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Abstract

The utilization of carbon dioxide (CO,) has garnered significant attention as a strategy to
mitigate anthropogenic emissions. Within this field, the conversion processes of CO, through
photocatalytic systems have emerged as a particularly noteworthy area of research. This
approach leverages solar energy for the reaction and is considered a promising and environ-
mentally friendly alternative to traditional thermally driven catalytic systems. This article aims to
summarize recent advancements in several key photo-conversion pathways, including the
synthesis of methane, methanol, C, hydrocarbons, dimethyl carbonate, and glycerol carbonate.
Additionally, potential configurations for the development of processes aimed at producing
various chemicals will be proposed. Current insights indicate that the photocatalytic conversion
of CO, could be effectively integrated with chemical absorption methods, provided that
appropriate separation and process intensification strategies are developed. From an economic
perspective, the photocatalytic reduction of CO, minimizes the reliance on green hydrogen as a
hydrogen source, thereby significantly improving overall economic viability. Environmentally, it
is essential to enhance the reaction conversion and product selectivity of the photocatalytic
conversion processes to maximize their decarbonization potential. Overall, this paper is par-
ticularly suited for readers who are new to this field and are interested in transitioning from
experimental work to process development.

Impact statement

This review paper discusses recent advancements in the field of photocatalytic CO, conversion.
It covers the fundamentals and key materials used in photocatalysis, various conversion
pathways for producing both commodity and value-added chemicals, and potential process
configurations based on the current understanding of existing technologies. Key points for
enhancing economic and environmental performance are also provided. This paper will be
beneficial for readers who are new to this field and are interested in transitioning from
experimental work to process development.

Introduction

Photocatalytic reaction technologies have emerged as a significant area of research in CO,
utilization. It harnesses solar energy to drive the transformation of carbon dioxide into value-
added fuels and chemicals under mild conditions. Traditionally, CO, conversion has been carried
out using thermal catalytic methods. This conversion can be classified as either non-reductive or
reductive, depending on whether the oxidation state of the carbon atom changes during the
reaction. Reductive conversion primarily refers to the hydrogenation of CO, to form hydrocar-
bons, alcohols, and others. In contrast, non-reductive pathways convert CO, directly into various
classes of chemicals, including alkyl carbonates (which react with alcohols), aliphatic polycar-
bonates (which react with diols), ureas (which react with amines), and carbamates (which react
with both alcohols and amines) (Tomishige et al., 2019; Tomishige et al., 2020). Table 1
summarizes some pathways that have been widely reported in the literature. However, thermal
catalytic conversion of CO, has several drawbacks, including the requirement for elevated
temperatures and pressures and challenges related to CO, activation. In contrast, photocatalytic
CO, conversion, driven by solar energy and operating under milder conditions, inherently offers
greater sustainability compared to thermal catalytic systems.

Overall, photocatalytic reactions utilize photon energy to generate charge carriers that directly
drive CO, reduction under relatively mild conditions (Guo et al., 2023). Conventional photo-
catalytic reactions rely on the electron—hole pairs upon light irradiation (typically UV or visible
lights), which enables redox reactions involving CO, and co-reactants. Materials with appropri-
ate bandgaps (e.g., the semiconductor type) have been extensively investigated as the catalysts.
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Table 1. Possible reaction pathways for CO, conversion
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Thermal catalytic conversion

Entry  Products Co-reactant Catalyst Process Design Photo-assisted conversion
1 co Hydrogen (R) (Liu et al., 2022; Wang et al., 2023) ~ (Cao et al., 2022) (Wu et al., 2023; Liang
et al., 2023)
2 Methane Hydrogen (R) (Summa et al., 2022; Lin et al., (Uddin et al., 2022) (Yang et al., 2022; Omr
2021) et al., 2023)
3 Ethylene Hydrogen (R) - (Chiu & Yu, 2024a,b) (Asiri et al., 2025; Wang
et al.,, 2025)
4 Methanol Hydrogen (R) (Quilis et al., 2023; Onishi & (Lin et al., 2024; Chiou (Xu et al., 2023; Xie et al.,
Himeda, 2022) etal., 2023) 2020)
5 Ethanol Hydrogen (R) (Lou et al., 2021; Wang et al., 2021)  (He et al., 2023) (Yu et al., 2022; Das et al.,
2023)
6 Propanol Hydrogen (R) (Ahlers et al., 2014; Lage et al., (Lee et al., 2025; Vo et al., -
2023) 2022)
7 Formic acid Hydrogen (R) (Mori et al., 2020; Weilhard et al., (Pérez-Fortes et al., 2016) (Heetal.,2023; Wangetal.,
2021) 2022)
8 Fischer-Tropsch Hydrogen (R) (Gong et al., 2020; Wang et al., (Jhuang et al., 2025) -
Fuels 2022)
9 Dimethyl carbonate Ethylene oxide/methanol (Wang et al., 2014; Deng et al., (Yu et al., 2018; Ramezani -
(IND) 2020) et al., 2020)
Methanol (NR) (Jiang et al., 2023; Chaban et al., (Lee et al., 2021) (Jinetal.,2023; Guanetal.,
2024) 2024)
10 Diethyl carbonate Ethanol (NR) (Putro et al., 2024; Putro et al., (Yu et al., 2020) -
2022)
11 Dipropyl carbonate Propanol (NR) (Ma et al., 2013) (Lee et al., 2021) -
12 Dibenzyl carbonate Benzyl alcohol (NR) (Fiorani & Selva, 2014) - -
13 Glycerol carbonate Glycerol (NR) (Alassmy et al., 2021; Hu et al.,, - (Li et al., 2021; Liu et al.,
2021) 2022)
Propylene oxide/glycerol (Alassmy et al., 2021; Luo et al., (Wu et al., 2024) -
(IND) 2024)
14 Isopropyl n-phenyl Isopropyl alcohol/Phenyl (Gu et al., 2023) (Lee et al., 2021; Huang -
carbamate aniline (NR) et al.,, 2023)
15 Poly (butylene 1,4-butanediol (NR) (Hu et al., 2018; Tu et al., 2023) (Yu et al., 2020) -
carbonate)
16 Urea Methyl amine (NR) (Yabushita et al., 2024; More & (zhang et al., 2021) (Yang et al., 2023; Ahmad

Srivastava, 2021)

et al.,, 2025)

Existing examples include converting CO, to CO (Chu et al., 2022;
Liao et al., 2024), methane (Lee et al., 2021; Zhao et al., 2024),
methanol (Xietal.,2022; Huang et al., 2024), and C,,, hydrocarbons
(Song et al., 2024; Zhang et al., 2024). However, such processes are
currently limited by low conversion and selectivity due to inefficient
CO, adsorption and activation, rapid recombination of charge car-
riers, limited visible-light absorption, and insufficient catalyst stabil-
ity. More recently, photothermal CO, conversion has emerged as a
novel technology (Gao et al., 2020). It integrates light-induced exci-
tation with thermal activation to enhance catalytic performance (Gao
et al,, 2020). Under solar or near-infrared irradiation, localized
heating and energetic carriers promote charge separation, accelerate
diffusion, and expand the usable solar spectrum (Cai et al,, 2021).
Materials exhibiting plasmonic properties or broad-spectrum
absorption have been reported as effective catalysts for photothermal
conversion. In addition to producing chemicals similar to those from
conventional photocatalytic systems (Cai et al., 2021; Wu et al., 2021;
Li et al,, 2022; Deng et al., 2023), photothermal systems can also
convert CO, into larger molecules such as dimethyl carbonate

(DMC) (Jin et al., 2023) or glycerol carbonates (GC) (Li et al,,
2024). Although photothermal catalysis demonstrates improved
conversion efficiency, it still faces challenges such as the need for
elevated temperatures and pressures, and concerns over long-
term catalyst stability (Gao et al., 2020).

Recent landmark reviews have advanced the understanding of
photocatalytic CO, conversion. For instance, Fang et al. provided a
comprehensive overview of catalyst synthesis, reactor design, testing
protocols, and mechanistic studies (Fang et al., 2023). Sadanandan
et al. highlighted efficiency limitations due to charge-carrier recom-
bination and narrow visible-light absorption, and proposed strategies
to address them (Sadanandan et al., 2024). Kumar et al. investigate
multifunctional carbon-nitride nano-architectures, demonstrating
how bandgap tuning and surface-site control enable both hydrogen
evolution and CO; reduction (Kumar et al.,, 2023). Gao et al. com-
pared photocatalytic and photothermal CO, conversion as promis-
ing routes for CO, utilization, detailing their principles, catalyst
options, and performance metrics (Gao et al., 2020). Overall, this
field remains emerging, with many aspects yet to be explored.
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Extensive research has advanced both theoretical and experimental
aspects of photocatalytic CO, conversion, yet gaps remain between
lab-scale studies and process development. The absence of integrated
frameworks for process studies limits discussion of economic, envir-
onmental, and safety considerations. Currently, the low product yields
and selectivity of photocatalytic CO, conversion hinders its practical
deployment, highlighting the importance downstream separation
strategies. To address this gap, this review aims to provide insights
for advancing from experimentation to process development. It begins
by summarizing advances in photocatalyst design, particularly focus-
ing on the incorporation of heterojunction architectures, surface defect
engineering, active site optimization, and enhanced reaction capacities
to enable the efficient conversion of CO, into valuable hydrocarbon
fuels. Subsequently, essential perspectives for further advancing
photocatalytic CO, conversion processes are presented. Overall, this
review offers readers a comprehensive framework that connects
material fundamentals to plant-wide process implementation.

State-of-the-art progress in photocatalytic conversion of CO,

This section reviews recent advancements in the field. Section
“Introduction of photocatalytic conversion” introduces potential
photocatalysts for CO, conversion. Sections “Photocatalytic
reduction systems” and “Photothermal catalytic reaction systems”
summarize recent experimental results on photocatalytic reduc-
tion and photothermal catalytic systems, respectively. Section
“Standard procedure of photocatalytic CO, conversion” covers
standardized procedures for experimentation and process devel-
opment, while Section “Modeling” highlights recent progress in
modeling photocatalytic reaction systems.

Introduction of photocatalytic conversion

Fundamentals of photocatalytic conversion

Photocatalysis involves three key stages: light absorption, charge
carrier generation and separation, and surface redox reactions
(Du et al., 2020). Upon photon excitation, electrons (e ) are pro-
moted from the valence band (VB) to the conduction band (CB),
resulting in the formation of holes (h™) that drive reduction and
oxidation reactions, including CO, conversion and pollutant deg-
radation under ambient conditions. Accordingly, the overall effi-
ciency (ne) of a photocatalytic system can be represented by
Equation (1) (Li et al., 2015):

Ne =My XMNeeXMNesXMey (Eql)

Where 1, denotes the photon absorption efficiency, 1. represents
the charge excitation efficiency, n refers to the efficiency of charge
separation and transport, and 1, indicates the efficiency of charge
carrier utilization in surface reactions (Zhang et al., 2021). Opti-
mizing light harvesting (n,) is critical, as it directly influences both
Nee and 1. Strategies to enhance photocatalytic efficiency include
tuning the bandgap, crystal structure, and surface area. The devel-
opment of composite materials with extended spectral absorption
ranges (UV-VIS-NIR), engineered heterojunctions, defect-
engineered nanostructures, and integration of co-catalysts has been
shown to improve charge separation and increase the density of
active sites (Li et al., 2021; Man et al., 2024; Li et al., 2016).

Potential photocatalyst design strategies
Conventional semiconductor metal oxides remain prevalent in
photocatalytic applications due to their ability to facilitate UV-driven

charge separation between the VB and CB. Nevertheless, their broad
band gaps and limited electrical conductivity restrict their effective-
ness in solar energy applications, considering that ultraviolet light
accounts for merely about 5% of the solar spectrum. To exploit visible
and infrared light, whereas the light accounts for approximately 46%
and 49%, two-dimensional (2D) materials such as carbon-based
substances (e.g., graphene and graphitic carbon nitride, g-C3Ny),
transition metal dichalcogenides (TMDs), and MXenes have
emerged as promising alternatives. These materials exhibit tunable
band gaps that can be aligned with the conduction and valence bands
to match the reduction potential of CO, and the corresponding
oxidation half-reactions. Elemental doping or substitution tech-
niques have been employed to modulate the bandgap and Fermi
level, thereby positioning the conduction band minimum (CBM) just
above the CO,/CO or CO,/CH, reduction potentials (Lee et al., 2021;
Li et al., 2024; Huang et al., 2025).

Furthermore, TMDs and MXenes have attracted considerable
interest owing to their abundant surface atoms and compatibility
with co-catalysts. Representative TMDs, including MoS,, WS,,
ReS,, and NiS,, whereas MXenes are generally described by the
formula M,, , ;X,Ty, where M denotes transition metals such as
Ti, V, or Nb; X represents carbon and/or nitrogen; and T corres-
ponds to surface terminations like -O, -OH, or -F. These materials
possess metallic conductivity, high surface reactivity, adaptable
electronic structures, and strong interactions with co-catalysts,
rendering them suitable for solar-driven CO, conversion (Kuang
et al., 2020). Heterostructure engineering approaches—including
Type-II heterojunctions, Z-scheme architectures, core-shell struc-
tures, and 2D/2D or 2D/0D systems—offer ultrathin, layered con-
figurations that minimize charge carrier diffusion distances and
suppress electron—hole recombination, thereby enhancing photo-
catalytic performance (Zeng et al., 2020; Xu et al., 2018; Wanget al.,
2018; Cai et al, 2024; Wang et al., 2021). Defect engineering
introduces localized electronic states that serve as active sites for
CO, adsorption and activation, while also modulating charge car-
rier dynamics. The presence of oxygen vacancies, cation vacancies,
and other point defects can enhance CO, adsorption and stabilize
reaction intermediates (Vennapoosa et al., 2023; Wang et al., 2021;
Ji et al,, 2023).

Porous crystalline materials, including metal-organic frame-
works (MOFs) and covalent organic frameworks (COFs), also
demonstrate potential due to their high surface areas and ordered
pore structure that facilitate CO, capture and activation (Chemical
Reviews, 2012). However, their low electrical conductivity and
rapid charge recombination limit performance. Recent research
has improved these issues by hybridizing them with conductive
materials and incorporating co-catalyst systems to enhance charge
transport and visible-light responsiveness (Altintas et al., 2022).

In summary, advanced photocatalysts, ranging from metal
oxides and 2D nanostructures to porous frameworks, enable effi-
cient CO, conversion into value-added products such as methane,
methanol, ethylene, and ethanol. Continued innovations in mater-
ial design, interface engineering, and mechanistic understanding
will be essential to fully realize the potential of photocatalytic CO,
reduction.

Photocatalytic reduction systems

Among various pathways, photocatalytic CO, reduction that pro-
duces C; and C, chemicals has been the primary focus of this field.
Typically, the hydrogen source for these reactions is derived from
water splitting, as illustrated in Equation (2).
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1
Oxidation reaction: H,O+2h* — EOZ +2H?Y,
Ey=0.41VusNHE atpH =7

(Eq2)

This reaction is combined with the multi-electron reduction of CO,
to produce the targeted chemicals. Table 2 provides a comparative
overview of representative photocatalytic reduction pathways, high-
lighting their compositional features, corresponding CO, reduction
products, and associated product selectivity. The following sections
will discuss the advancements in producing C; products (e.g., metha-
nol and methane) and C, products (e.g., ethane and ethylene) via
photocatalytic CO, reductive pathways.

Production of methanol

Methanol is a primary focus in the domain of CO, utilization due to
its multifunctional role as an energy storage medium, a sustainable
fuel alternative, and a precursor for the synthesis of diverse hydro-
carbons. The photocatalytic conversion of CO, to MeOH entails a
six-electron reduction mechanism, as described by the standard
reaction depicted in Equation (3):

C’OZ+6HJr +6e — CH3OH+H20,

(Eq3)
Ey=—0.38VusNHE atpH =7

Notably, the reduction potential of this reaction is slightly more
positive than that of proton reduction (—0.41 V vs NHE), making it
thermodynamically favorable under photocatalytic conditions. How-
ever, achieving efficient methanol production requires prolonged
lifetimes of photoinduced charge carriers and effective charge separ-
ation. To this end, heterojunction engineering through metal or metal
oxide modification of semiconductor photocatalysts has significantly
improved charge carrier dynamics. For instance, Zhang et al. reported
a vertically oriented Fe single-atom-decorated TiO,/SrTiO; nanotube
heterojunction (Fe-TSr), which enables directional separation and
migration of photogenerated carriers. This system achieved a metha-
nol yield of 154.20 pmol-g.,, "*h™" with 98.90% selectivity in pure
water, representing 50- and 3-fold enhancements relative to pristine
TiO, and TSr, respectively (Huang et al., 2024). Similarly, Ag-doped
2H-MoS, composites have shown promising performance in CO,
photoreduction. The incorporation of 20 wt% Ag resulted in the
highest methanol yield of 365.08 umol-g.,,'-h~". This improvement
is attributed to the formation of a Schottky barrier at the Ag-MoS,
interface, facilitating efficient electron transfer from the conduc-
tion band of MoS, to Ag nanoparticles, while photogenerated
holes participate in the oxidation of C3HgO to C3HgO. Thus,
the barrier effectively suppresses charge recombination and pro-
longs carrier lifetimes (Zheng et al., 2019). Furthermore, enhancing
CO, adsorption and activation is vital for improving methanol pro-
duction rates and selectivity. Li and co-workers developed a ternary
heterostructure comprising 2.5% g-C3N4/1% CuO@MIL-125(T1i). In
this system, MIL-125(T1) offers a high surface area and porosity, CuO
quantum dots facilitate CO, capture and activation, and g-C;Ny
nanosheets provide efficient charge transport pathways. Mott-
Schottky analysis revealed that electrons and holes are spatially sep-
arated across the conduction band of CuO and the valence band of
g-C;Ny, respectively, reducing recombination losses. The composite
photocatalyst exhibited high activity, yielding CO (180.1 umol/g),
CH;0H (997.2 umol/g), CH;CHO (531.5 pmol/g), and CH;CH,OH
(1505.7 umol/g) using water as the electron donor (Li et al., 2020).

Production of methane
Methane (CH,) serves not only as a clean and efficient fuel but also
as a valuable intermediate for synthesizing syngas, hydrogen, and

Ting-En Su et al.

methanol through reforming processes. Among various C; prod-
ucts derived from CO, reduction, methane formation requires the
highest number of electrons (eight) but has the least negative
reduction potential. The thermodynamic stability of CO,, charac-
terized by a high C=0 bond dissociation energy (~750 kJ/mol),
necessitates a high density of electrons and protons to drive its
conversion into CH,. This reaction follows an eight-electron reduc-
tion pathway, as illustrated in Equation (4) (Yang et al., 2023):

C’Oz‘i'gHJr +8¢ — CH4+2H20,

Ey=—0.24VusNHE atpH =7 (Eq4)
Among the proposed mechanisms, the carbene pathway is con-
sidered more plausible than the formaldehyde pathway. The rate-
determining step is the protonation of adsorbed CO (*CO) to
form *CHO, followed by further hydrogenation steps to *CHOH,
*CH, *CH,, *CH3, and ultimately CH,. To promote this multi-
electron transfer process, constructing an electron-rich micro-
environment around the catalytic sites is essential. Strategies
include incorporating plasmonic noble metal nanoparticles
(Yan et al., 2024) and n-conjugated systems such as COFs or 2D
materials (Wang et al., 2018; Madi & Tahir, 2024), which enhance
charge mobility and surface area. Liu et al. introduced a BiVO,@-
TiO, nanograss/needle array (NNAs) S-scheme heterojunction
photocatalyst, further modified with 5 wt% of the ionic liquid
1-butyl-3-methylimidazolium tetrafluoroborate (BMIM-BF,) to
improve CO, solubility in aqueous systems. Under Xe lamp
irradiation, photo-induced electrons from BiVO, and holes from
TiO, undergo rapid recombination at the interface, resulting in
electron accumulation at the TiO, tip and hole enrichment in BiVO,.
This charge spatial separation significantly enhances the photocata-
Iytic performance, achieving CO, CH,, and H, evolution rates of
321.5,132.7,and 75.8 pumol-m~2h ™}, respectively (Zhao et al., 2024).
Moreover, Shankar ef al. demonstrated a plasmonic photonic crystal
photocatalyst comprising Au nanoparticle-decorated, periodically
modulated TiO, nanotube arrays (Au-PMTiNTs). The Z-scheme
heterojunction, enhanced by hot-electron transfer under AM1.5G
simulated sunlight, selectively produced CH, at 302 pmol-g., "-h™"
with 89.3% selectivity (Zeng et al., 2020). COFs have also emerged as
promising platforms for CO, photoreduction due to their tunable
molecular structures, adjustable band gaps, and efficient internal
charge transport. Maji and co-worker synthesized a triazole-linked
COF (TFPB-TRZ) that delivered a remarkable CH, production rate
of 61.62 mmol-g.,, -h™" with an overall yield of 493 mmol-g ™"
and excellent selectivity (~99%) under visible-light irradiation. In
situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) confirmed the formation of key intermediates such as
*COOH, *CO, *CH,0, *CH;0, -CH,, and -CH3, substantiating
the eight-electron reduction pathway leading to methane forma-
tion (Biswas et al., 2024).

Production of ethylene

The production of C," hydrocarbons, particularly ethylene (C,H,)
and acetylene (C,H,), through photocatalytic reduction is of special
interest due to their high energy densities and essential roles as
industrial feedstocks. However, the conversion is hindered by
CO,’s high thermodynamic stability (bond dissociation energy
~750 kJ/mol; AG®°,0sK = —394.36 kJ/mol). Efficient C-C bond
formation, typically achieved through the dimerization of C, inter-
mediates (e.g., CH,, CH3, or CHO), is crucial for synthesizing C,
products. These multistep, multi-electron/proton processes require
surfaces with high charge carrier and proton densities, as well as
strong adsorption of intermediates to avoid premature desorption
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as C; products. The representative 12-electron reduction for ethyl-
ene is as follows:

2002+ 12H* +12e” —>C2H4+4H20,

(Eq5)
Ey=—0.33VusNHE atpH =7

To improve C, product selectivity, strategies such as heterojunction
engineering, defect modification, light-harvesting enhancement, and
surface activation have been explored. For instance, Xu ef al. designed
a nitrogen-doped CeO, photocatalyst featuring surface-frustrated
Lewis pairs (FLPs) of Ce>*/Ce-OH, enhancing CO, activation and
C-C coupling. This catalyst produced CO (224.56 pmol-g "-h~",
28.1%), C,H, (33.18 umol-g "-h™', 2491%), and C,H, (25.84
pmol-g~"*h™', 16.16%) (Yan et al., 2024). MOFs also offer promise.
A Zr/Cu bimetallic UiO-67 MOF improved electron transfer and C-C
coupling efficiency, achieving selective C,H, production (69.1
;unol~g71-h71, 100% selectivity) (Asiri et al., 2025). Moreover, non-
stoichiometric WO;  (particularly WO, o) exhibits enhanced visible/
NIR absorption and reactivity due to oxygen vacancies (Lu et al., 2020).
Tu et al. synthesized a WO, o/WTe, photothermal catalyst that dem-
onstrated a high ethylene production rate of 122.9 umol-g~' and a
selectivity of 78%. When the reaction temperature was elevated to 240 °
C, the ethylene yields significantly increased to 475.3 umol-g~'. The
WO, component plays a key role in bandgap modulation and CO,
adsorption through its abundant oxygen vacancies, while WTe, effect-
ively stabilizes aldehyde intermediates, enriching the catalyst surface
with reactive species and facilitating efficient C-C bond formation
(Zhang et al,, 2024).

Production of ethane

The photocatalytic reduction of CO, to ethane (C,Hs) involves a
14-electron transfer process and the formation of multiple reactive
intermediates. The overall reduction reaction is represented as:

2002 +14H* +14e” — C2H6 +4Hzo,

(Eqs)
Ey=—0.27VusNHE atpH =7

Mechanistically, the surface-mediated C-C coupling of methyl
(*CH3) radicals, which is necessary for the generation of C,"
hydrocarbons, poses challenges to the progression of the reaction.
To overcome these limitations, researchers have fabricated
dual-atom catalysts, exemplified by incorporating phosphorus
and copper single-atom sites on carbon nitride nanosheets
(P/CuSAs@CN). This photocatalyst achieved an ethane produc-
tion rate of 616.6 umol-g~'-h ™! with a selectivity of 33%. The Cu
and P atoms serve as electron and hole trapping sites within the
carbon nitride matrix, facilitating charge separation and accumu-
lation at Cu sites, which is vital for driving multi-electron transfer
steps. In situ FTIR spectroscopy identified key intermediates,
including *CO and *OCCOH, confirming the involvement of
hydrogenation of *OCCO as the rate-determining step in C,Hg
formation (Wang et al., 2022). The COFs and MOFs offer strong
potential in photocatalysis due to their m-conjugated structures,
which support charge transport and light absorption (Saadh et al.,
2025). Bai et al. developed a MoS,@COF hybrid by covalently
integrating amino-modified MoS, with an anthraquinone-based
COF, achieving an ethane production rate of 56.2 umol-g "-h™"
and 83.8% selectivity under visible light, significantly outperform-
ing individual components. In situ DRIFTS and DFT analyses
confirmed that the hybrid promotes CO, adsorption, CO hydro-
genation, and C-C coupling, facilitating efficient C,H¢ formation
(Yang et al., 2023).

11

Photothermal catalytic reaction systems

Photothermal CO, conversion leverages solar or near-infrared
irradiation to generate localized heating and, in some cases, hot
electrons, thereby enhancing CO, hydrogenation efficiency (Guo
etal,, 2023; Gao et al., 2020; Cai et al., 2021). Effective photothermal
catalysts must exhibit synergistic properties, including strong light
absorption and efficient thermal confinement (e.g., incorporation
of core-shell structures, plasmonic coupling, or defect engineering)
(Cai et al., 2021; Feng et al., 2020; Tang et al., 2025; Li et al., 2024).
To date, significant progress has been made in producing light
hydrocarbons, particularly methane, through photothermal con-
version. Additionally, several studies have explored photothermal
catalytic reactions to synthesize carbonates, such as dimethyl car-
bonate (DMC) and glycerol carbonate (GC), which have been
scarcely reported in photocatalytic systems. Relevant findings are
summarized in the following sections.

The production of C; and C, chemicals
Similar to photocatalytic conversion, the production of C; and C,
chemicals via photothermal catalytic reduction of CO,, involving
the use of gaseous hydrogen (i.e., photothermal hydrogenation)
and/or water, has attracted attention. The experimental conditions,
as well as the key performance indicators of these systems, are
summarized in Table 2 for comparison with those from photocata-
Iytic reduction systems. Among these pathways, the development in
photothermal methanation systems has the most progress. Catalyst
such as MXene-supported metal (e.g., Ni/Nb,C [Wu et al., 2021]),
metal nanoparticles (e.g., plasmonic Co-SiO, superstructures [Cai
etal, 2024], Ru/MnCo,04 [Guo et al., 2023]), single-atom catalysts
(e.g., the Ru-F, configuration [Tang et al., 2024]), and core-shell
designs (e.g., Ni@p-SiO, [Cai et al,, 2021]) have been reported
successful for photothermal CO, conversion to light hydrocarbons.
As illustrated in Table 2, photothermal catalytic reduction sys-
tems generally achieve higher product yield or selectivity than
photocatalytic reduction processes, especially when hydrogen or
water is used as co-reactants. For example, photothermal methana-
tion systems exhibit greater reaction efficiency, with product yields
reaching mmol-g~"-h™" (or mol-g~"-h™") levels (Guo et al., 2023;
Guo et al., 2025), compared to photocatalytic reactions that typic-
ally yield pmol-g~"-h ™. Several studies also demonstrate successful
photothermal methanation in flow systems (Guo et al.,, 2023; Wu
et al,, 2021; Tang et al., 2024), indicating potential for scale-up.
Moreover, unlike most photocatalytic systems driven by lamp
irradiation, successful photothermal systems for CO,-based light
olefin (Ning et al., 2024) and syngas (Wu et al., 2025) have been
demonstrated using full sunlight, underscoring their potential.
Nonetheless, these systems often require higher temperatures
and pressures, reducing the inherent benefits of photocatalytic
methods. Moreover, the dependence on hydrogen poses a major
challenge, particularly in areas without access to green hydrogen or
the infrastructure for sustainable hydrogen production. Therefore,
itis crucial to evaluate whether these improvements justify practical
implementation.

Production of dimethyl carbonate (DMC)
The formation of DMC requires the reaction of CO, with methanol.
Prior research has reported the successful use of CeO,-based cata-
lysts enriched with oxygen vacancies, which have proven to be
efficient for this purpose.

Within the limited volume of previous studies, Guan et al.
synthesized Bi3+—doped Ce,Bi; _ 4O, _ 5 nanorods (Guan et al.,
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2024), achieving a DMC yield of 3.13 mmol-g~' at 140 °C and
1.6 MPa under photo-irradiation, attributing performance gains to
asymmetric Bi-O-Ce oxygen vacancies that improve CO, activation
and light absorption efficiency. Bai et al. employed a low-temperature
plasma-driven technique to introduce corner defects into quadran-
gular pyramid-octahedral CeO, (Bai et al,, 2023). This approach
achieved a DMC yield of 1.58%, corresponding to an eightfold
increase relative to conventional thermal catalysis performed at
140 °C and 7.5 MPa. Jin et al. prepared CeO, nanorods with bifunc-
tional oxygen vacancies via a template-free hydrothermal method
(Jin et al.,, 2023). This method resulted in improved photothermal
catalytic activity, evidenced by a DMC yield of 17.7 mmol-g~"-h™"
under relatively mild reaction conditions (140 °C, 1.6 MPa). The
enhanced performance was attributed to increased CO, adsorption
capacity and the inhibition of recombination of photo-induced
electron-hole pairs.

Production of glycerol carbonate (GC)

The direct conversion of CO, and glycerol to glycerol carbonate
(GC) offers a promising solution to two environmental wastes. Within
the currently limited findings, Liu et al. developed Au/ZnWO,4-ZnO
catalysts for photothermal conversion of glycerol and CO, into GC,
where Au nanoparticles enhanced performance via localized surface
plasmon resonance (LSPR) under visible light and heat, significantly
boosting GC yield compared to thermal catalysis (Liu et al., 2019). Liu
et al. also reported a Co;0,4-ZnO p-n heterojunction catalyst, achiev-
ing a GC yield of 5.3% at 150 °C and 5 MPa CO, under visible light
(Liu et al,, 2022). The p-n heterojunction effectively increased visible
light absorption and electron—hole separation, breaking the thermo-
dynamic limitations of conventional thermal catalysis. Li et al. further
improved the Co;0,4-ZnO system by decorating it with Au nanopar-
ticles to create Au/Co304-ZnO catalysts (Li et al., 2024). This strategy
generated surface oxygen vacancies, enhanced visible-light absorption,
and increased GC yield to 6.5% under the same photothermal condi-
tions (150 °C, 5 MPa CO,) due to improved electron-hole separation.
Additionally, Li et al. explored La,O,CO5-ZnO catalysts (Li et al.,
2021), demonstrating strong photothermal synergy in glycerol carbo-
nylation, achieving a 6.9% glycerol conversion under irradiation at
150 °C and 5.5 MPa CO,. The synergistic interaction between
La,0,CO; and ZnO played a crucial role in this enhanced catalytic
performance.

Standard procedure of photocatalytic CO, conversion

The standard method for photocatalytic CO, conversion involves
light sources (e.g., calibrated lamps or solar simulators), photoreac-
tors, gas delivery systems, photocatalysts, and analytical tools for
product analysis. Photoreactors are typically configured as sus-
pended systems, where the catalyst is dispersed in a liquid (slurry
reactors), or as heterogeneous systems, such as fixed-bed or mono-
lithic reactors. Quartz or other optical-grade windows are essential
for optimal light transmission. Selecting functionalized photocatalysts
(detailed in Section “Fundamentals of photocatalytic conversion”)
enhances charge separation and light absorption during CO, conver-
sion (Kou et al., 2017). Before starting the reaction, the reactor is leak-
tested, purged with high-purity CO, or inert gas, and equilibrated to
the desired temperature and pressure.

In suspended catalytic systems, reactions mainly occur in the
liquid phase, where CO, dissolves in an alkaline solution to pro-
mote the reaction. This process produces both gaseous products
(e.g., methane, carbon monoxide) and liquid products (e.g., metha-
nol), with liquid products often dominating due to fewer electron
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transfers. Conversely, heterogeneous systems enable gas-phase
reactions that primarily yield methane. Gaseous hydrogen is con-
tinuously fed into the reactor to react with CO,, resembling con-
ventional hydrogenation reactors. These features can be combined
to create biphasic photocatalytic conversion systems (Bonchio
et al., 2023; Variar et al., 2021).

Controlled irradiation is applied using a calibrated AM 1.5G
solar simulator or equivalent light source, with precise regulation of
temperature and CO, pressure to influence product selectivity. For
example, lower temperatures (~70 °C) favor CO formation,
whereas higher temperatures (100-120 °C) promote methane pro-
duction. Regarding pressure effects, Moderate CO, pressures
(~110 kPa) optimize methanol synthesis, whereas higher pressures
(>130 kPa) enhance methane generation (Meesattham & Kim-
Lohsoontorn, 2022; Yang et al., 2022). Throughout the reaction,
gaseous and liquid products are periodically sampled and quanti-
fied using gas chromatography, liquid chromatography, or nuclear
magnetic resonance spectroscopy, employing appropriate calibra-
tion standards. Overall, thorough documentation of catalyst prop-
erties, reactor setup, operational parameters, and error analysis is
essential for scientific rigor and study comparability.

Modeling

Currently, advancements in the modeling of photocatalytic and
photothermal catalytic processes remain constrained (Jesic et al.,
2021; Kovacic et al., 2020). Existing studies have primarily focused
on the macroscopic description of photoreactors, including slurry
reactors (Asadi et al.,, 2022), fixed-bed reactors (Rastgaran et al.,
2023), twin reactors (Lu et al., 2021), and others (Ramyashree et al.,
2024). The most comprehensive studies employed mathematical
modeling (Ray, 1999) or even computational fluid dynamics (CFD)
(Luetal., 2021) to conduct multiphysics simulations, attempting to
characterize the flow field, velocity distribution, reactor geometry,
and mass transfer within the reactor.

To our knowledge, there is a notable lack of process concepts for
photocatalytic CO, conversion in the literature, primarily due to
several challenges. First, kinetic modeling is particularly difficult
because it requires understanding interfacial behavior, various
interactions (e.g., adsorption, desorption), site balance, and the
effects of irradiation. Quantum approaches may help clarify these
factors (Jesic et al., 2021; Kovacic et al., 2020). Secondly, most
experiments use diluted reaction media, resulting in low product
yield and selectivity, complicating separation processes. Further-
more, reactor performance depends on its dimensions and irradi-
ation conditions. Consequently, most models have focused on
specific experimental setups, limiting the predictive capability.

From experimentation to processes

Despite extensive experimental research, photocatalytic CO, con-
version technologies have not yet reached their full potential. Key
challenges include low yield, limited selectivity, and inefficient light
utilization. This section proposes process configurations tailored to
various photocatalytic conversion types, combining current experi-
mental results with practical process insights.

Process consideration of the photocatalytic reduction of CO,

From a macroscopic perspective, several experimental challenges
must be addressed before scaling up photocatalytic CO, reduction.
First, most photocatalytic CO, reduction reactions occur in the
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liquid phase within suspended catalytic systems, producing hydro-
carbons and methanol as the main products, with water as the
hydrogen source. Due to the low solubility of CO, in the aqueous
phase (approximately 0.033 mol per liter at 25 °C and 1 atm),
reactions are typically conducted in alkaline solutions. This com-
plicates downstream separation and recovery of photocatalysts and
alkaline agents.

Figure 1a depicts a process configuration for hydrocarbon syn-
thesis via photoreduction, which is proposed based on current
knowledge. The process begins with capturing CO, from point
emission sources (e.g., flue gas) through chemical absorption, using
the alkaline solvent. After absorption, the rich solvent undergoes
photocatalytic reduction in a photoreactor. Note that this rich solvent
has a composition similar to that in typical photocatalytic conditions.
Hydrocarbon products, being only slightly soluble, can be separated
easily by vapor-liquid separation. The next step should isolate
hydrocarbons from CO, using physical methods, such as adsorption
and membrane techniques. If hydrocarbon concentration is low, it is
more practical to use the effluent as gas fuel rather than purifying it
for marketable products. Downstream of the photoreactor, alkaline
solution recovery can be achieved through regeneration methods
such as causticization (with CO, stripping) and electrodialysis
(Mahmoudkhani & Keith, 2009; Sabatino et al., 2022).

In addition, photocatalytic reaction can also be integrated with
the direct air capture (DAC) process. Currently, the main challenge
in DAC is the very low concentration of CO, in the atmosphere
(approximately 400 ppm). However, using a strong alkaline solu-
tion as an absorbent can selectively capture CO, from nitrogen and
oxygen while simultaneously providing suitable conditions for the
photocatalytic reduction of CO,. This synergistic effect may offer
additional benefits for the future application of DAC.

To improve system performance, advanced photocatalysts that
rapidly convert CO, under vapor-liquid equilibrium are essential.
Fast kinetics enable continuous CO, dissolution in the alkaline
solution, promoting ongoing reduction. Reducing mass transfer
resistance is also crucial. Conversely, increasing system pressure
offers only marginal gains in CO, solubility and undermines the
benefit of milder operating conditions in photocatalytic conversion.

Figure 1b illustrates a proposed process configuration for the
synthesis of methanol (or other oxygenates) via photoreduction. A
similar process layout is observed in the integration of CO, capture
with the photoreactor. Since the main products are in the liquid
phase, downstream separation is challenging due to the low experi-
mental yield (<1 wt%). Multiple distillation columns will likely be
needed for purification. If the oxygenates have higher boiling points
than water, distillation becomes more difficult, as large volumes of
water must be removed. Additionally, alkaline regeneration is
required. These factors cause high energy consumption, leading
to economic and environmental impacts.

Process intensification strategies offer opportunities to improve
the performance of such processes. For example, membrane-
assisted distillation (Li et al., 2019), which removes the bulk volume
of water prior to distillation, may be a viable option. Furthermore,
the gas effluent, which comprises CO, CH,, or H,, can subsequently
be redirected to other facilities for the synthesis of additional
chemical compounds (Liu et al., 2022; Wang et al., 2023).

To enable continuous operation of this process using solar
energy, the reactor can be irradiated and activated by sunlight
during the day, while power lamps provide illumination at night.
To support this approach, additional facilities can be developed to
capture and store excess solar energy during the day, which can
then be used to supply power at night.
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Photothermal catalytic conversion to form carbonates

The photothermal conversion of CO, and glycerol to GC shows
promising results, with the highest yields reaching approximately
6%. This yield significantly surpasses the equilibrium conversion of
the direct reaction of CO, and glycerol. Therefore, this pathway is
more relevant to industrial applications, and process design can be
considered.

Figure 1c illustrates a potential process configuration for pro-
ducing GC through the photothermal catalytic conversion of CO,
and glycerol. This process flow diagram is based on the experiment
conducted by Li et al. (2021), who performed the photothermal
catalytic reaction in the presence of dimethylformamide (DMF). In
this process, CO, from the gas source is captured by an aqueous
amine solvent, and DMF is used as a co-solvent to provide a
synergistic effect for CO, capture. After the reaction, the effluent
contains amine, DMF, GC, and unreacted glycerol, which can be
separated through a distillation sequence. Since both DMF and
amine enter the absorber, further separation of these species is
unnecessary. Additionally, the recovered glycerol can be recycled
back to the reactor inlet. Moreover, an amine reclaiming section is
required to recover and remove the degraded portion generated
during the capture process. Similar to Figure 1b, the gaseous
effluent can be used either for downstream chemical production
or solely as a fuel gas.

In contrast, previous studies have demonstrated that the yields
of DMC obtained via photothermal conversion can exceed those
achieved through direct thermal conversion methods, while oper-
ating at lower pressures (photothermal: 15 to 25 bar; thermal: 30 to
50 bar). However, the overall conversion has consistently remained
below 0.5%, resulting in a significantly low concentration of DMC
after the reaction. Moreover, the formation of an azeotrope between
DMC and methanol introduces additional complexities to the
purification process. Consequently, we consider the current status
of this process to be far from suitable for industrial application.

Economic and environmental prospects on photocatalytic CO,
conversion

Due to uncertainties in process development, it remains unclear
whether the photocatalytic process can be economically or envir-
onmentally favorable compared to existing technologies. Currently,
there is a lack of standardized metrics to evaluate the photocatalytic
processes, whether from experimental data (e.g., quantum vyield,
turnover frequency, solar-to-fuel conversion efficiency) or process
modeling (e.g., techno-economic and environmental indicators).
However, previous assessments based on thermal catalytic pro-
cesses may provide a foundational reference for evaluating photo-
catalytic processes.

Figure 2 presents a comparative analysis of the economic feasi-
bility and decarbonization potential of different thermal catalytic
CO, conversion processes, drawing upon data from our prior
studies (Uddin et al,, 2022; Chiu & Yu, 2024a,b; Chiou et al.,
2023; Yu et al,, 2018; Wu et al.,, 2024). The x-axis shows the ratio
of the minimum selling price (MSP, set to achieve a 15% internal
rate of return) to the current market price. The y-axis represents the
ratio of net decarbonization potential from the process design scen-
ario to the theoretical CO, uptake. Conceptually, processes in the
upper-left quadrant indicate simultaneous economic and decarbon-
ization benefits. However, a trade-off between economics and decar-
bonization potential can be identified from Figure 2. Specifically, the
use of green hydrogen in hydrogenation processes offers greater
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Figure 1. Proposed conceptual configuration of the photocatalytic conversion processes. (a) Production of hydrocarbons; (b) Production of methanol (or oxygenates);
(c) Production of GC.
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Figure 2. Comparison of economic and decarbonization performances across the
previously studied thermal-based CO, conversion process.

decarbonization potential, while its currently high cost limits its
economic feasibility (Uddin et al., 2022; Chiu & Yu, 2024a,b; Chiou
et al,, 2023). In contrast, producing value-added chemicals offers a
better economic outlook but has limited decarbonization potential,
due to low theoretical CO, uptake and high energy requirements for
process purification. (Yu et al., 2018). Among various investigations,
solely the GC process—which entails the indirect conversion of CO,
and glycerol using propylene oxide as a co-reactant—demonstrates
the potential to simultaneously attain economic viability and decar-
bonization.

In terms of economic and environmental aspects, the photo-
catalytic conversion process offers several advantages. Notably,
photocatalytic CO, reduction may eliminate the need for green
hydrogen, which is economically advantageous for countries strug-
gling to produce hydrogen in a global net-zero economy. Further-
more, its ability to operate with minimal or no thermal electricity
consumption could further reduce indirect greenhouse gas emis-
sions. However, the practical deployment of photocatalytic pro-
cesses is hindered by low product yields, which pose challenges and
lead to economic and environmental impacts during separation.
The incorporation of a solution phase, either as an alkali solution or
by adding a solvent, adds complexity to the separation process.
Although improving productivity is often emphasized in the litera-
ture, a quantitative framework to assess when yield (or conversion)
becomes economically and environmentally viable is still lacking.

To address the aforementioned issues, it is highly recommended
to implement process design and conduct a comprehensive evalu-
ation that considers both the reaction and separation sections.
Recently, Huang and Yu proposed a framework that compares
the potential of the photothermal catalytic GC production process
in terms of economics, environmental impact, and safety (Huang &
Yu, 2025). Their study quantified that the product yield of the
photothermal process must be doubled from its current highest
value (6.9%) to achieve performance metrics comparable to those of
existing processes. The modeling framework developed in their
work provides a foundational basis for future investigations of other
photocatalytic systems.

Conclusion

This paper presents a comprehensive review of recent advance-
ments in photocatalytic and photothermal catalytic CO, conver-
sion processes. Experimental results related to the synthesis of
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methane, methanol, C, hydrocarbons, dimethyl carbonate, and
glycerol are summarized. Additionally, potential process configur-
ations for the production of these chemicals are conceptually
proposed. Currently, enhancing the product yield of photocatalytic
CO, conversion is of paramount importance. Experimental research
indicates that the development of novel catalysts, which are charac-
terized by faster reaction kinetics, improved stability, and extended
excited-state lifetimes, is essential. Additionally, optimizing the reac-
tion system by minimizing mass transfer limitations can significantly
improve operational efficiency. From a process development per-
spective, integrating concepts that combine CO, capture, photoreac-
tor design, and downstream separation is crucial. Technological
feasibility should be evaluated through comprehensive techno-
economic analyses, life cycle assessments, and safety evaluations.
Opverall, photocatalytic CO, conversion presents inherent advantages
for achieving a net-zero economy. However, substantial further
research is necessary to realize its full potential.
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