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The combination of thermal and photonic energy sources to carry out catalyzed chemical reactions

appears as a new avenue to optimize the current industrial-oriented processes as well as to open new

ones. Herein, we analyze the contribution of novel oxide-based composite systems to the thermo-

photocatalysis field. In the first place, the review article gives a brief introduction about the

physicochemical framework to interpret the thermo-photocatalytic properties of oxide-based solids. From

this point and to provide an overview of the progress of the field, we classify the oxide-active catalysts in

three main categories considering materials with catalytic properties primarily governed by plasmonic,

defect-related, and thermal effects. For each type of system, we analyze the representative oxide systems

and the corresponding composite systems, emphasizing the study on the interpretation of the catalytic

behavior. The contribution ends with a summary of the current status and an outlook into the future of the

field.

1. Thermo-photocatalysis: a new
word

As is well-known, thermal or classical catalysis considers the
transformation of molecules through the potential energy
surface characteristic of the ground electronic state of the
catalyst. The transformation can be more or less complex but
the key concepts are the thermodynamic feasibility of the
reaction (without relation to the catalyst) and the energy
barrier of the (kinetically-relevant) rate-limiting step of the
reaction. The catalyst mainly decreases the latter observable,
reducing the energy consumption and time for reaction, or,
in other words, increasing the reaction rate. Also, through the
effect exerted in the different reaction steps, it may control or
the influence selectivity. Thermal energy normally allows the
reactantĲs) to obtain enough energy to overcome the
activation energy through vibrational coupling between the
phonons of the catalytic solid and localized levels of the
reactants. The operational variables (temperature and
pressure in most cases) affect the adsorption/desorption and
surface coverage of the reactant, intermediates, and
products.1 In the case of photocatalysis, the excited energy
levels of the catalyst shape the potential energy surface of the
reaction. Light allows the access of the system to such excited
states of the solid. Charge carriers (electrons and holes)
generated after light absorption simultaneously access the

specific electronic levels of the excited states. After reaching
the surface of the solid, the charge carrier species can interact
(if thermodynamically feasible2) with the reactants and/or
other molecules, intermediates, or oxygen in the case of
degradation or selective oxidation reactions.3 Recombination
competes with these steps. Obviously, the energy barriers of
thermal and photo-triggered processes for the same chemical
reaction are distinct as they take place at different potential
energy surfaces. Moreover, the de-excitation processes are
different, while the thermal ones are (dominantly) adiabatic
and the light-induced ones are not adiabatic in nature. Thus,
there is not surprise on obtaining different reaction rates and
selectivities.
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Fig. 1 Schematic representation of the driving forces and the key
components of thermo-photoĲcomposite) catalysts.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

12
:4

6:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d1cy01067k&domain=pdf&date_stamp=2021-10-25
http://orcid.org/0000-0002-3504-0032
http://orcid.org/0000-0002-9987-0289
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cy01067k
https://pubs.rsc.org/en/journals/journal/CY
https://pubs.rsc.org/en/journals/journal/CY?issueid=CY011021


Catal. Sci. Technol., 2021, 11, 6904–6930 | 6905This journal is © The Royal Society of Chemistry 2021

Among catalysts, particularly photocatalysts, oxides are of
primary importance. To use light efficiently, they need to be
semiconductors as they have the required electronic
properties to limit charge recombination after light
excitation. Titanium oxide is the central system in
photocatalysis as it displays outstanding activity in most of
the reaction tested.3 When light and heat are used
simultaneously with a catalyst, the energy framework where
the process occurs is significantly more complicated, at least
from the physical point of view. The first point comes from
the fact that energy can be transferred to the solid in several
ways. As depicted in Fig. 1(upper panel), the thermal energy
can be transferred to the catalyst using external heating (the
conventional procedure in catalysis) or heating derived from
charge carrier species recombination. Note that even in the
case of the more effective photocatalyst such as titania and
considering nanoparticulate materials (i.e., high surface area
catalysts), above 90–95% of the excited charge carriers
recombine, generating mainly heating (geminate and non-
geminate non-radiative recombination).3 Thus, heating is
inherent to any photocatalytic process and cannot be
decoupled.

At the same time and within the context of thermo-
photocatalysis, we can make a useful difference based on the
absorption of the photons using band or localized electronic
states (Fig. 1; upper panel). Active photocatalysis mostly
(although not exclusively) use valence to conduction band
transitionĲs) due to the higher absorption (extinction)
coefficient with respect to the one connected with the
transitions related, in one way or other, with at least one
localized state, as well as the more efficient control of
recombination. From classic thermodynamics, it is easy to
prove that valence to conduction band electronic transitionĲs)
cannot be affected by the temperature and are thus
essentially not useful for thermo-photocatalysis. Nevertheless,
even for semiconductor materials working exclusively with
band-type light-triggered electronic transitions (a
phenomenon that rarely takes place in nanosized materials
as the defect structure is considered key to control the
photoactivity), the temperature affects some of the physical
phenomena primarily considered as light-driven. These are
charge carrier mobility and, to a certain degree (particularly
related to photon–phonon coupling), charge recombination.
Of course, to this, we can add the surface coverage of the
relevant chemical species.4–6

For the purpose of combining light and heat, catalytically
relevant light-triggered electronic transitions can be
classified according to the main use of photon or thermal
energy (Fig. 1; bottom panel). In this contest, photon-type
main physical phenomena utilized are related to the use of
the plasmonic or defect-controlled components. In both the
cases, the heating connected effects are well-described
(inherent to the photonic phenomenon) and their
significance under discussion. On the contrary, (nano-)
heater materials could be the mainly thermally-oriented
component of thermo-photo materials (Fig. 1; bottom panel).

The inclusion of such materials in composite catalysts can
trigger a strong thermal gradient across the solid. In the
context of this contribution, mainly low-energy gap oxides
(having band gap energy fitting with IR excitation) have
been used as (nano)heaters but other possibilities will be
briefly discussed herein.7–11

Besides the above-mentioned phenomena primarily
related to the catalyst, we cannot forget that mixing thermal
and photonic energy can alter the adsorption/desorption,
surface coverage, and/or create specific intermediate or
reactive species absent in the case when using a single energy
source and are thus specific for the combination.3,4,6

Oxide-based composite materials can be, and are
frequently, designed toward the simultaneous use of several
of the above-mentioned physicochemical phenomena taking
place under combined thermo-photo excitation. This
contribution is dedicated to the analysis of the above-
mentioned composite catalysts, focusing on the study of the
role of the oxide components. It would complement previous
works centered on analyzing the metal components of
thermo-photocatalysts.11 Before considering the active
systems that accomplish such a task, we can have a simple
picture of the handling of thermal and light energy by
plasmonic, defect-related, and (nano)heat oxide-based
systems. We would thus classify the main thermo-photo
componentĲs) of oxide-based composite materials as being in
one of these three categories (Fig. 1; bottom panel). Again,
we stress that the classification emerges from a simple
picture, aiming to outline the basic framework for the
interpretation of the catalytic results. We also claim that
commonly, several of the physicochemical phenomena
mentioned work simultaneously. At least, each one of these
three types of systems mentioned has specific (thermo-photo)
phenomenon taking place not only at the catalytic solid but
also at the catalyst–reactant interface.

Plasmonic oxides utilized in the field are essentially those
related to WO3−x, MoO3−x, and Cu2Ox systems.11,12 These
oxide systems can possess metallic-band type electronic
structure originated by the partial filling of the
(stoichiometric oxide) valence/conduction band by downward
(Cu)/upward (W, Mo) shift of the Fermi edge. However, in the
cases of Mo and Cu (pure, non-doped) oxides, it might also
be associated to the surface (strongly reduced) structures
albeit the situation is still far from clear. The electronic
structure taking part in cation doping of these oxide systems
and facilitating the plasmonic behavior is more
complex.10,12,13 It is obvious that the described plasmonic
oxide materials are in one way or another (strongly) defective
but their electronic structure would command their catalytic
properties. In composite systems, visible and infrared light
can induce electron oscillations at the (plasmonic/non-
plasmonic) interface of composite semiconductor-based
systems and this is the physical phenomenon governing
charge transfer through the corresponding interface. Among
plasmonic modes, photocatalysis can benefit from the so-
called localized surface plasmon resonanceĲs), which are
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collective oscillations of free electrons generated under
illumination and localized in a small region. As illustrated
in Fig. 2A, plasmons can modulate photocatalysis through
several phenomena: i) strong light absorption; ii) intense
far-field light-scattering; iii) near-field electromagnetic field
strengthening, iv) increase of hot carrier generation; and v)
heating effects.14,15 Scattered photons can suffer absorption
by the (non-plasmonic) semiconductor and can be
subsequently utilized in photocatalysis (this phenomenon is
sometimes called the trapping of light). Scattered light
would be absorbed or not absorbed depending on its
wavelength and the main oxide (such as titania) band gap
energy (Fig. 2A; upper part). Plasmons can also generate
dipole moments (having significantly inferior magnitude
than the one for plasmonic metals). The non-radiative
transference of plasmonic energy can take place at a
semiconductor/oxide in the near-field zone through the

dipole–dipole interaction. This phenomenon will
subsequently lead to the generation of electron–hole pairs.
The so-called plasmon-induced resonance energy
transformation (PIRET) can occur even in the presence of
an insulating component in contact with the plasmonic
component (Fig. 2A; middle part). The plasmon resonance
non-radiative decay occurring after light absorption
generates, through Landau damping, a high-energy
quantum hot charge (QHC) carrier. These carrier species
can be injected into the conduction band of the (main)
semiconductor/oxide after surpassing the interface barrier
(Fig. 2A; bottom part). The detailed analysis of these
phenomena indicates a strong influence of the size and
shape of the plasmonic material in these processes.15,16

Finally, through plasmon–phonon (and adsorbed
molecules) interactionĲs), the plasmons can decay
inelastically in heat. The last event generates local hot
spots. We briefly note that there are other plasmonic
materials based on heavily doped oxides such as Al- or
Ga-doped ZnO or Sn–In2O3.

17 So far, we are not aware of
their use in thermo-photocatalytic applications.7–13

Defect-controlled thermo-photocatalysts are defective
materials lacking plasmonic properties (or at least with
negligible plasmonic effects on the catalytic behavior
according to the literature). This means that the defect
structure does not lead to a pseudo-metallic band structure
by the partial filling of valence/conduction bands. Most active
materials use CeOx, CoOx, MnOx, BiOx, or InOx, although
many other oxides have been essayed. In general, these oxide
materials can accommodate anion vacancies (with cation-
associated oxidation state alteration in most cases) and
display significant defect (thermal) mobility, promoting a
fluid surface-bulk defect exchange. The thermo-photo activity
of these defect-type oxide materials is also frequently studied
at the oxide–oxide interfaces, particularly with titania.7–12 The
exact way that the defects are formed and evolve under
external variables (mainly temperature and light) are
distinctive for each system. The most common structural
defects and associated localized electronic states either above
and/or below the Fermi edge are schematically presented in
Fig. 2B. Some of these defect-derived electronic states are
optically active, allowing (light-triggered) excitation. The
critical role of these electronic states is, in general, related to
their role in charge localization after excitation combined
with the fact that they (and/or associated reduced cations)
frequently have activity in thermal (alone) steps. Moreover, as
mentioned, they are particularly relevant for driving the
catalytic behavior of oxide–oxide interfaces.7 In addition,
strongly defective oxides can lead to the so-called black
systems. Ideally, black oxide materials could be well suited to
handle light and heat after sunlight excitation, profiting from
the whole electromagnetic range. In addition of generating
localized electronic states, it may alter the valence/
conduction density of states distribution from the
corresponding (non-black, sometimes called white) reference
materials (Fig. 2B). Black titania is the most studied material

Fig. 2 Schematic representation of the main types of thermo-photo
composite catalysts having plasmonic (A), defect-engineering (B), and
(nano)-heating (C) components.
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but the interpretation of its catalytic behavior is under heavy
discussion. Nevertheless, the most recent general discussions
point out that the photon-triggered activity in this system
comes from an improved defect-related handling of the UV
photons, with relatively low efficiency for visible or infrared
photons.18 Thus, the use of heavily defective materials in the
context of a purely photon-related thermo-photo
phenomenon is an open question. To date, it appears that
black-type systems have limited advantages to be exploited in
photonic/thermal-triggered processes yet some relevant
examples are presented in relation to specific oxides such as
indium oxide.

For (nano)heating-based materials, we can consider
catalytic systems where such components are specifically
delineated in order to profit from heat supplied either from
external (typical conduction and/or convection heating) or
internal (light-related) heating (Fig. 1). Again, this property
can be shared by a lot of the previously mentioned
composite systems but, here, we would focus on those
materials where this property is critical for enhancing the
activity. In Fig. 1, we described internal heating in a general
way but it can have a local or non-local nature and can be
based in several different physicochemical phenomena.
They will be explained in the corresponding section.
External heating mostly excites the phonon modes of the
catalytic solid (and in specific cases vibrational modes of
the adsorbed molecules) while light-related internal heating
can occur via non-radiative de-excitation and/or by the
excitation of the phonon modes of a high absorbing
material (essentially having null or minor catalytic role).
External heating could be utilized in combination with low
to moderate light intensities while internal heating requires
significantly higher light intensities to provide an
appreciable enhancement of the activity.7–12 The ideal
processes taking place in composite systems designed to
profit from external or internal heating are depicted in
Fig. 2C. External heating is the closest to conventional
catalysis. In this case, the components utilized attempt to
combine (to a first approximation) good and primarily
“independent” thermal and photocatalytic properties.
Internal heating-oriented systems often attempt to develop
designed structures with advantageous handling of the
specific physical phenomena taking place for all the
photons of UV-visible-IR energy sources. Typical UV-visible
photons are utilized by light-active catalytic componentĲs)
while low energy visible and near/middle IR photons are
used by the (nano)heater component. Multiple optical
events can take place, as schematically illustrated in
Fig. 2C. Specific oxide components to develop internal
heating effects in catalysts mostly concentrate on low band
gap materials with dominant non-radiative de-excitation
such as Ag2Ox. A lot of other semiconductors such as Bi,
Mo, Ag, Sb, W and Sn sulfides or In, and Cu selenides are
used in this quest. Al, Cu, and other metals (used as foils
or surfaces over which the active catalyst can be deposited)
with strong visible-IR light absorptivity are also used.7,9,12

Finally, a novel pathway attempts to use pyroelectric
materials. The Seebeck effect can convert a temperature
gradient into an electric field, which may be used to control
and favor the separation of charge carriers as well as the
subsequent migration.19 Some oxides such as ZnSnO3 show
enhanced photocatalytic properties under cycling
temperature treatments.20 Although somehow out of our
scope, we can mention that piezoelectric materials can be
stressed by pressure, leading to an imbalance of charge and
thus allowing the conversion of mechanical energy (with
inherent thermal losses) into an electric field, which may be
used to control the charge carrier behavior under
illumination.21 Some oxides such as Bi4Ti3O12 have been
tested in this context.22

In this review, we will consider the three types of systems
described in Fig. 2, focusing our attention on composite
systems with oxide components playing a major role. We
have organized each section, analyzing the most
representative oxide systems studied in the literature.
Attention is paid to analyze the critically representative
examples of the application rather than an exhaustive survey
of the literature.

2. Plasmonic oxides

In the 2010s, localized surface plasmon resonance (LSPR)
attracted the attention of scientific community due to its
potential applications such as photovoltaics,23,24 surface-
enhanced Raman scattering sensing,25,26 photothermal
actuators,27,28 and photocatalysis.29–31 One of the most
interesting applications of LSPR is enhancing visible or near
infrared light activity in photocatalysis.14,29,32,33 In this
context, the main charge-handling mechanism of plasmon-
based composite materials is presented in Fig. 2A. LSPR has
been mostly associated with noble metals, e.g., Ag, Au, and
Pt, but the high cost, limited availability, and complex
preparation procedure have motivated the study of new
strategies.34–36 Even though most of the plasmonic thermo-
photocatalytic systems include metal in their structures,
some systems with the LSPR effect in the visible and near-
infrared (NIR) region have been observed using metal oxide
nanostructures. In particular, non-stoichiometric transition-
metal oxide semiconductors, such as WO3−x, and MoO3−x or
Cu2O show plasmonic activity, motivating many different
strategies to design systems with thermo-photoactivity.37–39

Other plasmonic oxides such as RuOx have been
investigated only in a few cases in the context of thermo-
photocatalysis. For example, a core–shell RuOx–Ru structure
deposited over titania was found to handle the efficiency of
thermal and photonic phenomena to strongly boost the
production of hydrogen from biomolecules.36

Semiconductor plasmon materials present several
advantages compared to noble metal plasmonic materials,
such as (the above-mentioned) low in cost, higher versatility,
and broad-spectrum use from visible to near (NIR) and mid-
infrared (MIR) region.
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WO3−x-Based systems

In the past few years, tungsten-based systems have been
deeply studied. Among metal oxides with oxygen vacancies, a
wide range of substoichiometric WO3−x systems, including
WO2.72 (W18O49), WO2.8 (W5O14), WO2.83 (W24O68), and WO2.9

(W20O58), have been synthesized.40 In general, they are
thermodynamically (and cation oxidation state) stable up to
400 °C and they all present thermo-photocatalytic activity.10,41

Usually, plasmonic WO3−x are colored materials synthesized
using hydrothermal methods, which allows high control of
the final structure.

The thermo-photocatalytic effect has been occasionally
described in mesoporous WO3−x through oxygen vacancies.
For instance, inducing vacancies by different H2 treatments
in WO3−x improved the reduction of CO2. The mechanism
described the presence of oxygen-containing species on the
surface, which decreased the WO3-type band gap energy and
increased the thermo-photocatalytic performance.42 Similarly,
some works measured the CO2 conversion evolution rate
comparing thermo-photocatalysis and photocatalysis, which
showed an enhancement in the yield with temperature.43 The
mentioned works do not explore or analyze the plasmonic

effect possessed by WO3−x. More focused on the plasmon-
related activity, Lou et al. describe the solvothermal synthesis
of WO3−x (W18O49) nanowires, from WĲCO)6 heated at 160 °C
for 12 h in the absence of surfactants44 (Fig. 3A–C). The
synthetic method (described in Fig. 3A) allows the formation
of self-doped WOx, leading to the formation of oxygen
vacancies and reduced cation oxidation states (see TEM-XPS
data in Fig. 3B). As suggested by UV-visible spectroscopy
(Fig. 3B), “hot” plasmonic electrons are generated after
irradiation with visible and NIR, favoring charge transfer to
the reagents adsorbed on the WO3−x nanowire surface for
hydrogen evolution (Fig. 3C). Also, the thermo-photoeffect
related to the non-radiative decay of the electron oscillations
may give additional localized heating on the WO3−x nanowire
surface, thereby enhancing the formation of H2 from
ammonia borane. However, further investigation would be
necessary to elucidate the full mechanism of this reaction.44

Several WO3−x structures and morphologies, with the control
of oxygen vacancies, have been synthesized as the catalystĲs)
for ethanol dehydration. Fig. 3D shows XRD patterns (a),
SEM and TEM images (b–g), XPS spectra (h), and UV-vis-NIR
absorption spectra (i), evidencing the morphological/
electronic differences between the samples. Under full-

Fig. 3 A) Formation of WO3−x nanowires. B) Physicochemical characterization of the WO3−x‐160 sample: UV/vis absorption spectra (a), XRD
pattern compared with the standard W18O49 (JCPDS no. 71‐2450) (b), TEM (c), and HRTEM (d) images. C) Mechanism of plasmon-enhanced H2

evolution from BH3NH3 using WO3−x nanowires. D) Characterization of the WO3−x catalysts: XRD patterns (a) and SEM images (b–f), 200 nm (scale
bar); TEM and HRTEM (inset) micrographs (g); W 4f XPS spectrum (h) (WO3−x-5 sample) and UV-vis-NIR absorption spectra (i). E) Illustration of the
ethanol dehydration mechanism over plasmonic WO3−x (a), where: lattice oxygen (blue balls), pink circles (OVs), original positions of OVs
subsequently filled with oxygen from the CH3CHO– species (red ball with dashed pink lines), accompanying hydrogens (orange balls). Light
excitation and transfer of the charge carrier species in plasmonic WO3−x under UV, vis/NIR, and UV-vis-NIR light irradiation (b). A–C) reprinted from
ref. 44 (copyright® Wiley 2015); D and E) reprinted from ref. 45 (copyright® Elsevier 2020).
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spectrum light irradiation and compared to other structures,
the defective WO3−x nanowire system gives the highest ethylene
production rate (16.9 mmol g−1 h−1) with high selectivity. The
plasmon-based catalytic behavior was evaluated under UV,
visible, NIR, UV-vis, vis-NIR, and UV-vis-NIR irradiation. NIR
increased the ethylene production, proving to have an active
role of plasmonic hot electrons, apparently through a
combined thermo-photoeffect.45 Fig. 3E illustrates the
proposed mechanism, which was intensively investigated,
confirming the essential role of the defect-derived electronic
states (DB in the figure), which, combined with enough
thermal energy, favors ethanol dehydration to ethylene.

Recently, the combination of W18O49 nanofibers onto WO3

microrods has been explored, exhibiting higher
photocatalytic activity compared to the parent components
for the degradation of 2,4-DCP (2,4-dichlorophenol) under
NIR and full-spectrum light irradiation.46 The experimental
study of the mechanism indicated the essential role played
by the holes and hydroxyl radicals under light irradiation.
Electron paramagnetic resonance (EPR) studies confirmed
the presence of such radical species generated by W18O49 or
WO3@W18O49, which is double the amount of hydroxyl
radicals in the case of WO3@W18O49. A plasmonic excitation
takes place, presenting evidence that this pathway promotes
the formation of hydroxyl radicals as an active species of the
reaction. The generated electrons in W18O49 can be
transferred to the CB of WO3, increasing the charge carrier
lifetime. In addition, the LSPR effect of W18O49 was more
efficient (with respect to the bulk counterpart) due to the
high surface exposed, ending in an enhanced activity for the
full-spectrum light-driven photodegradation for 2,4-DCP.

Very often, W-containing oxides are found in the literature
associated with plasmonic metals such as Au, Ag, Pd, or Pt.
These systems are generally prepared by solvothermal
treatment, presenting a wide range of structures and
morphologies. Usually, the metal and the oxide present a
synergic plasmonic activity.42,47,48 For instance, as shown in
Fig. 4, Pd–WO3−x nanowires with plasmonic activity under
NIR illumination have been shown to promote the Suzuki
coupling reactions.48 Also, amorphous 2D Ag/a-WO3−x
heterostructures fabricated via the supercritical CO2 method
have been proved as an interesting approach for the design

of new catalysts.49 These systems present very different
morphologies (Fig. 4), confirming the versatility of the
systems based on WO3−x with plasmonic activity. One of the
most studied WO3−x material is W18O49, which displays
significant plasmonic activity in contact with metallic
structures for several applications.50,51

Even more interesting for our purposes is the application
of WO3−x combined with other oxides, and other
semiconductors or insulators in thermo-photocatalysis,52–56

which represents a promising alternative to decrease the use
of noble materials. Following this strategy, in the past few
years, different systems have been designed to test the
catalytic potential of the LSPR effect.57–59 Among tungsten-
based oxide–oxide heterostructures, the combination with
TiO2 has been widely analyzed. Nevertheless, the full use of
the plasmonic effect is scarcely investigated in this composite
system. An example is the W,Er-codoped titania having
surface WOx species. The system combining the UV and near
visible (up to ca. 500 nm) capability originated from the
titania component with the visible and near infrared (up to
ca. 1000 nm) capability of surface tungsten oxide entities.

Fig. 4 A) TEM and HRTEM images of 2 wt% Pd-loaded WO3−x
nanowires. B) HRTEM images of Ag/a-WO3−x heterostructures. A)
Reprinted with permission from ref. 48 (copyright® Elsevier 2016). B)
Reprinted with permission from ref. 49 (copyright® Elsevier 2019).

Fig. 5 A) Scheme of the plasmonic MoxW1−xO3−y formation process. B)
Mo 3d (a) and W 4f (b) XPS spectra of the as-prepared MoxW1−xO3−y
comparing with commercial oxides: MoO3 and WO3. C) H2 evolution
using MoxW1−xO3−y and MoO3−x (a), and WO3−x (b) reference materials
under vis-light irradiation. Reprinted with permission from ref. 57
(copyright® ACS 2017).
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The high activity in the UV and near visible region was ascribed
to the light absorption and handling capabilities of the doping-
modified titania, presenting a reduced band gap energy with
respect to the pure oxide and an efficient charge recombination.
Low-energy visible and infrared photons were utilized through
the plasmonic phenomenon associated to the surface
W-containing species, leading in this way to a full spectrum
photocatalyst with the efficient handling of concomitant thermal
effects.60 Other explored systems combined WO3−x with TiO2 to
photodegrade methylene blue using full-spectrum light.52 The
combination of WO3 with other plasmonic oxide such as MoO3

(described below) is also an interesting strategy. The resulting
mixed-cation oxide MoxW1−xO3−y system semiconductor
presented strong LSPR due to the anionic vacancies (detected
using a multi-edge XPS study among other techniques, Fig. 5) in
the structure. As can be observed in Fig. 5, the activity results
showed an increase in the H2 production as compared to
(reduced, defective) WO3−x and MoO3−x.

57

The preparation of heterostructured composites having
non-oxide components presents an interesting strategy for
the use of plasmonic oxides in thermo-photocatalysis.
Fig. 6A shows the WN–WO3 heterostructures, with the
presence of two structures corroborated by physicochemical
analysis. This material was explored for the thermally-

assisted CO2/H2O photocatalytic conversion under full solar
spectrum. A combined EPR-XPS study under illumination
suggested, as described in Fig. 6B, that the WN–WO3

photogenerated electrons have migrated from WO3 to WN,
following a Z-scheme mechanism rather than a type-II
heterojunction mechanism.61 Following a similar
mechanism, the interaction between the phases in a
Z-scheme composite has been widely studied lately. For
example, the combination of WO3 nanosheets and carbon
dots (CD) demonstrated activity in photocatalysis, thermal
catalysis, and thermo-photo synergistic catalysis for
cyclohexane oxidation. The mechanism of cyclohexane
oxidation was described, suggesting that WO3 and CDs were
excited simultaneously after irradiation with full solar
spectra light. After light excitation, the electrons on the CB
of WO3 can be transferred to the CDs and annihilated at
the heterointerface with holes on the VB of CDs. This
mechanism enhanced the lifetime of the photoelectrons on
the CB of the CDs to generate O2-type radical species. This
radical species is considered to be the main reactive species
for cyclohexane oxidation (Fig. 6C).62

Likewise, W18O49/carbon heterostructures (Fig. 7A
illustrates the preparation procedure and main
morphological/structural characteristics) presented a

Fig. 6 A) WN–WO3 composites characterization: SEM (a), HRTEM (inset: TEM) (b) images, XRD patterns of WN (black), WN–WO3 (red), and well
crystallized WN–WO3 (blue) (c); HRTEM image of WN–WO3 (d). B) Chart displaying the charge carrier species migration under type-II and
Z-scheme heterojunction. C) TEM images of WO3 nanosheets (a), WO3-NCDs composites (b), diagram of thermo-photocatalytic cyclohexane
oxidation under solar light irradiation (c). A and B) Reprinted with permission from ref. 61 (copyright® RSC 2020). C) Reprinted with permission
from ref. 62 (copyright® Elsevier 2019).
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significant increase (compared to W18O49 nanowires) for
catalytic H2 production from NH3BH3. Fig. 7B shows the
relevant experimental data (transient absorption), supporting
a complex mechanism for the reaction. The data revealed
that the LSPR excitation of W18O49 in the W18O49/C
heterostructure leads to the transport of hot electrons from
the W18O49 nanowires to the carbon fibers within a very short
timescale upon irradiation using low-energy IR photons.
These electrons are involved in H2 production (Fig. 7B).63 The
W18O49/g-C3N4 heterostructure has been explored for other
applications such as N2 photofixation or H2 production.64,65

Also, the hierarchical assembly of the W18O49 nanograsses
onto the 2D g-C3N4 nanosheets surface have been studied.
The catalytic properties relay on a Z-scheme charge-carrier
separation, presenting a synergistic effect with plasmon-
induced hot electrons originated at W18O49 to produce H2.
Therefore, the heterostructure promoted H2 evolution if
compared with the components separately.55 For the same
reaction, NaYF4:Yb–Er/W18O49 films have been prepared to
increase the upconversion luminescence of Ln3+-doped NaYF4
NPs. The heterostructure increases the production of H2

(with respect to the parent systems) using the NIR-plasmonic
energy upconversion process.66 Yan et al. designed a
Bi4TaO8Cl/W18O49 (BiW) system, which is assembled from
Bi4TaO8Cl nanosheets and W18O49-nanosized particles. Under
(solar-type) full spectra illumination, the study suggests that
thermo-photoenergy can promote the classical (photo-type)
Z-scheme charge separation behavior, providing an
interesting approach to render thermo-photocatalytic systems
for the reduction of CO2.

56

MoO3−x-Based systems

MoO3−x has high potential as the thermo-photocatalyst due
to its redox properties as well as low cost and non-toxicity.67

MoO3 is an important wide band-gap n-type semiconductor
(band-gap, 3.2 eV) and has been extensively explored as a
photochromic and electrochromic material, which can
change its optical properties in response to external light and
electric stimulus.68 However, defect-free MoO3 presents low
photocatalytic activity.69 Therefore, MoO3−x has been
engineered to create more effective systems with different
purposes. Similarly to the WO3 family, the common approach
to exploit MoO3−x plasmonic systems explored its
combination with noble metals, with an enhanced thermo-
photocatalytic activity for a range of applications such as H2

production or deoxygenation of sulfoxides.70,71 On the other
hand, MoO3−x alone has been proposed to enhance the
hydrogen production. MoO3−x 2D nanosheets were prepared
using a solvothermal treatment in ethanol. Under visible
light irradiation, the nanosheets showed a significant
increase in H2 production from ammonia borane.38 The
synthetic parameters, such as temperature and type of
reacting solvents used, play an essential role in the evolution
of phase and morphology of the nanostructures, having high
influence in the LSPR appearing from the visible to the NIR
region. Under visible light irradiation, the plasmonic MoO3−x
nanosheets showed enhanced light absorption and hydrogen
production (Fig. 8).

Similarly, Li et al. have prepared a highly active plasmon
thermo-photocatalyst by inducing oxygen vacancies in
MoO3−x. The vacancies increase the efficiency of CO2

reduction to CO and CH4 by capturing the NIR photons,
boosting the yield of these products compared to pure
MoO3.

69 Surface analysis and theoretical calculations were
performed. Based on the results of the characterization, the
authors suggested that the barrier for CO2 hydrogenation was
reduced by a defect-derived electronic state, which are in turn
related to the production oxygen vacancies in MoO3−x. These
works evidenced that thermo-photo technology based on bare

Fig. 7 A) Fabrication process scheme of the carbon fibers coated with W18O49 to prepare the material W18O49/C composite (a); XRD patterns of
the carbon fibers (a-black), W18O49/C composite (b-red), W18O49 nanowires (c-blue) (b); coloured SEM images of the carbon fibers (c) and W18O49/
C composite (d); TEM and C, W, and O elemental mapping images for the W18O49/C composite aggregate (e). B) Ultrafast transient absorption (TA)
spectra of the W18O49 nanowires (a) and the W18O49/composite (b) after 800 nm excitation; TA kinetics curves of the W18O49 nanowires (a-top-
blue) and the W18O49/C composite (b-bottom-red) excited at 1045 nm (c); kinetics process of plasmon-induced charge carrier species in the
W18O49/C composite for the generation of H2 production from NH3BH3 (d). Reprinted with permission from ref. 63 (copyright® Elsevier 2018).

Catalysis Science & Technology Mini review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

12
:4

6:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
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/d1cy01067k


6912 | Catal. Sci. Technol., 2021, 11, 6904–6930 This journal is © The Royal Society of Chemistry 2021

Mo-containing oxide can be rather useful. Yet, more
comprehensive studies of the action mechanism need to be
carried out in order to assess the applicability of this kind of
system. For the production of hydrogen, more complex Er–
Yb:TiO2/MoO3−x nanocomposite materials have been used. In
this system, the interface between Er–Yb:TiO2 and MoO3−x
acts as a charge carrier channel to separate the plasmon-
induced charge carrier species.72

Very recently, the MoS2/MoO3−x heterostructure was
prepared by light-induced partial in situ oxidation of MoS2
nanosheets. The system displays a strong LSPR effect in the
vis-NIR region, which promoted the formation of hot
electrons.73 The TEM images (Fig. 9A) showed the formation
of the MoS2/MoO3−x heterostructure. The synthesis allowed
the oxidation of Mo atoms along the edges or at the defects
of MoS2, promoting the formation of oxygen vacancies within
the surface. Fig. 9B shows a schematic mechanism of the
photocatalytic reduction of CO2. The oxygen vacancy induces
a defect band (DB), located near but below the CB in MoO3−x.
The electrons on the CB of MoS2, excited by visible light, are
easily transferred to the DB of MoO3−x, favoring the
separation of the charge carrier. Under visible or NIR
irradiation, free-type electrons on DB became excited (hot
carrier species) and subsequently engaged in CO2 reduction,
thus promoting the activity. Under UV irradiation, electrons
are directly excited to the CB of MoO3−x, followed by non-
radiative decay to the defect band (DB).

Based on the multi-technique study of charge handling
behavior by the composite (Fig. 9B), the authors claimed that
the continuous injection of UV-excited electron stabilizes
free-type (or quasi-band-type) electrons in the DB sub-band
while vis-NIR illumination excited the DB electrons to
become hot electrons that will be transferred to the MoO3−x
CB, synergistically boosting CO2 reduction under full sunlight
illumination conditions.

Cu2O-Based systems

Plasmonic activity of Cu-based oxide systems have been
explored since they can exhibit LSPR absorbance at ca. 600
nm. Similarly, in W- and Mo-based systems, the plasmonic
activity of Cu-based systems is frequently utilized by
combining Cu2O with noble metals. In this case, Au and Ag
have been combined with Cu2O structures, such as
nanowires74,75 or NPs.29,76 As mentioned in section 1 of this
review article, the facile oxidation (of Cu0 and Cu1+ to Cu2+)
and back-reaction (reduction) taking place in air (first
reaction) and/or under reaction conditions represent an
important disadvantage of its use.

Very recently, Zheng et al. designed a single-pot strategy
synthesis to synthesize a composite having a metal (Cu)/oxide
semiconductor (Cu2O) interface and tunable molar ratio of
the components. Fig. 10A illustrates the composite structure.
The Schottky contact formed between Cu(0) and the Cu2O
semiconductor renders an active CuĲ0)/Cu2O interface,
playing a key role in promoting the catalytic reduction of CO2

by enhancing the light absorption performance and
photogenerated electron–hole separation.77 Robatjazi et al.
prepared a system based on the Al@Cu2O nanoantenna-
reactor, where the nanoantenna (Cu2O) shows plasmonic
behavior and Al acts as light-related heating component
(Fig. 10B). The separation of the catalytic (Cu2O) and light
capture (Al) functions into different materials promotes
higher quantum efficiencies in chemical conversion. The
reverse water-gas shift process (rWGS) is an approach for CO2

reduction to CO but also appears as a side reaction in CO2

reduction to other products. Al@Cu2O presented effective
and selective rWGS under mild conventional thermal
conditions with many potential industrial applications.78

Following a similar approach, other photo-thermal catalytic
devices have been designed. CO2 methanation using water
has been explored by including carbon dots (CDs) on Cu/
TiO2.

79 Under UV irradiation, this catalytic system produces
CH4 at the temperature (>150 °C). The mechanism of the
reaction was studied by in situ DRIFTS (diffuse reflectance IR
Fourier transform spectroscopy). The study indicates that the
CO2 methanation process over CD-Cu/TiO2 can be mainly
considered as two different processes. First, CO2 is reduced
to CO by CuĲI) (Cu2O) (CO2 + Cu2O → CO + CuO), and second,
CO is reduced to CH4 by H2O. In this case, the carbon dots
have a dual function; they act as an electron storage center
and could also capture UV light-generated holes from titania.
Critically, a CuĲI)/CuĲII) cycle can take place with concomitant

Fig. 8 Physico-chemical characterization of Mo oxide materials: A)
TEM (a) and HRTEM (b) images of MoO3, and TEM (c) and HRTEM (d)
images of MoO3−x catalysts; B) UV-vis-NIR diffuse reflectance spectra
(a) and Mo 3d XPS spectra (b). C) CH4 production under UV-vis-IR
irradiation for 4 h (a) and CH4 production rate over under UV-vis-IR,
UV-vis, and IR light irradiation for 1 h (b) over MoO3−x and MoO3.
Reprinted with permission from ref. 69 (copyright® RSC 2019).
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electron storage and release, with a the principal role of CDs
as the electron handling component and the stabilizer of the
redox state of copper, limiting over-reduction at a high
temperature (Fig. 10C).79 On the other hand, Cu2O combined
with graphene oxide (GO) was prepared by the chemical
reduction of CuĲNO3)2 in the presence of GO precursors
under Ar atmosphere, obtaining homogeneously dispersed
Cu2O NPs on the catalyst surface (Fig. 10D). The Cu2O/GO
system presented a highly specific CH4 formation rate and
quantum yield at temperatures below the typical Sabatier
(CO2 + 4H2 → CH4 + 2H2O) reaction temperature (>350 °C).
The catalytic action was explained as a synergistic effect
between G and the Cu2O NPs, with promoted charge

separation by facilitating the migration of the conduction
band electrons generated in Cu2O to GO. Photo-induced
electron transfer from the Cu2O/GO photocatalyst to CO2

takes place at the same time that light-induced local
temperature appears to facilitate H2 activation. In addition,
heating accelerates H2O desorption, improving the overall
CH4 formation.80 Recently, the Cu@Cu2O/ZnO nanostructure
has been synthesized to enhance the photocatalytic H2

production.81 The presence of Cu@Cu2O significantly
increased the production of H2 compared to pure ZnO.
Excited with UV-visible light, hot electrons are generated at
the Cu component, which moved into the CB of Cu2O and
were subsequently injected into the CB of ZnO. This process

Fig. 9 A) Illustration of the plasmonic MoS2/MoO3−x composite synthesized via light-induced in situ oxidation of MoS2 nanosheets (a); TEM image
of MoS2 material (b); TEM (c) and HRTEM (d) images of the MoS2/MoO3−x composite. B) Excitation and charge transfer of the MoS2/MoO3−x
composite (a); MoS2, MoO3−x, and MoS2/MoO3−x photocurrent responses (b); PL spectra (c); and decay curves (d) of MoS2/MoO3−x (red) and MoS2
(black) materials. Reprinted with permission from ref. 73 (copyright® ACS 2019).
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is synergistically improved by the photoactivity of ZnO, which
presents holes in the VB after irradiation, which are
transferred to the VB of Cu2O. The result is efficient light
absorption and charge separation under broadband
(sunlight-type) illumination, inducing H2 production in the
interphase.81

3. Defective oxides

The chemistry and engineering of defects in metal oxides
have become of great interest because they can have a key
effect on the catalytic activity of metal oxide systems. As
depicted in Fig. 2B, many defects are detected in oxide
systems. This makes it complex to render general ideas about
their catalytic role. In spite of this, the defect chemistry
appears critical in thermal catalysis by several reasons
including the presence of surface defects, facilitating the
adsorption and activation of the reactants as well as anion
mobility in order the provide the active species in specific

mechanisms such as Mars–van Krevelen and others.1,82

Similarly, in the light-driven reactions, they can play the
above-mentioned roles but are also critical actors in charge
capture and recombination taking place after light excitation.
For example, in titania–anatase, radiative recombination
always occurs with the participation of a defect-related
trapped species.83 The interplay between all these possible
roles of the defects depicts a complex scenario that is rather
useful in the context of thermo-photocatalysis. Herein, we
analyzed several composite systems containing Co3O4, CeO2,
MnO2, BiO2, or In2O3 oxides among others as the key
components of the systems. They represent the examples of
oxides where the defect-related features control or strongly
affect the catalytic behavior.

CoOx-Based systems

Co3O4, with a significant number of oxygen vacancy defects
present in the so-called reduced Co3O4, is a typical example.84

Fig. 10 A) SEM (a and b) and HRTEM (c) images of a Cu2O plasmonic system with the schematic representation of the thermo-photocatalytic
mechanism (d). B) Energy band diagram of Al@Cu2O for the carrier generation induced by plasmon (a) and scheme of plasmon-induced carrier-
assisted rWGS process (b). C) Charge carrier handling scheme taking place under UV illumination in Cu/TiO2-C (a) and Cu/TiO2 (b) systems. D)
HRTEM image of Cu2O/G and particle size distribution of Cu2O NP. A) Reprinted with permission from ref. 77 (copyright® ACS 2021). B) Reprinted
with permission from ref. 78 (copyright® Springer Nature 2017). C) Reprinted with permission from ref. 79 (copyright® Elsevier 2019). D) Reprinted
with permission from ref. 80 (copyright® RSC 2017).
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The catalytic activity of this type of compound has been
explained based on the oxygen vacancies on the surface of
the material. Specifically, DFT calculations have been carried
out to determine the influence of the structure on the catalyst
activity. A new state, located within the band gap and below
the conduction band minimum, has been identified for
reduced Co3O4. The work indicated that when the two
electrons (associated with the presence of an anion lattice
vacancy) are excited, the Fermi level appears near the
conduction band edge and the energy of the Vo2+ formation
is ca. 1 eV lower than that in similar materials, such as TiO2-
rutile. The concentration of the oxygen vacancies can be
determined by the following equation

n ¼ N exp − Evf

kBT

� �

where, N is the number of possible lattice site per volume

unit necessary to form the defect, kB is the Boltzmann's
constant, and T is the temperature. Therefore, the lower
formation energy means more oxygen vacancies and greater
oxygen release capacity. Fig. 11A shows the distribution of
the two electrons associated with the anion vacancy.
According to the authors' discussion, the removal of an
oxygen atom causes the two electrons occupying the 2p
orbitals of oxygen to delocalize around the three neighboring
atoms of Co3+ and O. This causes further electron
delocalization in reduced Co3O4. Therefore, the oxygen
vacancies present in the structure of Co3O4 can increase the
number of active sites on the surface/subsurface with redox
capability. Moreover, the delocalized electrons related to
oxygen vacancies increase the conductivity of Co3O4. The
combination of all these factors promotes the catalytic
behavior of Co3O4.

Several articles scrutinized the thermo-photocatalytic
activity of the Co3O4-based systems.85,86 An example is the
article published by Lan et al.85 The Co3O4 mesoporous
nanorods system (Co3O4-MNR) with Co2+ vacancies (instead
of the anion vacancies explored at the bulk oxide, ref. 84) has
been synthesized. This sample was tested for the benzene
gas-phase oxidation process and it was compared with the
commercial Co3O4 oxide (with less defects) and the TiO2

(P25) material. Co3O4-MNR has shown higher thermo-
photocatalytic activity than Co3O4. The EPR and XPS results
indicated that the Co2+/Co3+ ratio for Co3O4-MNR was 1 : 3.17,
which is lower than that of bulk-type Co3O4 (1 : 2). In order to
determine the mechanism of the reaction, Co3O4-MNR was
tested under UV-vis-IR illumination at room temperature,
and no catalytic activity was shown. The absence of
photocatalytic activity was attributed to the fact that the
photogenerated holes (located at the VB) do not have enough
potential to oxidize hydroxyl groups and, consequently,
recalcitrant benzene. Therefore, the very high thermo-
photocatalytic activity of Co3O4-MNR under illumination
comes from a sunlight-driven thermo-catalytic oxidation
mechanism. In Fig. 11B, a scheme of the proposed
mechanism is presented. In the first place, the authors have
attributed the increase in the catalytic activity to the strong
light absorption of Co3O4-MNR, which originated the
concomitant effect on the surface temperature (by multiple
de-excitation channels for charge carrier species and
phonons of the solid) to trigger conversion. The results
obtained suggest that the Co3O4-MNR system can convert UV-
vis-IR and vis-IR light into thermal energy efficiently.
Furthermore, the DFT calculations were performed in order
to study the effect of Co2+ vacancy defects on the lattice
oxygen activity in the Co3O4 system. The results indicated
that the presence of Co2+ vacancy on the surface promotes

Fig. 11 A) The reduced Co3O4 partial charge density. B) Schematic representation of the photoactivation under solar light irradiation and
thermocatalysis on Co3O4 with Co2+ vacancy defects. The calculated slabs of Co48O64 with no Co2+ vacancy (C) and with one Co2+ vacancy (D).
A) Reprinted with permission from ref. 84 (copyright® Wiley 2014). B–D) Reprinted with permission from ref. 85 (copyright® Wiley 2018).
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the activity of the surface lattice oxygen. As shown in
Fig. 11C and D, the energy for removing one oxygen atom
from the surface by CO was calculated. The removal of a
single oxygen atom on the Co3O4 slabs without a Co2+

vacancy is always disfavored (two oxygen positions tested)
with respect to the Co3O4 slabs with one Co2+ vacancy. In
addition, the energy for removing one oxygen atom in the
bulk is much higher than that on the surface, favoring their
presence at the surface sites that are able to interact with the
reactants.

Ultrathin mesoporous Co3O4 nanosheets on stainless steel
mesh (SS-Co3O4) were utilized by Zheng et al. for VOC
oxidation.86 The thermo-photocatalytic activity was tested for
the aerobic oxidation of C3H6 and C3H8 under simulated
sunlight and it was compared with the activity of P25, TiO2,
and bulk-type Co3O4. The results showed that the novel SS-
Co3O4 exhibits superior activity with respect to all the
reference systems mentioned. The authors related this fact to
the heating effect, a result of the strong absorption of the
solar spectrum, which caused an important increase in the
temperature above the light-off temperature, facilitating
VOCs oxidation. Moreover, the SS-Co3O4 properties such as
supported metal, porous foam-like interior architecture and
the ultra-thin two-dimensional shape could lead to certain
advantages. They are probably related to the beneficial
utilization of the photo-to-thermal conversion, increasing the
number of catalytically active sites, and also enhancing the
mobility and amount of surface lattice oxygen species, ending
in the excellent thermo-photocatalytic activity displayed by
SS-Co3O4.

Different Co3O4-based composites have been studied.87–91

Shi et al. studied the TiO2/Co3O4 nanocomposite synthesized

to improve the thermo-photocatalytic activity.87 For this
propose, different Co/Ti molar ratios have been prepared and
tested for gas-phase benzene degradation under UV-vis-IR
irradiation. The thermo-photocatalytic activities of the
composites were compared with TiO2 (P25). The composites
exhibited higher thermo-photocatalytic activity than the
reference, highlighting the composite with a 0.30 molar ratio.
This sample degraded 95% of benzene within 40 min. The
results showed that TiO2/Co3O4 exhibits photocatalytic
activity but much lower than that of its thermo-photo
counterpart. Therefore, the strong thermo-photocatalytic
activity would be driven by light-triggered thermocatalytic
benzene oxidation on Co3O4. Fig. 12A illustrates the photo
and light-driven steps of the thermo-photo processes. The
strong optical absorption of the composite causes the raising
of the surface temperature due to photo-to-thermal
conversion. The authors suggest that to promote the
beneficial effect between light and thermal energy on Co3O4

and TiO2, there must be an effective migration of the light-
triggered active species at the interface between the oxide
components. To determine whether this occurs, the authors
prepared a physical mixture of nano Co3O4 and TiO2 (P25).
The results showed that the thermo-photocatalytic activity in
the physical mixture was lower than that of the composite
formed by the same Co/Ti molar ratio. Therefore, the
efficient migration of the photogenerated active species
through the interface of components plays a key role in the
thermo-photo synergistic effect. Based on the results
obtained, the authors proposed the following mechanism.
On the one hand, the electrons are excited from the TiO2

valence band to its conduction band by absorbing UV
radiation. The electrons reduced adsorbed O2 molecules on

Fig. 12 A) Schematic representation of photocatalysis (TiO2), light-driven thermocatalysis, and photoactivation (Co3O4), and the synergistic effect
between light-driven thermocatalysis (Co3O4) and UV-photocatalysis (TiO2). B) SEM images: ZIF-67 (a), Co3O4-MOF (b), 10-NiOx/Co3O4 (c), 20-
NiOx/Co3O4 (d), 35-NiOx/Co3O4 (e), 50-NiOx/Co3O4 (f); TEM images: Co3O4-MOF (g), 10-NiOx/Co3O4 (h), 20-NiOx/Co3O4 (i), 35-NiOx/Co3O4 (j),
50-NiOx/Co3O4 (k); TEM element mapping images of 10-NiOx/Co3O4 (l), 20-NiOx/Co3O4 (m), 35-NiOx/Co3O4 (n), 50-NiOx/Co3O4 (o). C) Toluene
(gas) degradation under simulated sun-light irradiation over different catalysts (a and b). A) Reprinted with permission from ref. 87 (copyright® ACS
2018). B and C) Reprinted with permission from ref. 88 (copyright® ACS 2018).
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TiO2, generating the active O2
− species. The holes oxidized

the hydroxyl and benzene adsorbed species on TiO2 to form
OH˙ and C6H6

+ radicals. These photogenerated active species
can likely migrate through the Co3O4/TiO2 interface to the
Co3O4 component. On the other hand, light-promoted
thermocatalytic benzene degradation on nano Co3O4

proceeds upon UV-vis-IR irradiation. Thermocatalytic
oxidation in Co3O4 takes place through a Mars–van Krevelen
redox mechanism (lattice oxygen species oxidizes C6H6, and
O2 subsequently reoxidizes reduced cobalt oxide sites). Due
to the fact that the photogenerated C6H6

+ species are more
active than the non-charged (neutral) molecule,92 the
reduction of the surface Co3O4 entities by benzene is
promoted. Similar to the high activity of O2

− species and OH
radicals,92 Co3O4 reoxidation is strongly favored. All these
phenomena work cooperatively and accelerated light-
promoted thermocatalytic benzene oxidation with significant
effect on the reaction rate.

A series of hollow NiOx/Co3O4 composites have been
synthesized by Chen et al. and were tested for toluene
oxidation.88 Hollow NiOx/Co3O4 compounds derived from
ZIF-67 were synthesized by the impregnation method.
Fig. 12B encloses a microscopy study of the structural and
morphological properties of the samples. As can be seen, the
ZIF-67 precursors trigger the presence of a polyhedric-type
structure after calcination. The resulting sample (called
Co3O4-MOF) exhibits some kind of shrinking morphology
originated by the agglomeration of the Co3O4

nanocrystallites. When Ni is added to the catalyst
formulation, the evolution of the external shells of the
particle was clearly observed. The TEM-EDS images
confirmed the formation of a core–shell type morphology
with an NiOx shell and a Co3O4 core. In addition, light-driven
catalytic activity under simulated sunlight was studied.
Fig. 12C shows the degradation of toluene under the
irradiation of simulated sunlight. The composites exhibit
enhanced catalytic activity with respect to pure Co3O4-MOF,
commercial Co3O4, and the mechanical mixture of NiOx and
Co3O4 (this one presents the lowest catalytic activity). It is to
be noted that the 35-NiOx/Co3O4 catalyst (35 wt% of NiOx)
showed the best toluene conversion. The authors determined
that the strong metal oxide interaction, catalyst structure,
and appropriate Ni content are crucial factors to improve the
catalytic activity of the catalyst. The optimum activity for the
35-NiOx/Co3O4 sample is connected with the highest light
absorption, which is in turn related with the homogeneous
distribution of Ni/Co and a close contact of NiOx and Co3O4

on the shells. The authors studied the low-temperature
regime under light irradiation. The absence of activity was
observed; therefore, the process is not carried out by
traditional photocatalysis. The studied concluded that
absorbed light is efficiently converted into heat through non-
radiative recombination, contributing to the increase in the
temperature at the macroscopic scale.

Another example of composites formed by Co3O4 was
published by Lou et al.89 Fe3Si-Assisted Co3O4 nanorods were

synthesized for CO oxidation. The catalytic reduction of CO
occurs at high temperatures; however, the authors of this
article demonstrated that the composites formed by Fe3Si/
Co3O4 are able to convert light into heat to drive the
oxidation of CO. Surface decoration or doping are other
strategies that have been used to promote the catalytic
activity. Zhao et al. published an article where the
synthesized porous Co3O4 nanosheets were decorated with
Cu2+.93 The reported results show that this type of composite
has a reaction rate that is 1.76 times higher than that of
Co3O4 for the thermo-photo oxidation of toluene. In fact, the
process shows a solar light-driven thermo-catalytic reaction.
Finally, an ACo2O4 type spinel was synthesized by Chen et al.
for photo-promoted thermo-catalytic removal of VOCs.94

Different spinels have been synthesized with A = Ni, Cu, Fe,
and Mn. All the spinel systems showed significant light
absorption over the hole solar spectrum and associated
heating effects, rendering sufficient thermal energy to
promote the catalytic degradation of toluene. However, the
catalyst displaying the highest thermo-photocatalytic activity
for the target molecule oxidation process was Ni. The authors
explained this excellent light-driven catalytic performance
mainly by the strong light absorption, high photothermal
conversion, increasing active oxygen species, and larger
surface area.

MnOx-Based systems

Another different type of material widely studied in thermo-
photocatalytic processes corresponds to manganese oxide.
MnO2 can display different phases (polymorphs) depending
on the synthesis method.95 Fig. 13 shows different
polymorphs of MnO2. All of them differ by the different
manner of interlacing the chains of the octahedral [MnO6]
units. The Mn atom occupies the center of the eight-surface
body and the oxygen is on the top of the eight-surface body
angle.

The romanechite δ-MnO2 phase (Fig. 13A–D) displays a
hierarchical layer with edge-sharing [MnO6] octahedra
sheets. The hollandite α-MnO2 structure is built with the
double-chain of edge-sharing octahedral units [MnO6] with
two types of channels (1 × 1 and 2 × 2) extending along the
c-axis (Fig. 13E–H). The pyrolusite β-MnO2 phase shows a
rutile-type structure. In this case, the strings of edge-sharing
octahedra extended along the c-axis are formed by [MnO6]
units. Then, by sharing the common corner, they connect
with nearby chains forming a (1 × 1) tunnel (Fig. 13I–L).
The different crystal structures lead to different channel
diameter, with the magnitude of δ-MnO2 being larger than
that of α-MnO2 and β-MnO2. Thus, the different structures
modify the material properties and hence the catalytic
properties of the material.

Several articles have been published where “reduced”
manganese oxide (MnOx) has been synthesized pure,96 or in
composite systems with metals97–100 or other oxides.101–106

Yang et al. published an article reporting the synthesis of
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ramsdellite (gamma) MnO2 hollow spheres (Fig. 14A and B)
composed by closely stacked nanosheets (R-MnO2-HS).96 R-
MnO2-HS was evaluated in thermo-photocatalysis for benzene
oxidation under Xe lamp irradiation. The results show
dramatic superior activity with respect to TiO2 (P25). The
authors reported that this type of oxide produced the rapid
diminishing of benzene concentration, accompanied by a fast

increase in the CO2 concentration. After 30 min of
irradiation, benzene is almost completely oxidized.

In addition, the thermo-photo benzene catalytic oxidation
taking place under the visible-infrared (visible-IR) or infrared
(IR) irradiation was evaluated and the results demonstrated
that R-MnO2-HS shows high catalytic activity under all the
mentioned illumination conditions. The process again
triggers the surface temperature to raise activity through a
thermo-photo conversion process, taking place after light
absorption. To clarify the mechanism, the bare photocatalytic
activity of R-MnO2-HS at room temperature under full-
spectrum solar irradiation was tested. The results show lack
of CO2 production, pointing out that conventional
photocatalysis does not occur on R-MnO2-HS. When the
temperature is above Tlight-off, the thermocatalytic
degradation of benzene takes place. The oxidation of the
organic molecules species is carried out by surface lattice
oxygen of the manganese oxide, which are subsequently
annihilated by O2 molecules (Mars–van Krevelen
mechanism).107 Finally, DFT calculations (results
summarized in Fig. 14C and D) were carried out. The authors
reported that the energy (ΔE) for removing one oxygen from
the Mn32O64 supercell in the excited state was 1.36 eV, which
was lower than the ΔE in the ground state (2.05 eV). These
theoretical results indicate that the lattice oxygen activity of
the ramsdellite MnO2 sample could be increased by solar
light irradiation. This adds a beneficial (catalytic) effect to

Fig. 13 SEM images (A, E and I); HRTEM images (B, F and J); SAED pattern (insets C, G and K); and crystal structure diagrams (D, H and L) of MnO2

catalysts: (A–D) δ-MnO2, (E–H) α-MnO2, and (I–L) β-MnO2. Reprinted with permission from ref. 95 (copyright® Elsevier 2021).

Fig. 14 SEM (A) and TEM (B) micrographs of the R-MnO2-HS sample.
Calculated supercell of ramsdellite MnO2 (Mn32O64) and the
corresponding energy of removing one oxygen (yellow sphere) in the
ground (C) and excited (D) states. Reprinted with permission from ref.
96 (copyright® ACS 2017).
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the already mentioned surface temperature effects. Also, for
the thermo-photo degradation of VOCs, in this case, benzene
as the target molecule, an amorphous manganese iron oxide
(called MnxFeOy-70) has been designed. The increased
catalytic activity was ascribed to the higher lattice oxygen
activity, which is essential for benzene oxidation under UV-
vis-IR irradiation. In addition, the system showed excellent
thermo-photocatalytic durability, presenting stable long-term
operation under the reaction.98 Other Mn-containing
structured nanoflowers, with an octahedral layered birnessite
structure, showed thermo-photo activity based on the
enhanced activity of the described lattice oxygen. The
material showed high efficiency for CO oxidation under full-
spectrum solar, visible-infrared, as well as infrared light
illumination.99

Composite systems of MnOx with metals have been
studied by different authors. For instance, MnOx promoted
with Pt for the degradation of toluene were tested. It was
demonstrated that a 1 wt% Pt loading increased the catalytic
oxidation of toluene by combining sunlight and heat.97 For
different applications, MnO2 has been loaded with Ag, which
induced the formation of oxygen vacancies and Mn3+. The
system presented antibacterial properties, induced by solar
light irradiation. Ag induced the formation of vacancies as
well as the local heating effect. In combination with MnO2,
the system promoted the formation of hot electrons and
therefore the reactive (radical-type) species, which was
enhanced by the thermo-photocatalytic effect.100

Composite catalysts formed by two oxides were
synthesized by Yang et al.101 MnOx/TiO2 was prepared for
thermo-photocatalytic selective ethanol oxidation to
acetaldehyde. The activity was tested and compared with
TiO2 (P25). The composites exhibited high catalytic activity
compared to the reference. Moreover, the thermo-
photocatalytic activity of the composites was compared with
the photocatalytic counterpart. The authors determined that
this type of composite provides a significant increase in the
acetaldehyde production rate under UV-vis-IR irradiation.
The enhancement of this catalytic activity in the selective
oxidation of ethanol does not follow the traditional
mechanism of photocatalysis, rather it follows a light-driven
thermocatalysis mechanism. MnOx/TiO2 was also prepared by
Ma et al. for the gas-phase degradation of the benzene
pollutant under full-spectrum solar and visible-infrared
illumination.102 The results showed that the composites
could efficiently transform solar energy into thermal energy,
raising the surface temperature of the catalyst, resulting in
improved catalytic activity. Amorphous manganese oxide
supported on an anatase TiO2 nanosheet was synthesized by
Lan et al. for efficient UV-vis-infrared light-driven catalytic
abatement of benzene.103 The optimum composite (Mn/Ti
molar ratio of 0.40) exhibited highly efficient thermo-
photocatalytic activity and excellent durability. Ren et al.
synthesized Pt–TiO2/Ce–MnOx compounds that showed
excellent activity in the thermo-photocatalytic oxidation of
benzene.104 Wang et al. published two articles where similar

composites formed with manganese oxide exhibited high
thermo-photocatalytic activity.105,106

CeOx-Based systems

Ceria (CeO2) has been extensively studied in many areas,
most notably, catalysis. However, in recent decades, it has
been applied in thermo-photocatalytic reactions.108–110 Ceria
has significant use in the field due to its characteristic and
high oxygen storage capacity (OSC), which is in turn related
to the easy handing of cerium oxidation states (Ce3+ ↔ Ce4+)
and concomitant formation-annihilation of the oxygen
vacancies.111 CeO2 displays a fluorite-type structure, where
cerium cations have a coordination number of 8 and are
centered in the cubes forming by eight nearest neighboring
oxygen anions, while each oxygen anion is coordinated to
four nearest neighboring cerium cations in a tetrahedral
shape.112 However, the ionic radius of Ce4+ may not be large
enough to stabilize the fluorite structure; thus, some Ce4+

ions can be transformed into Ce3+ with the concomitant
formation of oxygen vacancies. From the catalytic point of
view, it is desirable to promote the redox conversion between
Ce3+ and Ce4+, which facilitates the formation of abundant
anion (oxygen) defects and the concomitant release of new
oxygen atoms. Fig. 15 shows the different structure of the
ideal oxidized/reduced CeO2 in the absence/presence of
doping ions.

Verma et al. published an article where cerium oxide was
synthesized with two different oxidation states in a core–shell
type structure (CeO2/Ce2O3).

108 The photocatalytic activity was
evaluated using methyl orange (MO) under UV-vis irradiation
and different temperatures. The authors reported that the
self-degradation of MO under UV and visible illumination
was negligible at all the temperatures tested. In contrast, the
rate of CeO2 (M) (calcined sample in vacuum) was 2.2 and 3.3
times higher than that of CeO2 (S) (calcined sample in air)
under UV and visible light, respectively. Both the samples
were tested in the temperature range from 8 to 65 °C. When
the temperature increased from 8 to 65 °C, the catalytic
degradation increases by about 1.5 and 2.7 times under UV
and visible light, respectively. In the case of CeO2 (M), this
behavior originates from the presence of an interface and

Fig. 15 Model of CeO2 stoichiometric oxide projected along the 〈1 0
0〉 direction of the fluorite-type structure (left). This structure can
transform into a non-stoichiometric oxide CeO2−x/2 with the formation
of Ce3+ and oxygen vacancies (middle). Ce1−mMmO2−x/2−y solid
solutions can be formed by doping with smaller cations (M4+) into
CeO2, generating Ce3+ together with oxygen vacancies (right).
Reprinted with permission from ref. 112 (copyright® Elsevier 2018).
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associated oxygen vacancies, positively affecting the
separation and mobility of the charge carries, respectively.
The largest increase under vis irradiation was ascribed to the
extended absorption in the mentioned electromagnetic
region. The temperature-dependent enhancement was mainly
attributed to the enhancement of the carrier conductivity.
The photo-excited electrons can migrate to the catalyst
surface or recombine through thermalization. The heat
dissipated in the process promotes the mobility of the
carriers, facilitating their presence at the surface and
subsequent involvement in the chemical reaction. This fact
favors the development of a thermo-photocatalytic system,
which has a higher reactivity than the photocatalytic system.
Fig. 16 illustrated the density of states (DOS) before and after
vacuum annealing. The last treatment favors the formation

of the defects; therefore, both the valence and conduction
bands increase in width, resulting in a decrease of the band
gap (Fig. 16C b). The presence of CeO2 and Ce2O3 favors the
presence of defects to form mainly at the interface. The
generated electrons after light absorption are trapped at the
CeO2 (core) and CeO3 (shell) interface, which results in a
decrease in the electron and hole recombination. Finally, the
electrons are captured by oxygen on the surface forming the
O2− radicals, while the holes are captured by water or OH−

radicals, forming OH˙, which degrades the MO.
The thermo-photo activity of CeO2 has been studied

together other oxides.109,113,114 TiO2/CeO2 was synthesized by
Zeng et al. and utilized for the gas-phase oxidation of
benzene.109 Three different samples with 0.021, 0.068, and
0.174 Ti/Ce molar ratios were synthesized. The samples were
denoted as TiO2/CeO2-A, TiO2/CeO2-B, and TiO2/CeO2-C,
respectively. The photocatalytic activity was tested and
compared with CeO2, TiO2 (P25), and TiO2, and the results
show that the composites exhibited higher catalytic activity.
The photocatalytic activity of CeO2 and TiO2/CeO2-B was
determined under Xe lamp irradiation near room
temperature to confirm that the composites followed the
conventional photocatalytic mechanism (Fig. 17A). On the
other hand, the results revealed that at ∼40 °C, the
composites showed catalytic activity, while CeO2 showed no
activity. For the TiO2/CeO2-B composite, the CO2 formation
rate under the thermo-photo conditions (Fig. 17B(a)) was
36.4 times higher than the photocatalytic conditions
(Fig. 17B(b)). The mechanism of the reaction is shown
schematically in Fig. 17C. Light irradiation causes a
considerable increase in the compositeĲs) temperature due to
the infrared-triggered heating effect. When the temperature
rises above the thermocatalytic light-off temperature
(Tlight-off), the thermocatalytic degradation of benzene occurs.
The synergic effect was intimately connected with the
promotion of the reduced Ce states, which is located at the
interface of the TiO2/CeO2 composites (Fig. 17C).

Bellardita et al. published an article where TiO2/CeO2 was
synthesized for the thermo-photo oxidation of 2-propanol,
ethanol, and toluene.113 For toluene elimination, thermo-
photo degradation was studied from a kinetic perspective
using the TiO2/CeO2 composite systems.115 Complete analysis

Fig. 16 UV- (A) and visible (B) light-photocatalytic degradation of methyl orange (MO) on CeO2 (S) and CeO2 (M) samples at the temperature
range (8–65 °C). C) Schematic illustration of the density of states (DOS) before (a) and after vacuum annealing (b), and band diagram of CeO2 (c).
Reprinted with permission from ref. 108 (copyright® Elsevier 2015).

Fig. 17 CO2 production (A) and rCO2
(B) for benzene oxidation using:

TiO2/CeO2-B (Xe lamp irradiation; thermo-photocatalysis) (a), TiO2/
CeO2-B (b), and CeO2 (c) (Xe lamp irradiation, ca. RT; photo-catalytic),
TiO2/CeO2-B (irradiation >420 nm with higher light intensity (d), a
mixture of TiO2 and CeO2 with the same Ti/Ce molar ratio as TiO2/
CeO2-B under Xe lamp irradiation (e). C) Scheme presenting solar
light-driven thermocatalysis and the synergetic effect between the
photocatalysis on TiO2 and thermocatalysis on CeO2 taking place in a
TiO2/CeO2 nanocomposite. Reprinted with permission from ref. 109
(copyright® Elsevier 2015).
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using an intrinsic scheme with the rigorous analysis of both
light and chemical variables was able to demonstrate changes
in the energy of activation of the initial step of the toluene
degradation, with lower values for thermo-photocatalysis with
respect to thermal and photo alone values. This occurs
parallelly to changes in the adsorption of the reactants under
combined excitation. Therefore, a rigorous proof of a true
synergistic effect between light and thermal energies was
provided in this case. This kinetic effect takes place with the
inclusion of radical species in a thermal-based reaction
mechanism, a characteristic feature of a synergistic thermo-
photo mechanism.115

Solar and thermo-catalysis led to a considerable decrease
in the conversion temperature of organic compounds using
composites containing Ce-based mixed oxide materials.
CeMnxOy/TiO2 has been studied by Liu et al. for benzene
oxidation.114 The results showed that the CeMnxOy/TiO2

composites displayed much higher thermocatalytic activity
than the composites such as CeO2/TiO2 and MnOx/TiO2. This
fact has been related to the increased oxygen activity. In
addition, the catalyst showed strong absorption in the entire
solar spectral region, and was able to transform the absorbed
solar energy into thermal energy, which leads to an increase
in the temperature. This process results in light-facilitated
thermocatalytic activity, with the promotion of the oxidation
of benzene under full-spectrum solar, visible-infrared, and
infrared illumination conditions. The same authors
synthesized the CeMnxOy/(cryptomelane-type octahedral
molecular sieve) OMS-2 composite, which showed a very
efficient thermo-photocatalytic activity and a high stability
under UV-vis-infrared illumination.116 Hou et al. published
two articles, where nanostructured Ce ion substituted OMS-2
was synthesized.117,118 On the one hand, this type of
compound was used for VOC purification. The results
showed the efficient transformation of the absorbed solar
energy to thermal energy with the help of the Ce ion-
substituted OMS-2 catalyst.117 The authors demonstrated that
in this type of catalyst, the combination of photo-thermal
conversion and thermocatalytic activity drives the catalysis
with extremely high efficiency under full-spectrum solar, UV,
vis, and IR illumination. On the other hand, the authors
reported that Ce ion-substituted OMS-2 having Mn vacancies
strongly promotes the catalytic activity.118

Finally, we briefly mention that different articles
considered the use of CeO2 together with metals as the co-
catalysts.119–121 Mao et al. synthesized a composite system
formed by Pt nanoparticles partially embedded in the
mesoporous CeO2 nanorods, which exhibited very efficient
catalytic activity and high stability for the solar light-driven
CO2 reduction.122 The same authors studied the identical
type of compound for the catalytic oxidation of benzene
under UV-vis-IR light. The catalysts exhibited high catalytic
activity due to sunlight-driven thermocatalysis caused by the
combination of high thermocatalytic activity and a local
heating effect originated from the surface plasmonic-type
absorption taking place at the Pt component.120 Pt was also

used to promote the activity of the TiO2/CeO2 composite
systems for hydrogen production from sacrificial bio-
alcohols. An operando study analyzes the solid using X-ray
absorption and the reactant-solid interface using infrared
spectroscopy. From this, the authors elucidated the
physicochemical basis of the synergistic thermo-photo effect
displayed by the catalysts. The study showed that light affects
a thermal mechanism, with the incidence of the specific
oxidation-type steps of the sacrificial molecule and
subsequent decarbonylation of the resulting intermediates,
generating hydrogen concomitantly. The global effect is a
unique mechanism with multiple effects in the surface
chemical species. Overall, the simultaneous light-heat
excitation triggers an increasing reaction rate by ca. 2 times
(and a decreased overall energy consumption of ca. 30%) with
respect to the additive combination of the thermal and
photoreaction rates123 Finally, Zhang et al. published an
article where Ni/CeO2 was synthesized for CO2 reduction. The
results showed that the catalyst exhibited high catalytic
activity under UV-vis-IR due to efficient light-driven
thermocatalytic activity.119

BiOx-Based systems

Bi-Based composites have attracted much interest because of
their high photocatalytic activity in visible light and relatively
narrow band gap due to the hybridization of the O 2p and Bi
6s2 valence bands.124 Li et al. synthesized a vacancy-rich
BiO2−x monolayer able to absorb light throughout the full
solar spectrum.125 This catalyst showed enhanced photon
absorption and response due to the formation of electronic
states near the conduction band minimum. The increased
catalytic performance of this material compared to BiO2 bulk
was attributed to the (Bi–O associated) vacancy VBi–O‴ as
demonstrated using positron annihilation spectroscopy.
Moreover, the presence of VBi–O‴ defects in the BiO2−x
monolayer promoted the separation of the charge carrier
species, avoiding charge recombination. All these
phenomena resulted in the enhancement of the catalytic
activity. Liu et al. synthesized a nanoradiosensitizer tool
using ultrathin BiO2−x nanosheets (NSs) modified with Tween
20 (T-BiO2−x NSs). It facilitates overcoming hypoxia-induced
radioresistance as well as to increase the radiation therapy
efficiency.126 High-Z elements such as bismuth have been
explored as radiosensitizers to increase the radiosensitivity of
tumors because these materials are capable of absorbing and
depositing a significant amount of radiation in the tumor
area.127,128 BiO2−x nanosheets have exhibited high
photocatalytic performance due to the presence of defects in
their structure. The presence of defects increases the charge
carrier separation, reduces the band gap, and increases the
valence band edge energy. In addition, the presence of
oxygen vacancies also promotes the catalytic activity of the
BiO2−x nanosheet.

Li et al. published an article where Ni2+-doped BiO2−x
nanosheets were synthesized.129 The structural properties of
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BiO2−x and Ni2+-doped BiO2−x were analyzed to determine the
effect of Ni. The XRD patterns indicated that BiO2−x displays
the cubic phase of BiO2−x (JCPDS No. 47-1057). The Ni2+-
doped BiO2−x patterns were also obtained for samples with
different amounts of Ni (2%, 4%, 6%, and 8%) and the
results showed that all of them can also be indexed in the
cubic phase of BiO2−x. No other peaks other than that for
BiO2−x were observed, which was interpreted as a result of
the Ni2+ incorporation into the lattice. It was also observed
that the (111) and (200) peaks of the doped sample were
shifted towards higher 2θ.130 The detection of a shift in the
diffraction peaks reflects the decrease in the Ni–BiO2−x
interplanar spacing (Bragg's law),131 resulting from the
substitution of Bi ions with larger ionic radius by the smaller
Ni2+. Fig. 18A and B includes data from the DFT calculations.
In the Ni-containing structure, the Ni–O first shell
coordination distance is shortened, with the concomitant
formation of a distorted local structure of Ni2+-doped BiO2−x.
In addition, the total density of states (TDOS) and partial
density of states (PDOS) showed that the introduction of Ni2+

into the structure triggered the formation of a new energy
level.

This electronic level allows electrons to be excited,
providing additional charge carrier species and favoring the
catalytic activity.

Oxygen vacancy-rich Bi2O4–Bi4O7–BiO2−x composites were
synthesized by Jia et al. for UV-vis-NIR activated high efficient
photocatalytic degradation of bisphenol A.132 The authors
demonstrated that Bi2O4–Bi4O7–BiO2−x nanocomposites rich
in oxygen vacancies exhibit much higher catalytic efficiency
than other single or binary bismuth oxide systems under UV,
vis, and NIR light illumination conditions. These results

together with DFT calculations suggested that type-II charge
transfer and Z-scheme with oxygen vacancies as electron–hole
mediators can occur at the interfaces. Hence, efficient charge
separation and high full-spectrum sunlight utilization can
take place. One-dimensional/two-dimensional core–shell-
structured Bi2O4/BiO2−x heterojunctions were studied by Li
et al. for highly efficient full-spectrum photocatalysis.133 The
results showed that the composite exhibited broad
absorption from 200 to ca. 2500 nm. Moreover, the Fermi
level position suggested that the material would have higher
carrier mobility compared to Bi2O4 and BiO2−x, which
facilitates the separation of the charge carrier species. In
short, the high photocatalytic activity of the Bi2O4/BiO2−x
composite could be attributed to the high adsorption, high
mobility of charge carriers, and fast charge transfer across
the heterointerface.

Jiang et al. published an article using a Bi-doped ceria
thermo-photocatalyst (fluorite-doped Ce 1−xBixO2−δ
nanorods).134 CeO2 (C) and Ce 1−xBixO2−δ were tested under
light irradiation at 25 °C and 80 °C with/without light to
simulate photocatalysis, thermocatalysis, and thermo-
photocatalysis. The results showed that the binary Ce–B
catalyst was much more efficient than the bare ceria catalyst
under all the conditions. According to the authors, the
introduction of Bi atoms and concomitant anionic vacancies
are at the origin of the synergistic coupling of low-
temperature catalysis in a photocatalytic-dominated
mechanism. In addition, the presence of ceria and Bi shows
mixed ionic and electronic conductivity, and therefore,
enhanced charge carried mobility. The doped catalysts can be
considered as a combination of an n-type semiconductor and
an oxygen ion conductor. Fig. 18C illustrates the proposed
mechanism. The presence of Bi3+ in the structure enhances
the absorption of visible light, and improves the redox
capability of the oxide at low temperatures. Besides this, the
vacancies significantly promote the migration of oxygen ions
to the surface positions, opening the possibility of obtaining
activity at low temperature. Finally, the recombination of
charge carriers is effectively diminished due to the trapping
effects related to the defects, with the ionic and electronic
conductivity boosted (with respect to photocatalysis) by the
temperature increase originated from the absorption of IR
light. All these effects make it possible to benefit from the IR
region of the solar spectrum and thus increase the catalytic
performance.

InOx-Based systems

Indium oxide is another system with significant use in the
context of the thermo-photo research field. In this case, the
defect structure exploited is mostly related to the generation
of a mixed oxide/hydroxyde structure in the nanostructured
materials. From the oxide, the generation of oxygen vacancies
is achieved with presence of hydroxyl entities as the charge
neutral species. Such a type of system has been initially used
for CO2 reduction to several products such as CO, CH4, and

Fig. 18 DFT calculations. Crystal structures of (A) bare BiO2−x and (B)
Ni2+-doped BiO2−x. Proposed mechanism of Bi-induced synergistic
thermo-photocatalysis (C). A and B) Reprinted with permission from
ref. 129 (copyright® Elsevier 2020). C) Reprinted with permission from
ref. 134 (copyright® ACS 2013).
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CH3OH. Thus, indium oxide, initially explored in the form of
nanorods and nanoparticles, is able to catalyze chemical
reactions such as the reverse water gas shift (generating CO)
or methanol synthesis using carbon dioxide as the raw
material. Joint spectroscopic and DFT studies showed that
the activity of the indium-containing powders is closely
connected with the broadband absorption of the solid and
the photo to thermal conversion of low energy photons but
also with the surface properties of the solids. Concretely, with
specific Lewis acidic and basic active frustrated Lewis pairs
(FLPs) sites (Oδ−–Inδ+) generated (or promoted) under light
and able to significantly decrease the activation energy of the
initial carbon dioxide reduction step.135 Progressing in the
heterogenization of the material, some works studied the
activity of black indium oxide, outperforming previous (“non-
black”) materials in the form of nanorods/nanoparticles and
selectively generating CO from CO2. Similar to titania, black
powder is presumed to be formed by a core, less defective
indium oxide, and a strong defective outer layer.136 The same
black material in the form of nanosheets allowed an even
more fruitful combination of light and heat. As shown in
Fig. 19, a huge increase in the light absorption, covering
almost the full solar spectrum, facilitates the rise of the
temperature if compared with other more conventional and
already mentioned morphologies. Moreover, the defect-rich
nanosheet appears to stabilize formate-type COOH* species

with respect to carbonates and hydrogen-carbonates species,
significantly decreasing the activation energy of the reaction
and boosting the activity. The nanosheet morphology also
shows stability under cycling experiments.137

Thermo-photocomposite systems using indium oxide have
been mostly explored in the presence of components acting
as heaters and will be considered in the next section of this
work.

4. Heating materials

The last type of thermo-photoactive systems consider the use
of materials specifically devoted to the catalytic utilization of
the thermal energy. This could be carried out with the help
of external or internal heating sources, as depicted in Fig. 2C.
External heating may find applications in the current context
for specific composite materials where actives sites are
somehow localized at specific positions, such as interfaces
between components having one thermal and the other
photonic-oriented capabilities.7 In any case, as mentioned in
section 1 of this review, the more general use of external
heating could consider systems that have both thermal and
optical properties, leading to active catalytic functionality. For
our purposes, most works use external heating consider
plasmonic and/or defective oxides with inherent thermo-
photocatalytic activity having complex physicochemical roots.

Fig. 19 Scheme of the thermo-photocatalytic reaction system and indium oxide-based catalyst (a and b). Catalytic rates vs. temperature in light
(245.7 mW cm−2) and dark conditions (c). CO production rates vs. light intensity at 458 K (d). Reprinted with permission from ref. 138 (copyright®
Wiley 2019).
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The examples of such composite catalysts have been
presented in previous sections of this review article using, for
example, copper, tungsten, or cerium oxides. Another
possibly is the so-called internal heating. As a first class of
“internal heating” materials, we can highlight the case of
non-catalytic materials with high efficiency in absorbing low
energy photons via phonons (Fig. 2C).7,9 Metals used as foils
(therefore, with low surface area and catalytic activity) such
as Cu or Al (normally surface passivated or modified to allow
easy interface contact with catalysts) or non-catalytic
semiconducting or insulating materials such as Si, WN, and
others, are frequently utilized. As depicted in Fig. 2C, the
optical properties of the materials are critical to ensure the
adequate handling of the different light wavelengths through
a significant number of phenomena including adsorption,
scattering, and and/or reflectance. To this, we should add the
heat-conductive and/or radiative properties of the “heater”
component. Such materials, in form of films, wires, etc., have
been utilized in combination with, for example, indium
oxide-hydroxide active catalytic materials. An interesting
example utilizes the indium oxy-hydroxide and an Al film to
benefit from both external and internal heating effects using
a typical photocatalytic parabolic-type collector reactor for
sunlight illumination.138 Fig. 20 depicts the reactor (panels A
and B) and the activity of the catalyst for CO2 reduction (to
render almost exclusively CO) under light and dark
conditions at different temperatures (panel C) and under
different illumination intensity values (panel D). Both light
intensity and temperature have a strong effect on the
catalytic output, indicating the significance of light-induced
effects in a presumably thermal-based reaction. The activity

under thermo-photo conditions appears stable for long term
operation and decreases by the energy input ca. 30%, utilized
under thermal conditions. This clearly indicates the
suitability of the system for future industrial application.
Others catalytically-active oxide-based materials tested under
similar thermo-photo conditions are amorphous yttrium
oxide promoted with nickel139 or ruthenium oxide.140

“Internal” heating systems can also make use of
components with the preferential non-radiative de-excitation
of relatively low energy photons, particularly low energy
visible and (the whole range of) infrared photons. This
requires “low band gap energy” materials and can generate
localized thermal energy that can be exploited at the
nanoscale. As said previously, non-radiative de-excitation
always occur in all photoactive materials (presenting a
complex dependence of morphological and structural
properties) and is thus contributing, to some extent, to the
activity of many systems described in the previous sections.
In any case, here, we describe systems where this
phenomenon may be significant, particularly for the fruitful
use of low energy (typically infrared) photons. Such localized
heating at the nanoscale level can be achieved using minor
(by weight or composition) components within the composite
systems. The minor components can be located strategically
near the active centers of the composite systems and this
would generate specific local heating effects. In specific
cases, such components can also be active catalytic materials.
Mostly chalcogenides (outside the scope of this review) are
used in this context due to their limited band gap energy
and, for most cases, dominant non-radiative de-excitation.
However, within oxide systems, the presence of Ag2Ox in the
composite systems usually enables the profiting of low energy
(near infrared) photons, as depicted in Fig. 21.

The Ag2Ox-containing composite with a major bismuth
oxyhalide component is a relatively explored system but its
utility in thermo-photocatalysis has been only analyzed
recently. The system is capable of using UV, visible, and near
infrared (up to 940 nm) photons with efficient charge
separation taking place for all excitation wavelengths and,
therefore, high activity. Thermal effects play a significant role
in promoting the catalytic activity for higher wavenumber
excitation photons. Nevertheless, the combination of pure
photonic and heating effects and the (quantitative)
assessment of their respective contributions requires further
work.141 Other silver oxide-containing composite systems
having titania as the main component were used in thermo-
photocatalysis for hydrogen production142 or dye
degradation.143

Finally, we can mention the potential interest of the
localized internal heating pathway generated through other
physical phenomena currently not explored. Up-conversion
has been mostly tested in the context of converting visible or
near-infrared photons to UV (or high energy visible) photons.
However, it is well known that the process has a low
quantum yield, with most cases below having 2%.9 This
opens the possibility of using the dominant non-radiative de-

Fig. 20 A) Schematic illustration of the formation mechanism and
catalytic process of bulk In2O3 and 2D black In2O3−x nanosheets. B)
Rates of CO production for bulk In2O3−xĲOH)y, commercial In2O3,
InĲOH)3 nanosheets (treated at different annealing temperatures) and
2D black In2O3−x nanosheets. C) Thermo-photo CO2 conversion and
selectivity for InĲOH)3 nanosheets. D) Stability cyclic test. Reprinted
with permission from ref. 137 (copyright® Wiley 2019).
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excitation as a source of rather localized heating, for
example, locating up-converting species at the surface of the
photoactive materials. To our knowledge, this type of
technology has not been explored to date. Finally, we can
recall (as described in section 1) that pyroelectric materials
may also be useful in the thermo-photocatalytic context.19

However, from a practical point of view, the use of these
materials demands both expensive and poorly controllable
composite catalyst architectures (requiring the presence of
additional “active” phases such as titania and careful
preparation to obtain the desired oxides with pyroelectric/
piezoelectric properties) and complex/expensive reactor
operation, thus limiting the usefulness for general
application. Moreover, to date, they are normally tested in
dye degradation reactions, with limited information
concerning more interesting photocatalytic processes.

5. From the present to the future

The combination of thermal and light energy in catalytic
processes presents an energy scenario with significant
differences compared to the thermal or photo processes
individually. The basic description presented in section 1
gives evidence of the fact that energy excitation and de-
excitation processes occur with different physical rules in
thermal and photonic reactions. Thus, the corresponding
combination of energy sources explores a new and essentially
unknown field. Nevertheless, rapid progress shows the utility
of oxide-based materials in thermo-photocatalytic processes.
In particular, herein, we analyzed composite systems with
oxide-based components having important catalytic role(s).

To this end, we organized oxides within three different
groups. Composite materials are thus classified as those
working under plasmonic effects, controlled by defect-derived
phenomena or having a wise handling of heating effects
coming for conductive/convective/radiative sources. Indeed, as
composite systems are complex in nature, they can (and it is
so, in fact) use more than one of these phenomena
simultaneously. Moreover, as explained previously, most of
the (above described) physicochemical properties of the
solids sustaining thermo-photocatalytic activity are
interrelated and their effect on the catalytic activity cannot be
ignored. Thus, the described classification mostly takes into
account the phenomenon that is considered to be the most
important with current, available information rather than a
real classification. Yet, we note that the physics behind (here
defined) plasmonic, defect-derived, and thermal systems is
clearly established for single component, well-defined
materials and may thus serve as a firm ground for the
analysis of the thermo-photo behavior of the composite
systems.

Plasmonic-based oxide-containing composite systems have
been analyzed using tungsten, molybdenum, and copper
oxides as the representative examples of the research. Other
oxides such as ruthenium oxide have been mentioned but are
significantly less explored. The plasmonic chemistry is
particularly devoted to the use of visible and near infrared
photons and can be easily combined with UV-absorbers with
important thermal and photo activity as that of titania. For
defect-related systems, we presented examples of composite
systems having cobalt, manganese, cerium, bismuth, and
indium oxides. As occurring with plasmonic materials,

Fig. 21 A) Schematic representation of the morphological characteristics and charge carrier handling behavior of Ag2O/Bi5O7I composites under
different illumination sources. B) Photocatalytic activities of a 20% Ag2O/Bi5O7I composite for bisphenol A degradation under UV (365 nm) and
visible (420, 450, 535, and 630 nm) light irradiation. C) Photocatalytic activities of pure Bi5O7I, 20% Ag2O/Bi5O7I composite, and Ag2O samples in
the bisphenol A degradation process under NIR light irradiation (850 and 940 nm). Reprinted with permission from ref. 141 (copyright® Elsevier
2018).
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combination with UV absorbers allow to profit from the
complete solar spectrum in the thermo-photo processes.
Defect-type systems of relatively poor photocatalytic oxides
are also commonly utilized to profit from heat using light-
responsive oxides. Finally, we described composite materials
similar to the benefit from (nano)heating components and
containing indium and silver oxides as the examples, as well
as some others described in previous sections such as
copper, tungsten, or cerium oxides. This last family
encompasses oxide materials with a role in the thermo-
photocatalytic process defined by the use of external or
internal heating processes and, in the latter case, by the way
light to thermal energy conversion takes place through
different de-excitation processes considering catalyst
phonons or “direct” non-radiative de-excitation after light
absorption. Among thermo-photoactive systems, the review
also pointed out (up-to-date) less explored opportunities that
benefit from the combination of light and heat. Particularly
important could be the use of heavily doped oxides for
broadband plasmonic components, up-conversion cation
species used at surface modifiers to handle local heating
issues, or the utilization of pyroelectric oxides able to handle
the Seebeck effect.

For all the systems mentioned in this work, the complex
nature of the thermo-photo process was evident. In spite of
this, Table 1 introduces the main types of effects with
mechanistic and kinetic relevance and thus with potential
beneficial effects in catalysis under dual light-heat
excitation.5,6,7 The classification attempts to give a simple
rationalization of the works reviewed outside the main
physicochemical phenomena commanding activity, and it is
used herein to render an alternative yet complementary
classification of the oxide-based catalytic systems presenting
thermo-photo activity. The results reviewed in this work
indicate that active oxides such as titania can follow photo-
type or -dominated reaction mechanisms while oxides with
low photocatalytic activity, such as cobalt or manganese
oxide, would follow thermal-type mechanisms. In addition, in
specific cases, similar to those having ceria–titania or highly
active interfaces, appearing in the composite systems (and
generated by a strong interaction between the components),
a unique type of mechanism can take place. This can be

called combined or true thermo-photo mechanism. Of
course, not all (composite) systems containing a single oxide
would necessarily follow a single type of mechanism. As a
simple example, the active interfaces between the oxide
components can generate, as mentioned, unique systems,
without direct relation (in terms of mechanism/kinetics) with
the parent systems. An additional example would be the
doping of a photo-type oxide with critical thermal effects. If
the doping cation has inherent chemical activity and
introduces relevant thermal effects, a change in the
mechanism type may take place.

Under this framework and considering photo or thermo-
type dominated mechanisms, when important thermo-photo
effects are observed, the specific kinetic effects associated
with the “secondary” energy source are expected. Most of the
results suggest two different options (with common physical
roots in these two photo or thermo-type dominated
mechanisms). These two options concern (i) the alternation
of the rate determining step, or (ii) of some properties of the
relevant chemical species, either active (but not involved in
the rate determining step) or poisoning intermediates of the
reaction. We may think, for example, in the case of specific
radical species under a thermal-type mechanism. A potential
(significant) influence of the superoxide radicals may not
alter the apparent energy of activation of a thermal-based
reaction (Mars–van Krevelen, for example) but may alter the
kinetics (though the inclusion of excited electrons able to
generate the superoxide radical species in the early state of
oxygen activation, in turn influencing the corresponding
reactant consumption or product generation rate equations).
The experimental observables included in the last column of
the table ultimately end in changes in both the activity and
selectivity from (both thermal and photo alone parent) the
chemical process and may allow to distinguish the different
types of mechanisms and main kinetic effects in each case of
single-source-dominated mechanisms. On the contrary, when
a novel thermo-photo (combined) mechanism takes place, all
the above-mentioned experimental observables would be
modified. Note that the inclusion of light in all the
mechanisms of Table 1 requires to utilize rigorous intrinsic
kinetics schemes with the use of the rate of the photon
absorption as the main tool to include the light-related

Table 1 Possible general types of thermo-photoreactions classified according to the mechanistic and kinetic criteria

Mechanism Kinetic effects Experimental observables

Photo-type Thermal RDSa Energy of activation
Thermal effect in relevant (radical or poisoning species) Surface coverage of species

Adsorption energy
Reaction order

Thermal-type Photo RDSa Energy of activation
Photonic effect in relevant (active or poisoning) species Surface coverage of species

Adsorption energy
Reaction order

Combined New RDS (new relevant chemical species)a All above-mentioned

a RDS: rate-determining step.
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effects.144 Without using adequate analytical tools, the results
from mechanistic/kinetic insights can be misleading.

The full interpretation of a thermo-photocatalytic process
would thus require to rigorously analyze the mechanistic and
kinetic aspects of the reaction as well as to determine the
main light or heat-related (plasmonic, defect, thermal,
combination, etc.) physicochemical phenomenon/phenomena
sustaining activity. For the latter, advanced operando schemes
using spectroscopies would be the key to providing accurate
information. On the other hand, from an applied point of
view, the progress in producing cheap catalytic formulations
as well as to fit process technology (particularly reactor
design and operation) to those currently used in thermal
catalysis may drive the future of the thermo-photocatalytic
field. In this quest, the mentioned thermo-photo oxide-based
composite systems has shown activity in a significant
number of reactions concerning pollutant elimination and
valorization, selective oxidation, hydrogen production from
biomolecules or water, and production of valuable chemicals
from carbon dioxide. In short, thermo-photo materials can
have the same versatility showed by conventional catalysis.
On the other hand, the use of thermo-photocatalysts is
sustained by frequent synergy between the energy sources,
independent of the type of mechanism or physicochemical
phenomena ruling the activity. The synergy can be related
primary to the decrease in the energy consumption with
respect to the additive sum of the thermal and photo alone
processes. The assessment of this critical point requires the
further development of the theoretical framework to describe
thermo-photocatalysis as well as a rigorous energy balance of
the process. In addition, the beneficial effects can be
extended to other points, with emphasis on enhanced or
modified (to valuable products) selectivity due to the unique
energy playground of the thermo-photo reactions.

In summary, the progress in the field would require
improvements in the development of composite systems with
components designed to profit from plasmonic, defect-
derived, and thermal-alone effects and having engineered
contact among the components. In parallel, it would require
developments leading to the full understanding of the
catalytic behavior through the setting-up of firm structure–
activity relationships established with the help of new
operando spectroscopic tools, innovative (intrinsic-type)
spectrokinetic schemes and analyses, as well theoretical tools
relaying the use of time-dependent DFT schemes.5,6,144–148 In
addition, the development of specific thermo-photo reactors
will significantly boost the technological potential of the
field. In this case, interesting novel aspects can be related to
further developing the current, well-defined thermo-based
reactors to include a light source in the most efficient way,
for example, using optical fibers, monolithic architectures
with controlled optical properties, as well as the wise
combination of light and heat energy sources from the sun
using parabolic, Fresnel lens, or other collector-type reactor
components.6,138,147,149 In short, new research can show that
the thermo-photo combination can have an impact on the

future development of catalysis and could pave the way for
creating new, advanced (thermo-photo)catalytic processes.
Simultaneously, it can open the door for the efficient use of
solar light, the most widely available and renewable energy
source, in conventional thermo-catalytic reactions.
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