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Solar driven CO2 reduction for the production of fuels and chemicals is a promising technology for

achieving carbon neutrality. Photocatalytic CO2 reduction, photoelectrochemical CO2 reduction and

photovoltaic-electrochemical CO2 reduction, are three main approaches for solar driven CO2 reduction

that have attracted a lot of interest in both the academic and industrial communities. However, in spite

of the decades of work that have been devoted to this research area, low solar to fuel efficiency, poor

product selectivity and unsatisfactory stability continue to impede the application of these three

technologies. Herein, we summarize the recent advances in photo-absorbers, catalysts and device

designs for solar driven CO2 reduction and have identified the following requirements that are essential

for realizing a highly efficient solar driven CO2 reduction system: optimized photo-absorbers, tailored

catalysts, well-designed devices and the synergistic operation of these three parts. In addition, we

provide perspectives for the future development of the solar driven CO2 reduction field.
10th Anniversary Statement

Congratulations on the 10th anniversary of Journal of Materials Chemistry A! The journal was launched in the middle of my PhD study, and its theme tted well
with my research topic. It has accompanied me through my scientic career from a PhD student, postdoc, to my current position as a full professor. I have
witnessed the fast growth and expanding impact of the journal, and I am a frequent reader, author, and active reviewer of the journal. Since 2020, I have been an
advisory board member of the journal. It is my great pleasure to contribute a review article as the corresponding author to this special issue. As the world's
demand for energy and sustainability is continuously increasing, the journal will continue to excel and contribute to the common benets of human kind.
1. Introduction
1.1 Motivation for CO2 recycling

The atmospheric concentration of CO2 has increased by around
100 ppm over the past century due to human activity,1 mainly
the excessive combustion of fossil fuels, which has disrupted
the natural carbon cycle and caused severe environmental and
ecological problems.2 Without efficient carbon emission
reduction strategies, the concentration of CO2 in the atmo-
sphere would rise up to 570 ppm by the year 2100, which would
lead to an increase of approximately 1.9 °C in the mean global
temperature.3 One of the ideal strategies of CO2 reduction is
converting CO2 into value-added chemicals and carbonaceous
fuels using renewable energy, such as solar energy. It has been
estimated that 10% of the solar energy received by the Earth via
sunlight irradiating 0.3% of the Earth's surface would be suffi-
cient to fulll the global energy needs for a year.4 In 1978,
Halmann discovered the photo-induced reduction of CO2 into
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carbonaceous products on semiconductors,5 which led to large
amount of research focusing on solar driven CO2 conversion.
1.2 Solar driven CO2 reduction

Solar driven CO2 reduction utilizes the energy from sunlight to
reduce CO2 into value-added carbonaceous chemicals, such as
CO, CH4, HCOO−, alkenes and alcohols. Solar driven CO2

reduction is typically divided into photocatalytic CO2 reduction
(PC CO2R), photoelectrochemical CO2 reduction (PEC CO2R)
and photovoltaic-electrochemical CO2 reduction (PV-EC CO2R)
approaches.

In the PC CO2R system, CO2 reduction and oxidation reac-
tions (most commonly the water oxidation reaction) both occur
on the surface of semiconductors under light irradiation. Three
crucial steps are involved in this process (Fig. 1A).6–9 In the rst
step, the semiconductor absorbs incident light with energy
equal to or higher than its bandgap and photo-induced elec-
tron–hole pairs are subsequently generated. The photo-induced
electrons are excited to the conduction band (CB) and the holes
remain in the valence band (VB). In the second step, the photo-
induced electrons and holes migrate to the surface of the
semiconductor, but a large proportion of the electrons and
holes may be consumed by bulk recombination and surface
J. Mater. Chem. A, 2023, 11, 12499–12520 | 12499
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Fig. 1 (A) Schematic of photocatalytic CO2 reduction, illustrating the threemain steps of the process, and (B) band bending of an n-type and a p-
type semiconductor at the semiconductor/liquid interface.12 Copyright 2015, Springer Nature. (C) Schematic of a typical photoelectrochemical
CO2 reduction device. (D) Schematic of the PV-EC CO2 reduction device.13 Copyright 2017, Springer Nature. (E) General current density–voltage
diagram for a coupled PV-EC system.14 Copyright 2013, Proceedings of the National Academy of Sciences.
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recombination. Photo-induced electrons which successfully
migrate to the surface reduce CO2 into fuels and H2O into H2 as
the by-product, whilst holes on the surface of the semi-
conductors oxidize H2O into O2. The hydrogen evolution reac-
tion (HER) accompanies the CO2 reduction due to the similar
equilibrium potentials of these half-reactions (Fig. 1A).10 At the
Lili Wan received her bachelors
degree in Environmental Science
from Inner Mongolia University
in 2011 and obtained her
masters and doctorate degrees
in Environmental Science from
Nankai University in 2015 and
2019, respectively. During her
PhD study, she visited Geoffrey
A. Ozin's group at the University
of Toronto as an exchange
doctoral student for one and
a half years, where she focused
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12500 | J. Mater. Chem. A, 2023, 11, 12499–12520
semiconductor–liquid interface, the difference between the
Fermi level (EF) of the semiconductor and the redox potential
level of the liquid (electrolyte) (ER) induces band bending at the
semiconductor/liquid interface, which facilitates the separation
of photo-generated electron–hole pairs during light irradia-
tion.11 EF is close to VB in p-type semiconductors, and it is
Jingshan Luo is a full professor
and vice director of the Institute
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Devices and Technology at
Nankai University. He received
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typically lower than ER, which results in a tendency for electrons
owing from the liquid to the semiconductor, building up an
electric eld in the semiconductor near the interface. This
electric eld causes band bending at the semiconductor–liquid
interface. Therefore, the CB and VB of a p-type semiconductor
bend downward, from the semiconductor to the liquid (Fig. 1B),
enhancing electron–hole pair separation and facilitating elec-
tron transport to the semiconductor–liquid interface, which is
critical for improving the photo to electron conversion
efficiency.

The PEC CO2 reduction is generally performed in a cell with
two compartments (H-type cell), which mostly consists of
a photoelectrode, a counter/dark counter electrode, reference
electrode and a membrane (proton- or anion-exchange
membrane, for separating the electrolyte of two half-reactions,
transferring the protons or the donor of protons). As illus-
trated in Fig. 1C, photo-induced electrons are generated on the
photocathode under light irradiation conditions, transferred to
the electrode/electrolyte interface and reduce CO2 or H2O into
carbonaceous products or H2, whilst photo-induced holes are
transferred from the external circuit to the anode and oxidize
H2O into O2. Similar to the situation of a semiconductor in
contact with an aqueous solution, semiconductors on an elec-
trode exhibit band bending due to equilibration of the semi-
conductor Fermi level with the redox potential of the electrolyte,
which creates a space charge region providing an electric eld at
the interface of the electrode/electrolyte.15 The “downward”
band bending in the space charge region of the semiconductor
enables efficient separation of photo-induced electron–hole
pairs, directing electrons toward the electrolyte solution to drive
the reduction reaction. The PEC system is different from the PC
system because it separates the photo-induced electrons and
holes from the surface of one particle to two different electrodes
which can be placed in two chambers, allowing further sepa-
ration of the redox products. The directional ow of the photo-
induced electrons and holes reduces the amount of recombi-
nation of electrons and holes in the PEC system. In addition,
the separation of photo-induced electrons and holes can be
further enhanced by applying an external bias. However, the
ultimate goal of the PEC CO2 reduction system is to construct
a bias-free two-electrode cell, which is driven by the solar irra-
diation.16 It is challenging to construct photoelectrodes offering
sufficient photo-voltage and with suitable conduction and
valence band edges.

Photovoltaic (PV) driven electrochemical (EC) CO2 reduction,
as another key strategy for converting solar energy into fuels
and chemicals, employs photo-electrons provided by PV to
reduce CO2 at the cathode in the EC cell (Fig. 1D).17 It combines
the benet of photovoltaics that it is a proven technique for
photoelectric conversion with high efficiency and the advantage
of electrocatalysis that it is a relatively mature technology close
to practical application. The coupling of two distinct systems,
both of which can be optimized independently, makes it an
attractive integrated system.18 Collaborative coupling of the PV
cell and EC is essential to achieve a highly efficient integrated
system. It is better to operate the PV-EC system close to the
maximum power point of the PV device, which is located at the
This journal is © The Royal Society of Chemistry 2023
intersection point of the electrocatalytic J–V curve of the elec-
trocatalyst and PV cell close to the maximum power point of the
PV device (Fig. 1E). Otherwise, the impedance mismatch
signicantly curtails the power available to run the EC cell.8,14
1.3 Strategies for improving the efficiency of solar driven
CO2 reduction systems

Although PC, PEC and PV-EC systems are all driven by solar
energy, they are intrinsically different from each other. The
major difference between the PC system and the PEC system is
the directional ow of the photo-induced electrons and holes in
the PEC system and that the direction of the built-in electric
eld can be interchanged through the adjustment of the
applied bias voltage. The Fermi level of semiconductors will
move up or down when an external potential is applied and the
band bending will therefore invert to form an accumulation
region instead of a depletion region. This increases the band
bending and enhances the electron–hole pair separation and
interfacial charge transfer.8 Different from PC and PEC systems,
the PV-EC system decouples the processes of solar energy
conversion into electricity and redox reactions driven by elec-
tricity, which makes it easier to optimize the system efficiency
by improving the efficiency of the two parts, PV and EC cell,
separately.

However, apart from their differences, the three solar driven
CO2 reduction systems also share some common key elements.
They all require photo-absorbers to convert solar energy, cata-
lysts to accelerate the reaction kinetics and a well-designed
device for realizing a highly efficient system. The rst require-
ment for a highly efficient solar driven system (except for the PV-
EC system) is a betting photo-absorber with suitable band gap
and band positions, which decide the absorbed light spectrum
and the redox potential of the photo-induced electrons and
holes, respectively. This is not a limitation for the PV-EC system
because the photon to electron conversion is decoupled from
the electrons involved catalysis. The active components, most
commonly cocatalysts, are used to accelerate the reaction
kinetics, improve product selectivity, and enhance the surface
charge carrier transport.19 A well designed device with suitable
characteristics also promotes the efficient utilization and
conversion of solar energy. Therefore, materials and device
designs are the two key aspects for realizing an efficient solar
driven CO2 reduction system.
2. Materials for solar driven CO2

reduction
2.1 Photo-absorbers

The photo-absorbers are fundamental materials for a solar
driven CO2 reduction system, which undertake the most
important step of photo-absorption and conversion. Two basic
properties are required for the photo-absorbers in PC and PEC
systems: (i) the band gap of the semiconductors is better to be
located in the range of 1.6 eV to 1.7 eV, (ii) the position of the CB
and VB should be thermodynamically more negative and posi-
tive to the equilibrium potentials of CO2 reduction and water
J. Mater. Chem. A, 2023, 11, 12499–12520 | 12501
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oxidation, respectively (Fig. 2A). For the single absorber system,
the semiconductors must inherently satisfy the above proper-
ties concurrently. The multi-junction photo-absorber, such as
the Z-scheme structure, type II structure and p–n junction can
be adopted in PC and PEC systems for CO2 reduction when one
of the semiconductors has a suitable CB and the other has an
appropriate VB (Fig. 2B–D). Transition metal oxides, Si, III–V
and II–VI photo-absorbers, perovskite materials, carbon
nitrides, metal–organic frameworks and metal complexes are
generally employed as photo-absorbers in PC and PEC
systems.20 Most semiconductors in PC systems can also be
adopted as the photo-absorbers in PEC systems. The photo-
voltaic materials functioning as a photovoltaic cell in the PV-EC
system were also introduced into PC and PEC systems as photo-
absorbers in recent research studies.21 Here, we discuss some
representative semiconductors to demonstrate the importance
of photo-absorbers in a highly efficient solar driven CO2

reduction system.
2.1.1 Transition metal oxides. Titanium dioxide (TiO2), as

a typically conventional photo-absorber, has attracted wide
interest owing to its non-toxicity, low cost and good chemical
stability. However, its intrinsic property of having a wide
bandgap (∼3.0 eV) leads to a narrow absorption range, which
results in low efficiency.24 Thus, it is essential to improve the
solar to fuel (STF) efficiency of TiO2 by reducing its bandgap and
increasing the lifetime of charge carriers.25 Strategies such as
facet engineering,26 particle size and morphology control,27

elemental doping,28 surface modication29 and construction of
heterojunctions with other semiconductors30 are commonly
employed for modifying the physicochemical properties of
TiO2. Yu et al. reported an in situ surface modication of
Fig. 2 (A) Conduction band and valence band potentials of several typ
reduction in water at pH 7.22 Copyright 2018, Science China Press and
conductors, (C) Z-scheme heterostructure semiconductors, (D) semicon

12502 | J. Mater. Chem. A, 2023, 11, 12499–12520
polydopamine (PDA) on TiO2 and systematically investigated
the effect of wrapped PDA on the photocatalytic CO2 reduction
activities.29 By constructing an S-scheme heterojunction, the
system achieved a methane yield of 1.50 mmol h−1 g−1. Apart
from CO2 reduction in a PC system, TiO2, an n-type semi-
conductor, was rst applied in the PEC system for water split-
ting by Fujishima and Honda in 1972.31 They further reported
a PEC for CO2 reduction using TiO2 in water, which could
generate small amounts of formate and methanol.32 Since then,
TiO2 has been utilized as a photoanode, photocathode or as the
passivation layer in PEC systems. Jing et al. utilized multi-
functionalized TiO2 and Co-Pi/W:BiVO4 lms as the photo-
cathode and photoanode respectively, with methanol obtained
as the major liquid product.33 Owing to its high stability in
aqueous environments, TiO2 can also be used as a protection
layer to prevent the direct contact of the electrode with the
electrolyte. In addition, in terms of photoelectrochemical ther-
modynamics, TiO2 has a staggered type-II band offset, which
promotes the PEC reduction reaction through the transport of
photoexcited electrons via TiO2. Chan et al. constructed a TiO2-
coated CuFeO2 and CuO mixed (ClFDH-TiO2jCFO) photo-
cathode with a surface modied layer of formate dehydroge-
nase.34 In this structure, the TiO2 layer not only enhanced the
PEC stability, but also facilitated the transfer of photo-excited
electrons from CFO to ClFDH. TiO2, as a stable semi-
conductor with a wide bandgap, is a valuable semiconductor
that can be utilized as a protection layer and photo-absorber
and it is also suitable for constructing heterojunctions. Strate-
gies for increasing the performance of TiO2-based semi-
conductors are necessary, such as reducing the transparency in
the visible range to obtain a more suitable protection layer,
ical semiconductors relative to the standard redox potentials of CO2

Springer-Verlag GmbH Germany. (B) Type II heterostructure semi-
ductors constructed as a p–n junction.23 Copyright 2020, Wiley.

This journal is © The Royal Society of Chemistry 2023
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improving the stability in a chemical environment by a new
synthetic method of amorphous state and obtaining a longer
electron lifetime by efficient charge separation.

Cuprous oxide (Cu2O) is a p-type semiconductor with
a bandgap of 2.0–2.2 eV and a suitable conduction band for CO2

reduction (Fig. 2A), which makes it an attractive semiconductor
for solar driven CO2 reduction.35 In 1989, Tennakone et al.
found that methanol was produced from CO2 in a PC system on
Cu2O powders under full spectrum illumination from amercury
lamp.36 However, Cu2O is unstable under aqueous conditions
and light illumination due to the oxidation or reduction of Cu2O
into CuO or Cu, respectively. The efficient strategies of pre-
venting the photo-corrosion of Cu2O are constructing hetero-
junction structures, employing co-catalysts to improve the
separation and transfer of photo-excited charge carriers or
employing a protection layer to prevent direct contact with the
electrolyte. Grela et al. synthesized octahedral Cu2O covered
with TiO2 nanoparticles (Cu2O/TiO2) and investigated its pho-
tocatalytic CO2 activity in humidied CO2.37 As illustrated in
Fig. 3A, the p–n heterojunction consisted of Cu2O and TiO2,
preventing the photo-corrosion of Cu2O. A higher stability and
CO production rate were achieved when using the Cu2O/TiO2 p–
n heterojunction compared to the individual component
materials (Fig. 3B). A ternary Ag–Cu2O/ZnO nanorod (NR)
hybrid structure was also reported by Xu and co-workers. The Z-
scheme formed between Cu2O and ZnO facilitated the photo-
generated charge separation and the Ag nanoparticles on Cu2O
promoted the electron transfer, leading to a higher photo-
catalytic CO2 reduction activity.38 Similar strategies were also
Fig. 3 (A) Schematic illustration of a direct Z-scheme consisting of Cu2O
and Cu2O/TiO2.37 Copyright 2017, Elsevier. (C) Schematic of the photoe
photocathodes with a Re-based molecular co-catalyst, (D) cathodic curre
illumination at a constant potential of −1.73 V vs. Fc+/Fc in MeCN with
Society of Chemistry.

This journal is © The Royal Society of Chemistry 2023
widely employed in PEC systems. A buried p–n heterojunction
structured photocathode (Fig. 3C) composed of Cu2O/AZO/TiO2

with a rhenium bipyridyl co-catalyst was investigated by Grätzel
and co-workers.39 The Cu2O and AZO were combined to create
a p–n junction which promoted the separation of photo-excited
charge carriers and the TiO2 further prevented the contact of
Cu2O with the electrolyte. The Cu2O photocathode exhibited an
almost 100% faradaic efficiency (FE) of CO and 5.5 hour stability
in anhydrous MeCN with 2 mM Re(tBu-bipy)(CO)3Cl and 7.5 M
MeOH for CO2 reduction (Fig. 3D).

In a recent study, Toma et al. investigated the degradation
mechanisms of the Cu2O photoelectrode when used for CO2

reduction.40 The transformation of Cu2O into Cu2+–OH in
aqueous solution under illumination, which was contributed by
both the photo-excited electrons and holes, prevented the
transfer of photo-excited electrons from Cu2O to the catalysts
(Fig. 4A and B). Therefore, the authors replaced the aqueous
electrolyte with 2 mM Re(tBu-bipy)(CO)3Cl and 7.5 M MeOH,
and a heterostructure system consisting of a WO3/Fe2O3 bilayer
as the hole transfer layer and Cu2O as the photo-absorber was
constructed (Fig. 4C) to facilitate the transfer of photo-excited
holes. A FE of C2H4 of 60% over 3 h was achieved using this
system (Fig. 4D).

Cu2O, as an attractive semiconductor with a near ideal band
structure for the CO2 reduction reaction, still has a lot of
potential for wider application,35 and future efforts can be
focused on improving its stability by introducing newly devel-
oped protection layers, and improving its efficiency by con-
structing optimized p–n junctions and nanostructures.
and TiO2, (B) photocatalytic CO2 reduction performance of TiO2, Cu2O
lectrochemical CO2 reduction process involving TiO2 protected Cu2O
nt density and FE of CO on a Cu2O photocathode under chopped light
2 mM Re(tBu-bipy)(CO)3Cl and 7.5 M MeOH.39 Copyright 2015, Royal

J. Mater. Chem. A, 2023, 11, 12499–12520 | 12503
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Fig. 4 (A) Schematic of the charge transfer between Cu2O and the catalysts, in the presence of Cu2+–OH (aq) species. (B) Schematic of the
charge transfer between Cu2O and the catalysts, in the absence of Cu2+–OH (aq) species. (C) The band diagram of suitable candidates for
constructing the Z-scheme system. (D) faradaic efficiencies on the Ag/Cu2O/ZS/FTO photocathode for CO2R over time at −1.2 V versus Fc+/Fc
under AM 1.5G simulated sunlight (100 mW cm−2) using 0.1 M Bu4NPF6 as the electrolyte and 0.1 M TEOA as the proton donor in AcCN solution
(CO2 saturated).40 Copyright 2021, Springer Nature.
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Delafossite materials of the general stoichiometry ABO2 are
a new class of promising photocatalysts for solar driven CO2

reduction. Symmetry breaking in these materials, by chemical
substitution, modies the band structure of the solid. There-
fore, the photocatalytic performance of delafossites can be
enhanced through engineering by adjusting the alignment of its
band edges. Bocarsly et al. found that the addition of a Mg2+

dopant increases the conductivity of CuFeO2. Mg-doped CuFeO2

was demonstrated to have a conduction band edge at −1.1 V vs.
SCE (pH = 6.8) and the ability to reduce CO2 to formate with an
underpotential of 400 mV.41 In 2019, Park and co-workers mixed
copper and iron oxide (CuO/CuFeO2; CFO) to form bulk heter-
ojunction lms, which were capable of converting CO2 and
water into C1–C6 aliphatic acid anions and O2 with a solar-to
chemical energy conversion (STC) efficiency close to 3% under
simulated sunlight in the absence of any sacricial chemicals or
electrical biases.42

2.1.2 Silicon. Silicon (Si) has a great potential as a photo-
absorber because it is an earth-abundant element with several
desirable properties, including a narrow energy band gap of ca.
1.2 eV, high carrier mobility, stability over a wide pH range, non-
toxicity, and commercial availability. In 1998, p-type silicon (p-
Si) electrodesmodied with small metal (Cu, Ag, or Au) particles
were investigated in CO2-saturated aqueous electrolytes under
illumination, on which methane, ethylene, carbon monoxide
and other carbonaceous products were produced.43 Although
planar p-Si is promising, charge carrier recombination occurs
due to the short diffusion length of the minority carriers in the
same absorber thickness. A wire-array geometry possesses long
optical pathlengths for efficient photon absorption and
12504 | J. Mater. Chem. A, 2023, 11, 12499–12520
increased collection efficiency for the minority carriers. Park's
group fabricated Sn-coupled p-Si nanowire arrays and utilized
them for photoelectrochemical CO2 conversion. Under light
irradiation (AM 1.5G, 100 mW cm−2), the amount of formate
produced on the p-Si wire arrays was doubled compared to that
observed on the planar p-Si.44 Different from most of the
previous studies, which mainly reported a selectivity for C1
products, some recent studies depicted a high selectivity for C2
products on Si-based photocathodes. Zheng et al. fabricated
a Si/ZnOv/CuxO p–n–p heterojunction for photoelectrochemical
CO2 reduction with a high ethanol selectivity.45 The Si/ZnOv/
CuxO photocathode enabled the transfer of tunneling photo-
electrons through the electron-permeable tunnel formed in
defect levels of ZnOv and CuxO (Fig. 5A) and it exhibited a FE for
ethanol of more than 60% with a current density of around 1
mA cm−2 (Fig. 5B). A hybrid photocathode composed of silicon
nanowires (SiNWs) embedded with copper nanoparticles also
achieved a FE for C2H4 of 25% with a current density of 2.5 mA
cm−2 at −0.50 V vs. RHE under AM 1.5G light illumination and
maintained a good stability over 50 h (Fig. 5C–G).46 Apart from
its utilization as a photoelectrode, Si is also an excellent mate-
rial for photovoltaics and Si solar panels are favored in PV-EC
systems for CO2 reduction.47,48 To achieve a high STF conver-
sion efficiency, the Si photovoltaic cell can be connected in
series to drive electrochemical CO2 reduction. Thus, the further
development of Si as a photo-absorber will be broad due to its
attractive properties. It will be a promising way to expand the
application of Si as a photo-absorber by constructing homo-
junctions of p–n+, n+–p–p+ and p+–p–n+ structures or hybrid
structures of homojunctions and heterojunctions, such as p–n+-
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (A) A schematic illustration of the band structure of Si/ZnOv/CuxO, (B) FE of photoelectrochemical CO2 reduction on Si/ZnOv/CuxO in
CO2-dissolved 0.1 M KHCO3 under airmass 1.5G (left), partial photocurrent densities and products obtained on Si/ZnOv/CuxO (right).45 Copyright
2022, Wiley. (C) A schematic of the CuNPs/Si nanowire arrays, illustrating the dopant layer and the charge separation processes occurring within
the arrays, (D) SEM image of the Si NW array (scale bar 4 mm), (E) the corresponding SEM image with greater magnification (scale bar 100 nm), (F)
FE of CO2 reduction products as a function of mass loading of Cu NPs at −0.50 V vs. RHE. (G) Stability test of the CuNP/SiNW photocathode
operating at −0.50 V vs. RHE at 1 Sun using a loading mass of Cu NPs of 40 mg cm−2.46 Copyright 2022, American Chemical Society.
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Cu2O or n+–p–p+-GaN. The optimized homojunction or hetero-
junction structures of Si materials will not only improve its
activity, but also increase the lifetime from several to thousands
of hours.

2.1.3 III−V group photo-absorbers. A typical III–V group
semiconductor is gallium phosphide (GaP), which has a band
gap of 2.3 eV and a highly negative conductive band suitable for
most CO2 reduction reactions.32 In 1978, the photo-
electrochemical CO2 reduction under aqueous conditions was
carried out on GaP under 365 nm illumination with an applied
overpotential of −1.4 V (vs. SCE) by M. Halmann.5 Aerwards,
Bocarsly et al. reported a p-GaP semiconductor with a homoge-
neous pyridinium ion catalyst for reducing CO2 into methanol
with near 100% FE in 0.1 M acetate buffer containing 10 mM
pyridine maintained at pH 5.2 (Fig. 6A and B).49 However,
photo-corrosion still presented a problem for GaP when used
under aqueous conditions. Cronin et al. constructed a TiO2-
passivated p-GaP photocathode and investigated the effects of
the thickness of TiO2 p-GaP on the photocatalytic CO2 reduction
performance and stability (Fig. 6C and D).50 Methanol was
detected when using the TiO2-passivated p-GaP photocathode,
This journal is © The Royal Society of Chemistry 2023
but the amount tripled when the pyridine catalyst was intro-
duced to the surface, demonstrating that the pyridine catalyst
helped to lower the energy barriers of the reaction. Carter et al.
further proved, using theoretical calculations, the role of pyr-
idinium in the photocatalytic CO2 reduction reaction. They
showed that the adsorbed species could react to form adsorbed
dihydropyridine, which was previously proposed to play the role
of the active catalyst in this system.51

2.1.4 II−VI group photo-absorbers. Cadmium sulde
(CdS), a representative semiconductor of the II−VI group, has
great potential in solar energy conversion due to its suitable
band gap (Eg = 2.4 eV) and band energy levels. In the last ten
years, different morphologies of CdS and CdS-based nano-
materials have been developed for photocatalytic CO2 reduc-
tion.52,53 However, the efficiency of pure CdS for the
photocatalytic reduction of CO2 is generally low due to its
unstable photochemical properties, severe photo-corrosion,
and rapid recombination of photogenerated electron–hole
pairs.59 Constructing heterojunctions, like Z-scheme structures
and metal-doping can alleviate photo-induced electron–hole
recombination and enhance the photocatalytic activity of the
J. Mater. Chem. A, 2023, 11, 12499–12520 | 12505
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Fig. 6 (A) Schematic of pyridinium ion catalyst decorated p-GaP for CO2 reduction, (B) relationship of increasingmethanol yield with decreasing
current density.49 Copyright 2008, American Chemical Society. (C) Schematic of TiO2 passivated GaP photocathodes in photocatalytic CO2

reduction under 532 nm wavelength laser illumination, (D) photocatalytic current–potential curves of GaP photocatalysts with different TiO2

thicknesses in a 0.5 M NaCl, 10 mM pyridine solution under 532 nmwavelength laser illumination.50 Copyright 2014, American Chemical Society.
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material. Yu et al. reported a TiO2/CdS Z-scheme system.54 The
optimized photocatalytic CO2 reduction performance of TiO2/
CdS was 3.5, 5.4, and 6.3 times higher than that of CdS, TiO2,
and commercial TiO2 (P25), respectively. Hou et al. prepared an
Ag–CdS nanocomposite by photo-deposition, which produced 3
times the amount of CO than that obtained with untreated
CdS.55 Ag served as the electron trap and active sites for CO2

reduction in this Ag/CdS system, which enhanced the activity
and selectivity of CO2 to CO.

2.1.5 Perovskite materials. Lead halide perovskites have
recently emerged as promising light absorbers for solar fuel
conversion and they can either be integrated as an encapsulated
component in a photoelectrochemical (PEC) device, which will
be further discussed in Section 3.2, or coupled as external
photovoltaic cells to an electrolyzer (PV-EC).56 In 2015, Grätzel
et al. constructed a PV-EC system composed of three series-
connected perovskite photovoltaics and a high-performance
electrolyzer with Au as the catalytic electrode (Fig. 7A–C),
reaching a solar-to-CO efficiency exceeding 6.5%.57 The study
represented one of the rst extended demonstrations, showing
the stable operation of perovskite photovoltaics, whose large
photovoltage was found to be particularly suited to this process.

Apart from their use as a PV cell, the lead halide perovskites
are also attractive semiconductor compounds for photocatalytic
CO2 reduction due to their suitable bandgap, conduction and
valence band levels.59 In 2017, Kuang's group rst reported the
articial photosynthesis based on halide perovskite QDs for
CO2 reduction in non-aqueous media.60 Under AM 1.5G simu-
lated illumination, the CsPbBr3 QD/graphene oxide (CsPbBr3
QD/GO) composite catalyzed CO2 reduction into CO and CH4
12506 | J. Mater. Chem. A, 2023, 11, 12499–12520
with a selectivity over 99.1%. Aerwards, they further investi-
gated a Pt decorated CsPbBr3 perovskite for photocatalytic CO2

reduction in non-aqueous solvents.61 The previous studies on
perovskites as photocatalysts to convert CO2 into solar fuels
were commonly carried out in non-aqueous media due to the
water sensitivity of perovskites. To improve the water stability of
perovskites, strategies for preventing the contact of perovskites
with water were commonly adopted. Lu et al. encapsulated low-
cost CH3NH3PbI3 (MAPbI3) perovskite QDs in the pores of Fe
porphyrin MOF (PCN-221(Fex)) and obtained an enhanced
catalytic performance and stability with water as the electron
donor for photocatalytic CO2 reduction (Fig. 7D–F).58 Coating
a thin graphdiyne layer on CsPbBr3 nanocrystals also delivered
a signicant improvement in stability for CO2 reduction in an
aqueous system.62 It is worth noting that an isotopic labeling
test using 13CO2 must be carried out for experiments involving
organic media as the solvent. This is to conrm that the CO2

reduction products are indeed derived from CO2. To increase
the application of perovskite materials, more practical hydro-
phobic treatments and encapsulation techniques are required.
The relationship between photocatalytic activity and crystal
structure, and the behavior of the photoelectrons at the surface
should be further investigated to develop more efficient perov-
skite materials. In addition, new water stable perovskites are
demanded.

2.1.6 Carbon nitrides. As a series of photocatalysts, poly-
meric carbon nitrides (PCNs) have advantages such as
sustainability,63 facile synthesis and optimization64 and reli-
ability, but the range of visible light absorption of PCNs is
mainly concentrated in the blue to violet light region, resulting
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (A) Schematic illustration of the device combining photovoltaics with an electrochemical cell. (B) Generalized energy diagram for
converting CO2 into CO with three perovskite solar cells connected in series, (C) J–V curves of three series-connected perovskite cells under
simulated AM 1.5G 1 Sun solar irradiation and in the dark, overlaid with the matched J–V characteristic of the CO2-reduction and oxygen-
evolution electrodes. The maximum power point of the photovoltaics is indicated by the circled red dot on the curve.57 Copyright 2015, Springer
Nature. (D) Schematic diagram of CO2 photoreduction over the MAPbI3@PCN-221(Fe0.2) photocatalyst, photocatalytic performance: yield of the
CO2 reduction to CH4 and CO in the CO2-saturated ethyl acetate/water solution after (E) 25 h and (F) 80 h.58 Copyright 2019, Wiley.
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in a low visible-light photocatalytic efficiency.65 The investiga-
tion of pristine PCNs for CO2 reduction was rst presented by
Zhang and Dong in 2012.66 They used melamine and melamine
hydrochloride as the precursors to synthesize PCN for the
reduction of CO2 to CO under visible light illumination. In 2013,
Peng and co-workers prepared PCN derived from urea and
melamine with different morphologies.67 A mesoporous ake-
like structure and a non-porous aky structure were compared
for photocatalytic CO2 reduction in an aqueous system under
visible light irradiation. The materials exhibited different
selectivities for the formation of CH3OH and C2H5OH.
Furthermore, different metal-free (S, P, B or halogen doped)
PCNs were investigated for photocatalytic CO2 reduction.
Sulfur-doped g-C3N4 was found to absorb light up to 475 nm
corresponding to a band gap of 2.63 eV, which was narrower
than that of undoped g-C3N4 with a band gap of 2.7 eV and the
CH3OH yields were 1.12 and 0.81 mol g−1, respectively, under
UV-vis light irradiation.68

On the other hand, PCN materials have emerged as prom-
ising cheap and benign semiconductors for PEC cells during the
last decade, owing to their stability under harsh conditions and
suitable energy band edges for water-splitting and other
chemical transformations.69 A thin lm composed of g-C3N4

doped with or without boron atoms was fabricated using an
electrophoresis deposition method, and it was found that the
BCN3.0 exhibited a higher CO2 reduction activity owing to its
suitable band edges.70 Furthermore, cocatalysts, including Ag,
Rh and Au were decorated on the surface of g-C3N4 and B-doped
g-C3N4. The photocurrent of Rh–BCN3.0 was approximately 10
This journal is © The Royal Society of Chemistry 2023
times larger than that of the original g-C3N4, and the Au–BCN3.0

produced more ethanol compared to the other electrodes. A
type-II g-C3N4/ZnTe heterojunction was constructed by Wang
and co-workers for photoelectrochemical CO2 reduction and it
was proven to possess an enhanced photo-generated electron–
hole separation and efficient electron transfer from g-C3N4 to
ZnTe.71 The g-C3N4/ZnTe photocathode yielded an impressive
ethanol generation rate of 17.1 mmol cm−2 h−1 at −1.1 V (vs. Ag/
AgCl) in CO2-saturated 0.1 M KHCO3 aqueous solution under
AM 1.5G illumination.

PCNs are promising photo-absorber materials due to their
unique electronic structure and high stability against high
temperature, acids, bases, and organic solvents. Further explo-
ration into functionalized g-C3N4 with specic chemical groups
and elemental doping may be practical approaches for extend-
ing their absorption in visible light range. Furthermore, it is
important for the application of g-C3N4 as a photoelectrode by
exploring thin lm-formation methods and developing protec-
tion layers.

2.1.7 Metal organic frameworks and metal complexes.
Metal organic frameworks (MOFs), as a class of 3D crystalline
porous compounds, with metal ions/clusters as nodes and
organic ligands as linkers,72 are promising and tailorable
materials for various elds ranging from energy storage,
sensors, gas uptake and catalysis.73,74 Beneting from their
excellent CO2 adsorption capacity, adjustable light-harvesting
ability, uniformly distributed catalytic active sites and adjust-
able high-density metal nodes, MOFs have been recommended
as promising materials for photo-driven CO2 reduction.75–77
J. Mater. Chem. A, 2023, 11, 12499–12520 | 12507
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Fig. 8 (A) Schematic illustration of theMOF [ReI(CO)3(bpydc)Cl] for photocatalytic CO2 reduction.78 Copyright 2011, American Chemical Society.
(B) (left) UV/Vis spectra (a) MIL-125(Ti) and (b) NH2-MIL-125(Ti) and the inset shows a photo of the samples of the corresponding samples and
(right) the amount of HCOO− produced as a function of the irradiation time.79 Copyright 2012, Wiley.
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However, not all MOFs are photoactive. According to their
different functions in solar driven catalytic systems, MOFs can
act as the photo-absorber, co-catalyst, or as both photo-absorber
and co-catalyst.

Re(bpydc) (CO)3Cl complexes have been incorporated into
UiO-67 MOF for photocatalytic CO2 reduction, leading to high
catalytic activity for the light-driven reduction of CO2 to CO
(Fig. 8A).78 Inspired by this work, intensive research has been
conducted on constructing photoactive MOFs for visible light-
driven CO2 reduction. Li et al. reported an amine-
functionalized MOF, NH2-MIL-125(Ti), which presented
a broad absorption band and enhanced photocatalytic activity
of CO2 to HCOO− compared with MIL-125(Ti) (Fig. 8B).79 In this
titanium-based MOF, NH2-BDC linkers absorbed light and
generated photoelectrons, which were then transferred to the Ti
centers (active sites for CO2 reduction) by the ligand to metal
charge transfer (LMCT) process. Porphyrin-incorporated MOF
(PCN-222) was also proven to be a highly efficient photocatalyst
for CO2 reduction under visible-light irradiation.80 PCN-222 was
found to contain deep electron trap states, which inhibited
electron−hole recombination and prolonged the lifetime of
photo-excited electrons.

By far, plenty of strategies have been adopted to achieve
highly active photo-driven CO2 reduction using MOF-based
materials.81 The methods of designing highly active MOF
composites include improving the visible-light absorption and
the charge-carrier separation.82 Adjusting organic ligands and
functionalization of metal centers are common strategies for
enhancing visible-light absorption and charge-carrier
separation.82,83
2.2 Catalysts

In PC, PEC and PV-EC CO2 reduction systems, catalysts are
generally needed.84,85 In the PC or PEC system, the photo-
absorber may also act as the catalytically active ingredient, but
the discussion in this part mainly focuses on the catalysts,
which play a key role in improving the performance of photo-
chemical CO2 reduction systems. The catalysts can promote
photochemical CO2 reduction in the following ways: (i) by
lowering the activation energy or overpotential required for CO2

reduction, (ii) by promoting the separation and transport of
photo-excited electron–hole pairs, (iii) by improving the
stability of the photoelectrodes or photo-absorbers through
12508 | J. Mater. Chem. A, 2023, 11, 12499–12520
rapidly transferring the surface charge carriers and (iv) by
increasing the product selectivity through tuning the adsorp-
tion strengths of key reaction intermediates.4,86

Recently, there have been many well-designed electro-
catalysts for electrocatalytic CO2 reduction that have been
adopted in solar driven CO2 reduction systems. Driven by
electricity, CO2 is converted into carbonaceous products on the
electrocatalysts. As shown in Table 1, the production of general
C1–C3 products: CO/HCOOH, HCHO, CH3OH, CH4/CH3COOH,
CH3CHO, C2H5OH/C2H4, C2H6, C2H5CHO and C3H7OH
requires the consumption of 2, 4, 6, 8, 10, 12, 14, 16 and 18
electrons, respectively.87 Although the equilibrium potentials of
CO2 reduction are all close to 0 V vs. RHE, the overpotentials
required are still high due to the reaction barriers. In addition,
the similar equilibrium potentials of the various half-reactions
of CO2 reduction and the competing hydrogen evolution reac-
tion (HER) lead to a low target product selectivity of CO2

reduction. Hence, catalysts that facilitate the reaction kinetics
and enhance the product selectivity are required. The most
investigated materials are metal-based catalysts, which are
widely studied from the aspect of geometric structures,
compositional survey, mixing patterns of constituent metals,
oxidation states, coordination structure and defect engineering
to improve catalytic activity and product selectivity. Metal-free
and hybrid catalysts, like bacteria and the hybrid materials
combining bacteria and metals have also been used for elec-
trocatalytic CO2 reduction. Over the past few decades, CO2

reduction electrocatalysts have been well studied and mile-
stones have been achieved. Catalysts that convert CO2 into C1
products with FE close to 100% were reported in recent
years.88–92 In another study, a FE of 85% for CH4 was also ach-
ieved on a single-atom Zn catalyst.93 Huang et al. reported
copper nanowires with rich surface steps which converted CO2

into C2H4 with a FE of more than 70% over 200 h.94 Recently,
long-chain C3 to C6 hydrocarbons were produced with a sus-
tained FE of up to 6.5% using polarized nickel catalysts.95

The well-designed CO2 reduction electrocatalysts promote
the rapid development of catalysts for solar driven CO2 reduc-
tion. Metal-based catalysts (including mono-metals,96

bimetals,89,97 metal oxides,98 metal suldes,99 metal carbides100)
and biomimicking catalysts101 are commonly studied catalysts.

2.2.1 Metal-based catalysts. Mono-metals are the most
commonly studied metal catalysts. Previously, Hori has
This journal is © The Royal Society of Chemistry 2023
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Table 1 Equilibrium potentials of commonly reported CO2R reactions
and corresponding electrochemical products.10 Copyright 2019,
American Chemical Society

Reaction Product

Number of
electrons
transferred

Equilibrium
potentials
(V vs. RHE)

CO2R CO (g) 2 −0.10
HCOOH (aq) 2 −0.12
HCHO 4 −0.09
CH3OH (aq) 6 0.03
CH4 (g) 8 0.17
CH3COOH
(aq)

8 0.11

CH3CHO (aq) 10 0.06
C2H5OH (aq) 12 0.09
C2H4 (g) 12 0.08
C2H6 (g) 14 0.14
C2H5CHO (aq) 16 0.09
C3H7OH (aq) 18 0.10

HER H2 2 0

Fig. 9 (A) Schematic illustration of how a Si/Ag photocathode is prepare
SEM images of the Si/Ag photocathode preparation over time (bottom
illumination, (C) FE of the Si/Ag photocathode under 0.5 Sun illuminatio
tration of a TiO2-passivated InP nanopillar photocathode decorated with
control samples.106 Copyright 2015, American Chemical Society. (F) Sch
junctions tailored for photoelectrochemical studies of plasmon-induc
Chemical Society. (G) Schematic diagram of the CO2 photoreduction me
of commercially available TiO2 powders (P25), pristine TiO2 columnar fil
Copyright 2012, American Chemical Society.

This journal is © The Royal Society of Chemistry 2023
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classied metal catalysts into four different groups based on
their main product selectivity in electrochemical CO2 reduc-
tion:102 (i) H2 selective metals, such as Ti, Fe, Ni, Pt, Pd and Ga,
(ii) CO selective metals, including Au, Ag and Zn,90 (iii) formate
selective metals, such as Cd, Hg, In and Sn, (iv) Cu, a unique
mono-metal which can reduce CO2 into hydrocarbons, alcohols
and C2+ products.103,104 Metals with high selectivity to certain
CO2 reduction products are also attractive when utilized as
catalysts in solar driven CO2 reduction systems.

Li et al. prepared a Si/Ag photocathode by controllable
chemical etching on a Si wafer by Ag+ ions (Fig. 9A).105 The
resultant photocathode exhibited a large photocurrent density
of −10 mA cm−2 under 0.5 Sun illumination (Fig. 9B), an
excellent CO faradaic efficiency of 90% at −0.5 V versus the
reversible hydrogen electrode (Fig. 9C) and an operational
stability exceeding 12 h. Photoelectrochemical CO2 reduction to
methanol, over a TiO2-passivated InP nanopillar photocathode,
was greatly enhanced aer the deposition of Cu NPs (Fig. 9D
and E).106 To combine the catalytic effect and plasmonic effect of
Au, Atwater et al. fabricated a gold/p-type gallium nitride (Au/p-
GaN) Schottky junction tailored for photoelectrochemical
d by controllable chemical etching on a Si wafer by Ag+ ions (top) and
), (B) photocurrent density of the Si/Ag photocathode under 0.5 Sun
n.105 Copyright 2018, Royal Society of Chemistry. (D) Schematic illus-
Cu NPs, (E) FE of a TiO2-passivated InP nanopillar photocathode and

ematic illustration of gold/p-type gallium nitride (Au/p-GaN) Schottky
ed hot-hole capture and conversion.107 Copyright 2017, American
chanism by using Pt–TiO2 nanostructured films, (H) CO and CH4 yields
ms (TiO2 film), and Pt–TiO2 films with different Pt deposition times.109

J. Mater. Chem. A, 2023, 11, 12499–12520 | 12509
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studies involving plasmon-induced hot-hole capture and
conversion.107 On the plasmonic Au/p-GaN photocathodes, hot
holes from Au nanoparticles were injected into p-GaN upon
plasmon excitation, since the vast majority of hot holes gener-
ated via interband transitions in Au were sufficiently hot to
inject above the 1.1 eV interfacial Schottky barrier at the Au/p-
GaN heterojunction (Fig. 9F).

In PC CO2 reduction systems, metal co-catalysts, including
Pt,108–110 Ag,111,112 Pd,113,114 Ru,115 Au116 and others, have been
more widely studied. A platinized titanium dioxide (Pt–TiO2)
nanostructured lm was constructed based on unique one-
dimensional (1D) columnar TiO2 single crystals coated with
ultrane 0.5–2 nm Pt nanoparticles (Fig. 9G).109 The Pt NPs
improved the electron–hole pair separation and the electron-
transfer rate in TiO2 single crystals, which enhanced the
amount of photocatalytic CO2 reduction to CH4 with
a maximum yield of 1361 mmol gcat

−1 h−1 (Fig. 9H). Therefore,
in some cases metals functioning as catalysts in photochemical
CO2 reduction systems do not always display the same product
selectivity as when they are used for electrochemical CO2

reduction,109 the mechanism of which needs further
investigation.

It is important to note that bimetallic catalysts sometimes
exhibit better catalytic activity for CO2 reduction than mono-
metals,19 and the cost of the noble metal catalysts can be
reduced by alloying noble metals with non-noble metals.86 Yang
et al. created an integrated photoelectrode by directly assem-
bling Au3Cu alloy NPs on TiO2-protected n+p-Si NW arrays
(Fig. 10A).117 Well-dispersed Au3Cu NPs decorated Si NW arrays
Fig. 10 (A) Schematic illustration of Au3Cu alloy NPs on TiO2-protected
arrays, respectively.117 Copyright 2016, American Chemical Society. (D)
Cu0.33–Pt0.67 coating on the inner walls of the double-walled TiO2 nano
with bimetallic Cu0.33–Pt0.67 coating on the inner walls of the double-w

12510 | J. Mater. Chem. A, 2023, 11, 12499–12520
served as an effective CO2 reduction photoelectrode, exhibiting
a high CO2-to-CO selectivity close to 80% at−0.20 V vs. RHE and
remained stable for up to 18 h (Fig. 10B and C). A high-rate
sunlight-driven conversion of diluted CO2 to hydrocarbons
was achieved by constructing a Cu–Pt inner coating and
modulated-diameter TiO2 nanotube photocatalyst.118 As illus-
trated in Fig. 10D and E, the core–shell nanotube arrays with the
inner walls of the double-walled TiO2 nanotubes coated with
bimetallic Cu0.33–Pt0.67 generated light hydrocarbons from low
concentration CO2 at room temperature.

In addition to monometals and bimetals, metal oxides,
metal suldes and metal carbides have also been utilized as co-
catalysts in solar driven CO2 reduction systems. A mixed-phase
material consisting of CuFeO2 and CuO was prepared by
cathodic deposition on FTO substrates (Fig. 11A), and was
employed as the photoelectrocatalyst in a PEC CO2 reduction
system.119 The selectivity of the CO2 reduction products could be
adjusted from primarily acetate to primarily formate by varying
the Fe : Cu atomic ratio from 1.3 to 0.1 (Fig. 11B and C). Purging
with H2S gas led to a spontaneous transformation of Cu to CuS,
which presented a high FE of HCOOH.120 Inspired by this work,
Mi et al. prepared a Cu/GaN/Si photocathode,121 and converted
it into CuS/GaN/Si by exposing Cu/GaN/Si to an industrial CO2

gas environment (contaminated with H2S) during CO2 reduc-
tion. The CuS-decorated GaN/Si photocathode exhibited
a superior FE of 70.2% for formate and partial current density of
7.07 mA cm −2 at −1.0 V vs. RHE under AM 1.5G illumination
(Fig. 11D). In PC CO2 reduction systems, metal oxides, metal
suldes andmetal carbides were studied more extensively as co-
n + p-Si NW arrays, (B) and (C) FE and current density of hybrid Si NW
SEM image and XPS spectra of core–shell nanotubes with bimetallic
tube arrays, (E) CO2 conversion performance of core–shell nanotubes
alled TiO2 nanotube arrays.118 Copyright 2012, Wiley.

This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d3ta00267e


Fig. 11 (A) Schematic illustration of a mixed-phase material consisting of CuFeO2 and CuO for CO2 conversion, (B) and (C) CO2 reduction
performance according to the ratio of Fe and Cu.119 Copyright 2017, American Chemical Society. (D) Schematic illustration of the CuS-decorated
GaN/Si photocathode for CO2 reduction.121 Copyright 2021, American Chemical Society. (E) Schematic illustration of two-dimensional MoS2–
TiO2 hybrid nanosheets, (F) PL emission spectra of MoS2–TiO2 hybrid nanosheets, (G) normalized TRPL decay traces of MoS2–TiO2 hybrid
nanosheets.123 Copyright 2017, Royal Society of Chemistry.
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catalysts. RuO2 loaded mesoporous ZnGa2O4 exhibited a high
photocatalytic activity for converting CO2 into CH4 under light
irradiation.122 The two-dimensional MoS2–TiO2 hybrid nano-
sheet (Fig. 11E) performed an enhanced photocatalytic reduc-
tion of CO2 to methanol.123 As demonstrated by the
photoluminescence (PL) emission spectra and normalized time-
resolved photoluminescence (TRPL) decay traces (Fig. 11F and
G), the MoS2-loaded TiO2 nanosheets promoted the electron
transfer from TiO2 to MoS2 and minimized charge carrier
recombination, improving the conversion efficiency of the
photoreduction of CO2 to CH3OH. However, the real active sites
during the catalytic reaction on the co-catalysts of metal oxides
and metal suldes should be studied by in situ and operando
physical and chemical characterizations, since most of the
metal oxides and metal suldes are not stable under reduction
conditions.

2.2.2 Biomimicking catalysts. Apart from the aforemen-
tioned metal-based active ingredients, some biological
materials, such as enzyme biocatalysts124 and bacterial cata-
lysts101 are also adopted in photochemical CO2 reduction
systems by coupling them with photo-absorbers.125 These
materials are mainly studied in PEC and PC CO2 reduction
systems. Yang et al. systematically investigated the correla-
tion between a bioinorganic interface and the CO2-conversion
efficiency by constructing a silicon nanowire/Sporomusa ovata
system (Fig. 12A).126 By tuning the bulk electrolyte pH and
increasing its buffering capacity, they obtained a close-
packed nanowire–bacteria photocathode, which achieved
a CO2 reduction current density of ∼0.65 mA cm−2 and
a solar-to-acetate production efficiency of ∼3.6% over 7 days.
In PC CO2 reduction systems, enzymes and bacteria are also
This journal is © The Royal Society of Chemistry 2023
utilized as catalysts by combining them with photo-absorbers
to improve the catalytic performance. A hybrid enzyme–
nanoparticle system consisting of RuP-sensitized TiO2 nano-
particles and CODH I enzyme was reported by Armstrong et al.
(Fig. 12B).124 Enzyme CODH I served as the catalyst for CO2

photoreduction and facilitated the production of CO with an
average turnover rate of 250 mmol of CO (g of TiO2)

−1 h−1 at
pH 6 and 20 °C under visible light illumination. Combining
the light harvesting ability of inorganic semiconductors with
biocatalysts can also achieve highly efficient photoreduction
of CO2. Yang et al. integrated a non-photosynthetic bacterium
with cadmium sulde nanoparticles (Fig. 12C), which allowed
continuous acetic acid production over several days of light–
dark cycles,101 demonstrating the capability of organism–

semiconductor hybrid systems for photochemical CO2

reduction. Recently, Reisner et al. reported a bio–abiotic
hybrid system consisting of a semiconductor sheet and a non-
photosynthetic CO2-xing acetogenic bacterium Sporomusa
ovata, where the semiconductor sheet was La and Rh co-
doped SrTiO3 and Mo-doped BiVO4 with Cr2O3/Ru as the co-
catalyst for water reduction and RuO2 as the co-catalyst for
water oxidation (Cr2O3/Ru–SrTiO3:La,RhjITOjRuO2–BiVO4:-
Mo), respectively (Fig. 12D).127 The S. ovatajCr2O3/Ru–
SrTiO3:La,RhjITOjRuO2–BiVO4:Mo hybrid converted CO2 into
CH3COO

− with a production rate of ∼40 mmol cm−2 in 15 h
under ambient conditions and 1 Sun illumination, achieving
a solar-to-acetate conversion efficiency of 0.7%, and remained
stable over 45 h (Fig. 12E). In summary, the hybrid photo-
chemical CO2 reduction system assisted by biological mate-
rials, such as enzymes and bacteria, enabled the production
of C2/2+ products from CO2 with high selectivity and stability.
J. Mater. Chem. A, 2023, 11, 12499–12520 | 12511
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Fig. 12 (A) SEM image of the silicon nanowire/Sporomusa ovata system.126 Copyright 2020, Elsevier. (B) Schematic illustration of a hybrid
enzyme–nanoparticle system for CO2 conversion.124 Copyright 2010, American Chemical Society. (C) Schematic illustration of a non-
photosynthetic bacterium integrated with cadmium sulfide nanoparticles for CO2 conversion. Bacteria–photocatalyst hybrid system for
CO2 reduction.101 Copyright 2016, American Association for the Advancement of Science. (D) Schematic illustration of the mechanistic
pathway of photosynthetic CO2-to-acetate conversion coupled with water oxidation over S. ovatajCr2O3/Ru–SrTiO3:La,RhjITOjRuO2–
BiVO4:Mo, and (E) reduction products accumulation for three runs of 15 h, with reloading of Cr2O3 for every cycle.127 Copyright 2022,
Springer Nature.
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The diverse electrocatalysts available for use in the EC
system greatly promote the development of the PV-EC system,
since almost all the electrocatalysts can also be utilized in the
PV-EC system. Except for the co-catalysts mentioned above, Cu
based catalysts have unparalleled selectivity for hydrocarbons
and multi-carbon products and single atom catalysts show high
selectivity towards C1 products. However, the selectivity of
reduction products in the PV-EC system is also affected by the
operating voltage of PV. To achieve a highly selective PV-EC
system, the optimum output voltage of the PV needs to be
compatible with the electrocatalysts.
3. Devices: progress and challenges

Highly efficient solar driven CO2 reduction requires not only
active materials for CO2 conversion, but also a rationally
designed device. A higher CO2 conversion efficiency is achiev-
able when the device has enhanced light absorption, improved
mass transfer, optimal gaseous/liquid ow eld management
and the heat management from device engineering
aspects.128,129
12512 | J. Mater. Chem. A, 2023, 11, 12499–12520
3.1 Recent progress of PC devices

The PC devices that are commonly in use are slurry photo-
reactors and xed bed photoreactors.129–131 According to the type
of illumination method employed, the slurry photoreactors are
further divided into externally illuminated and internally illu-
minated reactors.132,133 The catalytic reactions carried out in
slurry photoreactors involve a slow mass transfer of gas–liquid–
solid triple-phase and the solubility of CO2 in liquid is low,
which limits the catalytic reaction rate. To simplify this process
and improve the concentration of CO2 in the catalyst
surroundings, xed bed photoreactors involving a two-phase,
gas–solid catalytic reaction were developed.134 In xed bed
photoreactors, the catalysts are xed on various supports, such
as glass,135 monoliths136 and packed beds.137

In a recent study, Cu2O decorated reduced titania (RT)
nanoparticles were packed to form a xed bed in a continuous
ow reactor (Fig. 13A).137 In this system, the optimized RT-Cu2O
photocatalyst enabled CH4 evolution with a yield of 462 nmol
g−1 (Fig. 13B). The reaction was conducted using highly diluted
CO2 in water vapor under illumination for 6 h, and it exhibited
excellent stability over seven testing cycles (42 h). The direct Z-
scheme charge transfer mechanism taking place across a well-
This journal is © The Royal Society of Chemistry 2023
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Fig. 13 (A) Schematic illustration of the experimental setup for photocatalytic CO2 reduction involving a fixed bed of Cu2O decorated RT
nanoparticles, (B) CH4 evolution rate over seven sequential 6 h tests of the optimized RT-Cu0.75 sample, (C) energy band alignment (in V vs. NHE
at pH = 7), charge transfer and reaction mechanism for the described RT-Cu2O Z-scheme showing CO2 + H2O into CH4 transformation.137

Copyright 2020, Elsevier. (D) Schematic illustration of the tri-phase photocatalytic CO2RR system based on Ag–TiO2 supported at the gas–water
boundary, (E) time-dependent CO2RR over Ag–TiO2 NPs in the water phase (left) and supported at the gas–water boundary (right). Insets
schematically illustrate the photocatalytic processes of the two systems.138 Copyright 2022, Wiley.
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designed interface inhibited the photo-corrosion of Cu2O
(Fig. 13C). This coupled with the packed bed ow reactor
synergistically enabled the excellent stability. Zhang et al. set up
a photoreactor which enabled a triple-phase photocatalytic
CO2RR reaching a high CO2 reduction rate of 305.7 mmol g−1

h−1, which was approximately 8 times higher than that of the bi-
phase system.138 The Ag decorated TiO2 supported on a gas
diffusion layer (GDL) formed a triple-phase at the gas–water
boundary (Fig. 13D), which greatly promoted the mass transfer
of CO2 (Fig. 13E). Therefore, the triple-phase photocatalytic
CO2RR system exhibited a high CO2 reduction performance.

3.2 Recent progress of PEC devices

The H-type photo-electrolyzer has received the most practical
lab use in the PEC system and the batch mode is the most
common operation mode, in which the products can be accu-
mulated for detection (Fig. 14A). However, the mass transfer
limitation and the low CO2 solubility in aqueous solution
promote the upgrading of the H-type photo-electrolyzer.
Therefore, continuous ow PEC reactor (CFPR) devices have
been developed for PEC CO2 reduction.139 With a hybrid p-type
CuO/Cu2O semiconductor nanorod array as the photocathode,
the ow system exhibited a high activity for producing alcohols
(ethanol and isopropanol) with a liquid alcohol production rate
of 0.22 ml m−2 h−1, which was approximately 6 times higher
than the production rate of a batch mode electrolyzer design.
The photocurrent density was signicantly enhanced in the
CFPR, beneting from its high surface area-to-volume ratio
This journal is © The Royal Society of Chemistry 2023
provided by the narrow reaction channels (Fig. 14B). To high-
light the signicance of the reactor design, Andresen et al.
constructed a continuous ow microuidic PEC reactor with an
a-Fe2O3/CuO thin lm as the photocathode.140 The sandwich-
type planar microuidic photo-reactor was a one chamber
reactor constituting an a-Fe2O3/CuO/FTO photocathode, Pt/FTO
anode, laser cut PMMA parts and Surlyn gaskets without any
separator between the electrodes (Fig. 14C). Under backside AM
1.5 solar irradiation, the microuidic system converted CO2 to
formate with an STF efficiency of 0.2% aer 12 h illumination.
Compared with the batch reactor, the continuous ow micro-
uidic PEC reactor promoted the formation of methanol.

In recent years, Reisner et al. constructed a series of highly
integrated PV-PEC systems for CO2 reduction. By immobilizing
a cobalt porphyrin catalyst on carbon nanotubes with triple-
cation mixed halide perovskite and BiVO4 photoabsorbers, they
demonstrated a highly tunable perovskite-BiVO4 tandem PV-PEC
syngas production system (Fig. 15A).21 The tandem photocath-
odes exhibited a different syngas production ratio under different
light intensities (Fig. 15B) for aqueous CO2 reduction and main-
tained one day continuous syngas production at a light intensity
of 0.1 Sun (Fig. 15C). They further fabricated a lightweight
perovskite-BiVO4 device with exible substrates and carbona-
ceous protection layers.142 A wired oating TijBiVO4jTiCo-
fPVKjGEjCoMTPP@CNT device was constructed by attaching
a exible perovskite photocathode (fPVK) with CoMTPP@CNT as
the CO2 reduction catalyst. The BiVO4 photoanode was spin-
coated with TiCoOx (TiCo) mixed with a contact adhesive, as
J. Mater. Chem. A, 2023, 11, 12499–12520 | 12513
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Fig. 14 Schematic diagrams of PEC devices for CO2 conversion. (A) H-type PEC reactor.141 Copyright 2020, American Chemical Society. (B)
Continuous flow PEC reactor.139 Copyright 2015, IOP Publishing. (C) Wired sandwich-typemicrofluidic PEC cell.140 Copyright 2019, Royal Society
of Chemistry.
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the O2 evolution catalyst (Fig. 15D). With an active light irradia-
tion area of 1.7 cm2, the TijBiVO4jTiCo-fPVKjGEjCoMTPP@CNT
device achieved a STF efficiency of 0.053± 0.006% (CO) and 0.021
± 0.004% (H2), as demonstrated in Fig. 15E. The impressive
scalable integrated PV-PC device opens a new prospect for the
application of solar driven CO2 reduction.

As one of the key components, ion exchange membranes
also play a key role in improving the performance of the photo-
electrolyzer. Compared with anion exchange membranes,
proton exchange membranes (PEMs) are preferred in H-type
PEC devices with 0.1 M KHCO3 as the electrolyte, owing to
their ability to allow proton transportation from the anode to
the cathode.143 Recently, bipolar membranes (BPMs), which
combine the characteristics of cation and anion exchange
membranes, have gained great attention. Their high pH sensi-
tivity enables the selective transport of OH− to the anode and H+

to the cathode under different electrolyte conditions.143–145

Xiang et al. constructed a solar driven CO2 reduction system
Fig. 15 (A) Schematic illustration showing the architecture of the sta
production, (B) amounts of products produced and CO:H2 selectivity afte
Sun irradiation and the corresponding product amounts.21 Copyright
perovskite-BiVO4 device (top) schematic illustration of the floating pero
reduction reactions taking place (bottom), (E) photoelectrochemical per
individual perovskite and BiVO4 photoelectrodes assembled in a 1.7 cm
products obtained for a 1.7 cm2 wired perovskite-BiVO4 device with a C
Copyright 2022, Springer Nature.

12514 | J. Mater. Chem. A, 2023, 11, 12499–12520
with a TiO2 protected III−V tandem photoanode in conjunction
with a bipolar membrane and a Pd/C cathode.145 Adopting two
electrolytes with different bulk pHs, the bipolar membrane
maintained a steady-state operation of the system, and the
system achieved a CO2 to HCOOH FE > 94% (8.5 mA cm−2) and
a ∼10% solar-to-fuel conversion efficiency.
3.3 Recent progress of PV-EC devices

The key aspects tomake an efficient PV-EC CO2 reduction device
are decreasing the reaction energy barriers, minimizing the
electrical energy losses and tuning the selectivity of the desired
products.146 The research on PV-EC for CO2 reduction has
demonstrated higher STF efficiencies than PC and PEC
devices,18,147–149 suggesting that it is a promising technology for
direct CO2 conversion using solar energy.

Morikawa et al. reported a monolithic tablet-shaped device
with a solar-to-chemical energy conversion efficiency of 4.6% for
CO2 photoreduction to formate by utilizing water as an electron
ndalone perovskite–BiVO4 PEC tandem device for bias-free syngas
r 4 h irradiation with different light intensities, (C) stability test under 0.1
2020, Springer Nature. (D) Photo of the actual lightweight floating
vskite-BiVO4 device showing the concurrent water-splitting and CO2

formance of the floating perovskite-BiVO4 devices: CVs of small-scale
2 wired PEC device (left), chronoamperometric trace and amounts of
oMTPP@CNT catalyst over 24 h at zero applied bias voltage (right).142

This journal is © The Royal Society of Chemistry 2023
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donor under simulated solar light irradiation.150 In the mono-
lithic tablet-shaped PV-EC device, a triple-junction of amor-
phous silicon–germanium (SiGe-jn) functionalizing as the PV,
converted solar energy into electricity and powered the catalytic
reaction. Concurrently, the porous ruthenium complex polymer
(p-RuCP) as the CO2 reduction catalyst and iridium oxide (IrOx)
as the water oxidation catalyst reduced CO2 into formate and
oxidized water into O2, respectively (Fig. 16A). Different from
the monolithic device, the Ager group used a four-terminal III–
V/Si tandem solar cell conguration coupled with a nano-
structured Cu–Ag bimetallic cathode (Fig. 16B), which yielded
a solar conversion efficiency to hydrocarbons and oxygenates
exceeding 5% under 1 Sun illumination (Fig. 16C).151 The
Gratzel group constructed a more efficient device with an
atomic layer deposited SnO2 on CuO nanowires as the cathode
Fig. 16 (A) Schematic illustration of the monolithic tablet-shaped PV-EC
CO2 RRmeasurements performed in a two-electrode configuration with
two series-connected solar cells and a maximum power point (MPP) trac
blue) of PV-EC (PV was two tandem cells connected in parallel) as a func
circuit diagram.151 Copyright 2017, Royal Society of Chemistry. (D) Sch
voltaics with an electrochemical cell, (E) photovoltaic and electrocata
chemical cell.13 Copyright 2017, Springer Nature. (F) Schematic illustration
photovoltaic and electrocatalytic J–V curves.153 Copyright 2019, Wiley
catalysts, (H) photographs of the large cell for solar driven CO2 conver
equipped with the stacked FTO/Ag grid cathodes and Ti cathodes, and cu
cells under the AM 1.5G 1 Sun solar irradiation.47 Copyright 2021, Elsevie

This journal is © The Royal Society of Chemistry 2023
and a GaInP/GaInAs/Ge cell as the photovoltaic (Fig. 16D),
producing a peak solar-to-CO conversion efficiency of 13.4%
(Fig. 16E).13 In that work, the energy loss was minimized by
matching the current density of the photovoltaic with the
cathode catalyst. Recently, they also reported a solar driven CO2

reduction system which coupled a ow cell composed of a tin
oxide surface dominant copper/tin-oxide catalyst with a III–V
triple junction solar cell, reaching a solar-to chemical energy
conversion efficiency approaching 20%.152 To further improve
the STF efficiency of the PV-EC device, Salehi-Khojin et al.
constructed a one compartment electrochemical ow cell con-
sisting of a MoS2 nanoakes (NFs)/GDL cathode and an IrO2

nanopowder/GDL anode.153 By modifying the catalyst and
adjusting the electrolyte, the PV-EC device composed of the ow
device.150 Copyright 2015, Royal Society of Chemistry. (B) Solar driven
a CuAg nanocoral cathode and an IrO2 nanotube anode in tandemwith
ker, (C) measured current density (left axis, red) and voltage (right axis,
tion of electrolyte concentration at 1 Sun illumination. Inset depicts the
ematic illustration of the device combining series-connected photo-
lytic J–V behaviours of the series-connected photovoltaic-electro-
of the flow cell using solar energy to drive CO2 reduction reaction and

. (G) Schematic illustration of large-sized cell with stacked electrode
sion with stacked electrode catalysts, (I) LSV curves of the large cells
rrent (I)–voltage (V) characteristics of the six series-connected c-Si-PV
r.
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cell coupled to a triple-junction photovoltaic (TJ-PV) cell showed
a CO2 to CO STF efficiency of 23% (Fig. 16F).

Recently, a large-sized PV-EC system with a 1000 cm2 irra-
diation area composed of ve stacked electrodes (electrically
parallel connected) and six series-connected single-crystalline Si
PV cells was constructed by Kato and co-workers.47 As illustrated
in Fig. 16G and H, the anodes and cathodes (∼1000 cm2 in size)
faced each other with a small distance of 1 cm in a transparent
plastic housing without membrane separation and are directly
connected to c-Si PV cells with similar sizes, which solves the
proton diffusion resistance problem and avoids the use of
a converter. The I–V curves of 6-series-connected single-
crystalline Si PV cells and ve stacked electrodes showed
a good match between the EC reactor and PV cell (Fig. 16I),
achieving a solar to formate conversion efficiency of 7.2%.

4. Conclusion and perspectives

At present, the highest achieved STF efficiencies for PC, PEC
and PV-EC CO2 reduction systems are ∼1%,154 ∼10% (ref. 145)
and ∼20%,152,153 respectively. The PC, PEC systems are still
confronted with the problems of low STF efficiency and poor
stability. Only the PV-EC CO2 reduction system showed an STF
efficiency that meets industrial operation requirements.
However, its high cost, poor stability and low selectivity for
desired products limit its large-scale application. The photo-
absorber, catalyst and device design, as three fundamental
factors, collectively determine the solar-to-fuel efficiency of the
system. It is essential to optimize the solar driven CO2 reduction
systems from a three-pronged approach and construct a system
with these three elements optimized synergistically.

At present, the photo-absorbers suffer from low photo
conversion efficiency and low stability. To improve the solar
harvesting and conversion efficiency of the photo-absorbers,
frequently used strategies are constructing heterojunction
structures, elemental doping, nano-morphology control, defect
engineering, amongst others. In addition, we can also explore
new chemical functionalization, discover new semiconductors
suitable for CO2 reduction and construct composite photo-
absorbers with multiple materials, such as organic semi-
conductors combined with inorganic semiconductors, biomi-
metic materials/biomaterials combined with inorganic
semiconductors, or other newly developed photo-absorbers.

The catalysts, which promote CO2 conversion, also require
further development for reducing the reaction energy barriers
and improving the product selectivity and stability. Although
recent studies on the catalyst morphology control, bimetal or
multi-metal construction, molecular catalyst modication,
surface basic sites and the introduction of surface defects
proved to be effective, there is still much work to be done. For
example, we can construct a suitable reaction micro-
environment that aims to achieve an appropriate local pH and
surrounding ions for CO2 reduction by chemical modication
of the catalyst or specied nano-structure design of the catalysts
using 3D printing or other techniques. To solve the problem of
low CO2 solubility in aqueous PC and PEC systems, materials
with high CO2 adsorption capacity can be applied to the
12516 | J. Mater. Chem. A, 2023, 11, 12499–12520
catalysts. Furthermore, the synergetic operation of photo-
absorbers and catalysts requires further in-depth exploration.
With a clear mechanism of the interaction of photo-absorbers
and catalysts during photochemical CO2 reduction, a highly
effective combination of photo-absorber and catalyst can be
developed and the product selectivity can also be controlled by
adjusting the combination strategy and mode.

The PC, PEC and PV-EC devices have been updated for
several generations from the aspects of improving light
absorption, enhancing the mass transfer and reducing the gas/
liquid transfer resistance. As a result, the efficiency of CO2

conversion has gradually increased. However, an optimized
design for the devices remains challenging and demands suit-
able solutions to address key scientic and engineering prob-
lems. Accordingly, the following factors should be considered
for the design of the device: the light source illumination way
(built-in light, ber lamp, etc.), mode of operation (batch,
continuous ow, etc.), parameters of the chamber (volume,
thickness, geometrical conguration, the in/out ow pathway of
reactants, etc.) and membrane characteristics (for PEC and PV-
EC systems). Meanwhile, we can also improve the reaction rate
of product yields by designing a high pressure device for PC,
PEC and PV-EC systems, since the solubility of CO2 in aqueous
media is a rate-limiting step in CO2 reduction.

Finally, the synergetic operation of each component of the
system is important for achieving high efficiency. The three key
components, an efficient photo-absorber, a catalyst with high
product selectivity and an optimized device design, working
together synergistically will greatly improve the solar to fuel
efficiency. The effect of how the photo-absorber and catalysts
are combined, the light illumination method, device integra-
tion, and the supply of reactants on system efficiency requires
further and systematic investigation.

Besides the scientic research of solar driven CO2 reduction
systems, great efforts should also be made on facilitating the
industrial application of these technologies. The scale-up of
existing high-performance systems is required in spite of the
challenges faced with the optimization of the system parame-
ters. For the scale-up of PC and PEC devices, it is necessary to
design the devices in ow mode with multi-cells connected in
series or parallels, and the problems of the increased resistance
of aqueous solution and owing gases need to be resolved.
Furthermore, the efficient utilization of solar light must be
considered when designing stacked devices. To improve the
product yield rate of solar driven CO2 reduction systems in
practical use, high intensity light can be adopted. However, the
low solubility of CO2 in aqueous solution might hinder the
reaction rate in this mode. We can refer to the ow cell design
used for EC CO2 reduction that separates the CO2 gas from the
aqueous solution and constructs a solid–liquid–gas triple-phase
boundary for sufficient CO2 supply. Due to the rapid develop-
ment of PV cells and EC cells, there is a strong drive for PV-EC
devices to reach maturity and be employed in industrial appli-
cation. Nevertheless, it is essential to further improve the STF
efficiency, optimize the selectivity, reduce the cost and improve
the stability before industrial scale implementation. With the
advantage of efficient thermal and ow eld management, the
This journal is © The Royal Society of Chemistry 2023
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integrated stacked PV-EC device will be a promising approach
in the future. Inspired by the positive effect of external elds
and inner micro-environments on the performance of EC
devices,91,155–159 the eld or reaction environment effects should
be thoroughly considered when designing the solar driven CO2

reduction systems.
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