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Photo-thermal catalysis has recently emerged as an alternative route to drive chemical reactions using

light as an energy source. Through the synergistic combination of photo- and thermo-chemical

contributions of sunlight, photo-thermal catalysis has the potential to enhance reaction rates and to

change selectivity patterns, even under moderate operation conditions. This review provides the

fundamentals of localized surface plasmon resonance (LSPR) that explain the photo-thermal effect in

plasmonic structures, describes the different mechanistic pathways underlying photo-thermal

catalysis, suggests methodologies to disentangle the reaction mechanisms and proposes material

design strategies to improve photo-thermal performance. Ultimately, the goal is to pave the way for

the wide implementation of this promising technology in the production of synthetic fuels and

chemicals.

1. Introduction

Catalysis is an integral part of chemistry with large implications for

the efficient production of everyday goods. Indeed, circa 95% of all

chemical products are manufactured through catalytic routes. At

the same time, many of these processes require an energy input

that has, traditionally, been supplied by non-renewable sources.1,2
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In the last few decades, with the discovery of heterogeneous

semiconductor-based photocatalysis, the possibility of catalyzing

chemical transformations using light as a source of energy has

become a reality.

In a semiconductor, upon absorption of a photon with equal

or higher energy than the band gap, electron–hole pairs are

generated. Eventually these charge carriers can migrate to the

semiconductor surface and be transferred to adsorbed mole-

cules, thereby initiating reduction or oxidation processes. Since

the seminal paper of Fujishima and Honda in 1972, tremen-

dous advances in the field of photocatalysis have been reported.

In spite of this, the efficiency of most photocatalytic processes

remains insufficiently low (typically in the range of hundreds of

mmol g�1 h�1) mainly due to fast charge carrier recombination

and low absorption and utilization of the solar spectrum by

traditional wide band gap semiconductors.3–8

Next to charge separation upon light excitation, plasmon

mediated processes have attracted a great interest. Hot charge

carriers generated by means of the decay of localized surface

plasmon resonance (LSPR) possess higher energies than those

induced by direct photoexcitation.9,10 Furthermore, these ener-

getic carriers can relax internally and dissipate their energy by

local heating of the surroundings, causing a thermal effect on

the material.11–13 This photo-thermal effect has been exten-

sively applied in a large number of fields, including cancer

therapy, degradation of pollutants, seawater desalination and

water vaporization.14–19 It was therefore only a matter of time

until similar concepts were applied to speed up chemical

reactions. Indeed, photo-thermal catalysis combines photo-

chemical and thermochemical contributions of sunlight and

has emerged as a rapidly growing and exciting new field of

research.20–31 Photo-thermal catalysis allows for a more effec-

tive harvesting of the solar spectrum, including low-energy

visible and infrared photons that would be insufficient to

promote photocatalytic reactions.30,32–34 Furthermore, due to

the increase in the temperature of the catalytic active sites,

photo-thermal catalysis renders outstanding production rates

while operating under moderate conditions.35–37

Because of the rapidly growing nature of the field, we believe

now is the time to write a holistic review on the field of photo-

thermal catalysis focusing on the production of fuels and

chemicals. As relatively newcomers, we make special emphasis

on those topics that should facilitate the entrance of other new

comers to this exciting field. We therefore pay special attention

to the fundamentals of localized surface plasmon resonance

and the underlying mechanisms behind photochemical and

thermochemical processes that define the photo-thermal effect.

Based on this analysis, we suggest characterization techniques

and methodologies that should help assess the dominating

pathway of reaction for a given catalytic system, and therefore

gain a better insight. Next, we review in detail reactions driven

by means of photo-thermal catalysis, gathering the most rele-

vant information available in terms of efficiency, selectivity

targets and mechanistic knowledge. Last but not least, we share

our opinion on design strategies to further optimize catalytic

performance and highlight potential future directions and

challenges ahead.

2. Localized surface plasmon
resonance and the
photo-thermal effect

The localized surface plasmon resonance (LSPR) band in

metallic nanoparticles (NPs) is an intense and broad absorption

band along the UV-visible-NIR region of the electromagnetic

spectrum. The physics behind this phenomenon has been

traditionally explained by means of two theories: the Drude–

Maxwell model and the theory developed by Gustav Mie in

1908.38,39 Although it is beyond the scope of this review to
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contribute to a deep and extensive discussion of these theories,

these models can provide insightful information to describe

the LSPR phenomenon and its application to catalysis, so a

brief overview of them will be addressed in the ESI† of the

present work.

As per these theories, inside metal NPs conducting free

electrons can move when guided by external incident irradia-

tion. This motion is dampened by electron inelastic collisions

and the restoring force on the electron cloud created by the

accumulation of surface charges (Fig. 1).

Under resonant conditions, both the incident electromagnetic

wave and the resonant frequency of conduction electrons are in

phase, thus maximizing the electric field in so-called ‘‘hot spots’’

on the surface of plasmonic NPs. Apart from the enhanced electric

field, other relevant properties of LSPR arise from the different

relaxation processes that occur within plasmonic structures. After

excitation, the energy stored in surface plasmons can decay

through several pathways, either radiative (as re-emitted photons)

or non-radiative (electron–hole pair excitations and electron–

electron collisions).40 Although for some specific purposes non-

radiative losses are considered as a drawback for plasmonic

performance, actually they can show potential scientific and

technological applications.13,41 For instance, non-radiative decay

may produce local heating as the electronic kinetic energy can be

transmitted to metal lattice phonons (see Section 3.2). In spite

of the fact that photo-thermal cancer therapy has traditionally

benefited from this phenomenon, in the recent years the plasmon-

induced heating effect has been also applied in a variety of research

fields including environmental remediation, solar steam genera-

tion and, of more relevance to the scope of this review, catalytic

processes.17,42,43

Besides, plasmon energy can be non-radiatively dissipated

by absorption within the metal NPs and, eventually, generate

energetic hot charge carriers in the plasmonic structure.

This contribution to plasmon dephasing comes from electronic

collisions with the surface of the plasmonic structure (surface

scattering, also known as ‘‘Landau damping’’) and is a pure

quantum mechanical process in which the energy from a

plasmon quantum is transferred on the timescale of femto-

seconds (1–100 fs) into a single electron–hole pair excitation.40

This phenomenon is due to the non-conservation of the linear

momentum of electrons near the surface and in hot spots, and

enables an electron to absorb a photon quantum with energy

�ho.44 As we will describe in detail in the next section, hot

carriers are able to escape from the plasmonic NPs and induce

further chemical reactions.

However, before we delve into the mechanisms underlying

photo-thermal catalysis, we would like to clarify some terms

commonly used in the literature that, due to the lack of a strict

definition, may cause misinterpretations in this field. Plasmon-

enhanced catalysis derives from the synergistic combination of

three properties arising from LSPR: hot carrier generation, local

heating effect and optical near-field enhancement.45 When it

comes to photo-thermal catalysis, Ozin et al. determined that

hot carriers and the thermal effect contribute synergistically to

the enhanced overall reaction rate, with both mechanisms

playing a role to various degrees depending on the operating

system.30,46 Therefore, in the case of plasmonic materials the

photo-thermal effect arises from the combination of both

thermal and photochemical contributions of non-radiative

plasmon decay, as we will illustrate in subsequent sections. It

should be emphasized, however, that the photo-thermal effect

is not an exclusive phenomenon of plasmonic NPs. In fact,

semiconductor oxides, chalcogenides, metal organic frame-

works and other carbon-based materials such as graphene or

carbon nanotubes (CNTs) can display photo-thermal perfor-

mance as well, although in these cases the operating mechan-

isms have been less studied.29,47 For these reasons, in the next

Fig. 1 Schematic illustration of the dynamics of an excited plasmonic nanoparticle. The motion of carriers follows the changes induced by the incoming

electromagnetic field (brown), while a restoring force is generated by the out-of-equilibrium surface charges (green) and the ionic network produces

damping due to electronic collisions (blue). Adapted with permission from ref. 45. Copyright (2019) American Chemical Society.

This journal is The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 2173�2210 | 2175
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section we will also give a brief overview of these non-plasmonic

approaches to photo-thermal catalysis.

3. Photo-thermal enhanced catalysis
3.1. Photochemical enhancement in plasmonic structures

As mentioned above, the excitation of plasmonic NPs can generate

hot carriers (i.e. electrons and holes) via electronic intraband and/

or interband transitions through non-radiative Landau damping.48

The absorption of a photon with energy hn promotes hot electrons

with energies above the Fermi level (EF + hn) that, upon interaction

with other species possessing electron-accepting orbitals, may be

injected from the metal nanoparticle to these species.48,49 The

kinetic energy of hot electrons excited during plasmon decay is

transferred to the adsorbates, that are chemically activated via

vibrational or electronic transitions. Ultimately, the promotion of

high-energy electrons to antibonding orbitals of adsorbed mole-

cules can result in the cleavage of molecular bonds, triggering

subsequent chemical transformations.

These above-mentioned hot electrons can be exploited for

catalytic applications in four main pathways, depending on the

existence of a single-component or a heterostructured plasmonic

photocatalyst. The first two pathways make use of hot electrons of

single plasmonic NPs interacting with adsorbates via indirect or

direct electron transfer. The last two pathways are related

to interactions of supported plasmonic metal nanostructures

with semiconductors via an indirect injection mechanism to an

acceptor or through direct promotion of the carrier into the

conduction band (CB).50,51

3.1.1. Indirect hot electron transfer into the adsorbate.

According to the indirect electron transfer, hot electrons are first

generated within the metal nanoparticle after plasmon excitation

and subsequently transferred to the lowest unoccupied molecular

orbital (LUMO) of the adsorbed species on a metal surface.40,52,53

Since in this case the electron transfer into the adsorbate takes place

after the generation of hot carriers, it is restrained by energy losses

due toelectron–electronscattering.Theefficiencyof this indirecthot

electron transfer shows a positive correlation with incident photon

energy, as a higher energy will generate more electrons with

sufficient potential to be injected into the LUMO of adsorbates.54

This indirect mechanism for electron transfer has been evi-

denced in the plasmon-mediated activation of small molecules

such as molecular hydrogen (H2) and oxygen (O2).
49,55–58 Recently,

Halas et al. using both DFT calculations and H/D exchange

experiments proved that hot electrons generated on Au NPs could

transfer via an indirect pathway to the antibonding orbital of

molecular H2, thereby creating a negatively charged H2
d� species.

Eventually, electrons transferred back to Au and H2 returned to

their electronic ground state with accumulated vibrational energy

that led to ultimate H2 dissociation.55 Linic and co-workers also

reported the plasmon-induced partial oxidation of ethylene using

Ag nanocubes. In this study, hot electrons generated on the surface

of Ag nanocubes were transferred to antibonding states of O2 by an

indirect mechanism, leading to the generation of O2
�. In the same

line as in the case of H2 activation, the accumulated vibrational

energy overcomes the activation energy barrier and causes O2

dissociation.49

3.1.2. Direct hot electron transfer into the adsorbate. The

excitation of LSPR can also lead to the direct injection of hot

electrons from metal NPs to adsorbates.48,53,59 This plasmon

dephasing pathway originates from chemical interface damping

(CID), which arises from the coupling between unoccupied adsor-

bate states and excited surface plasmons.50 In the direct transfer,

hot electrons are directly transferred into these hybridized states

between the metal nanoparticle and adsorbed molecules.60 There-

fore, as opposed to the indirect mechanism, which takes place

after the generation of hot electrons, direct electron transfer occurs

simultaneously during the dephasing of the plasmon excitation.45

For this reason, the direct electron transfer mechanism is expected

to show a higher electron-transfer efficiency and minor energy

losses, as it circumvents electron–electron scattering.61 Never-

theless, this alternative pathway for direct electron promotion

has a lower probability to occur, as it requires an intense adsor-

bate/metal interaction for surface orbital hybridization that is not

usual in plasmonic photocatalysts.50

Interestingly, Linic’s group observed that the photo-

degradation of methylene blue by Ag nanocubes was driven via

direct electron transfer.53,60 Although Ag nanocubes showed two

plasmon absorption bands centered at 532 and 785 nm, the

authors reported a higher degradation yield of methylene blue

under irradiation at 785 nm. These results indicated that the

longest wavelength, and so the lowest in energy, could transfer

hot electrons more efficiently, thus suggesting a one-step process

(direct electron transfer) rather than a two-step pathway (indirect

mechanism). Based on their hypothesis, a strong hybridization

between methylene blue and the Ag interface was established,

generating electron-acceptor orbitals (LUMO) centered on methy-

lene blue and electron-donor orbitals (HOMO) centered on Ag.53

However, for the LSPR decay of Ag to directly generated hot

electrons in the electron-acceptor states, the energy gap of the

HOMO–LUMO transition had to be resonant with the Ag plasmon

band at 785 nm. Under this condition, the Ag LSPR decay allowed

the direct electron promotion to the excited hybridized states.53,60

These results demonstrated that the direct electron transfer path-

way can be a powerful strategy to selectively activate reactants only

by choosing the wavelength that is resonant with the transition

between the hybridized states.50

3.1.3. Indirect hot electron transfer into the semiconductor.

The use of supported plasmonic NPs as light absorbers has been

an extensively described methodology in the field of photocatalysis

since it provides a better harvesting of the solar spectrum than

traditional wide band gap semiconductors.62 Metallic NPs with

LSPR bands along the visible and IR region allow the complete

exploitation of solar radiation, especially from low-energy wave-

lengths that would be inadequate to excite electron–hole pairs in

UV-active semiconductor photocatalysts. Furthermore, the use of

hybrid plasmonic metal–semiconductor structures displays the

additional advantage of favoring the spatial separation of photo-

induced electron–hole pairs once electrons are promoted to the

semiconductor, preventing charge carrier recombination within

the metal and thus extending their lifetime.45,63,64
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In a similar way to the indirect mechanism for non-supported

plasmonic NPs, the most common mechanism for hot electron

transfer in heterostructures takes place via a two-step pathway that

involves hot carrier generation within the plasmonic nanoparticle

in the time scale of femtoseconds followed by electron transfer

through the metal/semiconductor interface (Fig. 2).50

Upon the formation of a junction between a semiconductor

and a metal nanoparticle, the Fermi values of both components

align to favor the redistribution of charge and to ensure equili-

brium in the system (Fig. 3).65 This gives rise to bending of both

the valence and conduction bands of the semiconductor, thus

creating a Schottky barrier at the semiconductor/metal interface

whose energy (jSB) corresponds to the difference between the

Fermi level of the metal and the interfacial CB edge.52,66

Importantly for catalytic applications, only hot electrons

with energies above the energy threshold settled by the

Schottky barrier will inject into the CB and will be available

for subsequent electron-induced reactions at the semiconduc-

tor surface. In this regard, a low jSB will allow the promotion of

a larger number of carriers at energies sufficiently high to

traverse the barrier, and hence available for participating in

chemical transformations. However, it is also of pivotal impor-

tance that the conduction band bending at the interface is high

enough to prevent the back-transfer of electrons to the metal

nanoparticle (Fig. 2), thereby guaranteeing the spatial separa-

tion of electron–hole pairs and increasing the average lifetime

of charge carriers.45 For these reasons, an adequate balance

between these two effects has to be taken into account when

designing metal/semiconductor heterojunctions.

Typically, themagnitude of the Schottky barrier ranges between

0.5 and 1.5 eV and clearly determines the efficiency of hot electron

injection from the metal nanoparticle to the CB of the

semiconductor.52 Most relevant, the height of the Schottky barrier

is smaller than the band gap of many semiconductors, and this

features one of the key advantages of these heterostructures, as

excited electrons are not required to possess greater energy than

the semiconductor band gap to be extracted.67 As a matter of fact,

many studies have described so far this metal–semiconductor

indirect electron transfer mechanism and its practical application

in a vast number of photocatalytic reactions including water

splitting, CO2 reduction or the degradation of pollutants.21,68–81

3.1.4. Direct hot electron transfer into the semiconductor.

Besides the indirect electron transfer pathway previously

described, some studies have reported a possible direct electron

transfer mechanism within metal/semiconductor hetero-

structures (Fig. 2). It is believed that in the indirect pathway the

time scale for electron transfer should be in the order of

picoseconds.52 However, according to transient absorption

spectroscopy measurements in Au/TiO2 nanostructures, Furube

et al. determined a much faster electron transfer time scale in the

order of hundreds of femtoseconds.82 In addition to this, the

overall quantum yield (QY) of the electron transfer process was as

high as 40%, compared to the maximum theoretical value for

indirect hot electron transfer established below 8%.83 In line with

this work, several studies have also described ultrafast hot

electron injection in plasmonic metal–semiconductor hybrid

materials, some of them showing surprisingly high QYs.84–87

All these data suggested the existence of a single-step electron

transfer based on the direct injection of hot electrons to acceptor

orbitals in the semiconductor upon plasmon dephasing in metal/

semiconductor heterojunctions. In accordance with the direct

electron transfer from a plasmonic metal nanoparticle to an

adsorbate (see Section 3.1.2), this pathway is assumed to be more

efficient as it avoids the energy loss of hot carriers associated to

electron–electron and electron–phonon scattering within the

metal nanoparticle.88

Fig. 2 Plasmon-induced hot carrier generation and hot electron transfer/back-transfer processes in metal/semiconductor heterostructures. Adapted

with permission from ref. 50. Copyright (2017) American Chemical Society.

Fig. 3 Schematic illustration of the metal/semiconductor Schottky bar-

rier. Upon excitation, only hot electrons with enough energy can surpass

the Schottky barrier (jSB) and transfer into the conduction band of the

semiconductor.

This journal is The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 2173�2210 | 2177
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In a recent work, Lian et al. observed a broadened absorption

peak in the UV-visible spectrum for a Au/CdSe nanorod composite,

suggesting a strong orbital hybridization between both Au and

CdSe components.89 Transient absorption spectroscopy data also

revealed an electron transfer time scale in the order of tens of

femtoseconds with an overall efficiency exceeding 24%.89 In 2017,

Ratchford and co-workers also determined an outstanding hot

electron injection efficiency up to 45% of Au NPs embedded in

TiO2 films.85 All these results were inconsistent with the traditional

indirect pathway, hence indicating the existence of a direct elec-

tron transfer mechanism.

The assessment of the dominating electron transfer mecha-

nism in metal/semiconductor hybrid materials can be tricky, but

the study of QY can be a useful tool to distinguish the reaction

pathway. For example, recent works have reported a very low QY of

electron transfer for Au/graphene (B10%) and Au/CdS (B2.75%)

heterostructures, thus revealing the existence of an indirect elec-

tron transfer mechanism.90,91 Nevertheless, most of the current

studies still have not developed a solid distinction of electron

transfer mechanisms in metal/semiconductor heterojunctions.50

3.2. Thermal enhancement in plasmonic structures

In the previous sections we have described the relevant physical

mechanisms underlying photo-thermal catalysis of ultrafast pro-

cesses (below 100 fs) occurring upon plasmon decay (i.e. electron–

hole pair excitations via Landau damping). At longer relaxation

times, hot carriers decay and convert their energy into heat

through inelastic coulombic electron–electron scattering over a

period from 100 fs to 1 ps. In parallel with this process, low energy

electrons couple with phonon modes via electron-lattice collisions

and so increasing the temperature of the metal lattice with a

timescale of several to some hundreds of ps. At a later stage, this

heat is transferred from the metal lattice to the surroundings in

the time scale from 100 ps to 10 ns through phonon–phonon

scattering (Fig. 4).59,92,93 Therefore, plasmon-induced heat can

result in energy transfer from the metal nanoparticle to surface

adsorbates and subsequently trigger further chemical transforma-

tions following an Arrhenius dependence of the reaction rate.

Ultimately, this implies that the use of plasmon heating to perform

chemical reactions is similar to externally heating the system and

does not offer a single pathway to control product selectivity.

In the particular case of a single spherical metal nano-

particle, the local temperature increase (DT) caused by the

photo-thermal effect can be described by eqn (1):94

DTðrÞ ¼ VNPQ

4pk0r
(1)

where r is the distance between the center of the NP and the

boundary, VNP the volume of the nanoparticle, Q the heat

generation and k0 the thermal conductivity of the medium.

If we consider that the incident light wavelength is much

larger than the nanoparticle radius, then the heat generation Q

can be expressed as follows (eqn (2)):

Q ¼ o

8p
E0

2
3e0

2e0 þ eNP

�

�

�

�

�

�

�

�

2

ImeNP (2)

where E0 is the amplitude of the incident electromagnetic

radiation and e0 and eNP are the dielectric constants of the

Fig. 4 Time scales of plasmon-induced hot carrier generation, hot electron transfer, and thermalization processes with/without an adsorbate or a

semiconductor. From top to bottom: A series of time scales corresponding to the fate of hot carriers in a clean metal NP, additional events in a metal NP

capped with an adsorbate, and the processes involved in a metal NP loaded on a semiconductor support via a Schottky contact are shown. Note: el

stands for electron and ph stands for phonon. Adapted with permission from ref. 50. Copyright (2017) American Chemical Society.

2178 | Chem. Soc. Rev., 2021, 50, 2173�2210 This journal is The Royal Society of Chemistry 2021

Review Article Chem Soc Rev

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

8
 D

ec
em

b
er

 2
0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 1

:4
9
:2

4
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D0CS00357C


surrounding medium and the nanoparticle, respectively. By

means of derivation whose details can be found elsewhere,95

it is possible to express the maximum temperature increase at

r = RNP (eqn (3)):

DT I0ð Þ ¼ RNP
2

3k0

o

8p

3e0

2e0 þ eNP

�

�

�

�

�

�

�

�

2

ImeNP

8pI0

c
ffiffiffiffi

e0
p (3)

where I0 is the light intensity inside the matrix.

It is of great importance that from this equation it is possible to

establish the dependence of temperature on the nanoparticle size:

DT p RNP
2

Based on this, the temperature increase is proportional to the

square of the nanoparticle radius. Essentially, this implies that

as the nanoparticle size increases, the thermal contribution to

the photocatalytic rate is amplified.

Nevertheless, several experimental and theoretical studies

suggest that the thermal contribution to photo-thermal cataly-

sis represents a minority weight in the overall catalytic rate.49,94

An interesting work from Govorov et al. theorized that for light

intensities similar to continuous-wave solar irradiance (around

100 mW cm�2) the temperature increment due to irradiation of

a single gold NP became negligible (B10�2 K). Only when the

photon flux was about 10 000 times more intense a significant

temperature rise (in the order of a few K) was achieved.95 If we

take into account that for commercial catalytic processes an

increase of 10 K approximately doubles the reaction rate, it is

difficult to imagine a scenario in which the light-induced

heating plays a crucial role in the overall catalytic performance,

at least under common solar irradiance operation conditions.96

It is worth reminding, however, that according to Govorov et al.

the light-induced heating effect can be strongly enhanced in

the presence of a large number of NPs owing to collective

effects, so this opens up the possibility of achieving further

temperature increases with appropriate material engineering.95

These observations are in line with those from Baffou et al.

regarding significant collective temperature increases even in

the presence of small amounts of plasmonic NPs.97

In fact, several groups have reported so far the use of

plasmon-mediated heating in order to perform catalytic reac-

tions. Boyd et al. described the catalytic steam reforming of

ethanol using a flow-type microfluidic channel reactor with

embedded 20 nm diameter Au NPs.98 Upon irradiation of a

mixture of ethanol–water with a low-power laser at the resonant

frequency of Au NPs, the authors could observe the formation

of gaseous products corresponding to CO, CO2 and H2. These

results demonstrated the possibility to drive endothermic

reactions by plasmon-assisted heat generation.

More recently, Jiang and co-workers reported the first applica-

tion in catalysis of the synergistic combination of the photo-

thermal effect of plasmonic NPs with the advantageous properties

of metal–organic frameworks (MOFs).99 In this work, the authors

developed a Pd@ZIF-8 composite for the light-assisted selective

hydrogenation of olefins at room temperature. Interestingly, the

authors found that while Pd nanocube cores acted as nano-heater

active sites, the ZIF-8 shell played multiple roles in the reaction

mechanism. On the one hand, it accelerated the reaction rate due

to its ability to act as a H2 gas reservoir. On the other hand, it

favored Pd nanocube stabilization preventing them from migra-

tion/aggregation and acted as a molecular sieve for selective

catalysis. As a result, the Pd@ZIF-8 composite effectively catalyzed

the hydrogenation of olefins under UV-visible irradiation at room

temperature, achieving a 66% conversion. Noticeably, the reaction

yield was about 50% by heating at 50 1C under dark conditions,

hence indicating the superior catalytic performance of the

Pd@ZIF-8 composite upon light irradiation.

Similarly, Xu et al. also described a hybrid core–shell hierarch-

ical nanostructure based on plasmonic NPs and MOFs for the

photo-thermally catalyzed cyclocondensation reaction.35 Upon NIR

irradiation, the plasmonic photo-thermal core of Cu7S4 generated

a high temperature and efficiently transferred heat to the catalytic

shell of ZIF-8 containing the acid–base Lewis active sites. This

resulted in a 4-fold enhancement of the catalytic activity for

cyclocondensation reaction compared to dark conditions.

It should be mentioned, however, that there is a lack of

consensus across the literature when evaluating the thermal

contribution to the overall photocatalytic rate in plasmon-

mediated reactions.100 Consequently, it is still tricky to success-

fully distinguish the thermochemical pathway from the pure

photochemical mechanism both underlying the photo-thermal

effect. In Section 3.4, we will describe different methodologies

that can help to identify which of the aforementioned mechan-

isms (i.e. photochemical and/or thermal) is preeminent in the

photo-thermal reactions under study.

3.3. Photo-thermal catalysis in non-plasmonic structures

In a similar way to plasmonic structures, non-plasmonic elements

can display the photo-thermal effect through direct intraband and/

or interband electronic transitions. For instance, Sarina et al.

demonstrated that non-plasmonic metal NPs supported on ZrO2

could catalyze cross-coupling reactions at low temperatures under

visible light.101 According to the authors, upon irradiation with UV

light electrons could shift to high-energy levels through interband

transitions, and only those with enough energy could transfer to

the LUMO of adsorbed molecules, just like in the case of plasmo-

nic metal NPs. When excited with low-energy visible-IR light,

electrons were not energetic enough to be injected into adsorbate

states, thus contributing to the enhancement of the reaction rate

by means of thermal effects.

In the case of metal oxide non-plasmonic semiconductors, an

effective charge separation is of pivotal importance to maximize

the efficiency of the photochemical process. However, in these

systems non-radiative relaxation processes compete with charge

separation and occur in the form of either Auger or Shockley–

Read–Hall recombination.30 It is of great importance that ulti-

mately both processes are responsible for the emission of energy

as lattice vibrations, hence providing an active mechanism for heat

generation in this type of structures. Auger recombination takes

place when an electron and hole recombine but, instead of

primarily releasing the excess of energy in the form of light or

heat, the energy is transferred to a third charge carrier that

This journal is The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 2173�2210 | 2179
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thermalizes back to the conduction band edge by emitting phonon

vibrations. An alternative pathway for non-radiative relaxation is

Shockley–Read–Hall recombination (also known as ‘‘trap-assisted

recombination’’). This mechanism usually takes place in semicon-

ductors displaying a high degree of defects or vacancies that create

mid-gap energy states. After excitation, electrons quickly move to

these states releasing energy as phonons that eventually increase

the temperature of the semiconductor. Altogether, photochemical

and thermal effects contribute to the photo-thermal performance

in non-plasmonic semiconductors. In 2019, Ye et al. reported an

example of this approach for the photo-thermal reduction of CO2

using 2D In2O3�x as a catalyst.102 Compared with commercial

In2O3, defective 2D In2O3�x displayed an outstanding photo-

thermal CO production of 103.2 mmol g�1 h�1 by increasing the

temperature of the system to 280 1C within 10 min. The authors

rationalized that in this case oxygen vacancies in defective 2D

In2O3�x had a dual function; in other words, they provided

efficient local heat generation and active sites for CO2 adsorption

that basically enhanced the catalytic performance.

Besides non-plasmonic metallic NPs and semiconductors,

the photo-thermal effect has been also reported in a myriad of

materials including MOFs, chalcogenides, MXenes and other

carbon-based materials. In spite of the fact that in these cases

the mechanisms underlying the photo-thermal effect are not

completely understood, all of them offer promising applica-

tions not only in the field of catalysis, but also in photovoltaics

and solar thermal energy.47

3.4. Methodologies to identify the reaction mechanisms in

photo-thermal processes

The photo-thermal effect results from the combination of both

photochemical and thermochemical contributions. Taking into

account that the two mechanisms can coexist simultaneously, it

is very challenging and not always evident to distinguish which

pathway drives predominantly the system. For this reason, in

this section we have summarized and listed different experi-

mental and computational methodologies that can help to

distinguish between hot-carrier and thermal effects in photo-

thermal processes.

3.4.1. Experimental procedures. The study of the influence of

light intensity on the photocatalytic rate can be a powerful and

straightforward analytic tool to comprehend the reaction mechan-

isms in photo-thermal processes. In 2014, Christopher et al.

established four different kinetic categories for the light intensity

(I) dependence on the photocatalytic reaction rate: (1) sublinear

(rate p In, no 1), linear (ratep I), superlinear (ratep In, n4 1)

and exponential (rate p ef (I)).48 Plasmon-induced photocatalysis

has been demonstrated to exhibit each of these regimes depending

on the operating conditions, except for the sublinear dependence

that is characteristic of non-plasmonic semiconductor catalysis

when charge carrier recombination is dominant.45

Previous experimental and theoretical studies have shown

that there is a linear relationship between the photon flux and

the surface temperature increase of plasmonic NPs.94 However,

if this linear relationship is combined with the Arrhenius

equation for thermally driven reactions, the reaction rates

arising from plasmon-induced heating exhibit an exponential

dependence on light intensity.49 An example of this behavior

was reported by Wang et al. when they used Au NPs supported

on ZnO for the plasmon-assisted thermal hydrogenation of CO2

(Fig. 5a).103 The authors not only found an exponential depen-

dence of the CO conversion rate on laser intensity, but they

could also tune product distribution to either CO or CH4 by just

varying the intensity of the laser. Therefore, an exponential

dependence of the reaction rate on illumination intensity is a

characteristic feature of thermally driven transformations.

A linear dependence of the reaction rate on light intensity is,

however, a signature of an electron-driven process and it is themost

commonly reported mechanism for plasmonic reactions.49,104–106 A

first order relationship between the photon flux and reaction rate

implies that a single photon absorption induces the chemical

reaction. It is worth mentioning that both linear (rate p I) and

superlinear (rate p In, n 4 1) regimes are distinctive features of

electron-driven chemical transformations onmetal surfaces, but the

Fig. 5 (a) CO production rate as a function of continuous wave laser intensity at 532 nm using ZnO-supported Au NPs. Reproduced with permission

from ref. 103. Copyright (2013) Royal Chemical Society. (b) The rate of photo-thermal ethylene epoxidation as a function of light source intensity.

Reproduced with permission from ref. 49. Copyright (2011) Springer Nature. (c) Rate of CH4 photo-production as a function of ultraviolet light intensity at

623 (black squares) and 573K (red circles). The intensity-dependent reaction rate shows a linear to super-linear transition with increasing light intensity.

The inset shows the intensity-dependent reaction rate in the linear region. Reproduced with permission from ref. 108. Copyright (2017) Springer Nature.
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operation conditions are the key factor determining the prevalence

of each of them. For instance, Linic et al. observed a linear

dependence of the photocatalytic rate of ethylene epoxidation on

light intensity up to 300 mW cm�2, while at higher source inten-

sities the dependence turned into the superlinear regime

(Fig. 5b).49,107 In a similar way, Zhang et al. described a linear

dependence of the photocatalytic CO2 hydrogenation on Rh/Al2O3

heterostructures that became superlinear at the highest light inten-

sities (Fig. 5c).108 In this case, the authors attributed the transition to

superlinearity to multiple excitations of the vibrational modes of

adsorbed species by plasmon-induced hot electrons.

The reaction rate dependence on the photon wavelength

typically correlates absorption properties of the photocatalyst with

its catalytic performance and is of great importance for this

section; it can provide further evidence for electron-driven pro-

cesses. In this respect, an agreement between the absorption

spectrum of the plasmonic photocatalyst and the wavelength

dependent reaction rates corroborates an electron-driven photo-

chemical transformation.54 For instance, Ye and co-workers

recently observed that the quantum efficiency for the photocata-

lytic steam reforming of CH4 using TiO2-supported Rh NPs was

consistent with the optical absorption spectrum of the catalyst,

thus suggesting that the hot electrons from interband transition in

Rh NPs were responsible for the catalytic activity.109 In 2014, the

same group reported the photo-thermal conversion of CO2 with

H2 to produce methane (CH4) with group VIII nanocatalysts.110

However, in this case the electron-driven reaction pathway was

completely excluded since the photo-action spectrum using mono-

chromatic light showed no dependence on the irradiation wave-

length. In view of these findings, the authors concluded that the

photo-methanation of CO2 was mediated by a pure thermal effect.

In the early 2020, Su and Xiao studied the visible light a-alkylation

of ketones with alcohols using a titanium nitride (TiN)

photocatalyst.111 The authors not only found that both action

and optical absorption spectra were in good agreement, but also

reported a positive relationship between reaction rate and light

intensity. Altogether, the results certainly indicated that the reac-

tion proceeded through an electron-driven mechanism operated

by energetic charge carriers on TiN. The irradiation wavelength

dependence of the reaction rate was also evaluated for O2 activa-

tion by different plasmonic Au-nanorods@Pd superstructures.112

In this work, the authors observed a clear matching between the

photocatalytic performance and the visible-NIR spectrum of the

photocatalyst, suggesting that plasmon-induced hot electrons

drove the reaction mechanism by electron injection into the anti-

bonding orbital of molecular oxygen. Furthermore, on the basis of

theoretical calculations the thermal effect was found to be negli-

gible, so the high photocatalytic activity was mainly ascribed to the

large field-enhancement that maximized plasmon absorption and

boosted hot electron generation in Au-nanorods@Pd heterostruc-

tures. In spite of the fact that all these studies are insufficient to

distinguish between the direct and indirect electron transfer path-

ways, the combination of wavelength dependent experiments with

a linear relationship of the reaction rate with light intensity

provides convincing evidence of the hot electron-induced reaction

mechanism.

In a recent review, Baffou and co-workers proposed a series

of simple experimental procedures to discriminate and quan-

tify the different thermal and non-thermal contributions of

plasmon-driven chemical reactions.113 One of these methodol-

ogies is based on the variation of the light beam diameter using

two approaches: a constant irradiance or a constant power. In

the first case, the photon flux is proportional to the beam

diameter, whereas in the second case the amount of photons

remains constant. Both thermal and non-thermal contributions

typically present a proportional dependence between reaction

rate and the area of light beam under constant irradiance

conditions. However, in the constant-power regime, the rate

of electron-driven processes is independent of the beam diameter,

while thermal-driven reactions show an inverse relationship

between rate and beam radius. The study of these different

behaviors by varying the illumination diameter appears to be an

efficient means to elucidate the underlying reaction mechanism.

The activation energy (Ea) is a key parameter in catalysis that

provides insightful information about the catalytic performance of a

material and the mechanistic pathway driving the reaction.114

Because of that, a straightforward method to ascertain if photon-

induced charge carriers contribute to the enhancement of the

reaction rate consists in comparing activation barriers under both

light and dark conditions at constant temperature. The reduction in

the value of Ea under light irradiation compared to dark conditions

is indeed typical for a hot carrier-driven mechanism.108,109,115,116

Another distinctive feature of electron-driven processes can arise

from isotopic labelling experiments. Traditionally, the isotopic

labelling of reactants has been a useful analytical probe to elucidate

the reaction mechanisms in thermal catalysis through the measure-

ment of the kinetic isotope effect (KIE). The KIE is obtained by

measuring the change in the reaction rate due to the introduction of

labelled reactants, as heavy isotopes require a higher energy input to

reach the transition state. Interestingly, an electron-driven process

displays a greater KIE under light irradiation than the thermally

driven counterpart under dark conditions, so the comparison of

both values can be a convenient methodology to differentiate

between thermally and electron-driven reactions. For example, Ye

et al.measured the KIE for photocatalytic CH4 steam reforming over

a Rh/TiO2 catalyst by comparison of the H2 production rates using

either CH4 or CD4 as a reactant.109 The authors found that the KIE

under visible light irradiation (KIElight = 1.69) was larger than the

one obtained under dark conditions (KIEdark = 1.55). Consequently,

it was concluded that photo-induced hot electrons from interband

transitions of Rh were responsible for the enhanced catalytic

activity. In a similar way, for the photocatalytic ethylene epoxidation

Linic and co-workers used 16O2 and isotopically labelled 18O2 to

measure the KIE under both illumination and dark conditions.49

Experiments confirmed that the activation of O2 determined the

overall reaction rate and the considerably larger KIE reported for

the photocatalytic process suggested an electron-driven reaction

mechanism.

Alternatively, the analysis of reaction selectivity can be

another useful technique to assess the dominating reaction

pathway. In thermally driven reactions, energy is provided to all

available degrees of freedom including vibrational, rotational

This journal is The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 2173�2210 | 2181
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and translational states, leading to the simultaneous activation

of a plethora of reaction pathways.117 In contrast, electron-

driven processes offer the opportunity to modulate reaction

yield towards the desired product by selectively injecting hot

carriers to specific adsorbate–metal bonds.108 In this respect,

Christopher and co-workers investigated the photocatalytic CO

oxidation in a H2 rich stream over Al2O3-supported Pt NPs.118

The results showed that the resonant photoexcitation of Pt–CO

bonds arising from the hybridization of adsorbate–metal states

enhanced the selective oxidation of CO to produce CO2 over the

competing H2 oxidation reaction. Accordingly, the authors

proposed that the specific photoactivation of metal–adsorbate

bonds could be a good methodology to control reaction selec-

tivity in electron-driven plasmonic reactions. Cronin et al.

studied the photoreduction of CO2 with H2O vapor using Au/

TiO2 heterostructures and found that the product distribution

was strongly dependent on the irradiation wavelength.74 While

the excitation at 532 nm mostly produced CH4, the use of UV

light of 254 nm yielded the generation of other products

including ethane, methanol and formaldehyde. It was rationa-

lized that depending on the irradiation wavelength it was

possible to trigger different reaction pathways to drive the

chemical reaction towards certain product distribution. Inter-

estingly, any product was observed when the reaction was

performed at 400 1C under dark conditions, thus excluding

any thermal contribution to the reaction mechanism.

Transient absorption spectroscopy (TAS) is an effective metho-

dology to study the dynamics of electron transfer processes.

Consequently, many groups have used TAS to elucidate the

mechanism of light-mediated reactions. For instance, Ye and

co-workers determined an ultrafast electron transfer from Rh

NPs to TiO2 under photoexcitation at 450 nm, attributable to the

injection of hot electrons across the Schottky barrier at the metal–

oxide interface (Fig. 6).109 Importantly, the authors found that the

electron transfer event occurred in the time scale of hundreds of

femtoseconds, while the transient signal showed a decay in the

order of thousands of nanoseconds, thus indicating an effective

charge carrier separation that prevented undesirable electron–hole

recombination. In view of this, the authors concluded that

the observed photo-enhancement of methane reforming using a

Rh/TiO2 photocatalyst was due to excited hot carriers, rather than

thermal effects. In the same way, Garcia and Corma performed

transient spectroscopy measurements to study the reaction

mechanism of photocatalytic CO2 hydrogenation to CH4 by

Ni/SiO2�Al2O3.
119 Experiments allowed the detection of transient

signals under excitation at 355 and 532 nm that confirmed the

presence of charge separation states. Since the reaction temperature

wasmonitored at 150 1C, therefore insufficiently low to performCO2

methanation, it was assumed that the reaction was driven by H2

activation through the formation of Ni–H species. A more recent

work from the same group also used TAS measurements to

demonstrate that NiO/Ni NPs supported on graphene could hydro-

genate CO2 to CH4 by photo-excitation of electron–hole pairs.120

3.4.2. Nanoscale thermal measurements

3.4.2.1. Non-luminescence methods. Another approach to differ-

entiate between the photochemical and the thermochemical

contribution to photo-thermal reactions implies the direct tem-

perature measurement at the surface active sites. Although carry-

ing out this type of measurements is still very challenging, recent

advances in metrology have allowed great improvements in nano-

scale thermometry. For instance, scanning thermal microscopy

equipped with nanoscale probe tips renders surface temperature

measurements with spatial resolutions in the range of 10 nm and

B10–50 mK precision.121,122 It is also possible to obtain local

temperature maps with nanometer-scale resolution by means of

the analysis of the temperature-dependent energy shift of plasmon

peaks using scanning transmission electron microscopy

(STEM).123 More recently in 2018, Idrobo et al. performed local

temperature assessments in boron nitride nanoflakes by calculat-

ing the ratio between the gain and loss phonon peaks in the

Fig. 6 (a) Transient absorption kinetics at 5000 nm of Rh/TiO2, Rh/ZrO2 and Rh/SiO2 under laser excitation of 450 nm. (b) Mechanism of hot carrier-

enhanced steam methane reforming. Visible light-excited hot carriers can be separated quickly at the Rh/TiO2 interface; the positively charged Rh

surface favours C–H bond activation, whereas electron-rich states at the interface promote the reduction process. Reproduced with permission from

ref. 109. Copyright (2018) American Chemical Society.
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electron energy spectrum using monochromated aberration-

corrected STEM.124

3.4.2.2. Luminescence methods. IR thermography is based on

the Planck blackbody emission principle and estimates the

temperature profile of a body in relation to its emitted energy.

Although local and global temperatures can be obtained by

thermal mapping with IR cameras in combination with bulk

thermocouple measurements, the accuracy of these methodol-

ogies is still controversial due to different interpretations of the

emissivity of catalysts and the parameter choice of thermal

imaging cameras.100,125,126 It is also worth mentioning that

under irradiation of thick catalyst beds, thermal gradients

may exist due to the limited penetration ability of light and

non-uniform heat diffusion. In these cases, the measurement

from IR cameras only represents the surface temperature of the

catalyst, that is commonly higher than the temperature inside

the catalyst bed.125 For these reasons, IR camera measurements

must be precisely recorded and attention has to be paid in

order to avoid misinterpretations in the thermal contribution

to photo-thermal systems.

Thermoreflectance and optical interferometry are lumines-

cence techniques that use the reflection of light to obtain

thermal measurements. Thermoreflectance relies on the rela-

tionship between the refractive index of a material and its

temperature, giving rise to temperature profiles in the micro-

meter/submicrometer scale with high thermal and temporal

resolutions typically in the order of 10�2 K and 10�1 ms,

respectively.127 In spite of the fact that this technique has been

widely implemented in microelectronics to study electrical self-

heating, Wang et al. recently used different thermoreflectance

techniques to evaluate the thermal enhancement of Au/Al2O3

plasmonic structures with outstanding spatial and temporal

resolutions in the order of 100 nm and several nanoseconds.128

As for optical interferometry, it renders local temperature and

thermal expansion measurements with very high temperature

resolutions of B10 mK, but in this case the spatial resolutions

are below the nanoscale (B1 mm).127

Apart from the previously described techniques, tip-enhanced

Raman spectroscopy (TERS) also enables mapping local tempera-

tures at the nanometer scale by virtue of calculation of the ratio of

the intensities of the anti-Stokes and Stokes Raman signals.129 In

fact, the analysis of the observed linear shift in the position of

Raman bands as a function of temperature can be a distinctive

feature to characterize thermally driven photo-thermal reactions as

well.130,131 Ozin and co-workers recently reported an appealing

example of this effect using Pd NPs supported on Nb2O5 in the

photocatalytic reduction of CO2 (Fig. 7).
132 The authors observed a

shift in the position of the niobium–oxygen phonon modes as a

function of the excitation laser power, hence revealing a photo-

thermal phenomenon. This heating effect was probed through a

study of the Stokes and anti-Stokes Raman bands and ultimately

allowed extracting the local temperature of the catalyst as high

as 470 1C. According to the available data, Pd NPs acted as

Fig. 7 Dependence of the Raman frequency for Nb–O stretching vibrations of (a) 0.1% Pd@Nb2O5, (b) 0.5% Pd@Nb2O5, and (c) 5% Pd@Nb2O5 at

different incident light power levels. (d) Estimated temperatures of 0.1%, 0.5%, and 5% Pd loaded onto Nb2O5 nanorods at different incident light power

levels. Reproduced with permission from ref. 132. Copyright (2017) John Wiley and Sons.
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photo-thermal ‘‘nano-heaters’’ that effectively elevated the local

temperature of the Nb2O5 support, which drove the CO2 hydro-

genation reaction.

It is well established that the fluorescence signal strongly

depends on temperature, since its intensity decreases and the

peaks shift to longer wavelengths when the temperature increases.

By taking advantage of this effect, nanoscale fluorescence thermo-

metry can provide temperature measurements with nanometric

spatial resolution using quantum dots (QDs) or organic dyes as

temperature probes.133–136 For instance, Garcia et al. demonstrated

the potential of this strategy to assess the reaction mechanism in

the photocatalytic CO2 reduction by Cu2O NPs supported on

graphene (Fig. 8).137 In this work, the authors used commercial

core–shell CdSe@ZnS QDs as local thermometers and measured

their emission lifetime as a function of temperature. Interestingly,

the authors found that the irradiation of samples containing these

QDs in contact with Cu2O NPs did not lead to significant changes

in the QDs’ emission lifetime, thereby excluding a light-induced

heating effect. In view of these findings, the authors concluded

that the most likely reaction mechanism was the photo-generation

of electron–hole pairs rather than a thermal activation. For further

details regarding nanoscale thermal probing methodologies, the

readers are referred to an excellent review by Wang et al.138 Carlos

and Palacio’s groups also performed a comprehensive revision of

thermal measurement techniques at the nanoscale.127

3.4.2.3. Computational methods. Finally, besides the aforemen-

tioned experimental methodologies, computational methods can

aid elucidation of the mechanisms underlying photo-thermal reac-

tions. In this regard, the density functional theory (DFT) framework

has proven to be a reliable model to study electronic structures in

metal–semiconductor interfaces or adsorbed species in surface

active sites.86,108,109,139 A remarkable example of the use of this

model to assess the reaction pathway in Rh/TiO2 plasmonic nano-

structures for CH4 activation was recently reported by Ye et al.109

Theoretical calculations suggested that under visible light excitation,

hot electrons in Rh 4d orbitals could transfer to unoccupied 3d

orbitals in Ti, so preventing them from recombination within the

metal and favoring the generation of electron-deficient sites (Rhd+)

in the Rh surface. Consequently, these Rhd+ sites were more prone

to accept electrons from CH4, thus facilitating C–H bond cleavage

and promoting CH4 activation. Liu and Everitt used DFT calcula-

tions as well to elucidate how hot electrons interacted with inter-

mediate species in the photocatalytic CO2 hydrogenation by Rh

nanocubes supported on Al2O3.
108 This study revealed that anti-

bonding orbitals from CHO intermediates could accept photo-

generated electrons from Rh, thus weakening C–O bonds and

assisting CH4 formation. Curiously, it was also found that the

photo-injection of hot electrons into anti-bonding orbitals of the

CO intermediate was far unlikely, somehow explaining the reaction

selectivity towards CH4 production rather than CO formation.

It is worth reminding that all these methodologies can help to

distinguish between photochemical and thermal contribution to

photo-thermal conversion and, in the best-case scenario, determine

which one is predominant in the system under study. Nonetheless,

it is possible and very common indeed that both mechanisms

coexist together and operate synergistically to enhance the overall

photocatalytic rate. For example, Willets et al. quantified the relative

contribution of hot carriers and heating to plasmon-mediated

photoelectrochemical reactions based on scanning electrochemical

microscopy (SECM) measurements.140 The authors determined that

both mechanisms contributed to the photoelectrochemical perfor-

mance, with a different dependence on excitation intensity. Another

example of successful exploration and discrimination of thermal

and non-thermal activities working synergistically in the photocata-

lytic activity of Rh NPs supported on TiO2 was recently provided by

Zhang and co-workers.141 Based on both experimental measure-

ments and theoretical models, it was found that heat and light

worked not only simultaneously, but also cooperatively, and that a

temperature increase gave rise to an improvement of the plasmon-

enhanced catalysis. In a related precedent from the same group, the

authors introduced a novel indirect illumination technique to

distinguish between thermal and non-thermal effects on the photo-

catalytic CO2methanation by Rh/TiO2.
142 This techniquemakes use

of an inactive layer of Ti2O3 (a well-known photo-thermal heater) on

the top of the Rh/TiO2 catalyst. This Ti2O3 layer effectively absorbs

Fig. 8 (a) Time correlated emission decay of commercial CdSe@ZnS QDs as a function of temperature. (b) Emission lifetime of thin films of CdSe@ZnS

QDs supported on a Cu2O/graphene film under light and dark conditions. Reproduced with permission from ref. 137. Copyright (2017) Royal Society of

Chemistry.

2184 | Chem. Soc. Rev., 2021, 50, 2173�2210 This journal is The Royal Society of Chemistry 2021

Review Article Chem Soc Rev

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

8
 D

ec
em

b
er

 2
0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 1

:4
9
:2

4
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D0CS00357C


light and produces heat, displaying a similar temperature profile to

the one achieved from the direct illumination of the Rh/TiO2

catalyst. Under these indirect illumination conditions, the hot

carrier contribution derived from light is completely extracted,

hence allowing a solid distinction between thermal and non-

thermal effects on the photocatalytic rate. In 2019, Zhan et al.

studied the photoelectrochemical response of plasmonic Au electro-

des and quantitatively disentangled the thermal from the hot carrier

effect.143 To do this, the authors separated the overall plasmonic

photocurrent into a rapid response current (RRC) and a slow

response current (SRC) attributable to photo-electronic and photo-

thermal effects, respectively. The results suggested that both effects

influenced the reaction and the different timescales for hot carrier

generation and heating effect served to assess each of the contribu-

tions to the overall reaction. For a deeper discussion of the synergy

between thermal and non-thermal effects on plasmon-mediated

photocatalysis the readers are referred to an excellent review by Liu

and Everitt.144

4. Photo-thermal applications in
catalysis
4.1. CO2 conversion

The possibility of producing synthetic fuels or chemicals through

the reaction between CO2 and H2O (or indirectly between CO2 and

H2 derived from H2O using green energy sources) is among the

most promising alternatives to achieve CO2 neutrality in transpor-

tation and the chemical industry. In general, the reduction of CO2

can produce different chemicals and fuels, CO, CHOOH, CH3OH

or CH4 among others, depending on the number of electrons that

come into play. Over the last decade, the use of photothermal

catalysis to speed up these processes has grown exponentially.

4.1.1. Artificial photosynthesis. Artificial photosynthesis is

described as the most direct approach to reduce CO2 and it tries

to replicate the natural photosynthesis, one of the most important

reactions on Earth.145 The perfect route will employ CO2 and water

as reagents in a significant carbon recycling, producing hydrogen

or carbon-based fuels by using ideally sunlight as a sustainable

energy source.146,147 This process is divided into two main reac-

tions, the water splitting reaction that produces H2, and CO2

reduction, which produces carbon-based products such as CO,

CH3OH or CH4.
148 The second reaction is much more challenging

than the first one due to its requirement of the conduction band

edge and multi-electron processes, depending on the product. On

this basis, the main limitations of the photocatalytic methodology

are the relatively low charge separation efficiency, light harvesting

and reduction selectivity.149,150 However, the cooperation between

photo and thermocatalytic processes could be a solution.151

Some of the most used semiconductor oxides for the photo-

catalytic CO2 reduction are TiO2, ZnO, CdS, FexOy or WO3 among

others. All of them share properties such as low or non-toxicity, low

cost and powerful redox properties. For the application of these

photocatalysts in CO2 reduction processes, these materials should

present high light harvesting, low charge recombination rates and

easy activation of CO2. In order to improve some of these

properties, the creation of superficial oxygen vacancies is one of

the most suitable and used methods, usually by means of

H2-treatments. The incorporation of these O-defects improves

the adsorption of reagents and can also enhance the separation

of photo-generated charges.152 Additionally, most of these semi-

conductor oxides are stable at high temperatures, permitting their

adaptation to photo-thermal reaction conditions. To improve the

photo-thermocatalysis, the same semiconductors have been func-

tionalized by different metals or metallic oxide NPs. The use of

these composites improves the yield of the process by combining

the individual roles of each component in the overall reaction

mechanism (e.g. photo-generated charges at TiO2 under UV light +

H2 adsorption in metallic NPs such as Pd) or even, by means of

cooperation between them (e.g. metallic NPs can reduce the

recombination of photo-generated charges of semiconductors, by

transfer of e�/h+). Moreover, most of the composites are designed

in order to optimize the absorption of sunlight and exploit the full

solar spectrum as a sustainable energy source.

Since the 70s, TiO2 has been one of the most used semicon-

ductors in photocatalysis.153,154 Pure photocatalytic studies using

this semiconductor with oxygen vacancies as a catalyst under

artificial photosynthesis conditions have demonstrated a high

CH4 selectivity. For example, Yin et al. produced 16.2 mmol CH4

gcat
�1 h�1 and 2.7 mmol CH4 gcat

�1 h�1, with a CH4 selectivity of

79 and 73% under solar light and visible light, respectively.155

However, the introduction of thermal energy in the photocatalytic

process modifies the production rates and the main product. One

of the first studies evaluating the use of TiO2 in photo-thermal

catalysis was published in 1997.156 TiO2 was evaluated as an

‘‘artificial leaf’’ for the photocatalytic reduction of CO2 with H2O.

The principal results showed CO, CH4 and C2H6 as the main

products. However, the most relevant result was the increase of the

CH4 rate when the temperature of the system was increased from

25 to 200 1C. The authors attributed this trend to the different

physical adsorption/desorption capacities of the catalyst at each

temperature and not to a clear cooperation between photo and

thermocatalytic mechanisms. Anyway, this study can be consi-

dered as one of the first examples of photo-thermocatalysis.

DFT studies using supported MnOx NPs on TiO2 revealed that

thermocatalysis aids photocatalysis by creating oxygen vacancies

andmodifying CO2 surface bindings, which results in an increased

CO yield.157Wang et al. employed TiO2 nanosheets alone and TiO2

nanosheets doped with CuS, for improving the light utilization

efficiency, even in the IR, due to the narrow band gap energy of

CuS. The catalytic results at room temperature using different light

ranges revealed that the 2% CuS/TiO2 catalyst reduced CO2 to CO

as the main product and the use of UV-vis-IR light achieved the

best production rate (26 mmol CO gcat
�1 h�1) increasing the

temperature to 138 1C.158 The use of full spectrum light and

cooling to 102 1C resulted in a reduction in the CO rate by almost

4 times, evidencing the photo-thermal cooperation. Similarly,

metallic NPs (Ru and Au 1 wt%) were supported over TiO2 by an

impregnation–reduction method.159 The UV-visible diffuse reflec-

tance spectra uncovered that the incorporation of Au and Ru did

not modify the absorption related to the band gap of the semi-

conductor, although Au-incorporation enhanced the absorption

This journal is The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 2173�2210 | 2185
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profile due to the LSPR at 570 nm. This LSPR absorption was

shifted to 580 nm when Ru was incorporated, revealing a Au–Ru

interaction. Photo-thermal experiments were carried out in a fixed-

bed reactor at different temperatures (50–150 1C). The results

demonstrated that, under temperature and light illumination,

H2 and CH4 were formed simultaneously by water splitting

coupled to CO2 reduction, obtaining the best results at 85 1C

(0.3 mmol H2 gcat
�1 h�1 and 27.1 mmol CH4 gcat

�1 h�1). Control

experiments without the catalyst or without irradiation did not

produce any reduced product, concluding that the reaction is

principally driven by photocatalysis. Briefly, the photocatalysis of

water splitting reaction generates H2 that is able to react with CO2

in a thermocatalytic process over Au–Ru/TiO2. Besides, the rapid

consumption of this generated H2 facilitates the migration of

photo-generated electrons, minimizing the recombination of

photo-induced carriers (Fig. 9).

As a way to create more sustainable processes, sunlight must

be considered as the main energy source (photo and thermo-

catalytically). Solar light is the largest sustainable source of

energy: renewable, clean, non-toxic and non-polluting, but also,

almost 50% of the total sunlight is included in the range of

visible light.160,161 This fact requires finding active photocata-

lysts that can efficiently harvest visible light.160 In this spirit,

plasmonic metal NPs are one of the best options to enhance

visible light absorption through plasmon resonance.162,163

Kumar et al. optimized a catalyst based on Au and Pt NPs on

a SiO2 shell (Pt–AuNPs@SiO2) for the reduction of CO2 with

H2O.
164 The outcomes revealed an efficient, stable and recycl-

able photo-catalyst under visible-IR light at room temperature,

with HCOOH as the main product along with traces of CH3OH.

When the tests were carried out without temperature control,

the temperature increased after 30 min from 25 to 85 1C,

together with an increase of quantum yield up to 4.32%. These

values confirmed the influence of the photo-thermal effect due

to the irradiation of plasmonic nanomaterials using only visible

and IR light. However, when comparing the formic acid yield at

different irradiation wavelengths, the obtained profile was

similar to the absorption spectrum of the catalyst. This equiva-

lence is clear evidence of a mechanism directed mainly by the

photo approach.

In the same direction, other studies focused on the incorpora-

tion of metallic NPs with LSPR into semiconductors, in order to

generate hot charge carriers for CO2 photo-thermoreduction via

plasmonic effects.74 This functionalization permits light absorp-

tion in a wide range of the spectrum, principally visible light, and

also modifies the band gap of the semiconductor through the

creation of a Schottky barrier. Recently, Hongjia Wang et al.

studied the catalytic activity of Au/TiO2.
165 This Au incorporation

improved the harvest of light (LSPR absorption from Au at 550 nm)

and increased about two times the CO rate (B20 mmol gcat
�1) and

CH4 rate (B4 mmol gcat
�1) after 4 hours compared to the use of

bare rutile-TiO2 under the full light spectrum. Moreover, the

catalytic activity of Au/TiO2 under different irradiation conditions

was proportional to the reached temperature: full spectrum

(60 1C), IR cut-off filter (30 1C) and the one cooling down

(15 1C). This similar trend suggests a temperature dependence of

the catalytic process. Finally, two tests with Au/TiO2 at the same

temperature were carried out using full spectra and IR cut-off

irradiation + heating bath. The outcomes revealed a higher CO rate

and a slightly increased CH4 rate in the full spectra experiment

demonstrating that the reaction is boosted by IR (sunlight full

spectra) and photo-thermal effects produced by LSPR of Au NPs.

Despite these results, the incorporation of temperature in a

photocatalytic system produces some general alterations in the

reaction: one benefit, the temperature enhances water splitting

due to the endothermicity of this reaction; and two drawbacks,

the recombination of hot carriers increases due to the thermal

motion of photo-generated species and CO2 hydrogenation, being

an exothermic reaction, is not thermodynamically favored. In order

to minimize these drawbacks, disordered TiO2 was employed by Yu

et al., reducing the charge carrier recombination and increasing the

superficial oxygen defects. The disordered semiconductor was

doped with Pt NPs, improving the visible light harvesting and

increasing the dissociative adsorption of H2, aiding the reduction

of CO2.
166 The study always gave better results in the photo-

thermocatalytic experiments (sunlight + 120 1C) than in photocata-

lytic tests (sunlight + 25 1C), giving the first evidence of the synergy

between photo and thermal processes. The highest CH4 rate was

achieved using Pt/disordered-TiO2 (17.1 mmol CH4 gcat
�1 h�1) with a

selectivity of 87.5%. Thermal H2 decomposition studies were carried

out in dark conditions observing the highest H2-decomposition rate

with the Pt/disordered-TiO2 catalyst, and then the best promotion of

H2 splitting aiding the formation of CH4. In short, the incorporation

of oxygen vacancies and disorder in the semiconductor, linked to

the deposition of Pt NPs, are the most important variables to

promote CH4 production, at least in the photo-thermocatalytic

process.

Although TiO2 is the most studied, other semiconductors have

also been evaluated for CO2 photo-thermocatalytic reduction using

H2O. One of these examples is ZnO. Guo et al. evaluated initially

the photocatalytic activity of CO2 artificial photosynthesis under

UV and visible light at 25 and 200 1C using two different shapes of

Fig. 9 Synergistic effects between photocatalysis and thermocatalysis in

the direct thermophotocatalytic reduction of CO2–H2O over Au–Ru/TiO2.

Adapted with permission from ref. 159. Copyright (2017) John Wiley and

Sons.
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ZnO, rods and belts, alone or in layered-double-hydroxides

(LDHs).167 The effects of the shape of the photocatalysts were

observed and related to the electronic structure and surface

defects, but the most important was the enhancement of produc-

tion rates in all the evaluated photocatalysts when the temperature

was increased to 200 1C. Besides, core–shell ZnO@LDHs (LDHs are

2D layered Cu–Zn–Al materials) were evaluated in the same photo-

thermal conditions obtaining the best results with the belt shaped

ZnO@LDHs (11.4 mmol CH4 gcat
�1 h�1). The composite or hetero-

junction permitted an efficient transfer of photo-generated charges

that minimized the recombination and also increased the photo-

catalyst surface area, improving the CO2 reduction. Again, the

cooperation between light and heat increased the catalytic perfor-

mance although the authors did not study the contribution of each

of the energy sources to the overall reaction mechanism.

Other choice of a photo-thermocatalyst is the versatile, low cost,

and non-toxic MoO3. This oxide was used by Li et al., tailoring it

(MoO3�x) with extra superficial defects (O-vacancies).168 The intro-

duction of O-defects extended the absorption of light permitting

one to employ the whole spectrum of sunlight by means of the

LSPR effect that narrowed the band gap of the material. Moreover,

the increase of superficial defects improved the surface area and

the available active sites, but also oxygen vacancies are responsible

for decreasing the recombination of charge carriers. Catalytic tests

using specific range of lights without any external heating system

modified the activity as UV-vis-IR 4 IR 4 UV-vis, and also the

reached temperature followed the same order from 160 to 105 1C,

evidencing a high influence of thermal catalysis in the process.

However, pure thermal reactions without irradiation were less

active than experiments at the same temperature using light,

and thus, photocatalysis played a role in the reaction too. Finally,

synergistic photo-thermocatalytic artificial photosynthesis using

MoO3�x produced the highest reaction rates, obtaining 41.2 mmol

CO gcat
�1 and 8.3 mmol CH4 gcat

�1 using the full sunlight spectrum

(UV-visible-IR).

Another example is WO3, a stable and non-toxic semiconductor

able to harvest 12% of sunlight while offering a low conduction

band that facilitates recombination. Wang et al. synthesized this

semiconductor over a mesoporous template (KIT-6) and this was

employed as a catalyst to reduce CO2 with H2O under visible light

and/or temperature (250 1C).169 The mesoporous catalysts were

pre-reduced under different temperatures controlling the amount

of oxygen vacancies (related to the presence of W5+) and increasing

lattice expansion and surface area compared to commercial WO3.

The characterization of the diverse mesoporous WO3 (m-WO3)

revealed that oxygen vacancies improved the visible-light absorp-

tion as well as narrowed the band gap. Accordingly, the higher the

amount of oxygen vacancies, the higher the catalytic performance.

The principal product was CH4 regardless of the used conditions;

meanwhile CH3OH was formed only under thermal and photo-

thermal catalysis conditions (o3 mmol CH3OH gcat
�1). Oppositely,

the photocatalytic route did not produce CH3OH due to the

insufficient energy of hot electrons to reduce CO2 to the simplest

carbon alcohol. Moreover, the different amount of oxygen defects

at the catalysts using different reduction temperatures drove to

different product distribution. The m-WO3 reduced at 550 1C

presented the highest number of O-defects and also presented

the highest CH4 production rate, specifically 0.15, 21.42 and

25.77 mmol CH4 gcat
�1 after 12 h under photo, thermo and

photo-thermal catalysis respectively. Examining these data, the

extra 4.35 mmol CH4 gcat
�1 after 12 h in the photo-thermal catalysis

process compared to the thermocatalytic process was not just an

addition of the other individual photo-processes. There was a clear

cooperation between the two processes. The authors assigned this

improvement to the fact that the temperature of the catalytic

surface increased faster when the system was heated and irra-

diated. This intensified the photocatalytic performance because

the electron excitation and relaxation were easier, increasing the

production rate. Moreover, the m-WO3 reduced at 250 1C pre-

sented less oxygen vacancies and produced 6.0 mmol CH4 gcat
�1

and almost 10 mmol CH3OH gcat
�1 after 12 h under photo-thermal

catalytic conditions. These outcomes disclosed that oxygen vacan-

cies have an influence on the reaction mechanism and depending

on the amount of these defects, the product distribution varies.

The same research group incorporated Mo NPs into the

mesoporous WO3 (m-Mo/WO3), as a strategy to improve the

photo-thermocatalytic performance by enhancing light harvesting,

reducing the recombination of photo-generated charges and/or

incorporating new catalytic active sites.170 Under the same experi-

mental conditions, CH4 and CH3OH were the only products and

the production rates were significant only when photo-thermal

catalysis was carried out using m-Mo/WO3 after 12 h (5.96 mmol

CH4 gcat
�1 and 13.80 mmol CH3OH gcat

�1). The authors reported a

photo-thermal effect due to the better production rate when

heating and irradiation were combined. The results highlighted

how mesoporosity and Mo-doping increase the photocatalytic

behavior by the reduction of charge carrier recombination due to

the high crystallinity and ordered porosity together with the

increase of the separation of photo-generated charges when Mo

acts as cocatalyst.169 Anyway, more experiments at different tem-

peratures or with different lights should be performed to analyze

the effect of each energetic source.

Bai et al. have evaluated Bi NPs as a co-catalyst (substituting

the usual noble metals) supported on the Bi4O5I2 semiconduc-

tor under sunlight irradiation.171 The study demonstrated

photo-thermocatalytic reduction of CO2 without any external

heating. Experiments were carried out with different lights,

showing how the full spectrum (UV-vis-IR) yielded the best

rates, 40.02 mmol CO gcat
�1 h�1 and 7.19 mmol CH4 gcat

�1 h�1.

The temperature of the system using the full spectrum or just

IR was close to 75 1C, although the catalytic performance was

relevant only in the case of full irradiation. Finally, other tests

were performed only under UV-vis light and external heating up

to 70 1C, showing a higher catalytic behavior than the same

experiment at room temperature. Based on these outcomes, the

semiconductor was excited by UV-vis light and electrons can

be transferred to the Bi surface (co-catalyst). Simultaneously,

Bi NPs absorbed IR light increasing the temperature of the

active sites and facilitating the reduction of CO2. In conclusion,

the reduction mechanism is a photo-thermocatalytic process

without external heating and using the whole range of sunlight

and it is described in Fig. 10.
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Different research groups have studied the use of materials

based on carbon or including carbon in their composition as

photocatalysts for the CO2 reduction. Under UV irradiation a triple-

catalyst based on carbon dots (0.9 wt%), TiO2 and Cu (0.9 wt%)

was employed in the artificial photosynthesis reaction (Cu/TiO2–C)

using a fixed bed flow reactor under atmospheric pressure.172

Characterization analysis determined that Cu species were dis-

persed homogeneously in the semiconductor, as well as carbon

dots. XPS analyses highlighted carbon dots as electron savers,

permitting the delivery of electrons during the reactions due to the

excellent separation of charges. Regarding Cu, XPS revealed Cu(I)

as a stable species during several treatments, with the stability of

this species being one responsible factor for the higher activity of

this triple catalyst. The catalytic tests were performed with the

triple catalyst and compared to the same catalyst without carbon

dots. Cu/TiO2 catalysts did not produce CH4 in dark conditions at

any temperature, although with UV-irradiation the best results

were 8 mmol CH4 gcat
�1 h�1 at 250 1C. On the other hand, the Cu/

TiO2–C catalyst showed significant thermocatalytic results at tem-

peratures higher than 150 1C in dark conditions which demon-

strates that carbon dots promoted the thermocatalysis of the

reaction. Similarly, when UV light was involved, the CH4 produc-

tion rate increased significantly, giving the best results of 60 mmol

CH4 gcat
�1 h�1 at 250 1C. Moreover, the results with UV light at low

temperatures and highest temperatures in dark conditions were

very similar, proving that the activity is not ruled by only the photo

or thermal effect, revealing a synergetic photo-thermal effect.

Finally, a specific mechanism under UV irradiation was described

which included the reduction of CO2 to CO followed by hydro-

genation to CH4 via the *HCOO intermediate, along with a WGS

reaction for the production of H2 from H2O which occurred at the

same time. This reaction pathway is based on the reduction of

CuO to Cu2O by electrons from TiO2 and the in situ regeneration of

Cu2O using more electrons from TiO2 or the stored electrons in

carbon dots, creating an excellent CuO/Cu2O cycle to ensure a

continuous reaction.

In a similar approach, Xu et al. combined a traditional

photocatalyst (TiO2) with graphene achieving a CH4 productiv-

ity of 26.7 mmol CH4 gcat
�1 h�1 at 117 1C without any external

heating.173 Further investigations should be carried out to

elucidate the action of photo and thermocatalysis and to

determine which one is the dominant pathway in the reaction

mechanism.

Other research groups have also studied photonic crystals as

photo-thermal catalysts. Low et al. prepared photonic crystals

based on TiO2 via an anodization-calcination method.174 The

light-absorption characteristics of the catalyst showed a peak at

378 nm related to the band gap of anatase (increasing light

utilization) and an absorption range between 400 and 800 nm

due to the layered photonic crystal structure, allowing the use of IR

light. The absorption in the IR region can produce localized

surface photo-thermal (LSPT) effects raising the temperature of

the catalyst. The increase of temperature should enhance the

photo-conversion as well as catalytic efficiency, favoring the reac-

tant adsorption and/or desorption. The CO2 reduction using

chemically produced CO2 and H2O as reagents and irradiation

with a Xe lamp produced 35 mmol CH4 h
�1 m�2, which is 15 times

higher than that achieved with TiO2-P25, and some CH3OH as a

secondary product. The authors base this enhancement on the

optical abilities of TiO2 in combination with the LSPT effect of the

photonic crystalline structure, which permits absorption of heat

radiation of IR light and accelerates the transfer and generation of

photo-generated electron–hole pairs, in brief, improving the car-

bon dioxide reduction by means of photo-thermal effects. More-

over, the authors describe the concept of slow photon as another

reason for the best catalytic performance. This concept is related to

the position of the photonic band gap, which matches with the

absorption range of TiO2 and lowers the propagation speed of

light. Consequently, photons can be easily absorbed and employed

for the photo-generation of hot carriers.

Perovskite-type materials are semiconductors with good stabi-

lity and flexibility.175 Many of these compounds have been widely

studied as photocatalysts for the production of H2 through water

splitting.176–178

In 2017, Xu et al. reported a modified LaFeO3 perovskite oxide

doped with Co as a catalyst for the CO2 reduction with H2O, using

visible-IR light (l 4 420 nm).179 The photo-thermal catalytic

activities were evaluated at 350 1C after 6 h of irradiation obtaining

CH4 (437.28 mmol gcat
�1) and CH3OH (13.75 mmol gcat

�1) as unique

products, with CH4 selectivity being higher than 96% in all cases.

The results revealed that the modified-perovskite, LaCo0.6Fe0.4O3,

generated 3.2 and 4.0 times more CH4 and CH3OH respectively

than the unmodified perovskites (LaFeO3 or LaCoO3). This

improvement is partially due to the narrower band gap of this

perovskite (1.68 eV), making easier the formation of charge carriers

(e�/h+). Besides, XPS analysis revealed that the substitution of Fe

by Co created more oxygen vacancies, and the promotion of these

defects, also adsorption sites, enhanced the catalytic behavior.

Other works have evaluated similar perovskites.180 Specifically,

using LaNi0.4Co0.6O3 under visible light at 350 1C it is possible to

obtain 678.57 mmol CH4 gcat
�1 and 20.83 mmol CH3OH gcat

�1 after

6 h, the best results at artificial photosynthesis based on perovs-

kites. As well as the previous work, the substitution of Ni by Co

(x = 0.4) produced a higher amount of oxygen vacancies (67.90%),

hence facilitating the adsorption and dissociation of CO2 and H2O.

Fig. 10 Scheme of the photo-thermocatalysis mechanism of semimetal

Bi decorated Bi4O5I2 nanosheets under UV-vis-IR light. Reproduced with

permission from ref. 171. Copyright (2018) Elsevier.
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This substitution also modulated the positions of conduction and

valence bands and the energy band gap (1.42 eV) of this perovskite

to better promote both reactions involved in artificial photo-

synthesis. Finally, both studies shared that CH4 should be pro-

duced mainly by photocatalytic reduction of CO2, as well as water

splitting.Meanwhile, CH3OHshould be produced through a thermo-

catalytic route because the conduction band of the modified-

perovskite is not negative enough to accomplish the reduction of

CO2 to CH3OH. Nevertheless, the mechanisms are not completely

clear and there is a lack of evidence to evaluate the synergy of photo

and thermal catalysis to clear up which is the main pathway or how

thermal and/or photo effects act in each step of the reaction.

Double perovskites prepared by combustion with the formula

La1�xSrxCo1�yFeyO3�d have also been studied alone (LSCF) or

synthesized over a mesoporous template (3DOM-LSCF) for the

artificial photosynthesis combined reaction.181 The photo-thermal

reaction (UV-vis light + 350 1C) exhibited better results using both

types of double perovskites than only thermocatalytic experiments,

obtaining CH4 as the only product in all tests. Light absorption

experiments demonstrated that these perovskites can absorb UV and

visible light, photo-generating electron–hole pairs that improve the

reduction of CO2 with H2O by means of photocatalysis. In accor-

dance with the above results, the catalytic performance depends on

the presence of oxygen vacancies and the smallest crystal size that

increase the accessibility to active sites, with both properties being

more related to thermocatalysis. On the other hand, although the

band gaps of both double perovskites were very similar, the incor-

poration of the mesoporous structure in the 3DOM-LSCF catalyst

influences the position of the conduction and valence bands, being

more suitable in the case of the mesostructured material. Moreover,

this specific structure also avoids the recombination of the photo-

generated e�/h+, and thus, the photocatalytic process was improved.

This was evidenced in the production rates which were 1.6 times

higher when using 3DOM-LSCF (560 mmol CH4 gcat
�1 h�1) than

LSCF (350 mmol CH4 gcat
�1 h�1). Concluding, this study demon-

strates a photo-thermal coupling effect and both photo and thermo-

catalytic mechanisms are shown in the study. Nevertheless, more

studies must be performed to elucidate which is the dominant

mechanism.

Additionally, the use of perovskites as supports for different

metallic NPs has drawn special attention. A triple catalytic system

based on the CaTiO3 perovskite (70 wt%) as a semiconductor and

support for Ni NPs (30 wt% NiO) and Pt NPs (1.0 wt%) has been

applied as an ‘‘artificial leaf’’.151 Each one of the components holds

specific functions: perovskites are not only good light-harvesters

but, according to CO2-TPD experiments, good CO2 adsorbents; Ni

is the best metal to achieve the direct hydrogenation of CO2 to CH4,

and also interacts with the perovskite generating oxygen vacancies

demonstrated by XPS characterization; and finally small amounts

of Pt lend efficient photo and thermal H2 activation, avoid the

recombination of photo-generated charges and improve the for-

mation of hot charges and local heating by means of LSPR. This

work reveals unique reaction conditions because the authors

employed both H2 and H2O as an effective H2 source or reducing

agent (CO2 :H2 :H2O ratio of 1 : 2 : 2). Moreover, the catalysts were

irradiated with a UV lamp in the temperature range of 40–240 1C in

a fixed bed quartz reactor, and four catalytic conditions were tested

modifying the use of the reduced or not-reduced catalyst and the

energy sources (photo, thermo and photo-thermo). The photo-

thermal results of the reduced catalyst showed the best catalytic

performance at 180 1C reaching 46.48% CO2 conversion and 99.5%

CH4 selectivity (35 mL CH4). Compared with thermal-methanation

in the literature for which at least 200 1C is necessary, the photo-

thermal system mixing H2O and H2 boosts the reaction at lower

temperatures. Otherwise, the photo-results after 10 hours (not fixed

reactor) displayed very low CO2 conversion although again the

catalysts with Ni and Pt raised CH4 selectivity close to 100%. With

respect to the thermal system without any irradiation, it showed

similar trends to the photo-thermal system but with a lower

production rate (26 mL CH4) and similar conversions (44.5%).

Finally, the photo-thermal study was repeated with the non-

reduced catalysts presenting the lowest results when heating is

involved. This unlikeness is related to the better H2 adsorption in

metallic components or alloys and the lesser amount of oxygen

vacancies in perovskites that are usually promoted in the presence

of metallic NPs. Summarizing, cooperation between photo and

thermal approaches allows a successful catalytic reduction of CO2

using a mixture of H2 and H2O as a reducing agent.

As it has already been mentioned in the previous sections of

this review, to optimize photo-thermal performance, photocata-

lysts should display a strong light absorption across the solar

spectrum, low charge-carrier recombination rates and a good

capability for heat transfer and/or generation. In the particular

case of CO2 reduction, a high adsorption of CO2 is also desirable. A

huge variety of catalysts have been studied with very diverse

properties that permit tuning the products of the reaction or even

working at different temperatures and with different ranges of

light. In the specific case of artificial photosynthesis, two reactions

must be carried out simultaneously, complicating the search of an

active, stable, inexpensive and environmentally friendly catalyst.182

It seems that perovskite supports combined with plasmonic

nanostructures could be especially convenient compositematerials

to perform efficient photo-thermal CO2 conversion.

4.1.2. Reverse water gas shift (RWGS). This endothermic

reaction can convert CO2 into CO by a 2-electron reduction using

H2 as a reducing agent (eqn (4)) and is considered as a sustainable

strategy for CO2 capture and utilization (CUU). Together with a

sustainable and economically acceptable hydrogen source, the

produced CO can form syngas (CO + H2), which via Fischer–

Tropsch synthesis allows for the synthesis of important hydro-

carbons, such as alkanes, olefins, alcohols, dimethyl ether or

gasoline.183,184

CO2 þH2 , COþH2O DH
�
298 K

¼ 41:1 kJ mol
�1

� �

(4)

Experiments using Pd on TiO2 at different times of irradiation (Hg

lamp) and a fixed temperature (electric furnace) and vice versa

demonstrated the cooperation between photo and thermocataly-

sis, improving the CO production by a photo-thermal coupling

factor.185ThemaximumCOproduction rate wasmore than 8 times

higher than for pristine TiO2-P25 (11.05 mmol CO gcat
�1 h�1). The

incorporation of Pd not only improved the photo-generated species

This journal is The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 2173�2210 | 2189
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and the number of oxygen vacancies, but also enhanced CO2

adsorption.

Ozin et al. described hydride-terminated silicon nanocrystals as

potential photo-thermal catalysts for the reduction of CO2 to CO,

according to the thermal and optical properties of silicon materi-

als. Only-CO2 experiments using a metal halide lamp as a unique

energy source at fixed 150 1C produced 4.5 mmol CO gcat
�1 h�1, but

the reaction rate decreased after each run.186

Many more examples can be found in the literature on the

production of CO using H2 as a reducing agent. The most

interesting works involve catalysts based on the incorporation of

metals on photoactive supports or semiconductors. Many works

have studied the efficiency of Au NPs of different shapes and sizes

in different photocatalytic reactions.187–189 Using a Au/ZnO catalyst

with a characteristic plasmon resonance around 538 nm, the

authors were able to produce CO (4.22 mmol CO gcat
�1 h�1) and

small amounts of CH4 after 5 hours of irradiation with a contin-

uous wave 532 nm laser, reaching 600 1C in a gas-tight photo-

catalysis cell with a H2 : CO2 ratio of 3 : 1.103 Thermal catalytic tests

in dark conditions revealed a different temperature profile than

that under irradiation, offering evidence of photo-generated heat

that improved the catalytic performance. Other catalysts based on

Au NPs supported on TiO2, CeO2 and Al2O3 by deposition–pre-

cipitation have been evaluated in photo-thermal CO2 reduction.
190

The use of Au/TiO2 with a metal loading of 1.4 wt% resulted in a

CO2 consumption rate of 2.7 mmol gcat
�1 h�1 at 400 1C under

visible light irradiation. Lu et al. described a photocatalytic deposi-

tion method to produce Au/CeO2 nanorods.191 CO2 reduction

under thermal conditions was not significant (o4% CO2 conver-

sion). Nevertheless, the photo-thermal experiments achieving the

same temperature as the thermal reactions just with irradiation

(varying intensity) were much more active.

Another example is the use of Pd NPs below 10 nm size sup-

ported on the nanorods of Nb2O5 semiconductor.34 This catalyst

was studied to elucidate the photo-thermocatalytic reduction of

CO2, using a batch reactor pressurized up to 1.8 atm with a

CO2 :H2 ratio of 1, during 3 h under three different situations:

no light and no heating, just irradiation with a Xe lamp and 160 1C

without irradiation. In this way, the best results were obtained

under light conditions (4.9 mmol CO gcat
�1 h�1) followed by the

externally heated system (1 mmol CO gcat
�1 h�1); meanwhile no

significant CO2 conversion was observed when neither light nor

temperature was used. Focusing on the photocatalytic conditions,

several experiments were carried out cutting-off the light by filters.

The results demonstrated a clear influence of the range of irradia-

tion; for instance, the CO reaction rate decreased until 1.8 mmol

CO gcat
�1 h�1, when UV-light was cut-off (only visible and IR light).

According to the energy band gap of the semiconductor and the

LSPR of Pd NPs, photoexcitation was not possible without

UV-light. Therefore, the photons from visible and IR, not energetic

enough to produce charge carriers, provided just thermal energy to

the system by means of intra or interband transitions and non-

radiative relaxation. In other words, when using visible and IR

light, CO2 reduction to CO was possible by means of a photo-

induced thermocatalysis. The most important conclusion was

obtained when the authors compared the influence of both

wavelength and light intensity. Both sets of experiments resulted

in approximately the same exponential profile (Fig. 11), evidencing

that the photocatalytic pathway was not the dominating one.

Using the same catalyst and conditions, the selectivity

towards RWGS (CO) or Sabatier reaction (CH4) was tuned by

varying the Pd loading.132 The 0.1% Pd/Nb2O5 catalyst pro-

duced the highest CO production rate (18.8 mol CO gPd
�1 h�1)

with a CO selectivity of 99.5%, meanwhile 10% Pd/Nb2O5

significantly increased the CH4 selectivity by 24 times, decreas-

ing the CO production rate (B1 mol CO gPd
�1 h�1). The results

normalized by Pd content pointed out an influence of the

Pd-NP size on the activity and selectivity of the studied reaction;

higher NP sizes produced higher CH4. Furthermore, different

amounts of 10% Pd/Nb2O5 were evaluated obtaining a depen-

dence between the mass of the catalyst and the CH4 produc-

tion, and thus it was confirmed that selectivity was not related

to just photocatalysis, but photo-thermal effects seemed to

drive the reaction (light-to-heat). Ultimately, the characteriza-

tion of the catalysts also demonstrated that oxygen vacancies

and surface reduced Nb species are formed during the photo-

thermal process by light irradiation, and this could improve the

visible light absorption, avoid the recombination of e�/h+ and

besides, increase the CO2 affinity.

Other metals with well-known hydrogenation properties have

been analyzed. Anatase-TiO2 and g-Al2O3 were doped with Pt

(2 wt%) to obtain two similar catalysts for the reduction of CO2

with H2 using a ratio of 1 : 6.192 The experiments were carried out

at different temperatures from 80 to 400 1C, under dark and

irradiation conditions (Schott KL 2500 LCD visible-light). For both

catalysts, the addition of light irradiation (photo-thermal process)

promoted CO2 conversion and increased the CO production rate at

every temperature, proving the photo-thermal effect. Specifically,

for Pt/Al2O3, the increase was 9 times higher at 80 1C when the

Fig. 11 Photo-thermal catalytic performance of the nanostructured

Pd@Nb2O5 samples. The RWGS reaction rates plotted as a function of

absorbed power for the series of batch reactions with different cut-off

filters A–F (red line) and diverse intensities I–V (black line). Reproduced

with permission from ref. 34. Copyright (2016) John Wiley and Sons.
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system was illuminated. However, better results were obtained

with Pt/TiO2 (110 mmol CO gcat
�1 h�1 at 400 1C) probably due to

the strong interaction in Pt-TiO2. According to the presence of

other products such as CH3OH, CHOOH or CH4, thermodynamic

studies and operando DRIFT analysis, a possible mechanism was

described based on thermocatalysis using Pt/Al2O3. Consequently,

CO desorption was found to be the limiting step, which was

enhanced by both heating and light irradiation, weakening the

Pt–CO interaction.

Ru catalysts have also been described as efficient photo-thermal

materials for CO2 reduction. Through an ion-exchange method Ru

was incorporated in a Mg(OH)2 support with a three-dimensional

nanoflower structure followed by 150 1C H2-reduction to create the

metallic Ru.193 Using a batch reactor at atmospheric pressure

irradiated with a Xe arc lamp (300–2500 nm and 18 suns) and a

mixture of CO2 and H2 (1 : 1), the best CO2 conversion rate was

545 mmol gRu
�1 h�1 using the 8.3% Ru/Mg(OH)2 catalyst. A clear

exponential dependence between light intensity and photocatalytic

activity was demonstrated (1413 mmol gRu
�1 h�1 at 20 suns),

therefore suggesting that thermocatalysis rules the photo-thermal

reaction. Anyway, deeper investigations must be done to explain

the photo-thermal effects and mechanisms but it is obvious that a

suitable amount and dispersion of Ru increase the light absorp-

tion and can modify the product distribution, defining these

variables as key factors in photo-thermal CO2 reduction.

The use of noble metals entails a significant cost. In order to

reduce the price of the catalysts, non-noble transition metals have

also been studied as part of catalysts in photo-thermocatalytic

reactions as a more economical option. Ning et al. synthesized a

hybrid carbon-based catalyst with embedded Co NPs together with

dispersed Co–N species, denoted as Co@CoN & C.194 The reactions

were carried out at 55 kPa, using an equal amount of CO2 and H2

(1 : 1) and a Xe lamp in a batch reactor. Initially, the photoinduced

thermal-effect was demonstrated as evidenced by the increase of

temperature of the catalyst surface during the reaction, which

reached 518 1C, while the plain Co NP system increased only up to

300 1C. After 30 min of irradiation, the optimized catalyst (ratio of

CN :Co(OH)2 of 1) showed 41% CO2 conversion and a CO selectiv-

ity of 91% (132 mmol CO gcat
�1 h�1), meanwhile the unsupported

Co NPs showed 43% CO selectivity. The high reaction rate of the

hybrid catalyst was attributed to the significant photo-thermal

effect, and the CO selectivity was improved by the special char-

acteristics provided by the Co–N shell in comparison with plain

Co NPs.

The utilization of metal organic frameworks (MOFs) as a

sacrificing template for the manufacture of catalysts has also been

applied in photo-thermal catalysis. A core–shell catalyst (Fe@C)

was prepared by a double step pyrolysis of MIL-101(Fe).195 This

catalyst was irradiated in a batch reactor using a Xe lamp and a

CO2 :H2 molar ratio of 1 : 1, presenting a CO2 reaction rate of

26.12 mmol gcat
�1 h�1 with almost 100% CO selectivity. Mean-

while, other catalysts based on naked Fe NPs (Fe/SiO2 and Fe/CNT)

also presented catalytic activity but never as active as Fe@C.

Moreover, the selectivity to CO was a bit lower for the naked

Fe-catalysts and for longer reaction times total selectivity was

reduced, improving the selectivity to CH4 and even hydrocarbons

such as C2H4, C2H6, C3H6 or C3H8. The same catalysts were

employed under identical conditions in a fixed-bed reactor, produ-

cing 55.75 mmol CO min�1 as the highest reaction rate using

Fe@C. These photo-thermal experiments presented the best

results compared to traditional photocatalytic and thermocatalytic

experiments, an evidence of photo-thermal effects. In addition,

catalytic tests at diverse wavelengths showed optimum results

using UV light, probably due to the plasmonic activity of Fe NPs.

According to the characteristics of Fe@C and diverse catalytic

outcomes, the absorption of light by Fe (LSPR) created local

heating which was able to activate CO2 at high temperatures. It

should be remarked that when carbon materials are used as

supports, it is very important to demonstrate that all carbon

products are derived from the fed CO2 and not from the direct

hydrogenation of the support.

The hydrogenation of In2O3 at 400 1C results in the formation

of oxygen vacancies (In2O3�x/In2O3),
196 and in a heterostructure

with a lower bandgap (2.36 eV) that improves solar light harvesting

and absorption. This photo-enhancement (In2O3�x/In2O3 catalyst)

was correlated to the best catalytic performance via RWGS, obtain-

ing CO as the only product (19.64 mmol CO gcat
�1 h�1) in a batch

reactor system irradiated with a Xe lamp (H2 : CO2 of 1). The

increase of the temperature up to 160 1C under light irradiation

evidenced a photo-thermal effect. Moreover, the authors evaluated

the catalysts using a gas-phase flow reactor irradiated with the

same lamp and with external heating. Compared to dark tests, the

photo-experiments presented a 417% greater CO rate at 300 1C.

Other researchers have studied the same semiconductor but using

novel synthesis methods to obtain ultrathin 2D black In2O3�x

nanosheets with photoinduced oxygen vacancies.102 This catalyst

was compared to traditional In systems (bulk, hydroxide, defective

oxide). The 2D structure improved the photoactivity (more elec-

trons were trapped at oxygen defects) and the oxygen vacancies

activated CO2 molecules providing more active sites for the photo-

thermal CO2 reduction.

The good results of modified In2O3 as a semiconductor in

photocatalytic studies motivated Hoch et al. to impregnate silicon

nanowires (NWs) with In2O3�x(OH)x NPs. This catalyst was

employed to reduce CO2 to CO at a rate of 22 mmol gcat
�1 h�1

under irradiation with a Xe lamp (20 suns) without external

heating.197 The same experiments using only l 4 495 nm

(photons without the possibility to create charge separation in

In2O3�x(OH)x) presented a CO rate 20 times lower. Most of the

photons with wavelengths higher than 495 nm did not participate

in the reaction in a radiative way. Instead, these photons were

trapped by SiNWs and increased the temperature, facilitating the

release of produced H2O and improving the thermocatalytic reac-

tion. On the other hand, more energetic photons (o495 nm)

contributed to the photocatalytic reduction of CO2 to CO.

Hydride-terminated silicon nanocrystals were also studied as

catalysts for the reduction of CO2 using H2.
186 Comparing experi-

ments under dark and light conditions at the same temperature,

the CO production rate is higher when the catalytic system is

heated and irradiated (B240 mmol CO gcat
�1 h�1).

4.1.3. Methanol production. CH3OH (formed via eqn (5)) is

an important raw material that can be either directly used or

This journal is The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 2173�2210 | 2191
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transformed to synthetic hydrocarbons (i.e.methanol to olefins

process, MTO) and other valuable compounds.198,199 In addi-

tion to being traditionally produced from syngas, methanol can

also be directly formed from CO2 and H2 via traditional

thermocatalysis.200 As it could be expected, photo-thermal

catalysis has also been tried as an alternative.

CO2 þ 3H2 , CH3OHþH2O DH
�
298 K

¼ �49:9 kJ mol
�1

� �

(5)

Hybrid structures formed by Pt nanocubes (6 nm) and Au nano-

cages (31 nm) inside of the well-known ZIF-8 MOF were reported

for the photothermal transformation of 1 : 3 CO2 :H2 mixtures at

30 bar under irradiation (Xe lamp) in batch mode.36 While the Au

nanocages did not show any conversion, Pt nanocubes after

3 hours produced small amounts of CH3OH at 150 1C with high

selectivity (96%), both under dark and under illumination. The

incorporation of Pt-nanocubes in ZIF-8 increased slightly the

methanol production up to 0.7 mmol CH3OH, with no difference

between dark and illumination conditions. In contrast, the

3-component catalyst consisting of Pt@Au@ZIF-8 showed an

enhanced methanol productivity under light irradiation. It was

concluded that (i) Pt nanocubes act as active sites for the trans-

formation of CO2 to CH3OH; (ii) the addition of Au results in

localized heating of the active sites by plasmonic photo-thermal

effects (IR adsorption), and (iii) ZIF-8 acts as a heat insulator.

Pd–Zn catalysts have also been tested under photo-thermal

conditions.201 Experiments at different temperatures (190–270 1C)

using a 3 : 1 H2 : CO2 ratio presented the best CO2 conversion and

CH3OH production rates when the system was irradiated with UV

light (Hg lamp). More importantly, the use of only visible light also

resulted in an important enhancement in catalytic activity com-

pared to experiments performed in the dark. Diffuse reflectance

spectroscopy confirmed a shift to the visible range of the LSPR of

Pd when alloyed with Zn. In view of these results, the authors

speculate that hot-electrons generated upon light irradiation

migrate to the active sites (Pd–Zn alloy), increasing in this way

the electron density and therefore catalytic activity via electron

injection to the antibonding orbital of CO2. We find that these

results are very encouraging.

4.1.4. Methane production. The well-known Sabatier reaction

(eqn (6))26,202,203 is one of the most studied processes for the

recycling of CO2.

CO2 þ 4H2 , COþ 2H2O DH
�
298 K

¼ �165 kJ mol
�1

� �

(6)

In general, Ni-supported catalysts are widely used due to the high

activity and CH4 selectivity, in addition to the fact that Ni is a

highly available and cheap metal.204 In contrast, only a few studies

in the photo-thermal literature on the topic focus on this metal.

Ni–CeO2–TiO2 catalysts prepared by sol–gel chemistry under UV

irradiation (Xe lamp) are among the most active photo-thermal

catalysts reported to date.205,206 The presence of CeO2 was claimed

to enhance CO2 adsorption and to improve surface heating, while

TiO2 was responsible for the stabilization of oxygen vacancies.

Analysis of CH4 evolution versus temperature showed an initial

increase of the temperature required to reduce the passivated

catalyst followed by CH4 production and an extra heating coming

from the exothermicity of the reaction.

Incorporation of Ni in Y2O3 nanosheets allowed CO2 methana-

tion under sunlight.207 Under 1 sun irradiation the catalyst with

Ni NPs did not present good catalytic results (11% CO2 conversion

and total CH4 selectivity), probably because the catalytic system

reached only 78 1C temperature, not enough for the activation of

the Sabatier reaction. To improve this catalytic activity, Ni was

incorporated as single Ni atom species instead of Ni NPs, achiev-

ing 87% CO2 conversion and a temperature up to 240 1C. Finally,

in order to obtain a photo-thermal catalytic system, the single

atom Ni/Y2O3 catalyst was covered by a selective light absorber

(AlNx/Al). This new system permitted elevating the temperature of

the catalysts to 288 1C under just irradiation of 1 sun describing a

reaction mechanism mainly driven by thermocatalytic effects.

Using natural sunlight, a CH4 production rate of 7.5 L m�2 h�1

could be achieved (Fig. 12).

Since 1987, different researchers have employed Ru-based

catalysts for photo and thermocatalytic CO2 reduction.32,208–210

Incorporation of Ru in TiO2, according to Wang et al., can narrow

the energy band gap of the semiconductor (2.69 eV).211 Diverse

catalytic tests were carrying out in a fixed bed reactor with a

CO2 :H2 ratio of 1 : 3. However, catalytic tests using sunlight

(equivalent to 1 sun) at 150 1C did not show any difference with

experiments performed in the dark at the same temperature. On

the contrary, when increasing the temperature to 300 1C, the

catalytic activity was three times higher under light illumination

(69 mmol CH4 gcat
�1 h�1) than in dark conditions. Nitrogen

doping of TiO2 in similar systems can further enhance the

photo-thermal behavior.212

Multimetallic systems such as Ru and Au supported on TiO2

have also been studied,159 once again confirming that the

addition of Au greatly improves heat effects.108

Fig. 12 Photo-thermal CO2 conversion using SA Ni/Y2O3 nanosheets

with a selective light absorber-assisted photo-thermal system as a func-

tion of time. Experiment carried out on June 30, 2018 from 8:00 to 18:00

in Baoding, Hebei, China. Reproduced with permission from ref. 207.

Copyright (2019) Springer Nature.

2192 | Chem. Soc. Rev., 2021, 50, 2173�2210 This journal is The Royal Society of Chemistry 2021

Review Article Chem Soc Rev

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

8
 D

ec
em

b
er

 2
0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 1

:4
9
:2

4
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D0CS00357C


When it comes to layered double hydroxides (LDHs) as catalytic

supports,213,214 Ren et al. supported Ru NPs on ultrathin Mg–Al

LDHs and tested the resulting catalysts under flow and UV illumi-

nation (Xe lamp).215 Under these conditions, the photo-thermal

catalysts could reach up to 350 1C and showed similar activities to

those obtained when the reaction is performed in the dark at the

same temperature, highlighting the important thermal and the

negligible photo effect for these specific catalysts. In the same spirit,

Ru has been supported on many other semi-conductors such as

silicon nanowires,32 silica opal and inverted silicon opal photonic

crystals,203 planar silicon wafers26 or strontium titanate.216

Similar photo-thermal effects have been found when using

Rh as the active phase and different semiconductors as

supports,217 with very interesting studies on the effect of light

intensity on catalyst activity (Fig. 13).141

As it can be concluded from the above, group VIII metals have

attracted a great deal of attention. This is mostly due to an effective

absorption in the full range of the solar spectrum (covering UV,

visible and IR light) together with a high H2 activation ability. In a

comparative study, Ye et al. impregnated an inert Al2O3with 2–3 wt%

group VIII metals (Ru, Rh, Ni, Co, Pd, Pt, Ir and Fe) and studied the

catalytic properties of the resulting catalysts in a batch reactor with a

gas mixture of CO2 and H2 (1 :4) under Xe lamp irradiation.110 As a

result of the strong increase in temperature (going up to 300–400 1C),

CH4 production rates measured under these conditions were six

orders of magnitude higher than under only photocatalytic condi-

tions, highlighting, once again, the importance of photo-thermal

processes in the final outcome of the reaction. Further studies on

similar metals supported on SiO2
218 revealed a linear relation

between light intensity and CO2 conversion rate, demonstrating that

the reaction is driven by hot electrons from the metal.

4.1.5 Towards C2+ products. The creation of C–C bonds

during CO2 activation has proved challenging, specially under

electro or photo-catalytic conditions. The main reason is that,

usually, a high partial pressure of the intermediate CO is

required and this is difficult to achieve under regular electro

and photo-catalytic conditions. Indeed, Fischer–Tropsch synth-

esis, which transforms syngas (usually with CO :H2 ratios close

to 1) into longer hydrocarbons, is carried out at 20–30 bar and

moderate temperature.

Surprisingly, following a photo-thermal approach, several

groups have been able to demonstrate the formation of C2+

hydrocarbons from CO2 :H2 mixtures at atmospheric pressure. In

2018, Zhang and co-workers, using an alumina-supported CoFe

alloy reduced at 650 1C, were able to achieve 37%C2+ selectivity and

a total CO2 conversion of 78.6% under irradiation with a Xe lamp at

5.2 W cm�2 irradiance and with no external heating.219 In order to

elucidate if pure photochemical or thermal effects drove the CO2

hydrogenation, the authors monitored the temperature of the

catalyst using a thermocouple in intimate contact with the catalyst

bed. According to these experiments, under UV-light irradiation,

the catalyst achieved temperatures as high as 310 1C, while in the

absence of catalyst the reactor temperature was only 120 1C,

proving the existence of a strong photo-thermal effect. To gain

further evidence of this photo-thermal effect, CO2 conversion was

also monitored as a function of temperature under both light and

dark conditions. Interestingly, CO2 conversion profiles were almost

identical in both cases, proving that the reaction was driven photo-

thermally rather than photochemically. Computational calculations

showed that the CoFe bimetallic alloy promoted C–C coupling

reactions during CO2 hydrogenation, thus explaining the higher

selectivity towards C2+ products.

More recently, Garcia and Corma reported a sodium-promoted

Co@C (Na–Co@C) nanocomposite for the photo-thermal hydro-

genation of CO2 to ethanol and C2+ hydrocarbons.220 Using this

catalyst under photo-thermal conditions (235 1C and 24 kW m�2

power irradiance), the selectivity to ethanol and C2+ hydrocarbons

was 7 and 36%, respectively, at a CO2 conversion of 37%. A blank

experiment under dark conditions at the same temperature and

CO2 conversion led to markedly lower selectivity, thus indicating

that light irradiation had a strong influence on product selectivity.

In order to further demonstrate the role of light in the catalytic

performance, the authors conducted wavelength-dependent stu-

dies using monochromatic light. The results showed that UV light

was mainly responsible for CO2 hydrogenation, and photo-action

experiments had a clear match with the absorption spectrum of

the material. Ultimately, this was clear evidence that the reaction

mechanism was driven predominantly by the photo-generation of

charge carriers. Additional near-ambient pressure X-ray photoelec-

tron spectroscopy (AP-XPS) and in situ Raman mechanistic studies

not only demonstrated that photo-induced electrons on Na–Co@C

promoted CO2 dissociation to CO, but also that light irradiation

stabilized CO on the catalyst surface, therefore contributing to a

higher selectivity towards ethanol by a CO insertion mechanism.

Furthermore, the authors also observed that UV light had an

evident effect on the chain growth process according to the

different surface intermediates compared to dark experiments, a

fact that explains the difference in the reported selectivity. Alto-

gether, these results evidenced the potential of light to selectively

activate different reaction pathways in CO2 hydrogenation.

Fig. 13 Total reaction rate and CO2 conversion at 350 1C (black squares),

300 1C (red circles) and 250 1C (blue triangles) as a function of light

intensity. Reproduced with permission from ref. 141. Copyright (2018)

American Chemical Society.
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4.2. Fischer–Tropsch chemistry

In 2015, two research groups reported interesting results in the

photo-thermally catalyzed Fischer–Tropsch (PFT) process.221,222

Guo and co-workers, using a worm-like ruthenium nanostructure

dispersed on graphene sheets, reported the efficient formation of

C20+ hydrocarbons from CO:H2 (1 : 1) mixtures at 20 bar, under

irradiation from 400 nm to 800 nm using a 300 W Xe lamp.221 The

catalytic activity in these conditions is 14.4 mol CO molRu
�1 h�1,

while the dark reaction, i.e. conducted without light irradiation,

shows a halved activity value, 7.8 mol CO molRu
�1 h�1. Moreover,

this last value is comparable with the one reported by Kou and

co-workers for another Ru nanocluster-based catalyst applied in FT

synthesis, and this confirms that light irradiation plays indeed a

key role.223 Guo’s group attributes these improved FT reaction

features to the formation of hot electrons in graphene; these high

energy electrons can transfer to Ru, which also generates energetic

electrons due to light absorption and initiates the process by

activating CO. The authors confirmed this hypothesis proving

distinctive features of the hot-electron mechanism: a linear rela-

tionship between reaction rate and light intensity, as shown in

Fig. 14a, a lower activation energy under light irradiation com-

pared to dark conditions, as shown in Fig. 14b, and a correlation

between catalytic activity and irradiation wavelength, as shown in

Fig. 14c and d.

Yu et al. presented a series of iron-based catalysts supported

on mesoporous titania (TiO2) at different Fe/Ti ratios, and they

tested the catalytic performance of these materials in the photo-

thermal Fischer–Tropsch process to convert coal to FT

products.222 After a thorough characterization of five catalytic

systems having 5%, 10%, 15%, 20%, and 30% Fe/Ti ratio, the

researchers performed PFT tests at atmospheric pressure, at a

temperature of 220 1C and with a H2/CO ratio of 1 : 2. Although

the selectivity results did not follow a clear trend in correspon-

dence with the amount of Fe in the catalyst, and the authors did

not report a clear reaction mechanism, the study shows that the

investigated catalytic systems are active in PFT and that light

irradiation allows one to carry out PFT synthesis using mild

conditions.

In recent years, more research groups have put their efforts

to investigate deeper this topic; specifically they have tried to

address the problem of increasing the selectivity towards light

olefins. Su and co-workers designed a catalytic system combin-

ing a thermo-active part and a photosensitive support.224 They

prepared via impregnation two TiO2 nanotube supported Co

catalysts (20% and 30% Co/TiO2), and studied them for the FT

reaction (CO/H2 = 1 : 2, pressure 20 bar) under photo-thermal

conditions using UV light, thermal only condition and UV

irradiation only condition. The results were compared after

40 hours on stream, and the data clearly showed that UV

irradiation alone is not enough to overcome the energy barrier

to catalyze CO hydrogenation. The 20% Co/TiO2 catalyst shows

the most interesting result in terms of CO conversion; in fact,

Fig. 14 (a) Dependence of the photocatalytic activity of Ru/graphene on light intensity. (b) Arrhenius plots of photo-thermal Fischer–Tropsch reactions

under light and dark conditions. (c) Dependence of the photocatalytic activity of Ru/graphene on wavelength regions. (d) Dependence of the

photocatalytic activity of Ru/graphene on specific wavelength. Reproduced with permission from ref. 221. Copyright (2015) American Chemical Society.
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although the CO conversion value for the thermocatalytic

process is 9.2%, it increases significantly to 63.9% in the

presence of UV irradiation under the same temperature and

pressure conditions. As Guo et al. already proposed, the sup-

port, graphene in their work and TiO2 in Su and co-workers’

paper, plays a key role as a photococatalyst.221 As a conse-

quence of UV light irradiation, hot carriers (electron–hole pairs)

are generated in TiO2: electrons can be collected on Co surface

sites and transferred to CO to initiate the dissociation of C–O

bonds; holes can be intercepted by the available reduced

species. To prove that UV irradiation is the reason for the

higher CO conversion because it activates CO dissociation, Su’s

group performed in situ Raman spectroscopy. This technique

confirmed the adsorption of CO on the metal center and

consequently the weakening of the C–O bond. Furthermore,

for both catalysts the product distribution showed that the CO2

selectivity decreases under photo-thermal conditions. As far as

the hydrocarbon selectivity is concerned, the quantity of CH4 is

enhanced under UV light, due to the photohydrogenolysis of

hydrocarbons with longer chains and the formation of hydro-

gen atoms from H2 dissociation. At the same time, in the C2–C4

fraction the photo-thermal process shifts the selectivity towards

alkanes with a remarkable value of 98.6% versus 89.0% for the

dark reaction. Overall, Su and co-workers also showed that the

same CO conversion obtained with conventional thermo cata-

lysis at 300 1C could be achieved at 220 1C using photo-thermal

catalysis, when performing a more environmentally friendly

Fischer–Tropsch synthesis.

In the same year Zhang and co-workers published a paper in

which they investigated the photo-thermal Fischer–Tropsch pro-

cess using a cobalt based catalytic system.225 They fabricated a

series of catalysts consisting of Co and Co3O4 NPs supported on

zinc oxide–alumina (ZnO–Al2O3), and they used them for the

photo-thermal Fischer–Tropsch to olefins (FTO) synthesis. A

detailed characterization of the obtained materials showed that,

depending on the reduction temperature at which the catalysts are

prepared, the presence at the surface of cobalt oxides and metallic

cobalt can be tuned. The different catalysts were tested under the

same reaction conditions: no external heating, 1.8 bar, 300 W Xe

light (200–800 nm), 1 hour irradiation time, and the outcomes

showed that the different surface composition strongly influences

the CO conversion as well as the product selectivity. In particular,

the most notable results were achieved using the catalyst prepared

when the reduction temperature was 450 1C (Co-450), yielding

15.4% CO conversion and good olefins selectivity (36%) with a

olefins to paraffins ratio of 6.1. In order to have a deeper insight

into the process occurring, Zhang’s group performed catalytic tests

over Co-450 in different conditions: bymonitoring the temperature

under UV-irradiation; by using electric heating only; and by

controlling light irradiation with monochromatic filters. Overall,

they proved that the photo-thermal effect is the driving phenom-

enon for CO hydrogenation over this new cobalt-based catalyst

rather than a pure photochemical route.

Another research group in 2018 investigated photo-thermal

Fischer–Tropsch as a way to convert syngas into lower olefins.

Ma and co-workers designed an iron-based catalyst, Fe5C2, whose

surface was spontaneously decorated with oxygen atoms in situ

when irradiated with UV light.226 After preparation, the catalyst

was analyzed via energy dispersive X-ray (EDX) spectroscopy and

powder X-ray diffraction (PXRD) to determine the elemental dis-

tribution and the phase purity. The researchers tested Fe5C2 as a

catalyst for PFT performed at atmospheric pressure, molar ratio of

CO/H2 = 1 : 2, 300 W Xe light (200–1100 nm), 0.5 hour irradiation

time, and the results were quite surprising: CO conversion was

49.5%, selectivity toward CO2 was 18.9%, selectivity toward C2–4

olefins was 55.5 and selectivity toward C2–4 paraffins was 5.1% (o/p

ratio 10.9). The temperature of the reaction was also monitored,

and the catalyst bed reached 200 1C after 60 seconds under

irradiation, while after 28 minutes the temperature rose to

490 1C. This behavior, supported by 3D excitation emission

photoluminescence analysis, shows that the catalytic system

undergoes photo-induced heat conversion, corroborating the

hypothesis of the photo-thermal catalytic route. Additional inves-

tigations were performed to understand the reason behind the

promoted production of olefins. X-ray photoelectron spectroscopy

performed on fresh and used catalysts showed that photoirradia-

tion leads to the formation of iron oxide on the Fe5C2 surface, in a

significantly minor amount compared to the formation of iron

oxide observed in the thermal FT process. This finding, integrated

with density functional theory (DFT) calculations on Fe5C2 and

oxygen-decorated Fe5C2, allowed Gao et al. to correlate the

presence of a suitable amount of oxygen on the catalyst surface

with the favorable production of olefins.

Zhang’s research group expanded the investigation field on the

PFT process and reported a new class of Co-based catalysts

prepared via hydrogen reduction performed at different tempera-

tures (from 300 1C until 700 1C) of CoAl layered-double-hydroxide

(LDH) nanosheets.227 These materials perform better than those

containing the same metal that the research group presented in a

previous paper discussed above.225 The different catalysts were

tested for CO hydrogenation at 1.8 bar and irradiation with a

300 W Xe light (200–800 nm) for 1 hour, without external heating,

and an improving trend was observed with the increase of the

reduction temperature used for the preparation of the catalyst. The

material prepared at 700 1C, namely Co-700, gave the best catalytic

performance yielding a CO conversion of 35.4% and a selectivity to

higher hydrocarbons of 65%; therefore it was selected for addi-

tional catalytic tests using different conditions in order to optimize

the procedure. Finally, Li et al. conducted a series of tests modify-

ing the light source while monitoring the temperature, and they

were able to prove that the investigated CO hydrogenation is a

process driven by a photo-thermal route rather than a non-thermal

photoexcitation process.

Very recently another paper from Zhang and co-workers was

published, in which they reported the use of an unusual metal

for the Fischer–Tropsch process: nickel.228,229 Wang et al. fab-

ricated a novel class of catalysts, consisting of Ni NPs supported

on manganese oxide (MnO), labelled Ni-x, where ‘‘x’’ represents

the temperature at which the Ni–Mn mixed metal oxide was

reduced to obtain the target materials. This metal–support

combination was a winning strategy to optimize the hydro-

genation properties of Ni to make it suitable for light olefins

This journal is The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 2173�2210 | 2195
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production via PFT synthesis, performed at 1.8 bar and irradia-

tion with a 300 W Xe light (200–800 nm) for 1 hour, without

external heating. Particularly, the performance of Ni-500 was

the best compared to the other catalysts of the series. Ni-500

showed the highest value of selectivity to light olefins (33.0%)

and a really low CO2 selectivity (0.2%). The Zhang group

performed catalytic tests monitoring the temperature under

UV irradiation, as well as dark tests with direct heating, and

they confirmed that the studied Fischer–Tropsch process

follows a photo-thermal route. Furthermore, they were able to

clarify the role of MnO and Ni in the process. Ni K-edge X-ray-

absorption near edge spectroscopy (XANES) showed that the

properties of the support change the electronic features of

metallic Ni NPs, and X-ray photoelectron spectroscopy (XPS)

proved that charge transfer from MnO to Ni NPs occurs. These

phenomena reduce the hydrogenation activity of Ni, and clarify

the unexpectedly high selectivity of Ni-500 towards olefins.

4.3. Methane activation

In the last years, scientists have made significant efforts to develop

new catalytic approaches for one of the biggest challenges in the

chemical community: performing methane conversion to

upgraded fuels and commodity chemicals under milder condi-

tions. Photo-thermal-driven methane activation is a recent strategy

that several research groups are exploring, because it allows

exploring new routes, which require lower activation energies

and, consequently, a more environmentally friendly approach.

In 2019, two interesting reviews were published about sustain-

able conversion of methane driven by solar energy, and about the

role of solar energy in obtaining fuels from catalytic C1

chemistry.230,231 Both publications contain a substantial section

that revises a series of photo-thermal catalytic systems, which were

tested for dry reforming of methane (DRM) and steam reforming

of methane (SRM), reported until then.109,116,232–243

In addition to SRM and DRM, the partial oxidation of methane

(POM) in the presence of oxygen has also been explored by photo-

thermal means. In 2019, Miyauchi and co-workers used Pd NPs

supported on strontium tantalate (Sr2Ta2O7) to perform the reac-

tion under UV irradiation at temperatures lower than those

conventionally required.244 They observed that, in contrast to any

other thermal process reported, UV light initiates the partial

oxidation at 150 1C, while in dark conditions the conversion of

CH4 and O2 begins only above 350 1C. In addition, at this

temperature, the conversion of CH4 goes from 21% in the dark

to 60% under irradiation, and the yield of CO and H2 goes from

2% and 2% to 47% and 53%. The Arrhenius plot (logarithm of

formation rate of CO versus the inverse temperature) allows

calculating the activation energy (Ea) for the reaction under UV

light (11.4 kJ mol�1) and in dark conditions (93.6 kJ mol�1), and

the difference between the two shows that the light-induced energy

plays a major role in the high performance at lower temperatures.

The authors investigated the reaction mechanism and they proved

that hot carriers are generated by the d to s interband excitation of

Pd NPs via UV light irradiation. These hot carriers are transferred

into the conductive band (CB) of Sr2Ta2O7, and reduce O2 to

radical species. In parallel, hot holes in the Pd d-band activate

CH4 for cracking. Finally, the authors found that the ultrawide-

bandgap (UWBG) of the semiconductor, Sr2Ta2O7, is crucial to

drive the photo-thermal reaction towards the desired product.

Very recently, the research group of Miyauchi expanded the

investigation in photo-thermal DRM with two papers, in which the

researchers studied the role of Rh as a plasmonic metal with two

different supports, namely SrTiO3 and TaON.245,246 Surprisingly, in

both cases the catalytic system tested exceeded the theoretical

thermal limit calculated by using thermodynamic simulation

software. Shoji et al. observed that the Rh based catalytic system

supported on strontium titanate (Rh/STO) irradiated with a 150 W

Hg–Xe lamp converts CH4 and CO2 giving H2 with a yield higher

than 50% even at a temperature of 200 1C, while the performance

in dark conditions was less than half even at 450 1C.245 In addition,

they tested six different semiconductors as a support for Rh NPs

and Ni/Al2O3 as catalytic systems only with photoirradiation, and

they found that the band gap and the conduction band position of

STO are optimal to drive CH4 and CO2 conversion. To understand

thermal and photophysical contribution in this process, the

authors performed the reaction under light irradiation while

monitoring the working temperature, i.e. the temperature at

the surface of the catalyst. They observed indeed that the tempera-

ture reached 300 1C; however this thermal energy is quite low to

justify the high yield. In situ electron spin resonance (ESR)

measurements conducted under light irradiation and at �173 1C

proved that trapped electrons and trapped holes are generated in

the valence band, that Rh NPs accept electrons in the DRM

process, and that CH4 interacts with the holes while CO2 does

not. In addition, Miyauchi’s research group performed several

experiments to elucidate the mechanism involved in this process:

Kelvin probe force microscopy (KPFM) shows that the charge

transfer process occurs at the semiconductor–metal interface;

the correlation between light intensity and hydrogen generation

rate shows that photoexcited charge carriers play the main role to

drive the reaction; the results of the action spectrum obtained

below 380 nm, corresponding to the bandgap energy of STO

(3.2 eV), shows that the promotion of electrons from the valence

band to the conductive band is also a driving force of the reaction.

Catalytic tests conducted in the presence of a single gas, and the

use of isotopic labeling allowed one to understand in detail the

formation of CO. All this evidence allowed the authors to present a

detailed mechanism for this photo-thermal DRM process (Fig. 15).

Cho et al. studied the catalytic activity of rhodium-loaded

tantalum oxynitride (Rh/TaON).246 In this case, the H2 yield at

450 1C under visible-light irradiation is 50.3%, a value that is

significantly higher than the one obtained in dark conditions

(15.6%), and higher than the theoretical thermal limit calcu-

lated by using thermodynamic simulation software (36.3%).

The authors extended their studies to different combinations of

metal and semiconductor support, and they confirmed that the

interaction between these two components is pivotal to achieve

the best results. Finally, they performed different experiments,

in which they could monitor the activity of Rh/TaON with

respect to the temperature generated by either light irradiation

or external heating, and they proved that the high performance

is not only due to the photogenerated thermal process, but it

2196 | Chem. Soc. Rev., 2021, 50, 2173�2210 This journal is The Royal Society of Chemistry 2021
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also involves the contribution of the plasmonic effect on Rh NPs

and of hot electron–hole pairs in the support.

Inspired by the works of Ye’s group on bimetallic-alloy plas-

monic photocatalysts, Halas and co-workers prepared a series of

Cu nanoparticle–Ru single-atom catalysts supported onto a MgO–

Al2O3 composite (CuxRuy) for photo-thermal DRM.116,235,247

Cu19.9Ru0.1 and Cu19.8Ru0.2 showed the best stability due to coking

resistance, with a minimal decrease in activity only after 50 hours,

and Cu19.5Ru0.5 instead showed higher catalytic performance, but

with a decrease in activity after 5 hours. Cu19.9Ru0.1 and Cu19.8Ru0.2
also showed higher selectivity compared to Cu19.5Ru0.5. The

authors were able to prove that Ru atoms can be monodispersed

on the Cu NPs in Cu19.9Ru0.1 and Cu19.8Ru0.2, and they attributed

their superior performances to the presence of these atomically

dispersed Ru sites. The researchers investigated the mechanism

comparing the activity of the reaction under light irradiation and

in dark conditions adding external heating, and they found that

the DRM process is mainly driven by the generation of hot carriers,

which promote the C–H activation on Ru sites and the release of

H2. Finally, the study of the energy efficiency, expressed as the

percentage of methane converted, proved even in this case that the

photo-thermal induced process performs better than the thermal

process having the same surface temperature.

4.4. NH3 synthesis/decomposition

The Haber–Bosch catalytic process is considered as one of the

greatest game changer discoveries of the 20th century.248 When

this synthesis to produce ammonia starting from its elements,

hydrogen and nitrogen, was performed in BASF’s laboratories, the

operative conditions were really extreme. Since then, this century

old process has been optimized in many aspects and is still

applied worldwide to provide ammonia, a key chemical for the

world’s agricultural industry.249 However, this reaction is severely

hampered by thermodynamics, and to achieve competitive indus-

trial performance, the reactors need to operate at high tempera-

tures (400 1C to 500 1C) and pressures (100 bar to 200 bar).

In 2018, Zhang and co-workers presented a new strategy to

achieve a Haber–Bosch comparable process based on sunlight only

as the energy source.250 They prepared a catalytic system where K

promoted Ru is supported on disordered TiO2�xHx (K/Ru/

TiO2�xHx). This catalyst could generate ammonia simply by irra-

diation with sunlight at atmospheric pressure, without the need of

external heating. K/Ru/TiO2�xHx is able to absorb in the UV-vis-

NIR region of sunlight, and it can convert part of it to thermal

energy; in fact, after 13 minutes of irradiation with a 300 W xenon

lamp, the reactor reached a temperature of 360 1C. As a result, the

process yields an ammonia generation rate of 112.6 mmol g�1 h�1

(gas flow rate of 6 mL min�1, TOF 3.9 � 10�4 s�1), which is

surprisingly high when compared with the same and similar Ru

based catalyst used under thermal conditions. In their work, Mao

et al. highlight the importance of the surface disorder of TiO2�xHx

to avoid H2 poisoning of Ru. In addition, they propose a mecha-

nism, which involves the localized surface plasmon resonance

(LSPR) effect of Ru facilitated by coupling with the support,

TiO2�xHx, and which lowers activation barriers.

In the same year, Halas et al. presented an interesting study

distinguishing the role of thermal and photochemical effects in

reducing the activation barrier for ammonia decomposition.115

Particularly, the researchers tested a plasmonic Cu–Ru antenna-

reactor (Cu–Ru-AR) as a photocatalyst, and they found out that the

reaction rate was directly proportional to light irradiation. They

were able to differentiate the plasmon-induced hot carriers and the

photo-thermal heating contribution, and to mainly attribute to

plasmon-induced hot carriers the ability of catalyzing NH3

Fig. 15 Mechanism of the photocatalytic DRM by Rh/STO. (a) Band diagram showing generation of electron–hole pairs in STO and expected redox

reactions. (b) Schematic dynamics of charge carriers and oxygen ions. Adapted with permission from ref. 245. Copyright (2020) Springer Nature.
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decomposition. In addition, they calculated the activation energy

(Ea) as a function of the irradiation wavelength and intensity, and

they plotted the different values, obtained using the Arrhenius

equation, obtaining a three-dimensional map, which shows

that under optimized illumination conditions Ea can be reduced

to 0.27 eV. This mapping proved to be a useful tool that provides

information to predict and optimize catalytic performance.

One year later, Halas and co-workers published another paper

in the same field, and they demonstrated an innovative route to

produce ammonia using titanium nitride NPs as plasmonic

antennas, which can heat magnesium-based nanomaterials to

undergo chemical looping as active materials.251 The researchers

manufactured a customized low-pressure reaction chamber to

perform the three-step chemical looping process and to monitor

the product formation in situ via isotopic labelling and rotational

spectroscopy. During the experiment, the catalytic system was

irradiated with a Ti:sapphire laser (808 nm wavelength, 150 fs

pulses, 80 MHz repetition rate) with different timing for each step.

Swearer et al. studied each stage of the looping process, and they

proved that TiN plasmonic NPs play a crucial role in photo-thermal

heating, which led to the increase of the surface temperature of the

catalytic system above 550 1C. Furthermore, they succeeded in

detecting ammonia evolution in the final step of the photo-

thermal-promoted chemical looping. As the authors highlight in

the conclusion, this process needs further improvements; however

its advantages compared to classical strategies are evident, making

this approach a promising green option for ammonia production.

Another innovative approach to produce ammonia without

using thermal energy or elevated pressures was proposed by Liu

and co-workers in 2019.252 Their strategy exploits photo-thermal

heating in order to create and control a thermal gradient, which

allows achieving high reaction rates and good conversion yields.

For their investigation, Li et al. built a custom-made fixed-bed

reactor equipped with a quartz window and two embedded

thermocouples to monitor the temperature of the catalyst on the

top-surface (T1) and on the bottom-surface (T2). The catalytic

system consists of cesium-promoted ruthenium NPs supported

on magnesium oxide (Ru–Cs/MgO); the powdered catalyst is

loosely packed in the reactor, and it has a thickness of 3 mm.

After reduction of the Ru catalyst, N2 and H2 were introduced in

the reactor with a 1 : 3 ratio and a flow rate of 75 mL min�1. NH3

was produced giving the best results under irradiation from the

top using UV and visible LEDs, at atmospheric pressure without

adding external heating. The researchers observed that in these

conditions photo-thermal heating forms a negative thermal gra-

dient, meaning that T1 is higher than T2, within the vertical

temperature profile of the packed catalyst. They demonstrated

that this negative thermal gradient plays a crucial role in improv-

ing the reaction rate and the product yield, because it acts as a

thermodynamic pump, which is able to shift the equilibrium

towards the products. The hotter temperature on the top of the

catalyst accelerates nitrogen scission, the rate-limiting step, while

the product is pushed to the coldest region due to thermophoretic

forces, and NH3 does not undergo decomposition reaction.253

Concluding this section, we consider worth mentioning three

publications in the field of plasmonic assisted ammonia synthesis,

although the authors do not discuss thermal contribution.254–256

The work presented in 2016 by Misawa and co-workers describes

the production of ammonia and oxygen starting from nitrogen in

water under visible light irradiation promoted by plasmonic

induced charge separation.254 The researchers coated a niobium-

doped strontium titanate photoelectrode with a thin layer

composed of gold NPs, as a plasmonic metal, and with zirco-

nium/zirconium oxide as a cocatalyst (AuNP/Nb–SrTiO3/Zr). The

catalytic reaction was performed under ambient conditions, and

the photoelectrode was irradiated using a xenon lamp using

arbitrary light intensity and wavelength. Then the quantity of

ammonia formed was quantitatively analyzed by GC-MS, and

expressed as apparent quantum yield (AQY, %), i.e. the percentage

of the ratio between reaction rate of NH3 formation and the flux of

incident photon. Although the efficiency of this method is still not

competitive for industrial applications, it proved to be highly

selective and highly responsive to visible light. These aspects give

high expectations for further development of sunlight-driven

ammonia synthesis.

Gong and co-workers published in 2018 a work, where they

described surface oxygen vacancies (Ovac) together with plasmon

generation as a winning strategy for N2 fixation based on envir-

onmentally friendly methods.255 As in the previously reported

example, the plasmonic metal of interest is gold, because it can

broaden the light absorption range of the metal oxide support,

TiO2. The optimized catalytic system consists of Au nanorods (NR)

supported on rutile TiO2 modified on the surface by atomic layer

deposition of amorphous TiO2 (TiO2/Au/a-TiO2). This modification

introduces more defects, or Ovac, that promote the adsorption of

N2 and its activation via hot electrons, without modifying the bulk

properties. This was proved by testing the catalytic reaction by

immersing different electrodes in water with continuous nitrogen

bubbling under UV-visible light irradiation. The NH3 production

rate increased with the enhancing of the surface modification of

the electrodes: bare TiO2 o TiO2/AuNRs o TiO2/a-TiO2 o TiO2/

Au/a-TiO2. With this paper Li et al. suggest a promising method to

combine electrochemical ammonia synthesis with photovoltaic

energy, exploiting a plasmon-enhanced reaction pathway.

Xiong and co-workers published very recently a paper about

nitrogen fixation, where LSPR promotes nitrogen fixation through

a NRN dissociative mechanism.256 This reaction pathway is

normally unusual, since the nitrogen triple bond has a high

dissociation energy. The series of catalysts that Hu et al. prepared,

AuRux (x = 0.14, 0.23, 0.31, 0.39; it represents the percentage of Ru

incorporated into Au NPs), contain Au in the core, because it

absorbs efficiently a wide region of light, and Ru on the surface,

because it facilitates N2 dissociation. AuRu0.31 was the catalyst

that gave the best performance achieving a production rate

of 101.4 mmol g�1 h�1 at room temperature and 2 bar of N2

pressure, under full-spectrum light irradiation (300 W Xe lamp,

400 mW cm�2). In addition, they performed electron spin reso-

nance (ESR) to detect the reactive oxygen species, while catalytic N2

reduction by altering photon flux and wavelength-dependent

apparent quantum efficiencies (AQEs) proved the plasmonic-

driven mechanism. The researchers employed several techniques to

follow carefully the different steps that N2 undergoes to generate NH3.

2198 | Chem. Soc. Rev., 2021, 50, 2173�2210 This journal is The Royal Society of Chemistry 2021
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They used 15N2 to verify the nitrogen source, they performed low-

temperature Fourier-transform infrared (LT-FTIR) spectroscopy to

identify the configuration of the adsorbed N2, and they brought

evidence of the surface plasmon-driven N2 dissociation mechanism

owing to in situ diffuse reflectance infrared Fourier-transform spectro-

scopy (DRIFTS) and in situ near ambient pressure X-ray photoelectron

spectroscopy (NAP-XPS).

4.5. Water gas shift reaction

Water gas shift reaction (WGS) is a key process for H2 production,

as well as for ammonia or methanol synthesis, Fischer–Tropsch

process, reforming systems for fuel cells or even one of the key

steps in the automobile exhaust processes, producing H2 for the

removal of toxic NOx gases.
257,258 This reaction was discovered by

Felice Fontana in 1780 and it is considered as one of the most

important reactions for industry and in the history of Chemistry.259

The reaction is a reversible and moderately exothermic

process that permits, simultaneously, CO conversion into CO2

and H2 production using water as the H source (eqn (7)):

COþH2O , CO2 þH2 DH
�
298 K

¼ �41:1 kJ mol
�1

� �

(7)

Liu and co-workers described several Cu-based photo-thermal

catalysts to perform WGS reaction.260 The study was carried out

with 50 kPa of CO and 3 mL of water in a glass reactor with a

closed gas circulation system, using a Xe lamp as the light source

(300 W and 1 sun). The catalysts were based on Cu supported on

Al2O3, ZnO and a mixture of them (Al2O3–ZnO). The characteriza-

tion of the catalysts revealed that all of them presented the same

Cu loading. Besides, XRD and XPS demonstrated that Cu/Al2O3

presented amorphous alumina and CuO phases without any

metallic Cu. Meanwhile in the other two cases, metallic Cu NPs

and crystalline ZnO can be observed. According to the UV-visible

absorption spectra of the samples, Cu/Al2O3 presented the most

intense light absorption in spite of the fact that the characteristic

Cu LSPR band was not detected. In contrast, this plasmon band

centered at 560 nm appeared in the case of Cu/ZnO and Cu/Al2O3–

ZnO. The catalytic activity of different molar ratios of Cu, Al and Zn

was studied obtaining the best results with the catalysts having

1 : 0.6 : 0.4 Cu :Zn :Al (4.0 mmol H2 h�1). However, these results

did not improve the catalytic performance of the catalysts with

pure ZnO as a support (Cu/ZnO) that yielded a hydrogen produc-

tion of 4.75 mmol H2 h
�1 and a CO conversion of 85.6%. On the

other hand, the pure Al2O3 catalyst (Cu/Al2O3) was less active

(2.1 mmol H2 h�1). Furthermore, the study evaluated the time-

dependent temperature increase revealing higher temperatures

than 300 1C after three minutes of irradiation when using Cu/

ZnO, Cu/Zn0.6Al0.4, Cu/Al2O3 and pure Cu NPs; meanwhile bare

supports did not present higher temperatures than 150 1C, prob-

ably due to the absence of metallic Cu NPs. It is worth mentioning

that Cu/Al2O3 reached the highest temperature (367 1C) with the

highest photon absorption together with the plasmonic effect of

metallic Cu NPs. The study, however, needs a deeper analysis of

the photo and thermal approaches due to the existence of con-

troversial results. The temperature study displayed the LSPR effect

from plasmonic Cu, but the temperature was not indeed described

as the dominant variable in the catalytic performance as the three

catalysts presented higher temperatures than 250 1C (usual for

WGS reaction at low temperatures), and the catalyst which reached

higher temperatures was not the most active one. As more Cu is

detected in Cu/ZnO and CuZn0.6Al0.4 catalysts than in Cu/Al2O3, it

seems that the presence of ZnO improves the dispersion of Cu,

offering a higher amount of active plasmonic sites. Finally, the

authors also studied different reducing pretreatments for several

samples obtaining as a better option the photo-reduction method,

using also light for the reduction of the catalysts prior to their use

in the photo-thermal reaction.

In the same line, Cu supported on Al2O3 (CuOx/Al2O3) was

compared with Pd and Au supported on the same material as

catalysts forWGS reaction in a closed-circulated system under light

irradiation (UV-visible-IR).261 The catalysts with 2 wt.% loading of

each metal performed different, ordered as Cu 4 Pt 4 Au (24.6,

6.3 and 3.5 mmol H2 gcat
�1 s�1 respectively). Focusing on the most

active and also cheapest metal, the loading of Cu was optimized up

to 19 wt% revealing four times more catalytic activity, an improve-

ment up to 122 mmol H2 gcat
�1 s�1. The characterization of this

Cu-based catalyst (XRD and HRTEM) showed mostly metallic

Cu NPs (well-dispersed) and some Cu2O after the WGS reaction.

The temperature reached during photoreaction was 285 1C offer-

ing twice the activity of usual thermal catalysis which occurs at

300 1C. This comparison demonstrated additional effects apart

from the just heating of the catalyst (not only thermocatalysis). To

elucidate the additional effects, several catalytic tests were carried

out using light-filters: those filtering IR radiation and reducing the

light-to-thermal conversion (only up to 60 1C) presented 54.6% less

catalytic activity after 30 min; the other filters removed UV

contribution and the catalytic activity was decreased to 48.4%

achieving the same temperature as in full-spectrum experiments.

Summarizing, these results revealed the photo-thermal oxidation

of CO and reduction of H2O as a coupled and synergetic process,

a cooperative action between photo-generated carriers and photo-

induced heat.

4.6. H2 evolution and other processes driven by

photo-thermal catalysis

The approach of using solar energy to improve reactions that

normally require high temperature and pressure has been

exploited successfully in several catalytic processes. Hydrogen

evolution generated via water splitting reaction is indeed

among these processes, and the first paper in this field was

published in 2008.262 Li and Lu reported the formation of H2

from water steam splitting over titanium disilicide (TiSi2) and

Pt supported on titanium oxide (Pt/TiO2) under visible light

irradiation, and they studied the influence of pressure and

temperature on the catalytic activity. The researchers carried

out the reaction in a Pyrex flask, which was irradiated with a

300 W tungsten halogen lamp. They observed that for both

catalysts the increase of pressure is essential to generate H2 at

190 1C with good yields.

This topic gained attention again last year; in fact three

different research groups studied water splitting reaction for

hydrogen generation catalyzed by nickel-based materials.263–265

This journal is The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 2173�2210 | 2199
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Zhang and co-workers combined the photo-thermal effect with

electrocatalysis for hydrogen evolution reaction (HER) and

oxygen evolution reaction (OER).263 They prepared Ni NPs

supported on reduced graphene oxide nanosheets (Ni/RGO)

via hydrothermal synthesis and reduction in a H2/Ar atmo-

sphere at 500 1C. The researchers compared the performance of

the catalytic system under irradiation and in dark conditions,

and they observed that light improves both the thermo-

dynamics and the kinetics of the reaction, yielding better

HER and OER activity. They explained this behavior with the

ability of the catalyst to generate hot active species after light

absorption, which increase the system’s temperature to 50 1C in

less than 5 minutes. Guo and co-workers observed a similar

behavior, when they investigated nickel–tungsten–boride nano-

needles (Ni–W–B) supported on carbon cloth (CC) for photo-

thermal catalysis in electrochemical water splitting.264 They

tested the catalytic system for HER with and without irradia-

tion, and they also compared the results with those obtained

from bare CC and Pt–C deposited on CC. As expected, HER

activity is facilitated by light irradiation, without an increase of

the electrolyte temperature. In addition, the authors performed

the catalytic process at different temperatures, and they

observed that the performance of the photo-thermal HER was

similar to the performance achieved at 48 1C. As far as the OER

is concerned, the activity of Ni–W–B/CC was compared with

bare CC and IrO2 supported on CC, and even in this case the

Ni-based photo-thermal catalyst showed the best results. Finally,

the researchers assembled an electrolyzer using Ni–W–B/CC as

the cathode and anode, and they demonstrated its superior

overall photo-thermal-assisted water splitting performance among

the reported bifunctional catalysts. Even Liu and co-workers used

abundant and cheap nickel to assemble a novel photo-thermal-

enhanced electrochemical device for water splitting.265 They

prepared a Ni nanosheets array supported on an Al2O3 ceramic

chip, and they characterized thoroughly its electrochemical pro-

perties by performing electrocatalytic HER activity, electro-

chemical impedance spectroscopy (EIS), cyclic voltammetry (CV)

and durability tests. Then, the researchers assembled a two-

electrode device to investigate the overall water splitting during

exposure to simulated sunlight, using the supported Ni nano-

sheets as the cathode, for HER, and NiFe hydroxide film on CC

as the anode, for OER. The good production rates of hydrogen

and oxygen make this device promising, although the authors

suggest that they aim to improve the process with modifica-

tions in order to avoid thermal diffusion between the two ends

of the device.

An alternative process to generate hydrogen proposed in this

current year by Dai and by Naldoni is the photo-thermally

enhanced hydrolysis of ammonia borane, whose hydrogen content

is 19.6%.266–268 Wu et al. prepared a series of urchin-like sodium

titanate microspheres supported on the reduced graphene oxide

(RGO/Na2Ti3O7) photo-thermal catalyst with different graphene

oxide content (0, 33, 50, 60, 66 wt%).266 Particularly, they focused

on the challenging aspect of synthesis optimization, elucidating the

role of graphene oxide sheets in the growthmechanism of Na2Ti3O7

microspheres. Also, they found that the photoelectrochemical

performance of the prepared materials was related to the structural

organization of the catalyst and the surface features of the Na2Ti3O7

microspheres. In fact, the branches of the urchin-like microspheres

are crucial because they provide plenty of active sites, and they

facilitate electron transfer at the interfaces. Then the authors

studied the photo-thermal effect and its influence on the catalytic

hydrolysis of ammonia borane. They observed that the high results

in H2 evolution are a combination of photo-thermal properties of

RGO and the ability of Na2Ti3O7 to generate hot spots. Finally, the

researchers proved that the morphology of Na2Ti3O7 is also impor-

tant, since they observed that RGO/Na2Ti3O7 microspheres have

almost 2 times higher activity than RGO/Na2Ti3O7 nanowires. The

synergistic effect between hot carriers and photo-thermal properties

is also the driving mechanism which justifies the results reported

by Naldoni and co-workers.267 They developed a procedure to

decorate TiN nanocubes with Pt nanocrystals (TiN–Pt nanohybrids);

they fully characterized the obtained materials, and they evaluated

their catalytic performance for photo-thermal hydrogen evolution

from ammonia borane dehydrogenation. As expected, visible-NIR

light irradiation increases hydrogen production, compared to the

results obtained in dark conditions, due to plasmonic generation of

hot electrons. When the irradiation wavelength matches the LSPR,

i.e. 700 nm, the value of apparent quantum yield (AQY) reaches

120%. This high value is explained with the high absorption ability

of the catalysts and the low energy barrier of the dehydrogenation

reaction, aspects that allow both hot electrons and low energy

hot electrons (those which underwent inelastic scattering) to react

efficiently with ammonia borane. In addition, the authors were able

to detect with good approximation the temperature at the surface of

the nanoparticles in the liquid medium, and to evaluate the photo-

thermal heating accordingly. Finally, they demonstrated by per-

forming theoretical COMSOL simulations the contribution of

photo-thermal heating to the reaction rate, and they elucidated in

detail the mechanism for the cleavage of the O–H bond, the rate

determining step of the reaction, by hot electrons.

To conclude this part of the review, we believe that there are

other noteworthy works, which did not fit in the previous sections.

In fact, in the last few decades photo-thermal catalysis has con-

tributed to the development of catalysis field bringing a different

perspective to many catalytic reactions. One of the first examples

was reported in 1998 by Kennedy and Datye, who described how

the combination of a typical thermal oxidation catalyst, Pt, with a

photocatalyst, TiO2, can improve the efficiency of ethanol

oxidation.269 Almost twenty years later, Amal and co-workers

investigated the mechanism of the same reaction using a TiO2-

supported Au catalyst, and they reported an almost doubled

catalytic activity in the photo-thermal regime.270 In the same year,

Yang and co-workers reported the synthesis of AgPt bimetallic

hollow nanoparticles, and they tested this material for LSPR-

enhanced methanol oxidation.271 Linic and co-workers prepared

another photo-thermal catalyst consisting of silver nanocubes

supported on Al2O3, and they tested it for commercially relevant

catalytic oxidations, which are normally performed at high tem-

peratures and over expensive platinum-group metals.49 Zhang and

co-workers investigated the effect and the mechanism of the

photo-thermal enhanced catalytic oxidation of formaldehyde
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promoted by a graphene-based MnO2 composite.272 Another

important application of photo-thermal catalysis is removal of

VOCs (volatile organic compounds) via catalytic oxidation, as

reported by Jia and coworkers.273 They tested four ACo2O4 (A =

Ni, Cu, Fe, Mn) type spinels for photo-thermal degradation of

toluene, and they observed the superior activity of NiCo2O4 due to

better structural and photophysical features. Xu and co-workers

reported the synthesis of a SmCoO3/SBA-15 composite via an

impregnation method, which confers to the material an outstand-

ing surface area.37 This feature, together with the good photo-

thermal conversion, makes SmCoO3/SBA-15 a promising candidate

for photo-thermal degradation of propane.

Finally, to have a more comprehensive overview on the advan-

tages of plasmon-driven processes, we suggest three papers,

which focus on plasmon induced crystal growth and material

transformation.274–276 Xu and co-workers give a closer look at the

different transformation processes that can occur among mole-

cules when they are in the proximity of a plasmonic electromag-

netic field, hot carriers, and heat.274 In their work, they explain the

different paths that allow the energy transfer that induce the

chemical transformation, as well as a significant contribution to

plan efficient and tunable plasmonic catalytic systems. Zheng and

his research group presented a nice example of an in situ transfor-

mation mediated by Au NPs.275 A polycrystalline material, NaY-

F4:Eu
3+, can be converted into a single crystal luminescentmaterial,

Y2O3:Eu
3+, in a rapid and controlled way. Sasaki and co-workers

demonstrated that they were able to control the synthesis of a ZnO

based plasmonic hybrid nanostructure in a targeted position.276

They realized a nanobutterfly gold structure, which directs plasmo-

nic hotspots in a precise location, according to the direction of the

incident light polarization. Thanks to this procedure, ZnO layers

can selectively grow via hydrothermal synthesis where required,

leaving the surrounding gold particles uncoated, and yielding the

desired plasmonic hybrid nanostructure.

5. Design strategies for photo-thermal
catalysts

For an optimal exploitation of the photo-thermal effect in catalytic

processes, photocatalysts must meet a series of requirements,

including an intense light absorption across the solar spectrum,

an efficient charge carrier generation and a high capacity for heat

production and/or heat transfer.30 In the subsequent sections, we

outline different strategies for materials’ design and engineering

in order to maximize photo-thermal effects and therefore effi-

ciency for a given mechanism, i.e. hot electron or local heating

effects.

5.1. Size and shape effects

In plasmonicmaterials, size and shape are key factors determining

the LSPR phenomenon (i.e. ratio of absorption to scattering,

number of LSPR modes and position of the LSPR peak) and can

be adjusted appropriately in order to match the plasmon band

with the solar spectrum and thereby improve catalytic

performance.277,278 In fact, both parameters have shown a strong

influence not only on the capability for charge carrier generation,

but also on the thermal properties of a material.

Theoretical calculations have demonstrated that larger plasmo-

nic NPs provide a larger amount of hot carriers; however, they

display energies close to the Fermi level, since most of the

absorbed energy is dissipated either by scattering or by heating.9

In contrast, smaller NPs render less electron–hole pairs than their

counterparts, but they exhibit higher energies but showing very

short lifetimes in the order of femtoseconds.279 This is of crucial

importance in photo-thermal catalysis, as the higher the energy of

hot electrons, the higher the probability for them to populate

acceptor states or overcome Schottky barriers. Therefore, it seems

that smaller NPs are especially convenient for hot electron induced

catalysis. However, smaller NPs do not have to necessarily enhance

the overall photo-thermal performance as the reduction of particle

size can lead to inefficient charge carrier separation due to spatial

confinement.280 In addition, plasmonic NPs have shown a red

shift in their resonant frequency as the particle size increases, thus

allowing amore efficient harvesting of the visible and IR regions of

sunlight compared to their smaller equivalents.281,282 Given these

circumstances, a precise balance between these effects should be

considered when developing photo-thermal catalysts.

Morphology is another key parameter determining the optical

properties of nanostructures, especially those featuring the LSPR

effect. In this regard, certain shapes such as bars, bipyramids or

branched structures have shown a red-shift in the position of their

main LSPR absorption peaks, therefore being more appropriate to

take advantage of the low energy regions of the solar

spectrum.283–285 Theoretical studies from Govorov and co-workers

pointed out that the ability for the generation of hot carriers was

also closely related to the shape of plasmonic structures. In these

works, the authors established that geometries displaying strong

and inhomogeneous electric fields together with important con-

finement effects could generate high-energy hot electrons and

holes. In contrast, those geometries without defects or featuring

uniform electric fields like thin films or nanospheres afforded a

less efficient production of hot carriers.286,287

The thermal conductivity of nanostructures can also be

optimized by modifying phonon transport properties, by either

size or shape engineering. For instance, it has been demon-

strated that the thermal conductivity of a material can be

drastically reduced by introducing a high density of grain

boundaries which intensifies phonon scattering.288 In line with

this, increasing the surface roughness has also proven to slow

down phonon velocity.289 Then, decreasing the size of certain

components of the photo-thermal system and maximizing its

surface roughness contributes to the reduction of the thermal

conductivity of the material, consequently favoring heat gen-

eration close to catalytic active sites.30

It should be also emphasized that size has direct consequences

on the heating capability of plasmonic structures. In fact, as

mentioned in the previous sections, the plasmon-heating effect in

metallic nanospheres scales quadratically with the NP radius.

However, larger plasmonic NPs are more prone to decay radiatively,

thus reducing the amount of locally dissipated heat.290 For these

reasons, an accurate balance between these two opposite effects has

This journal is The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 2173�2210 | 2201
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to be pondered when tailoring new photo-thermal catalysts. In

addition, according to theoretical works developed by Baffou and

co-workers, morphology also seems to play a key role when evaluat-

ing the heat production in plasmonic nanostructures.291 For exam-

ple, the authors found that sharp, flat or elongated geometries

exhibited a more intense heat generation than spheres. In the case

of nanospheres, only the outermost part of the structure effectively

faced the incoming light, while in the rest of the cases the whole

volume of the structure participated in the heating process. Apart

from this, heat production also benefited from the presence of

corners and edges that enhanced electric fields locally.292

5.2. Hybrid materials

A very common and straightforward strategy to improve photo-

thermal performance is the design of hybrid structures. In these

composite materials, the combination of two or more components

with different optical, electronic and thermal properties works syner-

gistically to enhance catalytic rates. Typically, photo-thermal systems

are comprised of an inorganic support or host (in most of the cases

metal oxides) functionalized by either plasmonic or non-plasmonic

metallic NPs. It is worth mentioning that each of the components is

not restricted to a single function inside the photo-thermal structure

and that, depending on the nature of each system, only one or more

elements can act as catalytic active sites in the reaction.

5.2.1. Metal/semiconductor structures. As stated above,

metal/semiconductor hybrid materials are one of the most studied

systems. An ideal semiconductor support for photo-thermal appli-

cations should display a high surface area together with a strong

broadband optical absorption that enables the generation of

charge carriers and/or high local temperatures. These types of

structures generally include narrow band gap metal oxide semi-

conductors with a high degree of defects and mid-bandgap states

that ultimately enhance the absorption of light in the low energy

regions of the solar spectrum. Examples of this type of structures

are non-stoichiometric materials with oxygen/metal vacancies,

mixed metal valences and/or conduction electrons.30,293–295 An

appealing precedent of this approach was recently reported by

Ozin and co-workers in the photo-thermal hydrogenation of CO2

using the non-stoichiometric black In2O3�x/In2O3 catalyst.46 The

authors found that the hydrogenation of pale yellow In2O3 at

different temperatures led to the generation of black non-

stoichiometric heterostructures composed of In2O3�x domains in

crystalline stoichiometric In2O3. These heterostructures displayed

a broad absorption across the entire solar spectrum that provided

an excellent photo-thermal performance. On the one hand, light

irradiation caused a strong local heating in the In2O3�x/In2O3

composite that catalyzed the thermochemical hydrogenation of

CO2. On the other hand, photo-generated electrons could also

promote photochemical reduction of CO2 due to the presence of

mid-gap states. The effective combination of both reaction path-

ways gave rise to an incredibly high activity and 100% selectivity

towards CO production under long-term conditions of more than

70 h. Therefore, the use of this type of broadband absorption

semiconductors, alone or in combination withmetallic active sites,

offers the possibility for excellent photo-thermal systems exhibit-

ing noteworthy reaction rates.

5.2.2. Metal/porous support structures. Materials with high

porosity and high surface area such as MOFs and zeolites have

been widely utilized as supports or hosts for metal NPs in a vast

variety of catalytic applications. However, photo-thermal catalysis

over this type of materials is a much less explored discipline and it

appears to be an emerging and promising field of research.

Recently, Jiang et al. described for the first time the preparation

of a composite catalyst based on a porphyrinic MOF displaying the

photo-thermal effect.296 The authors stabilized Pt nanocrystals on

the MOF structure and the composite photocatalyst was tested for

the oxidation of benzyl alcohol with molecular O2. Interestingly,

according to the catalytic results a synergy between the photo-

thermal effect of both the MOF and supported Pt nanocrystals was

established. This cooperative work enhanced the photocatalytic

rate of the composite compared to the individual contributions of

each component separately.

More recently in 2018, Maspoch and co-workers studied the

photo-thermal effect of a series of MOFs representing the major

subfamilies of this type of porous materials and calculated the

photo-thermal transduction efficiency for each of the MOFs under

study.297 For example, UiO-66-NH2 and CPO-27-Ni reached 149

and 167 1C respectively under 30 min of irradiation, both showing

photo-thermal efficiencies above 55%. In contrast, UiO-66 and ZIF-

8 under the same experimental conditions were heated to 57 and

70 1C respectively, with photo-thermal efficiencies far below 10%.

These results indicated that the observed photo-thermal effect was

highly dependent on the optical absorption band of the MOFs. In

other words, MOFs displaying absorption bands in the range of

300–600 nm featured a more pronounced photo-thermal effect

than those that did not exhibit intense absorption in this region.

Some groups, however, have taken advantage of the heat

insulating properties of the MOFs to create hybrid systems by

combining them with active photo-thermal metallic species. In

a work referenced in the previous section of this review (see

Section 4.1.3), Zeng et al. designed a three-component hetero-

structure for the photocatalytic hydrogenation of CO2 based on

Pt nanocubes and Au nanocages encapsulated in a zeolitic

imidazole framework (ZIF).36 In this system, Pt nanocubes

acted as catalytic sites facilitating CO2 reduction, while plas-

monic Au nanocages effectively transformed light into heat.

Particularly, ZIF served as a thermal insulator preventing heat

dissipation, thus confining heat inside the structure and

enhancing the catalytic activity of Pt nanocubes. This approach

offers obvious advantages, as photo-thermal catalysis benefits

from low thermal conductivity to enhance local heat genera-

tion, and opens up the possibility for further advances by

proper material engineering in hybrid architectures.

Although much less studied, other porous materials such as

zeolites have also shown potential applications as active compo-

nents in photo-thermal catalysis. Zhu et al. evaluated the photo-

catalytic activity for the visible light-mediated oxidation of benzyl

alcohol and derivatives by Au NPs supported on various zeolites.298

On the basis of experimental data, the authors proposed a reaction

mechanism in which zeolitic supports effectively adsorbed reagent

alcohols while Au NPs activated O2 molecules by transferring

plasmon-induced hot electrons. The resulting O2
� species then
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triggered the oxidation reaction towards the corresponding alde-

hydes. From the kinetic study of the reaction, it was also possible

to calculate the activation energy under both dark and visible light

irradiation conditions. Surprisingly, it was found that the plasmon

contribution decreased the activation barrier by 40%.

5.2.3. Core–shell structures. Core–shell structured hybrid

materials present the advantages of tunable optical, electronic

and thermal properties because of their bifunctional nature

and exemplify a very attractive strategy to develop newmaterials

exhibiting good photo-thermal performances.299

For instance, a recent work from Kumar et al. described the

preparation of Au plasmonic NPs coated with TiO2 and Pt NPs

creating a core–shell structure (Pt@TiO2–AuNPs) and its application

in CO2 photoreduction.
300 It was demonstrated that the presence of

a thin layer of TiO2 increased the quantum yield of the reaction

compared to bare Au NPs due to a combination of positive effects

including an enlargement of the surface area, a red-shift broadening

of the LSPR peak and an increase in the light absorption. Further-

more, the deposition of Pt NPs assisted the trapping of hot electrons

from the CB of TiO2, thus preventing electron–hole recombination

and enhancing the overall reaction rate. The successful combination

of these three components rendered a high efficiency (up to 70%)

and selectivity for the photocatalytic reduction of CO2 to formic acid

under NIR laser irradiation.

In a related precedent, Xiong and co-workers demonstrated

that a precise tuning of the Pd shell thickness in the Au nanorods–

Pd core–shell nanostructure could control not only the photo-

thermal local heating but also the hot electron injection process in

the photocatalytic styrene hydrogenation.301 By virtue of ultrafast

TASmeasurements, the authors could obtain the time constants of

electron–phonon scattering (attributable to the photo-thermal

effect) and the charge recombination process (attributable to hot

electron lifetime). Interestingly, the Pd shell thickness appeared to

be a key parameter to determine the preeminent surface plasmon

decay pathway, either local heating or hot electron transfer.

Lastly, Yang et al. developed AuCu–CuS core–shell hetero-

structures immobilized on TiO2.
302 This alloy–chalcogenide

combination led to a synergistic effect between LSPR and

photo-thermal heating that enhanced the photocatalytic gly-

cerol oxidation at room temperature. Upon light irradiation,

hot electrons from the plasmonic AuCu nanoalloy effectively

transfer into the CB of TiO2, where they react with molecular

oxygen to produce H2O2 or reactive superoxide ions (O2
�) that

drive the oxidation of glycerol. Meanwhile, the non-radiative

recombination of electron–hole pairs in the plasmonic CuS

shell induces thermal heating that provides an additional

driving force for the overall catalytic process. In this work, the

rational design of an effective bifunctional core–shell architec-

ture proved to be a successful approach to perform photo-

oxidation reactions under mild conditions.

6. Conclusions

In this review, we have succinctly explained the physics behind the

LPSR phenomenon and its direct influence on the photo-thermal

effect displayed by plasmonic NPs. Upon light irradiation, non-

radiative plasmon decay leads to the local heat generation and/or

hot carrier formation in plasmonic structures. Individually or

synergistically working together, thermal and photochemical con-

tributions of the photo-thermal effect in plasmonic or non-

plasmonic nanostructures can be exploited to promote catalytic

chemical transformations. A comprehensive analysis of the con-

tribution of both approaches to the overall reaction rate is,

however, crucial to further understand the reaction mechanisms,

so an extensive revision of straightforward methodologies to

successfully distinguish the dominant reaction pathway has been

included in this review. Indeed, photo-thermal catalysis has proven

to be an efficient strategy to perform a wide variety of high energy-

demanding catalytic processes including CO2 hydrogenation,

Fischer–Tropsch reaction, ammonia synthesis, methane activation

or H2 production. In order to improve catalytic performances and

selectivity, a suitable material engineering is also advisable. In the

last section of this review, we have included strategies for catalyst

design in order to maximize the efficiency for a given photo-

thermal-mediated pathway. The vast number of catalytic applica-

tions together with the possibility of tailoring the thermal, optical

and electronic properties of photocatalysts demonstrates the huge

versatility and potential of photo-thermal catalysis.

7. Outlook

Despite its afore-mentioned promising applications, the wide

implementation of photo-thermal catalysis has still to compete

with traditional thermal processes. In this regard, one of the main

advantages of the photo-thermal approach is the possibility of

increasing selectivity to target products by choosing adequate

excitation wavelengths or light intensities. Hot-carrier chemistry

has proved to be particularly efficient to trigger certain reaction

mechanisms by selectively activating molecular bonds of adsorbed

species, hence resulting in better selectivity than the thermo-

chemical pathway. Photo-thermal catalysis also provides direct

local heating at the nanoscale, thus concentrating heat at the

surface of the active sites and avoiding unnecessary heating of the

whole reactor system. Compared to traditional thermal catalysis,

where fossil fuels are commonly used to achieve harsh reaction

conditions, the photo-thermal approach renders a high productivity

(in the order of mmol gcat
�1) under mild conditions employing

sunlight as a unique energy source. This offers obvious benefits not

only in terms of sustainability, but also in terms of recyclability and

stability of catalysts. Furthermore, the photo-thermal effect allows a

much faster cooling and this opens up the possibility to apply this

strategy to discontinuous operation conditions.

Regardless of its outstanding performances presented here,

there is still plenty of room for the improvement of catalytic

efficiency in the field of photo-thermal catalysis. Taking into

account that the photo-thermal effect derives from the combi-

nation of both photochemical and thermochemical pathways,

different approaches can be followed depending on the dominat-

ing mechanism. For instance, when it comes to the photochemical

process, photocatalysts with a strong light absorption, high
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population of charge carriers, long charge carrier lifetimes and low

radiative emission are advisable.30 As we have previously commen-

ted in Section 5, size, morphology or surface defects clearly

determine the efficiency of hot electron generation in plasmonic

nanostructures. However, besides hot carrier generation efficiency,

charge transfer efficiency is another key parameter that defines the

photochemical contribution to the overall photo-thermal process.

For example, in metal/semiconductor junctions only high-energy

electrons are able to surpass the Schottky barrier at the metal/

semiconductor interface, so the efficiency of the charge transfer

will be dictated not only by the energy of hot carriers, but also the

height of the Schottky barrier. Thus, a possible strategy to enhance

charge transfer efficiency in this type of systems is to tailor the

energy levels of the semiconductor by doping or formation of

vacancies/defects in the structure. The spatial organization of the

heterostructure or metal loading also determines the hot carrier

transfer efficiency through the interface and, for that reason, the

synergistic combination of all these parameters has to be pon-

dered when designing photo-thermal nanostructures. In addition,

it has been shown that small NPs shorten the pathway of hot

electrons, hence favoring their injection to adsorbates. Last but not

least, increasing the adsorption of intermediates is also a useful

approach to extend their residence time on the surface of the

active sites, which eventually enhances the hot electron transfer

efficiency to these species. When it comes to the thermochemical

process, materials with a high optical absorbance, low radiative

emission and low thermal transport tend to amplify the tempera-

ture of the active sites, thus enhancing the catalytic performance.

In this regard, non-stoichiometric black materials or materials

with a high degree of defects in their structure are promising

examples of photo-thermal catalysts. Overall, an adequate material

engineering to improve both photochemical and thermochemical

mechanisms can result in an extraordinary cooperation to boost

photo-thermal performance in a vast number of chemical pro-

cesses, as we have shown in this review.

Nevertheless, if photo-thermal catalysis aims to become a

genuine source of solar fuels and chemicals it must overcome a

series of limitations:

(a) In spite of the fact that photo-thermal catalysis does not

require scaling considerations due to its close relationship with

traditional catalytic heterogeneous systems, its main challenge is

the incorporation of light into the processes. In contrast to other

technologies, the photo-thermal approach does not demand extre-

mely high temperatures but adequate photoreactors capable of

harvesting and utilizing sunlight. Most of the works reported so far

have been performed under batch conditions; however, the use of

continuous flow systems appears to be more convenient for

industrial-scale applications. For these reasons, research and

development in reactor design and configuration are necessary

for the wide implementation of this technique.

(b) Only a few studies among the vast number of works

regarding photo-thermal catalysis have clarified the dominat-

ing pathway that rules the reaction mechanism. More funda-

mental studies in this direction are necessary.

(c) Although in the last few years a higher number of species

apart from noble plasmonic metals (i.e. Au, Ag, Pd, Pt) have

been studied, it is still advisable to move towards abundant and

cost-efficient materials. Chalcogenides, nitrides or pnictogen-

ides have recently appeared as promising candidates for photo-

thermal catalysis owing to their capability to transform light

into heat.303–305

(d) The investigation of long-term stability of photocatalysts

remains insufficient, as most of the stability tests are limited to

several hours. For an adequate scale-up to commercial plants,

feasible and stable photocatalysts are required.

(e) Particularly in the case of CO2 conversion, CO and CH4

are the major products in most of the reported works. However,

it would be more convenient to obtain high-value-added C2+

products, namely ethylene, propylene and other olefins. Selec-

tivity control is one of the most attractive features of photo-

thermal catalysis, so more work should be dedicated to the

design of catalytic systems with remarkable selectivity. Further-

more, and especially in the case of carbon-based photocata-

lysts, experiments with isotopically labelled CO2 are necessary

in order to demonstrate that all carbon based products from

these processes are actually derived from CO2 and not from the

support itself.
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