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Photoreduction of CO, into value-added products offers a promising approach to overcome both climate
change and energy crisis. However, low conversion efficiency, poor product selectivity, and unclear mech-
anism limit the further advancement of CO, photoreduction. The development of two-dimensional (2D)
materials and construction of single atom sites are two frontier research fields in catalysis. Combining
the advantages of 2D materials and single atom sites is expected to make a breakthrough in CO, pho-
toreduction. In this review, we summarized the design and application, proposed challenges and oppor-
tunities, and laid a foundation for further research and application of 2D materials confining single atoms
(SACs@2D) for CO, photoreduction.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

In recent years, achieving carbon neutrality has attracted exten-
sive attention in the media, politics, and science [1-3]. As a major
greenhouse gas, the effective control of CO, emissions is critical
to realizing carbon neutrality. If effective strategies to reduce CO,
emissions are not taken, the steadily increasing concentration of
carbon dioxide in the atmosphere will continue to increase the
global average temperature, causing a series of natural disasters
and extreme weather [3]. However, the increasing hunger for en-
ergy by an ever-growing human population is unceasing and there
is no doubt that CO, emissions will not stagnate [4].

In nature, CO, can be converted into organic matter by plant
photosynthesis, providing an effective way to solve the contra-
diction between the increase of energy consumption and the re-
duction of CO, emissions [5-10]. However, from a thermody-
namic point of view, the reduction of CO, to CO, methane (CHy),
methanol (CH30H), formic acid (CHOOH), or other C2 produc-
tions are very unfavorable due to the high bond energy of C=0
(750kJ/mol) [11]. These processes, like the widely studied photo-

* Corresponding author.
E-mail address: huangyu@ieecas.cn (Y. Huang).

https://doi.org/10.1016/j.cclet.2022.01.066

catalytic hydrogen evolution reaction (HER) and nitrogen reduction
reaction (NRR) [12-14], require a certain amount of energy. There-
fore, it is necessary to develop and use abundant "green" energy
to catalyze the conversion of carbon dioxide. Being widely studied,
photocatalysis using clean solar energy is one of the most effective
methods to catalyze the recovery of CO, resources [15,16]. How-
ever, for photoreduction of CO, to value-add products, high cri-
teria for photocatalyst design is required: (1) efficient conversion
process, (2) good product selectivity, and (3) high stability [17]. As
such, the design of photocatalyst is the key factor to achieving CO,
reutilization via photocatalysis [18].

With high design criteria, single-atom catalysts (SACs) are the
appropriate candidates for CO, reduction [19-21]. SACs have many
advantages [22]: (1) unexpectedly high activity and selectivity due
to its unsaturated coordination and tunable electronic structures;
(2) the maximum atom utilization efficiency, resulting in the re-
duced cost, especially for precious metals; (3) well-defined ac-
tive sites for mechanistic studies because they can bridge the gap
between heterogeneous and homogeneous catalysis. Due to the
unique advantages, numerous SACs were synthesized and studied
in photocatalysis CO, reduction in recent years [18,23].

The general catalytic performance of SACs is determined by the
selection of carrier materials because when the particle size is re-
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duced to a single atom, the isolated atoms should be anchored
on carrier materials that prevent aggregation due to an increase
in surface free energy [18,24,25]. Therefore, to this end, supports
in various carrier materials have been developed for anchoring
single atoms, such as metal-containing materials (e.g., TiO, [26],
FeOyx [27], Mo,S [28]) and metal-free materials (e.g., graphene ox-
ide [29], carbon nitride [30]).

Among the numerous carrier materials, two-dimensional (2D)
materials are attractive candidates, which is the thickness of only
one or a few atomic layers [11,15,31]. The unique physical and
chemical structure of 2D material allows a higher density of sin-
gle atoms. In addition, compared to block materials, 2D materi-
als can create more unsaturated coordination centers, have unique
electronic structures, and contain higher catalytic activity generally
[32-34].

Combining the above-mentioned advantages of 2D materi-
als and single atom sites, 2D materials confining single atoms
(SACs@2D) have the following features [33,35,36]: (1) a large spe-
cific surface area to increase the metal single atom load and
achieve 100% active sites exposure; (2) the energy band structure
of 2D materials can be effectively adjusted by single atoms, and
thus effectively improve the visible light response and photocat-
alytic CO, reduction performance; (3) the unsaturated coordina-
tion structure of SACs@2D benefits the adsorption and activation of
CO,, facilitating higher photocatalytic CO, reduction; (4) SACs@2D
can be easily analyzed by advanced characterization techniques,
providing convenience for theoretical research. Studies have shown
that the single atomic sites on 2D materials are excellent CO, re-
duction sites [37-41]. Therefore, SACs@2D for CO, photoreduction
is worthy of further study.

Although many reviews have summarized the synthesis, charac-
terization, and application of 2D materials confining single atoms
[31,33,42-44], a comprehensive overview of SACs@2D for the CO,
photoreduction is missing, especially how single atoms are sup-
ported on 2D materials and the functions of single atoms sites
for CO, reduction process. Therefore, in this review, the design of
SACs@2D is first summarized, providing practical guidance for the
design and synthesis of SACs@2D. Secondly, SACs@2D for photo-
catalytic CO, reduction is reviewed to provide a comprehensive
understanding of the functions of single atomic sites. Finally, the
major challenges and opportunities for further research and appli-
cation of SACs@2D for CO, photoreduction are proposed. Thus, the
research status and trends of SACs@2D in CO, photoreduction are
fully understood, laying a foundation for the further application of
SACs@2D for CO, photoreduction.

2. Single atoms supported on 2D nanomaterials

The key point of SACs synthesis is to anchor isolated atoms on
the 2D carrier materials surface properly, because the prerequisite
for the practical application of SACs is that the single atoms do not
aggregate during the catalytic process, that is, the single atoms lo-
cate at the desired location without any significant migration [45].
However, preventing the aggregation of single atoms during prepa-
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ration and catalysis is a great challenge [46]. Fortunately, there are
many great significant progresses for 2D materials that support
single atoms, providing theoretical guidance for the rational devel-
opment of SACs@2D future. Taking typical 2D material g-C3N,4 as
an example [5,47-50], there are three main kinds of positions for
anchoring single atoms: The pore structure, interlayer structure be-
tween two layers, and defect sites, as shown in Fig. 1. This section
will review the suitable sites of 2D materials for confining single
atoms.

2.1. Single atoms confined into pore structure

The intrinsic pore structure of some materials is a candidate to
confine single atoms. For example, g-C3N4 is composed of tri-s-
triazine rings, based on sp? hybridization of 77 conjugated graphite
planes by alternating C and N connections [51-53]. The internal
pore structure filled with six N atoms with lone-pair electrons is
an ideal site for anchoring atoms to prevent them from aggregat-
ing.

In addition to the coordination on the original atoms of the
pore structure, the heteroatoms on pore structure of 2D materials
are also useful sites to support the single atom. For example, be-
ing widely studied, N heteroatom coordination metal single atoms
(M-Ny) catalysts have shown their excellent catalytic activity for
several catalytic reactions [54,55]. In addition to N atoms, O or P
atoms are also alternative coordination heteroatoms. For example,
Gao et al. reported single Co sites coordinated on the partially oxi-
dized graphene nanosheets via a Co-O3C configuration [22]. More-
over, Chu et al. also synthesized the sing Co atoms by coordinat-
ing Co above the void center of g-C3N,4 by heteroatom P [56]. The
strong ligand-metal coordination between single metal atoms and
heteroatoms of 2D materials is beneficial for facile manipulation of
loading sites.

One advantage of confining of single atom into the internal pore
structure of 2D materials is to improve the light absorption capac-
ity of 2D materials. For example, Xiong et al. synthesized a series of
g-C3N4 inclusion Pt single atoms photocatalysts, in which Pt single
atoms are confined to the “N pots” [57]. By incorporating a trace
amount of Pt single atoms in the “N pots” of g-C3Ny4, the light ab-
sorption of g-C3N4 can be broadened to 900 nm by the metal-to-
ligand charge transfer (MLCT). The MLCT mechanism also applies
to non-noble metal Cu single atom confined in the internal pore
structure. In addition to Pt and Cu atoms being confined to the
internal pore structure, Fe and Zn atoms can also be incorporated
into the g-C3N4 matrix, and it is found that the band gap of g-C3Ny4
becomes narrower with the introduction of Fe atoms [58].

In addition to light absorption properties, charge transfer prop-
erties can also be adjusted by introducing single atoms into the
pore structure [59]. For example, Li et al. embedded isolated single
Pt atoms on the top of the five-membered rings of g-C3N4 network
[60]. The dispersion of single Pt atoms on g-C3N4 modulated the
electronic structure and introduced the intrinsic change of the sur-
face trap states, resulting in a nearly twofold decrease in average
recovery lifetime of photon-generated carriers, suggesting that Pt

Fig. 1. Potential sites of single atom supported on g-C3N4: (a) pore structure; (b) interlayer space; (c) defect sites. Color codes: carbon is brown, oxygen is red, and a confined

single atom is green.
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single atoms provide more opportunities for photogenerated elec-
trons to participate in photocatalytic reactions. The charge transfer
channel can be constructed by placing the single atoms into the
internal pore structure of g-C3N4, and the utilization rate of light
can be improved.

Another advantage of confining single atom in the internal pore
structure is to optimize the electronic structure and modify energy
band levels. For example, M—N/C configurations can optimize the
electronic structure and modify the band energy levels, because
the electrons tend to transfer from the metal-sites to the N atoms
via the strong interaction, resulting in the downshift of the valence
band maximum (VBM) level. Inspired by the above phenomena, Su
et al. modified the valence band structure of g-C3N,4 by introduc-
ing Pt single atoms via a “high-valence metal single-atom confine-
ment” strategy [61]. The hybridization of Pt 5d and N 2p down-
ward shifts the VBM level of modified g-C3N4 by 0.26V relative to
bare g-C3Ny, triggering a highly efficient photocatalytic water oxi-
dation process.

Taken together, reasonably confined single atoms in the inter-
nal pore structure of 2D materials has the following functions:
optimizing light absorption performance, improving charge trans-
fer performance, adjusting band position, and providing the active
sites for CO, photoreduction.

2.2. Single atoms confined in layer structure

The interlayer structure is also a candidate position for confin-
ing single atoms, because 2D materials are usually stacked together
by weak van der Waals forces, which may prevent metal atoms
from clustering [62]. Inspired by this, Cao et al. atomically dis-
persed Pd single atoms in both bridged sites of adjacent layers and
surface-sites of g-C3N,4 to accelerate charge separation [63]. Theo-
retical prediction and experiment characterizations reveal that sin-
gle Pd atoms in bridged sites of adjacent layers provide directional
charge-transfer channels. Such a unique structure efficiently boosts
electron transport and separation. In addition to single Pd atoms,
Cu single atoms can also be confined in the interlayer structure of
g-C3N,4 [64]. For example, Xiao et al. anchored Cu single atoms be-
tween g-C3N,4 planes by intercalation of chlorophyll sodium copper
(C34H31CuN4Na3Og, CSC) into a supramolecular precursor. The sin-
gle Cu atoms in two neighboring layers established Cu-N4 charge
transfer channels, which significantly improve the interlayer trans-
fer of photogenerated charge carriers.

In addition to being confined in interlayers of the same mate-
rial, single atoms can also be confined in the interfaces between
2D material and other semiconductor materials. For example, Zhao
et al. prepared a series of composite photocatalysts by confining
rare earth elements (Lu, Yb, Tm, Er, Ho, Dy, Gd, Eu, Nd, Pr, and
La) single atoms onto the interface between g-C3N4 and CdS [65].
In these photocatalysts, CdS:Dy3+/g-C3N, is the best photocatalyst
for CO, reduction. Further DFT calculation results show that single
Dy atoms are suitable for electron transfer in the CdS/g-C3N4 due
to the intermediate excited state energy level of Dy3* located be-
tween the conduction bands of g-C3N4 and CdS. In addition, this
strategy is also suitable for the synthesis of SrTiOs:Er3*/g-C3Ny4
composite catalysts [66]. The surface single Er atoms on SrTiO
facilitate the construction of charge transport channels between
SrTiO3 and g-C3Ny, resulting in enhanced interfacial charge trans-
fer and separation.

In general, the introduction of single atoms can enhance charge
transfer in 2D material layers or interface between 2D material and
other materials.

2.3. Single atoms confined into vacancy defects

Confined single atoms in defect sites, widely used in the syn-
thesis of SACs, is also suitable for the synthesis of SACs@2D. For
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Fig. 2. Electron transfer between Au and CdS with different types of vacancies:
(a) Cd vacancies; (b) S vacancies. Reprinted with permission [67]. Copyright 2021,
Springer Nature.

Example, Cao et al. designed and fabricated a series of single Au
atoms supported on CdS with different types of vacancies (Fig. 2)
[67]. For the sample of Au single atom supported on CdS with
Cd vacancies (Cd;_xS), the Cd vacancy electron paramagnetic reso-
nance (EPR) signals decreased obviously after supporting single Au
atoms, indicating that single Au atoms coverer part of Cd vacan-
cies. Similarly, the authors also synthesized Au single-atom sup-
ported on CdS with S vacancies (CdS;_x) samples. Interestingly, the
types of vacancies for anchoring Au single atom highly affect the
electron transfer direction.

A single atom will not only be confined in defects sites, it may
also induce the formation of defective structures around it. For
example, Zhang et al. found that single Ru atoms supported on
MoS, induce phase transition of MoS, and generation of S va-
cancies, which efficiently tailors the electronic structure of MoS,
[68].

In conclusion, single atoms supported on vacancy defects of 2D
materials mainly play roles in regulating the band structure and
providing the active site of 2D materials.

3. Photoreduction of CO, by SACs@2D

Upon identifying the design of SACs@2D, we are now in a po-
sition to decode the function of single atoms for CO, photoreduc-
tion. Generally, it is widely accepted that the photocatalytic CO,
reactions are triggered by the photogenerated electrons on the
surface of a semiconductor. For a SAC@2D catalysts, electrons in
valence band of carrier material are excited into its conduction
band when the photon energy is equivalent to or higher than its
band gap energy. The excited electrons are transferred to the single
atom sites to drive the CO, photoreduction reaction [69]. However,
photocatalytic CO, reduction is a multiple proton-coupled electron
transfer process with many intermediates, so the different num-
bers of transferred electrons and protons will form different reduc-
tion products. In addition, reduction potential determines whether
the reaction can take place, which has strict requirements on the
conduction band position of SACs@2D. Furthermore, for the multi-
carbon products, the difficulty of C-C coupling is another limit-
ing factor. Up to now, the main products of photocatalytic CO, re-
duction are C1 products, including CO, CH4, CH30H, and HCOOH,
and only a few reported products were C2 or C2+ products. [11].
Therefore, the function of SACs@2D for photocatalytic CO, reduc-
tion will be reviewed in this section, and the typical applications
of SACs@2D for photocatalytic CO, reduction are listed in Table 1
[22,35,67,70-81].

3.1. Noble metals-based SACs@2D

Due to the advantages of excellent catalytic activity and stabil-
ity, the function of single sites in noble metals-based SACs@2D is
worth studying [27,82-85]. Therefore, this part mainly introduces
the functions of single noble metal sites in CO, reduction.
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Table 1
Summary of various SAC@2D toward CO, reduction.
Photocatalyst ~ Test condition Product The function of single atom Ref.
Au/g-C3Ny4 CO,, H,0, 300W Xe arc lamp with an CO: 3.5 ymol g~' h~!, CH30H: 0.76 Improve intermediate-adsorption ability, [70]
ultraviolet-cutoff filter pmol g=' h~1, and CH,: 0.12 pmol g~! h~! narrow band gap, and decrease
carrier-recombination rate
Au/Cdq_«S CO,, H,0, A 300W Xe arc lamp CO: 32.2 pmol g=' h=1, CHy: 11.3 Affect the direction of electron transfer, [67]
umol g=! h~1, and Hy: 7.9 pmol g~ h-! resulting in the accumulation of electrons in
Cd vacancies
Ru/g-C3N4 CO,, H,0, 34W blue LED light 1500 umol/g (6 h of reaction time period) Improves the light-harvesting capability, [71]
Ti/g-C3Ny CO,, TEOA, 300W Xe lamp with a CO: 283.9 pmol g~! h~! and Hy: Enhance the separation of photo-excited [72]
420 nm cutoff filter 115.3 pmol g~' h-! charges, improve visible light response
Fe/g-C5Ny CO,, H,0, 300W xenon lamp CO: 0.5 pmol g=! h~! Increase the utilization of visible light, [73]
reduces the barrier of rate-limiting step
Co/g-C3Ny CO,, TEOA, 300W Xenon lamp CO: 94.9 pmol g~' h~! and H,: Increase CO, adsorption, reduce the energy [74]
56.4 ymol g~! h~! barrier of CO, hydrogenation activation
Co/Bi304Br CO,, H,0, A 300W Xe arc lamp CO: 107.1 pmol g~! h~! Favor the charge transition, carrier separation, [75]
CO, adsorption and activation
Co/black CO,, TEOA, 300 W Xe-lamp with a CO: 88.6 nmol/h and H,: 61.1 pmol/h Form additional charge transfer channel and [76]
phosphorous 420 nm cut-off filter (1.5 mg of catalyst powders) active sites
Co/oxidized CO,, TEOA, [Ru(bpy);]Cl, *6H,0, 300W  CO: turnover number reaches 678 Transfer photoexcited electrons [22]
graphene Xe arc lamp
Co/MOF CO,, TEOA, A 300 W xenon arc lamp C0: 200.6 pmol g~! h~! and CHy4: Boost the electron-hole separation efficiency, [77]
with a UV-cut filter, 36.76 pmol g1 h~!
Ni/g-C3Ny CO,, H,0, Xenon arc lamp CO: 8.6 pmol g~' h~! and CH4: 0.5 Motivate interfacial carrier transfer, bind with [78]
(visible-light) pumol g~ h-! CO, and enhance the rate-determining step of
intermediates
Cu/g-C3Ny CO,, H,0, A 300W Xe arc lamp CO: 3.5 ymol g~' h~!, CH30H: 0.76 Provide charge transfer pathways, activate [79]
pmol g=' h~', and CHy4: 0.12 pmol g=! h~! CO, molecules and reduce the energy barrier
Mo/COFs CO,, H,0, 300 W xenon arc lamp with CO: 6.19 pmol g~! h~1, CuHy4: 3.57 Enhance the adsorption and activation of CO, [80]
a cut off filter of 420 nm pumol g=' h=! and CHy4: 1.08 pmol g~! h! decrease energy barriers for the formation of
C2H4
Er/g-C3Ny CO,, H,0, 300W xenon arc lamp with CO: 47.1 ymol g~' h~! and CHy,: 2.5 Activate the CO,, improve the efficiency of [81]
a cut off filter of 420 nm pmol g-! h~! light utilization
La/g-C5Ny CO,, TEOA, Xenon arc lamp CO: 92.0 pmol g~! h~! and CHy: 5.6 Form charge-transfer channel and key active [35]

pmol g=! h-!

center for CO, activation, accelerated COOH*
formation and CO desorption

The noble metals-based single sites determine the selectivity of
the CO, photoreduction products. For example, Gao et al. investi-
gated Pd/g-C3N4 and Pt/g-C3Ny4 for photoreduction of CO, by DFT
calculations [86]. They found that the desorption of HCOOH from
the Pd/g-C3N, catalyst possesses the largest barrier on the en-
tire reaction pathway (0.46eV), while the desorption energy from
the Pt/g-C3N4 catalyst is 1.06eV, suggesting that the formation of
HCOOH is unfavorable on the Pt/g-C3N,4 catalyst. Similarly, Zhou
et al. studied the noble metal (Rh, Pd, Ag, Ir, Pt, and Au) single
atom supported on defective g-C3N4 for CO, photoreduction by
DFT calculations [87]. They found that the noble metal single atom
tends to be trapped at the N-vacancy sites of g-C3N4 rather than
the surface internal pore structure. The N-vacancy-stabilized Pd
single atom on g-C3N4 show the lowest energy barrier for HCOOH
production.

In addition to affecting the selectivity of the product, noble
metals-based single sites on SAC@2D can also improve the activity
of the product. For example, as shown in Fig. 2, Cao et al. proposed
a different mechanism for surface electron density modulation us-
ing single Au atoms supported CdS [67]. When electrons concen-
trate on vacancies rather than single Au atoms, the adsorption type
of CO, changed from physical adsorption to chemical adsorption.
The reason for this phenomenon is that the strong hybridization of
Au 5d and S 2p orbits accelerates the photo-electrons transfer onto
the surface. Therefore, lots of photoelectrons are transferred to the
surface to participate in CO, reduction reaction and finally achieve
efficient carbon dioxide reduction. Moreover, Xiang et al. synthe-
sized Au single atoms on amino group-enriched graphitic carbon
nitride through a mild urea reduction method [70]. For this cat-
alyst, the CO and CHy yields over this Au single atom photocat-
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alyst are 21.7 and 2.4 umol/g after 2.5h of visible-light illumina-
tion, which are about 1.97 and 4.15 times those of pure g-C5Njy.
This improved photocatalytic performance is ascribed to the im-
proved intermediate-adsorption ability, narrowed band gap, and
decreased carrier-recombination rate after the introduction of Au
single atom. Note that the introduced amino group improves its
CO, affinity and helps improve CO, reduction. In addition, Sharma
et al. achieved efficient photocatalytic CO, reduction to CH30H by
single Ru atoms supported on porous g-C3N4 catalysts with a high
yield of 1500 umol/g (6 h under visible light) [71]. Ru-N/C coordi-
nation structure can accelerate charge transfer and increase charge
density of active sites, thus realizing the enhanced photocatalytic
activity of Ru single atom modified g-CsN4 for the aqueous pho-
toreduction of CO, to CH3OH using water as the sacrificial agent.
To sum up, although the researches of noble metals-based
SACs@2D for CO, photoreduction have made some progress in im-
proving product yield and selectivity, many problems still need
to be addressed. For Example, the application of noble metals-
based SACs@2D catalysts in photocatalytic reduction of CO, is
rarely reported with experimental validation but has been widely
studied with other reactions, such as hydrogen production (Pt
[57,60,88,89], Pd [90,91], Ag [59], and Rh [92]), NO oxidation (Pt
[93,94] and Pd [95]), and acetylene hydrogenation (Pd [96] and
Au [97]). The main reason why noble metals-based SACs@2D
catalysts are rarely used in the photoreduction of CO, reac-
tion in experiments is the competitive reaction of H, genera-
tion [98]. The H, production not only affects the utilization effi-
ciency of photogenerated electrons but also limits the yield and
selectivity of products such as CH,. Therefore, in order to re-
alize the application of noble metals-based SACs@2D catalysts
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in CO, reduction reactions, the active sites must be reasonably
modified.

3.2. Transition metal-based SACs@2D

When catalyst prices are considered, the substitution of cheap
transition metals for noble metals is worth studying. Therefore, the
function of transition metal single atom in SACs@2D for photore-
duction CO, is summarized in this part.

The transition metal single atom with variable redox states is an
excellent CO, photoreduction site. For example, Wang et al. syn-
thesized Cu modified g-C3N4 by C-Cu-N, coordination structure
via supramolecular preorganization with subsequent condensation
[79]. In this photocatalyst, the variable-valence C-Cu-N, sites can
provide effective charge transfer pathways reduce the energy bar-
rier toward photocatalytic CO, reduction, as shown in Egs. 1-7:

Cu/CN + hv — Cu/CN(e~) + Cu/CN (h™) (1)
Cut+e - Cu° (2)
Cu® + CO, +2H* — [Cu?*] 4 CO +H,0 (3)
[Cu2+]+ Cu® — 2Cu+ (4)
6Cu® + CO, + 6H™ — 6Cu* + CH;0H + H,0 (5)
8Cu® +CO, + 8H* — 8Cu* + CH, + 2H,0 (6)
2H,0 +4h* — 4H* + 0, (7)

Note that the mechanism mentioned above has a certain uni-
versality [99,100]. For example, Tang et al. demonstrated that sin-
gle Ti-O species supported on g-C3N,4 can convert CO, into CO by
photoreduction [72]. The Ti*t can be transformed to Ti3* by the
light-generated electrons under the visible light irradiation. Then,
the reduced Ti3+ changes back to Ti** by one electron transfer to
co-catalysts (Co(bpy)s2t) to convert CO, into CO.

Among the various function of transition metal single sites, CO,
adsorption capacity is one of the most important functions. For
example, Cheng et al. reported an unsaturated edge confinement
strategy, that is, single Ni sites coordinated on the few layer g-
C3Ny4 via a self-limiting method [78]. The obtained sample achieves
a comparably high performance of CO, photoreduction to CO un-
der visible light illumination (8.6 pmol g~! h~1), which is 7.8 times
that of the unmodified few-layer g-C3N4. In this process, further
mechanism studies showed that the introduction of unsaturated
Ni-N coordination is beneficial to improving CO, adsorption ca-
pacity and facilitating photogenerated electrons transfer, thereby
achieving the comparably high photocatalytic activity for convert-
ing CO, to CO. Moreover, Gong et al. synthesized g-C3N4 sup-
ported Co (Fe and Mn) single atom by one-step thermal treatment
of Co-MOF (Fe-MOF and Mn-MOF) and urea in the air [101]. The
obtained sample exhibits excellent performance for photocatalytic
reduction of CO, to CO with a high CO evolution rate of 394.4
pmol g=! h=! under visible light irradiation with hole sacrificial
agent (TEOA), which is over 80 times higher than that of unmodi-
fied g-C3N,4 (4.9 pmol g=! h~1). Experiment results show that the
main reasons for the great improved CO evolution rate are the im-
proved CO, absorption ability and charge separation efficiency af-
ter the introduction of single Co atoms.

In addition to charge transfer and CO, adsorption, the transi-
tion metal single sites also greatly affect the activation of CO,.
For example, Li et al. prepared Cu single atoms supported on crys-
talline g-C3N4 nanorods catalyst by molten salts and reflux method
[102]. For this catalyst, photoreduction of CO,-to-CO is a favorable
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reaction than CO,-to-CH4 over single Cu sits, thus achieving the
enhanced photocatalytic CO, reduction with near 100% selective
CO, photoreduction to CO. In addition, Kou et al. introduced sin-
gle MoN, sites into COF to construct Mo-COF materials and found
that this active site can reduce CO, to C, product (CoHy) [80]. Fur-
ther experiments and calculations show that the formation of C,
is due to the reduction of the energy barrier for the formation of
CyHy4 by the introduction of Mo single atom.

In general, transition metal sites have multiple functions simul-
taneously. For example, Zhao et al. reported a single Fe atom sup-
ported on g-C3N,4 catalyst for the CO, photoreduction with water
as the sacrificial agent [73]. For this catalyst, experiment and DFT
calculations results reveals that the function of single Fe atoms as
follow: (1) activating CO, in the ground state; (2) increasing the
rate constant of the limiting step; (3) providing the catalytic active
center; (4) lowering the reaction barrier of the C-O bond cleavage
in COOH. In other words, the above-mentioned advantages of sin-
gle Fe atoms together improve the performance of photocatalytic
reduction of CO,.

In all, great progress has been made in developing the function
of transition metal-based SACs@2D, but the role of some elements
remains to be further studied. For example, some common single
transition metal sites, such as Mn [103] and Zn [104], have been
proved to be good choices for CO, reduction, but their support in
2D materials needs to be further studied.

3.3. Rare earth metal-based SACs@2D

Rare earth metal-based SACs@2D for CO, photoreduction is also
worthy of study, and the reasons are listed below [105]. Firstly,
the rare-earth elements are considered critical materials because
of their optical, magnetic properties, and unique electronics, which
are widely used in catalysis. Secondly, when rare earth metals are
reduced to a single atomic scale, maximum utilization of metal el-
ements can be achieved. In addition, atomic-scale rare-earth met-
als may have properties not found in their nanoscale homologues.
Therefore, in this part, the function of rare earth metal single atom
in SACs@2D for photoreduction CO, is reviewed.

The main function of single rare earth metal sites is to construct
charge transport channels. For example, Chen et al. designed and
synthesized single La atoms modified g-C3N4 with La-N charge-
transfer bridge [35]. The La-modified g-C3N,4 realized a high rate
(92 pmol g=1 h~1) and CO selectivity (80.3%) in photocatalytic CO,
reduction. The experimental and DFT calculations results show that
the variety of electronic states induced by 4f and 5d orbitals of the
rare-earth La single atom and the p-d orbital hybridization of La-N
atoms forms a charge transport channel, which is the key active
sites for CO, activation.

Another function of the single rare earth element atom in
SACs@2D is to build active sites for CO, photoreduction. For exam-
ple, Ji et al. synthesized rare-earth element single atoms (Er) sup-
ported on g-C3N4 by a novel atom-confinement and coordination
strategy [81]. With the increase of the amount of Er precursor, the
dispersion density of single atoms can be tuned from the forma-
tion of a low-density Er single-atom catalyst with an Er mass load-
ing of 2.5 wt% to a high-density Er single-atom catalyst with an Er
mass loading of 20.1 wt%. In these two catalysts, the high-density
Er single-atom catalyst shows higher catalytic performance, indi-
cating that the active sites on the catalyst surface were effectively
increased.

In another case, single rare earth metal atoms in SACs@2D have
dual functions at the same time. For example, the dual functions
of CO, molecular activation and charge transfer bridge for rare-
earth element single atom systematically studied by Wang’s groups
[65,66,106]. Taking the Dy3* single atom doped in the interface of
CdS/g-C3N4 heterojunction as an example, this structure combines
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Fig. 3. The proposed mechanism for single rare-earth element atoms as ET bridges
to promote charge separation.

the characteristics of rare-earth element single atom and the ad-
vantages of heterojunction [65]. In this photocatalyst, Dy3* single
atom is supported on the surface of CdS, so it also exists at the
interface between CdS and g-C3Ny4. On the one hand, the interme-
diate excited state energy level of Dy3+ in the interface of CdS/g-
C3N4 heterojunction can act as an electron transport bridge. On
the other hand, the surface Dy3+ single atom changes the density
of active sites, which can promote the absorption of CO,. Under
the dual functions of Dy single atom, the optimal catalyst realized
an efficient photocatalytic reduction of CO, to CHy. Guided by the
same idea, this group synthesized dual functions Er single atom
in Zn,GeOy4/g-C3N,4 heterojunction [106] and SrTiO3/g-C3N4 het-
erojunction [66], and these rare-earth element single atom mod-
ified catalyst all achieved higher catalytic performance than that
of pure g-C3Ny. In such rare-earth element single atom supported
on g-C3N4-based heterojunction (Fig. 3), the position of the 4f lev-
els of rare earth elements as electron transport (ET) bridge is very
closely related to the conduction band position of the heterojunc-
tion materials.

Over all, both theoretical and experimental studies on the load-
ing of rare-earth elements on 2D materials for the photoreduction
of CO, are still in the initial stage, which needs to be further stud-
ied to show the advantages of rare earth elements.

4. Conclusions and outlook

In summary, this review summarizes the design and functions
of single atomic sites for CO, photoreduction of SACs@2D in recent
years. The suitable sites of 2D materials for confining single atoms
are internal pore structure, interlayer structure or interface, and
vacancy defects or heteroatoms. Moreover, the functions of well-
designed single atomic sites in CO, photoreduction includes en-
hanced light absorption, accelerated charge transfer, and improved
adsorption and activation of CO,.

Although the studies on SACs@2D for CO, photoreduction have
achieved significant progress, a few research directions still deserve
special attention:

(1) At present, the activity of photoreaction CO, over SACs@2D
is still at a relatively low level compared to electrocatalysis and
thermal catalysis, especially with water as the sacrificial agent.
Therefore, the conversion rate of the product needs to be further
improved. Similarly, how to improve product selectivity remains an
important topic.

(2) The stability of the single atoms sites needs to be further
studied, because single atoms tend to agglomerate into clusters or
particles during synthesis and application process. In addition, the
presence of other pollutants may also occupy the active site, lead-
ing to the loss of catalytic performance of SACs.

5028

Chinese Chemical Letters 33 (2022) 5023-5029

(3) The single atom active site on catalyst surface is a dynamic
change process during CO, reduction, so more in-situ characteriza-
tion should be conducted to study the changes of the single atom’s
physicochemical properties during CO, reduction. At present, most
conclusions are based on DFT calculation results, so spectroscopic
characterization or electron microscopy characterization is needed
to give more intuitive evidence.

(4) At the present stage, most of the products of CO, photore-
duction are C1 products. Some effective approaches can be taken
into consideration to solve the above problems, such as introduc-
ing dual single-atom active sites and other reactive groups around
the single atom sites, and enhancing the interaction between sin-
gle atoms and their carrier interface.
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