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The electrochemical CO2 reduction reaction (CO2RR) is a promising method to decrease the CO2

concentration in the atmosphere and produce high value-added chemicals simultaneously. Catalysts

play a central role in the CO2RR system, and can determine the conversion efficiency and product

species. Single-atom catalysts (SACs), a new class of catalysts, have been extensively employed in the

CO2RR due to their high activities, selectivity and maximum atom utilization efficiency. In this review, an

overview of the recent progress of SACs for the CO2RR is provided with respect to two types of catalyst

supports including graphene (Gr)-based nanomaterials and conjugated macrocycle (CM)-based

complexes. Specifically, we focus on significant influencing factors on the activity and selectivity of the

modeled catalysts, such as heteroatom doping, ligand effects and bimetals. Insights on the intrinsic

connection between electronic structures and catalytic properties are summarized. Moreover, the

stability and the dynamic structural change of SACs under operating conditions are also discussed.

Finally, some challenges and perspectives are raised for the future development of efficient SACs based

on Gr and CM supports.
1. Introduction

The increasing concentration of CO2 in the atmosphere has
caused a series of environmental problems, including global
warming and serious pollution issues.1,2 According to statistics,
the global average CO2 concentration is higher than at any point
in the past 800 000 years, which reached 405 ppm in 2017.3,4

Thus, mitigating the atmospheric CO2 concentration and
utilizing it in an efficient way are urgent and important research
challenges.1 The electrochemical CO2 reduction reaction
(CO2RR) powered by renewable electricity is a promising solu-
tion to address these challenges due to its high affordability.5,6

However, a large driving force is needed to activate the linear
CO2 molecules, and the electrochemical CO2RR is accompanied
by complicated reaction mechanisms towards different prod-
ucts.7 Hence, highly efficient and selective catalysts are essential
to activate inert CO2 molecules and to generate specic prod-
ucts with high selectivity.8–10 Until now, various catalysts have
been brought into the eld for attaining high efficiency and
selectivity, including heterogeneous solid catalysts, e.g., metal/
metal alloys, single-atom and non-metal catalysts, homoge-
neous molecular catalysts and their derivative heterogeneous
molecular catalysts.11–15Among them, SACs have emerged as
njing, 211189, China. E-mail: qiang.li@

st University, Nanjing 211189, China
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a new frontier in the catalysis eld due to their various advan-
tages over their bulk counterparts and other catalysts, including
high atomic utilization efficiency (z100%), high activity and
high selectivity.16–18In this review, we will focus on two types of
SACs in the CO2RR, Gr-based SACs and CM-based SACs.19,20

For Gr-based SACs, they usually possess higher stability due
to strong metal–substrate interactions.21,22 So far, the active
centers of most Gr-based SACs for the CO2RR are metal atoms,
which can be atomically dispersed on a modied Gr substrate.
Among them, N-doped Gr-based SACs with different metal
centers have been successfully prepared and exhibited excellent
performance (e.g. high Faraday efficiency (�100%), high selec-
tivity (above 90%), and high current density (hundreds of
mAcm�2)) in reducing CO2 to different C1 products.23–25

However, their activities need to be further improved to meet
the requirement of industrial applications.8 In contrast to Gr-
based SACs, the structural information of CM-based SACs is
available and well dened, which contributes to investigating
the catalytic mechanism of the CO2RR.26 In addition, a well-
dened active site structure can facilitate the establishment of
the structure–mechanism–activity relationship. Furthermore,
CM-based SACs are promising to achieve high activity and
selectivity because ligands can be easily modulated by organic
synthesis techniques to regulate the electronic structure of the
active centers.27 Although the catalytic performance of CM-
based SACs can be improved by multiple methods, the biggest
challenge limiting their practical applications is the low
J. Mater. Chem. A, 2022, 10, 5699–5716 | 5699
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Fig. 1 Overview of two types of SACs for the CO2RR and the corresponding strategies to regulate the catalytic activity.

Table 1 Standard reduction potentials of different products

Reduction products
Standard reduction
potential vs. RHE, pH ¼ 7

CO2+e
�/CO2c

� E� ¼ �1.49V
CO2+2H

++2e�/CO + H2O E� ¼ �0.12V
CO2+2H

++2e�/HCOOH E� ¼ �0.20V
CO2+4H

++4e�/HCHO + H2O E� ¼ �0.07V
CO2+6H

++6e�/CH3OH + H2O E� ¼ 0.03V
CO2+8H

++8e�/CH4+H2O E� ¼ 0.17V
2H++2e�/H2 E� ¼ �0.00V
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stability.28,29 Thus, conquering the stability problem faced by
CM-based SACs is urgent to be addressed in the next stage.

In this review, as shown in Fig. 1, we aim to provide an
overview of recent advances in the eld of SACs for the CO2RR,
focusing on Gr and CM-based supports. For Gr-based SACs,
various metal centers based on the Gr substrate are rstly
described and the strategies that can improve their catalytic
performance are then provided. Moreover, the state of the
single atom during the reaction process is also discussed to
determine the real active site of SACs. Theoretically, the struc-
ture–activity relationships for Gr-based SACs are claried and
provide some insights into bridging the relationship between
theory and experiment. For CM-based SACs, strategies in tuning
catalytic performances are systematically described from
adjusting the rst coordination sphere to the second coordi-
nation sphere. Next, effective methods to improve the stability
of CM-based SACs are summarized to provide guidance for
experimental researchers. Lastly, the relationship between Gr-
based SACs and CM-based SACs is established, and some
challenges and perspectives are raised to provide directions for
the future development of SACs for the CO2RR.
2. Fundamentals of the
electrochemical CO2RR

As a nal product of fossil fuel combustion, CO2 is thermody-
namically very stable due to its non-polarity and strong C]O
double bond, requiring large activation energy to drive its
reduction to other products. The direct one-electron transfer to
a linear CO2 molecule to form bent CO2

� requires a potential of
�1.9 V vs. NHE (pH ¼ 7, Table 1).30 However, the standard
reduction potentials of the CO2RR to different products (Table
1, pH ¼ 7) are usually much lower than that required to drive
the rst electron transfer.31 Through the progression of multiple
proton-coupled electron transfer processes, CO2 can be reduced
5700 | J. Mater. Chem. A, 2022, 10, 5699–5716
to various C1 products (e.g., CO, HCOOH, CH4, etc.) and C2
products (e.g., C2H4, C2H6, C2H5OH, etc.). Given the singularity
of single-atom active sites, almost no C2 products can be
produced, and only C1 species are the main products produced
by SACs.32,33 As seen from Table 1, the standard reduction
potentials of different C1 products are not too low but quite
close to each other, suggesting the diversity of the C1 products.
However, CO and HCOOH are the two main products and the
deep reduction products including CH3OH and CH4 are barely
reported. In addition, the competitive hydrogen evolution
reaction (HER) is also a big challenge faced by the CO2RR,
which will greatly reduce the CO2RR efficiency. Thus, it is
extremely necessary to exploit catalysts with high selectivity,
superior activity, and suitable stability to meet the practical
applications of the CO2RR.
3. Gr-based SACs for CO2 reduction

The single atom of SACs can be supported by various substrates,
including graphene, carbon nanotubes, g-C3N4, graphyne,
etc.34–37 Generally, these substrates possess high stability,
superior conductivity and high abundance. Moreover, they can
be modied by doping with different heteroatoms to provide
This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Structural model of NiSA-NC SACs. (b) Linear sweep voltammetry (LSV) curves at a scan rate of 10 mV s�1. (c) FECO for N–C, 0.05xNiSA/
N–C, NiSA/N–C, and 10xNiSA/N–C catalysts tested in CO2-saturated 0.1 M KHCO3 electrolytes. Reproduced with permission from ref.
53.Copyright 2020, Elsevier. (d) Structural model of FeSA-NC SACs. (e) CO partial current density. (f) FECO for N–G, N–G–p, Fe–N–G, and Fe–N–
G–p. Reproduced with permission from ref. 55. Copyright 2020, American Chemical Society. (g) Structural model of CoSA-NC SACs. (h) LSV
curves of Co1-N4 were recorded in CO2-saturated and Ar-saturated 0.1 M KHCO3 (pH¼ 6.8) electrolytes. (i) FECO at selected potentials on Co1-
N4 and Co1-N4�xCx. Reproduced with permission from ref. 56.Copyright 2019, Elsevier.
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a coordination environment to form strong metal–substrate
interactions.33 In this section, we will mainly focus on Gr-based
SACs, due to their high conductivity, chemical robustness,
porous structure, and adjustable composition.38 And the
discussions will extend from the changing of metal centers to
regulating the catalytic activity by various strategies. Moreover,
the real active sites of SACs and the real state of metal centers
under operating conditions are also illustrated to provide deep
insights on SACs.
3.1 Gr-based SACs with various metal centers

Due to the inertness of the intrinsic Gr surface, it is difficult for
the pristine surface C atoms to coordinate with metal atoms
directly, and the weak binding energy may result in the aggre-
gation of single atoms.39 Thus, it is necessary to introduce
heteroatoms to provide the coordination environment for metal
This journal is © The Royal Society of Chemistry 2022
centers to form strong metal–substrate interactions. In general,
N-doped Gr substrates are widely used to anchor single atoms,40

and various SACs with the structure of MNx (x ¼ 1–4) have been
successfully prepared by many synthesis methods,41–43

including metal–organic framework (MOF) derived materials
and conjugated macrocycle derived materials.44,45 Moreover,
advanced characterization techniques such as extended X-ray
absorption ne structure (EXAFS), X-ray absorption near-edge
structure (XANES), etc. have certied that most of these SACs
possess the conguration of MN4.46–48

The CO2RR involves multi-electron transfer processes, and
the activity of SACs can be determined by the binding strength
between the reaction intermediates and the active sites. It is
well known that metals with different distributions of d elec-
trons can induce diverse interactions between reaction inter-
mediates and active centers due to the different electron
J. Mater. Chem. A, 2022, 10, 5699–5716 | 5701
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Table 2 Summary of GR-based metal SACs for electrocatalytic CO2 reduction

Catalysts Main product
Potential (V
vs. RHE)

Current density
(mAcm�2)

Faradaic efficiency
(%) Ref.

Mn-NC CO �0.55 �14.0 98.8 24
Fe-NC CO �0.58 �4.5 94 63
Fe-NC CO �0.8 �25 90 64
Fe-NC CO �0.64 �1.9 95 65
Fe-NC CO �0.46 �5.0 94 66
Fe-NC CO �0.76 �22.6 96 67
Co-NC CO �1.0 �15.8 82 56
Co-NC CO �0.73 �4.5 99.2 68
Co-NC CO �0.70 �14.9 98 69
Co-NC CO �0.60 �20 97 70
Ni-NC CO �0.85 �12 80 71
Ni-NC CO �0.79 �10 97 54
Ni-NC CO �0.70 �30 98 52
Ni-NC CO �1.0 �48.66 97 72
Ni-NC CO �0.68 �23 99 73
Cu-NC CO �0.7 �3.47 92 74
Cu-NC CH3OH �0.9 NA 44 59
Cu-NC CO �0.9 ��7.5 98 75
Cu-NC CO �0.74 �18.7 95.7 76
Cu-NC CO �1.0 �5 80.6 77
Zn-NC CO �0.43 �4.8 95 62
Zn-NC CH4 �1.15 �31.8 85 78
Zn-NC CO �0.44 �10.45 92.6 79
Zn-NC CO �0.44 �5 94 80
Cd-NC CO �0.728 �5.3 91.4 81
In-NC HCOOH �0.79 �6.8 80 48
In-NC HCOOH �0.65 �8.87 96 82
Sb-NC HCOOH �0.8 �2.5 94 83
Sn-NC HCOOH �0.95 �11.7 74.3 84
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transfer abilities.49–51Among them, Ni-based N-doped graphene
SACs are the most studied due to their high selectivity and
Faraday efficiency (FE�100%) for reduction of CO2 to CO.46,52

For example, as shown in Fig. 2a, Lu et al.53 reported that NiSA/
N–C possessed the highest CO2RR activity (Fig. 2b), achieving
96% FECO with a current density of 26.4 mAcm�2 at �0.86 V vs.
RHE (Fig. 2c). The excellent CO2RR activity of Ni SACs is
attributed to the low binding energy toward *H and low-to-no
binding of *CO, according to density functional theory (DFT)
simulations. Yang et al. also demonstrated that Ni SACs dis-
played high intrinsic CO2 reduction activity (FE ¼ 97%) at
a mild overpotential of 0.61 V in 0.5 M KHCO3 solution.47 The
excellent CO2RR activity of Ni SACs originated from the
formation of a monovalent Ni(I) atomic center with a d9 elec-
tronic conguration, which can spontaneously transfer an
electron to the carbon 2p orbital in CO2 to form the CO2

d�

species to reduce the energy barrier for electrochemical CO2

reduction. Some other studies have also certied that Ni SACs
possess high CO2RR activity to CO, which indicates that Ni SACs
show great potential for practical applications.41,54

In addition to Ni-based SACs, Fe and Co-based SACs have
also been reported for the CO2RR, as shown in Fig. 2d–i.55,56

When the CO2RR was performed in a KHCO3 electrolyte, Fe–N–
C and Co–N–C SACs exhibited high CO2RR efficiency (Fig. 2e
and h); the maximum FECO can reach as high as 94% at�0.58 V
vs. RHE on Fe–N–G–p SACs (Fig. 2f), and 82% FE can be ach-
ieved on Co1-N4 SACs (Fig. 2i). So far, Fe/Co/Ni N-doped Gr-
5702 | J. Mater. Chem. A, 2022, 10, 5699–5716
based SACs are the most studied systems for the highly selec-
tive reduction of CO2 to CO. Additionally, some other Gr-based
SACs with different metal centers are also studied and
summarized in Table 2. It can be noted that the main products
of Mn, Fe, Co, Ni, and Cd-based SACs are CO, while the In, Sb,
and Sn-based SACs mainly produce HCOOH. The diverse
product selectivity of these metals can be ascribed to the
different electron distributions, which can selectively stabilize
key intermediates (*COOH vs. *OCHO) to produce CO or
HCOOH.

Given the singularity of single-atom active sites, generally,
only C1 products can be produced on SACs. In addition to CO
and HCOOH, reports on deep reduction products (CH4 and
CH3OH) are relatively rare, and the studied systems are mainly
limited to Cu-SACs due to their favorable CO binding ener-
gies.57,58 Yang et al. found that Cu-SACs reduced CO2 to C1
products with about 100% FE at the potential of�0.9 V vs. RHE,
and the FE of CH3OH can reach 44% among all C1 products,59

while Zheng et al. demonstrated that Cu-SACs can reduce CO2 to
CO with a maximum FE of 81% at a low potential of �0.50 V vs.
RHE.60Apart from Cu SACs, Han et al. certied that Zn SACs can
also reduce CO2 to CH4 with a maximum FE of 85% at
a potential of �1.8 V vs. SCE.61 Meanwhile, Yang et al. revealed
that a FECO of 95% can be achieved on ZnN4 SACs at a potential
of �0.43 V vs. RHE.62 It can be noticed that high potentials are
needed to drive the further reduction of CO to produce deep
reduction products (CH3OH/CH4).
This journal is © The Royal Society of Chemistry 2022
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3.2 Strategies to regulate the catalytic performance of Gr-
SACs

There are various factors which can modulate the CO2RR
activity of SACs, such as electrical conductivity, electrochemi-
cally active surface area, surface morphology, etc.85 In this
review, we will mainly focus on the intrinsic structure of the
active sites based on several perspectives: (i) the structure–
activity relationship can be well established; (ii) the precise
structural regulation can bridge the theory and experiment; (iii)
the intrinsic factor of changing the structure of the active
centers can have more signicant inuence on the activity and
selectivity of catalysts compared with external factors such as
surface morphology and operating conditions.86 In general, two
strategies can be performed to engineer the coordination
sphere of the active centers: (i) directly tuning the short-range
coordination environment of the active sites; (ii) indirectly
Fig. 3 (a) Structural model of NiSA-N2-C. (b) LSV curves in the CO2-s
potentials over NiSA-Nx-C catalysts. Reprinted with permission from ref
adsorption energy of different doped structures in (d). (f) Free energy dia
and CH4 catalyzed by NiN3B, and insets are the coordination structures o
89.Copyright 2021, Royal Society of Chemistry. (g) Structural model of N
and NC (blue) in CO2-saturated (solid) and Ar-saturated (dash) 0.5 M KH
and NC. Reprinted with permission from ref. 102.Copyright 2021, Wiley-

This journal is © The Royal Society of Chemistry 2022
regulating the long-range interactions between heteroatoms
and active centers on the substrates.

3.2.1 Direct coordination with metal centers. Atoms which
directly coordinate with the metal center could have a signi-
cant impact on the electronic structure of the active sites.87

Thus, directly changing the coordination atom at the metal
center is the most intuitive way to tune the activity and selec-
tivity of SACs. For example, NiSA-Nx-C catalysts with a controlled
Ni–N coordination number from 4 to 2 were synthesized with
NiSA-N2-C exhibiting the best activity among all three Ni SACs,
achieving the maximum FECO of 98% at�0.8 V vs. RHE (Fig. 3a–
c).88 Fu et al. also demonstrated that regulating the coordination
environment of metal centers can not only enhance the catalytic
activity but also generate deep reduction products.89 As dis-
played in Fig. 3d, B, C, O, P and S were selected as doping atoms
to tune the coordination environment of NiN4 SACs, and it was
found that CO was well captured aer the introduction of B and
aturated 0.5 M KHCO3 electrolyte, and (c) FECO at different applied
. 88.Copyright 2020, Wiley-VCH. (d) Doped structure of NiN4. (e) CO
grams of the optimal CO2RR pathway of CO, HCOOH, HCHO, CH3OH
f the corresponding intermediates. Reprinted with permission from ref.
i-N4-O/C. (h) Polarization curves of Ni-N4-O/C (red), Ni-N4/C (black),
CO3 solutions. (i) FECO at different potentials for Ni-N4-O/C, Ni-N4/C,
VCH.

J. Mater. Chem. A, 2022, 10, 5699–5716 | 5703
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O atoms (Fig. 3e), which provides a prerequisite for the deep
reduction of CO2. By carefully considering the complete reac-
tion pathway of the CO2RR (Fig. 3f), B-doping (NiN3B) stands
out due to its high selectivity for CH4 production with an ultra-
low onset-potential of�0.42 V. Moreover, the catalytic activity of
NiN3B can be further improved by tuning the B-doping
concentration, with CH4 catalyzed by NiN2B2-2 having an
onset-potential as low as �0.20 V. The improved activity derives
from the formation of Ni in the low charge state and the
synergistic double active site between the Ni and B atoms. Table
3 summarizes recent studies on regulating the direct coordi-
nation atoms of the active centers to enhance the CO2RR cata-
lytic activity of SACs, including replacing N atoms with C/O/S
atoms and reducing the coordination numbers of metal centers.

In addition to regulating the MN4 fragment, the introduction
of axial ligands into the metal center is another intuitive way to
modulate the electronic structure of the active centers. For
example, as exhibited in Fig. 3g, Wang et al. successfully
introduced O atoms as an axial ligand into the Ni centers.102 It
was observed that Ni-N4-O/C showed a higher catalytic activity
for the CO2R than its other counterparts (Fig. 3h), with
a maximum FECO of 99.2% at �0.9 V vs. RHE (Fig. 3i). The
calculated DOS illustrated that the electronic structure of the
active Ni site was modied by the O atom, which signicantly
reduced the free energy barrier of the intermediates. Similarly,
Zhang et al. successfully prepared (Cl, N)-Mn/G SACs with one
axial chlorine atom, which displayed superior CO2RR perfor-
mance with a maximum FECO of 97% at �0.6 V vs. RHE.103 The
enhanced CO2RR catalytic activity derives from the regulated
electronic conguration induced by the ligand effect, which can
promote the adsorption of CO2/COOH* and the desorption of
CO, and then lowers the barrier of the transition state.

According to the above discussions, we can conclude that
directly regulating the coordination atoms (whether by
replacing N atoms with other heteroatoms or introducing axial
ligands) of the active center is the most intuitive and commonly
used method to manipulate the activity of SACs, which can be
Table 3 Summary of metal SACs with different coordination environme

Catalysts Main product
Potential
(V vs. RHE)

Mn-N3 CO �0.55
Fe-N5 CO �0.46
Ni-N3-V CO �0.79
Ni-N2C2 CO �0.70
Ni-N2C2 CO �0.80
Ni-N3CV CO �0.80
Ni-N3-V CO �0.90
Ni-N3S CO �0.80
Ni-N2-V2 CO �0.63
Ni-C3 CO �0.74
Ni-C4 CO �1.00
Cu-N2O2 CH4 �1.44
Cu-N2 CO �0.50
SnN2O2F CO �0.75
BiN3S CO �0.80

5704 | J. Mater. Chem. A, 2022, 10, 5699–5716
ascribed to the direct regulation in the electronic structure of
metal centers. However, in addition to C and O atoms, some
other coordination heteroatoms (such as B, P, S, etc.) which are
rarely studied can also be introduced to improve the CO2RR
activity of SACs, and more research studies should be con-
ducted to enrich this eld.

3.2.2 Indirect interaction with metal centers. Introducing
heteroatoms which indirectly coordinate with metal centers can
increase the available electron numbers and regulate the elec-
tronic structure of the active sites as well, and thus, it provides
an alternative way to enhance the catalytic activity of SACs. For
instance, Pan et al. reported that sulfur (S) incorporated Fe–N–C
SACs with an Fe–S distance of around 4.50 Å exhibited the
largest current density among their other counterparts (Fig. 4a
and b).25 DFT calculations revealed that S modication reduced
the activation barrier of CO2 on Fe-N4, and thus signicantly
decreased the free energy changes for Fe-N4+1S and Fe-N4+2S
(Fig. 4c). The improved CO2 reduction performance of Fe–NS–C
might be attributed to the increased available electron numbers
of the Fe centers and the modied electronic conguration of
the active sites. In addition to S atoms, F atoms have also been
introduced into NiN4 SACs, which exhibited enhanced CO2RR
activity compared to the NiN4 counterpart.104 DFT calculations
elucidated that F-doping modulated the electronic congura-
tion (increasing the charge density around Ni) of the central Ni-
N4 sites and thereby reduced the energy barrier for CO2 activa-
tion, favorable to the generation of the key *COOH
intermediate.

3.2.3 Metal–metal interactions. Compared with the afore-
mentioned M-N4 sites, incorporation with another metal center
can also modulate the electronic structure of the active sites,
which can induce electron transfer between two metals due to
their different electronegativity. Moreover, the formed bime-
tallic centers can provide another site to stabilize reaction
intermediates by bridging the adsorption conguration, thus
bringing new opportunities for enhancing the catalytic perfor-
mance.105 Ouyang et al. found that the linear relationship can be
nts for the CO2RR

Current density
(mAcm�2)

Faradaic efficiency
(%) Ref.

�14.0 98.8 24
�2.5 97 90
�11.0 97 54
�18.5 98.7 91
�10 98 88
�6.64 95.6 92
�65.0 90 93
�7.8 95 94
�30 97.8 95
�11 95 96
�35.0 96 97
�40.0 78 98
�1.7 81 99
�8.5 95.2 100
�10.24 98.3 101

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Atomic structure of proposed S-modified Fe-N4 moieties. (b) CO2RR polarization curves on Fe–S–C, Fe–N–C, FeS@NC, and Fe–NS–
C. (c) Free energy diagrams of the CO2RR at the electrode potential ofU¼ 0 V. Insets are the optimized adsorption configurations of COOH* and
CO* on Fe-N4+2S. Reprinted with permission from ref. 25.Copyright 2020, Elsevier. (d) Design concept of monolayer C2N supported heter-
onuclear transition-metal dimers to reduce the free energy change by stabilizing *CHO. (e) Eb(CHO) and Eb(CO), and (f) Eb(COOH) and Eb(CO) of
the C2N supported metal dimers and transition-metal surface. Reprinted with permission from ref. 106.Copyright 2020, Royal Society of
Chemistry. (g) Illustration of the Zn/Co–N–C electrocatalytic CO2RR to CO. (h) LSV curves of ZnNC, CoNC and ZnCoNC. (i) Calculated free
energy for the pathway of CO2 reduction to CO at �0.5 V on ZnNC, CoNC and ZnCoNC. Reprinted with permission from ref. 107.Copyright
2020, Wiley-VCH.
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broken by forming bimetallic centers to achieve efficient CO2RR
via DFT calculations (Fig. 4d).106 CuMn, CuCr, FeCr and MnCr
supported by C2N are located far from the conventional pro-
portionality (Fig. 4e and f) and are promising candidates for
reducing the CO2RR overpotential and improving selectivity
toward deep reduction products. Thus, utilizing the differences
in carbophilicity and oxophilicity of metal atoms to form oxo-
philic and carbophilic bimetallic active sites can signicantly
enhance the catalytic activity of the CO2RR by breaking the
scaling relations. Zhu et al. employed a pyrolysis method to
successfully synthesize a Zn/Co–N–C catalyst (Fig. 4g) which
exhibited the lowest onset-potential of approximately �0.4 V
and a much higher current density than Zn–N–C and Co–N–C
This journal is © The Royal Society of Chemistry 2022
(Fig. 4h).107 Moreover, Zn/Co–N–C reached a FECO of 93.2% at
�0.5 V, far exceeding those of other counterparts. DFT calcu-
lations revealed that the enhanced catalytic activity is ascribed
to the advantage of CO2 reduction to CO on Zn_Zn/CoNC, as
there is downhill energy in both *COOH adsorption and *CO
desorption (Fig. 4i). Moreover, CoNi and NiFe bimetallic cata-
lysts have also been prepared and exhibited signicantly
enhanced CO2RR activity.108,109
3.3 Real active sites of Gr-based SACs

Although Gr-based SACs have shown outstanding CO2RR
activity, there are still some controversies. For example, single
atoms are oen considered to be catalytic sites. However, the
J. Mater. Chem. A, 2022, 10, 5699–5716 | 5705
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calculated onset-potential at the single-atom site is very incon-
sistent with the experimental results, which inspired us to
rethink the real active sites of SACs from the following two
aspects: (i) whether the metal single atoms in SACs act as active
sites or simply provide a facilitating role, or play both roles; (ii)
whether M-N4 is the real coordination conguration of metal
centers, as the surface structure of Gr-based SACs involves
multiple coordination congurations, including MN3, MN2 and
even small clusters .

For the rst aspect, Ni et al. recently reported that the
intrinsic defects in the carbon plane of a single Fe-N4 site are the
active sites for the CO2RR, and the defect-rich graphene-like
porous carbon embedded with single-atom Fe-N4 sites (DNG-
SAFe) shows a tremendous priority to CO generation with
Fig. 5 (a) Illustration of the 585-Fe-N4 electrocatalytic CO2RR to CO. (b)
Gibbs free energy diagrams (in eV) of the CO2 RR over Fe-N4-N and 585
Wiley-VCH. (d) Illustration of the NiNC3 electrocatalytic CO2RR in the exp
sites with different adsorbates. (f) Charge capacity dependence on the po
113.Copyright 2020, American Chemical Society. (g) Illustration of the
Operando XAS characterization of Cu0.5NC at the Cu–K edge. (h) K-edg
EXAFS spectra of Cu0.5NC under no potential applied (blue line), Cu0.5NC
line), and at �1.2 V vs. RHE (red line) and metallic copper (black line). Re

5706 | J. Mater. Chem. A, 2022, 10, 5699–5716
a FECO of 90% at �0.75 and �0.85 V while that for NG-SAFe is
less than 40% at the same potentials (Fig. 5a and b).110 DFT
calculations revealed that the free energy change of PDS on 585-
Fe-N4 is much lower than that on the pure 585 defect, Fe-N4-N
and Fe-N4-NH, indicating a good synergistic effect between the
585 defect and Fe-N4 moiety (Fig. 5c). These results indicated
that the intrinsic defects in Fe–N–C SACs can be the real active
sites in the CO2RR.

For the second aspect, most studies indicate that a single Ni
atom coordinated by four N atoms (NiN4) is the active site for
the reduction of CO2 to CO, however, the calculation results
based on the computational hydrogen electrode (CHE) model
show a big gap between theoretical results and experimental
results.52,111,112 To resolve this problem, Zhao et al. evaluated the
JCO of NG-SAFe and DNG-SAFe in 1 M KHCO3 at different potentials. (c)
-Fe-N4 sites. Reprinted with permission from ref. 110.Copyright 2021,
licit solvent model. (e) Charge capacity at URHE ¼ �0.65 V for different
tential for *COOH at different sites. Reprinted with permission from ref.
Cu cluster formed in situ the electrocatalytic CO2RR to CH3CH2OH.
e XANES spectra of Cu0.5NC, (i) Fourier transform of the experimental
during electrolysis at�0.6 V vs. RHE (pink line), at�0.7 V vs. RHE (green
printed with permission from ref. 114.Copyright 2019, Wiley-VCH.

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Theoretical analysis of the electrocatalytic CO2RR to CO by DFT calculations. (a) Calculated free-energy diagrams for all the MPc
electrodes. The inset shows the adsorption energy of *COOH (in eV) on different sites of CoPc. (b) LSV tests in the CO2-saturated electrolyte. (c)
FE of CO and H2 formation at different potentials for the CoPc sample. Reprinted with permission from ref. 130.Copyright 2018, Wiley-VCH.
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reaction kinetic barriers of NiNC SACs by using ab initio
molecular dynamics (AIMD) and a “slow-growth” sampling
approach (Fig. 5d).113 They found that the kinetic barriers on 0N
and 1N sites were lower than those of other sites under
a potential of �0.65 V vs. RHE for electrochemical steps due to
the much higher charge capacity on the 0N, 1N, and SV sites
(Fig. 6e). When non-electrochemical steps are considered, the
CO desorption barrier for 1N was much lower than that of 0N
(0.47 eV vs. 0.77 eV), demonstrating that the 1N site is more
active. The calculated charge capacities of the 0N and 1N sites at
URHE ¼ �0.65 V were much higher than those of other sites,
with *COOH as an example, which indicated that they should
have lower electrochemical barriers and therefore be more
active (Fig. 6f). In short, the 1N site (NiNC3) has the highest
activity and selectivity for the CO2RR due to its higher charge
capacity. The methods employed in this work can be extended
to other systems to certify the real coordination environment of
SACs, which will contribute to establishing the more precise
structure–activity relationship.

3.4 Dynamic structural change of single atoms under
operating conditions

Generally, the electrochemical CO2RR is carried out in
a reducing environment, which can result in the reduction of
metal single atoms and lead to further aggregation into clusters.
The reduction of coordinated metal single atoms is highly
dependent on the intrinsic redox properties of metal centers.
Recently, some studies have suggested that small agglomerates
assembled from single atoms during the reduction reaction are
the true active sites for the CO2RR.114,115 For example, Karapinar
et al. found that the Cu oxidation state changed from +II to
0 when the applied potential was below �0.6 V vs. RHE, as
revealed by the XANES spectra (Fig. 5h).114 The Cu K-edge FT-
EXAFS spectra of Cu0.5NC recorded under operating condi-
tions further demonstrated the appearance of Cu–Cu coordi-
nation, illustrating that metallic copper nanoparticles are
extensively formed under electrocatalytic conditions (Fig. 5i).
Thus, the high Faraday yield (FY) of the C2-products on the Cu
single site can be ascribed to the formed small Cu clusters
during the reduction process (Fig. 5g). Xu et al. also observed
that an immediate reduction from ionic to metallic Cu by in situ
This journal is © The Royal Society of Chemistry 2022
Cu k-edge XANES spectroscopy at�0.7 V and wasmainly similar
to the reduction of Cu0 with a small Cu+ (Cu2O) component.116

The EXAFS analysis further revealed that ultra-small Cu clusters
with a coordination number of 2 (�0.9) or 3 (�1.2) can be
formed during the CO2RR. Therefore, in combination with the
XANES and EXAFS results, the Cu3 or Cu4 clusters may serve as
the real active sites for the reduction of CO2 to ethanol. Thus,
these studies have demonstrated that it is signicantly impor-
tant to study the real state of metal single atoms in the CO2RR
process, and can help us to track the real active sites of SACs in
the catalytic process and contribute to us understanding the
intrinsic reaction mechanism.

However, the specic dynamic structural evolution is dis-
cussed only on Cu–N–C SACs so far, which can be attributed to
the following two aspects: (i) the bonding strength of Cu–N in
the Cu–N–C catalyst is much weaker than that of other metal–N
interactions, so that nitrogen coordination is not strong
enough to stabilize the cationic Cu centers and leads to the
aggregation of these atomically dispersed Cu atoms to form Cu
clusters/nanoparticles;117(ii) the products of the CO2RR on
other M–N–C SACs are usually CO/HCOOH, and thus little
attention was paid to the “real” state of metal centers under the
CO2RR operating environment.48,118 In addition to the CO2RR,
the dynamic changes of catalytic sites have also been observed
in other catalytic systems. For example, Wang et al. found that
the ceria supported gold clusters can form Au single atoms to
act as the catalytic sites under CO oxidation operating condi-
tions, and the Au single atoms can reintegrate back into the
nanoparticle aer the reaction.119 Similarly, Moliner et al.
found that Pt nanoparticles can reversibly transform into
single atoms inside high-silica chabazite zeolite under
different conditions.120 These studies have demonstrated that
the dynamic changes of single atoms generally occur under
operating conditions, which should be more considered and
studied in the future. Thus, the existence state of the metal
atoms of other M–N–C SACs under a reducing environment
should also be considered, and it is necessary to conduct in situ
characterization on these systems to trace the real state of
metal centers, which will contribute to establishing the accu-
rate structure–activity relationship.
J. Mater. Chem. A, 2022, 10, 5699–5716 | 5707
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4. CM-based SACs for CO2 reduction

Given the complexity of the surface structure of Gr-based SACs,
it is difficult to ensure a uniform single-atom coordination
structure (such as MN4) on the surface, which may result in the
coexistence of multiple coordination congurations (such as
MN3C, MN2C2, MNC3, etc.). The unspecic coordination struc-
ture of Gr-based SACs is unfavorable to construct the structure–
activity relationship. In contrast, CM-based SACs have crystal-
line patterns with well-dened structures, which allows for the
construction of accurate structural models to analyze the
multiple proton-coupled electron transfer processes involved in
CO2 reduction. This will help us to better understand the
reduction mechanism and to establish the accurate structure–
mechanism–activity relationship.29 In general, CM-based SACs
can be divided into homogeneous and heterogeneous forms.8 In
this review, heterogeneous CM-based SACs will be mainly dis-
cussed since they offer the advantages of long-term catalyst
stability, promoted electron transfer, reduced catalyst usage,
increased catalyst circulation and the like, as compared to
homogeneous CM-based SACs.121 So far, the most used hetero-
geneous CM-based SACs are species based on porphyrin (Pr)
and phthalocyanine (Pc),122,123 and a series of materials (such as
MOFs, COFs and hybrid systems) including these species have
been synthesized and exhibited favorable CO2RR activity.124–126
4.1 CM-based SACs with different metal centers

With an explicit MN4 structure, Pr and Pc-based SACs are ex-
pected to show a similar activity to Gr-based SACs (also
Fig. 7 (a) Schematic illustration of the intrinsic enhancement mechanism
Co, RTPyP-Co and STPyP-Co. (c) CO and H2 FEs for STPyP-Co at diff
reduction to CO on STPyP-Co and MTPyP-Co. Reprinted with permissio

5708 | J. Mater. Chem. A, 2022, 10, 5699–5716
characterized as MN4 structures) with the same metals. As ex-
pected, such local structural similarity shows comparable
activity and product selectivity, and the main product of Fe/Co/
Ni based metals is CO for both Gr-based SACs and CM-based
SACs.15,53,56,122,127,128 However, some differences can also be
found between these two types of systems. For instance, CoPc
oen shows high selectivity towards CO production in CM-
based SACs, while the Ni-based metal is the preferred catalyst
for Gr-based SACs.111,129 As a typical example, a series of MPc
(including M ¼ Mn/Fe/Co/Ni/CuPc) were employed for the
CO2RR by Zhang et al.130 DFT calculations were rst performed
to analyze the catalytic activity of different MPc, and there was
a good linear relationship between Ead(*CO) and Edes(*CO)/
Efor(*COOH) with CoPc exhibiting the best catalytic perfor-
mance for CO2 electroreduction to CO (Fig. 6a). The LSV
revealed that the CoPc catalyst exhibited the best catalytic
activity (Fig. 6b) and showed the largest current density in
a wide potential range with a maximum FECO as high as 99% at
�0.8 V vs. RHE, much higher than that of other MPcs (Fig. 6c),
demonstrating that CoPc possesses the best catalytic activity for
the reduction of CO2 to CO among MPcs.

4.2 Strategies to regulate the catalytic activity of CM-based
SACs

4.2.1 Regulating the rst coordination sphere. Similar to
Gr-based SACs, introducing axial ligands and replacing the N
atom of MN4 centers with other heteroatoms have also been
achieved on CM-based SACs. For instance, pyridine (Py) was
introduced as an axial ligand to enhance the CO2RR activity of
CoPc (Fig. 7a).131 A lowest onset-potential (Fig. 7b) with
for the CO2RR after introducing the axial Py ligand. (b) LSVs of MTPyP-
erent applied potentials. (d) Calculated free energy changes of CO2

n from ref. 131. Copyright 2019, Wiley-VCH.

This journal is © The Royal Society of Chemistry 2022
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a maximum FECO of 96 � 1.8% at �0.62 V vs. RHE was achieved
by ultrathin nanosheet tetra(4-pyridyl)porphyrin cobalt(II)
(STPyP-Co) (Fig. 7c). The free energy change of the potential
determining step on STPyP-Co was much lower than that of
molecular tetra(4-pyridyl)porphyrin cobalt(II) (MTPyP-Co) as
revealed by DFT calculations, demonstrating the positive effect
of the Py ligands (Fig. 7d). Molecular orbital analysis showed
that the Py ligands resulted in an increase in the energy level of
the dz2 orbital of the Co center making it more nucleophilic,
which will enhance the CO2 binding strength and facilitate the
reduction of the free energy change during the CO2RR (Fig. 7a).
In addition to Py ligands, diphenyl sulde has also been
introduced into CoPr as the axial ligand to enhance the CO2RR
activity.132

Kim et al. reported that the CO2RR activity of Ni-TPP can be
signicantly improved when replacing the N atom (NiN4-TPP)
with an O atom (NiN3O-TPP), as shown in Fig. 8a.133 By per-
forming spectroscopic and computational studies, they revealed
that the broken ligand-eld symmetry is responsible for the
enhanced CO2RR activity, which will increase the redox poten-
tial of Ni to form NiI. Moreover, the stability of the Ni center can
also be improved by this broken ligand-eld symmetry induced
redox effect. Therefore, replacing the N atom with other
heteroatoms can break the intrinsic D4h symmetry of the MN4
Fig. 8 (a) Concept principle of Ni-TPP complexes as CO2RR catalysts
and one N ligated atom was changed into the O atom. Reprinted with
permission from ref. 133.Copyright 2021, American Chemical Society.
(b) Chemical structures of the iron porphyrin dimers,o-Fe2DTPP
(above) and m-Fe2DTPP (below). Reprinted with permission from ref.
134.Copyright 2015, Royal Society of Chemistry. (c) The structure of
hangman Fe porphyrins and the corresponding substituent groups.
Reprinted with permission from ref. 135.Copyright 2018, American
Chemical Society.

This journal is © The Royal Society of Chemistry 2022
centers, which will modulate the ligand-eld distribution of the
active sites and further regulate the redox potential of metal
centers.

Given the specic structure of the Pc/Pr conjugated macro-
cycle, it is unlikely to form a bimetallic center like that of Gr-
based SACs. However, the concept of binuclear centers has
also been applied to CM-based SACs to form two connected
molecules via bridging ligands. The distance between the two
metal centers can be manipulated by selecting a suitable
bridging ligand, and the formed “pincer” structure can stabilize
the reaction intermediates via a bridging geometry. As shown in
Fig. 8b, a binuclear Fe porphyrin molecule Fe21 with an Fe–Fe
distance of 3.4–4.0 Å was synthesized by Mohamed et al.134 An
electrochemical test illustrated that the catalytic current of Fe21
was six times higher than that of the Fe1 counterpart, which was
derived from the proper separation of the two iron ions to
provide a local push–pull mechanism with one Fe center acting
as a Lewis base to push an electron pair to the CO2 molecules
and the second Fe center acting as a Lewis acid to promote C–O
bond cleavage to form CO.

4.2.2 Stabilization of reaction intermediates by functional
groups. Compared with Gr-based SACs, a prominent advantage
of CM-based SACs is that ligands can be easily modied by
organic synthesis techniques.27 The introduced groups can
provide H+ or form a hydrogen bond with reaction intermedi-
ates, which will signicantly enhance the H+ transfer efficiency
and stabilize the reaction intermediates. And the promotion
effect depends on the intrinsic properties of the pendant groups
(including pKa value, relative positions and the numbers of the
appended groups).135–137 For example, Margarit et al. modied
FeTPP with different pendant groups, and found that the
pendant groups with different pKa values can affect the CO2RR
performance of the Fe center to different degrees (Fig. 8c).135

DFT calculations revealed that CO2 can chemisorb on the Fe
centers, and the H atoms of the pendant phenol (PhOH) and
guanidinium (Gnd) groups can also interact with CO2 by
forming intramolecular H-bonds resulting in a decrease in free
energy changes. However, these intramolecular H-bonds were
not formed on the deprotonated benzenesulfonic acid (3SA),
which further led to the electrostatic repulsion between the 3SA
ions and TPP rings. Thus, the CO2RR activity trend can be
derived in the following sequence: FeTPP–PhOH > FeTPP–Gnd>
FeTPP–3SA.

4.2.3 Promotion effect by electron withdrawing and
donating groups. Inspired by the natural oxygen-evolving
complex (OEC) of photosystem II, electron-withdrawing/
donating groups can be introduced onto the second coordina-
tion sphere of CM-based SACs to enhance the CO2RR activity.138

The introduced electron-withdrawing/donating groups can
engineer the redox potential of the active sites to regulate the
redox-mediated CO2RR mechanism. Cyano (CN) substituted
CoPc had been successfully prepared and used for the CO2RR
(Fig. 9a).139 The modied CoPc-CN exhibited higher catalytic
activity, and the resulting hybrid catalyst exhibited >95% FECO

in a wide potential range (Fig. 9b and c). Fluorine substituted
CoPc had also been explored and showed high CO2RR activity
with a FECO >80% between �0.5 V and �0.9 V vs. RHE (Fig. 9d–
J. Mater. Chem. A, 2022, 10, 5699–5716 | 5709
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Fig. 9 (a) Structural model of CoPc-CN. (b) Chronoamperograms and (c) FEs of CO and H2 at different potentials for the CoPc-CN/CNT (solid
line) in comparison with those of the CoPc/CNT (dotted line). The inset in (b) shows the molecular structure of CoPc-CN anchored on the CNT.
Reprinted with permission from ref. 139.Copyright 2017, Nature Publishing Group. (d) Structural model of CoFPc. (e) CVs of CoFPc on a carbon
cloth electrode (1.0 cm�2) under Ar (green trace) or CO2 (blue trace). (f) Controlled potential electrolysis between �0.5 V and �0.9 V vs. RHE.
Reprinted with permission from ref. 140.Copyright 2016, American Chemical Society.
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f).140 In addition to electron-withdrawing groups, an electron-
donating methoxy-group had also been introduced onto Pc
ligands to improve the catalytic activity of NiPc, and the
enhanced catalytic activity was ascribed to the partial reduction
of Ni centers following the introduction of electron-donating
groups.15
4.3 Stability of heterogeneous CM-based SACs

Excellent stability of catalysts is one of the prerequisites for
their practical applications. For CM-based SACs, generally,
there are two stability issues. One is the separation of molecules
from the substrates to aggregate into a molecular polymer
blocking the active sites, and the other is the irreversible redox
of metal centers or the Pr/Pc ligands under the CO2RR operating
Table 4 Summary of the stability test results of benchmark CM-based S

Catalysts Methods
Potential (V
vs. RHE)

Time
(h)

Curr
(mA

CoPc/CNT Non-covalent �0.63 10 �10
CoPc/OxC Non-covalent �0.73 6 �2.7
NiPc/CNT Non-covalent �0.68 0.7 �12
NiPc-OMe/CNT Non-covalent �0.61 40 �15
FePGF Non-covalent �0.59 24 �0.7
CoPPCl/CNT-OH Covalent �0.60 12 �25
CoPc-py-CNT Covalent �0.63 12 �0.4
Co-PMOF Periodic �0.80 36 �17
D-P-CoPc Periodic �0.61 20 �2.4
CoPPc/CNT Periodic �0.54 24 �12

5710 | J. Mater. Chem. A, 2022, 10, 5699–5716
conditions. Thus, appropriate strategies should be formulated
to conquer these two stability issues, and some effective
methods have been certied to signicantly enhance the
stability of CM-based SACs. Table 4 summarizes the stability
performance of some typical CM-based SACs.

For the rst stability issue faced by CM-based SACs, it can be
seen that interactions between the catalysts and substrates play
a critical role in the stability of the catalysts. For example, CoPc/
OxC with non-covalent interactions undergo 30% current decay
during the 6h electrochemical test. The other two examples
(FePGF and FePGH-H) reported by Choi et al. showed low CO
current density (<1 mA cm�2) and it decreased with time.141 For
the covalently immobilized CM-based catalysts, CoPPCl/CNT-
OH and CoPc-py-CNT showed high stability in the 12 h test
with no signicant decay in the current density and FECO.142,143
ACs for the CO2RR

ent initial
cm�2)

Current decay
(%)

FECO initial
(%)

FE decay
(%) Ref.

.0 0 92 0 146
30 94 0 147

.75 21.6 97 0 15
0 0 99.5 0 15

60 100 6 141
.0 4 98 3 142
1 15 90 3 143
.0 (2h) 0 100 6 144

0 94 — 148
0 86 7 149

This journal is © The Royal Society of Chemistry 2022
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It is worth noting that CoPPCl/CNT-OH had the highest current
density (25 mA cm�2) in the table. In addition to covalent
immobilization, the catalysts prepared by periodic immobili-
zation also showed a stable current density and FECO during the
stability tests. Among them, the Co-PMOF exhibited both high
and stable current density for 36 h stability tests with only a 6%
decay in FECO.144 Thus, regulating the interactions between the
catalysts and substrates to form covalent or periodic immobi-
lization can be a favorable strategy to improve the stability of
CM-based SACs.

For the other stability issue faced by CM-based SACs, Zhang
et al. revealed that the XANES and the rst derivative spectra of
NiPc MDE under the CO2RR environment showed a slight band
edge shi to lower energies (�8346 eV), suggesting a partial
reduction of the Ni center.15 Moreover, they further demon-
strated that the structural distortion occurred on the Ni-N4 sites
and may further decompose during the CO2RR. The spectral
shape and pre-edge peak can only be partially restored aer the
reaction, indicating that the degradation of Ni centers was
irreversible. To control the redox of the catalysts, methoxy
groups were introduced into the Pc ligands, and the stability of
NiPc SACs can be signicantly improved, showing stable
performance at �150 mA cm�2 and >99.5% CO selectivity for
40 h in a gas diffusion electrode (GDE) device.15 Similarly, Wu
et al. introduced electron-abandoning substituents (–NH2) on
Pc ligands to improve the stability of CoPc SACs, and the
enhanced stability was ascribed to the decreased reduction
potential of CoPc induced by electron-donating substituents.145

5. Summary and perspectives

SACs with homogeneous atomically dispersed active metal
centers exhibit excellent catalytic performance in energy
conversion, especially the CO2RR. With the well-dened struc-
tures, this type of material bridges experiment and theory to
establish a structure–activity relationship and has become a hot
topic recently in catalysis science and technology. This review
summarizes SACs for the electro-reduction of CO2, from Gr-
based SACs to CM-based SACs, focusing on the factors that
lead to a signicant change of the activity and selectivity of
catalysts. It is revealed that the catalytic activity is highly
dependent on the discrete quantum states of the active centers
and can be inuenced by both the direct (or short-range)
coordination environment and indirect (or long-range) inter-
actions. Therefore, the electronic structure of SACs can be
modulated to improve the activity and selectivity of the CO2RR
toward the target products. The stability of SACs and the
dynamic structural change of the active sites under operating
conditions are also manifested, which results in new mecha-
nisms and products, thus changing the selectivity of SACs.

SACs endow the catalysts with multiple advantages, such as
unique electronic structure, low-coordinated metal atoms,
strong metal–support interactions, and maximum atom utili-
zation. With the listed examples, it is revealed that CO2 mole-
cules can be converted into desired products by utilizing the
moderate binding energy of different intermediates through
corresponding reaction pathways, and the catalytic
This journal is © The Royal Society of Chemistry 2022
performance can be comparable to those of noble-metal
benchmarks. Aer years of efforts from many experimental
and theoretical groups, SACs have made great progress in many
aspects, including large-scale synthesis, high-resolution char-
acterization, high FE (�100%), even at industrial-scale current
density (dozens of mAcm�2) and favorable stability (hundreds
of hours). However, the present activity and stability are still not
sufficient for practical applications and many challenges
remain to be addressed.

5.1 Active centers

Although both Gr- and CM-based SACs compose a structure of
M-N4, the differences can be claried between them with the
same metal centers applied based on recent studies. For
example, the metal Co typically has the highest activity in CM-
based SACs, while Ni is the most efficient metal to reduce CO2

to CO in Gr-based SACs. In view of the structural similarity of
their active centers, this gap is worth exploring to uncover the
intrinsic structure–activity relationship. The difference can
arise from many factors and the active center difference can be
one of the main sources. In addition, it is reported that the real
active site and the exact active conguration may not be the
commonly accepted MN4. Defective C sites, N sites, other
coordination congurations like MN1, and the synergistic effect
with multiple sites can play an important role in the selectivity
and activity of the catalysts.150,151 For example, recent studies
demonstrated that defects near the Fe-N4 centers could be the
real active sites of the CO2RR.110 This inspires us to consider
whether this phenomenon is universal, especially for Ni-based
SACs, due to the big gap between the theoretical and experi-
mental results. In particular, N doped graphene has been
illustrated to be highly efficient in reducing CO2 to CO with
a relatively low onset-potential, which further prompts us to
rethink the role of Ni single-atom sites in the CO2RR.152,153

Therefore, sophisticated techniques and advanced analysis
methods are highly desired to identify the structures and reac-
tion pathways in situ. Together with systematic theoretical
calculations and simulations, these results can validate the
exact coordination conguration of the active centers and reveal
the catalytic mechanism of SACs for the CO2RR.

5.2 Promotion effect and deep reduction products

The direct change of the local environment of metal centers is
proven to be the most effective way to tune the properties and
catalytic performance of SACs, including heteroatom doping
and introducing low coordination number and coordinated
ligands. Such an effect is expected as the charge states of the
metal center can be strongly modulated by short-range inter-
actions. Meanwhile, the catalytic activity and stability of SACs,
especially CM-based SACs, can also be enhanced by regulating
long-range atoms and ligands. In nature, enzymes with various
types of ligands are proven to be very efficient catalysts.154

Therefore, the promotion mechanism by the long-range ligand
effect should be revealed to improve the catalytic performance
and design CO2RR electrocatalysts more purposefully. More-
over, dual-metal sites, especially the heteronuclear type, which
J. Mater. Chem. A, 2022, 10, 5699–5716 | 5711
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are barely synthesized and reported, can also tune the electronic
structure of the catalysts and obtain a better catalytic perfor-
mance. Certainly, other factors can also play important roles in
the catalytic performance of SACs, such as metal loading
density, pH, electrolyte, and electrode contact.155,156 Two-
electron reduction products of CO and HCOOH are the major
products from the CO2RR on SACs. With many promotion
strategies, deep reduction products (CH4, CH3OH, etc.) are more
desirable due to their higher energy density.

5.3 Theoretical calculations

To simulate the electro-reduction process, most studies applied
the CHE model to represent a very simple way from a thermo-
chemical perspective, providing scaling relationships and
descriptors such as binding energies and coordination
numbers.157,158 The CHE model can thus provide relatively
credible trends based on DFT calculations, while the incorpo-
ration of the kinetic and reaction environment (solid–liquid
interface) is further required to match the experiments quan-
titatively.159 Therefore, it is necessary to include the solvation
effect and applied potentials in the calculation models, and
different approaches of either the explicit solvent or the implicit
model have been proposed.160,161 On one hand, the implicit
approaches adopted by the polarizable continuum models
based on the linear Poisson–Boltzmann equation can treat the
interface with less computational effort.162 However, the
approximations cannot deal with strong interactions like
hydrogen bonding and the local cation effect. On the other
hand, AIMD takes the solvents, ions and cations explicitly, and
records the changes of the interface and surroundings. The free
energy proles along dened specic reaction pathways can be
collected statistically by enhanced sampling methods such as
slow-growth, umbrella sampling, and metadynamics, and then
the kinetics of the reaction can be obtained consequently.163

Nevertheless, the limitation for AIMD is the expensive cost to
sample over adequate trajectories to long time scales for
reasonable analysis. In addition to the solvent effects and
applied potentials, the commonly applied DFT methods with
the generalized gradient approximation (GGA), PBE and PW91
functionals, for example, may result in inaccuracy for those
systems with strong electron-correlations. For instance, re-
ported adsorption energies of CO on SACs can be in a range
from �0.6 to �1.2 eV; the large negative values suggest the
possibility of further reduction of CO or the poisoning of SACs
for desorption, which is contrary to experimental ndings.164 To
overcome the deciency, the DFT + U method can be
a compromise solution and higher theoretical levels are needed,
such as hybrid functionals, periodic MP2, and periodic coupled
cluster methods, the latter two are very time-consuming and
limited.

5.4 Dynamic structural change and stability

The survival of single-atom active sites under electrochemical
reduction conditions is also worth exploring to uncover the
intrinsic catalytic mechanism. Cu-based SACs provide a typical
example of the dynamic structural change process during the
5712 | J. Mater. Chem. A, 2022, 10, 5699–5716
CO2RR, forming Cu clusters to produce C2+ products.116

Therefore, insitu characterization is needed to monitor the
structural evolution of SACs during the reaction, and time-
resolved in situ measurements should be developed to reveal
the real active sites. With the structural change of SACs during
the reaction, the stability of the catalysts is a matter of concern.
The deactivation mechanism of SACs has not been systemati-
cally studied so far, especially in theory. Therefore, continuous
efforts should be made on this topic, both theoretically and
experimentally. For the stability of CM-based SACs, although
some progress has been made, it is still necessary to exploit new
strategies to further enhance their stability to meet the needs of
practical applications, for example, developing substrates
which can form covalent interactions between the substrate and
CM-based SACs by bridging ligands.

Although great progress has been made in recent years,
many challenges and opportunities remain in developing SACs
with high activity, selectivity and stability for the reduction of
CO2. As research and development continues, electrocatalytic
reduction of CO2 promises to alleviate future energy problems
in a green and sustainable manner and to have a signicant
impact on the sustainability of our global energy economy.
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Mater., 2019, 18, 1215–1221.

87 H. Zhang, W. Cheng, D. Luan and X. W. Lou, Angew. Chem.,
Int. Ed., 2021, 60, 13177–13196.

88 Y. N. Gong, L. Jiao, Y. Qian, C. Y. Pan, L. Zheng, X. Cai,
B. Liu, S. H. Yu and H. L. Jiang, Angew. Chem., Int. Ed.,
2020, 59, 2705–2709.

89 Z. Fu, Q. Li, X. Bai, Y. Huang, L. Shi and J. Wang, Nanoscale,
2021, 13, 12233–12241.

90 H. Zhang, J. Li, S. Xi, Y. Du, X. Hai, J. Wang, H. Xu, G. Wu,
J. Zhang and J. Lu, Angew. Chem., 2019, 131, 15013–15018.

91 X. Yang, J. Cheng, X. Yang, Y. Xu, W. Sun, N. Liu and J. Liu,
ACS Sustainable Chem. Eng., 2021, 9, 6438–6445.

92 Y. Zhang, L. Jiao, W. Yang, C. Xie and H. L. Jiang, Angew.
Chem., Int. Ed., 2021, 60, 7607–7611.

93 X. Rong, H. J. Wang, X. L. Lu, R. Si and T. B. Lu, Angew.
Chem., Int. Ed., 2020, 59, 1961–1965.

94 X. Zhao, S. Huang, Z. Chen, C. Lu, S. Han, C. Ke, J. Zhu,
J. Zhang, D. Tranca and X. Zhuang, Carbon, 2021, 178,
488–496.

95 C. Yan, H. Li, Y. Ye, H. Wu, F. Cai, R. Si, J. Xiao, S. Miao,
S. Xie and F. Yang, Energy Environ. Sci., 2018, 11, 1204–1210.

96 K. Jiang, S. Siahrostami, T. Zheng, Y. Hu, S. Hwang,
E. Stavitski, Y. Peng, J. Dynes, M. Gangisetty and D. Su,
Energy Environ. Sci., 2018, 11, 893–903.

97 R. Daiyan, X. Zhu, Z. Tong, L. Gong, A. Razmjou, R.-S. Liu,
Z. Xia, X. Lu, L. Dai and R. Amal, Nano Energy, 2020, 78,
105213.

98 Y. Cai, J. Fu, Y. Zhou, Y. C. Chang, Q. Min, J. J. Zhu, Y. Lin
and W. Zhu, Nat. Commun., 2021, 12, 586.

99 W. Zheng, J. Yang, H. Chen, Y. Hou, Q. Wang, M. Gu, F. He,
Y. Xia, Z. Xia, Z. Li, B. Yang, L. Lei, C. Yuan, Q. He, M. Qiu
and X. Feng, Adv. Funct.Mater., 2019, 30, 1907658.

100 W. Ni, Y. Gao, Y. Lin, C. Ma, X. Guo, S. Wang and S. Zhang,
ACS Catal., 2021, 11, 5212–5221.

101 Z. Wang, C. Wang, Y. Hu, S. Yang, J. Yang, W. Chen,
H. Zhou, F. Zhou, L. Wang and J. Du, Nano Res., 2021, 1–7.

102 X. Wang, Y. Wang, X. Sang, W. Zheng, S. Zhang, L. Shuai,
B. Yang, Z. Li, J. Chen and L. Lei, Angew. Chem., Int. Ed.,
2021, 60, 4192–4198.

103 B. Zhang, J. Zhang, J. Shi, D. Tan, L. Liu, F. Zhang, C. Lu,
Z. Su, X. Tan and X. Cheng, Nat. Commun., 2019, 10, 1–8.
This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d1ta09069k


Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
6 

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
7.

07
.2

02
4 

10
:3

9:
00

. 
View Article Online
104 S.-G. Han, D.-D. Ma, S.-H. Zhou, K. Zhang, W.-B. Wei, Y. Du,
X.-T. Wu, Q. Xu, R. Zou and Q.-L. Zhu, Appl. Catal., B, 2021,
283, 119591.

105 J. Pei, T. Wang, R. Sui, X. Zhang, D. Zhou, F. Qin, X. Zhao,
Q. Liu, W. Yan and J. Dong, Energy Environ. Sci., 2021, 14,
3019–3028.

106 Y. Ouyang, L. Shi, X. Bai, Q. Li and J. Wang, Chem. Sci.,
2020, 11, 1807–1813.

107 W. Zhu, L. Zhang, S. Liu, A. Li, X. Yuan, C. Hu, G. Zhang,
W. Deng, K. Zang and J. Luo, Angew. Chem., Int. Ed., 2020,
59, 12664–12668.

108 W. Ren, X. Tan, W. Yang, C. Jia, S. Xu, K. Wang, S. C. Smith
and C. Zhao, Angew. Chem., Int. Ed., 2019, 58, 6972–6976.

109 J. Pei, T. Wang, R. Sui, X. Zhang, D. Zhou, F. Qin, X. Zhao,
Q. Liu, W. Yan, J. Dong, L. Zheng, A. Li, J. Mao, W. Zhu,
W. Chen and Z. Zhuang, Energy Environ. Sci., 2021, 14,
3019–3028.

110 W. Ni, Z. Liu, Y. Zhang, C. Ma, H. Deng, S. Zhang and
S. Wang, Adv. Mater., 2021, 33, e2003238.

111 C. Lu, J. Yang, S. Wei, S. Bi, Y. Xia, M. Chen, Y. Hou, M. Qiu,
C. Yuan, Y. Su, F. Zhang, H. Liang and X. Zhuang, Adv.
Funct. Mater., 2019, 29, 1806884.

112 A. S. Varela, W. Ju, A. Bagger, P. Franco, J. Rossmeisl and
P. Strasser, ACS Catal., 2019, 9, 7270–7284.

113 X. Zhao and Y. Liu, J. Am. Chem. Soc., 2020, 142, 5773–5777.
114 D. Karapinar, N. T. Huan, N. Ranjbar Sahraie, J. Li,

D. Wakerley, N. Touati, S. Zanna, D. Taverna,
L. H. Galvão Tizei and A. Zitolo, Angew. Chem., Int. Ed.,
2019, 58, 15098–15103.

115 H. Xu, D. Rebollar, H. He, L. Chong, Y. Liu, C. Liu, C.-J. Sun,
T. Li, J. V. Muntean, R. E. Winans, D.-J. Liu and T. Xu, Nat.
Energy, 2020, 5, 623–632.

116 H. Xu, D. Rebollar, H. He, L. Chong, Y. Liu, C. Liu, C.-J. Sun,
T. Li, J. V. Muntean and R. E. Winans, Nat. Energy, 2020, 5,
623–632.

117 D. Gao, T. Liu, G. Wang and X. Bao, ACS Energy Lett., 2021,
6, 713–727.

118 C. Lu, J. Yang, S. Wei, S. Bi, Y. Xia, M. Chen, Y. Hou, M. Qiu,
C. Yuan and Y. Su, Adv. Funct. Mater., 2019, 29, 1806884.

119 Y.-G. Wang, D. Mei, V.-A. Glezakou, J. Li and R. Rousseau,
Nat. Commun., 2015, 6, 1–8.

120 M. Moliner, J. E. Gabay, C. E. Kliewer, R. T. Carr, J. Guzman,
G. L. Casty, P. Serna and A. Corma, J. Am. Chem. Soc., 2016,
138, 15743–15750.

121 L. Sun, V. Reddu, A. C. Fisher and X. Wang, Energy Environ.
Sci., 2020, 13, 374–403.
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