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ABSTRACT: Nanotechnology has driven scientific advances in
catalytic materials and processes over the past few decades. Unique s
physicochemical and electronic properties that emerge when 2,

materials are engineered from the bulk to the nanoscale have been \

exploited for a wide range of applications, including environmental ‘

remediation such as catalytic pollutant destruction. Recent \; N X
advances in the catalytic synthesis of fuels and value-added ‘e " Single N\ @y <O

Clusters of metals
In nanoscale
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chemicals explore the properties of materials, noble and transition VQC degradation c:tt:;’st Fentgn-like procesga
metal catalysts in particular, when they are engineered to be below ' e
nanoscale and at the single-atom limit. In addition to the Q‘”—): ’ L et

maximized efficiency of atomic utilization due to size reduction, DeNO, Siyaroaehaigsiaton

significantly reduced costs and the potential to achieve highly
selective catalysis are particularly appealing to the environmental
application of single-atom catalysts, overcoming certain limitations that the field has been unable to address with nanotechnology.
This critical review, built upon a comprehensive discussion of fundamental properties, synthesis methods, and application examples,
evaluates in depth the opportunities and challenges of single-atom catalysts as new frontier materials for environmental remediation

applications beyond nanomaterials.
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B INTRODUCTION

Nanotechnology has undoubtedly led the scientific advance-
ment of catalytic materials and processes over the past few
decades. The most evident advantage that nanomaterials have
over bulk materials is their larger surface area and increased
number of catalytic sites. In addition, unique physicochemical
properties that emerge as materials are engineered from the
bulk to the nanoscale have been essential to enable
unconventional catalytic reactions. The significant benefits of
downsizing materials can be illustrated by gold, a noble metal
widely used in the nanoscale. Though gold is chemically inert
when in the bulk state, gold nanoparticles exhibit nanoscale
phenomena, including surface plasmon resonance and altered
electronic structure, which enable distinctive photothermal and
catalytic functions.'™* This motivates the question of what
would happen if the same material were engineered on the
subnanoscale. In other words, can the material be engineered
to exist as a “single atom”, which is the theoretical limit in our
endeavor to reduce the size of materials, resulting in improved
catalytic performance and allowing functions impossible at the
nanoscale? Such catalytic materials are referred to as single-
atom catalysts (SACs), a term first used by Qiao et al. to
describe isolated single Pt atoms immobilized on the surface of
iron oxide for CO oxidation catalysis.’
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SACs represent the forefront of catalysis research today in
both theoretical and experimental studies. Since each atom in
SACs is able to participate in catalytic reactions instead of
being buried and inevitability wasted inside nanoparticles, the
atomic efficiency reaches the theoretical maximum of 100%.%”
SACs are named as such due to the separation of active metals
from one another, ie., the lack of metal-metal bonding.
Atomically dispersed noble or transition metals possessing
extremely high surface energy are realized by strong
interactions between metals and support materials (e.g.,
metal oxide, graphene, metal carbide, carbon nitride, etc.),
which prevent the aggregation of individual metal atoms.*”
Due to this strong interaction between single metal atoms and
the support material, a dynamic charge transfer can occur,
affecting the way metals participate in catalysis.'” The unique
electronic structure within the unsaturated coordination of the
single atom is also distinct from its metallic nanocluster
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Figure 1. Definition and properties of single-atom catalysts (SACs). The yellow spheres represent noble or transition metal atoms. The collection
of white spheres represents the support material. The blue and red lines between yellow and white spheres represent coordination bonding between

the metal and support material.

counterparts and has been shown to confer unprecedented
catalytic properties.s’“ Alternatively, single metal atoms can be
anchored onto another metal host in a configuration referred
to as a single-atom alloy (SAA) to exhibit unique bimetallic
functionality.'” The rapid emergence of SAC applications in
various fields, including chemical synthesis,''* CO, reduc-
tion,"* and hydrogen evolution,'® highlights their vast
potential.

While the benefits of nanomaterials have facilitated their
successful implementation into multiple fields,'”'® their
adoption to environmental applications has been slower, partly
due to a relatively high material cost barrier.'” Therefore, the
minimal use of noble metals and the maximized atomic
efficiency of a single atom are particularly appealing for
environmental applications. Palladium catalysts, for example,
are well-known for their ability to reductively remove a number
of priority drinking water contaminants.”’ In the form of
nanoparticles with a diameter of 5 nm, 78.6% of Pd atoms are
buried and inactive, while all Pd atoms in the form of SACs are
available for the reaction and highly active. The material cost of
Pd SACs (one atom dispersed per 10 nm* support, ~1 wt %
loading) to cover a 1 m” surface would be 220 times less
expensive than Pd nanoparticles (5 nm in diameter, typical for
environmental nanomaterials>' ~>*).

Thus, far, SAC research has primarily focused on fuel and
chemical syntheses. Many recent studies in these fields, well
summarized in previous reviews, >*">* claim that SACs
possess better catalytic efficiency and selectivity than their
larger counterparts. SACs can likewise be applied to environ-

mental fields, potentially opening a largely untapped
opportunity and effortlessly incorporating catalysis into solving
various challenging environmental problems. In this critical
review, we first introduce the properties, synthetic procedures,
and characterization methods that are essential for researchers
who wish to explore SAC materials for environmental
applications. We further discuss a few environmental
remediation scenarios that can benefit from SACs, with a
critical assessment of their challenges and research needs.

B PROPERTIES OF SINGLE-ATOM CATALYSTS

SACs exhibit distinct advantages of both homogeneous and
heterogeneous catalysts (Figure 1).% Homogeneous catalysts
in the aqueous phase, which are often in the form of an
organometallic complex, offer fast reaction kinetics and
maximized metal utilization efficiencies. Their most compelling
property is tunable metal—ligand interactions, providing a well-
defined coordination environment for selective catalytic
processes. However, such catalysts in general present low
economic value and limited applications due to (i) the
difficulty of catalyst separation and recycling after use and (ii)
the structural instability of the organic ligands, especially in
pollutant destruction schemes. On the other hand, heteroge-
neous catalysts, including nanoparticulate catalysts, can be
relatively easily recovered and regenerated, which is appealing
for practical applications.’ However, their atomic efficiency is
much lower and kinetics often slower than their homogeneous
counterparts due to their much lower surface atom ratio.
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Figure 2. Schematic illustrations of (a) representative nanoparticulate catalyst synthesis method and (b)—(h) various SAC synthetic methods. In
SAC synthesis, dispersion of metal precursors across support surface can be achieved by (b) atomic layer deposition, (c) mass-selected soft-landing,
and (d) spatial confinement using periodic porous materials. (e) Electrostatic attraction can bring SAC precursors to support surface, but anchoring
sites such as (f) defects and (g) surface ligands are necessary to achieve high SAC loading to prevent metal cluster formation. In an alternative
approach not involving precursors, (h) thermal treatment can transform preformed nanoparticles to SACs.

SACs resemble heterogeneous catalysts since they are
immobilized on supports that can be separated for reuse.
SACs, at the same time, resemble homogeneous catalysts as
the strong metal—support interactions yield electronic proper-
ties similar to those in organometallic complexes. The surface
free energy of metals increases when they exist as single atoms,
leading to the aggregation tendency of atomically dispersed
atoms during synthesis and use.”’ Strong binding to adjacent
atoms of the support material not only prevents metal
migration and aggregation but also makes SACs behave like
mononuclear homogeneous catalysts.” It is therefore possible
to realize homogeneous redox catalytic reactions in a
heterogeneous fashion, as the strong interaction between
single metal atoms and a conductive support efficiently
mediates charge transfer.’”** For example, single-atom Co
bound to adjacent N atoms of N-doped graphene in a CoN,
structure (four nitrogen-coordinated Co atom) was shown to
eﬁiczlentlz‘ catalyze a Fenton-like reaction through charge
transfer.” In addition, the absence of metal ensembles can

produce unexpected selective catalytic reactions by inhibiting
reaction pathways occurring at identical metal atoms
coordinated with the active metal site. For example, atomically
dispersed Pd on an Au—Pd nanoalloy enhanced H,O,
production, while two adjacent Pd atoms on Pd nanoparticles
favored the simultaneous reduc:l:mn of two oxygen atoms,
producing H,O molecules.*

The capability to tune the coordination environment of a
single-atom catalytic center like homogeneous catalysts makes
SACs distinctively advantageous over other heterogeneous
catalysts. The coordination environment can be manipulated
by altering the type of coordinating atoms in the support. For
example, single-atom Pt showed higher selectivity toward
electrochemical H,0, production when loaded onto TiC
compared to TiN. Due to the strong affinity of oxygen
molecules for the N atoms coordinated to Pt, the O,
dissociation reaction occurred preferentially (ie. instead of
O, reduction), resulting in the decreased H,0, production
efficiency of single-atom-Pt-loaded TiN.*® In addition to atoms
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at the first coordination shell of the catalyst atom, vicinal
cations in the support material that form the second
coordination shell can affect catalytic performance as well.*’”
For instance, single-atom Pt on a CeQ, support exhibited high
activity for CO oxidation even at low temperature,”® while the
same single-atom Pt on a SiO, support was ineffective and
even worse than its nanoparticle counterparts.’” It was found
that CO oxidation on Pt,/CeQ, occurred through concerted
adsorption of CO on Pt; and O, dissociation/activation on
reducible Ce atoms.””*' In contrast, CO oxidation was
retarded when inert SiO, was used as a support due to
coszetitive adsorption between CO and O, on single-atom
Pt.

The catalytic perfformances of metals can also be altered by
manipulating the coordination number.*** For instance,
single-atom Pt exhibited improved activity for the hydro-
genation of 3-nitrostyrene as Pt—O coordination decreased
from 3.8 to 1.8. Decreased coordination to O results in lower
Pt oxidation states, significantly increasing hydrogenation
activity without the loss of chemoselectivity.** As another
example, single-atom Ni in Ni—N,—C achieved higher activity
for CO, electrochemical reduction over Ni in Ni—N;—C and
Ni—N,—C bk' facilitating the formation of a COOH*
intermediate.” Although unsaturated coordination sites of a
single-atom center have been generally recognized as the
critical advantage of SACs, lowering the coordination number
does not necessarily lead to an elevated catalytic performance
toward the target reaction.*®”’ An optimal coordination
environment may be obtained at a higher coordination
number, which could enhance the adsorption of a reactant
or desorption of a product. For example, Fe—Nj; displayed a
higher electrocatalytic performance for CO, reduction than
Fe—N, due to promoted CO desorption.* The relationship
between the coordination environment of SACs, determined
by both the species of coordinating atoms and the
coordination number, and their catalytic performance varies
depending on the types of materials and target reactions.
Understanding these relationships at the atomic level remains a
fundamental challenge and presents significant research needs
for various catalytic reactions relevant to environmental
remediations.

B SYNTHESIS METHODS

The starting materials and procedures for synthesizing SACs
are mostly similar to those for nanoparticulate catalysts.
Loading single-atom metals onto a substrate surface at very low
concentrations is relatively easy when the precursor concen-
tration is very low. But these sparsely doped materials are not
preferred due to low catalytic efficiency. In contrast, synthesiz-
ing SACs at high loading remains a challenging task. When the
concentration of metal precursor increases, metal atoms tend
to coalesce and form clusters due to high surface free energy,
which eventually leads to nanoparticle formation (Figure 2a).
The key to synthesize SACs is how to ensure the atomic
dispersion of metal precursors during synthesis.

Early SAC studies relied on rather complicated synthesis
techniques, such as atomic la%.'er deposition (ALD)**™' and
mass-selected soft-landing.””">* These methods employ
vaporized metal precursors to minimize interactions among
precursors and prevent interference with impurities. In a
typical ALD process (Figure 2b), the metal precursors carried
by an inert gas are first chemisorbed to the support surface.
Metal atoms are then coordinated to the active sites through a

reaction with the second precursor that is subsequently
introduced as a vapor, completing a single ALD cycle. The
self-limiting nature of precursor reactions prevents metal
loading beyond a single atomic layer in each ALD cycle. The
SAC loading is controlled by the number of ALD cycles, and
excessive ALD cycles can lead to the formation of nanoclusters.
Mass-selected soft-landing (Figure 2c) involves guiding
positively charged metal ions from vacuum chambers toward
the substrate through a quadrupole mass filter based on mass
to charge ratio. Though such methods are advantageous for the
precise synthesis of SACs, both require sophisticated instru-
ments and suffer from low material yield. Therefore, they are
generally considered unsuitable for large scale production.”

Wet chemical methods, such as coprecipitation and
impregnation, are inexpensive and easy to implement without
requiring specialized instruments.”* > However, since the
precursor metals are brought to the support surface in a less
controlled manner compared to the aforementioned gas-phase
approaches, it is critical to provide spatially confined anchoring
sites that can host no more than a single metal atom. The
spatial confinement of single-atom metals within molecular/
atomic-scale cages has been used as an effective approach to
prevent the migration and aggregation of metal precursors.
Periodic porous materials, such as metal organic frameworks
(MOFs),” " covalent organic frameworks (COFs),”” and
zeolites,*** allow for the spatial and atomic distribution of
metal species to achieve relatively high SAC loading (Figure
2d). For example, single-atom Pt and Ir with mass loadings up
to 2.54% and 1.05%, respectively, were synthesized on a
zirconium porphyrin-based MOF as a spatially confining
template.ss However, this approach is limited by the
availability of specific porous substrates and the difficulty of
completely removing unreacted metal precursor ligands during
post treatment.

Alternative approaches to extend wet chemical syntheses to
a wider range of support materials have been extensively
pursued through modifying surface properties. By controlling
the pH of aqueous solutions containing both supports and
metal precursors, SACs can be synthesized through electro-
static adsorption between supports and metal ions.**®” For
example, a single Pt atom per S nm diameter TiO, particle was
achieved by electrostatic adsorption between a surface oxygen
anisog (O7) and platinum tetraammine ([(NH;),Pt]**) at pH
12,

However, in order to achieve high SAC loading, the
availability of specific anchoring sites that provide strong
binding for metal atoms is essential. *”’° Without such sites,
metal atoms on the substrate tend to migrate and form
aggregates to reduce their surface energy, much like how
nanoparticles form during similar wet chemical syntheses.
Some materials have anchoring sites that can host single atoms
in their inherent structures. For example, the void center of
C;N, nanosheets can anchor a Co single atom by forming a
stable coordination with pyridinic N atoms in the surrounding
heptazine units of C;N,.”* For crystalline substrates, defects
such as unsaturated sites and vacancies can be introduced as
such anchoring sites (Figure 2f). For example, Au can be
anchored onto TiO, nanosheets with abundant oxygen
vacancies on its surface by forming a Ti—Au—Ti structure,
while Au tends to form nanoparticles on the surface of pristine
TiO,. As another example, single Rh atoms can be trapped to
Mo defect sites, a cationic vacancy, on defect-rich MoS,
nanosheets to form a Rh—S, structure.”>
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Figure 3. Characterizations of Pt SACs (Pt,). (2) HAADF-STEM image that shows atomically dispersed Pt single atoms (highlighted by yellow
circles) on N-doped carbon. Reprinted in part with permission from He et al.*® Copyright 2019 Springer Nature. (b) Normalized XANES
measurements at the Pt L;-edge (11.5637 keV, ionization energy of 2p (j = 3/2) electron of Pt) of Pt;/SiC, Pt cisplatin, Pt foil and PtO,. (c)
Fourier transform of the k>-weighted EXAFS (where k is the wavenumber of the photoelectron, and EXAFS often weighted by k* or k* to amplify
oscillation signals) of Pt,/SiC, Pt foil, and Pt cisplatin. Reproduced from Huang et al,”" with permission. Copyright 2018 American Chemical
Society. (d) IR spectra of CO adsorption at saturation coverage and room temperature to atomically dispersed Pt on TiO, and Pt clusters on TiO,.
Reproduced from DeRita et al,®® with permission. Copyright 2017 American Chemical Society.

Functionalization of supports with surface ligands (Figure
2g) is an alternative approach that overcomes the difficulty of
uniformly introducing defect sites. For example, a relatively
high loading of Pd SAC (~1.5 wt %) was achieved on TiO,
coated with ethylene glycol, as more than one oxygen atom of
ethylene glycol coordinates with a Pd single atom; in contrast,
Pd nanoparticles formed on ligand-free TiO,.” Up to 1.6 wt %
Pt was loaded as single atoms on a SiC substrate modified with
(3-aminopropyl)trimethoxysilane.”" The negatively charged Pt
precursor (PtCls®") arranged to the positively charged
ammonium group on SiC via electrostatic attraction.
Subsequent photoreduction formed Pt—O bonds that provide
strong anchors to Pt SACs.

A challenge remains in ensuring the stability of the metal—
substrate bond over long-term use under harsh conditions.
SACs may still aggregate to form nanoparticles, especially
under high-temperature applications. A novel strategy to
obtain thermally stable SACs has been explored on the basis
of a top-down route from metal nanoparticles by thermal
treatment (Figure 2h).”*”> Wei et al. reported an unexpected
phenomenon where noble metal nanoparticles (Pd, Pt, and
Au) were transformed to thermally stable SACs above 900 °C

in an inert atn'u:rs]:»here.76 High-temperature conversion of
nanoparticles to SACs yielded thermodynamically stable
metal-N, structures when mobile metal atoms were
immobilized in defects of nitrogen-doped carbon. Using this
method, SACs overcome the drawback of high-temperature
aggregation, a common challenge in industrial applications.

B CHARACTERIZATION TECHNIQUES

After the invention of scanning probe microscopy and related
techniques in the 1980s that can image structures on the
nanoscale, the door to the nanoworld was pushed open.”””*
Similarly, the development of high-end instruments has been
key for advances in SAC science. The techniques that are used
for nanoparticle characterization, such as transmission electron
microscopy (TEM), X-ray powder diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), atomic force microscopy
(AFM), and ultraviolet—visible spectroscopy (UV—vis),
cannot prove the presence of SACs, although they still remain
useful to analyze the substrates that host single atoms. Some of
these analyses can be used as a negative control. For example,
the lack of nanoparticles in TEM images may indicate that the
metals on the substrate can be on the atomic scale. However, it
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does not exclude the possibility that metals can also exist as
clusters whose size is smaller than the resolution of the
instrument.

In order to present undeniable evidence for the formation of
SACs, a suite of characterization techniques must be utilized. A
visual confirmation of single-atom configuration can be
obtained by high-angle annular dark-field scanning trans-
mission electron microscopy (HAADFE-STEM). Conventional
TEM techniques do not provide sufficient contrast for single
atoms to be seen, even_ when high-resolution TEM or bright-
field TEM is employed.”” In HAADE-STEM, an electron beam
is focused and raster-scanned over the sample, and the
transmitted electrons that are scattered at high angles are
collected using an annular detector. Incoherent Rutherford
scattering that occurs through the interaction between the
incident electrons and the nuclei mainly contributes to the
high-angle scattering."g_m Since greater electrostatic inter-
actions between the nucleus and incident electrons cause
electrons to be scattered, the image intensity becomes
approx]mately proportional to the square of the atomic
number.*”*> This makes heavier metal catalysts appear much
brighter than the lighter atoms that constitute the support,
enabling compositional imaging of metals at atomic resolution.
Aberration correction of the probe in STEM can further
enhance the image contrast and resolution by focusing the
electron beam below an Angstrom, thereby increasing the
interaction with the single atom. The first STEM imaging of
single atoms was performed in 1970 when single uranium
atoms were viewed on a carbon film.** Since then, many more
single-atom dispersions have been characterized using STEM-
based techniques, wlth a great push forward arising from
platinum-group metals.*® Figure 3a is a sample HAADF-STEM
image of Pt SACs loaded on N-doped carbon, where
atomically dispersed Pt atoms (highlighted by yellow circles)
were observed over the sug(!:’ort material with no obvious Pt
nanoparticles or clusters.”™ Since HAADE-STEM images
provide only visual confirmation, not chemical information
such as valency or coordination, it must be used in conjunction
with other techniques.

X-ray absorption spectroscopy (XAS) yields valuable
information about the SAC’s oxidation state and coordination
environment. This technique, which requires a synchrotron
source, involves irradiating X-rays of tunable incident energies
to excite core electrons of the sample. XPS, a similar and
common technique, generates an electron beam energy as high
as 5000 eV with a top-notch Cr Ka source, but this is far from
enough energy to photoeject the core electrons of metals (e.g,
excitation energy of 2p (j = 3/2) electron of Ptis 11563.7 eV).
Additionally, the synchrotron source provides a spectral
brilliance unmatched by standard XPS, which is made tunable
via an X-ray monochromator. X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) are typical analyses performed with the
data from XAS measurements. XANES provides information
on the electronic structure of the absorbing atom, and EXAFS
provides information on the number and bonding distances of
the atoms surrounding the absorbing atom.

XANES comprises the spectral components near the
absorption edge, a feature produced by the dramatic increase
in the absorption of X-rays at the absorption edge energy
position (Figure 3b). This sharp peak at the top of the edge is
called the white line, a name arising from the appearance of X-
ray absorption data on photographic plates. XANES scans 30—

50 eV above the atomic core level ionization energy, at which
point a photoelectron is emitted with its wavelength larger
than the interatomic dlstance between the specific atom and its
nearest neighbors. %57 The wave function of a photoelectron
can be affected by multiple scattering events involving
neighboring atoms. Since the edge maxima of white line
intensity shifts to higher energies as oxidation state increases
(ie, the binding energy increases with oxidation state),
XANES can be used to determine the valency of an atom by
comparing it to those of reference materials such as metal
oxides and zerovalent metals. The white line also provides
complementary information on the oxidation state because
oxidation increases the density of vacant states on the
absorbing atom and therefore increases the white line intensity.
For example, XANES spectra of Pt,/SiC suggest that the
oxidation state of Pt in Pt;/SiC is between 2+ and 4+, as the
white line of Pt,/SiC lies between that of Pt cisplatin (Pt**)
and PtO, (Pt*).”' This is especially informative for SACs
wherein the metal—support interactions often produce single
atoms with partially charged oxidation states.

The EXAFS spectra account for the oscillatory part of the
absorption above the edge and include features caused by the
influence of surrounding atoms on photoejected electrons. The
photoelectrons produced from excitation by the mcndent X-ray
are scattered by the cores of surrounding atoms.”® The original
photoejected electron and the scattered photoelectron’s wave
functions undergo quantum interference, causing oscillations
in the absorption spectrum at energies above the absorption
edge. The intensity of the oscillations in the absorption
spectrum decreases at higher energies above the edge, ie,
further removed from edge resonance. The intensity and
position of the oscillations depend on the distance between the
absorber and scattering atoms, as well as the phase shifts of the
wave functions that occur from interactions with the absorber
and scattering atoms. The EXAFS signal, which is the
absorption spectrum beyond the XANES region, normalized
per absorber atom, can be used to assess information about the
local coordination environment of the atom of interest. The
frequencies contained in the EXAFS signal depend on the
distance between the metal atom and its neighboring atoms. A
Fourier transform of the EXAFS spectrum produces a
photoelectron scattering profile as a function of radial distance
from the metal atom. In an example shown in Figure 3¢, each
noticeable signal corresponds to the different types of
neighbors and bonding configurations around the absorbing
atom, where Pt—Cl, Pt—O, and Pt—Pt coordination show
different peak positions.

Both the XANES and EXAFS spectra are used to verify the
absence of metallic bonds, which is critical to exclude the
possibility of cluster or nanoparticle formation. This is
generally more obvious in the EXAFS spectrum because
scattering increases with atomic number. Therefore, a heavy
metal scatterer such as Pt will lead to a greater scattering
intensity than a light element like C or O (assuming the same
absorber atom such as Pt). If only isolated Pt atoms exist, there
will be no Pt—Pt scattering. Thus, EXAFS provides an on/off
signal for the absence/presence of clusters, while the XANES
may only show a change in shape of the signal

Infrared (IR) spectroscopy is another technique used to
characterize single-atom catalysts, verify atomic dispersion, and
indicate the lack of clusters or nanoparticles. Gaseous CO is
commonly used as a probe molecule, as it interacts differently
with isolated metals, metal clusters, and nanoparticles, and
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Figure 4. Emerging applications of SACs to (a) energy production and chemical synthesis, such as the hydrogen evolution reaction, CO, reduction,

oxygen reduction reaction, and selective hydrogenation, and (b) environmental fields such as Fenton-like processes, electrocatalytic water

treatment, photocatalytic remediation, hydrodehalogenation, oxyanion removal, NOy reduction, and VOC degradation.

discerns the oxidation state, local structure, and coordination
environment of the metal atoms.®**® For certain metals, CO is
not an optimal probe molecule due to its weak adsorption
capability and an alternative probe compound should be
used.”” As CO interacts differently with these various metal
sites, the energy of its vibrational frequency yields a unique
signature that enables the identification of the type of metal
sites present in the material. The CO adsorption peak for
single-atom catalysts, wherein the metal atoms should only
exist in one state, should have a narrow, sharp peak, and the
peak for metal clusters or nanoparticles should be broader due
to the metal existing in a variety of states (e.g., comers, defects,

or extended surfaces) (Figure 3d). The full width at half-
maximum (fwhm) value distinguishes the extent of peak
sharpness or broadness, with fwhm values around 5 cm™
indicating that the peak is narrow and that the metal species
are uniform and exist in the same state.”’

Once single-atom formation is verified, elemental analysis,
such as inductively coupled plasma mass spectrometry (ICP-
MS), can be performed to quantify the loading of SACs on
support materials. This information is critical to quantitatively
compare the atomic efficiency and turnover frequency (TOF;
moles of product formed per active metal atom per unit time)
of SACs to that of their nanoparticle counterparts. Collectively,
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the above analyses provide a comprehensive understanding of
the physical dispersion and heterogeneity, chemical structure,
coordination environment, and loading amounts of SACs.
These characteristics can be correlated to the results of
catalytic activity tests to gain insight into the role of SAC
material properties in various applications.

B SAC APPLICATIONS TO ENERGY AND CHEMICAL
FIELDS

While Pt-based nanomaterials have long been considered the
premier catalysts in the electrochemical hydrogen evolution
reaction (HER),” recent studies suggest that single-atom Pt
catalysts can exceed their performance. It has been reported
that atomically dispersed Pt catalysts exhibited at least 10 times
higher performance for HER than commercial Pt/C catalysts
on a Pt mass basis.**"**~° In addition to HER, SACs have
been actively explored for the catalysis of several green
chemistry reactions, including the oxygen reduction reaction
(ORR),** CO, reduction,”'”" and the water—gas shift
reaction.’®'"" Their improved catalytic activity is often
quantitatively evaluated in terms of enhanced TOFE.'*'"
Recently, the superior performance and reaction selectivity of
SACs for various energy applications have been interpreted in
relation to their properties beyond a fundamental under-
standing of maximized atomic utilization. 104,105

The unique properties of SACs play a crucial role in
increasing target reaction selectivity for sustainable energy
applications (Figure 4a). Therefore, SACs must be carefully
characterized beyond a simple confirmation of single-atom
dispersion. For example, depending on the synthetic scheme,
four-coordinated single-atom Pt could be produced on
graphdiyne (Pt,/GDY2), which demonstrated a much
improved HER performance compared to five-coordinated
single-atom Pt on (%mphdiyne (Pt;,/GDY1) and the commer-
cial Pt/C catalyst."™ The change of coordination environment
led to a greater unoccupied density of 5d orbital of Pt, reducing
the Gibbs free energy to near zero to facilitate the adsorption
of hydrogen atoms onto Pt SACs. Additionally, compared to Pt
nanoparticles, Pt SACs loaded onto WO;y exhibited an
enhanced hydrogen spillover effect due to the strong metal—
support interaction between Pt and WO;_y. Consequently, Pt
SACs showed a significantly improved HER performance
compared to Pt nanoparticles on WO, y.'”

The effects of tunable SAC properties on reaction selectivity
are highlighted in ORR performance to yield different final
products. The ORR consists of multiple reaction pathways and
proceeds either by a four-electron transfer to reduce O,
directly to H,0 (O, + 4H" + 4e- — 2H,0), a reaction
used in fuel cell applications, or by a two-electron transfer to
produce H,0, (O, + * + H" + &= —» HOO* followed by
HOO* + (H") + e~ — H,0, + *, where * denotes unoccupied
active catalytic sites),’®® a reaction critical for alternative fuel
synthesis. The selectivity is primarily determined by the
catalyst’s ngropensity to break the O—O bond of molecular
oxygen.l ” The greater capability of catalysts to break O—O
bonds enhances the production of the intermediates for four-
electron ORR, ie, O* and HO*. Since HOO¥* is the sole
intermediate for two-electron ORR, the adsorption energy of
HOO* is the key selectivity indicator for H,O, production. In
particular, it has been reported that controlling the
coordination number of SACs with neighboring nitrogen
atoms in M—N—C catalysts can selectively tune the pathway of
ORR.* For example, single-atom-loaded Co—N—C catalysts

with a Co—N), structure promoted the cleavage of O—O bonds
and enhanced ORR activity for the four-electron transfer.”® On
the other hand, single-atom Co—N—C catalysts with a Co—N,
structure' ' exhibited superior two-electron selectivity, with
over 82% to H,0, production, since electron-deficient cobalt
SACs coordinated with four nitrogen atoms act as an active
center for adsorbing HOO*.

In the same way, the properties of SACs greatly influence the
selectivity of chemical transformations by tuning reaction
pathways. In the selective hydrogenation of acetylene to
ethylene (C,H,), the improved performance of single-atom Pd
embedded in a Cu ensemble was attributed to the weaker
adsorption of C,H, to the single atom compared to its Pd
nanoparticle counterpart, which prevented overhydrogenation
to the undesirable ethane product.''' In the selective
hydrogenation of 1,3-butadiene to butene, single-atom Pd
loaded on graphene showed complete transformation
selectivity, while Pd nanoparticles inevitably exhibited over-
hydrogenation reactions.” Tt is also important to note that the
coordination number of SACs can also determine the
selectivity of the chemical transformations. For example,
among atomically dispersed Fe—N—C catalysts with different
FeNy (X = 4—6) structures,” the FeNj structure exhibited a
remarkably selective oxidation efficiency of C—H bonds, a key
reaction in the fine chemical industry, over 3 and 10 times
higher than that of FeN4 and FeN, coordination, respectively.
In addition, the coordination number of SACs was found to
affect the electrochemical CO, reduction pathway, as shown by
atomically dispersed Co—N—C catalysts exhibiting enhanced
activity and selectivity toward CO production from CQO, as the
Co—N coordination number decreases from 4 to 2.'"” For
Co—N,, H, formation and CO, reduction compete with each
other due to high CO,"” and H adsorption energies.
Decreased coordination to N, however, results in more
unoccupied 3d orbitals of Co atoms, which is favorable for
CO,"™ adsorption.

In many SAC studies, theoretical analyses by density
functional theory (DFT) are performed to calculate the
feasibility of target chemical reactions and to deepen the
understanding of the role of SACs and their supports, as well as
their interaction with reactants and products. Identifying the
minimum energy pathway for the reaction and evaluating
charge transfer mechanisms are common examples. The
predictive and analytical abilities of DFT soundly align with
SACs, which have well-defined structures, limited number of
active sites, and restricted numbers of possible reaction
pathway branches. This is critical because of the high
computational cost of DFT which scales, at best, with the
number of electrons cubed and a large pre-exponential factor.
For example, the restriction of SAC configurations makes
calculating all the possible pathways computationally manage-
able, while minimizing the possibility of overlooking reaction
pathways at obscure sites. This is in contrast to metallic
nanoparticles where the large size of the particles forces
theorists to limit the studies to well-defined surfaces, usually
low Miller index planes or simple edges between the metal and
support. Therefore, chemical depth can often be overlooked in
the interest of computational tractability, which can lead to
systematic errors.' '

DFT simulations can also produce quantitative structural
information on coordination numbers, bond lengths, bond
angles, bonding energies, and the charge density distributions
of SACs in order to guide SAC development. For example, on
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the basis of the computational hydrogen evolution model, the
free energy for hydrogen adsorption (AGy.) is widely accepted
as a descriptor of the HER process. The calculated AGy+ of an
ideal HER catalyst is known to be zero.''* Referring to the
previous example of Pt SACs for HER, the AGy« of Pt;/GDY2
is 0.092 eV, which is extremely close to zero compared to that
of Pt;/GDYl (AGy+ = —0.653 eV) and consistent with
experimental data showing enhanced HER of Pt;/GDY2. In
the same way, computationally estimated free energy of OOH
adsorption (AGppy+) has been employed to determine the
selectivity of ORR for H,0, production by SACs. The O-0
bond length of adsorbed oxygen on each SAC can be another
indicator to predict the selective pathway of ORR. SACs with
higher O, binding energy, for example, are more suitable for
the selective production of H,O, by elongating O—O bonding
and promoting dissociation.'”> The applications of SACs to
chemical transformations have been extensively investigated to
date, and their prospects continue to be promising for
sustainable fuel production, green chemistry (e.g, CO,
reduction), and various reactions that are relevant to
environmental applications (such as hydrogenation discussed
further below). SACs have changed the perceptions of the
functions and challenges of metal-based catalysts and offer
opportunities for the selective production of value-added
chemicals and more efficient energy production. The develop-
ment of a deep-learning algorithm is expected to further drive
DFT analyses to predict SAC-mediated complex reactions.''®
In addition to the applications mentioned in this review, SACs
can be applied beyond such boundaries to catalytic reactions
involving complex chemical media.

B SAC APPLICATIONS TO ENVIRONMENTAL FIELDS

Studies on SACs tailored for environmental remediation are in
their early stages, with both significant opportunities and
challenges lying ahead. Translating the success of SACs in
other fields discussed above to environmental applications,
such as polluted air and water treatment, is largely uncharted
territory despite some similarities in underlying catalytic
mechanisms. Current literature clearly suggests that the
opportunities for enhanced catalytic activity and selectivity
are highly dependent on the types of target reactions and their
mechanisms. SAC properties (e.g, the coordination environ-
ment of the metal atom, adsorptive interaction with reactants
and intermediates, and charge interaction between the metal
and support) have complex effects on SAC performance in
environmental applications. Here, by matching the practical
needs of environmental remediations and the advantageous
properties of SACs based on their fundamental catalytic
mechanisms discussed above, we identify seven potential
environmental applications where SACs may outperform
existing catalysts (Figure 4b).

Fenton-like Processes. The redox cycling of transition
metals, such as a dissolved Fe*/Fe® pair in a traditional
Fenton reaction and various transition metal oxide nano-
particles in heterogeneous Fenton-like reactions, is one of the
key mechanisms for the activation of peroxide-containing
precursor oxidants such as H,0, and persulfate (na.ﬁ.1
peroxymonosulfate (PMS) and peroxydisulfate (PDS)).""’
This peroxide activation results in on-site generation of highly
reactive, and hence short-lived, radicals such as *OH and
SO," that efficiently degrade a wide range of pollutants in
advanced oxidation processes (AOPs). The redox reactions
involved in the peroxide activation can be accomplished using

SACs that function like dissolved metals while bound to the
surface. For example, single-atom-Fe-loaded mesoporous silica
with a Fe—Q, structure was found to exhibit superior catalytic
activity compared to Fe nanoparticles for H,O, activation and
subsequent phenol degradation.”s Reduced adsorption energy
and facilitated electron transfer to PMS induced by properties
of SACs enhanced sulfate radical production and pollutant
degradation. Considering the extensive literature on Fenton-
like processes involving both homogeneous and heterogeneous
catalysts as well as various precursors, SAC research has
tremendous potential in this subject.

Electrocatalytic Water Treatment. Electrocatalytic pro-
cesses involving radical generation and direct electrode
reactions (e.g., anodic oxidation of pollutants) are not yet
widely employed for water treatment. A need for developing
electrode materials and architecture with improved perform-
ance and stability as well as reduced cost has been identified as
one of the major challenges for these applications, but only a
few studies have attempted to use SACs in place of benchmark
nanocatalysts."*'*° An N-doped gmghene conductive mem-
brane loaded with single-atom cobalt'*' and a Ti, O, electrode
loaded with Pd single atoms'”” are early examples of SACs
showing enhanced and selective anodic oxidation of organic
pollutants. It should be noted that SACs have been extensively
employed to improve the kinetics and selectivity of electrode
materials in various other electrochemical processes, including
ORR,'?7'* QER,'” HER,"””'” and hydrocarbon conver-
sion reactions.'’” Strong catalyst binding with the support,
enhanced charge transfer, and tailoring of reaction mechanisms
through the concerted contribution of support materials may
explain SAC'’s ability to outperform nanoparticle counterparts.
Ample research opportunities exist to translate these findings
to electrochemical water treatment.

Photocatalytic Remediation. SACs have likewise been
emerging as a viable strategy to enhance the performance of
semiconductor photocatalysts by modifying their light
absorption and charge separation properties.129 For example,
incorporating single atoms Pt, Pd, Au, and Cu into C;N, was
found to lower the bandgap energy of C;N, and therefore
enhance the absorption of lower energy photons such as visible
light.l?'u’l?'1 Similar to conductive nanoparticles that are often
loaded onto semiconductors, several recent studies also
indicated improved charge separation by metal single atoms,
which was attributed to their more efficient loading due to
strong metal—ligand interactions and shortened charge transfer
distances (i.e, from a light harvesting unit to a catalytic
site).*%1 327135 Thege strategies have been extrapolated to
photocatalysts used for water treatment; for example, loading
Fe and Ag single atoms onto semiconductors such as C;N, and
TiO, enhanced light absorption, radical generation, and
subsequent pollutant degradation.'**™"** Considering the
vast options available for semiconductor materials and SAC
configurations, the opportunity to explore SACs for photo-
catalytic water and air treatment and to advance fundamental
knowledge appears great. Future research, however, requires a
careful scrutiny of its true potential for real world applications,
since incremental improvements in material properties are
unlikely to significantly advance photocatalysis practice in
water treatment."*’

Hydrodehalogenation. Organohalogens remain as one
group of the most persistent and widespread water
contaminants due to the strength of their carbon—halogen
bonds. Halogenated organics occur widely as agrochemicals,
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pharmaceuticals, solvents, surfactants, and byproducts in
hydraulic fracturing wastewater and chlorine-disinfected
water. The adverse effects of many halogenated organics on
human health and the ecosystem have been well-documented,
and several of these organics are currently regulated.“l Due to
the difficulty of destroying these persistent pollutants by
chemical and biologcal processes commonly employed in
water treatment,"*”'" a reductive dehalogenation scheme, i.e.,
cleaving the C—X (where X is F, Cl, Br, or I) bonds by H
atoms, has been pursued as a viable alternative.”'**

In typical hydrogeneration processes, hydrogen atoms are
produced by the dissociation of H, on the surface of noble
metal nanoparticles. However, this homolytic process gen-
erates hydrogen atoms that are not selective for C—X bond
hydrogenation and are also likely to partake in the reduction of
other electron-rich functionalities, such as C=C bonds in
target molecules and interfering species like natural organic
matter. Tailoring the architecture of SACs is expected to play a
crucial role in achieving higher catalytic selectivity by
promoting an alternative heterolytic pathway, forming two
distinct partially charged H> and H%* atoms through H atom
spillover immediately after H, dissociation.””"* The H* and
H?* pair can preferentially align with the polar carbon—halogen
bond, instead of the nonpolar C=C bond, to achieve higher
rates of the selective hydrogenation of C—X bonds.
Alternatively, H atoms can be photocatalytically generated
from proton reduction on SACs, for example, on single-atom-
Pt-loaded SiC, as demonstrated by its successful hydro-
defluorination of perfluorooctanoic acid (PFOA),”" one of
the poly- and perfluoroalkyl substances (PFAS) of emerging
concern. The superior performance and tunable selectivity of
SACs, which has been shown in the hydrogenation of
;1]](,*11&5,146’”7 diene,” styrene,“m and benzaldehyde,m can
be useful for the selective removal of organohalogens in aquatic
systems.

Oxyanion Removal. Oxyanions (NO;-, NO, , BrO;,
CrO,>, ClO,, etc.) are widespread drinking water contam-
inants that are highly soluble, mobile in water, and challenging
to remove. Reducing oxyanions with bimetallic Pd-based
catalysts has garnered significant attention due to their high
activity, stability, and selectivity for the desired end
product.'”"* The key reaction step for the catalytic reduction
of oxyanions using metal nanoparticles is the dissociation of
adsorbed H, into H atoms, similar to hydrodehalogenation.
Past studies suggest that the efficiency of oxyanion reduction
using Pd strongly depends on the type of oxyanion, generally
following the order CrO,~ > NO,” > BrO;~ > ClO,” >
NO,~, in terms of the ease of reduction.'* In addition to the
difficulty of reduction, nitrate poses serious human health
threats, such as an increased risk of cancer and birth defects.”’
Among the various catalytic materials proposed, bimetallic Pd
catalysts alloyed with Cu, which can act as a promoter metal to
transform nitrate to nitrite, is widely accepted as one of the
most active and selective catalysts for nitrate reduction.'>>
Similarly, SAAs may have the potential to replace the role of
bimetallic catalysts by maximizing the atomic efficiency of both
metals, 145153

NOy Reduction. The selective catalytic reduction (SCR) of
NOy (DeNOy) is a key process in the purification of
automotive, industrial, and boiler gas exhausts. Conventional
DeNOy processes, which involve reactions with reductants
such as H, and NH; over noble metal catalysts, typically have a
relatively high-energy barrier and therefore proceed efficiently

only at high temperatures. Recent computational studies point
toward the possibility of bimetallic catalysts in SAA
architectures, for example, single-atom-Ir-doped Ni to achieve
high-efficiency, low-temperature SCR.'”* In SAAs, the
substantially lowered energy barrier for H, dissociation at the
noble metal site and subsequent desorption from the host
metal surface can lower the reaction temperature.'*® In
addition, the cleavage of N—O bonds in adsorbed (NO),
dimers, which is a rate-determining step for NO reduction, can
be accelerated by single Pd on a Cu allog; ?'ielding superior N,
selectivity, even in mixed exhaust gases. > DeNO, presents a
significant opportunity for SACs as exemplified by recent
advances, such as single Rh on ALO; and CeO,"*° and single
Pd on CeO,'”” Additionally, other gas phase catalytic
reactions, such as CO oxidation, have already seen significant
progress with SACs."*®

VOC Degradation. Catalytic decomposition is a promising
approach to alleviate indoor air pollution by volatile organic
compounds (VOCs), such as formaldehyde and toluene, which
cannot be removed by common air filters. Significant progress
has been achieved in catalytically decomposing, for example,
formaldehyde to carbon dioxide, at room temperature by noble
metal catalysts.lw’lm However, effective decomposition of
aromatic VOCs, such as toluene and benzene, still requires
high temperatures or external energy, presenting great
challenges for practical indoor air purification.'®" Since the
formation of ROS on the catalyst surface by O, activation is
often the rate-limiting step of catalytic VOC degradation,
catalysts that reduce the activation energy of molecular oxygen
should be designed.'®” It was recently reported that single-
atom Pt deposited on MnQO, can degrade toluene at room
temperature by efficiently producing surface lattice oxygen and
OH radicals.'®® Unlike in aqueous reactions, the catalyst
surface is gradually covered by recalcitrant organic inter-
mediates, so further investigation should be undertaken to
study the SAC environment, which is resistant to catalyst
deactivation.'®*

B PROSPECT AND CHALLENGES

SACs have several features that are particularly appealing to
environmental remediation applications. The high costs of
nanomaterials, either due to the high cost of raw materials
(e.g, noble metals) or high cost of synthesis (e.g, thermal
processes), have been significantly limiting to their adoption to
real world practice, despite over two decades of research in
adopting nanotechnology for environmental catalysis.m On the
contrary, extremely low consumption of raw materials and low-
cost synthesis procedures can significantly relieve the economic
burden, potentially initiating a new era of environmental
catalysis in which the cost of noble metals is no longer an issue.
It is time to reexamine and reevaluate various environmental
materials that have been limited due to the cost of noble
metals. Another significant challenge of employing nanoma-
terials in environmental applications is their potential release
and impact on the environment and human health, even when
nanomaterials are immobilized onto larger substrates, due to
the concern of leaching. In contrast, it is expected that SACs
are much more stable and less prone to leach because each
catalytic center is covalently bound to the substrate, though
future research is required to verify this hypothesis. Even if
they are released from the surface, it is likely be in an ionic
state rather than as particles. The absolute amount of metal
used is also much less than in nanomaterials for a system with
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the same target efficiency and capacity. Finally, SACs can drive
some reactions that cannot be achieved by nanoparticles, as
discussed above (e.g, hydrogenation reactions) due to the
differences in size of their catalytic centers as well as the
differential contribution of their surrounding environments.

However, SACs are not immune to some challenges that
nanomaterials have been facing in environmental applications.
Most notably, complex media in the environment contain
constituents that are likely to interfere with catalysis via catalyst
surface fouling and deactivation. Diminished performance in
complex media compared to the simple media typically used in
laboratory research imposes high demands on the selectivity of
SACs toward pollutant removal reactions. Another challenge is
related to how SAC materials can be integrated into reactors
and systems that are used in water and air purification. Similar
questions have been continuously raised for the use of
nanomaterials with few engineering solutions proven successful
in industrial practices. In addition, one challenge that is unique
to SACs is their potential agglomeration into clusters and the
loss of single-atom characteristics over long-term use due to
high surface energy. It is possible that this SAC deterioration
may also be affected by the surrounding media and specific
reactions determined by the redox environment.

Many new developments in science conjure inflated
expectations, exemplified by the case of semiconductor
photocatalysts in water treatment research, which has been
criticized for its sluggish technology translation and commerci-
alization despite extensive investment.'*’ It is therefore
important to fully appreciate SAC’s shortcomings from the
beginning of its development, by taking advantage of
experience gained through environmental nanotechnology
research. In order for SACs to become effective at addressing
various aspects of environmental pollution and potentially
revolutionize environmental remediation technology, future
research should be designed with (i) a clear environmental
remediation focus based on needs; (ii) consideration of
complex environmental media, especially when adopting recent
advances in chemical synthesis and energy production that deal
with less complex media; (iii) a careful evaluation of their long-
term stabi]itéy, potentially using in operando characterization
techniques'®” and tracking performance over long-term
experiments; and (iv) a balanced effort between a deeper
understanding of SAC fundamentals and system-level en-

gineering.
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