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Single-atom catalysts (SACs), which are low-cost, contain earth-abundant metals, and feature two-
dimensional material supports, have shown great potential for us in a wide range of electrochemical
reactions, including the CO, reduction reaction (CO,RR) to convert CO, to valuable chemicals and fuels.
In recent years, substantial advances have been achieved in the preparation methodologies, with
improved catalytic performances, but the underlying structure—activity relationship from a general
perspective remains elusive. In particular, it is urgent to summarize the progress made on SACs with
diatom metal centers toward efficient CO,RR. Based on the recent progress in this area, this review
synopsizes the fundamental understandings of non-noble metal-based SACs for CO,RR using selected
examples. We also highlight the representative atomic structures of active sites from the latest progress,
including M—=N-C, heteroatom co-doping, vacancy/edge defects and bimetallic SACs, with the aim of
elucidating the nature of active sites on various 2D substrates. Moreover, we summarize the
spectroscopic and computational studies to verify the atomic-level regulation of the geometric and
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1. Introduction

The environmental issues brought about by the tremendous
consumption of fossil fuels has led to the exploration of
renewable energy.’® According to a recent report, the global
average concentration of CO, in the atmosphere reached
arecorded level of over 415 ppm in the first half of 2021 and this
trend is expected to continue in the next 20 years if no coun-
teraction is taken.* The urgent need for clean energy technolo-
gies in reducing atmospheric CO, concentration presents
a great research challenge and opportunity.® In recent decades,
tremendous efforts have been made in the field of electro-
chemical CO, reduction reaction (CO,RR), to mitigate global
warming and tackle the worldwide energy shortage.®® Ulti-
mately, carbon neutrality can be achieved by converting CO,
into storable valuable fuels, such as methane, methanol,
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of the structure—performance relationship and inspire future studies on SACs for CO,RR.

formate, ethanol, etc.'™ Since the implementation of the
CO,RR mainly relies on high-performance electrocatalysts, the
development of highly efficient and scalable catalysts is the key.
Significant insights have been obtained from extensive studies
on bulk or nanoscale electrocatalysts over the past few years.'>**
However, two issues are notably worthy of being considered for
these categories: (1) low atomic utilization, where only a small
fraction of metal atoms are electrochemically active during
electrolysis, and (2) relatively poor selectivity due to the high
kinetic barriers of CO, activation and the competing hydrogen
evolution reaction (HER)."® The emerging single-atom cata-
lysts (SACs), with adjustable geometric and electronic structures
of their catalytic sites, have been considered as ideal candidate
to address this dilemma.

SACs are catalysts with atomically isolated metal active sites
stabilized by a support, which were first introduced by Zhang,
Li, Liu, and co-workers in 2011." This work put forward the first
example of Pt SACs dispersed on FeO, for CO oxidation and
demonstrated the catalytic mechanism through density func-
tional theory (DFT) studies. After this, SACs as a new class of
heterogeneous catalysts rose to be a research hotspot, with
substantial work being carried out. The interest in SACs towards
the CO,RR arises from three main aspects: (1) their extremely
high atom efficiency, where every single atom is exposed as
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a reactive site.” (2) The low coordination state of the metal
single atom directly affects the electronic and geometric prop-
erties and therefore leads to different catalytic activities.">*
Compared with non-SACs, atomically dispersed 3d nonprecious
metals (especially Fe, Co, and Ni) exhibit better selectivity
towards CO,RR over the HER.**?* (3) SAC coordination into
a graphitic framework can be easily simulated using DFT
calculation models. Such simplicity of active regions endows
them to be ideal platforms to study catalytic mechanism.>

Research on CO, electro-conversion has made a significant
breakthrough recently and has been categorized according to
various factors. For instance, a series of SAC fabrication
methods, substrate materials, the types of central metals, and the
preferred products have been systematically summarized in
previous reviews.”**° Despite numerous progress reports on SACs
for electrochemical reactions, the catalytic design strategies and
experimental performance have been substantially focused
upon, while the additional insights into the spectroscopies and
underlying relationship among different atomic structures for
the CO,RR have been rarely systematically reviewed. To narrow
the scope, this review discusses nonprecious metal-based SACs,
especially those featuring 3d transition metals. Non-noble metal
single atoms have been widely studied as carbon-based low-cost
SACs show great possibility to replace the noble metal versions
and be scaled up to an industrial level in the future.?®*"** Among
them, Cu has been found to be a unique metal that can reduce
CO, to C, or C,, products, which plays a decisive role in this field
and requires more attention.'*3*

As shown in the workflow chart (Fig. 1), this review begins
with fundamental knowledge on the CO,RR selected from
recent representative works and factors that can impact the
selectivity of SACs. In-depth insights into a variety of molecular
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Fig. 1 Workflow chart of this review. The review follows four steps,
including the selectivity of SACs, atomic structural tuning, advanced
spectroscopy, and computational study.
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models with diverse coordination structures extracted from
carbon-based SACs, involving M-N-C systems, heteroatom co-
doping, vacancy/edge defects and bimetallic models are dis-
cussed. Special attention is paid to the recent development of
advanced spectroscopies that can be used to identify the atomic
structures of SACs and interpret their evolution during elec-
trolysis. Furthermore, we present a computational part, which
focuses on DFT and machine learning (ML), providing atomic-
level insight into SACs and reaction mechanisms. Finally,
major challenges and perspectives on non-noble metal-based
SACs are discussed. We hope this review can pave the way
towards the rational design of SACs and provide fundamental
guidance for the future research on the CO,RR. The abbrevia-
tions using it in the review are listed in the Table 1.

2. Fundamentals of the CO,RR on
SACs

The mechanism pathways of the CO,RR are complex due to
multi-electron transfer leading to various possible products.**
This process starts with CO, adsorption on the active sites,
followed by the step-wise transfer of protons (H') and/or elec-
trons (e”) and generation of diverse intermediates and prod-
ucts.?® As illustrated in Scheme 1a, the CO, molecule is first
activated to *COOH via a one proton-coupled electron transfer
(PCET) process.*” This step is critical for the determination of
the selectivity of SACs due to the existing competition of *H
adsorption. It should be noted that the species illustrated in
Scheme 1 represent the product formation based on the
number of electrons/protons transferred. Two-electron transfer
is commonly observed for SACs, with CO or HCOOH being
released as final products. And deeply reduced C,; products like
methanol and methane require six and eight H'/e™ transfer,
respectively. Scheme 1b illustrates the proposed pathways
toward C, products, where the OC-CO dimerization is the rate-
determining step (RDS).*” An alternative pathway toward C,
products is through the coupling of *CHO/*COH and *CO,
which has been theoretically proved on diatom SACs supported
by 2D graphene nitrene.*® All subsequent evolutions of species
come from these C-C coupling processes. Notably, stabilized C,
intermediates can be transferred to n-propanol via CO inser-
tion,* but it is very difficult for this to take place on SACs,
therefore this pathway will not be discussed in detail in this
review.

In contrast to bulk and nanostructured non-noble metals,
which have been developed on an industrial-scale and exhibit
high current densities toward C, products, the majority of SACs
for the CO,RR are still at the stage of laboratory studies.***° The
most commonly used H-type electrolyzer for the CO,RR, con-
structed from two gas-tight half-cell chambers separated by an
ion-exchange membrane, is illustrated in Fig. 2a. Furthermore,
the half-cell reactions in the CO,RR with their reduction
potentials of the main products at pH 7 are listed in Table 2.*!
Most commonly, the CO,RR on SACs proceeds through a two-
electron transfer process and generates CO or formate,
balanced with oxygen evolution reaction (OER) as the anodic

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1ta08337f

Published on 26 November 2021. Downloaded on 6/1/2024 7:42:47 PM.

View Article Online

Review Journal of Materials Chemistry A
No. of H*/e- 1 2 3 4 5 6 7 8
transferred

o6 — 0 — 060 — oo — X
/’ COH \ / CH CH3 \
co, °o°H €0 CHOH  CH,OH CH,OH CH,
2 \ \ 2 / 3
oc ka ©0-0 - Q9—» - %4 2 +C%>/
G —_— —_ —_ ° +<% —_—
(- Xo) o
(@ on HCOOH '  CHO CH,0 CH,0 O+CH, OH +CH,
No. of H*/e- 4 5 6 8 10 12 14
transferred Q y
ooe—2d — 3L 58
. CCO CH,-CO CH;-CHO CH;.CH,OH
co, co \, A . / \
0-0-0—0-0— H,C-0-CO  CH,COOH %%
CO, CO 0C-CO 0
CH,CHOH CH,CH,
O=c%=0 OH,C-CO / \
2 \ COH \J — { }.% — %
— e
0
(b) OC-CHO CHO-CHO CH,0H-CHO CH,OH-CH;OH CH,CH,

Scheme 1 Overview of possible CO,RR roadmaps. The product formation of CO,RR on SACs toward various (a) C; and (b) C, products (main

products are boxed) with the number of H/e™ transferred.

reaction.' However, the selectivity of the CO,RR over carbon-
based SACs requires specific attention because several factors
are believed to influence the catalytic performance and reduced
products. In this section, selected fundamental factors and how
they impact CO, activation and intermediate stabilization will
be discussed.

Table 1 A table of abbreviations in this review

2.1 Metal center selection

A big challenge associated with the CO,RR is the competitive
HER in aqueous electrolytes. From a thermodynamic perspec-
tive, the reduction potential from CO, to CO is slightly different
from the HER (E°(CO,/CO) = —0.11 V vs. RHE).** However, the

1E_M First ionization energy
ATR-IR Attenuated total reflection-infrared
C,N Nitrogen-doped graphene

CO,RR CO, reduction reaction

COFs Covalent organic frameworks
DFT Density functional theory
DOS Density of state

EM Pauling-electronegativity
EXAFS Extended X-ray absorption fine structure
FE Faradaic efficiency

FT Fourier transform

2-C3Ny Graphitic carbon nitride
GQDs Graphene quantum dots

HER Hydrogen evolution reaction
HS High-spin

Jco CO partial current density

LS Low-spin

M_cov Covalent radius

MEA Membrane electrode assembly
ML Machine learning

This journal is © The Royal Society of Chemistry 2022

MOFs Metal-organic frameworks

MS Intermedium-spin

OoCv Open-circuit voltage

OER Oxygen evolution reaction

Pc Phthalocyanine

PCET Proton-coupled electron transfer
RDS Rate-determining step

RHE Reversible hydrogen electrode

SACs Single-atom catalysts

TCNQ Tetracyanoquinodimethane

™ 3d transition metal

TOF Turnover frequency

TPP Porphyrin

WT Wavelet transform

XANES X-ray absorption near-edge structure
XAS X-ray absorption spectroscopy
XGBR Extreme gradient boosting regression
AG Gibbs free energy

n Overpotentials
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Fig.2 Cell configurations and electrochemical data. (@) A CO, reduction H-cell with electrode reaction toward CO. (b) Overpotential for CO,RR
against that for HER on 3d transition metal SACs. Reproduced with permission from ref. 19, copyright 2021, Wiley-VCH. (c) The partial current
densities of CO (jco) of nearly 7.5 wt% and 15 wt% Ni—-N-C catalysts under different cell voltages. Inset: illustration of SACs prepared with the
crosslinking and then self-assembled GQDs. Reproduced with permission from ref. 62, copyright 2019, Springer Nature Publication. (d)
Schematic illustration of the flow cell configuration for CO,RR. Reproduced with permission from ref. 65, copyright 2021, Royal Society of
Chemistry. (e) faradaic yields (FY) of CO,RR at —1.2 V vs. RHE in 0.1 M various cationic (Li*, Na™, K* and Cs*) electrolytes. FY of CO reduction at
—1.2Vvs. RHE in 0.1 M CsHCOs was reported on the right-hand side. Reproduced with permission from ref. 69, copyright 2019, Wiley-VCH. (f)
Calculated DOS for Ni d-band center in Ni-NCNT@Ni and Ni-NCNT@NigCu. Reproduced with permission from ref. 76, copyright 2020, Wiley-
VCH. (g and h) Comparison of (g) jco and (h) TOF toward CO of Fe3*—N-C in an H-cell (red circles) and on a GDE (red stars) and of Fe?*—N-C
(red squares) as well as other reported catalysts. Reproduced with permission from ref. 77, copyright 2019, Science.

high kinetic barrier of CO, activation leads to a sluggish reac-
tion rate, which requires careful selection of metal centers and
improved catalyst designs.”” Due to the reduction process
mainly occurring at metal sites, the type of the metal center
directly leads to distinct electronic properties and further
affects the reaction pathways. By using density functional
theory (DFT) calculations, SACs embedded in porphyrin-like
supports with M-N,-C active sites have been extensively inves-
tigated to predict efficient non-noble metals for the CO,RR.****
DFT calculations have revealed that the overpotentials () for
the CO,RR and HER at the atomic 3d transition metal (TM) sites

5816 | J Mater. Chem. A, 2022, 10, 5813-5834

and it has been found that the CO,RR is favorable over the HER
on most SACs (Fig. 2b). A new descriptor has also been estab-
lished associated with the charge state of metal atoms to reas-
sess the CO,RR activity to exclude the HER influence, which
provides rational guidance towards metal center selection.”
The distinct catalytic performance of SACs compared to metal
nanocrystals may be attributed to isolated M-N-C sites sup-
pressing the *H adsorption and therefore alleviating the HER
competition.**** For example, an investigation among various
M-N-C catalysts demonstrated that Fe and Co exhibit the best
catalytic efficiency at low and high potentials, respectively,

This journal is © The Royal Society of Chemistry 2022
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Table 2 Thermodynamic reactions of the main products from the CO,RR and their reduction potentials [vs. RHE] at pH 7. Reproduced from ref.

41, copyright 2021, Wiley-VCH

Product Half-cell reaction E° (V vs. RHE)
Hydrogen 2H" +2e” — H, 0

Carbon monoxide CO, +2H" + 2¢” — CO + H,0 —0.11
Formate/formic acid CO, + 2H" + 2¢” — HCOOH —0.21
Methanol CO, + 6H' + 6e~ — CH;0H + H,0 0.03

Methane CO, + 8H" + 8¢~ — CH, + 2H,0 0.17
Acetate/acetic acid 2CO, + 8H' + 8¢~ — CH;COOH + 2H,0 —0.26
Ethylene 2CO, + 12H" + 12e~ — C,H, + 4H,0 0.07

Ethanol 2CO, + 12H" + 12~ — CH,CH,OH + 3H,0 0.09

consistent with the experimental observation that the CO,RR
activities of Fe and Ni SACs could rival those of noble metal-
based (Ag or Au) catalysts.” It can be explained by the
changes in the Gibbs free energies at the RDS that Fe and Co-
M-C catalysts are both favored in the first PCET step under low
overpotentials, but Co suffers from a high energy barrier in CO
formation. On the other hand, Ni-based catalysts with weak
binding of COOH* required large overpotentials and their weak
*H adsorption under a large potential suppresses the HER.*
Similar results from another study proved a volcano relation-
ship between the CO,RR performance and a family of M-N-C
catalysts, and demonstrated that Fe and Co SACs are located at
the summit of the volcano under different overpotentials.*”

2.2 Loading and distribution

Despite the metal center being used to guide DFT calculations,
the loading and distribution of SACs play a key role in
enhancing selectivity and deeper reducing of CO, toward C,
products. Due to the high surface energy of isolated metal
atoms, substrates such as carbon-based supports, metal alloys
or metal oxides are essential to stabilize single atoms and
prevent their aggregation.'®****3° Low single-atom densities
(typically less than 5 wt%) hamper electrocatalytic rates and
catalyst usage for the CO,RR. Therefore, huge efforts have been
devoted to the design and synthesis of supports for higher
loading of SACs.

The commonly used strategies include metal ion/molecule-
seeding pyrolysis,”** polymer-assisted pyrolysis,> metal-
organic framework (MOF)-derived pyrolysis,®** and covalent
organic frameworks (COF)-supported methods.*®*” The seeding
strategy, polymer-assisted pyrolysis, and MOF-derived pyrolysis
are widely applied due to their universal and facile operation for
most metals, as summarized in many previous reviews,*>*3%58:59
On the other hand, the recent emerging pyrolysis-free COF-
supported SACs are prepared via a mild and well-defined
synthetic method with better control of the structure of the
active sites. Covalently constructed using diverse organic
modules, COFs act as a versatile platform for stabilizing single
metal atoms with single distribution. Besides this, the N-
containing organic building blocks in COF structures are CO,-
philic and can facilitate CO, adsorption during electrocatalysis,
while the S-containing aromatic heterocycles are electron-rich
and can serve as electron donors.”””%® For instance, stable

This journal is © The Royal Society of Chemistry 2022

metal-porphyrin-tetrathiafulvalene COFs (M-TTCOFs) have
been developed for the CO,RR and a faradaic efficiency (FE) of
91.3% was achieved for CO at —0.7 V vs. RHE, as well as high
cycling stability for over 40 h. Exfoliated COFs have a high
number of active sites, which hence boost the FE to almost
100% at —0.8 V vs. RHE. This high efficiency may be ascribed to
the synergistic combination of electron-migrating porphyrinic
ligands and electron-donating tetrathiafulvalene.*® This donor-
acceptor conjugation is a promising approach by which to
design polycrystalline COFs that exhibit a high electron transfer
rate. Another strategy involves the incorporation of S-containing
aromatic heterocycles with porphyrinic electron acceptors to
prepare COF-supported Co-SACs. The catalysts exhibit
outstanding electron conduction (1.38 x 10°® S m™") and
carrier mobility (0.18 cm® V™' s7') and a FE¢o of 91.4% was
achieved at —0.6 V vs. RHE.** However, the biggest challenges
for COF-supported SACs are their relatively high cost and
complicated preparation processes.

In recent work, low-cost ultrahigh loading SACs were
synthesized via a facile route, in which amine-functionalized
graphene quantum dots (GQDs) were used as a support on
which to anchor metal atoms, achieving a record high content
at 40 wt% or 3.8 at%. Using the general synthetic protocol, these
mass-produced GQDs could be interwoven into a carbon matrix
and applied in a flow cell reactor, featuring an anion membrane
electrode assembly (MEA) with a Ni-SAC. The CO,RR results
(Fig. 2c) demonstrated that ~15 wt% Ni-SACs reached the
highest CO partial current densities, representing a 2.5-fold
improvement over ~7.5 wt% counterparts at a lower applied
voltage of 2.55 V.®> This example clearly shows that high loading
is a prerequisite for the development of SACs toward their
future industrialization.

2.3 Electrolyzer and electrolyte

The poor solubility of CO, (ca. 34 mM) in aqueous electrolytes
leads to CO, diffusion limitations in H-type cells, which may not
affect the catalytic performance at a moderate overpotential but
hinder the development of high-loading SACs at a relatively high
overpotential.®** To enhance the kinetics of the CO,RR, a flow
cell can operate as a promising electrolyzer. In a very recent study,
an amino-modification strategy was used to facilitate the current
density of M-N-C (M = Ni, Fe and Zn) SACs for the CO,RR. The
high loading of Ni-N,/C-NH, (5.51 wt%) allowed for amplifying

J. Mater. Chem. A, 2022, 10, 5813-5834 | 5817
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to a gas-fed flow cell, as shown in Fig. 2d.* Constructed in a gas
diffusion electrode, this catalyst achieved a CO partial current
density (jco) of 447.6 mA cm™> with almost 90% FEco at 1.0 V,
where the remarkable jo in the flow cell was 7-fold that in an H-
type cell, indicating the superiority of flow cell configuration.®
Despite the exciting breakthrough in practical application, the
poor long-term stability in this work caused by carbon paper used
in the gas diffusion electrodes calls for the development of
devices with better operation. The MEA cell designed was a good
example as it realized 20 h of continuous operation on Ni-SACs at
a high current density (85 mA cm™?) with the FE¢o maintained at
~100%.

Furthermore, another insightful direction toward industrial
scale-up is the type of electrolyte used in the CO,RR system,
which is of great significance, but has always been ignored. The
concentration, pH and cationic species of electrolytes influence
the product composition, which has been widely studied for
bulk or nanostructured inexpensive metals (especially Cu).***”
In the very few studies that have involved SACs, an atomically
dispersed Cu catalyst was shown to reduce CO, to ethanol with
a high FE of 55% under optimized electrolyte conditions (0.1 M
CsHCO;). Normally, Cu-SACs rarely generate multi-carbon
products such as CH3;CH,OH or C,H, due to the isolated
active sites are hardly affordable for C-C coupling, which is the
only route to form C, intermediates.®® The appearance and then
disappearance of the Cu-Cu peak in operando XAS analysis
reveals that single metal sites are converted into Cu nano-
particles at —1.2 V and reversibly recover into SACs after elec-
trolysis. Thus, CO, is catalyzed by temporarily aggregated Cu
atoms and the synergistic effect boosts ethanol production. In
addition, the influence of electrolyte cations has been investi-
gated, where 0.1 M CsHCO; demonstrates the best selectivity
toward ethanol and suppresses activity toward the HER (Fig. 2e)
due to the formation of a large cation stabilized active Cu()
species.® Overall, more efforts are needed to be put in toward
this crucial research direction of cell configuration develop-
ment, as well as electrolyte improvement.

2.4 Cu-based SACs

Cu-based SACs are a class of electrocatalysts that have great
potential to obtain more favorable products. The unique prop-
erties of Cu for the CO,RR have prompted researchers to
conduct deeper investigations on C, and C,, products, as
valuable chemicals. In contrast, SACs with other metal centers
normally generate CO or formate as products, while in several
cases, highly reduced chemicals such as methanol can be
produced.””* A recent report demonstrated that 4.9%,, Cu-
N,—-C SACs obtained at 800 °C favored C,H, formation, while
a lower concentration of Cu atoms (2.4%,,;) Was inclined to
form CH,.”® Besides the importance of the implementation of
high-loading SACs being reaffirmed, the preferential products
prove that the adjacent Cu active sites can work synergistically
when they are close enough to one another. This enhanced
result was supported by DFT calculations that showed that the
porous C,N layer supported Cu dimers exhibit excellent activity
for the CO,RR, with methane and ethylene being the main
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products.” A groundbreaking study demonstrated that Cu-
pyrrolic-N, active sites could help to stabilize COCOCH; inter-
mediates for acetone production. The proposed reaction
pathway for acetone investigated via DFT calculations and
experiments showed that the synergy between Cu and coordi-
nated pyrrolic N led to further C-C coupling toward a C;
species.” Copper doped into other metal SACs can also improve
their CO,RR selectivity. For example, by introducing Cu into Ni-
SACs to form a NiyCu outer layer, the adsorption energy of H*
can be tuned, thus contributing toward the suppression of the
HER.” The change in the electronic structure from the differ-
ence in the electronic density of state (DOS) was explored, as
shown in Fig. 2f. The Cu addition upshifts the d-band center of
Ni, which coincides well with the experimental results that Ni-
NigCu exhibits a high FEgo of 97%.

2.5 Metal valence

Besides its determining role in center metal selection, valence is
a non-negligible factor in the electronic structure of SACs. Two
valence states of Fe-SACs on carbon supports were used to
explore how valence state affects the catalytic efficiency. As the
valence may change during the electrocatalysis, operando X-ray
absorption spectroscopy was used to confirm the oxidation state
of the Fe ions. The results showed that Fe maintained a +3
valence during the CO,RR, which exhibits better stability, lower
onset potential, higher jco, and a higher turnover frequency
(TOF) than its Fe*" counterpart (Fig. 2g and h).”” This superior
ability can be attributed to the Fe** ions being stabilized via
coupling with pyrrolic N, resulting in a Fe*"?" state and
a lowering of the CO,RR potential. However, results from
another study presented that Fe* coordinated with four pyrrolic
nitrogen atoms was identified as the reactive center during the
CO,RR. The monovalent Fe species emerged when potential
was applied to catalysts with a relative content of ~17.1%
(—0.9 V vs. RHE) and disappeared after electrolysis.”® These
inconsistent results may originate from the complexity of the
geometric and electronic structure of the single-Fe-atom sites,
which require advanced operando characterization, and this will
be discussed in detail in the section on spectroscopy.

3. Insights into the atomic structures
of active sites

SACs can be considered as a conceptual bridge between
heterogeneous and homogeneous catalysts due to their unique
geometry configuration, high stability, designable active
species, and the ability to clarify the structure-activity rela-
tionship at the atomic and molecular levels.” However, it
should be noted that the catalytic sites never involve only single
metal atoms. The adjacent atoms are non-trivial in that they can
influence the CO,RR performance, as the doping elements can
tune the coordination environment and the carbon-based
framework supports the basic conductive function. Until now,
carbon-based non-noble metal-based SACs have been exten-
sively reported and have provided an opportunity to clarify the
mechanism of inter-atomic interactions. Insights gained from

This journal is © The Royal Society of Chemistry 2022
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these studies are based on simplified molecular models. In this
section, the regulation of coordination structures, including
coordination numbers, heteroatom types and vacancy/edge
defected designs, will be discussed. Moreover, we will focus
on the recent progress on diatomic models toward C, products
in the fourth section.

3.1 M-N-C structure

Fig. 3 illustrates all the possible M-N-C structures with
different coordination numbers and configurations of N atoms.
Nitrogen is a low-cost, earth-abundant element, which creates
an electron-rich environment to anchor metal atoms. Different
coordination environments regulate the electronic properties of
single metal atoms. A series of carbon-based SACs with coor-
dination structures of isolated M-N-C as typical catalytically
active sites have been widely studied. Plenty of studies have
explored how the different coordination numbers on graphene
supports affect the CO,RR performance. Representative models
of the active sites are shown in Fig. 3. In general, the coordi-
nation number can be regulated by the pyrosis temperature but
it is uncontrollable to obtain the same active motifs.”>*>**%* On
the other hand, molecules like porphyrin (TPP)** or phthalocy-
anine (Pc)® as well as periodic N-containing substrates like
graphitic carbon nitride (g-C3N,)** or holey nitrogen-doped
graphene (C,N)* are usually used to help develop SACs with
uniformity.

Despite a diversity of synthesis strategies, controversies
about the most active M-N-C site still exist. DFT calculation
results have predicted that a single Ni metal atom anchored
with three carbon and one nitrogen (Fig. 3a) exhibits the best
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catalytic activity and selectivity toward the CO,RR.*® The
computational results demonstrate that the introduction of one
nitrogen (1N) decreases the CO* desorption barrier and yields
better CO productivity on a Ni-C;N; site than a Ni-C, site.
Meanwhile, the high charge capacity of the 1N site allows for the
carrying of more charge to facilitate the reduction process. In
comparison, a lower work function at the charge-neutral state
restricts the charge capacity of 4N counterparts when they are
charged to the same final Fermi level. Nonetheless, other
studies from an experimental perspective reached different
conclusions. SACs with different coordination numbers (M-N,,
M-N;, M-N,, M-N;) on carbon-based supports have been eval-
uated according to several aspects. Frequently mentioned is
coordination unsaturated M-N,, which is more reactive than
M-N, motifs during the CO,RR due to the suppressed HER
activity and lower free energy of the formation of the *COOH
intermediate.”” For example, a graphene-supported Cu-N, site
(Fig. 3b) has shown superior activity than Cu-N, sites, reaching
a high FEco of 81% at —0.5 V vs. RHE.*® This result can be
rationalized by geometry structure differences, in that the bond
lengths of Cu-Nj sites are shorter than those of Cu-N,, which is
beneficial toward promoting electron transfer from the central
metal to the activated *CO,. Another example compared the
activity of Co-N,~C (x = 2, 3, 4) SACs pyrolyzed at different
temperatures and Co-N,-C was found to exhibit the best CO,RR
performance, with a record TOF value of 18 200 h™".** The
characterization of three samples with different coordination
numbers was presented in detail and the N, coordination state
was reconfirmed upon NH; treatment. The M-N;-C sites
(Fig. 3c) also show advantages for improved CO,RR

(a)[¢ . (b)

(d)

M-pyridine-N,-C

M-pyrrole-N,-C

M-N5-C

Fig. 3 Overview of M—N-C structures. Schematic illustration of (a) M—N;-C. Reproduced with permission from ref. 86, copyright 2020,
American Chemical Society. (b) M—N,—-C. Reproduced with permission from ref. 88, copyright 2019, Wiley-VCH. (c) M-—Nz-C. Reproduced with
permission from ref. 81, copyright 2018, Wiley-VCH. (d) M—pyridine-N4—C. Reproduced with permission from ref. 91, copyright 2020, Springer
Nature Publication. (e) M—pyrrole-N4—C. Reproduced with permission from ref. 77, copyright 2019, Science. (f) M=Ns—C molecular models.
Reproduced with permission from ref. 93, copyright 2019, Wiley-VCH. (M: yellow; C: grey; N: blue).
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performance. Ni-N3;-C exhibits much lower free energy for the
first electronic step (activation of CO, to *COOH) than Ni-N,-C,
from computational investigations, making it optimal to serve
as the active sites.® In recent work, Mn-N3;-C;N, on carbon
nanotubes (CNTs) was exploited for the CO,RR and was found
to exhibit better performance (FEgo of 98.8% and jco of 14 mA
cm 2 at an overpotential of 0.44 V) than previously reported
graphene-supported Mn-N, SACs.* In situ XAS results indicated
that the electron redistribution of the Mn active site after CO,
adsorption increased the Mn oxidation state, which then
returned to its original state after one CO, reduction cycle,
indicating that the CO,RR takes place at the Mn-Nj sites. The
calculated local density of states on Mn-N;-C3;N, exhibit
a closer distance between the d-band center and the Fermi level
than Mn-N,-C models, which is favorable toward CO, binding
and activation.

However, based on different calculation models and
imposed forces, along with different rate-determining steps, the
most reactive sites have been identified as M-N, or M-Nj in
some published studies.®® For instance, we reported that Ni-N,
exhibits the best catalytic activity for the CO,RR using grand
canonical potential kinetics (GCP-K) calculation methodology,
which was found to be in good agreement with experimental
results showing that FEqo reached ~100% and jco was 40 mA

m ™2 at —1.05 V vs. RHE.* The HER performance was shown to
be correlated to coordinated C numbers from three aspects
(FEco, TOF, and Tafel slope) and we found that the Ni-Nj sites
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are superior to Ni-N, and Ni-Nj;. A similar conclusion has been
drawn by other research teams, in that Co-N, SACs exhibit
higher FEqo and jco values than coordination unsaturated Co-
N,_, over a full range of applied potential from —0.5 to —1.0 V
vs. RHE.”” On the other hand, it is critical to distinguish
between M-N, motifs constructed using different N-containing
ligands (Fig. 3d and e), as pyrrolic N ligands might stabilize Fe**
for faster CO, adsorption, whereas pyridinic N ligands exhibit
the opposite effect in that Fe*" ions are reduced to Fe*" ions at
—0.1 to —0.2 V vs. RHE.”

Axial coordination of addition N to the M-N, plane to form
M-N; sites has been demonstrated to be an effective way to
promote the CO,RR. As shown in Fig. 3f, the axial ligand tunes
the electronic properties of the central metal, especially the
valence state. Fe-N5 SACs have been prepared by dispersing Fe-
N5 on N-doped graphene and XAS tests were used to identify
that the Fe-Nj sites exhibit higher oxidation states than typical
Fe-N, sites.”® A subsequent computational investigation deter-
mined that boosting d electron transfer from Fe to the addi-
tional N led to a weaker binding strength of *CO, thus
facilitating the final CO production. Another related study re-
ported that the valence of central Co in a five coordinated N
species was higher than that of a Co-N, analog.®* The coordi-
nation affinity is beneficial to the rapid formation of *COOH as
well as CO desorption. All these studies emphasize the influ-
ence of different coordination numbers on the catalytic
performance of M-N-C toward the CO,RR.
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3.2 Heteroatom co-doping

Fig. 4 illustrates an overview of representative engineering
models, such as heteroatom co-doping and vacancy or edge
defects. Due to the difference in electronegativity of common
non-metals (like N, O, P, S), it is feasible to break the symmetry
of electronic distribution by modulating the types of coordina-
tion atoms among catalytic centers.”® Atomic-level tuning is
sensible for SACs as electronic redistribution is effective, while
precise regulation is quite challenging. In recent work, Cu-N,O,
(Fig. 4a) SACs were prepared with the help of copper disodium
EDTA on carbon dots and the resulting catalysts exhibited
extraordinary selectivity toward CH,.”® The central metal expe-
rienced an oxidation state change from Cu** to Cu*/Cu® due to
the strong covalent interactions between Cu®" ions and the O-
containing ligand, which decreased the Cu 2p binding energy.
The less positive charge density of the Cu atoms in Cu-N,O,
sites rationalized the lower energy barriers of all of the CO,RR
intermediates and the higher adsorption energy for *H than
typical Cu-N, sites. Apart from the chelate-assisted method,
well-defined heteroatom co-doping can also be achieved by
modifying the molecular structure directly. By breaking the
perfect D4, symmetry of tetraphenylporphyrin (N,-TPP) to
obtain 21-oxatetraphenylporphyrin (N;O-TPP), the structural
uniformity of N3O has been shown to became an ideal frame-
work for the anchoring of single Ni atoms.” DFT calculations
revealed that the polarization of O-doping lowered the valency
of the Ni center and led to a stronger Ni-C bond to stabilize
*COOH intermediates. S substitution in the porphyrinic
framework produced a similar effect, reported in another
theoretical study.”® By replacing two opposable pyrrole N atoms
with S atoms, the electronic optimization of the Fe center
showed better intramolecular electron transfer ability than Fe—
N,. Moreover, N, S co-coordination resulted in a weaker CO
binding energy for efficient CO production and a decreased
limiting potential that surpasses those of most reported SACs.
Other co-doping elements, such as P, S in Co-Nj, for electronic
density modulation of Co-SACs has also proven the importance
of heteroatoms.*®

The axial coordination of heteroatoms results in a similar
atomic structure to M-Njs, as depicted in Fig. 4b, but leads to
different CO,RR performance. A rarely reported metal, Cd, was
used to prepare Cd-N,;S; SACs for the CO,RR, the catalytic
activities of which were compared with that of Cd-Ns."* The
straightforward comparison of axial atoms showed that even
though both active sites effectively boost CO,RR, the high spin
density and charge delocalization of S remarkably decrease the
highest free energy barrier on Cd-N,S; compared with that on
Cd-N;. Despite the Cd atom preferring to form five coordina-
tion structures due to its large atomic radius, the enhancement
of the added axial heteroatom has also worked in other systems.
For example, diphenyl sulfide was used as an axial ligand to
promote interfacial electron communication, resulting in a 1.5
times increase in the TOF (2.4 s ') of Co-N,S; at —0.87 V
compared with that of pristine Co-N,."** In another study, O
coordinated with Fe-N, from an out-of-plane position and was
shown to maintain excellent stability at low overpotentials. DFT

This journal is © The Royal Society of Chemistry 2022
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calculations showed that *CO could be desorbed from the Fe-
N,O motifs easier than from Fe-N, and Fe-Nj sites.'* Accord-
ingly, regulated coordination models based on other elements
are conducive to the CO,RR and should be considered for
improving electrocatalysts.

3.3 Vacancy/edge defects

As is known, defect structures are appropriate anchoring sites for
single metal atoms.*"'** Strategies to create and control vacancy
or edge defects around metal centers has attracted increasing
attention. Pyrolysis, as the most used method to prepare SACs,
can also be applied to create controllable vacancies in carbon
substrates. For instance, vacancy-defected Ni-N3;-V SACs (Fig. 4c)
could be obtained by taking advantage of the easy evaporation of
coordinated oxygen at high temperatures.’® Vacancy defects
provide moderate free energies for CO, activation and CO
desorption in comparison to defect-free Ni-N3, as shown in
Fig. 3c. Thus, the manageable structure of Ni-N;-V exhibits the
best catalytic performance, with a high joo (65 mA cm™?) value at
—0.9 V vs. RHE. The vacancy beyond the adjacent atoms also
modulates the catalytic activity, so that the non-coordinated N in
vacant carbon support can tune the electronic properties of the
M-N, motif, as illustrated in Fig. 4d.'* The authors of the study
demonstrated a surprising discovery that the Ni atom in the
Ni-N, species was no longer the active site, with the four
adjacent N atoms being responsible for catalyzing the CO,RR.
Due to the pyrrolic-N in the neighboring Ni-N, site inducing
electron transfer from Ni 4s orbitals to adjacent N 2s orbitals, the
electron-rich N facilitated the *COOH formation and then
boosted the CO,RR performance. This latest study presents the
impact that vacancy adjustment has on preferred electrocatalytic
products by tuning the sulfur vacancies of copper sulfide
(Fig. 4e).** It was found that the single vacancy could not support
CO-0OCCO coupling due to the strong electrostatic repulsion of
three *CO intermediates. In contrast, the double adjacent co-
planar vacancies enabled the formation of a polyline OC-COCO
trimer with a decreased adsorption energy of —0.23 eV. The
advantages like the reduced steric hindrance and enriched
negative charge density of double vacancies promote CO,-to-
C3;H,0H conversion. Although this example is not about SACs,
the significance of vacancies should be understood and more
SACs models with multiple controllable vacancies are encour-
aged to be developed in the future.

Edge defect engineering regulates the electronic structure of
the active sites indirectly. Two different structural models, in-
plane Ni-N,-C;, and edge-anchored Ni-N,,,-Cg, were
explored and their CO,RR performance compared (Fig. 4f).
Although their coordination numbers of N were the same, the
Ni-N,,,-Cg motif with edge defects contained a dangling bond
for faster dissociation of the C-O bond in *COOH while Ni-N,—
Cyo did not, according to DFT calculations.”” However, the
difference between these two structures was not well revealed in
the experiments. In another study, edge-located unsaturated N
was shown to play a role in anchoring single Ni atoms and
increasing electron density, resulting in an excellent TOF,
comparable to those of noble metal-based catalysts, such as
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those containing Ag.'”® Aberration-corrected scanning TEM
confirmed that Ni single atoms were primarily anchored on the
edge of defective graphene. Moreover, DFT demonstrated that
the in-plane Ni-N; site was unfavorable for CO desorption,
while the edge-anchored analog with intermediate adsorption
strength exhibited the optimal catalytic activity based on the
Sabatier principle.

3.4 Bimetallic SACs

Although traditional SACs have been shown to exhibit great
performance in the electrochemical CO,RR, the isolated metal
atoms work independently with each other. However, the elec-
tronic nature of each non-noble metal limits further improve-
ment in terms of higher efficiency and deep reduction products.
For instance, Fe-SACs exhibit superior onset potential for CO,-
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to-CO reduction but are burdened by the strong binding energy
of CO, while Ni-SACs show high current density but suffer from
the sluggish kinetics of the first PCET process.'***'° Researchers
have further discovered that neighboring single atoms could
affect CO,RR performance when they are close enough, as they
optimize the adsorption energy of intermediates or even lead to
the formation of a C, product.” Accordingly, bimetallic SACs
with tunable collocation and molecular models have emerged
as a new frontier in electrocatalysis.

Fig. 5 illustrates two dual-atom catalyst models and the latest
work on bimetallic SACs for the CO,RR. The proposed struc-
tures of bimetallic SACs in recent work, M;M,-Ng—C and M;M,—
Ne-C, are shown in Fig. 5a and b. M;M,-Ng-C is composed of
two adjacent but separate M-N,-type SACs with two different
metal centers. Recently, NiSn atomic pair catalysts supported
on N-doped carbon nanosheets with an M;M,-Ns-C structure
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Fig. 5 Bimetallic SACs. Schematic illustration of (a) MyM,—Ng—C and (b) M;M,—Ng—C models (M;: yellow; My: green; C: grey; N: blue). (c) EXAFS
fitting for FeCu—Ng—C in R space; inset: a proposed model for FeCu—-Ng—C, where black, blue, red, and indigo represent C, N, Fe, and Cu atom:s,
respectively. Reproduced with permission from ref. 115, copyright 2021, Royal Society of Chemistry. (d) Diagrams of the atomic structure and
energy changes of the starting, intermediate, and final states of the CO,RR, and (e) CI-NEB-calculated *COOH on NiZn—Ng—-C reaction kinetics,
and (f) the free energy of each intermediate state on the metal atom sites in Zn-N-C, Ni-N-C, and ZnNi—-N-C. Reproduced with permission
from ref. 117, copyright 2021, Wiley-VCH. (g) The differential charge density maps of Ni-N4—C, Fe—N4-C, and NiFe—Ng-C. From aquamarine to
orange indicates the transition from electron depletion to accumulation. Reproduced with permission from ref. 118, copyright 2021, Springer
Nature Publication.
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were utilized for the CO,RR."" The separate configurations of
Ni-N, and Sn-N, were proven by XPS and XAFS analysis, as no
Ni-Sn bond was observed. The excellent overall FE and TOF for
CO,-to-formate transition could be attributed to the coopera-
tion of dual metal centers, in which Ni-N, favors CO, adsorp-
tion and Sn sites boost *OCHO intermediate formation. The
detached bimetallic SACs provide a promising method to realize
syngas production with a controllable CO/H, ratio for typical
downstream thermochemical reactions. In another study,
CoNi-Ng-C dual-atom SACs for syngas evolution were demon-
strated to exhibit a high total current (>74 mA cm ?) with
a tunable CO/H, ratio of 0.23-2.26 by controlling the ratio
between Co and Ni."**> DFT revealed that Co-N, and Ni-N, sites
selectively promoted the HER and CO,RR, respectively, and the
reaction pathways on coexisting CoNi dual atoms were similar
to those of single metal sites. Thus, the regulation of product
composition was able to be achieved by tuning the Co/Ni ratio.
Similarly, a synergistic effect was observed on Ni paired with Fe
in an M;M,-Ng-C model." The introduction of Ni changed the
energy barrier for the CO,RR reaction and increased the
stability of Fe-SACs due to strong CO* adsorption. Moreover,
differing the configuration of bimetallic centers changes the
rate-determining step, as evidenced by the calculated DOS after
COOH* and CO* adsorption.

On the other hand, the M;M,-N¢—C structure contains direct
metal-metal coupling within the diatomic molecular model
(Fig. 5b). A series of DFT simulations were conducted for this
dual atom structure supported on graphene."* Based on
multiple combinations of transition metals with different
electronegativity, Cu/Mn, Ni/Mn and Ni/Fe were presented that
showed superior activity for the CO,RR compared with Au (211).
These three diatomic catalysts break the scaling relationship
between COOH* and CO* adsorption strength and serve as
a guide to design optimal bimetallic SACs. In particular,
a unique seven coordinated structure, N,Fe-CuNj;, was reported
by He and coworkers very recently, as illustrated in the inset
model in Fig. 5¢."** The fitting results of EXAFS spectra (Fig. 5¢)
suggested the existence of Cu-Fe coordination. The diatomic
catalyst exhibited a synergistic effect and showed a much higher
TOF than Fe-N, and Cu-N, over a wide potential range of —0.4
to —1.1 Vvs. RHE. Its enhanced catalytic activity arose from the
closer distance between the d-band center of N,Fe-CuNj; to the
Fermi level than those of Cu- and Fe-SACs. Except for this
example, most heteronuclear systems leads to bimetallic SACs
with six coordinated nitrogen atoms.** The latest reported work
involved the study of atomically dispersed Ni-Zn catalysts with
an M;M,-Ng-C structure from both kinetical and thermody-
namic perspectives.'” In terms of kinetics, the authors utilized
the climbing image nudged elastic band (CI-NEB) calculation to
study the reaction process, with the starting, intermediate, and
final states, as depicted in Fig. 5d."” The calculated free energy
of *COOH revealed a reduced barrier on the Ni-Zn bimetallic
SACs (Fig. 5e). In terms of thermodynamics, ZnNi-N-C was
shown to be more selective toward the CO,RR than Zn-N-C and
Ni-N-C due to its lower free energy for COOH* formation
(Fig. 5f). A decreased gap between the d-band center of the Ni 3d
orbitals and the Fermi level was also observed in this work. The
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activation energy of CO, hydrogenation on bimetallic sites was
significantly lower than on the other two single-atom configu-
rations, explaining the efficient CO,RR pathway on ZnNi-N¢-C
sites. For another NiFe-N¢-C catalyst, the electronic structures
of single-atom and diatom catalysts were visually expressed
using differential charge density maps (Fig. 5g)."*® These maps
indicate that, in a bimetallic catalyst, more electrons are delo-
calized around the coordinating N between Ni and Fe with
electrons partially transferred from an Fe atom. The electron
redistribution leads to a higher oxidation state of Fe and
therefore enhances CO, activation and CO desorption.

Besides the dual-atom sites built in a relatively fixed atomic
structure of active sites, several bimetallic SACs comprise two
types of SACs. Isolated Zn and Co atoms coordinated on N-
doped carbon black were prepared via pyrolysis and achieved
a FEco of 93.2% and joo of 26 mA ecm ™2 at —0.5 V vs. RHE.**® The
electronic interaction between neighboring Zn/Co active sites
was demonstrated by XANES spectra analysis, but the complex
and uncertain diatomic structure may lead to less persuasive
simulation results. Another Zn/Co tandem catalyst demon-
strated good CO,RR performance beyond two-electron trans-
fer."** Experiments and calculation results revealed a two-step
mechanism in which CO,-to-CO transfer preferentially takes
place on the Co atom first and then CO diffuses to a Zn site and
is further reduced to CH,. The high FE toward CH, (15%) can be
attributed to the Co site enhancing the adsorbed *H over the
coordinated N of Zn-N,.

Despite the various molecular models based on single atoms
or dual atoms that have been investigated, factors beyond the
metal-containing active sites can also determine the reaction
pathways. For example, the immobilization of Co phthalocya-
nine (CoPc) onto a conductive CNT led to a six-electron transfer
process from CO, to methanol in comparison to a two-electron
reduction to CO for homogeneous CoPc.” It was observed that
the close contact of molecular CoPc with the conductive CNT/
electrode partially contributed to the high FE toward meth-
anol due to the high degree of electronic communication. The
electrocatalytic nanocarbon thus plays a significant role that
should not be ignored. Furthermore, SACs derived from
MOFs or COFs can adsorb CO, gas due to their porous nature,
which affects the reaction results.*® To sum up, research on
active molecular models is very important, but this should not
be the sole point by which to evaluate a catalytic system. Stan-
dards and protocols for experimental and theoretical data
acquisition are highly recommended to identify the intrinsic
mechanism of SACs toward the CO,RR.

4. Insights from spectroscopy

The atom-level identification of SAC structures is difficult but
essential for further mechanism investigation. Widely used
microscopies such as scanning transmission electron micros-
copy (STEM) can be used to visually determine surface
morphology, but they cannot provide detail on the explicit
structural and electronic properties of SACs.>® The molecular
models and proposed reaction pathways based on theoretical
calculations require experimental evidence for confirmation.
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The urgent demand for advanced spectroscopic characteriza-
tion has brought about breakthroughs in the field of the CO,RR.

4.1 XAS

X-ray absorption spectroscopy (XAS), including X-ray absorption
near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS), is a remarkably useful technique in charac-
terizing SACs. An XANES spectrum can be used to determine the
chemical valence state and electronic configuration of the target
element, while pre-edge features can offer information such as
bond angles."**** EXAFS can be used to probe the local structure
and give us valuable spatial insight into the geometric structure
and coordination environment.*** Specifically, fitting the results
from Fourier-transform EXAFS (FT-EXAFS) can help to infer the
interatomic distances between the absorber and scattering
atoms and coordination numbers.”***> Fig. 6a shows the
different valence states of two Cu-N-C catalysts prepared at
different pyrolysis temperatures and a comparison of their Cu K-
edge XANES spectra with reference samples.” It can be seen that
the main peak of the Cu-SACs shift toward the middle energy
region between the Cu,O and CuO references, indicating that the
Cu atoms are in higher oxidation states of Cu(i) or Cu(u). The
atomic structure investigated by FT-EXAFS confirmed the pres-
ence of Cu-N bonds and the existence of Cu-Cu bonds in the
annealed samples, suggesting that the Cu atoms are isolated and
coordinated to N atoms (Fig. 6b). Li and coworkers explored
antimony (Sb) single atoms dispersed on N-doped carbon for the
CO,RR, which can efficiently produce formate as a product. N K-
edge soft XAS measurements were used to identify the electronic
structure of the N and C species surrounding the Sb atoms,
revealing the existence of pyridinic N, pyrrolic N and
graphitic N."***** The ultra-high sensitivity of XAS makes it
a useful tool with which to figure out the electronic state of target
metal atoms and ligand species.

Wavelet-transform (WT)-EXAFS can be used to discriminate
the diverse back-scatterers in the overlapped signals and allow us
to interpret EXAFS spectra visually.’*® As shown in Fig. 6c, the
WT-EXAFS images of NiSn diatomic catalysts and Sn-SACs exhibit
a similar maximum intensity at 6 A~*, which can be assigned to
Sn-N contributions.”* The maximum intensity of Sn-Sn located
at 8.6 A™", as displayed for the Sn foil, suggests that Sn in both
the NiSn catalyst and Sn-SACs exist in the form of being inde-
pendently dispersed. In another study, a similar method was
used to recognize the Cu single-atom dispersity of Cu-N-C by
comparing the highest WT positions of CuPc and Cu foil."*”

The active centers under electrolysis are not always the same
structure as what is detected by ex situ spectroscopies, as the
isolated sites may go through geometric or electronic evolution.
The identification of real active sites under working conditions
has encouraged researchers to focus on in situ and operando
techniques. The abovementioned example by Fontecave and
colleagues reported that the Cu-N, sites were reconstructed into
small Cu nanoparticles to enhance CO,RR toward deeply
reduced products.®® This geometric change was monitored by
operando XAS and explained why their Cu-SACs could produce
chemicals beyond CO. In situ XANES spectra can also help
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researchers to explore the evolution of different Cu oxidated
species during the CO,RR. As shown in Fig. 6d, the appearance
of Cu(1) and Cu(0) peaks under increased reduction potentials
indicates that Cu changes oxidation state during working status
while in open-circuit voltage (OCV), where Cu(u) was the
dominant spectral feature.'”® This transition was found to be
reversible upon switching the potential back to 0.64 V, and the
XANES spectrum was almost back to that of the OCV state.
Combined in situ XAS and electrochemical results give us
valuable insight to link the CO,RR performance to realistic
catalytic sites.

4.2 Optical spectroscopies

In situ attenuated total reflection-infrared (ATR-IR) spectroscopy
was introduced to characterize the reaction intermediates, and
the latest work used this technique to monitor *COOH adsor-
bed on active sites via the vibration of C=O stretching
(Fig. 6€).% The increasing peak intensity at 1400 cm ™" achieved
a maximum at —0.97 V, indicating that *COOH formation could
be regarded as RDS for the CO,RR on fluorine-doped Ni-SACs.
Operando Raman spectroscopy has also been used to detect
the oxidation states of active moieties during the CO,RR
process. Actually, the aqueous electrolyte in the CO,RR system
is more suitable for operando Raman spectroscopy rather than
operando IR spectroscopy due to the low scattering of water in
Raman spectra.’” By utilizing operando Raman spectroscopy,
Liu and coworkers found that the vibration peak of Ni-N (at
~244 cm™ ) shifted to a lower wavenumber when the applied
cathodic potential was above 0.57 V, implying a weaker inter-
action between the Ni atom and coordinated N atoms.**® This
redshift could be attributed to the in situ-formed Ni* from Ni**
reduction via the addition of an electron to a Ni 3d orbital. The
monovalent Ni unraveled by operando Raman spectroscopy
provided experimental proof for the proposed reaction mecha-
nisms of the CO,RR.

4.3 Mossbauer spectroscopy

Madssbauer spectroscopy is a precise technology that is used to
probe the elemental spin, oxidation states and geometric
symmetry of Mossbauer isotopes such as *’Fe, '°Sn, etc.* In
the field of SACs for the CO,RR, M6ssbauer measurements have
been extensively used to identify Fe species with different
coordination and electronic structures. For instance, in the
work done by Li and coworkers, the doublets (D1 and D2) fitted
in the M0Ossbauer spectra are in accordance with Fe-N, moieties
wherein the metal center is in low-spin (LS) and intermedium-
spin (MS) states, respectively.’* Fontecave and colleagues
exploited a series of Fe-N-C catalysts for the CO,RR and utilized
>’Fe Mossbauer spectroscopy to distinguish its components,
such as o-Fe and iron carbide.” In composition analysis by
Mdssbauer spectroscopy, the isolated Fe-N, was proven to be
the active site for CO,-to-CO conversion. Operando Mossbauer
spectroscopy characterization can therefore provide quantita-
tive information on the geometric structure and electronic
environment of real active sites under reaction conditions. The
development of operando Mossbauer spectroscopy on the
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Fig. 6 Spectroscopic studies. (a) XANES spectra and (b) FT-EXAFS spectra. Reproduced with permission from ref. 73, copyright 2020, American
Chemical Society. (c) EXAFS wavelet-transform (WT) images of Sn foil, Sn-SAC and NiSn-APC. Reproduced with permission from ref. 111,
copyright 2021, Wiley-VCH. (d) First-order derivatives of the Cu K-edge in situ XANES spectra for Cu(i) phthalocyanine under electrocatalytic
reaction conditions. Reproduced with permission from ref. 128, copyright 2018, Springer Nature Publication. (e) In situ ATR-IR spectra of Ni—Ng4
SACs under increasing applied potentials in 0.5 M KHCOs. Reproduced with permission from ref. 53, copyright 2021, Elsevier. (f) Operando 5Fe
Méssbauer spectra of °’Fe-enriched Fe—NC-S$ collected under OCV, —0.9 V (vs. RHE), and after reaction. The orange, green, blue, and purple
doublets could be assigned to LS Fe** in Fe'N,, MS Fe?" in Fe''N4, HS Fe?* in N—Fe'N,, and LS Fe®* in Fe'N,, respectively. (g) Current—time
response and (h) contents of different Fe moieties derived from Fig. 5f. Reproduced with permission from ref. 78, copyright 2021, American
Chemical Society. Advanced spectroscopic techniques help to probe the atomic structure under ex situ/in situ conditions and provide exper-
imental proof.

laboratory scale was recently achieved using a specially measurements were obtained and the spectra were fitted with
designed H-cell to prevent spectral interference. Steady current- multiple doublets, as shown in Fig. 6f and g.”® The three
time responses during operando Mossbauer spectroscopy —doublets in orange, green, and blue represent LS Fe>* in Fe''N,,
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MS Fe*” in Fe''N,, and high-spin (HS) Fe*" in N-Fe"'N,, respec-
tively. When applying a voltage of —0.9 V vs. RHE.,, the
appearance of a new purple doublet could be assigned to LS Fe**
in Fe'N,, which arose due to the decreased LS content, sug-
gesting that LS Fe*" in Fe''N, sites experiences dynamic evolu-
tion during the electrolysis. The relative content of the four Fe
species in Fig. 6h implies the in situ generation of LS Fe'N, as
a highly active site for the electrochemical CO,RR.

5. Insights from computational
studies
5.1 DFT studies on the CO,RR

The electrochemical performance of SACs for the CO,RR has
been determined experimentally, but it remains challenging to
analyze the features that determine the catalytic activity. In this
regard, theoretical studies could give more insights into the
reaction mechanism. Specifically, using DFT, the reaction cycle
and energy barriers for each elementary step can be estimated
accurately (Scheme 1). Furthermore, theoretical calculations
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can help to reveal the electronic structure of the active sites to
determine structure-performance relationships.

Uniformly-dispersed transition metal-based SACs provide
a perfect platform for acquiring a clear theoretical compre-
hension of the CO,RR process. For example, the CO,RR process
by DFT calculation was investigated using a series of transition-
metal based SACs, M/SV-graphene and M/DV-graphene."** By
comparing the free energies of the first protonation step with
that of the *H adsorption process, most of the SACs exhibited
preferential selectivity for the CO,RR over the competitive HER.
The results indicate that the efficiency and selectivity for the
CO,RR products can be correlated to the valence electrons,
where the reduction ability decreases with decreased energy at
the d-level. As re-summarized in Fig. 7a, CH, is preferentially
produced by Fe/SV and Co/SV, while the main product for Ni/
DV, Cu/DV, and noble-metal (such as Pt and Pd) based cata-
lysts is CH;OH."** A similar result on the correlation between
efficiency and selectivity for the CO,RR according to the
elemental properties of metals as a function of their group
number has also been reported in another study.**
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Fig. 7 DFT analyses. (a) Limiting potentials and product selectivity of the CO,RR on various TM-based SACs anchored on graphene. The results
indicate that a Ru SAC has a minimum limiting potential of —0.52 V for CH,4 production, while Pt is more prominent for the CHzOH synthesis, and
Ag, and Au preferentially produce formic acid. Reproduced with permission from ref. 133, copyright 2017, Royal Society of Chemistry. (b) Free
energy profile for CO,RR to various products on various TM@C;N active sites. CH, is only produced by Ti and Mn-based SACs. Reproduced with
permission from ref. 138, copyright 2018, Royal Society of Chemistry. (c) Comparison of selectivity of first protonation step of CO,RR and the
competitive HER. It shows that all the studied transition metals except for Co preferentially participate in the CO,RR over the HER. Reproduced
with permission from ref. 146, copyright 2018, Royal Society of Chemistry. (d) The free energy profile of the CO,RR for the Mo-MOF electro-
catalyst that shows preferable CH,4 production, while the formation of other products exhibit high energy barriers, as highlighted by the red lines.
Reproduced with permission from ref. 145, copyright 2020, Elsevier. The last protonation step to produce H,O is the RDS, which required

a limiting potential of 0.42 eV.
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Transition metals are regarded as promising candidates
because of their many d-orbital electrons and the variation
valence states. The electrochemical activity and selectivity of
SACs toward the CO,RR depends on the central metal atom and
its coordination environment. More precisely, the activity is
related to the electronic structure, which can be modulate
through the coordination environment and valence states. In
such a study, the CO,RR performance of metal-doped nitrogen
carbon based SACs was correlated with an intrinsic descriptor,
based on the electronic states of the transition metals. The
intrinsic descriptor @ constitutes the number of valence elec-
trons, the electronegativity of the transition metal and the
radius of the transition metal.” The theoretical calculations
predicted that Co-based SACs could achieve high electro-
chemical performance for the CO,RR. Various products can be
visualized for the electrochemical CO,RR, but CO (as a simple
one due to the two-electron transfer process) is used to access
the electrochemical performance of the CO,RR. CO formation is
hindered by the weak adsorption of CO, and desorption of the
CO from the active surface, which is limited by the strong
adsorption of CO. In such a case, Ni atoms coordinated to
a graphene support as an active site were shown to form an
electronic structure that facilitates the CO formation in the
CO,RR while simultaneously hindering the HER."** In another
investigation, TM-N,-C moieties with double vacancies were
thoroughly studied for the electrochemical reduction of CO, to
CO. A scaling relationship was observed between the adsorption
energy of *COOH and *CO to measure the CO,RR activity for CO
formation. According to thermodynamics analysis, Ni-N;, Pd-
N, Pt-N; Co-N,4, and Rh-N, are the most prominent active
sites for the CO formation because these systems show
moderate binding strength toward *COOH and *CO, which
facilitates CO formation. While, Fe-N, was predicted to be more
favorable for the further reduction of CO to CH;0H and CH, at
a relatively low electrode potential of between —0.7 and 0.9 V.**®
In another study, Co-doped graphene altered with pyridinic
nitrogen atoms was studied for the conversion of CO, to
HCOOH. The electrocatalytic performance and electronic
structure of Co SACs anchored on monovacancy (Co-N3) and
divacancy (Co-N,) structures were compared towards the
CO,RR. The theoretical results revealed that the Co atom sup-
ported by a monovacancy (Co-Nj;) exhibits superior perfor-
mance in terms of CO, activation and product selectivity. The
conversion of CO, to *HCOO requires an energy barrier of
0.31 eV, indicating that this reaction can easily accelerate under
ambient conditions, while the second hydrogenation step to
form the required product requires an overpotential of
0.51 ev.**®

Regular and planar carbon materials, besides graphene, as
substrates of SACs are highly desired for DFT calculations. For
instance, Wang and coworkers studied transition metals
anchored on a C,N monolayer for the CO,RR and found that the
N¢ moiety serves as an active site for CO, activation and then
protonation to form different products.**” It was predicted that
C,N-supported SACs are more selective for CO, reduction over
the HER and that CO,-to-*COOH conversion is the RDS.
According to the DFT calculated free energies of each
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intermediate, Ti and Mn-based SACs favor methane production,
while Fe, Co, Ni, and Ru show high selectivity toward methanol
over a potential range of 0.5-0.8 eV, with the detailed pathways
shown in Fig. 7b. In search of a more stable and conductive
substrate, graphyne as a two-dimensional carbon planar mate-
rials with high stability and plasticity is a good candidate on
which to stabilize single metal atoms. DFT was employed to
assess the performance of SACs embedded in graphyne for the
CO,RR."® Based on reaction barriers, it was discovered that Cr-
G was the most efficient catalyst for the CO,RR, with the HER
being suppressed during electrocatalysis. In the optimal
pathway, the Cr-G catalyst most probably generates a final
product of CHy, and the RDS is *CH; to CH,4 conversion, which
only requires a limiting potential of —0.29 eV."*® Graphdiyne,
a new 2D planar carbon allotrope, formed from sp-sp” hybrid-
ized carbon atoms, has received a huge amount of attention due
to its unique characteristics and wide applications in catalysis
and other fields.” In a theoretical study, the electrochemical
performance of alkali metals supported on a graphdiyne
substrate was evaluated for the reduction of CO, to HCOOH.
The results indicate that the electrocatalysts exhibit excellent
stability and can be realized experimentally. Among the studied
alkali metals, Na and Li had the capacity to strongly adsorb CO,
and activate it. Based on adsorption free energy, the binding
between *OCHO and alkali metals is stronger than that between
*COOH and alkali metals. This indicates that *HCCOH is
preferentially formed via the CO,RR, and Li@GDY required
a limiting potential of —0.56 V, while Na@GDY required a lower
overpotential of —0.16 V."® Fe anchored on graphdiyne has
been shown to achieve high selectivity and activity in the CO,RR
towards CH, production. The reduction of CO to *COH is the
rate determining step, which requires a limiting potential of
—0.33 v.'*

2-C3N, has been used to reveal the mechanistic aspects of the
CO,RR by embedding it with a variety of transition metals.**
Based on the adsorption energies of *CO and *H, a descriptor-
based picture was built for the product distribution, where
seven metals, Pt, Ru, Co, Ni, Pd, Fe, and Cu, were predicted to
have the capacity to generate products toward C,H,. Notably, in
terms of the rich vacancy/edge sites and N-atom contents of g-
C;3N,, the atomic model in the calculation was constructed as
a unique M-Ng structure, which may contribute toward the
results that seven metal-based SACs generate materials beyond
C; products.”> A series of transition metals supported on
graphitic carbon nitride have been investigated for the CO,RR
using DFT. Mn-C3;N was shown to be the most prominent
electrocatalyst due to its high activity and selectivity toward
HCOOH formation. The HER was successfully suppressed on
this surface and required a very low overpotential of 0.04 V,
while a kinetic energy barrier of 0.75 eV was required for the
first protonation step.*** While, in another study, TM-doped g-
C;3N, was theoretically evaluated for the reduction of CO, to C;
products, i.e. CH;0H and CH,. Ni/g-C3N, tends to convert CO,
to CH3OH with a limiting potential of 0.72 V, while Fe/g-C3N,
and Co/g-C3;N, preferably produce CH, with limiting potentials
of 0.67 and 0.81 V, respectively.*** In an interesting study,
a novel 2D MOF was utilized as a support for SACs for use in the
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CO,RR.* Among the studied transition metals, a Mo-based
MOF was determined to be the most efficient electrocatalyst
due to its performance during the adsorption and trans-
formation of CO,. The low energy barrier of 0.47 eV for Mo-SACs
was even lower than that of a (211) Cu surface, and the proposed
optimal mechanism on the Mo-SACs was *CO — *COOH —
*HCOOH — *CHO — *CH,0 — *CH,OH — *CH,; — *CH,, as
shown in Fig. 7d.**

Adding metal atoms into coordination networks with
unsaturated active sites that act as Lewis-acid sites can produce
active materials. Phthalocyanine (Pc) has been predicted to be
an efficient candidate due to its good binding energy toward
independent metal atoms uniformly dispersed on a monolayer.
As shown in Fig. 7c, a Pc monolayer was shown to support TM-
SACs and it was found that most metals favored the first
protonation step of the CO,RR rather than the competitive
HER.™® Co-Pc was predicted to be the most efficient electro-
catalyst for HCHO, with an overpotential of 0.36 V, while Cr,
Mn, and Zn-based SACs were dominated by HCOOH products
according to their calculated Gibbs free energies. Among all
these studied metals, Mn-Pc exhibited the lowest overpotential
of 0.017 V, while Fe-Pc showed the highest overpotential of
0.819 V toward the CO,RR. In another case, coordinated multi-
dentate ligands were shown to make structures flexible and
ideal for applications. For instance, tetracyanoquinodimethane
(TCNQ) was explored as a coordination molecule to be doped
with various single metal atoms for the CO,RR.**” HCOOH was
predicted to be the primary product for V, Cr, Mn, Ni and Cu-
based SACs, while Co and Fe-based electrocatalysts favored
four-electron transferred HCHO as the main product. The
modification of the coordinated environment of the active
metal center alters the d-electron configuration and is used to
tune the adsorption energies of the reactants and reaction
intermediates for better electrochemical performance. In such
a DFT study, the effect of coordination engineering of a Co-N,
porphyrin toward the CO,RR was studied by replacing N with C
or 0. By evaluating 24 different Co-centered coordination
sites, the Co-O3N; porphyrin was predicted to be the most
efficient for the electrochemical conversion of CO, to CO.
Detailed analysis of the electronic structure revealed that the
lack of m-bonding in Co-O bonds compared to Co-N and Co-C
bonds was responsible for the enhanced catalytic activity.'*® In
another research study, N and S coordination effects were
studied for the CO,RR by comparing Fe-N,S, with an Fe-N,
porphyrin. The results indicated that the combination of N and
S provides a more stable structure than N coordination alone.
The addition of S atoms forms a non-coplanar porphyrin
framework, and more electrons accumulate on the Fe-S bond,
promoting more vital interaction between the Fe and S atoms.
The additional d,: orbitals of Fe efficiently tune the adsorption
of CO, and intermediates and accelerate the overall kinetics of
the CO,RR. The S addition in coordination effectively decreases
the limiting potential, and the Fe-N,S, electrocatalyst shows
a limiting potential of —0.38 eV for CO, conversion to
HCOOH." A similar study revealed that Ni-SACs with two C,
one N, and one S coordination environment were estimated to
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be the most efficient catalyst for the CO,RR, with a theoretically
calculated onset potential of 0.67 ev.*°

5.2 Machine learning-accelerated design of SACs

DFT calculations have been extensively applied for the discovery
and design of SACs for the CO,RR through the prediction of their
activity, stability, and structure sensitivity."*~**> However, DFT
calculations are time- and resource-consuming for the high-
throughput screening of SACs in the vast parameter space. In
this regard, machine learning (ML) as a strong and supportive
tool can guide DFT calculations to accelerate and simplify the
rational design of SACs via the establishment of accurate and
deep structure-activity relationships coupled with feature
importance analysis.”****® For example, neural network algo-
rithms were developed to calculate the adsorption energies of
CO* and the formation energies of HOCO* in order to identify the
performances of surface sites on Au nanoparticles as well as de-
alloyed Au surfaces for the CO,RR."’ Similarly, ML was applied
to DFT-calculated data to discover active bimetallic facets for the
CO,RR and the results revealed that most facets of nickel gallium
bimetallics lead to similar activity on Ni surfaces.'® Moreover,
structure-activity relationships were established for predicting
CO and H adsorption energies based on structural properties
using active learning across intermediates. In fact, an automated
screening approach through integration and optimization of ML
was presented to guide DFT calculations for predicting catalytic
activity. The feasibility of this approach was demonstrated by
screening various alloys combining 31 elements, which resulted
in 131 candidate surfaces across 54 alloys being identified for the
CO,RR and the identification of 258 surfaces across 54 alloys for
the CO,RR."® Similarly, active learning was then used to accel-
erate the screening of CO adsorption energy on Cu-based
components.”™ In addition, extreme gradient boosting regres-
sion (XGBR) was implemented as a supervised ML algorithm to
screen AGgo+ and AGy+ of 1060 SACs embedded in metal-non-
metal co-doped graphene for the CO,RR, as shown in the inset
of Fig. 8a." Based on feature importance analysis, the Pauling-
electronegativity (E_M), covalent radius (M_cov), and first ioni-
zation energy of the SACs (1E_M) are the most important
parameters on AGco+ (Fig. 8a). Comparison of predicted values
using the XGBR model and DFT calculations, shown in Fig. 8b,
indicated that ML was able to accurately predict AG¢o+. There-
fore, the XGBR model was used for the accelerated high-
throughput screening of AG¢o+ in the design of SACs, leading
to a huge decrease in the number of DFT calculations, as depicted
in Fig. 8c.'*® Additionally, atomic properties were used to predict
the catalytic activity of SACs and dual-atom catalysts for the
CO,RR. Based on results from the XGBR algorithm, Ag-MoPc was
revealed as an excellent electrocatalyst, with a limiting potential
of —0.33 V.*** Subsequently, the data from the abovementioned
work was used as an example to evaluate the efficiency of a DFT-
ML hybrid program for catalysis programming.'®* Obviously, ML
has been successfully applied to accelerate the design and
discovery of SACs for the CO,RR. However, this technique is still
in its infancy and there is thus a need for further optimization
and development of materials simulations.
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Fig. 8 Machine Learning for the CO,RR. (a) Feature importance analysis for AGco+ prediction using ML. Pauling electronegativity (E_M), covalent
radius (M_cov), and first ionization energy of transition metal atoms as SACs (1E_M) are the most important parameters. The inset shows the
structures of SACs used for the CO,RR. Green, gray, and blue spheres indicate nonmetal, carbon, and transition metal atoms, respectively. (b)
Comparison of ML- and DFT-predicted AGco+. (c) High-throughput screening of AGco+ using XGBR models. Reproduced with permission from
ref. 160, copyright 2020, American Chemical Society. These figures indicate that ML can accurately predict AGco- for the better design of SACs.

6. Summary and perspective

As discussed in this review, the fundamental knowledge for the
CO,RR on non-noble metal-based SACs on 2D substrates is
introduced based on recent studies. The decisive factors for
efficient CO, transformation, including central metal selection,
metal valence regulation, SAC loading and distribution, cell
configurations, electrolytes, etc. were discussed and Cu-based
SACs for C,/C,. products were emphasized. The proposed
atomic structures of the active sites on carbon-based materials
that can be used to intuitively compare mechanistic investiga-
tions between various studies and the rational design of
optimum catalytic sites were systematically summarized. In
addition, the application of state-of-art spectroscopies, espe-
cially in situ or operando techniques, in CO,RR studies presents
an exciting approach to gain insights from structure-activity
relationships. Furthermore, computational inspiration of the
novel theoretical understanding of the catalytic mechanisms
and ML as a rising research direction toward accelerating

This journal is © The Royal Society of Chemistry 2022

catalyst screening by integrating DFT calculations were
discussed.

Despite the fast development in SAC designs and mecha-
nism studies laying the foundation for future research on the
CO,RR, there are still multiple challenges that remain in the
field:

(1) Rational designs of electrodes and electrolyzers that
enable the CO,RR to be endured at a high current density and
relatively large applied potential. To date, a few studies have
reported the large-scale preparation of SACs and measured their
CO,RR performance in flow cell or MEA-cell electrolyzers.®>¢>'%
It shows great promise for future that researchers can start with
these prototypes and subsequently expand SACs to an industrial
scale. Accordingly, the exploration of scalable SACs, robust
electrodes that can integrate SACs readily, electrolyzer config-
uration and even electrolytes are further needed.

(2) Enriching the designs of SACs with reduced CO,RR
products. An isolated active site is difficult to afford C-C
coupling, not to mention the restrictions on metal selection.
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Many existing reports have achieved nearly 100% CO,-to-CO
conversion on nonprecious SACs but hardly reduced CO, to
C,/C,. products. Hence, fabricating diatom or even multi-atom-
based SACs is highly encouraged.® As tunable adsorption and
desorption energies can be realized on neighboring dual metal
atoms, there are new opportunities to promote C-C coupling
and find optimal metal pairs for obtaining target products.

(3) Proper monitoring of the dynamic structural evolution of
active sites. Further development of spectroscopic and micro-
scopic techniques, especially in situ/operando techniques, to
offer more real-time information during electrocatalysis is
significant to identify the geometric and electronic structures of
the real active moieties and make molecular models more
plausible.

(4) Although remarkable progress has been made in devel-
oping SACs, product selectivity, energy efficiency, reaction
kinetics, and electrocatalyst stability under harsh conditions
are still challenging for practical realization. Theoretical
calculations play an essential role in predicting the active
catalysts, reaction mechanism, and electronic structure of the
active site to understand the catalyst activity. However, only
a few mechanistic studies based on DFT calculations on SACs
are available regarding product selectivity and reaction kinetics.
Usually, the reaction conditions are ignored in predicting
prominent electrocatalysts and free energy profiles via DFT
calculations. Therefore, to gain fundamental insights into the
reaction energies and product selectivity, it is highly desirable
to include environmental factors such as solvation effects
(implicit or explicit), pH, and electric field in DFT calculations.

(5) ML in combination with DFT has been recently imple-
mented in the design and discovery of SACs for the CO,RR. The
accuracy and predictive power depends strongly on the input
features, ML algorithms, and the quality as well as size of
training and test database.”® Therefore, more studies and efforts
are still required to use universal descriptors as input features,
use a general ML algorithm, and increase the input database.'**
Moreover, the descriptors obtained from ML can be helpful for
constructing volcano plots to understand the origin of SAC
activity. However, due to the diversity of reaction intermediates,
the complexity of the CO,RR, and lack of appropriate descrip-
tors as input features to accelerate the rational design of SACs,
the application of ML algorithms in the reaction mechanism of
the CO,RR is still in its early stage.”™'*® Active ML is also highly
desired for the future investigation of catalytic activity, metal-
support interactions, and manipulation of the coordination
structure of highly selective and stable SACs.

Overall, mechanistic understanding from the integration of
experimental and computational insights can help to guide the
design of SACs toward high activity and selectivity. We believe
a more thorough investigation of nonprecious metal-based
SACs for the CO,RR will be achieved in the future.
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