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Abstract: The ever-increasing global environmental and energy crisis issues necessitates
technological innovation, especially in the development of renewable energy-related devices, such
as electrochemical energy conversion and storage technologies, including fuel cells, water
electrolyzers, and CO; electrolyzers. Reliable and sustainable energy conversion devices are
highly dependent on engineering of electrocatalysts. State-of-the-art electrocatalysts for these
electrochemical conversion systems are usually platinum group metal (PGM)-based nanoparticles
with high cost, which has sparked intensive research on atomically dispersed single metal site
electrocatalysts for decreasing metal loadings and boosting catalytic efficiencies by taking
advantage of their inherent electronic effects, quantum size effects, and metal-support interactions.
In this review, we first introduced the intrinsic active site identification and stabilization, followed
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by addressing the mutual metal-support interactions, and most important, their correlations with
catalytic properties. Next, the advances in synthetic strategies and characterization techniques for
single metal site electrocatalysts are highlighted. Recent advances in single metal site
electrocatalysts designs for applications in electrochemical conversion reactions are also presented.
Finally, remaining challenges and a forward-looking perspective on this field of research are

provided.
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1. Introduction
Recently, the design of atomic scale nanomaterials has played a crucial role in developing
sustainable energy-related technologies to address increasing environmental and energy

challenges [1]. Particularly, nanomaterials with controlled surface, structural and electronic
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properties are integral components of electrochemical energy conversion and storage devices,
including fuel cells, rechargeable metal-air batteries, water electrolyzers and electrosynthesis
technologies [2-8]. The performance of electrochemical conversion technologies relies on
advances in nanoscience and nanotechnology, especially with regards to electrocatalyst
engineering. Most state-of-the-art electrocatalysts are platinum group metal (PGM)-based
nanomaterials [5, 8-13]. However, the high cost and scarcity of these PGMs has triggered extensive
research on improving mass activities through composition and structural modification to reduce
the amount of PGMs required to achieve target reaction rates, or the development of PGM-free
metal catalyst alternatives [14-17]. Supported atomically dispersed and nitrogen coordinated
single metal site electrocatalysts are an active and exciting area of research, owing to their unique
characteristics that are advantageous from a catalysis standpoint [6, 18]. This includes: (i) The
possibility of achieving 100% metal utilization due to the possibility of having all active metal
atom sites on the surface of the catalyst (as opposed to some atoms being inaccessible in the bulk,
as in the case of nanoparticles), which allows the reduction of metal content and consequently
reduced catalyst cost; (i1) single atoms within a catalyst support can provide favourable adsorption
and binding interactions with reactive species and catalytic intermediates to enhance overall
reactivity; (ii1) well-defined active site structures that emulate those of homogeneous catalysts that
can achieve excellent selectivity [19], with the additional advantage that the active sites are
immobilized on a solid support; and (iv) the ability to tune the electronic and adsorption properties
of the active sites by modifying the metal center type, ligand structure, and nature of the support
material. Single metal site electrocatalysts have emerged as promising materials for a variety of
applications, particularly as efficient electrocatalysts for electrochemical reactions, including the

oxygen reduction reaction (ORR), oxygen evolution reaction (OER), hydrogen evolution reaction



(HER), nitrogen reduction reaction (NRR), and carbon dioxide reduction reaction (CO2RR) [2, 18,
20-26]. Therefore, highly active, stable and selective atomically dispersed and supported single
metal site electrocatalysts will help perpetuate the development of many sustainable
electrochemical energy technologies [20, 27-29]. The catalyst development requires the rational
tuning of active site structures, configured to have optimized local coordination environments and
surface adsorption properties. Probing the geometric and electronic configurations of active site
structures in atomically dispersed supported single metal site electrocatalysts using advanced
characterization techniques will play a significant role in understanding the underlying
electrochemical reaction mechanisms, establishing structure-performance descriptors, and guiding
the design of catalysts with high performance. Tracing the advances in single metal site
electrocatalysts development in this decade, significant progress has been achieved toward
following aspects:

(1) Synthesis strategies for modulating the intrinsic activity and surface concentration of active
sites. A diversity of atomically dispersed single metal site electrocatalysts have been successfully
synthesized, ranging from PGM atoms (e.g., Au, Pt, Pd, Ru, Ir) to PGM-free atoms (e.g., Fe, Co,
Ni, Mn, Cu, Mo, W) anchored on a variety of support materials, including nanostructured carbons,
boron/phosphorus nitrides, and metal oxides/carbides/nitrides/sulfides [30-35]. Furthermore,
synthetic strategies have been implemented to significantly increase the surface concentration of
active sites (i.e., the number of catalytically active sites per unit surface area of catalyst material)
[36-39].

(11) Structural and chemical insight into single metal site electrocatalysts through the
development and implementation of advanced characterization techniques. Advanced

characterization techniques such as scanning transmission electron microscopy (STEM), X-ray



absorption near edge spectroscopy (XANES), X-ray absorption spectroscopy (XAS), and
Maossbauer spectroscopy have provided an unprecedented level of understanding into the active
site structures, including atomic configurations, local coordination environments, geometric
configurations, ionic state and structural evolution [40-43].

(i11) Insight into electrocatalytic reaction pathways and mechanisms on single metal site
electrocatalysts using first principles density functional theory (DFT). Due to the homogeneity
and straightforward configuration of active sites for atomically dispersed supported single metal
sites, DFT calculations have been utilized for probing electrochemical reaction mechanisms [6, 19,
24, 42, 44, 45]. DFT calculations also serve as a valuable tool for screening active metal site
structures and configurations for a variety of electrocatalysis reactions, such as predicting how
reactant and the relevant intermediate adsorption energies (and thereby reactivity) vary with the
metal-center type, coordination environments, and local carbon structures or defects in atomically
dispersed supported single metal site electrocatalysts [28, 46-49].

In this review, we will focus on recent progress made in each of these important areas of
research, along with providing a perspective on scientific opportunities for enhancing fundamental
knowledge and realizing practical implementation of atomically dispersed supported single metal
site electrocatalysts into electrochemical energy technologies, including fuel cells and
electrolyzers. First, we will address the fundamental scientific principles underlying PGM and
PGM-free-based atomically dispersed supported single metal site electrocatalysts, including the
unique intrinsic characteristics and mutual metal-support interactions that influence reactivity.
Second, synthesis strategies for enhancing the surface concentration of active sites will be
summarized, followed by highlighting advancements in the use of characterization techniques to

understand the structural and electronic properties of these materials. We will then discuss recent



progress in the development of single metal site electrocatalysts for a variety of important
electrochemical conversion reactions. Finally, emerging scientific opportunities will be
highlighted to provide guidance for the research community towards addressing global energy
challenges through the development and implementation of new and high performance single

metal site electrocatalysts.

2. Fundamental Basis

2.1 Characteristics of supported and coordinated single metal site electrocatalysts

By definition, supported and coordinated single metal site electrocatalysts are comprised of atomic
metal atoms stabilized by heteroatom ligands (e.g., N or O) and bonded with a support, possessing
merits including the ability to achieve 100% metal utilization (i.e., all metal active sites can reside
at the surface of the catalyst) and high selectivity, similar to their homogeneous catalyst
counterparts [6, 42, 50]. The selectivity can arise largely due to the well-defined active structures
and high degree of structural homogeneity in these catalyst materials. As the size of the metal
clusters shrinks from bulk-scale to nanoparticles, and then to single atoms, the number of
unsaturated low-coordination number atoms sharply increases. This leads to an increase in surface
energy, which can provide remarkable catalytic activity enhancements, but comes with a high
propensity for metal atom mobility and aggregation.

Design and engineering of single metal site electrocatalysts has been flourishing in the field of
electrocatalysis recently, especially for ORR, OER, HER, NRR, and CO2RR. However, despite
significant progress, there are still several open questions that must be clarified through targeted
scientific efforts: 1) the impact of metal-support interactions with a focus on tuning these
interactions to improve catalyst performance; i1) an in-depth understanding of the metal active sites

formation for guiding the efficient synthesis of the atomically dispersed and supported single metal
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site electrocatalysts; iii) an thorough illustration of the inherent atomic-level structure and
properties of the active species that are responsible for the electrocatalysis; and iv) established
structure-property-performance relationships that can correlate the results from rigorous (and
ideally in situ) characterization of single metal site electrocatalysts with their intrinsic catalytic
activity/selectivity, and their performance within an electrode structure (i.e., membrane electrode

assembly-MEA).

2.2 Mutual metal-support interactions

Obtaining an understanding of the metal-support interactions in supported and coordinated single
metal site electrocatalysts is of prime importance for elucidating the correlation between the
characteristics of these catalysts and their catalytic performance. Metal-support interactions
encompass the interplay between the atomic metal atoms and the host support materials. Namely,
these interactions provide stabilizing effects and geometric/electronic effects, while dictating the
overall active site concentrations that can be achieved. Furthermore, the introduction of atomically
dispersed single metal atoms into catalyst supports can cause structural and -electronic
modifications to the support material such as carbon, which can in turn impact electrocatalytic

performance. These topics will be discussed individually in the preceding sections.

Atomically dispersed metal atom coordination

In general, carbon materials, metal oxides/carbides/sulfides/nitrides, boron nitrides, or
phosphorous nitrides can be used as effective supports for stabilizing noble metal atoms, as they
commonly contain vacancies that can serve as trappers for single atom metal species [33, 35, 51,
52]. Positively charged noble metal single atoms could establish robust covalent bonding with the
metal oxides/nitrides/carbides due to the more vacant d-orbitals, thus generating ultra-stable single

metal site electrocatalysts with high reactivity [53-55]. It has been shown that metal oxides suffer



from poor electrical conductivity, which is disadvantageous for electrochemical reactions, and thus
these materials are usually applied as catalysts in thermal heterogeneous reactions [52-54] or
needed to add conducting additives. Oppositely, carbon materials and many metal carbides/nitrides
can provide intrinsic conductivity, and have therefore been used as supports for noble metal single

atoms for electrocatalysis reactions [32, 33].

Heteroatom (N, S, or P etc.) doped carbon materials like graphene, carbon nanotubes or other
carbon precursor (e.g., pyrrole, dicyandiamide, glucose, dopamine etc.) derived supports are the
most commonly used matrices for anchoring single metal atoms through coordination with defects,
N-containing groups or unsaturated coordination sites. Graphene, with a simple structure that can
contain multiple-defect structures including single vacancies (SV), double vacancies (DV),
pyridinic and pyrrolic coordination site, is regularly used for anchoring atomically dispersed
transition metal atoms [46]. As displayed in Figure 1A, different kinds of defects in carbon
supports could provide the anchoring sites for single metal atoms. They possess different atomic
configurations and 3d orbital electron density, impacting the intrinsic catalytic activities. A
diversity of active site motifs could be obtained through metal atom bonding with different defect
types, thus favoring a variety of reaction kinetics. For example, atomically dispersed Ni atoms
embedded in SV (Ni@SV) and DV (Ni@DV) are more active for electrocatalysis toward CO2RR
than HER in neutral medium, while the Ni atoms coordinated in D5775 carbon defects
(Ni@D5775) is highly selective for OER catalysis in alkaline electrolyte and HER in acidic
electrolyte [56].

In Fe-N-C catalysts, porphyrin-like FeN4Ci2 structures are generally identified as the active
sites, present in micropores either in the disordered nanosheets or between the zigzag edges of

graphitic carbon structures [18, 49, 57]. DFT calculations manifested two possible adsorption



modes of dioxygen on FeN4Ci, moieties through the end-on or side-on configuration [57]. DFT
calculation results confirmed that the end-on type was preferred, resulting in a displacement of
Fe(Il) out of the graphite plane. Further insight into the catalyst performance was obtained by
virtue of in situ XANES spectroscopy. It was observed that not only the ORR electrocatalysis
arose from electrochemical potential dictated between high-spin Ox-Fe’"-N4 to nonplanar HO-
*Fe?*-N4 (Fe atoms shifting away and toward the N4 plane) [58-60]. Following this work and
employing the same synthesis strategies, three defective CoNx moieties were identified, including
CoN4Ci2, CoN3Cioporphyrinic and CoN2Cs for ORR, OER and HER catalysis in acidic electrolyte
[61]. The weaker adsorption energy toward O-containing intermediates on CoNx than FeNy species
explained their inferior ORR catalytic activity. It is commonly believed that Co-N-C catalysts
shared identical catalysis mechanism to Fe-N-C catalysts toward ORR catalysis. However, the
redox potential of Co moieties are above 1.0 V versus RHE, outside the range of ORR square-
wave voltammetry test window, rendering the exact catalytic path still ambiguous [62]. But, as a
bifunctional active site, the OER process of Co site was associated with an Co ion oxidation shift.
For instance, dioxygen formation were enabled by a side-on hydroperoxo ligand on as-generated
Co*" active sites through a sequential charge conversion Co?" — Co>" — Co*" [63].

Metal organic frameworks (MOFs), consisting of metal nodes connected with nitrogen-enriched
organic ligand linkers, such as Zn-based zeolitic imidazolate framework (ZIF)-8 and Co-based
ZIF-67, are other commonly used metal/nitrogen/carbon precursors for synthesis of single metal
site electrocatalysts [4, 20, 23, 64-69]. Benefiting from their intrinsic high porosity, well-defined
MOF derived carbon materials usually possess a high surface area, enabling the immobilization of
a variety of metal single atoms. For example, Ru single atoms were successfully anchored into

MOF structures through a strategically cage-controlled encapsulation followed by in-sifu reduction



of Ru precursors in the porous channels of the MOF [70].The unique confinement effect provided
by the porosity of MOFs yields a stabilization effect and aids in achieving a homogeneous
distribution of active sites. In addition to the widely studied Fe-N-C [23, 71], Co-N-C [64, 72, 73],
and Mn-N-C [20] catalysts, new catalyst configurations have also emerged, such as Cu-N-C [74]
and W-N-C [75]. Besides, MN1, MN> or MN3 moieties have also been proposed as active sites for
electrochemical reactions [21, 25, 75-77]. FeNz [21] and Mn-N3O; [77] moieties-rich carbon
catalysts for the ORR were also reported. The enhanced catalytic activity mainly originated from
the down shift of d-band center relative to Fermi level that optimized the adsorption and desorption

energy toward reaction intermediates according to Sabatier's principle.
Atomic Configuration — Geometric and Electronic Effects

It is postulated that the local environment of the metal atom active centers dominates the intrinsic
activity, selectivity and stability of single metal atom catalysts through regulating the electronic
and geometric configuration. The electronic effects (e.g., electron distribution, charge density
accumulation and mobility) and geometric effects (e.g., tensile or compressive strain, or out of
plane/in plane configurations) induced by inserting metal single atoms into support materials plays
a primary role in altering electronic conductivity or d-band center shifts [42, 50, 78]. This plays a
significant role in affecting catalytic performance, as these modifications tune adsorption energies
that are neither too strong nor too weak towards key reaction intermediates. A number of studies
[79-81] have reported that the electron withdrawing character of the carbon support plays a vital
role in affecting the electron density of metal center. As depictured in Figure 1B, the intrinsic
activity of active sites will be altered based on their electron withdrawing properties. It is believed
that this property could contribute to a higher activity of Fe-N-C catalysts by inducing an anodic

shift in the redox potential between Fe?* and Fe*".
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Inserting additional guest atoms such as sulfur or phosphorous atoms into atomically
dispersed metal atom catalysts could further modify the electronic and geometric configurations
of the active sites. For example, as reported by Chen and co-workers, the electronic structure of
Fe single atoms embedded in N, S and P co-doped hollow carbon polyhedron was adjusted by the
near-range coordination with N atoms and long-range interaction with S and P atoms, resulting in
a less positive charge of Fe (Fe®") and thus a weaker affinity to ORR intermediates (OH*) [22].
Similar conclusions were also made by Li et al., who hypothesized that the introduction of S atoms
induced a negative charge on neighboring N atoms, thereby weakening the binding energy with
adsorbed OH* species for enhanced ORR catalysis in alkaline medium, as depicted in Figure 1C
[82]. The effect of S-doping for inducing uneven distribution of charges for bifunctional ORR and
OER electrocatalysis was investigated, which an additional role of S-doping in enlarging the
surface area of carbon materials was shown possible via pore generation through the readily
removed FeS species [83-85]. In a different case, the promoted reaction kinetics for OER and
CO2RR are derived from the elevated electron transfer rate triggered by the formation of Ni-N-S
or Fe-N-S active sites in carbon matrix [29, 86]. Aside from charge redistribution for regulating
reactant intermediate adsorption energies, inserting metal atoms could also induce local geometric
deformations. As postulated by Ling and co-workers, implanting Ni single atoms onto Bi2-boron
monolayer bended the surrounded surface of the flat Bi2-boron monolayer and induced tensile
strain, leading to the decreased adsorption energy toward H* adsorption for HER electrocatalysis,

as described in Figure 1D [87].
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Figure 1. (A) Schematic demonstration of the defect stabilization effect for anchoring FeNy active
sites in graphene and their top-view, side view and electron density. Reproduced with permission
from ref [88]. Copyright 2012, American Chemical Society. (B) Schematic illustration of the
electron withdrawing property for adjusting the adsorption energy towards the reaction
intermediates. Reproduced with permission from ref [89]. Copyright 2019, American Chemical
Society. (C) Electronic effect induced by introduction of S atoms to the carbon support.
Reproduced with permission from ref [82]. Copyright 2018, WILEY-VCH. (D) Geometric effect
caused by inserting Ni single atoms in boron monolayer. Reproduced with permission from ref

[87]. Copyright 2017, American Chemical Society.
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Correlating Electrocatalytic Performance with the Properties of the Active Sites

Universal design principles for guiding electrocatalyst engineering efforts are generally
established by identifying correlations between the properties of the catalytically active sites and
their intrinsic activities, and advanced efforts are still needed in this area. Hu and co-workers
conducted a thorough study using graphene-supported atomically dispersed electrocatalysts for
different reactions [46]. They reasonably postulated a universal descriptor, ¢, for connecting the
intrinsic properties of active centers (electronegativity and coordination environment) with their

catalytic activities, given the following equation:

Epm+ax(nmyXEn+ncXEc)

@ =04 X ,

Eo/n

Where, Ey;, Ey and E represent the electronegativity of metal, N and C elements, respectively.
Ny and N, represent the number of nearest neighbor N and C atoms, respectively. a is the
correction coefficient with value of 1.25 for transition metal single atoms-pyrrole-N4 and 1.0 for
other active sites. This descriptor was shown capable of predicting the catalytic activities of
transition metal single atoms coordinated with pyrrole-N4 and supported on graphene through
calculation of related reaction adsorbates (OH* and H*). The results are highly consistent with the
experimental data that Fe-, Co- and Mn-pyrrol-N4 for ORR, OER and HER, respectively, as plotted
in Figure 2, underscoring its substantial significance in optimizing the synthesis of active sites of

single metal site electrocatalysts on graphene.
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Figure 2. Plots of the relationships of (A) AGon+, (B) AGu*, (C) onset potentials for ORR
electrocatalysis, (D) overpotentials for HER of transition metal single atoms supported on
graphene with the descriptor ¢. Reproduced with permission from ref [46]. Copyright 2018,

Springer Nature.

Surface Concentration of Active Site

Quantifying the surface concentration of active sites is of primary importance, yet quite
challenging for evaluating the intrinsic activity of the electrocatalysts, reflected by the value of
turnover frequency (TOF, TOF=ji/(SBET* Datom™Wsite®m) [90], where, jk is the kinetic current
density; Sger is the BET surface area; Datwom is the carbon atomic density; Wit is the atomic ratio
of active sites; m is the mass loading on electrode). For detecting single metal sites in M-N-C
catalysts, especially in Fe-N-C electrocatalysts, KSCN and H>S are commonly used as poisons for

electroanalytical strategies due to their strong adsorption. Advanced characterization techniques
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such as >’Fe Méssbauer spectroscopy [91] combined with low-temperature CO chemisorption has
also been shown effective for quantifying active sites [92], and is a strategy discussed in detail in

the next section of this review dedicated to catalyst characterization.

3. Innovative synthesis approaches

Well-defined atomically dispersed supported single metal site electrocatalysts hold great promise
in energy-related applications, which relies on development of reliable and rational synthesis
strategies. Methods such as mass-selected soft landing [93], O> plasma[94], or atomic layer
deposition [95, 96] could enable the precise atomic-level control to achieve dispersed metal atoms
for theoretical studies, yet the practicality for mass production must be carefully considered as
these techniques commonly have low synthetic yields and require sophisticated equipment. The
most popular wet-chemistry approaches are usually multi-step, involving precipitation,
impregnation, deposition or adsorption of metal precursors onto support materials, followed by
pyrolysis or heat treatment for attaining homogeneously dispersed metal atoms embedded within
the catalyst support. To avoid redundancy with previously published review papers dedicated to
this topic [6, 42, 44, 50, 78], we first present an example of how understanding the atomic and
geometric structure evolution to guide the rational synthesis of single metal site catalysts with high
intrinsic activity has been used, then will focus more on the methods for enhancing the surface
concentration of active sites and on efforts to scale-up production, which are key barriers to achieve
the practical implementation of single metal site electrocatalysts in electrochemical energy

technologies.
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Figure 3. Thermal-driven formation of Fe-Nx moieties: (upper) atomic structure evolution;
Reproduced with permission from ref [97]. Copyright 2019, American Chemical Society. (down)

geometric structure evolution. Reproduced with permission from ref [98]. Copyright 2019,

WILEY-VCH.

The most studied class of materials is Fe-N-C catalysts, including investigations into metal
center formation mechanisms, atomic configurations, reaction intermediate adsorption modes and
activity degradation mechanisms. All of these studies are of vital importance in directing the
rational synthesis of highly efficient Fe-N-C electrocatalysts as well as offering hints for other M-
N-C catalysts synthesis. A common consensus toward the formation FeN4 moieties was reached
using in situ temperature ramp XAS monitoring.[97] During the pyrolysis process as shown in
Figure 3 (top), the atomic structure of Fe-N-C catalysts goes through a thermal-driven pathway:
1) Fe precursors; i1) octahedral Fe-Oeg; iii) tetrahedral Fe1(I1)-Os; 1v) single Fe atoms; and v) Fei(I1)-
N4. During the structure evolution, N-C defects are crucial for capturing single Fe ions. Without
them, the Fe-based nanoparticles would form. One finding of this study was that Fe precursors
could either be Fe salts or Fe-oxides, which could decompose into free Fe ions during the pyrolysis

process. This may open an avenue for vapor phase synthesis of atomically dispersed single metal
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site electrocatalysts. Li et al. proposed a much lower pyrolysis temperature of 400 °C is sufficient
for generation of FeNy sites when using ZIF-8-derived carbon as a host to adsorb Fe*" ions from
FeCls [98]. Modeling simulations further suggested that N-C defects in carbon are able to stabilize
free isolated Fe ions and form FeNy structure in order to reduce the system energy. In addition to
the atomic structure evolution, the geometric structure of the bonding length/strength between Fe-
N bonds evolved with increasing pyrolysis temperatures. As depicted in Figure 3 (bottom), the as-
embedded FeN4 moieties initiated a small local contraction strain by shifting from in-plane to out-
of-plane within the carbon layer, which is kinetically favorable for decreasing the activation energy
of breaking the O-O bond [98]. The geometric structure evolution offers guidance for adjusting
the intrinsic activity of the active sites through tuning their covalent bonding length through tuning

thermal activation conditions.

Obviously, achieving a higher surface concentration of active sites would boost the
performance of single metal site electrocatalysts. Tactfully devised synthesis strategies have been
shown to have remarkable success in increasing the loading of metal single atoms up to 20 wt%
[99, 100] without observing significant metal nanoparticle formation or agglomeration. The key
to these strategies is either increasing the number of chelating sites (e.g., N dopants) available to
host metal single atoms, or strengthening the atom trapping or stabilizing ability of the chelating
sites on the catalyst support surface. Increasing the surface concentration of active sites using
conventional wet-chemistry methods is difficult due to the propensity for metal atom migration or
aggregation during the synthetic process, especially during high temperature (>700 °C) pyrolysis
procedures. An additional challenge is that many synthetic procedures could not generate enough
anchoring sites (e.g., nitrogen doping and metal content, defects, uncapped sites etc.) for capturing

the metal precursors and hosting them in the support. Research efforts dedicated to overcoming
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this challenge have involved the development of novel synthesis strategies that include steric
confinement methods, anchoring sites creation, acid leaching and thermal gas-migration strategies,
which are outlined below.
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Figure 4. (A) The confining effect of surfactant for synthesis of Co-N-C electrocatalysts using
F127 as isolation agent. Reproduced with permission from ref [64]. Copyright 2019, The Royal
Society of Chemistry. (B) Molecular structure and characterization of Fe Single atoms/PTF-600.
Reproduced with permission from ref [101]. Copyright 2018, American Chemical Society. (C)
Thermal gas-migration strategy for scale-up synthesis of Cu-N-C catalysts. Reproduced with
permission from ref [74]. Copyright 2018, Springer Nature. (D) Top-down acid etching strategy
for fabrication of Fe-N-C catalysts. Reproduced with permission from ref [102]. Copyright 2017,

American Chemical Society.
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Steric confinement strategies, also called “isolation” or “fencing” strategies, employ a ligand
or a secondary atom that physically prevents metal atoms in the precursor mixtures from contacting
each other, thereby prohibiting migration and aggregation. This steric confinement is a key
advantage of using metal-substituted zinc-rich ZIF-8 as a precursor, which chelates the metal
atoms with nitrogen containing ligands, and maintains separation between them with Zn species
[20, 27,62, 64,73, 103]. The Zn atoms are then removed by evaporation during a pyrolysis (i.e., >

900 °C) procedure. Other atoms such as Na, K, Li, Mg, and Al are also capable of playing a similar

role as the Zn atoms, with the benefit that they can be easily washed away after pyrolysis [104,
105]. In addition, these zinc compounds that are removed either during or after pyrolysis can act
as pore-forming agents, resulting in enlarged surface areas through the creation of nanopores
during their removal. Some block polymers, like Pluronic F127 and polyvinylpyrrolidone, could
also serve as complexing agents to maintain steric separation between active metal atoms. He et
al., reported a doubling of CoN2+2 active sites concentration as a result of the confinement effects
of F127 on the surface of Co-doped ZIF-8, in comparison to that of catalysts prepared in the
absence of the F127 as shown in Figure 4A [64]. The protection of the block polymer is able to
suppress both Co atom agglomeration and internal micropore collapse. 1,10-phenanthroline (Phen)
ligands have also been used as an isolation agent for promoting the complete transformation of Fe
precursors into single Fe atom active centers, which resulted in a high concentration of active sites
up to 3.5 wt% [36]. Another representative work was reported by Zhao et al. [37], who devised a
cascade anchoring tactic for obtaining a high concentration of metal loading up to 12.1 wt%. This
synthetic method involved multiple isolation steps, in which excessive amounts of glucose were

employed as the isolation agent for securing the atomic dispersion of metal atoms. At first, glucose
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acted as both a chelating agent to sequester metal ions by bonding with O-rich functional groups
on the carbon support, and as a protection agent for protecting the as-formed metal complexes
from agglomerating through physical isolation. Then, during the subsequent pyrolysis for
formation of MNx moieties, the residual glucose stabilized the metal complexes from migration
and aggregation. The versatility of this synthesis strategy was demonstrated by its use for preparing
single metal site electrocatalysts with M-N-C configurations (M=Fe, Co, Ni, Mn, Cu, Mo etc.) via
tuning chelation agent, carbon substrates and metal sources for a broad range of applications [37].

Traditional pyrolysis of N-containing carbon precursors in the presence of transition metal
species to facilitate covalent metal-nitrogen (MN,) bonding is usually limited by the insufficient
availability of nitrogen site (less than 5 at.%) for chelating the metal ions into catalytically active
sites. An approach to overcome this challenge relies on the selection of precursors that can form
sufficient concentration of nitrogen doping sites for anchoring single metal sites. For example,
covalent triazine frameworks composed with four pyrrolic N sites in trimerization of aromatic
nitriles are capable of offering anchoring sites for grasping metal ions, as illustrated in Figure 4B
[101]. Covalent triazine frameworks for anchoring metal single atoms through an ionothermal
approach was demonstrated capable of increasing the concentration of FeN4 active sites to 8.5 wt%
[101]. In another work, Cheng and co-workers [99] took advantage of the abundant six folds
cavities of g-C3Ny4 that formed in situ when dicyandiamide was used as a precursor for carbon
nanotube growth. Under the first-step pyrolysis process, Ni-O-C on the melem (2,5,8-Triamino-
tri-s-triazine) skeleton were formed through condensation reaction of dicyandiamide at 350 °C,
and then the Ni single atoms were effectively confined in g-C3Nj4 six fold cavities at 650 °C during
the second-step pyrolysis. The loading of dispersed Ni single atoms was increased up to 20 wt%

after the third-step pyrolysis at 700-900 °C. Nevertheless, it is surprising that such a high loading
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of Ni single atoms can be obtained without the observation of Ni nanoparticles, particularly
because Ni nanoparticles are generally the catalyst for carbon nanotube growth [106]. This could
be due to the subsequent decomposition of nanoparticle into atomically dispersed single sites given
sufficient ligands are provided. Even higher metal concentrations using the same carbon source
were achieved [100] by a facile liquid phase deposition method employing dicyandiamide for
chelating single Cu atoms, whereby metal concentration as high as 20.9 wt% were obtained.
However, it should be noted that the effective metal sites should be at the surface available for
electrochemical reactions, rather than embedded under supports.

Another effective strategy of enhancing metal concentration and scale-up production is the
thermal gas-migration method [107], where Pt atoms were emitted from bulk Pt during a high-
temperature heat treatment, and were subsequently trapped by the oxygen vacancies in supports
such as CeQOs. Inspired by this success, ZIF-8 precursors were used as a trapper for capturing
emitted Cu atoms from a copper foam for a scaled-up production of single Cu site catalysts [74].
As illustrated in Figure 4C, ammonia molecules would complex with Cu atoms to form Cu(NH3)x
complexes through Lewis acid-base interactions [74]. Then, the N-containing species in the carbon
support matrix can trap Cu(NH3)x complexes, causing the homogeneous formation of isolated ionic
Cu sites with valence state between Cu(Il) and Cu(0) on Cu-N-C catalysts. The evaporation
treatment time was found crucial for minimizing the generation of Cu nanoparticles. The
calculated surface coverage of single Cu atoms was approximately 0.06 atom/nm? based on
inductively coupled plasma (ICP) emission spectroscopy and Brunauer-Emmett-Teller (BET)
surface area analysis. Another successful demonstration is the synthesis of atomically dispersed Pt
single atoms on defective graphene, which was studied as the HER and selective oxidation of

different organosilanes [36]. This straightforward thermal gas-migration strategy avoids the multi-
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step synthesis procedure often used in traditional wet-chemistry methods involving metal ion
adsorption/impregnation, washing, and pyrolysis procedures. Therefore, this direct and facile
synthesis method has shown a great promise for the production of single metal site electrocatalysts
with a high content of homogeneously dispersed metal single atom active sites.

In addition to thermal emitting procedures, acid leaching of metal and carbon containing
materials is another top-down strategy for achieving highly porous catalysts with a high
concentration of active site by using metal or metal oxide species as hard templates. A new type
of highly ordered and graphitized Fe-N-C catalysts was previously prepared by in situ
carbonization of ligands covering the surface of self-assembled Fe;Os4 nanocube superlattice
templates [102]. Following this carbonization, which formed a thin film of carbon coating on the
Fe;04 nanocubes, the Fe-oxide nanocubes were removed by leaching with HCI, and the resulting
materials were heat treated at 900 °C in NH; (Figure 4D). In this way, the Fe;O4 not only served
as a source of Fe ions for the formation of atomically dispersed active site structures, but also
served as a hard template for the formation of well-ordered, high surface area catalyst structures
[102]. The concentration of Fe active sites is about 1-2 wt%, and the high homogeneity and long-
range ordered nanoporosity provided favorable mass transport properties during the ORR. It
should be noted that a high concentration of active sites doesn’t guarantee good catalytic
performance. First, the intrinsic activity (i.e., turnover frequency of the active sites) must be
maximized through modifications to the electron configuration, local coordination environment,
and metal support interactions as discussed in section 2. Furthermore, improving reactant
accessibility to the atomically dispersed active site structures is another essential requiring for high

performance electrocatalysts [102, 108, 109].
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4. High-resolution characterization for atomically dispersed and supported metal sites

Structural characterization is important for gaining insight into the atomic configurations, the
support properties, and the metal-support interactions occurring in single metal site electrocatalysts.
This understanding is essential for elucidating structure-property-performance relationships of this
class of catalyst, which can be used to guide designs of advanced performance materials. X-ray-
based spectroscopy approaches, such as X-ray absorption spectroscopy (XAS) and X-ray
photoelectron spectroscopy (XPS) have been used to study the electronic properties of the
atomically dispersed metal atoms in catalysts [20, 30, 64, 110-112]. Advanced aberration corrected
high resolution STEM provides the capability to structurally image single metal site at the atomic
scale, as well as obtaining chemical information through STEM enabled techniques, including
STEM electron energy-loss spectroscopy (STEM-EELS) and STEM energy dispersive X-ray
spectroscopy (STEM-EDX). Combining high resolution STEM imaging and quantitative
spectroscopy has enabled advanced understanding on single metal site electrocatalysts [20, 23, 27,
30, 54, 111, 112]. Other techniques, such as >’Fe Mdssbauer spectroscopy (for Fe single metal site
electrocatalysts) [57, 58] and scanning tunneling microscopy (STM) also used for exploring local
environment of single metal sites [113]. In this section we will introduce the applications of XAS,

XPS and STEM techniques on the characterization of single metal site electrocatalysts.
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Figure 5. Comparison between the experimental (A) Ni, (B) Fe and (C) Co K-edge XANES
spectra of M- nitrogen-doped holey graphene frameworks (NHGFs) and the theoretical spectra
calculated based on MN4C4 moieties embedded in a 2D graphene lattice; (D) Fourier transformed
EXAFS spectra of the experimental K-edge signals of M-NHGFs along with reference samples
(solid lines). The dashed lines represent calculated spectra based on a divacancy-based MN4C4
moiety enclosed in the graphene lattice. The Fourier transforms are not corrected for phase shift;
(E) Wavelet transforms for the k3-weighted EXAFS signals of M-NHGFs with optimum
resolutions at 2.0 A. The maxima at approximately 4.0 A™! are associated with the M-N/O/C

contributions. Reprinted with permission from ref [30], Copyright 2018, Springer Nature.
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4.1. XAS to determine local coordination of single metal sites

XAS is based on an excitation of electrons in an atom from their initial core level to the lowest
unoccupied state, thereby probing the density of unoccupied states [41]. XAS spectra can be
divided into two parts according to the energy range: X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS). The XANES region (50 eV
relative to the absorption edge) gives chemical information such as oxidation states and
coordination symmetry of the absorbing/excited atom. The EXAFS region (40 to 1500 eV beyond
the absorption edge) gives structural information, such as coordination number, environment and
bond distances [43]. Therefore, both regions can be analyzed to understand the chemical states and
atomic structures of single metal atoms in catalysts, and XANES and EXAFS have become

standard techniques for characterization of these materials [20, 30, 110-112].

XANES and EXAFS have been applied to track the structural evolution from Pt single atoms into
nanoparticles during heating [114]. At 523 K, it was found a strong peak near 1.9 A in EXAFS,
which indicates only heteroatoms (here, sulfur) are around Pt atoms. In other words, Pt atoms are
atomically distributed without a Pt-Pt bonding. As temperature increases (to 873 K), an evolution
of a peak near 2.8 A emerged, which originated from the 1°' nearest Pt-Pt metallic bonding as a
result of Pt agglomeration. By comparing the 1% nearest bonding distance around Pt, it was possible
to demonstrate the structural change from single atoms to bulk particles, demonstrating the
effectiveness of using EXAFS to probe single-atom dispersion. Figure SA-E shows the XANES
and EXAFS analysis on a series of atomic 3d metals (M: Fe, Co, Ni) in nitrogen-doped holey
graphene frameworks (NHGFs), which were prepared by hydrothermal treatment with an aqueous
suspension of graphene oxide, metal precursors, and H»>O», followed by freeze drying and

annealing at 900 °C with flows of Ar and NH3. These M-NHGFs were demonstrated as catalysts
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for the OER.[30] Experimental XANES and EXAFS results, coupled with spin-polarized DFT
simulations, corroborated that, in all of the materials, the transition metals had the same
coordination environment, being present in the form of MN4Cs4 moieties. In addition, XAS can be
used to probe the local arrangement around several elements in one catalyst. Zeng ef al. examined
EXAFS of Pt and Fe then suggested a single-atom to single-atom grafting of Pt onto Fe-N4 center
[103]. The unique active moiety of Pt;-O2-Fe1-N4 may provide much improved ORR stabilities as

well as OER and HER catalytic activities.

4.2. XPS to determine heteroatom doping and interaction with metal sites

XPS is a near surface sensitive technique, which provides both quantitative and qualitative
information on the chemical bonding of atoms within the near-surface region [40]. Chemical shifts
of electron binding energies of a certain element reflect a change in the oxidation state and/or local
chemical environment. The composition of each element can be deduced based on a linear
relationship between the intensity of the signal from a certain element and its atomic concentration
[115]. Thus, XPS has been widely employed for probing bonding states and near-surface

concentrations of single metal atom active sites, as well as the atoms surrounding these structures.

As for the heteroatom such as nitrogen coordinated single metal site catalysts, XPS is necessary
for determine the nitrogen doping in terms of their position and concentration. The nitrogen-doped
carbon materials obtained from high-temperature pyrolysis often contains two major nitrogen
species: pyridinic N (~398.6 eV) at the edge of carbon planes and graphitic N (~401.1 eV) at the
interior of carbon planes, which can be easily discriminated by using XPS according to their
significantly different binding energies [116-118]. Pyridinic N was considered as the critical ligand
to stabilize single metal sites to form MNx moieties, while graphitic N is able to modify the electron

structure of carbon and adjacent metal sites. Although it is still under a debate, XPS analysis also
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can be used to determine the relatively content of M Ny sites in catalysts. In an atomically dispersed
CoNy catalysts derived from surfactant-assisted ZIF-8 precursors [64] showed that N 1s XPS signal
was composed of four different N bonding configurations: pyridinic-N, graphitic-N, oxidized
graphitic N, and Co-N4. The contribution of Co-Ns was found variable with different surfactants
used during the synthesis, indicating the pluronic F127 block copolymer was the most favorable
surfactant to form Co-Njy sites with the highest density. In addition, XPS analysis was often used
to quantitatively determine element content in the surface layers of catalysts and provides

appropriate estimation of metal doping content and possible impurity.
4.3. Aberration corrected STEM to identify single metal sites

In addition to X-ray based techniques, high resolution high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) with aberration correction can provide atomic
level real-space information on single metal sites in catalysts. Compared to high-resolution TEM
imaging, HAADF-STEM enables identification of heavier atoms (i.e., transition metals) within a
sample comprised of mainly light elements (i.e., carbon supports), as the contrast of atoms in
HAADF-STEM images is highly dependent on the atomic number (proportional to Z'”7, where Z
is the atomic number). For example, HAADF-STEM has been used to resolve 3d transition metal
atoms supported on carbonaceous materials, or noble metal atoms supported on 34 transition metal
oxides [23, 27, 111, 119, 120]. However, distinguishing 3d or 4d transition metal atoms supported
on metal-oxides with a high Z-number (i.e., Fe on CeO: or Pd on CeO3) can be very challenging.
Alternatively, one can perform atomic resolution spectrum imaging using either STEM-EELS or
STEM-EDX to identify the presence of atomically dispersed single atoms on the metal oxide
support materials [120]. As STEM-EELS and STEM-EDX measurements usually require a longer

time to collect the signal (tens of seconds to tens of minutes) as compared to HAADF imaging,
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electron beam effects should be considered when using these techniques. Ideally, one can reduce

the beam effects by lowering the voltage of electron beam and reducing the beam intensity.
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Figure 6. (A) HAADF-STEM image of individual Fe atoms (labeled 1, 2, and 3) in a few-layer
graphene sheet; (B) EELS spectra of the N K-edge (Nk) and Fe L-edge (FerL) acquired from single
atoms (1 and 2) and few-layer graphene (3), demonstrating the presence of N around the Fe atoms.
Reproduced with permission from ref [119]. Copyright 2017, American Association for the
Advancement of Science. (C) °’Fe Mssbauer spectroscopy fitting of the Fe-N-C catalysts derived
from Fe-ZIF8; (D) The local atomic configuration of Fe active sites: FeN4Cg (D1) and FeN4Cio

(D2). Reproduced with permission from ref.[91] Copyright 2019, The Royal Society of Chemistry.
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Atomic-scale STEM imaging and the related spectroscopic techniques (EELS and EDX) have
proven invaluable for evaluating whether catalyst materials consist of atomically dispersed single
metal atoms, metal/metal-oxide nanoparticles, or both. One example of STEM analysis is shown
in Figure 6A and B, displaying single Fe atoms anchored on a high surface area nitrogen-doped
carbon support (Fe-N-C) [119]. STEM-HAADF imaging enabled successful visualization of the
atomic distribution of Fe, showing individual Fe atoms dispersed in few-layer graphene sheet. In
addition, the EELS spectra clearly confirmed the identity of the bright spots as Fe atoms, along
with the presence of N atoms in close proximity. Despite the atomic resolution of EELS, it was
challenging to determine the oxidation state of Fe because of the weak signal and instability of Fe
atoms under the electron beam. Similar to XAS analysis, such high-resolution STEM images
couple with EELS at the atomic level have become the standard characterization to study single

metal site catalysts.
4.4. Active site quantification in single metal site electrocatalysts

Along with identifying atomic configuration of single metal sites in catalysts using XAS, XPS,
and STEM, quantifying catalytic active site concentrations/amounts are also of importance for
evaluating intrinsic catalytic activities, understanding catalytic mechanisms, and rational design of
novel single metal site electrocatalysts. Atomic concentration of a single metal site electrocatalysts
can be determined using XPS or inductively coupled plasma atomic emission spectroscopy (ICP-
AES) [121]; however, it is hard to deduce that all the single-atoms are at the surface and
participating in electrochemical reactions. To quantify actual active sites in catalysts, °’Fe
Mossbauer spectroscopy and chemisorption-desorption methods have been developed. As shown

in Figure 6C and D, two different types of atomic configuration of FeNy active sites (D1 and D2)
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derived from Fe-doped ZIF-8 could be differentiated and quantified through the >’Fe M&ssbauer
spectroscopy fitting[91]. Sahraie et al. quantified active sites of an Fe-N-C catalyst by using low
temperature (193 K) CO pulse chemisorption and temperature-programmed desorption in a
combination of Mdssbauer spectroscopy [92]. From >’Fe Mdossbauer spectroscopy fitting,
maximum mass-based site densities (MSDmax) was determined based on the amount of FeNy sites.
Density of active sites (mass-based surface site density, MSD) were derived from the amount of
adsorbed CO per mgcatalyst. The ratio of MSD/MSDmax was introduced as an active-site utilization
factor, indicating a ratio of actually accessible sites for ORR over the total number of catalytically
active sites. Malko et al. demonstrated a protocol to determine active site concentrations and
determine the TOF of Fe-N-C catalysts by means of nitrite (NO2) adsorption followed by
reductive stripping [122]. The nitrite anion can strongly interact with the single Fe sits in catalysts.
As a result, a stable poisoned catalyst adduct is formed. The adduct is stable enough while
performing an ORR scan and it was found that ORR performance was degraded with nitrite
adsorption. Under the appropriate condition of low potentials, reductive nitrate stripping occurred,
and ORR catalytic activity was fully recovered. With the excess coulometric charge associated
with the nitrate stripping, the number of active sites/ surface area as well as the number of active

sites per mass were determined.

Additionally, inspiration can be drawn from methods to quantify active sites of
thermochemical catalysts to develop routes of quantifying the density of active sites in catalysts.
For example, active sites of isolated Rh on TiO: support for CO; reduction were quantified with
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) by comparing DRIFT
spectra acquired before and after CO adsorption [95]. To quantify the density of active sites of Pt

single atom catalysts for CO oxidation, Ding ef al. [123]demonstrated infrared spectroscopy can
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be a simple and convenient method. The band related to CO molecules adsorbed on Pt
nanoparticles and Pt single atoms were assigned and the population of single-atom and
nanoparticle was determined using temperature-programmed oxidation coupled with mass
spectroscopy. From these data, they quantified CO adsorption sites both for single-atom and
nanoparticle. It should be noted that, due to the heterogeneity of the active sites present in M-N-C
catalysts, it is still difficult to conclusively quantify the number of surface accessible active sites
and thereby calculating precise intrinsic activities. Improved techniques are also needed to provide
versatility and specificity between different active site structures, including different transition

metal identities.

4.5. In situ characterization

While ex situ characterization of catalysts by using microscopic and spectroscopic techniques has
provided an unprecedented level of understanding of this important class of materials, the
properties of the active single metal site either as prepared or post catalytic testing are not always
reflective of the properties of these materials under operating conditions. Therefore, in situ or
operando characterization is essential to understand the physical and chemical properties of these
catalysts under electrochemical reaction conditions. This insight will enable scientists to advance
their understanding of these catalyst materials and refine computational models to more accurately
reflect catalyst structures under reaction conditions to gain improved insight into reaction
mechanisms and structure-performance-property relationships.

In situ characterization has significantly advanced the scientific understanding of heterogeneous
catalysts for thermochemical reactions [124], and these techniques should be exploited to advance
our understanding of single metal site electrocatalysts under electrochemical reaction conditions,

where challenges such as electrochemical reactor designs, and electrolyte attenuation of X-ray
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signals are important challenges that must be addressed. Recently, in situ XANES has been applied
to identify active site structures of single metal site electrocatalysts under reaction conditions. Fe
K-edge XANES spectra were acquired for Fe-N-C ORR catalysts under different electrochemical
potentials and in different O2/N; saturated electrolyte environments [125]. It was found that a
reduction of Ox-Fe’™-N4 to HO-*Fe?*-N4, which serve as an actual active site for the ORR at
potentials below the Fe?*/Fe** redox potential [58]. Ideally, multimodal in situ approaches can also
be coupled together to provide a complete understanding of the structure-property-performance

correlations of single metal site electrocatalysts.

5. Applications of single metal site electrocatalysts

Electrochemical energy conversion has long been deemed as integral components of a sustainable
energy future. The practical implementation of these technologies, however, relies on the
availability of active, selective, efficient, stable, and low cost electrocatalysts. Atomically
dispersed supported single metal site electrocatalysts provide great potential to meet these rigorous
requirements, and they have been extensively studied for a wide range of electrochemical energy
conversion reactions. Here, progress made in the development of single metal site electrocatalysts
for applications towards the ORR, OER, HER and CO2RR will be discussed. Meanwhile, the in-
depth understanding of catalytic performance enhancement mechanisms for both PGM and PGM-

free site catalysts will be highlighted.
5.1 PGM site catalysts

Oxygen reduction reaction
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ORR is the cathode reaction in fuel cells, normally undergoes a four electron (4e") pathways (O2

+4H" +4e” — 2H20), during which O, adsorbs on the active sites and O-O bond were clipped for
producing H>O. The two-electron (2¢7) pathways (O2 + 2H" + 2e” — H,0,) for the ORR is usually

desired for electrochemical production of H>O». For Pt nanoclusters and nanoparticles, which
could provide two continued atoms for Pt-O-O-Pt adsorption, O-O bond would be easily clipped
and ORR follows the 4¢™ pathway. For ORR on isolated single Pt atoms, the electron transfer path
would be varied depending on their support and coordination environment. An eye-catching
phenomenon is that when Pt single atoms stabilized on N-vacancy of TiN and C-vacancy of TiC,
the reaction path toward ORR was altered to 2e” pathway due to that the metal-support interactions
changed the adsorption energy toward O2 and thus weakened the capability for scissoring the O-
O bond [33]. The selectivity of Pt single atoms toward H>O> production using TiN as support
reached to 53.1%, and increased to 68% when the support was replaced by TiC due to the weaker
affinity of oxygen species on these catalysts that preserved the O-O bond compared with that of
TiN, as shown in Figure 7A [33]. The effects of carbon vacancies on the stabilization of single
metal atoms (i.e. Au, Ag, Pd, Pt, Cu and Ni) was systematically investigated on TiC via
experiments and DFT calculations, illuminating that their activity toward H2O> selectivity follows
the trend of Au>Pd>Ag>Cu>Pt based on calculated thermodynamic overpotentials [32].
Promising H>O: selectivity of up to 92%-96% was delivered by chelating Pt single atoms with S
atoms due to the strong Pt-S interaction on different types of support materials [126, 127].
Chelating with S induced the distortion of the Pt center off the square planar geometry (shown in
Figure 7B) due to the more favorable interaction with water molecules. DFT calculation validated

that the two electron pathway was kinetically favorable rather than thermodynamically favorable.
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Pt single atoms immobilized on defect-enriched carbon materials, such as Pt single atoms
bonded with pyridinic-N [128] or carbon divacancy (Pt-Cs4 active sites) [129] preferentially
displayed 4e~ ORR electrocatalysis. Theoretical calculations corroborated that nitrogen doping,
especially pyridinic-N on carbon materials, could facilitate the accumulation of positive charges,
leading to the up-shift of d-band centers toward Fermi level [129]. The positively charged active
sites decreased the energy barrier for O; dissociation, thus favoring the 4e- pathways toward ORR.
The Pt-N active sites anchored carbon cathode reported by Sun’s research group yielded a
maximum power density of 680 mW cm™ at 80 °C in acidic single-cell with the noble metal
utilization reached to 0.13 gpe KW' [128]. Other than Pt, Ir single atoms could also be grafted into
carbon matrix for potential applications in electrocatalysis toward the ORR. Xiao et al.,
successfully impregnated Ir precursors into ZIF-8 via space confining effect [130]. This as-
prepared Ir single atom-decorated catalysts exhibited the record-high TOF up to 24.3 ¢! site”! s/,
far surpassing commercial Pt/C (3.63 e site!' s') and other ever-reported Pt-free ORR
electrocatalysts. Although the promising catalytic activity was observed with the single Pt or Ir
site catalysts, there stability was not discussed at all, which could be a serious issue for practical
applications. In addition, increasing the loading of single metal sites in supported catalysts to meet

the required performance metrics represents a grand challenge as well.
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Figure 7. (A) Support effect in altering the reaction selectivity by Pti/TiN and Pti/TiC.
Reproduced with permission from ref [33]. Copyright 2017, American Chemical Society. Pt-S4
complex embedded in carbon support altered the reaction pathway favored by reaction kinetics.
Reproduced with permission from ref [126]. Copyright 2016, Springer Nature. (C) Schematic
illustration Pt Single atoms immobilized on Mo vacancies in in situ exfoliated 2D Mo2TiCoTx

nanosheet. Reproduced with permission from ref [131]. Copyright 2018, Springer Nature.

The oxygen evolution and hydrogen evolution reactions for water electrolyzers

Electrochemical production of hydrogen fuel through water electrolysis is indispensable in
realizing the application of renewable and environmental-benign energy conversion technologies.
The OER is the reverse process of the ORR and is an important anode reaction in renewable energy
conversion devices such as water electrolyzers, electrosynthesis, and metal-air batteries. Noble
metal single atom-based catalysts for the OER have been rarely reported, especially in acidic

electrolyte. Even though several works reported the atomically dispersed Ir species on Co(OOH)x
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nanosheet and Pt single atoms grafted on FeNs active sites applied for OER in alkaline medium,
their catalytic performance is far from the best PGM-free electrocatalysts for the OER [103, 132,
133].

The cathode reaction of water electrolyzers is the HER for the production of hydrogen, ideally
using renewable sources of electricity. The HER reaction path involves with either a Volmer-Tafel

step or a Volmer-Heyrovsky step in acidic electrolyte, as shown in the following equations:

(Volmer) H" + € = Hads (1)
(Tafel) Hags + Haas = Ha (2)
Or (Heyrovsky) Hags + H" + ¢ = H» 3)

Commercialized electrocatalysts for the HER are Pt/C. The scarcity of Pt expediated the HER
catalyst engineering to reduce the loading of Pt or discovering alternative PGM-free catalysts. Due
to the absence of ensemble sites, the HER catalysis path can be altered. For example, Pt single
atoms on C-vacancies of TiC follows the Volmer-heyrovsky mechanism due to the lack of
ensembles for enabling the traditional Volmer-Tafel mechanism [32]. HER catalytic activity of
these transitional metal single atom incorporated catalysts followed the order of Pt > Ni > Pd >
Au > Cu > Ag, and the enhanced performance correlated with their up-shifts of d-band center of
Pt, Ni and Pd towards the Fermi level [32]. In addition to metal carbides, a variety of supported
materials were also reported for anchoring Pt single atoms for HER electrocatalysis. Tavakkoli
and co-workers successfully immobilized isolated Pt atoms onto single-walled carbon nanotubes
with surface Pt loading as low as 0.19-0.75 at.% through electroplating deposition and attained the
comparable catalytic activity with commercial Pt/C [134]. The interplay between the grafted
individual Pt atoms and MoS: nanosheet for enhancing the HER catalysis were elucidated, stating

that the enhanced catalysis behavior originated from the modulated adsorption energy toward H*
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on adjacent S atom as a consequence of electronic reconfiguration of Pt-MoS;[34]. Mxenes, a new
family of 2D materials, bearing the merits of plentiful exposed basal planes with outstanding
metallic conductivity, high hydrophilicity and superior chemical stability, are postulated as
feasible matrices for anchoring noble metal single atoms. For instance, Pt single atoms are
successfully incorporated in Mo vacancies on the out-layer of Mxenes (Mo2TiC,Tx) as displayed
in Figure 7C [131]. Inserted Pt single atoms improved the electronic conductivity of the matrix

and favored the exceptional catalytic efficiency and stability toward HER.

5.2 PGM-free site catalysts

The oxygen reduction reaction for PEMFCs

Among studied PGM-free catalysts for the ORR, metal-nitrogen-carbon (M-N-C) materials (where
M is commonly Fe, Co, Ni or Mn) have shown the most promise. The likely active sites in M-N-
C catalysts are the carbon supported and nitrogen coordinated single metal sites, i.e. MN4 moieties.
Depending on the type of metals and local coordination environments, the intrinsic nature of
adsorption energies toward Oz and ability for breaking O-O bonding results in their different
catalytic activities and stabilities [57, 135]. M-N-C electrocatalysts are generally synthesized by
incorporating metal precursors into the nitrogen doped carbon precursors either by wet chemical
adsorption process or by physical mix, and then subjected to high temperature pyrolysis. However,
efficient M-N-C electrocatalysts are highly dependent on the properties of carbon matrix (nitrogen
types and content, porosity, graphitization etc.), adsorption strategies, doping content, pyrolysis
temperature and so on. Single Fe site-rich Fe-N-C catalysts have been the most extensively
investigated owing to their intrinsically high catalytic activity in both acidic and alkaline
electrolytes, in comparison to other M-N-C catalysts [18].
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Figure 8. (A) Schematic illustration of the synthesis and TEM images of Fe-doped ZIF-8
polyhedral nanocrystals with different sizes; (B) STEM images showing complete single metal
site distribution uniformly on partially graphitized carbon. (C-F) Transition of atomically

dispersed single metal sites to metallic cluster with an increase of doping content of Fe during the

38



synthesis. Corresponding ORR activities on the atomically dispersed Fe-N-C catalysts with (G)
different Fe content and (H) Fe particle sizes. Reproduced with permission from ref [23, 91].

Copyright 2017, American Chemical Society; Copyright 2019, The Royal Society of Chemistry.

The most promising Fe-N-C electrocatalysts exclusively containing single Fe sites for the ORR
in challenging acidic electrolyte were achieved by in situ chemical doping of Fe*" and forming
covalent chemical bonding of Fe-N4 into ZIF-8 precursors as shown in Figure 8A [23, 91]. The
best performing catalyst obtained from optimal Fe doping achieved an E1/2 of ca. 0.87+0.01 V vs.
RHE in 0.5 M H>SOg4 electrolyte, comparable to that of commercial Pt/C, which corresponds to
the exclusively atomic dispersion of single iron sites into partially graphitized carbon, suggesting
maximum density of active sites (Figure 8B). However, gradually increasing Fe doping content
eventually leads to the formation of inactive metal nanoclusters and nanoparticles (Figure 8C-F),
causing a decline of active site density and corresponding decreased activity (Figure 8G). These
studies have shown the importance of heat treatment and Fe-doping content for modifying the
pyridinic N content, porosity and graphitization degree of the catalysts for boosting their
electrochemical performances toward ORR in acidic electrolyte. In addition, the particle size of
the ZIF-8 polyhedral nanocrystals could be altered from 20 to 1000 nm by simply tuning metal
concentrations during the synthesis. The catalytic activities were closely related to the surface area
of Fe-doped ZIF-8 nanocrystals with different particle sizes. 50 nm Fe-ZIF-8 derived nanocrystal
delivered the best ORR activity (Figure 8H). It is well known that the Fenton reaction catalyzed
by Fe ions in Fe-N-C catalysts accelerates membrane/ionomer degradation and carbon corrosion
due to the formation of free radical species [136]. These issues could be mitigated by either
enhancing the graphitization degree of the carbon support (to improve resistivity to carbon
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corrosion), replacing the Fe-N-C catalysts with Fe-free Co- or Mn-N-C catalysts (to minimize the
Fenton reaction), or by modulating Fe-N-C catalysts to maximize selectivity towards the four-
electron ORR to minimize the produced amount of H>O».

In addition to generating more single metal active sites, reactant accessibility to interior active
sites and favorable mass transport through engineering meso- and macro-sized pores [62, 137] are
also crucial for catalytic performance. Significant efforts have been devoted to creating optimal
porous structures for improving their fuel cell performances using a various methods, such as hard
template (e.g., ZnO, Si0,, Fe30q4, etc.) [138-140], soft template (e.g., surfactant, polystyrene
sphere etc.) [141, 142], or template-free of gaseous ammonia treatment [ 143]. One important work
involved the creation of hollow structured N-coordinated dual site FeCo/N-C electrocatalysts with
excellent catalytic activity and stability toward ORR catalysis in acidic electrolyte [144]. A worth-
mentioned advantageous feature of the M-N-C catalysts toward the ORR is their high resistance
toward the methanol, ammonia, and other poisoning chemicals, which holds a promise for
applications in direct methanol fuel cells and direct ammonia fuel cells [73, 145, 146]. Because
methanol crossover from anode to cathode may poison and interfere with ORR catalysis on Pt-
based cathode catalysts, M-N-C catalysts offer potential to mitigate this issue.

Despite significant advances in the development of atomically dispersed single metal site
electrocatalysts for the ORR, stability remains a grand challenge especially in harsh acidic
electrolytes [ 147]. Degradation of intrinsic activity of single metal site catalysts has been attributed
to the possible demetallation and carbon oxidation during the ORR [22, 148]. Therefore,
strengthening M-N bonding and providing robust carbon supports are straightforward solutions to
address the stability issue [148, 149]. Detailed degradation mechanisms of single metal site

electrocatalysts have been discussed in our recent reviews [8, 62, 147]
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CO; conversion to CO

Electrochemical CO> reduction has attracted extensive attention given its potential for the
direct conversion of CO; into sustainable carbon-based fuels and chemicals ideally using
renewable electricity as the input energy source [150-155]. Nevertheless, the ultimate viability of
this approach depends strongly on the development of optimal catalysts that have high activity and
selectivity [156, 157]. Noble metal catalysts such as Au [158-162] and Ag [163, 164] have shown
significant selectivity to reduce CO2 to CO at low overpotentials; however, the high cost of these
metals motivates the exploration of earth-abundant and inexpensive alternatives as a priority. To
this end, molecular catalysts [165-168], MOFs [169], and immobilized porphyrins [170] have
shown selectivity for CO; reduction into CO, which has motivated efforts into the exploration of
atomically dispersed supported metal site catalysts.

In this regard, atomically dispersed supported single metal site electrocatalysts are structurally
analogous to homogeneous organometallic compounds. They provide several advantages over
their homogeneous counterparts, including the fact that they are immobilized so that catalyst
recovery/regeneration is not required, and they are generally supported by high surface area
conductive substrates (i.e., carbon) so that electron transport and fabrication into electrode
structures are more straightforward processes. Single metal site electrocatalysts also retain several
of the advantages of their homogeneous counterparts, such as well-defined active site structures
that can achieve high reaction selectivity, whereby materials such as carbon supported Ni-N-C
active sites have been shown to reduce CO; into CO at low overpotentials with Faradaic efficiency

(FE) greater than 95% [42, 171, 172].
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sites and reaction pathways. Reproduced with permission from ref [48]. Copyright 2018, American

Chemical Society.

As expected, the type of transition metal center plays a significant impact on the properties and
catalytic performance. Using a variety of metals including Co, Fe, Ni, Mn, and Cu, Ju et al., carried
out a systematic investigation on N-coordinated single metal site carbon materials [173].
Significantly varying CO2RR selectivity was observed for the different metal centers. Their
obtained results showed that, for selective CO production, Ni-N-C and Fe-N-C catalysts are highly
promising candidates [48, 172]. Interestingly, the Mn-N-C catalysts were also reported to
electrochemically produce CHy, albeit in very trace amounts. This early insight into the CO2R
activity and selectivity of M-N-C catalysts was leveraged to design Ni-N-C catalysts with very
high (>90%) selectivity towards CO [111, 174-178]. Ni-Ny site-rich catalysts were prepared by
using a topo-chemical transformation strategy [42]. As exhibited in Figure 9A and B, high CO2R
FE of over 90% towards CO were observed in the electrode potential range from -0.5 to -0.9 V vs
RHE, including a maximum FE of 99% and current density of 28.6 mA/cm? towards CO at an
electrode potential of -0.81 V vs. RHE. Using a combination of XAS and HAADF-TEM, single
metal sites, i.e. Ni-Ns were verified dominant in these catalysts that provided excellent activity and
selectivity towards CO, owing to favorable adsorption energies with reactive intermediates. This
high selectivity of Ni-N-C catalysts towards CO is in good agreement with a study reported
recently, showing 97% selectivity towards CO at an overpotential of 0.61 V [121]. Using operando
XAS and XPS techniques, the presence of atomically dispersed Ni(I) sites was clearly identified,
and that the high activity/selectivity arises due to the intrinsic activity of the Ni (I) metal sites. In

addition, atomically dispersed single metal site-rich Fe-N-C catalysts for electrochemical CO.RR
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have also been extensively investigated [48, 173, 179-182]. Pan et al., elucidated the intrinsic
activity and selectivity of well-defined atomically dispersed M-N4 (M=Fe, Co) catalysts derived
from chemically doped ZIF-8 precursors [48]. As shown in Figure 9C and D, the highest FEs
reached to 93% towards CO was obtained by the Fe-N-C catalyst at an overpotential of 0.47 V,
while the maximum FEs toward H» production is only 6% shown in Figure 9D, indicating that the
HER was effectively suppressed on FeNy sites. Different from traditional MN4Cio moieties in
carbon plane as the active sites, the edge-hosted MN2+2Cs moieties bridging two armchair-like
graphitic layers was postulated to be active moiety towards CO2R based on the DFT calculations

(Figure 9E).

The development of atomically dispersed and carbon supported M-N-C catalyst for
electrochemical CO2RR is rapidly evolving. A significant advantage of these materials is that they
are commonly synthesized using simple methods and inexpensive precursors, rendering them as
excellent candidate for manufacture scale up [183, 184]. Furthermore, the relatively high activity
and selectivity that can be achieved on these materials for the conversion of CO> into CO have
sparked significant research efforts on this topic. The formation of completely atomic dispersion
of single metal sites in catalyst is very crucial for such high CO selectivity [171], instead of
dominant H> evolution. Furthermore, any inadvertent contaminants such as unwanted transition
metal aggregates (even in trace amounts) have been shown to dramatically impact experimentally
measured electrochemical CO2RR and H» evolution rates [185-187], so care must be taken when
synthesizing and evaluating CO2RR catalysts. Although such nitrogen-coordinated and carbon
supported single metals site catalysts are incapable of directly reducing CO»> to other more valuable
C> products such as ethylene, they can be designed as a co-catalyst with others such as Cu for

tandem conversion of CO> to CO and ethylene. Because Cu itself is not very active at producing
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CO, an intermediate for ethylene production. Despite these challenges, very few studies have

explored the co-catalyst approach with a certain degree of success [188-190].

6. Summary and outlook

Engineering highly efficient and inexpensive catalysts holds the key for expediting the
development of sustainable energy conversion and storage technologies. On account of their
unique quantum size effects, maximized metal atom utilization, and tunable metal-support
interactions, atomically dispersed single metal site electrocatalysts have not only been investigated
to advance fundamental scientific understanding of single atom chemistry, but have also emerged
as a class of highly promising electrocatalyst for sustainable electrochemical energy conversion
technologies. In this review, we first highlighted the fundamental basis for gaining understanding
toward metal support interactions and probing the intrinsic active sites and origin of catalytic
activities. Then, a brief introduction of the progress toward the synthesis strategies and
characterization of single metal site electrocatalysts was provided, followed by the electrocatalysis
applications towards various electrochemical reactions including ORR, OER, HER, and CO;RR.
While significant progress has been realized in synthesizing, characterizing and applying
atomically dispersed supported single metal sites as electrocatalyst, there are several opportunities
that still exist for advancing our scientific understanding and developing single metal site

electrocatalysts with improved performance.

It is still elusive on the formation mechanism of single metal active sites, the origin of their
activity as well as the structural evolution during the reactions. By virtue of the advanced
characterization techniques and the DFT methods, fundamental understanding towards the role of

single metal atoms in the reaction mechanisms is gaining clarity. Nevertheless, there still remains
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some ambiguity, for example the formation mechanisms of MNx moieties within carbon hosts, or
the origin of ORR activity on CoNy sites. In these cases, in situ characterization techniques along
are required for monitoring the charge state variation or structural evolution under reaction
conditions. This advanced understanding of single metal site properties will enable the
establishment of structure-property-performance relationships that are reflective of the catalysts
under reaction conditions. This scientific knowledge will provide more accurate input for
computational simulations that can also incorporate machine learning algorithms for catalyst
discovery [191, 192], and can also guide experimental catalyst design efforts where synthesis

technique can be modified to target desirable catalyst properties.

It is still challenging to identify and quantify the exact number of available active sites present
at the surface of catalysts. A large number of the single metal active site are likely buried in the
interior (i.e., bulk) of the catalysts and therefore not accessible to reactant species. Calculating
turnover frequencies based on the total number of active sites in catalysts determined by using
bulk techniques therefore leads to under-estimation of the intrinsic catalytic activities. Developing
reliable means to quantify accessible surface residing active site structures can aid in achieving a
quantitative evaluation and comparison of active site turnover frequencies, which will be crucial
for achieving advanced fundamental insight into the performance of single metal site
electrocatalysts. Furthermore, the effectiveness of developing synthesis strategies to maximize the
accessibility of active site structures can also be effectively gauged if reliable methods for

electrochemically accessible active site quantification exist.

Striking a delicate balance between catalytic activity and active site stability remains quite
challenging, in that it has proven incredibly difficult to obtain electrocatalysts that display both

excellent activity and stability. Regarding single metal site electrocatalysts, there are several
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solutions for alleviating the stability issue, for instance, by selecting robust support materials with
high corrosion- or oxidation-resistance abilities, or strengthening the metal-support interactions by
choosing different nitrogen doping sources or varying the heating procedures.

Transferring catalytic performance measured in liquid electrolytes to more practical solid-state
electrolyte, i.e. MEA remains a grand challenge. Constructing the relationship between their
intrinsic activities/structures and their catalytic efficiencies are necessary for attaining a thorough
comprehending toward engineering catalyst morphology and nanostructures with optimal porosity
to increase accessible density of active sites and facilitate mass transport. For example, with an
assistance of characterization techniques, structural evolution, active sites loss, charge and
electronic conductivity variation during the long-term electrode/MEA operation would be
monitored, affording valuable data for deducing their activity degradation mechanism, which in
turn offers first-hand guidance for designing advanced performance catalysts designs.

The ability to leverage dual site catalysis, perhaps by having metal atoms side-by-side in the
support materials is likely an effective strategy to design advanced electrocatalysts. This could
provide opportunity to achieve the dissociative reduction of oxygen, or for promoting C-C
coupling during the electrochemical CO; reduction to produce valuable C, chemicals such as
ethanol or ethylene.

From a forward-looking perspective, the application of single metal site electrocatalysts is
promising thanks to the development of synthesis strategies and encouraging electrocatalytic
performances achieved recently. Additionally, opportunities exists to explore the possibility of
preparing more types of catalysts active sites, for example, other metal single atoms that have not
been extensively explored in the field of electrocatalysis, such as Cr, Mo, W, V, etc [193]. We

believe that the continuous development of the mass-production of single metal site

47



electrocatalysts and the insightful fundamental understanding of the electrocatalysis mechanisms
would propel their practical applications in electrochemical energy conversion technologies in the

near future.
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