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regulation of single-atom site
catalysts for the electrochemical CO2 reduction
reaction

Qingyun Qu, Shufang Ji, Yuanjun Chen,* Dingsheng Wang * and Yadong Li

The electrochemical CO2 reduction reaction (CO2RR) is viewed as a promising way to remove the

greenhouse gas CO2 from the atmosphere and convert it into useful industrial products such as

methane, methanol, formate, ethanol, and so forth. Single-atom site catalysts (SACs) featuring maximum

theoretical atom utilization and a unique electronic structure and coordination environment have

emerged as promising candidates for use in the CO2RR. The electronic properties and atomic structures

of the central metal sites in SACs will be changed significantly once the types or coordination

environments of the central metal sites are altered, which appears to provide new routes for engineering

SACs for CO2 electrocatalysis. Therefore, it is of great importance to discuss the structural regulation of

SACs at the atomic level and their influence on CO2RR activity and selectivity. Despite substantial efforts

being made to fabricate various SACs, the principles of regulating the intrinsic electrocatalytic

performances of the single-atom sites still needs to be sufficiently emphasized. In this perspective

article, we present the latest progress relating to the synthesis and catalytic performance of SACs for the

electrochemical CO2RR. We summarize the atomic-level regulation of SACs for the electrochemical

CO2RR from five aspects: the regulation of the central metal atoms, the coordination environments, the

interface of single metal complex sites, multi-atom active sites, and other ingenious strategies to

improve the performance of SACs. We highlight synthesis strategies and structural design approaches for

SACs with unique geometric structures and discuss how the structure affects the catalytic properties.
1. Introduction

The scalable applications of fossil fuels have generated huge
technological developments and resulted in signicant
ingyun Qu is currently a senior
tudent at Tsinghua University,
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the Royal Society of Chemistry
improvements in people's living conditions. However, it also
causes a high concentration of CO2 in the atmosphere, which
contributes to the aggravation of the greenhouse effect, thus
shiing ecological balance and accelerating ice sheet melting in
Eastern Antarctica.1 There is a general agreement that efforts
should be made to control and reduce the CO2 concentration in
the atmosphere. Although fossil fuel is a signicant part of our
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energy structure, CO2 emission is inevitable. Capturing, storing
and converting CO2 has become a promising way to remove CO2

from the atmosphere.2 Signicant efforts have been made in
this eld, the CO2 reduction reaction (CO2RR) has become one
of the hottest topics among them.3 The products of the CO2RR
are mainly methane, methanol, formate, ethanol, and so on,
which are widely used in industrial production. The valuable
products of CO2RR have attracted extensive attention in this
eld in recent years. There are various approaches used to
achieve CO2 reduction, compared to thermocatalysis, bio-
catalysis and photocatalysis, electrocatalysis has more
moderate reaction conditions, lower costs and higher yields.4–10

The electrochemical reduction of CO2 can use electricity
generated from renewable energy, such as wind energy and
hydro-energy.11 The conversion from electrical energy to the
chemical energy of CO2RR products can be viewed as a storage
form of renewable energy, which is safe and convenient for
transportation and long-term storage.

However, there still remains great challenges for the CO2RR,
as it has sluggish kinetics, a complex multi-electronmechanism
and a hydrogen evolution reaction (HER) competition reac-
tion.12,13 The CO2RR performance of catalysts is related to the
rate determining steps, including CO2 adsorption, *COOH and
*CO formation on the active sites, which is decided by the
Yuanjun Chen received his BS
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nology in 2015, and his PhD
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Chemistry, Tsinghua University
in 2020 under the supervision of
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Department of Physics, Tsing-
hua University with Prof.
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faculty of the Department of Chemistry, Tsinghua University in
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4202 | Chem. Sci., 2021, 12, 4201–4215
adsorption free energy of CO2, the binding energy of the inter-
mediates, the electron transfer rate and so on.14,15 For further
reactions, the binding energy of intermediates, especially *CO
is also crucial to the formation of C2

+ products. Therefore, it is
of great importance to manipulate the electronic and geometric
structure of the catalysts, which can regulate the rate deter-
mining steps by changing the binding and formation energies
of the intermediates, thus changing the activity and selectivity
of the CO2RR.16,17

Among all the kinds of catalysts used, single-atom site
catalysts (SACs) have drawn signicant attention owing to their
unique structure and properties, which have great potential to
bridge the gap between homogenous and heterogeneous cata-
lysts.18–22 SACs feature isolated metal atoms dispersed on
substrates as active sites, which result in multiple advantages:
(i) they have the maximum theoretical atom utilization.23–25 (ii)
Single metal atoms, as active centers, generate low-coordination
environments, as well as unique electronic and geometric
structures, leading to enhanced catalytic activities.26–30 (iii) The
uniformity of the electronic and geometric structure of the
active sites in SACs endows them with similar spatial and
electronic interactions with substrate molecules, which facili-
tates an improvement in the catalytic selectivity.31,32 (iv)
Furthermore, the structural simplicity and uniformity of the
SACs are conducive to the characterization and identication of
catalytic active sites, which enables SACs to serve as ideal
models to study reaction mechanisms.33–36 This also indicates
opportunities to design and regulate the active sites of SACs at
the atomic level.37–42 (v) Specically, in the electrochemical
CO2RR, atomically dispersed metal atoms are suitable for single
or coupled proton-electron transfer, and enhance the CO2

adsorption and activation, leading to a high selectivity for C1

products.43–46 Meanwhile, isolated metal atoms offer an indi-
vidual single adsorption site for CO2, thus C2

+ products are
more difficult to obtain on SACs.47–49 Despite substantial efforts
being made to fabricate various SACs, the principles of regu-
lating the intrinsic electrocatalytic performance of the single-
atom active sites still needs to be sufficiently investigated.50–52
Yadong Li received his B.S.
degree from the Department of
Chemistry at Anhui Normal
University in 1986 and his Ph.D.
from the Department of Chem-
istry at the University of Science
and Technology of China in
1998. He joined the faculty of
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was elected as a member of the
Chinese Academy of Sciences in
2011.
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In this perspective article, we rst focus on the controlled
synthesis of SACs at the atomic scale for electrochemical CO2

reduction reactions with regards to ve aspects: regulation of
the central metal atom, the coordination environment, the
interface of single metal complex sites, multi-atom active sites
and other ingenious strategies to improve the performance of
the SACs. Finally, the challenges and potential for precise
control over the synthesis and accurate characterization and
identication of the active sites of SACs, as well as a study of the
reaction mechanisms on electrochemical CO2RR, will be
discussed.
2. Design and synthesis of SACs for
the CO2RR

The active sites of SACs can be divided into central metal atoms
and the surrounding coordination environment, the inuences
of which on the activity and selectivity will be discussed rst.
Then, we will focus on the kind of SACs that constitute
anchored metal complexes with constructed structures on the
substrates, which are different from the traditional SACs that
involve the building of coordination structures on substrates by
anchoring metal atoms. Moreover, as the active sites of tradi-
tional SACs are separated atomically, they are expected to be
more favorable to the C1 product. In the fourth section, we will
discuss multi-atom active sites which have a huge potential to
obtain C2

+ products as they have multiple CO2 adsorption sites
which can introduce multiple CO2 molecules into a single
reaction. Finally, we will review other ingenious strategies to
improve the CO2RR performance of the SACs.
2.1 Regulation of the central metal

2.1.1 Regulation of the central metal elements. The central
metal atoms are not only regarded as the essential constituents
for traditional homogenous catalysts, but also play central roles
in SACs. The electronic structures of active sites are largely
based on different kinds of central metal and their different
Fig. 1 (a) The volcano trend of M–N–C catalysts in terms of electrochem
for CO, HCOO�, and H2 products at �0.6 VRHE and �0.5 VRHE. Reproduc
copyright 2019. (b) Experimental CO TOFs of M–N–C catalysts. Reprodu

© 2021 The Author(s). Published by the Royal Society of Chemistry
valence states. Gong et al. proposed an intrinsic descriptor (F)
correlated with the electronic state of the central metal, which
can enable a metal–nitrogen–doped carbon (M–N–C) SACs
catalytic performance in the CO2RR.53 F is dened as F ¼ VM �
EM/rM, in which VM, EM, rM represents the valence electron
number of metals, the electronegativity of the central metals,
and the radius of the metal ions, respectively. By calculating F,
they predicted the CO2RR performance sequence would be Co >
Fe > Mn > Ni > Cu, which was successfully conrmed by the
faradaic efficiency (FE) and the onset potential of the experi-
mental results. This work highlighted that the choice of central
metal is of great importance in the design of SACs for the
CO2RR from a computational perspective.

Although SACs based on noble metals have revealed a good
activity and selectivity, the shortage of noble metal resources
and their expensive price has motivated researchers to investi-
gate non-noble metal SACs.54,55Cu and transitionmetals such as
Fe, Ni, Co and so on are viewed as promising candidates
because of their rich d orbital electrons and the variation in the
valence state. Although the electrochemical CO2RR hasmultiple
products, CO, as the simplest one, is oen used to evaluate the
performance of the central metals. Li et al. investigated the
different catalytic performances of metal–Nx (MNx, M¼Mn, Fe,
Co, Ni, and Cu) moieties on the M–N–C catalysts.56 Catalytic
experiments revealed a volcano trend between the atomic
number of the tested metal and their electrochemical CO2RR
performance, which can be explained by the Gibbs free energy
changes of the rate determined steps. Based on different elec-
trochemical potentials, Fe and/or Co are located at the top of the
volcano (Fig. 1a). In contrast, there is no obvious trend towards
faradaic efficiency for CO. The high selectivity of Fe and Co
(FECO > 80%) can be explained by the binding energy of CO*

2 and
H*, which are associated with the electron number of d-
antibonding. Ju et al. investigated the CO2-to-CO electro-
chemical reduction catalytic performance of the M–N–C cata-
lysts with different metal centers (M¼Mn, Fe, Co, Ni, Cu).40 Fe–
N–C showed a maximum FECO of 65% at �0.55 V versus RHE
(VRHE), and Ni–N–C exhibited a maximum FECO of 85% at�0.78
ical CO2RR performance. Partial current densities of M–N–C catalysts
ed from ref. 56 with permission from the American Chemical Society,
ced from ref. 40 with permission from Springer Nature, copyright 2017.
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VRHE. Combined with the density functional theory (DFT)
calculations, Fe–N–C and Ni–N–C were predicted to be prom-
ising SACs for CO2-to-CO (Fig. 1b). Zheng et al. developed
a universal principle to synthesize a series of SACs–M–N–C (M¼
Fe, Co, Ni, Cu) using in situ pyrolysis.57 The experimental results
revealed Ni > Fe > Cu > Co as the catalytic performance sequence
of SAs–M–N–C in electrochemical CO2-to-CO conversion. They
attributed this result to the intrinsic property of the pyrrole-type
M–N4 structures. Pan et al. synthesized the M–N–C (M ¼ Fe, Co)
catalysts with M–N4 sites from the Fe- or Co-doped MOFs
precursors.58 Fe–N–C reached a maximum FECO of 93% at�0.58
VRHE, which is much higher than the maximum FECO of Co–N–
C, which was 45% at �0.59 VRHE (Fig. 2a and b). This experi-
mental result is consistent with the results of the DFT calcula-
tions. In conclusion, regardless of the nuances which may be
caused by different substrates, Ni and Fe showed the most
promising catalytic activities among theM–N–C catalysts for the
CO2-to-CO electrochemical CO2RR, which was veried using
multiple experiments.59–61

Furthermore, different central metals have different binding
energies with intermediates such as *CO, *CO2

�, and *COOH,
which may lead to different products. For example, a high
*COOH binding energy and weak *CO binding energy leads to
CO, the Sn, Pb species with low *CO2

� binding energy lead to
formate or formic acid, and metallic Cu with an enhanced *CO
and *COOH binding energy leads to hydrocarbons.49,56,62 Zhang
et al. synthesized N-doped porous carbon supported Cu single
atom catalysts for electrochemical CO2 reduction to acetone,
Fig. 2 The Faradaic efficiencies for CO and H2 (a) and the current densi
permission from the American Chemical Society, copyright 2018. (c) Gibb
ref. 63 with permission from The Royal Society of Chemistry, copyright 20
to single Bi atoms and TEM images of Bi-MOF pyrolyzed at different temp
Chemical Society, copyright 2019. (e) CO current density (jCO) and (f)
comparison with other reported catalysts. Reproduced from ref. 59 wit
Science, copyright 2019.

4204 | Chem. Sci., 2021, 12, 4201–4215
which exhibited a maximum FEacetone of 36.7% at �0.36 VRHE.32

Han et al. designed microporous N-doped carbon supported Zn
single atom catalysts for reducing CO2 to CH4, which reached
a maximum FECH4 of 85% at �1.8 VSCE.45

However, the design of SACs for complicated products is still
hindered by complicated mechanisms and various by-products.
With the help of theoretical calculations, some researchers have
provided guidance for future experimental efforts. Cui et al.
used DFT calculations and a computational hydrogen electrode
(CHE) model to investigate C2N–graphene supported SACs with
12 different metal centers (M@C2N).63 They conducted DFT
calculations with the models of the metal atom conned in the
N6 cavity as the active sites. Among the 12 metals, Ti, Mn, Fe,
Co, Ni, Cu, Rh, and Ru preferred the CO2RR to the HER under
0 V (Fig. 2c). Furthermore, different M@C2N were predicted to
produce methane (M ¼ Ti, Mn) and methanol (M ¼ Fe, Co, Ni,
Ru), as their different carbophilicity and oxophilicity could
determine the formation of the important intermediates *CH3O
and *CH2OH, leading to the products CH4 and *CH3OH,
respectively.

In addition to the transition metals, some SACs with main
group elements also reveal an excellent performance in the
electrochemical CO2RR. Zhang et al. prepared a Bi-single-atom
catalyst supported on N-doped carbon networks (Bi SAs/NC) for
CO2 reduction to CO.64 Bi SAs/NC was synthesized by a bismuth-
based metal organic framework (MOF) and dicyandiamide
(DCD) thermal decomposition. During the decomposition, Bi
nanoparticles (NPs) were generated rst, the ammonia
ties (b) of N–C, Co–N–C, and Fe–N–C. Reproduced from ref. 58 with
s free energy changes for the first protonation step. Reproduced from
18. (d) A schematic illustration of the process of Bi-MOF transformation
eratures. Reproduced from ref. 64 with permission from the American
apparent TOFs of CO production of Fe3+–N–C and of Fe2+–N–C in
h permission from the American Association for the Advancement of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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generated from DCD decomposition promoted the atomization
of the Bi NPs (Fig. 2d). Under �0.5 VRHE, Bi SAs/NC exhibits
a maximum FECO of 97%, and a current density of 3.9 mA cm�2.
DFT calculations illustrated that the Bi–N4 sites act as the active
centers, which promotes CO2 activation and *COOH formation.

2.1.2 Regulation of the central metal valence. Another
determining factor for the electronic structure of SACs is the
valence of the central metal. Gu et al. prepared Fe3+–N–C by
pyrolysis of Fe-doped ZIF-8 in N2 at 900 �C.59 The Fe ions
maintain a +3 oxidation state during electrocatalysis, which was
conrmed by operando X-ray absorption spectroscopy. Spec-
troscopic characterization conrmed the Fe3+ ions coupled
electronically with pyrrolic N, resulting in a Fe3+/2+ lower
reduction potential, leading to the stabilization of Fe3+. Cata-
lytic experiments revealed Fe3+–N–C had a lower onset over-
potential, higher turnover frequency (TOF) and better stability
than Fe2+–N–C, which could be explained by the weaker CO
binding with Fe3+ (Fig. 2e and f). Yang et al. prepared low-
valence Ni(+1) SACs that exhibited a high catalytic perfor-
mance in CO2-to-CO electrochemical reduction.26 The experi-
mental and DFT calculation results illustrated the
delocalization of the unpaired electron in the Ni 3dx2�y2 orbital
and the overlap between the Ni 3dx2�y2 and C 2p orbital
promoted the formation of CO2

d� species. Numerous studies
have revealed that SACs with a unique valence metal center can
deliver an excellent catalytic performance in CO2 reduction, the
characterization of the valence of the central metal ions is still
limited. As the valence may change during the catalysis,
signicant efforts should be made to develop operando
Fig. 3 (a) Calculated jCO values in the CO2RR on Ni–N2C2, Ni–N3C1, and
copyright 2020. (b) Charge capacities of different sites under different po
American Chemical Society, copyright 2020. (c) XRD patterns and (d) LSV
with permission from Springer Nature, copyright 2018. (e) Top views and s
78 with permission from Elsevier, copyright 2020.

© 2021 The Author(s). Published by the Royal Society of Chemistry
characterization. Also, the electronic metal-support interaction
(EMSI) between the central metal atoms and coordinated atoms
plays an important role in determining the valence of the single
metal atoms, which will be introduced in the next section.65
2.2 Regulation of the coordination environment

2.2.1 Short-range regulation. The surrounding coordina-
tion environment is another important factor in manipulating
the intrinsic nature of single atom sites in SACs. As aforemen-
tioned, it has a strong relationship with the valance state of the
central atoms. The unique coordination structure of SACs
supported on a well-designed substrate surface gives opportu-
nities to construct central metal atoms with unique valances.
Many studies have focused on Ni-single-atom catalysts with a +1
oxidation state.26,34,66–68 The average +1 oxidation state of Ni in
the NC-carbon nanotubes (CNTs) (Ni) was between the metallic
state Ni(0) and oxidized state Ni(+2), which can be explained by
the electronic interaction between the central metal atoms and
the neighboring atoms.68

The coordination atoms, coordination number and coordi-
nation steric structure are the main inuencing factors in the
coordination environment of the single-atom sites, and these
play important roles in regulating the electronic and geometric
structures of the single-atom sites. Different coordination
atoms directly inuence the strength of the EMSI, changing the
valence electron distribution of single-atom sites, thus leading
to a different catalytic performance for the CO2RR. Nitrogen
atoms are the most common coordination atoms owing to the
signicant development of M–N–C catalysts.69–74 Therefore,
Ni–N4. Reproduced from ref. 75 with permission from Springer Nature,
tentials for *COOH. Reproduced from ref. 77 with permission from the
curves for A-Ni-NSG, A-Ni-NG, and Ni-NG. Reproduced from ref. 26
ide views of the Fe–N4, Fe–N5 and Fe–N4O sites. Reproduced from ref.

Chem. Sci., 2021, 12, 4201–4215 | 4205
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Fig. 4 (a) A schematic illustration of the formation of NC-CNTs (Ni). (b)
Free energies of the CO2RR to CO on Ni@N4 and Ni@N3. Reproduced
from ref. 68 with permission from John Wiley and Sons, copyright
2019. (c) FECO values of Co–N5/HNPCSs-T at different applied
potentials. Reproduced from ref. 35 with permission from the Amer-
ican Chemical Society, copyright 2018. (d) FECO values of Ni–Nx–C
SACs (x ¼ 2,3,4) at different applied potentials. Reproduced from ref.
38 with permission from JohnWiley and Sons, copyright 2019. (e) FECO
values of Co–Nx SACs (x ¼ 2,3,4) at different applied potentials.
Reproduced from ref. 39 with permission from John Wiley and Sons,
copyright 2018.
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plenty of studies have investigated the hybrid coordination
environment of the nitrogen and carbon atoms. Hossain et al.
explored a series of Ni-single-atom catalysts with different N
and C hybrid coordination environments of the Ni sites (Ni–
N2C2, Ni–N3C1, Ni–N4) on a graphene support.75 The grand
canonical potential kinetics (GCP-K) methodology was devel-
oped to predict their catalytic activities for CO2 reduction to CO
and H2 production. The prediction revealed the HER perfor-
mance is correlated with the number of coordinated C atoms,
indicating Ni–N4 is least favorable for HER. Ni–N4 exhibited the
best performance for CO2 reduction, reaching 40 mA cm�2 with
FECO z 100% at �1.05 VRHE (Fig. 3a). Research on Co1–N4�xCx

conducted by Geng et al. reported similar results.76 Their study
revealed that compared to Co1–N4�xCx, Co1–N4 exhibited
a higher binding strength with CO2. This resulted in the easier
activation of CO2, and led to a higher current density and TOF of
Co1–N4. However, other studies may come to a different
conclusion. Zhao et al. applied ab initio molecular dynamics
(AIMD) to investigate the catalytic kinetics of Ni-single-atom
catalysts supported by N-doped graphene toward CO2-to-CO
electrochemical reduction via a “slow-growth” sampling
approach.77 Calculations predicted that the higher Fermi level
of the Ni–N4 site at the charge-neutral state led to its lower
capacity, suggesting its higher electrochemical barriers and
lower activity. The activity of Ni–C4 and Ni–C3N1 sites differs by
the CO desorption energy, the lower desorption barrier of the
Ni–C3N1 sites, resulting in its higher activity. As a result, the
coordination environment with one nitrogen and three carbon
atoms is believed to have the best activity and selectivity for
CO2RR (Fig. 3b). The different results could be attributed to
several factors. Firstly, the different calculation models, which
focused on different rate determined steps and are inaccurate
compared to the real experiment. Secondly, the different cata-
lytic activity evaluation indicators, such as the FE, current
density, TOF, and so on. Moreover, the different substrates and
their synthesis process may also inuence the activity, even
though single-atom sites have a similar composition.

Oxygen and sulphur atoms, which are electron-rich and easy
to dope, can also be introduced to the hybrid coordination
environment. The hybrid coordination environment not only
regulates the electronic structure of single-atom sites, but also
creates defects on the substrate, leading to a better catalytic
activity and stability. Yang et al. reported a Ni single-atom site
catalyst supported on N,S-doped graphene (A-Ni-NSG) and N-
doped graphene (A-Ni-NG).26 The weaker and wider X-ray
diffractometry (XRD) peaks indicated A-Ni-NSG has a defect-
rich structure compared to A-Ni-NG (Fig. 3c). Multiple charac-
terizations revealed the existence of Ni–S bonds in A-Ni-NSG.
Compared to A-Ni-NG, A-Ni-NSG exhibited a lower onset over-
potential, larger current density and better chemical stability,
suggesting the introduction of S atoms into the coordination
environment improved the catalytic activity (Fig. 3d). Wang
et al. synthesized a nanoporous carbon supported Fe single-
atom catalyst with a Fe–N4O structure.78 The extended X-ray
absorption ne structure (EXAFS) wavelet transform (WT)
results conrmed the existence of Fe–O. In the Fe–N4O struc-
ture, four N atoms were coordinated in a planar position to Fe,
4206 | Chem. Sci., 2021, 12, 4201–4215
while the O atom was coordinated out-of-plane (Fig. 3e). This
coordination structure was optimized using DFT calculations as
the lowest free energy structure. DFT calculations also revealed
the CO desorption barrier on Fe–N4O is relatively low, leading to
easier CO desorption and alteration of the rate determining step
(RDS). The RDS changed from *CO-to-CO to CO2-to-*COOH,
indicating that Fe–N4O had a better performance at a high
overpotential. The Fe–N4O catalyst reached FECO z 96% at
�0.57 VRHE, suggesting the Fe–N4O structure could be a prom-
ising direction for designing M–N–C CO2RR catalysts. Also,
there are some novel coordination structures, such as the p /

d coordination interactions which are not viewed as an atom
coordination, but as a bond coordination instead. Shen et al.
reported the novel structure of a triphenylene–graphdiyne
supported Cu-single-atom catalyst (Cu@TP-GDY) using DFT
calculations.79 The DFT calculations unveiled the atomically
dispersed Cu species were conned in triangular pores by p /

d interactions between diacetylenic linkages and Cu atoms.
CO2-to-COOH*was predicted to be the rate determined steps on
Cu@TP-GDY. Cu@TP-GDY was expected to show a better cata-
lytic performance towards CO2RR, as its overpotential was
found to be lower than most of the Cu-based catalysts.

The change of the coordination number also signicantly
affects the activity of single-atom sites, which will not only
inuence the geometric structure, but also reattribute the
electronic structures, leading to different catalytic perfor-
mances. Fan et al. constructed a Ni single atom catalyst (NC-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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CNTs (Ni)) through the pyrolysis of Ni particles containing
commercial multi-walled carbon nanotubes (MWCNTs) coated
with a polymeric layer (Fig. 4a).68 EXAFS tting results indicated
the Ni–N coordination number is 2.5 � 0.2. The authors viewed
NiN3 moieties as the active center in the NC-CNTs (Ni). DFT
calculations revealed the formation of *COOH has a lower free
energy on NiN3 (pyrrolic) than on NiN4, which means the NC-
CNTs (Ni) exhibit a better catalytic performance for electro-
chemical CO2-to-CO conversion (Fig. 4b).

The most common strategy to create SACs with a lower
coordination number is high temperature pyrolysis. Pan et al.
synthesized polymer-derived hollow N-doped porous carbon
spheres (HNPCSs) supported Co–N5 sites catalysts.35 Cobalt
phthalocyanines are uniformly anchored on the HNPCSs,
together with the strong electronic interactions which were
revealed by Raman spectroscopy. As the pyrolysis temperature
was raised to 400 and 600 �C, the FECO of Co–N5/HNPCSs
dropped and the coordination number decreased to 4 and 3
(Fig. 4c). The Co–N5/HNPCSs catalyst exhibited a high FECO

(>90%) over a wide potential range (�0.57–0.88 VRHE), which
can be attributed to the low *COOH formation free energy and
moderate binding energy of CO on the Co–N5 sites. In contrast,
a negative correlation between the N coordination numbers and
catalytic activity was reported. In research published by Gong
et al., a series of N-doped carbon supported Ni SACs (Ni–Nx–C, x
¼ 2,3,4), Ni–N2–C achieved the highest FECO of 98% and the
highest TOF of 1622 h�1 (Fig. 4d).38 Wang et al. reported Co
single-atom catalysts on N-doped porous carbon (Co–Nx SACs, x
¼ 2, 3, 4), the Co–N2 SACs exhibited a high FECO of 94% and
a high current density (Fig. 4e).39 The uncertain correlation
between the N coordination numbers and the catalytic perfor-
mance in a different series of SACs may be explained by their
different coordination structures, owing to the different
synthesis processes. Co–Nx/HNPCSs (x ¼ 3, 4) was obtained by
Fig. 5 (a) A schematic illustration of the synthesis of Ni–N3–V. Reprodu
2020. (b) A schematic illustration of the synthesis of FeN4 and FeN5 SACs
copyright 2019. (c) AC-STEM images of Ni–N-MEGO illustrating that th
nanopores. Reproduced from ref. 80 with permission from Elsevier, copyr
and Ni NPs@C. Reproduced from ref. 81 with permission from John Wil

© 2021 The Author(s). Published by the Royal Society of Chemistry
the pyrolysis of Co–N5/HNPCSs, while Ni–Nx–C SACs (x¼ 2, 3, 4)
and Co–Nx SACs (x ¼ 2, 3, 4) were obtained by the pyrolysis of
the MOFs precursors under different temperatures.

Although it is difficult to control the coordination number
exactly using the pyrolysis method, some well-designed strate-
gies have been developed to produce SACs with a dened
coordination number. Rong et al. developed a strategy to
synthesize vacancy-defect Ni SACs (Ni–N3–V).37 They rst
prepared Ni–N3O single-atom catalysts under 500 �C. As the
temperature rises, the coordinated oxygen atom on the
substrate can be gradually evaporated leaving vacancy-defects,
thus the Ni–N3–V SACs were formed (Fig. 5a). The structure of
the Ni–N3–V sites was conrmed using Fourier transform (FT)-
EXAFS tting in the R space. At �0.9 VRHE, Ni–N3–V exhibited
a high FECO of 90%, a high current density of 65 mA cm�2 and
a high TOF of 1.35 � 105 h�1. DFT calculations were performed
on Ni–N4, Ni–N3, (in which the Ni atom was coordinated with
three nitrogen atoms and exhibited a symmetrical structure)
and Ni–N3–V (in which the Ni atom was coordinated with three
nitrogen atoms and a vacancy, and exhibited an asymmetrical
structure). Ni–N3–V and Ni–N3 both exhibited a lower free
energy in the RDS (the formation of *COOH), but Ni–N3

encountered difficulties when releasing the CO, suggesting the
vacancy-defect structure in Ni–N3–V greatly promoted the
catalysis of CO2 reduction. Zhang et al. reported structured FeN5

SACs on the N-doped graphene support through the pyrolysis of
hemin and melamine.28 A large amount of melamine was
added, which served as a nitrogen source to promote the
formation of Fe–N5 sites. The N atoms in the adjacent layers
provided axial ligand sites for FeN4 to convert to FeN5 (Fig. 5b).
The FeN5 catalyst showed a greater performance towards FeN4

in CO2-to-CO conversion owing to the *CO weaker binding
strength on FeN5, and reached a maximum FECO of 97.0% at
�0.46 VRHE.
ced from ref. 37 with permission from John Wiley and Sons, copyright
. Reproduced from ref. 28 with permission from John Wiley and Sons,
e single atoms of Ni are predominately anchored on the edges of the
ight 2018. (d) FT-EXAFS spectra of Ni foil, SE-Ni SAs@PNC, Ni NPs@NC,
ey and Sons, copyright 2018.
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The effect of the coordination steric structure towards active
sites is oen overlooked because of its close connection with the
coordination atoms and coordination number.78 However, it is
of great importance to investigate the appropriative coordina-
tion steric structure. This provides a new strategy to regulate the
electronic structure, directly modifying the accessibility of the
single-atom sites, and eventually improving the selectivity and
activity. Cheng et al. developed microwave exfoliated graphene
oxide supported Ni SACs (Ni–N-MEGO).80 Aberration-corrected
scanning transmission electron microscopy (AC-STEM)
combined with X-ray absorption spectroscopy (XAS) indicated
the atomically dispersed Ni atoms were anchored on the edges
of nanopores (Fig. 5c). The DFT calculations suggested the
three N coordinated edge-anchored Ni sites have a better
performance than in-plane structures owing to their moderate
CO2 activation energy and CO desorption energy.

In addition to all the aforementioned improvements in the
catalytic performance, the rational design of the coordination
environment can also contribute to the synthesis process, and
even improve the durability of SACs. Yang et al. investigated the
process of defect-containing N-doped carbon supported Ni NPs
converted to Ni single atoms through thermal atomization.81

Aberration corrected high-angle annular dark-eld scanning
transmission electron microscope (HAADF-STEM) measure-
ments and environmental transmission electron microscopy
(TEM) were employed to characterize the process. The average
size of the Ni NPs was gradually increased as the temperature
rose. When the temperature was above 673 K, the Ni NPs started
Fig. 6 (a) Ni–N4–C10 sites (left) are inactive for the *COOH dissociation r
the adjacent C atoms. Reproduced from ref. 82 with permission from the
the CoPc/CNT(6%) hybrid, and CNTs. Reproduced from ref. 31 with permi
faradic efficiencies, and (e) effective turnover frequencies of CCG/CoPc
from the American Chemical Society, copyright 2019.

4208 | Chem. Sci., 2021, 12, 4201–4215
the atomization process, distributed to Ni single atoms. EXAFS
revealed the dominant peak of Ni–N at 1.32 Å appeared aer the
thermal process, while the Ni–Ni peak at 2.15 Å disappeared,
suggesting the Ni–N strong coordination promoted the Ni NPs
atomization process (Fig. 5d).

2.2.2 Long-range regulation. Despite the rst shell coordi-
nation atoms having the strongest EMSI, the higher shell atoms
also sometimes play an important part in the promotion of the
catalytic performance. Some regulations of atoms around the
coordination environment can be viewed as a co-catalysis or
relatively independent active site to accelerate the rate deter-
mined steps or promote the side reactions, though these do not
regulate the electronic structure of the central metals directly.
Pan et al. explored two different kinds of Ni–N4moieties: the Ni–
N2+2–C8 type at the edge of the carbon matrix and the Ni–N4–C10

type in the bulk of the carbon matrix (Fig. 6a).82 The DFT
calculations indicated the Ni–N2+2–C8 site with dangling bonds
for active C atoms was viewed as the active moiety because of its
lower activation energy for *COOH / *CO + *OH. In contrast,
the bulk-hosted Ni–N4–C10 site seemed to be inactive, which
could be explained by the fact that it was embedded in
a graphitic layer. Previous work published by Pan et al. pointed
out that the critical difference between two types of M–N4 is that
the adjacent carbon atoms of the M–N2+2–C8 types have
dangling bonds, while the adjacent carbon atoms of M–N4–C10

have not.58 DFT calculations revealed that aer one of the C]O
bonds breaks, the product, CO, is adsorbed on the M site, while
OH is adsorbed on the dangling bonds of the adjacent C atom.
eaction, Ni–N2+2–C8 sites are active because of the dangling bonds on
Royal Society of Chemistry, copyright 2019. (b) Raman spectra of CoPc,
ssion from Springer Nature, copyright 2017. (c) Total current density, (d)
-A and CCG/CoPc hybrids. Reproduced from ref. 85 with permission

© 2021 The Author(s). Published by the Royal Society of Chemistry
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This result supports the lower energy of the *COOH dissocia-
tion on the M–N2+2–C8 sites, leading to its high catalytic
performance. In addition to the C atoms, uncoordinated N
atoms, as a rich species on the M–N–C catalysts, may also serve
as independent active centers. In the research reported by Song
et al., SACs with Co–C2N2 moieties were synthesized by the
pyrolysis of ZnO@ZIF to catalyze both the CO2RR and HER.33 At
�0.7 VRHE to 1.0 VRHE, it exhibited an almost 100% FECO and an
ideal CO/H2 ratio of 1/2. Potassium thiocyanate (KSCN)
poisoning experiments and DFT calculations conrmed that
the Co–C2N2 moieties served as the active sites for CO2RR, while
the additional N functional groups served as the active sites for
HER.
Fig. 7 (a) jCO values of ZIF-90, ZIF-90-1, ZIF-90-2, ZIF-90-3, and ZIF-
90-4. Reproduced from ref. 86 with permission from the Royal Society
of Chemistry, copyright 2020. (b) A schematic illustration of Cu-doped
Pd10Te3 nanowires. Reproduced from ref. 91 with permission from
Springer Nature, copyright 2019. Co (c) K-edge XANES and (e) Fourier-
transform EXAFS spectra of ZnCoNC. Zn (d) K-edge XANES and (f)
Fourier-transform EXAFS spectra of ZnCoNC. Reproduced from ref. 27
with permission from John Wiley and Sons, copyright 2020.
2.3 Interface design of the single metal complexes

Traditional SACs were synthesized through anchoring metal
atoms on the prepared substrate with coordination atoms to
construct a coordination structure such as M–N4, which was
proved to be analogous to molecular catalysts.83 Recently,
a novel strategy was reported to synthesize SACs by anchoring
metal complexes with a formed M–N4 structure on a carbon
substrate.84 The M–N4 structure in the metal precursor can
integrally anchor on the substrate, leading to the formation of
SACs with well-dened active sites. Also, as the metal complexes
offer M–N4, there is no need for the substrate to provide extra
coordination atoms, therefore carbon materials (e.g., graphene,
carbon nanotubes, and MOFs) have become the most popular
substrates in metal complex derived SACs. Metal phthalocya-
nine is a promising candidate for this kind of synthesis strategy.
Zhang et al. anchored a cobalt phthalocyanine (CoPc) molecule
on a carbon nanotubes (CNT) to synthesize a CoPc/CNT cata-
lyst.31 Inductively coupled plasma mass spectrometry (ICP-MS)
demonstrated the amount of Co in the prepared CoPc/CNT
was 0.63 wt%. Material characterizations also revealed the C
and N of CoPc was distributed on the sidewalls of the CNTs that
overlapped with the nanotube structures. Some of the vibra-
tional modes of the CoPc are prohibited, indicting the strong
electronic interaction between CoPc and CNT (Fig. 6b). CoPc/
CNT exhibited a high activity, stability and selectivity in the
CO2-to-CO conversion. The phthalocyanine molecule offers
several sites for organic modication, leading to improvements
in the catalytic performance. The researchers further prepared
a CoPc-CN/CNT hybrid catalyst using cobalt-2,3,7,8,12,13,17,18-
octacyano-phthalocyanine (CoPc-CN). CoPc-CN/CNT delivered
an even better catalytic performance for the CO2-to-CO elec-
trochemical reaction than CoPc/CNT. CoPc-CN/CNT main-
tained a FECO value of over 95% at �0.53–0.63 VRHE. Choi et al.
anchored cobalt(+2) octa-alkoxy phthalocyanine (CoPc-A) on
chemically converted graphene (CCG) via p–p stacking.85

Compared to the graphene supported cobalt phthalocyanine
catalyst (CCG/CoPc), the octa-alkoxy groups on phthalocyanine
helped to suppress its aggregation, leading to its signicantly
enhanced catalytic activity. CCG/CoPc-A exhibited a higher total
current density, a higher FECO, higher eTOFs for CO production
and over 30 h of stable CO conversion (Fig. 6c–e). As with the
other SACs, themetal loading will largely effect the performance
© 2021 The Author(s). Published by the Royal Society of Chemistry
of the catalysts. Yang et al. synthesized a CoTAPc–ZIF-90 hybrid
catalyst through anchoring cobalt phthalocyanine on the
surface of ZIF-90 using the Schiff base reaction.86 The SEM
images conrmed the CoTAPc units were distributed uniformly,
and the XANES spectra demonstrated the Co–N4 structure.
Catalytic control experiments revealed the catalytic perfor-
mance of CoTAPc–ZIF-90, which was quantied by the CO
partial current density, could be improved by increasing the
content of CoTAPc from ZIF-90 (0 mg CoTAPc) to ZIF-90-4
(30 mg CoTAPc) (Fig. 7a). ZIF-90-4, synthesized using 30 mg of
CoTAPc and 100 mg of ZIF-90, exhibited a high FECO of 90% at
�0.97 VRHE and a large current density of 13 mA cm�2.

Additionally, the catalytic performance of the phthalocya-
nines derived SACs with different metal centers was investi-
gated. Wang et al. reported a series of SACs (Me-SAC (Pc), Me ¼
Co, Fe, Ni) for CO2RR, synthesized by the pyrolysis of the
encapsulating cyano-substituted metal phthalocyanines (MePc-
CN) in Zeolitic imidazolate frameworks (ZIFs).87 Me–N/C could
enable metal loading up to approximately 2.2 wt% without
aggregation. The sequence of the Me-SAC (Pc) current densities
under certain potentials in the H-cell is Co-SAC (Pc) > Fe-SAC
(Pc) > Ni-SAC (Pc). In the gas-diffusion electrode (GDE) setups,
Ni-SAC (Pc) operated steadily from �10 up to �200 mA cm�2

with a FECO of over 96.0%, while Fe-SAC (Pc) only exhibited
50.1% of FECO at �100 mA cm�2. The results suggested the
promising potential of Ni-SAC (Pc) for use in practical electro-
chemical CO2RR devices.

In addition to metal phthalocyanines, some other molecular
complexes, such as metal porphyrins, also have a dened M–N4
Chem. Sci., 2021, 12, 4201–4215 | 4209
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structure. Kim et al. reported carbon substrate supported Ni
molecular complexes with two different porphyrins ligands,
tetraphenylporphyrin (N4–TPP) and 21-oxate-
traphenylporphyrin (N3O-TPP)88 Spectroscopic and computa-
tional studies of Ni–N4-TPP and Ni(–Cl)–N3O-TPP revealed that
the destruction of the ligand eld symmetry could increase the
redox potential from 0 to +1, leading to a better performance in
the CO2RR. The additional ligand for the central atoms could
also be a modication strategy to regulate the interfacial elec-
tronic structure from the axial direction. Wang et al. immobi-
lized tetraphenylporphyrin cobalt (PCo) on graphene by p–p

interactions only89 They discovered that diphenyl sulde (Di-S)
could act as an axial ligand to the Co single atom sites. Di-S
enhanced the electron transfer between the interface of gra-
phene and Co complexes by parallel stacking geometry, leading
to better generation of [PCo]c� as active sites for CO2RR.

Compared with the traditional synthesis of SACs, using
metal complexes such as metal phthalocyanines and metal
porphyrins as precursors shows several advantages. First, metal
complexes can be anchored by p–p stacking without pyrolysis.
Second, the M–N4 structure in the metal complexes can be
anchored onto the substrate intact to form SACs with clear
active sites. Third, the steric hindrance of the phthalocyanine
and porphyrin ring are large enough to alleviate the aggregation
of the single atoms. Overall, the interface design of the single
metal complexes offers a novel method for the construction of
SACs and a bridge to connect molecular homogenous catalysts
with heterogonous catalysts directly.
2.4 Design of multi-atom site catalysts

Although SACs exhibit a great performance in the CO2RR, most
of them catalyze reactions that only involve single molecules.
On traditional SACs, the single metal atoms are dispersed on
substrates in isolation with no interaction between each other.
When the neighboring single atom is close enough, there is
a chances that C–C coupling reactions will be enabled, leading
to C2

+ products. Guan et al. reported electrochemical CO2

reduction to C2H4 on single-atom Cu catalysts supported on
nitrogen-doped carbon.90 When the Cu concentration was
below approximately 2.4%mol, the Cu–Nx species were isolated,
leading to the C1 products of CH4. When the Cu concentration
reached approximately 4.9%mol, the adjacent Cu–Nx species was
close enough to enable a synergistic effect between the neigh-
boring Cu single atoms and resulted in the dimerization of the
*CO intermediates. If the distance between the single-atom site
continues to reduce, the extreme condition of it will result in
multi-atoms site catalysts. Several multi-atoms site catalysts
have been reported in recent research, in which the active sites
were constructed by two or more metal atoms instead of only
one metal atom in the SACs. The multiple atoms offer addi-
tional sites for CO2 adsorption, involving additional CO2 in
a single reaction process, and leading to the production of C2

+

products. Jiao et al. reported a Cu atom-pair catalyst (Cu-APC)
on Pd10Te3 nanowires for the CO2 electrochemical reduction
to CO.91 By combining the EXAFS and DFT calculations, they
revealed that in Cu4, which is the smallest stable conguration,
4210 | Chem. Sci., 2021, 12, 4201–4215
Cu1
x+ was formed via a single Cu atom binding with an O atom,

then a Cu1
0–Cu1

x+ atom pair was constructed as an active site by
Cu1

x+ together with an adjacent Cu atom (Fig. 7b). Further
calculations indicted that the Cu1

0–Cu1
x+ sites catalytic mech-

anism is a ‘biatomic activating bimolecular’ mechanism. At
�0.78 VRHE, Cu-APC with a 0.10% Cu loading exhibited a FECO

of 92%, with only a corresponding FEH2
of 3%. The theoretical

calculation also conrmed that diatomic sites catalysts promote
the formation of C2

+ products. Zhao et al. investigated whether
the porous C2N layer supported a series of transition metal
dimers catalysts (Cu2@C2N) for CO2RR using DFT calcula-
tions.92 The results showed a maximum positive free energy
change of 0.76 eV in the formation of the COCO* species,
indicating that Cu2@C2N is preferred to C2H4 in the CO2RR.

In addition, multi-atoms sites can be constructed using
different transmission metal atoms. Zhu et al. reported neigh-
boring Zn/Co monomers dispersed on N doped carbon
(ZnCoNC) for electrochemical CO2 reduction to CO.27 The
indirect electron interaction of the neighboring Zn/Co through
the N atoms was conrmed using XANES and EXAFS analysis
(Fig. 7c–f). In situ attenuated total reection-infrared spectros-
copy (ATR-IR) and DFT calculations suggested that the elec-
tronic effect of the neighboring Zn/Co reduced the *COOH
formation energy barrier, leading to easier CO production.
ZnCoNC exhibited a FECO of 93.2% at �0.5 VRHE in a 30 h test.
Ren et al. synthesized a diatomic Ni–Fe sites catalyst supported
by nitrogenated carbon (Ni/Fe–N–C) via an ion-exchange
strategy.93 The obvious metal–metal peak for Ni–Fe coordina-
tion was observed at 2.06 Å in FT EXAFS spectra. Compared with
Ni–N–C and Fe–N–C synthesized using similar methods, Ni/Fe–
N–C exhibited a higher faradaic efficiency of CO, a higher
current density of CO, and a higher TOF. Moreover, the Ni/Fe–
N–C reached a maximum FECO of 98% at �0.7 VRHE, and
maintained a FECO of 99% aer 30 h of continuous electrolysis,
suggesting its outstanding catalytic performance and durability.
DFT calculations revealed the diatomic Ni–Fe sites of Ni/Fe–N–
C provided an additional active site for the second CO2 activa-
tion. Compared with bare Ni/Fe–N–C, CO-adsorbed Ni/Fe–N–C
has a weaker binding strength for COOH* and CO*, leading to
a lower energy barrier for CO production.

Apart from dual-atom site catalysts with metal–metal bonds,
there are some dual-atom site catalysts which are composed of
two types of single-atomic sites with two different metal centers.
Xie et al. reported hierarchical integrated electrodes supported
NiSn atomic pair catalysts (NiSnAPC).94 XAFS and XPS analysis
suggested that NiSnAPC contains a separately dispersed Ni–N4

and Sn–N4 conguration and the Ni–Sn bond was not observed.
However, the isolated Ni–N4 and Sn–N4 conguration could
allow them to modify each other's electronic structure.
Compared with Sn-SAC, NiSn-APC exhibited a TOF of 4752 h�1,
and revealed a better activity and selectivity for CO2RR
compared to formate. Lin et al. synthesized a CoPc and Zn–N–C
(CoPc@Zn–N–C) tandem catalyst for the CO2RR to form CH4.95

CoPc@Zn–N–C showed a CH4/CO production rate that was over
100 times greater than that of the CoPc or Zn–N–C catalysts.
Electrochemical experiments and DFT calculations revealed the
two-step tandem mechanism. CO2 was rst reduced to CO on
© 2021 The Author(s). Published by the Royal Society of Chemistry
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CoPc, then diffused onto Zn–N–C and converted to CH4. CoPc
contributed to the reservoir of adsorbed *H on ZnN4, which is
critical to the high CH4 production rate.

A change in the number of central atoms in multi-atoms site
catalysts may also inuence the selectivity of C1 products. He
et al. investigated the activity and selectivity of a series of multi-
Fe atoms (Fen, n ¼ 1–4) doped graphdiyne catalysts for CO2

electrochemical reduction using ab initio studies.96 Theoretical
calculations revealed Fe2 and Fe3 exhibited a better perfor-
mance in CO2-to-CH4, CO2-to-HCOOH, respectively. Multi-
atoms site catalysts may catalyze the synthesis of C2

+ products
via multiple metal active sites. From the perspective of SACs,
introducing novel metal atoms in single-atom sites also offers
a novel strategy to regulate the electronic structure of the active
sites.
2.5 Strategies to improve SAC performance

All of the aforementioned approaches have focused on
improving the intrinsic nature of a single-atom site. Moreover,
improving the accessibility of single-atom sites and increasing
the density of single-atom sites are also promising strategies.
Owing to the different synthesis strategies, there may be part of
the single-atom sites that were embedded in substrates in some
SACs, leading to signicant loss of catalytic activities. Ye et al.
compared the electrocatalytic performances of C-AFC©ZIF-8
and C-AFC@ZIF-8.97 The precursor AFC©ZIF-8 was prepared
by immersing ZIF-8 in ammonium ferric citrate (AFC) aqueous
solution for 24 h, AFC@ZIF-8 was obtained by sealing AFC in
ZIF-8. X-ray photoelectron spectroscopy (XPS) conrmed C-
Fig. 8 (a) A schematic illustration of the synthesis of CuSAs/THCF. Repro
copyright 2019. (b) A schematic illustration of the synthesis of CoSA/HCN
2020. (c) A schematic illustration of the synthesis of FeSAs/CNF-900. Re
(d) A schematic illustration of the synthesis of Fe–N4/CF. Reproduced fr

© 2021 The Author(s). Published by the Royal Society of Chemistry
AFC©ZIF-8 had more Fe–N active sites on the surface than C-
AFC@ZIF-8, leading to its better performance in the CO2RR.
Further experiments conrmed the activities of the catalysts
towards the CO2RR exhibited a positive correlation with the
content of the exposed Fe–N active sites. Therefore, increasing
the quantity of single-atom sites on the surface is viewed as an
efficient way to improve the catalytic performance of SACs.

Two dimensional materials such as nanobers constructed
by one-dimension carbon materials are good choices for
substrates because of their high surface areas, which can
provide more space to support and anchor metal single-atom
sites. Yang et al. reported a strategy for large-scale synthesis of
a single Cu atoms catalyst supported on through-hole carbon
nanobers (CuSAs/TCNFs) for electrochemical CO2-to-CO
reduction.98 Cu/ZIF-8 nanoparticles were rst synthesized
using the double-solvent method, and were then attached to
polyacrylonitrile (PAN) nanobers via the electro-spinning
method (Fig. 8a). The through-hole structure offered large
surface areas and improved the accessibility for Cu atom sites.
At �0.9 VRHE, CuSAs/TCNFs exhibited a maximum FEMeOH of
44%, and CO (56%) was obtained in the gas-phase. Later, Yang
et al. synthesized cobalt single atoms (CoSA) supported by free-
standing carbon nanobers (HCNFs) via a similar strategy
(Fig. 8b).99 CoSA/HCNFs reached an extremely high current
density of 211 mA cm�2 with a 92% FE in the ow cell. MOFs
with a well-dened spatial structure that can form porous
carbon nanoframes through one-step pyrolysis are also viewed
as a facile choice. Chen et al. reported SACs with Fe–Nx active
sites supported onmesoporous carbon nanoframes synthesized
duced from ref. 98 with permission from American Chemical Society,
Fs. Reproduced from ref. 99 with permission from Elsevier, copyright

produced from ref. 100 with permission from Elsevier, copyright 2020.
om ref. 12 with permission from Springer Nature, copyright 2019.
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by pyrolysis of Fe-doped MOF precursors (Fig. 8c).100 In the
pyrolysis process, spatially isolated Fe2+ in ZIF precursors trig-
gered the Kirkendall effect, which generated the formation of
mesoporous carbon nanoframes with hierarchical pore sizes,
improved the accessibility of high-density single atom Fe sites
and the mass and charge transport abilities, and resulted in an
extraordinary electrocatalytic performance for both oxygen and
carbon dioxide reduction. The template-assisted method is also
a common strategy used to synthesize high surface area
substrates with the advantages of reactants and products
diffusion. Zhang et al. proposed a template-assisted method to
synthesize a Fe single-atom site catalyst conned by carbon
foam (Fe–N4/CF) with FePc as a precursor and SiO2 as
a template (Fig. 8d).12 The pore-enriched structure boosted the
diffusion of the reactants and products. Fe–N4/CF reached
a maximum FECO of 94.9% at �0.5 VRHE.

The increasing density of single-atom sites directly revealed
an increase in the metal loading in SACs. The main challenge is
that the aggregation tendency of the single metal atoms will
increase as the distances between isolated single-atom sites
become smaller owing to the increased metal contents. Chen
et al. reported a Fe and N doped porous carbon nanosphere
catalyst (Fe–N–PC) with a high Fe content of 3.9 wt%.101 SiO2 was
used as the template and the protecting shell to prevent the
aggregation of Fe single atoms and the volatilization of the N-
containing species, leading to a high density of Fe single
atoms with only a few Fe clusters. Fe–N–PC exhibited a high
FECO of 90% at �0.49 VRHE, with a partial CO current density of
11.44 mA cm�2. Zhao et al. later proposed a universal seeding
strategy to synthesize a series of single metal atoms (e.g., Ni, Co,
Fe, Cu, Ag, Pd) and bimetallic NiCu atoms catalysts supported
on 2D materials (e.g., GO, MoS2, BN nanosheets) with metal
contents between 2.8–7.9 wt%.102 In particular, a Ni-single-atom
site catalyst supported on graphene oxide (SANi-GO) was still
able to maintain an extraordinary CO2RR performance aer
a 50 h cycling test, suggesting the excellent stability.

3. Outlook

The electrochemical CO2RR provides a novel way to convert
electricity, which can be generated from renewable energy, to
chemical energy in the forms of CO, CH4, and even more
complicated hydrocarbon fuels. As a bridge between homoge-
nous catalysts and heterogeneous catalysts, SACs feature single-
atom sites similar to molecular catalysts with great uniformity
and unique geometric and electronic structures, resulting in
their outstanding performances in the CO2RR.

In order to design high-performance SACs accurately, the
necessity for the atomic-level regulation of SACs must be
recognized. In this perspective article, the importance of the
regulation of SACs at the atomic level is stressed from several
aspects. The design of SACs can be divided into the regulation
of SAC structures to improve the catalytic activities and selec-
tivity. Enhancing the intrinsic nature of each single-atom site
and increasing the density of the single-atom sites are the two
main strategies used to improve SAC catalytic performance. The
choice of the metal center and the regulation of the
4212 | Chem. Sci., 2021, 12, 4201–4215
coordination environment are vital for the structural and elec-
tronic properties of SACs. Recently, dual- and multiple-atom
sites have drawn signicant attention owing to their great
performance in the CO2RR, especially C2

+ products, and they
are also important in SACs for achieving highly efficient CO2RR
performance. Agglomeration is a huge unavoidable hinderance
to increasing the density of single-atom sites. The ne regula-
tion of single-atom sites from both geometric and electronic
angles can relieve aggregation through interactions between
metal atoms and substrates. Synthetic methods also inuence
the performance of SACs via determining the accessibility of
single-atom sites.

Although the development of SACs holds promise, there are
still multiple challenges that must be noted:

(1) Although a large number of SACs have shown good
performance for the CO2RR, there is still the large potential for
the improvement of the activity and selectivity, especially for C2

+

products and liquid hydrocarbon fuels, which are more valu-
able for industrial use. Although most SACs for the CO2RR
catalyze CO2-to-CO conversion, more effort should be made to
explore C–C coupling on SACs. Also, the HER, as a common side
reaction to the CO2RR, should receive more attention. With
appropriate regulation, the HER could work alongside the
CO2RR to produce syngas.103

(2) Although single-atom sites have great uniformity, their
actual condition still remains ambiguous. An understanding of
the reaction mechanism and active sites, which depends on
further developments in characterization methods and the
assistance of theoretical computation, is vital to the regulation
of SACs at the atomic level. Advanced characterization tech-
niques, such as operando characterization, are urgently needed,
which can reveal the actual active sites during the catalysis
reaction, thus contributing to our understanding of the mech-
anism, enabling the nal regulation of SACs. Theoretical
computation is built on known mechanisms and ideal reaction
conditions; accordingly, there are differences between the
results of theoretical computations and laboratory experiments.
The process used to diminish the differences also offers better
understanding of the reaction mechanism.

(3) It should be emphasized that there is still a long way to go
for SACs to move from laboratory tests into industrial produc-
tion. The scaling up of synthesis and complicated reaction
conditions are the main hinderances to the practical applica-
tion of SACs. Recently, several mass production methods for
SACs have been reported; facile strategies or commercial reac-
tants were used to meet industrial-scale synthesis demand.104

However, there is a large discrepancy between the applications
of SACs in half-cells and full-cells, which may be caused by
transport loss and ohmic loss. In addition, SACs have to over-
come the reaction conditions, which are much more unstable
and impure in full-cell and industrial applications, owing to
low-cost requirements.
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