Nano
esearch
2022, 15(12): 9985—10005

ISSN 1998-0124 CN 11-5974/04
https://doi.org/10.1007/s12274-022-4795-3

Advances of photothermal chemistry in photocatalysis,
thermocatalysis, and synergetic photothermocatalysis for solar-to-
fuel generation

Minmin Gao', Tianxi Zhang?, and Ghim Wei Ho'* (<)

! Department of Electrical and Computer Engineering, National University of Singapore, 4 Engineering Drive 3, Singapore 117583, Singapore

2 Department of Chemical and Biomolecular Engineering, National University of Singapore, 4 Engineering Drive 4, Singapore 117585, Singapore

* Institute of Materials Research and Engineering, Agency for Science, Technology and Research (A*STAR), 3 Research Link, Singapore 117602,
Singapore

© Tsinghua University Press 2022
Received: 10 May 2022 / Revised: 18 July 2022 / Accepted: 20 July 2022

ABSTRACT

The urgency of reducing pollutants and greenhouse gas emissions while maintaining fuel supply for the development of society
remains one of the greatest challenges. Solar energy, a clean and sustainable energy resource, can be converted into fuels
through solar-driven catalysis, and this provides an attractive solution for future energy demand. The current development of
photothermal catalysis (PTC) based on the integration of solar thermal and photochemical contributions is becoming increasingly
popular for full spectrum utilization. The combination of the thermochemical and photochemical processes synergistically drives
the catalytic reactions efficiently under relatively mild conditions. In this review, the mechanisms of PTC are classified based on
driving forces and the benefits of photothermal effects in different PTC reactions are discussed. Subsequently, the techniques for
differentiating and quantifying the various effects of PTC, including experimental designs, thermometry characterization
techniques, and computational studies, are summarized. Then, the major determinant properties and architectural designs for
efficient photothermal catalysts are offered. Moreover, applications for fuel generation through water splitting and carbon dioxide
reduction are reviewed. Finally, the current challenges and future directions of PTC are presented. This article aims to provide a
comprehensive review of the current advances in PTC along with a guide for understanding the mechanisms and rational

material designs to pursue solar fuel that would diversify and increase the sustainability of our energy supply.
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1 Introduction

Fossil fuels have been the primary energy that drives modern
civilization for over 150 years. As the energy demand continues to
increase for human activities, limited fossil fuels cannot provide a
long-term solution for the energy crisis. Besides, the damaging
effects of fossil fuels on the environment and the global climate
due to the release of pollutants and greenhouse gasses are
alarming to humanity. Accordingly, solar energy as the most
abundant renewable resource appears to be a favourable option
for the energy needs and the transition to a sustainable future.
Solar energy manifests in the form of both light and heat, which
can be converted through photoelectric and/or photothermal
processes to generate power (electricity) and chemical energy
(fuels) [1-3]. Although electricity generated from the photovoltaic
process has been successfully commercialized, it faces the
challenge in energy storage due to the dispersed and intermittent
nature of sunlight. In contrast, solar fuels produced through
catalytic pathways store solar energy in the form of chemical
bonds, which makes them available on demand. These fuels
including hydrogen fuel from water splitting and carbon-based
fuels from carbon dioxidereduction can be generated via both

photochemical and thermochemical processes. Recently,
photothermal catalysis (PTC), which utilizes both light and heat
contributions of the sun, has been developed to synergistically
enhance photocatalysis and/or thermocatalysis for fuel production
[4-6]. Compared to the pure photocatalytic system which suffers
from low spectral efficiency limited by the bandgap of
photocatalyst, PTC extends the absorption range to fully utilize the
solar spectrum and promotes the reaction rate [7-9]. On the other
hand, introducing PTC in a conventional thermocatalytic system
provides an alternative heating means to reduce the high energy
input, and drive catalytic reactions more efficiently under
relatively mild conditions [10-12]. The synergetic effect of PTC by
coupling both photochemistry and thermochemistry not only
reveals a non-linear combined activity, but also demonstrates
improved product selectivity and catalyst stability [13-16].

This synergistic effect of PTC has attracted significant attention
in the field of catalysis and proliferated into diverse applications.
However, most reviews that have been published focused mainly
on PTC in either photocatalytic- or thermocatalytic-driven
catalysis [17] with specific reactions [18-20] or materials [21, 22].
The rapid development in this emerging area, especially the
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integration of photochemistry and thermochemistry, requires
comprehensive and in-depth review. Photothermal catalysis is a
general term that has been used to refer to catalytic reactions
involving the combination of light and heat. Currently, there is a
lack of a comprehensive classification of the different mechanisms
involved in these reactions, which brings confusion and
ambiguity. In this review (Fig. 1), the classification of various
mechanisms of PTC is first introduced and defined. Then various
photothermal enhancement effects of PTC including efficient light
and energy utilization, boosted catalytic activity through localized
heating, promoted reaction kinetics, increased mass transfer,
enhanced selectivity of products, and improved stability of the
catalyst are discussed. Furthermore, methodologies to study the
reaction mechanisms of photothermal processes are identified
concerning experimental design, thermometry measurement, and
theoretical simulation. Also, requirements for photothermal
catalyst design including enhancing light absorption, optimizing
photothermal conversion efficiency, confining heat at the reaction
sites, increasing the number of active sites, and constructing
preferable photoinduced carrier generation and transfer path are
emphasized. In addition, applications for fuel generation, both
hydrogen fuel from water splitting and carbon-based fuels from
carbon dioxide reduction, are summarized. Lastly, conclusion and
perspective of PTC are presented. This review aims to highlight
the recent advancements of PTC for fuel generation via both
photochemical and/or thermochemical processes. It offers a better
understanding of the fundamental mechanisms and insights into
various photothermal enhancement effects in catalysis. Moreover,
it provides a guide for photothermal catalyst design,
methodologies, and future development in the area of catalytic fuel
generation.

2 Fundamentals of photothermal catalysis

Photothermal effect has been primarily used for medical
applications and recently widely applied to water evaporation,
while adopting photothermal effect in catalysis is relatively a new
field. The photothermal effect in medical applications and water
evaporation is referred to as the conversion of incident light
through photoexcitation resulting in partial or complete thermal
energy production [23]. However, photothermal chemistry in
catalysis cannot be merely understood as a thermal effect, as light
has also been utilized as electromagnetic energy for photochemical
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Figure1 Schematic drawing of the scope of this photothermal catalysis review.
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processes in various catalysis reactions. In this section (Fig. 2), the
classification of PTC for fuel generation is based on the driving
force of the reaction, namely photochemistry, thermochemistry,
and a combination of photo and thermo-chemistry. The
mechanism and efficiency calculation of each type are evaluated to
provide an overview of PTC in various reactions.

2.1 Classification

Photothermal catalysis often denotes the involvement of both light

and heat in the catalytic process. However, the fundamental

mechanisms can be based on photocatalytic, thermocatalytic, or a

combination for fuel generation, which makes the PTC effect in

each type of reaction to be distinct. Here, each type of reaction is
clearly defined to facilitate the understanding of the photothermal
effects in various reactions.

e Photochemistry-driven photothermal catalysis (P-PTC)
supplies heat from light or external heating sources to the
photocatalytic system. The thermal energy applied in this
system enhances the photocatalytic activity but is incompetent
to activate or drive the reaction. Thermocatalysis has an
insignificant effect in this case [24].

e Thermochemistry-driven photothermal catalysis (T-PTC)
introduces light as the heating source to the thermocatalytic
system. Through the photothermal conversion process, heat
generated from light is used to stimulate thermal reduction. It
can either completely replace the conventional heating source
or reduce the temperature required for the reaction.
Photocatalysis plays an insubstantial role under such

circumstances.
e  Synergetic photochemistry-thermochemistry-driven
catalysis (S-PTC) involves both photocatalytic and

thermocatalytic reactions, achieving better performance than
the arithmetic sum of individual photocatalytic and
thermocatalytic activities with alleviating reaction condition
demands. This synergetic effect also provides new pathways of
catalysis which will be discussed in the following sections.

2.2 Mechanisms

It is noteworthy that photothermal chemistry brings different
effects in various types of photothermal catalysis with distinct
mechanisms. The reaction mechanisms of each type are
summarized to provide a foundation for understanding the
catalytic enhancements and designing efficient photothermal
catalysts (Fig. 2).

2.2.1 Photothermal chemistry in P-PTC

Photocatalysis is the most direct route for solar-to-fuel conversion
which requires a photoactive material to generate electrons at high-
energy states upon photoexcitation, followed by charge separation
and subsequent charge transfer to the active sites on the surface of
the photocatalyst. In the conventional view, high temperature may
adversely ~ promote  charge recombination,  henceforth
photocatalytic reactions are often carried out at room temperature
or even lower temperature [5]. However, recently, the rising
temperature at the active sites in photocatalysis with enhanced
photoactivity has been demonstrated. Light used to activate the
photocatalytic reaction normally requires higher energy photons
in the ultraviolet (UV) or visible (vis) range of the spectrum. The
lower energy photons in the near-infrared (NIR) region provide
the thermal energy to enhance the photocatalytic activity through
kinetic promotion, apparent activation energy reduction, adsorbed
reactants in excited states augmentation, and/or diffusion of
reactants and products improvement [25,26]. These
enhancements from the thermal effect may also be achieved by
other external heating methods. The change of Gibbs free energy
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Figure2 Classification of photothermal chemistry in catalysis for fuel generation.

(AG) for photochemical reaction can be positive (AG > 0) or
negative (AG < 0). In this review, we only focus on catalysis for
fuel generation, namely hydrogen generation from water and
carbon dioxide reduction, and these reactions are thermodynamic
uphill reactions, thus the change of Gibbs free energy is positive
(AG>0) [27].

2.2.2  Photothermal chemistry in T-PTC

Another approach to solar fuel production is via thermochemistry.
Unlike photocatalysis which can be operated under mild
conditions, thermocatalysis is driven by high temperature and/or
pressure with a redox material as the thermocatalyst. In
thermocatalysis, the process involves the adsorption of reactant
molecules, chemical bonds activation, intermediates formation,
conversion of intermediates into products, and lastly desorption of
product molecules [28]. The overall process may include a few
reaction steps with a specific E, for each step which is provided by
thermalenergy. The thermal energy can be totally or partially
supplied by light through photothermal conversion process which
helps to reduce the overall reaction temperature required [4].
Moreover, photothermal heating can directly apply the heat at the
reaction sites, which minimizes the heat loss and avoids excessive
heat supply to the entire reaction system [7]. This localized heating
can be controlled with precision and high conversion efficiency
owing to the advancement in nanostructured photothermal
materials. The reaction still follows the characteristic of traditional
thermocatalysis at elevated temperatures, while the photothermal
chemistry simply provides an alternative way to supply the
thermal energy. Catalysts accelerate the reactions by decreasing the
Gibbs energy of activation or modify the reaction pathways
without affecting equilibrium and spontaneity of the reaction, thus
the overall AG remains unchanged. The change of Gibbs free

Occur concurrently Occur sequentially

energy is always negative (AG < 0) for thermochemical reaction
from its initial state (reactants) to final state (products) [4].

2.2.3 Photothermal chemistry in S-PTC

In S-PTC, both light and heat are the driving forces for the
reaction, achieving the synergetic effects between the
photoinduced charges and heat activated conversion. Synergetic
catalysis could make up for the disadvantages of pure
photocatalysis, which lies in its relatively low efficiency and also
helps to overcome the high energy-consumption problems of
thermal catalysis. There are two scenarios: (1) Photocatalysis and
thermocatalysis are realized separately with the first half-reaction
activated by photocatalysis while the second half-reaction is driven
by thermocatalysis [29]; and (2) photocatalysis and thermo-
catalysis occur simultaneously in the catalytic reaction with an
outcome greater than the cumulative effect [30-32]. Such
synergetic effects not only improve the catalytic activity but also
bring enhancement in terms of selectivity of the desired products
and stability of the catalyst. Moreover, with photocatalytic
activation driving one of the reaction steps, it becomes viable to
activate inactive materials or unfavourable reactions that are
operating solely under thermal conditions. Consequently, a new
catalytic pathway can be realized [33, 34].

2.3 Efficiency evaluation

To evaluate the efficiency of various photothermal catalysis
systems for fuel production, both energy conversion efficiency and
catalytic efficiency are used. For catalysis systems involving
photochemistry-driven reactions, solar-to-fuel efficiency (STF)
and apparent quantum efficiency (AQE) are used and can be
calculated using Egs. (1) and (2), respectively [21]
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Chemical energy produced _ Rua-AG

STF (%) = % 100 %100

(1)

where the Rg is the rate of production for a particular fuel, AG is
the Gibbs free energy change for producing one mole of a
particular fuel under standard conditions (237.2 kJ-mol ™), P is the
power density of solar irradiation intensity, and A is the area of the
catalyst under irradiation.

Solar energy input

Number of reacted electrons 1 R
AQE (%) = 100 = —— x 100
QE (%) Number of incident photons * I *
()

where 7 is the number of electrons required for the reaction, and I
is the rate of incident photons.

Turnover frequency (TOF) is used to analyse the catalytic
efficiency of the catalyst regardless of its composition and
structure. TOF provides a reliable means for comparing the
intrinsic activities of different catalysts and across various
laboratories at a given set of reaction conditions. TOF can be
calculated using Eq. (3) [35]

The number of reactant converted or product produced
The number of active sites x reactiontime 3)
3

where all the active sites on a catalyst are assumed to have the
same activity, or one type of active site dominates the activity.

In PTC, both photochemical and thermochemical processes
contribute to the overall efficiency of the reaction. In a free energy
profile, the photochemical component helps to reduce the
activation energy barrier of one or more steps throughout the
catalytic process, while the thermochemical component increases
the temperature at active sites to promote the probability of
reactants overcoming the barrier based on Boltzmann distribution
or promote the desorption of unwanted products from active sites
[4,6]. It is difficult to quantify the individual contribution from
photochemistry and thermochemistry as the synergetic effect
brings much higher efficiency than their sum. The differences in
the reaction rates of various experiments can be used to estimate
the contribution of light or heat. These include photothermal
reaction rate with both irradiation and heating, photocatalytic rate
with irradiation at room temperature, and thermocatalytic rate
with heating in the dark [5]. This will be further discussed in
Section 4.

TOF =

3 Benefits of PTC

PTC has become an exciting and fast-growing field in recent years.
The utilization of solar energy in photothermal catalytic reactions
provides more sustainable ways for fuel production. The
integration of photochemistry and thermochemistry elevates
catalytic activities whilst keeping the operating conditions mild.
They complement each other to enhance not only the catalytic
activity, but also the selectivity for target products, and improve
the durability and lifetime of the catalyst [36-39]. In this
section,various benefits of photothermal chemistry in catalysis for
fuel generation in terms of solar energy utilization, catalytic
activity, selectivity of products, and stability of the catalyst are
discussed.

3.1 Solar energy utilization

PTC promotes efficient solar energy utilization across the entire
spectrum. In P-PTC, the high-energy photons are mainly used to
generate the excited electronic state to induce a reaction via a
photochemical process, while the low-energy visible and NIR

Nano Res. 2022, 15(12): 9985-10005

photons are harnessed for heat to reduce the thermodynamic
barrier of the reaction [40]. In T-PTC, the entire solar spectrum is
harvested to provide thermal energy via a photothermal
conversion process. In S-PTC, the thermal energy can interact
with photoinduced carriers, and bring the synergetic effect of the
thermocatalytic and photocatalytic processes [33].

In photochemistry-driven catalysis, the solar absorption is often
limited by the bandgap of the semiconductor photocatalyst. P-
PTC provides an efficient way to harvest visible to NIR solar
spectrum for the photothermal heating effect to enhance the
activity. Ozin’s group demonstrated the photothermal heating
effect with a 300 W Xe lamp focused to an intensity of
~ 20 kW-m?™ (~ 20 suns) for the reverse water gas shift (RWGS)
reaction [41]. Under irradiation, the temperature of the
In,0;_(OH),/Si nanowire (SINW) film reaches 150 °C and the
CO production rate increases from 0.8 to 22.0 umol-g™-h™'. With
the nanostructured SINW photothermal support, broadband solar
irradiance can be used to drive an efficient CO, reduction reaction
(Fig.3(a)). Ho’s group developed a core-shell structured
SiO,/Ag@TiO, photocatalyst with the TiO, for photocatalytic
electron-hole pair generation, while lower-energy photons are
captured by the SiO,/Ag photothermal core for heat generation
(Fig.3(b)) [42]. The core-shell nanocomposite obtained a
photothermal enhancement of ~ 95% under one sun (1 kW-m?)
compared with UV irradiation alone. The maximum hydrogen
generation rate of 13.3 mmolg™h™ under natural sunlight
demonstrated an experimental proof for broadband photocatalytic
hydrogen generation.

In traditional thermochemistry-driven catalysis, the harsh
condition with intensive energy input is usually prescribed. In
both T-PTC and S-PTC, light could assist to enhance the local
temperature, thus decreasing the external heat intake, or totally
replacing the heat source via high flux light intensity to drive the
thermal catalysis reactions. Han et al. integrated Pt/black TiO,
catalyst with the light-diffuse-reflection surface of SiO, substrate to
assist methane reformation. Without irradiation, the typical
thermocatalytic reaction occurred at 550 °C. Upon AM 1.5
sunlight irradiation, the reaction manifested at 350 °C, signifying
the reduction of the activation temperature by 200 °C. Moreover,
the yields of H, and CO at 650 °C increased from 9 and
99 mmolh™.g" in the dark to 129 and 370 mmolh™g" under
visible light irradiation, respectively [43]. These findings indicate
the promising solar energy utilization in the field of solar-assisted
thermocatalysis. Moreover, by incorporating nanomaterials with
stronger light absorption abilities, the thermocatalytic reaction can
be driven completely by solar energy. Li et al. demonstrated
completely solar-driven thermocatalytic steam reforming of
ethanol and methanol with Ti,O; and Bi,Te;/Cu as the
photothermal materials respectively, and obtained corresponding
hydrogen production rates of 20.7 and 310 mmol-g“h™" under
1 sun irradiation [44,45]. Ye et al. investigated the photothermal
effect of Group VIII metal nanoparticles (NPs) supported on y-
AL O; for CO, conversion. Under continuous irradiation, Group
VIII catalysts reached an equilibrium temperature of 300-400 °C,
which is almost 200 °C higher than that of y-ALO; support
(Fig. 3(c)) [46]. Specifically, the CO, reaction rate of Ru can reach
up to 18.16 molh™.g" with a conversion efficiency of 95% and
CH, selectivity of 99%. It identifies the great potential for the
development of light-driven thermocatalysis and illustrates the
feasibility of full spectrum utilization.

In S-PTC, light does not only contribute to heating, but also
bring other synergetic effects. For example, hot carriers can be
generated upon irradiation in plasmonic materials, and the hot
electrons can be injected into the adsorbates through direct or
indirect hot carrier transfer mechanisms [47-49]. With the
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Reproduced with permission from Ref. [50], © Aslam, U. et al. 2018.

assistance of hot carriers, the adsorption of reactant molecules, the
activation of chemical bonds, and the conversion of intermediates
will be promoted, which facilitates the catalytic activity (Fig. 3(d))
[50]. In addition, oxygen vacancies in semiconductor materials
introduce electrons trapped in shallow energy states, and these
electrons can be released upon light irradiation and enhance the
surface reduction reaction rate. This approach fully utilizes the
solar spectrum in terms of both heat and light, thus further
enhances the solar-to-fuel conversion efficiency.

3.2 Catalytic activity

The synergetic effects from photochemical and thermochemical
processes bring a much higher catalytic activity than a simple
combination of them. Although this effect has been observed by
various research groups, the in-depth investigation is still at its
early stage. In this section, primary effects on boosting the catalytic
activity are identified and discussed, including providing localized
heating at the reaction sites, reducing the apparent activation
energy, promoting the rate-determining step, as well as increasing
carrier mobility and mass transfer.

3.2.1 Global and localized heating

The heat involved in PTC is commonly from two sources, thermal
energy from irradiation via the photothermal conversion process,
or external heating by an electric heater. In the global heating
system, thermal energy is often supplied by external heating
sources causing a bulk increase in the temperature of the whole
reaction system. This is commonly applied in traditional
thermocatalytic systems. On the other hand, localized heating is
obtained by a nanostructured solar absorber converting the
photon energy into heat, subsequently released at nanoscale
premises [24, 51]. In the case when high intensity or concentrated
light source is used, global heating may also be initiated.

In the global heating system, external heating sources have been
adopted to study the temperature effect on the performance of

PTC. In photochemistry-driven catalysis, the temperature rise is
often viewed as an undesirable effect on reaction rate due to the
promotion of charge recombination especially when an efficient
charge transfer path is inaccessible. However, the temperature
effect has been recently demonstrated with beneficial results in P-
PTC. Ho’s group [52] demonstrated the heating effect on
photocatalytic hydrogen generation using TiO, nanotubes loaded
with CuO nanoparticles. The AQE increases from 10.3% to 66.9%
when the temperature rises from 25 to 90 °C. Ozin’s group [53]
studied the temperature effect on In,0, (OH), nanoparticle film
in the gas-phase photocatalytic conversion of CO, in the presence
of H, to generate CO. There is an increase in photocatalytic CO
production with reaction temperature. The maximum rate of
0.25 pmol-g_, h™ is achieved at 150 °C under simulated solar
illumination intensities of 2,200 W-m™. Li et al. developed Au/N-
doped TiO,/MgO (111) nanocatalyst with its photocatalytic
activity highly dependent on applied temperatures [54]. The
results reveal that the dissociation of H* and OH™ from water
becomes more favorable at higher temperatures and peaked at
around 270 °C.

Besides external heating, global heating can also be derived
from high intensity or concentrated light irradiation. Liu’s group
demonstrated the heating effect of photocatalytic CO, reduction.
The production rates of CO and CH, are enhanced by 13.2 and
111.3 times respectively with TiO, ,/CoO, catalyst when the
temperature increases from 298 to 393 K using only light (150 W
UV lamp) to supply the heat [55]. In Chen et al.’s work, the
temperature of CoFe-650 catalyst could stabilize at 310 °C after
light irradiation for 30 min, driving CO, hydrogenation reaction
(Fig. 4(a)) [56]. Noticeably, the CO, conversion administered by
light-induced heating was almost similar to thermocatalysis,
indicating the T-PTC mechanism that the photothermal pathway
embraces the thermocatalytic rather than the photocatalytic
mechanism (Fig. 4(b)). Moreover, global heating can also be
supplied by a combination of external heating and irradiation. Li’s
group prepared Pt-supported Si-modified CeO, catalyst for
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Reproduced with permission from Ref. [64], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019.

photocatalytic and thermocatalytic coupling effects on dry
reforming of methane [57]. The temperature of the catalyst can
reach up to 420 °C under the concentrated solar simulator’s
irradiation (the equivalent of 30 suns) and when external heat was
furnished to further increase the reaction temperature to 600 °C,
the photothermal H, and CO production rates were 5 and 2 times
higher than those in dark at the same temperature.

In the localized heating system, heat is directed at the reaction
sites, which minimizes the heat loss and avoids the excessive heat
supply to the entire reaction system to warrant high photothermal
conversion efficiency. This localized heating can be controlled
with precision owing to the advancements in nanostructured solar
absorbers. Based on different interaction mechanisms of
electromagnetic radiation with matter, localized heating can be
realized by electron oscillation in plasmonic materials, non-
radiative relaxation in semiconductors, and lattice vibration in
organic materials [23]. With the localized heating in place, the
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enhancement is often greater than that at the same reaction
temperature through external heating [58-61]. Ho’s group
designed Ag@SiO,@TiO, nanosheets with the Ag@SiO, as the
heating core for localized plasmonic photothermal effect and
showed an enhancement of ~ 170% for hydrogen generation
based on P-PTC [62]. Experiments have proven the localized
heating effect by keeping the reaction solution at a fixed
temperature of 50 °C whilst hydrogen production rate was
observed to increase by ~ 37.5% with visible and NIR light
irradiation. This enhancement is ascribed to the localized
plasmonic heating effect of Ag@SiO,. This effect has also been
examined with the inverse contact potential difference (~CPD) of
Ag@SiO, (AS) in dark, illuminated under vis-NIR or UV light
(Figs. 4(c) and 4(d)). The results validate that more hot electrons
are generated under vis-NIR light, resulting in the upward shift of
the Fermi level and a decrease in work function, which is favorable
for the localized photothermal effect. At present, defects and/or
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vacancy-rich materials also exhibit excellent light absorption
capacity and realize efficient photothermal conversion. Ozin’s
group reduced pale yellow In,O; to black oxygen-vacancies
In,O,_, for S-PTC of RWGS reaction [63]. Compared to the low
CO production rate of 19.64 umol-g™h™ over yellow In,O;, the
black In,O; ,/In,O; can reach up to 23,882.75 pmol-g"-h™ and
100% selectivity towards CO. The oxygen vacancies enable
enhanced optical absorption across the solar spectrum to give rise
to confined heating for thermal conversion of CO, to CO, while
the photogenerated electron-hole pairs can be separated across
the interface between In,O; and In,O;_,, thereby promoting the
photochemical conversion of CO,. Ho’s group investigated the
photothermal effect of in-situ synthetically immobilized lattice
distortions in monolayer HNb;Og for hydrogen generation in P-
PTC [64]. The incorporated lattice disorders generate new energy
states with small band gap that induce full solar spectrum
absorption with ca. 80% average absorbance (Fig.4(e)). This
results in the photothermal effect localized at the catalyst-reactant
complexes’ proximity, and an enhancement of 272% hydrogen
generation.

Localized heating can transpire without the increase of
temperature for the overall reaction system, or even the entire
catalyst. Ozin’s group formulated active palladium “nanoheaters”
on Nb,O; nanorods to achieve a local temperature that is high
enough to drive the catalytic hydrogenation of CO, [65]. As the
heating is spatially confined at the interface, the sintering
phenomenon, which only occurs with the macroscopic heating of
the entire nanostructured catalyst, is not observed here. However,
in many cases, global and localized heating co-exists when
multiple or broadband light-absorbing nanomaterials are used. In
the previously mentioned examples of localized heating from Ho’s
group [62, 64], the increase in the reaction solution temperature
has also been observed in this P-PTC for hydrogen generation.

In summary, global heating is used to enhance the performance
by increasing products formation rate or improving mass transfer
in P-PTC [6]. In the T-PTC reaction, global heating provides the
thermal energy to drive the thermochemical reaction, while the
activation temperatures are comparable with either photo heating
or external heating. In the presence of localized heating, heat can
be confined at the reaction sites without scattering to the
surrounding, thus the overall temperature required for the
thermochemical-driven reaction can be reduced. Both thermal
and other non-thermal effects from irradiation could exist in S-
PTC, the synergetic effects often bring higher reaction rates than
the sum of individual reactions. The localized heating can be
tuned by the composition, size, shape, and chemical environment
of the nanostructured solar absorber. Moreover, the high
controllability of localized heating in terms of site, magnitude, and
duration of heat generation makes it more effective for targeted
reactions in all three types of photothermal catalysis for fuel
generation. The fast photothermal heating and cooling process is
also useful for on-demand production.

3.22 Improving mass transfer

The mass transfer process of the reactant and product molecules
will be enhanced by thermal energy, resulting in a positive effect
on the catalytic reaction rate [66]. Increasing temperature favors
the diffusion of molecules in the reactor, giving rise to increased
interaction between energetic carriers and reactants at the reaction
sites. This is certainly beneficial for the activation of chemical
bonds and thus enhances the catalytic performances [67]. Li et al.
designed ultrathin porous g-C;N, nanosheets decorated with
AuCu alloy nanoparticles for S-PTC CO, reduction to ethanol
[68]. The increase in temperature promotes the thermodynamics
of the reactant molecules, which leads to improved dimerization
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of *CO and the formation of C-C coupling. Together with more
active sites, better charge transfer, and enhanced adsorption of
CO,, the AuCu/g-C;N, catalyst obtained 4.2- and 7.6-times
higher production rate in photothermocatalysis than that in
photocatalytic and thermocatalytic reaction, respectively. Liu et al.
developed the WN-WO; Z-scheme heterostructure for water-
based CO, conversion [69]. The heterostructure is able to absorb a
wide solar spectrum and can reach 154 °C in 10 s under simulated
solar irradiation. The UV-vis light is used for photocatalytic
reaction while the infrared (IR) light is exploited for creating a
local photothermal effect. Based on the temperature-dependent
kinetic experiment on the photocatalytic CO, conversion, the local
photothermal effect is beneficial for accelerating the reactant
adsorption—desorption process and charge carrier transportation,
thus enhancing the conversion efficiency with total consumed
electron number (TCEN) for CO, conversion to be 355.2

pmol-gh™.
3.2.3 Facilitating reaction kinetics

The photothermal condition not only improves the mass transfer,
but also reduces the activation energy. Ghuman et al
experimentally observed that the activation energy of the gas-
phase reaction of CO, with H, was reduced by about 20 kJ-mol™
using a defective In,O;_(OH), under irradiation compared to the
thermochemical reaction in the dark [70]. The reaction rate is
improved by four times. Later, they found that the population of
low-lying energy states associated with the surface enhances the
Lewis acidic and Lewis basic character besides being more active
in the excited states compared to the ground states (Fig. 5(a)) [71].
Yu et al. also found that at elevated temperature, the photocatalytic
CO, reduction rate of solution-plasma-processed TiO, with rich
oxygen vacancies increases 300 times [72]. This could be due to
the release of the electrons trapped in shallow energy states at high
temperature (Fig. 5(b)). These freed electrons accelerate the
surface reduction of the adsorbed species, thus enhancing the
reaction rate. Jiang et al. confined Pd;Cu nanoparticles into UiO-
66 scaffold for light-assisted CO, hydrogenation to methanol [73].
Besides the thermal effect, the photoinduced electrons produced
by UiO-66 metal-organic framework (MOF) transferred to
antibonding orbitals of CO,* and promoted the activation of CO,
(Fig. 5(c)). Moreover, the close proximity between CO, and H,
activation sites on Pd;Cu NPs and defective Zr-oxo clusters
respectively, greatly facilitates their interaction and conversion.
As a result, the MOF-confined Pd;Cu NPs catalyst exhibited
a remarkable improved methanol production rate of 340
pmol-g™h™ under photothermal conditions.

Moreover, the photon-induced high energy hot carriers from
plasmonic materials can also introduce extra photoactivation
mechanisms into traditional thermochemistry-driven catalytic
systems and activate the reactant molecules to participate in
reactions. Ye et al. found that Au inactive in the dry reforming of
methane (DRM) reaction, could serve as the plasmonic promoter
with Rh/SBA-15 as the catalyst [74]. The electromagnetic field
simulations showed strong localized electric-field enhancement
with the interparticle coupling between Au NPs and Rh NPs. The
photoinduced highly energetic electrons by localized surface
plasmon resonance (LSPR) of Au promote the polarization and
activation of CO, and CH, The desired catalysts showed
enhanced catalytic performance in DRM under visible light
irradiation by 1.7 times and the CO, conversion rate increased
from 2,100 to 3,600 pmolg™s™. Jia and co-authors also
investigated Au/CeQO, catalysts for driving RWGS under pure
thermal and photo-thermal conditions [75]. Based on the in-situ
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) results, it was proposed that Au played a decisive role in
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Figure5 Photothermal chemistry for facilitating reaction kinetics and selectivity. (a) Schematic illustration of the origin of the difference in the experimental

activation energy (AE,)g,

for the reverse water gas shift reaction CO, + H, > CO + H,O involving the ground state surface frustrated Lewis pairs in the dark and

excited-state surface frustrated Lewis pairs in the light. Reproduced with permission from Ref. [71], © American Chemical Society 2016. (b) Schematic illustration of
the electron-hole separation mechanism for samples before and after solution plasma processing during photocatalysis driven by UV and visible light irradiation.
Reproduced with permission from Ref. [72], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2020. (c) Arrhenius plots of CH;OH yield under dark and light
conditions. Reproduced with permission from Ref. [73], © Wiley-VCH GmbH 2021. (d) Light intensity dependence of selectivity in photocatalysis. Error bars
represent the standard deviation (o) of measurements of three different batches of sample. (e) Temperature dependence of selectivity in thermocatalysis. Filled and
unfilled circles represent the measurements of two different batches. Reproduced with permission from Ref. [80], © Zhou, L. N. et al. 2020.

high photothermal CO, conversion ability, as the hot electrons
from Au would contribute to the dissociation of absorbed H, on
the surface and facilitate CO, hydrogenation to CO. Similar results
have been demonstrated with Pd,Au,/ALO; [76] and Pt-Au/SiO,
[77] catalysts, and the hot electrons generated from excited
plasmonic NPs facilitate the activation of the reactants and/or
intermediate species, resulting in enhanced light-assisted reaction
rates compared with the thermocatalytic reaction. The hot energy
electrons may take part in the activation of the reactant or
intermediate species at an earlier stage before the rate-determining
step. In this case, some photochemical process contributes to the
reaction rate, but it may not necessarily result in lowering the
activation barrier of reaction.

In addition, when photocatalytic activation is driving one of the
reaction steps in S-PTC, inactive materials or unfavourable
reactions operating under thermal conditions can be activated to
induce new catalytic pathways [78,79]. Zhang et al. proposed a
novel photo-thermochemical cycle that photochemistry and
thermochemistry occur sequentially for CO, decomposition via
solar energy [29]. The overall cycle can be divided into two steps.
In the first step, it is the photochemical process that utilizes
ultraviolet light to reduce TiO, to TiO,_, and forms surface photo-
induced V. In the second step, the thermochemical cycle will set
in, and the active V, adsorbs CO, molecule and forms a stable
CO, state. When subjected to heating, the transitional balance
state is perturbed and electrons transfer from Ti* to CO, follows,
which breaks the chemical bonds to produce CO and oxidize
TiO,_, to TiO,. The photochemical process replaces the first step
of the thermochemical cycle with high temperature (> 1,273 K),
and provides a novel cycle for dissociation of CO,.

3.3 Selectivity of products

When photogenerated high energy electrons are injected into the
surface of intermediate species, it may change the electronic

properties of active sites or lead to surface construction.
Accordingly, this may potentially favor an alternate pathway and
change the selectivity of target products that cannot be realized in
thermocatalytic processes alone. Halas et al. designed a Cu-Ru
antenna-reactor plasmonic photocatalyst for low temperature light-
driven DRM [80]. CuyygRuy, catalyst demonstrated an optimal
DRM photothermal performance with a turnover frequency of
34 mol,,-molg, s’ under light irradiation without thermal
heating. Noticeably, the selectivity of photocatalytic DRM
increased with light intensity while the thermal selectivity showed
an obvious V-shape trend over temperature (Figs. 5(d) and 5(e)).
This stark contrast confirmed the hot-carrier is the dominant
mechanism rather than general light conversion to heat. Based on
the mechanistic study, it was revealed that the plasmonic Cu could
transfer hot electrons to the surface of Ru, which was the main
active sites for CH, dehydrogenation to prevent the side reactions
of RWGS and coke formation, thus shifting the chemical
equilibria toward a higher yield of target products. Ozin et al.
systematically tailored 5 to 20 nm Pd “nanoheaters” supported on
Nb,O; nanorods for CO, hydrogenation reaction and showed an
increasing trend in light absorption with Pd particle size [81].
Upon irradiation, Pd efficiently converts the absorbed light into
heat that causes an elevated local temperature of the Nb,Os
support and drives the reaction. The CH,/CO selectivity is
positively correlated with the light intensity, thus indicates the
photothermal capability of the sample affects the selectivity.
Moreover, as the size of the Pd nanocrystal with different surface
chemistry changes the adsorption strength of reactants,
intermediates, and products, it also affects the selectivity. For large
Pd nanocrystals, the methanation process (CO, + 4H, > CH, +
2H,0) was favoured and the production rate of CO and CH, can
reach up to 0.75 and 0.11 molh™g" while small Pd facilitated
RWGS and 99.5% selectivity towards CO was observed. The
reaction selectivity involves reactants, adsorbates on the surface,
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intermediates, final product, and adsorption-desorption process
in the overall reaction process. Any change in these species would
shift the reaction equilibrium towards an alternate mechanism.
Therefore, the selectivity typically does not occur separately and
may be accompanied by photoactivation and reduction of reaction
barrier effects.

34 Stability of the catalyst

As mentioned above, the basic catalysis reaction generally includes
adsorption and activation of reactants, bond dissociation and
conversion of intermediates, and desorption of products. From the
perspective of activity and selectivity, thermal and light energy can
contribute to the reaction by activating specific chemical bonds of
reactants or intermediates, thus reduce the reaction barrier or
modify the reaction pathway to the desired direction.
Alternatively, the heat or photoinduced electrons can also
accelerate the desorption of unwanted species from the surface of
catalysts, which benefits the activity and stability of active
components. This was demonstrated by Mateo et al. in their study
about NiO/Ni supported on graphene for efficient photocatalytic
CO, methanation [82]. It was evidenced that H,O desorption was
one critical factor to determine the activity and that was why the
system required heating. The desorption of water product would
deactivate the catalyst and thus in the continuous flow system,
NiO/Ni-graphene showed a lower CH, production rate than that
in the batch reactor. Pan et al. found that the light illumination on
MgO/Pt/Zn-CeO, for the dry reforming process possesses
outstanding stability without obvious decay at 600 °C for 20 h
testing, while severe deactivation is observed when the reaction is
performed in the dark at the same temperature [83]. The
enhanced stability is attributed to the in-situ generation of oxygen
vacancy on CeO, by photoinduced electrons, which balances the
consumption and generation of oxygen vacancies as CO,
activation sites. Moreover, the quick deactivation of Ni-based
catalyst due to concomitant side-reaction of carbon deposition is a
great challenge for stable thermo-activation. Zhang et al. found
that the photoactivation of Ni-La,05/SiO, for CO, reduction by
CH, restrains CO disproportionation which is a major side-
reaction for carbon deposition [84]. The rate of carbon deposition
reduces from 3.31 x 107 to 1.74 x 10? g-g™*h™ under UV-vis-IR
irradiation.

4 Methodologies

It is important to distinguish the photochemical and
thermochemical contributions in the PTC process in order to
understand the mechanisms of the catalytic reactions. This will
not only help the rational design of catalyst, but also optimize the
reaction condition for the PTC [33]. However, it is particularly
challenging to differentiate them, especially in the case of S-PTC
when the two mechanisms occur concurrently, and photon and
thermal-induced effects take place simultaneously [13]. In this
section, we have summarized various strategies, including
experimental designs, thermometry characterization techniques,
and computational studies, that help to identify and quantify the
various effects of PTC catalysis.

4.1 Experimental designs

The photochemical and thermochemical contributions can be
isolated to a certain extent by performing the experiments under
various prescribed settings. These entail photocatalytic setting with
light irradiation at room temperature, thermocatalytic setting at a
specific temperature in the dark, and photothermal setting that
holds the reaction at a specific temperature under light irradiation
[5,85]. Depending on the heating sources, external physical
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heating, or light irradiation, different temperatures or light
intensities and wavelengths can be tuned respectively to further
examine the enhancement of the catalytic reaction [86].

In P-PTC, no activity is observed under the thermocatalytic
setting, the difference between photothermal and photocatalytic
settings reveals the enhancement from thermal contribution. Ho’s
group designed photothermal catalytic gel consisting of TiO,/Ag
nanofibers (NFs) with the Ag nanoparticles for localized
plasmonic photothermal effect and showed photothermal
enhancement of ~ 395% for hydrogen production [87].
Experiments were conducted to isolate the localized heating effect
through controlled reaction solution temperature at 35 °C. The
hydrogen production rate increases by ~ 107% when visible and
NIR light is introduced while the reactor is maintained at the same
temperature (Fig.6(a)). This enhancement is ascribed to the
localized plasmonic photothermal effect where the heat generated
by the Ag nanoparticle is mainly confined at the nanoscale around
the active sites. Moreover, the hydrogen production rate has been
tested using various monochromatic light sources in the visible
and NIR ranges. The results reveal that the hydrogen production
rate conforms with the LSPR absorption of Ag with the maximum
rate at 450 and 505 nm which are within the resonance band of
Ag nanoparticles (Fig. 6(b)).

In T-PTC, the photocatalytic setting cannot activate the
catalytic reaction. The increment of activity under the
photothermal setting compared with the thermocatalytic setting
indicates the enhancement from light contribution. Huang et al.
demonstrated that Ni with silica modified cluster showed no
activity under light irradiation below 400 °C. Only when the
temperature was above 400 °C, the activity was considerably
improved under focused irradiation, indicating the solar light-
driven thermocatalysis mechanism [88].

In S-PTC, experiments under all three conditions should be
carried out. In this case, it is quite difficult to decouple and
quantify the two different mechanisms, because the synergetic
effects between them often reveal higher activity than the sum of
their individual activities. Li et al. introduced an indirect
irradiation technique to distinguish the thermal and non-thermal
effects on photocatalytic CO, methanation [89]. By introducing an
inactive layer of Ti,0O; on the top of the Rh/TiO, catalyst, identical
thermal profiles of the Rh/TiO, catalyst compared with direct
irradiation have been obtained with complete elimination of hot
carrier contribution, thus isolating the nonthermal effect from
light irradiation on the photocatalytic activity (Figs. 6(c) and 6(d)).
In S-PTC catalysis, the individual photoinduced charge carriers
and heat activation contribute to the reaction simultaneously.
From the above section on the discussion of the effects of
photothermal, it can be concluded that photoinduced carriers may
participate in the overall catalytic process in various steps, such as
activating the reactant molecules, initiating an alternate
mechanism, changing the selectivity of target products, and
enabling the desorption of unwanted species from the surface of
catalysts. It is significant to evaluate the contribution of
photoinduced carriers from photochemistry aspects. There are
several experimental techniques that can differentiate the
contribution of photoinduced carriers from the photothermal heat
effects. Firstly, high-pass cut-off filters are used with variable Xe
lamp light intensity to compare the differences in activities under
photothermal and thermal conditions. When the catalytic reaction
is induced by photo-generated electrons, the production rate will
exhibit a linear activity with the photon flux and single
wavelength. In Robatjazi’s work, the CO production rates of
Al@Cu,O showed a positive trend with increasing visible light
intensity [90]. The external quantum efficiencies (EQE) increase
with incident photon flux, indicating the characteristic of plasmon-
induced charge-carrier driven photocatalysis (Figs. 6(e) and 6(f)).
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Figure 6 Differentiate the photochemical and thermochemical contributions through experimental designs. (a) Hydrogen generation rates of TiO, and TiO,/Ag NFs
under UV, visible-NIR, and full spectrum irradiation at various environment temperatures. The inset is the zoomed figure of the hydrogen generation rates of TiO,
NFs under various conditions. (b) The photocatalytic hydrogen generation rate of the TiO,/Ag NFs under different monochromatic light irradiation conditions, and its
corresponding absorption spectrum. Reproduced with permission from Ref. [87], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2020. (c) Schematic
representation of photocatalytic reactions under direct and indirect illumination. (d) CH, production rates shown as a function of equivalent temperature (7). For the
uncovered Rh/TiO, catalyst, the measured rate under dark thermal conditions (black squares) and under direct illumination with additional external heating (orange
triangles) are plotted. For the covered catalyst, the measured rate under dark thermal conditions (red circles) is shown. The calculated thermal CH, production rate
(purple dashed lines) as a function of T, is also shown in the figure. Reproduced with permission from Ref. [89], © Tsinghua University Press and Springer-Verlag
GmbH Germany, part of Springer Nature 2019. (e) Schematic of plasmon-induced carrier-driven RWGS on Al@Cu,O. (f) The apparent external quantum efficiency
was calculated from measured reaction rates of various samples and plotted against photon flux. Reproduced with permission from Ref. [90], © Robatjazi, H. et al.

2017.

Secondly, the selectivity of the target products under both
photothermal (light-induced) and purely thermal conditions is to
be examined. The formation of CO and CH, in the thermal
process completely depended on the reaction temperature, while it
showed a higher selectivity towards CO in the light-induced
RWGS reaction. This stark contrast implied the participation of
hot carriers from the perspective of photochemistry instead of
photothermal heating.

4.2 Thermometry characterizations

In PTC catalysis, photothermal conversion to heat and
photoinduced high energy electrons co-exist to synergistically
promote the surface chemical catalysis reactions. To reveal the
thermodynamics and kinetics of the photothermal mechanism, it
is essential to measure the temperature of the system and at the
surface active sites. The lifetime (fs) of hot carriers is considerably
short compared to the chemical reactions time level (ps).
Therefore, hot carriers contribute to limited adsorption and
activation of photothermal reactions from photochemistry. The
remaining photoinduced electrons and holes will recombine and
release energy through heat dissipation, acting as an additional
energy input to assist or totally drive the photothermal reactions.
Since the thermodynamics and mechanism are determined by the
temperature, it is necessary to develop accurate temperature
measurement technology. Primitively, a thermocouple is directly
contacted to the catalysts surface and provides intuitional
information about the catalyst temperature. For example, Cai et al.
tested the surface temperatures of different Ni@SiO, films with a
direct contacting thermocouple and found the core-shell Ni@SiO,
sample had the highest stabilized surface temperature [91].
However, thermocouple can only roughly reflect the temperature
change and may not accurately tell the true temperature of the
overall surface on the catalysts. IR camera is another common
instrument that is widely used for temperature measurement. Li et
al. measured the spatial temperature images of Ni/Y,0,
photothermal catalyst under 1 sun by IR camera. IR cameras
present the surface temperature of the catalyst but not the actual
temperature at the active sites due to their limited resolution and
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penetration ability [92]. Especially with the manifestation of
localized heating, it is difficult to measure the accurate
temperature at the nanoscale. Cai et al. estimated the microscopic
local temperatures achieved by Ni@p-SiO, based on equilibrium
constants of the RWGS reaction and the Sabatier reaction [93].
Some recently advanced nanoscale thermometry such as scanning
thermal microscopy equipped with nanoscale probe tips (Figs.
7(a)-7(c)) [94], scanning transmission electron microscopy with
electron energy loss spectroscopy [95], anti-Stokes thermometry
from a single hyperspectral photoluminescence confocal image
(Figs. 7(d)-7(f)) [96], in-situ X-ray absorption spectroscopy [97],
and Raman spectroscopy [98] can provide information about the
temperature with nanometer-scale resolution. It was found that
Raman bands of metal oxides would shift to a lower frequency
along with high temperature due to the thermal expansion of
lattice and changes in the vibrational energy [99]. Based on the
Raman results, the temperature of Pd@Nb,Os was estimated to be
777 K while pure Nb,O; was only 368 K for photothermal reverse
water gas shift reactions (Figs. 7(g)-7(i)) [81].

4.3 Computational studies

Besides  experimental ~and  characterization = methods,
computational study is another useful technique to reveal the
mechanisms in PTC catalysis. Three-dimensional finite-difference
time-domain (3D-FDTD) can be adopted to study the interaction
between light and catalyst, while the density functional theory
(DFT) calculations can be used to investigate the electronic
structures or adsorbed species and intermediates on the surface
active sites. Xu et al. performed 3D-FDTD simulations to study
the optical absorption and calculate the spatial electric-field
distribution of palladium-nanoparticle-loaded TiO, as a function
of the incident wavelength of light (Fig. 8(a)) [78]. The calculation
results reveal that hot electrons could be generated by LSPR at
around 715 nm. These hot electrons could reduce the
recombination rate of photoinduced carriers and produce more
oxygen vacancies for CO, reduction. Ma’s group studied the
mechanisms of photothermal conversion of CO, using Fe-based
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sample temperature. The sample temperature field (red-blue colour scheme indicates the temperature from hot to cold) is inferred by simultaneously probing a time-
dependent and a time-averaged heat flux signal between the heatable (red coloured) sensor and the temperature-modulated sample. (b) The true sample temperature
rise. This relative temperature increase can be encoded in terms of both height and colour as shown (c). Reproduced with permission from Ref. [94], © Menges, F. et al.
2016. (d) Scheme of the experimental setup to obtain spectra vs. irradiance from a single hyperspectral image. BS: beam splitter. PD: photodiode. NF: notch filter. FM:
flipper mirror. (¢) Confocal image of an 80 nm Au NP color coded in terms of irradiance on the NP. (f) Schematic illustration of the heating of a NP during scanning,
along with example PL spectra from pixels 1 to 3 marked in (e). Reproduced with permission from Ref. [96], © American Chemical Society 2020. Dependence of the
Raman frequency for vNb=O stretching vibrations of (g) Pd@Nb,O; and (h) Nb,Os nanorods at different power levels. (i) Estimated temperatures for PdA@Nb,O; and
Nb,O; at different power levels. Reproduced with permission from Ref. [81], © Jia, J. et al. 2016.

catalysts via DFT calculations (Figs. 8(b) and 8(c)) [100]. The
calculated adsorption energies confirmed the differences in CO
adsorption and H, dissociation capabilities over Fe;C and Fe,O,
catalysts. These results are in accordance with the experimental
findings and expected reaction pathways are proposed with both
thermal and non-thermal effects of light.

It is worth noting that the discussed methodologies can only
help to differentiate the photochemical and thermochemical
contributions to some extent. Usually, they facilitate the
identification of one being the dominant mechanism and the
other being the enhancement factor. The complete decoupling of
heat and light contributions with multiple effects in PTC catalytic
reactions is still challenging. Synergetic contributions to the overall
catalytic activity require more investigations and in-depth
understanding of the mechanisms.

5 Design considerations

catalysts

of photothermal

The synergetic photothermal enhancement of both photocatalysis

and thermocatalysis has been widely demonstrated. They do not
always complement each other to achieve constructive outcomes,
such as carrier recombination at high temperature due to no
efficient carrier transfer path [101], undesirable desorption of
reactants due to thermalization of hot electrons [102], and
unfavorable selectivity [103]. Therefore, the rational design of the
photothermal catalysts is critical. Both the intrinsic properties of
the photothermal material and the structural engineering of the
catalyst need to be carefully considered when constructing the
photothermal catalyst. In this section, design criteria are first
introduced followed by the discussion on various befitting
architectural designs of photothermal catalysts.

5.1 Catalyst design criteria

In order to design an effective photothermal catalyst for enhanced
activity, a few requirements on top of their conventional catalytic
properties need to be fulfilled, namely (1) broadband solar
absorption, (2) high photothermal conversion efficiency, (3) heat
transfer and confinement at the active sites, (4) uncompromised
or unblocked active sites, and (5) desirable photoinduced carrier
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generation and transfer path. The first two are the key criteria for
photothermal catalysis and mainly depend on the nature and
structure of the photothermal materials. Commonly used
photothermal materials include plasmonic metals, narrow
bandgap semiconductors, carbon-based nanomaterials, etc. [1,
104, 105]. The optical properties can be tuned by shape, size, and
composition of the materials to achieve optimized photothermal
conversion efficiency and hot carrier generation. The heat
generated by the photothermal materials needs to be transferred
or retained at the active site for catalytic reaction, instead of losing
to the surroundings [106]. The photothermal heating component
demands high thermal conductivity for heat dissipation to the
active sites, while the catalyst favors low thermal conductivity for
heat confinement at the active sites. A typical strategy is to enclose
the catalyst with a layer of thermal insulative coating to reduce
heat loss [91,107]. Moreover, the support materials are often
employed to enhance the catalytic activity and stability of the
catalyst. The heat transport from or to the support based on
various architectural catalyst designs is also an important factor to
be considered in photothermal catalysis. The active sites on the
surface of the catalyst are where the adsorption and activation of
the reactant molecules occurs, thus the number of active sites is a
critical factor that affects the catalytic activity [33]. The
incorporation of the photothermal heating component should
avoid blocking the active sites. In the case that the photothermal
heating component itself is also an active catalyst, increasing
surface area, introducing support materials such as metal oxides,
and adding co-catalysts will create more active sites. Furthermore,
the photoinduced carriers generated from the photothermal
heating component, such as plasmonic metals or semiconductors,
could facilitate charge transfer or take part in the catalytic reaction

including the adsorption of reactant, the activation of chemical
bonds, the conversion of intermediate species, and desorbing
harmful surface species. Proper selections of the materials with
appropriate band alignment and photoinduced carrier energy will
lead to desirable carrier transfer path and enhanced catalytic
activity, selectivity and stability. In addition, other characteristics,
such as compatibility with the catalyst, long-term stability at
elevated temperature, and high surface area, are important factors
to consider when designing photothermal catalysts.

5.2 Catalyst architectural design

Based on the aforementioned criteria, an effective photothermal
catalytic system should consist of the following components: (1)
main catalyst where key active sites are located; (2) photothermal
heating material to assist in the surface reaction; and (3) support
material for catalyst dispersion and/or increasing the surface area
for accessibility. Three photothermal catalyst architectures are
proposed in this review (Fig.9). The first design is utilizing the
photothermal heating effect of the active catalyst, meaning the
catalyst itself is also a light-absorbing material as such the
photothermal heating and catalytic reaction occur on the same
material, thus referred as dual-function catalyst. The other two
designs are hybrid catalysts, one is adopting support material as
the photothermal heating medium, and heat is transferred to the
catalyst; the other is introducing separate material as the
photothermal heating center, and heat is transferred to the
support which in this case provides the active sites for the
conversion reaction. In the first design, it is more complicated for
discernment and differentiation of various mechanisms as
multiple processes happen concurrently on the same material. In
comparison, the latter two hybrid designs in which light
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Figure 9 Various types of architectural catalyst design for photothermal catalytic fuel production.

absorption and catalytic reaction are dissociated, provide more
controllability for process optimization [20]. The proposed designs
offer a general guideline, but each component may not be
restricted to a unique function, and other components such as co-
catalyst may also exist in the catalytic system [6].

5.2.1 Dual-function catalyst

Photothermal catalysts are generally composed of support (e.g.,
typical supports without light response like SiO, and ALO;, and
semiconductors with light absorption and activation like TiO,,
SrTiO;, BaTiO;, and In,O;) embraced with a metal (e.g., noble
metal like Ru, Rh, Au, and Pt, or non-noble metal like Fe, Co, Ni,
and Cu) constitution [84, 108]. Generally, these supported metals
or metal oxides play dual roles in the photothermal catalysis
reaction, including the light absorber and active sites [90, 109]. In
order to confine the heat at the active sites, heat dissipation should
be minimized in dual-function catalyst. Cai et al. constructed
core-shell structured Ni@nanoporous SiO, for photothermal
methanation and RWGS [91]. Ni metals contributed to the light
absorption and resulted in the temperature gradients from the
photothermal effects, in conjunction with serving as the active
sites for methanation and RWGS reaction (Fig. 10(a)). The
coating of a nanoporous silica sheath protected the encapsulated
Ni metals against heat dissipation under high temperature.
Moreover, the utilization of support materials with high surface
areas is favoured to increase the dispersion and stability of metal
active sites, contributing to enhanced photothermal activity and
durability (Fig. 10(b)). For example, Ren et al. exfoliated ultrathin
Mg-Al layered double hydroxide (LDH) nanosheets matrix and
loaded with Ru nanoparticles for activating CO, and H, in
thermal and T-PTC [110]. The two-dimensional LDH structure
provided abundant sites for adsorption and activation of CO, and
Ru acted as the local heater and active sites for H, cleavage. Other
than metal materials, semiconductors have also been
demonstrated as dual-function catalysts. Li et al. found that the
LSPR effect induced by oxygen vacancies narrowed the bandgap
of MoO; and extended its absorption range to the infrared region
[59]. As a result, MoO;_, obtained enhanced photothermal CO,
reduction with 20- and 52-times higher than that of MoO; in
terms of CO and CH, production rates respectively.

5.2.2 Hybrid catalyst

Hybrid catalyst combines the functions of two or more
components to improve the overall photothermal catalytic
performance [20]. Researchers have utilized the support materials
which are common in gas-phase catalytic reactions for
photothermal heating. Different from traditional functions of
supports, some rational designs of incorporating black colour
materials or light responsive photocatalysts to serve as supports
are employed to further increase the photo-response of metal

nanoparticles [111]. In hydride catalyst, efficient heat transfer to
the active sites is needed. In order to maximize the temperature of
the solar absorber, high absorption over the solar spectrum and
low emissivity in the mid-infrared region are preferred. Hoch et al.
used photoactive SiNWs as supports to coat In,0;_(OH),
nanoparticles to reach a temperature of 150 °C under light
illumination (Fig. 10(c)) [41]. Li et al. confined single atom Ni into
the ultrathin amorphous Y,O; nanosheets to attain a temperature
of 288 °C due to the excellent light absorption and low thermal
radiation of selective absorber Y,O; [92]. As a result, the
thermochemistry driven photothermal methanation conversion of
more than 80% over Ni/Y,0; nanosheets was achieved under
ambient sunlight. TiO, or titanium perovskite SrTiOs, although
can only absorb UV light which accounts for only 5% of the total
solar spectrum, works as supports and contributes to the
photothermal activity from the perspective of thermochemistry
and photochemistry. Mateo et al. designed RuO, nanoparticles as
the active sites and SrTiO; support to promote charge separation
and thus efficiently improve the methanation process under
UV-vis irradiation at 150 °C [112]. Noticeably, different supports
work distinctively depending on the metal active sites. Cho and co-
authors reported visible light driven DRM over various
semiconductors support materials and found Rh-loaded TaON
catalyst delivered the highest activity [113]. The bandgap
excitation as well as the recombination of electrons and holes over
TaON support contributed to the efficient DRM reaction.

Another design of the hybrid catalyst is incorporating light-
absorbing nanomaterials as the promoter for the reaction via
photothermal effects. Li et al. synthesized C@TiO,/TiO,_,
yolk-shell nanoreactor for a solar water splitting system [114]. The
carbon core extends the light absorption to the near-infrared
range and functions as a heat generator via its photothermal effect,
while the TiO,/TiO,_, forms a homojunction for enhanced charge
transfer to the active sites on TiO,_, surface. The as-prepared
catalyst enhances the activity by 22 times compared with pure
TiO,_,. Zhang et al. designed Ag-ZrO, photocatalyst for CO,
reduction with H, [115]. The LSPR at the Ag surface raises the
temperature from 286 to 392 K, which efficiently activated H,. The
H atoms then spill over to the bicarbonate species, and combine
with separated electrons and holes above ZrO, (Fig. 10(d)). In this
hybrid design, when photochemistry is involved in the catalytic
reaction, especially in the case when the reaction is driven by
photoinduced carriers, light penetration into the catalyst and
reaching to the active sites needs to be carefully considered. With
the presence of a photothermal heating component that often has
strong optical absorption capability and/or broad absorption
range, the light reaching the catalyst may be compromised. To
optimize the light absorption of the catalyst, the photothermal
heating component needs to be fabricated into thin films, or
rationally designed with selective solar absorption. Ho’s group
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Figure 10 Various catalyst architectural designs in PTC. (a) Schematic of the nanoscale greenhouse effect in Ni@nanoporous SiO,. Reproduced with permission from
Ref. [91], © Cai, M. . et al. 2021. (b) Illustration of a library of photothermal nanoscale architectures where the black objects refer to a broadband light absorber that
can function as nanoheater/catalyst and the red objects as the catalyst. Reproduced with permission from Ref. [6], © The Royal Society of Chemistry 2019. (c)
Schematic illustration of the effect of nano architecturing on the film’s interaction with incident light. The blue arrows represent incident solar irradiation, and the red
shading for the evenly coated and bilayer In,O;_,(OH),/SINW films illustrates photothermal heat generation. Reproduced with permission from Ref. [41], © American
Chemical Society 2016. (d) Proposed intermediate species starting from CO, and H, to CO during CO, exchange and photocatalytic CO, reduction. Reproduced with
permission from Ref. [115], © American Chemical Society 2019. (e) Schematic diagram of the proposed mechanism of SiO,/Ag@TiO, core-shell nanocomposites for
photothermal catalytic hydrogen generation. Reproduced with permission from Ref. [42], © The Royal Society of Chemistry 2016.

designed a core-shell structure photothermal catalyst with the
core as the solar absorber for localized heating and the photoactive
shell for the catalytic reaction (Fig. 10(e)) [42]. With this design,
the high-energy photons from the incident light will be absorbed
by the TiO, shell to generate photoinduced carriers, while the
lower energy photons transmitted through the shell are absorbed
by the solar absorber core. Heat generated by the core through
photothermal conversion provides localized heating for enhanced
catalytic hydrogen production. Moreover, additional effects on
catalytic activity may be introduced when a catalytic material is
blended with a nanostructured solar absorber. For example, extra
routes for the charge transfer and additional photoinduced carries
may be formed when plasmonic metal nanoparticles are loaded
on the catalyst. This may be destructive to the carrier transfer path
to active sites, or beneficial for the activation of the adsorbents,
selectivity of the desirable products, and stability of the catalyst as
discussed earlier. By tuning the energy of the photoinduced
carriers to match specific electronic states and/or vibrational
modes of adsorbates or intermediates, the specific elementary
steps of the chemical reaction can be manipulated for improved
performances and alternate catalytic pathways [90].

6 Applications for fuel generation

Solar-driven catalysis based on the concept of utilizing solar
energy as the source of light and heat offers an alternative
sustainable and green path for energy conversion and/or storage.
This  photothermal catalysis ~with rationally  designed
nanostructured catalysts is a promising strategy for various
catalytic fuel production. Solar fuel generation through
photothermal catalysis mainly includes hydrogen generation from
water splitting and carbon-based fuel from CO, reduction process.
In this section, photothermal catalytic processes for producing
fuels will be discussed.

6.1 H, production from water

Hydrogen, as one of the high-density energy carriers for clean
energy, is a potential candidate for sustainable development.
Photocatalysis is the most direct route for hydrogen production, in
which solar energy is used to convert water into hydrogen in the

presence of photocatalyst [24]. However, the narrow band solar
absorption of the photocatalyst often limits its conversion
efficiency. On the other hand, the solar-thermal water splitting
often requires an extremely high reaction temperature. Recently,
the synergetic effects of photochemistry and thermochemistry
greatly enhanced the hydrogen production rate from water under
mild reaction conditions.

It has been demonstrated that increased temperature has a
positive effect on photocatalytic hydrogen generation. Song et al.
reported the hydrogen generation rate of Ni,P/TiO, with
methanol aqueous solution increases by ~ 3.6 times when the
temperature increases from 35 to 90 °C (Fig. 11(a)) [116]. The
augmented transfer of electrons from TiO, to Ni,P at higher
temperature is vital for the enhancement. In Ho’s work, various
sacrificial reagent has been tested for hydrogen production rate of
TiO, spheres with increasing temperature [42]. The results reveal
that glycerol obtained the highest enhancement (56.6%) followed
by ethylene glycol (50.3%), methanol (40.5%), and glucose (13.9%)
when temperature increased from 30 to 90 °C (Fig. 11(b)). By
using nanostructured Ag@SiO, as the solar absorber to convert
sunlight into heat confined at the active sites, they achieved a
photothermal enhancement of ~ 95% for photocatalytic hydrogen
generation without external physical heating. In their following
work [62], the spectrally selective designed photochemical and
photothermal heating functions of Au-loaded Ag@SiO,@TiO,
nanosheets (AST NS-Au) catalyst are demonstrated. The
hydrogen generation rate of 30.2 mmol-g™-h™ which is 74 times
higher than the control sample SiO,@TiO, nanosheets (ST NS) is
achieved (Fig. 11(c)). This enhanced catalytic activity is attributed
to the nonoverlapped light absorption and undisrupted charge
transfer rationales of the composite catalyst.

Introducing light can enhance thermal activity and effectively
reduce the temperature required for solar-thermal water splitting.
Caudillo-Flores et al. examined the activity of Ru/TiO, for the gas
phase photothermal catalytic hydrogen production [117]. The
results clearly demonstrated the synergistic utilization of light and
heat. The photothermal activities are consistently higher than the
entirety of thermal and photo activities in the temperature range
between 120 and 300 °C with the maximum enhancement
(~ 50%) achieved at 240 °C. Fang et al. obtained similar results
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using NiO,-TiO, catalyst for photothermal water splitting with
methanol [118]. The maximum enhancement of hydrogen
production rate with illumination is obtained at 260 °C, which is
2.5 times more than that without illumination. Docao et al. found
that Cu/TiO, can expel O, at room temperature under 1 Sun
irradiation, and the reduced form Cu/TiO,_4 effectively abstracts
O atoms from steam at 140 °C which is much lower than what is
needed in conventional solar-thermal water splitting systems (ca.
1,000 °C) (Figs. 11(d)-11(f)) [79]. The two-step H,O splitting
process to generate O, and H, can be carried out isothermally at
140 °C.

6.2 CO, conversion

Photothermal conversion of CO, is one of the most
straightforward and effective alternative approaches to transform
CO, into high value-added fuels at mild conditions. H,O, H,, and
CH, are three primary reductants used in the CO, conversion,
which are corresponding to artificial photosynthesis,
hydrogenation, and dry reforming, respectively. Herein, the
different applications based on these three types of reactions via
photothermal catalysis will be reviewed.

6.2.1 CO, reduction with H,O

CO, reduction by water via solar energy to produce solar fuels,
such as CO, CH,, and methanol, simulates the photosynthesis
process in nature and thus is known as artificial photosynthesis.

However, the current yield based on semiconductor for pure
photocatalytic CO, reduction is still very low for practical
applications. Some photothermal catalytic systems have been
reported to further boost the artificial photosynthesis process.
Minh et al. synthesized three-dimensional ordered macroporous
perovskites LaSrCoFeOg_s for CO, reduction with H,O under
thermal and S-PTC. Due to the active oxygen vacancies of
LaSrCoFeO,_s catalysts, it achieved highly efficient CO,
conversion into CH, in the photo-thermo catalytic process, which
was 5 times higher than the pure thermocatalytic process [119].
Zhao et al. also reported oxygen deficient WO catalysts for higher
CH, yield in the S-PTC process when H,O was used as the
reductant (Fig. 12(a)) [120]. These studies indicated the great
potentials of photothermal effects on the photosynthesis catalytic
process.

6.2.2 CO, reduction with H,

When CO, is reduced by H,, it will produce different products
depending on the operating conditions. Here, we will succinctly
summarize three applications of CO, reduction by H, including
CO, methanation, RWGS, and methanol synthesis, with the
corresponding main product of CH, CO, and CH,OH,
respectively. CO, methanation, also known as the Sabatier
reaction, generally requires eight electrons to produce CH,, and
thus poses a high kinetic barrier. Lin and co-workers deposited Ru
onto TiO(,_,N, support and investigated the thermochemistry
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Ref. [122], © WILEY-VCH Verlag GmbH & Co. KgaA, Weinheim 2016. (c) (i) Methanol synthesis via CO, reduction under ambient pressure over plasmonic
Cu/ZnO catalysts. (ii) Spatial distribution of the electromagnetic fields over the Cu/ZnO catalyst under 580 nm irradiation stimulated using the FDTD method. (iii)
Transient absorption kinetics studies over the Cu/ZnO catalyst under photo-excitation at 580 nm. Reproduced with permission from Ref. [123], © Elsevier B.V. 2019.
(d) Catalytic performance of Pt/TaN and Pt/Ta,Os in dry reforming of methane: (i) CO, and CH, conversions and (ii) CO and H, yields. Reproduced with permission

from Ref. [127], © WILEY-VCH Verlag GmbH & Co. KgaA, Weinheim 2018.

driven photothermal methanation activity. The oxygen vacancies
of TiO,_yN, boost the adsorption and activation of CO, reactant
while the photoinduced electrons from TiO, 4N, would
accumulate onto the surface of Ru, thus accredited to the photo-
assisted methanation process [121]. In addition, CO,
hydrogenation will produce CO when operating at a high
temperature, which is the RWGS reaction. CO gas from RWGS
together with H, from renewable energy can be subsequently
transformed into valuable fuels. Zhang et al. realized the light-
driven RWGS into CO over Fe@C catalyst deriving from MOF.
This strategy coupled light-absorbing materials and catalytic active
sites in one material matrix and exemplified higher activity and
selectivity towards CO (Fig. 12(b)) [122]. Liquid fuel methanol can
be directly synthesized by the CO, hydrogenation process at
200-300 °C and 3.5-10 MPa. Some scholars discovered that
Cu/ZnO catalyst could be used for thermocatalytic CO,
conversion to methanol at ambient pressure and further improved
when solar energy was introduced. The hot carriers by LSPR on
Cu nanoparticles would transfer to ZnO support, and
subsequently lower the activation barrier and promote the
methanol synthesis activity (Fig.12(c)) [123]. This result was
consistent with Wang’s study that the selectivity of methanol
using rod-shaped In,O;_(OH), nanocrystal superstructure as the
catalyst almost did not drop when light was on [105, 124]. The
CO, hydrogenation to CH,, CO, and CH;O0H is competitive
relative to each other, and it is of significance to design a highly
efficient catalyst aiming for respective reactions.
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6.2.3 CO, reduction with CH,

Dry reforming of CO, and methane is one effective method to
convert two major greenhouse gases to simultaneously produce
syngas gas which can be further processed into high value-added
chemicals. However, pure thermocatalytic DRM always faces
serious metal sintering and carbon formation problems due to the
side reactions under high temperature. When photochemistry
effects are introduced, the solar energy and photoinduced hot
carriers would promote the activation of carbon species, and
facilitate the desorption of unwanted intermediates and products,
thus improve the activity, selectivity, and stability of the catalyst
[125,126]. Ye’s group firstly introduced plasmonic Au as a
promoter to enhance the thermochemistry driven photothermal
DRM performance based on noble metal Rh supported on SBA-
15. Subsequently, PdAu, PdCu, or Pt-based noble metal was
designed to take advantage of their alloy structure as well as
plasmonic properties for DRM. Pt nanoparticles with commercial
TaN as support had significant enhancement in the photo-assisted
thermal driven DRM reactions. Due to the optical property and
polarity of TaN support, it facilitated the separation of electrons
and holes and ultimately contributed to activity enhancement (Fig.
12(d)) [127]. Recently, the photothermal dry reforming reaction
based on non-noble metal Ni was widely studied, whereby the Ni
particles would play dual roles as active sites as well as light
absorbers [128]. Liu and co-workers realized the unique catalysis
design of Ni@SiO, with different morphologies, including
yolk-shell Ni@SiO,, core-shell Ni@SiO,, and randomly dispersed
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Ni nanocatalyst on SiO,. All the catalysts showed enhanced DRM
activity in the presence of light. Moreover, improved stability
could be observed for the core-shell, yolk-shell Ni@SiO, catalyst
because of the inhibition of carbon formation under light
irradiation [129].

7 Conclusions and perspective

With the worsening energy crisis and greenhouse effects, the
exploitation and utilization of renewable solar energy is considered
as a promising alternative resource. The photothermal catalysis,
coupled with solar and heat energy, may overcome the present
controversies faced by catalysis. These constitute the efficiency
bottleneck, namely limited production rates of pure photocatalysis
and the immense energy intake of thermocatalysis. Therefore, this
review firstly introduces various mechanisms involving
photothermal chemistry in catalytic fuel generation and focuses on
the effects of light and heat energy in PTC. Then, we summarized
the rational design of materials based on the requirement of light
and heat elements. Subsequently, we introduced current
characterization techniques aiming to reveal the photochemistry
and thermochemistry contribution to the photothermal reactions.
Finally, we listed the main applications of photothermal solar fuel
production including H, generation from water, and CO, reduced
by H,0, H,, and CO. There are still challenges remaining in the
future development of solar fuel production through PTC. The
conclusions drawn from this review and future perspectives of
PTC are identified as follows:

(1) The fundamental mechanisms of the three types of PTC
reactions can be classified according to the driving force, namely
photocatalytic-driven, thermocatalytic-driven, or the combination
of them for fuel generation. The integration of photochemistry
and thermochemistry is able to enhance the solar energy
utilization of ultraviolet, visible to near infrared of the solar
spectrum. Unequivocally, the augmented solar utilization boosts
the catalytic activity through improved global/localized heating,
mass transfer, reaction kinetics, selectivity, and stability of
catalysts. However, there is still a large gap in the development and
understanding of the mechanisms regarding the synergistic
coupling between photo and thermal contributions in catalysis.
The identification of the dominant contribution of light and heat,
and the reaction mechanisms of photochemistry and
thermochemistry need to be thoroughly investigated.

(2) Photothermal catalysts are generally designed based on light
absorption properties from photochemistry and the number of
active sites from thermochemistry. The established catalysts
system includes a dual-functional catalyst that functions with
concurrent heating and catalytic reaction on the same medium,
and a hybrid catalyst that proceeds heating and catalytic reaction
on different media platforms. To ensure optimal balance between
photochemistry and thermochemistry reactivity, the light
absorption ability, the photothermal conversion capacity, and heat
insulation need to be considered. Current research still largely uses
light with high intensity for PTC which limits its practical
applications for direct solar-to-fuel generation without solar
concentrators. Besides applying high light intensity beyond 1-sun,
the catalyst development is trending towards enhanced light
absorption, high photothermal conversion efficiency, and low
thermal conductivity for efficient utilization of photothermal
energy. Moreover, designing unique structures in terms of
morphology, defects engineering, and plasmonic promotor to
facilitate photoinduced carriers separation, favorable chemical
bond formation, and surface reaction kinetics will further enhance
the activity of the PTC with tunable selectivity and possibilities of
uncovering new pathways for PTC.

(3) In PTC, the catalyst will be characterized based on two
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aspects, thermochemistry and photochemistry. The respective
contributions of the two aspects in PTC can be distinguished to a
certain extent with experimental designs under various conditions,
thermometry characterizations, and computational simulations.
The evaluation of temperature is very important for
understanding the mechanism of the reaction. The current
available in-situ temperature techniques using thermocouple or IR
camera may not reflect the actual local temperature on the catalyst
surface. Therefore, it is still a challenge to precisely determine the
temperature of the catalysts at a nanoscale level to study the
thermodynamics and kinetics of photothermal catalysis reactions.
Other in-situ and atomically confined characterization
technologies need to be further developed and explored to study
the reaction process of PTC reactions.

(4) PTC has been applied for H, production from water
splitting, as well as CO, reduction by H,O, H,, and CO to produce
solar fuels. Although substantial works have been reported in the
past decade, they are often limited to using lab irradiation sources
with high flux light intensity (20-50 times greater than solar
energy). Moreover, reactor designs concerning high light
utilization efficiency and large irradiation surface area are needed
for scale-up applications [130, 131]. In addition, the use of optical
lens to concentrate solar energy occupies a large footprint and
excessively enlarges the size of the reactor. Together with the
natural day/night cycles and temperature variations, these factors
make current PTC not practical for industrial applications. Hence,
there is still a long way to develop sustainable and commercially
viable PTC which includes condensed systems/reactors,
inexpensive solar concentrators, and efficient and eco-friendly
catalytic materials under feasible operation conditions.
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