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Photocatalytic CO, conversion into high-value chemicals has been emerging as an attractive research
direction in achieving carbon resource sustainability. The chemical products can be categorized into C1
and multi-carbon (C,;) products. In this review, we describe the recent research progress in photo-
catalytic CO, conversion systems from C1 products to multi-carbon oxygenates, and analyze the reasons
related to their catalytic mechanisms, as the production of multi-carbon oxygenates is generally more
difficult than that of C1 products. Then we discuss several examples in promoting the photoconversion of
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CO; to value-added multi-carbon products in the aspects of photocatalyst design, mass transfer control,
determination of active sites, and intermediate regulation. Finally, we summarize perspectives on the chal-
lenges and propose potential directions in this fast-developing field, such as the prospect of CO, trans-

rsc.li/nanoscale formation to long-chain hydrocarbons like salicylic acid or even plastics.
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1. Introduction

The concentration of atmospheric carbon dioxide (CO,) has
been continuously increasing from its pre-industrial level over
the past several decades."” The National Oceanic and
Atmospheric Administration in the United States announced
in early 2022 that the monitored daily average concentration of
CO, has reached over 410 ppm.> New technologies for CO,
capture, storage and conversion have been widely investigated
with  efforts from both industrial and scientific
communities.*™®

Photocatalytic CO, conversion represents a unique and
highly potential approach to boost the CO, conversion for
achieving carbon neutrality and energy sustainability, due to
its clean and selective reaction characteristics.””® At present,
the photocatalytic CO, conversion products can be roughly
categorized into C1 and multi-carbon (C,.) products, based on
the number of derived carbon atoms in the molecular for-
mulas. With substantial research progress to date, the photo-
catalytic conversion of CO, into C1 molecules, including
carbon monoxide (CO), methane (CH,), and methanol
(CH;0H), has been widely reported.”’® On the other hand, the
obtaining of C,, products, especially oxygenates such as
ethanol and acetic acid, is still confronting great challenges
due to the complex steps and competitive reaction pathways in
photocatalytic CO, conversion reactions.'>'* Although both C1
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and C,. products are originated from CO, and water, the C,,
products consume more CO, molecules and store higher
energy in the molecules. Some C,. products are also important
raw materials for making chemicals with less energy waste,
such as fuel additives, disinfectants and pharmaceuticals,'*"*
contributing to the efficient utilization of energy. Thus, from
the perspective of both resource deployment and energy utiliz-
ation, the direct transformation from abundant CO, to multi-
carbon oxygenates not only facilitates the carbon neutraliz-
ation process, but more importantly, allows to generate higher
value-added compounds for chemical industry and daily life
resources.

Promoting CO, photoreduction to C,. products, therefore,
has been a hot topic. Albero et al. summarized the formation
of compounds of two or more carbon atoms in the photo-
catalytic CO, reduction to show how the product selectivity can
be controlled, while less focus was made on explaining the
challenges of producing C,, products."® The pathways in
photoreduction CO, to diverse products also deserve strong
attention, because reactive sites in different pathways can have
varied affinities to reactants, intermediates, and photoreduc-
tion products. Qiao and coauthors highlighted the promoted
effects of atomic-level reactive sites in CO, photoreduction and
outlined the design of photocatalysts with these reactive sites
for in-depth understanding reactions pathways.'® These are
two major subjects in tuning product selectivity and reaction
pathways. However, to date, the systematic comparison
between the characteristics of photocatalytic CO, reduction
systems and obtained diverse products is quite limited,
especially for C1 products and C,, oxygenates. Moreover, the
reasons why the critical C-C coupling behavior for making C,.
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oxygenates occurs with less priority than C1 products have not
been comprehensively analyzed. The mechanisms on reaction
pathways of different photocatalysts and products should be
carefully evaluated for understanding the photocatalytic con-
version of CO, from C1 products to C,. oxygenates.

Herein, this review systematically describes the research
progress of photocatalytic CO, conversion from C1 to C,; pro-
ducts, and demonstrate the mechanism that CO, molecules
are relatively efficient to be converted into C1 products, but
not C,, oxygenates. The key C-C coupling process affected by
CO, adsorption, intermediate formation and coupling reac-
tions is focused. Aiming at the drawbacks in achieving CO, to
C,. oxygenates, we discuss some suggestions in the aspects of
photocatalyst design, mass transfer control, determination of
active sites, and intermediate regulation in the photocatalytic
CO, conversion process. Finally, we summarize the challenges
for converting CO, into both C1 products and C,., oxygenates,
as well as propose perspectives of direct conversion from CO,
to value-added hydrocarbons with longer carbon chains, such
as salicylic acid or even plastics.

2. Principle of photocatalytic CO,
conversion

The typical process of photocatalytic CO, reduction on semi-
conductor photocatalysts mainly consists of four steps: light
absorption, charge separation, CO, adsorption, and redox
reactions.'”'® The first step of a photocatalyst is to absorb
photons from sunlight to produce electrons and holes on the
conduction band (CB) and valence band (VB), respectively,
which serve as reductant and oxidant in photocatalytic reac-
tions. In order to reduce CO, molecules, the suitable band
structure of photocatalysts is strictly demanded. Generally, the
CB of the semiconductor must be more negative than the
potential of CO, reduction, and the VB position must be posi-
tive than the potential of water oxidation (Fig. 1a). The second
step is the spatial separation of photogenerated electron-hole
pairs, while the reversible process as charge recombination
can also take place. To increase charge separation efficiency
and inhibit the charge recombination, the structural factors of
photocatalysts that are closely related to the charger lifetime
and transfer rate should be rationally tuned, including crystal-
linity, size, doping, and surface properties.'®! The third step
is the CO, adsorption, which is the prerequisite for transfer-
ring electrons from the photocatalyst to CO, molecules or
intermediates for triggering subsequent reduction reactions.
In most of the reported works, the photocatalysts with higher
surface area tend to provide more active sites for CO,
adsorption.”>?* Another useful way to improve CO, adsorption
is the modification of alkali ions on the photocatalyst
surface.” Due to its Lewis acidity of CO, molecules, the inter-
action between CO, and surface alkaline can significantly
benefit the formation of active intermediates, such as biden-
tate carbonate, facilitating the participation in reduction reac-
tions. The fourth step is the surface redox reactions with mul-
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Fig. 1 (a) Principle of photocatalytic CO, conversion in terms of light
absorption, charge separation, CO, adsorption and redox reactions.?®
Copyright 2020, Royal Society of Chemistry. (b) The standard reduction
potentials and required band-gap positions of some typical semi-
conductors for satisfying CO, reduction reactions.?° Copyright 2016,
Royal Society of Chemistry.

tiple parallel pathways and side reactions, as the most critical
and complex step in photocatalytic CO, conversion.””>®
Within this step, different kinds of CO, reduction products
may be obtained depending on the reduction pathways, in
which electrons are transferred from the photocatalyst surface
to the adsorbates and/or solutions. The fourth step process is
in principle similar to an electrochemical reduction. The stan-
dard reduction potentials and the required bandgap positions
of several typical semiconductors for satisfying CO, reduction
are illustrated (Fig. 1b), while the introduction of cocatalyst is
also critical to further improve the overall CO, conversion
efficiency in this key step.””

3. Photocatalytic CO, conversion
with different selectivities

Though the reduction products all come from simple CO,
molecules, the photocatalytic CO, conversion process is com-
plicated as it includes many multi-step reactions. Based on the
number of carbon atoms in the obtained products, CO, can be
generally converted into two categories of C1 and C,, products.
The C1 products include carbon monoxide (CO), methane
(CH,), formic acid (HCOOH), and methanol (CH;0H), and the
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C,:+ products primarily consist of ethylene (C,H,), ethane
(C,Hg), acetaldehyde (CH3;CHO), ethanol (C,HsOH), acetic acid
(CH;3;COOH), and other C,, products. In this section, we aim to
summarize the current advances of C1 products and C,, oxyge-
nates, and discuss our understandings on the reasons that the
C,. oxygenates are more difficult to obtain than the C1 products.

3.1 Status of photocatalytic CO, conversion to C1 products

Generally, the hydrogenation steps are preferable for the pro-
duction of C1 products in photocatalytic CO, reaction, and the
required numbers of electrons and protons involving in reac-
tion pathways are usually less than or equal to 8. Although the
selectivity of C1 products varies from different specific reaction
conditions, the conversion of CO, molecules toward C1 pro-
ducts is generally efficient.>® For example, Li et al. prepared a
bioinspired photocatalyst with flexible dual-metal-site pairs
(DMSPs), which exhibited dynamic self-adaptive behavior to fit
mutative C1 intermediates (Fig. 2a).>' The Cu and Ni DMSPs
were incorporated into a metal-organic framework (MOF) to
prepare a MOF-808-CuNi catalyst, resulting in a high pro-
duction rate of 158.7 pmol g~' h™" in the photocatalytic CO,
conversion to CH,, with a selectivity of 99.4% (electron basis)
and 97.5% (product basis). In this work, the creation of an
“adaptive” catalytic process of DMSPs to stabilize C1 inter-
mediates improves the selectivity of CH, in a flexible micro-
environment, suggesting the possibility of stabilizing reaction
intermediates via the self-adaptive DMSP mechanism.

In addition to the catalytic system led by photocatalysts to
promote the conversion of CO, to C1 products, the combi-
nation of photocatalysts with biological function has also
emerged in photocatalytic CO, reduction reactions. For
instance, Chen et al. reported a semi-artificial photosynthesis
system by a cell engineering strategy.’”> In this process, CO,
was consumed by wrapping halophilic bacteria membrane-
derived vesicles on hollow porous TiO, nanoparticles de-
posited with Pd nanoparticle cocatalysts. In this bio-inorganic
assembly system, the membrane protein bacteriorhodopsin
not only retained its natural biological function of pumping
protons, but also acted as a photosensitizer to inject photo-
generated electrons into the conduction band of TiO,.
Therefore, both the electrons accumulated on the Pd cocatalyst
and the protons gathered in the cell structure boosted the
proton-coupled multi-electron transfer process for photo-
catalytic CO, conversion to CH, and CO. The formation of CH,
and CO over the bio-inorganic assembly system, and the mass
spectra of "*CH, and >CO products were further verified in
3C0, atmosphere (Fig. 2b and c).

The hot single-atom catalysis can also be utilized to
promote the photocatalytic reduction of CO, to C1 products.
Xiong et al. reported that the isolated Ni single atoms dis-
persed on defect-rich zirconia (Ni-SA-x/ZrO,) showed an excel-
lent yield rate (11.8 pmol g* h™') and selectivity (92.5%)
toward CO production in the absence of sacrificial agents or
sensitizers under Xe lamp irradiation (Fig. 2d).** Both the
experimental and theoretical investigations proved that the
lower energy barrier for the CO, to CO conversion was favor-
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able via an adsorbed COOH intermediate on the atomically
dispersed Ni sites, while the competing side reaction such as
hydrogen evolution reaction should also be reduced. In the
aspects of the methanol production, Wu et al directly
observed that the (110) facet of single Cu,O particles were
photo-catalytically more active for reducing CO, to methanol
than the inert (100) facet by using correlated scanning fluo-
rescence X-ray microscopy and environmental transmission
electron microscopy at atmospheric pressure (Fig. 2e and f).**
They also found that the oxidation state of the active sites
changed from Cu(i) to Cu(u) due to the co-adsorption of CO,
and H,0 and then changed back to Cu(i) after the CO, conver-
sion under visible light illumination.

The plasmonic heterostructure was also introduced to boost
photocatalytic CO, reduction to C1 products. For example, Jun
et al. reported a ruthenium (Ru)-based asymmetric catalyst
that was immobilized onto a plasmonic Au/TiO, hetero-
structure to efficiently and selectively convert CO, into formic
acid in an aqueous solution.’® The plasmonic heterostructure
benefited the multi-electron transfer to facilitate CO,
reduction through efficient charge separation at a Schottky
junction (Fig. 2g). As a result, the photocatalyst exhibited a
high turnover frequency of 1200 h™' at 360 mW cm™, a
superior selectivity towards formic acid (~95%) even at a low
pH (~3), and a remarkable reusability over 50 hours without
obvious loss of the catalytic activity. The widely used plasmo-
nic effect is recognized as an effective means for improving
photocatalytic CO, reaction into C1 products, but the size dis-
tribution, crystallinity and surface defects should be rationally
designed when coupling with semiconductors.

Last but not least, the application of photovoltaic cells is an
important direction for photocatalytic CO, conversion to C1
compounds.®® Typically, an artificial photosynthetic system
consisting of a photoanodic semiconductor that harvests solar
photons to split H,O and a cathodic catalyst for achieving the
CO, reduction is required. Using this strategy (Fig. 2h),*” a
solar-to-syngas energy conversion efficiency of up to 13.6% was
obtained, with a turnover frequency of 529.5 h™" for highly
stable CO production from CO,, and a high Faradaic efficiency
above 80%. Another work by the same group realized a CO-
evolution rate of 265.3 mmol g~* h™" by integrating single-
atom metal-insulator-semiconductor as the photoanode and a
single-atom Ni-doped graphene as the cathode for efficient
CO,-to-syngas conversion (Fig. 2i).>®* The overall quantum
efficiency of 5.7% was also recorded under 450 nm light
irradiation with this artificial photosynthetic cell.

The aforementioned works provide examples for converting
CO, into C1 products by photocatalysts or photovoltaic cells.
In particular, the single-atom catalysts only contribute two
electrons for CO production, due to the limitation of storing
sufficient electrons in single atomic sties. Here, a brief
summary of the representative works in photocatalytic CO,
reduction to different C1 products is shown (Table 1). Except
for formaldehyde, the almost 100% selectivity of these C1 pro-
ducts can be obtained by photocatalysis under light
irradiation. For formaldehyde, the hydroxyl radicals ("OH) or

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Schematic illustration of charge transfer in the photocatalytic CO, reaction with MOF-808-CuNi using [Ru(bpy)s]Cl,-6H,0 as a photosen-
sitizer.>! Copyright 2021, Springer Nature. (b) Photocatalytic CH, and CO formation over the bio-inorganic assembly system and (c) mass spectra of
produced *CH, and **CO over biohybrids in *CO, atmosphere.*> Copyright 2019, American Chemical Society. (d) H, and CO selectivity at reaction
time of 5 h over different samples.®* Copyright 2020, Wiley-VCH. (e) Schematic of the electron beam and X-ray directions for transmission electron
microscopy (TEM) and scanning fluorescence X-ray microscopy (SFXM) imaging and (f) high-resolution SFXM image from Cu Ka emission with the
incident X-ray beam parallel to the [001] direction.>* The color scales indicate the intensity of the Cu fluorescence signal. Copyright 2019, Springer
Nature. (g) lllustrations of the plasmonic photocatalyst heterostructure for production of formic acid.*® Copyright 2019, Royal Society of Chemistry.
(h) Model and mechanism of the photovoltaic-coupled two-compartment artificial photosynthetic cell for syngas production.>” Copyright 2019,
Wiley-VCH. (i) Time course for the formation of gaseous products in the different cells at 2.4 V.3 Copyright 2021, Wiley-VCH.
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Table 1 Summary of representative works toward photocatalytic conversion of CO, into C1 products

Photocatalysts Products and selectivity Reaction conditions Ref.
Poly(3,4-ethylenedioxythiophene) 100% CO Xe lamp, 250-950 nm 41
Culn;S; layers 100% CH, Xe lamp, ~50 mW cm ™ 42
Carbon nitride-like polymer/carbon dots 100% CH;0H 300 W Xe lamp 43
Cd/ZnS:Cu 99% HCOOH Solar light irradiation 44
Ba;Li,TigOs0 50 pmol g~* h™" HCHO 20 W halogen lamp 45

superoxide radicals ("O,”) that are generated in photocatalytic
reactions prefer to degrade formaldehyde rather than pro-
duction. Indeed, the photocatalytic oxidation technology is
often used for the mineralization of formaldehyde
pollutants.>**® Thus, formaldehyde is generally not the main
product in photocatalytic CO, reduction reactions.

3.2 Photocatalytic CO, conversion to multi-carbon products

Considering the higher values of multi-carbon oxygenates
compared to the C1 products, increasing efforts have been
directed for tuning the product selectivity toward C,, oxyge-
nates by photocatalysis. In this section, we will focus on the
studies on multi-carbon products in photocatalytic CO,
reduction reactions.

3.2.1 CO, molecule as individual reactants. Several promis-
ing approaches have been adopted to control the selectivity of
C,. products from individual CO, molecules. For example, Li
et al. reported that the doping of a small amount (0.02%) of
Co in a Cu/TiO, catalyst improved the selectivity of alkanes,
making C,Hs as the main product and producing a small
amount of C3Hg (Fig. 3a and b).*® In their proposed mecha-
nism, CO, first combined with e~ to form ‘CO,”, and was
further reduced to CO through the HCO;~ or CO;>~ pathways.
Then CO continued to react with multiple electrons and
protons to form various hydrocarbon free radicals ("CH, "CH,,
‘CH3;), and finally generated various hydrocarbons including
CO, CH,, CyHg and C3;Hg (Fig. 3c). The fabrication of bi-
metallic catalytic sites has been investigated for catalyzing C,.
olefin products. For instance, a Cu®'/Ce0,-TiO, photocatalyst
containing atomically dispersed Cu®" sites that were anchored
on a CeO,-TiO, heterostructure was constructed by the pyroly-
tic transformation of Cu**-Ce’"/MIL-125-NH, precursors.*’
Under simulated sunlight irradiation, this photocatalyst
exhibited a production rate of 4.51 pmol g~* h™ and 73.9%
selectivity in terms of electron utilization for conversion of
CO, to C,H, on bimetallic Cu-Ce reactive sites (Fig. 3d).

Apart from the basic alkane and olefin products, C,; oxy-
genates are other considerable products in CO, photoreduc-
tion reactions. For instance, a pyrolyzed cobalt-type zeolitic
imidazolate framework (ZIF-67), namely ZIF-derived carbon
(zDC) with residual Co nanoparticles was incorporated with
TiO, composite and adopted as a photocatalyst for the prepa-
ration of C,, oxygenates.*®> The ZDC photocatalyst tended to
form acetaldehyde, while the ZDC/TiO, composite had a
good selectivity in production of acetone. The active site and
charge dynamics were responsible for the proposed reaction
mechanism, in which the C=0 intermediates remained on

10272 | Nanoscale, 2022, 14, 10268-10285

neighboring ZDC sites (Co or pyridinic N) and underwent the
reduction steps for producing required multi-carbon oxyge-
nates (Fig. 3e). In this catalytic process, the efficiency was
largely restricted by the unfavored multi-electron reaction
dynamics. To relieve the kinetically challenging multi-electron
reaction conditions in photocatalytic CO, reduction, Sun
et al. reported the synthesis of ultrathin WO; 0.33H,0 nano-
tubes with a large amount of surface oxygen vacancy (Vo)
sites exposed.”® The single Vo sites with abundant localized
electrons provided enhanced and stable CO, photoreduction
in pure water under solar light conditions, leading to pro-
duction of CH3;COOH. The selectivity for CH;COOH gene-
ration was up to 85%, with an average productivity of
~9.4 pmol g~* h™" (Fig. 3f).

Binary metal atomic sites have also been investigated to
tune the selectivity. For example, Yu et al. reported the incor-
poration of MoS, nanosheets into hierarchically porous defec-
tive UiO-66 to form Mo-O-Zr bimetallic sites on the interfaces
between UiO-66 and MoS,.°° The Mo-O-Zr active interfaces
favored the efficient transfer of photo-generated carriers for
promoting activity, whereas the synergy of those components
at the interfaces enhanced the selectivity for producing
CH;COOH. The evolution rate and selectivity of CH;COOH
reached 39.0 pmol g* h™" and 94%, respectively, and no C1
products were observed.

The conversion from CO, to liquid ethanol is another
hotspot in this research area. Wang et al. proved that the for-
mation of Cu single atoms on a porous UiO-66-NH, support
with CO, adsorption capabilities allowed to boost the solar-
driven conversion of CO, to methanol and ethanol with evol-
ution rates of 5.33 and 4.22 pmol g~' h™', respectively,”
higher than those of the pristine UiO-66-NH, and Cu nano-
particle-decorated UiO-66-NH, composites. The increased
methanol and ethanol production was ascribed to the
cooperation of Cu single atoms with UiO-66-NH,-derived
porous support, which facilitated the conversion of CO, to
*CHO and *CO intermediates. Recently, the theoretical calcu-
lations have predicted a nitrogen-rich C3;N; photocatalyst
capable of promoting the CO, photoconversion to methane
and ethanol,®® but the experimental preparation of this C;Nj
photocatalyst and the subsequent CO, photoreduction experi-
ments are waiting to be demonstrated.

Hydrogenation can also be used to promote the products of
ethane, ethylene, acetaldehyde, acetone, acetic acid and
ethanol in photocatalytic CO, conversion. Under UV-vis exci-
tation, Chen et al. reported the CO, hydrogenation on CoFe
catalysts,”® and found that the reduction temperature for pre-

This journal is © The Royal Society of Chemistry 2022
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1% Cu/TiO, and (b) 0.01% Co-1% Cu/TiO, catalyst and (c) possible reac-

tion pathways for photoreduction of CO, to methane, ethane and propane, respectively.*® Copyright 2019, American Chemical Society. (d)
Photocatalytic CO, reduction to ethylene over Cu’*/CeQ,-TiO,.*” Copyright 2022, American Chemical Society. (e) Schematic illustration of the

photocatalytic CO, conversion to acetone over ZDC/Ts catalysts.*®
irradiation times in pure water.*°

Copyright 2022, Elsevier. (f) Photocatalytic evolution of acetum along with
Copyright 2018, American Chemical Society. (g) Efficiency of photocatalytic CO, conversion and selectivity of

methane and C,, products over CoFe-650 under UV-vis irradiation.>® Copyright 2018, Wiley-VCH.

paring the CoFe catalyst influenced the product distributions.
With the reduction temperature increased, the CoFe catalyst
showed a progressive selectivity shift from CO to CH,, and
eventually to C,; hydrocarbons. The optimal CoFe catalyst
showed a combined selectivity of 60% CH, and 35% C,, pro-
ducts (Fig. 3g).

In addition, the production of C1 or C,; products can also
be affected by experimental conditions, such as incident light.
To identify this, Hao et al. prepared a C@Fe,C/TiO ternary
composite catalyst by reducing organic compounds under an
ammonia atmosphere.>® The obtained ternary photocatalyst
exhibited a high activity under simulated sunlight with the
main product of C,H, at a rate of ~35.5 pmol ¢~* h™" during
CO, photoreduction. Although the catalytic conversion still
proceeded under near-infrared lights irradiation, the main
product turned to be CH, (18.3 pmol g™* h™).

To summarize this section, a general strategy for obtaining
C,. products in CO, photoreduction reactions is the rational

This journal is © The Royal Society of Chemistry 2022

fabrication of multiple reaction sites, including bimetallic
structures, metal-nonmetal sites, and even cation or anion
vacancies. The photocatalytic systems that have been reported
to reduce CO, into C,. products are listed in Table 2.

3.2.2 Understanding the challenges in obtaining multi-
carbon oxygenates. From the number of articles that have been
reported for photocatalytic CO, reduction to C1 versus C,, pro-
ducts, it is clear that the direct conversion of CO, into C,, oxy-
genates is much more challenging, while the reasons have yet
to be systematically discussed. Here we analyze and summar-
ize the literatures by covering three fundamental features of
the multi-electron-coupled-proton-transfer process, the elec-
tron storage and charge separation, and the diversity of
pathway selection of intermediates in photocatalytic CO,
reduction reactions.

First, the CO, photoreduction and product selectivity
strongly depend on the lifespan of photoexcited charge car-
riers. Generally, the production of C,, oxygenates needs more
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Table 2 Summary of photocatalytic conversion of CO, into multi-carbon products

Photocatalyst Major products Reaction conditions Ref.
Pd-TiO, 6.4% C,Hj 300 W Xe lamp, 5 h 55
Au-Pd/TiO, 7% C,Hg + 7% C,H, 300 W Xe lamp 56
Pt-graphene/TiO, 22.9% C,Hg 100 mW cm ™2, flow reactor 57
Au/TiO, 27% C,Hg Hg lamp, 254 nm, 20 mW cm™2 58
CdS/Cu-trititanate nanotubes 31.1% C,H, 450 W Xe lamp, 5 h 59
CoFe-Based catalysts 35% Cy.t 300 W Xe lamp, 2 h 53
Au NPs 40% C,Hg 2> 488 nm, 750 mW cm 2 60
0.02% Co-1% Cu/TiO, 45.6% C,Hg 300 W Xe lamp, 3 h 46
Au/ZnO 80% C,Hs 300 W Xe lamp, 6 h 61
Carbon/TiO, 51.8% CH3COCH; 150 W solar simulator, 6 h 48
Carbon nanotube/TiO, 69.7% CH3CH,0OH UV lamp, 365 nm, 5 h 62
Cu®'/Ce0,-TiO, 73.9% C,H, Xe lamp, 200 mW cm™2, 5 h 47
Rh-Doped TiO, 78.4% CH;CHO Xe lamp, 362 mW cm™>, 6 h 63
WO, 0.33H,0 85% CH,COOH 100 mW cm™2, 10 h 49
Pt/TaON 89.5% CH;CH,OH A>420 nm, 1002 W m> 64
15 wt% Cu/GO 100% CH3;CHO Halogen lamp, 100 mW cm™> 65
Cu,O/graphene 100% CH;CH,OH Hg lamp, 254 nm, flow reactor 66
C@Fe,C/TiO 87.5% C,H, 300 W Xe lamp, 4 h 54
Polymeric C3N, 98.3% CH3;CHO 5 W LED lamp, 4 h 67
d-UiO-66/MoS, 94% CH3;COOH 300 W Xe lamp, 100 mW cm™2 50
Cu SAs/UiO-66-NH, 44% CH;CH,OH 300 W Xe lamp 51
Ni-Nanocluster loaded black TiO, ~100% CH3CHO 300 W halogen lamp 68

electrons and protons during reactions, and the multi-elec-
tron-coupled-proton-transfer process and subsequent C-C
coupling are considered as critical elementary steps.®® The
electron-hole recombination can significantly reduce this
process, resulting in a decreased conversion reactivity of CO,
and modified selectivities toward C1 products with fewer
required electrons. When the lifespan of electrons is long
enough by inhibiting the recombination between electrons
and holes, the possibility of electrons for reducing CO, mole-
cules into C,; oxygenates is enhanced. The migration of active
electrons regularly happens in a short period time. The kine-
tics of charge separation in time scale and utilization of elec-
trons and protons to form different products are summarized
(Fig. 4a).”° The typical time scale for charge transfer in photo-
catalytic CO, reduction to different products ranges from
nanoseconds to microseconds, which requires longer time
when more electrons and protons are needed in generating the
products. The numbers of required electrons and protons and
the corresponding standard redox potentials in photocatalytic
CO, reduction to different products are listed in Table 3. The
reactions leading to C,, oxygenates require >8 electrons and
protons. However, in contrast to electrocatalysis with continu-
ous and stable electron supply, photocatalysis is substantially
affected by the short electron lifetime and limited numbers of
electrons. Thus, in order to promote the selectivity of multi-
carbon oxygenates, the reaction conditions and materials
designs should favor the generation and storage of photo-
induced electrons.

Apart from the importance of accumulating abundant elec-
trons required in multi-electron-coupled-proton-transfer
process, the charge separation efficiency is significant for gen-
erating C,, products.”* In a semiconductor, charge carrier
migration normally occurs via random pathways, which can
lead to the high probability of the carrier recombination. To
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Fig. 4 (a) The required timescale and range of the charge transfer in
photocatalytic CO, reduction to produce C1 and multi-carbon oxyge-
nates.”® Copyright 2022, Royal Society of Chemistry. (b) The proposed
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carbon products (red wireframes).”” Copyright 2016, Elsevier.
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Table 3 Standard redox potentials and required electrons and protons
to form C1 products and multi-carbon oxygenates in photocatalytic
CO, reduction reaction’ =73

E° (Vvs.
Reactions NHE) Products
CO, +e” = CO,~ —-1.90 —
CO, +2H" + 2~ = CO + H,0O —0.51 Cco
CO, + 2H" + 2~ -» HCOOH —0.58 HCOOH
CO, + 4H" + 4¢” — HCHO + H,0 —0.55 HCHO
CO, + 6H' + 6~ — CH;0H + H,0 —0.39 CH;0H
CO, + 8H" + 8¢~ — CH, + 4H,0 —0.24 CH,
2CO, + 8H' + 8¢~ — CH3COOH + H,0 —-0.31 CH,;COOH
2CO, + 10H" + 10e~ = CH;CHO + 3H,0 —0.36 CH,CHO
2C0, + 12H" + 12¢~ — C,HsOH + 3H,0 —0.33 C,H;OH
2C0, + 12H" + 12¢” - C,H, + 4H,0 —0.34 C,H,
2CO, + 14H" + 14e” — C,H, + 4H,0 —0.27 C,H,
3CO, + 16H" + 16e~ - CH;CH,CHO + 5H,0 —0.32 CH;CH,CHO
3CO, + 16H" + 16e” - CH3COCHj; + 5H,0 —0.31 CH,;COCH;

suppress the recombination rate of electron-hole pairs by
driving forces, many strategies, including the design of
atomic-scale structures, defect states, surface polarization and
built-in electric fields in photocatalysts have been developed.”
The attention of noble metal in boosting charge separation is
another key point, as the noble metals have superior abilities
to carry electrons.”® Overall, the establishment of large driving
forces to separate electrons and holes is critical.

The diversity of pathway selection of intermediates in
photocatalytic CO, reduction reactions is another critical
factor. As shown in Fig. 4b, the establishment of ‘CO,~ is typi-
cally the first step to trigger photocatalytic CO, reduction reac-
tions.”” The "CO,~ intermediate either undergoes a protona-
tion or disproportionation to selectively produce C1 products,
or dimerize into the C,, products. The secondary reaction
intermediates originated from ‘CO,” include ‘CO~, HCOO™
and 'CHj3, which either produce corresponding C1 products
after coupling with protons and electrons, or transform into
subsequent intermediates such as CH;COO™ and "C,Hs, which
can further undergo C-C coupling steps. From this point of
view, C1 products are relatively easy to obtain, while the C,.
oxygenates require multi-step transformation of intermediates
and complex pathways. To date, most of the efforts for promot-
ing C-C coupling among tertiary intermediates have been
focusing on designing active sites of photocatalysts, which will
be discussed in Section 4.3.

3.2.3 CO, reacts with other molecules to form multi-
carbon oxygenates. In addition to converting individual CO,
molecules, the interest in studying CO, with other molecules
to promote the production of C,. oxygenates has also arisen
recently, especially in the aspects of organic synthesis through
designing synergistic redox reaction systems.”® In this section,
we will discuss those photocatalytic systems based on hetero-
geneous photocatalysis and the coupling of CO, conversion
with organic synthesis.

At present, this research area mainly includes two major
strategies.”” One is the integration of photocatalytic CO, utiliz-
ation with organic synthesis, for increasing utilization of elec-

This journal is © The Royal Society of Chemistry 2022
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tron-hole pairs. For example, Guo et al reported the CO,
reduction integrated with oxidative organic synthesis using
solar energy (Fig. 5a).%° At the presence of triethylamine, the
synthesized CdSe/CdS quantum dots enabled photocatalytic
conversion of CO, to CO with a high selectivity (>96%) and a
yield of pinacol production (>98%) wunder visible-light
irradiation (Fig. 5b). Another strategy in achieving the insertion
of CO, is the photocatalytic activation of organic molecules or
intermediates.®" If organic molecules are converted by photo-
generated holes into active organic intermediates, this may
enable higher efficiencies of reacting with CO, or CO, inter-
mediates (i.e., *CO) to form C-C or C-N bonds. Han et al. dis-
closed that the benzylamine, in addition to the traditional
deprotonation process, could react with CO, to produce benzyl-
carbamic acid intermediate as an efficient electron donor to
complete the redox cycle,®” suggesting an upgraded cooperation
between CO, reduction and amine oxidation that facilitated the
bidirectional reaction toward C-N coupling (Fig. 5c). The CO,
intermediate has also been reported in synthesizing different
valuable C,, oxygenates. As shown in Fig. 5d, the generated
‘CO," intermediates were capable of reacting with the acetylace-
tone radicals that were originated from the acetylacetone oxi-
dation by photoinduced holes.** Then "CO,~ and acetylacetone
radicals were coupled to form the target carboxylic acids. Thus,
the reaction of CO, with other substrates is a potential direction
in driving the synthesis of multi-carbon oxygenates under light
irradiation by utilizing CO, as a carbon source.

In this section, we summarize the progress of photocatalytic
CO, conversion into multi-carbon products, where the design
concepts of multiple reactive sites to deliver more electrons are
frequently-used. However, the slow multi-electron-coupled-
proton-transfer process, the limited electron storage and
charge separation, and the diversity of pathway selection of
intermediates in the reactions are still challenging in realizing
high conversion efficiency of C,, products from individual CO,
molecules, requiring further development of more advanced
photocatalysts or photocatalytic systems. In addition, the
designing of synergistic redox reactions, such as coupling with
oxidative organic synthesis and insertion of CO, intermediates
into organic molecules, represent another potential scenario
to facilitate the utilization of electron-hole pairs for the trans-
formation of CO, into valuable multi-carbon products.

4. Regulating reaction pathways
toward multi-carbon oxygenates

In order to guide the efficient conversion into value-added pro-
ducts, whether it is the direct CO, reduction or the reaction of
CO, with other organic molecules, the whole photocatalytic
reduction process is essentially affected by the following four
key aspects.

4.1 Photocatalyst design

As stated above, the designed photocatalyst must solve the
kinetic threshold of the multi-electron reduction process to
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Fig. 5 (a) Photocatalytic CO, reduction coupled with oxidative organic synthesis by semiconductor quantum dots and (b) visible-light-driven CO,

reduction integrated with pinacol coupling reaction.2® Copyright 2019, Elsevier. (c) Schematic of photocatalytic CO, reduction paired with selective
benzylamine oxidation for the production of C—N coupling products.?? Copyright 2021, Wiley-VCH. (d) A possible mechanism for the photocatalytic

carboxylation of acetylacetone with CO,.8* Copyright 2014, Wiley-VCH.

favor the conversion of CO, into multi-carbon oxygenates.
Thus, the discovery of photocatalysts with efficient photoad-
sorption and charge separation capability should be rationally
investigated, including bandgap engineering, nanostructure
design, heterostructure fabrication, defect engineering, and
cocatalyst loading. For example, Chen et al tailored the
bandgap structures of graphene quantum dots, making them
suitable for water splitting and CO, reduction under visible
light (Fig. 6a).®* Wang et al constructed highly dispersed
nickel cobalt oxyphosphide nanoparticles that were confined
in multi-channel hollow carbon fibers,*® which provided a
high conductivity for promoting the mass/charge transfer
efficiency (Fig. 6b). The schematic illustration of the conver-
sion of CO, into products was shown in Fig. 6¢c. On the other
hand, many studies also focus on the heterostructure
designs.®*"®® For example, a ZnSe nanorods-CsSnCl; perovs-
kite (ZnSe-CsSnCl;) type-II heterojunction was fabricated,®
which exhibited efficient charge separation and a lowered free
energy for CO, reduction (Fig. 6d). A Z-scheme system was con-
structed by using a graphite phase carbon nitride (g-C3;N,)
shell encapsulating Cu,O nanowire arrays/Cu mesh to boost
the charger separation efficiency in photocatalytic CO, conver-
sion (Fig. 6e).”°

10276 | Nanoscale, 2022, 14, 10268-10285

The defect engineering is another useful way for fast charge
separation efficiency in photocatalytic CO, conversion. For
instance, Bi;,04,Cl, superfine nanotubes with bilayer tube
walls were fabricated to achieve structural distortion for creat-
ing surface oxygen defects, which accelerated carrier migration
and facilitated CO, activation (Fig. 6f).°" In addition, co-cata-
lysts were generally deposited in the form of nanoparticles on
the catalyst surface.”>** For example, an isolated single-atom
Rh acting as dopants in two-dimensional titanium oxide crys-
tals was prepared as the co-catalyst for the efficient separation
of chargers (Fig. 6g).°* Recently, Long and coworkers reported
Au nanoparticle-loaded TiO, photocatalysts for the extraction
of photogenerated electrons toward CO, photoreduction.’ The
aforementioned studies suggest strategies for enhancing the
charger separation efficiencies, thus capable of providing more
electrons to convert CO, into multi-carbon oxygenates.

4.2 Mass transfer control

The mass transfer in the photocatalytic systems should also be
efficiently elevated for accelerating the migration of electrons
and protons toward the production of C,, oxygenates. For
example, a gas flow-through photocatalytic reactor was devel-
oped using copper-functionalized nanomembranes for the

This journal is © The Royal Society of Chemistry 2022
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conversion of CO, to C,, oxygenates (Fig. 7a).°® The nanomem-

branes consisted of aligned TiO, nanotube arrays grown on a
metallic substrate, which acted as an electron collector for pro-
viding necessary robustness. Unlike the traditional solid-
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liquid reaction model, the designed photoreactor functioned
under a cross-flow of gaseous CO, pre-saturated with water
that were delivered through the nanomembrane photocatalyst
layer, which was able to achieve selective CO, conversion to
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formic, acetic and oxalic acids. This design concept of nano-
membranes in a gas flow-through system is similar to the util-
ization of membrane-derived vesicles in producing C1 pro-
ducts (CH, and CO),** but more efficient with a high selectivity
to formic acid and acetic acid. In a similar way, Huang et al.
developed a three-phase photocatalytic CO, reduction system
with Ag-modified TiO, nanoparticles at the gas-water interface
(Fig. 7b).”” The gas-liquid-solid three-phase interface pro-
moted the transfer of gas-phase CO, to the surface of photo-
catalyst, while maintaining high-efficiency water supply and
uncovered active sites. Even without hole scavengers, the CO,
photoreduction rate was approximately 8 times higher than
the nanoparticles dispersed in the liquid phase, providing a
strategy for boosting the interfacial CO, mass transfer.
Similarly, a photocatalyst with hydrophobic surfaces was
reported, in which the fabrication of hydrophobic surfaces
facilitated efficient three-phase contact of CO,, H,O and cata-
lyst.”® The concentrated CO, molecules in the gas phase can
contact the catalyst surface directly and overcome the mass-
transfer limitation of CO,, leading a powerful inhibition of
hydrogen evolution reactions (HER) and enhancing CO,
reductions (Fig. 7c). Even loaded with Pt nanoparticles, the
three-phase photocatalyst retained adequate contact of CO,
and maintained a CO, selectivity of 87.9%.

The comparisons of CO, photoreduction both in the solid-
liquid or solid-gas modes are summarized in Fig. 7d. It can be
seen that most of the previous reports have adopted the solid-
liquid mode for CO, photoreduction, while the limitation of
CO, solubility in water restricts the mass transfer severely and
hinders photocatalytic efficiency.”* In contrast, the introduc-
tion of solid-gas mode allows to avoid this drawback and thus
promotes the performance of CO, photoreduction. Zhou et al.
designed an artificial photosynthetic system for enhancing
mass flow (e.g.,, CO,, O,, and H,0) and light harvesting, in
which perovskite titanates (ATiOz;, A = Sr, Ca, and Pb) were
applied to mimic the structure of leaves (Fig. 7e).>® In addition
to the accelerated gas flow for mass transfer, the artificial
structure also provided efficient diffusion and adsorption of
the reactants and desorption of the products. This nature-
inspired structure can be attractive in solving slow mass trans-
fer efficiency in photocatalytic CO, reduction for producing
multi-carbon oxygenates.

4.3 Determination of active sites

In comparison to the C1 products, the formation of multi-
carbon oxygenates is more challenging, as their production
strongly depends on the participation of multiple active sites
in addition to the dynamics of chargers and diversity of reac-
tion pathways.'® The active sites are commonly composed of
monodispersed metals, which are responsible for stabilizing
different intermediates of CO, and facilitating C-C coupling in
photoreduction reactions. The basic C-C coupling process
induced by active sites are presented in Fig. 8, where the key
point lies in the influences of monodispersed metals on the
adsorption and coupling of CO, or carbon intermediates on
the surface of catalysts. First, the compositions of active sites
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Fig. 8 The C-C coupling process induced by active sites.

affect the adsorption of intermediates. For example, Li et al.
illustrated that the Au sites in AuCu alloys benefited the
adsorption of CO, molecules, while the promoted formation of
*CO intermediates was observed on the Cu sites."*" The sub-
sequent C-C coupling step was completed by *CO dimeriza-
tion to yield CH;CH,OH. In a Nb,0s/g-C3;N, catalyst, the intro-
duction of Nb-sites allowed to increase the adsorption of other
intermediates, such as *CHO.'*> In a WO,/BiVO, catalyst, the
Bi-sites was favorable for the absorption of *CH,O intermedi-
ates.'® Second, the distance between active sites can tune the
C-C coupling reactions. Zhao and colleagues proposed that
the close distance of dual Cu atomic sites promoted the elec-
tron density redistribution, and is thus active for triggering C-
C coupling.'*

Considering the importance of active sites in C-C coupling
reactions, the determination of active sites in photocatalysts
should be critically studied. For the design of active sites, Billo
et al. reported the Ni-nanocluster loaded black TiO, with dual
active sites enabled selective photocatalytic CO, conversion to
C,. oxygenates.®® The accessible oxygen vacancies within TiO,
and metallic Ni served as favorable active sites for CO, adsorp-
tion during photocatalytic reduction, leading to high activity
(10 pmol g~ h™") and selectivity (~100%) for acetaldehyde pro-
duction (Fig. 9a and b). To create vacancy-coupled metal sites,
the aforementioned defect engineering and cocatalyst loading
are also effective methods.'®>'°® For the determination of
active sites, Hu et al. identified the dynamic coordination and
electronic structures of a Ni complex catalyst in a homo-
geneous photocatalytic system for CO, reduction by time-
resolved X-ray absorption spectroscopy (TR-XAS).'”” The
reduced Ni(1) intermediate was coordinated with a terpyridine
ligand, CO,, and CH;CN solvent to generate a five-coordinated
Ni(tpy)(CO,)(CH;CN) species, which served as the active
species in photocatalytic CO, conversion (Fig. 9c and d). In
another work, Wang et al. revealed the structure of Cu-Ce dual
active sites (Cu®*/Ce0,-Ti0,) using X-ray absorption fine struc-
ture (XAFS) technology (Fig. 9e and f).*” The function of TiO,
in this system was considered as a light-harvesting material for
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edge structure (XANES) spectrum (red) at 0.4 ps after laser excitation and ground-state spectrum (black dotted line) and (d) the optimized structure
of Ni intermediate.’®” Copyright 2020, American Chemical Society. (e) FT-EXAFS spectra and (f) wavelet-transform (WT)-EXAFS for the k*-weighted
Cu K-edge.*’ Copyright 2022, American Chemical Society. (g) The schematic illustration of Zn-O-Ge sites for boosting CO, reduction to
CH3COOH.1°8 Copyright 2021, American Chemical Society. (h) The designed charge-polarized metal pair sites for promoting C—C coupling to yield

multi-carbon oxygenates.'® Copyright 2021, American Chemical Society.

generating electron-hole pairs, which were then efficiently sep-
arated by the formed interfaces between CeO, and TiO,. The
Cu-Ce dual active sites in CeO,/TiO, interface synergistically
facilitated the generation and dimerization of *CO intermedi-
ates, benefiting the lower energy barrier of C-C coupling. Zhu
et al. reported the asymmetric Zn-O-Ge tri-atomic sites that
were confined inside phenakite to facilitate the C-C coupling
by alleviating electrostatic repulsion, and then employed
photoinduced heat to increase molecular thermal vibration,
resulting in accelerated CO, reduction to acetic acid with a
stability of up to 220 hours.'®® The schematic illustration of
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Zn-0O-Ge sites for accelerating different charge distributions in
adjacent *CO intermediates and boosting CO, reduction to
CH3;COOH was shown in Fig. 9g. Adopting similar strategies,
the concept of charge-polarized metal pair sites for triggering
C-C coupling through manipulating asymmetric charge distri-
bution was further reported by the same group.'® Using the
partially reduced Co;O, nanosheets, they found that the
formed charge-polarized cobalt pair sites not only donated
electrons to CO, molecules, but also accelerated the coupling
of asymmetric *COOH (Fig. 9h). The electron-rich cobalt sites
strengthened the interaction with O atoms in the HOOC-

This journal is © The Royal Society of Chemistry 2022
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*CH,O intermediate, which favored the C-O cleavage and
facilitated the formation of CH;COOH.

Furthermore, the presence of metal nanoparticles in photo-
catalysts may offer additional advantages. Yu et al. reported
the plasmonic Au nanoparticles benefited the conversion of
CO, into C1 or C,. products, and the product selectivity was
dependent on the mode of plasmonic excitation.®® The loca-
lized surface plasmon resonance (LSPR) bands at 514.5 and
532 nm resulted in a faster charge recombination, and the hot
electrons were not capable of coupling reaction. At higher
photon energy plasmonic excitations (457.9 and 488 nm), a
lower recombination rate of the photoexcited charge carriers
was achieved, and the hot electrons in this occasion under-
went the C-C coupling to produce C,. products. Generally,
the transition metals like Cu, Ni can promote the hydrogen-
ation process and are suitable for the formation of C1 pro-
ducts, whereas the noble metals like Au, Pd, and Ag can con-
tribute to the C-C coupling reactions and favor the production
of C,, products.”® The size, optical properties, and light exci-
tation can also affect the selectivity of C1 products and C,,
products.

View Article Online
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4.4 Reaction intermediate regulation

By detecting the possible intermediates during the photo-
catalytic CO, conversion process, in situ spectroscopic
measurements such as Fourier-transform infrared (FT-IR) and
Raman spectroscopy are effective approaches to investigate the
reaction mechanism. To precisely regulate the reaction toward
C,. oxygenates, it is beneficial to obtain the information about
dynamic evolution process of possible intermediates, as well
as to understand their functions in favoring the formation of
targeted products. For instance, Shao et al. reported that the
Ni**-Ni®" pair sites in prepared Co-doped NiS, atomic layers
endowed the adjacent CO intermediates with distinctive
charge densities, thus decreasing their dipole-dipole repulsion
and lowering the rate-limiting C-C coupling reaction
barrier.™® To investigate the influence of Ni**-Ni®" pair sites
on the C-C coupling at the molecular level, in situ FTIR spec-
troscopic measurements were utilized to probe the possible
intermediates in photocatalytic CO, reactions, and the
observed intermediates were summarized in Fig. 10a. The
emerging peaks at 1219 and 1310 cm™ " were attributed to the
6(OH) bending vibration of HCOz;* and the asymmetric OCO
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Fig. 10 (a) In situ FTIR spectra measurements and (b and c) quasi in situ Raman spectra in different Raman shift regions.'® Copyright 2022,
Springer Nature. (d) Calculated free energy diagram for the reduction of CO, to CHzCHO on the hydrothermal-pretreated carbon nitride (HCN) and

HCN-A (carbon nitride modified with amino-2-propanol) and (e) proposed

reaction mechanism for the photocatalytic CO, reduction conversion to
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stretching of HCO;*, respectively. The peak at ~1589 cm ™" was
assigned to the *COOH group, which was a common inter-
mediate during photocatalytic CO, reduction to CO, and the
intensity gradually increased with the extension of irradiation
time. The quasi in situ Raman results affirmed the existence of
C=0 stretching and *COOH groups (Fig. 10b), consistent with
the in situ FTIR spectra. The peak at 421 cm™" was attributed
to the vibrations of Ni-C-O bonds, and the gradually emerging
peak at 404 cm™" was ascribed to the vibrations of Ni-O-C
bonds (Fig. 10c). This work showed direct findings to support
that the dynamic formation of the C-C coupling (OC-COH) in
the metal pair sites during CO, photoreduction reactions and
the increased concentration of local *CO intermediates could
effectively promote C-C coupling. Thus, the in situ spectro-
scopic measurements play an important role in revealing
several key intermediates, such as *CO or *CHO.

Based on the accurate information of intermediates provid-
ing by in situ technologies, the prediction and screening of
possible pathways among these intermediates can be comple-
mented by density functional theory (DFT) calculations. With
this strategy, Liu et al. calculated the Gibbs free energy and
indicated that the energy barriers for the *CHO intermediate
formation were 0.28 and —0.46 eV on carbon nitride before
and after modification of amino-2-propanol, respectively,®”
suggesting the enhanced formation of *CHO with surface
functionalization (Fig. 10d). Moreover, the formation Gibbs
free energy of some key intermediates were also calculated to
identify the optimal reaction pathways and to explain the high
selectivity of the visible light-driven CO, conversion to
CH;CHO products. The results confirmed the C-C coupling to
form CH3CHO, and the multi-step hydrogenation process and
reaction mechanism were then proposed (Fig. 10e).

The above four key aspects, including photocatalyst
design, mass transfer control, determination of active sites,
and reaction intermediate regulation need to be well con-
sidered to obtain multi-carbon products. First, an ideal
photocatalyst design should allow to create abundant elec-
trons with suppressed recombination of charges. Second, the
increased mass transfer is to solve the slow kinetics of
charges, and the elevated transfer benefits the multi-electron-
coupled-proton-transfer process. Third, the active sites are
designed to stabilize different intermediates of CO, and facili-
tate C-C coupling in photoreduction reactions. Last, the
in situ spectroscopic measurements combining with DFT cal-
culations assist to reveal the intermediates and potential reac-
tion pathways.

5. Challenges and perspectives

In the past few decades, the design of photocatalyst has gener-
ally been the key focus in photocatalytic CO, reduction, and
substantial developments have been demonstrated with
different products. With continuous accumulation of new
experimental and theoretical discoveries, there is no doubt
that the understanding will continue to become deeper.
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However, we would like to emphasize the existing challenges
in this field, as well as propose possible perspectives of photo-
catalytic conversion of CO, into long-chain hydrocarbons.

5.1 Challenges

(1) Limiting the competitive photocatalytic hydrogen evolution
reaction (HER). The photocatalytic HER side reaction compete
with CO, reduction for electrons and protons, and the overpo-
tential of HER is typically lower than that of CO,, especially for
C,. oxygenates. Thus, the critical challenge of inhibiting HER
in this research area should be carefully understood and
considered.

(2) Tracing the source of carbons in the products. Carbon
source contamination is another key issue that needs special
attention in the field of CO, photoreduction. The organic sub-
stances including solvents, reactants, and surfactants used for
photocatalyst preparation may leave carbonaceous residues in
the final products, and some of them may also decompose
into small molecules such as CO and CH, during photocataly-
sis, resulting in overestimation of the photocatalytic activity.'"*
Hence, more accurate and quantitative techniques are needed
to confirm that the C1 products or C,, oxygenates are origi-
nated from CO, molecules rather than other carbonaceous
residues or contaminations.

(3) Although there have been a lot of topics on the photo-
catalytic reduction of CO, to C1 or C,, oxygenates, it is still
unclear how the local structure and coordination of the photo-
catalyst evolve during photoreduction process. To clarify this
issue, the development of advanced characterizations with
in situ, time-resolved, and elemental resolution spectroscopic
technologies are necessary toward the exploration of reaction
mechanisms.

5.2 Perspectives

At the end, we would also like to suggest the great opportu-
nities of CO, upgrading into longer carbon chains, such as sal-
icylic acid that is commonly used in fine chemicals, or poly-
ethylene that is a basic unit of plastics. For example, salicylic
acid is the main component of amoxicillin, which can be
obtained by inserting CO, into the ortho position of phenol in
the form of carboxyl groups.’*? Thus, converting CO, into fine
chemicals or pharmaceutical intermediates may become one
highly promising direction. To realize this goal, it is essential
to make breakthroughs in the fabrication of high-efficiency
photocatalysts with favorable stability. First, the fabrication of
light-harvesting photocatalysts with appropriate band struc-
tures should be well designed, which can allow to utilize
sufficient light energy to form more charge carriers. Second,
the structure characteristics of photocatalysts need to be care-
fully comprehended, as the size of semiconductor crystals sig-
nificantly affects the charge-transfer kinetics. Furthermore, the
surface reaction kinetics, including interface CO, adsorption,
intermediate formation, and product desorption, deserve deep
investigation and understanding in CO, photoreduction reac-
tions. Last, the rational design of cocatalysts to boost the reac-
tion rates should be explored. In some cases, the design of

This journal is © The Royal Society of Chemistry 2022
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dual cocatalysts with tailored composition not only promotes
charger separation, but also provides active sites to cooperate
with the main photocatalysts to enhance the solar-driven CO,
conversion. In summary, the CO, reduction products by photo-
catalysis will continue to evolve from C1 products to multi-
carbon oxygenates. In the near future, the transformation of
CO, to even longer carbon-chain products with more complex
structures will make breakthroughs in this highly exciting
research field.
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