combined 3D rendering of all the components (Figure 8E). These

techniques enable an in-depth understanding of photothermal mechanisms.

Apart from conventional characterization methods, theoretical chemistry calcula-

tions and computational simulations, such as finite-difference time-domain (FDTD)

simulations112 and DFT,44 could be adopted to understand the interaction of light

with catalysts and the photothermal effect in the photothermal catalytic process.

The FDTD and discrete dipole approximation (DDA) calculations can be used to

simulate the field distributions and cross sections of plasmonic metal nanostructures

under incident light. DFT, a common theoretical method in thermocatalysis, can be

employed to investigate the electronic structures and adsorbed species and inter-

mediates on the surface of catalysts and illustrate the reaction pathways during

photothermal catalysis. Ye and colleagues investigated the catalytic mechanism of

a Rh/TiO2 catalyst for CH4 activation.
113 The results from DFT calculations indicated

that photoexcited hot electrons in Rh 4d orbitals can transfer to unoccupied 3d

orbitals in Ti, resulting in the formation of electron-deficient sites (Rhd+) on the sur-

face. These sites of Rhd+ can accept electrons from CH4, thereby promoting CH4

activation through cleavage of C–H bonds. Ma et al. used DFT calculations to illus-

trate the difference in reaction pathways of CO2 conversion for two photothermal

catalysts: Fe3C and Fe3O4.
50

In situ and operando characterization of photothermal catalysis

Recently, in situ and operando (operating or working) characterizations have been

developed for the study of heterogeneous catalysis due to its unique features,

including spectroscopic,114 scattering, and microscopic techniques,115 as well as the

application of synchrotron radiation116 sources to improve the spatial and temporal

resolution. In situ characterization focuses on the study of a catalyst under model or

true reaction conditions, and the operando characterization involves simultaneous

study of a catalyst and its performance during an actual reaction.117 During the photo-

thermal catalytic process, in situmeasurements not only correlate the characterization

results of a photothermal catalyst with its catalytic performance, but also reveal new

phenomena attributed to its accuracy and practicality. Many in situ and operando char-

acterizations applied in photocatalysis or thermocatalysis (Figure 9) can be extended to

photothermal catalysis, including gas ad, ESR, FTIR, Raman, XAS, XPS, XRD, TEM, and

SEM, which can take exemplary benefits such as monitoring the change of properties

and studying the catalytic mechanism, especially photochemical pathways.

In our previous work, a series of Fe-based catalysts was prepared through a simple

hydrogenation/carbonization treatment with commercial Fe3O4 as a precursor, ex-

hibiting tunable selectivity of hydrocarbons and CO in photothermal CO2 conver-

sion.50 The stability of Fe-based catalysts was studied by in situ XAS (Figures 10A

and 10B). Moreover, using the evidence from transient absorption (TA) spectroscopy

(Figures 10C and 10D) and in situ time-resolved diffuse reflectance IR Fourier trans-

form spectroscopy (DRIFTS) (Figures 10E and 10H), the photothermal catalytic

mechanisms were investigated to understand non-thermal effects and selectivity

difference of the Fe-based catalysts toward CO2 photoconversion.

The photoinduced charge separation and transfer are crucial for determining the

activity under irradiation or photothermal conditions, but most conventional
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Figure 9. In situ/operando characterization of some important properties of photothermal catalysis

Nomenclature and abbreviations: gas ad., gas adsorption-desorption analysis; ESR, electron spin resonance; FTIR, Fourier transform infrared

spectroscopy; XAS, X-ray absorption spectroscopy; XPS, X-ray photoelectron spectroscopy; XRD, X-ray diffraction; TEM, transmission electron

microscopy; SEM, scanning electron microscopy.
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characterizations could not provide sufficient information about these assignments.

Alternatively, an in situ irradiation X-ray photoelectron spectroscopy (SI-XPS) tech-

nique to explore the interfacial interactions as well as charge transfer has been

applied to light-induced heterogeneous catalysis. Tang et al. found the superior ac-

tivity of iron species dispersed on titanium dioxide toward methane oxidation to

methanol with high selectivity under ambient conditions.118 Through SI-XPS, it

was found that iron species work as electron acceptors, as the Fe 2p binding energy

increases with lamp on, while electrons excited from the valence band (oxygen 2p

orbitals) of TiO2 jump to the conduction band and then (titanium 3d orbits) transfer

to the iron species during the CH4 conversion process. Bi and co-workers utilized SI-

XPS to directly observe the dynamic interfacial bonding and charge transfer in metal-

free (black phosphorus/covalent triazine framework [BP/CTF]) photocatalysts for effi-

cient hydrogen evolution.119 These SI-XPS results clearly revealed photogenerated

electrons efficiently transferred from CTF to BP surfaces through their interfacial P–C

bonds under light excitation, which significantly promoted photocatalytic activity

and stability for the hydrogen evolution reaction (HER). Interestingly, when the light

irradiation was turned off, all the typical peaks of both BP and CTF were returned

back to their original state, indicating that the electron transfer between CTF and

BP is a reversible process. These in situ methods significantly assist the understand-

ing of fundamental mechanisms during the photo-involved catalysis process.
PHOTOTHERMAL APPLICATION IN HETEROGENEOUS CATALYSIS

As a new type of catalytic process, other than thermocatalysis and photocatalysis,

the seminal work on photothermal catalysis can be dated back to 1998, when Ken-

nedy and Datye first reported the synergistic effect of photothermal heterogeneous

oxidation of ethanol over Pt/TiO2.
120 In 2014, Ye and colleagues designed a series of

nanocatalysts based on group VIII metals (Ru, Rh, Ni, Co, Pd, Pt, Ir, and Fe),
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Figure 10. In situ/operando characterization of photothermal conversion of CO2

(A and B) In situ XAS spectra of (A) Fe3C and (B) Fe3O4.

(C) Ultrafast TA spectra of Fe3O4 probed at indicated delays pumped by a 350 nm pulse.

(D) Ultrafast TA spectra of Fe3C probed at indicated delays pumped by a 360 nm pulse.

(E) In situ time-resolved DRIFTS spectra of Fe3C under irradiation.

(F) In situ time-resolved DRIFTS spectra of Fe3C under the thermal condition (at 310�C).
(G) In situ time-resolved DRIFTS spectra of Fe3O4 under irradiation.

(H) In situ time-resolved DRIFTS spectra of Fe3O4 under the thermal condition (at 350�C).50 Copyright 2020 American Chemical Society.
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expanding the use of the photothermal effect for the catalytic conversion of CO2

(with H2) into CH4 (Sabatier reaction) and CO (reverse water-gas shift reaction).121

A compelling photothermal CO2 reaction rate (mol h�1 g�1) was achieved, much

higher than that of the photocatalytic reaction (mmol h�1 g�1). Meanwhile, the pho-

tothermal methanation of CO2 over Ru nanoparticles on black silicon nanowire (Si-

NW) supports was reported by Ozin and co-workers.67 These works demonstrated

a new catalytic pathway for the photoconversion of CO2. To date, various photother-

mal catalytic applications have been developed for the production of solar fuels and

chemicals (Figures 11A and 11B). In the following section, we will discuss several

typical photothermal catalytic processes for producing fuels and chemicals.
Water splitting

Water splitting via the photothermal catalytic process can resolve the problem of

energy loss or sluggish reaction kinetics of traditional photocatalysis or electrocatal-

ysis. Recently, it was reported that the HER can be enhanced by single-atom silver-

incorporated g-C3N4 (SAAg-g-C3N4),
123 exhibiting superior activity and stability in

photocatalytic HER (PER) and solar-heat-assisted HER processes. The catalytic

improvement of SAAg-g-CN can be ascribed to available Gibbs free energy of the

adsorbed hydrogen atom (DGH*) and the formation of N–Ag bonding. When the

temperature increased from 25�C to 55�C, the PER rate rose dramatically, implying

the conductive influence of heat in the catalytic reaction. Furthermore, some

systems of assembling three fields, including thermal, photo-, and electrocatalysis,

for water splitting were reported.124 In 2019, Zhang and colleagues presented a

photothermal-effect-driven strategy to promote the electrocatalytic HER and oxy-

gen evolution reaction (OER) activities of nickel/rGO bifunctional electrocatalysts,

demonstrating that a photothermal effect induced by Ni/rGO could greatly improve

catalytic performance due to facilitation of the thermodynamics and kinetics of
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Figure 11. Application of photothermal effect in heterogeneous catalytic reaction systems

(A) Schematic illustration showing the singlet-oxygen-engaged selective oxidation of alcohols over

Pt/PCN-224(M) using molecular oxygen under visible-light irradiation.107 Copyright 2017 American

Chemical Society.

(B) Self-assembly of Pd NCs@ZIF-8 and plasmon-driven selective catalysis of the hydrogenation of

olefins.106 Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(C) Light-induced thermal gradients in ruthenium catalysts significantly enhance ammonia

production.122 Copyright 2019 American Chemical Society.
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electrocatalysis.125 Zhou et al. studied the catalytic activity of a bifunctional Ni nano-

sheet array integrated thermoelectric (TE) device.126 It acted as a photothermal con-

version layer and thermoelectric generator integrated with efficient HER, thus exhib-

iting an excellent overall water-splitting performance.

Synthesis and decomposition of NH3

The surface of catalysts could be quickly raised to 300�C–500�C with good photo-

thermal materials, which would greatly enhance catalytic activity in gas-solid phase

reactions.50,121 More importantly, the photothermal effect is able to supply sufficient

heat energy for thermodynamically unfavorable reactions even under mild condi-

tions, thus avoiding harsh reaction conditions (e.g., high temperature and high pres-

sure). The energy-intensive Haber-Bosch process for ammonia synthesis has been

pursued for both high reaction rates and high yields during the past decades.127

These conflicting objectives require a complex balance of optimized catalysts, suit-

able temperatures, high pressures, and multiple recycling steps. A breakthrough

design pathway was reached recently. In 2019, Liu et al. reported a Ru-based catalyst

produced ammonia with high reaction rates and conversion yields under light.122

Ammonia can be copiously produced under continuous-wave light-emitting diodes

that simulate concentrated solar illumination, instead of external heating or elevated

pressures. As shown in Figure 11C, this work confirmed that thermal gradients

created and controlled by photothermal heating of catalyst surfaces were respon-

sible for the high reaction rates and yields. In addition, the non-thermal plasmonic

effects were eliminated. As a reverse route, ammonia decomposition is crucial for

pollutant removal from water, air, and soil, while it does not require much energy
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Figure 12. Solar-driven photothermal catalytic conversion of greenhouse gases131–133

Copyright 2019 The Royal Society of Chemistry. Copyright 2019 Elsevier B.V. Copyright 2016

Elsevier Ltd. All rights reserved.
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input to occur under photothermal conditions. Long and co-workers prepared ultra-

fine TiO2 encapsulated in a nitrogen-doped porous carbon framework to decom-

pose ammonia gas under irradiation, showing compelling activity with 100%

ammonia decomposition in a light irradiation of 5 min.128 The excellent performance

can be attributed to the specific structure and high efficiency of light absorption, as

well as the accelerated separation of photoinduced carriers.

Conversion of C1 molecules

C1 molecules, including CO2, CH4, and CO, as abundant and cheap carbon sources,

can be converted into fuels and various high-value-added chemicals, and this can be

regarded as the fundamental catalytic process for the modern chemical industry

related to coal and natural gas. More importantly, the emission of greenhouse gases

(mainly CO2 and CH4) causes global warming and environmental damage. Hence,

the transformation of C1 molecules has been one of most active research fields in het-

erogeneous catalysis in the past decades129 (Figure 12). However, the activation and

conversion of C1 molecules are very difficult due to the inert nature of C–H in CH4

and the C–O bond in CO2 and the uncontrollable coupling of C–C bonds. Therefore,

it is impressive to convert C1 molecules to valuable feedstock or fuels via photothermal

catalysis without high energy consumption and harsh reaction conditions.68,130

CO2 and CO conversion

The 3d transition metals, such as Fe, Co, Ni, Ru, Rh, and Pt,67,71,113 are usually used

as solar-driven catalysts for C=O activation. Compared with precious metals, the

non-precious metals, including Fe, Co, and Ni, are promising for CO and CO2 con-

version due to their low cost and facile preparation in large quantities.

In our previous work, we reported a solar-driven Fischer-Tropsch reaction to olefin

(FTO) process using Fe5C2 nanoparticles (Figures 13A–13D). The Fe5C2 nanopar-

ticles exhibited highly efficient utilization of light and excellent photothermal
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Figure 13. Fe5C2 catalyst characterization and reaction performance of CO hydrogenation

(A) XRD patterns of Fe5C2 and reference catalysts.

(B) Monitoring of the catalyst bed temperature of Fe5C2 catalyst under photoirradiation.

(C) Ex situ XPS spectra of Fe5C2 catalyst at different treatment conditions.

(D) Recycling of the Fe5C2 catalyst for five cycles. Reaction conditions: no external heating, catalyst

mass 180 mg, CO/H2 1/2, irradiation time 0.5 h, 300 W Xe lamp. After each reaction, new reactants

were added and a new reaction began.75 Copyright 2018 Elsevier, Inc.
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performance, resulting in an olefin/paraffin (o/p) ratio of 10.9 and low CO2 selectivity

(18.9%), with CO conversion of 49% (Figure 13). In contrast, the thermally driven cat-

alytic process provided a dominant product of CH4 with high selectivity of 95.1% in

hydrocarbons and CO2 (36.0% of all products) and a negligible o/p ratio (0.1).75 The

surface of the Fe5C2 catalyst was partly decorated by oxygen atoms under irradiation

(see Figure 13C), which can modify the local electronic structure and the optical

band gap of the surface, leading to easy C2H4 desorption, overhydrogenation to

C2H6, and thus a high selectivity to olefins. This work reported a high-performance,

energy-efficient, and green FTO process with solar as the energy source and cost-

effective iron carbide as the catalyst, which shows the potential of using solar energy

in the production of industrially important chemicals. Recently, we found a tunable

selectivity in photothermal CO2 conversion over a series of Fe-based catalysts devel-

oped through a simple hydrogenation/carbonization treatment with commercial

Fe3O4.
50 The selectivity toward hydrocarbon (CHx) can be modulated by the extent

of hydrogenation/carbonization of the Fe3O4 precursor. Among them, Fe3O4 pro-

duced almost pure CO, while the obtained Fe3C displayed very high selectivity to-

ward hydrocarbons under the photothermal conditions. This work provided an

example of the construction and preparation of low-cost and efficient Fe-based cat-

alysts with tunable selectivity of products to CO2 conversion. Similarly, Zhang et al.

reported a process of CO2 hydrogenation to C2+ alkanes via a photothermal pro-

cess. A series of novel CoFe-based catalysts was successfully fabricated by hydrogen

reduction of CoFeAl layered-double-hydroxide (LDH) nanosheets at 300�C–700�C
(Figure 14).68 With increasing LDH-nanosheet reduction temperature, the CoFe-x

catalysts showed a progressive selectivity shift from CO to CH4, and eventually to

high-value hydrocarbons (C2+), and the CoFe-650 catalyst showed remarkable
74 Chem Catalysis 2, 52–83, January 20, 2022



Figure 14. Illustration of different CoFe-x catalysts formed by hydrogen reduction of a CoFeAl-

LDH nanosheet precursor at different temperatures68

Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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selectivity toward hydrocarbons (60% CH4, 35% C2+). Their results demonstrate a

vibrant new catalyst platform for harnessing clean and abundant solar energy to pro-

duce valuable chemicals and fuels from CO2.

Another idea for photothermal conversion of CO2 is to combine the H2 produced

from water splitting. Grimes and co-workers reported that reduced blue titania

sensitized with bimetallic Cu-Pt nanoparticles generated a substantial amount of

both methane and ethane by CO2 photoreduction under simulated sunlight (Fig-

ure 15A).131 Over a 6 h period, 3.0 mmol g�1 methane and 0.15 mmol g�1 ethane

were obtained, while no H2 nor CO was detected, whereas the isotopic tracer exper-

iments confirmed that the hydrocarbon products originated from CO2 and water

(Figures 15B–15E).
CH4 activation

CH4 is composed of one carbon and four hydrogen atoms through sp3 hybridization,

forming a very stable tetrahedron structure. There are several methods to convert

methane, including methane coupling, methane oxidation, methane dry re-forming,

and steam re-forming,113,134,135 which usually need high temperatures for C–H bond

activation in thermal catalysis. Miyauchi et al. demonstrated the enhancement of

oxidation of methane (POM) to produce syngas under UV irradiation using noble

metals (Rh, Pd, Ru, and Pt) incorporated in a molecular sieve.136 Guo et al. reported

a solar-driven efficient methane oxidation process under high-velocity continuous

flow over the ZnO/La0.8Sr0.2CoO3 (ZnO/LSCO) heterojunctions.132 Meanwhile,

Zhang et al. reported photoassisted thermal catalytic methane combustion over

PdO/Mn3O4/CeO2 nanocomposites supported on 1D halloysite nanotubes.52 It

was confirmed that strong synergistic effects among components can reduce the

methane light-off temperature to below 180�C under irradiation. The increased

concentration of Ce3+ should be attributed to the promoted ability of absorbing

and activating oxygen, thus ensuring the fast and stable redox equilibrium of

PdO / Pd / PdO during the catalysis. For dry re-forming reactions, Ye et al. de-

signed PdAu alloy plasmonic nanoparticles, exhibiting enhanced catalytic perfor-

mance in a methane dry re-forming reaction under visible light.133 Recently, Ding

and colleagues reported the photothermal synergetic CO2 conversion with CH4

over NiCo alloys derived from AlMg hydrotalcite, demonstrating a high light-to-

fuel efficiency and a low carbon deposition rate.70 The excellent activity can be

attributed to the high solar absorptance of NiCo alloys and the photoenhanced
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Figure 15. Photothermal conversion of CO2 and water to hydrocarbon fuels

(A) Schematic illustration of the setup used for CO2 to fuel photoreduction experiments.

(B–E) Gas chromatography-mass spectrometry (GC-MS) results. Isotopic 13CH4 (B), isotopic
13C2H6 (C),

16O18O (D), and isotopic 18O2 (E) generated over

Cu1.00%-Pt0.35%-BT.

With respect to sample identification, BT denotes blue titania, Cu and Pt concentrations are given in wt %; Cux%-Pty%-BT indicates that Pt was deposited

upon BT with subsequent deposition of Cu.131 Copyright 2019 The Royal Society of Chemistry.
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reactant activation, while the stability benefited from the reduced energy barriers of

CH* oxidation to CHO* and increased energy barriers of CH* dissociation to C*,

indicated by DFT calculations. However, the product of photothermal catalytic

CH4 was mainly CO. Despite the progress, photothermal conversion of CH4 to

high-value hydrocarbons remains a significant challenge.
Other reactions

Photothermal catalysis can be used in other hydrogenation and oxidation reac-

tions, including the conversion of organics,137 pollution degradation,138 and

medical treatments.21 The photothermal heterogeneous oxidation of ethanol

can be observed over Pt/TiO2.
120 The photothermal synergistic enhancement of

CO2 production was found due to gas-phase transport of intermediates between

the two catalyst phases in a mixed serial-parallel kinetic pathway. The Pt/PCN-

224(Zn) composite combines the advantages of both Pt nanocubes and PCN-

224(Zn), exhibiting excellent catalytic activity and selectivity in the oxidation of

primary alcohols to aldehydes based on their photothermal effect and singlet ox-

ygen production ability (Figure 11A).107 Recently, Fang and co-workers found that

KA oil (cyclohexanol and cyclohexanone) can be produced in high selectivity from

cyclohexane photothermal oxidation using graphene oxide coupled with Ag and

Fe3O4 nanoparticle composites under mild conditions. However, less than 50%

selectivity to KA oil was obtained under thermal conditions higher than

140�C.139 Jia and colleagues reported that the degradation of toluene can be

improved with a Pt nanoparticle-MnO catalyst under photothermal conditions,
76 Chem Catalysis 2, 52–83, January 20, 2022



Figure 16. Possible schemes for future development and application of photothermal catalysis
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confirming that illumination can not only supply thermal energy to trigger the re-

action of toluene oxidation, but also further evoke more lattice oxygen on Pt/MO

to participate in toluene decomposition.140
SUMMARY AND OUTLOOK

In this review, we have introduced the functioning principles of photothermal

catalysis based on different mechanisms of photothermal effects. The synergy

of thermochemical and photochemical contributions underlying the photothermal

effect is the main cause driving the catalytic reactions for photothermal catalysis,

leading to significant enhancement of catalytic performance compared with

traditional thermocatalysis and photocatalysis. To provide in-depth understand-

ing of photocatalysis, three types of photothermal catalysis are categorized

based on their specific coupling modes of thermal and photochemical pathways.

A comprehensive analysis of the different photothermal materials based on

their photothermal mechanisms is the key for designing a photothermal catalytic

process. Three design criteria and four major strategies are illustrated for

photothermal catalyst design. Many characterizations can be extended to the

photothermal catalytic systems, especially in situ and operando characterizations,

facilitating discernment of the dominant pathway between photochemical contri-

bution and thermal effect. As an emerging research field, photothermal catalysis

has exhibited great potential to drive a wide variety of catalytic reactions under

mild conditions without high energy inputs, including water splitting, NH3 synthe-

sis/decomposition, and conversion of C1 molecules (CO, CO2, and CH4). Hence,

we hope to share our perspective on the opportunities for and challenges to the

development and application of photothermal catalysis (Figure 16) in the future.
Exploring new materials and nanostructure

During the past decades, we have witnessed enormous progress in new photother-

mal materials for the utilization and conversion of solar energy. For example, a high

level, above 90%, of solar evaporation efficiency has been reported under ambient

solar flux with effective photothermal materials.14,17 We anticipate that new
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materials, such as MOFs and 2D nanostructuredmaterials, will further improve pho-

tothermal catalytic performance in the future. Actually, 2D nanostructured mate-

rials, mainly including Xenes (e.g., arsenene, antimonene, borophene, phosphor-

ene, tellurene) and binary-enes (MXenes and transition-metal dichalcogenide),

have attracted extensive interest due to their unique morphology and properties

since the discovery of 2D carbon-graphene.141 For instance, 2D BP with different

layers can hold a tunable band gap (from 0.3 to 2 eV), covering the regions of visible

light to far IR light in the solar spectrum. These photothermal materials can be

further exploited as light absorbers and/or active sites for the design of effective

photothermal catalysts. In addition, for different reactions, due to different condi-

tions and mechanisms, the targeted design of new materials and nanostructures is

necessary. The type of active center, size effect, and shape-selective catalysis

should be considered when designing the catalyst, which can be learned from

the experiences of thermal catalysis and photocatalysis.

In addition, the nanostructure of catalysts would be another important factor for the

construction of photothermal catalysts that can have great impact on the absorption

of light, heat generation and transfer, and mass transfer of reactant and product, and

thus determine the catalytic performance. Knowledge from the design andengineering

of nanostructures in nanotechnology, such as mesoporous, hollow, or 3D foam nano-

structures, could powerfully impel photothermal catalysis to a high development level

in the next years.

Construction of new hybrid systems

Hybrid structures or systems would be a facile strategy to enhance photothermal cat-

alytic performance owing to their inherent features and functions. Each component

can maximumly perform its own function through the design of materials and

structures in the hybrid photothermal catalysts, and thus significantly enhance pho-

tothermal catalytic performance. One of the most studied hybrid systems is that of

plasmonic metals/semiconductors, demonstrating noteworthy catalytic activity.

Taking advantage of new photothermal materials, various hybrid systems exhibiting

high photothermal efficiency and superior catalytic activity would be developed,

such as core-shell plasmonic metals/MOFs and metals/COFs, hybrid structures of

plasmonic metals/BP, semiconductors/MXenes, and plasmonic metals/semiconduc-

tors/MXenes. In addition, photothermal systems consisting of inorganic or polymer

hosts as light absorber functionalized by homogeneous molecular catalysts would

be promising, although they are rarely reported so far.142

In-depth understanding of the photothermal effect

Despite the fact that recent achievements in photothermal catalysis have been demon-

strated, further understanding is needed to optimize the photothermal catalytic pro-

cesses. More importantly, it will be pivotal to understand the photothermal effect

anddiscern the catalyticmechanism, including the relaxation and transfer of hot carriers

at the femtosecond timescale. As the destination of utilized solar energy varies in

different types of photothermal catalysts, it will be a key research question in the future

to figure out the exact distribution of different forms of energy conversion (e.g., from

light to heat, or light to electronic excited states) in a photothermal catalysis. Character-

ization techniques, such as in situ and operandomeasurements, should be employed to

discern the catalytic mechanism under light in the future. Of course, it is a big challenge

to combine light into these characterization processes without any negative side ef-

fects. In addition, developing new theoretical and computational methods, such as

quantum chemistry-based reaction kinetics models and time-dependent chemical

models, would be an efficient way to elucidate photothermal mechanisms.
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Enhancement of activity and modulation of selectivity

Although great advancements in photothermal catalysis have been presented here,

tremendous work is still needed to enhance catalytic activity, owing to the obvious

gap between current progress and the requirements of industrial applications. On

the other hand, xenon lamps and LEDs are usually used as light sources instead of

natural sunlight in most of the reported work. Obviously, the actual catalytic activity

with photothermal catalysts under sunlight would be much lower than that under lab

conditions due to the lower intensity of sunlight. In addition, another useful method

for enhancing activity is to improve the reaction devices, which can concentrate sun-

light to a small area, thereby increasing the local optical density.

During photothermal catalysis, the selectivity of desirable products can be modulated

by controlling the reaction pathways, which is very challenging and attractive for the

conversion of C1 molecules. Moreover, the available incident light wavelength or light

intensity can increase the selectivity of expected products. Of course, further funda-

mental understanding will be needed to modulate the selectivity of products and

catalytic pathways via reliable characterization techniques under in situ or operando

conditions.
Stability and cost of practical applications

As a new arena different from traditional thermocatalysis, photothermal catalysis

should achieve superior catalysis stability for long-term operations in large scale

as well as satisfactory conversion and product selectivity. Indeed, mild reaction

conditions in photothermal catalysis can possess obvious advantages in terms of

stability and recyclability of catalysts, and also provide distinct benefits in terms of

sustainability. Hence, long-term stability of photothermal catalysts needs to be

further explored. It must be pointed out that the deactivationmechanism of catalysts

under light has been rarely investigated, and this would give useful guidelines for

developing effective photothermal catalysts. Characterization techniques, such as

in situ and operando spectroscopy, can be used to ascertain the deactivation pro-

cess of catalysts under light. Although excellent catalytic performance can be ob-

tained with noble-metal-based (e.g., Au, Ag, Pd, Pt, Ru, Rh, and Ir) photocatalysts,

high cost and scarcity would present significant obstacles to large-scale applications

of these catalysts. Developing abundant and low-cost photothermal catalysts, such

as Fe- and Ni-based catalysts, chalcogenides, nitrides, and pnictogenides, would be

a potential avenue. For the new photothermal materials, such as MOFs andMXenes,

the preparation procedures, cost, and intrinsic stability still face many challenges,

which may have a long way to go for practical applications.
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