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1 Introduction

Artificial CO, photoreduction: a review of
photocatalyst design and product selectivity
regulation

Chen Fu, Zhenyu Wan, Xin Yang, Junhui Zhang and Zizhong Zhang@*

Mimicking natural photosynthesis, artificial photosynthesis for the reduction of CO, into valuable
hydrocarbon fuels is a promising approach for solar energy utilization and carbon neutrality. However,
great challenges are present in the development of efficient photocatalysts for CO, reduction and
controlling the selectivity for reduction products. This review summarizes the progress in photocatalyst
design strategies to improve the efficiency and selectivity of photocatalytic CO, reduction. Six popular
modification methods are introduced, namely, creation of defect structures, cocatalyst loading, doping,
heterojunction formation, single-atom engineering, and surface organometallic catalysis. The effects of
these different strategies on the promotion of light absorption, charge separation and migration and
catalyst surface reactions in the process of CO, reduction are analyzed. In addition, the latest research
results on selective reduction to C;, C,, and C,, products in CO, and H,O systems are summarized.
Finally, the article delves into the future prospects and inherent hurdles in photocatalyst design, focusing
on enhancing the selectivity of CO, conversion towards specific products. This review provides insights
into the efficiency and selectivity of photocatalytic CO, reduction across various photocatalysts, thereby
serving as valuable guidance for the advancement of high-performance photocatalysts.

not only underscores the inevitable depletion of humanity's
predominant energy source—fossil fuels—but also highlights

Excessive carbon dioxide emissions from the use of fossil fuels
have significantly affected the climate, resulting in global
warming.! According to the “Global Carbon Budget 2023”
report, it is estimated that the worldwide emissions of carbon
dioxide will reach an unprecedented level of 36.8 billion tons in
2023, witnessing a 1.1% increase from the previous year. This
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excessive CO, emissions resulting from their combustion.>”*
Therefore, it is imperative for experts to devise viable strategies
to convert vast quantities of renewable energy sources such as
solar energy, which can potentially supply the earth with
approximately 120000 TW of power annually, into usable
chemical energy.”™ Possible chemical transformation path-
ways for CO, reduction include enzymatic catalysis, electro-
catalysis, chemical reforming, and photocatalysis (Scheme 1).
In the case of enzymatic catalysis, it is easy to achieve C-C
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Scheme 1 Possible pathways for the chemical conversion of CO,.

coupling, which can convert CO, into complex chemicals with
high added value under mild conditions. However, a variety of
problems such as the uncertain enzyme structure, poor
stability, low activity, expensive cofactors, sensitivity to oxygen,
and difficulty in purification are obstacles to large-scale green-
house gas fixation.'”> Regarding electrocatalytic CO, conversion,
its reaction conditions are relatively mild, reaction rate is
controllable, and selective generation of target products can be
controlled by adjusting reaction potential as well as electrolyte
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and catalyst type reasonably. However, the activity and stability
of electrocatalysis are still low at industrial current density. In
addition, owing to the amplification effect caused by complex
multi-field coupling such as electric field, flow field and thermal
field, reaction performance, such as reaction life and energy
consumption, is reduced, which further limits the large-scale
application of CO, electrolysis technology.”® In the chemical
reforming reaction of CO,, the formed products are rich in
variety and have heat resistance due to the carbonization reac-
tion. However, if the chemical reforming reaction occurs in the
absence of steam, traditional reforming catalysts will be rapidly
deactivated.* To date, there are no effective commercial cata-
lysts that can operate without producing carbon; meanwhile,
the chemical reforming process is an energy-intensive process
that does not meet the requirements of green sustainability.
Accordingly, the photocatalytic reduction of CO, to useful
chemicals by simulating natural photosynthesis is the most
ideal way. Compared with other methods, the photocatalysis
process is carried out at room temperature and pressure, the
raw materials are simple and easy to obtain, and the direct use
of solar energy does not require auxiliary energy and can truly
realize the recycling of carbon materials; thus, it is considered
to be the most promising CO, conversion method.">* Not only
does it tackle the issue of excessive carbon dioxide emissions,
but it also addresses the escalating need for energy.
Photocatalytic CO, reduction has been extensively explored
in terms of photocatalyst materials, product yield and selec-
tivity, and mechanism.**** Consequently, substantial progress
has been made in enhancing the efficiency and product selec-
tivity through diverse catalyst development strategies.
Researchers have explored various strategies for the modifica-
tion of catalysts aimed at improving their catalytic efficiency.
Generally, there are two main concerns in the development of
photocatalysts. Firstly, it is necessary to improve the separation
and transfer of photogenerated charge in the photocatalyst via
the typically heterojunction composition or cocatalyst loading.
For instance, Cheng et al.*> developed an ultra-thin Z-type het-
erojunction with a double-defect structure to enhance the effi-
ciency of charge separation. Ran et al* proposed that the
presence of a co-catalyst can enhance the separation and
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transfer of photoinduced electron-hole pairs and provided an
overview of the co-catalysts developed to date. Secondly, it is
necessary to enhance the CO, absorption and activation on
photocatalysts via single atom or defect engineering. Zhang
et al.>* proposed that anchoring Cu single atoms in COFs can
provide more adsorption and activation sites for CO, molecules,
showing excellent photocatalytic activity for reducing CO,. Huo
et al.>® synthesized surface amine-functionalized SnO, with
oxygen vacancies, where the defects served as CO sites,
enhancing the CO, adsorption capacity, and the presence of
surface vacancies altered the local electron density distribution,
facilitating electron injection into the 7 antibonding orbitals of
CO,, thus effectively activating the CO, molecules. However, the
total efficiency of photocatalytic CO, reduction is far from
satisfactory to date. Thus, the development of efficient photo-
catalysts is crucial to promote the CO, reduction efficiency in
photocatalytic systems.

The focus on photocatalyst performance in CO, reduction is
accompanied with significant interest in the selectivity for the
resulting products. Various products (such as CO, HCOOH,
CH;0H, CHy, C,, and C,,) can result from this photocatalytic
process.”**” Due to the complexity of the photocatalytic process,
controlling the selectivity for the reduction products is very
challenging.*®>* Thus, it is necessary to understand the factors
in the reaction to affect the product selectivity for efficient
catalyst design. Both thermodynamic and kinetic aspects,
including the energy levels of the conduction band and valence
band of the photocatalyst,**** reduction potential for CO, to the
products, CO, adsorption and activation, intermediate adsorp-
tion/desorption,*»* lifetime and concentration of photo-
generated electrons,***” and competing reactions,*® are the key
influencing factors when considering the product selectivity.***°
Wang et al.** found that Ag could inhibit the H,O reduction
reaction on a TiO, shell, demonstrating the effect of competitive
reaction on the product selectivity. It was discovered by Wang
et al.* that the energy band configuration of TiO, can be opti-
mized through the incorporation of cobalt, ultimately influ-
encing the selectivity for the CO, photolysis end-products. Xie
et al* revealed that alkaline earth metal oxides possessed
a higher aptitude for CO, absorption and activation, subse-
quently altering the reaction pathway and product selectivity in
photocatalytic CO, reduction. In addition, strong and weak
adsorption between the intermediates and photocatalysts will
also affect the selectivity of photocatalytic CO, reduction. When
the interaction between the intermediates and photocatalyst is
weak, their desorption and release from the surface of the
photocatalyst will be easier, and these substances will become
important by-products. Zhang et al.** found through theoretical
calculation that changing the adsorption pattern of the inter-
mediate CO can improve its product selectivity. Wang et al.**
summarized the possible reaction mechanism of photocatalytic
CO, conversion to produce C; and C, products. Four principal
mechanisms were outlined for the generation of these products
on the surface of TiO,, including the formaldehyde route, car-
bene route, glyoxal pathway, and formyl route. Therefore,
gaining a holistic comprehension of these distinct reaction
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mechanisms can facilitate the development of photocatalysts
with improved activity and selectivity for CO, photoreduction.

This review comprehensively examines the advancements in
photocatalyst optimization strategies aimed at enhancing the
charge separation in photosynthesis and boosting the CO,
conversion process. The connection between the architectural
design and the efficiency of photocatalysts and selectivity for
CO, photocatalytic reduction is analysed. Moreover, we outline
the impending prospects and obstacles in photocatalyst design,
particularly in augmenting the selectivity of CO, reduction
towards specific products. Serving as a synopsis of yield and
selectivity across various photocatalysts for CO, reduction, this
review is intended to stimulate the advancement of high-
performance photocatalysts for this purpose.

2 Principle of photocatalytic
reduction of CO,

Photocatalytic CO, reduction with the H,O reaction process is
complex and involves multiple reaction steps.***® The use of
light as the excitation energy to trigger CO, reduction and H,O
oxidation reactions on semiconductors can be separated into
the following steps (Fig. 1):*"-** (1) adsorption activation of CO,
molecules. The first key step in photocatalysis involves the
absorption of CO, on the active sites on the catalyst surface.
Adsorption interactions produce partially charged CO,°~, and
different binding modes of CO,°~ will produce different inter-
mediates, which will influence the reaction trajectory to some
extent, thus changing the product selectivity. (2) Upon the
absorption of light, electron-hole pairs are generated. When the
energy of the absorbed light exceeds the bandgap energy (E,) of
the catalyst, it results in an abundance of photoexcited electrons
and holes. These charge carriers migrate towards the catalyst
surface, where they engage in redox processes. To ensure that
photocatalysts can reduce CO, and oxidize H,0O, semi-
conductors are required to have appropriate valence and
conduction band positions.****>* The conductive band
minimum should lie at a potential lower than that required for
CO, reduction, whereas the maximum points of the valence
band should reside at a potential surpassing the level needed
for water oxidation.

(3) Efficient charge carrier mobility and separation are
crucial. Given that electron-hole pair recombination occurs
significantly faster than charge transport and depletion, the
lifespan of photoexcited electrons must be sufficiently

H, + CH,0,

“% N9+ CO,
[AN 3
Photocatalyst

Hzo/—\o:@

Fig. 1 Basic steps of photocatalytic conversion of CO, and H,O on
semiconductors.
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prolonged to facilitate photocatalytic redox reactions. The effi-
cient separation of photogenerated electrons-holes improves
the density of surface photogenerated electrons, which is
beneficial for accelerating the redox reaction and promoting the
generation of hydrocarbons.”>* (4) The photogenerated elec-
trons on the surface active sites undergo a reduction reaction
with CO, to produce hydrocarbons, while the photo-generated
holes undergo an oxidation reaction with H,O to produce
oxidation products such as O, and "OH. This is a key step in
photocatalytic CO, reduction. (5) The reaction products are
desorbed from the surface of the photocatalyst, and the newly
generated surface active sites participate in the next catalytic
reaction.®** To design an efficient photocatalyst for CO,
conversion, the above-mentioned conditions must be satisfied
simultaneously.

In terms of thermodynamics, the fundamental determinant
of the efficiency in photocatalytic reactions is the semi-
conductor band structure. The relative position of the semi-
conductor conduction and valence bands determines the
oxidation-reduction ability.®**” In the context of photocatalytic
conversion of CO,, it is essential that the conduction band (CB)
of the photocatalysts possess a chemical potential that is
notably more negative compared to the reduction potential of
CO,. Conversely, for the process of water oxidation, the valence
band (VB) must have a positive potential exceeding the energy
level required for water oxidation. Fig. 2 shows the bandgap,
conduction band and valence band positions of some common
semiconductor catalysts. The potential in Fig. 2 refers to
a normal hydrogen electrode (NHE) reference with pH = 7 in an
aqueous solution. According to different reaction mechanisms
and pathways, CH4, CH;0H, CO, HCOOH, C,H,, C,HsOH, and
even H,C,0, are all possible products of CO, reduction.
Although CO has a high reduction potential, it is easier to
produce than CH,, HCHO and CH3;O0H due to the fact that its
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formation only requires two electrons. Usually, when selecting
a catalyst for CO, reduction, the reduction potential of CO, to
the required products need to be more positive than the
conduction band edge potential of the selected semiconductor.

The thermodynamic characteristics of photocatalytic CO,
reduction significantly influence both the feasibility of the
photocatalytic process and the ultimate reduction products.
Alternatively, the kinetic aspects of this reduction govern the
pace of the reaction in terms of rate and product formation. The
detailed analysis of the photocatalytic kinetics is complex given
that it involves many processes,”®”" including the photo-
generation and separation of holes and electrons and the
adsorption and activation of the reactant molecules.

(1) Separation of photogenerated electron-hole pairs. In
photocatalytic reactions, the recombination lifetime of the
photogenerated electrons-holes is very fast, usually only a few
picoseconds, exceeding their transport rate from the bulk phase
to the surface layer (which takes hundreds of picoseconds).
Simultaneously, the recombination rate of charge carriers on
the catalyst surface is relatively rapid, occurring within tens of
picoseconds, much faster than the speed at which they partic-
ipate in catalytic reactions (ranging from a few nanoseconds to
a few milliseconds).”>”” The swift combination of electrons and
holes significantly diminishes the photocatalytic performance.
The poor quantum efficiency observed in numerous photo-
catalysts is attributed to the premature recombination of these
charge carriers before engaging with the adsorbed substances.
Thus, enhancing the separation of charge carriers or inhibiting
their recombination is pivotal to enhancing CO, reduction
reactions. Furthermore, the accelerated migration of photo-
generated charge carriers towards the semiconductor catalyst
surface contributes to elevating the rate of the multi-electron
CO, reduction process, thereby enhancing the yield of the end
products and the photocatalytic kinetics.>*7***

CBM
CBM —
_ » CO2/HCOOH E=-0.61v
CBM ———*  CO/COE=-053v
—  CO/HCHO E=-0.48 v
H+/H; E=-0.42 v
| . CO:/C:H:E=-034v
VBM L——  CO./CH:E=-0.24v
SiC — : CO2/ CzHs E=-0.27 v
L—+ H.0/0:E=0.82v
VBM
TaON pe
VBM
ZnO

Fig. 2 Schematic of the band gap, conduction band and valence band positions of common semiconductor catalysts.
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(2) Adsorption and activation of reactant molecules. The CO,
molecule is highly inert. In the CO, molecule, the carbon atom
forms a chemical bond with the oxygen atoms through sp
hybrid orbitals, influencing the reaction selectivity within the
pair of carbon atom sp hybrid orbitals combined to create two
bonds with the orbitals from two oxygen atoms, respectively.
The other two p orbitals on the carbon atom, which are not
involved in hybridization, overlap shoulder-to-shoulder with the
p orbitals of the oxygen atom and form two delocalized bonds
with three centres and four electrons.>”?** This structure
shortens the distance between the C-O atoms and endows CO,
molecules with certain triple bond characteristics. Hence, the
C-0 bond dissociation necessitates a significant energy input,
making the thermodynamic activation of CO, molecules
arduous. The key kinetic aspects for the initiation of CO,
reduction are the absorption and activation of CO, molecules
on the catalyst surface. In photocatalytic reduction processes,
CO, molecule activation demands its adsorption on the catalyst
surface, followed by a structural transition from a linear to bent
configuration. This is followed by the transfer of electrons from
the photocatalyst surface to the distorted CO, molecules, thus
facilitating CO, activation.**"*¢

Consequently, the engagement of CO, with the catalyst
surface plays a crucial role in its absorption, effectively stimu-
lating CO, molecules. During the photocatalytic conversion of
CO,, the adsorption of CO, onto the photocatalyst surface
primarily involves three types of adsorption modes including
oxygen coordination, carbon coordination, and mixed coordi-
nation (Fig. 3). In this mechanism, the interplay between CO,
and surface atoms generates partially charged CO,’~ species.
The production of the characteristic activation intermediates is
decisive for the reaction route, which influences the selectivity
for diverse products.>* Furthermore, the dynamic character-
istics of the multistage surface catalytic reaction in photolytic
CO, conversion reveal that the catalytically active sites on the
surface of a photocatalyst play a role in determining the product
selectivity. Consequently, diverse active sites on the catalyst
surface can give rise to distinct products.®®®*-*° For example, the
monodentate binding of C atoms with Lewis bases forms
carboxyl radicals ("COOH) centred on the catalyst, while the

(a) . . (b)

Oxygen coordination Carbon coordination

o
(©) \

Mixed coordination

Fig. 3 Three different CO, adsorption modes on the photocatalyst
surface: (a) oxygen coordination; (b) carbon coordination; (c) mixed
coordination. Reproduced from ref. 29 with permission from [the
Royal Society of Chemistry], copyright [2016].
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bidentate binding of two O atoms tends to favour H to link the
carbon of CO,’”, which causes formate anions to bind in
a bidentate manner on the catalyst surface.

Activated CO, molecules engage in a reaction with electrons
that have been photo-induced and displaced towards the cata-
Iytic centre. To enhance the adsorption and activation of CO,,
photocatalysts with large surface areas or surface alkaline
groups are usually used in the preparation of catalysts to
provide more active sites.”’® The strategies employed include
introducing defect vacancies,”*° introducing cocatalysts,*”"***
increasing the specific surface area and porosity of the cata-
lyst,'*>'%* and adjusting the acidity and alkalinity of the catalyst
surface.'**1%

In the photocatalytic process, the thermodynamics and
kinetics are intertwined in the reaction, jointly determining the
reaction efficiency and products. Thus, to improve the photo-
catalytic efficiency, it is necessary to comprehensively consider
these two factors, optimizing the band structure, surface
chemical properties, reaction conditions and photocatalytic
System‘ll)SflOS

Thus far, many reaction mechanisms for photocatalytic CO,
reduction have been proposed.’**'° The main three pathways of
formaldehyde, carbene and glyoxal pathways are shown in
Fig. 4. In the formaldehyde pathway, CO, initially undergoes
electron excitation to form CO,. Subsequently, this species
combines with a proton to yield a formic acid intermediate. This
intermediate accepts additional protons to produce formic acid.
Furthermore, through processes of electron coupling and
proton transfer, formic acid serves as a foundation for the
production of formaldehyde, methanol, and methane. This
pathway can be used to explain the formation of HCOOH,
HCHO and CH,, but the production of CO cannot be
explained.”*** In the carbene pathway, the production of CO
can be explained. Activated CO, accepts electrons to produce
CO, and CO can be used as an intermediate product for the
further formation of methane or methanol. C-C bond forma-
tion depends on the stabilization of the intermediary radical to
prevent its recombination with the above-mentioned hydrogen
atoms. In contrast, the glyoxal pathway predominantly yields C,
compounds, where CO, combines with electrons and protons to
form formic acid, resulting in free formyl radicals (CHO") due to
oxygen transfer and further electron acceptance. Eventually, the
formyl groups are dimerized into glycol or evolve into other C,
and C; products. The photocatalytic conversion of CO, involves
multiple steps, intermediates, and diverse end-products,
making the process of product selectivity —more
complicated.>»***"*¢ Currently, CO, conversion to C,. products
via the C-C coupling process mainly include the following
reaction pathways: (a) *CH; coupling, (b) *CO hydrogenation to
*CHO and further coupling of *CO and *CHO, (c) *CHO
dimerization, and (d) *CO linkage to *COCO and a series of
oxygen-binding intermediates,"” where the dimerization of the
C, intermediates on the catalyst surface to form C-C bonds is
the key to the further formation of C, products (Fig. 5). For
example, the pathway to produce ethylene or ethane involves
the coupling of carbene intermediates (CH, and CHj) in the
carbene pathway, while the dimerization of formyl groups

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4ta04600e

Published on 19 2024. Downloaded by Fail Open on 23/07/25 10:22:56.

Review

(a) (b)

View Article Online

Journal of Materials Chemistry A

0=C=0 | 0=C-0
Ie' oH eaH Ie'
osd=0" H “CH, +H,0 0=C-0-
l"' H—C=0 +H,0 le o le.m.
.
o=C-oH L CH CO+OH
|
le +H* “_C -0 l e’
! " |
0=C-OH H co
[. " H-C-OH le-w
H fres C+OH:
HO—C-OH CH,~OH
H | — I
| I—

()
4[““’ 0-C-0 _’; ¢ : - CHyen
"CH [ . ] N oo
\ewﬂ‘ 0.C-0- HO—CH-C 3 CH,
l"’“ e+H
CH, i 5
le-.w | HO-CHy €7
< G0 ]
. e o +H*
oHy ] "
N H W ey
-0=C—OH o
CHsOH  CH, I, ]' o
CHy €
H oot
0=C" +OH',4, 0
N CHC7 +H°
dimerizatiol

Fig. 4 Three possible paths for carbon dioxide reduction: (a) formaldehyde pathway, (b) carbene pathway and (c) glyoxal pathway.

(CHO) in the glyoxal pathway can produce multiple C; and C,
products. Given that the C, product involves multi-electron-
coupled proton transfer and C-C coupling processes, the reac-
tions are often more challenging. The dehydration step after
CO, receives 3 protons, forming the formyl radical (HC*O).
Subsequently, the formyl radical dimerizes to form glyoxal,
which is reduced to the ethylene oxy (*CH,-CHO) radical. This
is further converted to acetaldehyde (CH;CHO) or C,HsOH, and
the production of C,H, can be caused by CO dimerization,
which has several steps similar to the glyoxal pathway, except
that the intermediate (CH,CHO) changes from C-coordination
to O-coordination.*»'*#"?* To attain precise control of these
products, the key aspects of the photocatalytic CO, reaction
pathway can be manipulated, such as manipulating the energy
band architecture, enhancing the charge separation efficacy,

and optimizing the absorption and activation of reactants.'*>***

+2H*2e

3 Strategies to design photocatalysts

Numerous photocatalysts have been explored for the photo-
catalytic reduction of CO, into a value-added fuel, such as metal
oxide (TiO,, ZnO, Cu,0, InVO,, Bi,WOs, etc.), metal sulphide
(Cds, Ag,S, ZnIn,S,, etc.), carbon-based semiconductor (SiC, g-
C;N,, graphene, etc.), MOFs, COFs and other materials.'”*
Nonetheless, these catalysts are associated with numerous
limitations, including inadequate sunlight absorption efficacy,
rapid recombination of photoexcited electrons and holes, and
lack of active sites on their surface. These problems eventually
lead to unsatisfactory reaction efficiency and product selec-
tivity.>>°¢121122 Therefore, many modification strategies have
been commonly used for the preparation of photocatalysts,
such as cocatalyst loading, doping, defect engineering, hetero-
junction formation, single-atom engineering, and surface
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Fig.5 Currently reported C-C coupling reaction pathways for photocatalyzed CO, conversion to C,, products. Reproduced from ref. 117 with

permission from [ACS Publications], copyright [2023].
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Strategies to
design
photocatalysts

o

Scheme 2 Summary of commonly used modification strategies for
photocatalysts.

organometallic catalysis, as shown in Scheme 2. We attempted
get inspiration from the relevant cases to provide some new
insights for the design of new efficient photocatalysts.

3.1 Defect construction

The balanced coordination of charge generation and separation
in photocatalysts is crucial in the photocatalytic process. It has
been reported that structural defects in semiconductors can
improve the mobility of carrier charges and extend their lifetime
to maintain the reaction kinetics,” including 3D volume

View Article Online
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defects (voids and disorders).****** Point defects are generated
through the removal of atoms in the lattice or doping. Line
defects are formed by the dislocation of atoms in the lattice.
Planar defects refer to the arrangement of atoms on both sides
of the crystal surface, which is characterized by the arrangement
of atoms deviating from the equilibrium position in the two-
dimensional direction.*®*%*>7>® yolume defects are caused
by introducing a variety of substances into one or more crystal
locations, resulting in lattice gaps or chaos. All types of defects
affect the electronic structure and catalytic performance of
metal oxides (MOs)."3*13

Since Chen et al.*** synthesized black TiO, in 2011, research
has focused on oxygen vacancies (OVs). It has been reported
that defects can change the surface properties to expose new
active centres in MOs."""* The presence of vacancies is
favourable for photoinduced electrons to preferentially enter
the vacancies on the catalyst surface, suppressing the recom-
bination loss of photogenerated electron-hole pairs, facilitating
charge transportation, and enhancing surface chemical reac-
tions. In addition, the binding mode and adsorption strength of
CO, on the surface of MOs are also related to the properties of
the internal and external defects. OVs on the surface play key
roles in adsorption and activation.*** Liu*** synthesized Cu(i)/
TiO,_, with surface OVs by annealing with an inert gas at 300 °©
C. The results showed that the catalyst with defects had a higher
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(a) CO, adsorption mechanism diagram of TiO, with oxygen vacancies. (b) Low-temperature ammonium-assisted reduction of nitrogen-

free doped WOs_, nanorods. (c) Synthesis of CeO, rich in anionic defects. (d and e) Photocatalytic CO, reduction yield and stability of modified
Bi1,047Cl,. (a) Reproduced from ref. 135 with permission from [ACS Publications], copyright [2012]. (b) Reproduced from ref. 136 with permission
from [Celll, copyright [2012]. (c) Reproduced from ref. 137 with permission from [Elsevier], copyright [2022]. (d and e) Reproduced from ref. 138

with permission from [Wiley Online Library], copyright [2018].
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COyield than the catalyst without defects, which provided some
active sites of Ti** for the adsorption of O atoms from CO,
(Fig. 6a). Thus far, many effective methods have been developed
to control the formation of vacancies, such as calcination,
chemical reduction, ion doping and hydrothermal/
solvothermal methods. High-temperature calcination is
a process in which the sample is calcined at high temperature
through an inert or reducing atmosphere to promote the
diffusion and escape of surface lattice oxygen, and thus
generate OVs. The vacancy concentration is affected by the
calcination temperature and time. Generally, increasing the
heating temperature and extending the calcination time can
improve the vacancy concentration.?®**”****° For example, Tan
et al.** found that annealing SrTiO; at 375 °C had a higher OV
concentration than annealing at 300 °C, and that extending the
heating time by half an hour contributed to the formation of
OVs. However, it tended to generate more OVs at a lower
temperature under vacuum conditions.

Xing et al."** modified TiO, with a low-temperature vacuum
activation method to obtain stable Ti*" and OVs. This method
can also be used to enhance the visible light response of ZnO,
WO; and other oxides. It is worth noting that a higher vacancy
concentration is not better. A too high OV concentration may
introduce a new impurity band with an unlocalized molecular
orbital, which can trap electrons excited from the valence band
and prevent them from reaching the conduction band, thus
inhibiting charge migration.'**

In contrast to high-temperature calcination, chemical
reduction can produce vacancies at low temperature. When the
reducing molecules adsorb on the MO surface, electrons
transfer to the surface to capture the O atoms, finally forming
OVs."*® For example, Liu et al.**® synthesized WO;_, nanorods
via a low-temperature ammonium-assisted reduction method
(Fig. 6b), showing an excellent photocatalytic performance in
the reduction of CO, and H,O to CH,. Xu et al.**® introduced
OVs on the surface of SrTiO; by NaBH, treatment, and the
vacancy led to the formation of intermediate gap states.
Combined with the inherent energy level of SrTiO3, the SrTiO;_,
photocatalyst exhibited enhanced activity in the reduction of
CO, to CO under visible light irradiation.

Ion doping can also create vacancies in photocatalysts. The
different chemical valence ion dopants replace the metal nodes
in the oxide substrate, thus destroying the lattice oxygen order,
and OVs are generated to maintain the charge balance. The use
of cationic defects is a common method to introduce vacancies
in MOs by replacing the original cation with a lower cost state or
one with a lower vacancy formation energy.'** For example,
Zhou et al'* doped Ru in TiO, nanocrystals by the hydro-
thermal method and induced the formation of OVs. Metal ions
and OVs cooperated to promote the adsorption of CO, and the
separation of photogenic carriers, thus achieving the photo-
catalytic conversion of CO, and H,O into CH,. Lai et al*¥
synthesized Fe-containing CeO, with an OV porous structure via
a one-step combustion method (Fig. 6c¢). The porous structure
was conducive to the adsorption of CO,, and OVs promoted the
activation of CO,. In addition to the doping of cations, anion
defects can be constructed on MOs by introducing anions such

This journal is © The Royal Society of Chemistry 2024
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as N, P, S, and halogens. Zeng et al.*** calcined Co(NO3), on an
SBA-15 template and reintroduced fluorine to synthesize Cos-
0,_,F, with defective, fluorine substitution and three-
dimensional mesoporous structure. The fluorine substitution
and partial OVs altered the electronic structure to promote the
ability to adsorb intermediates. This study proposed a new
strategy of combining defects with fluorine chemistry,
providing an idea for the design of defective fluoride oxides.

Hydrothermal/solvothermal reaction is a technique to
synthesize crystalline materials by controlling the thermody-
namic variables such as solvent type, additive composition,
temperature and pressure, which can greatly control the
morphology and structure, size and orientation of crystallinity.
It is one of the best methods to prepare nanoscale materials.**”
Zhang et al.'*® synthesized Ti/TiO, interfacial photocatalysts
with different concentrations of Ti** sites via a hydrothermal
one-step method. It was found that the interfacial coordination
of unsaturated defect sites can not only narrow the band gap,
but also promote the transfer and separation of interfacial
photogenerated vectors, thus effectively improving the photo-
catalytic activity.

In recent years, researchers have worked on developing
bismuth oxide halide-based photocatalysts. OVs are easily
introduced in BiOX nanotubes and thin nanosheets. Di et al.**®
constructed Bi;,0,,Cl, featuring a twin-layered ultrathin
tubular architecture enriched with surface oxygen vacancies.
Under the illumination of a 300 W xenon lamp, the CO
production rate for this engineered catalyst averaged 16.8 times
higher (48.6 umol g~' h™") than the pristine bulk Bi;,04,Cl,.
Concurrently, it accomplished the conversion of H,O to O,, with
an average O, yield of 23 pmol ¢! h™', sustaining its stability
over 12 h of activity assessment (Fig. 6d and e). Wu et al.**®
prepared BiOBr lamellar precursors via the hydrothermal
method, and then separated them into atomic layers by ultra-
sound in an ice water bath. Finally, a large number of OVs was
introduced on the surface of the atomic layers after 8 h ultra-
violet irradiation because BiOBr with a high oxygen atomic
density exposed (001) surface easily formed OVs under the
irradiation of high-energy light (Scheme 3). Owing to the
augmented light absorption in the visible spectrum of the
modified BiOBr atomic layers and the facilitation of CO,
conversion into intermediary COOH™* by the surrounding
surface oxygen vacancies, the reduction rate witnessed
a remarkable increase of 24 times compared to pristine BiOBr
(yielding 87.4 umol g~* h™'). These findings suggest that the
introduction of defects on the catalyst surface can effectively
optimize the CO, reduction mechanism, thereby paving the way

Oxygen-deficient

BiOBratomic layers
BiOBr atomic layers

BiOBr lamellar precursors

Scheme 3 Synthesis process of oxygen-deficient BiOBr photo-
catalysts. Reproduced from ref. 149 with permission from [Wiley
Online Library], copyright [2018].
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for innovative strategies in designing high-performance cata-
lysts that operate under visible light for CO, reduction
purposes.

In addition to oxygen vacancies, sulfur defects are very
common in sulfide catalysts, and sulfur defects play an impor-
tant role in photocatalytic CO, reduction by these catalysts. For
instance, Yin et al.**® created S vacancies in a thin layer of SnS,
atoms through Ar plasma bombardment. It was found that the S
vacancy could reduce the reactive energy barrier for water
decomposition by constructing a specific reactive configuration.
This led to a direct enhancement in water oxidation during the
entire process of photocatalytic CO, reduction by promoting the
formation of O, molecules. Ultimately, a substantial improve-
ment in the performance for the photoreduction of CO, was
achieved. The photocatalytic CO, reduction process exhibited
a CO yield of 25.71 umol g * h™", which was 8.2 times higher
than that of the initial SnS, catalyst. Gao et al.*** proposed the
introduction of sulfur defects in an atomic layer of AgInP,S
using an H,0, etching method. Through DFT calculation and in
situ FTIR spectroscopy, it was demonstrated that introducing
a sulfur vacancy in AgInP,Se can accumulate charge on the Ag
atoms near the sulfur vacancy, allowing the exposed Ag site to
effectively capture formed *CO molecules. This enrichment in
key reaction intermediates on the catalyst surface reduced the
C-C binding coupling barriers and promoted ethylene produc-
tion with a yield selectivity of up to 73%.

3.2 Cocatalyst loading

The integration of a metal co-catalyst in a photocatalyst signif-
icantly contributes to the augmentation of its photocatalytic
performance. In certain instances, the addition of a co-catalyst
not only boosts the efficiency of the photocatalytic reaction but
also efficaciously influences the selectivity for the resulting
products. The dispersion of the cocatalyst should be controlled
reasonably during the catalytic process. Excess or slight
amounts of active sites are not conducive to the reaction.””'**
Adrian Quindimil et al.*** prepared Ni/Al,0; and Ru/Al,O;
catalysts with different metal loadings. The loading of Ni and
Ru provided new alkaline sites to promote the adsorption of
CO,, and the noble metal Ru on Al,O; was more efficient in
dissociating H, than the non-noble metal Ni. The conversion
rate of CO, was the highest when the loading of Ni was 12% and
the loading of Ru was 4%. In addition, the presence of H,
adsorption/dissociation points is important for the methana-
tion of CO,, but pure MOs usually lack H, dissociation points.
Thus, to solve this problem, Dreyer et al.*** used flame spray
pyrolysis to disperse 5% Ru on Al,0;, ZnO, MnO,, and CeO,,
and found that the supported Ru nanoparticles could provide
H, dissociation points, thus significantly improving the yield
and selectivity for CH,.

The n-type semiconductor TiO, is one of the most commonly
used photocatalysts because of its advantages such as low price,
non-toxic nature, and resistance to photocorrosion.'* Dating
back to 1978, Kraeutler and Bard first loaded Pt on TiO, for CO,
reduction via photodeposition.””® Subsequently, many teams
were inspired to prove that the selectivity of CH, would be
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improved after loading the noble metal Pt on TiO,. They
believed that the selective conversion of the CO product to CH,
was because the Pt loaded on the photocatalyst surface formed
a Schottky junction, which could extend the photoelectron
lifetime, thus lowering the reaction barrier and promoting the
formation of CH,."****® Thus, to explore the reason for the
selective transformation of CO, reduction after Pt loading, Ma
et al.™ loaded 1 wt% Pt on TiO,, g-C3N, and BiOBr, respectively,
by photodeposition, and found that the selectivity of the three
photocatalysts for CH, increased to nearly 100% (Fig. 7a). The
gas adsorption energy and charge transfer amount for CO,, CO,
and CH, of Pt clusters with two configurations were calculated
(Fig. 7b), and the results were attributed to the following
reasons: (1) CO has strong adsorption capacity on Pt, and thus
its desorption from the catalyst surface is difficult, preventing
the detection of CO. (2) CO is used as an intermediate, and CO
enriched on the Pt clusters is more conducive to obtaining
electrons to form CH,. However, the adsorption capacity of CH,
on Pt is very weak, which is manifested as physical adsorption
and easy desorption. Therefore, the yield and selectivity for CH,
were improved after Pt loading. This study provided further
insight into how Pt promotes the highly selective production of
CH, from photocatalyzed CO,, as well as a new strategy for
exploring photocatalyzed CO, reduction to CH,. Xiong"®
deposited Pt and Cu,O nanoparticles together on the surface of
anatase TiO, via NaBH, reduction. Compared with the experi-
mental results for Pt or Cu,O loaded on TiO,, it was found that
Pt promoted the formation of CH, and H,, whereas Cu,O
augmented CO, absorption on the TiO, surface. It concurrently
suppressed the chemical adsorption of H,O, subsequently
hindering H, production. The combined effect of Pt and Cu,O
facilitated the exceptionally selective conversion of CO, into
CH,, offering insights into the development of multifaceted
photocatalysts (Fig. 7c). H, competition in the process of CO,
and H,O photocatalysis is unfavourable for CO, reduction, and
thus the cocatalyst should be selected to enhance CO, adsorp-
tion and weaken H,O adsorption simultaneously.

The modification strategy of loading metals on TiO, alone
has been widely reported. The electronic structure and
geometric configuration of two metal alloy catalysts will be
changed due to their combination, making the chemical
interaction between the reaction intermediates and catalyst
surface different. It can not only effectively reduce the kinetic
overpotential but also control the product selectivity.'®* Neatu
et al.** deposited Cu and Au nanoparticles on TiO, for two
consecutive times and found that CO, was reduced to CH, in
H,0 under visible light irradiation. On the contrary, CH, was
not detected under ultraviolet light irradiation, but H,
production increased significantly. The charges on TiO, were
directly separated and electrons migrated to the alloy nano-
particles under ultraviolet irradiation. At this time, the Au-Cu
alloy stored electrons and acted as a co-catalyst. Both the bare
TiO, and Cu/TiO, were inactive under visible light irradiation,
while Au nanoparticles acted as a light collector due to their
plasma effect. During the reaction, electrons from Au were
transferred to the oxidized Cu surface, and the Au atoms acti-
vated by plasma successfully were reduced.'® The main active
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sites of CO, existed on the surface of the reduced Cu atoms. The
activation of CO, by a single electron followed the so called
“carbine pathway” to produce CH,, and the excess holes were
used to oxidize H,O to produce O, (Fig. 7d).

Enhancing the absorption and activation of CO, plays
a pivotal role in boosting the efficiency of CO, reduction.
Research indicates that the process of CO, adsorption and
activation can be significantly augmented by augmenting the
specific surface area of the catalyst'**'** and multiplying the
available sites for CO, adsorption.**>™%” Therefore, for some
photocatalytic semiconductors without CO, adsorption and
activation sites, it is necessary to fix the cocatalyst on the cata-
lyst through doping or loading to construct active sites. Thus
far, doping and loading synergistic strategies have also been
widely used to improve the photocatalytic CO, reduction
performance. Wang et al.'® modified Ga,0; by Zn species
through impregnation and calcination to produce ZnGa,O,,
and then supported a certain amount of Ag catalyst on ZnGa,0,
surface by photodeposition, and the production of the products
was improved by regulating the addition amount of Zn and the
loading amount of Ag. It was found that the H, production
decreased continuously when the additive amount of Zn was in
the range of 0.1 mol% to 10 mol%, while the production of CO
was almost unchanged, and thus the selectivity for the CO
product reached nearly 100%. In addition, Huang et al.'®
synthesized a Pt/CoO,/N-TiO, composite photocatalyst, which
was inspired by loading suitable double cocatalysts on the same
catalyst. The synthesis process is shown in Scheme 4. Firstly, the

This journal is © The Royal Society of Chemistry 2024

layered titanite protonated precursor was prepared via the sol-
vothermal method, and then the precursor was calcined for 2 h
at 450 °C in an air atmosphere to obtain N-doped TiO, layered
mesoporous spheres. The N-doping process was conducive to
the introduction of OVs on the surface of TiO,. Then, Co(CH;-
COO0),-4H,0 was used as a Co source to support CoO, on N-
doped TiO, via the in situ growth method. CoO, was used as
an oxidation cocatalyst for H,O oxidation. Finally, H,PtCls was
successfully reduced to Pt by photodeposition. The Pt loaded on
the surface VOs of TiO, could capture and activate CO, as
a reduction cocatalyst. Due to the synergistic action of VOs on
the TiO, surface and the double cocatalyst, the yield of CO,
conversion to CH, was further increased to 409.17 pmol g’l. In
this study, the efficiency of photocatalytic CO, reduction and
H,0 oxidation was improved by introducing OVs to selectively
deposit two cocatalysts on the surface of semiconductor mate-
rials to achieve dual active sites. However, it is worth noting that
although the assumption that the entire REDOX reaction is
separated into two half-reactions is conducive to the develop-
ment of research, the distribution of cocatalysts on the semi-
conductor surface is random and uncontrollable, and there are
still problems such as low yield, instability, and selectivity
hurdles with co-catalysts such as sulphides. Hence, gaining
profound insights into the photoexcited electron-hole trans-
portation dynamics at the interface of co-catalyst/photocatalyst
composites holds paramount importance for optimizing the co-
catalyst design to enhance CO, photocatalysis. Advanced char-
acterization techniques can facilitate the visualization of
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electron-hole transfer, reaction intermediates, and end-
products, thereby elucidating the intricacies of the reaction
mechanism.

3.3 Doping

Doping different elements in a catalyst is one of the common
strategies to optimize its catalytic performance, which can be
divided into non-metallic doping, metal doping, and co-doping
according to the type of doping elements. Graphitic carbon
nitride (g-C3;N,), a typical representative of carbon-based
materials, has emerged as one of the highly desirable photo-
catalysts, owing to its responsiveness to visible light, stable
physical and chemical properties, convenient preparation, and
other advantages. Furthermore, the bandgap of g-C3;N, is
approximately 2.7 eV, with its conduction band situated at
around —1.1 eV. This negatively positioned conduction band is
notably lower than the reduction potential required for con-
verting CO, into CO, CH,, CH3;0H, and various other fuel
molecules.'”**7°

Regrettably, the light absorption capacity and surface area
achieved through the conventional calcination of g-C3N,
remain inadequate, and the swift recombination of photoex-
cited electrons and holes significantly hampers the catalytic
efficiency of bulk g-C3;N,. Thus, researchers suggested the
incorporation of distinct components into g-C;N, to modify its
crystal and electronic configuration, thereby manipulating its
bandgap size, enhancing its absorption in the visible light
spectrum, augmenting its specific surface area, and boosting its
charge separation effectiveness.

g-C3N, is a type of non-metallic semiconductor. If non-
metals are added to it, then it can continue to maintain its
non-metallic properties, such as high ionization energy and
electronegativity.””” The common non-metallic doping elements
include B, P, S, O, and halogens. During the doping process,
these elements easily acquire electrons to form covalent bonds
with other compounds. The doping of g-C;N, is divided into
interstitial doping and substitution doping based on the
distance between and within the plane of the principal lattice
planes and the atomic radius of the dopant.’”® Substitution
doping usually forms a more stable structure than interstitial
doping.'”**" Its dopant atoms displace the atoms in the main
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lattice and form chemical bonds with the surrounding atoms.
For example, S atoms and N atoms have a similar atomic radius,
and thus S atoms can easily replace N atoms, and eventually
form an S-C bond in g-C;N,."** Arumugam et al.'® reported the
comparative effect of the incorporation of non-metals B, O, P
and S into g-C;N, for the photocatalytic reduction of CO, to CH,
with H,0. The synthesis process of the catalyst is demonstrated
in Scheme 5. Sodium dihydrogen phosphate was used as the P
source, boric acid as the B source, thioureone as the S source,
and hydrogen peroxide as the O source. Upon thorough
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blending, the catalyst was subjected to heat treatment at
a temperature of 550 °C, at a gradual rate of 5 °C per minute,
under an inert gas environment, and maintained for a duration
of 5 h. The observations indicated an enhancement in CH,
production when four non-metal elements were introduced in
the mixture, surpassing the initial g-C3N, yield. Notably, the
sample doped with S demonstrated the highest methane
formation rate at 7.8 mmol g~ " h™". Although S doping did not
increase the specific surface area or boost the light absorption
abilities of the catalyst, it notably facilitated the efficient sepa-
ration and mobility of charges. Another type of interstitial
doping refers to the mixing of atoms in the gap of the primary
lattice. If elements with a large radius different from C and N
atoms are added to g-C;N, (such as Na, K, Br, and I), interstitial
doping tends to occur.’”'* In the study by Zhu and
colleagues,'® the impact of incorporating F, Cl, Br, and I on the
catalytic properties of single-layered g-C3N, was investigated
through first-principles calculations. They proposed that the
dual-coordinated N atoms served as the key active sites for
photocatalytic reactions, but the dual-coordination N atoms
were not always the most stable doping sites.'® In the case of
halogen atoms, they were preferentially doped into the inter-
stitial space surrounded by three triazine units. The F element
contributed to the VB, while other halogen atoms participated
in the conduction band, reducing the band gap from 1.18 eV to
0.64-1.14 eV. It also exhibited strong light absorption in the
wavelength range of 200-1000 nm."**

Without introducing foreign elements, g-C3N, can be self-
doped under certain conditions, that is, C-doped and N-
doped. It has been found that the uniform substitution of N
atoms by C atoms during C self-doping causes the formation of
delocalized 7 bonds between the substituting C and the six-
membered ring, which affects the band and electron structure
of g-C;N,. This results in a decrease in its band gap, together
with an elevated rate of charge-carrier migration and light
absorption.” In the process of N self-doping, N atoms are

(a) clectron transfer
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prone to lose extra electrons and become n-type semi-
conductors, resulting in an intermediate energy gap state to
enhance the visible light absorption, which improves the
separation efficiency of electrons and holes, reduces the
recombination of photogenerated carriers and prolongs the
lifetime of photogenerated charges.'®® Fang et al.'®® calcined the
precursor and nitrogen-rich additives together to prepare
C3Ny4iy. When there were more dopants, it showed metal
conductivity, which absorbed more visible light than the orig-
inal g-C3N, and accelerated the charge transfer. Liu et al.'®
calcined urea and carboxyl-functionalized polystyrene nano-
spheres in a furnace at 550 °C for 2 h and polymerized them into
N-doped C-grafted carbon nitride (Fig. 8a). The modification led
to a significant increase in the CO, adsorption capacity, jump-
ing from the initial 0.04 mmol g " to 0.22 mmol g ' at
a temperature of 298 K. The improved performance was
attributed to the heightened presence of N atoms following
the N self-doping of C;N,, which boosted the concentration of
basic sites. Operating under visible light, the N-doped C-
modified carbon nitride catalyst exhibited a remarkable CO
generation rate of 15.4 pmol g~ h™", representing a significant
sevenfold enhancement over the undoped g-C3;N,. Introducing
alkali metals into g-C3N, is another facile strategy to enhance its
photocatalytic efficiency. The interplay between the doped
alkali metal and triazine ring in g-C3N, leads to an electron shift
from the nitrogen atom lone pair to the metallic atom, causing
electron redistribution. This process suppresses the recombi-
nation of photogenerated carriers and strengthens the absorp-
tion of visible light. Zhang et al.**° studied the effect of doping g-
C;3N, with Li, Na, K and Rb on its photocatalytic CO, reduction
performance. Among them, Rb-doped g-C;N, showed the
strongest light absorption. Rb-doped g-C;N, had a thinner
lamellar structure with mesopores than pure g-C;N, (Fig. 8b-e).
The porous structure was favourable for light absorption and
CO, adsorption. The change in the electronic structure of all the
g-C3N, samples doped with different alkali metals resulted in
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Fig. 8

(a) Diagram of N-doped C-grafted carbon nitride. (b—e) TEM images of undoped g-CsN4 and the g-C3N,4 doped with Rb. (f) Change in

band gap before and after doping Rb and change in optical response after doping different alkali metals. (a) Reproduced from ref. 189 with
permission from [Elsevier], copyright [2021]. (b—f) Reproduced from ref. 190 with permission from [Elsevier], copyright [2020].
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a redshift in its optical response. After doping Rb, the band gap
of the catalyst decreased from 2.65 to 2.0 eV (Fig. 8f).

In addition to alkali metal doping, g-C;N, doped by Co, Ni,
Cu and other metals has also been widely studied. Wang et al.***
synthesized an Mo-doped g-C3N, photocatalyst with a vermic-
ular mesoscopic structure and higher surface area by pyrolysis.
After 8 h UV irradiation, g-C;N, doped with 4% Mo showed the
highest activity, reducing CO, to CO and CH, with yields of 887
umol g~ and 123 umol g~ * (Fig. 9a and b), respectively. The
introduction of Mo led to an expansion in the specific surface
area, boosting the light absorption efficiency, prolonging the
lifespan of photogenerated carriers, and consequently elevating
the photocatalytic performance. Similarly, Dong et al.*** used
MgCl, as a magnesium source to add different amounts of Mg
to g-C3N, via a one-pot method. The integration of 4 wt% Mg to
2-C3N, led to a reduction in its bandgap from 2.70 to 2.65 eV,
concurrently creating an intermediate gap. This newly formed
mid-gap state functioned as an electron trap, enhancing the
efficiency of electron-hole pair separation. Consequently, the
4 wt% Mg-doped g-C;N, catalyst demonstrated the optimal
photocatalytic performance under both ultraviolet and visible
light conditions.

To overcome the different inherent shortcomings of single-
element doping, researchers proposed the strategy of doping
two or more elements, namely co-doping. This method takes
advantage of each dopant for collaborative catalysis, and the
catalytic efficiency is usually higher than that of single element
doping; thus, it has been widely investigated in many fields.

View Article Online
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Babu et al.* synthesized g-C;N, co-doped with B and S by
placing boric acid, thiourea and melamine in a muffle furnace
through one pot in situ calcination (Fig. 9c). The B and S
elements were introduced in the lattice to enhance the light
absorption, accelerate the charge separation and migration,
and increase the specific surface area of g-C;N,. The defects
generated by the dopants captured photogenerated electrons,
thus inhibiting the recombination of charge carriers. Wang
et al.*® mixed dicyandiamide with KBH, and calcined it for 2 h
at 550 °C. The H, generated by the thermal decomposition of
KBH, created N defects. The band gap gradually narrowed with
an increase in the doping concentration. The band gap of pure
g-C3N, is 2.74 eV, which decreased to 2.61 eV when 3% K and B
elements were added. Moreover, the N defects caused by H,
generated by the thermal decomposition of KBH, reduced the
band gap to 2.35 eV (Fig. 9d). In this study, when N atoms and K
dopants were close to each other, the electron density became
enriched, and the presence of K changed the electron spatial
distribution, which made K act as an electron donor and
promoted the electron transfer between adjacent layers. The
adjacent atoms experienced an electron-abundant state due to
the incorporation of both nitrogen vacancies and boron.
However, the electron enrichment resulting from nitrogen
vacancies exceeded that from boron doping, leading to a higher
concentration of basic sites. Consequently, the nitrogen defects
exhibited a more robust CO, adsorption capacity than B and K
doping. B maintained a high reduction potential and compen-
sated for the adverse effect of K. The K, B and N vacancies
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cooperated to realize the photocatalytic reduction of CO, to CH,
and CO without a sacrificial agent.

3.4 Heterojunction formation

In the conventional heterojunction framework, there are three
classifications including bridging gap type (type-I), interlaced
gap type (type-II), and fracture gap type (type-III)."* As illus-
trated in Fig. 10, a type-I semiconductor setup exhibits
a scenario where the conduction band (CB) of semiconductor A
resides higher than that of semiconductor B; conversely, the
valence band (VB) of semiconductor A is situated beneath that
of semiconductor B. Electrons and holes shift collaboratively
towards semiconductor B. This movement leads to a decline in
the effectiveness of charge separation, subsequently reducing
the redox potential of the reaction at lower levels. In the context
of type-II semiconductors, A possesses a higher CB and VB.
Here, electrons transit from the CB to B, while holes move from
the VB to A, enabling the efficient separation of electron-hole
pairs. However, the redox ability is still weak. In the case of type-
111, the band gaps do not overlap and electron-hole pairs cannot
transfer. Therefore, researchers need to develop other types of
heterojunctions to overcome the limitation of traditional
heterojunctions.*****”

Exploring the charge migration dynamics in Z-scheme het-
erojunctions, researchers have categorized this phenomenon
into three distinct classifications (Fig. 11) including the
conventional Z-scheme heterojunction, all-solid-state Z-scheme
heterojunction, and direct Z-scheme heterojunction.”® The
traditional Z-scheme heterojunction was first proposed by Bard
in simulating the direction of charge transfer in natural
photosynthesis.” The traditional Z-scheme photocatalytic
system consists of two different semiconductors (S1 and S2) and
a receptor/donor (A/D) pair. During the photocatalytic reaction,
the electrons generated by S2 will react with A to give electrons
to D, and the holes in S1 will react with D to give electrons to A.
Thus, this structure can effectively realize the separation of
electron-hole pairs and has strong redox ability. However, this
type of heterojunction is limited to the solution phase, resulting
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Fig. 10 Three types of traditional heterojunction: (a) bridging gap type
(type-1), (b) interlaced gap type (type-I1I) and (c) fracture gap type (type-
II). Reproduced from ref. 195 with permission from [Wiley Online
Libraryl, copyright [2017].
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in difficult charge transfer and narrow application range. In
2006, Tada et al.>* introduced the all-solid-state Z-scheme het-
erojunction design to facilitate targeted charge migration and
broaden its applicability. The photocatalytic system was
comprised of a duo of dissimilar semiconductors with noble
metal nanoparticles functioning as the electronic mediator.
This system has seen substantial endorsement. However, the
reliance on scarce and costly noble metal nanoparticles as the
electron medium in this solid-state Z-scheme system hinders its
wide application. Consequently, researchers have increasingly
directed their focus towards investigating direct Z-
heterojunctions. In 2013, Yu et al>** created a direct Z-type
heterojunction comprised of g-C;N,/TiO,. In 2016,*** they con-
ducted an investigation into the electron transportation
dynamics within the g-C;N,/TiO, heterostructure. Our research
group used a self-assembly method to vertically fix one edge of
a single layer of MoS, nanosheets on the surface of SiC nano-
particles to form a marigold-like heterojunction, SiC@MoS,.”**
This Z-scheme structure could expose the surface of the pho-
tocatalyst to the maximum extent to fully contact with the
reactants. The high selectivity for the CH, product was attrib-
uted to the rapid reduction of CO, on the surface of SiC by high
electron mobility, and the production of O, was produced by the
rapid oxidation of H,O on the surface of MoS, by high hole
mobility. Upon optimization, the catalyst with a 60% MoS,
composition was determined to be the most favourable blend. It
exhibited the CH, generation rate of 323 pL ¢~* h™" and an O,
production rate of 620 puL g~ h™'. These findings indicated that
the molar proportion of CH, to O, approached a 1:2 ratio,
aligning with the chemical equilibrium of the CO,(g) + 2H,0(g)
= CH,4(g) + 20,(g) reaction.

To a certain extent, the low efficiency of photocatalytic
reactions can be attributed in part to the significant disparity in
the electron and hole migration rates within semiconductor
catalysts, resulting in the accumulation of internal photo-
generated holes, which subsequently hinder the production of
photogenerated electrons, thereby shortening the lifetime of
photogenerated carriers. Based on this, we constructed a direct
and indirect Z-type heterostructure coupled photocatalytic
system.*** As shown in Scheme 6, firstly, Pt nanoparticles were
loaded on SiC by photodeposition, and then dispersed in an
aqueous solution containing Cu** and IrClg* . Under ultraviolet
irradiation, Cu®** was reduced to Cu,O, and IrCls>~ was oxidized
to IrO,. Finally, the Cu,O-Pt/SiC/IrO, composite catalyst was
obtained. This catalyst exhibited improved photocatalytic effi-
ciency by constructing a multi-photocatalyst integrated system
to enhance the lifetime of the photogenerated carriers and
redox ability. Regarding the photo-catalytic conversion of CO,
and H,0 into HCOOH and O,, the respective production rates
were 896.7 umol ¢ h™! for HCOOH and 440.7 umol g~ * h™* for
0,.

In 2019 and 2020, Yu proposed the S-scheme heterojunction
to improve the electron transfer problem of the type-II and Z-
scheme heterojunctions.”*>**® The S-scheme heterojunction is
a composition involving a reduction photocatalyst (RP) and an
oxidation photocatalyst (OP). As depicted in Fig. 12a, the
conduction band (CB), valence band (VB), and Fermi energy
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todeposition. Reproduced from ref. 204 with permission from [Nature
Publishing Group], copyright [2020].

levels of the RP are positioned above that of the OP to attain
equilibrium in the Fermi energy levels at the interface, where
the electrons from the RP will naturally transition to the OP.
During the electron transfer process, the RP side retains
a positive charge and the OP side retains a negative charge,
resulting in the formation of an internal electric field at the
interface from RP to OP (Fig. 12b). Electrons in both RP and OP
are transferred from VB to CB under photoexcitation (Fig. 12c),
and the system has the maximum reduction and oxidation
capacity.”® Accordingly, many researchers began to study this
emerging topic to reduce CO, to hydrocarbon fuel. However, the
selection of OP and RP is crucial, which requires that their band
structure matches and they have characteristics conducive to
CO, adsorption and activation. Yang et al.**” synthesized the S-
scheme heterojunction g-C;N,/TiO,/C with a thickness of about
5 nm using electrostatic self-assembly and calcination methods.

() (b)

As shown in Scheme 7, firstly, a certain amount of urea was
calcined at 550 °C to condense into g-C;N, with layers of
stacked flower structure. The pH of the suspension was
adjusted to 4 with 0.5 M HCI and deionized water to bring H' to
the surface. This protonation process was conducive to the
stripping of g-C3;N, into layers. Then, the prepared TizC,Ty
monolayer with an area greater than 5 um x 5 pm was added to
the suspension as the base plane to obtain g-C3N, with
a stretched fold layer. The monolayer was calcined at 400 °C,
where the Ti layers were converted into TiO, nanoparticles and
fixed on the graphite layer to form a rough surface. The g-C3N,
with a stretched fold layer was tightly attached to the TiO, layer
to prevent g-C;N, from agglomerating. Under Xe lamp irradia-
tion for 3 h, the catalyst reduced CO, to CH, and CO with yields
of 3.7 umol g h™" and 25.96 umol g * h™, respectively. The
improved performance of the catalyst was attributed to the
formation of an S-scheme heterojunction between the two
semiconductors, and its layer-to-layer structure could expose
the maximum optical absorption area, which provided an
effective channel for photogenerated carrier migration. These
design schemes provided a new idea for the preparation of
multi-junction photocatalysts, which are expected to be
extended to other semiconductor catalysts.

Although type-II, Z-scheme and S-scheme heterojunctions all
have staggered energy band structures, type-II and Z-scheme
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Fig. 12 Carrier transfer mechanism of S-type heterojunctions: (a) band
photogenic carrier transfer and separation under light irradiation.
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heterojunctions present challenges in terms of thermody-
namics, photogenerated carrier transfer kinetics and energy
utilization. Alternatively, the S-scheme heterojunction, as a new
strategy to increase the separation and migration rate of pho-
togenerated carriers under the influence of an internal electric
field, has largely eliminated many of the inherent defects of the
traditional Z-type heterojunction and other heterojunctions,
and therefore has become a research hotspot in the field of
photocatalytic energy and environmental applications. Deng
et al.*>*® synthesized an In,03/Nb,Os S-scheme heterojunction by
mixing Nb,Os and In,0; in the same electrospinning solution
and roasting at high temperature. The heterojunction synthe-
sized by this method exhibited close interface contact and
promoted ultra-fast (<10 ps) electron transfer at the interface.
The optimized In,03/Nb,Os nanofibers extended the lifetime of
the catalyst and improved the CO, reduction performance due
to the rapid interfacial charge transfer and effective CO, acti-
vation on the catalyst. The CO yield was as high as 0.21 mmol
g~ ' h™". Combined with FSTAS analysis, it was shown that the
photoelectron transfer on the CB of In,O; to VB of Nb,Os
inhibits the self-carrier recombination, effectively separates the
electrons in the CB of Nb,O5 and the holes in the VB of In,0;,
prolongs the life of the nano-hybrid materials, and proves the
potential of the S-type heterojunction interface in ultrafast
charge transfer. In addition, Sun et al.>** synthesized a novel S-
type heterojunction Ga,S;/CusS catalyst using a simple two-step
hydrothermal method. A series of characterization analyses of
PL and time-resolved PL showed that the S-type heterostructure
is advantageous for the improvement of the photogenerated
electron-hole separation efficiency. Density functional theory
also proved that the Ga,S;/CuS interfacial electric field can
promote the adsorption of CO, and intermediate products. In
situ KPFM indicated the transfer of photogenerated electrons
from Ga,S; to CuS under light conditions. This study elucidated
the action mechanism of the intrinsic electric field at the S-type
heterojunction interface and provides a new way to improve the
selectivity of CO, reduction to CH, in photocatalysis.

This journal is © The Royal Society of Chemistry 2024

3.5 Single-atom engineering

In 2011, Zhang et al.*'® constructed a Pt-O-Fe structure and
successfully fixed a Pt atom to FeO, and proposed the term
single-atom catalysts (SACs), which advanced the process of
elucidating the catalytic active site at the atomic level. In 2014,
in the work by Yang et al.,” a groundbreaking one-step
approach was employed to fix individual metal atoms
(including Pt, Pd, Rh, and Ru) on the surface of TiO,, revealing
that these single-atom catalysts exhibited a superior photo-
catalytic H, generation performance compared to TiO,-sup-
ported metal clusters. After that, the field of photocatalysis
opened the door to SACs. It was also realized that as the size of
metal nanoparticles was gradually reduced to a single atom, the
individual atoms embedded in the carrier could regulate the
energy band and electronic structure and change the surface
structure of the catalyst through the overlap of electron orbitals
and interaction with the carrier ligand.**> The support of SACs
usually acts as a light collection unit. As the first step of pho-
tocatalysis, light collection is also a necessary step to achieve
visible light absorption, which can provide sufficient electron-
hole pairs for subsequent catalytic reactions. The catalytic
activity and selectivity are fundamentally shaped by the metallic
single atoms functioning as active centres. Excited electron
transfer from these metal atoms to the support leads to
a reshuffle of charge distribution between the individual metal
atoms and the support. Consequently, this alteration in local
electronic properties influences the photocatalytic perfor-
mance.”'%*3?1 If these three parts are properly optimized, the
final atomic utilization rate will reach nearly 100%. Based on
this, researchers began to design various single-atom
construction methods, and this modification strategy has
become one of the most promising research directions in the
field of photocatalysis.***>*’

Wet chemistry is a common and simple traditional method
for preparing supported monatomic catalysts because it can be
done in ordinary laboratory operations. It includes the co-
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deposition method,****** sol-gel method,***** impregnation
method,”*** depositional precipitation method****** and
strong electrostatic adsorption method.*** Among them, the
metal atoms prepared by the co-deposition method and sol-gel
method may be buried in the support, leading to a decrease in
atomic utilization. The metal atoms prepared by the impreg-
nation method can be directly anchored on the surface of the
support to avoid the above-mentioned problems, but there is
a problem of uneven dispersion. The final crystal size of the
sedimentation-precipitation method depends on the nucleation
and growth rate during the precipitation process, which is
difficult to control. When the metal load is high, the particle
size and dispersion are uneven, and thus the dispersion can
only be maintained evenly under a low load. In the process for
the creation of strong electrostatic adsorption, the conditions
are not controllable and the surface active sites are not uniform.
It can be seen that wet chemical synthesis methods are simple
and direct, but they lack precise control of the size and
dispersion of sites, structure and composition of the active
units of the catalyst.*® Single metal atoms have a higher surface
energy than nanoclusters and nanoparticles, resulting in their
easier migration and aggregation during preparation.”® It has
been reported that when the support is doped with
heteroatoms,*****” vacancies,”?* surface groups'*>'*® and
single-atom step edges,”>”*'** the defects formed by the intro-
duction of surface groups can be used as anchoring sites of
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metal single atoms to prevent the agglomeration of the atoms.
When designing catalysts, the stability of single metal atoms is
a crucial factor. One approach involves attaching single metal
atoms directly to light-absorbing substances, necessitating an
abundance of anchoring sites and reaction sites across the
support surface. Some traditional semiconductors, such as
Ti02’75,100,105,106 Ceoz’215,229,232,233,241,242 and Feox’210,213,243 can be
replaced by a single atom because of their surface metal cations
and can interact with oxygen anions to achieve the anchoring of
single metal atoms.

Although many MOs are regarded as effective carriers of
SACs, the single-atom load is still unsatisfactory due to the
limited number of constructed sites, and their structure and
properties are difficult to adjust at the molecular level, and thus
researchers are urgently searching for ideal materials that can
increase the load by orders of magnitude.’****>* In this case,
organic polymers can satisfy these requirements.

g-C3N, is also a popular photocatalyst for anchoring single
metal atoms. The unique cavity in its structure has six N atoms,
which are suitable as anchoring sites and their lone pair elec-
trons can combine with single metal atoms with empty or
partially empty orbitals, breaking the limitations of anchoring
traditional materials and insufficient reaction sites, and
significantly improving the load content of single metal
atoms.”®'*** Theoretically, the ultimate load content depends
on the maximum number of matches between the metal atoms
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(a) Schematic of the introduction of defects in g-CsN4 by Pt cationic groups and oxygen-containing functional groups. (b) Diagram of Ni

confinement in g-CsN4 vacancy ligands with fewer porous layers. (c) Anchoring site synthesis diagram of Cu—N,4 in P-doped g-C3N4. (a)
Reproduced from ref. 254 with permission from [Wiley Online Library], copyright [2020]. (b) Reproduced from ref. 255 with permission from
[Wiley Online Libraryl], copyright [2022]. (c) Reproduced from ref. 256 with permission from [Wiley Online Library], copyright [2023].
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separated by the target and the anchoring sites. Cheng et al.>**
increased the density of monatomic active sites by using a self-
limiting method to confine Ni to the g-C;N, vacancy ligand with
fewer porous layers by using an unsaturated edge (Fig. 13a). Shi
et al”>* introduced Pt cationic groups and oxygen-containing
functional groups into the defect edge of defective g-C3N, to
form intermediates, and low-temperature calcination could
make the Pt atoms closely connected with it without affecting
the structure of the support (Fig. 13b). Xie et al.>** designed Cu-
N, anchoring sites in P-doped g-C;N, to promote the formation
of C-C coupled intermediates and adjusted the intermediate
energy level of the reaction path of the target product to increase
the selectivity for the high value-added product C,H,, reaching
53.2% (Fig. 13c). To increase the single atom load, Ma et al.**’
prepared Co/g-C;N, via a two-step calcination process, where
the load of Co restricts the potential for efficient photocatalytic
CO, reduction, thereby hindering the conversion of CO, into
valuable products. This research introduces an innovative
approach for the development of SACs with a high loading and
superior dispersion.

At present, the commonly used method for the synthesis of
SACs with an M-N-C structure is high-temperature pyrolysis,
but the coordination environment of M-N, in the catalyst is
uncertain.>®® Compared with the SACs obtained by pyrolysis, the
structure of the molecular catalyst is controllable, which is
helpful for the study of the mechanism of single active
sites.”**?%" Determining the consistency of the surface active
sites is a future research focus in the field of SACs, which is
conducive to improving the selectivity for CO, reduction prod-
ucts. The loading of Co atoms on the surface was up to
24.6 wt%, which achieved the reduction of CO, to CH;0H (941.9
umol g~ ') under 300 W Xe lamp irradiation for 4 h without
adding sacrificial and photosensitizing agents. The key points
of this experiment are shown in Scheme 8. (1) The massive g-
C;N, formed porous sheets with a high specific surface area
after being treated with concentrated H,SO,, which could
provide enough coordination sites for anchoring Co atoms to
inhibit atomic aggregation. (2) The synthesis adopted two
calcination steps. In the first stage, it was maintained at 130 °C
for 9 h to ensure that the H,O adsorbed in the mixture of g-C3N,
and Co(NOg3),-6H,0 was removed cleanly. In the second stage,
the temperature was increased to 550 °C to vaporize the Co
atoms not fixed on the surface. When the g-C;N, bulk and
cobalt nitrate were subjected to direct calcination in one step,
the tendency for aggregation on the surface led to the formation
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of CoO,. This is the reason for the lack of active sites in low-
loading single-atom catalysts (SACs).

3.6 Surface organometallic catalysis

261-263 js the rational

Surface organometallic catalysis (SOMC)
bonding of molecular precursors (organometallic or coordinate
compounds) to the surface of a carrier (such as oxides, metal
nanoparticles, and carbon materials) according to the rules of
coordination chemistry. The carrier surface controls the reac-
tivity of the molecular precursors, and the grafted molecular
complexes can directly act as active centres or be modified after
heat treatment under vacuum, inert gas or reactive gas before
participating in catalytic reactions.*** The life of some organo-
metallic compounds sensitive to oxygen, water and temperature
can be extended after grafting to a support, which is new
molecular technology for the synthesis of single active site,
homogeneous functional heterogeneous catalysts. Different
from SACs, organometallic compounds retain their partial
distribution after grafting, which is a special case of SACs.
Abundant -OH groups are present on the oxide surface at 700 °
C,”% and thus organometallic compounds are usually con-
nected to the isolated hydroxyl groups on the surface of the
oxide to form M-O bonds. Given that oxides have been the most
widely used graft support, we focus on describing the design
strategies of SOMC supported by solid oxides. Molecular-level
synthesis provides great help in improving the structural
uniformity of catalysts.

The synthesis of heterogeneous catalysts using molecular
strategies requires understanding the controlled structure and
catalytic behaviour of surface species to establish structure-
activity relationships. Specific organometallic species have
active sites similar to that of supported MOs, and they usually
possess a larger fraction of active sites, making structure—
activity relationships possible. There are many -OH present on
the surface of MOs and they are directly related to the density
and coordination surroundings of the metal sites; thus, they are
often considered the grafting sites.>*> Accordingly, controlling
the number of -OH groups on the surface of the oxide support
becomes the key to the successful synthesis of SOMC. The type
and density of the surface groups (MOs-OH, MOs-O-Ms or
MOs-OH,) of the oxide carriers can be changed by certain
treatment. As shown in Scheme 9, heat treatment under vacuum
can remove the adsorbed H,O and condense the nearby MOs-
OH sites, leaving more MOs-O-MOs between the metal
complex and the oxide, and this process reduces the density of

-

S L A
)9 11:,“ -I -z
P AR
%é%)\ Co?' covered ’;‘ & ho Vaporized anchored i kﬂ: ": :!'

r*“ X ,‘gyzr P 'f'f&?[,-
d, £d XK "“;_v' ':";4'::'

Co* covered g-C;N, nanosheets Co/g-C;N,; SACs
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functional MOs-OH on the oxide surface. When the active B~
ligand is attacked by unstable protons, the site-isolated MOs-
OH reacts with the molecular precursor A,MB, to form well-
defined surface species as single-site MOs-O-MA,B,_,, which
can also interact with neighbouring MOs-O-MOs.>**

Evaluating the structure of the grafted complex at the
molecular and atomic levels is a key step in understanding its
stability and reactivity, and thus it is necessary to determine the
structure of the carrier prior to the preparation of SOMCs. In
general, carriers with a high surface area and a certain number
of hydroxyl groups on their surface (such as TiO,, SiO,, Al,O3,
and ZrO,) are we preferred, but we need to consider that some
oxides tend to undergo phase transitions or sintering when
heated in the presence of H,O. One way to ameliorate this
dilemma is to moisten MO powder with H,O, and then slowly
evaporate it in a drying oven. The fine powder is condensed into
larger, more easily filtered particles, and then the carrier is
calcined at a temperature lower than dehydroxylation to remove
organic impurities.

In the case of the metal precursors, researchers usually
choose hydrocarbons, amides, pyridines, porphyrins, and
siloxane, sometimes grafted in organic solvents to avoid surface
chemical reactions that dissolve or reprecipitate the oxide
support in H,O, making the preparation process more
complex.>*¢>7*

The graft of organometallic compounds can be anchored by
organometallic fixation*>*”* or ALD,***”* which takes advan-
tage of the homogeneity of the molecular precursors. Both
methods enable a level of control and flexibility that contributes
to the clarification of structure and mechanism, compared with
traditional catalyst synthesis techniques, advanced molecular-
level preparation provides a way for rational catalyst design.
The specific grafting process is as follows: firstly, the carrier is
placed in a vacuum infrared tube for dehydroxylation.””® The
reactor in the infrared tube can slide up and down and its head
contains infrared transparent windows (CaF,, KBr, etc.) to
obtain a spectrum and facilitate the monitoring of the
consumption of hydroxyl groups on the surface through
infrared spectroscopy during the experiment. Subsequently, the
volatile metal precursor can be grafted in the gas phase by
sublimating the compound to a carrier using a vacuum tube
attached to the reactor. It is important to note that the grafting
of the molecular precursors to the oxide carrier requires strict
anhydrous and anaerobic conditions because most organics
decompose easily in H,O and O,. SOMCs form isolated sites
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more selectively than impregnation, which facilitates the
binding of metal sites into the carrier.

Compared with single-metal catalysts, bimetal catalysts have
double active sites, and the synergistic effect of the two metals
leads to an improvement in their stability, activity and reaction
selectivity.”””*”* However, it is more difficult to control the
uniform reaction sites on the carrier surface, which is affected
by many factors, such as temperature, metal type, dispersion,
particle size, and precursor metal feed ratio. Thus far, this has
been a serious challenge. In the work by Lian,?®* the concept of
a “dual surface organometallic complex” was introduced
through the hydrogenation of supported bimetallic cluster
catalysts, drawing from the principles of surface organometallic
chemistry. This innovative idea served as a foundational
approach for the development of multifaceted metal catalysts,
featuring numerous active sites, which could be anchored to
a variety of supports.

4 Reaction efficiency and product
selectivity of photocatalysis CO, with
H,O

At present, the utilization of diverse semiconductor materials in
photocatalytic CO, conversion encounters challenges of low
efficacy and unsatisfactory product selectivity. Various
approaches to boost the efficiency of CO, reduction have been
compiled. Focusing on improving the selectivity of the process
towards economically viable and sustainable fuel production,
we review the progress in manipulating the product selectivity
in photocatalytic CO, reduction reactions. Additionally, we
classify the prospective photocatalytic products together with
recent photocatalysts, aiming to offer ideas for the development
of efficient photocatalysts. In 2012, Kuhl et al.*® found that CO,
could be reduced to 16 different products. If more than two
electrons and protons are transferred, CH,, CH;0H, C,H;OH,
C,H,, and other products may be formed. The product selec-
tivity is primarily influenced by both the dynamics and ther-
modynamics (Fig. 14). The dynamic factors include the
separation efficiency of photogenerated electrons-holes,
distinct active sites, and gaseous and liquid products. For
example, when two electrons and protons are transferred, CO
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Fig. 14 Diverse elements influencing the selectivity of photocatalytic
CO; conversion and prospective enhancement approaches.
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and HCOOH may be formed. Also, the adsorption/desorption
characteristics of reactants/intermediates, etc. Regarding ther-
modynamics, by optimizing the band structure to elevate the CB
position, certain semiconductor materials can facilitate the
production of compounds that are thermodynamically unfa-
vorable, thereby influencing the product selectivity. Hence, we
can explore these two aspects and employ suitable strategies for
catalyst modification to enhance the product selectivity.

When the adsorbed H,O molecules undergo an oxidation
reaction by the photogenerated hole, oxygen and H' ions are
produced on the semiconductor surface. Electrons with
reducing power also reduce H' to hydrogen. Moreover, when the
pH of the reaction solution is low, the rate of HER increases to
produce hydrogen gas. Thus, hydrogen evolution is the
competitive reaction to affect the efficiency of photocatalytic
activity and the product selectivity of CO, reduction. In this
case, suppressing H, generation and improving the CO,
reduction efficiency are important considerations in CO,
reduction with H,O. Surface engineering of catalysts and
controlling the reaction system are often considered for sup-
pressing H, generation. Selecting catalysts with a higher affinity
for CO, than for protons is favourable to suppress HER. For
example, metal catalysts such as copper, silver, and gold have
shown good selectivity for CO, reduction.”®*>** In addition, the
construction of alkaline sites on the surface of the photocatalyst
can enhance the CO, adsorption capacity. Meanwhile,
increasing the hydrophobicity of the catalyst surface can inhibit
proton reduction.®** The reaction system operating in near-
neutral or weakly alkaline electrolyte can reduce the avail-
ability of protons, thereby inhibiting HER. This can be achieved
by using buffers or adjusting the electrolyte composition.
Moreover, some electrolyte ions also affect the adsorption of
CO, and protons on the catalyst surface. For example, bicar-
bonate ions can promote CO, reduction. Therefore, we can also
inhibit HER by adjusting the ionic strength and composition of
the reaction system. Implementing a flow cell reactor improves
the mass transport and increases CO, concentration at the
electrode surface, thereby reducing the competition from
HER.>®>?%¢ By integrating these strategies, the selectivity and
efficiency of the p-CO,R process can be improved, while mini-
mizing the competing HER.

In the photocatalytic CO, reduction system, using electro-
lytes of primarily salts also has an important influence in the
activity and selectivity of the reduced products. Research has
indicated that the adsorption of sulfites, K,SO,, NaCl, NaHCOs3,
etc., and alkalis such as NaOH on the surface of the photo-
catalyst induces alterations in its surface properties, which can
hinder CO, reduction and inter-particle contact between the
photocatalytic particles and reduce the electron transport effi-
ciency between the photocatalyst particles.”® Furthermore,
adding alkaline salt to the reaction solution can facilitate the
production of CO and enhance its selectivity. This heightened
CO, reduction activity can be attributed to favorable pH
conditions and effective provision of hydrated CO, molecules by
adding alkaline salt to supply reactants. Simultaneously, an
appropriate concentration of alkaline additives will also aid in
stabilizing certain photo-corrosive metal sulfide materials

This journal is © The Royal Society of Chemistry 2024
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during CO, reduction.”® Additionally, Das et al.**® examined
how varying the NaOH concentration affects the catalytic
activity by adjusting the solution pH. Their research revealed
that methane production increases with an increase in the pH
level due to the increased solubility of carbon dioxide in the
reaction medium at higher pH values, leading to a greater
concentration of CO, near the catalyst surface, which is
conducive for carbon dioxide reduction. However, when
reaching a certain threshold level of pH value, insufficient
proton supply on the adsorbed CO, surfaces becomes detri-
mental for photocatalytic CO, reduction. Therefore, we believe
that adjusting the type of reaction solution can enhance and
stabilize the photocatalytic performance for CO,.

4.1 C1 products

Although various C;, C, and C,, products are produced from
CO, reduction, the majority of current research on photo-
catalytic CO, reduction is focused on the generation of C;
products, such as CO, CH4, CH;OH, and HCOOH. These C;
products can be used directly as an energy source or serve as
a cost-effective carbon source. The conversion of CO, into low-
cost C; products using solar energy through environmentally
friendly methods holds significant importance and plays
a pivotal role in meeting the present energy and chemical
requirements.”®"?"1?2

4.1.1 CO and CH,. CO and CH, are the most common
products in the photocatalytic reduction CO, with H,O. There
have been many reports on the development of novel photo-
catalysts for CO and CH, production. The adsorption and
desorption characteristics of CO on the surface of the photo-
catalyst greatly influence the product selectivity during photo-
catalyzed CO, reduction.'®**'?*?%® Duye to its suitable reduction
potential and two-electron reduction process, CO is readily ob-
tained as the primary product. Tables 1 and 2 list the recent
advances in the photocatalytic reduction of CO, with H,O to
produce CO and CH,.

According to Table 1, it can be seen that great progress has
been made in the work on the reduction of CO, emissions via
CO, conversion to CO. Without the need for a sacrificial agent,
the highest activity recorded was 608 pmol g~* h™',>° and the
selectivity reached almost 100%.*** To achieve the optimal
activity and selectivity, compared with traditional oxide photo-
catalysts, researchers are more inclined to modify Bi-based
photocatalysts due to their unique layered structure. The
layered structure of Bi-based photocatalysts facilitates electron—
hole pair separation when the Bry;, electrons transition to the
Bigp, orbitals, resulting in an internal electric field between the
[Bi,0,]*" layers and X~ layers. This prolongs the photogenerated
charge carrier lifetimes, thereby improving the photocatalytic
performance.**?*> However, compared with CO, obtaining
high-added value products such as CH, is imperative but very
difficult. Currently, the photocatalytic CO, conversion to CH,
reported under the condition of no sacrificial agent has the
highest activity of 1640 umol g~* h™'>® and selectivity of
100%," but it cannot have the two advantages of high activity
and selectivity simultaneously. This because it requires the
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Table 1 Summary of the photocatalytic systems for CO, reduction with H,O to product CO

Catalyst Light source Production/umol g " h™* Selectivity Reference
Ag;@PCN 300 W Xe lamp 160 94% 70
AgBr/BiOBr(OVs) 300 W Xe lamp 212.6 90.3% 133
Cu SAs/TiO, 300 W Xe lamp 65.8 100% 249
Ag-Cu,O/TiO, 300 W Xe lamp 13.19 73.7% 282
BiOBI/Bi,S;(0OVs) 300 W Xe lamp 100.8 74.8% 283
Au nanoparticle-loaded TiO, 300 W Xe lamp 608 99% 290
Mn,;Co,;—CN 300 W Xe lamp 47 ~100% 291
Ag-loaded Ga,03/ZnGa,0, 400 W Hg lamp — ~100% 289
NiAl-LDH/Ti;C, 300 W Xe lamp 11.82 92% 292
Defective CeO, 300 W Xe lamp 7 ~100% 293
Ultrathin Bi,OsBr, 300 W Xe lamp 31.57 99.5% 294
g-C3N,/FeWO, Visible light (1 > 420 nm) 6 99% 295
TiO,/BiVO4-4 300 W Xe lamp 17.33 100% 296
Bi-Bi,Sn,0, 300 W Xe lamp 114.1 100% 297
Table 2 Summary of the photocatalytic systems for CO, reduction with H,O to produce CHy4

Catalyst Light source Production/umol g * h™* Selectivity Reference
Vo,~-NBCN 300 W Xe lamp 5.90 — 79
Fe/SiC 300 W Xe lamp 30.0 94.3% 101
Pt@Ag-TiO, 350 W Xe lamp 160.3 87.9% 131
Pt/TiO, 300 W Xe lamp 150.04 ~100% 159
WO;_, 300 W Xe lamp 1640 95% 298
Pt@h-BN 300 W Xe lamp 184.7 99.1% 299
Pt/SiC nanosheets 300 W Xe lamp 13.6 96.79% 300
Bi,WO¢-Cl nanosheets 300 W Xe lamp 1.66 94.98% 301
CNBr 300 W Xe lamp 16.68 70.27% 302
Pt@Def-CN 300 W Xe lamp 6.3 97% 303
Au@Pd-TiO, 300 W Xe lamp 26.32 99.7% 304
HAP/TiO, 300 W Xe lamp 4.64 99.1% 305
N-doped C dot/CoAl-LDH/g-C3N, 300 W Xe lamp 5.69 99% 306
Bi,M00/C050, 300 W Xe lamp 28.5 100% 307
Vo-Nb,Os 300 W Xe lamp 19.14 94.1% 308
(Pt/TiO,)@rGO 300 W Xe lamp 41.3 99.1% 309

active site on the catalyst surface to enrich more electrons
during the reaction to complete the eight-electron conversion
process. Among the many strategies to improve the perfor-
mance of photocatalysts, designing heterojunctions is one of
the most convenient ways in terms of current technology and
research. In this way, the combination of two catalysts with
disparate band gaps can effectively enhance the separation
efficiency of photoelectrons and holes, thereby improving the
overall performance. In the work by Wang et al.,"*® they inte-
grated BiOBr with other semiconductor materials to create
a heterojunction system. As depicted in Fig. 15a, within the
BiOBr/AgBr heterojunction, the electrons gathered in the
conduction band (CB) of AgBr were prompted to recombine
with holes present in the valence band (VB) of BiOBr due to the
influence of Coulomb interaction and an internal electric field
(IEF). This unique S-type band alignment promoted the highly
effective spatial separation of photogenerated electron-hole
pairs. As a direct consequence, this led to a remarkable
improvement in both the CO generation rate and selectivity

28638 | J Mater. Chem. A, 2024, 12, 28618-28657

compared to the untreated BiOBr. The yield of CO and CH,
amounted to 212.6 umol g ' h™' and 5.7 umol g~* h™},
respectively, demonstrating an approximate increase of 9.2-fold
and 5.2-fold over pristine BiOBr. Remarkably, the CO selectivity
attained an outstanding percentage of 90.31%. Wang et al.”*
constructed Ag, CuO, and TiO, into a ternary Z-scheme heter-
ojunction catalyst via a one-step reduction method. The Z-
scheme heterojunction formed by P25 and CuO improved the
separation efficiency of photogenerated electrons and holes.
Alternatively, Ag nanoparticles further improved the electron
transport efficiency and promoted the absorption of visible
light, preventing the self-reduction of CuO. Compared with P25
and the binary heterojunction formed by Ag or CuO and TiO,
alone, the constructed ternary Z-scheme heterojunction catalyst
greatly increased the yield of CO, and the selectivity reached
73.74%.

However, traditional heterojunctions still exhibit defi-
ciencies such as poor interface contact and low active site
density. Through morphology regulation, 2D/2D

This journal is © The Royal Society of Chemistry 2024
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with high specific surface area by in situ hydrothermal method. (c and d) Ga,O3/ZnGa,O4 photocatalytic performance test: yield, selectivity and
stability. (a) Reproduced from ref. 113 with permission from [Elsevier], copyright [2022]. (b) Reproduced from ref. 292 with permission from
[Elsevier], copyright [2021]. (c and d) Reproduced from ref. 289 with permission from [Nature Publishing Groupl, copyright [2020].

heterojunctions are constructed to achieve good contact
between two-dimensional materials, thereby effectively
enhancing the migration rate of photogenerated charge carriers
and accelerating surface reactions. This approach improves the
adsorption and transport of CO,, ultimately enhancing both the
selectivity and activity, such as LDH/Ti;C,,>* and Ga,Os;/
ZnGa,0,.** Shi proposed the construction of a 3D layered
nanocomposite, LDH/Ti;C,, with a high specific surface area via
an in situ hydrothermal approach, as depicted in Fig. 15b. The
resulting 2D/2D LDH/Ti;C, established a close contact inter-
face, effectively promoting the separation of photoelectron-hole
pairs in NiAl-LDH. Additionally, it offered abundant REDOX
active sites with enhanced exposure, leading to improved CO,
absorption and activation. Photocatalysis reduced CO, to CO
with a selectivity of up to 92% and excellent stability. Also, the
selective enhancement of CO was observed in the Ga,O,/
ZnGa,0, heterojunction catalyst. H, generation was signifi-
cantly inhibited when the concentration of ZnGa,0, increased
from 0.1 mol% to 10.0 mol%. Finally, the Ga,03/ZnGa,0, het-
erostructure achieved nearly 100% selectivity towards CO
generation, as illustrated in Fig. 15c and d. The investigation
revealed that the heterojunction effectively facilitated the
segregation of photogenerated electron-hole pairs; however, it
lacked adequate electron enrichment capacity. Thus, to
compensate for this, dual cocatalysts with contrasting attributes
are strategically engineered on the photocatalyst surface to
govern the migration of electrons and holes. Metal atoms can be
used as CO, adsorption activation and reduction sites.>*%*313
Fig. 16 depicts the process in which Long et al.**° implemented
a phase doping approach to integrate conventional face-centred
cubic (fcc) phase Au nanoparticles onto TiO,. They accom-
plished photoreduction by altering the chemical composition of

This journal is © The Royal Society of Chemistry 2024

the fcc phase Au NP surface. The resulting gold nanoparticles
(T-Au NPs) successfully solved the thermodynamic bottleneck
of CO, conversion to CO, and the 5-T-Au/TiO, composite
exhibited the maximum CO production rate at 609 pmol g~
h™'. The T-Au nanocomposites played a dual role, functioning
both as an electron storage medium to enhance the electron
withdrawal from TiO, and as an active centre for CO, conver-
sion reactions. The exceptional CO selectivity exhibited by T-
Au/TiO, may stem from the lowered energy threshold for CO
formation due to the presence of dual Au NPs, combined with
easier desorption on the catalyst surface. Nonetheless, the
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Fig. 16 (a) Schematic of CO, photoreduction on gold nanoparticles
loaded on TiO, photocatalyst. (b) Schematic representation of twin
stacking fault in Au crystal viewed along the [110] zone axis. Repro-
duced from ref. 290 with permission from [Wiley Online Libraryl,
copyright [2022].
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restricted affordability and scarcity of noble metals limit their
broad application as ancillary catalysts in photocatalytic
processes. Consequently, numerous researchers have been
actively seeking viable alternatives to noble metal co-catalysts.
However, in comparison with noble metal co-catalysts, the
progress in developing non-noble metal counterparts has been
relatively sluggish.

In recent years, single-atom catalysts (SACs) have attracted
significant interest from researchers due to their active site
specificity, and have become one of the frontiers of contempo-
rary catalysis research. Li et al.** loaded bimetallic single atoms
onto CN to form double active sites. When Mn was combined
with Fe, Co, Ni, and Cu, the CO formation rate of the Mn;Co;—
CN catalyst was the highest, reaching 47 umol g~ ' h™" (Fig. 17a),
and the CO selectivity was almost 100%. In the photocatalytic
CO, conversion reaction, the Mn single atom as the active
centre was conducive to the accumulation of holes and accel-
erating the oxidation of H,O (Fig. 17b). Simultaneously, the Co
single atom was conducive to the adsorption of CO,, thereby
accelerating the reduction of CO, to CO by electrons (Fig. 17c).
To enhance our understanding of SAC mechanisms, density
functional theory (DFT) simulations can be advantageous.
Nevertheless, if the active centre of the catalyst does not align
with the actual active centre, theoretical applications become
limited.”®®**** Therefore, it is crucial to further investigate in
situ characterization methods for SACs and achieve their
controllable preparation, particularly double or multiple single-
atom photocatalysts, to advance sustainable development.

The formation of the high-value-added product CH, typically
involves a multi-electron reaction. To facilitate the production
of the desired product through this multi-electron reaction, it is
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essential to accumulate a sufficient number of photogenerated
electrons at the reactive site. Noble metals, non-metallic
impurities, and vacancy defects in photocatalysts can serve as
electron sinks to provide an ample supply of electrons for
selective product generation.””*"*'* For example, Wang et al.>*
loaded ultrafine Pt nanoparticles on SiC nanosheets, and found
that the ultrafine Pt nanoparticles (~1.8 nm) captured (Fig. 18a-
d) and accumulated photogenerated electrons in SiC nano-
particles to promote the 8-electron reaction to produce CH,.
Simultaneously, the CO produced by the 2-electron reaction was
chemically absorbed by Pt NPs, and the high-energy electron
SiC NSs provided by Pt NPs triggered further CH, generation
from Pt-CO (Fig. 18¢). The CH, selectivity of the designed 2 wt%
Pt/SiC NSs reached 96.79%. In addition, this study also found
that the proton provided by the H,O oxidation half-reaction
played a role in the formation of CH,, and the surface modifi-
cation increased the CO, adsorption and activation sites,
enhanced the light absorption, and accelerated the charge
separation. Li et al.*** designed a series of chlorine-modified
Bi,WO¢ nanosheets to study the effect of protons produced by
H,0 oxidation on CH, generation. The results showed that the
selectivity for CH, was regulated by the chloride loading and
reached up to 94.98% at the optimum loading. Further inter-
mediate product studies and density functional theory calcu-
lations also confirmed that the CI~ on Bi,WO4 nanosheets not
only promoted the oxidation of H,O but also reduced the energy
barrier generated by the intermediate *CHO, thus promoting
the formation of CH, (Fig. 18f and g). Xu et al.***> studied carbon
nitrogen bromide (CNBr) (Fig. 19a). They found that it could
stably and efficiently photocatalyze the reduction of CO, to CH,
with a selectivity of 70.27%. In their synthesized catalysts, the Br
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(a) Photocatalytic CO yield diagram of bimetallic single-atom Mn and CO on CN. (b) Effects of single atoms of Mn and CO on CN in the

photocatalytic oxidation of H,O. (c) Effects of single atoms of Mn and CO on CN in photocatalytic CO, reduction. Reproduced from ref. 291 with

permission from [Wiley Online Library], copyright [2022].
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energy diagrams for Bi,WOg and Cl-Bi,WOeg, respectively. (a—e) Reproduced from ref. 300 with permission from [Elsevier], copyright [2020]. (f
and g) Reproduced from ref. 301 with permission from [ACS Publications], copyright [2020].

atom supplanted the N atom within the tri-s-triazine units,
thereby enhancing the local charge separation. The presence of
Br acted as an active site, drawing CO, to the surface of the
catalyst. This facilitated the activation of adsorbed CO, by the
locally generated photoelectrons, ultimately leading to CH,
production through hydrogenation. Employing density func-
tional theory (DFT) simulations, it was uncovered that the
introduction of Br doping effectively diminished the energy
barrier associated with the rate-determining step, thus accel-
erating the reaction dynamics. This led to an increase in the
generation of *CHO species, subsequently boosting the selec-
tivity for CH, production. Xiong et al.*** designed defects by the
hydrothermal treatment of CN, and then introduced Pt single
atoms in the defect centre to improve the catalytic efficiency.
The CH, formation rate of the Pt@Def-CN catalyst was 6.3 umol
g ' h™', and the selectivity reached 97%. In contrast, the CH,
formation rate of pure CN was only 0.3 pmol g~ h™" (Fig. 19b).

Feng et al.®** used a surfactant-free sedimentary reduction
method to deposit both Au and Pd metals on OV-rich TiO,
(Fig. 19¢), and they uncovered the significance of metal sites
and semiconductor charge carriers in the integrated process of

(a) (

(=>4
~

CO, reduction and H,O oxidation. In particular, TiO, with an
abundance of OVs enhanced water oxidation by supplying more
protons. Subsequently, CO, and protons were activated at the
Au@Pd interface, leading to the formation of surface-attached
Au@Pd-CO,"~ and Au@Pd-H intermediates. By regulating the
proportion of Au@Pd-CO," /Au@Pd-H through the modifica-
tion of the Au@Pd nanoparticle ratio and OV concentration, the
efficiency of the catalyst was optimized for oxygen and methane
generation, achieving a remarkable CH, selectivity of 96%.
Our previous examples consistently demonstrate that the
photocatalytic performance can be effectively enhanced
through the precise regulation of the heterostructure. However,
despite observing a significant increase in activity in all cases,
no corresponding improvement in selectivity was observed.
Unlike cocatalysts and dopants, it remains unclear whether
manipulating the heterostructure can enhance the methane
selectivity. This is because the study of photocatalytic materials
containing heterojunctions is limited by the difficulty of accu-
rately dealing with the complexity of the interface. Simulta-
neously, considering the complexity of the synthesis process,
how to improve the stability of the reaction process is still
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Fig. 19 (a) Reaction pathways of CO, photocatalyzed by CNBr. (b) Performance test of Pt@Def-CN catalyst. (c) Schematic diagram of Au and Pd
deposition on OV-rich TiO, by deposition reduction method. (a) Reproduced from ref. 302 with permission from [Elsevier], copyright [2023]. (b)
Reproduced from ref. 303 with permission from [Wiley Online Libraryl, copyright [2022]. (c) Reproduced from ref. 304 with permission from

[Elsevier], copyright [2019].
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a difficult problem to solve. Therefore, other modification
strategies can also be chosen, such as the construction of metal
active sites, which is more advantageous than non-metal active
sites, while dual or multiple active sites are more conducive to
the reaction. In addition, the construction of surface defects
may also have the corresponding acceleration effect on the
adsorption of CO,.***

4.1.2 CH3OH. CH;0H is one of the most promising liquid
products for CO, reduction, which facilitates fuel cell storage
and transportation. Compared with CH,, CH;OH has higher
added value and wider application and is a more ideal product
of CO, reduction.”®*'* For example, CH;OH is a precursor to
many essential chemicals (aromatics, methane, methyl meth-
acrylate, and fatty acid methyl esters).**®*'” Current studies have
found that many catalysts can produce CH;OH. However, the
generation of CH3;OH involves a 6-electron process, thus
necessitating an exceptionally prolonged carrier lifetime to
facilitate electron accumulation for achieving selectivity. Table
3 lists the recent advances in the photocatalytic reduction of
CO, with H,O to produce CH;0H. According to the reports in
the literature, the highest activity for photocatalytic CO,
reduction to produce CH3;OH in pure water systems reached
511.1 pmol g~ * h™',*® and the selectivity was close to 100%.**
However, the inherent defects of a single photocatalytic mate-
rial limit its full potential in photocatalytic activity. As shown in
Table 3, researchers have explored various strategies such as ion
doping, micro-morphology design, and defect regulation to
optimize photocatalysts. Among the materials, carbon-based
non-metallic materials such as graphene show great promise
in the field of photocatalytic CO, reduction for methanol
production. With unique surface properties and a textured
structure, carbon-based non-metallic materials not only
demonstrate excellent photocatalytic activity but can also be
used as a cocatalyst for combination with other semiconductors
to improve their overall performance. Additionally, carbon-
based non-metallic materials offer advantages over semi-
conductors due to their cost-effectiveness and ease of
preparation.

View Article Online

Review

Most work still begins with the design of heterojunctions for
the improvement of methanol production. For example, in the
work by Ding et al.,*** a composite catalyst was synthesized by
integrating the conventional o-Fe,O; with g-C;N,, aiming to
establish a Z-scheme heterojunction. This integration facili-
tated the separation of photogenerated electrons and holes,
thereby enhancing the efficiency of the catalyst. At a specific
ratio of a-Fe,0; to g-C3N, of 4:6, the designed -catalyst
demonstrated a peak CH;OH generation rate of 5.63 pmol g~
h™", with a near-perfect selectivity of nearly 100% (Fig. 20a).
Wang et al.*** combined two different Bi-based catalysts, BiVO,
and Bi, Ti;0;,, to form a heterojunction, enhancing the capa-
bility of electron-hole pair separation, significantly boosting the
photocatalytic efficiency for CO, reduction with H,O to produce
CH;0H and CO. Specifically, the catalyst performance was
optimal when 10% Bi,Ti;0;, was incorporated, yielding CH;0H
and CO at 16.6 pmol ¢ ' h™" and 13.29 umol ¢ * h™', and these
figures represented a 12.39-fold and 5.68-fold increase
compared to pristine BiVO,, and a 9.88-fold and 2.8-fold
improvement over pure Bi,Ti;O;,, respectively (Fig. 20b).

Zhou et al.*** proposed a new concept of providing sufficient
protons for activated H,O without producing strong oxidizing
radicals to achieve the highly selective photocatalytic reduction
of CO, and H,O to CH3;OH. They loaded cobalt sulphide on
carbon nitride and found that cobalt sulphide significantly
weakened the overpotential of H,O oxidation and promoted the
formation of protons without forming strong oxidation radicals
such as 'OH and 'O, . Thus, the directed activation of H,O
promoted the sequential coupling of multiple protons/electrons
with CO, to form the vital intermediates CHO* and CH;0%*, and
finally increased the rate of CH;OH formation to 97.3 umol g~
h™" and the selectivity reached 87.2%.

Although the construction of heterojunctions can achieve
the reduction of CO, to CH;OH, their selectivity is unsatisfac-
tory, possibly because electrons are not transferred quickly
enough to the key intermediates CHO* and CH;O* to partici-
pate in the reaction. Based on this, many researchers began to
investigate metal doping. Hou et al.*** developed a new flower-

Table 3 Summary of the photocatalytic systems for CO, reduction with H,O to produce CHzOH

Catalyst Light source Production/umol g~ ' h™" Selectivity Reference
Co/g-C3N, SAC 300 W Xe lamp 235.5 96.2% 257
2Re-In, 03 300 W Xe lamp 265.5 100% 317
Pr,-N,0,/CN 300 W Xe lamp 511.1 92.4% 318
Cu,In;Sg-Cu,Se 300 W Xe lamp 5.25 ~100% 319
0-Fe,05/g-C3N, 300 W Xe lamp 5.63 ~100% 320
BiVO,/Bi,Ti;01, 300 W Xe lamp 16.6 78.9% 321
C;N,-CoS 300 W Xe lamp 97.3 87.2% 322
BiOBr/La 300 W Xe lamp 63.12 92.4% 323
Ti-WO; 300 W Xe lamp 16.8 88.9% 324
0-BiVO, 300 W Xe lamp 398.3 ~100% 325
"CD/CN 300 W Xe lamp 13.9 99.6% 326
CdS/Al,O; 10 W LED lamp 144.5 — 327
Bi,S3/CeO, 300 W Xe lamp 168.35 — 328
Fe;0,@Zr0,@TiO, 400 W Xe lamp 301.29 — 329
Fe@TiO,/SrTiO; 300 W Xe lamp 154.20 98.9% 330
In,03;-WO; 355 nm laser beam 496 — 331
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like catalyst, La/BiOBr, by doping La into BiOBr and adjusting
its morphology. This modification expanded the photo-
response range of the original BiOBr and diminished the
recombination of photogenerated electron-hole pairs. The
introduction of La*" ions facilitated the migration of electrons
residing in the conduction band of BiOBr to La’", enhancing
their lifetime and reducing the charge recombination rate,
ultimately boosting the production of CH;OH. The reported
yield of CH;0H in this investigation was 63.12 umol g~* h™",
accompanied by a selectivity of 88.9%. In the work by Xie
et al.,** an innovative approach was employed to synthesize
ultrathin nanosheets with the integration of Ti atoms in the

o BB
C
Self-assembly m"
+ )

CTA* Lamellar BiCl,-CTA* hybrid

@8 Q0 ©V L Vvacancy

WO; structure (Fig. 20c). The reported methanol formation rate
for this composite was 16.8 pumol g ' h™', a significant
enhancement of 3.3 times compared to the undoped WO,
nanosheets. Impressively, the selectivity towards methanol
achieved an outstanding 88.9%. Besides, Xie et al.*** used hex-
adecyl trimethyl ammonium bromide to construct vanadium
vacancies on BiVO, and synthesized Vv-rich and Vv-poor with
the one-unit-cell thickness 0-BiVO, atomic layers (Fig. 21a). The
improvement in light absorption capacity was due to the
construction of new defects and the increase in vacancy
concentration. The one-unit-cell 0-BiVO, layer with abundant
vanadium vacancies had a high surface photovoltage intensity,
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Fig. 21 (a) Schematic of the synthesis of a Vv-rich and Vv-poor o-BiVO, atomic layer with a single cell thickness. (b) Comparison of electron
lifetime of CN ™CD/CN and sCD/CN. (c) Mass spectra of the products after *CO, photoreduction. (a) Reproduced from ref. 325 with permission
from [ACS Publications], copyright [2017]. (b and c) Reproduced from ref. 326 with permission from [Nature Publishing Group], copyright [2020].
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which ensured its high carrier separation efficiency, and thus
increased the CH3;OH generation rate to 398.3 pmol g~* h™". To
further enhance the selectivity for methanol, Tang et al>*®
employed a microwave method for synthesizing carbon nitride
(CN) modified with carbon dots ("™CD). This ™CD possessed
unique hole-accepting properties, which could prolong the
electron lifetime of CN by six times, thereby facilitating the
generation of the 6e~ product CH;OH in the CO, reduction
reaction (Fig. 21b). The CH3OH selectivity approached 100%,
and the internal quantum efficiency in the visible light region
reached 2.1%, as evidenced by the transient absorption spec-
trum and isotope labelling, as shown in Fig. 21c. These ™CD
could rapidly extract holes from CN, preventing the surface
adsorption of methanol and promoting water oxidation on
methanol, thus enhancing the selectivity of CO, reduction to
alcohol. This study presented a novel strategy for efficiently and
selectively reducing carbon dioxide into high value-added
chemicals using water.

At present, SACs have become a popular modification
strategy because of their high atomic utilization. Thus, Zhou
et al.*** prepared Co/g-C3N, SACs via pyrolysis, and the load of
Co atoms on their surface was as high as 24.6 wt%. The CH;0H
generation rate was increased to 235.5 pumol g ' h™' with
a selectivity of 96.2%. Their discovery revealed that an extraor-
dinarily high concentration of individual cobalt atoms was
firmly situated on the surface of g-C;N,, forming a Co-N,C
configuration, where each Co atom was bonded with two
nitrogen atoms and one carbon atom. These evenly dispersed
Co-N,C sites had dual functions, serving both as electron
accumulation hubs and as locations for CO, absorption and
activation. Compared with other catalyst modification
measures, SACs still have a great advantage in the photo-
catalytic CO, reduction to CH3OH. It can be seen that the design
on the molecular or atomic scale of catalyst modification is
more favourable for improving the photocatalytic performance.

4.1.3 HCOOH. In the process of CO, reduction, HCOOH is
one of the important intermediates, and most of the products
from CO, reduction need to go through the HCOOH interme-
diate. HCOOH is also an important chemical raw material,
which can be used as a hydrogen storage material. On an
industrial scale, HCOOH is mainly produced from methyl
formate, which is synthesized from CH3;OH and CO in the
presence of strong salts and bases. Therefore, it is highly

View Article Online

Review

desirable to develop environmentally friendly and sustainable
processes for HCOOH production through CO, conversion
using solar, wind, and/or hydroelectric power sources.**?

Although photocatalytic CO, reduction to HCOOH is
a dynamic favourable process with double electron transfer, the
efficiency and selectivity of the photocatalyzed CO, to HCOOH
are not high at present. Most catalysts need to reduce CO, to
HCOOH under certain conditions, and pure CO, is not suitable
as a good carbon source. Typically, bicarbonate is used as
a carbon source and a sacrificial agent is added to convert it into
HCOOH. Therefore, how to efficiently convert CO, into HCOOH
is a major challenge at present. Table 4 lists the recent advances
in the photocatalytic reduction of CO, with H,O to HCOOH
product.

As can be seen in Table 4, although many modification
strategies have been employed to expand the light absorption,
accelerate the charge carrier separation, and promote CO,
adsorption and activation, without the addition of a sacrificial
agent or photosensitizer, only low-value gas products have been
produced. At present, the highest activity reported for the
photocatalytic CO,-induced HCOOH production is 896.7 pmol
¢! h™1.3 In recent years, metal oxides, graphene, sulphides,
etc. have been widely explored to promote charge separation by
forming Schottky or Z-scheme heterojunctions to improve the
CO, reduction reaction performance. However, the photo-
catalytic activity for HCOOH production is not ideal. An
increasing number of researchers have begun to look at MOF
photocatalysts to improve the photocatalytic performance,
because MOFs can be endowed with clear and isolated sites to
anchor the catalytic substance compared to other solid carriers
with non-uniformly dispersed sites. Zhang et al.*** developed
a CuO/Ag/UiO-66 Z-type heterojunction composite catalyst and
investigated the impact of Ag additive on enhancing the selec-
tivity for CO, reduction. Comparative studies were conducted
on CuO, CuO/UiO-66, and CuO/Ag/UiO-66. Pure CuO primarily
produced CH;O0H. Upon the formation of the CuO/UiO-66 het-
erostructure, HCOOH was observed as the main product.
However, with the addition of Ag, the selectivity significantly
increased from 63% to 95.9% (Fig. 22a). This is probably the
highest selectivity achieved without the use of sacrificial agents
in liquid-phase photocatalytic CO, reduction. This enhance-
ment was attributed to the highly dispersed Ag acting as an
electron transport medium in the CuO/Ag/UiO-66 Z-type

Table 4 Summary of the photocatalytic systems for CO, reduction to produce HCOOH

Catalyst Light source Production/umol g * h™" Selectivity Reference
CuZn/SrTiO; Hg Xe lamp (240-300 nm) 8 75% 333
Cu,O-Pt/SiC/IrO, 300 W Xe lamp 896.7 — 334
CuO/Ag/UiO-66 300 W Xe lamp 63 95.9% 335
NH,-C@Cu,0O Al Ko. (1486.6 eV, 250 W) 138.65 92% 336
Pt/In,03/g-C3N, 3 W LED light (420 nm) 63.1 90.1% 337
2-C3N,/Cu-TiO, Visible light 2534.5 — 338
Cu@Cu,0/C-350 300 W Xe lamp 81.58 — 339
PCN-222/CsPbBr; QDs 300 W Xe lamp (420 nm) 189.9 ~100% 340
Ir SACs/NH,-UiO-66 300 W Xe lamp 3.38 96.3 341
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heterojunction to facilitate the efficient transport and separa-
tion of photogenerated electrons. Simultaneously, the in situ
infrared characterization and theoretical calculations also
demonstrated that Ag exhibits strong adsorption capacity for
*H protons, favouring their combination with the CO, primary
activation intermediate *OCO through oxygen coordination at
nearby sites (Fig. 22b). This led to the generation of the formic
acid intermediate *OCOH, and ultimately resulted in highly
selective formic acid products. These findings highlight how Ag
effectively modulates the CO, reduction pathway by regulating
the reactive intermediate species.

Li et al>® synthesized a metal-organic skeleton (MOF)
precursor material (-NH,-Cu-MOF) to enhance the CO,
adsorption and improve the long-term stability of the catalyst
(Fig. 22c). The method adopted a low-temperature carboniza-
tion process (300 °C) to synthesize the -NH, carbon skeleton-
modified Cu,O photocatalyst. In this study, acid-base neutral-
ization was utilized to enhance the adsorption of -NH, on the
acidic CO,, thereby activating -NH, as the active centre. More-
over, the introduction of amino functional groups served as an
electron-withdrawing agent, thereby significantly inhibiting
carrier recombination. Simultaneously, the unordered in situ
carbon network originating from the organic ligands played
a protective role in preventing Cu,O from photo-corrosion.
Consequently, this led to improved selectivity and productivity
in the conversion of CO, to HCOOH. The achieved formic acid
yield increased to 138.65 umol g~ * h™" (Fig. 22d), which was

This journal is © The Royal Society of Chemistry 2024

three-times higher than that achieved with pure Cu,O. These
findings demonstrated that modifying Cu,O with an -NH,-
modified carbon skeleton offers a novel approach for designing
efficient and stable photocatalysts. Li et al.>*” developed a Pt/
In,03/g-C3N, multifunctional catalyst via the controlled
assembly method. This catalyst produced H atoms through
water splitting, adsorbed and activated CO, molecules, and
inhibited the recombination of photogenerated electrons and
holes by accelerating the electron transfer and forming a het-
erojunction. Thus, it showed high activity and selectivity for
HCOOH in the photocatalytic CO, reduction process driven by
visible light.

Plasmonic metals display outstanding photocatalytic activity
in the visible region due to their surface plasmon resonance
effect for CO, reduction, which is attributed to their generation
of hot electrons. Among the ionized metals such as Au, Ag, and
Cu nanocrystals, Cu-based catalysts have attracted significant
attention in the field of plasma catalysis due to their abundant
reserves and cost-effectiveness. Saidina Amin et al.**® loaded Cu
onto g-C3;N, and TiO, (Fig. 23). In the process of catalyst treat-
ment, Cu was easily oxidized to form CuO, and thus formed
ternary heterojunctions. The electrons on the loaded Cu were
transferred to CuO, and thus the CO, adsorbed on the active
sites obtained electrons to produce CH;OH and HCOOH. In the
designed catalyst, enhancements in both photocatalytic activity
and product specificity were achieved through strategic
manipulation of the g-C;N, to Cu-TiO, proportion. At a balance
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of 30% g-C3N, and 70% Cu-TiO,, the system demonstrated
a superior performance with the CH;OH and HCOOH produc-
tion rates reaching 1287 pmol ¢ ' h™" and 2534.5 umol g ' h™,
respectively. Li et al**° successfully employed a Cu-MOF
precursor to synthesize homogeneous core-shell nano-
particles consisting of a Cu,O shell coated with a Cu core. The
surface Cu,O shell served as the active site for the adsorption
and activation of CO, molecules, while the heterojunction
between the plasma Cu and Cu,O facilitated efficient photo-
electron transport to the adsorbed CO, molecules. In the
absence of any additives, the composite catalyst of Cu@Cu,O/C-
350 demonstrated photocatalytic reduction of CO, to HCOOH
with a yield of 67.35 umol g~ * h™. This study paved the way for
developing cost-effective copper-based photocatalysts. Accord-
ing to previous studies, it is clear that the photocatalytic
reduction of CO, to HCOOH remains a significant challenge at
present. Among the various strategies, constructing hetero-
junctions has emerged as a common approach. Additionally,
band gap engineering can modulate the band structure of
photocatalysts to match the desired reduction potential for CO
to HCOOH (—0.61 V).

For instance, in the work by Murugesan et al,® the
successful construction of a direct Z-scheme heterostructure
involving AgCl/g-C;N, was accomplished, resulting in
a remarkable selectivity of 88.9% for CO, to HCOOH. None-
theless, this approach struggles to hinder other thermody-
namically more favourable reactions, such as the conversion of
CO, to CH;0H (—0.38 V). Moreover, the integration of organic
sacrificial agents, including methanol, ethanol, triethanol-
amine, trimethylamine, and ethylenediaminetetraacetic acid, is
instrumental in exhausting the photogenerated holes,
enhancing the electron-hole separation, and supplying protons
for *H reduction in CO. For instance, Hao et al.*® utilized iso-
propyl alcohol as a sacrificial agent within MOF membranes (Ir
SACs/NH,-UiO-66). Nevertheless, it should be noted that the
addition of these reagents inevitably complicates the product
separation and increases the expense of photocatalytic CO,
emission reduction, which contradicts the advantages of green
photocatalytic systems and hinders clean energy applications.
Therefore, there is an imperative need to explore universal
approaches for achieving the highly selective production of
HCOOH through photocatalytic CO,.**”
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4.2 C, and C,, products

In the series of products of CO, reduction, C, and C,, products
have higher added value compared with other products.
However, only a few catalyst systems can produce C, products.
Moreover, most of the C, products produced are additional
products rather than the main product, and the yield is very low.
The photocatalysis of CO, with H,O to produce high-yield and
selective C, products is a major challenge using the current
catalytic systems.***° Present investigations emphasize that
obtaining C, and C,, compounds relies on minimizing the
recombination of photogenerated electrons and holes, while
augmenting their separation efficiency within the catalyst.
Additionally, an effective catalyst must possess robust capabil-
ities for C-C bonding.****** As shown in Table 5, we summarized
the recent progress in photocatalytic CO, reduction with H,O,
leading to the formation of C, and C,, derivatives. As can be
seen in Table 5, there are few studies on C, products at present.
Regarding the reported photocatalysts, the yield of C,, products
formed by photocatalytic CO, reduction with H,O as the
reducing agent is generally low, and most of them have low
selectivity. Among them, the peak efficiency in the photo-
catalytic conversion of CO, into C,Hg stands at an impressive
38.2 umol g~' h™".>* Predominantly, researchers opt for metal
oxides as photocatalysts due to their excellent stability.
However, unmodified photocatalysts often encounter
constraints stemming from swift carrier recombination and an
incompatible energy band structure, necessitating their
enhancement through modification. Chen et al.*** fabricated Ni
nanocluster-embedded black TiO, (Ni/TiO,(OVs)) photo-
catalysts with integrated dual active sites through a strategy that
merged metal support and surface defect architectures. The
combination of Ni nanoclusters and oxygen vacancies (OVs) not
only established a fast electron transfer pathway, but also the
band gap was reduced to enhance the response to visible light.
The Ni/TiO,(OV) photocatalyst possessed stable CO, binding
sites and the lowest activation energy (0.08 eV), which improved
the product selectivity and enhanced the photocatalytic activity.
The principal output was CH3;CHO with a production rate of
1.67 umol g~' h™', an output 18 times greater than that ach-
ieved by the commercial TiO,. Tatsumi Ishihara and collabo-
rators aimed to transform CO, into C, compounds by
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Table 5 Summary of the photocatalytic systems for CO, reduction with H,O to produce C,

Catalyst Light source Production/umol g " h™* Selectivity Reference
Au,/RP 300 W Xe lamp C,Hg 1.32 96% 342
Hydrogenated SrTiO; Ultraviolet lamp (8 W) C,H, 6.5 76% 343
Cdy.gZn, ,S/IN,0; 300 W Xe lamp C,H, 38.2 82.6% 344
Ni/TiO,(OVs) 300 W halogen lamp CH;CHO 1.67 — 345
WO;-0.33H,0 nanotube Solar light CH;COOH 9.4 85% 346
Cu®'/Ce0,-TiO, 300 W Xe lamp (320-850 nm) C,H, 4.51 73.9% 347
CuGaS,@Cu0O 450 W Xe lamp (with UV cut-off filter) C,H, 20.6 75.1% 348
P/Cu SAs@CN 300 W Xe lamp C,Hg 616.6 — 349
ZSM-5@NiV,Se, 300 W Xe lamp C,H, 1.85 90.1% 350
Bi;0S,,Cls 420 W Xe lamp CH,CH,OH 5.19 85% 351
Aulr@GaN 300 W Xe lamp C,Hg: 58 800 5.6% 352
CuO,@p-ZnO 300 W Xe lamp C,H, 2.7 32.9% 353
Pd-Co30, 300 W Xe lamp CH;COOH 13.8 100% 354

surmounting the energy barrier associated with multiple-
electron transfer. In their approach,®** OVs played a crucial
role in capturing a substantial quantity of electrons to overcome
this energy barrier. However, due to the unstable OVs, low
concentration and easy oxidation on the surface, they designed
ultrathin WO;-0.33H,0 nanosheets with a large number of
stable OVs (Fig. 24a), which could stably and efficiently convert

(a)

CO, into CH3;COOH by using water as the oxidant under visible
light. The yield reached 9.4 pmol g~ h™", and the selectivity
reached 85%. In the work by Huang et al.,** an interface-
modification approach was employed to construct a Cu®'/
Ce0,-TiO, photocatalyst, featuring cu® sites uniformly
distributed across CeO,-TiO, heterostructures (Fig. 24b). This
novel photocatalyst exhibited a remarkable enhancement in
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(a) Schematic illustration of the hydrothermal procedure for the synthesis of oxygen-deficient hydrated WOs-0.33H,0O nanotube. (b)

Schematic diagram of the construction of Cu®*/CeQ,-TiO, photocatalyst. (c) Simulation of CuQ in situ on the upper surface of wurtzite phase of
CuGas;. (a) Reproduced from ref. 346 with permission from [ACS Publications], copyright [2018]. (b) Reproduced from ref. 347 with permission

from [ACS Publications], copyright [2022]. (c) Reproduced from ref. 348
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both efficiency and selectivity for C,H, production, reaching
4.51 umol ¢! h™" and 47.5%, respectively. These figures rep-
resented a 2.36-fold and 1.32-fold improvement in that by the
Cu’*/TiO, catalyst, respectively. Peter et al>*® proposed that
surface restructuring facilitated C-C bonding in the CO,-to-
C,H, conversion process. The in situ formation of wurtzite
phase CuGas, occurred on the catalyst surface, accompanied by
the development of a thin CuO layer atop the initial catalyst
(Fig. 24c). Consequently, CO, was effectively transformed into
C,H, with a high selectivity of 75.1% and a yield of 20.6 pmol
g h™.

Some noble metals can enrich electrons, and single atoms
can be used as catalytic active sites. In the work by Li et al.,***
they dispersed individual Au atoms onto red phosphorus (Au,/
RP). The electronically rich phosphorus atoms adjacent to these
Au single atoms served as active sites for CO, activation, as
illustrated in Fig. 25. This configuration notably diminished the
energy barrier for C-C bonding, thereby enhancing the kinetic
process of C,H, formation. Consequently, Au,;/RP exhibited
a C,H, selectivity of 96% and activity of 1.32 pmol g ' h™,
which was achieved without the use of a sacrificial agent. Mao
et al**® developed a photocatalyst consisting of dual P and Cu
sites integrated on g-C;N, (P/Cu SACS@CN). This innovative
design resulted in an impressive C,H, generation rate of 616.6
umol g ' h™* during the conversion of CO, into hydrocarbons.
This research highlighted that the presence of a dual-site
structure on the surface of g-C;N, played a pivotal role in the
effective conversion of CO, into multi-carbon compounds. The
kinetic study of charge carriers also showed that the multi-
electron transfer process for CO, reduction, attributed to the
electron and hole trapping sites of the Cu and P double sites in
the CN matrix, promoted the formation of charge-rich Cu sites,
endowing the P/Cu SAC@CN photocatalysts with excellent
charge separation capability.

According to the available studies, evidently all elements
contribute to electron and proton accumulation, including
elevated photon intensity and energy, presence of co-catalysts
and reduced charge recombination, which positively impact
the generation of C, and higher carbon compounds. From
doping nonmetals to metals and building single atoms to
building double active sites, catalysts tend to be designed for
active sites.
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Therefore, more catalyst designs are not satisfied with
a single method but use multiple strategies for simultaneous
modification such as doping metal or non-metal and surface
defect construction. Recent studies have also shown that the
presence of both can indeed improve the selectivity for C,
products; however, they also increase the difficulty of explaining
the formation mechanism.

In addition, long-term stability is essential for the practical
application of photocatalytic CO, reduction. However, most
photocatalytic materials are prone to deactivation during
reduction reactions. Furthermore, the development of the
stable photocatalyst materials for CO, reduction still faces great
challenges. This, many studies have been devoted to addressing
this issue. Some approaches have been studied to improve the
stability of photocatalytic CO, reduction reaction systems.
Photocatalytic CO, reduction can usually be performed in
highly polar (e.g., dimethylformamide (DMF), dimethyl sulfone
(DMSO), and acetonitrile (ACN)), medium polar (e.g., ethyl
acetate (EA) and tetrahydrofuran (THF)), and low polar (e.g.,
ether and toluene) reaction media. However, semiconductors
such as halide perovskites are severely unstable when exposed
to water, highly polar hydrophobic solvents, oxygen, light, and
heat. This is because they have strong ionic properties, making
them vulnerable to damage upon contact with polar reaction
media. Consequently, they immediately degrade into other
structures, and thus choosing the appropriate reaction medium
can improve their stability.*** Also, a protective layer is designed
to encapsulate unstable semiconductors to prevent their
degradation due to various factors such as photocorrosion and
strong acids and bases. Li et al.**® reported the synthesis of
a double-doped CsPbCl; nanocrystal (NC) with core-shell
structure as a CO, reduction photocatalyst. Due to the size
difference between the dopant and bulk ion, surface segrega-
tion occurs during the process of elastic stress relaxation. Based
on the surface segregation effect, a solid Bl-rich shell could be
constructed to give the CsPbCl; NCs a stable crystal structure
and morphology. The core-shell double doped CsPbCl; nano-
crystal structure maintained the initial photocatalytic efficiency
of 97% without changes in its structure, morphology and size
under a harsh environment such as strong irradiation and high
humidity. Ziarati et al.**” synthesized a three-dimensional core-
shell TiO,_,/LDH photocatalyst through three steps including

i
C I %o
. Q)
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TS — G
C-C coupling C, products
. Au . C, intermediate

Fig. 25 (a) CO, reduction yield of Auy/RP photocatalysis. (b) Diagram of implanting single-atom Au reaction intermediates on red phosphorus. (a
and b) Reproduced from ref. 342 with permission from [ACS Publications], copyright [2022].
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solvothermal, hydrogen treatment and hydrothermal reaction.
This structure reveals high efficiency for the photoreduction of
carbon dioxide into a solar fuel in the absence of a precious
metal co-catalyst. The CH, yield increased gradually with the
extension of the reaction time, and still reached 63 pmol g™ h™"
after 12 h illumination. It was concluded that the core-shell
photocatalyst avoids the spontaneous movement of surface
dispersed particles through space interaction and isolation, and
effectively improves the thermal stability and service life of the
composite catalyst. However, in practical applications, is
necessary to consider the fact that the encapsulation layer
should not affect the photo-adsorption efficiency and mass
transfer capacity of the semiconductor itself while playing the
role of a protective layer.

5 Conclusion and perspective

The use of semiconductor materials and solar photocatalytic
reduction of CO, to synthesize hydrocarbon fuels is currently
one of the ideal models for purifying the environment and the
renewable utilization of carbon resources. Herein, we reviewed
the common strategies for the design of photocatalysts for CO,
reduction in recent years, including defect construction,
cocatalyst loading, doping, heterojunction formation, single-
atom engineering, and surface organometallic catalysis. These
modification methods boost the efficiency of electron and hole
separation and migration, manipulate the electronic and energy
band configuration, and strengthen the capability to adsorb
CO, to improve the CO, reduction performance and regulate the
product selectivity. Currently, photocatalysis technology has
made some progress and breakthroughs in cleaning the envi-
ronment and converting solar energy into renewable energy
sources through the efforts of researchers around the world.
However, given that photocatalysis is a complex reaction
process, there are still some bottlenecks in CO, photoreduction
technology, as follows: (1) the product activity is low. (2) The
unclear reaction path and intermediates lead to inaccurate
regulation of the final target products. (3) At present, the main
reduction products mainly consist of CO and CH,4, where it is
difficult to generate multi-carbon products. (4) The under-
standing of the catalytic reaction mechanism is still not thor-
ough, such as the multi-scale migration and separation
mechanisms of photogenerated charges, and the kinetics and
mechanism of catalyst surface interface reaction, which limit
the understanding of the catalytic reaction properties.

To break through these bottlenecks, it is necessary to
develop new types of photocatalytic materials and study the
basic issues in photocatalytic reactions, which is also the next
development direction of photocatalysis. For the design of
photocatalysts, researchers can continue to study the properties
of the photo-absorption of the catalyst, the mechanism of
photogenerated carrier separation and the tendency of migra-
tion to the surface, which are conducive to improving the
photocatalytic efficiency. Based on the research results, we
believe that some attempts and explorations can be made in the
following three aspects. Firstly, dual cocatalysts can be designed
to improve the photocatalytic reduction activity of CO,, as well

This journal is © The Royal Society of Chemistry 2024
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as study the loading form and preparation method. Secondly,
because a composite of semiconductor materials can improve
the charge separation rate and expand the spectral response
range, research can be conducted on composite semiconductor
photocatalytic materials. Thirdly, microstructure control is also
an important factor in improving the photocatalytic activity of
semiconductors. Due to the fact that photocatalytic reactions
occur on the surface of materials, special surface microstruc-
tures in materials can significantly affect their photocatalytic
activity.

The entire process of photocatalytic CO, reduction involves
multiple steps, intermediates, and different products, making
the process of product selectivity more complex. To accurately
regulate the product, we can first clarify the reaction mecha-
nism of photocatalytic CO, reduction and optimize its key steps
to adjust the product. The photocatalytic CO, reduction process
involves carrier kinetics and surface catalysis. These processes
are influenced by numerous factors, including band structure,
charge separation efficiency, and the absorption and activation
of the reactants. The dynamics of CO, adsorption and activation
significantly impact the performance and selectivity in photo-
catalytic CO, conversion; however, revealing the kinetics of
these steps in photocatalytic systems remains an arduous task.
Therefore, the systematic investigation of the factors influ-
encing the mechanism of photocatalytic CO, reduction and
product selectivity is extremely important. The carrier kinetics
and the energy barrier associated with each step in the photo-
catalytic CO, reduction processes can be elucidated through
theoretical simulations, and in situ or space/time resolution
advanced characterization technology. This will facilitate an in-
depth exploration of the factors governing the product genera-
tion and uncover the underlying mechanism of photocatalytic
CO, reduction. It is expected that joint investigations on the
structure-effect relationship of photocatalysts using solar
energy to convert CO, and H,O into various carbon fuels will
break new ground. This provides valuable theoretical guidance
for developing highly selective photocatalytic CO, reduction
catalysts, thus achieving the goal of carbon neutrality.

The surface of a catalyst always changes in the catalytic
process. At present, most of the studies on surface reconstruc-
tion are carried out in electrocatalytic and thermocatalytic
reactions, but there are few studies on the photocatalytic
process. Therefore, studies on the surface reconstruction of the
catalyst during the reaction may be the future research direction
of photocatalytic CO, reduction. Surface reconstruction typi-
cally exerts the following impacts on catalytic reactions. Firstly,
it alters the distribution of active sites by changing the atomic
arrangement and crystal structure of the catalyst surface. This
modification can either enhance or diminish the number and
utilization of active sites, thereby influencing the catalytic
performance. Secondly, surface reconfiguration can induce
alterations in the interaction between the reactants and catalyst,
thereby affecting the adsorption behavior of the reactants.
Simultaneously, altering the diffusion of reactants on the
catalyst surface significantly influences the reaction rate and
selectivity. Furthermore, structural damage or deactivation of
the active sites may occur during certain catalytic processes. By
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restructuring the surface structure through the rearrangement
or repair of surface atoms, the stability and service life of the
catalyst can be enhanced. Therefore, comprehending and
regulating surface reconfiguration are pivotal in designing
efficient new catalysts as well as optimizing their catalytic

performance. Also, studying the underlying mechanisms of

surface reconstruction together with kinetic processes can
clarify the structure-activity relationships, providing a theoret-
ical foundation for the design and preparation of catalysts.
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