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Abstract: This contribution presents a personal perspective on the development of thermo-
photocatalytic schemes. It discusses several concepts focused on the common presentation
of catalytic and thermo-photocatalytic data, with special emphasis on the determination
of TOF (Turnover Frequency) and Quantum Efficiency parameters. The importance of
including temperature profiles and photon absorption rates in the analysis for intrinsic
kinetic studies, comparison of catalytic results, and the potential scaling of reactors is
highlighted. Additionally, topics related to the efficiency of the use of radiation and
heat transfer are discussed. Photon absorption profiles are presented for a TiO2 catalytic
surface of 20 × 20 cm (both fluorescent and LED configuration), as well as the temperature
profile obtained using a thermal resistance with a diameter of 5 cm in a flat reactor. Using
this example, the importance of designing thermo-photocatalytic systems to ensure an
acceptable level of homogeneity in light irradiation and temperature is discussed. The
discussion provides data that positions thermo-photocatalytic processes in the early stages
of research. It is still necessary to advance the understanding of phenomena occurring
under mixed temperature and light conditions. Additionally, new materials that meet the
required characteristics for each application need to be developed, along with the design of
new thermo-photocatalytic reactors.

Keywords: thermo-photocatalysis; modeling of irradiation matter; TOF; quantum efficiency;
local superficial rate of photon absorption

1. Introduction
Catalysis plays a crucial role in modern chemistry and industry, significantly enhanc-

ing the efficiency of chemical reactions [1–3]. The optimization of selectivity/yields and a
wide range of operating condition catalysts enable reactions to proceed at faster rates and
under advantageous operating conditions, which is essential for the competitive produc-
tion of a wide range of chemicals, pharmaceuticals, and fuels [4–11]. The development of
effective catalysts is fundamental to advancing sustainable and green chemistry, reducing
energy consumption, and minimizing environmental impact [2,12,13]. Photocatalysis, a
subset of catalysis, offers several advantages, including the use of mild conditions, as well
as the possibility of utilizing efficient irradiation sources or solar radiation. Advances in
the design of artificial light sources such as high-efficiency LEDs (Light Emitting Diodes)
that can selectively emit light at a specific wavelength open new opportunities for photo-
catalysis [14–17]. However, the disadvantages and limitations of photocatalysis have been
highlighted in numerous studies over the years. The efficiency of photocatalytic reactions
is often limited by the low absorption of visible light by many photocatalysts, the rapid
recombination of photogenerated electron-hole pairs, and the potential deactivation of
catalysts over time [18–24].
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Recent advancements in the field have focused on the synergistic effects of combining
light and thermal energy to enhance catalytic performance [24–30]. Although the definitions
for processes that simultaneously use light and temperature are somewhat ambiguous, and
without aiming to be categorical, some approaches used to optimize or investigate multi-
energy light–temperature schemes are described below. The approaches address several
schemes, including photo-thermal catalysis and plasmonic catalysis, thermo-photocatalysis,
and other hybrid schemes (e.g., light-assisted catalysis) [25,26,28,30]. As schematically
represented in Figure 1, thermo-photocatalysis involves the simultaneous application of
light and heat to a photocatalyst. This scheme aims to utilize thermal energy to potentially
enhance the mobility of charge carriers generated by light absorption, thereby improving
the overall efficiency of the catalytic process. The heat may also assist in overcoming
activation barriers that are not easily surmounted by photonic energy alone. Photothermal
catalysis primarily relies on the photothermal effect, where light is absorbed and converted
into heat by the catalyst. This localized heating can significantly increase the reaction
rates by providing the necessary thermal energy to drive endothermic reactions or to
desorb reaction products from the catalyst surface, thus preventing deactivation [26]. Other
hybrid schemes include light-assisted thermal catalysis, where light is used to activate the
catalyst surface or generate reactive species, while the bulk of the reaction is driven by
thermal energy. This approach can be particularly effective in reactions where light alone is
insufficient to achieve the desired conversion rates or selectivity. The contribution of the
combined use of light and temperature is complex, and as mentioned, it affects both the
catalytic sample and all the charge mobility and thermodynamic processes of the reaction.
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Figure 1. Chemical, structural, and thermodynamic aspects affecting the process mechanism under
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Figure 1 depicts a thermo-photocatalytic reaction scheme in which an external ra-
diation source, specifically a resistance-type heating source, is used. The scheme also
introduces an idea addressed throughout this perspective article related to the necessary
homogeneity in terms of absorbed radiation and heating of the catalytic surface.

By optimizing the interplay between light and heat, researchers aim to overcome
the limitations of traditional photocatalysis, such as low quantum efficiency and catalyst
stability, paving the way for more efficient and robust catalytic systems [31–36]. Each
of these approaches offers unique advantages and challenges, and ongoing research is
focused on understanding the fundamental mechanisms and developing materials that can
effectively harness both light and thermal energy.

This article presents a personal perspective on the correct way to evaluate the catalytic
properties of processes under light and temperature conditions. It focuses mainly on
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heating using thermal resistances and artificial light (e.g., fluorescent lamps or LEDs). It
includes the determination of temperature and light absorption profiles on a catalytic
film, which can serve as starting points for studying gas-phase processes with supported
catalysts, such as hydrogen production schemes, methanation, and degradation of gaseous
effluents, among others.

2. How to Normalize the Number of Moles Consumed or Produced:
Catalysis vs. Photocatalysis

The Turnover Frequency (TOF) and Quantum Efficiency (ηq) are both critical metrics
used to evaluate the efficiency of catalytic (in traditional schemes under high temperature
conditions) and photocatalytic processes, respectively [37–40], which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly
cited. Despite their application in different contexts, they share a fundamental similarity in
that both metrics provide a measure of the rate at which a catalyst facilitates a chemical
reaction. TOF, defined as the number of moles of product formed per mole of active site per
unit of time, offers insight into the intrinsic activity of a catalyst under specific conditions
(Equation (1)). In this equation, dNi

dt is the differential concentration change of i with time,
NAv is Avogadro’s number and S is the number of active sites. It is crucial to emphasize
that the TOF is valid only under specific reaction conditions and reactant concentrations.
Therefore, the TOF should be reported alongside the method for measuring surface sites,
species concentrations, and the testing conditions.

TOF =
NAv

S
dNi
dt

(1)

Quantum efficiency, defined as the number of desired events (such as product forma-
tion) per photon absorbed (LSRPA: Local Superficial Rate of Photon absorption, LVRPA:
Local Volumetric Rate of Photon absorption) provides a measure of the efficiency of a pho-
tocatalyst in converting absorbed light into chemical energy (Equation (2)). In this equation,
r is the reaction rate expressed as a function of the catalytic area A (e.g., in supported
samples) or as a function of the volume V if a catalyst occupies a defined volume (e.g.,
catalytic suspension or fluid bed). Details related to the simplifications made in the model
for determining photon rate should also be described.

ηq =
⟨r⟩A, V

LSRPA or LVRPA
(2)

Both metrics are essential for understanding the performance of catalytic systems, as
they account for the efficiency of the catalyst in promoting reactions. Additionally, both
TOF and quantum efficiency are influenced by factors such as reaction conditions, catalyst
properties, and the nature of the reactants, making them valuable for comparative studies
and optimization of catalytic processes. These definitions have significant limitations, and
the literature contains numerous confusing reports using both observables [37,38,41,42].
A concise prior analysis highlights the potential for inconsistent calculation methods and
the lack of clarity in distinguishing between TOF and Turnover Number (TON), which can
lead to misinterpretations of catalytic efficiency and durability [37]. The authors address
these issues by proposing uniform definitions and calculation methods, emphasizing the
importance of context-specific reporting, and advocating for transparency in experimental
conditions. These recommendations aim to facilitate more accurate comparisons of catalysts,
optimize their selection for specific applications, and advance understandings of catalytic
mechanisms, thereby contributing to more rigorous and reproducible research in the field of
catalysis. This approach should also be extrapolated to the study of photocatalytic processes,
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where the radiation source introduces numerous new variables. For instance, the type of
radiation (fluorescent lights, LEDs, sunlight, etc.) can significantly affect photocatalytic
activity [18,43–47]. Each radiation source has different spectral properties, intensities, and
energy distributions, which can influence the efficiency and selectivity of the photocatalytic
reactions. Additionally, the configuration and geometry of the reactors play a crucial
role [48–51]. Factors such as the reactor’s shape, the positioning of the light source, and
the distance between the catalyst and the light source can impact the uniformity of light
distribution and the overall kinetics reaction. For example, a well-designed reactor can
ensure optimal light penetration and minimize shadowing effects, thereby enhancing the
photocatalytic performance. Other variables to consider include the wavelength of the
light, the intensity and duration of irradiation, and the presence of any light-absorbing
or scattering materials within the reactor. These factors can introduce complexities in the
experimental setup and data interpretation, making it essential to standardize and clearly
report these conditions to enable reproducible and comparable results.

However, despite all these limitations, TOF and quantum efficiency remain highly
valuable tools for evaluating the catalytic properties of new processes of interest. Table 1
analyzes the similarities and differences between TOF and quantum efficiency. This table
allows readers to quickly identify the advantages and applications of each observable,
aiding in the selection and optimization of catalysts for various applications.

Table 1. Comparison of the TOF and quantum efficiency parameter.

Parameter
Turnover Frequency Quantum Efficiency

Main Common Points

Efficiency metrics
Both TOF and quantum efficiency are metrics used to evaluate the efficiency
of catalytic processes. They provide quantitative measures of how effectively a

catalyst or photocatalyst facilitates a chemical reaction.

Rate of reaction

TOF and quantum efficiency both relate to the rate at which reactions occur.
TOF measures the number of product molecules formed per active site per

unit of time, while quantum efficiency measures the number of desired events
(such as product formation) per photon absorbed.

Influence of conditions
Both metrics are influenced by reaction conditions such as temperature (in
thermo-photo schemes), pressure, concentration of reactants, and the

properties of the catalyst or photocatalyst.
Main Differences

Context of application
TOF is primarily used in thermal and
thermo-catalytic processes, where the

reaction is driven by heat.

Quantum efficiency is specific to
photocatalytic processes, where the

light absorbed by the sample initiates
the reaction.

Measurement basis

TOF is based on the number of
product molecules formed per active

site per unit of time, providing a
direct measure of catalytic activity.

Quantum efficiency is based on the
number of desired events per photon
absorbed, focusing on the efficiency

of light utilization in driving the
reaction.

Units of measurement
TOF is typically expressed in units of

s−1, reflecting the frequency of
turnover events.

Quantum efficiency is expressed as a
percentage, indicating the proportion
of absorbed photons that result in the
desired chemical transformation (e.g.,

with a catalyst as a thin-like film;
[mol m−2 s−1]/[Einstein m−2 s−1].
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3. How, Then, Can We Be Strict if the Process Uses Both Energy Sources?
Unfortunately, there is not a clear answer to this question. Even after a careful analysis

of related literature, it is not possible to identify a clear trend or consensus on the most
stringent way to analyze thermo-photocatalytic processes. The analysis in a thermo-
photocatalytic system inherits the main issues of both definitions. The definition of TOF has
a problem when considering temperature dependence. A different TOF value for varying
thermal conditions limits the potential of this observable to compare catalytic results from
different studies. This dependence on the operating conditions is evident in profiles such
as those shown in [52]. The TOF profile presented by the authors shows the variation in the
calculated TOR for methanol (a), carbon monoxide (b), and methane (c) as a function of
temperature and pressure. In strictly photocatalytic processes, this analysis does not make
sense, as it is understood that the process takes place under constant and mild temperature
and pressure conditions. The analysis becomes more complex in systems where light and
temperature are used together. In a multi-energetic process involving both temperature
and light, the parameter that is used to evaluate the catalytic properties must account
for the combined effects of thermal and photonic energy inputs. This complexity can
lead to inconsistencies and challenges in accurately measuring and comparing efficiencies
across different experimental setups. Another relevant issue that needs to be addressed is
the dependence of optical properties on operating conditions. Previously reported data
have presented the absorption spectra for various semiconductors (TiO2, ZrO2, Nb2O5,
Ta2O5, CeO2, WO3, and ZnO) under different temperature conditions in air [53]. As
described by the authors, the absorption edges of each semiconductor shifted toward
longer wavelengths at higher temperatures. The relationship between the bandgap and
temperature for these semiconductors was also evaluated in this contribution, showing
a linear decrease in the bandgap as a function of temperature in all cases. Although the
phenomenon is complex, structural studies suggest that the M–O (metal–oxygen) distance
exhibits a strong correlation with bandgap narrowing. In contrast, other parameters
related to the electronic structure, such as electronegativity, coordination number of metal
ions, and valence number of metals, did not significantly affect bandgap narrowing [53].
Even the commonly used methods to estimate, e.g., charge recombination under light
excitation, such as photoluminescence analysis or photo-electrochemical measurements,
must account for the influence of temperature. This presents an additional challenge
regarding the necessary equipment, as many available facilities are not designed to increase
the temperature during optical analysis. Figure 2 presents a representative example where
modifications affecting charge mobility and optical properties of a Fe-sMoS2 (3 wt %)
sample lead to the development of an efficient thermo-photocatalytic scheme to produce
ammonia. Panel (A) shows the amount of exciton (e−) transfer into N, H, and O as a
function of temperature, where a negative value indicates transfer to holes. Panel (B)
presents the catalytic performances under different light wavelengths. Panel (C) displays
the time-resolved normalized photoluminescence intensity as a function of temperature.
Panel (D) features an energy plot of N2 and water adsorption on Fe-sMoS2 from DFT
calculations, referenced to the energies of Fe-sMoS2 and free N2 and water molecules.
Finally, panel (E) displays correlation activity with heat and light at pH 7, showing that
light directly influences ammonia synthesis through photoexcitation, while heat indirectly
affects activity by enhancing the rate and prolonging exciton lifetime [35].
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Therefore, while TOF and quantum efficiency are valuable metrics, their application
in thermo-photocatalytic systems requires careful consideration of these dependencies
to ensure meaningful and comparable results. A possible first approach to address this
issue could be to obtain a TOF at a specified temperature by applying the energetic span
approximation including a light-related parameter. The energetic span approximation
method involves calculating the TOF based on the energy barriers of the elementary steps
in the catalytic cycle, providing a way to estimate the TOF by considering the highest
energy barrier (rate-determining step) and the overall energy landscape of the reaction
pathway (Equation (3)) [54–56].

TOF =
kBT

h
exp

(
− δE

RT

)
(3)

where kB is the Boltzmann constant, T is the temperature, h is Planck’s constant, δE is
the energetic span, defined as the energy difference between the turnover-determining
transition state (TDTS) and the turnover-determining intermediate (TDI), and R is the
gas constant. In the presence of light, the term “driving force” should indeed include
factors related to light absorption. When discussing the driving force in photocatalytic
processes, it is indeed more precise to consider the rate of photon absorption. This can be
quantified using terms such as the LSRPA or LVRPA as aforementioned. The evaluation
of photon absorption profiles has been conducted using various approaches, including
phenomenological methods and deterministic or numerical statistical procedures like the
Monte Carlo method [57–68]. Although the approaches are varied, one of the strictest
involves developing the emission model of the irradiation source and solving the Radiative
Transfer Equation (RTE), considering the optical properties of the catalyst, whether in the
form of a thin film or a suspension/fluidized bed [69]. With the aim of visualizing the
influence of the reactor configuration, Figure 3 shows the calculation of LSRPA profiles
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of a TiO2 sample illuminated with UV radiation generated by fluorescent lamps. This
TiO2 sample, with a measured band gap of 3.0 eV, is deposited as a film on the surface
of a quartz plate. The figure shows the photon absorption profile expressed in Einstein
cm−2 s−1, obtained using one or several fluorescent lamps with a diameter of 0.8 cm and
a length of 20 cm. For the determination of the profiles, it was considered that the lamps
are symmetrically positioned from the center of the plate. The model has been solved
for a reaction system illuminated by 1, 2, 4 (as shown in the schematic of Figure 3E) and
8 fluorescent lamps. The radiation model and the simplifications used in the model can be
seen in detail as described in previous contributions [43].
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It is evident that the combined use of light and temperature in catalytic studies intro-
duces specific challenges related to the integration of illumination systems. Light sources
must be compatible with high-temperature environments, or must be well-protected, requir-
ing materials that can withstand both thermal and photonic stresses (in any case limited).
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The design must also ensure precise alignment between the light source and the sample,
particularly when using external systems such as lamps, filters, or fiber optics. Possibly
one of the most typical reaction setups, which also enables in situ monitoring of catalytic
properties, is the use of high-temperature reaction cells, such as those designed for FTIR
spectrophotometers. Figure 4A shows the configuration of a flow reactor in which light and
temperature can be used [70]. These types of cells offer a versatile approach to studying
catalytic and photocatalytic processes under controlled light and temperature conditions.
They support temperatures up to 910 ◦C and pressures up to 34.4 bar, incorporating features
such as gas flow ports for evacuating, pressurizing, or flowing gas through the sample,
temperature-controlled stages with integral sample cups, and quartz or ZnSe windows for
spectroscopic compatibility [68,70–73]. While this type of system offers great advantages
for the study of thermo-photocatalytic processes, it must be considered that the sample
is typically arranged as a packed bed, where only a small fraction is directly illuminated
under light irradiation conditions. This requires considering an effective light path, which
accounts for light attenuation and penetration through the sample [67]. By averaging the
photon flux and absorption observables and incorporating the real illumination geom-
etry, an effective light intensity and path profile of the absorbed light can be estimated
(Figure 4B). This methodology ensures a more accurate correlation between the optical
properties and the observed catalytic performance as it allows the quantification of the
amount of light absorbed by the material, identifying areas where, for example, there is
no influence of light radiation, and the entire catalytic response is associated with the
temperature increase caused by the heating system.
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Another widely discussed aspect in the literature concerns scaling factors. Several
contributions adopt the thesis that the most convenient procedure involves intrinsic kinetic
studies (strictly considering the light–matter interaction in the kinetic equation). Although
it is not the only valid approach, validation of scaled data seems to indicate its effectiveness.
In this way, the kinetic constants obtained are independent of radiation, thus enabling
the scaling of the reaction [74–76]. So, the intrinsic kinetic study approach is crucial for
accurately determining reaction rates and mechanisms under controlled conditions. A
previous study analyzing advanced spectro-kinetic approaches also describes in detail
most of the possible simplifications to obtain these types of intrinsic kinetic equations [69].
By isolating the intrinsic kinetics from external variables such as light intensity, researchers
can derive kinetic constants that are truly representative of the reaction’s fundamental
behavior. This independence from radiation ensures that the kinetic parameters remain
consistent across different scales, facilitating the reliable scaling up of the reaction process.
Additionally, in the event that the catalytic material is immobilized, it is advisable for
the catalyst to receive radiation uniformly. If the radiation received is uniform across the
entire surface, the LSRPA will also be uniform (if the catalytic film is well designed), and a
constant average value can be used.

As representative examples, two kinetic equations for 2-propanol degradation are
described by Equations (4) (adapted to 2-propanol: C3H8O) and (5) [36,69]. Both expres-
sions include the photon rate (LSRPA = ea,s). The second equation is used in a contribution
where the kinetic analysis is expanded to thermo-photocatalytic systems [36]. As described
by Equation (5), under thermo-photo conditions, the kinetic equation must consider both
energy sources in the reaction mechanism, providing complex solutions that must be
adequately simplified according to the characteristics of the reaction.

rC3 H8O = −
α1CC3 H8OCH2O

√
ea,s(

1 + KH2OCH2O
)(

1 + KH2OCH2O + α2 CC3 H8O
) (4)

rC3 H8O = −

 kexp− (Ea∗)
RT CC3 H8O CH2O

√
ea,s(

1 + AH2O
∗exp − EaH2O

∗

RT CH2O

)2 +
k′′ exp− (Ea)

RT CC3 H8O(
1 + AH2Oexp − EaH2O

RT CH2O

)
 (5)

In Equation (4), α1 =
k4KAC3H8O [Sites]k1KH2O[S]

γ

√
ϕ
k3

and α2 =
k4KAC3H8O [S]

γ . In Equation (5),

k =
k4.1[S]

2k1 AC3 H8O
* AH2O

*

γ

√
ϕ
k3

and k′′ = k4.2[S][S1]AC3 H8O AO2 . A is the pre-exponential
factor, Ea is the activation energy, and T and R are temperature and universal gas constant,
respectively. k are kinetic constants (units depend on the reaction step) of specific stages
of each reaction, while K are adsorption constants (m3 mol−1). ϕ is the primary quantum
yield (mol of photons−1). In both equations, the kinetic study considered three levels for
each factor. Under pure photocatalytic conditions, the concentration of C3H8O and water
(defined as relative humidity) and the radiation intensity affecting the parameter ea,s in the
equations were evaluated. Additionally, in Equation (5), the reaction temperature was also
evaluated over a range of 220 ◦C to 270 ◦C.

Figure 5A–C presents the results of the thermo-photodegradation of 2-propanol using
the reactor schematically shown in Figure 5D. The reactor is an annular reactor, where the
gas flows through the annular space. The radiation sources were four UV fluorescent lamps
(365 nm), and the temperature was increased using a cartridge heater. In this study, the
ceria-titania system has an enhancement factor of approximately 1.32 and 1.33 with respect
to the parent systems (TiO2 and CexOx) in the kinetic constants controlling the active
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species (oxygen and hydroxyl-type radical species, respectively) responsible for attacking
the 2-propanol molecule in the degradation process. In addition, the local superficial rare
of photon absorption was evaluated (Figure 5E). The left panel corresponds to the TiO2

sample, while the right panel corresponds to the composite system that optimizes the
catalytic response (CeO2/TiO2 composite material).
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Figure 5. Catalytic activity of the TiO2 (A), CexOx/TiO2 (B), and CexOx samples (C) under combined
light (UV) and temperature conditions (up to 270 ◦C). (D) Thermo-photocatalytic reactor (1: gas inlet,
2: gas outlet, 3: UV lamp, 4: catalyst sample, 5: cartridge heater). (E) Surface photon absorption rate
under UV illumination (365 nm): left panel TiO2, right panel ceria-titania sample. Adapted from [36].

In addition to quantum efficiency, there are other definitions commonly used to eval-
uate the behavior of photocatalytic reaction systems. The radiation incidence efficiency
(ηI) depends directly on both the reactor configuration and the system’s optical properties
and can be defined by Equation (6) [77–79]. On the other hand, the radiation absorption
efficiency (ηA) is a relation between the absorption (LSRPA or LVRPA) with the incident
radiation flow at the catalytic film (Equation (7)) [77–79]. This parameter displays a strong
spectral dependence and allows quantitative comparisons concerning different light sources
and samples. While quantum efficiency is commonly used to evaluate or compare the
performance of catalysts, these last two definitions are particularly interesting for assess-
ing the design efficiency in terms of how effectively the design delivers radiation to the
sample or how much of the incident radiation is effectively absorbed by the material. In
Equations (6) and (7), q is the net radiation flux and P is the emission power.

ηI =

∫
A

∫
λ qλ dλ dA∫

λ Pλ,L dλ
× 100 (6)
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ηA =

∫
A

∫
λ LSRPA dλ dA∫

A

∫
λ qλ dλ dA

× 100 (7)

A similar analysis allows for the definition of heat transfer efficiency in thermo-
photocatalytic schemes. Heat transfer efficiency would measure the proportion of total
heat generated within the reactor that is effectively transferred to the catalyst/reaction.
This efficiency is influenced by factors such as the thermal conductivity of materials, heat
losses due to convection and radiation, and the overall design of the reactor to facilitate
efficient heat transfer. Therefore, in reactor design, both radiation incidence efficiency and
heat transfer efficiency are pivotal for optimizing system performance in which light and
temperature are used.

Radiation incidence efficiency ensures that the energy emitted by the lamps is effec-
tively utilized in the catalytic process, while heat transfer efficiency maximizes the useful
heat transferred to the catalytic system. A comprehensive evaluation for the develop-
ment of a thermo-photocatalytic system (catalytic materials and reactors) must obviously
consider the efficiency of both radiation sources. Additionally, a balance between the
consumption associated with radiation sources and the operation at high temperatures
must be considered. For this, the identification of additive or synergistic effects will need
to be carefully evaluated. Furthermore, the possibility of using solar light (zero costs in
luminous radiation) or photo (auto-thermal) systems (zero costs in heating the reactor) are
presented as extreme cases in relation to the use of energy sources. Solar light can provide a
sustainable and cost-effective source of radiation, eliminating the need for artificial lighting.
Self-thermal systems can leverage the heat generated within the reactor itself, reducing the
need for external heating sources and potentially increasing overall system efficiency [30].

An analysis of the literature focused on the design of photocatalytic reactors and
thermal reactors allows for the identification of the main variables generally discussed
regarding efficiency in terms of the use of radiation or thermal energy (using resistances).
The main ideas are summarized in Table 2. However, it should be noted that there are very
few contributions focused on the energy optimization of thermo-photocatalytic reactors.

Table 2. Main aspects affecting the efficient use of heat and light in thermo-photo reactors.

Efficient Use of Temperature (Using Thermal
Resistances)

Efficient Use of Light Irradiation (Using Artificial
Lighting Sources)

Uniform Heat Distribution: Ensure resistances are evenly
distributed around the reactor to avoid hot and cold

spots, maintaining a consistent temperature throughout
the reactor surface/volume. An annular reactor with a
high-load cartridge-type resistance in the center could

provide a valid alternative.

Uniform Light Distribution: Ensure lamps are arranged
to distribute light evenly throughout the reactor. This

may involve using reflectors or diffusers to maximize the
catalyst’s exposure to light. Tubular reactors with

fluorescent lamps or flat reactors with correctly
positioned lamps provide homogeneously illuminated

surfaces.
Precise Temperature Control: Use high-precision

temperature sensors and a PID
(Proportional-Integral-Derivative) control system to

adjust the power of the resistances in real-time,
maintaining the desired temperature with minimal

fluctuation.

Type of Lamps: Use efficient lamps that emit in the
appropriate wavelength range for the photocatalytic
reaction. The proper characterization of the optical

properties (band gap, light penetration, LSRPA/LVRPA)
of the semiconductors used can help to correctly define

irradiation conditions.

Thermal Insulation: Implement sufficient thermal
insulation around the reactor to minimize heat loss,

improving energy efficiency and reducing the power
consumption of the resistances.

Temperature Control: Maintain an appropriate
temperature of the light source. This may require

additional cooling or heating systems for the lamps. This
is one of the main bottlenecks for the design of

thermo-photo reactors. Most light sources work
efficiently or are not damaged below 50 ◦C.
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Table 2. Cont.

Efficient Use of Temperature (Using Thermal
Resistances)

Efficient Use of Light Irradiation (Using Artificial
Lighting Sources)

Catalyst Positioning: Position the catalyst to ensure it is
in an optimal location for effective temperature control.
This can be achieved by using supports that hold the

catalyst in the best position within the reactor to avoid
overheating or underheating.

Catalyst Positioning: Position the catalyst to maximize its
exposure to light. This can be achieved by using supports
that hold the catalyst in an optimal position within the
reactor in relation to the illumination. In systems with

supported catalysts, the thickness of the catalyst layer can
be controlled. As discussed before, it is especially

important that the solid is efficiently exposed to radiation.
In reactors in which the catalyst is distributed in the
volume (e.g., catalytic suspension, a suitable mixing

should be quarantine).

4. The Case of a Flat Thermo-Photo Reactor
In this section, a flat thermo-photocatalytic reaction system is analyzed. The plate

thermo-photo reactor design offers distinct advantages regarding the efficiency of light
and temperature distribution. Its planar configuration promotes uniform light irradia-
tion across the catalyst surface, a feature that is essential for maximizing photocatalytic
efficiency by minimizing “dead zones” or regions with suboptimal light exposure. This
homogeneity permits a reduction in catalyst material requirements, thereby conserving
energy and materials. Such uniformity is particularly beneficial for reactions requiring high
selectivity. Furthermore, the plate reactor’s design facilitates precise temperature control,
an essential factor for thermo-photocatalytic processes where the interplay of temperature
and light is crucial. Due to the proximity of heating elements (heating in contact with
the plate in which the sample is deposited) to the catalyst, the reactor achieves rapid and
consistent temperature adjustments, preventing the formation of thermal gradients that
could otherwise reduce reaction efficiency or generate undesirable byproducts. Maintaining
both temperature and light at optimal levels across the catalytic surface enhances catalytic
activity, selectivity, and quantum efficiency. Additionally, the homogeneity in light and
temperature profiles simplifies intrinsic kinetic analysis, as averaged kinetic data more
accurately represent the reaction process under these consistent conditions, reducing the
need for complex corrections and supporting robust modeling of reaction mechanisms and
catalytic performance.

However, despite these advantages, the planar geometry inherently restricts the
reactor’s capacity to process large reactant volumes, limiting its scalability for industrial
applications. In large-scale systems that require substantial reactant volumes, the planar
configuration may reduce volumetric efficiency, thereby diminishing productivity in terms
of product yield per unit of time. Consequently, the plate reactor may be non-optimal for
large-scale operations.

As a first approximation for intrinsic kinetics studies and calculation of quantum
efficiency-like parameters, Figure 6 shows temperature (A) and photon rate (B) profiles for
a plate thermo-photo reactor in which the catalysis is deposited on a 20 cm × 20 cm quartz
surface. Both models have been developed using Matlab2013a. These profiles correspond
to a catalyst film deposited on a plate in a reactor system like that described in Figure 3E,
with the difference being that instead of fluorescent lamps, the irradiation comes from a
5 × 5 LED configuration and, additionally, the plate (where the catalyst is deposited) is
heated by a 5 × 5 cm resistance.
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For temperature profile (Figure 6A), the model is based on a simplified two-
dimensional heat diffusion equation, solved using an explicit finite-difference method.
The equation describes the temporal and spatial evolution of temperature (T) in the plate:
dT
dt = α

(
d2T
dx2 + d2T

dy2

)
, where α = k

ρ Cp
is the thermal diffusivity, derived from the thermal

conductivity (k), density (ρ), and specific heat capacity (Cp) of the material. The plate,
assumed to be homogeneous and isotropic, has an initial uniform temperature and is
heated by a localized heat source covering a 5 × 5 cm area at its center. The model assumes
perfect thermal contact between the heat source and the plate, neglects convective and
radiative heat losses, and applies zero-flux (insulated) boundary conditions to simulate
an idealized scenario. The temperature distribution is computed iteratively over time
until the steady-state or desired simulation time is reached. To obtain the LSRPA profile
(Figure 6B), the model calculates the spatial distribution of radiation in a photocatalytic
reactor illuminated by an LED array, analyzing the intensity at the reactor surface and
across varying depths. It assumes LEDs emit a Gaussian spectral distribution centered at
365 nm, with a full width at half maximum (FWHM) of 30 nm, and uniformly radiate within
a specified viewing angle (70 degree). The medium’s absorption is characterized using a
wavelength-dependent absorption coefficient, while scattering effects and medium hetero-
geneities are neglected. LED positions are evenly spaced over a flat reactor surface. Thermal
effects and changes in optical properties with temperature or light exposure are also ex-
cluded. As aforementioned, with profiles exhibiting moderate variations (e.g., T ≈ 205 ◦C
and LSRPA ≈ 3 × 10−5 Einstein cm−2 s−1), TOF, quantum efficiency and intrinsic kinetic
studies, with proper settings for combined processes with light and temperature, could be
considered to evaluate the thermo-photocatalytic process.

5. Conclusions and Future Perspectives
The field of thermo-photocatalytic processes is continuously evolving, with several

promising directions for future development. Current research focuses on the design and
synthesis of new catalytic materials with enhanced optical and thermal properties. Al-
though this perspective article does not delve into the preparation methods and properties
of new efficient materials under mixed light–temperature conditions, several trends in this
field can be identified. The use of nanomaterials, such as carbon nanotubes and quantum
dots, and hybrid structures, such as metal oxide heterostructures and organometallic com-
pounds, could offer innovative solutions to overcome current limitations. Other materials,
such as appropriately functionalized perovskites and carbon-based structures, show signif-
icant potential in thermo-photocatalysis due to their exceptional optical absorption, charge
carrier mobility, and thermal stability.



Catalysts 2025, 15, 7 14 of 17

The optimization and development of energy-efficient reactors are much less studied.
If, as appears to be the case, schemes with combined light and temperature sources signifi-
cantly improve those using a single source (light or temperature), there will be an increasing
emphasis on optimizing the energy efficiency of these processes. The implementation of
advanced computational models will allow for a better understanding and prediction of
catalyst behavior under various conditions, facilitating the design of more efficient and
customized processes. In this way, it is expected that future innovation in reactor design
will allow for better management of heat and light, improving the efficiency and scalability
of the processes.

More attention should be paid to how systems are analyzed under light and tempera-
ture. The determination of optical properties of catalysts at the working temperature and
the efficient and homogeneous use of temperature and light profiles should be carefully
addressed. Further progress should also be made in unifying the criteria for evaluating
catalytic properties, taking into account the definitions of turnover frequency and quantum
efficiency.

In systems with supported catalysts, like those analyzed in this work, special attention
must be paid to providing a homogeneous radiation and temperature profile of the samples.
Working under controlled conditions, in terms of light absorption and heat absorbed by the
catalyst, will largely determine the proper functioning of the materials and the phenomena
that define the synergistic effect (e.g., charge mobility, redox potential, active sites, kinetic
driving force, etc.). Flat reaction systems, where the radiation reaches the catalyst surface
and thus the photon absorption rate can be easily controlled, as well as the possibility of
easily heating the catalyst support, make this configuration beneficial in laboratory reactors.
Other schemes, such as annular systems with an internal heating source, are, on the other
hand, more efficient in terms of heat transfer efficiency.

The integration of solar radiation into traditional thermal schemes also seems to be
one of the most efficient routes in schemes under thermal and light radiation. Furthermore,
by using efficient radiation sources such as LEDs, energy consumption associated with
light can be considerably reduced. If well-designed facilities are developed in the coming
years, which address the main bottlenecks for the development of the combined use of
light and temperature, one could expect an expansion of the industrial and environmental
applications of these processes, including the degradation of pollutants, the production of
hydrogen and other clean fuels, and the synthesis of high value-added chemicals.
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