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Developing electrocatalytic energy conversion technologies for
replacing the traditional energy source is highly expected to resolve the
fossil fuel exhaustion and related environmental problems. Exploring
stable and high-efficiency electrocatalysts is of vital importance for the
promotion of these technologies. Single-atom catalysts (SACs), with
atomically distributed active sites on supports, perform as emerging
materials in catalysis and present promising prospects for a wide range
of applications. The rationally designed near-range coordination
environment, long-range electronic interaction and microenvironment
of the coordination sphere cast huge influence on the reaction mech-
anism and related catalytic performance of SACs. In the current
Review, some recent developments of atomically dispersed reactive
centers for electrocatalytic CO, reduction and water splitting are well
summarized. The catalytic mechanism and the underlying structure—
activity relationship are elaborated based on the recent progresses of
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of the individual sites.”'~*¥! Single-atom
catalysts (SACs) with tunable elec-
tronic structure and unsaturated coor-
dination deliver superior catalytic per-
formance in varied catalytic process-
es.*37 Moreover, the homogeneity of
the isolated active sites in SACs pro-
vides an ideal model for monitoring
the structural evolution of the reactive
centers under realistic conditions.**
In-depth comprehension of the com-
plicated reaction kinetics can thus be
proposed, which is very helpful in
gaining hints about the nature of
reactive centers."**! Real-time moni-
toring of isolated reactive centers via
operando experiments is also highly
beneficial for revealing the interaction

various operando investigations. Finally, by highlighting the chal-
lenges and prospects for the development of single-atom catalysis, we

between the reactive centers and re-
actants, thus facilitating the construc-
tion of catalysts with optimized activ-

hope to shed some light on the future research of SACs for the elec- iy,

trocatalytic energy conversion.

1. Introduction

The development of renewable and efficient energy
conversion technologies is a necessary requirement to meet
the growing demand of energy consumption and environ-
mental protection.'”! Among various types of energy con-
version approaches, electrochemical CO, reduction and water
splitting have been proven as promising strategies for their
environmental benignancy and high efficiencies.*'" As
demonstrated, the efficiency of the above-mentioned energy
conversion approaches is highly related to the sluggish
kinetics of the rate-determining step."'™ In this regard,
developing durable and highly efficient electrocatalysts is of
vital importance to accelerate the reaction kinetics and thus
improve the overall energy conversion efficiency. At present,
precious metal-based catalysts (e.g., Au, Pt, RuO, and IrO,)
are verified as the most efficient electrocatalysts for many
energy conversion processes, but the scarcity and high cost
severely hinder their large-scale applications.!'>"'”! Therefore,
developing cost-efficient and highly active electrocatalysts is
one ideal direction for promoting clean energy conversion
technologies.['*2!]

The catalytic efficiency of the electrocatalyst relies greatly
on two elements. They are the number of reactive centers and
the intrinsic activity of individual reactive sites.”! With the
diminishing of the catalyst size, more reactive sites are
exposed and thus greatly boosting the total number of the
reactive centers.”*?”! On the other hand, greatly enhanced
intrinsic activity for the individual site can be realized by
tuning the electronic structure and coordination sphere.?"
Atomically dispersed reactive centers in particular configu-
rations represent the maximized atom utilization for metal
species and meanwhile improve the intrinsic catalytic activity

In this Review, some recent break-
throughs in modulating coordination
spheres of SACs for improving the
catalytic performances are thoroughly

summarized. We emphasize the deep insight into the struc-
ture-performance relationship via precisely modulating the
coordination environment of the isolated reactive centers.
Furthermore, the great progresses of applying SACs for CO,
reduction reaction (CO,RR) and water splitting are high-
lighted. In particular, operando characterizations that provide
the potential to dynamically monitor the structural evolution
of the reactive centers in SACs are elaborated (Figure 1).
Finally, some challenges and research perspectives for the
cognition of catalytic mechanisms and the rational design
of SACs are presented. We aim to offer illustrative accounts
on recent progress and rationalize our understanding on
this research field, and thus provide fundamental principles
and horizons for the further development of single-atom
catalysis.
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Figure 1. Schematic description of atomically dispersed reactive centers for electrocatalytic CO, reduction and water splitting.

2. Modulations for the coordination sphere and
microenvironment of SACs

In SAGs, the reactive centers are atomically dispersed
over the support. They represent the maximized atomic
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utilization efficiency and always deliver impressive catalytic
performances for various reactions.**! As a matter of fact,
the isolated reactive centers in SACs are not totally isolated.
They are always coordinated and stabilized by the adjacent
atoms from the support to minimize the high surface energy.
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Thus, the local coordination sphere of SACs could cast
significant influence on both selectivity and activity of the
particular reaction process.*! In general, there are two
approaches to modulate the coordination sphere of the
reactive centers. One is the direct tuning of the near-range
coordination environment of the individual reactive centers.
The other is to explore the long-range interactions between
heteroatoms on the substrate for modulating the electronic
structure. Besides, the microenvironment for the coordination
sphere is also a crucial element for influencing the catalytic
performance.

2.1. Near-range coordination environment of the isolated
reactive centers

As the isolated reactive centers are stabilized by ionic or
covalent interaction with the support, the electronic and
geometric properties of isolated atoms should be predom-
inantly determined by the local coordination chemistry.
Coordination number and coordinated species are two
important parameters to determine the near-range coordina-
tion sphere of the isolated reactive centers.

2.1.1. Adjustable coordination number of isolated sites

The coordination number of the reactive center has been
regarded as an effective descriptor to reflect the structure-
performance relationship for SACs, and is also a critical factor
for dictating the catalytic activity.*”) Many approaches have
been explored to regulate the coordination number of
reactive centers. As an example, varying the calcination
temperature of cobalt-based zeolitic imidazolate frameworks
can be applied for controlling the number of Co-N coordi-
nation in the graphitic carbon matrix-supported SACs."!
(Figure 2a—c). The CO, reduction investigations confirm that
the atomically distributed Co catalysts deliver enhanced
activity and selectivity with the decrease in the number of
coordinated N atoms from 4 to 2. Density-functional theory
(DFT) calculations verify that the Co atom with lower N
coordinated number possesses more unoccupied 3d orbitals,
giving rise to the facile formation and strong adsorption of
CO," and thus improving the overall CO, reduction efficiency.

For oxide-supported SACs, the isolated active centers are
coordinated by oxygen atoms from the support. Comparing
with M-C/N coordination, the M-O interaction is even more
rigid due to the highly crystalline structure of the oxide
support. Zhang and co-worker have developed an efficient
synthesis strategy for decorating the isolated Pt atoms onto
the support of Fe,0,.”! The Pt atoms are chelated by the
ethylenediamine ligands and then released by removing the
ethylenediamine through a rapid thermal treatment in an
inert atmosphere (Figure 2d). The coordination number of
the isolated Pt centers can be well tuned by changing the
thermal treatment temperature. The decrease in Pt-O coor-
dination number results in the decline of the oxidation state of
Pt. The hydrogenation activity is thus boosted to a record-
high level without sacrificing the product selectivity. The
authors conclude that the coordination number of Pt-O in the
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first shell determines the oxidation state of the isolated Pt
atom, and also influences the catalytic performance of the
reactive center.

2.1.2. Exotic atoms in the near-range coordination sphere.

Introducing the exotic atoms into the coordination sphere
is a practical way to adjust the electronic structure of the
reactive center, which may greatly modulate the catalytic
performance. Zhang and co-workers have introduced N atom
into the coordination sphere of isolated Ni atoms on the
graphene (denoted as HCM@Ni-N)."*l Extended X-ray
absorption fine structure (EXAFS) and X-ray absorption
near-edge structure (XANES) spectra investigations confirm
that the isolated Ni atoms in HCM@Ni-N are stabilized by Ni-
N coordination in unsaturated coordination geometry. DFT
calculation verifies that the electronic structure of the hybrid
is greatly modified after introducing N atoms into the
coordination sphere. The effective electronic coupling be-
tween Ni and coordinated N atoms can modify the Fermi level
and lower the adsorption energy of intermediates, resulting in
the highly accelerated oxygen evolution reaction (OER)
kinetics. Han et al., have further introduced the CI atoms into
the near-range coordination sphere, producing an atomically
dispersed FeCl|N, site catalyst.*”) Great improvement in the
oxygen reduction in alkaline media has been achieved. The
authors attribute the pronounced enhancement in perfor-
mance to the introduction of the Cl atoms into the coordi-
nation sphere, which greatly modulates the electronic state of
the isolated Fe reactive center. The coordination geometry of
the isolated reactive centers can also be further modulated via
the axial coordination assembly. Tang and co-workers have
assembled the axial pyridine into the tetra(4-pyridyl) por-
phyrin cobalt center and confirmed that the axial coordina-
tion can increase the Lewis basicity of the reactive Co
center.®”! Moreover, the d,* energy level in Co 3d orbital is
significantly elevated after the axial coordination, resulting in
greatly improved activity for CO, reduction with the Faradaic
efficiency of 96 % at the overpotential of 500 mV.

In addition to the well-developed M-N, centers, single-
atom metal-phosphorus-carbon (M-P-C) catalyst with P
atoms as the anchor sites has also been established recently.
Li and co-workers have successfully decorated the FeP, units
into the graphitic carbon matrix (Figure 2¢)." The devel-
oped hybrid delivers excellent catalytic performance and
reaction generality in the heterogeneous reductive amination
reactions. In contrast, the catalytic performance of the FeN,
decorated carbon matrix is rather poor and nearly undetect-
able. This work offers the understanding of heterogeneous M-
P-C SACGs, and broadens the application of non-metal
modulated electronic interactions for adjusting the catalytic
performance.

The introduction of exotic atoms does not always generate
positive effect on the catalytic kinetics. Wang and co-workers
have developed a template-assisted strategy to decorate
varied metal atoms into the porous N, S-codoped carbon
(NSC) matrix (Figure 2 f).*? Further structural investigations
confirm the existence of direct Ni—S/Co—S bonding in the Ni/
Co-centered SACs (Ni-SAC/NSC and Co-SAC/NSC), while
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Figure 2. (a) The formation process of hybrids with different coordination numbers. (b) Isolated Co atoms are observed in the magnified high-

angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images of Co-N,. (c) Polarization curves for the CO,

reduction of varied catalysts.! Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Schematic description for the structural

evolution of Pt species in the synthesis process.!*”! Copyright 2019 Nature Publishing Group. (e) Schematic description for the synthesis of

phosphorus species coordinated Fe SAC.P"! Copyright 2020 Nature Publishing Group. (f) Schematic illustration of the construction of SACs with S

participated coordination sphere.®? Copyright 2019 Nature Publishing Group.

only Fe-N coordination is observed in the Fe-centered Fe-
SAC/NSC. Comparing with the Ni-SAC/NSC and Co-SAC/
NSC, the Fe-SAC/NSC without the Fe—S bonding delivers the

best catalytic performance in

the electrocatalytic oxygen

reduction process. The authors conclude that the M-S

Angew. Chem. Int. Ed. 2021, 6o, 1317713196

bonding in the first coordination sphere should be responsible
for the higher energy barriers of the intermediates, resulting
in decreased oxygen reduction efficiency.

© 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

dte

Chemie

13181


http://www.angewandte.org

GDCh
~—

13182

2.2. Long-range electronic interaction for the isolated reactive
centers

The underneath substrates in SACs have been demon-
strated as unique templates for modulating the isolated
reactive centers by molecular self-assembly, and thus provide
elegant platforms to tailor the long-range electronic inter-
actions for the isolated reactive centers. Besides, the commu-
nicative effects between active sites have also been claimed as
common and indispensable mechanisms in tuning the local
electronic fields.

2.2.1. Non-metal modulated electronic interaction

Doping non-metal atoms into the skeleton of the support
can efficiently improve electronic features of SACs. Li et al.
have emphasized the key role of S heteroatoms in modulating
the electronic interaction and the electronic structure of
individual metal centers (Figure 3a)."*) Comparing with the
single-atom Fe catalyst (FeN,/CN) without S doping in the
support, the isolated Fe atoms in the S-doped carbon matrix
exhibit greatly enhanced oxygen reduction activity in acidic
electrolyte. Experimental results and DFT calculation suggest
that the tunable adjacent chemical environments endow the
active Fe centers with varied electronic states and optimized
binding strength with O,, resulting in the exceptional
improvements for oxygen reduction. By controlling the
electron withdrawing/donating properties of carbon plane,
Lee and co-workers have further demonstrated that the
incorporation of sulfur functionalities into the carbon plane
can effectively tune and enhance the kinetic activity of
a single Fe-N, site.”! More specifically, the newly decorated
functionalities change the strength of the electronic effect,
which is derived from the delocalized m-band of carbon plane
to the d-orbital of the Fe ion in Fe-N, site, resulting in the
change of ORR activity of the Fe-N, site. They also conclude
that the decoration of charge-donating sulfur functionalities
(thiophene-like S) results in lower ORR activity while the
introduction of charge-withdrawing groups (oxidized S) may
render the catalyst with higher activity.

Jiang and co-workers have developed an atomic interface
approach to synthesize Cu-based SAC.”! As demonstrated by
the X-ray absorption fine structure (XAFS) analyses, the Cu
atoms are stabilized by surrounding N atoms from the N, S co-
doped carbon matrix (Cu-SA/SNC). Experimental results and
DFT calculation demonstrate that the indirect interaction
between Cu and S atoms within the carbon support signifi-
cantly decreases the reaction free energy of the adsorbed
intermediates and thus boosts the oxygen reduction activity.

2.2.2. Metal modulated electronic interaction

Developing the communication between two neighboring
metal monomers is a practical strategy to optimize the
catalytic performance and deepen our comprehensive under-
standing on heterogeneous catalysis. Zeng and co-workers
have verified that the synergetic interaction between neigh-
boring Pt monomers induces distinct reaction paths and
delivers greatly improved catalytic performance in the CO,
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hydrogenation.” CO, can be successively converted into
methanol with the metal modulated electronic interaction
from neighboring Pt monomers. In contrast, only the con-
version of CO, into formic acid is realized over the isolated Pt
centers. It is concluded that metal modulated electronic
interaction varies the reaction barriers, resulting in greatly
accelerated reaction kinetics. Moreover, neighboring Pt
monomers experience different reaction paths from those
isolated monomers. The research finding of the synergetic
interaction between neighboring monomers is anticipated to
build an advanced approach for manipulating the catalytic
performance and deepen the understanding of the heteroge-
neous catalytic mechanism.

Lu and co-workers have applied the atomic layer depo-
sition method for fabricating Pt, dimers on graphene.’”! The
secondary Pt atom can be selectively attached to the primary
one through proper nucleation site creation. XAFS and
theoretical calculations confirm that the Pt, dimers are
bridged by the O atoms, instead of coordinated directly
through the Pt—Pt bonding. Pt, dimers deliver an impressive
conversion rate (2800 mol-H,mol-Pt™'min~") in hydrolytic
dehydrogenation of ammonia borane. This value is about 45
and 17-fold higher than those of graphene supported Pt
nanoparticles and SACs, respectively. The authors believe
that the work offers more possibilities in exploring the metal
modulated electronic interactions for adjusting the catalytic
performance.

2.3. Tunable microenvironment of the coordination sphere

The steric and chemical microenvironments of isolated
reactive centers heavily influence the catalytic activity
through extended coordination sphere interactions.”*
Moreover, the enhancement in the selectivity of SACs
towards certain targeted products can be realized by altering
the reaction pathway, which is also greatly influenced by the
steric and chemical microenvironments.

2.3.1. Spatial confinement for the reactive centers

Active centers confined in nanopores often exhibit
unusual catalytic behaviors, which are markedly different
from those active sites over the surface of supports. Matrixes
with uniform pore shapes and sizes are ideal supports for
confining reactive centers. Porous zeolites, metal-organic
frameworks (MOFs) and porous carbon matrixes have been
selected for encapsulating the isolated reactive centers.["*?!
Li and co-workers have isolated metal sites in Y zeolite by
confining a metal-ethylenediamine complex into [-cages
during the crystallization process.®” Han and co-workers
have provided the first direct evidence for the atomic
distribution of isolated Mo atoms in the channels of zeolite
ZSM-5 via the integrated differential phase-contrast scanning
transmission electron microscopy (Figure 3b).*) They also
demonstrate the crucial role of the framework in driving the
atomic distribution of Mo species in the micropores via the
special Mo-Al interaction. Ye and co-workers have isolated
Co atoms in the porphyrin units of the well-known MOF-525
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Figure 3. (a) Schematic illustration of the construction of SACs with N, P and S co-doped support.®! Copyright 2020 Nature Publishing Group.
(b) Presentation for the existence of isolated Mo centers in zeolite channels.!”! Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(c) Schematic description for the transformation of isolated Pd atoms from the Pd particle. (d) Calculated energy diagram for the stretching
pathway from Pd particles to isolated Pd atoms.”® Copyright 2018 Nature Publishing Group. (e) Self-reduction stabilization process for the
preparation of Pt,/Ti,_,C,T, (f) HAADF-STEM characterization for the isolated Pt atoms decorated MXene.”l Copyright 2019 American Chemical

Society.

and applied the developed hybrid for photocatalytic CO,
reduction.”! The isolated reactive centers adopt unsaturated
configurations and are confined in the MOF matrix, which
greatly enhance the CO, adsorption capacity and reduction
efficiency.

As the reaction path may be changed due to the space
confining, spatial confinement plays an important role in the
selectivity for the generated products. Bao and co-workers
confine the isolated Fe atoms into a silica matrix and thus
realize the nonoxidative and direct conversion of methane

Angew. Chem. Int. Ed. 2021, 60, 13177-13196 ~ © 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org
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exclusively to ethylene and aromatics."”) In the methane
conversion process, cleaving the first C—H bond while
suppressing further catalytic dehydrogenation is an effective
strategy for avoiding both CO, generation and coke deposi-
tion, but of course very challenging. The confined Fe sites can
activate CH, and generate methyl radicals in the absence of
oxidants. These generated methyl radicals desorb from the
catalyst surface and then experience complicated gas-phase
reactions to yield ethylene, benzene and naphthalene. The
authors conclude that the spatial confinement of the reactive
center is a sustainable approach in the direct CH, conversion.

2.3.2. Defective supports for isolated reactive centers

Defects are common in catalysts and can greatly influence
the electronic structure and related -catalytic perfor-
mance. %! Recent investigations have confirmed the exis-
tence of defects may cast some positive effects on the catalytic
performances. Wang and co-workers have summarized some
of research advances of defects and elaborated the role of
defects in the electrocatalytic energy conversion processes.®!
With the introduction of defects, the electronic structures of
the hybrids are greatly modified, resulting in boosted
electron/charge transfer capacity and reaction kinetics."
Zhang and co-workers have successfully decorated isolated
Ru atoms into the carbon matrix with abundant defects.”"!
The as-synthesized hybrid exhibits high catalytic activity and
low overpotential for electrocatalytic hydrogen evolution.
The authors conclude that defects lead to the enhanced local
electric field around the Ru centers thus resulting in the
further improved intrinsic activity of SACs.

In addition to the greatly activated electrochemical
processes via the defect engineering, defects can also provide
unique anchor sites for stabilizing the metal species." Li and
co-workers have confirmed that the defects on graphene can
capture the emitted Pd atoms during the calcination process
(Figure 3¢,d).”” The conversion from nanoparticles to the
isolated reactive centers is thus realized by capturing the
emitted Pd species on the defects of carbon matrix. As
confirmed by EXAFS analysis, thermodynamically stable Pd-
N, configuration is constructed. Chen and co-workers have
stabilized the isolated Pt atoms into the two-dimensional
Ti;_,C,T,MXene nanosheets with abundant Ti defects (Fig-
ure 3e,f).” Strong metal-carbon bonds are formed between
the Ti defect confined Pt atoms and the Ti;_,C,T, support.

3. SAC:s for electrocatalytic water splitting

Electrocatalytic water splitting has been regarded as one
of the most promising approaches for producing hydrogen
under mild conditions without the greenhouse gas emis-
sion.[™ Moreover, electrocatalytic water splitting helps mit-
igate the problematic intermittency of some renewable
energies (e.g., solar, wind) by storing the electricity in the
form of chemical energy. Water splitting is comprised of two
half-cell reactions: OER and hydrogen evolution reaction
(HER)."®! Traditionally, water splitting is realized in the
typical electrolysis cell, in which these two half-reactions
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occur simultaneously on two electrodes: H, is generated in
the cathode while the water is oxidized to O, at the
anode.?"777 Despite many progresses achieved on electro-
catalytic water splitting, highly active and durable catalysts
have to be developed to overcome the kinetic barriers in the
water splitting process, especially for the OER.™)

3.1. HER

Hydrogen generation via electrocatalytic water splitting is
an ideal approach for exploring clean energy. Pt delivers the
best activity among various electrocatalysts for hydrogen
evolution, but its widespread application is greatly hindered
by the high cost and scarcity.®**? Developing alternative
electrocatalysts with superior activity and low cost represents
an elegant solution to enable the hydrogen economy. SACs
featuring atomically dispersed reactive centers on the con-
ductive support have emerged as promising electrocatalysts
for HER.¥!

Lou and co-workers have relocated the isolated Pt species
from the surface of the support into the interior of the carbon
matrix by high temperature calcination under inert atmos-
phere (Figure 4a—d)."'! Mesoporous polydopamine particles
and surface adsorbed Pt species are applied as the precursor
for constructing the isolated Pt atom-decorated porous
carbon matrix (Pt@PCM) electrocatalyst. Comparing with
the commercial Pt/C-20% catalyst, the newly developed
Pt@PCM hybrid delivers greatly improved mass activity (up
to 25 times) for HER. XAFS analyses and DFT calculation
confirm that the lattice confined Pt atoms should be the main
contributor to the catalytic performance. Furthermore, the
isolated Pt atoms can also activate surrounding C and N
atoms and make them active in the hydrogen evolution
process.

Ru possesses similar bonding strength with hydrogen to
that of Pt, and performs as a cheaper alternative. However,
fewer studies have been devoted to the Ru-based electro-
catalysts for HER. Lou and co-workers have applied the
defect-rich carbon matrix to stabilize the atomically dispersed
Ru reactive centers (ECM@Ru) for HER (Figure 4e.f)."!
The ECM@Ru catalyst with the Ru loading amount of
0.68 wt % delivers low overpotential (63 mV at 10 mA cm™?)
and high mass activity. The mass activity of ECM@Ru is an
order of magnitude higher than that of the commercial Pt/C-
20% catalyst at the overpotential of 100 mV. The authors
conclude that the defects surrounding the Ru centers can
enhance the local electric field and accelerate the reaction
kinetics of hydrogen evolution.

Developing precious-metal-free electrocatalysts for HER
is also intensively explored. Chen and co-workers have
developed a MOFs derived single W-atom catalyst (W-
SAC) for efficient electrochemical HER.® High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and XAFS spectroscopy investigations
confirm that the W atoms are isolated with the favored
coordination configuration of W,N,C;. The overpotential of
85 mV is required for the W-SAC to give the current density
of 10mAcm 2 in the alkaline solution, which is nearly
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Copyright 2018, American Chemical Society. (e) Morphological characteriz
ECM@Ru."" Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, Wein
graphene. (h) HER polarization curves of the catalysts in H,SO, media. (i)
B.V.2Y (j) Schematic illustration of the synthetic process for MCM@MoS,-

of the activation mechanism for the isolated Pt reactive center.'!
ations for ECM@Ru. (f) Calculated distribution of charge density for
heim. (g) Schematic description for the defect stabilized Ni atoms in
Energy profiles of the A-Ni@DG for HER. Copyright 2019 Elsevier
Ni, and (k) theoretical calculations for the effects of Ni decoration on

the HER activity of MoS,.¥ Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

comparable to that of commercial Pt/C-20% catalyst. DFT
calculation reveals that the unique W;N;C; configuration
plays a crucial role in boosting the HER performance. Du
et al. have reported the graphene defect captured Ni species

(A-Ni@DG) for electrocatalytic hydrogen evolution (Fig-
ure 4 g-i)."! Atomically dispersed Ni atoms on the defects of
graphene are constructed by the incipient wetness impregna-
tion method. The as-synthesized hybrid delivers remarkable
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electrocatalytic hydrogen evolution activity with an over-
potential of 70 mV to reach the current density of
10 mAcm 2

The isolated transition metal atoms can also perform as
the regulator to trigger the intrinsic catalytic activity of two-
dimensional metal dichalcogenides. Zhang et al. have deco-
rated isolated Ni atoms into the crystal lattice of hierarchical
MoS, nanosheets via the surface modification strategy (Fig-
ure 4j.k).*) As the atomic radius of the Ni atom is much
smaller than that of the Mo atom from the MoS,, coordination
imbalance is created, producing much-shortened Ni—S bond
length and distorted geometry over the basal plane of MoS,.
The adsorption free energy for H species over the coordinated
S atoms is significantly changed and the related hydrogen
evolution kinetics is highly accelerated.

3.2. OER

OER is not only the rate-determining step for the
electrochemical water splitting, but also a crucial process in
some other energy conversion processes, including the
CO,RR and metal-air batteries.””’ OER involves multiple
electron transfer steps and always exhibits some intrinsically
sluggish kinetics. This fact stimulates the exploration of
efficient electrocatalysts with greatly boosted reaction kinet-
ics. Precious metal-based catalysts (Ru and Ir) are the state-
of-the-art electrocatalysts for OER, however, their wide-
spread applications are also greatly hindered by the scarcity
and high cost.®*

Cao and co-workers have decorated the isolated Ru
centers into the N modified carbon matrix via a wet-chemical
approach (Figure 5a-d).’” As demonstrated by the EXAFS
analysis, the isolated Ru atoms are stabilized by four N atoms
in the configuration of Ru;-N, moieties. The as-synthesized
hybrid delivers greatly improved mass activity for the oxygen
evolution in acidic media, requiring an overpotential of
267 mV to reach the current density of 10 mAcm 2 The
authors believe that the reported catalyst is among the best
OER electrocatalysts in acidic media. DFT calculations
further suggest that the constructed O-Ru;-N, sites possess
much-reduced energy barrier for the O-O coupling in the
reaction process.

Great endeavors have also been devoted to improving the
activity of earth-abundant electrocatalysts for replacing the
precious metal-based catalysts. For example, Lou and co-
workers have developed a facile method for synthesizing Ni-
N, units decorated hollow carbon matrix (HCM@Ni-N) for
OER (Figure 5e—j).** The correlation between the atomistic
structure and electrocatalytic activity towards OER is also
confirmed. XAFS analyses reveal that the isolated Ni atoms
are stabilized by coordinated N atoms in the unsaturated
configuration. The HCM®@Ni-N delivers excellent perfor-
mance and requires a small overpotential of 304 mV for
achieving the OER current density of 10 mAcm 2 The
performance is much better than the samples with the sole
Ni decoration or N modification, and even better than the
commercial RuO,. The activity trend for the samples is
consistent with the theoretically computed adsorption ener-
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getics. The authors conclude that the effective electronic
coupling between the Ni and N atoms results in the greatly
accelerated OER Kkinetics.

4. SACs for electrocatalytic CO,RR

Electrochemical CO, reduction into chemical products
and renewable fuels represents a promising solution to
mitigate the energy shortage and environmental challenges.”"
However, due to the extremely inert C=O bond in the CO,
molecule, the overpotential to initiate the reaction is rather
high. Besides, the CO, reduction process has to compete with
the HER in the liquid-phase reaction system. Thus, the low
conversion efficiency and poor selectivity are the main
bottlenecks for the real application of the electrochemical
CO, reduction.”>* It is therefore of high urgency to develop
some low-cost electrocatalysts for driving the CO, reduction
process with high efficiency and selectivity, but it is certainly
very challenging.™

SACs with maximized atomic efficiency and low-coordi-
nated reactive centers exhibit remarkable performance in
a variety of energy conversion processes.”>*! The homoge-
neously dispersed reactive centers and the uniform geometric
configuration in SACs are favorable for the improvement of
the catalytic selectivity. Moreover, such precise configura-
tions render heterogeneous systems more convenient for
investigating the underlying mechanisms of CO, reduction
and developing more efficient catalysts. Thus, SACs offer
great potentials for obtaining high selectivity and efficiency in
the CO, reduction process.

4.1. CO,RR to CO/HCOOH products

According to the more recent advances achieved, CO and
HCOOH are the main products for the CO,RR on SACs.””
This phenomenon can be attributed to the inherent character-
istics of SACs. Firstly, as confirmed by the DFT calculations,
the isolated reactive centers possess the appropriate adsorp-
tion energy for the intermediates such as CO* and HCOO#*,
which is in favor of the generation of the CO and HCOOH
products. Moreover, due to the absence of metal ensembles in
the SACs, the C—C couplings occurring over two adjacent
active centers are always blocked over the isolated reactive
centers.

Wang and co-workers have developed a facile approach
for decorating the isolated Ni atoms onto the commercial
carbon black (Figure 6a—d)."" The as-synthesized hybrid is
further applied for electrochemical CO, reduction in the gas-
phase electrocatalytic reactor. The single Ni atom catalyst
delivers impressive performance for CO,RR in the traditional
H-cell. The CO Faradaic efficiency (FE) at —0.681 V versus
reversible hydrogen electrode (vs. RHE) is confirmed as 99 %
in KHCO; aqueous electrolyte. Moreover, nearly 100 %
generation of CO is achieved under the high operation
current density (larger than 100 mAcm2). The overall
current can be further raised to 8 A in the up-scaling
electrode (10 x 10 cm? per unit cell), while the exclusive CO
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evolution rate of 3.34Lh™' per unit cell can be well conversion of CO, to CO. High FE (97%) and turnover
maintained. Zhang and co-workers have constructed isolated ~ frequency (5535 h™!) are confirmed at a low overpotential of
Bi atoms decorated carbon matrix through thermal decom-  0.39 V versus reversible hydrogen electrode. Experimental
position of a Bi-based MOF and dicyandiamide (Fig- results and DFT calculations verify that the Bi-N, units should
ure 6¢).’7! The catalyst delivers impressive activity for the be the real active centers for CO, activation, generating
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the key intermediate of HCOO* with a low free energy
barrier.

Xie and co-workers have constructed exclusive Ni-N,
centers via a topochemical transformation approach.”” Top-
ochemical transformation by carbon layer coating guarantees
the Ni-N, configuration to a maximized extent and averts the

www.angewandte.org © 2020 The Authors. Angewandte Chemie International

growth of isolated Ni atoms to particles, offering abundant
reactive centers for the CO, reduction. The Ni-N, catalyst
delivers a maximized FE of 99 % at —0.81 V vs. RHE for CO
with a current density of 28.6 mA cm 2. Moreover, the high
FE (over 90%) can be well maintained in a wide potential
window ranging from —0.5 to —0.9 V vs. RHE. Experimental
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results and DFT calculation demonstrate that the Ni-N,
reactive centers deliver greatly reduced energy barrier and
improved charge transfer effeciency in the CO, reduction
process, leading to boosted selectivity and activity for the
conversion of CO, to CO.

As an intriguing liquid production of CO, electrocatalytic
reduction, HCOOH has drawn broad interest in energy
conversion and storage. Zu et al. have decorated the isolated
Sn atoms onto the N modified carbon matrix for electro-
catalytic CO, reduction. The hybrid can be synthesized in
kilogram-scale by the quick freeze-vacuum drying-calcination
method.” HAADF-STEM and XAFS investigations confirm
that the positively charged Sn atoms are atomically dispersed,
which enables the CO, activation and protonation to proceed
spontaneously. DFT calculation confirms that the positively
charged Sn center is favorable for stabilizing the CO," and
HCOOQO", resulting in greatly accelerated reaction kinetics.
This claim is also confirmed by the decreased desorption
energy and the elongated bond length between Sn and
HCOO™. As a result, a low onset overpotential (60 mV) for
formate evolution and a large turnover frequency value
(11930 h™") are observed in isolated Sn atoms decorated
graphene.

4.2. CO,RR to products beyond CO and HCOOH

Converting CO, into higher value-added products such as
alcohols or hydrocarbons is more challenging and only
a limited number of reports has emerged. As an example,
Zheng and co-workers have decorated isolated Cu sites into
CeO, with multiple oxygen vacancies and optimized the CO,
electrocatalytic reduction to CH, (Figure 6 f,g).l"! Structural
characterizations indicate the isolated Cu centers are five
coordinated with unsaturated configuration, demonstrating
the direct association of oxygen vacancies for the isolated Cu
centers. DFT calculations suggest that each isolated Cu center
in CeO, (110) surface can stably enrich up to three oxygen
vacancies, serving as the high-efficiency reactive center for
CO, adsorption and activation. The authors attribute the
excellent CH, selectivity to the existence of the multiple
oxygen vacancies in CeO, framework surrounding the atomi-
cally dispersed Cu sites.

Xin and co-workers have decorated Zn species into the
microporous N-doped carbon (Zn-SACs) by direct calcina-
tion of Zn based coordination polymer under high temper-
ature (Figure 6h—j).""' EXAFS investigations identify that
the isolated Zn atoms are stabilized by surrounding N atoms.
The as-synthesized electrocatalyst undergoes an eight-elec-
tron-transfer step and generates CH, in the CO,RR process.
It delivers remarkable catalytic performance with a high FE
(85%) and a partial current density (—31.8 mAcm?) at
a potential of —1.8 V vs. saturated calomel electrode. Its high
stability is also confirmed and no obvious current fluctuation
or large FE drop is detected during the operation course of
35 hours. Theoretical calculation confirms that the O atom
instead of the C atom in HCOO* prefers to coordinate with
isolated Zn reactive centers in the reaction process, resulting

Angew. Chem. Int. Ed. 2021, 6o, 1317713196
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in the suppression for the generation of CO and thus
promoting the evolution of CH,.

He and co-workers have decorated the isolated Cu atoms
into through-hole carbon nanofibers (CuSAs/TCNFs) for
CO,RR.!M" The developed catalyst converts the CO, into
nearly pure methanol with the FE of 44 % at —0.9 V vs. RHE
in liquid phase. The partial current density for methanol
evolution is confirmed as —93 mA cm 2 The self-supporting
and through-hole architecture of CuSAs/TCNFs realizes the
exposure of isolated Cu centers to the largest extent, and
greatly boosts the reduction efficiency for the hybrid. DFT
calculations reveal that the isolated Cu reactive centers
possess a rather high binding energy for the CO* intermedi-
ate. Therefore, CO* could be further reduced to methanol,
instead of being easily released as CO from the catalyst
surface.

5. Operando monitoring the structural evolution in
catalysis

The relationship between the structure and performance
has long been pursued as a key fundamental issue in
heterogeneous catalysis. However, it is still blurry for
a majority of reaction systems. Operando characterizations
are powerful techniques for providing fundamental structural
evolution information about the structure-performance rela-
tionships under diverse catalytic processes.'* %! However,
one of the major challenges for further exploring the nature of
active sites and reaction mechanisms is the development of
model catalysts.""”! The obstacles not only lie in the compli-
cated interaction between the reactant and reactive sites, but
also arise from the non-uniform distribution of the reactive
centers and the structural diversity of the catalysts."” For the
particle-based catalyst, the size and shape of the particles and
the mutual interaction between the particle and the support
are crucial parameters for the catalytic performance. It is
challenging to disentangle the less important parameters from
those interplaying factors and rationalize the precise relation-
ship between the structure and performance.'” " Fortu-
nately, SACs with uniformly dispersed reactive centers in
nearly identical configuration provide us an elegant platform
for identifying the nature of the reactive centers by monitor-
ing the dynamic structural evolution of active sites during
catalytic process at atomic level.**!*?l The obtained informa-
tion is important for studying catalytic mechanism as well as
the underlying structure-performance relationship.

5.1. Operando XAFS

Operando XAFS characterization techniques have been
quickly developed in the past years. It generally includes the
XANES and EXAFS spectra.'™ The XANES spectrum
mainly provides information about electronic structure and
chemical valence state of the detected metal center, while the
EXAFS spectrum reflects the coordination geometry, the
bonding length and the true atomic spatial distribution of the
reactive centers.'" By constructing the operando XAFS
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based reaction setup, the structural evolution in terms of  ure 7a,b)."! Structural evolutions of the Co and Ru in the
chemical states, coordination conditions of the reactive  hybrids are monitored by operando XAFS measurements
centers can be well monitored and analyzed. during the catalytic process. No obvious change is detected in

Li and co-workers have decorated isolated Co atoms into  the operando Co/Ru K-edge EXAFS and XANES spectra
the Ru nanosheet for efficient hydrogen evolution (Fig- under varied operating conditions. These results not only
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suggest the high stability of the local coordination sphere of
Co-substituted Ru catalyst, but also demonstrate the struc-
tural evolution for the reactive centers is a quick and
successive process.

Tan and co-workers have utilized a self-reconstruction
strategy to construct isolated Ir decorated oxyhydroxides (Ir/
NiFeO) for efficient OER (Figure 7c-h).""® The structural
evolution of the isolated Ir atoms is monitored during the
OER process. Operando XAFS investigations indicate that
no obvious change for the EXAFS spectrum is detected with
the increase of anodic potential. This result indicates that the
coordination number for the isolated Ir center is very stable in
the catalytic process. However, the white line intensity of the
XANES spectrum increases obviously during electrochemical
oxygen evolution process, indicating the generation of Ir
species in a higher oxidation state. As there is no obvious
change for the coordination number of the Ir centers, the
increase for the oxidation state of Ir centers under higher
anodic potential should not be ascribed to the chemisorption
of the intermediate species. The authors thus propose the
occurring of deprotonation process (Ir-OH to Ir-O*) over Ir
sites during OER. The deprotonation step renders the
variation for the oxidation state of the reactive centers while
casts no influence on the coordination number of the local
geometry. The generation of the active oxygen species is thus
realized in the deprotonation step, which is fundamental for
oxygen evolution.

Liu and co-workers have developed the atomically
distributed nickel on nitrogenized graphene (A-Ni-NG) as
an efficient catalyst for electrochemical CO, reduction.!''”
Operando XAFS investigations are conducted for monitoring
the CO, reduction process. Comparing with the spectrum of
A-Ni-NG sample in Ar-saturated KHCO; solution under
open-circuit voltage bias, an obvious shift (about 0.4 eV) for
the Ni K-edge XANES spectrum is observed in CO,-
saturated KHCOj; solution, demonstrating the increase for
the oxidation state of the reactive centers. The authors
conclude that the delocalized electron in the 3d,” ;> orbital
and effective charge transfer from reactive centers to the
adsorbed CO, molecule should be the main reasons for these
variations. The Ni K-edge XANES spectra of A-Ni-NG shift
back to lower energy in the reduction process, confirming the
recovery of low-oxidation-state Ni and the release of the
products. The slight increase for the main peak intensity in the
EXAFS spectrum is also detected during the CO, reduction
process, which should be attributed to the coordination
between the isolated Ni sites and the intermediates. Besides,
a peak shift of about 0.04 A in Fourier transform curves of Ni
K-edge EXAFS spectrum is also observed for the A-Ni-NG
under the operation potential of —0.7 V, confirming that the
bond length of Ni-N expands during catalysis. The authors
also believe that the redistribution of the electrons in the Ni
3d orbital during the CO, reduction process results in the
distortion of the Ni atoms out of the graphene plane, and the
monovalent Ni(i) site with a d’ electronic configuration
should be the real reactive center for the CO, reduction.
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5.2. Operando Fourier transform infrared (FTIR) spectroscopy

Operando FTIR technique is highly sensitive to the
vibration mode of the adsorbed molecules (reactants or
products) on active sites, and can thus provide decisive
evidences to track the reaction pathways in single-atom
catalysis.** "% Its absorption peak position can always be used
for revealing the structural composition or confirming the
chemical groups present. In addition, the content of chemical
groups can be quantitatively analyzed by the absorption
intensity of FTIR.'" Compared with operando XAFS,
operando FTIR spectroscopy is more focused on the detec-
tion of catalytic reaction intermediates with fast character-
ization speed and high sensitivity."

Liu and co-workers have constructed the hetero pyridinic-
and amino-N ligands coordinated single Co atom catalyst
(HNC-Co) for OER in the acidic environment (Figure 8a—
e).”l Operando FTIR investigation is conducted under
realistic OER working conditions for obtaining further
comprehension of the catalytic oxygen evolution mechanism
over the HNC-Co catalyst. It is worthy to note that a new
absorption band assigned to the key O* intermediate over the
Co reactive centers is observed at about 1248 cm ' under the
operation potential of 1.38 V. With the removal of the
operation potential, the new vibrational band totally vanishes.
These observations may indicate that the coordination
between the O* intermediate and the isolated Co site in
HNC-Co is detected in the oxygen evolution process. This
conclusion is further confirmed by Yao and colleagues, who
have decorated the Ru;-N, sites into nitrogen-carbon support
(Ru-N-C) and applied the as-synthesized hybrid for OER
under acidic condition.” When conducting the reaction at
the operation potential of 1.5V, a new obvious absorption
band is observed, revealing the existence of an essential
intermediate in the OER process. The new absorption band
gradually disappears with the decrease in the applied
potential. This vibrational absorption band is confirmed as
single oxygen adsorption over the Ru-N, site, resulting from
the generation of the intermediate species during the
reaction.

The adsorbed water molecules at the solid-liquid electro-
chemical interfaces can also be monitored by the operando
FTIR investigation. Su and co-workers have investigated the
structural evolution of reactive centers for oxygen reduction
at the solid-liquid electrochemical interface.'”” Related
transformations of reactive intermediates are also detected
over a single-atom Ni catalyst (Ni;-NC) (Figure 8 f-j). As
confirmed by the operando FTIR results, the intensities for
the absorption band at 908 cm ™' increase with the decrease of
the operation potential, indicating the generation of a crucial
intermediate over Ni;-NC during the oxygen reduction
process. Besides, the new absorption band appearing at about
3465 cm ! should be ascribed to the stretching mode of the
hydroxyl radicals (OH*), indicating the adsorption of water
molecules over the reactive sites. The band intensity for the
adsorbed OH* increases quickly with the decrease of the
applied potential. The authors conclude that the adsorbed
OH* species may locate at the N/C sites that surround the
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isolated Ni sites and thus devote to the generation of the 6. Conclusions and prospects
essential O* intermediates during the catalytic process.
With unparalleled geometric and electronic structures,
SACs have undergone great progresses in the past ten years
and delivered fascinating performance in heterogeneous

www.angewandte.org © 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH  Angew. Chem. Int. Ed. 2021, 6o, 13177-13196


http://www.angewandte.org

GDCh
~~

catalysis. SACs have also provided an elegant platform for
bridging the homogeneous and heterogeneous catalysis by
offering the homogeneously dispersed reactive centers over
heterogeneous supports. Our comprehensions of SACs have
been rapidly developed from the aspects of catalyst con-
struction, characterization, performance evaluation, and
mechanistic interpretation. However, despite the initial
success obtained, there exist many challenges in the develop-
ment and application of SACs. Some future perspectives,
research directions, and possible solutions for addressing the
existing challenges are elaborated as below:

1)

2)

3)

Angew. Chem. Int. Ed. 2021, 6o, 1317713196

Improving the loading contents of the isolated reactive
centers of SACs is crucial to meet the requirements of real
applications for heterogeneous catalysis, and is also one
major challenge for the development of SACs. Thus,
increasing the number of anchor sites and boosting the
anchoring capability by strengthening the metal-support
interaction are highly desirable for the construction of
SACs. In addition, designing SACs with a particular
configuration represents an efficient strategy to optimize
and improve the catalytic performance of SACs. The
modular strategy for constructing SACs can guarantee the
basic geometry of the reactive centers and is thus highly
recommended.”” Furthermore, machine learning based
design strategies become a new trend and might offer
some guidelines for synthesizing catalyst with high effi-
ciency, and should also be introduced with care in the
production of SACs in large scale.!'”’!

Research towards regulating the coordination sphere of
SACs is still in its early stage. Modifying the first
coordination sphere of the reactive centers with heter-
oatoms holds great promise for further exploring the
intrinsic activity of the reactive centers. Besides, adjusting
the coordination numbers of the reactive centers also
represents an elegant approach for modulating the
catalytic performances. As many catalytic reactions in-
volve complicated multistep reaction processes, the coor-
dination sphere is an important factor for activating the
intermediates. The electronic coupling between the iso-
lated centers and coordinated atoms, as well as the related
catalytic activation of nonmetallic atoms, should be
emphasized in future research.

In the past years, characterization technologies for SAC
have also undergone rapid development, which can
provide more detailed information for the overall struc-
ture of the SACs. The existence of the defects in the
supports has been precisely characterized and the gen-
eration of new defects with the introduction of the isolated
active centers is under intensive investigations. However,
there are still many challenges in controlling the amount
of defects and quantifying defects and the related positive
effects on SACs. Thus, it is of vital importance to quantify
these defects by using combined technologies and estab-
lish the relationship between the catalytic performances
and the defects existed. Moreover, tracking the evolution
of defects and conducting real-time observation for
defects under the reaction conditions are very helpful
for figuring out the strong electronic coupling between
defects and the isolated reactive centers and a deeper

Minireviews

4)

5)

6)

7)

Internati

understanding on the nature of SACs. Lastly, the contri-
bution of defects for the catalytic performance should be
recognized and quantified if possible, and it is likely that
some defects can even serve as the real active centers.
Although tremendous attention has been devoted to the
development of SACs, only a few reports are related to the
construction of di-nuclear and multi-nuclear species
decorated on the heterogeneous supports. The gap be-
tween well-established particle-based catalysts and SACs
is still very obvious. The recently developed atom by atom
strategy for constructing the atomically precise metal
clusters holds great promise for bridging the SACs and
particle-based catalysts."””) With the development of this
sub-field, the new concept of single-cluster catalysts has
emerged and should be developed as a new research
frontier in heterogeneous catalysis. Although SACs rep-
resent the maximized atomic utilization, it does not
necessarily mean the optimized catalytic performance
for particular reaction types. Sub-clusters with the size
below 1nm are also characterized by the high atomic
utilization and strong quantum effect.! Research along
this direction will offer new comprehension on the
structure—activity correlations. The achievements would
certainly benefit the whole heterogeneous catalysis com-
munity.

Although intensive studies have been conducted for
exploring energy conversions, more attention should be
devoted to expanding the application of SACs in even
broader areas, especially for those important industrial
conversion processes. Fe and Co nanoparticles are widely
applied for the Fischer-Tropsch synthesis in thermocatal-
ysis. However, the application of SACs in this area is
rather limited. Isolated Co or Fe centers might provide
higher selectivity and activity in the Fischer—Tropsch
reaction. Besides, Pt particles decorated zeolites have
been proved as efficient catalysts for heavy oil hydro-
cracking. Pt-based SACs or isolated clusters should be
developed and evaluated for the application of hydro-
cracking.

The synergetic effects of experimental investigations and
DFT calculations greatly advance the development of
catalysis. Generally, the theoretical calculations are con-
ducted within the concept of potential energy surface, in
which the simplified structural models are considered
under idealized conditions in a stationary state. With the
rapid development of computational technology, the
simulation for the particular reaction types with more
precise structural models under realistic conditions should
be made available, which will provide more comprehen-
sive understanding on the structural nature and related
reaction mechanism. Moreover, the progress in the data
science makes the application of big data strategies for
discovering the underlying structure-performance rela-
tionships possible, which provides us great chances to
predict the catalytic performances for screened materials
and finally affords an elegant platform for designing and
developing new catalysts.

As demonstrated by recent studies, operando XAFS and
FTIR techniques have been performed as powerful tools
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for monitoring the evolution of reactive centers at
molecular level. The obtained results emphasize the
complexity of the mechanisms for various catalytic
reactions. However, all these progresses are still far from
the full comprehension of the nature of reactive centers.
Many energy conversion processes involve multi-step
reactions with unidentified reactive intermediates, unclear
real active centers and unconfirmed reaction mechanisms,
which greatly hinder our overall comprehension of the
SACs and the energy conversion process. Thus, integrated
operando characterization technologies with special reac-
tion cells are urgently needed towards the comprehensive
understanding of the reaction and revealing the nature of
reactive centers. For example, combining the XAFS
technology with the X-ray photoelectron spectroscopy
and Raman techniques in the operando investigations may
gain more comprehensive clues for the structural evolu-
tion, which are highly related to the coordination geom-
etry, oxidation state and related reaction intermediates.
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