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The urgent need to reduce the carbon dioxide level in the
atmosphere and keep the effects of climate change manage-
able has brought the concept of carbon capture and utilization
to the forefront of scientific research. Amongst the promising
pathways for this conversion, sunlight-powered photothermal
processes, synergistically using both thermal and non-thermal
effects of light, have gained significant attention. Research in
this field focuses both on the development of catalysts and
continuous-flow photoreactors, which offer significant advan-
tages over batch reactors, particularly for scale-up. Here, we
focus on sunlight-driven photothermal conversion of CO2 to
chemical feedstock CO and CH4 as synthetic fuel.

This review provides an overview of the recent progress in the
development of photothermal catalysts and continuous-flow
photoreactors and outlines the remaining challenges in these
areas. Furthermore, it provides insight in additional components
required to complete photothermal reaction systems for
continuous production (e.g., solar concentrators, sensors and
artificial light sources). In addition, our review emphasizes the
necessity of integrated collaboration between different research
areas, like chemistry, material science, chemical engineering,
and optics, to establish optimized systems and reach the full
potential of this technology.

1. Introduction

The accumulation of greenhouse gases in the Earth’s atmos-
phere is one of the most pressing environmental issues of our
time.[1] In particular, the increase in atmospheric carbon dioxide
(CO2) concentrations has been linked to global warming and
climate change.[2] According to the Intergovernmental Panel on
Climate Change, the concentration of CO2 in the atmosphere is
currently at its highest level in at least 800,000 years (417.1 ppm
in 2022), and the rate of increase has been accelerating over
the past few decades. In the 1960s, the annual increase in
atmospheric carbon dioxide concentration was about 0.8 ppm.
The increase between 2021 and 2022 was 2.13 ppm, and it has
been more than 2 ppm every year for the past decade. This
trend is projected to have severe and potentially irreversible
impact on the environment and human society, including rising
sea levels, more frequent and severe weather events, and food
and water scarcity.[3]

Mitigating the effects of climate change and limiting further
damage requires a concerted effort around the world to
transition to renewable energy sources, improve energy
efficiency, and develop new technologies for carbon capture,
storage, and conversion. Despite international efforts to reduce
emissions and mitigate the effects of climate change, global
CO2 concentrations continue to rise due to increases in energy
demand.[4] This makes it increasingly urgent to address this

issue and actively work towards solutions that can remove
excess CO2 from the atmosphere.[5,6] In this context, chemists
and chemical engineers have an important role to play in
developing new synthetic methodologies that can capture and
use CO2 and convert it into added-value compounds. This not
only helps to reduce CO2 emissions but may also create new
economic opportunities.[7–9]

However, it is important that these transformations are as
efficient as possible, requiring a minimal energy input and
producing minimal waste. To achieve this goal, researchers
must adopt the principles of green chemistry and
engineering,[10] which emphasize the design of chemical
processes that are inherently safe, efficient, and sustainable.[11]

Continuous-flow reactors have been evaluated to fulfill these
requirements and contribute to more sustainable and greener
processing, due to increased control and efficiency.[12,13]

In this review, we aim to provide an overview of recent
research efforts to develop new chemical technologies to
continuously convert CO2 into useful CO and CH4. We also
highlight the direct use of sunlight as a clean and sustainable
power source for these reactions. We review the performance
of several semiconductors and metal nanoparticle based
catalysts that have been developed and evaluated in recent
years. Furthermore, we provide a detailed survey of continuous-
flow reactors that have been proposed for these reactions,
highlighting the various approaches to increase light collection,
catalyst irradiation, and production. By presenting an overview
of these technologies and their potential, we aim to contribute
to a better understanding of the current state of the field and
the challenges that need to be addressed to enable the
widespread use of sunlight-driven CO2 reduction.

2. CO2 reduction pathways

Strategies aiming at converting carbon dioxide to useful
chemicals and fuels are facing several obstacles, one being the
stability of CO2. Throughout the years, various processes were
developed to address the challenge of CO2 activation, for
example, combining metal based catalysts with high temper-
atures. Two of the main reactions focused on in CO2 reduction
are the Sabatier reaction (Reaction 1) for methane (CH4)
production and the reverse water gas shift (RWGS) reaction
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(Reaction 2).[14–18] In the RWGS reaction carbon monoxide (CO) is
produced, which can be used as feedstock for producing
chemicals and fuels (e.g., methanol and Fischer-Tropsch
hydrocarbons).[19–23] However, the use of high temperatures and
pressures in combination with the use of non-sustainable
energy in classical thermal processes encourages novel research
to find alternative approaches.[24,25] Promising techniques as
electrochemical reduction,[26–29] photoelectrochemical
conversion[30,31] or photochemical transformation[15,32] are emerg-
ing as valuable potential alternatives to standard thermal
approaches. The search for alternative techniques is also
ongoing for other processes, such as dry reforming of
methane.[33–35] This review will focus on the Sabatier and RWGS
reaction, to show the application of green hydrogen, which has

gained attention as one of the drivers for a carbon dioxide
neutral energy economy.[36–38]

CO2 þ 4H2 ! CH4 þ 2H20 (1)

CO2 þ H2 Ð COþ H2O (2)

Natural photosynthesis uses solar light as energy source,
inspiring academic research to use this form of renewable
energy for chemical processes. The photons from sunlight can
be used to drive the reduction of CO2 in a continuous fashion,
where reaction conditions are typically mild.[39] By using solar
light, the energy consumption of the process can be directly
lowered, and the short response times allow for on-demand
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production.[40] Light can be absorbed by a photocatalyst,
leading to several local events. For example, in a semiconductor
material, an electron-hole pair can be formed if the energy of
the light is higher than the material‘s band gap,[41] as illustrated
in Figure 1. Generally, the UV region of the spectrum is
energetic enough to excite stable metal oxide photocatalyst,[42]

which can then participate in redox reactions with carbon
dioxide and other reactants. However, only a small portion of
the energy in the solar spectrum is UV (about 4%).[43] To work
efficiently under solar light, a broad absorption range of the
photocatalyst is required. Factors such as the crystal structure
and morphology of the photocatalyst can affect the efficiency
of solar light utilization and the absorption range.[44–46]

Apart from the highly-energetic UV region, also the visible
and IR regions of the solar spectrum can serve different roles in
the solar-driven conversion of CO2. The visible part of the
spectrum can contribute to the light absorption of the photo-
catalyst and promote charge separation,[47] while a broad range
of the solar spectrum, including the IR region, can generate
heat.[48–50] The resulting increased local temperature can be
used as a driving force for a variety of reactions. To enhance

this effect, metallic nanostructures can be added to, for
example, contribute through direct intraband and interband
electronic excitations.[48,51]

Using plasmonic metal nanoparticles on a semiconductor
can increase activity through localized surface plasmon reso-
nance (LSPR) excitation. Plasmonic nanoparticles have been
shown to be good heating nanosources, when irradiated at
their plasmonic resonance wavelength, which depends on the
metal, size and shape of the nanostructure.[52,53] When irradiated,
LSPR excitation generates strong localized electromagnetic
fields that can enhance light absorption.[54,55] Decay of the LSPR
can generate hot charge carriers that can be transported to the
semiconductor, transferred to the adsorbate or convert their
energy into heat.[48,56,57] Non-plasmonic metal nanoparticles can
generate heat through similar pathways. In some cases, the hot
carriers can react with substrates on the nanoparticle.[58] These
processes and their timescales are illustrated in Figure 2, further
details on the principles of plasmonic photothermal catalysis
can be found in literature.[48,57,59–62] Overall, both the semi-
conductor and (plasmonic or non-plasmonic) metal nano-
particles can, upon illumination, contribute to the formation of
heat or charge carriers, and external heating can also increase
the apparent reaction rate.

The rate of a reaction can be increased through the
photochemical contribution (reaction of reagents with formed
charge carriers), which overcomes energy barriers.[63] However,
supplying thermal energy can also improve the reaction rate by
enhancing the mass transfer of the gas to the catalyst and
making it easier for reactant molecules to overcome the
activation barrier.[51] Therefore, the photothermal method,
combining photochemical and thermal contributions, is often
more efficient than a photochemical approach alone.

Properly ascribing irradiation effects and comparing ther-
mal, photothermal, and photochemical situations can be
challenging.[64–66] The heat generated by the catalyst can be
spread across the entire sample, leading to a temperature
increase, without any nanoscale features.[65,67,68] The rate of heat
transfer to the environment and overall temperature profile is
dictated by the thermal properties of the catalyst and the
surroundings.[69–71] The latter includes the gas compositionFigure 1. Representation of charge carrier formation and reaction over a

semiconductor photocatalyst.

Figure 2. Processes of plasmonic nanoparticles on a semiconductor support and their timescales.
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inside the reactor, as the different species in the CO2 reduction
reactions differ in thermal conductivity. For fundamental under-
standing of the process, it is important to account for the effect
of localized heating on the catalyst bed to distinguish between
thermal and non-thermal contributions of light. However, using
a thermocouple may result in significant deviations from the
actual local temperature, depending on the experimental
conditions.[64,72,73] Therefore, reported temperatures may not
always be reliable, and the overall evaluation of the catalyst
should consider all experimental conditions, especially when
willing to differentiate between the thermal and non-thermal
contributions of the incident light.

To perform photothermal CO2 conversion, several ap-
proaches can be taken. Water vapor can be used in the process,
which is beneficial in terms of its abundance and non-polluting
nature.[15] The use of water can be enabled through in situ
photocatalytic water splitting into hydrogen, which then
reduces the CO2.

[74] However, this approach has faced chal-
lenges due to undesirable reaction pathways, absorption
mismatch between the catalyst and solar spectrum, and poor
charge carrier separation and lifetimes, resulting in low CO2

conversions.[75,76] To overcome these limitations novel reactor
and catalyst development are key. This can include extending
absorption bands, prolonging charge carrier lifetimes, exploring
photothermal applications, and optimizing reactor design.[25,77,78]

Instead of using water, green hydrogen can be used directly as
a reductant to increase the efficiency and selectivity of the
process.[49] Renewable hydrogen can be produced from water
ex situ via other techniques, like (photo� )electrochemical water
splitting,[79–81] making indirect use of the water.

The combination of carbon dioxide and the reductant allow
for the formation of the desired products in the Sabatier and
RWGS reaction. The choice of catalyst and operation conditions
are crucial factors in the determination of the final efficiency
and product distribution, where generally high selectivity is
desired.[82] Hereby we describe relevant approaches to design
catalysts to perform photothermal CO2 reduction and we give
an overview of the advancements in the field of reactor
engineering necessary to meet posed challenges. The focus of
this work will go out to catalysts that have been tested in
continuous-flow, as these reactor types allow for better process
control, higher inherent safety and more straightforward
process intensification.[83–85] Overall, these reactors are more
suitable for industrial applications and allow for a more
straightforward and swift evaluation of the catalyst, in compar-
ison to batch reactors.[86]

3. Catalysts for solar-driven CO2 reduction

Common CO2 reduction catalysts consist of a semiconductor or
a support with a nanostructured metal. These catalysts can be
synthesized through various procedures, such as wet impregna-
tion, deposition-precipitation, chemical vapor deposition, and
sol-gel methods.[87–90] The physical and chemical properties of
the active sites of the catalyst have a significant impact on the
activity and selectivity in CO2 conversion by modulating the

adsorption and desorption behavior of reactants, intermediates,
and products.[33] The absorption range of the catalyst dictates,
as mentioned, partially the efficiency of solar energy usage.
Several classes of materials have been investigated in literature,
some combining in situ water splitting with CO2 conversion,
others focusing solely on the conversion of carbon dioxide with
hydrogen, the use of different feeds is illustrated in Tables 1–3,
which gives an overview of photothermal catalysts that have
been evaluated under (artificial) solar irradiation in continuous-
flow systems.

3.1. Semiconductors

Metal oxides have been largely studied in literature due to their
wide reactivity and large availability. Titanium dioxide (TiO2) is
frequently used because of its high activity and its ability to
directly use water in the conversion of carbon dioxide. Even
though TiO2 typically absorbs low wavelengths (band gap of
3.2 eV for anatase TiO2

[91]), it has still been investigated as a
solar photocatalyst as modifications of the material can increase
the absorption at higher wavelengths.[92,93] Additionally, the UV
part in the solar spectrum can be absorbed and used to form
charge carriers. Nonetheless, the efficiency of solar energy
usage is low when only the UV part or low wavelengths of the
visible light part of the spectrum can be used, which might
require more catalyst to obtain the desired productivity. The
latter can be challenging in the scale-up of systems, posing
technical and economic difficulties.[94,95]

The activity of different forms of TiO2 has been investigated
by Li and co-workers.[96] Upon irradiation, the catalyst dispersed
on glass-fiber filters could convert the feed of carbon dioxide
and water vapor to carbon monoxide and methane. The
authors investigated the activity of nanocrystal polymorphs of
pure TiO2, including anatase, rutile, and brookite, for both
defect-free and defective samples.[97] Rutile proved to be the
least active, while the defective brookite polymorph resulted in
the highest productivity, with selectivity towards CO. This result
was attributed to the oxygen vacancies on the defective
surface, which allowed for enhanced visible light absorption, as
well as the presence of HCOOH intermediate on the brookite
surface. Interestingly, this single-phase brookite TiO2 has
received limited attention in the literature, which prompted Li
and co-workers to continue working on anatase and brookite
polymorphs.[98] Both single-phase catalysts were investigated, as
well as a mixed-phase anatase/brookite TiO2 form and the
commercially available anatase/rutile P25. In the comparison
presented, the bicrystalline anatase/brookite outperformed
both pure forms and P25, believed to be due to the interfaces
between the anatase and brookite nanocrystals enhancing
electron-hole separation and photo-induced charge transfer.
This enhancement can also originate from the increased specific
area of the composite bicrystalline TiO2 compared to pure
brookite.

In a subsequent study, the enhancement of electron-hole
separation and available surface were further investigated for
pure anatase TiO2, with a primary focus on multi-facet TiO2.

[99]
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Treatment of the samples with NaBH4 created oxygen vacancies,
without significantly affecting the morphology and crystal
facets. Co-exposed {101}-{001} facet surface heterojunctions
with point defects enhanced charge separation and extended
visible light absorption through additional intra-band gap
energy states. This change in absorption capabilities was also
apparent from the resulting blue color of the catalyst. Another
blue-colored oxygen deficient TiO2 was also obtained by In and
co-workers, where commercial P25 TiO2 was treated with
varying amounts of NaBH4 to obtain various degrees of reduced
(blue) titania.[100]

Other semiconductors than TiO2 can be investigated to
obtain a more efficient use of the solar spectrum. This is the
case for halide perovskites semiconductors that have emerged
as promising catalysts for solar CO2 reduction. The use of
interstitial copper dopants in CsPbBr3 was shown to increase
the activity of the perovskite catalyst by suppressing recombi-
nation of charge carriers and promoting CO2 adsorption and
activation.[101] Similarly, graphitic carbon nitride (g-C3N4), a
metal-free conjugated semiconductor,[102–104] can be used as
catalyst, as it has a moderate band gap (2.7–2.8 eV[105]) in
comparison to TiO2, resulting in better visible light
absorption.[106]

For the selective production of carbon monoxide, altered
indium oxide (In2O3) can be used as catalyst in the RWGS
reaction. The optoelectronic structure, including crystal phase,
size, morphology, doping elements, and defect concentrations,
have been investigated.[78] In one study, researchers discovered
that the catalyst‘s activity is strongly associated with the surface
populations of hydroxides and oxygen vacancies, which are
essential for CO2 adsorption and charge transfer.[107] The catalyst
is often described as cubic In2O3� x(OH)y, when it contains a high
concentration of hydroxides and oxygen vacancies, earning the
name defect-laden indium oxide. Experimental studies and
density functional theory (DFT) simulations were performed to
understand the mechanism of the RWGS reaction on this
catalyst. The proposed mechanism (see Figure 3) suggests that
the heterolytic splitting of hydrogen occurs on adjacent Lewis
base hydroxide and Lewis acid indium sites, located near a
surface oxygen vacancy.[108] Proton and hydride transfer to
adsorbed carbon dioxide ultimately produces the RWGS
reaction products.

Apart from the cubic, the rhombohedral form of indium
oxide does also show high activity as photocatalyst in the
RWGS reaction.[109] This catalyst does not only produce carbon
monoxide but also methanol and has been shown to be stable
over long periods of time. The improved catalytic performance
is attributed to the increased acidity and basicity of surface
frustrated Lewis pairs in the rhombohedral form compared to
the cubic polymorph.

The photocatalytic activity of altered indium oxide
hydroxide can be further increased through various methods.
For instance, one study focused on the isomorphous substitu-
tion of In3+ with Bi3+.[110] DFT analysis suggested that, at the
optimal substitution level, the Lewis basicity of the basic site
was mildly increased without affecting the acidity of the
frustrated Lewis pair, maximizing the heterolytic splitting ofTa
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hydrogen. Another approach investigated the effect of the color
of defect-laden indium oxide to take advantage of the full
spectrum of solar irradiation.[111] Researchers found that con-
verting In2O3 into an oxygen-deficient, non-stoichiometric form
(i. e., In2O3� x/In2O3) significantly darkened its color, resulting in
stronger solar energy harvesting ability and photothermal
effects.

3.2. Supported metal nanostructures

As mentioned before, the introduction of (plasmonic) metal
nanostructures can increase the performance of the catalyst
through thermal and non-thermal contributions.[112–114] The
catalyst support material and characteristics are an important
factor in these contributions, as the support can accept hot
carriers formed on the metal nanostructures, which are trans-
ferred over the potential energy barrier between the metal and
semiconductor, also referred to as the Schottky junction.[48] This
can slow down the recombination of the charge carriers
formed.[115] The metal nanostructures can also act as electron
sinks by accepting electrons from the support, exemplifying the
numerous interactions between the metal and the support.[42,116]

Additionally, the adsorption of CO2 at the surface of the catalyst
is affected by the support material, where, for example, oxygen
vacancies can play an important role in the adsorption and
activation of CO2.

[117] To tune these parameters and the overall
efficiency of the catalyst, a wide variety of metals and support
materials have been tested for the photothermal reduction of
CO2 (Tables 1–3).

3.2.1. Strongly plasmonic metal nanoparticle based catalysts

(Strongly) plasmonic metals can show LSPR oscillation in the
solar spectrum and are therefore widely used as nanoparticles
on solar CO2 reduction catalysts.[15,58,118] This is illustrated by the
use of copper in combination with platinum nanoparticles on
reduced (blue) titania, to promote CO2 reduction. The introduc-
tion of copper significantly enhanced CO2 adsorption while the
copper nanoparticles readily accepted electron transfer from
the platinum on the blue titania.[119] This was exemplified by the
relative performance differences between the two different
hierarchical bimetallic nanoparticle structures. The hierarchical
order of nanoparticle deposition of platinum first and copper
second resulted in the highest productivity increase compared
to their previous work. In further research, the authors
investigated a Z-scheme heterojunction of reduced TiO2� Cu2O
photocatalyst. Although it had lower productivity than their
previous work, the catalyst demonstrated high stability while
utilizing a non-noble metal co-catalyst, making it a promising
next step in the development of artificial photosynthesis.[120]

Zhou, Sun, Ozin, and co-workers investigated another non-
noble metal based catalyst for the production of carbon
monoxide from carbon dioxide and hydrogen. The catalyst was
composed of Cu2O nanocubes with mixed oxidation states.[121]

The nanocubes allowed for heterolysis of hydrogen and
adsorption of carbon dioxide under mild conditions. The
stability of the catalyst was improved by modifying the surface
of Cu2O with a mixed valence surface frustrated Lewis pair.
Alternatively, copper-substituted hydroxyapatite can be used as
non-noble metal catalyst in the RWGS reaction. A strong
photothermal effect was found for copper nanoparticles,
enhancing the production of CO.[122]

Gold nanoparticles on TiO2 did also show increased
production of carbon monoxide upon light irradiation.[123,124]

Molina et al. discuss the photothermal and photochemical
contribution of the light.[123] The light-driven process obtained
higher activity and selectivity in comparison to thermal
reference experiments. Previous research based on experimen-
tal and theoretical analysis supported that the reaction was
promoted by a synergistic contribution of (photo)thermal and
photochemical processes.[125,126] Upadhye et al. ruled out local-
ized heating effects based on reported literature[127] and the
apparent activation energies found.[124] Here, the increase in
productivity was predominantly attributed to a reduction in
inhibition due to surface coverage of adsorbed species, which
could be caused by either hot electrons or intense electro-
magnetic fields around the gold nanoparticles.

Gold nanoparticles can also be used on carbon nitride to
increase the photocatalytic activity.[128] This is because the
formation of a Schottky barrier between the semiconductor
material and the metal nanoparticle facilitates the separation of
electron-hole pairs. Furthermore, surface plasmon resonance
effects could enable the formation of visible light excited
electrons. The separated electrons could then be utilized in the
process of reducing CO2 to CO and CH4. Meanwhile, the holes in
the valence band of the carbon nitride could oxidize H2O to
produce O2 and H+. Other modifications can be made to the

Figure 3. Overall proposed mechanism for the CO2+H2*

*CO+H2O reaction
on In2O3� x (OH)y. Adapted with permission from ref [108]. Copyright 2015
Royal Society of Chemistry.
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carbon nitride semiconductor catalyst, as carbon nanotubes
(CNTs) can for example be introduced along with copper
nanoparticles at the surface of the g-C3N4.

[129]

3.2.2. Weakly plasmonic metal nanoparticle based catalysts

Kim et al. studied and compared a variety of metal (e.g.,
platinum, copper, rhodium, nickel and ruthenium) nanoparticles
on a silica support.[40] The choice of metal greatly influenced the
product distribution, with some catalysts showing high selectiv-
ity towards either methane or carbon monoxide. The ruthenium
nanoparticles demonstrated significant enhancement in
methane productivity upon irradiation, claimed to be due to
the formation of hot electrons. In contrast to ruthenium,
platinum nanoparticles showed the highest activity towards
carbon monoxide, for temperatures above 300 °C. Formation of
carbon monoxide at lower temperatures was observed for
palladium and platinum on WO3 based catalysts.[130,131] The high
conversion and selectivity for palladium nanocrystal decorated
WO3 nanowires were attributed to the formation of hydrogen
tungsten bronzes (HyWO3� x), containing Brønsted protons,
excess electrons and oxygen vacancies in its lattice.[130] Perform-
ance of this type of catalyst could be further increased by
coating copper atoms onto the surface.[132] These examples
illustrate the use of solar light with other (weakly plasmonic)
metal nanostructures in combination with, or in comparison to,
other metals described before.[133,134]

Further investigation of rhodium nanoparticles has been
performed by Song, Wang, and co-workers, which used
titanium dioxide as support material.[135] Mechanistic studies
based on X-ray photoelectron spectroscopy (XPS) measure-
ments indicated that hot electrons were generated upon light
irradiation, which were then transferred to the TiO2 support.
The loading of the metal was also important for the overall
catalytic activity, with high loadings leading to large nano-
particles and reduced activity. The catalytic mechanism was

investigated using a variety of experiments, including in situ
Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS), leading to a proposed mechanism (see Figure 4). The
accumulation of hot electrons on the TiO2 and an elevated local
temperature could improve the overall production of carbon
monoxide.

The use of rhodium as metal species has been shown to
form carbon monoxide. For the formation of methane, nickel
and ruthenium-based catalysts can be used as these metals
show high selectivity towards this compound. Several support
materials, including strontium titanate, Nb2C, Ti3C2 and Al2O3,
have been suggested to be used and evaluated in combination
with these metals.[136–141] The support can prevent the sintering
of the metal nanoparticles and increase the stability of the
catalyst.[142] The interest in nickel and ruthenium lies in their
increased affinity for CO2 and potential intermediates, which
leads to higher selectivity towards methane formation.[143] In
order to improve the availability of CO2 at the active site,
Layered Double Hydroxides (LDH) have been identified as
another efficient support for nickel and ruthenium nano-
particles in CO2 methanation.[144,145] The abundant OH groups at
the surface of the supports facilitate both the adsorption and
activation of CO2.

To increase the performance of another nickel CO2 metha-
nation catalyst, Scott, Lovell and co-workers utilized a plasma
treatment to create a defective titania support.[146] Nickel
nanoparticles were subsequently deposited on the support, and
different combinations of reduction steps and plasma passiva-
tion treatments were studied. The authors reported that the
plasma treatment resulted in extra oxygen vacancies, which
increased the interaction between CO2 and the support, leading
to improved performance of the catalytic system. The use of a
support material with inherent oxygen vacancies, like CeO2, has
also been shown to achieve good performances when
combined with cobalt or nickel nanoparticles, exemplifying the
benefit of these vacancies.[147]

Figure 4. Proposed reaction mechanism for photo-assisted CO2 hydrogenation reaction process over Rh/TiO2. Adapted with permission from ref [135].
Copyright 2022 American Chemical Society.
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The use of another cobalt based methanation catalysts has
been evaluated using titanium dioxide combined with lantha-
num oxide as support material.[148] Catalysts with various La2O3

to TiO2 support ratios were synthesized and tested with cobalt
nanoparticles. It was found that having up to 10% of La2O3 in
the support improved the activity of the catalyst. This is
because the basicity of La2O3 facilitates CO2 coordination and
HCOO* formation at the surface of the catalyst. Further insight
in the effect of the support was obtained by Ye and co-workers,
who investigated ruthenium based catalysts on different
supports.[149] Activity and selectivity were largely influenced by
the support material. Eventually, high methane production was
achieved for natural halloysite nanotubes-supported Ru nano-
particles.

The selectivity and activity of the transformation can be
further tuned by engineering the metallic site of the catalyst.
Incorporating an oxophilic metal in the catalyst can improve its
activity, as demonstrated by Huber et al.[150] In their study, a
silica-supported platinum RWGS catalyst was used with molyb-
denum incorporated on the nanoparticles. The incorporation of
molybdenum resulted in a significant improvement in the
carbon dioxide conversion rate compared to the catalysts using
solely molybdenum or platinum on the silica support, as the
oxophilic metal could alleviate catalyst poisoning by carbon
monoxide. Further tuning of the metallic site can be achieved
by the integration of nickel into a phosphorous lattice, leading
to highly dispersed nickel nanoclusters.[151] This combination
disfavors strong carbon monoxide bonding, adding to the high
selectivity of the catalyst.

In a recent report, Ozin and co-workers screened various
combinations of palladium nanocrystals and Nb2O5 as active
support.[152] They found that reducing the size of the nano-
crystals of palladium at the surface of Nb2O5 nanorods unlocked
an enhanced production of carbon monoxide with higher
selectivity. This was explained through DFT analysis using a

donor-electron acceptor interaction model, which explained the
shift in palladium binding energy. With a smaller crystal size,
electrons can be efficiently transferred to the Nb2O5 support,
creating a partially positive charge on the palladium. This partial
charge can affect the binding of the gas. With a larger
nanocrystal, less charge transfer would occur, contributing to
further reduction of carbon monoxide towards methane (see
Figure 5).

In catalyst synthesis, metal-organic frameworks (MOFs)
show potential as template and precursor, which was illustrated
by Ye and co-workers.[153] Here, an iron-containing MOF (MIL-
101) was used to obtain iron nanoparticles, coated with an
ultrathin carbon layer. A thermal effect in the RWGS reaction
was found for the visible and infrared part of the spectrum. The
ultraviolet part generated energetic electrons mediated by the
excitation of surface plasmons. DFT calculations supported the
high selectivity to CO and showed weak physical adsorption of
CO on the coated iron nanoparticle. The use of MOFs has also
been shown in the Sabatier reaction, where the MOF UiO-66
was combined with iridium nanoparticles.[154] The iridium nano-
particles enclosed in the MOF material could efficiently facilitate
the separation and the transfer of charge carriers in the UiO-66
material, which led to a good methane production.

3.3. Catalyst evaluation

A large variety of catalysts, based on different materials, have
been prepared and tested in the continuous solar-driven
reduction of CO2 to either CO or CH4, an overview of the
catalysts can be found in Tables 1–3. As illustrated, the synergy
between support and metal species is key to obtain optimal
solar light utilization and selective product formation. Still, the
overall efficiency can be increased, and more research is
required to obtain catalysts with full solar spectrum absorbance

Figure 5. These schematic illustrations depict the influence of the size of the Pd nanocrystals on the selectivity of the CO2 reduction. A) Small Pd nanocrystal.
B) Large Pd nanocrystal leading to an increased CH4 production. Adapted with permission from ref [152]. Copyright 2017 John Wiley and Sons.
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and low energy losses. Plasmonic coupling and collective
thermal effects may also significantly contribute to performance
enhancement.[65,155,156] High activity and selectivity can decrease
the amount of catalyst needed and ease the separation in
downstream processes. Other factors as safety, price and
availability of the catalysts cannot be overlooked in the use of
these materials in scaled up applications. These conditions
imply the use of non-noble and non-toxic material with
excellent photothermal properties. As illustrated, many CO2

reduction catalysts use scarce or costly metals to enhance the
performance, where also several promising abundant and low-
cost options are presented. Other desirable properties for scale-
up include long term stability, which requires testing in an
operating system for a sustainable amount of time. Loss of
activity over time can be detrimental in the application of such
a catalyst in industry. Moreover, heat transfer properties of the
catalyst should not be overlooked, where temperature gra-
dients in the catalyst bed should be controllable and heat losses
to the environment minimized. Efficient utilization of the
catalyst does also heavily rely on the identification of the most
favorable operating conditions. Overall, several challenges
remain in the development of solar-driven CO2 reduction
catalyst.

4. Flow chemistry and continuous
photoreactors

Traditionally, synthesized catalysts are investigated in batch
systems to assess the various parameters affecting the reaction.
Loading a reactor with reagents and the catalysts, exposing this
system to the reaction conditions for a defined amount of time
before stopping, purifying, and analyzing the reaction mixture
is a straightforward approach for most processes. However, for
gas reactions, this process has several disadvantages, with
perhaps the most significant being the difficulty of scaling up
such a batch system. Scaling up pressurized vessels not only
poses safety concerns but also allows for temperature gradients
inside reactors more easily. As the dimensions increase, it
becomes more challenging to achieve well-distributed irradi-
ation of the catalyst, which is crucial for optimal reactor
performance.[157,158] For light-driven reactions the catalyst will be
used in an inefficient manner when using bulky reactors with
thick catalyst beds due to the limited light penetration depth
(typically less than 1 mm).[123] Furthermore, batch reactors can
induce selectivity issues since products can accumulate inside
the reactor, making them more susceptible to undesired
sequential reactions.[159] This product accumulation within a
batch system limits their suitability for extended operation and
industrial applications, as well as further complicating the fair
comparison of catalyst performance.[86]

Continuous-flow reactors, with high surface area to volume
ratios and excellent heat transfer properties, are a suitable
alternative to batch reactors to perform solar-driven CO2

conversion.[160–164] In fact, it has been determined that flow
reactors require a much lower CO2 conversion rate to achieve

net CO2 reduction using sunlight as the energy source.[14] From
an industrial standpoint, a continuous stream of CO2 that varies
in both volumetric quantity and composition can be encoun-
tered. In this case, continuous reduction of carbon dioxide with
increased control would be more desirable than a batch-type
approach. Moreover, continuous-flow reactors can be employed
using a numbering up and/or sizing up strategy, which involves
replicating identical reaction units in parallel and increasing the
size of a single reactor unit, respectively.[165] These forms of
scale-up enables straightforward tailoring of the size of the
process to each CO2 (point) source.

Small dimensions of flow channels allow for efficient use of
the catalyst, as the light penetration depth is usually limited for
heterogeneous catalysts.[166–168] Temperature gradients in the
catalyst bed that arise from one sided illumination should be
controllable, measured and accounted for in the design of the
system.[66,72,169,170] Predictions on the temperature gradient in the
catalyst bed and close surroundings can be made by the
introduction of temperature sensors in the catalyst bed and
simulations. These sensors should be small compared to the
thickness of the catalyst bed to allow positioning of multiple
sensors for monitoring the temperature gradient and to
facilitate good thermal contact between the catalyst powder
and the sensor. Furthermore, they should not suffer from
photothermal heating and have minimum impact on the light
distribution inside the catalyst bed. An example of suited
temperature sensors is a fiber Bragg based-fiber optic sensor.[72]

Temperature gradients are also expected to be present in
continuous reactors, due to the low thermal conductivity of
catalyst powders.[171] Still, a part of the heat is removed by
convection, depending on the conditions, which should be
taken into consideration.[172]

While scientific interest in flow processes keeps on growing,
gaining a comprehensive understanding of the factors that
contribute to system performance is challenging due to the
vast differences in both experimental conditions and reporting.
For example, the choice of catalyst, reactor type, irradiation,
and measurement techniques can greatly influence the re-
ported results. Furthermore, the lack of standardization in
experimental protocols and reporting makes it difficult to
compare the performance of different systems in a meaningful
way. Therefore, it is important to carefully consider and report
all relevant experimental conditions and precise setup (e.g.,
light source and materials used) when evaluating the perform-
ance of a photothermal system for CO2 reduction. This will
enable better comparison between systems and facilitate the
development of more efficient and sustainable CO2 conversion
technologies.

Various approaches to continuous photoreactor design
have been proposed, including optical fiber, double-skin sheet,
fluidized bed, and annular reactors.[173–176] The transparent part
should be designed to allow for homogeneous irradiation of
the catalyst bed and its material should have minimal
absorption in the solar spectrum to minimize energy losses.
Reflection losses from the surface of the reactor should be
minimized, for example, by applying anti-reflective coatings or
surface treatments. Light sources can be used to mimic solar
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irradiation and ease the testing of catalysts in a laboratory
environment without requiring field experiments. A variety of
light sources with a spectrum similar to the solar spectrum
exist, consisting of, amongst others, LEDs, xenon light sources
and metal halide lamps.[177] The light source‘s positioning and
the distance between the light source and the catalytic bed
affect the (homogeneity of the) light intensity and should
therefore be carefully chosen and reported.[178,179]

For the photothermal conversion of CO2 unconcentrated
solar irradiation might not provide sufficient energy to obtain
the desired activity. Therefore, concentrated (solar) light can be
employed to increase the light intensity at the reactor, which
can, for example, be determined with radiometry.[180,181] The use
of light sensors could allow for a real time feedback system to
ensure optimized production at different solar light
intensities.[182] Several approaches to collect and concentrate
light can be applied, where most systems use glass mirrors due
to their high reflectivity. Examples of concentrating solar power
technologies are parabolic trough collectors, parabolic dish
systems and linear Fresnel reflectors.[158,161,183,184] Solar light
concentrators have been applied before in water purification,
water splitting and thermochemical processes, and its use can
be extended to photothermal CO2 reduction in batch or
continuous-flow.[185–195] Depending on the concentrator config-
uration, high temperatures can be obtained, which should be
matched with the requirements of the catalyst.[185,193]

The use of these concentrators in CO2 reduction was
illustrated by Kandy and Gaikar, where this technology was
used to boost alcohol production.[196] Fresnel lenses (Figure 6C)
have been employed as solar light concentrators in batch and
continuous-flow photothermal reduction of CO2 and allow for
the use of concentrated solar light in a cost effective
manner.[197–201] Different configurations to concentrate solar light
on a reactor are illustrated in Figure 6. Depending on the light
concentrating system, the solar light harvesting ability can be
increased by solar tracking.[202,203] The light flux profile, and thus
the type of concentrator, and reactor geometry should be
adapted to one another to make efficient use of the incident
solar light. Furthermore, the use of concentrated light does
pose new challenges for uniform catalyst irradiation.[204–206]

The deposition and placement of the catalyst in the reactor
does not only influence the homogeneity of the light intensity,
but also significantly affects the production, through mass
transfer properties, pressure drop, and the homogeneity of the
temperature.[207–210] Reactors for photothermal CO2 conversion
can be classified as fixed bed or structured reactors.[211] In
contrast to fixed bed reactors, structured reactors usually have
a unique structure presenting numerous channels and a large
surface area. Commercially available fixed bed reactors (e.g.,
Harrick scientific[212]) have the advantage of being well-charac-
terized, ensuring higher inter-laboratory reproducibility of the
obtained experimental results. However, a homemade or
custom-made fixed bed photoreactor can also be constructed
(e.g., to minimize the costs). Tubular or annular packed bed
reactors are relatively straightforward to construct, illuminate,
and operate, which adds to their frequent use in similar
systems. Figure 7 illustrates different types of catalyst place-
ment in a photoreactor that can be encountered in heteroge-
neous catalysis.

One possible fixed bed reactor design uses an additional
support for the catalyst, which can be introduced into the
reactor. The reactor design should ensure that the catalyst
remains contained within it (i. e., no leaching of the catalyst
should occur). This deposition method is frequently used in
continuous-flow testing, as also stands out from Tables 1–3, as
it can be easily applied in different reactor designs. The use of
this type of fixed bed reactors allows for straightforward
operation, fast parametric screening, and facile combination
with commercially available solar simulators. A glass flow
reactor was used for this type of catalyst immobilization (see
Figure 8A and B). The reactor allowed for the evaluation of
ruthenium nanoparticles on a LDH support.[145] The applicability
of this fixed bed immobilization method is shown by Zhang
and co-workers, which use a stainless steel reactor with a quartz
window (Figure 8C and D) to test the performance of a series of
nickel based catalysts.[144]

Additionally, if external heating is required, a heating
mantel can be used, as illustrated by the in-house developed
photoreactor depicted in Figure 9A and B.[213] The use of an
external heating source should allow for a uniform irradiation of

Figure 6. Schematic of different (solar) light concentrators: A) parabolic trough collector B) Parabolic dish. C) Fresnel lens. Shown in combination with a
continuous-flow reactor. A) & B) Adapted with permission from ref [193]. Copyright 2014 Elsevier.
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the catalyst bed. This flow reactor was validated by testing
commercially available catalysts (Ni-Al2O3/SiO2), loaded on the
top of a fritted glass filter. The desired temperature could be
set, while an optic fiber guided the simulated solar light
towards the catalyst surface. The researchers discussed the
effect of temperature and irradiation wavelength by using cut-
off filters to assess the conversion towards methane. Similarly,
Bueno-Alejo et al. used the same catalyst in a flow system that
combined high power LEDs with a fixed bed reactor (see
Figure 9C).[214] With their reactor system, light sources could be
exchanged and compared. After screening various wavelengths,
the authors concluded that irradiation at 460 nm led to a
combined photothermal and photocatalytic response resulting
in a boost in the catalyst productivity.

Glass beads can also be used as additional support. The
catalyst can be deposited upon the glass beads, which are then

randomly distributed throughout the reactor in a packed bed
design. The size of the beads and thickness of the catalyst layer
greatly influence the mass transfer properties, light penetration,
and pressure drop of the reactor, which has been extensively
studied.[215–217] The catalyst can also be coated as a film on an
additional support or directly onto the reactor wall, which can
profoundly decrease pressure drop effects compared to packed
bed reactors.[218] Optical fibers can act as support for the coating
of the catalyst. Typically, an optical fiber consists of a core and
cladding to achieve total internal reflection. However, in order
for the catalyst to absorb photons, light needs to leak along the
length of the fiber.[219] This light leakage can be achieved, for
example, by selectively etching the cladding, after which the
catalyst is applied to the fiber. In optical fiber photoreactor
design, light travels along the fiber leading to a drastic increase
in available relative irradiated area.[220]

Figure 7. Left: Schematic set-up of a continuous flow reactor for CO2 reduction with irradiation source above the reactor chamber. Right: Examples of different
types of fixed bed or structured catalyst deposition.

Figure 8. A) Schematic of the flow photoreactor setup. B) Actual flow photoreactor setup with the solar simulator and close up on the photoreactor. Adapted
with permission from ref [145]. Copyright 2017 John Wiley and Sons. C) Photoreactor consisting of a stainless reaction chamber with a quartz window, with
the light source. D) Placement of the thermocouple and catalyst inside the reactor. Adapted with permission from ref [144]. Copyright 2021 Spinger Nature.
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Wu et al. used an optical fiber photoreactor (Figure 10A and
B)[221] for the photoreduction of CO2 using concentrated solar
light.[222] The optical fibers, with their polymer cladding removed
by calcination, were coated with a metal-doped TiO2� SiO2 sol-
gel, where the doped iron contributes to enhanced visible light
absorption. Methane was selectively produced under concen-
trated natural sunlight irradiation through the quartz window.
In another experiment, Wu et al. dip-coated the optical fibers
with dye-sensitized metal-doped TiO2.

[223] With a high-intensity
artificial light source, both methane and ethylene were

produced. However, the setup using natural concentrated solar
light selectively produced methane, most likely due to its
significantly lower light intensity.

One of the limitations of optical fiber reactor types is the
relatively small thickness of the fibers, which limits the total
available catalytic surface area and active reactor volume. To
alleviate this issue, Wu et al. proposed a honeycomb-structured
monolith reactor as a next step towards scale-up.[224] A monolith
structure consists of a regular or irregular network of meso- and
microporous channels,[226] which tend to have efficient mass

Figure 9. A) Flow photoreactor setup with a heating mantle. B) Close-up of the irradiated catalyst deposed on a glass frit. C) Flow photoreactor setup with
interchangeable LEDs for wavelength screening. (A) and (B) reprinted with permission from ref [213]. Copyright 2017 Royal Society of Chemistry. (C) Adapted
with permission from ref [214]. Copyright 2020 Elsevier.

Figure 10. The optical fiber reactor schematically (A) and with pictures of the built reactor (B). C) The internally illuminated monolith reactor in operation. The
tubular monolith reactor schematically (D) and in operation (E). (A) and (B) adapted with permission from ref [221], copyright 2008 Elsevier, (C) adapted with
permission from ref [224], copyright 2011 Royal Society of Chemistry, and (D) and (E) adapted with permission from ref [225]. Copyright 2019 Elsevier.
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transfer, a large geometric surface area, and allow for high flow
rates without a significant pressure drop relative to packed bed
systems.[226,227] However, for photochemical purposes, the poor
light penetration within these systems limits their use. The
conceptual reactor design used was built upon the previous
optical fiber reactor design. In this design, the fibers were
inserted within the monolith structure, which allowed for
irradiation of the internal monolith surface (Figure 10C). Since
the function of optical fibers is normally to transport light along
the fiber by total internal reflection, the outer surface of the
optical fibers was carved to produce sideways irradiation. The
ends of the fibers were treated with aluminum to provide back
reflection into the system.

The internally illuminated monolith reactor concept was
used for the continuous production of methanol, methane and
acetaldehyde, using different catalyst loadings on the
monolith.[228] The potential of a solar monolith reactor was also
investigated by Trelles and co-workers, but the design approach
was significantly different from the inserted optic fiber
concept.[225] This reactor design similarly used a cylindrical
vessel with irradiation through a quartz window, but the
monolith was constructed by bundling individual quartz tubes
together (Figure 10D and E). These tubes were dip-coated with
Cu/TiO2 and placed within the reactor. Experiments were also
performed with zirconia foam disks coated with the same
catalyst, because of their abundance of available surface area,
but due to their optical thickness, the light could not penetrate
the full reactor volume. The synergistic effect of an increase in
both light intensity and catalytic surface temperature was
investigated. Additionally, a computational fluid dynamics (CFD)
model was developed, experimentally validated and used to
fully describe fluid flow as well as heat-, mass-, and radiation-
transport within the system for varying irradiation intensities of
the light source.

Similarly to optical fiber reactors, catalyst irradiation can be
improved by the use of an annular glass cylindrical rod
photoreactor.[229] In this setup, defect-laden indium oxide is
coated on a waveguide to enhance carbon monoxide produc-
tion from carbon dioxide and hydrogen. As shown in Figure 11,
the light distribution along the length of the waveguide
increased the optical pathlength of the weakly absorptive green
and yellow wavelengths. For blue light, the intensity decreases
with the length of the rod, indicating that the coating partially

absorbs the light as it is internally reflected. In addition to its
light absorption properties, the catalyst showed persistent
photoconductivity behavior, continuing to produce carbon
monoxide even after turning off the illumination.

Li et al. show in a unique approach the direct use of weak
solar irradiation (1 kW/m2) by using a selective light absorber
that can generate temperatures up to 288 °C without an
external heating system in a quartz tube reactor.[230] This
increased local temperature combined with ultrathin amor-
phous Y2O3 nanosheets and confined single nickel atoms
exhibited an increased activity for CO2 methanation. Use of
concentrated solar light was shown in a reactor by combining a
compound parabolic concentrator (CPC) with an annular reactor
(Figure 12A).[175] This reactor type has been used to perform the
RWGS with In2O3� x (OH)y nanorods coated on a substrate. The
system‘s stability was demonstrated through sustained oper-
ation exceeding 70 hours with simulated solar light irradiation.
In a similar annular reactor combined with a CPC, a photo-
catalytic foam was evaluated in order to increase carbon
monoxide production.[231] In this application, In2O3� x(OH)y-
coated nickel foam can improve mass transfer efficiency, in
comparison to coating the catalyst as a film (Figure 12B and C).
The product selectivity differed from previous reports, which
was attributed to the introduction of the oxidized nickel foam.

Different approaches for continuous reactors to convert CO2

have been proposed. Solar light harvesting ability can be
increased by the use of concentrators, which should irradiate
the catalysts inside the (optically transparent) reactor. Testing
catalysts with (concentrated) natural solar light has been shown
by a few examples, but further experiments are required to
prove the viability of the technique. Reactor design should
include the handling of high temperatures and preferably
elevated pressures. The homogeneously irradiated catalyst
should make efficient use of the incident light and the reagents
should be converted without encountering mass transfer
limitations, while pushing towards the highest activity as
possible. For the latter the influence of parameters on the
system should be known, which can be determined experimen-
tally and with simulations. As illustrated, the design of a
photothermal system and the operation requires interdiscipli-
nary expertise, including chemical engineering, computational
chemistry, optics, material science and chemistry. Combining all
these fields together is challenging but is required to develop

Figure 11. A) Schematic showing how light guiding distributes light throughout the coating. B) Waveguiding blue and green laser illumination at an angle of
incidence of 60°. Adapted from ref [229], copyright 2021 Nature Publishing Group, licensed under CC BY 4.0.
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the most efficient systems possible. Future steps in this
development of photothermal CO2 conversion systems can
include automation and optimization, which has gained signifi-
cant attention in this and other fields and can increase the
performance and economic attractivity of the technology. An
issue to address is the conversion of CO2 for low solar light
intensities (e.g., at night, overcast weather). For example,
artificial light can be used if production in the same system is
desired under these conditions. The implementation of artificial
light requires additional design and can be facilitated by the
use of light sensors and automation of the system. Ideally, the
light sources can be powered by green electricity.

5. Conclusions and Outlook

In this review, we have provided an overview of recent research
efforts to develop technologies for converting CO2 into value-
added products. Specifically, we focused on the use of
continuous-flow reactors in the photothermal production of
methane and carbon monoxide, which can be performed with
solar light as the ultimate green energy source.

Catalysts comprising a combination of a dielectric or semi-
conductive support and strongly or weakly plasmonic metallic
nanoparticles are found to be good candidates in the solar-
driven reduction of CO2. A large part of the solar spectrum can
potentially be used to synergistically contribute both thermally
and photochemically to the process. The use of a broad range
of the solar spectrum makes this type of catalyst more efficient
than, for example, conventional metal oxide semiconductors,
that only absorb highly energetic photons. Based on the
evaluated catalysts (Tables 1–3), supported nickel and ruthe-
nium nanoparticles show promising activity and selectivity in
the formation of methane. For the production of carbon
monoxide, altered indium oxide and non-noble metal nano-
particle catalysts show great potential.

We reviewed a selection of continuous-flow systems, which
employ different approaches to increase light collection,
catalyst irradiation, and production. The large variety of

experimental set ups and methods for performance validation
of photothermal catalysts stresses the importance of precise
documentation of all relevant conditions to facilitate compara-
tive analyses between different catalysts. Additionally, quantifi-
cation of the thermal and non-thermal contributions of the light
is important for fundamental understanding, rational optimiza-
tion of the catalysts, and system design. Optimization of the
catalyst layer thickness and metal loading, in combination with
investigations to plasmonic coupling and collective thermal
effects can further increase the performance of the catalyst.

Continuous-flow reactors have shown great promise in
enabling the scaling up of CO2 reduction and should enable
industrial applications. A challenge to be met is the design of
an efficient, fully integrated system, including light collection
and concentration, catalyst deposition and heat management,
which can only be achieved by close collaboration of research
groups with expertise in chemistry, material science, chemical
engineering, and optics. Further improvements in photothermal
processes are expected with ongoing developments in the
implementation of energy efficient artificial light sources, solar
optics and process automation.

Overall, we emphasized the importance of developing
sustainable and responsible solutions to address the global
challenge of rising CO2 concentrations. Experts from different
fields have a critical role to play in this endeavor, and by
working together, we can create a more sustainable and
resilient future for ourselves and for generations to come.
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