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O2 reduction to methanol: from
mechanistic insights to reactor design integration

Cheng Zuo, Jing Wang, Chunling Xin* and Qian Su*

The conversion of CO2 into high-value fuels, particularly methanol, represents a promising pathway for

closing the carbon cycle and storing intermittent solar energy. While significant progress has been made

in photocatalyst development, the transition from laboratory scale to industrial application remains

hindered by low quantum efficiency and mass transfer limitations. This review systematically examines

the state-of-the-art in photocatalytic CO2 reduction, with a specific focus on methanol production.

Unlike previous reviews that isolate catalyst materials from reactor engineering, this paper bridges the

gap between intrinsic catalytic mechanisms and macroscopic reactor design. We first elucidate the

reaction pathways favoring methanol selectivity over competing products such as CO and CH4.

Subsequently, we critically analyze optimization strategies for metal-based, metal-free, and MOF

catalysts, emphasizing defect engineering and heterojunction construction. Crucially, the evolution of

photoreactors is discussed in depth, highlighting the distinct mechanistic and mass-transfer challenges

between liquid-phase and gas-phase reaction systems. Furthermore, we evaluate advanced engineering

strategies, ranging from concentrated solar irradiation with precise thermal management to optofluidic

microreactors, demonstrating how they overcome traditional photon flux limitations and multiphase

mass transfer resistance. Finally, we propose a roadmap for future research, advocating for the

integrated design of catalyst-reactor systems and the exploration of photo-thermal/electro-coupled

technologies.
1. Introduction

The relentless rise in atmospheric CO2 concentrations has
precipitated a global climate crisis, necessitating the urgent
development of Carbon Capture, Utilization, and Storage
(CCUS) technologies. Among these approaches, articial
photosynthesis, which refers to the photocatalytic reduction of
CO2, offers a compelling solution. It converts a greenhouse gas
into energy-dense fuels using solar energy.1–4

While CO2 reduction can yield various products including
CO, methane, formic acid, and ethanol, methanol (CH3OH)
stands out as a premier target. As a liquid fuel under ambient
conditions, methanol possesses a high volumetric energy
density (15.6 MJ L−1), is easily transportable, and serves as
a versatile feedstock for the chemical industry.5 However,
producing methanol is kinetically and thermodynamically
challenging compared to CO or HCOOH due to the involvement
of six electrons and protons, making selectivity control a major
hurdle.

Despite decades of research since the pioneering work of the
researchers,6,7 the overall efficiency of photocatalytic methanol
eering and Environmental Engineering,
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the Royal Society of Chemistry
production remains low. The bottleneck lies not only in the
recombination of photogenerated carriers on the catalyst
surface but also in the inefficient photon and mass transport
within conventional reactors. This review aims to provide
a holistic view, linking the microscopic design of catalysts with
the macroscopic engineering of reactors, specically high-
lighting emerging microreactor technologies that offer solu-
tions to historical limitations.

2. Mechanistic fundamentals of CO2

reduction to methanol

The photocatalytic conversion of CO2 to methanol involves
a complex multi-electron transfer process. The general photo-
catalytic steps, including light absorption, charge separation
and surface reaction, are well understood. However, the specic
pathway toward methanol formation still demands precise
control.8

2.1. Thermodynamics and kinetics

The reduction potential for CO2 to methanol is −0.38 V vs. NHE
(at pH 7), which is thermodynamically feasible for many semi-
conductors (CB > −0.38 V). However, the reaction competes
with the hydrogen evolution reaction (HER) and the formation
of other C1 products.9,10
RSC Adv., 2026, 16, 23295–23313 | 23295
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CO2 + 2H+ + 2e− / CO + H2O (−0.53 V)

CO2 + 8H+ + 8e− / CH4 + 2H2O (−0.24 V)

CO2 + 6H+ + 6e− / CH3OH + H2O (−0.38 V)

As shown in Fig. 1, to selectively produce methanol, the
catalyst must facilitate the stepwise hydrogenation of interme-
diates such as *CO / *CHO / *CH2O / *CH3O / CH3OH,
while suppressing the full deoxygenation to methane or the
desorption of CO.11–13
2.2. Key challenges in photocatalytic CO2 reduction to
methanol

Despite the promise of photocatalytic technology, the efficient
conversion of CO2 to methanol is hindered by several funda-
mental physicochemical barriers. First and foremost is the
challenge of CO2 activation. As a linear, centrosymmetric
molecule with a C]O bond energy of approximately
805 kJ mol−1, CO2 is chemically inert and thermodynamically
stable. Consequently, the initial adsorption and subsequent
bending of the linear CO2molecule on the photocatalyst surface
are critical prerequisites for reducing the activation energy
barrier. Without effective surface active sites to induce this
structural distortion, the reductive attack by photogenerated
electrons becomes kinetically sluggish.

Furthermore, selectivity control remains a formidable
obstacle in the reaction pathway. The photoreduction of CO2

involves multiple proton-coupled electron transfer steps,
leading to a diverse range of C1 and C2+ products. Steering the
reaction specically toward methanol requires precise control
over intermediate binding energies. Methanol formation is a 6-
electron reduction process. A major difficulty lies in suppress-
ing the competitive over-reduction to methane and the
Fig. 1 Schematic of the photocatalytic reaction mechanism.
Figure adapted from ref. 13 with permission from American Chemical
Society, copyright 2019.

23296 | RSC Adv., 2026, 16, 23295–23313
thermodynamically favorable hydrogen evolution reaction.
Methane formation is an 8-electron process and both reactions
oen dominate on many semiconductor surfaces.

Finally, the issue of product desorption critically affects the
overall yield and catalyst stability. Methanol molecules formed
on the catalyst surface are prone to accumulation, which can
block active sites or, more detrimentally, undergo reverse
oxidation by photogenerated holes to form formaldehyde or
revert to CO2. Therefore, facilitating the timely desorption of
methanol from the catalyst surface is essential to prevent
product degradation and maintain continuous catalytic turn-
over. Addressing these interconnected challenges of activation,
selectivity, and desorption requires a synergistic approach
combining surface engineering with reactor design.
3. Photocatalyst materials and design
strategies
3.1. Photocatalyst materials

Effective catalysts must possess adequate band gaps, high
surface areas, and specic active sites for methanol
synthesis.14,15

3.1.1. Metal-based catalysts
3.1.1.1. Metal oxides.Metal oxides represent one of themost

extensively studied classes of photocatalysts for CO2 reduction
to methanol due to their abundance, low toxicity, and relatively
high stability. Metal oxides are widely studied photocatalyst
materials for CO2 photocatalytic reduction. Some transition
metal oxides containing metal cations (e.g., Ti4+, Zr4+, Ta5+,
Nb5+, Mo6+, and W6+), main-group metal oxides containing
metal cations (e.g., In3+, Ga3+, Sn4+, Ge4+, and Sb5+), and
lanthanide metal oxides containing metal cations (e.g., La3+,
Ce4+) were widely used in the eld of photoreduction of CO2.16,17

Among them, Zinc Oxide (ZnO) and Copper Oxides (CuO/Cu2O)
have garnered signicant attention.18–20 However, single-
component metal oxides oen suffer from wide bandgaps
restricting visible light absorption, rapid charge recombination,
and limited surface active sites. Recent advancements have
focused on overcoming these bottlenecks through strategic
heterojunction construction, defect engineering, and
morphology control to enhance methanol selectivity and
yield.21,22

Copper is a commonmetallic element that is widely available
and cheap. Copper oxide and cuprous oxide are widely used in
the photocatalytic eld and are mainly applied in the photo-
catalytic reduction of CO2. Copper oxide or cuprous oxide, as
well as most copper-based semiconductors, tend to reduce CO2

to methanol. In the process of CO2 reduction, when the
hydrogen ions become hydrogen radicals, the electrons
captured by Cu2+ are consumed, and Cu+ is oxidized to produce
Cu2+. Specic reactions are shown in Fig. 2.15 The reason for the
better photocatalytic performance of copper-based semi-
conductors lies in the fact that the copper element inhibits the
complexation of the photogenerated carriers when it undergoes
the conversion in different valence states. However, the prac-
tical application of copper oxides including CuO and Cu2O is
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Reaction pathway of photocatalytic reduction of CO2 with Cu-based catalysts. Figure adapted from ref. 15 with permission from RSC,
copyright 2022.

Table 1 Various performance optimization strategies for catalysts

Catalysts Main product Product rate Ref.

C–TiO2 HCOOH 2634 mmol g−1 83
N–TiO2 CH3OH 20 mmol g−1 84
Co–TiO2 CH3OH 6.5 mmol g−1 85
Ag–TiO2 CH4 2.64 mmol g−1 h−1 86
In–TiO2 CH4 1156 mmol g−1 87
FeTiO3/TiO2 CH3OH 0.46 mmol g−1 h−1 88
CdS/TiO2 CH4 1.5 mmol g−1 h−1 89
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oen hindered by severe photo-corrosion such as the self-
reduction of Cu2O and rapid charge recombination. To miti-
gate these stability-activity trade-offs, constructing Z-scheme
heterojunctions has proven particularly effective, as it
spatially separates charges and directs oxidative holes away
from the unstable oxide lattice. For instance, Perini et al. con-
structed a TNT@PDA/Cu2O/Au Z-scheme heterojunction, where
TiO2 nanotubes and Cu2O were coupled with Au nanoparticles.
This design facilitated a Z-scheme charge transfer mechanism
that preserved the high reduction potential of electrons in Cu2O
while using Au as electron traps to suppress recombination,
achieving a methanol Faraday efficiency of 47.4%.23 Beyond
electronic modulation, optimizing microscopic morphology to
enhance mass transfer is equally critical. Gusain et al. fabri-
cated rGO–CuO nanocomposites with varying CuO nanorod
widths. They found that wider nanorods (10–15 nm) provided
more active sites and, when combined with the conductive rGO
© 2026 The Author(s). Published by the Royal Society of Chemistry
network, signicantly enhanced electron transport, resulting in
a methanol yield of 1282 mmol g−1.24 Additionally, Movahed
et al. developed a Fe3O4@N–C/Cu2O core–shell nanostructure,
demonstrating that the N–C shell not only improved visible
light absorption but also protected the catalyst and facilitated
charge separation, leading to a high methanol yield of 440 mmol
g−1 with excellent cyclic stability.25 These studies collectively
suggest that for copper-based oxides, the design priority must
shi from simple synthesis to engineering protective charge-
transfer pathways like Z-schemes and robust microstructures.

ZnO, while abundant and non-toxic, typically suffers from
a wide bandgap that restricts visible light utilization. Recent
strategies have focused on sensitizing ZnO through doping or
coupling with narrow-bandgap semiconductors to form func-
tional heterojunctions. Al-Anazi et al. achieved a breakthrough
methanol production rate of 156.04 mmol g−1 h−1 by synthe-
sizing a porous Li2MnO3/ZnO S-scheme heterojunction. In this
system, the synergy between the two semiconductors allowed
for efficient spatial charge separation, where photo-electrons on
the Li2MnO3 conduction band reduced CO2 while holes on the
ZnO valence band oxidized water.26 Similarly, Getahun et al.
utilized a 3D nanotube array (MeNTA) substrate to support
amine-loaded CuO/ZnO, creating a system with a large specic
surface area and intimate interfacial contact. This p–n hetero-
junction design, combined with the CO2-capturing ability of
amines, achieved a remarkable methanol yield of 4.5 mmol
g−1.27 Furthermore, doping strategies, such as the formation of
CuO/ZnO heterojunctions by Sahoo et al., have been shown to
RSC Adv., 2026, 16, 23295–23313 | 23297
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Fig. 3 Schematic representation of three typical photoreactor configurations: (A) slurry type, (B) fixed bed type, and (C) membrane photoreactor.
Figure adapted from ref. 97 with permission from Elsevier, copyright 2023.
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introduce oxygen vacancies and effectively extend the average
electron lifetime. Their study conrmed that the coupling of
CuO signicantly improved charge separation efficiency (D
value) compared to pure ZnO, resulting in a methanol yield of
Fig. 4 Main types of microreactor structures used in the field of pho
multiphase and (e) coil-type. Figure (a) and (b), (c), (d) reproduced from re
2020, 2026, 2017.

23298 | RSC Adv., 2026, 16, 23295–23313
26.85%.28 While these modications successfully address light
absorption, the selectivity for methanol over CO or CH4 remains
a persistent challenge for ZnO-based materials.
to-(electro)catalysis: (a and b) multi-capillary, (c) single channel, (d)
f. 124, 125, 126 and 127 with permission from Elsevier, copyright 2023,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The photocatalytic monolithic microreactor design integrating optical fibers for internal illumination.128 Figure adapted from ref. 128 with
permission from Elsevier, copyright 2016.

Fig. 6 Schematic diagram of the microreactor unit: (a) traditional
single-layer membrane (b) double-layer transportation method for
enhanced gas diffusion. Figure (a) and (b) reproduced from ref. 132 and
134 with permission from Elsevier, copyright 2017 and 2023.
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From a mechanistic perspective, the key to unlocking high
methanol selectivity in metal oxides lies in stabilizing the OCH3

intermediate, which is oen the rate-determining step. Future
research should prioritize surface interface engineering,
specically creating oxygen vacancies or specic metal-defect
sites to ne-tune intermediate binding energies. This strategy
has been validated in CQD-modied Cu2O as reported by Li
et al.29 Moreover, bridging the gap between laboratory powder
synthesis and scalable application requires integrating these
© 2026 The Author(s). Published by the Royal Society of Chemistry
optimized metal oxide catalysts into continuous-ow micro-
reactors. This integration would not only enhance mass transfer
and product removal but also provide a controlled microenvi-
ronment to suppress competitive reactions like hydrogen
evolution, thereby maximizing the practical potential of metal
oxide photocatalysts.

3.1.1.2. Metal suldes. Metal suldes have emerged as
a prominent class of photocatalysts for CO2 reduction due to
their suitable band positions, tunable electronic structures, and
excellent visible-light responsiveness. Unlike metal oxides, the
valence band of metal suldes usually consists of S 3p orbitals,
which are more negative than O 2p orbitals, resulting in a nar-
rower bandgap that facilitates efficient utilization of the solar
spectrum.30 However, pristine metal suldes oen suffer from
rapid charge recombination and photocorrosion. Recent
research has focused on overcoming these limitations through
structural engineering, elemental doping, and heterojunction
construction to enhance methanol selectivity and yield.

ZnS based materials are widely studied due to their favorable
conduction band potential for CO2 reduction, though their wide
bandgap limits visible light absorption.31 To address this,
doping strategies have proven effective. For instance, Mohamed
et al. synthesized Pt-doped mesoporous ZnS, where Pt acts as an
electron trap to inhibit charge recombination and the meso-
porous structure provides abundant active sites.32 The 1.5% Pt/
ZnS achieved a methanol yield of 400 mmol g−1 in 9 hours,
signicantly outperforming pristine ZnS. Similarly, Imran et al.
demonstrated that Indium-doped ZnS (ZnIn2S4) microspheres
possess a narrowed bandgap (2.1 eV) and higher oxygen vacancy
concentration compared to cubic ZnS (3.8 eV), leading to
enhanced photocatalytic performance. Furthermore, modifying
the lattice structure is also crucial.31 Zhang et al. engineered
copper-doped ZnS with internal sphalerite–wurtzite (S–W)
phase junctions. The synergy between Cu doping and the S–W
junction not only broadened light absorption but also enhanced
the binding of *CO intermediates, although their work focused
RSC Adv., 2026, 16, 23295–23313 | 23299
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Table 2 Comparison of typical reactor configurations for photocatalytic CO2 reduction

Reactor type Key features Advantages Limitations Ref.

Twin reactor Separated redox chambers
connected by mediator

Suppresses reverse reaction;
stoichiometric product
generation

Complex system design;
mediator stability

116

Monolith reactor Honeycomb structure with
thin catalyst coating

High throughput; excellent
light utilization; high
product yield

Mass transfer limited by
diffusion in channels

129

Continuous ow
microreactor

Microchannels with laminar
ow

Precise residence time
control; high stability;
suppresses side reactions

Low single-pass conversion;
clogging risk

130

Bionic 3D printed reactor 3D printed periodic
structures

Optimized photon
scattering; enhanced mass
transfer via turbulence

Fabrication complexity;
material limitations

103

Gas-phase reactor Catalyst bed above liquid
absorbent

Continuous product
removal; shis equilibrium
forward

Humidity control required;
interface stability

135
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on CO selectivity, it highlights the potential of phase engi-
neering in sulde catalysts.33

CdS is another classic visible-light-driven photocatalyst,
oen modied to improve stability and selectivity. Biological
synthesis routes offer a novel approach for creating stable
composites. Gawal et al. utilized a vegetal route to synthesize
Carbon Quantum Dots (CQDs)/CdS nanocomposites.34 The
CQDs improved charge separation and increased CO2 adsorp-
tion capacity by 3.89 times, achieving a remarkable methanol
yield of 1060.52 mmol g−1 h−1 with an apparent quantum effi-
ciency of 7%. In terms of complex structural design, Cheng et al.
developed a CdS/ZnS quantum dot sensitized TiO2 nanotube
array (TNTA).35 This composite structure broadened the visible
light response and achieved a methanol yield of 255.49 nmol
cm−2 h−1, demonstrating the effectiveness of combining
suldes with oxide supports. Moreover, regulating active sites in
multi-component suldes can tune product selectivity. Luo
et al. introduced dual active sites (Cu2+ and Ni2+) into
Zn0.5Cd0.5S.36 While their primary target was syngas, the study
provided deep insights into how different metal sites reduce
reaction barriers for specic intermediates (lowering DG for
*COOH via Cu sites), a strategy applicable to methanol
synthesis.

Bi2S3 and ternary suldes are gaining attention for their
narrow bandgaps. Constructing S-scheme heterojunctions is
a powerful strategy to boost redox capability. Sun et al. fabri-
cated a Bi2S3/CdIn2S4 S-scheme heterojunction. The internal
electric eld facilitated efficient charge transfer, resulting in
a methyl formate production rate 29 times higher than pure
Bi2S3.37 Although the product was an ester, the mechanism
explicitly revealed the pathway of CO2 reduction to methanol as
a key intermediate step.

Beyond powder catalysts, integrating metal suldes into
membrane reactors represents a signicant step towards prac-
tical application. Baniamer et al. developed a PEBAX-1657/PES-
(BiFeO3@ZnS) photocatalytic membrane.38 The p–n junction
between BiFeO3 and ZnS promoted charge separation, while the
membrane structure allowed for simultaneous CO2 separation
and photoreduction, yielding a methanol concentration of
23300 | RSC Adv., 2026, 16, 23295–23313
0.85 mmol L−1 under UV irradiation. Additionally, Yusop et al.
explored MgS-doped TiO2 via a hydrothermal method, where
optimal 0.5 wt% MgS loading achieved a methanol yield of
229.1 mmol g−1 h−1, further validating the versatility of suldes
as dopants/co-catalysts.39

Although metal suldes have shown great potential in
methanol production, the stability issue remains a key bottle-
neck. This problem is mainly attributed to the photo-
degradation phenomenon caused by the oxidation of S2− by
photogenerated holes. Forming heterojunctions, especially Z-
scheme or S-scheme structures, and combining with carbon
materials such as quantum dots or graphene is the most
effective strategy to alleviate this problem. These methods work
by rapidly extracting holes from the valence band of the sulde
semiconductor. Additionally, a product-oriented design
approach needs to be adopted. Many sulde catalysts tend to
produce CO or H2. Therefore, to achieve high selectivity for
methanol, precise control of the carbon–oxygen bond retention
and the hydrogenation step is required.

3.1.1.3. Metal selenides. The application of metal selenides
in the photocatalytic reduction of CO2 to methanol is still rare,
and it has shown remarkable performance in photo-
electrocatalytic hydrogen production.40 Among them, only
ZnSe,41 CdSe,42 and WSe2 (ref. 43) have been reported to be used
in the eld of methanol conversion to construct hybrid photo-
catalysts in combination with functional materials or other
semiconductors. Metal tellurides such as ZnTe and CoTe have
also been explored for the photocatalytic reduction of hydro-
carbon fuels from CO2, but have not been extended to methanol
production. The reason is the sulfur compounds, selenides and
tellurides, are rarely applied to CO2 photoreduction for meth-
anol production due to the limitation of their energy bandwidth
or energy band morphology. However, most sulfur compounds
such as Cu/Cu2S, ZnSe, CoSe2, ZnTe, and CoTe could still be
promising for applications as long as they are modied by
appropriate strategies, such as loading co-catalysts or designing
heterojunctions.

The visible light response of traditional photocatalytic
materials is weak, and the light source is mostly ultraviolet light
© 2026 The Author(s). Published by the Royal Society of Chemistry
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with high production cost. In order to realize the visible light
response of photoelectrodes and improve the selectivity of
methanol, domestic and foreign research scholars have made
a lot of attempts. Recent studies have shown that in metal-
nonmetal compounds, such as metal oxides, suldes, sele-
nides, etc., the attraction of metals and nonmetals for C and O is
different, which suggests that there is also an inhomogeneity of
their attraction for intermediates in CO2 reduction, which is
conducive to the enhancement of the selectivity of high-value
fuels, such as methanol, by adjusting the attraction of
intermediates.44–50 Cu-based materials, among metal-nonmetal
compounds, have an excellent position in photocatalytic CO2

reduction (CO2RR) technology, especially in the generation of
high-value fuels, and Cu-based materials are one of the most
suitable materials available.51–54 In addition, metal selenides
tend to have better catalytic activity for CO2 in CO2 reduction
applications compared to the more studied oxides and suldes
of the same family, mainly due to the ability of unsaturated
selenium atoms to increase the number of exposed active sites
used for CO2 conversion, as well as the ability to enhance both
conductivity and selectivity.55–58

Therefore, Cu-based materials tend to have highly efficient
catalytic performance and excellent electrical conductivity and
stability. On this basis, Cu2−xSe have also been successively
prepared for photocatalytic CO2 reduction, and very excellent
results have been achieved. This indicates that Cu-based cata-
lysts will also have excellent prospects in CO2 reduction.59,60

However, single-metal catalysts are oen accompanied by CO
production in the CO2RR reaction, which results in a decrease
in the selectivity of high-value fuels such as methanol. On this
basis, bimetallic-based catalysts, by virtue of their M1–C–O–M2

conguration, are able to greatly inhibit CO production, which
is expected to improve the selectivity of high-value fuels such as
methanol. In addition, the Cu-based material itself has a suit-
able band gap that enables visible light response, which is
necessary for the utilization of sunlight.61–63

3.1.2. Metal–organic frameworks (MOFs). Metal–Organic
Frameworks (MOFs), characterized by their tunable porous
structures and diverse metal–ligand combinations, offer
a versatile platform for photocatalytic CO2 reduction. However,
pristine MOFs oen face limitations such as rapid charge
recombination and limited visible light absorption. To address
these issues, constructing heterojunctions by integrating func-
tional guests into the MOF matrix has become a primary
strategy. For instance, Sonowal et al. developed a g-
CNQDs@NH2-UiO-66 composite by incorporating graphitic
carbon nitride quantum dots (g-CNQDs). This design not only
retained the MOF's porous structure but also established a Z-
scheme heterojunction, where the g-CNQDs extended the light
absorption range and the internal electric eld facilitated effi-
cient charge separation, achieving a high methanol yield of
9264 mmol g−1.64 Similarly, Rameshwar et al. synthesized
a ternary CuO-rGO/Ag-CuBDC nanocomposite via a green
method. By introducing Ag nanoparticles and reduced gra-
phene oxide (rGO) into the CuBDC framework, they utilized the
Schottky junction effect of Ag to trap electrons and the
conductive rGO network to accelerate electron transfer. This
© 2026 The Author(s). Published by the Royal Society of Chemistry
synergy signicantly boosted the methanol production rate to
30.49 mmol g−1 L−1 under LED irradiation, far surpassing
single-component counterparts.65 These studies underscore
that the modular nature of MOFs makes them ideal hosts for
engineering localized charge-transfer pathways.

Beyond serving as photocatalytic hosts, MOFs can also act as
precursors for synthesizing robust metal/carbon hetero-
structures or defective metal oxides through controlled pyrol-
ysis. This “MOF-derivation” strategy allows for the inheritance
of the MOF's original morphology while introducing active sites
like defects or metal–support interfaces. Zhang et al. utilized
waste CuBTC MOFs to prepare a bimetallic Ni–Cu/C catalyst via
adsorption-pyrolysis. The Ni doping optimized charge transfer
kinetics and lowered the activation energy for intermediates,
achieving highly selective CO2 reduction with excellent
stability.66 In another approach targeting methanol selectivity,
Zhang et al. transformed MIL-125(Ti) into defective TiO2 oval
nanocages anchored with Cu nanoparticles (8Cu/H–TiO2). The
resulting Schottky junctions and oxygen vacancies, derived
from the MOF precursor, worked synergistically to enhance CO
production, although ne-tuning selectivity towards methanol
in such derived oxides remains a challenge.67 From a perspec-
tive of sustainability, transforming spent or waste MOFs into
high-value photocatalysts not only addresses waste manage-
ment but also provides a cost-effective route for scalable catalyst
production.

While heterojunction construction and derivative strategies
are effective, the intrinsic design of the MOF structure itself
represents the frontier of atomic-level precision control. A
particularly innovative direction is the engineering of intra-
molecular electron transfer pathways within a single MOF
framework. Zhao et al. demonstrated this by constructing an
asymmetric “intramolecular electron compartment” (IEC)
within a Cu-MOF (Cu-MOF-NK1). By creating a gradient of
electron accumulation between adjacent copper rings, they
achieved a directional cascade electron transfer, enabling the
multi-electron reduction of CO2 to methanol with a remarkable
yield of 115.8 mmol g−1 h−1 and 92.0% selectivity, even without
sacricial agents.68 This work highlights a critical insight:
achieving high selectivity for multi-electron products like
methanol demands more than just charge separation; it
requires precise management of electron density at the active
site. Future reactor designs should integrate these advanced
MOFs, particularly those with directional electron transfer
capabilities, into continuous-ow microreactors. This integra-
tion could stabilize reaction intermediates by optimizing the
local concentration of reactants and removing products
promptly, thereby bridging the gap between mechanistic
elegance and practical methanol production efficiency.

3.1.3. Non-metal-based catalysts. Non-metal-based cata-
lysts are widely used in photocatalysis, but they have unavoid-
able drawbacks, such as high cost and poor durability. The
importance of studying non-metallic-based catalysts is
increasing due to the poisoning problems that may be caused.
These non-metallic-based catalysts contain a variety of rare
earth elements, which have the advantages of being inexpen-
sive, environmentally friendly and effective in transferring
RSC Adv., 2026, 16, 23295–23313 | 23301
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electrons. With the advancement of science and technology, the
types of these catalysts have been increasing, among which the
most common ones are carbon-based materials, phosphorus-
based materials, and silicon carbide.69 The one-dimensional
structure of carbon nanotubes endows them with high
conductivity, excellent electron mobility, and large specic
surface area. Meanwhile, this type of material has achieved
relatively low-cost macroscopic preparation. Therefore, it is
regarded as a key component for making various types of
functional composites. Semiconductor photocatalysts based on
graphene70 have attracted much attention due to their univer-
sality in environmental and energy applications. Graphitic
carbon nitride (g-C3N4) is an important non-metal-based cata-
lyst for solar energy conversion to fuel,71 narrow band gap (2.7
eV) and negative conduction band potential (−1.12 eV), so g-
C3N4 plays an important role in photocatalytic reduction of CO2.
However, g-C3N4 also has many drawbacks, mainly in the form
of larger particle size and faster photogenerated electron–hole
pair complexation, which further reduces the electron utiliza-
tion of g-C3N4 in the reduction of CO2, and we couldmodify it by
using the aforementioned means, such as exfoliation,
elemental doping, metal deposition, semiconductor coupling,
and protonation, etc.
3.2. Performance optimization strategies for photocatalysts

Existing photocatalysts are more or less affected by their
inherent defects, which prevent them from exerting their
optimal photocatalytic performance. In this regard, many
strategies have been attempted to design or improve photo-
catalysts to enhance their catalytic performance, such as ion
doping, micromorphology design, defect engineering, and so
on. By studying the photocatalytic reduction of CO2 to methanol
in recent years, the design strategies of related photocatalysts
are sorted out.63

3.2.1. Bandgap modulation via doping. The photocatalytic
performance of most semiconductors is limited by their own
imperfect band structure, which determines the material's light
absorption ability and carrier generation efficiency.72 As
mentioned above, although a smaller photocatalyst band gap
facilitates the utilization of the solar spectrum, it is not
conducive to meeting the overpotential required for redox
reactions. Therefore, the undesirable band gap of semi-
conductors in the photocatalytic reduction of methanol by CO2

was modied by adjusting the energy band structure through
ion doping to improve the spectral response region and
enhance the photocatalytic performance. It should be noted
that cation doping has a more general effect on the adjustment
of the CB side and anion doping has a more general effect on
the VB side.13 In order to adjust the inherent undesirable energy
band structure of semiconductors, ion doping is undoubtedly
valuable for the development of methanol-selective photo-
catalysts, which makes them highly sought aer.

3.2.2. Microscopic morphology. Micromorphology design
effectively avoids the obstacles of rapid complex recombination
of photogenerated charges, thus facilitating the development of
high-performance photocatalysts. Various forms of
23302 | RSC Adv., 2026, 16, 23295–23313
nanophotocatalysts have been widely reported for photo-
catalytic reduction of CO2,73 such as nanoparticles/MXene
quantum dots (0D), nanorods/nanowires/nanobers (1D),
nanosheets/nanoplates (2D), and nanospheres/nanoowers
(3D). The micromorphology design shortens the diffusion
distance of photogenerated charges, which facilitates interfacial
charge transfer while preventing the complexation of photog-
enerated electrons. Meanwhile, the design amplied the pore
size and specic surface area of the photocatalysts, which
enhanced the CO2 adsorption on their surfaces.

Compared with one- and two-dimensional materials, more
complex and interconnected three-dimensional layered mate-
rials, such as core–shell, hollow, and multi-shell structures,
which are mainly constructed from basic materials such as
nanoparticles, nanorods, and nanosheets, have been more
widely developed. Zheng et al.74 synthesized nano-silver-
decorated ower-like molybdenum disulde nanosheets for
the CO2 photocatalytic reduction, with a methanol yield of up to
365.08 mmol g−1 h−1. It was pointed out that the phase transi-
tion of molybdenum disulde from one to two dimensions
realized the broadening of its band gap, which is instructive for
related studies. Prajapati and coworkers75 synthesized Ni/NiO
semiconductors with core–shell structure and graed cobalt
phthalocyanine (CoPc) on them to synthesize novel nano-
composites for methanol production by CO2 photocatalytic
reduction. The methanol conversion of this photocatalyst was
151.7 mmol g−1 h−1, and the results showed that the catalyst had
excellent recoverability and stability. The microformal design
implies higher surface area, more active sites, better CO2

adsorption capacity and more effective carrier separation,
which can signicantly improve the photocatalytic performance
and is of great practical signicance for photocatalysts for the
reduction of CO2 to methanol.

3.2.3. Heterojunction construction. Heterojunction design
that favors the spatial separation of photogenerated electron–
hole pairs is a promising option for the preparation of excellent
photocatalysis. As the most feasible heterojunction for
improving CO2 photoreduction efficiency, type II hetero-
junction is further subdivided into four types, namely conven-
tional type II heterojunction, p–n heterojunction, Z-type
heterojunction, S-type heterojunction and surface
heterojunction.

As an effective means to hinder photogenerated charge
complexation,76 p-type semiconductors and n-type semi-
conductors construct p–n heterojunctions with internal electric
elds. Taking the n-type semiconductor ZnO as an example,
Taraka et al.77 prepared CuO/ZnO p–n heterojunctions for the
photocatalytic reduction of CO2 to methanol, which exhibited
enhanced photogenerated charge separation. The yield of this
photocatalyst was 3855.36 mmol g−1 h−1 in aqueous solution of
dimethylformamide (DMF) and triethylamine (TEA) for 24 h of
reaction. The methanol yield of this catalyst was signicantly
higher compared to that of pure ZnO, and this result strongly
conrms the promising potential of the heterostructure in
suppressing the rapid recombination of electron–hole pairs and
enhancing the rate of photogenerated charge transfer.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.2.4. Defect engineering. By tuning the interaction of
defects on photocatalysts with reactive molecules, the activation
energy can be reduced and the reaction pathways can be altered.
Therefore, tuning of surface defects (changing their type and
density) is an effective method to enhance the performance of
photocatalysts. Effective progress has been made in the study of
vacancy defects in semiconductor materials.78 Zhu et al.79

developed CeO2 (110) and CeO2 (100) cuts for CO2 photo-
catalytic reduction based on abundant oxygen (Lewis acidity)
and hydroxyl (Lewis alkalinity) defects on the surface of CeO2,
which is highly susceptible to surface oxygen vacancies. The
experimental results show that oxygen vacancies are easily
generated on CeO2 (110) compared to CeO2 (100), resulting in
better visible light response and faster carrier migration of CeO2

(100). Combining the experimental results with DFT calcula-
tions, they observed that the surface of CeO2 (110) is richer in
OH species, which provides more electron density (i.e., Lewis
alkalinity). In addition, CeO2(110) is more favorable than
CeO2(100) for the adsorption and activation of CO2 molecules,
resulting in the generation of carboxylate states and *CO2

−,
rather than carbonates, on it. Oxygen vacancies have a dynamic
role in promoting charge migration rather than recombination
sites and are key factors in facilitating the reduction of CO2 to
C1–C2 hydrocarbons. Anion and oxygen defect synergism also
contributes to future explorations.

3.2.5. Co-catalyst loading. Loading co-catalysts on photo-
catalysts to transfer electrons is a common and effective scheme
to assist surface charge transfer and inhibit photogenerated
charge complexation. It mainly attenuates photocorrosion by
depleting the photogenerated charge on the co-catalyst and
improves the performance of the photocatalyst. In addition, the
co-catalyst plays an important role in the adsorption/activation
of CO2 molecules and the formation of reaction intermediates,
which signicantly affects the photocatalytic activity and
product selectivity. Precious metals (e.g., Ag, Pt, Au, Pd, Ru, Rh),
non-precious metals (e.g., Cu, Zn, Ni), and corresponding oxides
are the most commonly used co-catalysts in CO2 photocatalytic
reduction. The requirement for metals and corresponding
oxides as co-catalysts is that their Fermi energy levels are lower
than the edge of the semiconductor CB in order to establish
a Schottky barrier at the contact interface.80

Notably, although precious metal (e.g., Ag, Pt, Au, Ru, Rh) co-
catalysts have been reported to signicantly promote the acti-
vation of CO2 molecules, their expensive cost and limited
reserves severely limit their large-scale applications. SACs
(Single-Atom Catalysts) can also effectively overcome the rela-
tively poor catalytic performance and expensive cost due to the
limited number of precious metal active sites exposed on the
surface of photocatalysts.81 Currently, SACs have received
extensive attention in the eld of noble metal materials, and
their great potential for the photocatalytic reduction of meth-
anol by CO2 is undeniable, which means that more related
literature can be expected in the future.82

The results obtained through various performance optimi-
zation strategies are shown in Table 1. The C–TiO2, N–TiO2

catalysts were doped with non-metallic elements through the
© 2026 The Author(s). Published by the Royal Society of Chemistry
strategy of doping the CB side of the catalysts, which improved
the yield of HCOOH and CH3OH.83,84 The Co–TiO2, In–TiO2

catalysts were doped with transition metal elements through
the strategy of doping the CB side of the catalysts, and the
catalytic performance of the catalysts was optimized.85,86 The
Ag–TiO2 catalysts signicantly promoted the activation of CO2

molecules through the introduction of precious metal co-
catalysts, which substantially improved the photocatalytic
performance of the catalysts.87 The FeTiO3/TiO2 and CdS/TiO2

catalysts were designed by constructing heterojunctions at the
interface of the two catalytic materials to improve the catalytic
performance of the composite catalysts, and the hetero-
junctions were optimized to enhance the photogenerated elec-
tron yield of the composite catalysts.88,89 The design of
heterojunction can optimize the enrichment of photogenerated
electrons in the composite catalyst for the transfer, and
substantially improve the catalytic performance.

High-performance catalysts need to have high photocatalytic
activity, stability and suitable visible light absorption range. In
the past, semiconductor oxides and suldes were mainly used
as the research objects of photocatalysts. However, these
semiconductor oxides and suldes have the disadvantages of
difficult modication, photocorrosion, poor light absorption
performance and acid and alkali resistance, which largely
restricted the industrial application of photoelectrocatalysis,
and the new photoelectrocatalytic materials have become the
hot spots in the eld of photocatalysis. In recent years, although
many scholars90–92 have been devoted to the research and
development of new photoelectrocatalysts, there are not many
catalysts that really meet the high performance standards.
Therefore, it is of great practical signicance to modify the
existing catalyst materials by surface modication, structure
optimization, doping or compounding93,94 to improve the
performance of the catalysts as well as to develop new and
efficient photoelectrocatalytic materials.95,96

4. Practical application and
engineering of photocatalytic CO2

reduction reactors

The transition of CO2RR from laboratory curiosity to industrial
viability is contingent not only on catalyst performance but
fundamentally on reactor engineering. High-performance
catalysts oen fail to replicate their intrinsic activity in macro-
scopic systems due to heat/mass transfer limitations, inefficient
photon utilization, and product back-reaction. This section
critically analyzes the evolution of reactor designs, moving from
the limitations of conventional systems to process intensica-
tion strategies in coupled reactors and emerging optouidic
microreactors. We emphasize design principles, technical
challenges, and representative solutions supported by recent
engineering advancements.

4.1. Reactor design principles

4.1.1. Suspension reactor and xed bed reactor. Conven-
tional photocatalytic reactors are generally categorized into
RSC Adv., 2026, 16, 23295–23313 | 23303
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slurry and immobilized systems, alongside emerging
membrane congurations (Fig. 3).97 The fundamental design
philosophy revolves around maximizing photon utilization and
reactant-catalyst contact. However, macro-scale engineering
analysis reveals inherent bottlenecks in these congurations.

In slurry systems (Fig. 3A), catalyst microparticles are
dispersed in the liquid phase. While active particle motion
minimizes mass transfer resistance at the liquid–solid inter-
face, these reactors suffer from severe photon transport atten-
uation. According to the Beer–Lambert law, light intensity
decays exponentially with depth, creating a “dark zone” in the
reactor core where catalysts remain inactive.98 To mitigate this,
Wang et al. utilized CFD simulations for a continuous stirred
tank reactor (CSTR) to demonstrate that optimizing macro-
scopic ow convection and mesoscopic diffusion can signi-
cantly compress the diffusion layer to ∼60 mm, thus enhancing
local mass transfer.99 Despite these uidic optimizations, the
energy-intensive downstream separation of nano-photocatalysts
remains a practical hurdle.

Immobilizing catalysts on substrates (Fig. 3B) resolves recy-
cling issues but introduces substantial mass transfer resistance
and light shielding. Common designs include ber-optic reac-
tors and multi-channel honeycomb reactors.100,101 To address
optical inefficiencies, Mehrpooya et al. demonstrated that
optimizing the internal layout of ber-optic reactors could
improve spatial light distribution, increasing methanol yield by
60% compared to single-ber designs.102 Similarly, to overcome
the opacity of conventional honeycomb monoliths, Pan et al.
fabricated a 3D-printed “fence-like” cell reactor.103 Its bionic
geometry optimized photon scattering and reactant ow,
signicantly outperforming traditional designs. Nevertheless,
in these immobilized systems, the diffusion of CO2 from the
bulk liquid to the catalyst surface remains the primary rate-
limiting step.

4.1.2. Reaction medium-driven reactor design. The design
of a photocatalytic reactor must be fundamentally tailored to
the reaction medium, as the underlying kinetic challenges and
mass transfer mechanisms differ drastically between liquid-
phase and gas-phase systems.

4.1.2.1. Liquid phase photocatalytic reactors. Traditionally,
most studies have been performed in liquid-phase slurry
systems or immobilized reactors. Common media include
aqueous solutions and organic solvents such as DMF or TEOA.
The mechanistic advantage of liquid systems lies in the abun-
dant supply of protons (H+) derived from water, which is
essential for the 6-electron reduction to methanol. However,
CO2 exhibits extremely low solubility in water. The solubility
reaches approximately 33 mM under standard conditions. This
phenomenon creates severe mass transfer resistance across the
gas liquid solid interface and becomes the major bottleneck of
the reaction system. Consequently, the thermodynamically
favored HER oen outcompetes CO2RR. To overcome this,
reactor design has pivoted towards enhancing local CO2

concentration. Strategies include operating under elevated
pressures to thermodynamically drive CO2 dissolution.104 The
Ebri research team designed a dedicated reactor for high-
pressure and supercritical CO2 conditions.105 The reactor
23304 | RSC Adv., 2026, 16, 23295–23313
adopts stainless steel as the main body and is equipped with
sapphire windows from Rayotek 101060. The device can with-
stand extreme operating pressure up to 78 bar and a working
temperature of 70 °C. Under a 60 bar high-pressure CO2

condition, the CO production rate increased 125 times
compared to the 3 bar low-pressure condition.

Moreover, advanced reactor designs incorporate hydro-
phobic interfaces, such as PTFE membranes or catalyst surface
modications. These interfacial modications aim to construct
a highly efficient triphase boundary that directly addresses the
low solubility issue while steering the reaction pathway. For
instance, Wang et al. developed a self-supporting triphase
photocatalytic microreactor by engineering a core–shell struc-
ture (NAL-MRF) with tunable wettability.106 By integrating
a hydrophobic melamine–resorcinol–formaldehyde (MRF)
component to capture gaseous CO2 and a hydrophilic NiAl
layered double hydroxide (NAL) component to ensure water
supply, this dual-wetting design perfectly balanced CO2 mass
transfer and proton provision. Consequently, it effectively sup-
pressed the competitive HER, achieving a remarkable methanol
yield of 31.41 mmol g−1 h−1 with over 93% selectivity. Beyond
merely improving reactant mass transfer, wettability engi-
neering can also shi the reaction equilibrium. Lu et al.
demonstrated this by applying an alkylsilane coating to In2O3

for solar-driven methanol synthesis.107 The rationally designed
hydrophobic layer effectively repelled polar products from the
catalyst surface, preventing product accumulation and ther-
modynamically driving the reaction forward. Accompanied by
the hydrogen-donating ability of the alkyl chains, the optimized
catalyst achieved a superior methanol production rate of 1436
mmol gcat

−1 h−1. Similarly, in photoelectrochemical liquid
systems, tailoring the electrode microenvironment via hydro-
phobic coatings has proven highly effective in manipulating
intermediate dynamics. Shang et al. designed a silicon micro-
pillar array electrode coated with a superhydrophobic uoro-
carbon (CFx) layer.108 This unique interfacial architecture not
only prevented electrolyte ooding to facilitate CO2 transport
but also efficiently trapped the crucial reaction intermediate
(*CO), thereby signicantly increasing its local concentration.
As a result, the faradaic efficiency for deep reduction to meth-
anol reached an impressive 20%, highlighting the critical role of
surface wettability in bridging microscopic kinetics and
macroscopic reactor performance.

4.1.2.2. Gas phase photocatalytic reactors. In stark contrast
to liquid-phase systems, gas-phase photocatalytic CO2 reduc-
tion typically operates in continuous-ow xed-bed, monolithic,
or membrane reactors, where gaseous CO2 and water vapor act
as the primary reactants. The intrinsic mechanistic advantage
of the gas-phase conguration is the complete elimination of
the CO2 solubility limit. By directly exposing the photocatalyst
to a gaseous stream, the gas–solid mass transfer resistance is
drastically minimized, ensuring an extremely high local CO2

concentration at the active sites. Furthermore, water exists
merely in the vapor state within the reaction system. The
restricted presence of water fundamentally alters the surface
proton kinetics, which inherently suppresses the competitive
and thermodynamically favored liquid-phase HER, theoretically
© 2026 The Author(s). Published by the Royal Society of Chemistry
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making it easier to steer the selectivity toward carbon-based
products. However, transitioning to a gas-phase medium
introduces a distinct set of kinetic and reactor engineering
challenges. The foremost obstacle originates from the proton
starvation effect. Since the deep reduction of CO2 to methanol
requires six protons, an insufficient partial pressure of water
vapor can severely choke the reaction kinetics, trapping inter-
mediates and favoring the 2-electron reduction to CO.
Conversely, excessive humidity can lead to capillary condensa-
tion of water within the catalyst pores, blocking active sites and
ironically re-introducing liquid-phase mass transfer limits.

Another critical bottleneck specic to gas-phase methanol
synthesis is product desorption. Methanol is highly polar and
has a higher boiling point than byproducts like CO or CH4. In
a traditional gas–solid reactor, newly formed methanol mole-
cules tend to strongly bind to the catalyst surface. If not rapidly
evacuated, they act as a poison by occupying active sites, or
worse, undergo reverse-oxidation by photogenerated holes back
to CO2 or HCHO. To navigate these challenges, modern gas-
phase reactor design has pivoted towards precise humidity
control, ow dynamics optimization, and rapid product
extraction. For instance, Pomilla et al. systematically investi-
gated the effects of the mole ratio of H2O/CO2 feed and the
contact time in the continuous photocatalytic membrane
reactor. They found that maintaining a H2O/CO2 feedmole ratio
of 5 and a contact time of 2 s was the optimal condition, which
was crucial for balancing the proton supply and CO2 adsorp-
tion. This precise regulation was promoted by the continuous
operation mode, facilitating the rapid removal of products,
reducing the oxidation and secondary reactions of methanol
and ethanol, and avoiding catalyst agglomeration. Ultimately,
a methanol production rate of 17.9 mmol g−1 h−1 and a total
conversion carbon efficiency of 47.6 mmol g−1 h−1 were ach-
ieved.109 To directly address the methanol desorption issue,
advanced reactor architectures have integrated continuous
extraction mechanisms. Felix Rechberger and Markus Nie-
derberger, among others, have designed a novel continuous-
ow reactor.110 This reactor combines a highly porous TiO2–

Au nanoparticle-based aerogel structure with a continuous
carrier gas ow. Through optimizing the gas ow path, this
design enables the reaction gas to uniformly pass through the
three-dimensional porous network of the aerogel, promptly
removing the generated methanol vapor from the catalyst
surface and reducing its retention time at the active sites. The
high porosity and large specic surface area of the aerogel
facilitate gas diffusion, further accelerating the desorption of
methanol from the catalyst surface. Compared with traditional
powder or lm-type catalysts, this design achieves selective
photo-reduction of CO2 to methanol with a conversion rate of
2.58 mmol g−1 h−1, without the formation of by-products such as
CO, formic acid, or methane, demonstrating extremely high
product selectivity.

Crucially, because gases possess signicantly lower thermal
conductivity than liquids, gas-phase reactors are exceptionally
well-suited for integration with concentrated sunlight and
thermal management strategies. As localized heat cannot be
easily dissipated by the gaseous medium, photothermal
© 2026 The Author(s). Published by the Royal Society of Chemistry
synergistic effects can be maximized. Mirzaei et al. designed
a photothermal gas-phase reactor that incorporated a TiO2/1%
NiO–InTaO4 catalyst coating on a lled monolithic-ber bed.111

By concentrating the solar photon ux, this reactor achieved
optimized control of the local bed temperature to 365 K. This
not only accelerated the rate-determining hydrogenation step
but also thermodynamically promoted the rapid desorption of
methanol molecules from the catalyst surface. This thermal
management strategy effectively bypassed the kinetic trap of the
*OCH3 intermediate and achieved a signicant catalyst-to-
methanol yield ratio (CSMP) of 16 374 mmol g−1 h−1.
4.2. Photo-thermal/electrochemical coupled reactors

To overcome the thermodynamic barriers and slow kinetics of
pure photocatalysis, integrating external energy elds, specif-
ically thermal and electrical energy, has emerged as a robust
solution. By applying an external bias potential, photo-
electrocatalytic (PEC) reactors effectively suppress the recom-
bination of photogenerated electron–hole pairs.112 While
traditional PEC reactors oen face challenges such as lowmass
transfer efficiency and substantial ohmic drops,113 recent
innovations have focused on structural optimization to miti-
gate these issues. For example, the turntable photo-
electrocatalytic liquid membrane reactor developed by Xu
et al.114 and the corrugated plate reactor by Zhang et al.115

signicantly improve both light utilization and mass transfer.
To address the persistent challenge of product recombination
in single-pot reactors, Lin et al. proposed a novel twin reactor
design that physically separates the CO2 reduction and water
oxidation half-reactions into two distinct chambers connected
by a Fe2+/Fe3+ redox mediator.116 By incorporating a triphase
interface using a hydrophobic PTFE membrane, they achieved
a CO2 reduction rate of 48.2 mmol g−1 h−1, approximately 5
times higher than conventional single-phase reactors, while
effectively suppressing reverse reactions. Furthermore, inte-
grating enzymatic catalysis offers exceptional product selec-
tivity. Lim et al. reviewed enzyme-membrane reactors (EMR)
where photocatalytic NADH regeneration is seamlessly
coupled with enzymatic CO2 reduction.117 Utilizing a hollow
ber membrane reactor within this integrated system boosted
formic acid yield up to 1.04 mM h−1 compared to non-
integrated setups.

Parallel to PEC systems, photothermal reactors utilize the
synergistic coupling of photon and thermal energy to break
kinetic bottlenecks. By incorporating plasmonic metals or
broadband absorbers like SrTiO3–Cu–TiN, these systems
harness the full solar spectrum to create localized hot spots,
thereby lowering the activation energy for surface reac-
tions.118,119 From an engineering perspective, continuous-ow
photothermal reactors employing microchannels or porous
media inherently intensify interfacial contact and allow precise
control over reactant residence time.120 Additionally, structural
designs utilizing capillary wicking enable in situ water evapo-
ration, ensuring a balanced supply of steam and CO2 while
simultaneously preventing catalyst poisoning, which has
extended operational stability beyond 500 hours.121
RSC Adv., 2026, 16, 23295–23313 | 23305
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While these conventional photothermal designs signicantly
improve reaction rates, driving the complex 6-electron reduc-
tion to methanol requires a more fundamental leap in energy
input. Under standard 1-sun (AM 1.5 G, 100 mW cm−2) illu-
mination, the intrinsically low photon ux limits multi-electron
accumulation on the catalyst surface, oen stalling the reaction
at the 2-electron reduction stage to produce CO. To bridge this
gap, integrating concentrated solar irradiation with precise
thermal management has emerged as a cutting-edge reactor
engineering strategy. Optical concentrators such as Fresnel
lenses exponentially amplify the photon ux by tens to
hundreds of suns, dramatically boosting the surface charge
density necessary for sluggish C–O cleavage and C–H bond
formation. However, concentrating sunlight inevitably gener-
ates intense localized heating from infrared (IR) absorption and
non-radiative relaxation. If unmanaged, this excess thermal
energy can cause severe catalyst deactivation via sintering or
thermodynamically shi the selectivity toward undesired
byproducts like CO or CH4. Conversely, if properly harnessed,
this synergistic local heating accelerates intermediate hydro-
genation and promotes the rapid desorption of highly polar
methanol molecules before they undergo over-oxidation.

Therefore, the successful implementation of concentrated
solar photothermal reactors demands meticulous macroscopic
engineering to balance light distribution and thermal gradi-
ents.122 Traditional at-bed reactors are highly inefficient under
concentrated light due to severe surface effects, leaving the bulk
material cold and inactive. To mitigate this, advanced reactor
designs incorporate 3D macroscopic structures and volumetric
light absorbers. For instance, Xu et al. developed a three-
dimensional porous titanium foam photothermal reactor,
which can achieve deep light penetration and uniform volu-
metric heating under 10.6 times concentrated illumination,
thereby signicantly improving the solar energy utilization
efficiency and CO2 conversion rate.123 Ultimately, this strategic
integration of advanced 3D structural engineering and
concentrated solar irradiation at the reactor level effectively
maximizes the synergistic photothermal effects, representing
a highly promising pathway toward the industrial-scale
production of “liquid sunshine”.
4.3. Intensication via optouidic microreactors

Microreactors represent a paradigm shi in reactor engi-
neering, leveraging microscale ow phenomena to achieve
process intensication. Dened by a characteristic hydraulic
diameter (Dh) of less than 1 mm, microreactors offer extraor-
dinary heat and mass transfer capacities. Unlike conventional
reactors with surface-area-to-volume (S/V) ratios of 50–500 m−1,
microreactors can achieve ratios exceeding 10 000 m−1. As
illustrated in Fig. 4, microreactors have evolved into various
structural forms to optimize contact area and photon transfer,
including multi-capillary, single-channel, multiphase, and coil-
type designs.124–127

4.3.1. Mass transfer and photon transport optimization. In
microchannels, the ow is typically laminar with a low Reynolds
number, where transport is dominated by diffusion rather than
23306 | RSC Adv., 2026, 16, 23295–23313
turbulence. While this might seem disadvantageous, the ultra-
short diffusion distances ranging from 10 to 100 mm ensure
rapid reactant supply to the catalyst surface.

Crucially, microreactors resolve the photon transport bottle-
neck. The channel depth is usually smaller than the photon
penetration depth, ensuring that the entire reaction volume is
uniformly illuminated under the optically thin condition. To
further enhance this, Ola and Maroto-Valer developed a photo-
catalyticmonolithicmicroreactor (Fig. 5), where optical bers are
threaded through a ceramic honeycomb structure.128 Similarly, to
address the low throughput of single microchannels, Tahir et al.
developed a V2AlC-mediated Z-scheme heterojunction catalyst
supported on a honeycomb monolith.129 This conguration
achieved the highest overall efficiency among tested reactors,
with remarkably high yields of CO, CH4, and H2 reaching 49 313,
32 429, and 14 060 mmol g−1 respectively. The improved perfor-
mance is attributed to optimized light distribution and mass
transfer within the thin catalyst coatings.

4.3.2. Emerging microreactor congurations and strate-
gies. Despite their advantages, early microreactors faced chal-
lenges such as clogging, low throughput, and difficulties in gas–
liquid separation. Recent innovations have provided targeted
solutions.

4.3.2.1. Optimization of operation mode. The choice between
continuous ow and batch operation profoundly inuences
product selectivity. Tahir et al. conducted a comparative study
using a 2D/2D ZnCo2O4/pg-C3N4 heterojunction catalyst.130 They
found that continuous ow favored stable CO production (3.76
mmol g−1 h−1) with low CH4 selectivity due to short residence
time preventing further hydrogenation. In contrast, batch
reactors allowed for product accumulation, achieving
a remarkably high CO yield of 616 mmol g−1 h−1 and enabling
deep reduction to CH4. This highlights that reactor operation
mode is a tunable parameter for controlling product distribu-
tion. Optimization of operating parameters is also critical. Nabil
et al. systematically investigated parameters in a meso-scale
continuous-ow photoreactor, nding that a ow rate of 500
mL min−1 and temperature of 30–40 °C were optimal for
methanol production using Pt/TiO2/RGO composites.131

4.3.2.2. Solving gas solubility limits. The low solubility of CO2

in aqueous electrolytes limits the reaction rate. Traditional
single-layer membrane reactors (Fig. 6a) oen suffer from gas
precipitation issues.132,133 Albo et al. proposed a double-layer
transport mode (Fig. 6b) using a gas-permeable, hydrophobic
membrane.134 Moving beyond liquid-phase limitations entirely,
Morawski et al. introduced a novel gas-phase reactor where the
photocatalyst bed composed of TiO2 supported on glass ber was
positioned above the water surface.135 This allowed gaseous N2

and CO2 to react, with generated ammonia and organic products
continuously absorbed into the water, driving the equilibrium
forward and resulting in millimolar-level production.

4.3.2.3. Solving product separation. In single-channel reac-
tors, liquid products (methanol) mix with reactants and can be
re-oxidized by O2 evolved at the anode. Dual-chamber micro-
reactors separate the oxidation and reduction half-reactions
using a proton exchange membrane (PEM). Albo et al. demon-
strated that such a continuous ow setup with Cu–TiO2
© 2026 The Author(s). Published by the Royal Society of Chemistry
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catalysts could continuously extract methanol, preventing
product accumulation and degradation.134

4.3.2.4. Coupling with biological/fuel cell systems. To further
enhance efficiency and utility, hybrid systems are emerging. Xie
et al. designed a coupled system integrating CO2 reduction with
a Photocatalytic fuel cell.136 Additionally, Sakimoto et al. and
Zhang et al. have explored bio-hybrid microreactors, integrating
non-photosynthetic bacteria with inorganic photocatalysts to
achieve highly selective conversion of CO2 to acetic acid.137,138

Table 2 provides a comparative summary of these advanced
reactor congurations.

5. Conclusion and perspectives

Current research has successfully established that selectivity
toward methanol, a six-electron transfer process, remains the
primary kinetic challenge. It oen competes with the thermo-
dynamically favored two-electron reduction to CO or the
hydrogen evolution reaction. Although strategies such as
bandgap engineering, defect construction, and Z-scheme
heterojunctions have improved light absorption and charge
separation, most catalysts still suffer from linear scaling rela-
tionships of intermediates, limiting the intrinsic catalytic turn-
over. Copper-based and bimetallic catalysts with M1-C-O-M2

congurations have shown promise in breaking these scaling
relations, yet their stability under long-term irradiation remains
a concern. In addition, a signicant disconnect exists between
intrinsic catalyst activity and macroscopic reactor performance.
For example, in conventional liquid-phase slurry reactors, mass
transfer limitations caused by low CO2 solubility and photon
transport attenuation known as the dark zone effect oen mask
the true potential of high-performance photocatalysts. Trans-
itioning to gas-phase continuous-ow systems effectively elimi-
nates these solubility limits, yet it introduces new engineering
challenges such as precise humidity control and rapid methanol
desorption that must be carefully managed.

To propel this technology from laboratory curiosity to
industrial viability, future research must shi focus from trial-
and-error material synthesis to rational, multi-scale system
design. We propose the following strategic directions:

5.1. Precision engineering of active sites

Future catalyst design must move beyond simple doping to
atomic-level precision. The construction of dual-atom sites or
frustration-Lewis-pair sites on MOFs offers a pathway to stabi-
lize specic intermediates (e.g., CH3O) essential for methanol
production while suppressing C–C coupling. Achieving a solar-
to-fuel conversion efficiency exceeding 10% will likely require
these advanced architectures to minimize overpotential.

5.2. Multi-eld synergistic catalysis and concentrated solar
engineering

Relying solely on low-intensity photon energy is oen insufficient
to overcome the high thermodynamic barriers of the 6-electron
reduction to methanol. The integration of external elds, specif-
ically concentrated solar photothermal and photoelectrochemical
© 2026 The Author(s). Published by the Royal Society of Chemistry
coupling, represents a robust solution. By exponentially ampli-
fying the photon ux using optical concentrators and harnessing
infrared radiation through precise dynamic thermal manage-
ment, these advanced hybrid systems can effectively accelerate
sluggish intermediate hydrogenation and promote rapid product
desorption. This strategic decoupling of CO2 activation thermo-
dynamics from protonation kinetics will signicantly enhance
methanol yield, product selectivity, and overall system durability.

5.3. Intelligent reactor design and digitalization

The future of photoreactor engineering lies in the integration of
predictive modeling and intelligent control to bridge the gap
between theoretical design and practical application. As high-
lighted by Mehrpooya et al., numerical simulations, specically
Computational Fluid Dynamics (CFD) coupled with radiation
models like the Discrete Ordinate Method, are becoming
indispensable for optimizing reactor geometry prior to fabri-
cation. Based on this, future research should give priority to
developing highly accurate digital twin models of reactors.
These models will combine real-time sensor data with kinetic
models to achieve adaptive process control. At the same time,
combined with articial intelligence-assisted design, machine
learning algorithms will navigate the complex multi-parameter
space of reactor design to effectively balance light distribution,
uid dynamics, and reaction kinetics.

5.4. Integrated capture and conversion (ICC)

A transformative direction is the development of smart inte-
grated systems that couple CO2 capture directly with conversion
units. Utilizing passive ow mechanisms such as capillary
forces, as demonstrated by Peña et al. in multiphase capillary
reactors, can circumvent the energy-intensive step of com-
pressing and purifying CO2. This integration is crucial for
decentralized application scenarios, such as converting ue gas
directly into methanol at emission sources.

In conclusion, realizing the vision of a “liquid sunshine”
economy requires a holistic approach that intertwines materials
innovation with reactor engineering and articial intelligence.
Only by breaking the silos between these disciplines can we
achieve the high efficiency, selectivity, and stability required for
industrial-scale solar methanol production.
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