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Photothermal CO, reduction has attracted increasing attention as a promising and practical strategy to
simultaneously mitigate climate change and catalyze a circular carbon economy. Carbon materials,
possessing abundant pore structures, broad-spectrum light absorptions, accessible electron transport
pathways, and adjustable electronic structures, emerge as particularly attractive catalysts for
photothermal CO, reduction. However, concerted efforts need to reveal photothermal-coupling
mechanisms, multifunctional roles, and accurate design principles of carbon materials for catalyzing
photothermal CO, reductions. In this review, photo-generated and thermo-driving forces with their
synergistic effects are comprehensively addressed using carbon-based catalysts to establish mechanistic
frameworks for photothermal CO, reduction as well as propose a potential solution for key existing
challenges. Multifaceted roles of carbon materials for catalyzing photothermal CO, reduction are
discussed from the perspectives of active, functional, and regulatory phases and also product selectivity.
Artificial intelligence (Al)-empowered modification strategies, including heteroatom doping, interface
engineering, and morphological/structural design, are critically reviewed to elucidate their contributions
for constructing efficient photothermal CO, systems. considering both

environmental and economic benefits, both life-cycle and techno-economic assessments (LCA & TEA)

reduction Moreover,

are performed for comprehensively evaluating the commercial feasibility of carbon-based photothermal
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Accepted 9th February 2026 CO, reduction, shedding valuable lights on both academic and governmental communities. Finally,

_ future prospects of carbon material-driven photothermal CO, reduction reactions are proposed to solve
DOI: 10.1039/d5ta09948 main challenges and accelerate related commercial deployments, which are beneficial to mitigating

rsc.li/materials-a climate change and catalyzing a circular carbon economy.

ethylene, and ethanol), which is beneficial to achieving both
environmental sustainability and energy crisis solidification.**

1 Introduction

The excessive use of fossil fuels has led to a dramatic rise in
atmospheric CO, concentration (even up to 420 ppm),* strongly

As shown in Table 1, numerous strategies have been explored to
convert CO, into fuels and value-added chemicals,*** and

intensifying climate change including ocean acidification and
extreme weather.”> Because of that, CO, is widely considered as
the key greenhouse gas contributing to climate change, and
concerted efforts urgently need to be made for sustainably
transforming CO, into value-added products (i.e., methanol,
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photocatalytic CO, reduction has attracted widespread atten-
tion, mainly because it directly harnesses solar energy under
mild conditions without the need for external electricity
input.”™** Current photocatalytic CO, reduction applications
are still immature, particularly owing to limited utilization of
the solar spectrum, rapid recombination of photogenerated
charge carriers, and low space-time yields."*** Thus, photo-
catalysis alone is insufficient to achieve high-performance CO,
conversion, and photothermal catalytic CO, reduction, as
a photo-induced coupled strategy, has consequently emerged as
a promising approach. The coupling of photonic and thermal
effects not only lowers the activation energy of CO, conversion
but also accelerates mass transport and charge migration,
thereby achieving higher catalytic activity and selectivity than
those of either photocatalysis or thermocatalysis alone.'®
Recent studies and reviews have highlighted that the advan-
tages of photothermal catalysis in CO, reduction primarily lie in

This journal is © The Royal Society of Chemistry 2026
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Table 1 Comparison of typical single and photo-driven coupled CO, reduction technologies

View Article Online

Journal of Materials Chemistry A

Advantages

Disadvantages

Categories Catalytic technologies
Single catalytic Electrocatalysis
technologies
Thermocatalysis
Photocatalysis

Photo-driven coupled
catalytic technologies

Photothermal catalysis

Photoelectrocatalysis

e Ambient-condition CO, conversion
with tunable product output
e Scalable modular reactors

e High CO, conversion rates and
fast reaction kinetics

e Compatibility with industrial-
scale continuous processes

e Low external energy demand
with solar-driven operation

e CO, conversion with controllable
output under green and mild
conditions

e High product yield and selectivity

e Integration of solar energy utilization
and electrochemical control

e Enhanced solar energy utilization

e High product yield and CO, conversion
rates under moderate reaction conditions
o Synergistic thermal and photochemical

e High energy input and complex

system cost

e Low CO, solubility in aqueous media

e Short catalyst lifetime under continuous
operation

e High-temperature energy demand

e Catalyst deactivation via coking and
sintering during prolonged operation

e Limited solar absorption

¢ Rapid photogenerated charge
recombination

o Relatively low overall conversion efficiency

e Poor long-term stability of photoelectrodes

e Complex system architecture with
scaling challenges

e Challenges in thermal management
and accurate temperature monitoring
e Scalability limitations due to strong
dependence on light intensity

effects

solar energy-driven upcycling systems in a renewable and
practical manner and high feasibility for widespread
deployment.*®*

Carbon materials have recently attracted broad interest in
photothermal CO, reduction. Their intrinsic physicochemical
properties, including abundant pore structures,* broad-
spectrum light absorption,* accessible electron transport
pathways,” and adjustable electronic structures, provide
a favourable platform for photothermal CO, reduction. The low
cost and renewability of certain carbon materials, such as
biomass-derived carbons, further enhance their potential for
sustainable catalyst development.*' Driven by these advantages,
significant progress has been made in developing diverse
carbon-based photothermal catalysts (Fig. 1a), including carbon
quantum dots (CDs), carbon nanotubes (CNTs), graphene
derivatives, hierarchical carbon nanocages (hCNCs), metal-
organic framework (MOF)-derived carbons, biomass-derived
carbons, and other porous carbons.?***?” Fig. 1b and c¢ show
a continuous increase in publications related to photo-driven
carbon-based catalysts, with the proportion of carbon-based
catalysts in photothermal systems remaining above 30% in
recent years. These rapid developments highlight the need for
a systematic assessment of recent advances to support the
rational development of carbon-based photothermal catalysts.
Although several reviews have discussed recent progress in
photothermal CO, reduction or examined the catalytic appli-
cations of carbon materials, the two subjects have largely been
addressed separately rather than in an integrated manner.***
For example, Amoo et al. discussed the influence of carbon-
based physicochemical properties on CO, conversion through

This journal is © The Royal Society of Chemistry 2026

catalytic routes and only briefly mentioned photothermal
catalysis.” Thus, there is still a lack of comprehensive reviews
that systematically summarize photothermal-coupling mecha-
nisms, multifunctional roles, and accurate design principles of
carbon-based photothermal CO, reduction. As research in both
photothermal catalysis and carbon material engineering
continues to expand rapidly, consolidating these advances into
a comprehensive framework has become
necessary.

In this context, we organize recent advances in carbon-based
photothermal CO, reduction through a comprehensive and
systematic manner. The mechanistic scheme was constructed
based on representative carbon-based catalysts to elucidate the
fundamental reaction principles and summarize the major
scientific challenges of photothermal CO, reduction. Building
on the intrinsic advantages of carbon materials, the multifac-
eted functions were then discussed to mitigate the existing
challenges. By identifying the limitations of carbon materials,
the modification strategies were evaluated, with Al-empowered
approaches further supporting the construction of efficient
photothermal CO, reduction systems. Furthermore, the envi-
ronmental benefits and economic feasibility of carbon-based
photothermal CO, reduction systems are performed through
LCA and TEA, offering quantitative benchmarks for commercial
assessment and decision-making. Finally, future research
directions of carbon material-driven photothermal CO, reduc-
tions are proposed, with the aim of accelerating the transition
of this technology toward practical deployment, thereby sup-
porting climate mitigation efforts and the development of
a circular carbon economy.

increasingly
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Fig. 1 (a) The timeline of key developments from photocatalytic to
photothermal CO, reduction on carbon materials. Reproduced with
permission.?* Copyright 2014, John Wiley & Sons. Reproduced with
permission.?* Copyright 2016, John Wiley & Sons. Reproduced with
permission.?> Copyright 2018, John Wiley & Sons. Reproduced with
permission.?® Copyright 2019, John Wiley & Sons. Reproduced with
permission.?” Copyright 2020, American Chemical Society. Repro-
duced with permission2® Copyright 2023, John Wiley & Sons.
Reproduced with permission.2® Copyright 2023, American Chemical
Society. Reproduced with permission.*® Copyright 2024, John Wiley &
Sons. The number and proportion of publications related to (b) pho-
tocatalytic and (c) photothermal catalytic CO, reduction over whole
catalysts and carbon-based catalysts (data for the graphs were ob-
tained from the Web of Science Core Collection).

2 Basic principles of carbon-driven
photothermal CO, reduction

The fundamental objective of photothermal CO, reduction is to
utilize light and heat energy as driving forces for CO, activation,
particularly for weakening the C=0 bond (bond energy of
about 750 k] mol™') and enabling the formation and trans-
formation of key intermediates.”® Understanding these
driving forces is essential for elucidating the photothermal
synergistic pathways of CO, reduction.

2.1 Driving forces of photothermal CO, reduction

From the perspective of photo-induced electronic driving, the
incident light generates charge carriers or hot carriers that
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Fig. 2 Driving forces of photothermal CO, reduction: (a) photog-
enerated carriers, (b) plasmon-induced hot carriers, (c) thermal-driven
intermolecular collisions and (d) thermal-induced increase in the
population of electronic states, where Eg y denotes the Fermi level.

supply the necessary redox potential for CO, activation. In
semiconductor-based systems, when photons with energies
equal to or exceeding the bandgap are absorbed, electrons in
the valence band (VB) are excited into the conduction band
(CB), generating electron-hole pairs. These carriers migrate to
the catalyst surface, where they participate in reduction and
oxidation processes (Fig. 2a).**** In metal nanostructure
systems with localized surface plasmon resonance (LSPR)
effects, the nonradiative decay of photon-induced collective
oscillations excites a portion of electrons above the Fermi level,
forming high-energy hot electrons and holes (Fig. 2b). These
carriers are directly injected into reactant molecules or semi-
conductor bands, thereby accelerating surface reaction
kinetics.>*°

Meanwhile, thermal energy plays an equally indispensable
role in photothermal catalysis. The temperature rise induced by
photo-to-thermal conversion or external heating enhances the
kinetics of reactant molecules, increasing the frequency of
effective intermolecular collisions (Fig. 2¢).*® Furthermore, the
increase in temperature alters the energy distribution, shifting
the Boltzmann population of molecules toward high energy
states (Fig. 2d);*” the temperature rise accelerates the diffusion
of reactants and intermediates, improving mass transport
efficiency.*®

In most photothermal systems, photo-to-thermal conversion
contains the principal source of thermal energy. Compared with
external heating, photo-induced heat enables precise modula-
tion of the local temperature at active sites under illumination,
thereby accelerating surface reactions. The mechanisms of
photo-to-thermal conversion are classified into three main
categories. (1) In semiconductor systems, a fraction of photog-
enerated carriers recombine through electron-phonon interac-
tions, releasing their excess energy nonradiatively to the lattice
and producing localized heating.**-** (2) In plasmonic materials,
the photoexcited high-energy hot carriers undergo rapid
electron-phonon scattering, during which their energy is
transferred to lattice vibrations, resulting in instantaneous local

This journal is © The Royal Society of Chemistry 2026
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heating.®*** (3) In carbon materials, the abundant -7 conju-
gated structures and delocalized electron systems endow them
with broad-spectrum absorption capability. w-7* transitions
generate excited electrons that relax through vibronic coupling
and dissipate energy as heat, producing localized thermal
fields.®*” This electron-vibration energy dissipation mecha-
nism underpins the efficient photothermal response of carbon
materials in CO, reduction. Moreover, as for carbon materials,
beyond serving as photo-to-thermal converters, they can act as
supports for semiconductor and plasmonic components, which
enable efficient coupling of photogenerated charges, hot-carrier
processes, and local photothermal heating, resulting in an
integrated catalytic platform.

2.2 Photothermal synergistic pathways of CO, reduction:
representative carbon material-driven systems

Photothermal catalysis is not a simple superposition of photo
and thermal driving forces but a process where their synergy
defines the catalytic essence. Three cooperative modes are
illustrated using carbon materials as representative systems to
highlight their mechanistic differences and functional
characteristics.

Photo-induced thermal catalysis refers to processes in which
illumination primarily induces photo-to-thermal conversion or
hot-carrier excitation to drive thermally dominated surface reac-
tions (Fig. 3a). Mechanistically, this mode is essentially a thermal
catalysis process triggered by light. For example, a Ru-ZrO,/C
catalyst was reported to exhibit similar CH, yields under both
photothermal and thermal conditions at comparable surface
temperatures, confirming that the catalytic process was domi-
nated by photo-to-thermal heating, where light served primarily
as a thermal source to initiate CO, methanation.®®

Thermal-assisted photocatalysis, by contrast, is primarily
governed by photocatalytic processes, with heat serving as
a synergistic factor. In this mechanism, photocatalysts absorb
photons to generate carriers, which can be effectively

(a) Photo-induced thermal catalysis (c) Photothermal catalysis
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material Active

phase
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Lattice
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Electron
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Fig. 3 Three cooperative modes for photothermal CO, reduction: (a)
photo-induced catalysis, (b) thermal-assisted photocatalysis, and (c)
photothermal synergistic catalysis. (d) Photo-to-thermal process on
carbon materials in photo-induced and photothermal synergistic
catalysis, where the HOMO and LUMO denote the highest occupied
and lowest unoccupied molecular orbitals, respectively. (e) Photo-
chemical process on semiconductors in thermal-assisted photo-
catalysis and photothermal synergistic catalysis.
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transferred via carbon-based components to active sites, where
carriers participate in CO, reduction and hydrogen-donor
oxidation, respectively (Fig. 3b). Moderate temperature eleva-
tion, either from photothermal heating or external sources,
promotes charge separation, accelerates surface reaction
kinetics, and improves mass transport, collectively boosting the
activity and selectivity. Research on CO, reduction over
carbon@TiO, composites revealed that photogenerated carriers
in TiO, drove the redox reactions, while local photothermal
heating by the carbon layer further enhanced carrier mobility
and reaction kinetics.*” Wang et al. investigated In,Os;@carbon
catalysts and found that CO production rates under illumina-
tion significantly exceeded those obtained in the dark at
comparable surface temperatures. The gap widened at higher
light intensities, demonstrating that nonthermal effects domi-
nated under strong illumination.*®

Photothermal synergistic catalysis represents a major inte-
grated mode, where photochemical and thermochemical path-
ways coexist and operate cooperatively. Under illumination,
catalysts simultaneously convert light into localized heat and
generate charge carriers (Fig. 3d and e). The photogenerated
electrons and holes open new pathways for CO, reduction,
while the thermal field drives the acceleration of the thermo-
catalytic process.” Yang et al. reported that the CH, formation
rate of RuCo/ZrO, fibre cotton increased with light intensity,
indicating that the reaction was primarily governed by photo-
thermal effects. Meanwhile, the lower apparent activation
energy observed under photo conditions, compared with purely
thermal catalysis, confirmed that the photothermal system
followed an alternative reaction pathway with reduced kinetic
barriers.” Fig. 3c illustrates a representative mode in which
carbon-based catalysts participate in photothermal synergistic
catalysis. The carbon component not only enhances the surface
temperature through efficient light-to-heat conversion but also
serves as an electron transport channel that facilitates charge
migration and transfer across the reaction interface.*

It is worth noting that, in ideal cases, integrating semi-
conductor catalysts that absorb ultraviolet/visible light with
carbon materials possessing near-infrared absorption can yield
full-spectrum photothermal systems while simultaneously miti-
gating the annihilation of photogenerated charge carriers.
However, in practice, there may be competition between photon
absorption for photocarrier generation and photo-to-thermal
conversion. Wang et al. found that excessive graphene oxide
(GO) content in GO/CoS,/microtubule g-C;N, (TCN) composites
led to excessive photon capture by GO, reducing the light
absorption and excitation of TCN and consequently suppressing
photocarrier generation.”” Therefore, catalytic composition
should be identified to balance photocarrier production and
photothermal heating. This balance is closely linked to a synergy
optimal temperature range, because an overly thermal domi-
nated mechanism reduces the role of photocarriers, while an
excessive photo effect may not provide sufficient thermal driving
for kinetically demanding steps. Tuning the relative proportion
and coupling of carbon and semiconductor components are thus
essential to maximize the cooperative benefit of photothermal
synergistic processes for CO, conversion.
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2.3 Challenges in photothermal CO, reduction

Based on the understanding of the photothermal synergistic
mechanism discussed above, although significant progress has
been achieved in photothermal CO, reduction in recent years,
several key challenges still limit its reaction efficiency and
stability.

(1) Insufficient adsorption and activation sites for CO,
molecules

CO, molecules exhibit strong chemical inertness, making
their adsorption and bending activation on the catalyst surface
difficult.” Since most photothermal reactions proceed under
mild conditions, insufficient light-induced heating and
photogenerated carriers cannot provide energy required to
active CO, molecules, leading to sluggish formation of a CO,
intermediate.

(2) Difficulties in carrier separation and transport

The efficient separation and migration of photoinduced
carriers are essential to drive surface reduction reactions in
photothermal CO, reduction.” However, these carriers tend to
recombine rapidly after excitation by light, and elevated
temperatures may further accelerate recombination under
photothermal conditions.

(3) Limited photo-to-thermal conversion efficiency

Moderate photo-to-thermal conversion is the prerequisite for
maintaining the reaction temperature.”” However, some cata-
Iytic systems only absorb narrowband radiation, resulting in
a low utilization rate of the solar spectrum. Specifically, the
radiative heat loss reduces the effective temperature rise,
making it difficult to maintain an optimal reaction temperature
range required by reaction kinetics and thermodynamics solely
under solar irradiation.

(4) Challenges in directional conversion of CO, to products

Photothermal CO, reduction generally involves multistep
proton-electron coupling reactions with complex intermediates
and small energy differences among competing pathways,
which leads to strong reaction competition.” The trans-
formation between various intermediates is highly sensitive to
surface structure, which is capable of significantly altering the
product distributions.

Overall, photothermal CO, reduction systems still face
significant challenges in CO, activation, carrier separation and
migration, energy conversion, and reaction selectivity. The
introduction of carbon materials with tunable structural and
electronic properties into catalytic systems is expected to
address these limitations by enabling the synergistic regulation
of light, heat, electrons, and reaction pathways, thereby
promoting efficient and selective photothermal CO, reduction.

3 Roles and mechanistic functions of
carbon materials for high-performance
photothermal CO, reduction

In photothermal CO, reduction systems, carbon materials play

multifaceted roles (Fig. 4). Their abundant pore structures,
broad-spectrum light absorption, accessible electron transport
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Fig. 4 Roles of carbon materials in photothermal CO, reduction.

pathways, and adjustable electronic structure enable the coor-
dinated regulation of the photothermal CO, reduction process.

3.1 Roles of carbon materials in photothermal CO,
reduction

Depending on the function of carbon materials within the
catalytic architecture, they are categorized into three represen-
tative phases of active phase, functional phase, and regulatory
phase.

3.1.1 Active phase for CO, adsorption and activation. The
adsorption of CO, molecules on the catalyst surface represents
the first and essential step in photothermal CO, reduction. The
CO, adsorption capability of a catalyst determines its potential
for subsequent conversion to target products. The sites
responsible for CO, adsorption and activation directly partici-
pate in product formation and are therefore denoted as active
phases. Table 2 summarizes recent photothermal CO, reduc-
tion systems in which carbon materials function as active
phases.

CO, adsorption and activation ability of carbon materials
primarily originates from their intrinsic structural characteris-
tics. Specifically, the porous architectures and large surface
areas substantially enhance the contact probability and
adsorption capacity of CO, molecules. Microporous carbons
with cumulative pore volumes under 0.8 nm are the most
favourable. Such narrow pores are slightly larger than twice the
kinetic diameter of CO,, enabling an optimal confinement
environment, which leads to enhanced interactions between
CO, molecules and pore walls.””””? However, for CO, reduction
processes, catalytic conversion is not only determined by
adsorption efficiency. More importantly, mass transfer of reac-
tants and products, accessibility of active phases, and the resi-
dence time of key intermediates play critical roles, especially
under continuous-flow and high-temperature conditions rele-
vant to photothermal catalysis. In this context, mesopores with
sizes between 2 and 50 nm are more favourable for
photothermal-driven catalytic CO, reduction, as they provide
efficient transport pathways that reduce diffusion limitations

This journal is © The Royal Society of Chemistry 2026
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Table 2 Recent applications of carbon materials as active phases in photothermal CO, reduction

Types of carbon-based Production rate Selectivity
active phases Catalysts Reactants Reaction conditions Product (umolg ™' h™") (%)
Graphene-based Cu,O/graphene®  CO, + H, (1:4) 300 W Xe lamp + 250 °C, CH, 14 930 99
material Cu content: 0.56 mg, batch reactor, 1.3
bar
TiO,-graphene®  CO, + H,0O 300 W Xe lamp (0.438 W cm™?), co 5.2 16.3
116.4 °C, 50 mg, batch reactor CH, 26.7 83.7
NiO/Ni-graphene®* CO, + H, 300 W Xe lamp + 200 °C, Ni content: CH, 642.66 —
9.2 mg, batch reactor, 1.3 bar
Bi,M0O4/rGO®’ CO, + H,0 300 W Xe lamp with AM 1.5 filter, Cco 186.87 100
68.0 °C, batch reactor
Bi,Mo0Ogs-1 CO, + H,0 300 W Xe lamp with AM 1.5 filter CcoO 30.15 100
QDs/rGO®® (0.6 W cm™2), 74.6 °C, 20 mg, batch
reactor
Biomass-derived CPP-A/Bi,M0Og CO, + H,0 300 W Xe lamp with AM 1.5 filter, 100 °C, CO 61.44 100
carbon material QDs?*® batch reactor
BCF/Bi,M0Og CO, + H,0 300 W Xe lamp with AM 1.5 filter (1.5 W CO 165 100
(ref. 87) cm?), 176.4 °C, 15 mg, batch reactor
2-C3N,@CPP/ CO, + H,0 300 W Xe lamp, 130 °C, 15 mg, batch Cco 22.92 99
BiOCIBr-0,%® reactor
MOF-derived metal@  Fe@C** CO, +H, (1:1) 300 W Xe lamp, 481 °C, 60 mg, batch CcO 26120 >98
carbon material reactor
Fe@C/Ni,P*° CO, + H,0 350 W LED lamp (A = 420 nm) + 200 °C, CO 179.9 96.9
20 mg, batch reactor
Co@NC*° CO, +H, (1:1) 300 W Xe lamp (3 W ecm ™ 2), 378 °C, batch  CO 536 700 92.6
reactor
Porous carbon C@TiO, (ref. 69) CO, + H,O 300 W Xe lamp, 100 mg, batch reactor, 1 CH, 4.2 31.6
material bar
Co@CON&C*’ CO, +H, (1:1) 300 W Xe lamp, ~518 °C, 50 mg, batch ~ CO 132000 91.1

reactor, ~0.55 bar

and expose excellent proportion of accessible active phases.****
Moreover, recent studies have shown that hierarchical porous
materials that integrate micropores, mesopores, and macro-
pores into a cooperative multiscale structure synergistically
combine strong CO, adsorption with enhanced mass transfer,
leading to significant performance enhancement of photo-
thermal CO, conversion.®?

Beyond pore structure effects, electronic characteristics of
carbon frameworks further contribute to CO, adsorption and
activation. Specifically, - conjugated carbon frameworks
provide delocalized m-electron clouds that interact weakly with
CO, molecules, thereby enhancing their adsorption affinity. The
research on core-shell Co@CoN&C revealed that the CO,
adsorption capacity was closely correlated with the carbon shell
content.”” Wang et al. demonstrated that hybrid carbon@TiO,
hollow spheres exhibited enhanced CO, adsorption due to their
abundant porosity and high surface area, whereas the m-m
conjugation within the carbon spheres further reinforced CO,
binding.®® Yu et al. investigated the CO, adsorption behaviour
on a TiO,/graphdiyne heterostructure and found that the acet-
ylenic bonds in graphdiyne served as preferential active sites for
CO, activation and subsequent photoreduction, thereby
enhancing the overall CO, reduction efficiency.*

However, the intrinsic physicochemical properties of carbon-
based catalysts are often insufficient to ensure efficient chem-
ical activation of CO,. It was reported th