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ABSTRACT: Single atom catalysts (SACs) have been attracting
extensive attention in electrocatalysis because of their unusual
structure and extreme atom utilization, but the low metal loading
and unified single site induced scaling relations may limit their
activity and practical application. Tailoring of active sites at the
atomic level is a sensible approach to break the existing limits in
SACs. In this review, SACs were first discussed regarding carbon or
non-carbon supports. Then, five tailoring strategies were
elaborated toward improving the electrocatalytic activity of
SACs, namely strain engineering, spin-state tuning engineering,
axial functionalization engineering, ligand engineering, and
porosity engineering, so as to optimize the electronic state of
active sites, tune d orbitals of transition metals, adjust adsorption
strength of intermediates, enhance electron transfer, and elevate mass transport efficiency. Afterward, from the angle of
inducing electron redistribution and optimizing the adsorption nature of active centers, the synergistic effect from adjacent
atoms and recent advances in tailoring strategies on active sites with binuclear configuration which include simple,
homonuclear, and heteronuclear dual atom catalysts (DACs) were summarized. Finally, a summary and some perspectives for
achieving efficient and sustainable electrocatalysis were presented based on tailoring strategies, design of active sites, and in
situ characterization.
KEYWORDS: Electrocatalysis, Single atom catalysts, Strain, Spin-state tuning, Axial functionalization, Ligand, Porosity,
Dual atom catalysts

INTRODUCTION
With the increasing concern for the environment and energy
crisis, it is imperative to develop a clean and sustainable energy
map.1−3 Electrocatalysis has drawn intensive attention to many
kinds of electrocatalytic conversions and chemical productions,
such as the hydrogen evolution reaction (HER), oxygen
evolution reaction (OER), oxygen reduction reaction (ORR),
CO2 reduction reaction (CO2RR), and nitrogen reduction
reaction (NRR).4−9 The efficiency of electrocatalysis largely
depends on the dynamics of these electrocatalytic reactions.
Therefore, it is critical to design and construct a suitable
electrocatalyst to alleviate the reaction energy barriers and
elevate the reaction dynamics so as to achieve a highly efficient
electrocatalysis energy path.10−12 Generally, the transition metal
electrocatalysts, especially noble metal nanoparticles, stand for a
main category exhibiting excellent intrinsic activity.13−15 Over
the last decades, the high cost and scarce reserve of noble metals
drive the development of the single atom catalysts (SACs),
which is an ideal alternative to nanoparticles.7,16−19 In addition
to high atom utilization efficiency, SACs possess a well-defined

structure for the catalytic site which is easy to use for model
simulation and mechanistic study. The uniform structure also
allows high electrocatalytic activity and selectivity, as demon-
strated in a wide range of electrocatalytic applications.20−22

Isolated single atoms such as active sites unfold another research
dimension and promote the development of electrocatalysis.

Although SACs bear various benefits from their unusual
structure, they may suffer from some drawbacks.23,24 In general,
single atoms tend to aggregate during synthesis and reaction
processes, and adopting low metal loading in final catalysts is a
common strategy to avoid the aggregation in reported SACs.
Nevertheless, a high catalyst loading is necessary to realize a high
overall electrocatalytic performance, which can potentially lead
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to a mass-transport issue. Although there are recent reports
about the increased metal loading above 5 wt % in SACs by
adopting sophisticated methods in lab scale,25−28 the low metal
loading and unsatisfactory metal site density are still the main
challenges, and this is a long way from industrial applications,
especially for traditional approaches such as wet chemistry
based, simple high temperature pyrolysis, and atomic layer
deposition.21,29−32 On the other hand, a strong bond between
isolated single atoms and supports can also contribute to the
stability of SACs, but this strong interaction may also affect the
electronic states of single atoms. Such an interaction can induce
an electron-donation frommetal atoms to supports, which yields
more oxidic single atoms and manifestly alters the intrinsic
activity. Lastly, the catalytic reactions always involve multiple
steps and various intermediates, but the linear scaling relation-
ship among the adsorption energy of intermediates can be
significant when there is only one well-defined single atom

configuration as active sites.33 For example, considering the
various key intermediates in the CO2RR, such as *COOH,
*CHO, *COH, and CO*, it is a dilemma to produce CO
requiring a strong interaction of intermediates but a low
desorption energy of CO.

To overcome these drawbacks and maximize the efficiency of
SACs in electrocatalysis, it is critical to adopt realistic strategies
and precise control to rationally manipulate the physicochemical
properties of SACs in order to achieve high metal site density,
suitable d-band center of active atoms and optimal binding
strength with intermediates, fast electron communication with
supports, high mass diffusion capability, and positive synergistic
effect with adjacent atoms. Including the tuning of active sites
and engineering of geometric structure, various approaches have
been proposed over the past decades to modify the SACs at the
atomic level.34−37 For instance, the induced strain can
considerably affect the electronic structure of single atoms.38

Figure 1. Schematic illustration of SAC synthesis on carbon or non-carbon supports. (a) Ir SACs based on MOF.19 (b) Pt SACs based on a
polymer.48 (c) Fe SACs based on g-C3N4 with an EXAFS fitting curve.

53 (d) Co SACs based on CNTs.50 (e) PtCu−SAA via a galvanic
replacement reaction.57 (f) Au/NiFe LDH SACs via the electrodeposition method.63 (a) Reproduced with permission from ref 19. Copyright
2019 Wiley-VCH. (b) Reprinted with permission from AAAS and distributed under a Creative Commons CC BY-NC 4.0 License from ref 48.
Copyright 2018 the Authors, some rights reserved; exclusive licensee AAAS. (c) Reproduced with permission under a Creative Commons CC
BY License from ref 53. Copyright 2020 the Authors. (d) Reproduced with permission from ref 50. Copyright 2021 Wiley-VCH. (e)
Reproduced with permission under a Creative Commons CC BY License from ref 57. Copyright 2019 the Authors. (f) Reproduced with
permission from ref 63. Copyright 2018 American Chemical Society.
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Furthermore, the ligand engineering can be applied to adjust the
chemical state of single atoms via an electron-donating or
withdrawing design.36,39 For the low metal loading of SACs, the
dual atom catalysts (DACs) with a configuration of atomic pairs
may be a suitable solution to increase the metal loading.23

Meanwhile, the presence of adjacent metal atoms not only
affects the electronic state of the original single atom but also
provides neighbor active sites. Although some reviews have
already summarized the progress of SACs, there is still a lack of a
comprehensive understanding of structure reactivity relation-
ships at atomic levels, and more efforts are needed toward
reasonable design and precise regulation of active sites to
overcome the drawbacks of SACs.17,21,40,41

This critical review will first feature SACs based on
classifications of carbon and non-carbon supports, followed by
the exploring of five tailoring strategies with regard to electronic
and geometric configurations to overcome the limitations of
SACs, namely strain engineering, spin-state tuning engineering,
axial functionalization engineering, ligand engineering, and
porosity engineering. The synergistic effect on active sites and
realization of dual atom catalysts (DACs) by introducing
another atom were also inspected with respect to three
categories, simple, homo-, and heteronuclear DACs. Lastly, a
brief summary was presented with specific focus on the
development of SACs, various tailoring engineering, and the
progress of DACs with pair atoms. The existing problems and a
possible future direction are also suggested.

RECENT ADVANCES IN SINGLE ATOM
ELECTROCATALYSTS
Since the report of Pt SACs a decade ago,42 significant progress
has been achieved to obtain various precious metal SACs with
maximum atom efficiency and robust electrocatalytic activity,
especially in the kinetic sluggish ORR and CO2RR processes.
The support is essential for SACs as it not only provides the
matrix to immobilize single atoms but also tunes the electronic
state of single atoms via the control of bonding and
coordination.20 Here, we discussed the SACs based on carbon
or non-carbon supports (Figure 1). On the one hand, carbon-
based materials have been widely applied as supports, such as
carbon nanotubes (CNTs), graphitic carbon nitride (g-C3N4),
metal−organic framework (MOF) derived carbon, and polymer
derived carbon. This is due to their high surface area, high
conductivity, strong interaction with single atoms to manipulate
its electronic structure, and easy functionalization by O, N, S,
and P atoms. On the other hand, non-carbon substrates have
gained increasing attention because of the ample choices of
diverse materials with adjustable physicochemical properties,
flexible structures and compositions, and high tolerance in harsh
conditions.17

DESIGN AND SYNTHESIS OF SACS
Carbon-Based SACs. Based on the self-assembled coordi-

nation of metal nodes and ligands, together with tunable ligand
type and tailorable morphology, MOF derived SACs demon-
strated a great potential toward excellent electrocatalytic
applications.21,43 Yin et al. reported a facile pyrolysis of
bimetallic Zn−Co zeolitic imidazolate frameworks (ZIF-8)
with up to 4 wt % Co loading, which endows superior ORR
activity and outstanding stability for at least 5000 continuous
potential cycles.44 By an encapsulation approach in MOFs, Xiao
et al. synthesized the Ir−N−C SACs with ZIF-8 (cage and pore

size diameters of 11.6 and 3.4 Å) as a host and encapsulated the
Ir acetylacetonate molecule (diameter of 9.7 Å) as a guest
(Figure 1a).19 The Ir−N−C SACs displayed an excellent ORR
performance and durability with no obvious decay after 5000
cycles. In order to improve the mass transport and expose more
active sites, a two-dimensional MOF was exfoliated from bulk
pillared-layerMOFs, showing efficient OER activity.43 The pillar
removal and exfoliation were based on an induced bent bridging
angle and the lower strength of coordination bonds than
covalent bonds.45 Containing abundant heteroatoms as
coordination centers, the polymer can also serve as the carbon
precursor.40 For example, a precursor-dilution method was
proposed byHe et al. to synthesize variousM1/N−CSACs up to
24 types (M = Mn, Co, Cu, Ru, Pd, Ag, and so on).46 The
tetraphenylporphyrin (TPP) chelated with metal cations,
together with the parent TPP as the diluter to be copolymerized
via Friedel−Crafts alkylation to form SACs with sufficient
distance avoiding aggregation. Han and co-workers reported a
polymer encapsulation strategy with only using dopamine to
generate SACs showing nanosphere morphology.47 The
obtained Co SACs showed great durability with a slight decay
after 5000 continuous cycles in the ORR. Including dopamine,
Lou et al. added polystyrene-block-poly(ethylene oxide) (PS-b-
PEO) as a sacrificial agent to form a porous nanosphere (Pt@
PCM) with isolated Pt single atoms (Figure 1b).48 The stability
of Pt SACs was measured with no deactivation within 5 h during
the I-t test in both acidic and alkaline conditions. Besides MOFs
and polymers, CNTs, g-C3N4, and defective graphene are also
reported as carbon substrates. Through the π−π interaction
(Figure 1d), the macrocyclic ligands chelated with metal sites
can anchor on CNTs and graphene as single atom sites for the
electrocatalytic reaction, such as the 1,10-phenanthroline-Cu
complex.49,50 In order to enhance the delocalized π electron
orbital and π−π interaction, Sun et al. adopted a planar
configurated 4-macrocyclic ligand on CNTs endowing a great
CO2RR performance.51 Parallel to the stronger π−π interaction
with CNTs, the enlarged π-conjugation of the ligand can further
perturb the electron state of metal sites and boost the CO2RR.50

The single atom isolated on C3N4 can be synthesized via the
simple mixing of porous C3N4 andmetal precursors, followed by
NaBH4 reduction or the pyrolysis process (Figure 1c).52,53 This
can be attributed to the strong coordination properties of N sites
with metal ions and a confined environment to repress the meal
agglomeration. The synthesized FeN4 SACs displayed good
stability with an acceptable attenuation during a 24-h test. Using
the atomic layer deposition (ALD) technique, Co SACs with 1
wt % loading can be successfully synthesized on the g-C3N4
substrate with bis(cyclopentadienyl)cobalt as the Co precursor
and the unsaturated N atoms as metal anchor sites.54 During the
ALD process, a short O3 treatment at 150 °C was necessary to
remove surface ligands. The HAADF-STEM and XANES
characterizations confirmed the isolated Co atoms and CoN4
configurations. Meanwhile, Pd SACs loaded on the graphene
support with 0.25 wt % loading can also be synthesized via the
ALD approach after one cycle with palladium hexafluoroacety-
lacetate as the Pd precursor and surface phenolic oxygen species
on graphene as metal anchor sites.55 Over a thermal emitting
method, the defective graphene substrate was based to generate
Pt SACs exhibiting superior electrocatalytic activity.56 During
the thermal process, the dicyandiamide was first decomposed to
release NH3, followed by the formation of volatile Pt(NH3)x via
strong interaction of NH3 and Pt net. The defects can be created
by removing oxygen groups on graphene oxide, which can
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Figure 2. Engineering of SACs with tensile surface strain or compressive strain. (a) Schematic illustration of Ru SAC construction with tensile
stress, (b) free energy profiles for hydrogen adsorption, and (c) ECSA-normalized polarization curves for Ru SACs.73 (d) Side view and top view
of the charge density difference of Cu SACs with different strains and (e) structure distortion of Cu sites at various stages of the ORR.77 (f)
Schematic illustration of D-Fe SAC with compressive strains, (g) charge density difference diagrams of Fe SACs with electron accumulation or
depletion highlighted by yellow or cyan, and (h) half-wave potentials and kinetic current densities (0.9 V vs RHE) of Fe SACs in 0.1 M KOH.81

(i) Schematic illustration of the fixation and activation of N2 on active sites with twomodels and (j) simulatedΔGwith varying extra strain from
−3 to 3% on Mn SACs with g-N3C1 and g-N1C3 two configurations.

82 (a-c) Reproduced with permission under a Creative Commons CC BY
License from ref 73. Copyright 2021 the Authors. (d-e) Reproduced with permission under a Creative Commons CC BY License from ref 77.
Copyright 2021 the Authors. (f-h) Reproduced with permission from ref 81. Copyright 2021 Wiley-VCH. (i-j) Reproduced with permission
under a Creative Commons CC BY-NC-ND 4.0 License from ref 82. Copyright 2021 American Chemical Society.
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capture volatile Pt(NH3)x and finally form Pt SACs. The
excellent durability was demonstrated for Pt SACs with
negligible change after a 24-h chronoamperometry test in an
acidic solution for the HER.
Non-Carbon-Based SACs. The alloying strategy is an

efficient way to anchor isolated atoms via strong interaction with
host metals to enhance the catalytic activity. Ru−Pd alloying
SACs were reported via the wet chemical method, and Pt−Cu
alloying SACs were synthesized via a galvanic replacement
reaction (Figure 1e).57,58 Due to the Lewis acidic properties of
some metal oxides, such as Al2O3 and Cr2O3, they are also
potential candidates as supports for SACs. Cu SACs were
constructed on a Lewis acidic support owing to the strong
interaction and tunable electronic states of active sites.59 The
unaffected structure of the ultrathin nanosheet was verified by
HRTEM manifesting considerable durability. Owing to
enormous vacancies in amorphous materials, they can act as
supports or even electrocatalysts displaying superior activity in
comparison to the one with the crystalline structure in
electrocatalysis.60 Recently, Zhang et al. reported a Ga SACS
immobilized on amorphous TiO2 nanofibers expressing
excellent N2RR performance and structure stability in
combination with a “π back-donation” behavior of d-block
metals for easy activation of N2 and a nature of stronger
adsorption of N2 than H2 for p-block metals. The abundant
oxygen vacancies in amorphous TiO2 acted as anchor sites for
single Ga atoms.61 Metal hydroxides, especially layered double
hydroxides, can be a suitable support for SACs due to their
distinctive electronic properties and layered structure.62 Zhang
et al. achieved a 6-fold enhancement for OER activity with the
synthesis of Au SACs on the NiFe layered double hydroxide
(LDH) (Figure 1f).63 The Au/NiFe LDH expressed out-
standing activity and durability for the OER with no decay after
2000 continuous cycles. Metal chalcogenides, carbides, nitrides,
and phosphides are another large tank to gain substantial
attention.17 Cao et al. studied the Ru doping on 2D MoS2 to
form Ru SACs accompanying MoS2 phase transition and
vacancy formation.18 Zhang et al. applied a tunable electro-
chemical deposition method to immobilize Pt metal on CoP-
based nanorod arrays in neutral media to realize a large area and
scalable synthesis.64,65 The Pt SACs can maintain the optimized
performance with four times higher mass activity than Pt/C in
the HER for 24 h. Using this powerful electrochemical
deposition method, Zeng et al. reported a successful synthesis
of Ir SACs on Co(OH)2 based on either cathodic or anodic
deposition with IrCl3+ cations or Ir(OH)62− anions as
deposition species, respectively.66 The metal loading can be
varied by precursor concentration, scanning cycles, and scanning
rate. The obtained SACs displayed excellent activity and long-
term stability for water splitting with cathodically deposited Ir
SACs for the HER and anodically deposited Ir SACs for the
OER. Different activities of two Ir SACsmay be derived from the
different oxidation states and coordination of metal centers.

ELECTRONIC AND GEOMETRIC TAILORING
ENGINEERING
Strain Engineering. The energy level of adsorbates or

intermediates on the catalyst surface with respect to one another
is correlated to the activity of catalysts.67 The strain effect is a
practicable strategy, which can be triggered by lattice mismatch,
compressive strain, or tensile strain to change the bond length.68

Its application has already been rationalized to optimize the
electronic state of active sites and manipulate the adsorption

nature to achieve a positive effect on electrocatalytic activity.38 It
was considered as a long-range effect with a penetrating length of
a few atomic layers.69 Generally, microstrain was commonly
induced by the mismatch of lattice or other associated structure
defects, and strain engineering can be implemented via core−
shell structure design,70 dealloying strategy,71 or even
mechanical loading.72 Herein, two common strain engineering
strategies on SACs were discussed as tensile surface strain or
compressive strain, induced by curvature design or lattice
mismatch (Figure 2).

Kang et al. carried out an experimental inspection and density
functional theory (DFT) calculation of the strain effect on
single-atom Ru isolated on a MoS2 support with the precisely
tailored tensile stress via a curvature design (Figure 2a).73 After
applying tensile surface strain, the water adsorption energy
significantly dropped on both isolated Ru atoms and adjacent
Mo sites, showing a greater overlap between metal 3d orbits and
2p orbitals of adsorbed oxygen. Therefore, it will be of benefit to
the dissociation of H2O, and the energy barriers of the Volmer
step will be decreased. Furthermore, the free energy of hydrogen
adsorption was obviously reduced, which can induce a more
efficient H−H coupling and better HER performance with a
much lower Tafel slope and lower overpotential at E10 (10 mA/
cm2) for the most strained Ru/MoS2 compared to the
counterparts with less and no strain (Figure 2b,c). This indicates
that the intrinsic catalytic activity is highly related to the strain
effect on the Ru electronic structure. The molecular level
modification of the linker in MOFs can significantly affect its
properties, and a tensile strain was reported in a two-
dimensional MOF after partial substitution of terephthalic
acid linkers by ferrocene carboxylic acid (FcCA).74,75 With the
coordination of FcCA to two adjacent Co moieties, the tensile
strain was generated leading to a regulation of the Co spin state
from a high state (t2g5eg2) to a medium state (t2g6eg1), which can
strengthen the adsorption of OH* and facilitate the rate-
determining step of the formation of OOH* in the OER.
Recently, Luo et al. reported Rh SACs via an atomic galvanic
replacement method, and the tensile strain was introduced by
the formation of atomic-layer-thick Pt shells via a subsequently
electrochemical dealloying treatment.76 The synthesized tensile-
strained Rh SACs expressed significantly enhanced activity and
stability for the ethanol oxidation reaction (EOR). The
characterization of the Rh chemical state and DFT calculation
revealed that the enhancement was derived from the stronger
adsorption of ethanol and intermediates, especially for the
CH3CHO intermediate with the avoidance of the poisoning of
electrocatalysts. Furthermore, the optimized adsorption nature
of active sites stemmed from the tensile strain induced electron
transfer from the matrix to Rh atoms and regulation of the d-
band center of metal atoms toward the Fermi level.

During the electrochemical reaction process, the active sites
may experience a distinctive dynamic evolution in terms of the
configuration and electronic state due to the new bond
formation via coordination with reactants and intermediates,
especially under a tensile-strained environment. With the help of
operando X-ray absorption fine structure (XAFS) character-
ization and DFT simulation, Han et al. demonstrated that the
tensile strain has a significant effect on geometry distortion of
active sites and further on its intrinsic ORR activity for designed
Cu SACs (Figure 2d).77 The Cu SACs with a CuN2C2
configuration were synthesized on three carbon-based substrates
with different curvatures and surface tensile: graphene (mild
strain) and CNTs with 8 nm (medium strain) and 4 nm
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diameters (severe strain).78 The high curvature induced strain in
carbon frameworks is supposed to be released due to
thermodynamic favor via structure distortion after the formation
of new metal−adsorbate bonds. Both operando XAFS analysis
and DFT calculation demonstrated this proof-of-concept. It
pointed out that the boosted ORR activity was derived from the
change of the chemical state of Cu and distortion probed by the
elongated bond length and angle after the formation of the Cu−
O bond with oxygenated species (Figure 2e); but the too mild
distortion has no visible enhanced Cu−O electron transfer,
whereas the too severe distortion will weaken the original
CuN2C2 interaction and impair the electron transfer.

Fe centers in macrocyclic compounds always present too
much of a strong adsorption nature, and the moderation of such
strong binding with molecules can lift its ORR performance.79,80

Adopting a self-assembled chiral surfactant, Jia et al. reported Fe
SACs on a carbon-based support with a helical structure and
high curvature induced compressive strain (Figure 2f,g).81 The
compressive strain was verified by the shortened Fe−N bond
length from EXAFS results. The obtained compressive-strained
Fe SACs granted a more positive onset potential from LSV
curves, faster kinetics from Tafel slopes for the ORR in both

alkaline and acidic electrolytes (Figure 2h), and higher power
density in zinc-air battery devices. The enhanced intrinsic
activity for the ORR is attributed to the weakened adsorption
strength with oxygenated intermediates to Fe sites, which
originated from the compressive strain causing larger Bader
charge and a downshift of the d-band center for Fe sites. In the
NRR process, the control of the adsorption nature and d-band
center via strain engineering is also ameaningful strategy. From a
theorical perspective, Li et al. simulated compressive and tensile
strains by the creation of concave and convex regions via varying
the lattice parameters within a range of −3 to 3% on 2D Mn
SACs (Figure 2i,j).82 The DFT simulation mainly focused on
two critical steps: the adsorption of N2 and first protonation of
*N2 to *NNH. It revealed that only an extra compressive strain
can bring a decrease of the d-band center energy of Mn sites,
which will boost NRR activity due to the rising of a stronger
adsorption of N2 and a decrease of Gibbs free energy changes for
the first protonation process. For the Ru-based OER catalyst in
acidic conditions, the sluggish activity and dissolution problem
are the main challenges.83 The issues are highly relevant to the
metal redox state, the bonding strength of adsorbed oxygen, and
oxygen diffusivity.84 In order to obtain more insights and solve

Figure 3. Engineering of SACs with the spin-state tuning strategy. (a) The synthesis process of Fe SACs and spin-state tuning of FeIII, (b) 57Fe
Mössbauer spectroscopy with D1 and D2 peaks assigned to medium- and low-spin FeIII, and (c) 1/χm plots.90 (d) Crystal structure of spinel
ZnCo2O4 with Co in octahedral sites, (e) illustration of the Co3+ spin state and Co−O−Co spin channel with the rising of the cobalt spin state,
(f) the octahedra distortion, (g) temperature-dependent magnetization characterizations of the as-prepared samples at H = 1000 Oe, and (h)
the ratio of high and low spin state Co3+ calculated based on the effective magnetic moment.92 (a-c) Reproduced with permission from ref 90.
Copyright 2022 Wiley-VCH. (d-h) Reproduced with permission from ref 92. Copyright 2021 Wiley-VCH.
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such challenges via compressive strain engineering, Yao et al.
designed Ru SACs located on a PtCux alloy to investigate the
compressive strain effect on its OER activity under acidic
conditions.85 The sequential acid etching and electrochemical
leaching treatment were adopted to precisely vary the substrate
lattice parameter following Vegard’s law and induce compressive
strain.71,86 The applied strain on Ru SACs not only optimized
the oxygen binding affinity with the upshift of the d-band center
of Ru toward the Fermi level but also suppressed the
overoxidation of surface Ru during the OER with the alloys
acting as electron tanks. Therefore, the regulation of binding
strength and Ru electron states contributed to a volcano peak of
Ru/Pt3Cu SACs, showing a much lower overpotential and
higher catalyst stability in comparison to commercial RuO2.
Spin-State Tuning Engineering. An important catalytic

descriptor for transition metal electrocatalytic materials,
especially Fe, Co, and Ni, is that they possess partially filled d
orbitals, which enable them to have a variable oxidation state and
coordination configuration.34 This makes them a suitable
catalytic candidate to bind and activate molecules. The well-
known Sabatier principle points out that mild binding energy is a
prerequisite for high activity.87 Therefore, the induced foreign
electrons into unoccupied d orbitals can moderate the binding
strength with adsorbate and adjust the electrocatalytic activity.
Toward that, considerable efforts have been devoted to

exploiting the regulation of electronic structure and control of
electron spin state. Herein, two examples of the adjustment of Fe
and Co spin states were presented (Figure 3). First, FeIII has
three classified spin states with low spin state (t2g5 eg0), medium
spin state (t2g4 eg1), and high spin state (t2g3 eg2).

88 Themedium
configuration with one electron in the antibond orbital of dz2
renders a moderate interaction with both O2 and resulting
intermediates through the penetration into the antibond π-
orbital of oxygen, but for the low or high spin state, the
interaction is either too strong or too weak.89 As a proof-of-
principle, Wang et al. designed a structure with an axial Fe−O−
Ti bridge bond on top of FeN4−O−Ti and FeN3O−O−Ti
(Figure 3a).90 The FeIII spin state was tuned to the medium spin
state from the low state as verified by Mössbauer spectroscopy
and temperature-dependent magnetization results (Figure
3b,c). It exhibited a significant drop in the reaction energy
barrier from 3.05 to 0.76 eV for the rate-determining step of *O
to *OH based on DFT calculations for the ORR. Recently, the
comparatively weak OER performance of ZnCo2O4 was
illustrated due to its intrinsic semiconductor property, as the
Co3+ active sites in octahedral structure present a solely low spin
state (t2g6 eg0) and localized electronic structure (Figure 3d).91

Later on, Xu et al. reported a state-of-the-art and facile spin state
tuning strategy to obtain a robust electrocatalyst ZnCo2O4,
which shows high potential to address the slow kinetics and large

Figure 4. Engineering of SACs with axial functionalization. (a, b) PCo immobilized on graphene with or without diphenyl sulfide
functionalization, (c) current density in differential pulse voltammograms for [PCo]− to PCo oxidation, (d) Faradaic efficiencies of CO
production, and (e) a possible electron transfer pathway.37 (f) Immobilization of CoIICNPY onCNTswith diverse ligand axial functionalization
and (g) free energy profiles for the CO2RR.

102 (a-e) Reproduced with permission from ref 37. Copyright 2020 Wiley-VCH. (f-g) Reproduced
with permission from ref 102. Copyright 2021 Wiley-VCH.
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overpotential in the OER.92 With the facile control of synthetic
calcination temperature, the octahedral lattice distortion was
observed, and the configuration can be transformed from the
low spin state to the medium (t2g5 eg1) and high (t2g4 eg2) spin
states with controllable proportion (Figure 3e-h). This will
propagate the delocalization of the electron and a spin-selected
charge transport channel between Co and coordinated O from
reactants. In addition, the unpaired electrons will also enhance
the adsorption of molecules and reduce the reaction energy
barrier.
Axial Functionalization Engineering. Macrocyclic com-

plexes with one or more atoms on a single site anchored on
supports are traditionally regarded as single site heterogeneous
catalysts. They are included in this review as they bear similar
metal sites as general SACs in terms of atomic configuration,
whereas they show an advantage in terms of overall structure
uniformity of catalytic sites compared to general SACs.22,93 The
axial functionalization, such as doping and polymer modification
to generate an axial coordination, is demonstrated to be vital for
macrocyclic complexes in electrocatalysis for the enhancement
of catalytic activity, e.g., for CO2 reduction.94−96 Herein, the
axial engineering mainly focused on the electrocatalysts based
on macrocyclic complexes with mononuclear atoms serving as
active sites in electrocatalysis. Kramer et al. studied a polymer
functionalization of cobalt phthalocyanine, exhibiting a

significant enhancement for CO2RR activity due to the formed
axial coordination configuration with a polymer.97 Generally,
porphyrin and phthalocyanine complexes exhibit a better proton
reduction over CO2 reduction in aqueous solutions. However,
the Faradaic efficiency of H2 can be significantly suppressed in
the case of cobalt phthalocyanine via a formation of the Co−N
axial coordination to pyridine. The reason was that the axial
coordination can reduce Co(II) to a more nucleophilic Co(I),
promote its binding with the Lewis acid CO2, and enhance
CO2RR activity while suppressing proton reduction.

Wang et al. proposed an immobilization strategy for planar
Co(II)-2,3-naphthalocyanine complexes (NapCo) on graphene
by a doping treatment.96 The treatment to graphene with
sulfoxide and carboxyl dopants generates effectual sites to bind
NapCo via the formation of the Co−O bond along the axial
direction rather than pyridinic and pyrrolic N dopants which
deliver weak van der Waals interactions. The intrinsic activity
then can be improved via such an axial coordination formation
and immobilization.94,97 With the implementation in the
CO2RR under KHCO3 solutions, the sulfoxide doped NapCo
displays a much better efficiency than pristine NapCo, with
67.5% to 97% CO2 Faradaic efficiency by varying the potential
from −0.4 to −0.8 V. In addition, the charge transfer from the
graphene substrate to Co sites was enhanced due to axial
coordination, which was proved by a higher redox current of Co

Figure 5. Engineering of SACs with ligandmodification. (a) Schematic illustration of ZIF-8 doped by electron-donating phenanthroline and (b)
free energy diagrams for the CO2RR on doped ZIF-8.

39 (c) NiPc complex structure models with various substituents and (d) free energy
diagrams for the CO2RR showing the lowest barrier of NiPc with the electron-donating −NH2 group.

108 (e) Schematic presentation of the
ligand-induced conversion method and (f) the electrocatalytic activity in the OER before and after ligand modification.117 (a-b) Reproduced
with permission from ref 39. Copyright 2019 Wiley-VCH. (c-d) Reproduced with permission under a Creative Commons CC BY License from
ref 108. Copyright 2021 the Authors. (e-f) Reproduced with permission from ref 117. Copyright 2021 Wiley-VCH.
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ions via the CoSO4/KCl probe.98 It is well-known that the
electron transfer between macrocyclic complexes and carbon
substrate is critical in electrocatalysis, which can be amended via
the molecular configuration, electron conjugation, and axial
coordination. Recently, Wang et al. further realized the
significant enhancement of electron transfer via the axial
functionalization strategy by adding the diphenyl sulfide ligand
as a relay molecule (Figure 4a-e).37 The authors disclosed that
the electrocatalyst with tetraphenylporphyrin cobalt (PCo)
immobilized on graphene via π−π stacking showed a poor redox
activity for the CO2RR, but the axial insertion of diphenyl sulfide
between PCo and graphene yielded a higher current density and
outstanding CO production (Figure 4c,d). Such a high
performance stems from axial coordination which induced a
stronger π−π stacking interaction and better electron transfer. It
was recognized that the porphyrin plane of the PCo on graphene
tilted its tetraphenyl groups ∼40° due to the steric effect of the
neighboring porphyrin ring, but a face-to-face stacking
configuration was established after axial modification with a
much stronger π−π interaction from the relay molecule (Figure
4a,b). Thus, an enhanced electron transfer was achieved,
resulting in higher CO2RR activity.99,100 Later, with the view
that carbon-based substrates normally contain multiple func-
tional groups and it is difficult to identify the main contributor,
Sun et al. immobilized cobalt complexes on CNTs covalently
functionalized with specific groups to discern the main
contributor for enhanced CO2RR activity.101,102 The axial
coordination of Co to N in pyridine exhibited higher CO
Faradaic efficiency and lower energy barriers than pristine, O-, S-
functionalized pyridine in the CO2RR (Figure 4f,g). Such an
axial coordination enables the electron transfer to Co atoms and
an increase of electron density as verified by XPS, leading to a
stronger σ bond of Co−N.

Recently, Liu et al. summarized the axial coordination effect
on SACs with a combination of experimental and theorical
analyses with respect to the functionalization by chalcogen-,
halogen-, and nitrogen-containing ligands.103 Interestingly, axial
engineering of Fe−N−C SACs was realized via the coordination
of axial pyrrolic N in the N-doped graphene to FeN4 with the
formation of FeN5.

104 The FeN5 configuration was confirmed by
Fe K-edge XANES spectra and DFT calculations, which yields
significantly higher Faradaic efficiency in the CO2RR and partial
current density in comparison to FeN4 SACs. The fundamental
reason was revealed by theoretical analysis that the formed CO
would be trapped on FeN4 sites due to the strong binding,
whereas the strength would be weakened in FeN5 as the d
electron in Fe centers would be transferred into p orbitals of axial
pyrrolic N.
Ligand Engineering. The active sites with high electron

density can effectively promote the activation of the CO2RR,
because it can enhance the transfer of electrons from active sites
to the CO2 antibonding orbital and subsequently combine with
protons to generate the important intermediate *COOH.105,106

Thus, the strategy to increase the electron density of active sites
via ligand engineering is a possible pathway to elevate the
activity. By doping the strong electron-donating ligand (1,10-
phenanthroline) into ZIF-8, it enables an electron transfer to
adjacent sp2 C active sites. This can further facilitate the electron
injection into the CO2 antibonding orbital and realize the
efficient electrochemical CO2RR (Figure 5a,b).39 Nickel
phthalocyanine (NiPc) complex electrocatalysts suffer from
poor electrocatalytic activity and durability.107 With the
alternation of flexible ligands of the NiPc complex by electron-

donating moieties, Chen et al. unveiled a breakthrough in both
CO2RR activity and stability, especially using −NH2 groups
(Figure 5c).108 The strong electron-donating feature of amino
or hydroxyl groups yields a high electron density around the Ni
nuclei, strengthens its interaction with CO2, and reduces the free
energy change of intermediate *COOH formation (Figure
5d).109,110 Structural characterization illustrated that the Ni−N4
active sites can be hydrogenolyzed during the reduction process,
inducing a rupture of Ni−N4 coordination in Pc ligands and
formation of metal or its oxides. However, the appended
electron-donating group on the Ni−N4 ligands will induce an
increase of Ni−N4 reduction potentials, hamper its hydro-
genolysis, and improve its structural stability.110,111 Thus, good
CO2RR activity and stability can be coachieved via ligand
engineering induced electron donation into active sties.

To further support the distinction of electron-donating
moieties, an electron-withdrawing moiety tert-butyl group was
also introduced into the NiPc flexible ligand.108,110,112 As
expected, the electron density decreased, and both CO2RR
activity and CO Faradaic efficiency are worse than pristine NiPc,
NH2−, or −OH modified NiPc. In addition, Zhang et al. also
reported that the CO2RR efficiency was obviously decreased
after modification by strong electron-withdrawing cyano
(−CN) groups but improved by electron-rich methoxy group
modification.110 Mukerjee gave a fundamental illustration for
this phenomenon that eg-orbitals (dz2) exhibit a downshift due to
the electron-withdrawing effect and subsequently induced an
anodic shift of redox potential for metal active sites.80,113 As the
electrocatalytic performance is highly related to the metal redox
states, the electroreduction efficiency dropped accordingly.36

This ligand engineering and understanding of the mechanism
could be meaningful for the design of efficient catalysts for
electrocatalytic reduction processes, such as the ORR and
CO2RR, but in some cases, the electron-withdrawing group may
also bring a benefit from the electrocatalytic activity, such as in
the case of the layered double hydroxide with a strong
adsorption nature.114,115 As the interaction is too strong
between 3d-block metal sites and reaction intermediates, the
performance of 3d-block metal catalysts is always unsatisfactory
because of scaling relations.116 Applying ligand exchange from
the electron-donating −OH to the electron-withdrawing
terephthalic acid group for the NiCo layered double hydroxide,
Liu reported that the OER activity can be improved 5.7-fold
(Figure 5e-f).117 This improvement relies on the downshift of
the d-band of the Co−Nimetal active sites and the increase of its
electrophilicity after an electron-withdrawing ligand exchange,
which induced a moderation of binding strength and a decrease
of charge-transfer energy via a narrowed energy gap between
adsorbed oxygen and metal sites.
Porosity Engineering. The relatively limited pore size in

micropores of electrocatalysts and small openings with less than
2 nm, together with a noninterconnected porous structure, may
restrict the transport of protons and reactant molecules during
the reaction process and impair the electrocatalytic activity.118

Although the mass transport capability is usually not a concern
under low current density conditions in electrocatalysis, it is a
critical factor and can be more important than metal sites under
industry-relevant current density of over 100 mA per cm2.119,120

To overcome these drawbacks, porosity engineering has drawn
extensive attention, aiming to achieve a large specific surface area
with more exposed active sites, connected porous architecture
for easy electrolyte penetration, and enhanced mass transport.
Furthermore, the mesoporous structure can also facilitate the
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removal of formed metal nanoparticles in substrates during the
traditional acid etching process for the synthesis of SACs, which
is much harder for nonporous materials.121 The soft and hard
templates are two main strategies to achieve the desired porous

structure, but they still suffer from various issues, such as being
time-consuming, nonuniform, and complicated for the hard-
template process and costly and difficult to find suitable
surfactants for soft-template process.122 Thus, further efforts

Figure 6. Engineering of SACs with the porous structure by soft or hard templates. (a) Representation of the three catalysts with a controllable
pore system using the F127 soft template.124 (b) Schematic illustration of the mesoporous evolution varying soft-template ratio of P123/F127
and corresponding TEM images.35 (c) Synthesis mechanism for the porous structure via two routes of the ligand mixture.130 (d) SiO2 from
TPOS as a hard template to generate mesoporous hollow spheres and SEM images of particles (i) and (ii) before and (iii) and (iv) after
removing SiO2.

135 (a) Reproduced with permission from ref 124. Copyright 2019 American Chemical Society. (b) Reproduced with permission
from ref 35. Copyright 2018Wiley-VCH. (c) Reproduced with permission under a Creative Commons CC BY License from ref 130. Copyright
2022 the Authors. (d) Reproduced with permission from ref 135. Copyright 2016 American Chemical Society.
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are needed to explore a suitable strategy to overcome the
drawbacks and obtain a tailored porous structure for electro-
catalysis.123

Hyeon et al. designed a controllable pore size distribution
strategy using soft templates and comprehensively investigated
the individual contributions from mesopores and macro-
pores.124 The phenol and melamine resins are chosen as carbon
and nitrogen precursors to be copolymerized first, followed by
mixing with the F-127 polymer as the soft template.125 Then,
three ordered porous carbon Fe−N−C electrocatalysts were
synthesized with micro-, meso-, or macropores (Figure 6a). A
quantitative analysis was implemented via measurement of
electric double-layer capacitance for the electrochemical surface
area and relaxation time constant for ion transport capability.
The authors discovered that the mesopores are the key
parameter for the electrolyte wetting of the catalyst surface,
while the macropores are responsible for the kinetic access to
active sites residing inside micropores with minimizing the mass
transport resistances. Eventually, a high ORR catalytic activity of
a Fe−N−C electrocatalyst was achieved via porosity engineer-
ing. With facile dual-soft-template porosity engineering, Lou et
al. developed macro/mesoporous carbon materials with walnut
morphology features using a controllable assembly of surfactants
(P123 and F127), polydopamine oligomers as the N-doped
carbon precursor, and a pore swelling agent (1,3,5-trimethyl-
benzene).35 P123 has the same hydrophobic moieties as F127
but a shorter hydrophilic headgroup. Meanwhile, the meso-
porous structures are highly related to the hydrophilic−
hydrophobic balance of such an amphiphilic block copolymer,
and large curvature mesopores are favored for a high hydrophilic
ratio.126,127 Thus, the porous feature can be regulated with the
increase of the mass ratio of P123 to F127 to generate various
porous structures, from bowl-like morphology with 2D
hexagonal pores to walnut particles with bicontinuous pore
channels and even a nonporous lamellar structure (Figure 6b).
Due to the high surface area and large mesochannels, the walnut
carbon materials exhibit improved ORR activity in alkaline
conditions. With the help of the cetyltrimethylammonium
bromide (CTAB) surfactant and its subsequent etching by
tannic acid, hollow mesoporous Co SACs can be synthesized on
MOF derived carbon substrates achieving enhanced mass
transport and eliminating dead zones located at the center of
materials.75,128

Nowadays, MOFs as hard templates are broadly utilized to
form a carbon based electrocatalyst with an adjustable porous
structure. Selective removal of linker is one of the approaches to
get a hierarchical structure for MOF derived materials based on
the difference in linker thermolability.129 Eder et al. projected a
ligand removal strategy to introduce mesopores into the MOF
structure.130 The MOF was first synthesized with two mixed
linkers. Then, the mesopores can be formed via the pyrolysis
process when the onset decomposition temperature of the linker
increases with more amino content. Finally, a 3D pore
connectivity was achieved after pyrolysis treatment and selective
removal of linkers (Figure 6c). In addition, carbon materials
with large pores can be synthesized from the oxygen-rich MOFs
by pyrolysis in comparison to an oxygen-poor precursor, which
is owed to the evaporation of Zn (∼908 °C) and formation of a
large amount of gases such as CO2 and H2O during the pyrolysis
process.131 Ye et al. constructed a nitrogen-doped porous carbon
(NPC) from the oxygen-rich Zn-MOF-74 precursor, and 10 nm
large mesopores with rod-like morphology were clearly
identified.132 Prominent CO2RR activity then was obtained,

attributing to the promoted mass transport and more exposed
active sites. SiO2 colloid nanospheres, as another hard template,
can be used as the core to form core−shell composite
nanostructures. Followed by NaOH or HF etching, the SiO2
core can be removed, and the mesopores then can be
constructed. Li et al. proposed a hard-template Lewis acid
doping strategy to synthesize Pd SACs using commercial SiO2 as
the pore-inducing hard template with a diameter around 20 nm
to create the equal size mesopores.133 Liang et al. also adopted
SiO2 to create mesopores, together with the NH3 treatment to
generate micropores to engineer meso/microcarbon materials
with a 1280m2/g surface area in comparison to only 40 m2/g for
the counterpart without the silica template.134 The high-
porosity features lead to a high surface area and large amount
of exposed active sites, which enables the catalyst to have a great
ORR performance with a 0.83 V peak potential and 0.87 V half-
wave (E1/2) potential in comparison to the nonporous
counterpart with a 0.56 V peak potential. The Dai and Yu
groups proposed a silica-assisted strategy to generate meso-
porous carbon hollow spheres involving the condensation of
tetrapropyl orthosilicate (TPOS) or tetraethylorthosilicate
(TEOS) and polymerization of resorcinol−formaldehyde
(RF).135,136 TPOS was first hydrolyzed via the Stöber process
to synthesize the primary SiO2 particles, and the formed primary
SiO2 particles were self-assembled to generate the SiO2 large
core structure. Due to the high ratio of TPOS to RF, the
heterogeneous nucleation of RF was amended to a growth on
SiO2 core particles together with the co-condensation of SiO2
primary small particles. After removal of SiO2, the large
mesopores of core and hollow pores from SiO2 primary particles
were created, with a controllable carbon sphere of 180−850 nm
and hollow size from microscale to 14 nm (Figure 6d).

Although the introduced porosity may also affect the
coordination configuration of SACs, it was rarely reported,
and the main contribution to activity was still attributed to the
enhanced mass transport. In an example of nitrogen coordinated
Ni SACs, three mesoporous structures were introduced by
adopting three SiO2-based hard templates to achieve Ni SACs
with 2D or 3D mesoporous channels.119 The XPS results
presented an obvious difference for the ratio of four N species in
Ni SACs led by different mesoporous structures, namely
pyridinic N, pyrrolic N, graphitic N, and oxidized N. However,
their intrinsic activities are quite similar as verified at low current
density in the CO2RR. This may be due to the much larger
amount of N in comparison to Ni metals in the matrix, whereas
their catalytic performance is significantly different at high
current density, especially for Ni SACs with 3D mesoporous
channels presenting the highest CO2-to-CO rate. This can be
explained by the critical mass transport capability induced by
mesopores.

TAILORING STRATEGIES ON ACTIVE SITES VIA A
SYNERGISTIC EFFECT AND BINUCLEAR
CONFIGURATION
The single atoms in the achieved SACs are commonly dispersed
in random conditions or isolated from each other with a lack of
interaction among active sites.137 The synergetic interaction
among them can potentially enhance the intrinsic activity of
metal sites and stability of electrocatalysts,138 such as in the case
of the Ni2Fe(CN)6 electrocatalyst where an enhanced urea
oxidation and limited transformation of catalysts were explained
by the synergetic effect of Ni and Fe sites.139 Therefore, a
collective effect of metal−metal sites, namely correlated SACs
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(C-SACs), has attracted increasing attention.140,141 This
synergetic interaction can readily adjust their electronic
structures by changing the level of orbital hybridization and
antiorbital filling, which are highly related to the intrinsic
electrocatalytic activity.142,143 For example, Ir C-SACs were
synthesized with the integration of Ir atoms into the framework
of the cobalt oxide host offering great corrosion resistance and
OER activity.141 Including the metal−support interaction, an
Ir−Ir short-range order can be identified by HAADF-STEM and
pair distribution function analysis. The electronic structure
analysis together with partial DOS simulation revealed that the
Ir−Ir interaction has a fundamental influence on the electronic
structure of active sites, specifically the position of the d-band
and valence band. Adopting the previously reported precursor-
dilution method and chelating properties of polypyrrole, Jin et
al. synthesized Fe−N4 SACs on carbon supports with a
controllable distance of Fe−Fe sites.46,144 After a systematic
analysis, they demonstrated that the boosted ORR electro-
catalytic activity and enhanced intrinsic activity of Fe sites
stemmed from a strong interaction and synergetic effect when

the dsite between Fe atoms was below 1.2 nm, reaching an
optimum at 0.7 nm.

In comparison to SACs, DACs are very different in terms of
the coordination environment and charge density.24,145 With
innate synergistic interaction in DACs, it has been an emerging
frontier aiming to utilize the multiple active sites or positive
synergistic effect to realize efficient catalysis, especially for the
multistep processes of the OER and ORR.146,147 Although
DACs witnessed only a short period of development, substantial
progress has been achieved in both experimental and theoretical
fronts in terms of the synthesis strategies for precise control of
the structure at the atomic level and regulation of electronic
states, d-band center, and adsorption nature of active
sites.21,24,147−149 Generally, DACs can be classified into three
categories according to the atomic configuration and metal
types: simple DACs with a randommixture of two isolated atom
sites in a single support, homonuclear DACs with only one type
of metal forming pair atom sites, and heteronuclear DACs
comprising different types of metals to form bimetal pairs.

Figure 7. Engineering of active sites with binuclear strategies. (a-e) Schematic presentation for the stepwise synthesis of Co−Fe and Fe−Ni
simple DACs.151−153,156,157 (f, g) Schematic illustration of the synthesis of Fe−N/Cwith a controllable Fe1, Fe2, or Fe3 configuration.158,160 (h)
Schematic proposal of the ALD synthesis of Pt2−C catalysts with two cycles.162 (a) Reproduced with permission from ref 151. Copyright 2019
Wiley-VCH. (b) Reproduced with permission from ref 152. Copyright 2017 Wiley-VCH. (c) Reproduced with permission from ref 153.
Copyright 2022 American Chemical Society. (d) Reproduced with permission from ref 156. Copyright 2019Wiley-VCH. (e) Reproduced with
permission from ref 157. Copyright 2020Wiley-VCH. (f) Reproduced with permission from ref 158. Copyright 2019 Elsevier. (g) Reproduced
with permission from ref 160. Copyright 2022American Chemical Society. (h) Reproduced with permission under a Creative CommonsCCBY
License from ref 162. Copyright 2017 the Authors.
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DESIGN AND SYNTHESIS OF SIMPLE DACS
As aforementioned, MOF is a great substrate to derive SACs
with M-N4 coordination.21 Therefore, simple DACs can be
straightforwardly obtained using a mixture of two metal
precursors. By applying a facile adsorption−calcination strategy
on the carbon matrix derived from ZIF-8 with a mixture of
Fe(acac)3 or Co(acac)3, simple Fe−Co DACs were synthesized
with random distribution of single atom sites.150 The simple
Fe−Co DACs can also be obtained with one-step pyrolysis of
MOF, together with metal precursors.151 When a triazole-rich
ligand, such as 1H-1,2,3-triazole, was used, the porous carbon
was formed via fusion-foaming during the pyrolysis due to the
considerable amount of gases generated (Figure 7a). The
enhanced ORR performance is due to the increased active sites
and synergy of adjacent FeN4 and CoN4 by chance. The high
catalytic stability is due to the stabilization from the MOF
derived porous carbonmatrix. The porphyrinicMOF, like PCN-
224, is a suitable candidate to metalate Fe and Co ions with an
adjustable ratio.152 After applying pyrolysis for graphitization
and HF etching for removing metal particles, Fe−Co simple
DACs can be generated with the optimized Fe/Co ratio of 1:2
(Figure 7b). Because of the bimetallic synergetic effect and
highly porous carbon matrix, extraordinary ORR activity and
stability were realized in both acidic and alkaline electrolytes.
Sarkar et al. also reported a Fe−Co simple DAC using 4′,4″″-
(1,4-phenylene)bis(2,2′,6′,2″-terpyridine) to chelate Fe and Co
ions followed by pyrolysis to form isolated FeN4 and CoN4 sites
(Figure 7c).153 The synergistic effect indued a downshift of d-
band centers for both Co and Fe atoms, which can weaken the
adsorption strength of intermediates and reduce the over-
potential for both the OER and ORR. Thus, a high power
density and stability can be achieved in the applied zinc−air
batteries. With the introduction of the trimodal-porous
structure, Zhu et al. manipulated a simple DAC comprising
FeN4 and NiN4 on the MOF derived porous carbon
substrate.154 The DACs exhibited an outstanding ORR
performance overweighting corresponding SACs and even
benchmark Pt/C due to the collective optimization of active
sites and mass transport. The trimodal porous structure was
generated using polystyrene spheres (PSs) as a template to form
ordered 3D PS monoliths.155 Furthermore, Lin et al. designed a
Co−Fe simple DAC by anchoring cobalt phthalocyanine on
FeN4 SACs via a simple wet chemical impregnation method
(Figure 7d).156 The Co−Fe simple DAC displayed a high CO
Faradaic efficiency and 10-fold CO current density enhance-
ment in the CO2RR process in comparison to the corresponding
Fe−N−CSACs. The significant improvement was also observed
for a long-term stability test in terms of total current density and
CO Faradaic efficiency, which is explained by the synergistic
effect on the adsorption strength of intermediates and regulation
of CO desorption. Recently, Chen and coauthors designed an
interesting Janus hollow graphene shell with inner isolated Ni
atoms and outer Fe single atoms.157 The Ni−Fe simple DACs
were synthesized via a 5-complex-type procedure following
mainly the electrostatic attraction interaction, encapsulation,
π−π stacking interaction, and finally pyrolysis (Figure 7e). This
electrocatalyst exhibits a bifunctional capability with high
activity for both ORR and OER processes due to outer FeN4
and inner NiN4, respectively.

DESIGN AND SYNTHESIS OF HOMONUCLEAR DACS
As the intrinsic activity and electronic states of active sites can be
remarkably affected by synergy from adjacent atom, a great deal
of attention has been drawn to generate homoatomic pairs for a
practical electrocatalysis application. In that regard, Sa et al.
reported a Fe2−N-C electrocatalyst with Fe2 pairs confined in
N-doped carbon substrates.158 It was simply synthesized by the
encapsulation of a binuclear Fe2(CO)9 precursor in the cavity of
ZIF-8, followed by pyrolysis. In addition, the Fe SACs or even
the Fe3 triple atom catalyst can be achieved when Fe(acac)2 or
Fe3(CO)12 is adopted instead of Fe2(CO)9 (Figure 7f). The
excellent ORR performance is owing to the alternative
configuration of adsorbed O2 from superoxo-like to peroxo-
like ions induced by Fe2 pairs.159 Although the stability and
corrosion resistance of Fe−N−C are still unsatisfactory in
comparison to Pt/C under acidic conditions in the ORR, the
obtained Fe2−N-C DACs delivered an excellent durability
under 0.5 M H2SO4 electrolytes with a slight decay and trace
level of dissociation of the Fe−Fe bond after 20,000 continuous
cycles with a 50 mV/s sweep rate at 0.6−1.0 V in the ORR.
Recently, Wang also proposed Fe2−N-C DACs with the
introduction of Fe(acac)3 into ZIF-8.160 The tuning of Fe
coordination can be simply achieved via pyrolysis atmosphere
control (Figure 7g). In comparison to Fe SACs and Fe2 pairs
with FeN3 coordination, the Fe2 pairs with FeN4 coordination
exhibited the best CO2RR activity because of the moderate *CO
bonding strength proved by DFT calculation. The morphology
and local structure of Fe2−N-CDACs can be retained after a 21-
h CO2RR test, and ∼96% selectivity to CO can be retained. The
atomic layer deposition (ALD) technique offers a great
opportunity to manipulate the catalyst at the atomic level, as
the self-limiting character can be achieved with “ALD window”
regimes.161 This surface self-limiting feature is highly suitable for
the synthesis of SACs and DACs. Yan et al. reported the
synthesis of Pt homonuclear DACs through the implementation
of ALD with two cycles.162 The defects were created first on
graphene via acid oxidation as nucleation sites to anchor Pt
atoms with the removal of ligands by oxidation. Subsequently,
the second Pt atomwas chemisorbed on primary isolated Pt sites
with a one-to-one coordination due to ligand restrictions. The
main factors to avoid the formation of particles were complete
elimination of oxygen-contained groups on graphene and low
ALD temperature (Figure 7h). The production of C2+ chemicals
in the CO2RR is realized on Cu active sites in electrocatalysis,
and the manipulation of Cu2 pairs deserves an in-depth study.163

Li et al. constructed Cu homonuclear DACs via two steps, the
fabrication of Cu(BTC)(H2O)3MOF and subsequently thermal
treatment together with dicyandiamide as the nitrogen
source.164 The high selectivity to C2+ chemicals is explained
by the adjacent adsorption of two *CO intermediates.

DESIGN AND SYNTHESIS OF HETERONUCLEAR DACS
Although it remains a substantial challenge to contrast
heteronuclear DACs with one-to-one pairs, many researchers
strive to devote their efforts in structure design and theoretical
calculation to seize the opportunity for utilizing a positive
synergistic effect and modulation of electronic structures
induced by different electronegativities to achieve enhanced
intrinsic activity.165 Based on a strategy named preconstrained
metal twins, Fe−Co DACs were synthesized with a
preformation of FeCo binuclear phthalocyanines and subse-
quent encapsulation inside ZIF-8 cages (Figure 8a).166 It
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exhibited a better activity than corresponding Fe or Co SACs in
both OER and ORR processes. The practical application in
liquid Zn−air batteries and flexible all-solid-state batteries was
realized with good rechargeability. Li et al. reported Fe−Mn
DACs on layered graphene nanosheets with 62% pairs and 38%
single atoms via statistical analysis.167 The Fe atoms were easily
encapsulated in ZIF-8, while Mn atoms were simply chelated on
the Fe/ZIF-8 surface by the glucose-melamine complex (Figure
8b). The salts were mixed before pyrolysis, which are key factors
to form layered graphene and Fe−Mn pairs.168,169 The Fe−Mn
DACs showed great stability with negligible decay after 10000
continuous CV cycles in both alkaline and acidic conditions for
the ORR. Following an encapsulation strategy during the
preparation of MOFs, Liu et al. synthesized Ru-M (M = Fe, Co,
Ni) DACs. The newly formed Co−Ru bond can be identified by
XANES and EXAFS with RuCoN6 configuration.

19,170 Coupled
with d-block metals with an electron-donating nature, the
electronic state of Ru atoms can be modulated giving a balance

of its strong adsorption nature for reactants in the ORR. Thus,
an excellent ORR performance can be realized after the
optimization of d-block metals. With the application of the
atomic layer deposition technique, the Pt−Ru DACs were
successfully synthesized on CNTs (Figure 8c).171 Pt atoms were
first anchored on CNTs to form Pt SACs. Then, Ru atoms were
selectively attached on the Pt atoms during the second ALD
cycle due to much lower adsorption energy with the final
formation of 70% dimers in the catalysts. Due to the synergetic
effect and electron redistribution from Ru to Pt, the obtained
Pt−Ru DACs yielded good stability and a 54-fold mass activity
enhancement in the HER with respect to Pt/C.

Recently, Wang et al. designed a Ni−Fe heteronuclear DAC
via an in situ electrochemical method during the OER process
(Figure 8d,e).172 The single Ni atoms were first anchored on
graphene, followed by application of cyclic voltammetry in the
KOH solution containing Fe species. The parent Ni SACs
displayed poor OER activity, but the subsequent formation of

Figure 8. Engineering of active sites with heteronuclear strategies. (a-d) Schematic presentation for the formation of Fe−Co, Fe−Mn, Pt−Ru,
and Ni−Fe heteronuclear DACs.166,167,171,172 Fourier-transformed EXAFS spectra of (e) Fe K-edge after activation172 and (f) Co K-edge of
Co−N−Cwith various durations in theOER.174 (g, h) DFT calculation results onM2N6 DACs for the ORR overpotential versusΔG*OOH and
the OER overpotential versus adsorption free energy difference (ΔG*OOH − ΔG*O).175 (a) Reproduced with permission from ref 166.
Copyright 2022 Wiley-VCH. (b) Reproduced with permission from ref 167. Copyright 2022 Wiley-VCH. (c) Reproduced with permission
under a Creative Commons CC BY License from ref 171. Copyright 2019 the Authors. (d-e) Reprinted with permission from AAAS and
distributed under a Creative Commons CC BY-NC 4.0 License from ref 172. Copyright 2018 the Authors, some rights reserved; exclusive
licensee AAAS. (f) Reproduced with permission from ref 174. Copyright 2019 American Chemical Society. (g-h) Reproduced with permission
from ref 175. Copyright 2022 American Chemical Society.
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Ni−Fe pairs yields a significant enhancement of the OER
performance with an almost 10-fold TOF improvement. This
elevation may be attributed to the shift of a terminal geometry
adsorption of HO− ions on Ni atoms to a bridging geometry on
Ni−Fe pairs proved by EXAFS.173 Later, Bai and coauthors
extended this in situ electrochemical method to the generation of
Co−Fe pairs.174 The Co SACs were first designed, followed by
galvanostatic activation in the KOH solution containing Fe
species. The overpotential at E10 was dropped to 309 mV after
activation in comparison to 495 mV of the pristine one, while a
new peak was identified at 2.51 Å assigned to Co−Fe bond
formation in EXAFS spectra (Figure 8f). The Co−Fe DACs
exhibited good stability and a slight increase in the overpotential
indicated in both polarization curves after 3000 CV cycles and
galvanostatic for 16 h at 10 mA/cm2. More recently, Zhou et al.
carried out a theoretical calculation to explore the synergy and
adsorption strength of intermediates by modeling DACs with
M2N6 configurations using Fe, Co, and Ni metals (Figure
8g,h).175 Based on the results, a linear correlation was observed
for the ORR overpotential versus adsorption free energy of
ΔG*OOH, while a volcano feature was discovered for the OER
overpotential versus the difference of adsorption free energy
(ΔG*OOH − ΔG*O). The Co−Fe pairs showed the highest
OER activity because of synergy-induced more efficient electron
transfer.176 Furthermore, the authors synthesized Co−Fe
heteronuclear DACs via a two-step pyrolysis procedure, which
exhibited a great OER performance as proof-of-concept of DFT
results. The similar conclusion was summarized for Pt−Co
DACs that the adjacent metals can induce an asymmetry
distribution of electrons and alter the adsorption strength of
intermediates.177,178

SUMMARY AND PERSPECTIVES
Owing to the unusual configuration and high atom utilization,
SACs have emerged as efficient electrocatalysts for a wide range
of applications, such as the HER, OER, ORR, CO2RR, and so
on, but the shortcomings are also obvious with low loading and
monotonic sites. Herein, the synthesis of SACs was explored first
based on carbon or non-carbon supports, which provide the
matrix to anchor the single atoms and impact its electronic
states. Subsequently, the recent advances in tailoring strategies
and rational designs were systemically summarized in terms of
electronic and geometric configurations to overcome the
weakness of SACs. Strain engineering and spin-state tuning
can alter the orbital position of single atoms with respect to the
Fermi level and affect orbital overlapping to optimize the
molecular adsorption strength and energy barriers. Axial
functionalization and ligand engineering can enhance the charge
transfer from support to active sites and amend the binding
energy of intermediates via the electron-donating or with-
drawing effect. Porosity engineering with either a soft or hard
template can deliver an especial and interconnected structure
with large specific surface area, maximization of exposed active
sites, and improvement of mass transport efficiency. Lastly, the
DACs with the pair atoms were discussed with three types:
simple DACs and homo- and heteronuclear DACs. In
comparison to SACs, DACs can increase the number of active
sites and metal loadings and provide an adjustable electronic
structure due to the adjacent atoms. Although substantial
progress has been obtained, great challenges remain, and some
perspectives are proposed as follows:

1) Groundbreaking strategies for tailoring the activity of
SACs are desired, especially a delicate balance of the
interaction with various intermediates to break the scaling
relationship and enhance the intrinsic activity. This may
make use of the theoretical calculation and simulation to
achieve a fundamental understanding of effects derived
from electronic and geometric configurations and obtain a
breakthrough in the design of electrocatalysts.

2) Design of diverse active sites should be put forward to
acquire a highly efficient electrocatalyst, especially with
bifunctional activity for the OER and ORR. DAC is a
reasonable alternative to SAC, but the development is just
in its infancy in spite of the numerous reports. In
comparison to the popular rigidDACs anchoredmainly in
a carbon matrix, the recent report of flexible dual atom
sites may stimulate and lead to another research field for
an outstanding electrocatalytic performance as the
demonstration.172 Furthermore, triple or quadruple
atom sites with homo- or heteronuclear will be another
interesting design to increase metal loading and utilize the
synergetic effect.

3) In situ characterization to get insights into the nature of
active centers is necessary and still lacking. As the real
states of active sites are very complicated, the adsorbed
species can induce the change of electronic states, and the
high current density and potential can lead to an evolution
of active sites. However, most of the powerful techniques
are carried out as ex situ characterization in most of the
research, such as XPS, HAADF-STEM, and XAFS.
Although the understanding at an atomic level benefits
greatly from DFT calculation and simulation, it may still
have a large gap toward the real situation in working
conditions. Through the in situ characterization and
thorough understanding of the complicated active
centers, the rational design and practical application of
electrocatalysts will be output for a bright electrocatalysis
future.
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VOCABULARY
Strain engineering, compressive or tensile strain formed
around active sites to vary the bond length and its electronic
state for the tuning of electrocatalytic activity
Spin-state tuning engineering, strategies to manipulate the
electron spin state of d-block atoms through the injection of
foreign electrons into d orbitals to mainly control its
adsorption nature
Axial functionalization engineering, generation of an axial
coordination on active sites via doping, polymer modification,
etc. to regulate the electronic state of active sites and electron
transfer efficiency between active sites and supporting matrix
Ligand engineering, approaches to optimize the electronic
state of active sites and its adsorption nature via utilization of
electron donation or withdrawal nature of ligands
Porosity engineering, synthesis of porous structure via a soft
and hard template aiming to achieve a large specific surface
area with more exposed active sites, connected porous
architecture for easy electrolyte penetration, and enhanced
mass transport
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Kahlert, H., Komorsky-Lovric,́ Š., Lohse, H., Lovric,́ M., Marken, F.,
Neudeck, A., Retter, U., Scholz, F., Stojek, Z., Eds.; Springer Berlin
Heidelberg: Berlin, Heidelberg, 2010; pp 57−106, DOI: 10.1007/978-
3-642-02915-8_4.
(121) Wu, Z.-Y.; Xu, S.-L.; Yan, Q.-Q.; Chen, Z.-Q.; Ding, Y.-W.; Li,

C.; Liang, H.-W.; Yu, S.-H. Transition metal-assisted carbonization of
small organic molecules toward functional carbon materials. Sci. Adv.
2018, 4, eaat0788.
(122) Cheng, N.; Ren, L.; Xu, X.; Du, Y.; Dou, S. X. Recent

Development of Zeolitic Imidazolate Frameworks (ZIFs) Derived
Porous Carbon Based Materials as Electrocatalysts. Adv. Energy Mater.
2018, 8, 1801257.
(123) Sun, G.; Wang, J.; Liu, X.; Long, D.; Qiao, W.; Ling, L. Ion

Transport Behavior in Triblock Copolymer-Templated Ordered
Mesoporous Carbons with Different Pore Symmetries. J. Phys. Chem.
2010, 114, 18745−18751.
(124) Lee, S. H.; Kim, J.; Chung, D. Y.; Yoo, J. M.; Lee, H. S.; Kim, M.

J.; Mun, B. S.; Kwon, S. G.; Sung, Y.-E.; Hyeon, T. Design Principle of
Fe-N-C Electrocatalysts: How to Optimize Multimodal Porous
Structures? J. Am. Chem. Soc. 2019, 141, 2035−2045.
(125) Lee, J. H.; Lee, H. J.; Lim, S. Y.; Kim, B. G.; Choi, J. W.

Combined CO2-philicity and Ordered Mesoporosity for Highly
Selective CO2 Capture at High Temperatures. J. Am. Chem. Soc.
2015, 137, 7210−7216.
(126) Wan, Y.; Zhao. On the Controllable Soft-Templating Approach

to Mesoporous Silicates. Chem. Rev. 2007, 107, 2821−2860.
(127) Kim, J. M.; Sakamoto, Y.; Hwang, Y. K.; Kwon, Y.-U.; Terasaki,

O.; Park, S.-E.; Stucky, G. D. Structural Design of Mesoporous Silica by
Micelle-Packing Control Using Blends of Amphiphilic Block
Copolymers. J. Phys. Chem. B 2002, 106, 2552−2558.
(128) Han, X.; Zhang, T.; Wang, X.; Zhang, Z.; Li, Y.; Qin, Y.; Wang,

B.; Han, A.; Liu, J. Hollow mesoporous atomically dispersed metal-
nitrogen-carbon catalysts with enhanced diffusion for catalysis
involving larger molecules. Nat. Commun. 2022, 13, 2900.
(129) Feng, L.; Yuan, S.; Zhang, L.-L.; Tan, K.; Li, J.-L.; Kirchon, A.;

Liu, L.-M.; Zhang, P.; Han, Y.; Chabal, Y. J.; Zhou, H.-C. Creating
Hierarchical Pores by Controlled Linker Thermolysis in Multivariate
Metal−Organic Frameworks. J. Am. Chem. Soc. 2018, 140, 2363−2372.
(130) Naghdi, S.; Cherevan, A.; Giesriegl, A.; Guillet-Nicolas, R.;

Biswas, S.; Gupta, T.; Wang, J.; Haunold, T.; Bayer, B. C.; Rupprechter,
G.; Toroker, M. C.; Kleitz, F.; Eder, D. Selective ligand removal to
improve accessibility of active sites in hierarchical MOFs for
heterogeneous photocatalysis. Nat. Commun. 2022, 13, 282.
(131) Ye, L.; Chai, G.; Wen, Z. Zn-MOF-74 Derived N-Doped

Mesoporous Carbon as pH-Universal Electrocatalyst for Oxygen
Reduction Reaction. Adv. Funct. Mater. 2017, 27, 1606190.
(132) Ye, L.; Ying, Y.; Sun, D.; Zhang, Z.; Fei, L.; Wen, Z.; Qiao, J.;

Huang, H. Highly Efficient Porous Carbon Electrocatalyst with
Controllable N-Species Content for Selective CO2 Reduction. Angew.
Chem., Int. Ed. 2020, 59, 3244−3251.

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.2c06827
ACS Nano 2022, 16, 17572−17592

17590

https://doi.org/10.1021/ja907294q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00170a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00170a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b00814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b00814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b00814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/sstr.202100093
https://doi.org/10.1002/sstr.202100093
https://doi.org/10.1002/chem.202201471
https://doi.org/10.1002/chem.202201471
https://doi.org/10.1002/chem.202201471
https://doi.org/10.1002/anie.201906079
https://doi.org/10.1002/anie.201906079
https://doi.org/10.1002/anie.201711255
https://doi.org/10.1002/anie.201711255
https://doi.org/10.1002/anie.201311128
https://doi.org/10.1002/anie.201311128
https://doi.org/10.1002/anie.201311128
https://doi.org/10.1002/anie.201915193
https://doi.org/10.1002/anie.201915193
https://doi.org/10.1002/anie.201915193
https://doi.org/10.1002/adfm.202111322
https://doi.org/10.1002/adfm.202111322
https://doi.org/10.1021/jacs.0c11008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c11008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41560-020-0667-9
https://doi.org/10.1038/s41560-020-0667-9
https://doi.org/10.1038/s41560-020-0667-9
https://doi.org/10.1038/s41586-019-1760-8
https://doi.org/10.1038/s41586-019-1760-8
https://doi.org/10.1021/ic051931k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic051931k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b05984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b05984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41427-018-0060-3
https://doi.org/10.1038/s41427-018-0060-3
https://doi.org/10.1038/s41427-018-0060-3
https://doi.org/10.1038/s41570-017-0087
https://doi.org/10.1038/s41570-017-0087
https://doi.org/10.1126/sciadv.aap9360
https://doi.org/10.1126/sciadv.aap9360
https://doi.org/10.1002/anie.202100371
https://doi.org/10.1002/anie.202100371
https://doi.org/10.1002/anie.202100371
https://doi.org/10.1021/acsenergylett.8b00186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b00186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s44160-022-00129-x
https://doi.org/10.1038/s44160-022-00129-x
https://doi.org/10.1007/978-3-642-02915-8_4
https://doi.org/10.1007/978-3-642-02915-8_4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-3-642-02915-8_4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.aat0788
https://doi.org/10.1126/sciadv.aat0788
https://doi.org/10.1002/aenm.201801257
https://doi.org/10.1002/aenm.201801257
https://doi.org/10.1002/aenm.201801257
https://doi.org/10.1021/jp106205n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp106205n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp106205n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b11129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b11129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b11129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b03579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b03579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068020s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068020s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp014280w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp014280w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp014280w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-022-30520-3
https://doi.org/10.1038/s41467-022-30520-3
https://doi.org/10.1038/s41467-022-30520-3
https://doi.org/10.1021/jacs.7b12916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b12916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b12916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-27775-7
https://doi.org/10.1038/s41467-021-27775-7
https://doi.org/10.1038/s41467-021-27775-7
https://doi.org/10.1002/adfm.201606190
https://doi.org/10.1002/adfm.201606190
https://doi.org/10.1002/adfm.201606190
https://doi.org/10.1002/anie.201912751
https://doi.org/10.1002/anie.201912751
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c06827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(133) Feng, Q.; Zhao, S.; Xu, Q.; Chen, W.; Tian, S.; Wang, Y.; Yan,
W.; Luo, J.; Wang, D.; Li, Y. Mesoporous Nitrogen-Doped Carbon-
Nanosphere-Supported Isolated Single-Atom Pd Catalyst for Highly
Efficient Semihydrogenation of Acetylene. Adv. Mater. 2019, 31,
1901024.
(134) Liang, H.-W.; Zhuang, X.; Brüller, S.; Feng, X.; Müllen, K.
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