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Artificial photosynthetic processes using carbon dioxide, water and
sunlight: can they power a sustainable future?

This Perspective explores the promise and challenges of artificial
photosynthesis, where sunlight, water, and carbon dioxide are
converted into energy-rich fuels and chemicals. We assess the current
status of solar-driven CO, conversion technologies, highlighting the
techno-economic barriers of capture, separation and scale-up. By
connecting laboratory progress with practical considerations, we
propose opportunities that could bring these systems closer to
real-world application. Our analysis aims to provide a clearer picture
of the pathways toward sustainable solar fuel production in the future.
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Artificial photosynthetic processes using carbon
dioxide, water and sunlight: can they power
a sustainable future?

Qian Wang © *2 and Chanon Pornrungroj & *b<d

Solar-driven carbon dioxide reduction (CO,RR) mimics natural photosynthesis by harnessing sunlight to convert
water and CO, into chemicals, thereby enabling the storage of solar energy in energy-dense molecules for on-
demand use. With the accelerated advancement of solar-driven CO,-to-chemicals conversion technologies, this
approach holds promise for contributing to the realisation of a zero-carbon society, a target increasingly
prioritised by governments worldwide. Here, we argue that despite these promising developments, substantial
challenges persist at both the material and system levels, extending beyond the catalytic process itself to
include upstream CO, capture and downstream product separation and purification. We also present
a techno-economic assessment of current solar-driven CO,RR platforms and conclude that they remain well
below the thresholds necessary for commercial-scale deployment. To address this gap, we propose several
directions for future progress. From a fundamental perspective, the integration of machine learning models
and data-driven approaches, in conjunction with operando spectroscopic techniques, may accelerate the
discovery and optimisation of materials by providing rational design principles. From a practical standpoint, the
deployment of CO,RR systems in non-traditional environments, such as desert regions or aquatic platforms,
and their coupling with alternative oxidation reactions (e.g., waste photoreforming) may improve system
viability by reducing the capital cost and extracting added value from oxidation products. We hope that these
analyses and proposals will help advance next-generation solar fuel production systems and enhance their
prospects for real-world applications.
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renewable fuels through artificial photosynthesis.
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1. Introduction

In response to the rising levels of anthropogenic CO, emissions,
which are outpacing the capacity of the natural carbon cycle and
contributing to adverse global environmental changes," scien-
tists and engineers have focused intense research, development
and deployment efforts over the past decade on the solar-driven
conversion of CO, into fuels and value-added chemicals. This
approach, inspired by the design of natural photosynthesis,
involves the use of sunlight-irradiated semiconductors to
generate holes that oxidise water into oxygen, releasing protons
(Fig. 1). Simultaneously, electrons reduce these protons and
CO, into chemical products such as hydrogen (H,), carbon
monoxide (CO), formic acid (HCOOH), methane (CH,) and
other carbon-based fuels. The overall reaction sequence of
“artificial photosynthesis” stores solar energy by breaking and
forming chemical bonds in water and CO,, resulting in the
evolution of oxygen and the formation of energy-rich carbon-
based products. It offers a promising strategy for simulta-
neously addressing several critical challenges: (1) capturing and
storing intermittent and unevenly distributed solar energy in
chemical form, which is easier to store, transport and utilise; (2)
allowing the creation of closed carbon cycles in which CO,
emissions are captured and converted back into fuels, thereby
contributing to emission reduction and net-zero goal; and (3)
offering sustainable alternatives to fossil fuels, supporting long-
term energy security and reducing reliance on non-renewable
resources.

One established approach to solar-driven CO, conversion
involves a two-step process that combines photovoltaic elec-
tricity generation with an electrolytic CO,RR system (PV-EC)
(Fig. 1). In this configuration, solar energy is initially con-
verted into electricity through photovoltaic devices, which
subsequently power the electrolysis system. A benchmark
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example is given by a copper/tin-oxide catalyst powered by a III-
V InGaP,/InGaAs/Ge triple-junction solar cell, which achieved
a solar-to-fuel conversion efficiency (STF) of 19.9% with a fara-
daic efficiency of 98.9% for CO,-to-CO conversion under simu-
lated one sun irradiation (standard air mass 1.5 global, AM
1.5G, 100 mW cm ™ 2).2

While this method is technically feasible using current
technologies, a potentially more cost-effective and integrated
alternative is the development of single-device systems that use
semiconductors as both light absorbers and energy
converters.>” Such a system can be realised via photoelectro-
chemical (PEC) or photocatalytic (PC) processes, enabling the
direct conversion of sunlight into chemical energy (Fig. 1).” For
instance, several UV-driven particulate photocatalysts, such as
metal-ion-doped NaTaO; and SrTiO;,%” have demonstrated
selective CO,RR to CO upon loading Ag as a catalyst, while
simultaneously oxidising water to O,. These systems are
considerably simpler than PV-EC configurations because the
reactions occur directly at the semiconductor/liquid interface,?
eliminating the need for external wiring and reducing system
complexity and cost. Nonetheless, the STFs obtained using
these UV-responsive photocatalysts are limited due to their
narrow absorption range,’® as UV light comprises less than 5% of
the solar spectrum. In semiconductor-powder-based artificial
photosynthesis, photons with energies greater than the
bandgap excite electrons from the valence band to the
conduction band, leaving holes in the valence band (Fig. 2a).
The excited electrons drive the CO,RR, while the holes initiate
the water oxidation reaction to evolve O,. For this process to
occur, the conduction-band minimum must be positioned
more negatively than the standard CO,RR potential, and the
valence-band maximum must be positioned more positively
than the water oxidation potential. Satisfying these thermody-
namic requirements while simultaneously enabling broad-
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Fig. 1 Solar-powered CO,RR technology and the sustainable carbon energy cycle.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2025, 16, 18990-1901 | 18991


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc03976b

Open Access Article. Published on 23 shtator 2025. Downloaded on 2.11.2025 8:43:34 e paradites.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

CO,/CO
HeHy — e
CO,/CH,

H,0
he
2 VB

Oz H -
Water oxidation

catalyst

Single light absorber

View Article Online

Perspective

CB

Fuels
> —>C
CO,, H*
CO,RR
catalyst

Light

Water oxidation Dual light absorber

photocatalytic system catalyst photocatalytic system
(Z-scheme)
Cc e
CO,RR
co,, H+-Satalyst_—e- CB
29 Nl
- ) a
-
Fuels
Light .
y,
(05 Lk H* ‘vB
) H,0
VB W Water oxidation
Photoanode GRS Photocathode
Membrane
PEC device

Fig.2 Schematic of (a) a single light absorber photocatalytic system, (b) a dual light absorber photocatalytic system (Z-scheme) and (c) a tandem

PEC cell under illumination. CB: conduction band; VB: valence band.

spectrum light absorption within a single semiconductor
remains a major challenge.

An alternative approach involves spatially separating the
reduction and oxidation reactions onto two distinct semi-
conductors, constructing a Z-scheme system analogous to
photosystem I and photosystem II in natural photosynthesis
(Fig. 2b). This configuration offers a key advantage by distrib-
uting the overall voltage requirement across two light
absorbers, thereby lowering the kinetic demands on each
semiconductor and enabling the use of narrow-bandgap mate-
rials that are active for either CO,RR or water oxidation.'® For
example, a Z-scheme system integrating lanthanum- and
rhodium-doped SrTiO; (SrTiOjz:La,Rh), modified with phos-
phonated Co(u) bis(terpyridine) for CO,RR, and molybdenum-
doped BiVO, (BiVO,:Mo) for water oxidation, bridged by
a gold layer, achieved an STF of 0.08 £ 0.01% for formate
production with a selectivity of 97 + 3%." Nonetheless,
recombination of photogenerated holes in the CO,RR photo-
catalyst and electrons in the water-oxidation photocatalyst, both
of which are not utilised in the redox reactions, limits the
maximum theoretical quantum efficiency of such systems
compared to single-light-absorber configurations. In addition,
because reduction and oxidation occur within the same reac-
tion cell, undesirable back-reactions, such as the recombination

18992 | Chem. Sci., 2025, 16, 18990-1901

of products or their reaction with photogenerated charge
carriers under illumination, must be minimized.

Likewise, tandem PEC architectures, which employ two
distinct light absorbers (a photocathode and a photoanode)
connected via external wiring with an ohmic contact (Fig. 2c),
represent a promising approach for achieving high-efficiency
solar fuel conversion. To perform the redox reactions while
avoiding charge-carrier recombination, photogenerated elec-
trons and holes in the semiconductors must be transported to
the semiconductor/electrolyte interface, where they react with
solution-phase species present at the surface. The photogene-
rated electrons in photocathode migrate to the photocathode/
electrolyte interface to reduce CO,, while photogenerated
holes in photoanode drift to the photoanode/electrolyte inter-
face to oxidise water and release O,. The holes in the photo-
cathode and electrons in the photoanode recombine at the
ohmic contact. At these interfaces, electron transfer is accom-
panied by energy losses arising from both concentration
gradients and kinetic overpotentials required to drive the half-
reactions.®

By selecting light absorbers with complementary spectral
responses, tandem PEC devices can utilise a broader fraction of
the solar spectrum while generating sufficient photovoltage to
couple CO,RR with water oxidation. In contrast to common Z-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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scheme photocatalytic systems, where two particulate photo-
catalysts are simply mixed and compete for the same portion of
incident sunlight, PEC systems can be configured in a tandem
arrangement by stacking two photoelectrodes so that the pho-
toanode (or photocathode) with the larger band gap is placed in
front, and the photocathode (or photoanode) with the smaller
band gap is positioned behind (Fig. 2¢). This configuration
minimises spectral competition and enables more efficient
utilisation of the solar spectrum.®*” A further operational
advantage of the PEC approach lies in the capacity to spatially
separate the oxidation and reduction half-reactions into distinct
compartments, which significantly suppresses back-reactions.

The successful realisation of such integrated PEC systems
demands careful optimisation of the interplay between the
light-harvesting component, the ion-selective membrane and
the overall device configuration.”” The light absorber must
maximise photocurrent density and provide sufficient photo-
voltage for the target redox reactions; the membrane must limit
produced gas crossover and minimise ohmic losses; and the cell
architecture must ensure efficient ion transport in the electro-
lyte phase. The overall reaction efficiency is determined by both
the photovoltage and the photocurrent density of the light
absorber, with the maximum attainable photocurrent density
typically decreasing as the number of junctions increases.*
Examples of bias-free PEC systems that incorporate dual semi-
conductors, each forming a semiconductor/liquid junction,
remain rare. One notable example achieved the co-production
of formate and O, from CO, and water by coupling an InP/Ru-
complex hybrid photocathode with a reduced SrTiO; photo-
anode, yielding an STF of 0.08%."

Despite significant investment in solar-driven CO,RR
research and the development of numerous semiconductor
materials, (electro)catalysts and cell configurations, no proto-
type system has yet met the combined criteria of efficiency,
selectivity, scalability, long-term stability and cost-effectiveness
required for practical deployment. Significant challenges
related to energy conversion efficiency and reaction selectivity
must be addressed for solar-driven CO,RR to become a practical
and viable approach for solar fuel production and to make a real
impact at scale.

The primary objective is the solar-driven conversion of CO,,
either emitted from industrial sources or captured from the
atmosphere, into energy-rich fuels and chemicals. While
extensive research into a wide range of CO,-derived fuels,
ranging from simple two-electron products such as carbon
monoxide and formic acid to more complex molecules like
methanol (CH3OH) and multi-carbon products including
ethanol (C,H5;0H), ethylene (C,H,), ethane (C,H,) and acetic
acid (CH3COOH), the question of which product pathway
offers the optimal balance of process efficiency, infrastructure
compatibility and economic viability remains an open ques-
tion. This ongoing ambiguity underscores the need for
a nuanced evaluation of both thermodynamic and kinetic
favorability and practical implementation across different fuel
candidates.

Additionally, critical aspects such as the integration of effi-
cient upstream CO, capture and downstream product

© 2025 The Author(s). Published by the Royal Society of Chemistry
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separation are often overlooked, despite their significance to
overall system viability and practical applicability. Moreover, as
the research in this field advances, the standardisation of both
research methodologies and characterisation techniques
becomes paramount to ensure the accuracy and reproducibility
of reported results for accurate reporting.

In this perspective, we examine the key challenges
impeding the advancement of solar-driven CO,RR and assess
the progress of current technologies in establishing a viable
solar fuels industry. Particular emphasis is placed on techno-
economic factors that shape system feasibility, including
STF, capital device costs and the market compatibility of CO,-
derived products. Drawing from this analysis, we highlight
strategic directions for future research and innovation that
could accelerate technological breakthroughs and facilitate
the transition of CO,RR systems from laboratory-scale
demonstrations to commercially relevant applications. We
aim to provide a framework for guiding the next phase of
development in solar fuels, integrating both scientific and
economic perspectives to identify realistic pathways toward
sustainable implementation.

2. Challenges
2.1 Reaction barriers

Direct CO,RR remains considerably more complex and techni-
cally demanding than water splitting, which is another impor-
tant application in the field of artificial photosynthesis. Fuel
production through this pathway typically requires the
concurrent evolution of molecular oxygen, which is released
into the atmosphere and later acts as an oxidising agent during
fuel utilisation." This reaction with the reduced fuel regener-
ates the original reactants, thereby completing a carbon-neutral
cycle. Nevertheless, the activation of CO, and H,O to generate
energy-rich fuels poses substantial thermodynamic and kinetic
barriers.

These transformations are inherently endothermic
processes, with Gibbs free energy requirements exceeding that
of water splitting, particularly for the formation of methane,
methanol and multi-carbon compounds (Table 1). Additionally,
CO,RR faces a high energy penalty as a consequence of the high
dissociation energy of the C=O bonds (approximately
750 kJ mol *),** which requires considerable energy input for
activation. In addition to the activation barrier of CO,, CO,RR
pathways consist of multiple single steps, each contributing to
the overall kinetic sluggishness of the reaction. The overall
conversion process entails complex reaction pathways involving
bond-breaking and bond-forming steps, coupled with multi-
electron and proton transfer mechanisms.

In practice, the energy input required for CO,RR is even
greater than the thermodynamic minimum. To drive the
electrochemical CO,RR at appreciable reaction rates, an over-
potential of approximately 1.0 V beyond the thermodynamic
requirement is typically necessary.'” Bias-free photo(electro)
chemical CO,RR continues to suffer from low STFs primarily
due to the limited photovoltages provided by semiconductor

Chem. Sci., 2025, 16, 18990-1901 | 18993
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light absorbers, remaining a significant obstacle to its practical
implementation."®

2.2 Selectivity

athode (V)b (I‘ef, 16)

Beyond the thermodynamic and kinetic challenges described
above, the complexity of CO,RR is further increased by the wide
range of possible reaction pathways and products. The multi-
electron transfer processes involved can lead to the formation
of various products through multiple intermediates, each with
different degrees of reduction and associated energy demands.
This inherent diversity introduces a second major obstacle in
CO,RR: achieving high selectivity toward a single, desired
product. In practice, the CO,RR often yields a diverse array of
products with different carbon oxidation states, resulting in
complex product mixtures. The involvement of proton donors
further complicates the catalytic process, as protons can also be
readily reduced to H,, competing with CO,RR. Selectivity is not
only critical for maximising process efficiency but also for
simplifying downstream separation and ensuring compatibility
with existing energy and chemical infrastructures.

In photocatalytic CO,RR, CO and formic acid are the most
commonly observed products, primarily due to the limited
photovoltage generated by typical photocatalyst materials, even
when paired with an appropriate catalyst.'® Metallic Ag nano-
particles represent a well-established example, favouring CO
formation at low overpotentials via a straightforward two-
electron pathway that generally proceeds through a single key
intermediate.”?" This behavior is largely attributed to Ag's
comparatively weak CO adsorption strength relative to Pt, which
promotes rapid CO desorption and suppresses the competing
hydrogen evolution reaction.?” A representative photocatalyst is
ZnGa,0, loaded with metallic Ag nanoparticles, which drives
CO,RR coupled with water oxidation to produce CO and O, in
an almost stoichiometric 2 : 1 molar ratio under UV irradiation,
achieving CO selectivity as high as 95.0%.> Although Ag ob-
tained by photodeposition, wet impregnation, or chemical
reduction presents in the metallic state, the choice of deposi-
tion method exerts a significant influence on particle size and
dispersion. In particular, chemical reduction yields highly
dispersed Ag nanoparticles (~10 nm), dramatically smaller than
those produced by photodeposition or impregnation (~100
nm). This reduced particle size and enhanced dispersion result
in higher photocatalytic activity for CO,-to-CO conversion.
These results highlight the critical role of nanoscale structural
control in optimising catalytic performance.

In contrast, electrochemical CO,RR driven by solar cells at
relatively high overpotentials can access a broader range of
catalytic pathways. While this enables the formation of prod-
ucts beyond CO and formic acid, including methane, ethylene
and more reduced liquid products such as ethanol, it often
comes at the expense of selectivity.>* Copper-based electrodes
are particularly notable for their ability to form multi-carbon
species. Reported products span C; (methane), C, (ethylene,
acetaldehyde, ethanol) and even C; (propanol, propion-
aldehyde) species.?® The activity and selectivity of Cu-based
catalysts are dictated by fine control over their morphology

o
C

-0.41
-0.52
-0.61
-0.24
-0.38
-0.27
-0.35
-0.30
-0.33

2CO, + 12H" + 12~ — C,H, + 4H,0
2CO, + 8H' + 8¢~ — C,H,0, + 2H,0
2CO, + 12H" + 12~ — C,H;OH + 3H,0

2CO, + 14H" + 14e~ — C,Hg + 4H,0

CO, + 8H' + 8¢~ — CH, + 2H,0
CO, + 6H' + 6e” — CH,0H + H,0

CO, + 2H" + 2~ — CO + H,0
CO, + 2H' + 2 — HCOOH

Half-reaction
2H" +2e~ — H,

e (V)

C
1.23
1.33
1.40
1.06
1.21
1.09
1.14
1.13
1.15

E

873.08

1325.45

AG® (k] mol™*)*
237.13
257.19
270.14
817.90
702.35

1467.35
1331.13

0,(g)

1
2

CO,(g) + 2H,0(1) — CH4(g) + 20,(g)

—Ta

g+ 502
CO,(g) + 2H,0(1) = CH;0H(1) + 0,(g)

2C0,(g) + 3H,0(1) > CHe(g) + -02(g)
2C0,(g) + 2H,0(1) — CHy(g) + 30,(g)
ZCOZ(g) + ZHZO(I) — C2H402(1) + ZOZ(g)
2C0,4(g) + 3H,0(1) — C,H50H(1) + 30,(g)

CO,(g) + H,0(1) > HCOOH(1) +

Overall reaction
H,0(1) »Ha(g) +

CO,(g) — CO(

Table 1 Comparison of thermodynamic (AG® and E_,) and kinetic barriers (the number of electrons involved) for representative CO,RR pathways coupled with water oxidation

“ At standard conditions (1 atm, 298 K). ? Versus a normal hydrogen electrode (NHE) at pH 7, 298 K, 1 atm gas pressure and 1 M for other solutes.

Hydrogen (H,)

Carbon monoxide (CO)
Formic acid (HCOOH)
Methane (CH,)
Methanol (CH;0H)
Ethane (C,Hg)
Ethylene (C,H,)

Acetic acid (CH;COOH)
Ethanol (CH;CH,OH)

Product
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and electronic structure. Key structural parameters include
particle size, shape, defect density, composition and oxidation
state, which alters the coordination number of the active sites,
local electronic structure by the presence of subsurface oxygen
and re-adsorption of intermediates by the interparticle
distance.”** Reaction environment also exerts a decisive influ-
ence: solvent identity, pH, ionic composition, buffer strength
and mass-transport dynamics collectively shape the CO,RR
pathway and, ultimately, the product distribution.?”*® High
efficiency and selectivity can only be achieved through the
optimization of catalyst structure and composition, combined
with the selection of the most favorable electrolyte
environment.

The development of light-driven CO,RR technologies has
advanced far beyond the initial focus on metallic nanoparticles
and metal oxides, now encompassing a diverse array of mate-
rials, including bimetallic alloys, metal sulfides and nitrides,
MXenes, carbon-based metal-free catalysts and single-atom
catalysts.'®** Inorganic catalyst architectures have attracted
particular interest for their ability to precisely regulate charge
separation and transport through targeted materials engi-
neering strategies, such as controlled doping, defect tuning and
heterojunction construction.®?** Their structural simplicity
allows modular adaptation, and carefully optimised loading
methods can fine-tune key physicochemical properties,
including composition, oxidation state, crystal phase, particle
size distribution, morphology, dimensionality and surface area,
to enhance activity. The next research frontier lies in developing
effective strategies to enhance the selectivity of multi-carbon
products and suppress chemical and photoinduced degrada-
tion. Replacing noble-metal components with earth-abundant
alternatives also remains a key objective.

Molecular catalysts offer an alternative approach, combining
tunable active sites with the capability for in situ spectroscopic
analysis of mechanistic pathways.***® For example, transition-
metal complexes, with multiple accessible redox states, can
mediate multi-electron transfer and coordinate CO, in various
binding modes, such as through the C=0 double bond, the
carbon atom alone, or the oxygen atom alone.** The
transition-metal centre can then act as an inner-sphere
electron-transfer agent, activating CO, for subsequent conver-
sion. Compared with inorganic nanoparticles, molecular
complexes often deliver higher selectivity, and their catalytic
properties can be tailored through rational ligand and metal-
centre design.*® However, their application is often limited by
reliance on homogeneous operation in organic solvents with
added light absorbers, sacrificial donors and electron relays,
making them incompatible with water as an electron source.*’
Immobilising these complexes on semiconductor photo-
sensitisers offers a promising way to overcome such limitations:
the semiconductor harvests light and transfers photogenerated
electrons to the molecular catalyst on timescales suited to
catalysis, enabling efficient and selective CO,RR.** Nevertheless,
even in aqueous systems producing monocarbons such as CO
and HCOOH,"™** slow interfacial electron transfer remains
a performance bottleneck.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Abiotic catalysts face fundamental constraints in selectively
forming multi-carbon products from CO,. Semi-artificial
photosynthesis seeks to address this by integrating bi-
ocatalysts, including purified enzymes and whole cells, with
semiconductors as light absorbers. While enzymes provide
exceptional catalytic turnover rates and product selectivity, their
activity is largely confined to natural metabolic pathways,
restricting product formation mainly to CO and HCOOH.***
They also face challenges in stability, integration with semi-
conductor interfaces and the requirement for direct electron
transfer to avoid mediators or cofactors.

Microbial hybrid systems represent a promising alternative.
Non-photosynthetic microorganisms can be endowed with
specific CO, metabolic pathways, enabling the synthesis of
target chemicals with high selectivity.*>*” These organisms
utilise activated carbon intermediates, such as acetyl-CoA, to
drive C-C coupling without incurring the energetic penalties
associated with reactant reactivation.”® By pairing the high
light-harvesting efficiency of semiconductors with the meta-
bolic versatility, self-replication and self-repair capacity of
whole-cell catalysts, bacteria-semiconductor hybrids combine
the advantages of biological and inorganic systems. The main
challenge is to precisely control and optimise the biotic-
abiotic interface to maximise charge transfer and sustain
catalytic performance.

Table 2 provides a comparative summary of the advantages
and challenges of the different catalyst classes.

2.3 CO, source

Beyond reaction efficiency limitations, the nature of the CO,
feedstock itself poses significant practical challenges for real-
world implementation. CO, feedstocks for solar-driven CO,RR
systems can originate from a range of sources, each with
distinct characteristics that influence system design and feasi-
bility. Globally, ~45% of the anthropogenic CO, emissions
come from fossil-fuel power plants (15 Gt CO, per year), and
industrial processes such as cement production (~2 Gt CO, per
year).*

Industrial flue gases typically contain CO, concentrations of
10-15% along with impurities such as oxygen, nitrogen oxides
and sulfur oxides, which can degrade catalyst performance and
require pre-treatment.”® The separation energy for post-
combustion capture from such point sources is typically 3.5-
3.9 GJ per ton CO,, with capture costs in the range of 30-60 USD
per ton CO, for coal-fired plants and higher for more dilute
industrial streams.

Atmospheric CO,, although widely distributed, exists at
a much lower concentration (~0.04%), making its capture
energy-intensive (~0.6-6.6 GJ ton~ ' CO,)"” and best suited for
net-negative emission strategies when paired with renewable
energy.”® Current direct air capture costs are estimated at 143~
297 USD per ton CO,, with projections as low as 22-77 USD per
ton CO, by 2050.%

In parallel, amine-based capture systems, particularly those
using monoethanolamine, have gained interest not only for
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Table 2 Comparison of catalyst types for light-driven CO,RR: main products, advantages and challenges
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e Tunable charge separation and
transport

e Well-controlled physicochemical
properties

e Easy integration with substrates
e High stability

e High scalability

e Tunable active sites and catalytic
performance
e High active site density

e Suitable for in situ spectroscopic
studies
e High selectivity

e High active site density

e High product selectivity
e High catalytic turnover per
active site

o Self-replication and self-repair
e High product selectivity

e Capable of multi-carbon product
formation

e Operation under ambient
conditions

o Potential for large-scale
application

e Limited selectivity for multi-
carbon products

e Chemical and photoinduced
corrosion

e Maintaining long-term stability
o Replacing noble metals with
earth-abundant materials

e Limited operation in aqueous
media

e Chemical and photoinduced
corrosion

e Maintaining long-term stability

e Efficient interfacial electron
transfer

e Multi-carbon products formation
e Precise control of reaction kinetics
and equilibrium

o Fragile with poor stability

e Limited capability for multi-
carbon product formation

o Efficient interfacial electron
transfer

o Difficult incorporation into
substrate surfaces; complex
interface control

e Large-scale application limited by
protein purification demands

o Controlling and optimising the
biotic-abiotic interface

o Efficient interfacial electron
transfer and mass transport

o Susceptibility to poisoning by
hybrid materials or products

o Tailored CO, metabolic pathways
for broad product synthesis

o Regulatory and biosafety
considerations

their capability in CO, absorption but also for their potential
to enable direct (photo)electrochemical conversion of
captured CO, without a separate desorption step.** Integration
with industrial facilities, which can supply significant waste
heat, offers the potential to offset much of the energy required
for CO, capture and purification.

Considering these diverse feedstocks is essential for
advancing realistic and scalable CO, utilisation technologies. In
the near term, fossil point sources remain the most practical
CO, supply for CO,RR deployment, transitioning in the
medium term toward biomass-derived CO, to reduce net
emissions, and ultimately relying in the long term on net-
negative resources such as direct air capture (DAC) to ensure
a closed carbon cycle.

18996 | Chem. Sci,, 2025, 16, 18990-1901

2.4 Product separation

While the development of solar fuel systems with high selec-
tivity and STF remains a central focus of current research, we
argue that practical considerations such as product purifica-
tion, storage and transportation must also be integrated into
system design. These downstream challenges are essential to
address if CO,RR technologies are to advance beyond the
laboratory and into real-world applications. In practice, these
considerations often weigh just as heavily as intrinsic catalytic
performance in determining the economic feasibility of a tech-
nology, as purification and logistics can account for a substan-
tial fraction of total system costs.

For instance, product separation is a deeply connected
challenge in CO,RR. Even in systems engineered for high
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selectivity, the CO,RR process often yields mixtures of products
(water medium, unreacted CO,, CO,-derived fuel, supporting
electrolyte, etc.), especially under practical operating condi-
tions. This makes product separation an unavoidable and
technically demanding step, yet it is often underemphasised in
early-stage system design and performance evaluations. In
addition, product distribution can fluctuate depending on
operating conditions, catalyst degradation, or fluctuating light
intensity in solar-driven systems, adding variability that
complicates purification strategies.*®

Unlike water splitting, which produces only H, and O, gases
that are relatively easily separated from aqueous solution and
from each other using molecular sieve membranes,*® CO,RR
typically produces a range of gaseous and liquid products. The gas
stream produced in CO,RR may contain methane, ethylene and
carbon monoxide, along with H, obtained from side reactions
and unreacted CO,, water vapour and carrier gases such as N, or
Ar. In many cases, the partial pressures of these products are low,
which necessitates additional compression steps prior to storage
or transport. For example, pressurising a 50 mol% CH, mixture
from 1 to 10 bar requires energy equivalent to 1.4-2.0% of CH,'s
combustion enthalpy, increasing to 7-10% for a dilute 10 mol%
CH, mixture. Pressure-swing adsorption (PSA) to remove CO,
from 50% CH,/50% CO, biogas can require ~15% of CH,'s
combustion enthalpy, water scrubbing ~5% and cryogenic
distillation 9.5-12%." Meeting pipeline specifications typically
requires reducing inert gases (CO,, N,) to below 4% and CO to
<700 ppm, adding further purification complexity and cost."”

The liquid phase typically includes formate, acetate, meth-
anol, ethanol and propanol in addition to unreacted water and
dissolved electrolyte salts. Complete separation of these
components from CO,RR products presents a considerable
challenge, requiring the separation of gas and liquid phases,
the use of coalescers to remove condensable vapours from the
gas stream, staged cryogenic distillation to isolate individual
gaseous products, and the integration of pervaporation, distil-
lation and membrane separation techniques to separate liquid-
phase products.” For dilute liquid products, concentration
before final purification is often necessary, which may involve
multi-effect distillation, membrane-assisted evaporation, or
hybrid separation systems to reduce thermal energy consump-
tion. For instance, separating a 10 wt% ethanol/water mixture
by distillation requires energy equivalent to 12.6% of ethanol's
combustion enthalpy, while a 1 wt% solution requires 146%."

These separations require energy, potentially negating the
energy benefits of using sunlight to produce high-energy-
density products from CO,. The energy requirements for
product separation, along with the energy associated with CO,
capture and the embodied energy of the equipment, are sug-
gested to collectively remain below ~50% of the product's
enthalpy of combustion.'” This constraint is critical for main-
taining a net-positive energy balance. It also helps justify the
viability of CO,RR processes for practical fuel production.
Failure to meet this threshold could render the process ener-
getically counterproductive, regardless of improvements in
catalytic efficiency. Even at 100% selectivity toward a desired
product, the intrinsic characteristics of many liquid products,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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such as the formation of azeotropes with water or high water
solubility, pose significant challenges for efficient separation,
especially at small production scales where economies of scale are
not yet realised. This is particularly relevant for alcohols such as
ethanol, which form azeotropes requiring energy-intensive sepa-
ration steps, or for formic acid, where strong hydrogen bonding
with water limits the applicability of simple distillation. In
contrast, gaseous products such as carbon monoxide, methane,
or ethylene benefit from higher partial pressures and physical-
phase separation, making their recovery more straightforward
and energetically favourable.® Nevertheless, the downstream
purification remains necessary to meet fuel- or chemical-grade
specifications, which carry significant compression or liquefac-
tion energy penalties. An alternative strategy is to design offtaker
processes with higher impurity tolerance, or ideally, systems
capable of directly utilising the CO,RR product stream “as
produced,” thereby reducing or eliminating certain purification
steps and improving overall energy efficiency.

2.5 Stability and scalability

Significant advancements have been demonstrated in solar
hydrogen production via water splitting, with successful
demonstrations stably for about 1 year at scales up to 100 m>.5
In contrast, comparable progress for solar-driven CO,RR
remains unrealised. Bench-scale investigations are the norm,
with PV-EC and PEC devices typically operating on the order of
~1 cm?, and photocatalytic systems generally limited to areas
ranging from a few square centimetres to several tens of square
centimetres. Although certain electrocatalysts for CO,RR, such
as Ag and Sn, have been reported to maintain stable perfor-
mance for more than 100 hours and, in some cases, several
thousand hours,*”*® demonstrated CO, and water conversion
systems that rely solely on solar energy typically exhibit opera-
tional lifetimes limited to only several hours.

A representative demonstration of a relatively large-scale
demonstration is a PV-EC system comprising five anode-
cathode pairs, each with an electrode area of approximately
1000 cm?.*° The anodes are functionalized with IrO,, while the
cathodes are modified with a ruthenium-complex polymer
supported on carbon, with all electrode pairs electrically con-
nected in parallel. These electrochemical cells are integrated
with six single-crystalline silicon photovoltaic cells of compa-
rable size, connected in series. The system achieved an STF of
7.2% for the solar-driven CO,RR to formate and maintained
stable performance over a continuous operational period of
three hours under one sun solar irradiation (AM 1.5G, 100 mW
cm ?). Another scale-up effort involves a photocatalyst sheet
with an irradiation area of approximately 20 cm?, integrating
phosphonated Co(u) bis(terpyridine)-modified SrTiOjz:La,Rh
and RuO,/BiVO4:Mo photocatalysts anchored on a gold layer,
which attains an STF of 0.07% for CO,-to-formate conversion
during continuous operation over six hours.” In the EIC
Horizon Prize “Fuel from the Sun” demonstration, a 10 cm?
perovskite solar cell was integrated with a BivO, photoanode
and a selective Cug,Ing alloy CO,RR catalyst to achieve unas-
sisted water and CO, conversion to produce syngas (mixture of
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CO and H,) over 36 hours.*® To demonstrate the modularity and
scalability of this approach, a 0.7 x 0.5 m” reactor comprising
a 10 x 10 array of these artificial leaves was deployed and
benchmarked during a three-day outdoor performance test.
Based on comparisons among various solar-driven artificial
photosynthetic systems,>** photocatalytic systems are generally
considered more favourable for scale-up, both from economic
and performance standpoints. Their photocatalytic performance
can be largely retained with increasing operating size, as pH
gradients and IR drops are minimised by the close spatial
coupling of the reduction and oxidation reactions. Moreover, the
absence of a need for buffers or additional electrolytes reduces
material and operational costs, while addressing critical scale-up
challenges. In contrast, PV-EC and PEC systems face pronounced
challenges during scale-up. The large-area cell commonly under-
performs relative to the bench-scale counterpart across all major
performance metrics, a trend largely attributed to challenges in
ensuring uniform fabrication of photoelectrodes and catalysts,
along with inherent limitations in mass transport.®> Additionally,
scale-up introduces increased series resistance and reduced
charge carrier collection efficiency due to longer electron and hole
transport pathways, especially in planar configurations, resulting
in significant ohmic losses and voltage drops across the device.*
Such issues may be mitigated through rational system design
strategies that minimise the spatial separation between redox
sites, reduce in-plane resistive losses,*** and ensure uniform
compression and fluid flow across the electrode area.*

2.6 Reliability of reporting the performance

In recent decades, significant progress has been made and
numerous studies have been published in the field of solar-
driven CO,RR. However, it is crucial to realise that some re-
ported CO,RR performances have been measured under arbi-
trary, unverifiable and impractical conditions, thereby limiting
their reliability and relevance. Several critical issues contrib-
uting to this problem are outlined below.

Reaction conditions. The nature of the reactants, including
pH, the identity and concentration of ionic species and buff-
ering strength as well as CO, flow rate, operation temperature
and pressure, detailed information about the light source

Non-ideal
comparison

PC system A |

benchmark PC system B
benchmark

Activity (production rate)

Particulate concentration (mg)
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information (types, intensity and spectrum), significantly affect
both the activity and selectivity of CO,RR. These parameters,
along with the active device area and the duration of operation,
must be clearly reported alongside performance metrics to
ensure reproducibility and meaningful comparisons.

Oxidation mechanism. As CO,RR is a reduction process
driven by photoexcited electrons, any system must incorporate
an oxidation reaction to consume photogenerated holes. This
oxidation half-reaction must be explicitly discussed along with
the CO,RR. In systems using water as the sole electron donor
without the aid of sacrificial reagents, the formation of both
CO,RR products and water oxidation product (generally O,) in
a stoichiometric ratio is expected. Reports that present only
CO,RR products without confirming O, evolution raise
concerns about the reaction mechanism, casting doubt on
whether the observed activity truly results from a solar-driven
reaction involving only CO, and water, or whether additional
processes are contributing or some products remain
undetected.

Production rate. In photocatalytic systems, the product
evolution rate is frequently reported as a measure of photo-
catalytic activity. Although some studies have clearly emphas-
ised that normalising the reaction rate by the mass of
photocatalyst (e.g., pmol g~ ') is fundamentally flawed and
should be avoided,*~* this unit is still commonly used, even for
comparative analysis. It is important to note that the reaction
rate does not always scale linearly with photocatalyst mass due
to the light-shielding effect (Fig. 3a). Bench-scale photocatalytic
tests typically employ photocatalyst quantities in the order of
10 mg to several hundred milligrams, well below the point at
which a plateau in product formation rate is reached, often
before the photocatalyst mass approaches 1 g. Therefore, such
mass-based normalisation can lead to misleading conclusions.
It is recommended to report on the relationship between pho-
tocatalyst amount and product evolution rate, and to base
performance comparisons on the maximum observed photo-
catalytic activity, as shown in Fig. 3a. In addition, normalising
the reaction rate by surface area or active site density is also of
limited validity, as photocatalytic performance is not solely
governed by surface catalytic reactions. Instead, it is strongly
influenced by bulk physical processes, including charge

PEC/PV-EC system A

PEC/PV-EC system B

Activity (normalized production rate)

1 10 100
(Photo)electrode size (cm2)

Fig. 3 Reliable comparison of different systems. (a) Relationship between photocatalyst mass and photocatalytic performance in particulate PC
systems. (b) Variation in (photo)electrochemical performance with the active area of the samples in PEC and PV-EC systems.
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generation, separation and transport within the photocatalyst.
Therefore, such normalisation approaches may not accurately
reflect the true photocatalytic efficiency or enable meaningful
comparison across different materials and systems.®

Similarly, in PEC or PV-EC systems, the (photo)electrode size
plays a critical role in determining observed performance
metrics. The product formation rate and efficiency often dete-
riorate with increased device area due to increased series
resistance, non-uniform current distribution and longer charge
carrier transport distances.®® Therefore, performance should
always be compared at the same device scale to avoid over-
estimating scalability. As shown in Fig. 3b, system A exhibits
inherently higher scalability than system B, maintaining more
stable activity upon upscaling, although its performance at
smaller scales is worse than that of system B.

STF and quantum efficiency. As the product formation rate
in photocatalytic systems is influenced by numerous factors,
including the light source, reaction temperature and pressure
as well as reactor design, it is recommended to use STF and
quantum efficiency as more rigorous and comparable perfor-
mance metrics, provided that each system is evaluated under its
respective optimal conditions. However, inaccuracies often
arise when sacrificial reagents or external bias are employed
during the reaction, yet the STF is calculated based on the
standard Gibbs free energy changes (AG®) for the full conver-
sion of CO, and water, as listed in Table 1. When sacrificial
reagents are used for either CO,RR or water oxidation, the
reaction deviates from the full CO, and water conversion.
Consequently, the corresponding AG° value differs dramati-
cally, often being significantly lower and in some cases even
negative.”® For instance, the AG° for water splitting is
+237.13 kJ mol ', whereas employing methanol as the electron
donor for hydrogen production while concurrently releasing
CO, (CH30H(]) + HyO(1) — CO,(g) + 3H,(g)), requires signifi-
cantly less energy, with a AG® of only +9.04 k] mol . Therefore,
STF should be calculated using the appropriate AG® for the
actual reaction occurring in the system. Similarly, in PEC or PV~
EC systems operating with an external bias, the electrical energy
input must be accounted for in the STF evaluation to avoid
overestimating the STF of the systems. In addition, when the
testing conditions deviate from standard conditions (1 atm, 298
K), the values of AG° and standard cell potential (E,;) differ
from those listed in Table 1 and must be recalculated accord-
ingly. Regarding quantum efficiency calculations, it is incorrect
to rely on normalised production rates (mol g~* h™"), particu-
larly when monochromatic light sources are used, as the inci-
dent light intensity is often very low. Accurate reporting should
be based on the actual production rates under specific
measurement conditions to ensure meaningful comparisons.

Isotopic labelling experiment. As carbon is ubiquitous in the
laboratory environment, both on sample surfaces and in
reagents, it is essential to confirm the origin of CO,RR products
through isotopic labelling experiments. Such validation is
particularly critical when organic compounds, such as alcohols,
triethanolamine or cysteine, are employed as electron donors or
when CO, captured in monoethanolamine solutions is directly
utilised as a reactant.® In addition, a series of control
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experiments conducted in the absence of light irradiation and/
or (photo)catalysts is essential to verify that the observed reac-
tions are indeed driven by solar energy and proceed via a cata-
Iytic pathway.

Stability. We would like to emphasise that catalyst stability
should be clearly distinguished from overall system stability. In
several reported demonstrations, long-term operation is ach-
ieved not solely due to the intrinsic durability of the catalyst, but
rather through external interventions such as periodic replace-
ment of the electrolyte, membrane or other system compo-
nents. While such measures can prolong functional operation,
they do not reflect true catalyst stability. Therefore, it is critical
that these operational conditions are transparently reported
and clearly stated when evaluating or comparing long-term
performance.

3. Product analysis

Global fuel consumption is currently dominated by natural gas
(primarily methane, CH,), diesel (a mixture of C;(,-C;5 saturated
hydrocarbons, typically approximated by dodecane), jet fuel and
kerosene and gasoline (composed mainly of C,-C;, saturated
hydrocarbons, often represented by octane) along with aromatic
compounds such as benzene, toluene and xylenes (Cg—Cs)."”
While replacing these fossil-derived fuels with CO,RR products
would offer a substantial global impact and market relevance,
a significant gap remains between the fuels that dominate
current energy demand and those that can be accessed through
established solar-driven CO,RR pathways using state-of-the-art
systems. Surveying the current progress in light-driven
CO,RR, the most commonly reported CO,RR products are
primarily C;-C, compounds, including carbon monoxide, for-
mic acid, methane, methanol, ethane, ethylene, acetic acid and
ethanol, with the formation of C; or higher hydrocarbons
remaining rare and challenging under current catalytic
conditions.

3.1 Thermodynamic and kinetic barriers

Thermodynamic analysis provides the energetic framework
within which CO,RR pathways compete. When these reactions
are formulated using water as the reductant (electron/proton
source) and oxygen as the oxidation product, the associated
AG° span a broad range: the formation of CO or formic acid
involves relatively modest AG° value, whereas the synthesis of
C, products (e.g., ethanol, ethylene, ethane) requires signifi-
cantly higher energies, with AG° values exceeding
1000 kJ mol~". However, in electro(photo)chemical systems, the
more relevant thermodynamic parameter is the standard cell
potential (E.,,), derived from the relationship AG’ = —nFE, ),
where n is the number of electrons transferred and F is the
Faraday constant. When normalised by n, these large differ-
ences in AG° converge into a narrower range of standard
potentials, falling within ~1.0-1.4 V, as summarised in Table 1.

Nonetheless, in practice, product selectivity is more strongly
governed by kinetic barriers and the overpotentials required to
activate competing multi-electron and multi-proton transfer

Chem. Sci., 2025, 16, 18990-1901 | 18999


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc03976b

Open Access Article. Published on 23 shtator 2025. Downloaded on 2.11.2025 8:43:34 e paradites.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

pathways.'® These kinetic barriers correlate with the number of
electrons involved in the product formation. As summarised in
Table 1, the electron requirements increase in the following
order: H, = CO = HCOOH < CH,OH < CH, = CH,COOH <
C,H, = CH,;CH,OH < C,H,.

At the lower end of the trend, hydrogen evolution from water
and CO,RR to simple C; products, such as carbon monoxide
and formic acid, are comparatively facile, as these reactions
involve only two electrons and two protons, minimal bond
rearrangements and relatively few intermediate species. These
attributes make them the most accessible products, particularly
in photocatalytic systems where the inherently low photovoltage
and limited charge separation efficiency impose additional
constraints on reaction pathways.”> Under such conditions,
product distribution is biased toward thermodynamically and
kinetically favourable transformations.

As target products become progressively more reduced, the
kinetic difficulty intensifies due to the increased number of
electrons and proton-coupled electron transfer steps required.
For instance, the formation of methanol, methane, acetic acid,
ethylene, ethanol and ethane necessitates 6, 8, 8, 12, 12 and 14
electrons and protons, respectively. These complex and multi-
electron pathways involve a broad range of intermediate
species and intricate bond rearrangements, demanding precise
control over reaction sequences, effective stabilisation of tran-
sient intermediates and finely tuned proton-electron transfer
kinetics. Consequently, the selective and efficient production of
such hydrocarbons and oxygenates hinges on the development
of advanced catalytic architectures and carefully optimised
reaction environments.***®

In comparison, water splitting exhibits a standard cell
potential E_.; of 1.23 V, which is comparable to most CO,RR
pathways. Therefore, in aqueous systems, hydrogen evolution
reaction often competes with CO,RR, particularly under
conditions or with catalysts that promote rapid proton reduc-
tion. This competition, combined with the inherently low
solubility of CO, in water, presents a significant barrier to
achieving high selectivity toward carbon-based products in
CO,RR.”!
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3.2 Market size

The relative current global market demand for common CO,RR
products generally follows this order (Table 3): HCOOH < CO <
CH;COOH < C,Hg < CH30H < syngas < CH3;CH,OH < CH,4 <
C,H, < H,.

Formic acid currently occupies a relatively small segment of
the global chemical market, primarily utilised in the leather and
textile industries as a tanning agent and pH regulator.”” Its
application in cleaning products, notably for rust removal and
descaling, is rapidly expanding, significantly contributing to
market growth. The fastest expansion, however, is observed in
the animal feed sector, driven by increasing global demand for
meat and animal-derived products, particularly in developing
regions, where formic acid acts as a preservative and antimi-
crobial additive.

Carbon monoxide similarly holds a limited standalone
market, segmented into niche industrial applications such as
metal fabrication, chemical synthesis, ore processing, phar-
maceuticals and electronics.”* However, CO's industrial value
rises significantly when combined with hydrogen to form
synthesis gas (syngas), a key intermediate for producing meth-
anol, fuels, fertilisers and synthetic materials.” In the Fischer-
Tropsch process, syngas is catalytically converted into liquid
hydrocarbons that can serve directly as fuels or as feedstocks for
conventional petrochemical manufacturing.”

Ethane and acetic acid possess moderately larger markets.
Ethane is predominantly used for ethylene synthesis, acetic acid
synthesis and as a refrigerant.”” Acetic acid serves as a key
feedstock for manufacturing chemicals such as vinyl acetate
monomer, acetic anhydride and acetate esters, extensively
employed in adhesives, coatings and textiles.”®

Methanol's market is diverse, spanning construction, auto-
motive and electronics, among other sectors.” The construction
segment is projected to dominate, given methanol's use in
producing foams, adhesives, plywood subfloors and plastics.
Additionally, shifting fuel industries towards methanol and
methanol-blended fuels, in response to environmental

Table 3 Economic assessment of common products from solar-driven CO,RR

Current price
(USD per kg)

Product Market size (USD)

Production capacity
(metric tons per year)

Allowable device price at STF
of 10% (USD per m?)

Hydrogen (H,) 242.7 billion (2023)%

3.36 billion (2023)”*
58.16 billion (2024)*°

Carbon monoxide (CO)
Syngas

Formic acid (HCOOH) 2.11 billion (2023)”? 0.66 (ref. 89)
Methane (CH,) 95.4 billion (2023)% 0.16 (ref. 89)
Methanol (CH;OH) 31.26 billion (2024)7° 0.37 (ref. 89)
Ethane (C,Hg) 14.43 billion (2023)”’ 0.28 (ref. 94)

Ethylene (C,H,)
Acetic acid (CH;COOH)
Ethanol (CH;CH,OH)

196.2 billion (2023)%*
13.80 billion (2024)"®
77.12 billion (2023)%°

19000 | Chem. Sci,, 2025, 16, 18990-190T1

~1.39 (ref. 5)

0.20 (ref. 89)
~0.2 (ref. 91)

0.90 (ref. 95)
~0.50 (ref. 96)
0.51 (ref. 89)

97 (ref. 87) 187 (target price 3.5 USD per
kg for green H,)*
138

159 (assuming H,/CO ratio

~150 million (ref. 89)
246.18 million N m® h™*

(ref. 92) 2:1, target price ~0.6 USD
per kg for renewable
syngas)®?

1 million (ref. 89) 712

250 million (ref. 89) 20

80.5 million (ref. 89) 107

~80 million (ref. 94) 43

226 million (ref. 95) 120

17.48 million (ref. 97) 218

77 million (ref. 89) 137
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concerns associated with heavy fossil fuels, is anticipated to
further propel market growth.

The transportation industry represents the dominant
consumer of ethanol globally, driven primarily by increasing
demand for renewable fuels.®® This growth is largely attributed
to supportive government policies, such as the Renewable Fuel
Standards in the United States, EU directives and blending
mandates in emerging economies, including Thailand, India
and Brazil.** In the chemical sector, ethanol plays a crucial role
as a raw material in the synthesis of compounds such as
ethylene, acetic acid and ethyl acetate, which are essential for
producing plastics, solvents, coatings and pharmaceutical
ingredients. The shift toward greener, bio-based alternatives to
fossil-derived chemicals, supported by favourable policy
incentives, is expected to significantly expand ethanol usage in
this area during the coming years.*!

Methane, the primary constituent of natural gas, plays
a critical role in the global energy landscape, with widespread
application in electricity generation, residential and industrial
heating, and as a fundamental feedstock in chemical
synthesis.® Its versatility extends to specialised uses such as
liquefied natural gas and liquid methane-based rocket fuels. In
addition, ultra-high-purity methane is indispensable for the
synthesis of graphene, a key material in the fabrication of
microchips and transistors, which are crucial to almost all
modern electronic devices. This expanding demand from the
electronics sector is a significant driver of methane's market
growth.

Among the various CO,RR products, ethylene stands out as
one of the highest-volume industrial chemicals, with its market
expanding notably over the past decade. This growth is
primarily driven by escalating demand for plastics, packaging
and automotive components, alongside rapid developments in
the construction and infrastructure sectors.**** The market
outlook remains positive, supported by ongoing trends in global
population growth, urbanisation and industrial expansion.
Ethylene's utility spans a broad spectrum of industries. The
packaging sector constitutes the largest consumer segment,
where ethylene is employed in the manufacture of films,
containers and bottles. In the construction industry, ethylene
derivatives are used in the production of pipes, fittings and
insulation materials. The automotive sector utilises ethylene-
based polymers in fabricating dashboards, bumpers and inte-
rior panels. Moreover, in the textile industry, ethylene serves as
a precursor for the synthesis of synthetic fibers, thereby rein-
forcing its strategic importance across multiple manufacturing
domains.

Finally, hydrogen holds the largest market demand among
these chemicals, extensively utilised across various sectors,
including chemical production (e.g.,, ammonia synthesis),
petroleum refining, metal processing and increasingly as
a clean-energy carrier.*** Recent growth in hydrogen
consumption is primarily driven by the global push for cleaner
fuels and the hydrogen market is expected to experience
substantial expansion. Favourable regulatory frameworks and
mounting environmental concerns continue to accelerate the
development of hydrogen generation and utilisation
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technologies. Within this landscape, the ammonia production
segment currently dominates, accounting for over 23.56% of the
total market revenue in 2024.*>* Ammonia's potential to function
as a carbon-free fuel, hydrogen storage medium and energy
carrier further underscores the strategic significance of
advancing renewable hydrogen technologies on a global scale.

3.3 Market price and production capacity

The economic viability of CO,RR products is fundamentally
shaped by two interrelated factors: market price and production
capacity. While the former is influenced by demand-supply
dynamics, production complexity, purity requirements, down-
stream applications and product applications, the latter is
constrained by technological maturity, infrastructure readiness
and raw material availability. There exists a substantial
disconnect between high-value, low-volume products and those
that are inexpensive yet industrially abundant. The general
market price hierarchy of CO,RR products and H,, follows the
trend (Table 3): CH, < syngas = CO < C,Hg < CH30H < CHj;-
COOH = CH3;CH,OH < HCOOH < C,H, < H,. Conversely, the
production capacity hierarchy tends to mirror this trend
inversely, except C,H, (Table 3): H, << HCOOH < CH3COOH <
CH;CH,0H < CH3;0H = C,Hg < CO < C,H, < syngas < CH,.

Methane, which is the least expensive among CO,RR products,
dominates production capacity due to its extensive role as
a primary energy carrier in global natural gas infrastructure. Its
abundant natural reserves, highly developed global infrastructure
and large-scale industrial production contribute to its economic
accessibility and high scalability. Similarly, carbon monoxide and
ethane are moderately priced and produced in relatively large
quantities due to their availability as by-products in petrochem-
ical processes. These compounds benefit from being integral to
existing industrial value chains, albeit offering limited profit-
ability as stand-alone CO,RR targets. Syngas is among the less
expensive products on the list, with a market price comparable to
that of pure carbon monoxide and lower than that of pure
hydrogen. This cost advantage primarily stems from its role as an
intermediate in large-scale industrial processes such as steam
methane reforming and coal gasification, where it is produced at
high volumes. In contrast, the additional separation and purifi-
cation steps required to obtain pure hydrogen introduce
substantial energy demands and infrastructure costs, which
significantly increase their market prices.*>*

Methanol and ethanol occupy a mid-tier position in both
price and production capacity. Their wide-ranging applications
in transportation fuels, solvents and chemical synthesis, along
with partially developed renewable production pathways,
render them promising CO,RR products from both an
economic and technological standpoint. Their prices reflect
moderate production complexity and strong industrial demand,
though ethanol pricing may fluctuate based on feedstock
availability and biofuel mandates.

In contrast, formic acid and acetic acid are relatively high-
value CO,RR products with more specialised and niche appli-
cations. Despite their versatility in chemical synthesis, textiles
and agrochemicals, their global production volumes remain
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Fig. 4 Economic comparison of common products obtained from solar-driven CO,RR. (a) Gaseous products and (b) liquid products.

comparatively modest. Formic acid, in particular, commands
a higher market price due to its energy-intensive and technically
complex production routes, such as the carbonylation of
methanol.” Its use as a hydrogen carrier and antimicrobial
agent in feed applications is growing, but these sectors have not
yet driven large-scale production to match demand potential.

Ethylene represents a unique outlier among CO,RR prod-
ucts. It is the only compound that combines both a high unit
price and exceptionally high production volume. Its centrality in
global manufacturing gives it robust and diverse demand,
ensuring strong market value even at massive production
scales. Given this dual advantage, C,H, is a highly attractive
target for CO,RR, though it remains one of the most kinetically
challenging products to produce selectively (Fig. 4a).

Green hydrogen, generated via electrolysis or photo(electro)
catalytic processes driven by renewable energy, currently sits at
the top of the pricing spectrum. The United States Department of
Energy's goal of achieving a cost of 2.00-4.00 USD per kg for green
H,.*” While hydrogen is already produced at an industrial scale,
primarily through steam methane reforming, the overall global
hydrogen output remains limited compared to carbon-based
fuels. Moreover, green hydrogen accounts for only a small frac-
tion of total hydrogen production, primarily due to the high cost
and energy requirements of water electrolysis. The scalability of
green hydrogen is further constrained by the underdeveloped
infrastructure for its generation, compression and distribution.

3.4 System affordability

To quantitatively assess the interrelation among product
market price, CO,RR device capital cost and production effi-
ciency, we employed the following equation:

Product price = device cost/product amount.

This formulation allows us to approximate the levelized
product cost over the system's operational lifespan. The product
yield can be correlated with the STF using the following equation:

19002 | Chem. Sci, 2025, 16, 18990-190T11

output energy as fuels
energy of incident light
(mmol fuel s™') x (AG J mol™)

= % at standard conditions
(100 mW ecm?) x (area cm?)

STF =

Under the assumptions of standard one sun illumination
(AM 1.5G, 100 mW cm ™ >) for 6 hours per day, a projected service
lifetime of 10 years and an annual capital depreciation rate of
5%, we derived the theoretical correlations among these vari-
ables. The resulting estimations are presented in Fig. 5.

Assuming an STF of 10% and referencing current product
prices as summarised in Table 3, the allowable capital cost of
CO,RR and H, production systems follows the trend: CH, <
C,Hg < CH;0H < C,H, < CH;CH,0H = CO < syngas < H, <
CH;3;COOH << HCOOH.

Owing to the relatively low market prices of methane and
ethane, the maximum allowable device cost for achieving
economic viability for these products is constrained to below 50
USD per m”, when STF is set as 10%. This imposes a consider-
able constraint, particularly when compared with the current
cost structure of PV-EC systems. The high cost of PV-EC
configurations, driven by the need for high-efficiency solar cells
and electrocatalysts, robust corrosion-resistant components
and precise integration of photovoltaic and electrochemical
units, makes it difficult to meet this economic constraint under
current manufacturing conditions. Even under current
manufacturing conditions in China, solar cell modules still
typically exceed 30 USD per m”. Electrolysis components are
also costly: for instance, anion exchange membranes are ~180
USD per m?, while the electrocatalysts required for a cathode
(Ag, 2 mg cm ?) and an anode (IrO,, 1 mg cm™2) amount to
approximately 1752 USD per m”® in total.’® Under optimistic
scenarios, for example, increasing STF to 60%, the allowable
device cost for methane production would only rise to approx-
imately 120 USD per m?, which still remains technologically and
economically demanding with present manufacturing capabil-
ities. A similar constraint applies to syngas, given its low market

© 2025 The Author(s). Published by the Royal Society of Chemistry
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price. However, if a target price of ~0.6 USD per kg is considered
for renewable syngas produced from circular carbon feed-
stocks,” the allowable capital cost could increase to 159 USD
per m?, assuming an H, to CO ratio of 2, which is typical for
large-scale synthesis-gas-based production of chemicals such as
methanol and dimethyl ether.*****

Furthermore, the substitution of CO,RR-derived fuels for
fossil-based products with inherently low global demand does
not offer a scalable or impactful solution to global CO, miti-
gation. Such limited-market substitutions are unlikely to exert
a meaningful influence on global commodity prices either.
Consider that at an STF of 10%, the theoretical annual methane
yield is ~120 kg m2. Given the global methane production
capacity of ~250 million metric tons per year, replacing just
10% of this volume via solar CO,RR would necessitate the
deployment of more than 200 km? of active reactor surface. This
spatial requirement, coupled with economic and technological
constraints, suggests that solar-driven CO,-to-CH, conversion is
unlikely to achieve cost-competitive parity with conventional
methane production in the foreseeable future.

For mid-value CO,RR products such as methanol, ethylene,
ethanol and carbon monoxide, the estimated allowable device
cost to achieve economic parity with current market prices
ranges from approximately 100 to 140 USD per m?, assuming
an STF of 10%. While this cost window is less stringent than
that associated with lower-value products like methane and
ethane, it still presents substantial economic hurdles for PV-
EC systems. Realistically, achieving STF values in the range of
20-30% would be required to accommodate higher device
costs on the order of 200 to 400 USD per m”, which could
enable commercial viability if relatively expensive electro-
catalysts are used. By contrast, photocatalytic panel systems
that use lower-cost semiconductors than crystalline silicon,
such as oxide materials (e.g., SrTiO; and BiVO,) and compat-
ible with scalable, cost-efficient fabrication techniques (e.g.,
screen printing),’*® present a promising alternative.>* These
systems avoid the integration complexities and cost burdens
associated with coupling high-efficiency photovoltaic modules
to electrochemical reactors. If implemented at commercially
relevant scales, such systems may provide a more pragmatic
route to economically competitive production of mid-value
CO,-derived fuels and chemicals. The PEC configuration
integrates light absorbers, ionic membranes and electro-
catalysts within a single reactor, thereby reducing the number
of components, simplifying system architecture and enabling
potentially greater operational flexibility. Despite these
advantages, techno-economic analyses indicate that the
economic competitiveness of PEC systems remains con-
strained by material costs, device design and limitations in
manufacturing scale.>'* The highest-performing PEC devices
reported to date still depend on photovoltaic-grade semi-
conductors with buried junctions, which are expensive to
fabricate.'®'** Achieving economic viability is suggested to
require a combination of strategies, such as the use of
concentrated solar irradiation, lowering material costs, oper-
ating under pressurised conditions and substantially reducing
CO, capture costs.'*
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Formic acid and acetic acid appear to be among the most
promising target products for current solar-powered CO,RR
technologies, primarily due to the combination of their rela-
tively high market prices and modest global production
volumes. These factors translate into more favourable
economics for early-stage CO,RR deployment. More broadly,
the juxtaposition of market price and production capacity
underscores a fundamental dilemma in chemical product
development: products that are economically attractive due to
their high market value often present substantial challenges to
large-scale synthesis, such as the current formic acid product.
Within this context, formic acid and acetic acid represent a rare
convergence of economic viability and moderate production
scale, positioning them as compelling near-term candidates for
the deployment of solar-driven CO,RR technologies under
realistic techno-economic constraints. Assuming an STF of
10%, a square meter of the CO,RR device could theoretically
produce about 1 kg of formic acid annually. Given the current
global production capacity of formic acid, around 1 million
metric tons per year, reaching 50% of this value through CO,RR
would require ~500 000 m? of active solar reactor area. While
this scale is not trivial, it is considerably more attainable than
what would be required for methane. Large-scale deployment of
CO,RR for these chemicals could potentially saturate or reshape
their global supply chains, resulting in a tangible impact on
market structure and carbon mitigation efforts.

3.5 Separation

Generally, gaseous products such as carbon monoxide,
methane, ethane and ethylene are considerably easier to sepa-
rate from the reaction medium compared to liquid products.
Their low solubility in water, high volatility and distinct phase
from the aqueous electrolyte allow for efficient recovery.**>'% In
contrast, liquid CO,RR products, such as formic acid, meth-
anol, ethanol and acetic acid, are all highly soluble in water and
typically generated alongside aqueous electrolytes, making their
separation both technically demanding and energy-intensive.

In a simplified scenario where only the target liquid product
coexists with water and dissolved salts, separation remains
nontrivial due to azeotrope formation and similar volatilities.
Formic acid forms strong hydrogen bonds with water and
exhibits azeotropic behaviour, limiting the effectiveness of
simple distillation and often requiring energy-intensive
methods such as reactive distillation, membrane separation
or solvent extraction.’ Ethanol, widely known for forming
a minimum-boiling azeotrope with water, demands extractive
distillation or molecular sieves for purification. Acetic acid,
although less volatile than alcohols and partially dissociated in
aqueous media, presents challenges due to its strong hydro-
philicity and corrosive nature, often requiring liquid-liquid
extraction with specialised solvents, sometimes followed by
distillation or pervaporation.’”® Among these, methanol is
generally considered relatively easy to separate under high-
concentration conditions due to its relatively low boiling point
and favourable volatility, which allow for effective recovery by
conventional distillation.
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While gaseous CO,RR products are inherently easier to
isolate and scale, the separation of liquid products remains
a critical bottleneck, particularly at low product concentrations.
Tailoring system designs to favour gas production or integrating
in situ separation strategies'*>'% for liquid fuels will be essential
to achieving practical and energy-efficient solar fuel production.

4. Future opportunities

Despite recent progress, huge challenges remain before prac-
tical deployment can be realised. The commercial feasibility of
CO,RR systems depends not only on achieving target STF and
high selectivity toward the desired product but also on main-
taining long-term device stability under operational conditions.
Importantly, the resulting CO,-derived fuels and chemicals
must rival those produced by mature industrial processes in
terms of lifecycle cost and energy consumption, as long-term
competitiveness cannot rely solely on government subsidies or
policy incentives for greener alternatives.

Overcoming these multifaceted challenges will require
concerted progress across several domains. Advances in catalyst
development must focus on enhancing activity, selectivity and
robustness. Simultaneously, innovations in device architecture
and reactor engineering are needed to improve light harvesting
and mass transfer while minimising system costs. Furthermore,
integration of these components into scalable modular systems,
which are compatible with intermittent solar inputs, will be key
to enabling widespread adoption.

To address these needs and advance the field toward
commercial viability, we propose the following strategic
directions.

4.1 Enhancing STF

Increasing STF is arguably the most pivotal metric in deter-
mining the viability of solar-powered CO,RR technologies. For
most commercially relevant CO,RR products, including meth-
anol, ethylene, ethanol and acetic acid, an STF exceeding 10%
or even 20% is essential to approach economic competitiveness
in the context of the allowable device costs derived from market
price benchmarks (Fig. 5). Formic acid may be an exception,
where lower STF thresholds (e.g., ~5%) could still support
viable deployment due to its high market value and relatively
low global production volume. Nonetheless, even in such cases,
higher STF values would substantially improve system
economics and scalability.

Achieving high STF requires coordinated advancements
across multiple fronts of material science and systems engi-
neering. Key among these is a deeper mechanistic under-
standing of light absorption, charge separation and migration
and catalytic surface reactions. Recent progress in microscopies
and spectroscopic tools, such as surface photovoltage micros-
copy,'" ultrafast transient absorption spectroscopy,'** operando
Fourier transform infrared spectroscopy and Raman spectros-
copy,”>' has enabled real-time insights into catalyst changes,
charge carrier dynamics and intermediate species. Such
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insights are critical for identifying unknown mechanisms and
guiding the rational design of more efficient catalysts.

Simultaneous advances in computational chemistry, partic-
ularly density functional theory, have substantially improved
our mechanistic understanding of CO,RR, allowing for the
elucidation of reaction energetics, identification of key inter-
mediates and determination of active site characteristics.*
Alongside these developments, machine learning and artificial
intelligence (AI) have emerged as powerful tools for accelerating
catalyst discovery and system optimisation."*>"'® Machine
learning-assisted inverse design and high-throughput virtual
screening have enabled the rapid identification of candidate
materials with tailored optoelectronic properties."’” Moreover,
Al-driven platforms are increasingly utilised to streamline
experimental workflows, reduce human labour and accelerate
development cycles.

However, the effective and responsible application of these
technologies requires careful consideration and close interdisci-
plinary collaboration between materials scientists, catalysis
experts and machine learning specialists. Accurate prediction
models hinge on access to large and high-quality datasets that
are not only quantitatively robust but also curated with a deep
understanding of the CO,RR process. Unlike data derived from
standard physicochemical measurements, catalytic activity and
selectivity are influenced by multifactorial parameters, many of
which are not consistently or explicitly reported in the literature.
In the context of semiconductor-based photocatalysis, for
instance, readily available descriptors such as bandgap are often
overemphasised in the prediction, despite the fact that they
primarily relate to light absorption. In contrast, crucial charge
properties including carrier density, migration length and charge
separation efficiency, as well as surface catalytic behaviours that
dictate reaction kinetics and selectivity, are rarely reported or
inadequately characterised. This paucity of comprehensive and
standardised descriptors presents a major obstacle to the devel-
opment of robust and data-driven predictive models.

Furthermore, we argue that models should not be evaluated
solely by their ability to reproduce known results, but by their
capacity to guide new, verifiable discoveries through scientifi-
cally meaningful correlations and predictive validity. Incorpo-
rating the digital and analytical tools into a closed-loop
framework, where experimental data continuously inform
computational models, which in turn generate predictive
insights to guide subsequent experiments, has the potential to
accelerate the discovery-to-deployment pipeline for CO,RR
technologies. Moreover, such integration holds the potential to
uncover unconventional materials that simultaneously maxi-
mise photon utilisation, charge mobility and catalytic
selectivity.

The integration of Al and computational tools should not
replace domain expertise but rather augment it. The selection of
features and training parameters must be grounded in a deep
chemical and mechanistic understanding of CO,RR processes.
It is only through experimental insight, theoretical rigour and
computational innovation that meaningful progress can be
made toward the rational design of efficient, selective and stable
materials and systems for solar-driven CO,RR.
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4.2 Reducing device cost

To achieve economically viable solar-driven CO,RR, the system
must meet specific cost thresholds associated with device
fabrication, operation and installation. While efforts to lower
the cost of materials and manufacturing are essential, it is
equally important to address auxiliary cost factors, for example,
land acquisition and usage, which constitute a substantial
portion of the total system cost. Achieving appreciable
production levels typically requires an extensive active area,
often exceeding 1 km? This demand introduces a critical
challenge: competition for land between residential develop-
ment and food production. Consequently, siting CO,RR facili-
ties in non-urban settings, such as agricultural zones or desert
environments (Fig. 6), would be a more practical strategy to
reduce capital expenditure and complexity.

At first glance, deploying renewable energy systems in agri-
cultural regions may seem counterproductive due to potential
land-use conflicts with food production. However, the emer-
gence of agrivoltaics, a dual-use strategy integrating photovol-
taic technologies with crop cultivation, has demonstrated
significant potential for optimising both energy generation and
agricultural productivity."® Since many crops do not require the
full solar spectrum or continuous direct sunlight irradiation,
the installation of semi-transparent or spatially distributed
panels can create beneficial microclimates by reducing evapo-
transpiration and providing partial shading, often enhancing
crop yields. These systems not only generate additional revenue
for farmers through electricity sales but also support decen-
tralised power generation, reducing transmission losses and
improving grid resilience. Solar-utilised CO,RR systems may be
co-located under similar configurations, further expanding
land-use efficiency.

Desert regions, which account for approximately 33% of the
Earth's land surface and are defined by an aridity index below
0.2, represent an underutilised opportunity for renewable
energy deployment. These areas receive exceptionally high solar
irradiation, typically ranging from 2000 to 2800 kWh per m? per
year, nearly double that of temperate regions like London
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Fig. 6 Future directions for solar-driven CO, reduction technologies.
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(~1000-1200 kWh m?),""® making them especially attractive
for solar fuels production due to significantly reduced payback
times. The vast expanses of low-cost, sparsely inhabited land in
rural deserts offer ideal conditions for large-scale energy
projects, minimising land-use conflicts and simplifying regu-
latory approvals. Deserts are also suitable for hybrid energy
systems, as solar resources can be complemented by wind
energy, which often peaks when solar intensity is lower.

However, key challenges must be addressed to ensure
feasibility. Water scarcity remains a significant barrier, as
CO,RR requires water as an electron donor. Innovations such as
atmospheric water harvesting and moisture capture inspired by
Namib beetles,"”” and metal-organic frameworks'*"***> offer
promising solutions for localised water generation. Addition-
ally, the harsh environmental conditions, including extreme
temperatures, sandstorms and dust, necessitate robust design
and automated maintenance systems. Dust mitigation and
routine cleaning, potentially via automated systems, are
essential to maintain operational efficiency.

Open water bodies, including oceans, seas and lakes, offer
substantial potential for solar fuel generation through floating
CO,RR platforms. The deployment of floating technologies is
garnering significant interest due to several advantages over
land-based systems, such as higher solar irradiance exposure
due to reduced shading, enhanced energy conversion efficiency
via passive cooling from the surrounding water and the allevi-
ation of land-use conflicts.’***** These systems are particularly
attractive for island countries and remote coastal regions where
land availability is limited but solar resources are abundant.
Integrating such facilities with existing offshore infrastructure,
including decommissioned oil rigs and artificial islands, could
significantly reduce capital expenditure by utilising pre-existing
platforms, while also revitalising remote economies through
solar fuel production. Offshore locations also present unique
opportunities for carbon capture and utilisation. The CO,
captured from offshore carbon capture and storage units can
serve as a feedstock for CO,RR, aligning with circular carbon
economy goals.

Nonetheless, the utilisation of CO,RR systems in marine
environments introduces several technical and environmental
challenges. Chief among them is the need to maintain high
performance for long-term operation under saline conditions.
Seawater can degrade both devices and catalytic materials,
necessitating the development of robust, corrosion-resistant
systems and protective engineering strategies.

4.3 Enhancing system viability through co-product
valorisation

It is suggested that in solar-driven fuel production systems,
oxygen evolution must serve as the oxidation product to the
reduction of water or CO,.** While this process establishes
a closed carbon cycle, the economic contribution of the O, by-
product is minimal. At a current market price of ~0.1 USD
per kg, oxygen sales do little to offset the high capital and
operational costs associated with solar-driven CO,RR systems.
For instance, under an STF of 10%, considering the evolved O,
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increases the allowable device cost for CH, production from 20
USD per m” to ~70 USD per m?, a value that remains below the
threshold needed for commercial viability with currently avail-
able CO,RR systems.

To overcome this limitation, recent efforts have explored
replacing the energetically demanding water oxidation half-
reaction with thermodynamically more favourable oxidation
processes, particularly those involving plastic and biomass
waste (Fig. 6)."**'** These substrates, which include poly-
ethylene terephthalate (PET) and lignocellulosic biomass, can
be oxidised under solar irradiation to yield valuable chemicals
such as formic acid, glycolic acid or acetic acid. For instance,
the photoreforming of ethylene glycol, a monomer derived from
PET, offers a compelling case: when its oxidation to formic acid
is coupled with CO,RR to methane, this dual-function system
can significantly enhance overall product value and atom
economy.”” The co-generation of formic acid and methane
under such conditions shows to increase the allowable device
cost to ~490 USD per m?, a sevenfold increase compared to
systems relying on water oxidation (20 USD per m?, Table 3),
assuming the methane production rate remains equivalent to
that of a CO,RR system operating at 10% STF using water as the
electron. Importantly, the STF of this co-reforming system will
differ from 10%, as the overall reaction AG® changes due to the
substitution of water with ethylene glycol.

This integrated approach offers several advantages beyond
improved economics. It simultaneously addresses global chal-
lenges related to plastic pollution, renewable fuel generation
and CO, utilisation. However, the realisation of such systems at
scale demands significant progress in (photo)catalyst develop-
ment. Specifically, it is essential to design systems that exhibit
high selectivity and activity toward the desired products in both
the oxidation and reduction half-reactions. Achieving this goal
is challenging, as each reaction pathway involves complex
multi-electron transfers and is highly sensitive to surface
properties and reaction conditions. Additionally, ensuring the
compatibility of both catalytic processes under a shared oper-
ational window, for example, pH, is crucial for efficient system
integration.

5. Conclusions

While the vision of converting CO, into solar fuels and chem-
icals is undeniably compelling and, if realised, would mark
a major milestone for sustainable human development, our
analysis suggests that solar-driven CO,RR remains far from
achieving commercial-scale deployment. The key bottlenecks
include low STF efficiencies and stability, high capital costs of
current technologies and insufficient systems integration for
scalable implementation.

In the near term, the production of value-added chemicals
such as formic acid and acetic acid may offer the most viable
entry points for solar-driven CO,RR deployment. Their relatively
high market prices and limited global production volumes
create favourable conditions for market penetration and
potential disruption. However, significant challenges remain,
particularly the energy- and cost-intensive separation of liquid-
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phase products from aqueous reaction media, which may offset
these economic advantages.

By contrast, methane, while representing a scientifically
attractive target due to the considerable thermodynamic and
kinetic barriers it poses, is far less compelling from a techno-
economic standpoint. Its low commercial price and vast global
production capacity make it highly unlikely that solar-derived
CH,4 by CO,RR could compete economically in the near future.

Looking ahead, achieving STF efficiencies of 10% or higher
will be essential to transform CO,RR from a laboratory-scale
demonstration into a commercially viable solution for renew-
able fuel production. Achieving this target will require not only
innovations in materials but also a paradigm shift that incor-
porates machine learning and Al-assisted screening and opti-
misation with advanced operando characterisation techniques
to elucidate reaction mechanisms and guide design principles.
Importantly, this progress hinges on close interdisciplinary
collaboration across materials science, surface chemistry,
computational modelling, process engineering and systems
integration to ensure that data-driven innovations are both
scientifically robust and technologically practical.

To bridge the gap between feasibility and deployment, future
CO,RR strategies must integrate catalyst and system design
with rigorous techno-economic evaluation. Promising
approaches may include deployment in non-traditional envi-
ronments, such as desert regions or offshore areas, where land
use pressures are lower and solar or hybrid renewable resources
are abundant. Another compelling strategy involves replacing
water oxidation with thermodynamically favourable reactions,
such as waste biomass or plastic photoreforming. These
processes not only valorise waste streams but also generate
high-value oxidation products, substantially improving the cost
structure compared to conventional oxygen evolution.

Whether artificial photosynthetic processes can truly power
a sustainable future remains an open but increasingly hopeful
question. These systems have demonstrated scientific promise
across multiple configurations, yet they remain limited by low
efficiencies, costly materials and system-level complexity.
Nevertheless, with continued innovation in catalyst design,
integrated reactor engineering and the use of digital tools for
accelerated discovery, artificial photosynthesis may become
a practical solution for producing clean fuels and chemicals,
particularly in remote, resource-abundant settings where
conventional energy systems are less viable. While it may be
unlikely to fully displace fossil-based energy, artificial photo-
synthesis could play a vital complementary role in deca-
rbonising hard-to-electrify sectors and expanding the global
portfolio of sustainable energy technologies. We claim that
realising the full potential of solar-powered CO,RR demands
a multi-pronged, interdisciplinary approach that goes beyond
material development. It requires comprehensive consideration
of system performance, economic feasibility, deployment envi-
ronments and product market integration. Only through close
cooperation across scientific and engineering disciplines,
guided by data-driven design principles and grounded in
techno-economic realities, can CO,RR evolve into a trans-
formative pillar of the global clean energy economy.
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