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Solar-driven catalytic conversion of carbon dioxide (CO2) into value-added C2+ chemicals and fuels has

attracted significant attention over the past decades, propelled by urgent environmental and energy

demands. However, the catalytic reduction of CO2 continues to face significant challenges due to

inherently slow reduction kinetics. This review traces the historical development and current state of

photothermal CO2 reduction, detailing the mechanisms by which CO2 is transformed into C2+ products.

A key focus is on catalyst design, emphasizing surface defect engineering, bifunctional active site and

co-catalyst coupling to enhance the efficiency and selectivity of solar-driven C2+ synthesis. Key reaction

pathways to both C1 and C2+ products are discussed, ranging from CO, CH4 and methanol (CH3OH)

synthesis to the production of C2–4 products such as C2–4 hydrocarbons, ethanol, acetic acid, and

various carbonates. Notably, the advanced synthesis of C5+ hydrocarbons exemplifies the remarkable

potential of photothermal technologies to effectively upgrade CO2-derived products, thereby delivering

sustainable liquid fuels. This review provides a comprehensive overview of fundamental mechanisms,

recent breakthroughs, and pathway optimizations, culminating in valuable insights for future research

and industrial-scale prospect of photothermal CO2 reduction.
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1. Introduction

The escalating impact of climate change and environmental
degradation, primarily attributed to the widespread use of fossil
fuels, highlights the necessity for effective approaches to curb.1,2

As the principal greenhouse gas, CO2 not only poses severe
environmental threats but also presents a potential carbon
feedstock for synthesizing high-value chemicals and fuels.3–7

Compared with C1 products such as CH4 and CO, multicarbon
(C2+) hydrocarbon products not only have higher energy density,
but also are convenient for transportation and storage, which is
of great signicance in the eld of CO2 reduction.8 However, the
thermodynamic and kinetic stability of CO2 renders its catalytic
transformation into C2+ products particularly challenging,
thereby requiring novel approaches capable of breaking the
linear trade-off between high selectivity and high conversion.

Photothermal catalysis has emerged as a promising avenue
for transforming CO2 into valuable C2+ products by harnessing
the dual benets of solar irradiation and thermal energy.8–10 In
contrast to purely thermal routes, photothermal catalysis
leverages both the photonic energy (oen manifested through
photoexcited charge carriers in semiconductor or plasmonic
materials) and the thermal energy generated from converting
unabsorbed light (especially in the infrared region) into heat.11

This synergy offers the potential to accelerate reaction kinetics
at relatively lower overall temperatures and to enhance reaction
selectivity by modulating critical steps such as CO2 adsorption,
intermediate formation (e.g. *CO, formate), and C–C
coupling.12–14 Directing the reaction pathway toward C2+ prod-
ucts calls for rational control of active sites, defect engineering,
and local reaction environments, which can be made possible
through an integrated photothermal approach.

Despite these advantages, achieving efficient and scalable
photothermal CO2 reduction to C2+ products remains
Jinhua Ye
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© 2025 The Author(s). Published by the Royal Society of Chemistry
challenging. Catalysts must be meticulously engineered at
multiple levels, encompassing nanoscale morphology, surface
functionalization, and the precise tuning of electronic struc-
tures to activate and stabilize multi-carbon intermediates.
Equally critical is the design of reactors to ensure optimal
photon capture, uniform heat distribution, and accurate
control of the reaction atmosphere. Addressing these chal-
lenges will require synergistic advancements in catalyst
development, reactor engineering, and process optimization,
paving the way for the practical realization of photothermal
CO2 conversion technologies with high efficiency and
scalability.

In this review, we focus on the rapid developments and
emerging prospects for photothermal CO2 reduction, empha-
sizing the formation of C2+ products as a viable strategy for
enhancing the economic and practical value of CO2 utilization.
Aer outlining the historical context and current imperatives of
photothermal CO2 reduction, we delve into the mechanistic
insights that underpin the photothermal conversion of CO2 to
C2+ products. We then discuss critical aspects of catalyst design,
including surface defect engineering, bifunctional active site
construction and co-catalyst coupling, which are instrumental
in realizing efficient C2+ production. Finally, we provide an
overview of key solar-driven CO2 reduction pathways, catego-
rized according to product type, ranging from C1 to C2+ prod-
ucts. Furthermore, this review aims to highlight the pivotal role
of C5+ products in shaping the future of photothermal CO2

upgrading, as these high-value hydrocarbons hold immense
potential for sustainable fuel and chemical production. By
addressing the challenges and identifying future directions,
this review provides both theoretical and practical guidance for
researchers and engineers striving to enhance the efficiency,
selectivity, and scalability of C2+ products synthesis, ultimately
paving the way for large-scale, sustainable implementations in
industrial applications.
1.1 History and reality of photothermal CO2 reduction

Global population growth and rising living standards have led
to increased energy consumption, with 85% of energy coming
from fossil fuels, potentially causing an energy crisis and severe
environmental challenges.15–19 A prominent issue is global
warming, caused by the emission of greenhouse gases like CO2,
methane (CH4).16,20–24

Against the backdrop of escalating energy demands and
environmental concerns, technologies for converting CO2 have
garnered signicant attention. CO2, as an abundant carbon
source, holds promise not only for mitigating greenhouse gas
emissions but also for serving as a resource in the synthesis of
valuable chemicals and fuels. In the early 20th century, as
catalysis emerged as a scientic discipline, researchers discov-
ered the effectiveness of metallic and metalloid catalysts in
reducing CO2.25 As shown in Fig. 1, in 1902, Paul Sabatier
published seminal work, “New Synthesis of Methane”, doc-
umenting the catalytic conversion of H2 and CO2 into CH4 and
H2O using a Ni catalyst at elevated temperatures. This process
became known as the Sabatier reaction.25
Chem. Sci., 2025, 16, 4568–4594 | 4569
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Fig. 1 The history and recent advances of catalytic conversion of CO2 into C2+ products.
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The timeline of development continued until the late 1970s,
highlighted by Fujishima and Honda's groundbreaking work in
1972, which laid the foundation for photocatalysis.26 Since then,
interest in heterogeneous photocatalysts for converting solar
energy into chemical energy has surged.27–33 Despite the devel-
opment of various semiconductor photocatalysts, practical
solar energy conversion efficiency has been unsatisfactory. This
low efficiency is due to inadequate absorption of the solar
spectrum, especially in the visible light and near-infrared (NIR)
regions,34 and the rapid recombination of photoexcited charge
carriers.35,36

Entering the 1970s and 1980s, as photocatalytic technology
was studied more deeply, researchers sought more efficient
photocatalysts. TiO2 became a popular research focus due to its
stability and cost-effectiveness.37 Juraj Kizlink et al. reported
using organotin(II) compounds to synthesize dimethyl
carbonate from CO2 and CH3OH.38 Meanwhile, thermal catal-
ysis also saw advancements with the development of various
metal and metal oxide catalysts for CO2 reduction.39 By the
1990s, research on photocatalysis and thermal catalysis mech-
anisms deepened, focusing on catalyst active sites and reaction
pathways, providing a theoretical basis for catalyst design and
optimization.40,41

Since the early 21st century, the research in photocatalysis
and thermal catalysis has been optimized. In photocatalysis,
researchers have rened reaction parameters like temperature,
light intensity, and developed more efficient reactors.42 In
thermal catalysis, strategies like alloying, doping, and support
modication have enhanced catalyst activity, selectivity, and
stability.43 In 2014, Ye's group rstly demonstrated the effective
use of sunlight and superior photothermal properties of VIII
metal-based nanocatalysts, highlighting their unique activation
capability for CO2 hydrogenation.44 Photothermal catalysis,
a eld that has gained considerable attention in recent years, is
regarded as a promising avenue for maximizing the efficiency of
solar energy utilization. This approach merges the benets of
4570 | Chem. Sci., 2025, 16, 4568–4594
both thermal and photocatalytic processes, offering excellent
catalytic performance even under mild conditions.45 Rather
than a mere combination, photothermal catalysis represents
a synergistic interaction between photocatalysis and thermal
catalysis.46–48 The light can convert to heat, which initiates CO2

reduction reaction, while the photo-excited charge carriers can
also regulate reactivity and product selectivity, with reaction
efficiency being further enhanced by the heat produced during
thermochemical reaction. It optimizes the use of solar energy
for the efficient transformation of CO2. The photothermal
catalysis can reduce the activation energy required for CO2

conversion and ne-tune the reaction pathways by modulating
the electronic structure of catalytic materials, thereby
enhancing the selectivity of desired products.49 In 2017, Zeng's
team reported the Au&Pt@ZIF catalyst, which combines pho-
tothermal effects with insulating properties, reducing the
temperature needed for CO2 hydrogenation.50 In particular, the
development of efficient new catalysts has become a research
hotspot for converting photothermally-driven CO2 into C2+

products.51 For instance, in 2018, Zhang's group developed
novel CoFe-based catalysts by reducing CoFeAl layered double
hydroxide (LDH) nanosheets with hydrogen at 300–700 °C.
These CoFe-x catalysts showed a shi in selectivity from CO to
CH4 and then to C2+ under UV-visible light, with selectivity
varying based on the reduction temperature of the LDH
nanosheets.52

Our research group, dedicated to advancing photothermal
CO2 conversion into C2+ products, has achieved signicant
progress. By altering the electronic structure, photoelectrons
can enhance selectivity and prolong catalyst longevity.53 Pho-
tothermal catalysis, which combines photocatalysis and
thermal catalysis, is a rapidly advancing technology. It utilizes
light to generate heat and excite electron–hole pairs, providing
an innovative method for CO2 reduction.54 We developed
a photo-thermal synergistic catalytic system by integrating Co
and Cu nanoparticles onto SrTiO3, demonstrating enhanced
© 2025 The Author(s). Published by the Royal Society of Chemistry
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performance in Fischer–Tropsch synthesis.55 Meanwhile, we
introduced a bifunctional catalyst with Co0–Cod+ active centers
on MgAl2O4 for photothermo-driven CO2 conversion into C2–4

olens. These studies underscore the importance of carefully
engineered metal/oxide interfaces for achieving selective CO2

hydrogenation into higher-value products, advancing both
sustainable chemical processes and renewable energy utiliza-
tion.9 In addition, we synthesized a Cu-modied CoFe alloy
catalyst via an enhanced sol–gel method for solar-driven CO2

hydrogenation, which effectively promotes CO2 adsorption and
hydrogenation, leading to high selectivity toward C2+ hydro-
carbons and C2–4 olens.56 Currently, photothermal-catalytic
CO2 conversion predominantly yields C2–4 products, while C5+

products are still generated in relatively low quantities. There is
a pressing need to develop more efficient catalysts and
processes that can boost both the yield and selectivity of C5+

products.
Recent advances in this eld underscore a sustained

emphasis on solar-driven catalytic processes for CO2 conver-
sion, which continues to be a focal area of research. Notably, the
push toward producing higher-value C2+ hydrocarbons from
CO2 has gained signicant traction, highlighting the substan-
tial promise and expanding prospects of CO2 high-added value
conversion for sustainable energy applications. This progress
demonstrates the potential of light-driven catalysis as
a sustainable solution for both climate change mitigation and
the production of high-value chemicals from CO2. The growing
number of publications and citations reects the increasing
recognition of this technology's signicance and its promise for
both scientic and practical applications (Fig. 2). A key chal-
lenge remains optimizing selectivity and efficiency in C2+

hydrocarbon production, which is essential for scaling these
systems. Ultimately, this research not only enhances our
understanding of solar-driven catalysis but also contributes to
the development of carbon-neutral technologies, with
substantial implications for sustainable chemical
manufacturing and global sustainability goals.
Fig. 2 The number of publications and citations from Web of Science
on photo-driven catalytic CO2 reduction, encompassing all product
types, has surged in recent years; the illustration focuses specifically on
CO2 conversion into C2+ products.

© 2025 The Author(s). Published by the Royal Society of Chemistry
1.2 Mechanism of photothermal conversion of CO2 into C2+

products

Photo-driven direct conversion of CO2 to C2+ as major products,
either saturated or unsaturated hydrocarbons or oxygenated
products, such as light olens (C2–4]), paraffins (C2–4

0), C2+

alcohol, carboxylic acid, and dimethyl carbonate, would be
much more attractive, considering the higher market price per
ton of these C2+ compounds, compared to the C1 products.57

Hydrogenation of CO2 to form various products is an
exothermic process, where the exact is dependent on the
product. Eqn (1) and (2) summarize the redox reactions of
commonly reported C1 products of the photocatalytic CO2

reduction.

CO2 þ 2Hþ þ 2e�/COþH2O
�
DH

�
R ¼ �31:2 kJ mol�1

�
(1)

CO2 þ 8Hþ þ 8e�/CH4 þ 2H2O
�
DH

�
R ¼ �253:0 kJ mol�1

�

(2)

The high added C2+ chemicals with multiple carbon atoms
are more attractive than C1 products because they have a higher
energy density. Hydrogenation of CO2 to C2+ products can be
achieved through two different paths.58 The rst is the direct
CO2 Fischer–Tropsch synthesis pathway; the second is the
indirect methanol-mediated pathway, where CO2 is rst con-
verted to CH3OH, which is subsequently transformed into C2+

products through reactions such as dehydration, oligomeriza-
tion, and hydrogenation. The direct pathway is the CO2-Fischer–
Tropsch (CO2-FT) path: CO2 and H2 undergo reverse water gas
conversion (RWGS) reaction to form the intermediate CO, fol-
lowed by Fischer–Tropsch synthesis reaction (FTS). In the
following CO2-FT reaction, C1 intermediates undergo C–C
coupling and hydrogenation to form C2+ products. C–C
coupling intermediates play a crucial role in the synthesis of C2+

hydrocarbons. Due to the complexity of intermediates and
diverse reaction pathways, uncovering the reactionmechanisms
of C2+ hydrocarbons remains a signicant challenge.59–61

However, the chain growth pathway in FTS remains controver-
sial. Two proposed mechanisms are CHx insertion (carbide
type) 62 and “CO” insertion.63 The CHx insertion assumes CO
activation either by direct reaction with chemisorbed hydrogen
or via an H-assisted pathway, possibly through formyl (HCO*),
formaldehyde (H2CO*), or hydroxymethylene (HCOH*) species,
to form surface CH*

x.
Direct CO activation removes O* from CO2, while H-assisted

CO dissociation forms H2O exclusively. In the CO insertion
mechanism, -CH*

x species are believed to couple with CO* to
form –CH2CO*, facilitated by surface OH groups, followed by
deoxyhydrogenation of the oxygen intermediate.63 The main
reaction is as follows eqn (3)–(5). Considering the optimal
catalyst strategy, the different electron distribution and valence
state of two different metal active sites at the interface may
cause the charge distribution of the C1 intermediate to be
signicantly different, thus reducing the C1 electrostatic repul-
sion, promoting the C–C coupling reaction. Ning et al. have
successfully developed a Co0–Cod+ double active centre catalyst
Chem. Sci., 2025, 16, 4568–4594 | 4571
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supported on MgAl2O4 (Co–CoOx/MAO) for the efficient
conversion of CO2 into C2–4 olens by photothermocatalysis.9

CO2 + H2 # CO + H2O (3)

nCO + 2nH2 # CnH2n + nH2O (4)

nCO + (2n + 1)H2 # CnH2n+2 + nH2O (5)

The indirect pathway is methanol-mediated, where CO2 and
hydrogen are rst converted to CH3OH, followed by methanol-
to-olen reaction (MTO). The stoichiometric reaction of CO2

hydrogenation to CH3OH is shown in eqn (6) and (7). This
reaction pathway has been recognized over bifunctional
systems comprising a CH3OH synthesis catalyst and a meth-
anol-to-hydrocarbon (MTH) catalyst. Li et al.64 proposed the
use of a ZnZrO/SAPO tandem catalyst for the direct hydroge-
nation of CO2 to produce light olens. In mechanistic studies,
in situ diffuse reectance infrared Fourier-transform spectros-
copy (DRIFTS) was used to detect surface species formed on
ZnZrO and the tandem catalyst. Quantitative analysis using
chemical trapping-mass spectrometry revealed that the inten-
sity of CH3O* on the tandem catalyst was lower than on ZnZrO,
but chemical trapping produced strong mass signals for
CD3CHO and CH3OCD3, indicating that CHO* and CH3O*
species were more actively involved in the reaction (Fig. 3a and
b). These results suggest that these derived CHxO species
migrate into the zinc-modied SAPO-34 zeolite, where they are
converted into lower olens (Fig. 3c).
Fig. 3 (a) In situ DRIFT spectrafrom CO2 hydrogenation over ZnZrO an
spectrometry results with a trapping reagent CD3OD during the CO2 h
Schematic for the proposed reaction mechanism of CO2 hydrogenatio
Chemical Society. (d) Schematic of CO2 hydrogenation over the Rh-base
an important role in accelerating the scission of CHxO* and promote the
Possible reaction mechanisms for the formation of CH3COOH, CH3OH,
2017, Royal Society of Chemistry. (f) Oxygen vacancy promoting dimet
nanorods.67 Copyright 2018, Royal Society of Chemistry.

4572 | Chem. Sci., 2025, 16, 4568–4594
CO2 + 3H2 # CH3OH + H2O DH25˚C = −49.5 kJ mol−1 (6)

2CH3OH / CH3OCH3 + H2O / CnH2n + H2O (7)

Ethanol is arguably available CO2 hydrogenation C2 product
due to its safe transport and higher caloric value.68 The process
of CO2 hydrogenation to ethanol includes CO2 to produce CO by
reverse water-gas conversion reaction, partial CO dissociation to
produce �CH*

3 group, CO embedding into �CH*
3 to complete

carbon chain growth, and further hydrogenation to produce
ethanol.69,70 Therefore, the ethanol synthesis catalyst requires
the following functional sites, H2 dissociation, CO dissociation
adsorption site, CO non-dissociation adsorption site, and C–C
coupling site. The reaction formula of CO2 catalytic hydroge-
nation to ethanol is shown in eqn (8).

2CO2 + 6H2 / C2H5OH + 3H2O (8)

In a continuous reactor, Yang et al. explored the key role of
hydroxyl in Rh-based catalysts supported on TiO2 nanorods
(Fig. 3b). The results show that the ethanol selectivity of RhFeLi/
TiO2 nanorods is 32% in the catalytic CO2 hydrogenation
reaction. The promotion effect can be attributed to the highly
dispersed Rh and high density *CHx on the TiO2 nanorods, and
then CO (generated by RWGS reaction) is inserted into *CHx to
form *CH3CO, and *CH3CO is hydrogenated to produce
ethanol.65

Acetic acid is an important commodity chemical, mainly
used as a raw material for the production of vinyl acetate
d ZnZrO/SAPO at different temperatures. (b) Chemical trapping-mass
ydrogenation over ZnZrO at reaction temperatures of 50–400 °C. (c)
n on the tandem catalyst, ZnZrO/SAPO.64 Copyright 2017, American
d catalyst with or without hydroxyl groups on TiO2. The hydroxyls play
formation of ethanol.65 Copyright 2019, Royal Society of Chemistry. (e)
C2H5OH and HCHO using the plasma-catalysis approach.66 Copyright
hyl carbonate synthesis from CO2 and CH3OH over Zr-doped CeO2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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monomer, ethyl acetate, propyl acetate, n-butyl acetate, isobutyl
acetate and acetic anhydride, or as a solvent in the synthesis of
terephthalic acid.71

It is generally believed that the catalytic mechanism of direct
synthesis of acetic acid by coupling CH4 and CO2 consists of 5
steps (eqn (9)–(13)): (1) CH4 dissociates on the catalyst surface to
form methylated species (M–CH3) and a Brønsted proton; (2)
CO2 is adsorbed on the surface of the catalyst to produce surface
adsorbed species CO2 (on some catalysts, the gas phase CO2 can
be directly inserted into the M–CH3 bond, without this step); (3)
CO*

2 is inserted into M–CH3 bond (C–C coupling) to generate
surface acetate species; (4) Brønsted protons on the surface
acetate species extraction carrier form acetic acid adsorption
species; (5) acetic acid adsorbed species desorption to produce
acetic acid.72–76

CH4 þ 2*/CH *
3 þ H* (9)

CO2 þ */CO*
2 (10)

CH*
3 þ CO*

2/CH3COO*þ * (11)

CH3CO _O* / CH3COOH* + * (12)

CH3COOH* / CH3COOH + * (13)

Tu et al. adopted a new atmospheric pressure reactor to
achieve the one-step synthesis of liquid fuels and chemicals at
room temperature by direct reforming of CO2 and CH4 (Fig. 3c).
The overall selectivity for liquid chemicals is about 50–60%, and
the main product is acetic acid. The molar ratio of CH4/CO2 and
the type of catalyst can control the formation of different
oxygenates.66

Dimethyl carbonate (DMC) is known as the “new base block”
of organic synthesis in the 21st century, which can replace toxic
phosgene, dimethyl sulfate, chloromethane and other reagents
for methylation, carbonylation, methoxylation and other reac-
tions, and is used to synthesize a variety of important ne
chemicals.77 From a green chemistry point of view, direct
synthesis of DMC from CO2 and MeOH is a better route because
the raw material (MeOH) is relatively cheap and the main by-
product is water (H2O).78 The reaction formula is as follows:

2CH3OH + CO2 / CO(OCH3)2 + H2O14

At present, although there are many studies on the catalytic
mechanism of CH3OH and CO2 synthesis of DMC, it can be
basically summarized into two types: the reaction mechanism
of direct activation of CO2 and the reaction mechanism of rst
activation of CH3OH and then activation of CO2.

Catalytic mechanism of direct activation of CO2: the catalyst
provides electrons to the p orbital of CO2 molecules, resulting
in the bending of its molecular structure, and with the exten-
sion of C–O bonds, the formation of [CO2]

−, thus realizing the
activation of CO2, and further coupling with CH3OH to produce
DMC under the synergistic action of the catalyst. The catalytic
© 2025 The Author(s). Published by the Royal Society of Chemistry
mechanism of the rst activation of CH3OH and then activation
of CO2 is that the catalyst causes CH3OH to lose protons to form
[MeO]−, and then combines with CO2 to form [MeOCOO]−, and
then the methyl group is transferred to form DMC. Li et al.
synthesized a series of ZR-doped CeO2 nanorods by hydro-
thermal method (Fig. 3d), and studied in detail the effect of the
doping content of Zr on the lattice structure, microstructure,
especially the amount of oxygen vacancy as well as the catalytic
activity of DMC synthesis from CO2 and CH3OH were studied in
detail.67
2. Catalyst design for solar-driven
catalytic C2+ product synthesis
2.1 Surface defect engineering

The generation of surface defects such as oxygen vacancies
(OVs), interstitial defects, or cation states has been widely re-
ported to enhance photo-driven catalytic activity.79–82 Oxygen
vacancy engineering signicantly enhances CO2 reduction
performance by optimizing electronic structures and charge
separation. Ye and co-works achieved self-doped SrTiO3–d-
photocatalysts exhibit improved visible light absorption and
charge mobility due to oxygen vacancies.79 Similarly, ultrathin
W18O49 nanowires with abundant vacancies enhance CO2 acti-
vation and photochemical reduction efficiency.80 Furthermore,
cation vacancies in ZnS enhance CO2 reduction by providing
stable active sites that facilitate charge separation and CO2

adsorption. Unlike anion vacancies, they resist oxygen relling,
maintaining activity and promoting intermediates formation
for improved CO2 photoreduction efficiency.81,82

High temperature treatment in hydrogen atmosphere has
been regarded as a powerful method for surface defect prepa-
ration, especially for oxygen vacancies. Aer the pioneering
method was developed. Mao's team, it has been successfully
used for oxygen vacancy introduction in a variety of metal oxide
systems.83 As shown in the (Fig. 4a), during the high-
temperature treatment process, hydrogen reduces TiO2 to
other chemical substances, and a partially disordered structure
can be found on the surface, and Ti4+ will become Ti3+ and form
oxygen vacancy. This hydrogenation process will make the color
of TiO2 change from white to black (Fig. 4b), greatly improving
the light absorption range and enhancing the catalytic activity.

According to this method, Durrant et al. reported CH4 and
ethane production using Pt-sensitized graphene-wrapped
defect-induced TiO2 photocatalysts under sun-simulated light
irradiation (Fig. 4c). In this example, TiO2 NPs were reduced
with sodium borohydride at 350 °C in an argon atmosphere,
creating defect-induced TiO2 with midgap states (Ti3+). The
defect-induced TiO2 was then mixed with GO and annealed at
230 °C in a vacuum oven. Finally, Pt NPs were photo-deposited
from H2PtCl6 aqueous solution with MeOH as a sacricial
agent. The authors proposed that the synergy between surface-
Ti3+ sites and wrapped graphene enhanced ethane formation.82

Tatsumi Ishihara et al. reported the rst synthesis of ultra-
thin WO3 0.33H2O nanotubes with a large amount of exposed
surface Vo sites, achieving excellent and stable CO2
Chem. Sci., 2025, 16, 4568–4594 | 4573
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Fig. 4 (a) Schematic illustration of the concept to make black TiO2. (b) Pictures of white and black TiO2 nanomaterials.83 Copyright 2011,
American Association for the Advancement of Science. (c) Pt-sensitized graphene-wrapped RBT.82 Copyright 2018, Royal Society of Chemistry.
(d) Possible main reaction paths for acetic acid generation on ultrathin WO3$0.33H2O nanotubes.84 Copyright 2018, American Chemical Society.
(e) Schematic illustration for the formation of VO-rich/poor atomically thin In2O3 porous sheets at different atmosphere.85 Copyright 2014,
American Chemical Society.
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photoreduction to CH3COOH in pure water under solar light
(Fig. 4d). The selectivity for acetic acid is up to 85%, with an
average productivity of about 9.4 mmol g−1 h−1. Importantly, Vo
sites in the catalyst remained stable, with their concentration
unchanged even aer 60 hours of reaction. Quantum chemical
calculations and in situ DRIFT studies revealed the main reac-
tion pathway: CO2 / cCOOH / (COOH)2 / CH3COOH.84

Xie et al.85 have developed a rapid heating phase transition
method to create defects, or oxygen vacancies, on the surface of
two-dimensional materials. Using CeCO3OH, In(OH)3, WO3-
$xH2O, and cobaltous oxide ultra-thin nanosheets as precur-
sors, the researchers prepared cerium oxide, In2O3, tungsten
trioxide, and Co3O4 ultra-thin nanosheets through the phase
transformation process (Fig. 4e). This method endows these
materials with a narrowed band gap and higher carrier
concentration, thereby enhancing visible light harvesting and
improving carrier separation efficiency.85–88

Chemical reduction is an effective method for introducing
surface defects into semiconductor materials. This can be
achieved using reducing agents such as NaBH4, calcium
hydride, and hydrazine, or reducing solvents like glycol and
glycerol.89–91 When metal oxides are prepared using reducing
solvents, the material typically loses oxygen atoms, creating
oxygen vacancies. For example, in BiOCl, ethylene glycol reacts
with oxygen atoms on the BiOCl (001) surface at 160 °C, forming
oxygen vacancies. These vacancies extend the photo-absorption
edge of the catalyst to visible light, enhance its ability to trap
photogenerated electrons, and enable it to activate oxygen
molecules to produce free radicals.92

Surface defect engineering provides a exible and effective
method to improve catalytic performance by selectively
4574 | Chem. Sci., 2025, 16, 4568–4594
introducing or optimizing defect structures on the catalyst
surface. This provides a new way to design more efficient and
selective catalysts, and plays an important role in the research
and application of catalytic CO2.
2.2 Bifunctional active sites design

The photo-driven hydrogenation of CO2 to produce C1 products
like CO and CH4 has been extensively studied. However,
methods for CO2 reduction to C2+ products show low activity
and selectivity. In photothermal-catalytic systems, enhancing
C2+ product generation while suppressing C1 formation remains
challenging. This is because forming C2+ products requires C–C
coupling reactions between intermediates, which face higher
reaction barriers than C–H bond formation. Typically, the
selectivity for C2–C4 hydrocarbons and C5+ hydrocarbons is
limited to 58% and 48%,93 respectively, due to the Anderson–
Schulz–Flory (ASF) distribution, signicantly limiting C2+

production.
Efficiently producing C2+ products requires high-selectivity

C–C coupling in the CO2 reduction reaction. Catalysts with
bifunctional active sites can overcome this limitation.
Depending on the reaction pathway, such as the modied FTS
pathway or the CH3OH pathway, the bifunctional catalyst
components play different roles in producing value-added
products, thus breaking the ASF distribution.94 Therefore,
designing and regulating catalytic active sites for C–C coupling
provides insights into creating catalysts that produce C2+

products other than CO. Bifunctional catalysts are classied
based on the source and conguration of their active sites:
heteronuclear multi-active sites, homonuclear multi-active
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Representative categories of photo-driven CO2 reduction
multi-active sites.95 Copyright 2014, Springer.
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sites, and combined integration of two kinds of active sites
(Fig. 5).95 The rst two types refer to catalysts composed of two
adjacent active sites, differing in whether the active sites are the
same. The third type involves randomly distributed homonu-
clear dual active sites.

Homonuclear multi-active site catalysts refer to identical and
adjacent active sites embedded in a support structure, where
Fig. 6 (a) Product yield and selectivity of CO2 hydrogenation in a closed g
Copyright 2023, Wiley. (c) Yield of CH3COOH and other products under U
Co–TiO2 and TiO2.96 Copyright 2022, Wiley-VCH Verlag.

© 2025 The Author(s). Published by the Royal Society of Chemistry
the two active sites can interact by modulating the local elec-
tronic structure. This interaction results in different or similar
structural behaviors. Ye et al. utilized a Co0 and Cod+ dual active
center catalyst supported on MgAl2O4 (Co-CoOx/MAO) for the
efficient photothermal catalytic conversion of CO2 to C2–4

olens.9 In this system, Co0 sites effectively adsorb and activate
CO2 to produce C1 intermediates, while the electron-decient
Cod+ sites reduce the energy barrier for the critical CHCH*

intermediate, promoting the formation of C2–4 olens.
Compared to the Co/MAO catalyst, the Co–CoOx/MAO catalyst
with dual active sites produces a substantial amount of multi-
carbon products in the CO2 hydrogenation products (Fig. 6a).
The activity for C2–4 hydrocarbons reached as high as 1303 mmol
g−1 h−1. Additionally, using the same synthesis procedure, Co
species were loaded onto TiO2 and Al2O3. The cobalt species on
different supports exhibited similar product distributions in
CO2 hydrogenation under identical reaction conditions
(Fig. 6b), indicating the general applicability of the Co0–Cod+

site design concept.
In contrast to homonuclear multi-active sites, heteronuclear

multi-active sites have distinct active sites with varying elec-
tronic structures, making them potentially effective photo-
catalysts for CO2 reduction reaction (CO2RR). The electronic
structure of such catalysts can be suitably tuned through
synergistic effects, resulting in enhanced performance. Jia
et al.96 synthesized a Ni and Co co-loaded TiO2 photocatalyst
(NiCo–TiO2). The dual Ni and Co sites replace adjacent Ti atoms
in the TiO2 lattice, forming an asymmetric dual-atom site
photocatalyst. The asymmetric local electric eld generated by
the dual-atom sites creates asymmetric charge centers,
as circulation system. (b) Product selectivity relative to other catalysts.9

V-visible light irradiation. (d) CO-TPD spectra of NiCo–TiO2, Ni–TiO2,

Chem. Sci., 2025, 16, 4568–4594 | 4575
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promoting the separation of photogenerated carriers and
facilitating multi-electron processes. This accelerates the
CO2RR reaction, leading to high selectivity and activity for
CH3COOH production. Photocatalytic CO2 reduction results
show that CH3COOH is a major product for NiCo–TiO2, while
the original TiO2, Ni–TiO2, and Co–TiO2 predominantly produce
C1 species (Fig. 6c). Compared with Ni–TiO2 and Co–TiO2, the
CO-TPD signal of NiCo–TiO2 shis to higher temperatures,
indicating superior chemisorption capacity in the dual-site
state, mainly due to the electronic interaction of the bimetal,
which promotes the formation of C2+ products post-coupling
(Fig. 6d).

Two separate active sites are randomly distributed on the
support, with some interconnected, offering unique advantages
in CO2RR due to synergistic effects. Integrating different single
atoms into the support enables synergistic catalysis in CO2

activation. For example, Wang et al.97 introduced P and Cu onto
carbon nitride nanosheets, forming P–N and Cu–N4 dual active
sites (P/Cu SAs@CN), achieving efficient carrier separation for
photocatalytic CO2RR to produce C2H6. The dual active sites
signicantly enhanced CO2 reduction performance, with a C2H6

yield of 616.6 mmol g−1 h−1, 26 times higher than Cu SAs@CN,
highlighting the crucial role of P in C2H6 production (Fig. 7a
and b). Quasi-in situ XPS showed a positive shi of P2p aer light
irradiation on P/Cu SAs@CN, indicating P atoms' role in hole
capture. P atoms capture photo-generated holes, aiding electron
accumulation at Cu sites and enabling multi-electron transfer
in CO2RR (Fig. 7c). Theoretical analysis shows electron-enriched
Cu sites have a lower energy barrier for C–C coupling under
light, favoring CO2RR and C2H6 formation. CO2 adsorbed onto
Fig. 7 (a) Photo-driven CO2RR generates C2H6 on CN, P@CN, CuSAs@C
light irradiation. (c) Free energy diagram of CO coupling reduction to
reaction intermediates.97 Copyright 2022, Wiley.

4576 | Chem. Sci., 2025, 16, 4568–4594
Cu sites reduces to CO*, and then desorbed, while the rest
forms CH4 and C2H6 through electron transfer and hydroge-
nation steps, with *OCCO to *OC–COH as key steps (Fig. 7d).

2.3 Coupling catalytic effect of co-catalyst

Compared to typical surface catalytic reactions, the transfer of
photogenerated carriers to the surface occurs much more
rapidly, leading to the accumulation of interfacial charges.98

Reduced charge separation rates and increased reaction over-
potentials result in poorer overall photocatalytic performance.
Loading suitable co-catalysts can lower the overpotential of
redox reactions, enhance electron–hole pair (EHP) separation at
the interface, inhibit photodegradation, and ultimately improve
photostability.99,100

In semiconductor-cocatalyst composite systems, the electron
dynamics during CO2 photoreduction can be divided into four
processes (Fig. 8): (1) excitation of the semiconductor. (2)
Transfer of photogenerated electrons from the semiconductor
through the junction to the co-catalyst and coupling its hot
electrons. (3) Transfer of photogenerated/hot electrons to the
active sites of the co-catalyst. (4) Surface redox reactions at the
active sites.101 Efficient electrons migration from the catalyst
surface to the co-catalyst addresses issues such as signicant
carrier recombination, low solar energy utilization, and photo-
catalyst photodegradation.

Co-catalysts enhance charge separation in photo-driven
catalytic reactions by acting as sinks for photogenerated elec-
trons (e−) or holes (h+), and coupling photothermal conversion
at the composite sites. Li et al.modied ultrathin porous g-C3N4

nanosheets with AuCu alloy nanoparticles.102 These AuCu NPs
N and P/Cu SAs@CN. (b) Cu 2p3/2 over P/Cu SAs@CN before and after
C2 products on P/Cu SAs@CN photocatalyst and atomic structure of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Typical process of semiconductor-cocatalyst composite
system in CO2 photoreduction process.101 Copyright 2019, American
Chemical Society.
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facilitate rapid charge separation and partially activate CO2

molecules, aiding CO2 reduction. The local surface plasmon
resonance (LSPR) of Au enhances light absorption and light-to-
heat conversion, and promotes C–C coupling during ethanol
formation. Transient photocurrent responses show that Cu/g-
C3N4, Au/g-C3N4, and AuCu/g-C3N4 electrodes produce higher
photocurrents than g-C3N4 alone, with AuCu/g-C3N4 showing
the highest, six times greater than g-C3N4 (Fig. 9a), suggesting
that AuCu nanoparticles signicantly improve charge separa-
tion efficiency. Photothermal catalytic tests show increased
activity of metal-loaded catalysts at 120 °C, particularly boosting
ethanol yield on AuCu/g-C3N4 (Fig. 9b). The proposed mecha-
nism for ethanol production involves photogenerated electrons
and holes in g-C3N4 transferring to AuCu NPs under light.
Positive charges on Au enhance CO2 adsorption, while charge
transfer from Au to Cu enriches Cu with negative charges,
promoting CO2c

− and *CO formation on Cu. Elevated temper-
atures enhance molecular motion, creating a synergistic effect
between photocatalysis and thermocatalysis, promoting *CO
dimerization and increasing CH3CH2OH yield (Fig. 9c).
Fig. 9 (a) Photocurrent response of g-C3N4 nanosheets, Cu/g-C3N4, Au/
reduction of CO2 performance (PTCR: 120 °C). (c) Schematic diagram of P
catalyst.102 Copyright 2020, Elsevier.

© 2025 The Author(s). Published by the Royal Society of Chemistry
The accumulation of photogenerated/hot electrons and
holes on co-catalyst nanoparticles (NPs) leads to C2+ products
formation through semiconductor interactions. Ji et al. devel-
oped Au–CeO2 nanocomposites with Au–O–Ce sites, enabling
selective photocatalytic CO2 conversion to ethane.103 The Au–
CeO2 interface ensures multi-electron reduction of CO*,
enhancing CO2 conversion. Pristine CeO2 shows a CO yield of
2.02 mmol g−1 h−1 with no C2H6 over 4 hours. Increasing Au
component shis the primary product from CO to C2H6, peak-
ing at 3 wt% Au with yields of 5.88 and 11.07 mmol g−1 h−1 for
CO and C2H6, respectively (Fig. 10a). In situ FTIR reveals crucial
C2+ intermediates like COCO* and COCOH* (Fig. 10b), absent
in pristine CeO2, indicating the importance of the Au–CeO2

interface. Gibbs free energy (Fig. 10c) calculations show that the
Au–CeO2 interface lowers the COOH* formation barrier from
1.09 eV to 0.50 eV, favoring COCO* formation over CO desorp-
tion. This reduction in energy barriers is key to producing C2H6,
conrming the critical role of the Au–O–Ce interface in CO2

reduction to C2+ products.
3. Solar-energy mediated CO2

reduction reactions

The catalytic conversion of CO2 into value-added C1 products
such as CO, CH4, and CH3OH has emerged as a promising
approach for mitigating carbon emissions.104–106 This strategy is
closely aligned with the principles of green circular economy
and environmental sustainability. Despite its potential, the
primary challenge remains in enhancing the efficiency and
selectivity of CO2 conversion processes to produce high-value
products on an industrial scale. This review highlights recent
g-C3N4 and AuCu/g-C3N4 nanocomposites. (b) Photothermal catalytic
TCR conversion of CO2 into ethanol via AuCu/g-C3N4 nanocomposite

Chem. Sci., 2025, 16, 4568–4594 | 4577
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Fig. 10 (a) CO and C2H6 generation rates as a function of Au content; in situ FTIR spectra of CO2 and H2O vapor mixtures co-adsorbed on (b)
CeO2. (c) Reaction pathway for Gibbs free energy calculation of photocatalytic CO2 reduction.103 Copyright 2023, Elsevier.
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advancements in photothermal catalytic systems for CO2

conversion, with a focus on not only the production of C1

compounds but also the synthesis of more complex and
economically signicant C2+ products. These developments
provide valuable insights into sustainable carbon utilization
and the design of advanced catalytic materials for high-
performance applications.

3.1 Photothermal catalytic reduction of CO2 to C1 products

H2 and CH4 are primary reductants used in the reduction of
CO2, which correspond to hydrogenation and reforming.107 The
following will provide an overview of the main reactions of
catalytic reduction of CO2 to C1 products.

3.1.1 Reverse water-gas shi reaction. The reverse water-
gas shi (RWGS) reaction involves the interaction of CO2 and
H2 to produce CO and H2O. This reaction serves as a key
pathway for converting CO2 into high-value chemicals. The
resulting synthesis gas (CO and H2O) can then be utilized in
downstream processes, such as the Fischer–Tropsch reaction,
to produce alcohols and other hydrocarbons.

However, RWGS is an endothermic reaction that requires
high temperature conditions to proceed favorably, and the
process consumes a lot of energy.108,109 RWGS reactions are
thermodynamically favorable at high temperature, but can lead
to carbon formation and unwanted byproducts. At the same
time, too high temperature also faces the risk of metal sintering
and coke deposition leading to catalyst deactivation.110 At lower
temperatures (below 500 °C), the reaction is kinetically unfa-
vorable, necessitating extensive catalyst use. Therefore, current
research focuses on developing different catalytic systems in
photothermal catalytic processes and exploring milder catalytic
conditions.
4578 | Chem. Sci., 2025, 16, 4568–4594
Research on metal catalysts is primarily focused on those
based on Ni, Co, Cu, Fe, andMo nanoparticles (NPs). Liu et al.111

developed a catalyst consisting of Co NPs with N-doped carbon,
created through a two-step pyrolysis of a ZIF-67 precursor
(Fig. 11a). Their Co@NC-700 catalyst demonstrated high activity
and selectivity for the photocatalytic hydrogenation of CO2 to
CO, achieving a CO generation rate of 0.75 mol gcat

−1 h−1 and
a CO selectivity of 92.6% under full-spectrum light. The excep-
tional performance was due to the synergistic effects of the well-
coordinated Co NPs, carbon layer thickness, and N-doping
species. The catalyst's durability is enhanced by carbon encap-
sulation, providing a simple and effective approach to
producing highly active and long-lasting non-noble metal
catalysts.

Yan and co-workers discovered that nanostructured BiOBr
semiconductor catalyst, with its staggered layered structure,
was a promising photocatalyst.112 They found frustrated Lewis
pairs on the surface of BiOBr, serving as effective catalytic sites
for CO2 reduction. Meanwhile, introducing Ce4+ and oxygen
vacancies (Fig. 11b) optimized the electronic state and FLP
properties, forming frustrated Lewis acid-base pairs that
signicantly enhance the CO2 reduction to CO. This work offers
a strategy for constructing efficient photocatalysts and under-
standing the atomic-level mechanisms of photocatalysis.

The use of noble metals entails a signicant cost. In order to
reduce the price of the catalysts, non-noble transition metals
have also been studied as part of catalysts in photothermal-
catalytic reactions as a more economical option. Ning et al.
synthesized a hybrid carbon-based catalyst with embedded Co
NPs together with dispersed Co–N species, denoted as
Co@CoN&C.113 The reactions were carried out at 55 kPa, using
an equal amount of CO2 and H2 and a Xe lamp in a batch
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Schematic illustration for the preparation of N-doped carbon-coated Co NPs.111 Copyright 2023, Wiley. (b) High-resolution XPS
spectra of O 1s for BiOBr and BC6.112 Copyright 2022, American Chemical Society. (c) Time course of CO and CH4 yield within 30 min and
product selectivity for CO2 hydrogenation over Co and Co@CoN&C under irradiation.113 Copyright 2020, American Chemical Society.
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reactor. Initially, the photoinduced thermal-effect was demon-
strated as evidenced by the increase of temperature of the
catalyst surface during the reaction, which reached 518 °C,
while the plain Co NP system increased only up to 300 °C. Aer
30 min of irradiation, the optimized showed 41% CO2 conver-
sion and a CO selectivity of 91% (132 mmol CO g−1 h−1),
meanwhile the unsupported Co NPs showed 43% CO selectivity
(Fig. 11c). The high reaction rate of the hybrid catalyst was
attributed to the signicant photo-thermal effect, and the CO
selectivity was improved by the special characteristics provided
by the Co–N shell in comparison with plain Co NPs.

3.1.2 CO2 dry reforming of methane reaction. The dry
reforming of CH4 (DRM) [eqn (14)] converts CH4 and CO2 into
syngas, a valuable feedstock gas consisting of H2 and CO.114,115

Due to the endothermic nature of DRM reactions, high
temperatures and large energy inputs are required which can
lead to CH4 decomposition and carbon deposition. Addition-
ally, side reactions like the RWGS reaction can occur, impeding
the desired process. Therefore, addressing carbon deposition in
CH4 dry reforming and conducting photocatalytic reactions
under mild conditions are current research focal points.

CO2 + CH4 5 2CO + 2H2 DH298K = 247.3 kJ mol−1 (14)

It has been reported that integrating photothermal and
photoelectric catalytic processes could achieve a redox cycle that
promotes metal-to-metal charge transfer induced by light,
enabling low-temperature DRM. Ma et al.116 demonstrated that
the redox cycle photocatalyst Rh/CexWO3 (Fig. 12a–c) ensured
the stability and anti-coking performance of light-driven DRM
© 2025 The Author(s). Published by the Royal Society of Chemistry
without external heating. The photothermal and photoelectric
effects play a key role in light-driven DRM, surpassing ther-
modynamic limitations. Calculations indicated that the strong
CO2 absorption of CexWO3, its high oxygen mobility, and the
oxygen bridge reduce the initiation temperature of DRM. This
advancement paves the way for developing low-temperature
catalysts for DRM.

Recently, Tang and colleagues reported a photothermal
catalyst Ru/SrTiO3 under 600 °C and 300 W xenon lamp irra-
diation, the yields of CO and H2 were 1.4–1.5 times higher than
those achieved with the thermal catalytic method.117 In the Ru/
SrTiO3 catalyst (Fig. 12d), light induced the transfer of electrons
from SrTiO3 to Ru, which participated in CH4 dehydrogenation
and H2 production, thereby reducing the reaction energy
barrier. This study elucidated the mechanism of photothermal
DRM, providing valuable guidance for the future solar photo-
thermal conversion of greenhouse gases.

Among various CH4 activation reactions, methane coupling
is a promising potential pathway for directly obtaining valuable
C2+ hydrocarbons. Long et al.23 proposed an innovative struc-
ture, the single-atom nest, to enhance the performance of
photochemical non-oxidative coupling of methane (NOCM). Pt
single-atom nests were fabricated as proof-of-concept single-
atom nest photocatalysts. The results showed that Pt single-
atom nests led to a remarkable 3.2-fold enhancement in the
photocatalytic C2H6 yield under simulated sunlight, compared
to Pt single-atoms. This work presents a pioneering concept for
improving the efficiency of coupling reactions.

3.1.3 Methanation reaction. CH4 is a primary product of
the hydrogenation reduction of CO2, also known as the Sabatier
Chem. Sci., 2025, 16, 4568–4594 | 4579
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Fig. 12 (a) Schematic diagram for light-driven DRM reaction over Rh/CexWO3 catalyst. (b) In situDRIFT spectraof Rh/CexWO3 measured in CH4/
CO2 mixture under different temperature. (c) ISI-XPS spectra of W 4f of Rh/CexWO3 with and without illumination.116 Copyright 2022, Wiley. (d)
Schematic diagram of the photothermal DRM reaction over the Ru/SrTiO3 catalyst. Adapted with permission from ref. 117 Copyright 2023,
Elsevier.

Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
K

ud
o 

20
25

. D
ow

nl
oa

de
d 

on
 2

4/
07

/2
02

5 
3:

07
:1

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
reaction. This exothermic reaction is thermodynamically
favorable at lower temperatures. Among the many catalysts
developed for this reaction, Ru-based catalysts are considered
the best for low-temperature methanation. Although Ni-based
catalysts are much cheaper than Rh and Ru-based catalysts,
they are prone to deactivation due to carbon deposition. Ru is
scarce and expensive, but Ru-loaded catalysts can effectively
catalyze CO2 hydrogenation under a wide range of operating
conditions. Meanwhile, metal oxides such as TiO2, Al2O3, CeO2,
and ZrO2 are widely used as support materials.

Metal–organic frameworks (MOFs) are considered to be ideal
carriers for active metal NPs. MOF-encapsulated metal NPs, due
to the porous nature of MOFs, prevent sintering and aggrega-
tion of the metal NPs and facilitate the smooth diffusion of
reactants and products within the nanochannels. Wang et al.118

successfully encapsulated Ir NPs of approximately 1.5 nm into
UiO-66 (Fig. 13a), forming Ir@UiO-66. The Ir NPs effectively
promoted the separation and transfer of photo-induced charge
carriers in the excited UiO-66, thereby aiding the cleavage of H2

and the activation of CO2. Under light irradiation, Ir@UiO-66-2
showed an excellent CH4 yield of 19.9 mmol gcat

−1 h−1 and high
selectivity (95%) at 250 °C. This study offers a new strategy for
designing CO2 methanation catalysts under mild conditions.

Solar-driven reactions are increasingly being considered to
address the poor thermal catalytic performance of low-
temperature methanation. These reactions are expected to
reduce the excessive energy consumption of traditional thermal
catalytic methods while extending the catalyst's lifespan. Zhou
et al.119 designed a TiO2 photocatalyst loaded with Ru NPs
(Fig. 13b), signicantly improving the conversion efficiency of
4580 | Chem. Sci., 2025, 16, 4568–4594
CO2 to CH4 under light irradiation. The photo-induced elec-
trons transfer effectively promoted the dissociation of H2 and
the activation of CO2 on Ru atoms. This work provides new
theoretical insights into the activation and methanation of CO2

under light irradiation.
3.1.4 CH3OH synthesis. CH3OH is an important industrial

chemical, making the reduction of CO2 to CH3OH a promising
strategy for CO2 conversion. This exothermic reaction is favor-
able at low temperatures and high pressures, which increase
CH3OH yield. Although Cu-based catalysts exhibit high activity,
they suffer from low selectivity for CH3OH due to competing
RWGS reactions and deactivation through sintering of Cu.

It has been reported that the combination of two component
catalysts is an effective way to improve catalytic activity: a metal
oxide for CO2 activation and ametal or reducible metal oxide for
H2 activation. Li et al.120 have developed a novel Cd/TiO2 catalyst
(Fig. 13c), which exhibited a CH3OH selectivity of 81%, a CO2

conversion rate of 15.8%, and a CH4 selectivity of less than
0.7%. Experimental and computational studies indicated that
the unique electronic properties of Cd clusters supported by the
TiO2 matrix were responsible for the high selectivity of hydro-
genating CO2 to CH3OH via the HCOO* pathway at the inter-
facial catalytic sites.

This discovery underscores the signicance of the synergistic
action between the two components of the catalyst: the metal
oxide facilitates CO2 activation and transformation, while the
metal or reducible metal oxide promotes H2 activation and
dissociation. This nding highlights the importance of material
design and understanding the underlying mechanisms in
catalysis.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a) Proposed reaction mechanism for the thermal and photo-thermal catalytic Sabatier reaction process over Ir@UiO-66.118 Copyright
2022, Royal Society of Chemistry. (b) Feasible routes of the CO2 hydrogenation reaction on the Ru/TiO2 model surface under dark and light
conditions.119 Copyright 2022, Elsevier. (c) In situ DRIFT spectra obtained from the surface species formed during the reaction for 3.5% Cd/
TiO2.120 Copyright 2022, Elesiver.
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3.2 C2–4 hydrocarbons

In addition to producing CO, CH4, CH3OH, and other C1

products, CO2 reduction can also yield multi-carbon hydrocar-
bons (C2–4) with broader applications. The production of C2–4

compounds can be achieved through methods such as petro-
leum rening, direct or indirect conversion of synthesis gas, or
CO2 hydrogenation. This process addresses environmental
issues like the “greenhouse effect” resulting from rising CO2

concentrations. Therefore, the photocatalytic or photo-thermal
catalytic conversion of CO2 into C2–4 products is an effective
approach for mitigating energy shortages. The conversion from
C1 products to multi-carbon products requires a C–C coupling
reaction. Currently, there are two main methods to achieve this:
(1) the Fischer–Tropsch process, where CO2 is rst converted
into CO through the reverse water-gas shi reaction and then
into C2–4 via the Fischer–Tropsch process;121 (2) the CH3OH
process, where CO2 is hydrogenated to produce CH3OH, which
is then converted into C2–4 through the methanol-to-
hydrocarbons process. These methods represent important
steps in developing sustainable and efficient technologies for
CO2 conversion.122

3.2.1 Photocatalytic CO2 reduction to C2–4 hydrocarbons.
Photocatalysis is a crucial approach to achieving sustainable
production of green energy by converting solar energy into
chemical energy through semiconductor materials under
© 2025 The Author(s). Published by the Royal Society of Chemistry
ultraviolet and visible light. Yan and cooperators reported the
advantages of heterojunction and reduced graphene oxide
(rGO) and proposed that the combination of In2S3/In2O3 het-
erojunctions and rGO could further enhance electron transfer,
thereby improving CO2 conversion (Fig. 14b),124 with the total
selectivity of C2+ reaching about 35%. Additionally, Yan et al.123

developed a metal–organic framework Prussian blue with
excellent light absorption ability, loaded with NiFe, exhibited
excellent photocatalytic performance, with a CO2 conversion
rate of 34.7% and a C2–4 selectivity of 33.6% (Fig. 14a and c).
Xiong et al.125 reported a unique Cu-Ti-VO/Ti0.91O2-SL photo-
catalyst for highly efficient and selective conversion of CO2 into
C3H8 (Fig. 14d–f).

3.2.2 Photothermal catalytic CO2 hydrogenation to C2–4

hydrocarbons. Research ndings indicate that the yield of
photocatalytic CO2 hydrogenation is relatively low, but intro-
ducing thermal energy into the photocatalytic reaction can
effectively improve CO2 hydrogenation performance. Photo-
thermal catalysis convert light to increase the surface temper-
ature of a catalyst, initiating a thermal catalytic reaction and
converting light energy into chemical energy. This approach is
highly promising for CO2 reduction, as it utilizes the extensive
absorption of solar spectra to combine thermochemical and
photochemical processes, synergistically promoting catalytic
reactions and achieving efficient CO2 conversion under
Chem. Sci., 2025, 16, 4568–4594 | 4581
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Fig. 14 (a) The proposed photocatalytic CO2 hydrogenation mechanism on NiFe-x alloys catalysts.123 Copyright 2022, Elsevier BV. (b) Schematic
diagram of the multiple channels for electrons and holes transfer between In2O3, In2S3 and rGO.124 Copyright 2023, Elsevier. (c) Product
selectivity and CO2 conversion at different reaction temperatures over NiFe-300 catalyst. 123 Copyright 2022, Elsevier BV. (d and e) The atomic
structure configuration (colour codes: light blue (Ti), blue (Cu), and red (O)). (f) Photocatalytic product evolution as a function of light irradiation
times on Cu-Ti-VO/Ti0.91O2-SL.125 Copyright 2023, Springer Nature.
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relatively mild conditions. While photocatalysis offers mild
reaction conditions and precise reaction control, it suffers from
slow reaction rates and the need for long-term illumination.
Photothermal catalysis addresses these issues by offering
improved reaction rates, good selectivity of reaction products,
and stability of thermosensitive catalysts.

Zhang and co-workers126 successfully prepared a series of
new Fe-based catalysts with different chemical compositions
using FeMgAl-LDH catalysts through hydrogen reduction at
temperatures from 300 °C to 700 °C, of which catalyst obtained
by hydrogen reduction at 500 °C (Fe-500) demonstrated excel-
lent CO2 hydrogenation capabilities (Fig. 15a). These high-
performance Fe-based catalysts were used for photothermal
CO2 hydrogenation to C2+ hydrocarbons at atmospheric pres-
sure. The FeO nanoparticles and FeOx loaded on MgO–Al2O3

showed a CO2 conversion rate of 50.1%, C2+ selectivity of 52.9%,
and excellent stability over 22 hours of continuous testing
(Fig. 15b). Zhang et al.52 also developed novel CoFe-based
catalysts, using layered-double-hydroxide (LDH) nanosheets
for hydrogen reduction to generate C2+ hydrocarbons. The
CoFe-650 catalyst demonstrated remarkable selectivity toward
hydrocarbons, with 60% CH4 and 35% C2+ (Fig. 15c). Addi-
tionally, Zhang et al.127 reported a hydrophobic core–shell Fe-
based FTS catalyst, Fe/Fe3C-c, prepared by a three-step process
4582 | Chem. Sci., 2025, 16, 4568–4594
including hydrothermal synthesis, thermal decomposition, and
hydrophobic modication(Fig. 15d). The optimized Fe/Fe3C-c
catalyst, driven by light irradiation, delivered attractive light-
olens selectivities of 48.0% with an O/P ratio of 10.1 for
batch-type reactions and 49.0% with an O/P ratio of 12.2 for
ow-type reactions (Fig. 15e).

Yan and colleagues128 synthesized graphdiyne/In2O3 (GDY-
IO) nanocomposites for gas-phase photocatalytic CO2 reduc-
tion to C2+ hydrocarbons. By adjusting the composite ratio of
GDY and In2O3, the 0.4% GDY-IO catalyst exhibited optimal C2+

hydrocarbons production activity and a high selectivity of 14%
under simulated solar light irradiation and atmospheric pres-
sure (Fig. 16a, b). Ozin et al.129 reported that cobalt ferrite
(CoFe2O4) spinel produced C2–4 hydrocarbons in a single-step,
ambient-pressure photocatalytic hydrogenation of CO2, with
a rate of 1.1 mmol g−1 h−1, a selectivity of 29.8%, and
a conversion yield of 12.9%. The CoFe2O4 reconstructed into
a CoFe–CoFe2O4 alloy-spinel nanocomposite, facilitating the
light-assisted transformation of CO2 to CO and subsequent
hydrogenation to C2–4 hydrocarbons (Fig. 16c and d).

Corma et al.130 investigated the CO2 hydrogenation into
hydrocarbons promoted by sunlight on Co nanoparticles
covered by thin carbon layers. They achieved nearly 100%
selectivity to hydrocarbons, with increased selectivity towards
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (a) HRTEM image of Fe-500. (b) The hydrocarbon product distribution obtained over Fe-500 under UV-vis irradiation.126 Copyright 2021,
Wiley. (c) Illustration of the different CoFe-x catalysts formed by hydrogen reduction of a CoFeAl-LDH nanosheet precursor at different
temperatures. The CO2 hydrogenation selectivity of each CoFe-x catalyst is indicated.52 Copyright 2018, Wiley. (d) Raman spectra of PB, Fe/Fe3C
and Fe/Fe3C-c catalysts. (e) The FTS performance of the Fe/Fe3C-c catalyst in a flow system (1 ML min−1).127 Copyright 2024, Wiley-VCH Verlag.
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C2+ hydrocarbons and alcohols (mainly ethanol) using Na-
promoted Co nanoparticles (Na–Co@C) (Fig. 17a and b).
Furthermore, Corma et al.131 prepared nickel–iron oxide nano-
particles by decomposing a mixed oxalate precursor and used
them as catalysts for sunlight-promoted CO2 hydrogenation
(Fig. 17c and d). The intimate contact between crystalline NiO
and g-Fe2O3 (and possibly amorphous iron oxide) domains in
NiFeOx, NiFe3Ox, and NiFe9Ox proved highly efficient for
generating light alkanes, which can be used as synthetic fuels.

Amin et al.132 prepared Ag-loaded TiO2 nanoparticles with
varying Ag concentrations using an improved sol–gel method
and xed them on a monolithic support. The Ag/TiO2 catalyst
demonstrated signicant photocatalytic activity for the dynamic
reduction of CO2 to CO via the RWGS reaction in both contin-
uous cell and integrated photoreactors. Compared to battery-
type photoreactors, integrated photoreactors effectively con-
verted CO2 into CO as the main product through Ag/TiO2, while
also producing multi-carbon products like C2–4.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Building on this progress, we constructed a C–C coupling
center for C1 intermediates via the in situ formation of Co0–Cod+

interface double sites on MgAl2O4 (Co–CoOx/MAO) (Fig. 17e).9

The Co–CoOx/MAO exhibited a high C2–4 hydrocarbons
production rate of 1303 mmol g−1 h−1, with a total organic
carbon selectivity of 62.5% for C2–4 hydrocarbons under light
irradiation and a high olen to paraffin ratio (z11), demon-
strating its efficiency and selectivity for multi-carbon hydro-
carbon production. Future research could focus on optimizing
catalyst compositions, enhancing light absorption, and
improving reaction kinetics to further increase the yield and
selectivity of C2+ products.

3.3 C4+ hydrocarbons

Despite successful reports on the hydrogenation of CO2 to
produce value-added C2+ chemicals, synthesizing C4+ remains
a signicant challenge due to the high barrier of C–C coupling.
C5+ hydrocarbons (liquid gasoline), which contain ve or more
Chem. Sci., 2025, 16, 4568–4594 | 4583
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Fig. 16 (a) The charge carrier separation pathways and photocatalytic mechanism for CO2 hydrogenation over graphdiyne-modified In2O3

composite. (b) Products of photocatalytic CO2 reduction on various catalysts.128 Copyright 2024, Elsevier. (c) Possible reaction pathway of FC2 for
CO2 hydrogenation. (d) The corresponding selectivity of CO, CH4, and C2–4 hydrocarbons for sample FC2 with and without light irradiation in the
temperature range of 200–300 °C and atmospheric press.129 Copyright 2023, Wiley.
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carbon atoms, are important products in the petrochemical
industry. In photocatalytic CO2 hydrogenation reactions,
generating C5+ products faces higher energy barriers due to the
C–C coupling reaction. There has not yet been a decisive study
on the production of liquid gasoline from CO2 hydrogenation.

Zhang et al.52 developed an Al2O3-supported CoFe alloy
catalyst, adjusting its surface chemical composition by
changing the reduction temperature of the CoFeAl-LDH nano-
sheet precursor, thereby optimizing the activity and product
selectivity of CO2 hydrogenation (Fig. 15c). The CoFe-650 cata-
lyst achieved efficient hydrogenation of CO2 to C4+ with
a selectivity of 8.3% under photothermal conditions, demon-
strating the potential for using solar energy to produce high-
value chemicals. Subsequently, Zhang et al. prepared a series
of novel Fe-based catalysts with varying chemical compositions
by reducing MgFeAl layered double hydroxide nanosheets at
temperatures ranging from 300 °C to 700 °C.126 Using a 300 W
xenon lamp as the light source, the Fe-500 catalyst showed
excellent stability for C2+ hydrocarbons under UV-visible light
irradiation over 22 hours of continuous testing, with a C5+

selectivity of 6.3% (Fig. 18b), maintaining its activity and
selectivity without signicant deactivation. Ma and his research
team 133 developed a K-promoted Ru/Fe3O4 catalyst, achieving
the production of high-value chemicals and fuels through
photocatalytic CO2 hydrogenation (Fig. 18a). When using the K–
4584 | Chem. Sci., 2025, 16, 4568–4594
Ru/Fe3O4 catalyst for CO2 hydrogenation, the selectivity of C5+

reached 19.0%, indicating that the introduction of a potassium
promoter can enhance C–C coupling, thereby improving the
yield of C5+ products. Yan et al.134 incorporated magnetic cobalt
ions into ultra-thin BiOCl sheets to achieve selective control of
the photocatalytic CO2 reduction reaction. Co–BiOCl can
selectively convert CO2 into CH4 and C2+ products, with
a hydrocarbon selectivity of up to 76.9%, a performance not
possessed by the original BiOCl (Fig. 18c). These results were
signicant for improving the efficiency of converting CO2 into
high-value chemicals and demonstrates the potential of pho-
tocatalytic technology to convert CO2 into useful chemicals
under mild conditions. Under light conditions, electron trans-
fer on the catalyst surface can change the adsorption/
desorption dynamics of reaction intermediates, affecting the
reaction path and making the distribution of C5+ products
signicantly different from the thermal catalysis process,
providing a new strategy for solar-driven CO2 conversion.

Song et al.135 highlighted the dynamic evolution of active iron
and carbon species in CO2 hydrogenation over Fe–Zr catalysts
supported on different zirconia forms (monoclinic m-ZrO2 and
tetragonal t-ZrO2). During CO pre-reduction, the FeO interme-
diate species on the Fe–K/m-ZrO2 catalyst indicated mild and
sufficient reduction of Fe2O3 on m-ZrO2 (Fig. 19a), promoting
the carbonization reaction to form smaller and more active iron
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 (a) Schematic illustration of the CO2 hydrogenation on Na–Co@C and Co@C catalysts under thermal and photothermal conditions.
Sodium is shown with red circles. (b) Selectivity to C2+ hydrocarbons and ethanol under photothermal conditions at different CO2 conversion.130

Copyright 2018, Elsevier. (c) HRTEM micrographs (200 kV) of NiyFe1−yOx materials: Ni9FeOx, NiFe3Ox, NiFe9Ox, and FeOx. (d) Initial CO2

conversion rate (r0, black bars) and hydrocarbon selectivity towards C2+ products [S(C2+), excluding CO, grey bars] obtained from CO2

hydrogenation experiments on the series of NiyFe1−yOxmaterials.131 Copyright 2018, Springer. (e) A schematic illustration of the two-step growth
of a- and b-Co(OH)2 nanosheets on MAO and light-to-heat reduction.9 Copyright 2023, Wiley.
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species (Fe3O4 and c-Fe5C2). When the Fe content reached
15 wt%, the Fe–K/m-ZrO2 catalyst showed a signicant CO2

conversion rate (38.8%) and light olens selectivity (42.8%).
Jing et al.129 reported a photocatalyst, cobalt ferrite (CoFe2O4),
which converts CO2 into C2–4 hydrocarbons through a photo-
thermal catalytic process at ambient pressure and temperature
(Fig. 19b). The active sites are formed by the transformation of
CoFe2O4 into a nano-composite of CoFe alloy and CoFe2O4,
synergistically promoting the conversion of CO2 to CO and
© 2025 The Author(s). Published by the Royal Society of Chemistry
subsequent CO hydrogenation, effectively producing C2–4

hydrocarbons. A 35 hours stability test under atmospheric
pressure and light exposure showed this sample continuously
producing C2–4 hydrocarbons, along with CO and CH4,
achieving a C2–4 hydrocarbons selectivity of 29.8% and a high
CO2 conversion efficiency (12.9%) (Fig. 19c). Mechanism
studies showed CO2 was rst adsorbed on the CoFe2O4 surface,
then converted into formate intermediates under hydrogen
action. These intermediates further hydrogenated to produce
Chem. Sci., 2025, 16, 4568–4594 | 4585
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Fig. 18 (a) Photodriven hydrogenation of CO2 to lower olefins, which can be efficiently performed in a photothermally catalytic way with the K–
Ru/Fe3O4 catalyst presented in this work.133 Copyright 2024, Cell Press. (b) The CO2 conversion and product selectivities over Fe-500 under UV-
vis irradiation using a flow system with a flow rate of 5 mL min−1.126 Copyright 2021, Wiley. (c) Photocatalytic CO2 hydrogenation activity and
selectivity of CxHy on Co–BiOCl with different Co content after 4 h light irradiation of CxHy on Fe–BiOCl, Cu–BiOCl, Ni–BiOCl and Zn–BiOCl.134

Copyright 2024, Elsevier.
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CO and water through the RWGS reaction, with CO further
hydrogenated under CoFe alloy catalysis to produce C2–4

hydrocarbons via the FTS process. Zhang's team 136 reported
a new composite catalyst, InZrOx-Beta, showing high selectivity
in hydrogenating CO2 to butane-enriched C4 alkanes. Depos-
iting SiO2 on the surface of InZrOx effectively inhibited metallic
In migration, preventing rapid deactivation of the zeolite part
(Fig. 19d). Under photothermal conditions of 315 °C and
3.0 MPa, the InZrOx-Beta composite catalyst achieved a butane
selectivity of 53.4%, a CO2 conversion rate of 20.4%, and a CH4

selectivity of about 2% (Fig. 19e). Through the above analysis,
the design of two-component catalysts offers a promising
strategy to enhance both the activity and selectivity for the
production of C4+ hydrocarbons. By combining complementary
active sites, these catalysts facilitate complex reaction pathways,
such as C–C coupling and hydrogenation, enabling more effi-
cient synthesis of higher-order hydrocarbons.

Zhang and co-workers 137 reported an iron nitride (Fe2N)
encapsulated in carbon nanoparticles (Fe2N@C) (Fig. 20a),
which showed excellent performance in selectively hydroge-
nating CO2 to C2+ hydrocarbons. By encapsulating the catalyst
with a carbon shell, Fe2N@C exhibited outstanding durability,
achieving a C5+ selectivity of 7.52% under pressurized condi-
tions of 1 MPa (Fig. 20b), enhancing stability and long-term
application potential. Zeng et al.138 activated the CuFeO2 cata-
lyst under atmospheric pressure to convert CO2 and hydrogen
(H2) into long-chain olens (C4+]). Under these conditions, the
4586 | Chem. Sci., 2025, 16, 4568–4594
activated CuFeO2 catalyst showed a CO2 conversion rate of
27.3% and a C4+ = selectivity of 66.9%. In a 50 hours stability
test, the CO2 conversion rate remained stable, but the C4+ =

selectivity decreased to 57.6% (Fig. 20c). At a pressure of 30 bar,
the C4+ = selectivity improved to 66.3%. The experimental
results showed that the catalyst's performance could be effec-
tively controlled, and regeneration could be achieved when the
catalyst deactivates by adjusting the reaction pressure. In
atmospheric pressure CO2 hydrogenation, the CuFeO2 catalyst
remained stable, though its selectivity decreased over time.
Increasing the pressure restored catalyst performance, which is
signicant for industrial applications and catalyst design.
Recently, we reported a Cu-promoted CoFe alloy catalyst, which
still produced C5+ products under atmospheric pressure,
though the C5+ selectivity was only 5.7%. The natural light-
driven CO2 hydrogenation reaction showed excellent activity
and selectivity at a weak solar irradiance intensity of 0.45 kW
m−2 (0.45 suns) (Fig. 20d).56

These ndings suggest promising directions for future
research aimed at enhancing C5+ selectivity. Key strategies
could include optimizing the metal composition and electronic
structure of the active sites, as well as rening catalyst–support
interactions to stabilize intermediate species during chain
propagation. Additionally, tailoring reaction conditions, such
as pressure and temperature, in conjunction with advanced
photothermal reactor designs, may further improve catalytic
performance.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 (a) Relationship between the physicochemical properties of different types of ZrO2 supports and the structure and activity of Fe–K/ZrO2

catalysts.135 Copyright 2021, AMER CHEMICAL SOC. (b). HRTEM image of spent CoFe2O4 (inset image is FFT pattern). (c) Stability of CoFe2O4 over
35 hours showing the solar-powered hydrogenation of CO2 production rate and selectivity towards CO, CH4, and C2–4, respectively.129

Copyright 2023, Wiley. (d) Reaction scheme of butane formation via the side-chain route of aromatic-based cycle. (e) CH3OH conversion and
product distribution for MTH in H2 atmosphere over H-Beta.136 Copyright 2023, Springer Nature.
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Looking forward, the integration of such catalysts with
renewable energy sources, particularly under solar-driven condi-
tions, holds signicant potential for sustainable carbon utiliza-
tion. The development of robust, scalable systems for selective
C5+ hydrocarbon production could pave the way for new
© 2025 The Author(s). Published by the Royal Society of Chemistry
advancements in solar-to-chemical energy conversion and
contribute to achieving carbon-neutral chemical manufacturing.

3.4 Ethanol, acetic acid and other products

Photothermal catalysis for the conversion of CO2 into high-
value-added chemicals, such as fuels, is extremely promising
Chem. Sci., 2025, 16, 4568–4594 | 4587

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc00330j


Fig. 20 (a) Synthetic process of Fe2N@C nanoparticles and the in situ restructuring transformation of Fe2N@C into iron carbides during the
selective hydrogenation of CO2 to C2+ hydrocarbons. (b) CO2 conversion rate and hydrocarbons selectivity over Fe2N@C and Fe@C.137 Copyright
2021, Wiley. (c) Stability test of activated CuFeO2.138 Copyright 2022, Springer Nature. (d) The CO2 hydrogenation performance of sunlightdriven
Cu0.65Co0.35Fe2 catalyst.56 Copyright 2024, Wiley-VCH Verlag.

Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
K

ud
o 

20
25

. D
ow

nl
oa

de
d 

on
 2

4/
07

/2
02

5 
3:

07
:1

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
as it provides a valuable source of these chemicals while also
helping to reduce CO2 emissions that affect the global
climate.139 This process involves the coupling of photoelectrons
produced by the photocatalyst and the dissolution of CO2 in
a water medium, enabling the catalytic conversion of CO2 into
liquid fuels such as ethanol and acetic acid.140

Sira Srinives et al.141 utilized a one-step hydrothermal process
for the synthesis of precious metal-doped TiO2/GO composites.
Cu–TiO2/GO showed the best photocatalytic performance,
which could be attributed to remarkable key parameters,
including a high specic surface area, a narrowed band gap
energy, and a big crystallite size (Fig. 21a).

Acetic acid is a valuable chemical suitable for industrial
intermediates and fuel additives. Zhang et al.142 reported the
controllable preparation of highly ordered mesoporous cobalt
oxides with modulated surface states to achieve efficient pho-
tothermal water-steam reforming of CO2 to C2 products with
high activity and tunable selectivity (Fig. 21b and c). Pristine
mesoporous Co3O4 exhibited an acetic acid selectivity of 96%
with a yield rate of 73.44 mmol g−1 h−1.

Acetaldehyde (CH3CHO) is an indispensable intermediate in
the production of high value-added chemicals, and is widely
used in medicine, pesticides and spices.144 Photocatalytic
conversion of CO2 to acetaldehyde has become a promising
method for sustainable production of acetaldehyde. Wang
et al.143 Reported the selective photocatalytic hydrogenation of
CO2 to CH3CHO using a modied polymeric carbon nitride
(PCN) under mild conditions (Fig. 21d). The locally crystallized
PCN offers a photocatalytic activity of 1814.7 mmol h−1 g−1 with
a high selectivity of 98.3% for CH3CHO production and
4588 | Chem. Sci., 2025, 16, 4568–4594
a quantum efficiency of 22.4% at 385 nm, outperforming all the
state-of-art CO2 photocatalysts. The promoted formation of the
*OCCHO intermediate on the locally crystallized PCN is dis-
closed as the key factor leading to the highly selective CH3CHO
generation.
3.5 Dimethyl carbonate, ethyl-carbonate and other
carbonates

Compared to CO2 reduction into C1 chemicals like CH3OH or
formate, non-redox CO2 chemical xation offers a route to high-
value long-chain products. DMC, with its methoxy and carbonyl
groups, can replace toxic phosgene and dimethyl sulfate in
methylation and carbonylation reactions and serves as an
important electrolyte solvent for lithium-ion batteries due to its
high dielectric constant.145–153 Thus, direct synthesis of DMC
from CO2 has signicant theoretical and practical value. Chen
et al. reported light-driven CO2 activation into DMC over B2O3

atomic layers with oxygen vacancies, achieving nearly 100%
selectivity under mild conditions.154 These vacancies provided
unsaturated sites, enhancing CO2 and CH3OH adsorption. Xie
et al.155 found that frustrated Lewis pairs (FLP) sites on CeO2

with rich FLP sites improved reaction activity, achieving a high
yield of DMC up to 15.3 mmol g−1 (Fig. 22a and b). They used
density functional theory to investigate the reaction mechanism
on the FLP site, providing insights into CO2 chemical conver-
sion to long-chain chemicals. They proposed an in-plane het-
erostructure strategy to construct Lewis acid-base sites for
efficient CO2 activation. Using ultrathin in-plane Cu2O/Cu het-
erostructures as a prototype, they showed that Lewis acid-base
sites on the heterointerface facilitate mixed C and O dual
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 (a) Schematic diagram exhibiting proposed reaction mechanisms for the photoreduction of CO2 on Ag–TiO2/GO, Pd–TiO2/GO, and
Cu–TiO2/GO.141 Copyright 2021, Royal Society of Chemistry. (b) C2 product yield rates, evolutions over time and catalytic stabilities of pristine
meso-Co3O4, mr-meso-Co3O4, and meso-Co3O4@CoO. (c) Pathway on surfacereduced meso-Co3O4.142 Copyright 2023, American Chemical
Society. (d) The proposed reactionmechanism for the photocatalytic CO2 reduction conversion to CH3CHO.143 Copyright 2022, Royal Society of
Chemistry.
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coordination on the surface, strengthening CO2 adsorption and
activation. DRIFTS revealed that these sites could activate CO2

to CO2
− species, a key intermediate for CO2 xation (Fig. 22c–f).

Despite signicant progress in CO2 chemical xation to
DMC, major challenges and opportunities remain.157 The over-
all performance of DMC generation from CO2 still falls short of
practical application requirements, necessitating the develop-
ment of advanced catalysts. Therefore, exploring and con-
structing new catalyst systems with high efficiency for activating
CO2 into DMC is crucial and presents many future
opportunities.

The carbonylation of ethanol using CO2 as a carbonyl source
to synthesize value-added esters holds signicant potential but
remains a considerable challenge due to the difficulty of acti-
vating inert CO2.158 Harsh reaction conditions oen lead to
undesired side reactions, including the activation of the a-C–H
bond and even cleavage of the C–C bond in ethanol, which
© 2025 The Author(s). Published by the Royal Society of Chemistry
hinders the selective activation of the O–H bond.159 To address
these challenges, we propose a photo-thermal cooperative
strategy for the carbonylation of ethanol with CO2. This
approach utilizes photo-catalysis to activate CO2 into reactive
CO, assisted by *H generated from the thermally-catalyzed
dissociation of the alcoholic O–H bond.

To realize this strategy, a Cu2O–SrTiCuO3–x catalyst has been
designed, featuring abundant interfacial sites and oxygen
vacancies to facilitate the reaction(Fig. 22g and h).156 Under
photo-thermal conditions (3.29 W cm−2 UV/Visible light irra-
diation, 144 °C, and 0.2 MPa CO2), the catalyst achieved an ethyl
formate production rate of 320 mmol g−1 h−1 with an impressive
selectivity of 85.6% toward the targeted activation of the alco-
holic O–H bond. This work demonstrates the potential of
leveraging photo-thermal synergy and tailored catalytic mate-
rials for efficient CO2 utilization and selective carbonates
production under mild conditions.
Chem. Sci., 2025, 16, 4568–4594 | 4589
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Fig. 22 (a) Illustration of reaction route for the direct DMC synthesis from CO2 and CH3OH on CeO2. (b) TEM image of P–CeO2-NR, where the
inset is corresponding HRTEM image. (c–f) In situ DRIFTS for the direct DMC synthesis from CO2 and CH3OH under simulated experimental
condition. 155 Copyright 2022, Wiley. (g) Illustrations of reaction mechanism for the carbonylation of ethanol with CO2 on Cu2O–SrTiCuO3–x

under UV/Visible light irradiation. (h) CO2 activation rate and formation rate of self-products from CO2. 156 Copyright 2023, Wiley.
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4. Conclusions and outlooks

Solar-driven catalytic conversion of CO2 into value-added C2+

chemicals/fuels has been a focus of research in the past decades
due to its signicance in the energy and environment elds.
However, due to the slow reduction kinetics, the photocatalytic
reduction of CO2 remains challenging. The state-of-the-art
photocatalytic systems in such route suffer from low effi-
ciency, which is still far from practical application. Therefore, it
is of great interest to explore alternate catalytic reaction routes
driven by solar energy for efficient CO2 reduction. Recent pio-
neering work by several groups, including ours, has shown that
photocatalysis coupling of photothermal catalysis for CO2

reduction is a novel and promising strategy for CO2 catalytic
conversion into C2+ products.

This review has explored the current state of light-driven CO2

reduction, tracing its historical development, elucidating the
4590 | Chem. Sci., 2025, 16, 4568–4594
underlying mechanisms, and examining the pivotal advance-
ments in catalyst design and emphasizing its potential for
converting CO2 into valuable C2+ products. Historically, photo-
thermal CO2 reduction has progressed from basic studies to
more advanced applications, utilizing the combined effects of
light absorption and heat to drive catalytic reaction. Integrating
photothermal effects with photocatalysis has signicantly
improved the efficiency and selectivity of CO2 reduction, espe-
cially for producing C2+ hydrocarbons. Understanding the
mechanisms of photothermal CO2 conversion has revealed
pathways for creating C2+ products, highlighting the crucial role
of simultaneously activating CO2 and hydrogen sources under
solar light.

Catalyst design is critical for advancing solar-driven
synthesis of C2+ products. Surface defect engineering has
proven effective in enhancing catalyst performance by creating
active sites that improve CO2 adsorption and activation.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Additionally, designing bifunctional active sites facilitates
multi-electron transfer processes, boosting the production of
long-chain hydrocarbons. These advancements in catalyst
design are essential for addressing the challenges of selectively
producing C2+ products.

Solar-driven CO2 reduction involves various pathways, from
producing C1 products like CO, CH4 and CH3OH to high value-
added C2–4 hydrocarbons. Photothermal catalysis shows great
promise in increasing the efficiency of these reactions by
providing the necessary heat to drive endothermic steps and
stabilize intermediates. However, producing C5+ hydrocarbons
remains challenging due to the complexity of the reaction
mechanisms and the need for highly selective and stable
catalysts.

Looking ahead, producing C5+ products is a promising but
challenging goal that requires innovative catalyst designs and
reaction engineering. Future research should focus on devel-
oping bifunctional catalysts with highly selective active sites to
enable the formation of longer-chain hydrocarbons while
minimizing side reactions. Develop reactor systems that maxi-
mize light absorption and distribution within the catalytic
environment, ensuring efficient utilization of photonic energy
for optimizing the intermediates selective coupling and accel-
erating the reaction rate of CO2 hydrogenation. Our group has
developed advanced photothermal reactor devices that harness
natural outdoor sunlight for CO2 conversion, producing valu-
able products such as CO, CH4, and multi-hydrocarbons.8,56

These systems offer a scalable, sustainable solution for efficient
CO2 hydrogenation, providing a promising path for carbon
capture and utilization. Additionally, integrating computational
modeling and in situ characterization techniques will be crucial
for understanding the detailed reaction pathways and opti-
mizing conditions for C5+ synthesis.

The advancement of light-driven photothermal CO2 reduc-
tion goes beyond environmental benets, providing a sustain-
able route for chemical synthesis and energy storage.
Overcoming current limitations will enable scalable and
economically viable CO2 conversion technologies. Producing
higher-order hydrocarbons like ethanol, acetic acid, and various
carbonates can signicantly impact the chemical industry by
offering renewable alternatives to fossil-based materials.

In summary, signicant progress has been made in photo-
thermal CO2 reduction, but developing effective strategies for
synthesizing C2+ products remains an exciting challenge.
Continued interdisciplinary efforts, combining advances in
materials science, catalysis, and reaction engineering, are
essential to fully utilize solar energy for the sustainable and
selective conversion of CO2 into a wide range of valuable
chemicals. The future of this eld is promising, with the
potential to greatly contribute to environmental sustainability
and the growth of green chemistry.
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