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Global warming and energy shortage are two major stumbling blocks on the road of human social progress,
and have gradually aroused a sense of crisis. Artificial photosynthesis is a two-pronged solution to both
problems. However, due to the harsh reaction conditions and low efficiency, traditional semiconductors
cannot achieve this. Two-dimensional (2D) materials with larger specific surface areas, lower carrier
migration distances, more active surface atoms, and higher elastic strain tolerance play a critical role in
the solar to chemical energy conversion scheme, and provide a novel methodology for the synthesis of
fine chemicals. This review details the principles of photocatalytic reduction of CO,, and highlights the
reduction pathways and product selectivity via experimental methods and theoretical calculations. The
state-of-the-art achievements of 2D materials in the field of photocatalytic reduction of CO, are

summarized, mainly including material structure, characteristics, and modification strategies to improve
Received 30th July 2020

Accepted 8th September 2020 the performance of CO, reduction. And the research on the combination of 2D materials and single

atoms is emphasized. Moreover, bottlenecks and challenges in the design and application of 2D
DOI: 10.1039/d0ta07460h materials, as well as prospects of the future development direction, will be highlighted in order to seek

rsc.li/materials-a new breakthroughs by exploring new materials design solutions.

1. Introduction warming. In February 2019, the concentration of CO, in the

atmosphere was 410.6 PPM (parts per million). According to the
Global warming has plagued humans for many years, and CO,, Intergovernmental Panel on Climate Change (IPCC), the
as the main greenhouse gas, is the main factor leading to global ~ concentration of CO, will reach 590 PPM by the end of the 21st
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century, and the temperature of the earth will rise by 1.9 °C."*
The main source of CO, gas in the earth is the combustion of
fossil fuels, which accounts for 40% of the total anthropogenic
carbon emissions.>* Developing new energy technologies is
conducive to the vigorous development of optimization tools for
energy and pollution issues, such as wind energy, hydropower,
and nuclear energy, but these new energy sources presently
cannot fully replace fossil fuels. Hence, the reduction of CO,
into valuable fuels and chemicals will be a multiple efficacy
approach for dealing with the energy crunch and mitigating the
greenhouse effect.>*

In nature, the way of CO, conversion is mainly plant
photosynthesis. There are also some researches on the artificial
reduction of CO,, among which the research methods mainly
include Dbiological, electrochemical, and photocatalytic
methods.”™* Artificial photosynthesis and photocatalysis has
been paid wide spread attention in recent years with the ideal
concept of harvesting and storing sustainable solar energy and
mimicking the natural photosynthetic process.”” On the one
hand, photocatalysis is highly efficient and can reduce CO, to
various products, including C; (CO, CH;OH, HCOOH, CH,,
etc.), C, (C,H,, CH3CH,OH, CH3CHO, etc.), and a small amount
of C; (CH3CH,CHO, CH3CH,CH,0H, etc.) products. On the
other hand, photocatalysis is a low energy consumption
process, and light energy is inexhaustible.”* Except for photo-
catalytic materials, there is almost no secondary pollution to the
environment.'* The selection of photocatalyst is the core
subject in the field of photocatalysis, which directly determines
the photocatalytic performance. In the process of photocatalytic
reduction of CO,, different photocatalytic species have different
photoexcitation capabilities, which will lead to different
reduction product yield and selectivity. In 1979, Inoue and co-
workers used semiconductors WO;, TiO,, ZnO, CdS, GaP, and
SiC powders to photoelectrocatalytic reduction of CO, to form
organic matter for the first time.'® Since then, various photo-
catalysts are used in the study of CO, reduction. TiO, has been
a major research object for a long time, and various methods
have been used to make up for the inherent energy band
structure and photoelectric performance defects of TiO, mate-
rials.””* With further research, many new materials have begun
to emerge in the field of photocatalysis, such as Ag;PO,, CdS,
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ZnO, etc.”** But it is worth noting that there is no perfect
photocatalyst, the photocatalytic activity may be limited by poor
visible light utilization, low specific surface area, carrier
recombination and low photocatalytic efficiency.

In 2004, with the successful separation of graphene by
Novoselov and Geim, the application of 2D materials attracted
widespread attention.** Through the analysis of data from Web
of Science, there is a rapid growth of publications on the
research of 2D materials in the field of photocatalytic reduction
of CO, (Fig. 1). The 2D materials are defined as a free-form
crystal with a plane size of more than 100 nm and a thickness
of only one or a few atomic layers.”” 2D materials have a large
specific surface area, which provide many active sites.*® In
addition, the ultrathin thickness of 2D materials reduces the
distance that photogenerated carriers reach the surface of the
material, thereby greatly inhibiting the recombination of charge
carriers.” Moreover, reducing the dimension of the material
can change the energy band structure. By adjusting the posi-
tions of the conduction band (CB) and the valence band (VB),
the visible light response and photocatalytic performance of the
material can be improved. It is worth noting that 2D materials
often have a higher elastic strain tolerance, thus, the energy
band structure of materials can also be effectively adjusted by
elastic strain engineering.”® Besides, during the formation of
some 2D materials, terminating groups or dangling bonds will
be formed on the surface, which is conducive to the adsorption
of CO, molecules by the material, thereby effectively improving
the yield of chemical products.>**® Therefore, 2D materials has
huge application potential in the field of photoreduction of
CO,.

Although some literature has been published in this field,****
the introduction of 2D materials is not comprehensive or fails to
focus on the application research of photocatalytic reduction of
CO,. At the same time, they often underestimate the introduction
of CO, photoreduction theory and product selectivity, so the
elaboration of the reduction mechanism is not thorough and
complete. In addition, as an important theoretical research tool,
density functional theory (DFT) deserves further elaboration, and
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Fig. 1 Publications per year about typical 2D materials in the field of
photocatalytic reduction of CO,. The data are based on the search
results from Web of Science (September, 2020).
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this is rarely mentioned in previously published reviews. There-
fore, we presented a critical review about the recent advances in
2D materials for CO, photoreduction and related theories.
Herein, the basic principles of CO, photoreduction are intro-
duced, including the basic steps of photocatalysis, the conditions
required for CO, photocatalysis and the challenges it faces. After
that, this review highlights the main pathways of CO, reduction,
product selectivity, and DFT calculations. Then, several typical 2D
materials (such as MXenes, layered double hydroxides (LDHs),
transition metal dichalcogenides (TMDs), graphene, etc.) are
summarized, including their structures, properties, and appli-
cations in CO, photocatalytic reduction. The research progress of
2D materials as single-atom carriers is emphasized. This review
also enumerates some methods to improve the photocatalytic
performance of materials, which includes elemental doping,
morphology control, vacancy engineering, and heterojunction
engineering. In the last part, based on its current status, the
conclusions and perspectives of development in this field are
introduced.

2. Basic principles of CO,
photoreduction

The essence of CO, photoreduction is the energy conversion
2
process, in which solar energy is converted into chemical energy

CO/CHOH  (-039V)
027v) 4!

(-0.24V) {

(+0.82V)

Fig.2 The schematic diagram of photocatalytic reduction of CO, with
H,O.
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by photocatalyst and stored in various photocatalytic products.
This process involves three crucial steps: (i) the photocatalyst
absorbs photons with energy greater than or equal to the
bandgap energy, and charge carriers generate; (ii) the photo-
generated carriers separate and transfer from the interior to the
surface of the photocatalyst; (iii) the photogenerated electrons
reduce CO, into value-added fuels and chemicals, and holes
oxidize sacrificial reagents.’*** After the above three steps, the
reduction products of CO, are desorbed from the surface of the
photocatalyst to facilitate subsequent reaction (Fig. 2).

In the third step above, the reduction of CO, with H,O is
a very complicated process, which is generally considered to
involve two mechanisms. The first mechanism involves the
single electron transfer process. Single electron activates CO,
molecules, leading to the formation of CO,*  intermediates.*
This process requires a negative equilibrium potential of —1.9V
versus normal hydrogen electrode (NHE). The band structure of
many semiconductor materials does not meet the require-
ments,***” and there is not enough driving force to perform this
single electron transfer process, so this process is thermody-
namic unfavorable. In addition, there is large recombination
energy between the linear CO, molecule and the CO,* radical
anion, therefore this step is generally considered to be a rate-
limiting step. In addition to this mechanism, another route is
a multiple proton-coupled electron transfer process that
bypasses the formation of CO,*  intermediates."® As the
number of transferred electrons and protons increases,
different reduction products are formed, such as CO, HCOOH,
HCHO, CH30H, CHy, etc. (Table 1). For the formation process of
multi-carbon products (CH3;CH,OH, C,Hs, C,H,, etc.), in addi-
tion to the supply of electrons and protons, the difficulty of C-C
coupling is a more important factor restricting product yield
and selectivity. In order to form multi-carbon products, stable
intermediates must be guaranteed to participate in C-C
coupling reactions.***°

It is worth noting that in addition to the above CO, reduction
mechanism, the situation will be different when CO, is reduced
by H, and CH, (Table 2).** Through the reverse water gas shift
reaction, CO, can be reduced to CO by H,. There are two
mechanisms involved in the conversion of CO, to CO. One
mechanism is that hydrogen does not participate in the
formation reaction of intermediates, but only acts as a reducing
agent. Another mechanism is that formate acts as an

Table 1 Possible products of carbon dioxide and water reduction and the corresponding reduction potential (versus NHE at pH 7 in aqueous

solution)30-3t40

Product Reaction E° (V vs. NHE) Equation
Hydrogen 2H,0 +2e” — 20H™ + H, —0.41 1
Carbon monoxide CO, +2H" + 2¢” — CO + H,0 —0.51 2

Formic acid CO, + 2H" + 2¢” — HCOOH —0.58 3

Oxalic acid 2CO, + 2H" + 2~ — H,C,0, —0.87 4
Methanol CO, + 6H" + 6~ — CH,;OH + H,0 —0.39 5
Methane CO, + 8H" + 8¢~ — CH, + 2H,0 —0.24 6
Ethanol 2CO, + 12H" + 12¢~ — C,H;OH + 3H,0 —0.33 7

Ethane 2CO, + 14H" + 14~ — C,Hg + 4H,0 -0.27 8
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Table 2 The reaction process in which CO, is reduced by H, and CH,4
and the required AHog K (kJ mol™)4

Reaction AH,og « (K] mol™) Equation
CO, + Hy — CO + H,0 412 9

CO, + 4H, — CH, + 2H,0 —252.9 10

CO, + 3H, — CH,OH + H,0 —49.5 11

CO, + CH, — 2CO + 2H, 247 12

intermediate.*” The process of converting CO, and H, into CH,
is called the Sabatier reaction. Whether CO acts as an inter-
mediate in this reaction determines two different reduction
mechanisms. The mechanism of the hydrogenation of CO, to
CH;OH is similar to that of CO, methanation.* On the one
hand, CO, can be converted to CO first, and then CO can be
converted to CH;OH. On the other hand, the entire process can
also be without the participation of CO. Moreover, CH, and CO,
can react to form a mixture of CO and H,, a process known as
a dry reforming of methane.** CH, is first decomposed into C
and H,, and then C and O combine to form CO.

Reducing CO, to valuable chemicals is a challenging process,
and the challenges are mainly reflected in the yield and selec-
tivity of the product. Firstly, the dissociation energy of C=0 is
higher than 750 k] mol ?*, so CO, molecule is extremely stable in
thermodynamics. The conversion of CO, molecules requires
a large amount of energy input. Secondly, competing hydrogen
evolution reaction (HER) may occur when water is used as
a reducing agent, and this process will consume H" and elec-
trons to produce H,. It is worth noting that CO, has low solu-
bility in water, so the reduction of water to H, is more likely to
occur than the reduction of CO,, which will greatly reduce the
production of hydrocarbons. Thirdly, the carbon atom in CO, is
at the highest oxidation state, therefore, various products are
formed during the CO, reduction process. Thermodynamically,
CO, tends to be reduced to methanol and methane due to less
potential energy required, in terms of kinetics, CO, is more
inclined to be reduced to CO and formic acid due to the lower
number of electrons required.****

In order to effectively carry out the reduction of CO,, the
following conditions must be satisfied. Photocatalyst must have
appropriate band structure. On the one hand, band position of
the photocatalyst needs to match the potential required for CO,
reduction. The CB edge potential is more negative than the
reduction potential required for CO, reduction, and the VB edge
potential is more positive than the oxidation potential of
reducing agent. On the other hand, wider bandgap tends to
imply a lower visible light absorption range. Thus, the bandgap
should be as close as possible to the potential required for the
redox reaction. For the photocatalytic reduction of carbon
dioxide, the ideal band gap of a photocatalyst is 1.75-3.0 eV.**
The large amount of CO, adsorption on the material is the basis
for achieving excellent photocatalytic reduction performance.
When enough CO, molecules are adsorbed on the surface of the
photocatalyst, photogenerated electrons and CO, can be
combined quickly to reduce the recombination of carriers, thus
obtaining a higher yield. The surface area and surface energy of

This journal is © The Royal Society of Chemistry 2020
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materials are important factors affecting the adsorption of CO,
molecules. A larger surface area can provide more adsorption
sites and accommodate more CO, molecules. The surface
energy of the material can be changed by adjusting the chemical
properties of the surface or exposing the high-energy facets.** In
addition, photogenerated electrons and holes should be rapidly
transferred to the surface of the material, thus reducing the
recombination rate. Photogenerated electrons and holes can
recombine in just 107° s, whereas redox reaction time is
generally between 10™® s and 107 5,% so it is necessary to take
appropriate measures to reduce carrier recombination. Finally,
the reduced products should be easily desorbed from the pho-
tocatalyst to facilitate subsequent adsorption of the reactants.
On the one hand, the products occupy the adsorption space of
the reactants, and on the other hand, the products adsorbed on
the surface may undergo side reactions.

After a series of reaction conditions are suitable, CO, mole-
cules will undergo a complex reduction process under the
catalysis of the photocatalyst. During the reduction process,
different products, by-products and intermediates will be
generated. Therefore, exploring the reduction pathways of CO,
is of great significance to control the yield and selectivity of the
target product.

3. Possible reaction pathways and
product selectivity
3.1 CO, adsorption modes

The adsorption and activation of CO, molecules are the core
steps in the whole reduction process. The adsorption of CO,
molecules on the photocatalyst surface is an essential initial step
in this process. As a linear molecule, CO, can be physiosorbed on
the photocatalyst surface, but in the subsequent activation
process, the chemical adsorption of CO, molecules is more
important.** There are three main coordination modes of CO,
molecules on the surface of photocatalyst. Firstly, the O atom in
the CO, molecule serves as an electron donor, and provides

Oxygen coordination Carbon coordination

Mixed coordination

Fig. 3 Schematic diagram reflects three different coordination modes
of CO, molecule. Reproduced with permission from ref. 30. Copyright
2016 Royal Society of Chemistry.
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a lone pair electron to the surface Lewis acid center. This method
is called oxygen coordination, and there are two different
bidentate bonding structures (Fig. 3a). Secondly, the C atom acts
as an electron acceptor. When the Lewis acid takes electrons
from the Lewis base center, it forms something like carbonic
acid. This method is called carbon coordination (Fig. 3b).
Thirdly, the O and C atoms in the CO, molecule receive and
supply electrons at the same time, which is called mixed coor-
dination. This coordination also has two different bidentate
bonding structures (Fig. 3c).*° It is worth noting that different
coordination modes will affect the formation of certain inter-
mediates during the reduction process, resulting in different
reduction pathways. For example, it is well known that oxygen
coordination tends to form HCOO™, while carbon coordination is
beneficial to the formation of carboxy intermediates (*COOH),™
which affects the selectivity of the products.

3.2 Reaction pathways

3.2.1 Formation of C; products. The formation of HCOO™
and HCOOH mainly involves three different pathways. In the
first path, CO, is inserted into a metal-hydrogen bond or
protonated by H' to form an intermediate. Then, the O atoms in
the intermediate and the photocatalyst are connected by mon-
odentate or bidentate, and HCOOH is formed by proton-elec-
tron transfer (Fig. 4a). The second path involves a CO,*~
radical, which can form HCOO™ through O coordination and C
coordination with the participation of HCO; .** In addition,
*COOH intermediates will lead to the formation of HCOOH
(Fig. 4b).>* Baruch et al.>*** discovered the third path of CO,
reduction by studying the mechanism of CO, reduction by Tin
electrode. The CO, molecule will initially react with Sn™ oxy-
hydroxide to form surface-bound carbonate, and then surface-
bound carbonate will form HCOO™ through the transfer of
two electrons and one proton (Fig. 4c).

CO formation involves an important *COOH intermediate.
This intermediate generates *CO through H'/e™ transfer. Then,
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CO* is desorbed from the surface of the material. The formation
of *COOH has two different paths. One of the paths is that the
adsorbed CO, molecules generate *COOH through simple H'/
e~ transfer. In this process, because the COOH binding is weak,
it is not conducive to the direct conversion of CO, molecules to
*COOH, so there is a second path. The CO, molecule is con-
verted into CO,*  radical by the reduction of single electron,
and CO,*  radical receives another proton to form a *COOH
intermediate (Fig. 4d).>**>>¢

There are many formation pathways of HCHO, CH;0H, and
CH,. In the entire reduction route, HCHO and CH;OH can be
intermediates of the final product, and can also be directly
desorbed as products, so the role of CH;0H and HCHO directly
affects the formation of CH,. The first path originates from *CO
intermediates. The *HCO, *H,CO, and *H;CO intermediates
are gradually formed through the continuous hydrogenation of
*CO intermediates. The strength of the binding mode of HCHO
and CH;OH determines whether the intermediate product will
desorb. If the binding mode of HCHO and CH;O0H is weak, it
will lead to the formation of HCHO and CH;OH. Conversely,
CH, is formed by further hydrogenation of *H;CO (Fig. 5a).””
The second path is to convert *CO intermediate into *COH
intermediate, then the combination of *COH with couple of
electron and proton generates important *C intermediates. As
the core special in this path, *C is gradually hydrogenated to
generate *CH, *CH,, and *CHj;. Finally, *CH; can be combined
with -OH or H' to generate CH;OH or CH,, respectively. The
selectivity of CH;0H and CH, depends on the oxophilicity of the
surface (Fig. 5b).>® The third path is clearly different from the
above two paths. This path starts with CO,*” special. The
CO,*” combines with couple of electron and proton to generate
a bidentate coordinated HCO,* intermediate. H,OCO* and
*CHO are gradually produced by hydrogenation or reduction.
After that, the *CHO intermediate is converted to glyoxal
through the dimerization process, and the glyoxal can be
further hydrogenated to generate CH,OHCHO and CH;CHO. As

H
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(a)—(c) Possible reduction pathways for HCOOH and HCOO™ formation. Reproduced with permission from ref. 53, copyright 2015

American Chemical Society. (d) Possible reduction pathways for CO formation. Reproduced with permission from ref. 54, copyright 2015

American Chemical Society.
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the subsequent reaction proceeds, the *CH; intermediate is
formed, which is then converted to CH, by electron-proton
transfer (Fig. 5¢).°>*® Recently, Ju and co-workers studied Fe-N-
C single-site catalysts for electrochemical reduction of CO,, and
the results showed that the reduction pathway is different from

@)

o0

co,

Activation

. .

Single-metal site

(b)

(SO ¥

CO,
Activation

Dual-metal sites

the above three. This path is special because the *CHO inter-
mediate can generate *CH,OH through two-step electron-
proton transfer. On the one hand, *CH,OH can continue to
combine with the couple of electron and proton, thus releasing
H,0 molecules to generate *CH,, and then CH, is generated by

..... > CHA
e
x X
55
. , \‘
b, 0/9
~ e~
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FO e > coO
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Fig. 6 A reaction mechanism of photocatalytic CO, reduction on (a) single metal site, and (b) dual-metal sites. Reproduced with permission from

ref. 60. Copyright 2019 Springer Nature.
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two-step electron-proton transfer. On the other hand, the
*CH,OH intermediate can also be directly hydrogenated and
desorbed to form CH;OH (Fig. 5d).”°

In addition to the C; pathway described above, there is a new
concept called dual-metal site. Dual-metal site photocatalyst
has distinctive CO, coordination mode. Recently, Li and co-
workers introduced S vacancies in 2D CulnsSg layers (Vs-
Culn;Sg) for photocatalytic reduction of CO,.*® For CulnsSs
without S vacancies, compared with C-O bonds, M-C and M-O
bonds were weaker and more prone to break, resulting in the
formation of CO and CH, after protonation (Fig. 6a). But when
the S vacancies was introduced, the S vacancies on the surface of
CulnsSg caused low coordination environment and electron
accumulation around Cu and In metal atoms. The C and O
atoms in the CO, molecule were bonded to two metal sites
respectively, and forming a stable M-C-O-M intermediate. At
this time, the M-C and M-O bonds were more difficult to break,
and the C atom tended to be protonated, which caused the C
atom to be saturated. Subsequently, the C-O and C-M bonds in
the M-CH;-O-M intermediate became weaker and fractured,
leading to the formation of CH, (Fig. 6b). The selectivity of CH,
was close to 100%.

3.2.2 Formation of C, products. The reduction path of C,
products is more complicated. Common C, products mainly
include ethanol, acetaldehyde, ethylene, acetic acid, and
acetate. Garza et al.® reported the formation pathway of C,
products on Cu surface. In this route, *CO is first converted into
*CHO and *COCHO, where *COCHO plays a pivotal role in the
entire reduction route and determines whether the subsequent
reaction follows the ethanol route or the ethylene route. In the
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ethanol path, it can gradually hydrogenate and generate glyoxal,
ethylene glycol, acetaldehyde, and ethanol along the way. In the
ethylene pathway, in addition to the final formation of ethylene,
the isomerization of the *OCH,COH intermediate will also lead
to the formation of acetic acid (Fig. 7a). Yoshio Hori et al.®
summarized another reduction pathway for C, products. The C*
was converted to *CH by electron-proton transfer. After the two
CH,* were coupled, C,H, was formed by dimerization, or C,H,
was generated by CO insertion of *CH, (Fig. 7b). In addition,
Yang et al.*” discovered that the *C,0,  intermediates were
formed in two different coordination modes during the C,
reduction process, which were converted to *COCOH by
hydrogenation, then converted to ethylene or acetaldehyde by
the transfer of five H'/e™, and converted to ethanol by the
transfer of seven H'/e~ (Fig. 7¢).5>%

3.2.3 Formation of C; products. The production of C;
products is more difficult than that of C; and C, products, so
the research on the reduction mechanism of C; products is
relatively less. Yoshio Hori's research found that C-C coupling
between C, intermediates and C; intermediates would lead to
the formation of C; products.®” For example, CH;CH* and *CO
combine to form CH3;CH,CO* intermediates, and then through
electron-proton transfer to form CH;CH,CHO and CH;CH,-
CH,OH (Fig. 8).5%

3.3 Product selectivity

The selectivity of products has always been a hot issue in the
field of CO, photoreduction. By effectively controlling the
selectivity of the reduction product, the yield of the target
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product can be greatly increased, so it has the vital practical
significance.* The selectivity of the product can be controlled
from the following aspects: photoexcitation process, energy
band structure of photocatalyst, supply of electrons and
protons, mass transfer of CO,, and reduction reaction.

3.3.1 Photoexcitation process. For conventional semi-
conductor photocatalysts, the process of generating electrons by
photoexcitation is closely related to the inherent band structure
of the material. Certain semiconductor materials will only be
sensitive to incident light in a certain wavelength region.
Therefore, it is difficult for semiconductor photocatalysts to
achieve high selectivity of CO, photoreduction from the
perspective of incident light. But the plasmonic nanoparticle
photocatalyst changed this situation. Plasmonic nanoparticle
photocatalysts have light excitation characteristics that are
significantly different from semiconductor photocatalysts.
Noble metal nanoparticles (such as Au, Ag, etc.) will undergo
localized surface plasmon resonances (LSPR) and exhibit strong
visible spectrum absorption. The electron oscillation induced
by the plasmonic relaxes to produce energetic hot electrons.
Such energetic electrons can activate the adsorbents on the
surface of the catalyst, and the excess electrons can be used for
photoreduction.®® The plasmonic nanoparticle photocatalyst
makes it more feasible to influence the product selectivity by
controlling the light excitation process. For example, in Wang's
study,® by controlling the different wavelengths and intensities
of incident light, Au nanoparticles showed different selectivity
for the generation of CH, and C,He. In addition, plasmon
photocatalysts often form a composite system with traditional
semiconductor photocatalysts for the photoreduction of CO,.
Through the ingenious design of the composite system, the
high selectivity of the product can be achieved. Zeng et al.®’
supported Au nanoparticles on photonic crystals composed of
TiO, nanotubes (Au-PMTiNTs), and the CO, reduction products
showed different selectivity under different light conditions.
Under the irradiation of AM1.5G simulated sunlight, the CH,
showed extremely high selectivity (89.3%). When the Au-
PMTiNTs was illuminated by LED light (A > 420 nm) first and
then by AM1.5G light source, CO and CH,O were the main
reduction products, and CH, generation was not detected. The
reason for this phenomenon is that semiconductors and plas-
mons have different light excitation properties. By reasonably
controlling the wavelength of the incident light, the electron
transfer inside the composite material is changed, which in
turn affects the selectivity of the final product.

3.3.2 Energy band structure of photocatalyst. The band
structure of the photocatalyst directly affects its redox ability. As
shown in Fig. 2, the different CB positions of the photocatalyst

This journal is © The Royal Society of Chemistry 2020

correspond to different reduction potentials, and different
reduction potentials thermodynamically determine whether
special products can be produced. Therefore, adjusting the
energy band structure of the photocatalyst through an appro-
priate method can thermodynamically adjust the selectivity of
the reduction product. Li et al.®® loaded CdSe quantum dots
(QDs) on 2D polymerized C;N, nanosheets for highly selective
CO, photoreduction reactions. Since the quantum confinement
effect of 0D QDs can change the CB energy level of the material,
the CB energy level can be at an optimal position by controlling
the size of the QDs. When the particle size was 2.2 nm, the
bottom of the CB (Ecg) was just between the potential required
to generate H, and CH;OH. The energy of the CB can be enough
to produce CH;OH, but not enough to produce H,, thus effec-
tively inhibiting the HER reaction. In addition, the energy levels
required to produce CO and CH, were far away from Ecg, so
CH,;0H, as the main product of CO, reduction, had a selectivity
of 73%. In addition to the thermodynamic selectivity, the
overpotential of the original material is changed by adjusting
the energy level, thereby generating a greater driving force in
kinetics, which is also a means to promote the selectivity of
specific products. Xing et al.*® used fluorination to upswept the
Ti** impurity level of mesoporous single crystal TiO,_,. F atoms
captured electrons from Ti*", and the upward bending of Ti**
impurity level increased the overpotential from 0.39 to 0.48 eV,
which drove the rapid reduction of CO to CHy, thus improving
the CH, selectivity kinetically. The fluorination of raw materials
increased the selectivity of CH,4 from 25.7% to 85.8%.

3.3.3 Supply of electrons and protons. In the process of
CO, photoreduction, the formation of reduction products
requires the constant supply of electrons and protons, and
different reduction products correspond to different numbers
of electrons and proton consumption. The density of electrons
and protons on the surface of the catalyst will affect the selec-
tivity of the reduction products to a certain extent. The photo-
catalyst will generate photogenerated electrons and holes under
the irradiation of light of appropriate wavelength, and the holes
will oxidize the sacrificial agent to generate protons. Therefore,
promoting the separation of photogenerated electrons and
holes can effectively increase the density of surface electrons
and protons. There are many strategies to promote the separa-
tion of photogenerated electrons and holes, such as construct-
ing heterojunctions,” loading metal elements,”* constructing
electric fields,”” and so on. For protons, in addition to being
restricted by the number of holes, they can also be supple-
mented in other ways. For example, Zhao et al.” introduced Cu
and H atoms into the lattice of Pt and used the composite as
a co-catalyst for C;N,. In the process of product formation, due
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to the limited adsorption capacity of Pt atoms to H, the number
of protons adsorbed by Pt was not enough to continue the
conversion of CO to CH,. However, the H in the Pt lattice
diffused from the bulk to the surface of the material, and
participated in the reduction reaction in the form of chemical
adsorption. Sufficient proton supply makes the conversion of
CO to CH, possible, thereby promoting the selectivity of CH,. In
addition to the number of protons, protons need to efficiently
combine with CO, molecules to achieve high proton utilization.
Only when protons bind to specific sites in the CO, molecule
can the reduction reaction proceed along a specific reduction
pathway. Wang and co-workers loaded Pt on In,O; nanorods for
selective CO, photoreduction.” In order to obtain CH, with
high selectivity, the proton should bond to the C in the CO,
molecule, not the O. In this reaction, protons first bonded with
the coordinated unsaturated O on the surface of pristine In,0;.
The C in the CO, molecule must capture the proton from the O
on the surface of pristine In,0;. However, due to the lower
electronegativity of C, this process is difficult to occur. When Pt
was loaded, the proton first formed a Pt-H bond with Pt, and
the electronegativity of C was higher than that of Pt, so C in the
CO, molecule can easily obtain H, which was more conducive to
the generation of CH,.

3.3.4 Mass transfer of CO,. When an aqueous solution is
used as a hole sacrificial agent, the catalyst, H,O and CO,
constitute a three-phase system. In this system, the mass
transfer of CO, is a very important step in the CO, reduction
process. In general, if the concentration of CO, molecules on
the catalyst surface is too low relative to H', the catalyst surface
is more likely to undergo HER reaction rather than CO,
reduction reaction. Therefore, promoting the mass transfer
process of CO, molecules in aqueous solution is an effective
means to inhibit the HER reaction. Li et al.”®> loaded Pt on
polymeric C;N, nanosheets with a hydrophobic surface to
explore the effect of CO, mass transfer process on the HER
reaction. Pt has a strong electron capture ability and HER
reaction promotion ability. For hydrophilic C3N,, only a few
electrons on the photocatalyst surface were used in the CO,
reduction reaction. The selectivity of the C derivative in the
product was only 2.5%. Compared with the hydrophilic surface,
the hydrophobic surface of the C;N, is more conducive to the
mass transfer process of CO, molecules, thereby increasing the
concentration of CO, molecules adsorbed on the surface of the
material. In this case, the co-catalytic effect of Pt was more
favorable to CO, reduction reaction than HER, and the
proportion of C derivative increased to 87.9%. Therefore, the
design of the photocatalyst to enhance the CO, mass transfer
process is a very clever means to inhibit the HER reaction.
However, it is still difficult to improve the selectivity of specific
C derivatives only by controlling mass transfer of CO,.

3.3.5 Reduction reaction. After light excitation and photo-
generated carrier transfer, CO, molecules will be adsorbed by
the photocatalyst and then reduced along a specific reaction
pathway. In this process, various energies and chemical bonds
are involved, which makes the whole process quite complicated.
However, through reasonable regulation of some factors in this
complex process, the selectivity of the product can be controlled
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to a certain extent. The coordination between the CO, molecule
and the catalyst is the starting point of the entire reaction
pathway. Different coordination modes will affect the formation
of various products in the subsequent reduction process. Yang
et al.”® introduced O vacancies in Bi,MoOg so that CO, mole-
cules formed a new adsorption mode on its surface. In the
presence of O vacancies, the C atoms in CO, molecules bonded
to the O site on the material surface, and the two O atoms in
CO, molecules bonded to the two surface Bi atoms. For the
pristine Bi,MoOg, CO, molecules were more likely to bond with
O atom and single Bi atom on the surface. Therefore, the new
coordination mode introduced by the O vacancy made the
adsorption of CO, on the material more stable. Under the
influence of this special coordination mode, the conversion of
*CO to *CHO was more thermodynamically feasible, which in
turn facilitated the formation of CH,. In a complete reduction
pathway, many different intermediates are involved. The
adsorption capacity of the photocatalyst to the intermediate
affects whether the subsequent hydrogenation reaction can
proceed. If the interaction between the intermediate and the
photocatalyst is weak, the intermediate will be desorbed from
the photocatalyst surface as a by-product. It is a method to
enhance the selectivity of a particular product by reasonably
designing the material to change its adsorption capacity to an
intermediate. Liu and colleagues successfully synthesized
highly graphitized carbon dots containing nitrogen groups
(GCDs).”” In the CO, photoreduction experiment, GCDs showed
74.8% electronic selectivity of CH,. The nitrogen-containing
groups on the surface of GCDs can produce strong chemical
adsorption to the *CO intermediate, thereby preventing the
desorption of the intermediate and inhibiting the formation of
CO products. The *CO intermediate can be further reduced to
CH,. For amorphous carbon dots (ACDs), *CO intermediate was
more likely to desorption on the surface due to their lack of
strong chemical adsorption capacity for *CO intermediates. The
reduction of CO, is a multi-step reaction process, and the
formation of each intermediate corresponds to the different
energy barrier. Therefore, the selectivity of the product can be
controlled by lowering the energy barrier. Tan et al.”® increased
the metal and hydroxyl defects in Ni AI-LDH by reducing the
thickness of the material. In the process of CO, reduction by
using Ni AI-LDH without defects as a photocatalyst, the
conversion of *CH; to CH, was a potential-determining step for
the formation of CH,, and the introduction of hydroxyl defects
reduced the energy barrier of this step from 0.486 eV to
0.329 eV. In addition, the Gibbs free energy barrier decreased
from 0.329 eV to 0.127 eV and 0.163 eV after the Ni vacancy and
Al vacancy were introduced. The lower Gibbs free energy barrier
is more conducive to the formation of CH,. Under suitable
defect conditions, the optimal selectivity of CH, reached 70.3%.
The formation of various intermediates involves the formation
and breaking of various chemical bonds. In some cases, pho-
tocatalysts can break certain chemical bonds, thus affecting the
selectivity of products. Ouyang et al.”® synthesized dinuclear
cobalt complex [Co,(OH)L'](ClO,); for CO, photoreduction.
After a series of reduction reaction steps, the [L'Co"Co"(-
COOH)** intermediate was generated. Under the action of the
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photocatalyst, the C-OH bond in this intermediate was broken.
One Co in the dinuclear cobalt complex was bonded to CO, and
the other Co was bonded to OH ™. After that, CO was released
from the intermediate, and the selectivity can reach 98%.
During the formation of CO, the cleavage of C-OH is a rate
limiting step. Therefore, the photocatalyst promotes the
cleavage of C-OH, which means that it promotes the conversion
of CO, to CO.

In short, through different coordination modes and reaction
pathways, CO, will be reduced to different intermediates and
final products. Through the in-depth study of CO, reduction
pathways, the high selectivity of target products should be
controllable in the future. In the process of studying the
reduction pathways and product selectivity, experimental
research and theoretical calculation are two indispensable
methods, while DFT is an irreplaceable theoretical calculation
method at present.

4. DFT calculation of CO,
photoreduction

DFT was proposed by Hohenberg and Kohn in 1964 to study the
ground state properties of multi-particle systems.** The DFT
originated from the Thomas-Fermi model proposed by Thomas
and Fermi in 1927, which explicitly expressed the electron
kinetic energy in the form of electron density for the first time,
but this model is relatively crude. In DFT, because there are too
many wave function variables in the multi-electron system, the
wave function is not taken as the basic variable in the research
process, and the electron density p () is directly studied, which
greatly reduces the computational difficulty of the molecular
electron structure. In the study of photocatalytic reduction of
CO,, DFT has become one of the most commonly used and
necessary calculation methods. The DFT calculation can help us
better understand the electronic excitation process, energy
band structure, adsorption energy (Ea), defects of the photo-
catalytic material, and so on. In particular, through the calcu-
lation, the possible complete path of CO, reduction can be
analyzed clearly.

DFT calculations can help us analyze the relationship
between material microstructure and performance. For
example, the doping site of a material can be studied by
calculating the formation energy. In the study of CO, photore-
duction by S-doped graphitic C3N, (g-C3N,) nanosheet, Wang
and co-workers verified the doping site of S element by DFT
calculation.®* There were three different doping sites, namely
Nceny Naro, and Nre.. Among them, three heptazine rings in g-
C;3;N, were connected to the N site, which can be ignored. Ncen
and N,,, were connected to the C atom with a 3-fold coordi-
nation and a 2-fold coordination, respectively. In order to
identify the possible doping sites, the formation energy (Eform)
of the two sites was calculated. The formation energy of Ngep
and Ny,, sites was —1.59 eV and —2.98 eV, respectively. It can be
seen that the doping of N,,, site was more stable, so the doping
of Ny, site was considered as the doping mode of the catalyst.
In addition to doped sites, vacancies are common research
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objects, and DFT calculations can also be used to study the
effect of material vacancies on material properties. Yang et al.**
studied the effect of O vacancies on the performance of Bi,M0Og
photocatalytic reduction of CO,. After comparing the band
structure and density of state (DOS) of Bi,M0Os and Bi;M00O,-
OVs, they found that an intermediate band appeared in the
energy gap of Bi;M00OeOVs, and this intermediate band
promoted the transfer of photogenerated carriers. In addition,
the influence of O vacancies on the adsorption performance of
the materials was determined by calculating the adsorption
energy and the electron density on the surfaces of the two
materials. The calculation results showed that the adsorption of
CO, molecules by Bi,M00s-OVs was more stable, and O
vacancies played a significant role in the adsorption process. In
the above studies, the adsorption energy is an important eval-
uation index to evaluate the relationship between the adsorp-
tion property and vacancy of materials, which can also be used
to study the relationship between the thickness of materials and
the adsorption capacity. For example, Chen et al.*® calculated
that the adsorption energy of the bulk Co;0, and the monolayer
Co30, for CO, molecules were —0.13 eV and —0.27 eV, respec-
tively. The more negative Ea, the stronger the adsorption
capacity, so the single-layer Co;0, has stronger CO, adsorption
ability. Besides, they also calculated that the adsorption ener-
gies of bulk CozO, and monolayer Co;0, to H atoms were
—0.16 eV and —0.10 eV, respectively, thereby further indicating
the adsorption selectivity of monolayer Co;0, for CO, molecule.

DFT calculation can also be used to analyze the electronic
structure of the material. Saeedeh S. Tafreshi and co-workers
successfully synthesized Ag;PO, (111)/g-C3N, complex and
used it in the study of CO, photoreduction.** They analyzed the
electronic structure of Ag;PO, (111)/g-C3N, through total DOS
(TDOS) and projected DOS (PDOS) calculations. The
compound’s valence band maximum (VBM) and conduction
band minimum (CBM) were occupied by different atomic
orbits. As can be seen from the Fig. 9a, the CBM of the
composite material was mainly dominated by the atomic orbital
of g-C3N,, while the VBM was mainly dominated by the atomic
orbital of Ag;PO, (111). And then from Fig. 9b and c, we can see
that VBM was mainly occupied by O (p) and Ag (d) orbitals in
Ag;PO, (111). CBM was mainly occupied by C (p) and N (p)
orbitals in g-C;N,, while O (p) and Ag (d) also occupied a part.
The band gap of hybrid materials decreased from 2.75 eV of
Ag;PO, (111) and 3.13 eV of g-C3N, to about 2.52 eV, which
enhanced the photocatalytic activity of materials in the visible
region. In addition, for the Ag;PO,/Ag/g-C;N, complex, the total
DOS and energy bands were further studied and the existence of
the midgap was found, thereby confirming the existence of Ag at
the interface of Ag;PO, and g-C3;N,. Through PDOS analysis, the
formation of midgap state was mainly the result of the
combined action of the Ag, O, C, and N atoms (Fig. 9d-i).
Moreover, DFT calculation can also be used to elucidate the
electron excitation process during photoreduction of CO,. Lu
et al.® successfully synthesized porphyrin-tetrathiafulvalene
covalent organic frameworks (TTCOF-M, M = 2H, Zn, Ni, Cu).
Electric-deficient metalloporphyrin (TAPP) was covalently
coupled with electron-rich tetrathiafulvalene (TTF) within
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(a) TDOS and PDOS of the hybrid AgzPO4, (111)/g-C3N4. (b) PDOS of AgzPO4(111) in the hybrid AgzPO,4 (111)/g-C3N4. (c) PDOS of g-C3N4 in

the hybrid AgzPO,4 (111)/g-C3Ny. (d) TDOS of the hybrid AgzPO, (111)/Ag/g-C3zN4. (e)—(i) PDOS of the hybrid AgsPO, (111)/Ag/g-CsN4. Energy =
0 eV corresponds to the Fermi level. Reproduced with permission from ref. 84. Copyright 2019 American Chemical Society.

COFs. They elaborated the transfer process of photogenerated
carriers through DFT calculation. In the electronic structure of
the photocatalyst, HOMO was dominated by the TTF portion,
and LUMO was dominated by the TAPP portion. Then, the
photoinduced electron transfer (PET) process occurred under
light conditions, forming TAPP-M~ and TTF", respectively. For
TTF', the spin density was mainly concentrated on the C=C
bond and S atom, so the oxidation of H,O molecules occurred at
both sites, and the reduction of CO, occurred at the metal ion
center of TAPP-M .

In addition to the above applications, DFT calculation is also
widely used in the analysis of CO, reduction pathways, which is
difficult to be intuitively represented through the experimental
process alone. When analyzing the reduction pathways, it is
necessary to determine the coordination mode of the CO,
molecules on the photocatalyst surface, and this process can be
realized by DFT calculation. Sun Hee Yoon and co-workers
investigated the selectivity of homogeneous and heteroge-
neous CuFeO,/CuO complexes in converting CO, to formate by
theoretical calculation, and the materials was named HMS and
HTS, respectively.” In order to better study the adsorption
mode of CO, molecules on the surface of the material (Fig. 10b),
the adsorption energy of CO, was first calculated (Fig. 10a). For
HTS and HMS, the tridentate bonding had the most negative
adsorption energy, so CO, molecules can be strongly adsorbed
at Cu;-Fe;—Cu, sites of HMS and the Cu,—Cu;—Cuy sites of HTS
(Fig. 10d and i). The oxygen coordinated monodentate bonding
(Oco,-monodentate) of the material were the weakest. For
bidentate bonding, the adsorption energy of carbon coordina-
tion (Cco,-bidentate) was more negative than that of oxygen
coordination (Oco,-bidentate). Therefore, it can be seen that the
stability order of the four coordination modes was: tridentate >
Cco,-bidentate > Oco,-bidentate > Oco,-monodentate. Subse-
quently, the redistribution of the charge on the surface of the
material was evaluated by Bader charge analysis. During this
analysis, positive and negative represent the donation and

19166 | J. Mater. Chem. A, 2020, 8, 19156-19195

reception of electrons by the atoms in the adsorbed CO,
molecules, respectively. For both Oco,-monodentate and Oco -
bidentate (Fig. 10c, f, h, and k), the valence electrons of the O
atom in the CO, molecule were negative, and the net charge of
Oco,-monodentate and Oco,-bidentate were negative, confirm-
ing that the CO, molecule behaved as Lewis acid to receive
electrons from the site on the catalyst surface. Therefore,
negatively charged O atoms and positively charged H atoms will
combine to form HCOO™. Through the same analysis method,
for HMS, since the net charge of tridentate (Fig. 10d), Cco,-
bidentate (Fig. 10e), and Cco,-monodentate (Fig. 10g) were all
positive, the transfer of electrons to the CO, molecule was
suppressed. But it is feasible for the HTS to donate electrons to
CO, because of negative net charge in Cco,-bidentate (Fig. 10j)
and Cco,-monodentate (Fig. 101) modes. In the analysis of the
CO, reduction pathways, reaction energy and activation energy
are two very important factors, which can be expressed through
PBE + U, PBE + D3 and so on. In addition, several intermediates
in the path are often the key to determine the subsequent
products. The adsorption energy of the intermediate products is
used to determine whether the substance will desorb, that is,
whether it plays a role as an intermediate or a by-product. In
short, exploring the CO, reduction pathways is a relatively
complicated problem, and it must be analyzed through a series
of DFT calculations combined with experiments. The specific
CO, reduction pathways has been detailed in Section 3.

5. 2D nanomaterials for CO,
photoreduction

2D materials have great application potential in the field of CO,
photoreduction. Many semiconductor 2D materials can directly
act as photocatalysts or co-catalysts, and
semiconductor 2D materials can achieve good photocatalytic
performance through appropriate modification, or play other

some€ non-
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coordination adsorption modes of CO, molecules in HTS and HMS systems. (c)—(l) Schematic diagram reflects the CO, adsorption configu-
rations. Reproduced with permission from ref. 51. Copyright 2019 Elsevier.

critical roles (such as transferring electrons, acting as a carrier,
etc.) in the reduction reactions.®®

5.1 Metal-containing 2D nanomaterials

5.1.1 MXenes-based photocatalysts. In 2011, Tiz;C, was
obtained by exfoliating from Ti;AIC,, which opened the curtain
of MXenes material utilization in photocatalysis.” MXenes refer
to transition metal carbides, nitrides, and carbonitrides, which
are a new class of 2D layered materials. There is no direct
precursor of MXenes material in nature, so the material is
usually produced in the MAX phase. The MAX phase has the
general formula M,,.,AX,, where n can be 1, 2, or 3. M, A, and X
in the formula represent the early transition metal element, the
IIIA or IVA elements, and the C or N element, respectively.®**°
For the structure of MAX, the stability of layer A is worse than
that of layer M-X. Based on this feature, layered MXenes
material can be obtained by selectively exfoliating layer A.
Intercalation agents such as dimethylsulfoxide (DMSO) and LiF
can be added to obtain an ultra-thin material during the exfo-
liating process.” It is worth noting that during the exfoliating
process, some terminated groups (such as OH, F, and O) are
spontaneously generated without relying on other reaction
paths.*® Therefore, the general formula of MXenes is M,,.1X,, Ty,
where T represents surface terminating groups. So far, more
than 10 kinds of MXenes have been successfully synthesized,
such as Tiz;C,Ty, M0,CTy, V,CT,, Nb,CT,, etc.

MXenes have some special properties: (i) the surface termi-
nation of the MXenes material affects the performance of
photocatalysis.”* Zhang and co-workers reported that when the
O-termination group of the surface was incomplete, oxygen
vacancies were introduced on the surface.”” These oxygen

vacancies strongly adsorb reactants (such as CO,) for

This journal is © The Royal Society of Chemistry 2020

photocatalytic reactions. In addition, the surface hydrophilic
functional groups can enhance the connection between MXenes
and other photocatalysts, which facilitates the formation of
heterostructures.” (ii) MXenes are unstable under high
temperature conditions and easily oxidized. Huang et al.** used
Ti;C, as a carbon skeleton and titanium source, and oxidized it
to form N-doped TiO,@C under high temperature conditions.
The apparent rate constant of photocatalytic degradation of
phenol reached 1.646 x 10~> min". (iii) The excellent electrical
conductivity of MXene material enables it to act as an “elec-
tronic sink”, which is beneficial to the transfer of electrons, so
MXene material can be used as an excellent co-catalyst.® (iv)
Due to the amount of interlayer space of MXene material, it is
beneficial to the adsorption of gas molecules. Wang and co-
workers found that the CO, adsorption capacity of the interca-
lated Ti;C, was 5.79 mmol g~ *, and the original Ti;C, had a CO,
adsorption capacity of only 1.33 mmol g~ *.%

The ideal pristine MXenes are metallic and have no semi-
conductor properties, so the bare MXenes cannot be used as
a photocatalyst alone.®”” Although some MXenes acquire semi-
conducting natures under the action of surface termination
groups, few MXenes have been used for photocatalysis alone
due to the mismatched band structure. Because of their lower
Fermi level, metallic MXenes are usually used as the excellent
co-catalyst.”® In the study of photocatalytic reduction of CO,,
MXenes mainly form composites with other semiconductors to
improve the photocatalytic performance of materials.

Due to its large specific surface area and excellent electrical
conductivity, the 2D MXene material can serve as a carrier for
many photocatalysts. For example, Cao and co-workers
successfully prepared 2D/2D ultrathin Ti;C,/Bi,WOg¢ nano-
sheets and applied them to CO, reduction experiment.” TizC,
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material was obtained by selective ultrasonic exfoliating of Al
element from layered TizAIC,, and then Bi,WOs nanosheets
were grown on TizC, surface (Fig. 11). Under simulated visible
light irradiation, the yields of methane and methanol were 4
and 6 times that of pristine Bi,WO, nanosheets, respectively.
MXenes can form a heterojunction with other photocatalysts to
improve photocatalytic effects. Wang et al.'® prepared the
quasi-core-shell In,S;/anatase TiO,@metallic Ti;C,T, hybrids
by in situ hydrothermal method. A double heterojunction
structure of type-II heterojunction and Schottky junction was
simultaneously formed in the material, and the formed electron
channel greatly promoted the transfer efficiency of photo-
generated electrons. Excellent photocatalytic performance was
determined by the visible light absorption capacity of In,S;, the
wide bandgap of TiO,, and the conductivity of MXenes. Su
et al.* synthesized Nb,O5/C/Nb,C (MXenes) material by one-
step oxidation of CO,. The Schottky junction was formed on
the surface of Nb,Os/Nb,C. The electrons were transferred from
Nb,Os to Nb,C, and Nb,C served as electron sink. At the same
time, due to the intimate combination between Nb,C and
Nb,Os, the transfer of electrons was greatly promoted.
Furthermore, the termination of the MXenes material can be
fully utilized to enhance the CO, reduction efficiency. Ye et al.**
used the surface-alkalinized Ti;C, as a co-catalyst to improve
the ability of commercial titania (P25). The hydroxyl group on
the surface of the Ti;C, can provide abundant active sites, which
was beneficial to the adsorption and activation of CO, mole-
cules. The yields of CO and CH, were 11.74 and 25 pmol g~ *
h™', which were 3-fold and 277-fold that of pristine P25,
respectively. Related studies have shown that MXenes materials
can inhibit photocorrosion of CdS. Xie et al.’® showed that after
2D Ti3C, and CdS constitute a heterojunction, Ti;C, can be
employed as an electron mediator. At the same time, due to the
strong interaction between Cd>" and Ti;C,, the Cd>* generated
during the process of photocorrosion was confined on the Ti;C,
mezzanine, effectively preventing the leakage of Cd>".
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5.1.2 LDHs-based photocatalysts. In 1842, Hochstetter first
discovered the natural hydrotalcite mine from the schist
deposit in Sweden, and Feitknecht successfully synthesized
[MgeAl,(OH);64]CO3-4H,0 in 1942.°%'% LDHs are a type of
“hydrotalcite-like compounds”, also known as anionic clay,
which have great application value in catalysis, medicine,
adsorption, and ion exchange.'®'* The general formula of
LDHs is [M; _,”'M,*'(OH) J*'[A,, H,O]" ", where A represents an
anion between layers, such as CO;*~, SO,>~, Cl~ and ClO, ", etc.
M>" and M?' represent the divalent and trivalent cations,
respectively. The common divalent cations contained in LDHs
are Mg>*, Co*, Ni**, or Zn*", and trivalent cations are AI**, Cr*",
or Fe** 119111 However, in some special cases, LDHs also contain
some monovalent and tetravalent cations, such as Li", Zr*", Ti*",
and Sn**."2 LDHs have a unique host-guest structure, the host
structure of LDHs consists of a positively charged brucite-like
layer. Each octahedron forms a unit layer by a common edge,
wherein OH™ is located at the apex of each octahedron, and the
center of the octahedron is metal cation."* According to the
occupancy of the central cation, the host structure can be
divided into two types, one is the trioctahedron in which all
octahedral centers are occupied by metal ions, and the other is
the dioctahedron in which two-thirds of the centers are occu-
pied by metal ions. There are also some guest substances
between the brucite layer of LDHs: charge-balance cations and
crystal water molecules.** The electrostatic attraction between
the positively charged brucite layer and the negatively charged
interlayer ensures the stability of the LDHs structure.

In 2011, Izumi's group used Zn-Cu-M (m) (M = Al, Ga) LDHs
materials for photocatalytic reduction of CO, for the first
time."® They synthesized Zn and/or Cu hydroxides and
combined them with Al or Ga. Zn-Al LDH was the most active in
reduction reaction, and the yield of CO was 620 nmol h™" g, .
After Cu was introduced into Zn-Al LDH and Zn-Ga LDH, the
selectivity of methanol improved from 5.9 to 26 mol% and from

DMSO

Ti;AlC, MAX phase Multilayer Ti,C, Ti;C, nanosheets
Adding _ Hydrothermal 8
Bi(NO;);'5H,0 reaction
[——— —_

Electrostatic g
adsorption

Na,WO,-2H,0/CTAB

Ti;C,/Bi; WO, 2D/2D structure

000000

Bi W O CTiAl

Fig. 11 Schematic illustration of the synthetic process of 2D/2D heterojunction of ultrathin TizC,/Bi,WOg nanosheets. Reproduced with

permission from ref. 99. Copyright 2018 Wiley-VCH.
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39 to 68 mol%, respectively. Since then, LDHs have received
more and more attention in CO, photocatalytic reduction due to
their unique characteristics. Firstly, due to the Lewis acidity of
CO,, alkaline photocatalysts tend to have greater advantages in
the adsorption of CO, molecules. The host structure of LDHs
contains a large amount of alkaline OH groups, which can
effectively adsorb CO, molecules. Wang and co-workers
prepared Co-Al LDH nanosheets for photocatalytic CO, reduc-
tion at atmospheric concentration (400 ppm) under visible light
irradiation.”*® The yield of methane was 4.3 pmol g~ ' h™'
without the addition of sacrificial agent and noble metals. After
five cycles of repetition test, the yield of CH, remained almost
unchanged, the material exhibited excellent stability. The CO,
adsorption capacity of Co-Al LDH was 2.95 cm® g™, which was
about twice higher than P25. In this experiment, the better
photocatalytic performance was mainly due to the strong
adsorption capacity of alkaline OH groups on the surface of Co-
Al LDH. Secondly, the composition of LDHs is controllable.
LDHs generally contain two or three different metal cations, so
the photocatalytic properties of the material can be changed by
adjusting the proportion of metal cations. This principle is
similar to the element doping process of semiconductor pho-
tocatalysts. Kong et al.'"” studied the performance of Ti-Li-Al
LDH with different Ti : Li : Al molar ratios in CO, photocatalytic
reduction. By comparing Ti;Li;Al;-LDHs, Ti;LizAl,-LDHs, Ti;-
LizAl;-LDHs, and Ti;LizAl,-LDHs, Ti;LizAl,-LDHs exhibited the
largest specific surface area and the strongest CO, adsorption
capacity, and the yield of methane was 1.33 mmol h™" g™ '. At
the same time, by theoretical calculation, it was found that
Ti;Li;Al,-LDHs was the p-type semiconductor with the narrow-
est bandgap among all the samples. In addition to the propor-
tion of metal ions, Xiong et al."*® studied the effect of the types
of metal cations in LDHs on the selectivity of CO, photore-
duction products. They performed photoreduction experiments
on Zn-based LDH containing different trivalent and tetravalent
metal ions, as well as in situ diffuse reflectance infrared
measurements and DFT calculations. The results showed that
when the d-band center of cations was relatively close to the
Fermi level, the CO, molecules were more likely to be reduced to
CH, or CO. The cations with the d-band center far away from the
Fermi level had poor adsorption capacity on CO, molecules,
and H, was more likely to be produced in this process. Thirdly,
the interlayer space of LDHs is the main site of photocatalytic
process, and the interlayer space contains some anions and
H,0 molecules. The proper regulation of the interlayer space of
LDHs will affect its photocatalytic performance. Wein et al.'*®
pretreated Zn-Cu-Ga-CO; LDH with 423 K in a vacuum envi-
ronment for 1 h, liberating 31% of the crystal water in the
interlayer space. After photocatalytic reduction of CO,, the
methanol yield was 2.8 umol g.. ' h™'. Under the same
conditions, the methanol yield of the unpretreated Zn-Cu-Ga-
CO; LDH material was 0.011-0.30 pmol g, " h™'. Therefore,
the liberation effect of the interlayer space is very obvious. On
the other hand, since the interaction between the LDHs lami-
nate and the interlayer anions is weak, the interlayer anions
have a certain exchangeability, so the photocatalytic perfor-
mance can be improved by introducing different interlayer

This journal is © The Royal Society of Chemistry 2020
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anions. Finally, since the metal cation is located at the center of
the octahedron in the host structure, the recombination of
photogenic carriers is suppressed due to the high dispersion of
metal cation, thereby effectively improving the efficiency of
photocatalytic reduction of CO,.

Ultrathin LDHs, with their outstanding structural properties,
are often more popular than bulk LDHs in CO, photocatalytic
reduction. The thickness of 2D LDHs is an important factor
affecting its photocatalytic performance.”” It is generally
believed that ultrathin materials tend to expose more surface
defects, while in LDHs, they mainly appear as oxygen vacancies
and metal vacancies. For example, Zhao et al.*** reduced the
thickness of the Zn-Al LDH sheet to create O vacancies, which
in turn resulted in the formation of coordinated unsaturated
Zn, thereby enhancing the photoreduction efficiency of CO,.
Tan and co-workers synthesized Ni-Al LDHs materials with the
thickness ranging from 27 nm to 5 nm and to 1 nm.”® The
material was characterized by X-ray absorption fine structure,
soft X-ray absorption spectroscopy and positron annihilation
spectrometry, and the results proved that lower material
thickness has more metal defects. Although LDHs materials
have many advantages, the photocatalytic properties of pristine
LDHs are often unsatisfactory, so researchers often synthesize
complexes to achieve higher photocatalytic activity. For
example, Jiang and co-workers synthesized 0.1Cu,O@Zn; gCr
LDH for CO, photocatalytic reduction,'* and the CO yield was
6.3 umol after 24 h, while the CO yield was only 0.1 nmol when
LDH was not loaded with Cu,O. In this process, Cu,O acted as
electron traps, which promoted the transfer of charge. Gao
et al'® successfully assembled Fe;O,/Mg-Al LDH by co-
precipitation method and used it in CO, photocatalytic reac-
tion. The production rate of CO (422.2 pmol g * h™") and CH,
(223.9 pmol g~ * h™") were 1.8 and 1.7 times that of pristine Mg-
Al LDH, respectively. In this composite, Fe;0, facilitated the
separation of electrons and holes, while 2D Mg-Al LDH could
reduce the transmission resistance of electrons and provide
more active sites.

In addition to being an excellent photocatalytic material,
LDHs can also serve as a precursor for other photocatalysts.
LDHs have a number of advantages as a precursor, such as high
dispersion of metal cations at the atomic level, high specific
surface area, and homogeneous microstructure, etc.* Chen
et al.'® successfully produced a series of CoFe-based photo-
catalysts by hydrogen reduction of Co-Fe-Al LDH nanosheets in
the range of 300-700 °C. With the increase of reduction
temperature, the selectivity of CoFe-x reduction products grad-
ually shifted from CO to CH,, and the selectivity of CH, in CoFe-
650 reduction products reached 60%, and the selectivity of C,.
reached 35% (Fig. 12a). Zhao's group used Ni-Al LDH as
a precursor to prepare NiO nanosheets with a large number of
Ni and O vacancies.””® They calcined Ni-Al LDH at high
temperature to make it undergo topological transformation,
and then obtained the catalytic material NiAl-X, where X rep-
resented the reaction temperature. NiAl-275 had the greatest
CH, selectivity, and the HER reaction could be completely
suppressed under irradiation above 600 nm (Fig. 12b).
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Fig. 12 (a) Schematic illustration of the different CoFe-x catalysts formed by hydrogen reduction of a CoFeAl-LDH nanosheet precursor at
different temperatures. Reproduced with permission from ref. 125. Copyright 2018 Wiley-VCH. (b) Schematic illustration of NiAl-X derived from
the topological transformation of NiAl-LDH. Reproduced with permission from ref. 126. Copyright 2020 Elsevier.

5.1.3 TMDs-based photocatalysts. Transition metal
dichalcogenides (TMDs), a class of 2D semiconductor materials,
have recently received extensive attention in the field of CO,
photoreduction. The general formula of TMDs is MX,, where M
represents a transition metal element and X represents a chal-
cogen element." Single-layer TMDs exhibit a X-M-X sandwich
structure in which the transition metal is between two chalco-
gens. The atoms in the layer are connected by covalent bonds,
and the atoms between the layers are connected by relatively
weak van der Waals forces.**®*'** Common TMDs include MoS,,
MoSe,, WS,, and WSe,, etc., among which MoS, and WS, are
widely used in photocatalytic research for their excellent
performance. It is worth noting that some TMDs have different
fundamental phases. For example, MoS, has three phases,
namely 1T phase, 2H phase, and 3R phase. The 1T phase is
a square symmetry single-layer repeating unit. The 2H phase is
hexagonal symmetry, wherein the Mo atom maintains an
octahedral coordination, and the 3R phase is a prismatic
symmetric three-layer repeating unit."*>*** Related experiments
showed that MoS, can be converted from 2H phase to 1T phase
by Li intercalation.***3*

TMDs are ideal materials for replacing noble metals as co-
catalysts due to their high stability and low cost. In addition,
under the influence of quantum confinement effect, the CB
energy level of the material will change accordingly with the
number of layers, so TMDs exhibit excellent co-catalytic
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performance.” Xu et al.*** successfully wrapped MoS, nano-
sheets on TiO, fiber to form 1D/2D TiO,/MoS, composites. By
changing the molar percentage of surface MoS, relative to TiO,,
different CO, photocatalytic reduction effects can be obtained.
The experimental results showed that when the molar
percentage of MoS, and TiO, was 10, the production rates of
CH, and CH;O0OH reached the maximum, which were 2.86 and
2.55 umol h™* g7, respectively. Through the investigation of
material recycling capacity, it was found that the photocatalytic
activity did not decrease significantly after four cycles. In
addition, MoS, can be used as a co-catalyst to increase the
selectivity of CH;0H in the products. Because the Mo cation site
at the edge of MoS, is beneficial to stabilize the CH,O, inter-
mediate by electrostatic attraction, it is favorable for the
conversion of CO, to CH3;OH."” Compared with noble metals,
MosS, tends to have a higher current density and a lower over-
potential, which can receive photogenerated electrons more
effectively in composite materials. Jung et al.'*® loaded few-
layered MoS, on three-dimensional graphene aerogel and
porous TiO, material (TGM) through simple one-pot hydro-
thermal method (Fig. 13a). Mesoporous TiO, nanoparticles and
MoS, nanoparticles were distributed on the graphene surface
(Fig. 13b and c). Photogenerated electrons were transferred
from the CB of TiO, through the graphene to the edge of MoS,
(Fig. 13e). The yield of CO in the final product was 92.33 pmol
g ' h™"', which was 14.5 times that of pristine TiO, (Fig. 13d).
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After 15 cycles of experiments, there is no loss of material
weight, and the original conversion rate can be maintained.
MoS, can also act as a charge-transfer mode switcher. Zhang
et al.'* prepared WO;@MoS,/CdS composites by three-step wet
chemistry, in which MoS, was located at the interface between
WO; and CdS. As a charge-transfer mode switcher, MoS,
successfully converted the type-II electron transfer mode into
the Z-system. Photogenerated electrons from the CB of WO; and
photogenerated holes from CdS can be transferred to MoS, for
recombination. At the same time, MoS, provided many active
sites for the whole reaction process, which improved the effi-
ciency of photocatalysis. Therefore, in the WO;@MoS,/CdS
system, MoS, acted as a charge-transfer mode switcher, an
electron-hole mediator, and a co-catalyst.

TMDs have some unique characteristics compared with
other 2D photocatalytic materials. For example, MoS, generally
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has three phases of 1T (metallic), 2H (semiconducting), and 3R.
The 1T metal configuration of MoS, has more active sites on the
basal plane and edges, and the conductivity is better, but there
is thermal dynamic metastable state. Huang et al.*** combined
the properties of 1T MoS, and 2H MoS, to synthesize 1T/2H
MoS,, and then combined the system with 2D g-C3N, to form
a ternary composite structure. In this system, 1T MoS, mainly
acted as an electron trap to promote electron transfer and
provided many active sites, while a heterojunction was con-
structed between 2H MoS, and g-C;N, for the separation of
carriers. In general, the MoS, material is black, so the photo-
thermal effect will occur in the photocatalytic reaction. In the
photocatalytic reaction process, there are two main sources of
thermal energy, one is direct thermal radiation, and the other is
the photothermal effect of the material. Guo et al.*** successfully
prepared WS,/MoS,@WO;_, double Z-system heterojunction

Freeze-dry & Annealing

'TiOz A0 Graphene sy MoS,

Fig. 13 (a) Schematic diagram of synthesis process of TGM through simple one-pot hydrothermal method. (b) and (c) SEM and TEM image of
TGM. (d) The CO formation rate of TGM, TG, TM, and TiO,. (e) Schematic diagram of material (TGM) structure and photogenic electron transfer
process. Reproduced with permission from ref. 138. Copyright 2018 American Chemical Society.
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photocatalyst with core-shell structure. In this experiment, the
photothermal effect of the material was quantitatively studied
by IR thermal driver. Before irradiation, the temperature of the
material was only about 24 °C. After irradiation, the tempera-
ture of the material rose to about 190 °C, which indicated that
the photothermal effect was obvious in the photocatalytic
process. Therefore, the photothermal effect of MoS, can provide
valuable reference ideas for the construction of photocatalytic
materials.

At present, the main TMDs material used in the study of CO,
photoreduction is MoS,, and other TMDs have relatively few
applications in this field. There is a report on the photoreduc-
tion of CO, by WSe,. Oh's group synthesized the WSe,-Gra-
phene-TiO, ternary composite by ultrasonic technology,'** in
which WSe, and TiO, were distributed on the surface of gra-
phene. In heterojunction systems, WSe, acted as an electron
trap to promote the charge separation. The band gap of WSe,—
Graphene-TiO, was about 1.62 eV. Under the irradiation of UV-
visible light, the optimal yield of CH;0H was 6.900 umol g~ *
h™" with Na,S0; as sacrificial agent. WS,, as an important class
of TMDs, has been extensively studied in the direction of pho-
tocatalytic hydrogen evolution, degradation of pollutants, ster-
ilization and so on,**™ but its research in the field of
photoreduction of CO, is scarce.

5.1.4 Others. Metal oxides are an important class of pho-
tocatalytic materials. Metal oxides have strong antioxidant
properties, and the commonly used metal oxides in photo-
catalysis mainly include TiO,, ZnO, Co03;04, WOj3, etc.5147714°
TiO, is one of the most studied materials in the field of pho-
tocatalysis. TiO, has the merits of non-toxicity, low price, high
stability and good photocatalytic activity. Qamar et al**
synthesized 2D TiO, nanosheets by TiO,-octylamine hybrid
method, and the ultrathin properties equipped the material
with excellent performance. In the CO, photoreduction experi-
ment, the yield of formate was 1.9 pmol g~* h™", which was 450
times that of bulk TiO,. However, due to its wide bandgap (3.2
eV), the response to visible light is poor, and photogenerated
electrons and holes are easily recombined, which greatly limits
its application.” In recent years, research on 2D TiO, has
focused on the modification of materials, including element
doping, morphology control, construction of heterojunctions,
etc. Recently, Jiang and co-workers modified TiO, nanosheet
with Lewis base [WO,]*~ in which [WO4]>~ substituted OH™ on
the surface of Ti0,.*> The basicity of [WO4]*>~ can promote the
adsorption of CO, molecules, and [WO,]>~ can capture photo-
generated electrons. The experimental results showed that the
yield of CO was 19 times that of pure TiO,, which was higher
than that of noble metal (Au, Ag) modified TiO,. 2D ZnO has
good thermal stability with a direct bandgap of 3.37 eV. When
the number of layers of ZnO is reduced to about 8 layers, the
structural properties of graphene-like structures appear. Zhao
et al.” reported the effect of the number of layers of 2D ZnO on
the performance of photocatalytic reduction of CO,. When the
thickness was less than or equal to 5 layers, CO and HCOOH
were the main products, and the photocatalytic activity was the
highest in the 3 and 4 layers. In the 6 layers, CH;0H and CH,
were the main products. In addition to the ZnO, Chen et al.®
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prepared 2D porous Coz;O, and modified it with Ru-based
photosensitizer. The ultrathin and porous properties gave the
material a lower carrier recombination rate, a larger number of
active sites, and a stronger ability to adsorb CO,. The yield of CO
was 4.52 pmol h™*, and the selectivity was 70.1%, which were
better than the bulk Co50,.

Metal-Organic Frameworks (MOFs) are a kind of porous
crystalline material with network structure composed of organic
linkers and metal nodes, also known as porous coordination
polymer.****>> MOFs have stimulated an immense impetus as
photocatalyst because of their ultra-high surface area, adjust-
able pore structure as well as uniformly distributed coordina-
tion unsaturated metal sites.®*** Ye et al.**® used Zn porphyrin-
based MOFs as photosensitizer and ZIF-67 as co-catalyst to
compare the effects of 2D MOFs and bulk MOFs on photo-
catalytic reduction of CO,. The experimental results showed
that when the Zn-MOF bulk was used as a photosensitizer, the
turnover numbers of CO were 63.6 within 6 h. When the Zn-
MOF nanosheet was used as a photosensitizer, the turnover
numbers of CO could reach 117.8, and the selectivity of CO
increased from 89.5% to 91.0%. There are a lot of researches on
the modification of MOFs materials. Recently, Wang et al.*®
modified the material by virtue of the large amount of coordi-
nation unsaturated metal ions in the MOFs. Firstly, tetrakis (4-
carboxyphenyl)-porphyrin (TCPP) interacted with cobalt car-
boxyphenyl, and then benzoic acid exerted an axial constraint
on cobalt ions to form 2D porphyrin MOF (PMOF) (Fig. 14a).
The Co active center in ultrathin porphyrin MOF would coor-
dinate with the N atom in g-C;N,, and then the g-C;N, quantum
dots would be supported on the PMOF material to obtain g-
CNQDs/PMOF hybrids (Fig. 14b). On the one hand, it was
conducive to the enrichment of CO, at the Co site. On the other
hand, it could also promote the direct transfer of electrons from
2-C3N, QDs to Co sites (Fig. 14c¢). The yields of CO and CH, were
2.34 and 6.02 times that of pure PMOF, respectively.

There are some metal oxyhalides that are used for photo-
catalytic reduction of CO,, among which BiOX (X = Br, Cl, I) is
the class of typical layered material with high photocatalytic
activity."® The {X-Bi-O-Bi-X} layered structure stacked by
nonbonding interactions causes a large space between the
layers, and an endogenous electric field can be generated. Some
studies have focused on improving photocatalytic performance
by appropriate modification of metal oxyhalides. By controlling
the time of hydrothermal reaction, Ye et al.*®> synthesized BiOI
nanosheets exposed to {001} and {100} facets, respectively. The
experimental results showed that BiOI-001 had good photoin-
duced carrier separation efficiency, high CB position, and
strong CO, molecular adsorption capacity. Besides that, Zhu
et al.*® used Bi and phosphorylation to simultaneously modify
the BiOBr in the form of the regular hierarchical spheres, and
phosphorus existed in the form of BiPO,. In this composite
system, photogenerated electrons migrated from BiOBr to
BiPO,. When Bi was in contact with BiOBr and BiPOy,, a Schottky
junction would be formed. The Schottky junction could
promote the migration of photoexcited electrons from BiOBr to
Bi, the carrier recombination was suppressed. In addition, the
doping of Bi atoms could significantly increase the selectivity of

This journal is © The Royal Society of Chemistry 2020
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CH,. Besides that, Bai and co-workers found that 2D Bi,O5Br,
nanosheets could also exhibit good photocatalytic reduction of
CO, performance.*® Its large surface area and porous structure
promoted the adsorption of CO,, and the reduction products
showed certain selectivity.

In addition to the above 2D metal-containing materials,
there are also a few research reports on the application of 2D
Bi,WOg in the field of CO, photoreduction. For example, Wang
et al.** loaded PtO, nanoparticles on Bi,WO4 nanosheet with
a thickness of 4.8 nm. The optimal yield of CH, was 108.8 ppm
¢ ' h™', which was 5.7 times higher than pristine Bi,WOs.

This journal is © The Royal Society of Chemistry 2020

5.2 Metal-free 2D nanomaterials

5.2.1 g-C3N,-based photocatalysts. In 2009, Wang and co-
workers applied g-C3N, material to photocatalytic hydrogen
evolution for the first time.'*® Since then, the door for the
application of g-C3N, in the field of photocatalysis has
opened.’”'*® Carbon nitride consists of covalently bonded
carbon and nitrogen, and the C and N atoms are sp> hybrids to
form a highly delocalized conjugated m-system.**>'”* In theory,
according to the structural difference, there are five types of
carbon nitride in total, namely a-C3;N,, B-C3N,, g-C3N,, cubic
C;3N4, and pseudo-cubic C3;N;. Among them, g-C3N, is
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composed of tri-s-triazine, and the atoms are connected by
covalent bond, which has a high thermal and chemical
stability.””*"”® The bandgap of g-C;N, is about 2.7 eV, where the
CB and VB position are —1.3 eV and 1.4 eV, respectively. So it
can effectively reduce CO, molecules.'”

In 2012, Dong et al.*’® used the g-C;N, as photocatalyst to
reduce CO, under water vapor and visible light conditions for
the first time. Due to its ease of preparation, good stability, low
cost, suitable bandgap, and ease of modification, g-C3N, has
great potential for photocatalytic reduction of CO,.""*'7® g-C;N,
has the unique tri-s-triazine units' structure, making it an
excellent carrier material. For example, Tang and co-workers
successfully implanted single titanium-oxide species into 2D
2-C3N, (2D TiO-CN)."”” Due to the tri-s-triazine units’ structure,
Ti**~-0>" was effectively anchored to g-C;N, and was reduced to
a highly reductive Ti**~O~ by electrons. Under the strong
reduction of Ti**~O~ species, the yield of CO reached 283.9
umol g* h™". In addition, the N atom in the skeleton of the
structure could cooperate with metal ions. Huang et al.'”® used
a simple deposition method to introduce Co®" into the g-C;N,
material. The Co-N coordination formed between Co®" and g-
C;3N,, thereby increasing the selectivity of CO in the reduction
products. Due to incomplete polymerization of the amide
groups-rich precursor, some NH, and NH groups are formed on
the surface during the synthesis of g-C;N,. These groups impart
a basic character to the g-C3;N, material, which promote the
adsorption of CO, molecules with Lewis acidity. Mo et al.'”®
successfully synthesized porous nitrogen-rich g-C;N, nano-
tubes by simple supramolecular self-assembly method. The CO
yield was 17 times higher than bulk g-C;N,. The introduction of
amino group effectively improved the Lewis basicity and
hydrophilicity of the material, thus promoting the adsorption of
CO, molecules. But in the opposite direction, the NH, and NH
groups are related to a large number of defects in layers, and
some hydrogen bonds are formed in these defects, which makes
the material distinct from those containing only covalent
bonds. These defects affect carrier transport between layers. Li
and co-workers introduced a carbon chain in the polymeric
carbon nitride and carried out a CO, photoreduction experi-
ment."® In this experiment, the carbon chain connected the
defects in g-C3;N, through the action of C-N covalent bonds. The
carbon chain acted as an electron channel, accelerating the
separation and transfer of charge carriers. The yield of CO was
29.2 times higher than the original g-C;N,. In addition, Lin
et al.*® introduced 3,5-dibromobenzoyl chloride as m-conju-
gated organic subunits in the polymeric carbon nitride, and
promoted the separation and transfer of photogenerated
carriers by w-conjugated organic molecules. In g-C;N,, electrons
were excited from N atoms to C atoms, but the two-
coordinated N atoms were usually the photocatalytic active
sites, so the excited electrons need to transfer from C atoms to N
atoms again. However, in the above process, it is often difficult
to excite electrons from N atoms to C atoms. Therefore, Fu and
co-workers used the coordination between the B atoms and the
two-coordinated N atom to dope the B atom into the g-C3N,
material."®* According to theoretical calculation, it was easier to
excite electrons from N to B than from N to C, and the CH, yield
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obtained by 1% B/g-C3;N, sample was 32 times that of the
pristine g-C;N,.

Although g-C;N, is a good photocatalytic material, the orig-
inal g-C3N, still has the inherent drawbacks, such as poor
adsorption capacity for CO, molecules, low visible light
absorption range, and easy recombination of carriers.'®
Therefore, g-C;N, generally combines with other materials to
form a composite. In recent years, some studies have begun to
focus on interfacial connections between g-C;N, and other
materials. In the process of combining different materials, it is
easy to ignore the occurrence of lattice mismatch, which is not
conducive to carrier separation and transfer. Wu and co-
workers introduced phosphate-oxygen links in the g-C3;N,/
TiO,-nanotubes (TNTs) complex.'®* The P-O bond strengthened
the interface connection between g-C3N, and TNTs, thus
inhibiting the occurrence of lattice mismatch. The P-O bond
accelerated the transfer of photogenerated electrons from TiO,
to g-C3N,. The results showed that the yields of acetic acid,
methanol and formic acid were 46.9 + 0.76 mg L™ ' h™',38.2 +
0.69 mg L " h™', and 28.8 & 0.64 mg L' h™ ", respectively. In
addition, the protonation of g-C3;Nj is also used to construct the
catalyst of composite structure. Protonation can significantly
change the charge structure of the surface and give the material
some special properties. Bafageer and co-workers pretreated g-
C;N, with HNO; to obtain protonated g-C;N, (PCN) with posi-
tive polarity.'® The g-C;N, and ZnV,0, were combined to form
a 2D/2D heterojunction, and PCN was used as an electron
transfer mediator and electron trap. Many high-speed charge
transfer channels were constructed to transfer electrons from
the CB of g-C;N, to the CB of ZnV,04 through PCN (Fig. 15a-c).
The experimental results showed that the yield of CH;O0H was
3742 pmol g~ ' cat™'. Copolymerization is also a good method
for the construction of g-C;N,-based composites. The specific
monomers are integrated into the copolymerized carbon nitride
to change the bandgap, composition, and electronic structure
of the material. Hayat et al.'*® integrated trimesic acid (TMA)
into polymeric carbon nitride (PCN) by copolymerization. The
integration of TMA effectively promoted the transfer of elec-
trons from the ground state to the excited state in PCN. The
photocatalytic performance of the CNU-TMA,; , sample was 16
times that of the blank CNU in all test samples. In conclusion, g-
C;N, is an excellent photocatalyst and deserves further study.

5.2.2 Graphene-based photocatalysts. In 2004, Novoselov
and Geim successfully separated graphene materials from
graphite by micromechanical exfoliation.>* As the first 2D
material to be prepared, graphene materials act as guides in the
wide application of 2D materials.’® Graphene is a honeycomb-
shaped carbon atom sheet formed by 2D plane sp> hybridiza-
tion. Graphene has many excellent structural and optoelec-
tronic properties, making it a promising photocatalytic
material.*®® Firstly, the large specific surface area of graphene
guarantees more active sites, which facilitates the adsorption
and activation of CO, molecules. Theoretically, the specific
surface area of graphene can reach 2630 m> g~ *.2° Then, at room
temperature, graphene has a high electron transfer rate of
200 000 cm® V' 57, the excellent conductivity facilitates the
migration and transfer of photogenic electrons, thus

This journal is © The Royal Society of Chemistry 2020
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accelerating the bonding of electrons and CO, molecules. Next,
the thermal conductivity of graphene is about 5000 Wm ™' K™%,
and its good thermal conductivity is beneficial to its photo-
thermal effect.’® However, it is worth noting that, unlike other
semiconductor photocatalysts, graphene is difficult to generate
photogenerated electrons under photoexcitation due to the lack
of bandgap, which limits the application in photocatalysis. In
order to overcome this drawback, some derivatives of graphene
are developed, such as graphene oxide (GO) and reduced gra-
phene oxide (rGO). These derivative materials have an adjust-
able bandgap and contain some special surface functional
groups, which can be an ideal photocatalytic material."*
Moreover, the combination of graphene and other semi-
conductors is also an effective way to overcome the bandgap
drawback.

The graphene material is oxidized to obtain GO, which is
quite different from graphene. Some defects appear in the
crystal structure of GO, forming functional groups such as
epoxy groups, hydroxyl groups, and carboxyl groups, etc.***
When graphene is oxidized, it will convert its zero-gap charac-
teristics into semiconductor characteristics, and related exper-
iments show that the position of the energy band can be
significantly changed by changing the oxidation degree of GO,
thereby affecting the bandgap of the semiconductor.”” In
addition, rGO can be obtained by partial reduction of GO, thus

This journal is © The Royal Society of Chemistry 2020
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improving the conductivity of the material. At the same time,
rGO retains some functional groups of GO.*** Recently, there
have been some studies on the modification of graphene
derivatives. The oxygen-containing functional groups on the GO
surface make the material alkaline. Since CO, itself has the
characteristic of Lewis acidity, the adsorption of CO, molecules
on the GO surface is greatly promoted. In general, oxygen
functional groups are easily modified by nitrogenous
substances. Liu and co-workers used ultrasound-assisted
method to prepare amine functionalized GO.*** The amine is
nucleophilic and undergoes a strong nucleophilic substitution
reaction with the electrophilic CO,, which greatly increases the
adsorption capacity of GO for CO, molecules. The optimum
adsorption capacity of TEPA-GO was 1.2 mmol g~ ' at 338 K and
0.1 atm. After 10 cycles, the adsorption capacity of the material
decreased by only 1%. In addition, there are also some studies
on N-doped GO. Through N doping, GO can have the following
advantages: (i) an active region is formed at a position adjacent
to a nitrogen atom and a carbon atom; (ii) N atoms can act as
anchor centers to adsorb and activate CO, molecules; (iii) when
GO is coordinated with metal ions, the N atom can act as
a connection site.” Since GO is a layered structure, the inter-
layer spacing is an important factor affecting the properties of
materials. Cai et al.**® incorporated the alkyl diamine molecule
into the layer of GO and expanded the intralayer spacing from
0.762 nm to over 1.030 nm (Fig. 16a and b). The results showed
that the intralayer spacing of GO directly affected the adsorp-
tion performance of CO, molecules. When the interlayer
spacing was 0.860 nm, the adsorption capacity of the CO,
molecule was maximized (Fig. 16c).

The composite structure formed by graphene-based mate-
rials and other semiconductors is an excellent way to make full
use of its properties. Since the Fermi level of graphene (deriv-
atives) is lower than the CB position of most semiconductor
materials, graphene and its derivatives tend to act as an electron
acceptor in the composite structure. In addition, its excellent
conductivity greatly accelerates the transfer of electrons. Liu
et al.*”” synthesized the rhombic dodecahedral Cu,0/rGO, and
used it in CO, photocatalytic reduction experiments. In this
composite system, rGO received photogenerated electrons from
the CB of the Cu,0, then photogenerated electrons were rapidly
transferred to the surface of the GO. The yield of methanol was
355.3 umol g, '. Through the study of durability and recy-
clability, it was found that the photocatalytic performance of the
material did not decline significantly after three consecutive
tests. Graphene and its derivatives can also act as an electron
medium in the construction of heterostructures, facilitating the
transfer of electrons between different materials. Meng et al.**®
synthesized ZnO/rGO/UiO-66-NH, composite material, in which
ZnO and UiO-66-NH, formed Z system, and rGO acted as an
electronic medium. Electrons were transferred from the CB of
ZnO to the VB of UiO-66-NH, through rGO, which inhibited the
recombination of charge carriers. Graphene and its derivatives
have a large specific surface area, making it an ideal carrier
material. It is worth noting that the oxygen-containing func-
tional groups on the surface of GO can serve as sites for other
semiconductors, thereby uniformly dispersing them on the
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ref. 196. Copyright 2019 American Chemical Society.

surface of the GO to prevent aggregation. Wang and co-workers
successfully constructed a-Fe,0;-ZnO/rGO heterojunction.**®
Zn spheres were oxidized to ZnO on the surface of GO and
uniformly supported on the surface of GO. This anchoring effect
of rGO inhibited the aggregation of Zn spheres, thereby
promoting the photocatalytic reaction. Graphene and its
derivatives can wrap certain photocatalyst materials, which in
turn produce some special effects. For example, Zhao and co-
workers synthesized (Pt/TiO,)@rGO-n composite material.>*
TiO, was encapsulated by GO, wherein the surface hydroxyl
group and extended 7 bond of GO could improve the adsorp-
tion and activation of CO, and H,O molecules. The photo-
generated electrons were transferred from TiO, to Pt and then
to the rGO surface, which greatly promoted the separation of
carriers (Fig. 17). The encapsulation of graphene can be used to
inhibit the photocorrosion of materials, thereby increasing the

el 4
()
-~

s CO,tH,0 CcH+0,

-+ =
cH, +® CO,+H,0

light stability of the material. Tang et al.>** prepared rGO/CdS-
TiO, nanotube materials in which rGO was coated on the
surface of CdS. There are two reasons why the photocorrosion of
CdS was suppressed: Firstly, due to the barrier effect of rGO, the
contact of active radical -OH with CdS was prevented; secondly,
an electron-rich microenvironment was generated on the rGO
surface, which in turn converted S~ into S*~. Because of its
black and zero bandgap characteristics, graphene can absorb
almost the whole spectrum of light from ultraviolet to infrared.
Graphene cannot generate photogenerated electrons under the
excitation of photons, but it can convert the energy of photons
into heat energy, thus making the material has a good photo-
thermal effect. Recently, Xu and co-workers specially studied
the influence of photothermal effect of graphene on the
photoreduction performance of TiO,.**> When 30 mg of gra-
phene was introduced, the temperature of the material surface

Fig. 17 Schematic of the mechanism for CO, photoreduction with H,O to CH,4 over (Pt/TiO,) @ rGO-n catalysts. Reproduced with permission

from ref. 200. Copyright 2018 Elsevier.
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increased sharply from 58.9 to 116.4 °C under light illumination
of 4.38 kW m~> The experimental results showed that the
photothermal effect of graphene promoted the movement
speed of CO, molecules and carriers on the surface of the
material, thereby increasing the yield of CH,. The yield of CH,
was 26.7 umol ¢! h™', which was 5.1 times that of pristine
TiO,. Therefore, modification of graphene derivatives and
composite of graphene with other semiconductors are still two
important aspects of the current research on the application of
graphene in photocatalysis. Further research is worthwhile in
order to fully exploit the potential of graphene.

5.2.3 Others. Hexagonal boron nitride (h-BN) is a type of
layered 2D photocatalytic material, also known as “white gra-
phene”, which has good stability and strong electrical conduc-
tivity.”*® But the bandgap of h-BN is 5.5 eV, which needs to be
modified properly to be better applied in the field of photo-
catalysis.”®* Zhao et al.** synthesized S-doped 2D h-BN nano-
sheets, which significantly adjusted the bandgap of the
material, thereby improving the photocatalytic activity. Chen
and co-workers studied the adsorption properties of porous h-
BN to CO, molecules.>* They successfully doped C atoms into
h-BN materials to produce borocarbonitride (BCN) materials. In
the structure of this material, both graphene and h-BN were
contained in the structural domain, so it possessed the prop-
erties of both materials. The adsorption capacity of BCN for CO,
was 3.74-3.91 mmolgo, g’1 under the conditions of 298 K and
ambient pressure, while the adsorption capacity of the original
h-BN was only 1.16-1.66 mmolso, g . Therefore, their research
has certain guiding value for the application of h-BN in the field
of photocatalytic reduction of CO,.

Black phosphorus (BP) nanosheet is also a metal-free
emerging 2D photocatalytic material. BP has excellent elec-
trical conductivity, adjustable band gap structure, and a large
surface area.”” The band gap of BP can be effectively adjusted
by changing the thickness of the material, and the bandgap
range from 0.3 to 2.0 eV.?**** Lee and co-workers used BP as
a photocatalyst for the first time and applied it to the degra-
dation of pollutants.**® In the past period of time, research on
2D BP in the field of photocatalysis has mainly focused on
photocatalytic hydrogen evolution and pollutants degrada-
tion.***** Very recently, some research results on the applica-
tion of 2D BP in photocatalytic CO, reduction have been
reported gradually. In these studies, 2D BP was mainly used to
form composites with other materials (such as g-C;N,, covalent
triazine framework, and CsPbBr;), rather than acting as pho-
tocatalysis alone for CO, reduction reaction.”***** The reason
for this phenomenon is that 2D BP has some inherent short-
comings. Firstly, the photogenerated electrons and holes of 2D
BP are prone to recombination, which greatly reduces the effi-
ciency of photoreduction. Secondly, the lone pair electrons of
the P atom in BP can easily react with oxygen, and then the
intermediate product will react with water. Therefore, 2D BP is
extremely unstable in air and water. Aiming at the stability of 2D
BP, Zhu et al.**® used the hydroxyl group to occupy the lone pair
electrons of the P atom, thereby effectively inhibiting the reac-
tion between the lone pair electrons and oxygen. In the CO,
photoreduction experiment, the stable BP nanosheets were
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used as the main photocatalyst, which showed excellent
photoreduction performance and strong air and water stability.
In conclusion, 2D BP still has great research and application
potential in the field of photocatalytic CO, reduction.

To sum up, it can be seen that there exist many kinds of 2D
materials, which show different photocatalytic capabilities and
effects in the experiments of photocatalytic reduction of CO,.
Table 3 summarizes the performance of various 2D-related
photocatalysts in specific experiments. In addition, different
kinds of 2D materials have different structures and photo-
electrical properties. The advantages and disadvantages of the
main 2D materials are shown in Table 4.

6. Combination of single-atom and
2D nanomaterials for CO»
photoreduction

In general, decreasing the number of layers of a 2D material will
change the electronic structure of the material, such as
a decrease in the DOS. Similarly, when the size of a bulk pho-
tocatalyst is reduced to the single atom level, the electronic state
of the photocatalyst will also change significantly. In 2005, John
Meurig Thomas first proposed the concept of single-site
heterogeneous catalysts (SSHC), and pointed out the broad
prospects of SSHC in the field of catalysis.”®*” In 2011, Zhang and
co-workers successfully anchored Pt atoms to the surface of iron
oxide nanocrystals and used them for CO oxidation.>*® The Pt
atom showed extremely high dispersibility on the support, and
the catalyst showed excellent stability and selectivity. Since
then, the concept of single-atom catalysts (SACs) has gradually
emerged in the field of photocatalysis and attracted widespread
attention.” After relevant experimental research and theoret-
ical calculations, single-atom catalysts can effectively combine
the advantages of homogeneous and heterogeneous catalysts,
thereby playing the role of homogeneous catalyst analogs.**
The active atoms in the traditional supported nanoparticle
catalysts cannot be completely exposed on the surface of the
support material, and the atoms below the surface cannot
function, while the single atom catalysts can ensure maximum
contact between the active site and the reactants. And theoret-
ically, there are no atoms that touch each other in SACs, thus
effectively preventing the accumulation of atoms. These prop-
erties make single-atom catalysts effectively distinct from
common nanoparticles and elemental doping.

For SACs, to achieve high dispersion and excellent catalytic
performance, the development of single-atom carriers will be
a key issue. For a suitable carrier, a large specific surface area is
indispensable to carry as many active sites as possible. In
addition, there must be specific anchor points on the carrier
surface, so that single atoms can be firmly loaded. Furthermore,
a high electrical conductivity is needed for carrier material,
which is conducive to the transfer of electrons.” Taking the
above factors into consideration, the 2D material is an ideal
single-atom support due to its unique geometry and photo-
electric structure. The effective combination of 2D materials
and single atoms will endow the materials with some unique
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properties.”*" Firstly, single atoms can be fixed in the lattice of
2D materials or connected by covalent bonds, thereby ensuring
the stability of the overall structure. Secondly, the single atoms
anchored on 2D materials tend to be more coordination
unsaturated, while a high proportion of low coordination atoms
greatly increases the number of active sites, thereby improving
catalytic performance. Thirdly, due to the ultra-thin properties
of 2D materials, the open structure on either side is more
conducive to the contact of reactants with single atoms, thereby
maximizing the utilization of single atoms and greatly reducing
the use of materials. Fourthly, single atoms generally show
a long-range ordered arrangement on the surface of 2D mate-
rials, so that theoretical calculations can play a better role in the
study of catalytic performance. Therefore, it will be an excellent
platform that combines theoretical calculations and experi-
mental research.>*?

The effective adsorption of single atoms on 2D materials is
a prerequisite for the high efficiency of CO, photoreduction.
Therefore, analyzing the adsorption behavior between single
atoms and 2D materials is helpful to the design of high-
performance photocatalytic materials. Different single atoms
often have different adsorption sites on 2D materials. Tong and
co-workers investigated the different adsorption sites of single
atom Pt, Pd and Au on the bilayer g-C3N,.>** According to the
calculation results of the formation energy, single-atom Pd and
Pt were embedded in the interlayer of g-C;N,, while single-atom
Au was adsorbed on the surface of g-C3;N,. The Pt atom has
vacant 5d orbitals, which could have a strong coordination
effect with g-C;N,. The partial overlap of the 4d orbital and the
5d orbital of the Pd atom also makes it have a strong bonding
ability. The closely packed 5d and 6 s orbitals of Au atoms make
them adsorbed only on the surface of g-C3N,. Therefore, the
adsorption sites of single atom on a two-dimensional material
are usually determined by its outer orbital characteristics. In
addition to different adsorption sites, there are many different
coordination modes between single atom and 2D materials.
Firstly, single metal atoms can bond with atoms in a 2D plane
through ligands. For example, Gao et al”>** successfully
anchored single atom Co to the surface of partially oxidized
graphene. In this process, in addition to electrostatic force and
complexation, the oxygen-containing functional groups of
partially oxidized graphene also acted as ligands that anchor Co
atoms. Secondly, vacancy engineering is an effective method to
load single atom. Zhou et al>* synthesized g-C;N, with N
vacancies and 2H MoS, with S vacancies, and analyzed the
adsorption properties of the materials to single atoms.
Compared with the pristine g-C;N, and 2H MoS, surface, they
found that the metal atom Ir had a more negative adsorption
energy in the N vacancy, and the single atom Rh had a more
negative adsorption energy in the S vacancy. The reason for this
phenomenon is that the vacancy on the material surface
changes the regional electronic structure, which enhances the
stability of the single atom load. Thirdly, single atoms can
replace atoms in the plane to achieve efficient load. Di and co-
workers replaced the Bi atoms in the Bi;O,Br nanosheet crystal
lattice with a single atom of Co,**® thus achieving uniform and
isolated distribution of Co atoms on 2D materials. In short, the
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adsorption behavior of a single atom on 2D material surface is
closely related to the electronic structure of both.

The adsorption of single atoms on the 2D material will
change some of the original properties of the material. It is very
common to change the electronic structure of 2D materials,
such as the band position, intermediate energy state and so on.
Shi et al.**” loaded atomic Co on 2D Te nanosheets and analyzed
the influence of Co atoms on the electronic structure of Te
nanosheets. The introduction of Co atoms caused the valence
band minimum of Te nanosheets to shift upwards towards the
Fermi level, thus narrowing the band gap of the material. Due to
the low orbital level of the atom Co, the orbital hybridization
between the Te atom and the Co atom occurred, resulting in an
intermediate energy state lower than the CB. The change in the
electronic structure of 2D Te enhanced its ability to excite
carriers, separate and transfer electrons, thereby improving the
efficiency of photocatalysis. Moreover, the interfacial interac-
tion between single atom and the 2D carrier material can result
in the structural change of the material. Zhang and co-workers
dispersed atom Mo in g-C;N, and studied its effect on the
performance of photocatalytic reduction of CO,.*** When Mo
atoms were introduced into g-C3N,, the coordination of atoms
in the melon unit and the coordination between adjacent melon
units remained unchanged, but the melon unit itself was
twisted outward. Therefore, the crystal lattice of the g-C;N, was
distorted, and the atomic arrangement appeared disordered,
resulting in the transition of g-C3N, from crystalline to amor-
phous phase. The phase transition increased the surface area of
g-C3N, from 13.2 to 61.2-71.3 m* g~ . The experimental results
showed that the yield of CO was 18 umol ¢~ * h™', which was
10.6 times higher than the crystal phase g-C;N,. Therefore,
under certain conditions, the change of 2D material properties
caused by single atom load is a favorable factor to improve the
performance of CO, photoreduction.

The adsorption, activation and conversion process of CO,
molecules on the surface of the photocatalyst are vital factors
that affect the yield and selectivity of the final product. In
composite systems composed of single-atom and 2D materials,
metal atoms tend to act as active sites for CO, reduction.
Therefore, in order to achieve rich and controllable reduction
products, we must study the adsorption and conversion prop-
erties of single atom to CO, molecules. In general, the orbital
characteristics of a single atom have a great influence on the
adsorption of CO, molecules. Homlamai et al.**® used first-
principles to analyze the influence of different single atoms
(Fe, Co, Ni, and Cu) loaded on g-C3N, on the adsorption of CO,
molecules. Among all the materials, Fe-g-C;N, showed the most
negative CO, adsorption energy (—0.40 eV). According to the
calculation of partial DOS, it was found that the d orbital of
metal atom overlapped with the p orbital of O in CO,. The d—p
orbital overlap between Fe-g-C;N, and CO, molecules was the
most obvious, which means that a strong bond exists between
Fe and O. The electrons transferred from O to the d orbital of Fe
atoms caused a strong interaction between CO, molecules and
the photocatalyst surface, and CO, molecules were absorbed
stably on the surface of Fe-g-C;N,. The other single atoms (Co,
Ni, and Cu) and O shown only small d-p overlapping peaks. In
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addition, through Perdew-Burke-Ernzerfhof (PBE) functional
analysis, it was found that the van der Waals force between the
single-atom photocatalyst and the CO, molecules had a great
effect on the adsorption energy. In the process of CO, molecular
reduction, the type of single atom will directly affect the
conversion of CO, molecules, and then change the selectivity of
the final product. In each step of CO, reduction, the barrier is an
effective index to reflect the difficulty of the reduction reaction.
Generally speaking, the weaker the adsorption strength
between the intermediate and the photocatalyst, the higher the
barrier required for the reaction.”®® For single-atom photo-
catalysts, different electronic structures of atoms lead to
different interactions with hydrocarbons, thereby affecting the
reaction barriers required for the formation of various inter-
mediates, and showing certain selectivity in the final reduction
products. Gao and colleagues loaded single-atom Pd and Pt on
2-C3N, for CO, photoreduction reaction.”®* The Pt atoms have
two uncoupled electrons, so compared to Pd atoms, there is
a stronger interaction between the Pt atom and the hydro-
carbon. The largest barrier during the formation of CH;O0H on
Pd/g-C;N, was 1.46 eV, which was higher than the barrier on Pt/
g-C3N, (1.16 eV). For Pd/g-C;N,, the largest barrier required to
form HCOOH was only 0.66 eV, which was much lower than the
largest barrier for the formation of CH;OH, so Pd/g-C;N, was
more inclined to reduce CO, to HCOOH. After further theoret-
ical calculations, the formation of CH, on Pt/g-C;N, was more
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thermodynamically stable. Therefore, when Pt/g-C3N, was used
as a photocatalyst, CH, was considered to be the final reduction
product. In a word, studying the electronic structure of single
atom and its interaction with intermediates is an effective way
to reveal the selectivity of reduction products.

Single-atom photocatalysts have great application potential,
but it is worth noting that there are still some challenges here.
For example, 2D materials have a large surface area, but it is
difficult for single atom to achieve a uniform load over a large
area. The surface energy of metal materials increases sharply
with decreasing size, so metal aggregation has always been
a major problem for single-atom photocatalysts. In addition,
the bond between the single-atom metal site and the 2D
material may become unstable as the reaction progresses,
thereby affecting the single-atom loading. Therefore, the
combination of single-atom photocatalysts and two-
dimensional materials still has wide research space in the
field of CO, photoreduction.

7. Strategies for improving
photocatalytic CO, reduction activity
of 2D nanomaterials

In order to effectively improve the activity of CO, photoreduc-
tion, the following aspects should be taken into account: (i)

Table 5 Summary of the typical material modification method and its performance improvement

Methods Classification Function Photocatalyst Performance Ref.
Elements Metal elements As the active sites and the MOF-525-Co CO: 3.13 times higher than 252
doping electron trap. pristine MOF-525
CHy,: 5.93 times higher than pristine
MOF-525
Non-metallic Adjust the energy band structure.  B/g-C3N, CH,: 32 times higher than pristine 182
elements g-C3Ny
Morphology Shape Expose certain special groups; ZIF-67 CO, adsorption capacity: 253
control improve the specific surface. Rhombic dodecahedral morphology:
1.11 mmol g~*
Pitaya-like morphology: 0.81 mmol g*
Leaf-like morphology: 1.16 mmol g~
Thickness Affects the surface defects and Ni-Al LDH The selectivity of CH,: 27 nm: 0.1%j; 78
coordination relationships. 5 nm: 2.4%; 1 nm: 16.5%
Facets exposure Improve the surface energy. Cu,0/WO0;-001 CO: 11.7 pmol in 24 h 254
Vacancy Non-metallic Adjust the energy band structure; — Vn-g-C3Ny4 CO: 4 times higher than bulk g-C3N, 255
engineering vacancy promote the adsorption and
activation of CO, molecules;
Weaken the exciton-effect.
Metallic vacancies  Adjust the electronic structure. Vpi-BiOBr CO: 3.8 times higher than 256
pristine BiOBr
Heterostructure  0D/2D Promote the separation of TiO,_,/g-C3N, CO: 5 times higher than 224
engineering heterostructure photogenic electrons, reduce pristine g-C3N,
the carrier recombination rate.
1D/2D Promote the separation of CNTs/PCN CO: 6.6 times higher than 257
heterostructure photogenic electrons, reduce pristine g-C3Ny
the carrier recombination rate. CHy,: 1.52 times higher than
pristine g-C3N,
2D/2D Promote the separation of 2-C3N,/NiAI-LDH  CO: 5 times and 9 times higher than 221
heterostructure photogenic electrons, reduce pristine g-C;N, and NiAl-LDH

the carrier recombination rate.
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rationally adjusting the band structure of the material; (ii)
accelerating the migration rate of photogenerated carriers and
reducing the recombination rate of charge carriers; (iii)
promoting the CO, molecular adsorption and activation. In
order to achieve these purposes, element doping, morphology
control, vacancy engineering and heterostructure engineering
are introduced. Table 5 summarizes the typical material modi-
fication method and its performance improvement.

7.1 Element doping

Element doping is a very common strategy to improve the
photocatalytic performance of 2D materials, which can signifi-
cantly change the photoelectric properties of materials. It is
worth noting that the influence of different doped elements on
the properties of materials is different. In general, doped
elements can be classified into two types: metal elements and
non-metallic elements. The most widely studied metal doping
elements are Fe, Na, K, Pt, Co, etc.,>*®*?% while common non-
metallic doping elements include C, O, B, S, N, etc.>**** In
addition, the number and location of doping elements are also
important factors affecting material properties.*

The metal element implanted in the 2D material can
generally act as a photocatalytic active site and electronic trap,
thereby becoming the central atom of the reaction. Zhang
et al.*®* implanted Co atoms into MOF-525. Compared with the
pristine MOF-525, the yields of CO (200.6 umol g * h™") and
CH, (36.67 umol g * h™ ') were 3.13 times and 5.93 times that of
the previous ones. The unsaturated Co site greatly enhanced the
adsorption and activation of CO, molecules. In addition, Co site
led to the migration of photogenic electrons from porphyrin to
Co. Apart from this, the doping of the metal element can also
change the selectivity of reduction products. Li and co-workers
compared the effects of Au and Cu doped polymeric carbon
nitride on the selectivity of CO, reduction products.”’® The
experimental results showed that the reduction products of Au/
CN mainly included CO and CH;OH, while Cu/CN achieves
a high selectivity of CH,. After analysis, the covalent action
between Cu atoms and CN was stronger than that between Au
atoms and CN, which was more conducive to the deep reduction
of CO,. However, the electron transfer between the intermedi-
ates and Au/CN was weak, which led to the easy desorption of
CH3;0H/CO from the material surface, and the reduction
products were mainly CH;OH and CO. What's more, metal
doping also improves the light absorption capacity of materials.
Tan et al.””* implanted Ag/Pd alloy into N-doped TiO, nano-
sheets. UV-vis-NIR absorption spectra showed that Ag,Pd,/TiO,
photocatalysts greatly enhanced the visible light response.
Compared with the absence of CH, production of pure TiO,, the
maximum CH, yield of Ag,Pd,/TiO, was 79.0 pmol g~ ' h™".

Non-metallic elements have the advantages of low price and
wide sources, so the doping with non-metallic elements tends to
be more attractive. Doping of certain nonmetallic elements will
affect the electronic system of the material and change the
bandgap of the semiconductor material. Huang et al.?”> doped C
element into the lattice of g-BN nanosheets to form a ternary
B-C-N structure. The DFT theoretical calculation showed that
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the indirect bandgap of pristine h-BN was 4.56 eV, and the
bandgap of the B;;C;,No was significantly reduced to 2.00 eV,
which greatly enhanced the absorption of visible light. It is
worth noting that the doping of foreign non-metallic elements
will form a new photogenerated carrier recombination center,
which will cause additional energy loss.””® Therefore, self-
doping of materials is an effective way to avoid this defect.
Huang and co-workers successfully introduced C into the
structure of g-C;N, and replaced part of N by self-doping.>”* The
doping of C improved the availability of m-electron, and the
bandgap of g-C3N, was reduced from 2.75 eV to 2.58 eV. The
material showed a good photocatalytic performance under
green (A = 500 nm) and yellow (A = 550 nm) light. Since doping
of different elements produces different effects, multi-element
co-doping tends to impart a variety of effective properties to
the material, and one element can also be used to compensate
for defects caused by another element.>”® Samanta et al.*®® co-
doped the C and O elements into the polymeric g-C;N,.
Among them, C doping promoted the separation of charge
carriers and increased the electrical conductivity of the mate-
rial, while the O element expanded the absorption range of light
and facilitated the adsorption of CO, molecules on the surface.
The experimental results showed that the yield of CH;OH
within 6 h was 4.18 mmol g~ ".

7.2 Morphology control

In addition to elemental doping, morphology control is an
effective method to change the properties of materials. The
commonly used morphology control methods for 2D materials
mainly include changing the thickness of 2D materials,
changing the shape of materials, and controlling the exposed
facets. Through morphological control, the electronic structure,
active site, and light absorption capacity can be significantly
changed.

Constructing different shapes is one of the most common
methods for morphology control. By constructing special
shapes, it is more conducive to the exposure of certain special
groups. For example, the groups containing unsaturated bonds
and dangling bonds in TMDs are generally located at the edge of
the nanosheet, rather than the surface or the basal planes of the
bulk material. Based on this characteristic, photocatalytic
performance can be improved by creating more edge positions.
Meier et al.?”® successfully synthesized a MoS, nanoflower with
a large number of edge planar slices by chemical vapor depo-
sition. In the CO, photocatalytic reduction experiment, the
diameter of nanoflowers increased with the increased of
temperature rise rate (Fig. 18d-f). It is worth noting that when
the heating rate reached 20 °C min~* (SZF-20), the excessive
heating rate would lead to distortion of the crystal structure of
the material, thus affecting the absorption of light. At 5 and
10 °C min~ ' (SZF-5 and SZF-10), the photocatalyst samples had
abundant edge site abundance and defect crystal structure, and
the activity of the photocatalyst reached the optimal point. By
adjusting the shape of the material, the specific surface of the
material can be improved; the active site can be increased; the
adsorption capacity of the reactant can be enhanced. Low
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Fig. 18 Field emission scanning electron microscope (FESEM) images of (a) TTO, (b) TT550 and (c) TT650. Reproduced with permission from ref.
217, copyright 2018 Elsevier. Scanning electron microscope (SEM) images of (d) SZF-5, (e) SZF-7, (f) SZF-20. Reproduced with permission from
ref. 276, copyright 2018 American Chemical Society. Scanning electron microscope (SEM) images of (g) ZIF-67_1, (h) ZIF-67_2, and (i) ZIF-67_3.
Reproduced with permission from ref. 253, copyright 2018 Royal Society of Chemistry.

et al?" loaded TiO, nanoparticles onto 2D Tiz;C, to form
a unique rise crust-like structure by a simple calcination
method, and the loading of TiO, nanoparticles could be
adjusted by controlling the calcination temperature. Fig. 18a—c
show dried TiO,/Tiz;C, (TT0), TiO,/Ti3C, at 550 °C (TT550) and
650 °C (TT650) with a ramping rate of 10 °C min ™", respectively.
This unique morphological structure greatly increased the
specific surface area of the material, thereby generating more
active sites and facilitating the adsorption of CO, molecules.
The experimental results showed that the optimal CH, yield of
TiO,/Ti;C, samples was 2.8 and 3.7 times of pure TiO, and P25,
respectively. Besides, Wang and co-workers specifically
compared the effects of different shapes of MOF materials as co-
catalysts on the CO, photoreduction performance.>® The
rhombic dodecahedral morphology ZIF-67_1 (Fig. 18g), the
pitaya-like morphology ZIF-67_2 (Fig. 18h), and the leaf-like
morphology ZIF-67_3 (Fig. 18i) were synthesized by using
different volume ratios of CH;OH and H,O as solvents. At 100
KPa, ZIF-67_3 had the best adsorption capacity for CO,, which
was 1.16 mmol g~ .

For 2D materials, the thickness is an important factor
affecting its properties. The thickness of the material affects the
surface defects and coordination relationships. Therefore,
thickness control is an important aspect of morphology control.

19184 | J Mater. Chem. A, 2020, 8, 19156-19195

Tan et al.”® synthesized a series of Ni-Al LDH with the thickness
ranging from 27 nm to 5 nm to 1 nm. Through CO, photo-
catalytic reduction experiments, it was found that the selectivity
of H, in the product decreased from 43.8% to 26.5% to 13.3%,
and the selectivity of methane was increased from 0.1% to 2.4%
to 16.5%. Therefore, as the thickness of Ni-Al LDH decreased,
the competitive reaction of HER was effectively inhibited, and
the selectivity of methane was improved. The main reason for
this phenomenon was the increase of the coordination unsat-
urated metal and hydroxyl defects on the surface of LDH as the
thickness decreases.

In parallel, facets exposure is also one of the ways to control
morphology. Facets are closely related to the surface energy of
the material, and the exposure of high-energy facets can greatly
improve the surface energy.”””>”® In general, the low-energy
facets of a material tend to dominate in order to keep its
stability. For example, Anatase TiO, crystals tend to be domi-
nated by the {101} low-energy facets (0.44 ] m~?) to maintain
thermodynamic stability without exposing {001} high-energy
facets (0.90 ] m ?).>® Shi et al.** modified WO; nanosheets
with Cu,O and studied the effect of WO; with or without
dominant {001} facets on photocatalytic reduction of CO,. The
analysis showed that the {001} facets of WO; promoted the
transfer of photogenerated holes to H,O molecules, which was

This journal is © The Royal Society of Chemistry 2020
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beneficial to the oxidation process of H,O molecules. The
maximum CO yield of Cu,0/WO05-001 material was 11.7 pmol in
24 h, which was higher than Cu,0/WO; without dominant {001}
facets.

7.3 Vacancy engineering

For 2D materials, because the thickness is reduced to the
nanometer level, it will lead to the discontinuity of the crystal,
and a large number of atoms are exposed on the surface,
resulting in atomic vacancies and surface dangling bonds.”®
The introduction of defects can significantly change the physi-
cochemical properties and photoelectric properties of mate-
rials, thus promoting their application in the field of
photocatalysis. Different kinds of vacancies will have different
effects on the material. The types of vacancies can be divided
into metal vacancies and non-metal vacancies.**

At present, there are many researches on non-metallic
vacancy, and it is relatively easy to introduce non-metallic
vacancy. Firstly, the energy band structure of the material can
be adjusted through the introduction of vacancies. The N
vacancy can adjust the band structure by introducing the
midgap states. Tu et al.>*® calcined bulk g-C;N, from 475 °C to
550 °C under the atmosphere of H, to produce g-C3N, nano-
sheets with different N vacancy densities. With the increased of
temperature, C/N gradually increased, indicating the formation
of N vacancies (Fig. 19a). Fig. 19b showed that the proportion of
C-N=C and N-(C); decreased with the increase of temperature,
reflecting that the missing N atom may be located at the two-
coordinated lattice sites. Through experimental analysis and
DFT theoretical calculations, it was found that the introduction
of N vacancies led to a midgap state under the CB of g-C3N,
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(Fig. 19c and d). The photogenerated electrons of the VB would
transit to the midgap states, which played a role similar to
narrowing the bandgap (Fig. 19c¢, path 1). The midgap states
could also receive electrons from the CB, thereby accelerating
the separation of photogenerated electrons and holes (Fig. 19c,
path 2). However, as the N vacancies increased, the position of
the midgap states would become deeper. When too many N
vacancies were introduced, the midgap states would become the
recombination site (Fig. 19c, path 3). When the density of N
vacancy was optimal, the yield of CO was 4 times higher than
the bulk g-C;N,. In addition to the adjustment of the energy
band structure, the introduction of vacancies will also promote
the adsorption and activation of CO, molecules. Shen et al.***
introduced C vacancies by heating g-C;N, under NH; atmo-
sphere. The experimental and theoretical calculations showed
that the CO, adsorption energy of sample GCN510 with C
vacancies was —0.463 eV, which was more negative than pure
GCN (—0.183 eV). Furthermore, the C=0 bond length of the
CO, molecule adsorbed on the surface of the GCN with C
vacancies was 1.177 A, which was greater than the initial C=0
bond length (1.169 A). It can be seen that the C vacancies
promoted the adsorption and activation of CO, molecules.
Moreover, the C vacancies weaken the exciton-effect, which
promoted the generation of carriers. The experimental results
showed that the yield of CO was 4.18 umol g~ ' h™', which was
2.3 times higher than pristine GCN.

In addition to non-metallic vacancies, metal cation vacancies
can also change the electronic structure and physicochemical
properties of materials due to the diversity of electronic
configurations and orbital distribution.”® However, it is more
difficult to form metal cation vacancies because the formation
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Table 6 List of the synthesis, type and schematic diagram of heterojunction photocatalyst

Classification Composites Synthetic methods Heterojunction type Schematic diagram Ref.

NHE pH=7

TiO,_,/g-C3N, Conventional type II 224
0D/2D In situ pyrolysis
BPQD/GCN Conventional type II 285
Interface
CNTs/PCN Impregnation Conventional type II 257
1D/2D
TiO,/MoS, Hydrothermal Conventional type II 136
CO+H,0
2] H)
13 (= CO,+2H* + 2¢”
- A (2H*+ 2¢)
=0 : e -0.53 (CO/CO,)
o] 27ev \
. . 9-C:N, 23eV
g-C3N,/Ni AI-LDH Hydrothermal Conventional type II gl \\ \ . 221
by m—— A
2| .9 ]U h*
2H,0 .
= 4H'+ 0, + de”
E(eV vs. NHE)
2D/2D
/ E(oV vs. NHE) pH=7 2C0;+12H' %
CO+CH,+
Hy+ 3H,0
|-0.53 (COICO,)
-0.41 (H'IH,)
*-0.24 (COICH,)
Bi,WOs/RGO/g-C3N, Hydrothermal Z-scheme 286

O, +4H +4e-

energy is relatively large, which leads to relatively little research  carbon chain ionic liquid-assisted synthesis.?** The introduc-
on cation vacancies. Di and co-workers successfully synthesized tion of Bi vacancies changed the electronic structure. The
BiOBr nanosheets containing Bi vacancies by controlled long density of states (DOS) of BiOBr VB edge with Bi vacancies (Vg;-
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BiOBr) was higher, which means that more carriers of Vg;-BiOBr
would participate in CO, reduction reaction. At the same time,
more negative CB gave Vg;-BiOBr a stronger reducibility. The CO
temperature programmed desorption (TPD) pattern showed
that Vg;-BiOBr has a lower onset CO desorption temperature,
and the total amount of CO in the product was 3.8 times that of
BiOBr nanosheets. In addition to the introduction of single
metal atomic vacancies, Di and co-workers introduced a Bi-O
vacancy pair in ultrathin BiMoOs nanosheets by template-
directed method.?® Similar to the introduction of Bi vacancies
in BiOBr, the Bi-O vacancy pair also improved the electronic
structure of the material and increased the carrier concentra-
tion. In addition, the Bi-O vacancy pair on the surface of the
material could serve as a capture center for photogenerated
electrons, thereby promoting the separation of photogenerated
charge carriers. The results showed that the yield of CO was 3.62
umol g~ h™'. Therefore, whether it is a metal vacancy or a non-
metal vacancy, after reasonable setting, it can be an effective
means to improve the photoreduction performance of CO,.

7.4 Heterostructure engineering

Due to the limitation of intrinsic properties, the photocatalytic
effect of 2D materials with single components is often unsat-
isfactory. Therefore, the formation of heterostructure between
2D materials and other materials is an excellent strategy to
make up for the shortcomings of single components. In general,
conventional heterostructure can be divided into three cate-
gories: type-I (straddling gap), type-1I (staggered gap), and type-
III (broken gap). In recent years, there have been some studies
on new p-n heterojunctions and Z-scheme heterojunctions. For
2D materials, they can be divided into 0D/2D (point contact)
heterojunctions, 1D/2D (line contact) heterojunctions, and 2D/
2D (face contact) heterojunctions according to the different
contact methods between different materials (Table 6).2%*

Coupling 0D nanoparticles on the surface of 2D materials is
an effective method to construct heterojunction. Shi et al.***
coupled 0D TiO, quantum dots rich in O defects on g-C3N,
nanosheets to form a 0D/2D heterojunction (TiO,_,/g-C3N,) for
CO, photoreduction. In this structure, photogenerated elec-
trons were transferred from the CB of g-C3N, to the CB of TiO,,
while the migration direction of photogenerated holes was
opposite. Electron transfer occurred on the subpicosecond time
scale, which greatly promoted the separation of electrons. The
CO yield of TiO,_,/g-C3N; was 77.8 umol ¢ ' h™', which was 5
times that of the pure g-C;N,. Similarly, Kong and co-workers
successfully synthesized 0D/2D (BPQD)/g-C3N, type-II hetero-
junction.”® Due to the staggered energy bands, the electrons in
the CB of BPQD were transferred to the CB of g-C3N,, and the
holes in the VB of g-C;N, were transferred to the VB of BPQD.
This heterojunction reduced the carrier recombination rate and
greatly improved the photocatalytic efficiency. However, it is
worth noting that the distribution of 0D nanoparticles on the
surface of the 2D material is limited, and it is difficult to achieve
comprehensive coverage. Such limited contact often fails to give
full play to the advantages of heterostructures, so the separation
efficiency of photogenerated carriers is limited.

This journal is © The Royal Society of Chemistry 2020
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Compared with 0D nanoparticles, 1D materials tend to have
larger specific surface area, higher aspect ratio and better
carrier mobility.*® There are some studies on the application of
1D/2D heterojunction in photocatalysis. For example, Tahir
et al*” used 1D carbon nanotubes (CNTs) to modify 2D
protonated g-C3N, (PCN), and then embedded Cu nanoparticles
in the structure. The CNTs not only have a large specific surface
area and a porous structure, but also have excellent thermal and
electrical properties. In this heterostructure, CNTs acted as
electron acceptors and received photogenerated electrons from
g-C3N,. The experimental results showed that the highest CO
yield of CNTs/PCN was 410 pmol g., ' h™!, which was 6.6 times
that of pure g-C3;Ny, while the yield of CH, was 1.52 times that of
g-C3N,. Moreover, Xu et al.®*® constructed 1D/2D TiO,/MoS,
heterojunction by in situ growth of MoS, nanosheets on TiO,
nanofiber. The optimal yields of CH, and CH;OH were 2.86 and
2.55 pmol g ' h™", respectively. When pure TiO, nanofibers
were used as photocatalysts, the products contained only
CH;OH (0.72 pmol g~ ' h™"). In this structure, electrons tended
to transfer from TiO, nanofibers to MoS, nanosheets. MoS,
nanosheets increased the surface area of the material, provided
more reactive sites, and facilitated the adsorption and activa-
tion of CO, molecules.

Compared with the above two types of heterojunctions, 2D/
2D heterojunctions have stronger physical and electronic
coupling due to their relatively larger contact surfaces. There are
special studies on the effect of different dimensions of mate-
rials on the electron transfer at the heterojunction interface. For
example, Sun et al.®® compared the effects of 0D/2D P25/
graphene, 1D/2D TiO, nanotubes/graphene, and 2D/2D TiO,
nanosheets/graphene on photocatalytic performance. Through
experimental analysis, the interfacial electron transfer rates on
the surface of 0D/2D, 1D/2D, and 2D/2D heterojunction were
1.15 x 10° s, 3.47 x 108 57", and 1.06 x 10° s, respectively.
2D/2D heterojunctions have obvious advantages in terms of
electron transfer. Tonda and co-workers synthesized the g-C3N,/
NiAl-LDH 2D/2D heterostructure by the strong electrostatic
interaction.””* Through VB-XPS, it was shown that the minimum
CB value of NiAl-LDH was lower than g-C;N,, while the
maximum VB value of g-C;N, was higher than NiAl-LDH. The
photogenerated electrons were transferred from the CB of g-
C;N, to the CB of NiAl-LDH, while the holes formed on the VB of
NiAl-LDH could enter the VB of g-C;N,. When the content of
NiAl-LDH was 10%, the yield of CO reached a maximum of 8.2
pumol g~ * h™'. Moreover, in order to further promote the pho-
tocatalytic properties of materials, the formation of hetero-
junction by combination of three materials is also a method of
material design. Jo et al.?®® successfully synthesized Bi,WOg/
RGO/g-C3N, (BRC) 2D/2D/2D heterojunction through the two-
step hydrothermal method (Fig. 20a-e). It is worth noting
that, unlike traditional heterojunctions, Z-scheme hetero-
junctions were formed between Bi,WO, and g-C;N,. The pho-
togenetic electrons in the CB of Bi,WOg, were transferred to the
VB of g-C3N, through RGO, so that the oxidation and reduction
sites were spatially separated. The redox reactions occurred in
the VB of Bi,WOg and the CB of g-C;N,, respectively. RGO acted
as both a carrier and a medium for electron transfer, facilitating
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the transfer of electrons between semiconductor materials
(Fig. 20g). When the content of RGO and Bi,WOs in the material
was 1 wt% and 15 wt%, respectively, the yield of CO reached
a maximum value of 15.96 pmol g~ ' h™", which was 15 times
that of pristine g-C3Ny, and the maximum yield of CH, was 2.51
umol g~" h™" (Fig. 20f).

8. Conclusions and perspectives

Because sufficient clean solar exists to power energy for photo-
catalysis, further research on the photocatalytic reduction of CO,
represents a firm grasp of the opportunity that executes solutions
to CO, pollution and energy issues. Among photocatalysts, 2D
materials are a unique category, and have been favored by
researchers for their remarkable optoelectronic and structural
properties. In this review, recent advances in two-dimensional
materials for CO, photoreduction and related principles are
described in detail. Despite considerable achievements have
been made over the past few years, further research is needed to
realize the large-scale application of 2D materials in the photo-
catalytic CO, conversion to achieve a sustainable future.

The C atom in CO, is in the highest valence state, which
means that CO, molecules will produce many different

19188 | J. Mater. Chem. A, 2020, 8, 19156-19195

products during the reduction process. There are many factors
that affect the product selectivity, including the adsorption and
activation of CO,, photoexcitation properties, the bandgap
structure, the reaction sites on the surface, the adsorption and
desorption of intermediates, etc. The involvement of many
factors has led to extremely complicated control of product
selectivity. In recent years, many measures have been taken to
increase the selectivity of products, but the overall effect has
been poor. Lack of a relatively complete product analysis system
is a key obstacle to the study of product selectivity. Currently,
CO, CHy, and H, are mainly detected in CO, reaction products,
while some liquid products and multi-carbon products are
more difficult to detect, such as CH;0OH, HCOOH, CH;CH,OH,
CH;CH,CHO, etc. They are significant for studying the reduc-
tion pathways and selectivity. Only by analyzing all the reduced
products, including those with a low concentration, can we
further explore the mechanism of CO, photocatalysis, which is
conducive to improving the yield of target products.

In the course of experimental research, the yield of reduced
products can generally reach a few pmol g~ * h™?, so the yield is
difficult to meet the requirements in practical applications. At
the same time, there is a gap between the concentration of CO,
used in many experimental studies and the actual atmosphere.

This journal is © The Royal Society of Chemistry 2020
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The concentration of CO, in the atmosphere is lower than that
in the experiment, so the prepared photocatalyst is generally
difficult to achieve the desired effect under the condition of low
concentration of CO,. Therefore, improving the reduction yield
of the product should be a continuously pursued goal.

Ultrathin thickness is a typical and distinct feature of 2D
materials, reducing the thickness can increase the specific
surface area, reduce the migration distance of photogenerated
carriers, and increase the elastic strain tolerance. However, the
quantum confinement effect of the ultrathin structure will
reduce the visible light absorption range and increase the
carrier recombination rate. Therefore, the best photocatalytic
performance can be obtained only when the thickness of 2D
materials is suitable. The experiment of photocatalytic reduc-
tion of CO, by 2D materials with different thickness is the next
step to explore this problem.

The durability and recyclability of 2D materials is important
if any wide, realistic application is envisaged. In the laboratory,
we can prepare 2D photocatalysts with a certain morphological
structure, but in practical commercial or industrial applica-
tions, it is very difficult to prepare 2D materials with high purity
and controllable uniform morphology and size. At present,
chemical vapor deposition (CVD) and high vacuum deposition
are two commonly used methods to prepare 2D materials, but
both have drawbacks of low yield and high cost. As a relatively
new method, liquid phase stripping often results in relatively
poor product quality. Therefore, the recycling of materials is an
important means to reduce costs, and the research on material
preparation method is still a long way.

Some advanced in situ and ex situ characterization tech-
niques should be applied to the development and application of
2D materials. Through characterization technology, the
morphology, defects, and active sites of materials can be effec-
tively analyzed, so as to study the relationship between structure
and properties. For example, near atomic scale photocatalysts
can be studied by high-angle annular dark field scanning TEM
(HAADF-STEM) to investigate the distribution of atoms on 2D
material surfaces. X-ray absorption near-edge structure (XANES)
can be used to explore the defects and strains of materials.
Extended X-ray absorption fine structure (EXAFS) is a common
characterization technology for detecting structural informa-
tion of photocatalytic materials, especially for photocatalysts
containing single atoms or clusters. Electron spin resonance
(ESR) is a strong method for detection of active free radicals on
the surface of photocatalysts. Femtosecond transient absorp-
tion (TA) spectroscopy can be used to study the electron-hole
recombination kinetics of semiconductors. X-ray photoelectron
spectroscopy (XPS) using a synchrotron light source is a power-
ful tool to inspect the photoinduced carrier transfer. At present,
advanced characterization is an effective method to study
reaction intermediates, which provides a good method to study
reaction mechanism and product selectivity.

In summary, the generation of hydrocarbons from CO, by
employing the 2D photocatalysts and solar as the energy input
will be a promising technology. Progress in synthesis and
modification methods for the 2D materials coupled with a more
in-depth understanding of CO, photoreduction mechanisms

This journal is © The Royal Society of Chemistry 2020
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has enabled the rational design of photocatalyst with excellent
activity and selectivity. But the current research is only at the
experimental level, there are still huge challenges to achieve
large-scale applications. We are confident that the constant
progress in 2D materials synthesis, modification, characteriza-
tion, and mechanism analysis is laying the groundwork for CO,
pollution control as well as energy conversion.
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