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Single-atom catalysts (SACS) have recently Multicomponent SACs Single-component SACs
emerged as the ultimate solution for overcoming the limitations
of traditional catalysts by bridging the gap between homogeneous Catalyst performance
and heterogeneous catalysts. Atomically dispersed identical active " %,
sites enable a maximal atom utilization efficiency, high activity, and
selectivity toward the wide range of electrochemical reactions, 4 activity
superior structural robustness, and stability over nanoparticles due

Selectivity
to strong atomic covalent bonding with supports. Mononuclear Stability
active sites of SACs can be further adjusted by engineering with i

iciency

multicomponent elements, such as introducing dual-metal active
sites or additional neighbor atoms, and SACs can be regarded as
multicomponent SACs if the surroundings of the active sites or the
active sites themselves consist of multiple atomic elements.
Multicomponent engineering offers an increased combinational diversity in SACs and unprecedented routes to exceed the
theoretical catalytic performance limitations imposed by single-component scaling relationships for adsorption and transition state
energies of reactions. The precisely designed structures of multicomponent SACs are expected to be responsible for the synergistic
optimization of the overall electrocatalytic performance by beneficially modulating the electronic structure, the nature of orbital
filling, the binding energy of reaction intermediates, the reaction pathways, and the local structural transformations. This Review
demonstrates these synergistic effects of multicomponent SACs by highlighting representative breakthroughs on electrochemical
conversion reactions, which might mitigate the global energy crisis of high dependency on fossil fuels. General synthesis methods
and characterization techniques for SACs are also introduced. Then, the perspective on challenges and future directions in the
research of SACs is briefly summarized. We believe that careful tailoring of multicomponent active sites is one of the most promising
approaches to unleash the full potential of SACs and reach the superior catalytic activity, selectivity, and stability at the same time,
which makes SACs promising candidates for electrocatalysts in various energy conversion reactions.

single-atom catalysts, multicomponent, multicomponent single-atom catalysts, dual-metal active site, electrocatalysts,
catalyst design, atomic coordination engineering

activity and selectivity with identical active sites, adjusted by
modifying the active metal centers or their surroundings.
Modulated electronic structures of the active sites due to
synergistic interactions between catalytic metal sites and
support materials also give the opportunity to enhance the
heterogeneous catalysts with robustness and technical read-

Environmental concerns consistently grow as global fossil-fuel
consumption and energy demands escalate rapidly, which calls
for urgent renewable energy sources and storage develop-
ments.' > Currently, electrochemical energy conversions, such
as water splitting, fuel cells, and electrochemical reduction of
carbon dioxide, are the most critical parts of the sustainable
energy production chain.’”'" The energy from these
conversion reactions can be stored in electrochemical energy
storage like a metal-air battery.'' Since catalysts significantly

iness. Until now, transition metals or noble metals and their
oxides have been widely used as catalysts for various
electrochemical reactions, and approaches to changing their

play major roles in accelerating electrochemical reactions, August 31, 2021
appropriate and advanced electrocatalysts are at the heart of October 5, 2021
solving the global energy crisis. It has motivated researchers to October 5, 2021
put extensive efforts into designing and developing new October 25, 2021

catalysts, including homogeneous and heterogeneous catalysts,
in past decades.'” Homogeneous catalysts offer high catalytic
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morphology as nanoparticles for advantageous specific surface
area and enhanced electronic features have been extensively
reported.” Unfortunately, the size dispersions of metal or
metal oxide nanoparticles inevitably occur, disturbing the
catalytic selectivity and efficient atomic utilization.

Single-atom catalysts (SACs) have been regarded as the
ultimate solutions that can bridge the gap between those two
different classes of catalysts since SACs inherit the advantages
of both homogeneous and heterogeneous catalysts.'*>* Also,
the mononuclear nature of SACs enables maximal atom
utilization efficiency, high activity, and selectivity toward the
wide range of electrochemical reactions, superior structural
robustness, and stability over nanoparticles due to strong
atomic covalent bonding with supports.”* ™

Moreover, SACs can be regarded as multicomponent SACs
if the surroundings of the active sites or the active sites
themselves are engineered with multiple atomic elements, such
as introducing dual-metal active sites or additional neighboring
atoms (Figure 1), which offers unprecedented routes to

Multicomponent active sites
with varied coordination

Multicomponent active sites

Figure 1. Schematic of SACs with multicomponent active sites
embedded in graphene supports.

overcome the lack of combinational diversity in mononuclear
SACs and bypass the bottlenecks of scaling relationships for
adsorption and transition state energies of reactions that have
constrained catalysts performance with theoretical upper-
bounds.**™* Multicomponent SACs are expected to exceed
the bounds imposed by the single-component volcano
relationships, thanks to synergistic communications within
multicomponent natures, and to realize an optimized catalytic
activity, selectivity, and stability. In detail, enhancing atomic
active sites of SACs toward multicomponent active sites
strongly influences the electronic structure, the nature of
orbital filling, the binding energy of reaction intermediates,
reaction pathways, and local structural transformations, which
leads to substantial differences in the overall electrocatalytic
performance. Therefore, careful tailoring of active sites is one
of the most promising approaches to unleash the full potential
of SACs and reach superior catalytic activity, selectivity, and
stability at the same time.

Furthermore, the tunability of SACs can be even more
improved by adjusting the coordination environments of the
active metal sites in SACs, such as changing the elements or
coordination number of the first-neighbor coordination atoms,
adding additional ligands, altering the coordination of second-
or higher-neighbor shells for synergistic neighboring effects, or
replacing with different support materials.**~* Fabricating
SACs with multicomponent active sites is also critical to
experimentally validate the catalytic enhancement, and
synthetic strategies, such as defect engineering, metal—support

interaction, heteroatom tethering, spatial confinement, atomic
alloying, molecular bridging, or metal—organic framework
(MOF) derivatization, have emerged to prepare SACs with a
tuned environment of the multicomponent active sites.

This Review will introduce how the multicomponent active
sites of SACs are responsible for the enhanced catalytic
performance by highlighting recent representative publications
about multicomponent single-atom catalysis in electrochemical
energy conversion reactions. Then, we will demonstrate some
general synthesis strategies in preparing SACs and briefly
introduce the achievements that have successfully extended
these synthesis methods to prepare multicomponent SACs.
Characterization techniques for the multicomponent nature of
active sites and their coordination environments on an atomic
scale will also be illustrated since they are vital for further
investigation of SACs with definitive structural information.
Finally, current challenges in the research fields of SACs and
strategies to overcome these challenges will be summarized.
We hope this Review sheds light on the research direction
toward multicomponent SACs to rationally maximize and
optimize the catalytic performance on a wide range of
electrochemical reactions.

Atomically dispersed multicomponent active sites on the
support materials enable additional opportunity materials for
variable electrochemical energy conversion applications, out-
performing most of the state-of-the-art SACs with the single-
component active site.”” > SACs can be optimized by
tailoring the metal atoms, adjacent coordinative dopants,
metal loading, and ligand adsorption to fully unleash their
potential. The rational design of multicomponent active metal
sites and coordination environments has all the advantages of
homogeneous catalysis and heterogeneous catalysis, which
leads to desired catalysts with superior activity, selectivitzf, and
stability for a wide variety of electrochemical reactions.*>*~>’
We will highlight the recent breakthroughs in SACs, focusing
on the impacts of tuning the single-atom sites toward
multicomponent active sites with varied coordination on the
overall electrocatalytic performance. Experimental and compu-
tational advances in understanding the structure—activity
relationship between active site modulations of SACs and
catalytic performances are summarized and exemplified for the
electrochemical applications, including water electrolysis, O,
reduction, and CO, reduction reactions.

Electrochemical water splitting through the hydrogen
evolution reaction (HER) provides a sustainable and green
route to produce molecular hydrogen for mitigating the global
energy crisis. Unfortunately, the development of active
catalysts with minimal overpotential and high efficiency is
still struggling with the inevitable usage of noble metals, which
acts as an obstacle for large-scale industrial applications. Since
SACs have intrinsic advantages regarding maximal atomic
utilization, every metal atom can theoretically participate in the
catalytic reactions as an active site, which eventually increases
the mass activity of the metal element and turnover frequency
(TOF) of the reactions. The unique structure and electronic
properties of SACs have been realized with delicate active site
engineering toward multicomponent metal active sites, proven
to accelerate the reaction kinetics of HER and scale up the
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Figure 2. (a) HER polarization curves recorded on Pt—Ru dimers, Pt single atoms, and Pt/C catalysts. Adapted with permission from ref 37.
Copyright 2019 Nature Publishing Group. (b, c) Polarization curves and corresponding Tafel plots of Mo,-NG, W ;Mo;-NG, W,-NG, NG, and Pt/
Cin 0.5 M H,SO,. Adapted with permission from ref 36. Copyright 2020 American Association for the Advancement of Science. (d) OER activity
evaluated by LSV in 1 M KOH at a scan rate of 5 mV s™' for Co—N—C activated with different 1 M KOH electrolytes with varying Fe ion contents.
Reproduced from ref 30. Copyright 2019 American Chemical Society. (e) OER activity evaluated by LSV in 0.5 M H,SO, at a scan rate of S mV
s™! for Ru—N—C and the commercial RuO,/C. Adapted with permission from ref 65. Copyright 2019 Nature Publishing Group. (f) OER activity
evaluated by LSV in 1 M KOH at a scan rate of 1 mV s™" for Fe-SAC, Ni-SAC, and NiFe-DSAC. Adapted with permission from ref 38. Copyright

2021 Nature Publishing Group.

hydrogen production. SACs based on atomically dispersed
noble metal elements, such as Pt, Ir, Ru, Pd, and Rh, have been
prepared and examined for various electrochemical applica-
tions, including HER electrocatalysis. Also, tremendous efforts
from researchers have aimed to replace noble metal with earth-
abundant transition metal elements, such as Fe, Co, Ni, and
Cu, that hold great promise for clean energy conversion
reaction with large-scale application.

For example, Zhou et al. developed a single-atom Pt
immobilized NiO/Ni heterostructure supported on Ag nano-
wires that enable efficient HER in an alkaline electrolyte with a
high mass activity of 20.6 A mg~" for Pt at an overpotential of
100 mV.>® The binding energies of hydroxyl ions and
hydrogen into a Pt single atom coupled with NiO/Ni
heterostructure were optimized to dissociate H,O molecules
efficiently. Lu et al. also prepared atomically dispersed Ru in N-
doped carbon nanowires as effective electrocatalysts for HER.
The catalytic activity was higher than that of the commercial
Pt/C catalysts, with an overpotential of only —12 mV to reach
the current density of 10 mV cm™ in an alkaline electrolyte of
1 M KOH.” Density functional theory (DFT) calculation
revealed that a Ru atom coordinated with two nitrogen and
two carbon atoms, namely, Ru—C,—N,, was the most active
catalytic center due to lower hydrogen binding energy than
that of Ru nanoparticles and lower kinetic barrier for water
dissociation than that of Pt catalysts. Both Ru and adjacent
carbon atoms were regarded as the possible active sites, which
offered unprecedented catalytic mechanisms and performance.
Fei et al. developed Co atoms incorporated in N-doped
graphene (Co-NG) or undoped graphene (Co-G) via a
pyrolysis process.”” Very small amounts of Co addition altered
the N-doped graphene with negligible intrinsic HER activity to

a highly active and robust HER catalyst in both acidic and
alkaline electrolytes.

Zhang et al. synthesized atomically isolated Pt—Ru
bimetallic dimers on nitrogen-doped carbon nanotubes by
the deposition of an atomic layer and obtained excellent mass
activity and stability compared to commercial Pt/C catalyst for
HER (Figure 2a).” The mass activity of the Pt—Ru dimer
structure of HER at the overpotential of 50 mV was 23.1 A
mg_l, which is 54-fold greater than that of the commercial Pt/
C catalysts and exceeded that of most other state-of-the-art Pt-
based catalysts. Furthermore, additional DFT calculations
revealed that the Pt—Ru dimer structure could be -easily
changed from metal to semiconductor, leaving unoccupied
orbitals, and the interaction between Ru atom and H atom
could be tuned by the Pt atom adjacent to the Ru atom.
Specifically, tuning the number of adsorbed H atoms on either
Pt and Ru atoms to more than two or three, Pt—Ru dimer
structure lost its metallic behavior and the H atom became
easy to detach from Ru atom when the Pt—Ru dimer had the
maximum hydrogen coverage. These precise coordination
environment modulations resulted in the synergetic effects of
HER, accompanied by the optimized adsorption energy of
intermediates.

Wang et al. designed atomically dispersed Co and Pt atoms
anchored on TiO, surfaces to further improve Pt catalytic
efficiency in HER.*® The mass activity of this new catalyst far
exceeded the mass activity of equal amounts of Pt single-atom
and typical Pt clustered catalysts. Further inspections revealed
that neighbor Pt atoms activated Co atoms and the activity of
Pt atoms was further enhanced through dimer interaction with
Co atoms in the oxygen-coordinated Co—O—Pt structure,
which eventually weakened the H adsorbate binding energy
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and optimized the electronic states of both Pt and Co metal
atoms active sites.

Recently, Yang et al. developed a dual-atom catalyst
consisting of an O-coordinated W—Mo heterodimer embed-
ded in N-doped graphene (W,Mo,-NG),* synthesized by
controllable self-assembly and nitridation processes. The O-
bridged W—Mo atoms in W;Mo;-NG were anchored in the
vacancies of N-doped graphene through oxygen atoms with a
W—-0—-Mo—0O-C configuration, resulting in robust structural
stability and well-dispersed atomic moiety distribution.
Although WMo -NG did not consist of noble metal elements,
it clearly exhibited comparable HER catalytic activity to the
noble-metal-based commercial Pt/C catalysts and even showed
ultrahigh stability for HER in both acidic and alkaline
electrolytes. Specifically, W ;Mo,-NG showed excellent cata-
Iytic activity toward HER in acidic electrolytes, giving a near-
zero onset potential (U, pser), @ low cathodic geometric current
density (j) of 10 mA cm™2 at a very low overpotential of 24 mV
(710 = 24 mV), and a small Tafel slope of 30 mV dec™" (Figure
2b, ¢). W and Mo atoms were located in a oxygen-bridged
WO, tetrahedron and distorted MoOg octahedron, respec-
tively, and the connected W—O—Mo—O—C configuration was
proven to delocalize electrons and provide an optimal
adsorption strength of H atoms. These local coordination
environment engineering with multicomponent atoms accel-
erated overall HER kinetics with promoted intrinsic activity,
thus emphasizing the synergistic impacts of microenvironment
modulation on SACs.

Also, Cao et al. prepared P-doped C;N, with immobilized
single-Co atom catalysts (Co,;/PCN SACs) and confirmed the
geometrically dispersed uniform Co,—N, moiety was respon-
sible for the enhanced HER catalytic activity.”’ Operando X-
ray absorption fine structure analysis (XAFS) measurements
revealed that the formation of a high-valence HO—Co,—N,
moiety from the coordination-unsaturated single Co sites easily
accelerated the H adsorbate adsorption, due to the preferred
dynamic H,0 adsorption as H,0—(HO—Co,—N,).

In a recent work done by Yang et al,, a TiC support with a
low load-level of anchored Rh single atoms (Rh;—TiC) was
suggested as a promising catalyst candidate toward HER with
the combination of the metallic center and the support
materials via DFT calculation of electronic metal—support
interaction (EMSI).”> They revealed that a beneficial EMSI
with facile electron transfer from the 3d orbitals of the
surrounding Ti atoms to the 3d orbitals of the anchored Rh
atom might be responsible for the enhanced catalytic activity of
metallic Rh active sites in Rh;—TiC. Superior catalytic
performance of Rh;—TiC was experimentally confirmed with
low overpotentials of 22 and 86 mV at the current densities of
10 and 100 mA cm™?, robust stability at 500 mA cm ™2 for 24 h,
and 20% electricity consumption decrease at a practical
working condition of 200 mA cm™? compared with the state-
of-art Pt/C catalyst.

Nonmetal single atoms can also be the active single-atomic
sites of multicomponent SACs. For example, Zhao et al
prepared a single-atom nickel iodide (SANi-I) electrocatalyst
with a simple calcination process and reported a superior HER
activity achieving an ultralow overpotential of 60 mV at 100
mA cm 2% The atomically dispersed nonmetal iodine atoms
easily formed chemical bonds with the hydrogen adatoms and
formed I-H,4 intermediates, while OH™ from the water
dissociation process could be adsorbed on the adjacent Ni

atoms, which collaboratively promotes the overall HER
process.

The water-splitting reaction provides renewable energy
resources by transforming electricity into the chemical form
of hydrogen fuel. The oxygen evolution reaction (OER) is an
essential half-reaction for water splitting and metal—air
batteries, which often suffers from sluggish kinetics and large
overpotential due to multiproton-coupled electron transfer
steps in OER processes. Proton exchange membranes and
acidic electrolytes are known for various advantages, such as
the high mobility of electronic carriers compared to hydroxyl
ions in alkaline water. However, despite the huge advantages of
OER in acidic electrolytes, only a few noble metal catalysts
could survive at harsh acidic conditions and most of the earth-
abundant transition metal catalysts are not stable in acidic
electrolytes and high anodic potential ranges of OER, which
might lead to severe corrosion.

For example, Fei et al. investigated the MN,C, (M = Fe, Co,
and Ni) moieties embedded in a graphene matrix and
suggested a dual-site mechanism for NiN,C, SACs where the
*OOH adsorbates in the OER process prefer to bond with the
Ni site but the *O and *OH adsorbates prefer to bond with
the carbon atom adjacent to the Ni metal atom, and the
definitive structure identification provided a key clue to
understand catalytic activity.”* Without considering the dual-
site mechanisms, DFT calculations on NiN,C, that regarded
only Ni metal as an active center predicted that NiN,C, had
the highest limiting potential in the OER process compared to
the SACs with M = Co or Fe, which did not match up with the
experimental result. The unambiguous structure determination
via systematic X-ray absorption fine structure analysis (XAFS)
and direct transmission electron microscopy (TEM) imaging
confirmed the geometrical structures that were further studied
with DFT calculation. Furthermore, the trend of OER activities
of M—N—C was predicted as following Ni > Co > Fe, which
agreed with the electrochemical measurement results.

Bai et al. reported that Co—Fe dual-atom catalysts
embedded in N-doped carbon could be prepared by the
electrochemical activation of single-atom Co species atomically
dispersed on N-doped carbon in Fe-containing alkaline
electrolyte.”® This novel Fe-incorporation strategy in situ
transformed single-atom Co into Co—Fe dimer structures that
act as the active site of the catalysts, confirmed with operando
X-ray absorption spectroscopy. Specifically, the Fe(NO;);:
9H,0 precursor was added into the KOH electrolyte, and
OER catalytic performance was enhanced as the overpotential
at 10 mA cm™* was decreased to 309 mV (Figure 2d). These
results supported that Fe incorporation caused a structural
change of the single-atom Co site during the activation step,
which was essential for the high activity of Co—N—C. The
presence of a new Co species formed upon Fe incorporation
upon positive potentials, where the [Fe(OH),]™ species tend
to be absorbed onto the electrode. Since the atomically
dispersed Co sites are the preferred sites for [Fe(OH),]”
absorption, the activated Co—N—C catalyst gave rise to the
modulated coordination environments with multicomponent
dimeric Co—Fe. This Co—Fe dual-atom catalyst exhibited the
highest turnover frequencies among metal oxides and excellent
stability during the OER.

Cao et al. developed active and stable OER electrocatalysts
in an acid electrolyte that unlock the potential of proton
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M HCIO, solution. (g) Corresponding Tafel plots obtained from the RDE polarization curves. (f, g) Adapted with permission from ref 35.

Copyright 2021 Nature Publishing Group.

exchange membrane assisted water electrolysis for a cost-
effective and sustainable energy supply with an atomically
dispersed Ru atom coordinated with four N dopants and
embedded in a carbon support.”® The Ru—N—C electro-
catalysts delivered a remarkably high intrinsic activity and TOF
and showed no evident dissolution after 30 h of operation in
acidic environments. Superior stability was enabled by oxygen-
free environments that suppress the lattice oxygen evolution
reaction and strong Ru—N bonds that prevent Ru atoms from
dissolving. Also, the preadsorbed O atom in the Ru atom site
resulted in multicomponent modulated coordination of the
O—Ru,—N, moiety that induced the Ru atom to donate more
electrons to the electronegative O atom and the average Ru
oxidation states increased, which was responsible for the high
OER activity and stability. A low overpotential of 267 mV at a
current density of 10 mA cm™ confirmed Ru—N—C as being
more efficient in OER than commercial RuO,/C in 0.5 M
H,SO, electrolyte (Figure 2e).

Han et al. developed atomically dispersed Co—Ni dimer
sites embedded in N-doped hollow carbon nanocubes via
pyrolysis of dopamine-coated metal—organic frameworks.”’
Outstanding catalytic performances in both OER and oxygen
reduction reaction (ORR) were confirmed, and this
bifunctionality could be applied in manufacturing realistic
rechargeable Zn-air batteries with superior efficiency, de-
creased overpotential, and consistent reversibility. Additional
DFT calculations demonstrated that the synergistic effect of
neighboring Co—Ni dual metal center and atomically dispersed
single atoms resulted from the optimized binding energy of
intermediates in multicomponent modulated active metal sites,
which decreased overall reaction barriers.

Recently, Zeng et al. successfully synthesized a diatomic Ni—
Fe catalyst anchored in N-doped graphene, and it exhibited
decent electrocatalytic activities and stability for OER via
orbital coupling between the catalytic Fe center and the
adjacent Ni atom.”® The oxidation state of Fe became higher,
and binding strength to the reaction intermediates was
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weakened, which showed higher OER catalytic performance
with lower overpotential than Fe or Ni single atoms embedded
in N-doped carbon for OER in 1 M KOH electrolyte (Figure
2f). This multicomponent SAC also showed outstanding
electrocatalytic activities and stability for CO,RR at the voltage
potential range different from the oxidative potentials for OER.
The bifunctionality for OER and CO,RR is desirable for the
electrode materials of the rechargeable Zn-CO, battery, and
the researchers built the rechargeable Zn-CO, battery cell to
test the discharge—charge cycles and tried to bridge the gap
between research result in laboratory condition and the
practical implementation.

Support materials for the single atoms in SACs are not
limited to carbon-based materials. For example, Shan et al.
integrated Ir single atoms into the cationic sites of the cobalt
spinel oxide lattice.”® They revealed that the identical local
atomic structural environment of correlated Ir single atoms in
the host cobalt oxide lattice was responsible for the enhanced
catalytic OER activity by beneficially modifying the electronic
structure. Among the atomically correlated Ir,Co, O, with
different compositions of the integrated Ir component x,
Ir 0sC0, 940, showed the best OER mass activity and also
outperformed the conventional surface adsorbed Ir single
atoms on a Co;0, support (Ir SA@Co;0,). The atomic
correlations of Ir with Co and O in the host lattice also
improved corrosion resistance in acidic HCIO, electrolyte
solution and under oxidative electronic potentials. In addition,
Li et al. reported stabilized Pt single atoms on PtCo alloy
nanosheets with trapped interstitial fluorine (SA-PtCoF) by
electrodeposition and fluorine plasma treatment.”” The Pt—Co
bond in PtCo alloy nanosheets was weakened by the lattice
distortion induced by the interstitial F atoms, which eventually
stabilized atomically dispersed Pt in the SA-PtCoF and further
enhanced OER activity with low onset potential of 1.50 V.
Since, the SA-PtCoF also showed the onset potential of 0.95 V
for ORR superior to the commercial Pt@RuO,, SA-PtCoF was
a bifunctional catalyst that exhibited high activity toward both
OER and ORR. The bifunctionality of the SA-PtCoF catalyst
made it attractive as a cathode in zinc-air batteries (ZABs), and
the prepared ZABs with the SA-PtCoF cathode showed
superior durability under continuous cycles for over 240 h with
a peak power density of 125 mW cm™ and a specific capacity
of 808 mA h g, " at 10 mA cm 2. Practical implementation as
flexible ZABs for wearable electronics was also reported to
ensure the persistent enhancement of multicomponent SACs
for practical device-level performance.

Platinum is the state-of-the-art catalyst for ORR, but its high
cost and scarcity limit its large-scale use. However, if the usage
of Pt reduces to a sufficiently low level, this critical barrier may
be overcome. Atomically dispersed metal catalysts with high
activity and high atom efficiency have the possibility to achieve
this goal. Besides only one metal site in the dual-atom catalyst
as the active site, both metal sites might engage in the reaction
via a different reaction mechanism. For example, the
dissociative pathway might be applicable to dual-atom catalysts
because of the existence of multiple active sites, which are
distinct from SACs. Moreover, ORR can occur via a dual-site
reaction mechanism. One metal site is responsible for the
reduction of O, to H,0,, and H,0, can be further reduced to
H,O on the other metal site. Importantly, if both metal sites
take part in the reaction, the scaling relationship that limits

ORR activity could be broken and a better catalyst could be
achieved. The electronic structure and reaction mechanisms of
SACs, and hence their catalytic activity, can be tuned by
coordinating the center metal atom with other elements, such
as S, P, O, N, and B, or constructing dual metal atom catalytic
centers.

For example, Zhang et al. synthesized a series of single metal
atoms anchored on a porous N, S-codoped carbon (NSC)
matrix, namely, FeN,S,, CoN;S,, and NiN;S,, and explored the
relationship between structure and ORR catalytic activity.’®
Since no metal—metal bonds were observed in K-edge X-ray
absorption near edge structure (XANES) spectra, a single
metal atom site coordinated with N, S, or C, definitely not
other metal atoms. Unlike Co—S bonds and Ni—S bonds that
were observed in the Fourier transformed extended X-ray
absorption structure (EXAFS) spectra, Fe—S bonds were not
detected; this means that, in the FeN,S, structure, S atoms
bond with N atoms adjacent to the center Fe atom and
multicomponent coordination environments with four N
atoms as first-neighbors and S and C atoms as second-
neighbors are present (Figure 3a). DFT calculations revealed
that the Fe-centered single atom anchored on porous N, S-
codoped carbon was the most active site, superior to the Co or
Ni-centered counterparts and even the commercial Pt/C
catalysts (Figure 3b), due to the higher charge density and
lower energy barrier of the intermediates during ORR.

The multielectron process of the acidic ORR can occur via a
two-electron pathway to produce H,0O, or via a four-electron
pathway to produce H,O, and multicomponent SACs with
atomic-level tuned surroundings of the active sites can
selectively favor one specific ORR pathway over the other
ORR pathway. For the case of Co-SACs as an example, Wu et
al. reported a single-atom Co—N, electrocatalyst embedded in
porous carbon nanospheres that selectively pursue ORR in
neutral media with the four-electron pathway, not the two-
electron pathway resulting in H,0, production.’”” Since the
ratio of the catalytic reduction currents of H,0, and O, was
determined to be 14% for Co—N,/C, which was significantly
smaller than that of 55% for Pt/C or 57% for Pt electroplated
on glassy carbon electrode (Pt-GCE), Co—N,/C showed a
high tolerance to the H,0, producing two-electron pathway.
Electrochemical kinetic analysis revealed that the direct four-
electron pathway was exclusively chosen rather than the two
sequential two-electron reduction pathways with a dissociable
H,0, intermediate, and further DFT calculations also
indicated that the weak adsorption of H,O, on the
porphyrin-like Co—N, site might cause the selectivity toward
the four-electron pathway. On the other hand, Jung et al. tuned
a surrounding atomic configuration of a Co—N, moiety
incorporated in nitrogen-doped graphene with additional
adsorbed oxygen atoms, denoted as CoN,(O), and a high
H,O0, selectivity of 82% was confirmed with a predominance of
the two-electron pathway over the four-electron pathway.”’
This contradiction in Co-SACs was resolved by Tang et al.
revealing a role of the surrounding atomic coordination in
ORR pathway selection (Figure 3c).”' Charge difference
analysis demonstrated that the adsorbed oxygen atoms
adjacent to Co—N, or Co—O, moieties induce a directional
electron depletion of Co toward the *OOH adsorption site,
which was advantageous to the two-electron pathway (Figure
3d). Varying the configuration of the first and second
coordination spheres in SACs, computed activity volcano
plots of ORR were constructed with the binding free energy of
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Figure 4. (a) EXAFS fitting curves of Cu-CDs in R space using backscattering paths of Cu—N, Cu—0, and Cu—C. The inset in (a) shows the
structure of Cu sites in Cu-CDs. (b) Dependence of faradaic efficiency and current density based on geometric surface area of Cu-CDs with Cu—
N/O-C structures. (c) Free energy diagram of CO, reduction pathway to CH, and (d) HER pathway on the CuN,O,(Cu-CDs), CuN,, and
Cu(111). (a—d) Adapted with permission from ref 76. Copyright 2021 Nature Publishing Group. (e) FE¢ versus applied, IR-corrected electrode
potential of CO for the five M—N—C catalysts. Adapted with permission from ref 77. Copyright 2017 Nature Publishing Group.

*OOH from DFT calculations and a thermodynamic limiting
potential for both the two-electron and four-electron pathways
(Figure 3e). By optimizing the electronic structure and *OOH
adsorption behavior, the researchers successfully figured out
the structure—property relationships of multicomponent SACs
in acidic ORR and confirmed that CoO, moieties with
adjacent additional oxygen atoms incorporated in a carbon
matrix exhibit superior catalytic activity and high selectivity of
95% toward acidic H,0, production via the two-electron
pathway. In contrast, suppressing H,O, production and
pursuing the four-electron pathway is essential in some
practical applications of multicomponent SACs. For example,
Wang et al. synthesized a catalyst with atomically dispersed
CoN, moieties embedded in a 3D porous nitrogen-doped
carbon matrix and confirmed its preference for the four-
electron pathway, which is desirable to the cathode catalysts
materials for proton exchange membrane fuel cells
(PEMFCs).”” A superior half-wave potential of 0.80 V versus
reversible hydrogen electrode (RHE) was achieved in a
challenging acidic condition of 0.5 M H,SO, electrolyte.
Therefore, a rational atomic-level structure design of multi-
component SACs is extremely crucial to engineer the reaction
mechanisms and eventually show their potential toward
practical implementations.

Not only the atomic coordination of the metal active sites
but also the metal active sites themselves can be modulated by
introducing multicomponent atomic elements. For example,
Yang et al. successfully synthesized dual-metal (Fe, Mn)
atomically dispersed on N-doped carbon (Fe, Mn/N—C)
catalysts and conducted electrochemical evaluations.”> Dual-
metal atomically dispersed Fe, Mn/N—C and the single-atom
Fe/N—C and Mn/N—C catalysts were precisely designed to
uncover the spin-state formation of 3d orbitals in transition
metal ions, which could be useful in optimizing the ORR
activity. DFT calculations demonstrated that an average

oxidation state of Fe atoms was affected by adjacent atomically
dispersed Mn—N moieties, which can effectively activate the
Fe(III) sites and permit Fe(III) in FeN, to achieve the ideal
one e, electron filling, allowing the excellent ORR activity and
selectivity of Fe, Mn/N—C in both alkaline and acidic media
(Figure 3f, g). DFT calculations further confirmed that the
electronic structure-adjusted Fe, Mn/N—C and the oxygen
intermediate had proper bond length and binding energy,
which improved the reaction kinetics of ORR. Moreover, Han
et al. also recently revealed that the O, activity and ORR
catalytic activity of the Fe—N, moiety could also be enhanced
by introducing an adjacent Pt—N, moiety without the direct
chemical bonding between different metal atoms.”” The
neighboring Fe—N, and Pt—N, embedded in a nitrogen-
doped carbon framework (Fe—N,/Pt—N,@NC) showed a
remarkable half-wave potential of 0.93 V versus RHE, which
was higher than that of Fe—=N4@NC and a commercial Pt/C
catalyst. A ZAB using Fe—N,/Pt—N,@NC as the electro-
catalyst on an air cathode was also built, and a high open-
circuit voltage of 1.48 V, a peak power density of 200 mW
cm™?, and a large discharge specific capacity of 749.9 mA h g™*
at 10 mA cm™* were observed. Interestingly, Co—N,/Pt—N,@
NC and Mn—N,/Pt—N,@NC did not exhibit superior ORR
performance enhancement, unlike Fe—N,/Pt—N,@NC, and
further DFT calculations revealed that the electronic structure
modulation of M—N, moieties (M = Fe, Co, and Mn) induced
from the adjacent Pt—N, was advantageous to Fe—N, with the
optimized adsorption energy of intermediates, but negligible or
even negative to Co—N, and Mn—N, due to the excessively
strong binding strength between the adsorbates and the active
sites of multicomponent SACs.

The electrochemical CO, reduction reaction (CO,RR) is of
great importance to tackling the rising CO, concentration in
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the atmosphere. Direct electrochemical reduction of CO, to
fuels and chemicals using renewable electricity has attracted
significant attention partly due to the fundamental challenges
related to reactivity and selectivity and partly due to its
importance for industrial CO,-consuming gas diffusion
cathodes, which heavily rely on the development of low-cost
and efficient electrocatalysts. A variety of materials can be
applied as catalysts for CO,RR, such as iodide-derived copper
(ID-Cu) for ethane production’* or Bi nanospheres for
formate production,”” and a range of heterogeneous and
potentially low-cost multicomponent SACs containing earth-
abundant elements have recently emerged as promising
candidates for the CO,RR.

For example, Cai et al. prepared N, O-coordinated Cu single
atom embedded in carbon-dot supports and SACs with a
modified microenvironment of Cu—N,-O,, which was
confirmed with an EXAFS fitting curve (Figure 4a) and
showed an ultrahigh faradaic efficiency (FE) of 78% toward
methane production through electrochemical conversion from
CO, (Figure 4b).”° The introduction of oxygen ligands on the
center Cu single-atom site and partial-carbonization strategy
during the synthesis process offered a chance to modify the
electronic structure of the center Cu atom and hence lowered
the overall thermodynamic barrier in associating with
intermediates during the CO, reduction pathway to CH,
(Figure 4c). Moreover, high selectivity with suppressed
competing HER to maximize CH, production was enabled
by the properly elevated H, energy barrier resulting from the
fine-tuned electronic structure of Cu active sites (Figure 4d).

Ju et al. demonstrated the trends in the CO, to CO
electrocatalysis of metal- and nitrogen-doped porous carbons
containing catalytically active M—N, moieties (M = Mn, Fe,
Co, Ni, Cu).”” From their computationally calculated and
experimentally obtained catalytic reactivity, CO turnover
frequencies, and CO faradaic efficiencies (FEc), Fe—N—C
and especially Ni—N—C catalysts have huge potential to rival
Au- and Ag-based catalysts based on reactivity-selectivity
descriptors. Specifically, Fe—N—C and Ni—N—C catalysts
clearly acted as highly promising catalysts for selective CO
production. However, the maximum FE, was obtained at a
smaller overpotential on Fe—N—C (Vgyg = —0.55 V, FE¢q =
65%) than on Ni—N—C (Vggz = —0.78 V, FEco = 85%)
(Figure 4e). Thus, atomic-scale mechanistic understanding of
potential-dependent CO and hydrocarbon selectivity from the
M—N, moieties was revealed and could be utilized for the
further rational design of efficient and superior electrocatalysts.

Also, Gu et al. reported atomically dispersed Fe atoms
embedded on a pyrrolic N-doped carbon support that
efficiently reduce CO, to CO without using expensive
gold.”® This nonprecious metal catalyst showed modest activity
toward electroreduction of CO, with an increased oxidation
state of single-atom Fe active sites from +2 to +3. Coordinated
N atoms were responsible for this elevated oxidation state and
resulted in superior activity, showing that Fe* sites offer faster
CO, adsorption and weaker CO adsorption than that of
conventional Fe?* sites.”’ In addition, Zhang et al. synthesized
a catalyst with a Pd dimer (Pd,) embedded on the carbon
support and confirmed the CO,RR catalytic performance with
FEc of 98.2% at —0.85 V versus RHE, which was a higher CO
selectivity compared to FEco of 80% and 65% for a Pd single
atom or Pd nanocluster embedded on the carbon support,
respectively.78 In addition, Zhu et al. recently revealed that
neighboring Zn and Co atoms located in pyridine N-doped

carbon showed unprecedented CO, electroreduction to CO.**
The neighboring effects of Zn and Co atoms adjusted the
intermediate bonding strengths and the reaction pathway that
resulted in increased FEqy of 93.2% at —0.5 V versus RHE.
Further investigations unveiled the modified reaction mecha-
nisms and confirmed that *COOH intermediate bonding on
Zn sites became stronger, which accelerated the CO
production.

The electrochemical nitrogen reduction reaction (NRR) is one
of the most promising routes for nitrogen fixation and
ammonia production, which is beneficial to the industrial
fields related to fertilizers or chemicals. However, the low FE
toward NH; and the large overpotential in the NRR process
have distinctly impeded further development of the NRR. To
fully unleash the latent potential in electrocatalytic NRR,
advanced SAC electrocatalysts with rationally designed active
sites combined with diverse support materials have recently the
attracted attention of researchers for their unprecedented
catalytic activity and selectivity resulting from the unique
structural and electronic features of multicomponent SACs.
Since the electrocatalytic NRR has a more complex reaction
pathway than other electrochemical reactions like HER, OER,
and ORR, the structure—activity relationships should be clearly
revealed for the rational design of efficient NRR electro-
catalysts.

With the help of DFT calculations, Liu et al. constructed a
combinational set of 20 different transition metal atom centers
anchored on three different nitrogen-doped carbon supports to
figure out the intrinsic activity trends in NRR and improve the
NRR activity of SACs.”” As a result, a nitrogen adatom
adsorption energy was responsible for the overall NRR activity
trends and proved to be related to the scaling relations for the
adsorption of intermediates. This work predicted the catalysts
of Ru single atoms embedded in graphitic carbon nitride (Ru@
g-C;N,) as the best performing electrocatalysts for NRR, since
their activity was located at the top of the activity related
volcano-like plot that demonstrated the relationship between
adsorption energy of nitrogen adatom and the thermodynamic
limiting potential.

The theoretically promising Ru single atoms dispersed in
nitrogen-doped carbon were experimentally verified by Geng et
al., achieving a FE of 29.6% for NH; production with a partial
current density of —0.13 mA cm ™2 and record-high NH; yield
rate.”* The discovery of this superior NRR electrocatalyst
clearly encourages the synergetic cooperation of computational
predictions and experimental validations toward further
advances in NRR electrocatalyst design and development.
There is still much room for additional improvement such as
replacing the previously explored Ru single-atom center with
other single-atom elements or modulating the atomic
neighboring coordination of the single-atom metal cen-
ters," ™% since the combinational diversity and unexplored
latent potentials in multicomponent SACs are immense.

Controllable synthesis of SACs with the desired structures and
properties is the most important step in developing multi-
component SACs. Appropriate synthesis methods to manip-
ulate and arrange the atoms at the atomic scale can benefit
SACs to achieve ultrahigh metal atom utilization efficiency,
hence reducing the usage of the metal resources and the
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economic costs, or disperse identical active sites for definitive
characterization of structure—activity relationships. One of the
most widely used materials in synthesizing SACs is MOFs
composed of metal ions or clusters and the bridge role of
organic linkers. Because of their porous crystalline structure,
high specific surface, and controllability at the atomic scale via
internal pore area, MOFs are promising materials in preparing
SACs with improved catalytic activity”® or as neighboring
assistants of SACs by controlling the coordination environ-
ment at the atomic level.*> However, MOFs are not the only
choice in SAC preparations since there are plenty of other
approaches that do not depend on the usage of MOFs.*** In
this part of the Review, we will summarize some general
synthesis strategies for SACs, such as pyrolysis, atom
deposition, and facile synthesis, including solution phase
synthesis, solvothermal synthesis,*® and microwave synthesis,*”
which can be potentially expanded to multicomponent SAC
preparation methods.

Pyrolysis has been widely investigated as a common synthetic
strategy to fabricate atomically dispersed SACs at elevated
temperatures over 703 K to decompose materials thermally. In
particular, treatment with MOF-assisted pyrolysis results in the
fabrication of various unique porous nanostructures including
hollow, core—shell, and yolk—shell structures; these structures
have received attention for their superior properties such as
low density, excellent catalytic stability, and high surface
volume of a core surrounded with a shell for enhancing the
catalytic performance of the material.”’ To capture more single
atoms, zeolitic imidazolate frameworks (ZIFs) have been
considered to be a single-atom precursor candidate owing to
the abundance of N species, controllable atomic coordination
number, and high specific surface area where a single atom can
be anchored on the defect sites after the high temperature
pyrolysis process.”!

Li et al. recently reported monodispersed cobalt single atoms
embedded in a conductive nitrogen-doped carbon nanosheet
(CoSA-N-C) with a high cobalt loading over 15.3 wt %
through the salt-template method with pyrolysis, derived from
a cobalt-based zeolitic imidazolate framework (ZIF-67)
precursor for lithium—sulfur battery anode materials.”> The
synthetic process through pyrolysis was started from potassium
chloride (KCI) particles with the growth of ZIF-67 through
the coordination of a cobalt (II) metal ion and 2-
metyhlimidazole organic linker at 70 °C. The ZIF-67@KCI
composite was pyrolyzed under an argon atmosphere at 750
°C for 2 h and then washed with the hydrochloric acid solution
to obtain the final CoSA-N-C. Also, the TEM image confirmed
that the as-synthesized CoSA-N-C has a two-dimensional
nanosheet morphology. Additionally, the homogeneous
distribution of C, N, and Co elements was observed by the
energy dispersive X-ray mapping images of CoSA-N-C. The
aberration-corrected high angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image can
elucidate that many bright dots with a red circle correspond to
a cobalt single-atom site dispersed uniformly on a carbon
support.

Moreover, derivation from a ZIF to synthesize single-
component SACs could also be applied to preparing SACs
with multicomponent active sites that are expected to show
unexpected synergistic effects due to the cooperative
interactions between the components in the active sites and

their surrounding environment.” For example, Yan et al.
reported a Zn and Ni bimetallic ZIF-8 with different molar
ratios of zinc to nickel to confirm the coordination number
through a pyrolysis method,”* with delicate fabrication
procedures for the Zn/Ni bimetallic ZIF-8. Prepared with
different concentrations of Zn/Ni bimetallic ZIF-8s, denoted
as Zn,Ni, ZIF-8, they were pyrolyzed under an Ar atmosphere.
Different temperatures and holding times of pyrolysis were
studied; C-ZIF-8, C-Zn,Ni; ZIF-8, and C-Zn,Ni, ZIF-8 were
obtained at 1000 °C for 4 h, and Zn,;Ni,ZIF-8 was obtained at
900 °C for 10 h to sustain the high loading formation of Ni
content during pyrolysis.

In addition, low-resolution HAADF-STEM images with
energy-dispersive X-ray spectroscopy (EDX) demonstrate
atomically dispersed elements C, N, Ni, and Zn in C-Zn,Ni,
ZIF-8. Moreover, high-resolution TEM (HRTEM) images and
high-resolution HAADF-STEM images of C-Zn,Ni,ZIF-8
contributed to classifying the porous graphitic carbon and
atomic dispersion of metal species. Furthermore, to fabricate
ideal multicomponent SACs, Lin et al. designed cobalt
phthalocyanine anchored in Fe—N—C through a sequential
pyrolysis and impregnation method assisted by a ZIF-8
precursor developing a synergetic effect of interaction between
the cobalt and iron metal active site for the reduction of CO,.”°
In addition, Fu et al. demonstrated Ir;Mo; multicomponent
SACs synthesized through a sequential adsorption and
pyrolysis of organometallic precursors which exhibited a
more favorable chemoselectivity in the hydrogenation of 4-
nitrostyrene to 4-vinylaniline compared to single metal Ir; or
Mo, SACs, respectively.95 Also, multicomponent SACs with
the reduced amount of the noble metal atom usage can be
fabricated via the pyrolysis method. For example, Zhang et al.
successfully synthesized a locally dispersed Pt—Co embedded
on nitrogen-doped carbon (Pt—Co@NC) with a successive
pyrolysis at 850 °C and electrochemical activation.”® There-
fore, pyrolysis is one of the most facile synthesis strategies for
multicomponent SACs, which provides enough thermal energy
to activate and transform the morphologies and the
compositions of the target materials in the desired directions.

For the successful fabrication of SACs, atomic layer deposition
(ALD) is another widely used synthesis method.”””® As the
frontier of chemical vapor deposition, ALD is a powerful
technique that relies on self-limiting chemical and molecular-
level surface reactions of vapor-phase reactants and a solid
surface by controlling thickness at the atomic level has several
advantages including highly uniformly distributed single
atoms,” superior conformity, and chemical selectivity of the
solid surface for preparing heterogeneous SACs by downsizing
the particle size to the nanometer level.”” '’ Depositing
atomic layers on the highly conductive materials such as
graphene,'’’ N-doped graphene,'’” graphene oxide,'”’
C;N,,'" and MOF derived porous carbon have attracted
much attention as solid substrate candidates owing to their
extraordinary crystalline structures, superior electrochemical
properties, and defect sites to increase catalytic activity.'”> For
example, Kim et al. achieved a high yield of hydrogen gas
sensors using selective functionalization of Pt single atoms
deposited on defect sites of graphene.'""

Fang et al. recently introduced atomically dispersed Pt single
atoms on a Uio-66-NH, derived N—C framework via ALD as a
electrochemical hydrogen evolution reaction catalyst.'”® As
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Pt/Pd heterogeneous-single-atom particles. Reproduced from ref 111. Copyright 2019 American Chemical Society.
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illustrated in Figure Sa, Pt/N—C fabrication started with
synthesizing the Uio-66-NH, precursor using a ZrCl, metal ion
and H,BDC-NH, organic linker dissolved in DMF and acetic
acid (HAc). Then, using the as-prepared Uio-66-NH,, Pt/N—
C SAC was prepared by ALD with a time sequence of 80, 120,
60, and 120 s to expose the trimethylcyclopentadienyl-
platinum (MeCpPtMe3) precursor and O, As a result, a
well-defined MOF structure and uniformly deposited Pt single

atoms with a local coordination environment into the N—C
framework of the MOF were successfully fabricated. To
confirm the Uio-66 derived carbon framework integrated with
Pt atoms, low magnification TEM (Figure Sb, d) and
corresponding high magnification TEM images (Figure Sc,
e) proved the that N—C framework provides efficient
prevention from the aggregation of Pt under the ALD process.
Furthermore, the HAADF mode of the STEM image
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demonstrates that Pt single atoms in Pt/N—C are uniformly
distributed on the N—C framework (Figure 5f), and EDX
element mapping of C, N, and homogeneous distribution of Pt
was also exhibited (Figure Sg, h). Thus, deposited platinum-
based single atoms via ALD had been applied in various
applications, including not only selective hgdrogenation and
dehydrogenation'®” but also NO reduction,'® electrochemical
catalysts,'”” and CO oxidation.' "’

Furthermore, Zhang et al. significantly developed the
electrocatalytic activities for OER and HER through Pt and
Pd heterogeneous single-atom alloys using the ALD process
due to the synergistic effect of those metal interactions.'"!
Zhang employed different diameters of nitrogen-doped carbon
nanotubes (NCNTs) as the substrate by ultrasonic spray
pyrolysis to avoid the aggregation of Pt atoms when deposited
on Pd/NCNT. Following several ALD cycles, high purity N,
was used as a carrier gas and MeCpPtMe3 was used as a
precursor to deposit on the shape-controlled Pd/NCNTs. Low
magnification STEM images in Figure Si and j show a well-
defined octahedral Pt/Pd heterogeneous single atom and cubic
shape of Pt/Pd particles on NCNTs, respectively. Recently,
Zhang et al. also prepared a high-quality of Pt—Ru multidimer
structure via the ALD process. Compared to fabricating general
SACs, designing multicomponents SAC under the ALD
process exhibited excellent properties in terms of stability,
good electrocatalytic activity, and high-quality atomic structure
by sophisticatedly controlling the coordination number.*”

Electrodeposition (ED) is an electrochemical deposition
process applied for surface modification; it is an important
technology for fabricated nanostructures and has potential in
industrial applicability due to its rapid process route,''”
classification, *® size-controlled ability,114 low cost, and high
purity for the production of SACs."'>"'® Bose et al. reported
an unary oxide (CeO,)/heterogeneous bimetallic-hydroxide
(NiFe—OH) composite on porous nickel foam for the efficient
catalysis of water oxidation under a two-step facile ED process
by achieving long-term stability over 80 000 s and a low Tafel
slope of 43.2 mV dec™.""” To improve the catalytic activity of
electrochemical CO, reduction, Qiu et al. introduced a pulse-
electrodeposition method for depositing Cu particles to have
high energy facets of a smooth surface on carbon paper.''®
Moreover, ED is a widely applied strategy for fabricating stable
and efficient SACs to prevent metal single atoms from
aggregating, an obstacle to unambiguously identifying the
uniformly dispersed particles.''”"*

Zhou et al. prepared a heterogeneous structure of Ptgy—
NiO/Ni SAC, using the ED method, as a HER catalyst by
enhancing the binding abilities to hydroxyl ions and hydrogen
(Figure 6a).°® The synergy effects of a 3D Ag nanowire and 2D
heterogeneous Ni/NiO nanosheet consisting of anchored Pt
single atoms via two-step ED under —1.2 V versus SCE
(saturated calomel electrode) for 200 s show significantly
outstanding catalytic performance. Moreover, the under-
potential electrodeposition (UED) technique, a surface-limited
method to fabricate highly uniformed monolayers on the
substrate surface, was properly used to prepare atomically
dispersed SACs."*"""** For instance, Shi et al. first explored the
fabrication strategy of atomically dispersed SACs by conven-
tional UED at a more positive potential than the equilibrium
potential.'”*® They synthesized Ptgy/MoS, by exchanging Cu
atoms with Pt atoms deposited on a molybdenum disulfide

(MoS,) support, which is a high electrical conductivity
material of the two-dimensional transition metal dichalcoge-
nides (TMD) class, at more a positive potential of a galvanic
system of UED (Figure 6b).

As an ideal bottom-up synthetic method, the hydrothermal
treatments with thermochemical conversion process had
attracted enormous enthusiasm due to its versatile strength
in preparing distinctive nanostructured SACs involving nano-
flowers,"** nanorods,'*® nanosheets,'* hierarchical struc-
tures,127 and even heterogeneous structures.'**'*?  For
example, single ruthenium atoms embedded with high 2H
phase Mo$, had nanoflower or nanosheet structure (Ru@2H-
MoS,) under a hydrothermal reaction at 80 °C for 2 h, which
was introduced as an efficient HER catalyst by Wang et al."*’
Starting from a cobalt metal source and nitrogen-doped active
carbon, Zhong et al. prepared single Co atoms anchored on the
carbon support through a two-step hydrothermal process at a
high temperature over 600 °C for fabricating the bifunctional
electrochemical catalyst. Furthermore, Fei et al. reported a
facile hydrothermal process assisted by H,O, for fabricating an
atomically distributed transition metal integrated into nitrogen-
doped graphene, denoted as M-NHGFs, for a heterogeneous
tunable electrochemical SAC.** Adding H,0, aqueous solution
into graphene oxide during hydrothermal treatment, which is
called the oxidative-etching process, led to the graphene having
porous in-plane holes which can improve mass transport
activity via rich defective sites.*"'** Additionally, to prevent
aggregation of the metal site of multicomponent SACs and
improve the intrinsic activity, the hydrothermal method was a
rational synthetic method to manifest the synergistic effects of
different neighboring single-atom elements. For example, Yang
et al. introduced controllable oxygen coordinated tungsten—
molybdenum anchored in N-doped graphene through a facile
two-step hydrothermal method for a HER catalyst having a
remarkable stability in terms of strong covalent interactions
between W—Mo dual atoms and N-do;)ed graphene, which can
bring an unexpected synergetic effect. ° In addition , Ma et al.
synthesized bifunctional catalysts for OER and ORR with
atomically dispersed FeN, and NiN, in nitrogen doped
graphene by hydrothermally treating the mixture of different
metal precursors (Figure 6¢), which were endowed with great
potential to be suitable electrode catalyst materials for practical
ZABs.'”

Precise and effective characterization of SACs is critical for the
fundamental understanding of SACs and unveiling their exact
mechanisms. To elucidate SACs at the atomic scale, the
development of powerful characterization techniques plays a
crucial role in investigating the isolated single atoms anchored
on substrates and their neighbor coordination, hence
confirming the existence of the atomic active sites and the
dynamic behavior of catalysts during reaction processes, which
is more complex for multicomponent SACs."**'*> X-ray
assisted characterizations are also essential to reveal and
understand the fundamental information embedded in SACs,
providing critical physicochemical characteristics, electronic
structures, oxidation states, and chemical bonding between
multicomponent active sites and the intermediates in electro-
chemical reactions.
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Figure 7. (a) TEM and (b) HRTEM images of an NPG sample after the reaction. (c¢) HAADF image of a carbon region on the NPG sample. Insets
in (b) and (c) are the close-up views of the boxed regions, respectively. (d—f) HRTEM images at three different moments during the reaction on a
surface region with positive curvature. The images have the same scale bar. The moment in (a) is defined as 0 s. The yellow, the green, and the blue
dashed lines indicate the positions of the surface at 0, 1, and 2 s, respectively. The white dashed circles denote the positions of a randomly selected
carbon region, and the arrows indicate the thickness of the amorphous carbon at 0, 1, and 2 s. (a—f) Adapted with permission from ref 143.
Copyright 2020 Nature Publishing Group. (g) Aberration-corrected HAADF-STEM image of SA Co-D 1T MoS,, showing the obvious junction
between SA Co-D 1T MoS, (dark cyan) and pristine 2H MoS, (red). Inset shows the HRTEM and EELS spectrum of SA Co-D 1T MoS, (scale
bar: 1 nm). (h) Enlarged HAADF-STEM image in the red square area of (b) (scale bar: 2 A). (i) Theoretical modeled and simulated STEM images
using QSTEM simulation software (scale bar: 2 A). (j, 1) In situ AC-HAADF-STEM images and (k, m) corresponding images of a RuO,+MAFO
physical mixture after calcination at 600 and 900 °C (100 s) under flowing O, (2 mL min~' and 3.5 Pa). (g—m) Adapted with permission from ref
144. Copyright 2019 Nature Publishing Group. (n) STEM image of Ir;Mo,/TiO,. White circles highlight single Ir or Mo atoms, and white squares
contain clusters. (o) LS-EDS of a selected cluster from Ir;Mo,/TiO, (inset shows the area at which the line scanning was performed). (n, o)
Reproduced from ref 95. Copyright 2021 American Chemical Society. (p, q) LT-STM images showing the formation of RhCu(111)
multicomponent SACs. (p) RhCu alloy with Rh sites imaged as depressions showing isolated Rh atoms in brims above step edges as well as in
terraces. (q) Dense brims of isolated Rh sites above a large lower terrace demonstrating how underlying terraces act as catchment areas for
incoming Rh which place exchange at step edges into the upper terrace. Inset shows atomic resolution of Rh sites. (p, q) Adapted with permission
from ref 149. Copyright 2020 Wiley.

using in situ TEM with high spatial-temporal resolution.'*’
TEM, HRTEM, and HAADF images of nanoporous gold
(NPG) after methane pyrolysis reaction clearly show that the
pores in NPG became larger and amorphous carbon was
formed on the surface of all Au ligaments (Figure 7a—c). The
HAADF image noticeably shows that a significant amount of
heavy metal (Au) SACs was produced in the amorphous
carbon, indicating the release of Au SACs from NPG during
the methane pyrolysis process. In order to certify this

High-resolution techniques like TEM, HRTEM, and aberra-
tion-corrected HAADF-STEM can provide an intuitive and
systematic construction of SACs by breaking the practical
resolution limitation and hence distinctly observe the existence
of the multicomponent active sites.”>'*° Higher atomic
number elements typically utilized for SACs can be sensitively
detected on the substrate by their contrast difference from
electron beam scattering. Since electrons are more scattered at

a high angle in TEM by larger electrostatic interactions
between the electrons and nucleus, annular dark field images
produced by HAADF-STEM mode can clearly show isolated
single atoms anchored on substrates.””'** Aberration-
corrected TEM techniques have substantial enhancements in
analyzing nanoparticles and SACs and produce in situ/
operando characterization of catalytic materials. The in situ/
operando TEM techniques lead to further investigation of the
dynamic behavior of catalysts in the reaction process and
determination of the reaction intermediates or catalytic active
sites."””~"** Xi et al. revealed the dynamic methane pyrolysis
process of Au single atoms and Au nanoporous cocatalysis

conclusion, HRTEM images at three different moments of
methane pyrolysis were obtained (Figure 7d—f). The high
temporal resolution of TEM and STEM made it possible to
monitor the dynamic motion of Au crystal surfaces. In situ
analysis showed that the thickness of the amorphous carbon
gradually increased, which indicates that the methane pyrolysis
occurred on the surface during the measured time. As the
reaction continued, the diameter of the NPG ligaments
decreased due to the intensive release of Au SACs from Au
NPG.

Qi et al. reported a highly efficient and stable HER catalyst
consisting of an interface atomic cobalt array covalently bound
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Figure 8. (a, b) XANES and EXAFS spectra at the Mn K-edge of Mn—C;N,/CNT under various conditions. Adapted with permission from ref
150. Copyright 2020 Nature Publishing Group. (c) Fe K-edge XANES spectra, (d) FT-EXAFS spectra, and (e) WT-EXAFS of the Fe K-edge of
FeNi SAs/NC, FeNi NPs/NC, Fe foil, and Fe,O; from the top right side in a clockwise direction. (c—e) Adapted with permission from ref 151.
Copyright 2021 Wiley. (f) Free energy diagram of ORR pathways at 0 and 1.23 V on NC, Ni—N, and Co—Ni—N. Adapted with permission from

ref 25. Copyright 2019 Wiley.

to distorted 1T MoS, nanosheets.'** They elucidated the
atomic dispersion of cobalt and the phase transition of MoS,
through HAADF-STEM with atomic electron energy loss
spectroscopy (EELS) methods. The obvious interface was
generated between pristine 2H MoS, and the disordered
structure of Co-D 1T MoS,, (Figure 7g, h) and further
investigated via theoretical modeling (Figure 7i). The inset in
Figure 7g shows the EELS data of Co SACs, exhibiting Co
peaks at 779 and 794 eV, and each corresponds to Co L3 and
Co L2, respectively. Also, Liu et al. demonstrated that the Ru
SACs were thermally stable with high NO, decomposition
ability because of a strong covalent metal—support interaction
between RuO, and MgAll.21;‘&:0.304(MA130).145 They inves-
tigated and visualized the dispersion process of Ru SACs from
composite materials of RuO, and MAFO, namely,
RuO,+MAFO, through aberration-corrected HAADF-STEM
and simultaneous secondary electron (SE) detection. From in
situ aberration-corrected HAADF-STEM images and corre-
sponding SE images of RuO,+MAFO after different calcina-
tion processes (Figure 7j—m), while the morphology and size
of the RuO, aggregates were kept at a temperature below 900
°C, they shrank by approximately 50% in all dimensions in 100
s at 900 °C.

Also, SE imaging showed that the RuO, was partially
embedded in the MAFO support and immobilized during the
calcination. This information from in situ electron microscopy
could derive the mechanism of Ru SAC formation as breaking
away from the static RuO, and diffusing across the MAFO
surface until it is trapped by a covalent metal—support
interaction.

Since multicomponent SACs have the virtue of enhanced
activity and selectivity through the flexible combinations of
different types of single atoms, they recently emerged as new a
SAC development strategy with the synergistic effect of various
active sites and the optimization of geometric and electronic
structures.””*”'*® Advanced electron microscopy techniques
are necessary for the accurate characterization of different
component materials of atomic scale. Aberration-corrected

HAADEF-STEM can distinguish pairs of atoms through high
selectivity in Z contrast. High-resolution scanning tunneling
microscopy (STM) can also be an effective method for the
precise surface observation of multicomponent SACs. Since
STM can image surfaces with a lateral resolution of 0.1 nm and
a depth resolution of 0.01 nm, individual atomic structure and
conductive surface phenomena can be detected more
accurately.”>" >4

While highly technical electron microscopy gives direct and
intuitive evidence for the atomic level environment, X-ray
absorption spectroscopy (XAS) can provide the critical
physicochemical characteristics of SACs. EXAFS, XANES,
and operando/in situ XAS are widely utilized to reveal the
geometric and electronic structures of SACs, investigating the
chemical bonding features, oxidation states, and coordination
environment of SACs.*>'*"'*%

Fu et al. demonstrated multicomponent SACs of Ir;Mo,/
TiO, exhibiting very enhanced catalytic chemoselectivity
compared with the single-component counterparts and Mo,/
TiO, in the hydrogenation of 4-nitrostyrene (4-NS) to 4-
vinylaniline.” The structure of uniformly dispersed discrete
single atoms Ir and Mo on TiO, could be efficiently
characterized through aberration-corrected HAADF STEM
investigation. A small number of bright clusters with a diameter
less than 1 nm in Figure 7n indicates the Ir;Mo; multi-
component SACs. In order to clearly distinguish Mo atoms
from Ir atoms, linear-scanned energy-dispersive X-ray spec-
troscopy (LS-EDS) was conducted on some clusters, showing
the coexistence of Mo and Ir elements (Figure 70). Hannagan
et al. also reported the usage of low-temperature STM (LT-
STM) to interpret the atomic structure of RuCu multi-
component SACs, the behavior of the common probe
molecule CO, and the alloying process of Ru into a Cu(111)
S*C crystal (Figure 7p)."*’ Ru atoms mainly lie in brims along
step edges, and some of them also are scattered throughout the
terraces of Cu surfaces. In Figure 7q, denser brims above larger
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terraces mean that the terraces acted like a catchment area for
incoming Rh atoms.

Feng et al. reported a Mn single-atom catalyst with a Mn—
N; site embedded in graphitic carbon nitride, exhibiting a
98.8% CO faradaic efficiency with a high current density of CO
of 14.0 mA cm™ at a low overpotential of 0.44 V in an aqueous
electrolyte.””” Through the in situ XANES and EXAFS
investigations (Figure 8a, b), they determined the performance
factor of the catalyst as the Mn—Nj site on which CO, is
adsorbed, activated, and converted, hence leading to the
decreased free energy barrier in the formation of the key
intermediate COOH*. Yu et al. developed Fe—Ni multi-
component SACs embedded in a nitrogen-doped carbon
matrix (FeNi SAs/NC), having exceptional activity in OER
and ORR processes.>" XANES for FeNi SAs/NC and FeNi
nanoparticles (NPs)/NC (Figure 8c) indicates that the average
valence state of Fe in FeNi SAs/NC is higher than that in FeNi
NPs/NC. Also, the variation trend of the white line intensity in
XANES data indicates that the increased white line intensity is
relevant to the increased percentage of single-atomic and
proposed single-atomic structures. By investigating the
bonding coordination through K*-weighted Fourier transform
(FT)-EXAFS spectra in the R-space (Figure 8d), it could be
concluded that no Fe—Fe nanoparticles exist in FeNi SAs/NC.
Wavelet transform (WT)-EXAFS for Fe K-edge in K-space
(Figure 8e) could aid in distinguishing the adjacent properties
of the metal atoms. The WT signals of metal—metal bonds are
observed in the contour plots of FeNi SAs/NC, FeNi NPs/
NC, Fe foil, and Fe,0;, and the peak intensity of the Fe—N
signal is located at k =~ S A~! close to that of Fe—O in Fe,0,,
consistent with the Fe K-edge FT-EXAFS results.

Computational modeling using DFT can be a powerful
method to investigate the insightful mechanism of SAC
reactions, especially in revealing the cooperative effect of
different metals in multicomponent SACs.">*~">* Han et al.
unveiled the synergistic effect of Co—Ni SACs in the ORR
process.”> Downhill free energy pathways of NC, Ni—N, and
CO—Ni-N in ORR at U = 0 V substantiate that all electron
transfer steps can proceed spontaneously (Figure 8f). By
comparing the limiting potential for ORR, the ORR capability
trend follows the order of NC < N—N < Co—Ni—N. Also,
through analyzing the rate-determining step (RDS) at an
equilibrium potential of 1.23 V, while the RDS on NC and
Ni—N is the hydrogenation of molecular O,, the RDS of Co—
Ni—N is the protonation of OH* by the large decrease in the
largest uphill value, manifesting the facilitation role of
bimetallic Co/Ni sites in the ORR process.

Furthermore, DFT calculation can quantitatively compute
meaningful values like adsorption energy of the specific
adsorbate during an electrochemical reaction, which is
expected to correlated with the catalytic activity under the
intrinsic scaling relationships.'>> The predicted activity
information can be a valuable tool to accelerate the discovery
of unexplored superior electrocatalysts and to guide the
rational design of catalysts with desired properties. For
example, complex intermediates and numerous reaction
pathways in electrocatalytic CO,RR are the main obstacles
to efficiently optimize the catalysts, and Gong et al. developed
a descriptor that was highly correlated with the catalytic
activity of metal single atoms embedded in nitrogen-doped
carbon supports.'*® The descriptor consisted of the valence

electron number of the metal center atoms, the radius of the
metal ions, and the electronegativity of the central metals
successfully representing the topological, bonding, and
electronic structures of the catalytic centers, and the volcano-
shaped relationships between the descriptor and catalytic
activity were established to predict that Ti and Co might be
the best metal center atom of the SACs for CO, reduction.
With the help of DFT calculation, activity prediction and
catalyst discovery for other electrochemical reactions have
been successful, such as the scaling relations between the
thermodynamic limiting potential and nitrogen adatom
adsorption energy for NRR”’ or the relationships between
the binding energy of *OOH and the intrinsic activity via two-
electron or four-electron pathways for ORR.”'

Although multicomponent SACs have several advantages, such
as an ultrahigh atomic utilization efficiency, tunability of the
active sites for advanced electronic structures, charge transport,
and synergistic effects between active metal centers and the
modified coordination or the support materials, that are
beneficial for catalysis in various electrochemical reactions, the
engineering of multicomponent SACs is still in its infancy, and
various remaining challenges must be overcome for successful
industrial implementations. For example, nonuniform and low
loading of active sites in SACs is one of the main obstacles for
efficient utilization of atomic metals and precise character-
ization for the overall surface of catalysts. Also, poor stability
under realistic working conditions is another problem and
must be solved by enhanced stabilization via stable anchoring
of SACs on supports. Most of the synthesis methods presented
in this Review to prepare SACs are limited to laboratory
conditions. Therefore, synthesis methods should be econom-
ically scalable for large-scale applications of multicomponent
SACs in the industry. In addition, the fundamental catalytic
dynamics of SACs are still ambiguous and barely understood,
which is even more challenging for multicomponents,'**'*7'%%
leading to an urgent need for advanced in situ/operando
spectroscopic techniques to confirm the surface morphology
during catalysis and to gain insight into structure—activity
relationships. Although the limitations in resolution of electron
microscopy have been broken through powerful techniques
like HADDF STEM or aberration corrected TEM and STEM,
distinguishing different types of nearby multicomponent metal
SACs having similar Z values is the still remaining obstacle.">”
Also, HADDF STEM only provides images of restricted
regions and it can miss the actual active sites where catalytic
reactions occur. Explicit analyses of similar atomic number
elements with more a developed scale of the EDS mapping
system and the enlarged scope of measuring sites are needed
for identifying various dynamics and mechanisms in multi-
component SACs. The EXAFS methodology also retains the
issue of not being sensitive enough to separate SACs from
coexisting compositions like nanoparticles or clusters.
Advanced characterization strategies and computational
simulations should be collaborative to reveal structures and
dynamics of the multicomponent active sites during catalytic
reactions and unveil the catalysis mechanisms of the multi-
component SACs for further improvement and deeper insights.

Recently, various approaches have been reported to handle
the challenges mentioned above. For example, Xia et al
demonstrated transition metal (TM) SACs with comparably
high loading by using a graphene quantum dot interweaved
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carbon matrix as the support which provides enormous active
sites for single-metal atom anchoring.'®” Through functionaliz-
ing graphene quantum dots (GQDs) with amine groups
(GQD-NH,), GQDs can uniformly and stably anchor TM
cations on their surfaces. The strong interaction between TM
SACs and the GQDs based support and the large spacing
between TM SACs leads to robust catalysts with no
aggregation. In addition, Ni—N—C with a high atomic
percentage (15 wt %) delivered a CO partial current of 122
mA/cm?, representing a 2.5-fold improvement from 7.5 wt %
Ni—N-C.

Also, Su et al. constructed a thermodynamics view of SAC
kinetic stability (E,) in light of the correlation between the
binding energy (Ey,q) of SACs on a support to kinetic
transport features through considering the activation barrier for
metal atom diffusion.'®" From the strong correlation of E, and
(Epina)?/E. based on computational data, the universal
correlations between E, with the cohesive energy (E.) of the
bulk metal and E;,y of metal atoms to the support were
derived, which can produce a precise description of SACs and
this physical descriptor allows large availability in further
screening.

Furthermore, because of the availability of computer
hardware and computational chemistry, machine learning
(ML) has recently offered special shortcuts in the rational
design and development of catalysts, including advanced
SACs.'” For example, Kim et al. recently predicted efficient
electrocatalysts for the electrochemical NRR using a deep
neural network.'” From the high-throughput DFT calcu-
lations on boron-doped graphene SACs, the adsorption energy
and free energy were predicted via a feature-based light
gradient boosting machine model. ML-assisted catalyst design
enabled the validation of the catalytic activity over numerous
candidates, and single-atom Cr coordinated with three boron
atoms and one carbon atom embedded in the carbon supports
(CrB4C,) was selected to be a promising electrocatalyst with a
minimal overpotential of 0.13 V for NRR. In addition, Xu et al.
developed a universal principle to evaluate the catalytic activity
of SACs supported on a graphene for HER, OER, and ORR by
proposing the descriptor that correlates with the adsorption
energy of the intermediates.'** Linear regression showed that
the coordination number and the electronegativity of the metal
single atom and the electronegativity of the nearest neighbor
atoms were strongly responsible for the overall catalytic
activity. Therefore, designing and developing multicomponent
SACs might benefit from ML assistance, since the number of
candidates and the complexity of the active sites increase
sharply.

We believe that careful tailoring of multicomponent active
sites is one of the most promising approaches to unleash the
full potential of SACs and reach their superior catalytic activity,
selectivity, and stability at the same time, which makes SACs
promising candidates for electrocatalysts in various energy
conversion reactions. The development of novel synthesis
strategies for the precise control of the atomic surrounding and
active centers accompanied by increasing the density of active
sites in SACs should be emphasized. Also, different types of
support or host materials beyond the traditional nitrogen-
doped carbon materials should be explored to increase the
combinational space of the multicomponent SACs and also the
chances to discover optimized catalysts. The collaboration
between in situ/operando characterization techniques and the
advanced computational approaches might accelerate both the

fundamental understanding of the multicomponent SACs and
the rational development of the superior catalysts. We hope
this Review paves the way for the research direction toward
multicomponent SACs to rationally maximize and optimize the
catalytic performance of a wide range of electrochemical
reactions and offer valuable clues for ultimate solutions to the
global energy crisis.
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