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Abstract

Single-atom catalysts (SACs) with high activity, unique selectivity, and nearly 100% atom utilization efficiency are
promising for broad applications in many fields. This review aims to provide a summary of the current development
of SACs and point out their challenges and opportunities for commercial applications in the energy process. The
discussion starts with an introduction of various types of SACs materials, followed by typical SACs synthetic
methods with concrete examples and commonly used characterization methods. The state-of-the-art synthesis
methods, whereby SACs with stabilized single metal atoms on the substrate without migration and agglomeration
could be obtained, are emphasized. Next, we give an overview of different types of substrates and discuss the
effects of substrate species on the structure and properties of SACs. Then we highlight the typical applications of
SACs and the remaining challenges. Finally, a perspective on the opportunities for the development of SACs for
future commercial applications is provided.
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INTRODUCTION

Heterogeneously supported noble metal catalysts have been extensively used in the industry community due
to the advantages of being economical, having favorable activity for many chemical reactions, and being
energy-saving" . Highly efficient catalysts are urgently required as more than 80% of globally produced
chemicals include catalytic processes'. In spite of this, the scarcity and high costs of noble metals place
great restrictions on the sustainable development of the corresponding energy process. The improvement
of catalytic efficiency, the reduction of noble metal loadings on catalysts, and the development of candidates
based on earth-abundant non-noble metals are important issues for the development of renewable energy
technologies in the future.

Downsizing metal particles or clusters to the atomic level with atomically isolated active sites is a
straightforward method to increase metal utilization efficiency. This concept was realized by Qiao et al. in
20117, In principle, SACs provide 100% metal atom dispersion on an appropriate substrate, in which
isolated metal atoms are anchored by surrounding coordination species against migration and aggregation
into large particles. Thus, the SACs usually possess unique electronic structures as a result of strong
interaction between the metal atom and substrate, making SCAs exhibit excellent catalyst activity,
selectivity, and economic benefit in multiple catalytic fields in contrast with traditional nanocatalysts®*".
Besides, a SAC is a good model catalyst for investigating its structure-activity relationship owing to its
atomic dispersion of the active components. Benefiting from the above advantages, SACs have received
much attention in the energy-related catalytic process.

The SACs have been applied extensively in all kinds of energy fields, such as O, reduction reaction"""”, CO,
reduction reaction"*'", N, reduction reaction"*'"", H, evolution reaction"”, CH, conversion reaction*, and
so on. As discussed detailedly in this review, compared to metal particle counterparts, the SACs provide
many unique catalytic performances, such as outstanding activity, improved selectivity, better durability,
and resistance to CO or methanol poisoning. To date, most of the reported works on SACs have been
related to exploring universal synthesis methods to improve the metal loadings of single metal atoms and
scale-up technology, making SACs more suitable for industrial applications. However, there are still some
challenges for SACs. One of them is the aggregation of metal atoms as a result of the large high atom surface
energy, which leads to low metal loading and further loss of catalytic performance. Besides that, many in-
situ experiments have shown that the structures of SCAs materials can go through remarkable changes in
the real reaction processes. Thus, in a certain catalytic reaction, whether the single atoms on the substrate
are stable enough to stay well dispersed is also a hot issue.

In this review, we focus on the recently proposed synthesis methods of SACs. Additionally, we highlight and
summarize the advanced synthesis strategies and substrates for SACs accompanied by enhanced properties
and stability, stressing the mechanism of how the SACs stay well dispersed and stable during the synthesis
and reaction processes. Then, we discuss the possible factors that affect the properties and stabilities.
Furthermore, we summarize the typical applications of SACs and the corresponding mechanistic studies to
illustrate the structure-property relationship. We also provide a brief overview of the current challenge of
high-density SACs fabrication and scale-up technology. Finally, we propose an outlook for the future and
potential development direction of SACs.

SYNTHETIC METHODS FOR SACS

The synthesis method for SACs is generally unique from metal particle-based catalysts, as it is well
established that the surface free energy of metal increases with downsizing the metal particle, which leads to
the aggregation of single atoms into clusters or nanoparticles. The key point is to realize the atomic
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dispersion of the target metal against agglomeration into particles, so it is usually necessary to create strong
interaction between single metal atoms and the corresponding substrate. Here we summarize some
synthesis strategies of SACs reported recently.

Wet-chemistry method

Wet-chemistry methods are frequently used because of their low cost, simple synthesis process, and easy
scale-up. The key point for wet chemistry approaches is confining the location of the introduced metal
active sites on the substrate to prevent their aggregation into particles”. The wet-chemistry method is
usually composed of two steps”™: (1) mixing of the metal precursor and substrate; and (2) reduction or
oxidation treatment to activate the catalyst. For example, Yang et al. reported a universal synthesis route by
complexing metal cations with 1,10-phenanthroline, adsorbing the obtained complexes onto carbon black,
followed by heat treatment of the surface-modified carbons at 600 °C under an inert gas atmosphere
[Figure 1A]"”". This method can be applied to synthesize a library of carbon black supported SACs (e.g., Ni,
Mn, Fe, Co, Cr, Cu, Zn, Ru, and Pt). In order to further restrict the movement of mononuclear metal
precursors both in the pretreatment step and activation step, some researchers proposed an ice-assisted
adsorption strategy combined with a photochemical reduction step, as shown in Figure 1B**. For a Pt
SAGC, typically, its synthesis includes the following steps: Firstly, the Pt precursor aqueous solution is frozen
with liquid nitrogen; then, the ice is treated by UV irradiation to reduce the metal precursors into individual
metal atoms. After that, the obtained Pt single-atom solution is mixed with different substrate dispersions to
obtain Pt SACs on different supports'””. However, there was a limitation on controlling the single isolated
atom on the substrate; usually, the loading of single atoms was below 7.5 wt.%"””. Moreover, a wet chemistry
method is usually a trial-and-error process. The limitations of this approach include the difficulty of
accurately controlling the location of the target active sites on the support surface.

Pyrolysis

Up to now, most reported SACs usually require a high-temperature pyrolysis step (usually 700-1,100 °C) to
obtain a highly stable single-atom active structure. The process is simple, and usually, no post-processing is
required. Nevertheless, the rigorous pyrolysis treatment always causes noble metals of ultrasmall size (single
atoms or clusters) to inevitably aggregate into large particles as a result of high surface free energy. This
phenomenon is usually known as thermal deactivation or sintering, which may reduce the active surface of
metal and catalyst reactivity” . To overcome this difficulty, the pyrolysis procedure is usually combined
with some other strategies (such as spatial confinement, coordination with heteroatoms, and defect anchor
strategies) to construct strong interactions between central metal single atoms and substrate”*”. In the
spatial confinement process, porous materials with unique pore sizes and structures usually act as hosts to
trap mononuclear metal precursors, which can prevent metal aggregation during the high-temperature
pyrolysis procedure. Xiong et al. used a zeolitic imidazolate framework to encapsulate the Rh precursor
[Rh(acac),], followed by a 900 °C pyrolysis reduction treatment”. It is an effective method to disperse and
immobilize an Rh single atom since the size of Rh(acac), is between the large cavities and small pores of
ZIF-8. And a strong interaction between Rh and the substrate was formed, ensuring the good dispersion of
Rh atomic species. To stabilize single metal atoms during the high-temperature pyrolysis procedure, some
researchers applied heteroatoms (N, P, S, etc.) to anchor single metal atoms'. Chen et al. proposed Fe SACs
with single iron atomic sites supported on an N, P, and S co-doped carbon framework by high-temperature
pyrolysis combined with a heteroatom coordination strategy; the preparation process is shown in
Figure 2A. During the pyrolysis, N, P, and S were co-doped, in which S and P atoms regulate the
electronic structure of the Fe-N, active site, leading to excellent oxygen reduction reaction (ORR)
performance for these Fe SACs both in acidic and alkaline conditions. Meanwhile, defect engineering is also
a powerful technology to stabilize single atoms via strong electro-transfer interactions between metal atoms
and substrate. Because of the defect-rich surface (usually surface oxygen vacancies) and strong interaction
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Figure 1. (A) The universal synthesis procedure. Metal single-atom catalysts (M-SACs) are prepared in two steps. Reproduced from
Ref.”" with permission from Springer Nature. (B) Schematic illustration of the iced-photochemical process. Reproduced from Ref.l?!
with permission from Springer Nature.

with a metal atom, metal oxides have been used as effective catalyst supports”*. Besides, creating carbon
defects on the carbon-based substrate is also an effective method to prepare SACs. Liu et al. created an
abundance of carbon defects by treating cost-effective carbon black hydrothermally (200 °C) in a sealed
ethanol solution containing a certain amount of H,0,"”. Then the obtained defective carbon was used as a
substrate to absorb Pt(acac),, followed by pyrolysis at 900 °C under an argon atmosphere. The well-
dispersed Pt SACs were successfully synthesized. Moreover, the obtained Pt SACs showed remarkable ORR
performance, as shown in Figure 2B-D. However, because of the limitation of defects density and the
drawback of high-temperature pyrolysis, it is hard to fabricate SACs with high metal loading.

Electrochemical deposition method

Electrochemical deposition is an effective strategy for the synthesis of SACs, as the bulk metal can be
dissolved into a solution and anchored by the support“**. Tavakkoli et al. developed a facile electroplating
method by reducing the electroplating time and achieving single nanotubes (SWNTs) that supported
pseudo-atomic-scale dispersion of Pt (individual atoms or subnanometer clusters) [Figure 3A and B]"*.
And this kind of catalyst material has an ultralow Pt loading as well as extraordinary electrocatalytic
activities for the HER. Motivated by the breakthrough, Zhang et al. proposed a potential-cycling method
with a three-electrode cell in neutral media (pH = 7.2) to synthesize Pt SACs, in which large areas of isolated
Pt single atoms were grown on Ni foam in situ, as shown in Figure 3C"*. These SACs can be directly used
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Figure 2. (A) lllustration of the preparation process of single iron atomic sites supported on nitrogen, phosphorus, and sulfur co-doped
hollow carbon polyhedron (Fe-SAs/NPS-HC) by pyrolysis combined with a heteroatom doping strategy; Reproduced from Ref.”*! with
permission from Springer Nature. Electrochemical and physical characterization of different catalysts. (B) Pt L;-edge XANES for Pt SACs
and corresponding Pt foil, PtO,; (C) The kz—weighted R-space FT spectra from EXAFS for Pt SACs and corresponding Pt foil, PtO,; (D)
High-angle annular dark field scanning transmission electron microscope (HAADF-STEM) image to show the distribution of Pt atoms

on carbon defects. Reproduced from Ref.”” with permission from Wiley-VCH.

for HER electrocatalysis without binders and possess an outstanding HER property comparable to
commercial Pt/C. Furthermore, a general electrochemical deposition strategy was proposed, and more than
30 kinds of SACs were successfully obtained from cathodic or anodic deposition by controlling the variety
of metal precursors and substrates. The electrochemical deposition mechanism is shown in Figure 3D-F, in
which cations were driven towards the cathode by the applied electric field and deposited on the supports
for the cathode deposition, while for the anodic deposition, anions were driven by the applied electric field
towards the anode. The drawbacks of the electrochemical deposition method are that there exists an upper
limit to mass loading (usually less than 4.7 wt.%) and that it is related to the level of supersaturation on the
substrate!”. When the loading of metal surpasses the limitation, the isolated metal atoms tend to aggregate
into clusters or form multilayer structures with nonuniform coverage.

Chemical etching

Chemical etching is also an effective strategy for obtaining SACs with relatively high metal loading,
although the synthesis route is usually complicated**". For example, Qiu synthesized Ni SACs supported
by nanoporous graphene, and the fabrication process is shown in Figure 4A"". Firstly, nanoporous Ni
substrates were prepared by dealloying NiMn alloy sheets, and then one atomically thick graphene layer was
grown on the nanoporous Ni surface by the chemical vapor deposition method, followed by the key step of
etching the Ni metals to generate the isolated atomic Ni single atoms on the stable graphene substrate in
2.0 M HCI solution. Finally, free-standing graphene-supported Ni SACs were obtained by controlling the
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Figure 3. (A) Polarization curves of the SWNT (orange), the SWNT activated for 4 h (red), GR (blue), GR activated for 4 h (green) and
16 h (cyan), and Pt/C (black). (B) Structure diagram of the SWNT with isolated, dispersed Pt; reproduced from Ref."** with permission
from the American Chemical Society. (C) Schematic diagram of the potential-cycling synthesis method process. Reproduced from
Ref.** with permission from Wiley-VCH. Schematic of cathodic (D) and anodic (E) deposition of Ir species; The yellow, green, red, and
white spheres represent Ir, Cl, O, and H atoms, respectively. Ir mass loadings as a function of Ir concentration in the 1 M KOH
electrolyte for anodic (F) deposition. The scanning cycle number was kept at ten for cathodic deposition and three for anodic
deposition. The inset images correspond to the HAADF-STEM images of the samples obtained at a certain concentration. The areas in
white circles indicate the agglomerations of single atoms to form clusters. Reproduced from Ref."”! with permission from Springer
Nature.

etching time. The catalyst showed a very low overpotential (around 50 mV) for HER and remarkable
stability compared with Pt and reduced graphene oxide. Wang et al. used Fe,O, nanocubes as the template
and sources of Fe to synthesize Fe SACs by the method of in situ ligand carbonization to form superlattices,
followed by acid etching and NH, activation, as shown in Figure 4B"”. The obtained Fe SACs with well-
dispersed Fe atoms supported on the carbon framework substrate [Figure 4C] showed outstanding ORR
properties in alkaline media and comparable zinc-air battery performance comparable to commercial Pt/C
catalysts. Recently, Li et al. modified the normal chemical etching method by selectively removing unneeded
metallic materials realizing the accurate match between the bond energies of metal-metal/metal-substrate
and the strength of the etching agent"””. Specifically, excessive Pd was loaded on the PCN substrate first, and
then an appropriate etching reagent was selected as chemical scissors to selectively cut the Pd-Pd metal
bonds and keep the Pd-PCN bonds, achieving 2.02 wt.% loading of isolated single Pd atoms on substrates.
The scheme for the chemical scissors procedure is shown in Figure 4D-L; typically, Pd-Pd bonds are
selectively broken by Fe’* while keeping the Pd-PCN bonds as a result of the stronger interaction between
Pd and PCN. And the obtained Pd-based SACs show outstanding catalytic activity in photocatalytic CO,
reduction with CH,OH generation of 597.8 + 144.6 pmol h” g and selectivity of 81.3 + 3.8%. Template
support is usually required, such as metal templates or SiO, support. And it is hard to control the degree of
etching to obtain the designed architecture.

Photochemical method

A photochemical reduction strategy can be used to prepare SACs with relatively high metal loading with the
advantages of fast reaction, room temperature operation, and easy scale-up”>***¥. And this method usually
needs to be combined with another strategy to stabilize single metal atoms. Liu et al. reported a stable Pd,/
TiO, catalyst material using the photochemical method"". Ultraviolet (UV) light was adopted to induce the
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Figure 4. (A) Schematic illustration of the fabrication process of Ni-doped nanoporous graphene; Reproduced from Ref.”"” with
permission from Wiley-VCH. (B) Schematic illustration of the fabrication of Fe SACs; (C) Enlarged HAADF-STEM image of Fe-N-
SCCFs. Reproduced from Ref.”! with permission from the American Chemical Society. Scheme for the construction of high-loading
single-atom Pd1/PCN with chemical scissors. (D and H) The models of PCN, (E and |) The models of Pdh/PCN, (F and J) The schemes
of selective etching; (G and K) As-synthesized Pd1/PCN. Only bonds between Pd and PCN have remained. (L) Recycling Pd to avoid
waste. Reproduced from Ref.”* with permission from Wiley-VCH.

formation of ethylene glycolate radicals on TiO, nanosheets, which is the key step to removing Cl from Pd
atoms and stable isolated Pd atoms by forming abundant Pd-O bonds. The TEM images and X-ray
diffraction pattern results showed that no Pd nanoparticles were generated during the UV treatment
process. Furthermore, Ge et al. proposed an in situ photocatalytic reduction route combined with a freezing
strategy™. Firstly, the mixture solution of K,PdCl, and TiO, nanoparticles was frozen to the ice with the
help of liquid nitrogen. Next, irradiation of the ice with Xe light, which can excite TiO, to generate
photogenerated electrons, subsequently facilitated the reduction of Pd precursors (PdCl,*) to obtain Pd,/
TiO, SACs. Well-dispersed Pd single atoms were observed. As expected, the Pd,/TiO, SACs showed
remarkably enhanced HER activity with an H, production rate around 10 mol g*h™ higher than that of the
Pd nanoparticles/TiO, catalyst material (1.95 mol g'h™). Isolated dispersed metal single atoms and clusters
may co-exist even at a low metal loading when directly treating the mixture of metal precursor and substrate
proved by Lu, as shown in Figure 5*°. Pd ,,./SAPO-31 with Pd loading of 0.38 wt.% was synthesized by
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(D) HR-TEM and (E) AC HAADF-STEM images. (F) STEM-EDS elemental mapping. Reproduced from Ref.”® with permission from
Springer.

photoinduction UV treatment. The drawback of this route is that using ultraviolet is not environmentally
friendly. Additionally, it is difficult to obtain ultra-high metal loading(> 10 wt.%) SACs due to the limitation
of controlling single atom structure during the process. Furthermore, it is worth noting that the
photochemical reduction strategy is used more to synthesize precious metal catalysts.

Atomic layer deposition method

Atomic layer Deposition (ALD) is a powerful technology to synthesize SACs material with atomically
precise control. Additionally, due to its self-limiting gas-surface reaction nature, ALD has the advantages of
accurately controlling the layer thickness at the angstrom level, surface chemical selectivity, and being
suitable for a porous substrate™ . Fabrication of SACs by the ALD method usually contains two main
steps, as shown in Figure 6A and B'*Y. Taking Pt /graphene SACs as an example, firstly, the Pt precursor
reacted with the oxygen species on the substrate. Next, the precursor ligands were changed to Pt-O by an
oxygen pulse. The Pt SACs catalyst can be synthesized with atomically precise design and control by
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changing the ALD operation parameter. Cao et al. reported an atomically dispersed Fe,(OH), on Pt
nanoparticles by ALD strategy, as shown in Figure 6C'*”. FeO, was selectively deposited on Pt nanoparticles
by the ALD process by exposing the sample to FeCp, and O, at a relatively low temperature alternately.
Then the coverage of FeO, on Pt nanoparticles was precisely controlled by adjusting the number of ALD
cycles, as shown in Figure 6D. The obtained Fe SACs with atomically dispersed iron hydroxide deposited on
silica-supported platinum nanoparticles showed remarkable activity of preferential oxidation of CO in
hydrogen, achieving 100% CO conversion at a temperature range of 198 K to 380 K. Wang et al. proposed a
general ALD method to deposit isolated Fe atoms on various substrates with a maximum Fe loading of up
to 1.78 wt.%'*). The ferrocene and hydrogen were used as precursors, and a fluidized bed as a reactor.
During the ALD process, Fe single atoms on the different substrates were obtained by optimizing the
parameters, including the dose time of ferrocene and the number of ALD cycles. XAS results and HAADF-
STEM images confirmed the good dispersion of Fe atoms. The Fe/SiO, SACs showed a high level of catalyst
activity in the CO oxidation reaction, which is more than 2 orders of magnitude higher than that of other
reported iron oxide catalysts. The long-term stability test indicated that the Fe/SiO, catalyst was still active
and durable even under harsh conditions.
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Other strategies

Besides the mentioned SACs synthesis method above, many other strategies have been developed to prepare
SACs. The central core is to restrict the diffusion and aggregation of metal precursors both in the solution
phase and reduction process, for example, using microwave-assisted strategies'””’ and ionic-liquid-assisted
methods'*”. It is still a big challenge to realize the outstanding performance and precise control of the SACs
structure.

TYPICAL CHARACTERIZATION METHODS OF SACS

To confirm the successful synthesize of SACs and characterize the environments of singles atoms are
necessary. Up to now, several specific methods have been adopted for studying the structure of SACs,
including X-ray photoelectron spectroscopy (XPS)"*”, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM)"7, energy-dispersive X-ray spectroscopy (EDX)”, high
resolution scanning tunneling microscopy (STM)*”*7%), electron energy loss spectroscopy (EELS)" 7, X-ray
absorption spectroscopy(XAS)™*, surface-enhanced Raman spectroscopy(SERS)***, and Fourier-
transform infrared (FTIR)"**" spectroscopy. XPS usually be adopted to give information on the electronic
state and composition on the surface of a sample since the structure and electronic state of active single-
atom metal in SCAs are usually different from corresponding metal particles or metal oxide counterparts.
However, XPS must combine with other characterization techniques to reach an accurate conclusion.
HAADEF-STEM is a useful method to characterize the dispersion state of a single metal atom directly. It
usually combines with the EDX approach, which can be used to confirm the distribution of the elements.
However, HAADF-STEM can only give information on selected areas. In contrast, STM is another kind of
advanced microscopy technique to characterize the distribution of single metal atoms on catalyst surface,
which can be applied to many working conditions, such as ultra-high vacuum, the gaseous or liquid
atmosphere at a wide temperature range. EELS is conducted on TEM or STEM, which is usually used to
identify single atoms by providing information on chemical composition, stoichiometry, energy levels, and
electronic structure of catalysts. XAS is a powerful technique that has been applied to characterize the
electron structure and chemical environment of SACs, including the X-ray absorption fine structure
(XANES) and the extended X-ray absorption fine structure (EXAFS). It can provide rich chemical
environmental information, such as electron and oxidation states, chemical binding information, the
interatomic distance, and the coordination number of specified elements. It is one of the most
straightforward and usual approaches to confirm the successful synthesis of SACs. Besides, SERS was also
adopted to investigate single atoms on catalysts since different chemical states cause obviously different
Raman shifts. However, the SERS can only be applied to some special metal systems, which is not suitable
for most SACs. Furthermore, FTIR is used to characterize the structure of SACs molecules, which usually
requires probe molecules to combine with specific metal atoms. So FTIR can be used to determine the
dispersion state of typical species due to the limitation of the type of probe molecules. With the
development of SACs, more and more useful characterization techniques will be explored to confirm the
structure of SACs.

OVERVIEW OF SUBSTRATES FOR SACS

Interactions between active metal and substrate play an important role in stabilizing isolated single metal
atoms during the synthesis process and influencing the catalytic performance and stability. The substrates
must meet some special requirements for different applications. Good conductivity and corrosion resistance
of the substrate are needed for electrocatalysis, and good stability at high temperatures is required for
thermocatalysis. The typical light-harvesting capacity is essential for photocatalysis. This part summarized
the recently most used substrate for SACs and discussed the relationship between structure and
performance.
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Metal oxide

The metal oxide was used as a substrate for many SACs due to its particular properties, such as abundant
anchor sites (steps, corners, vacancies, functional group), special surface acidity or basicity, and redox
features™. The strong interaction between the metal site and the metal oxide substrate may influence the
catalytic performance as a result of synergistic effects. The commonly used metal oxide substrate includes
FeQ =l CeO,"*, TiO," ", MnO,”', CoO "] NiO"", CuO"*"* and ZnO""”. Marcinkowski et al.
developed Pd SACs with Fe,O,(001) as substrate and investigated the effect of annealing on the
Pd/Fe,O,(001)™. As shown in Figure 7A-C, Pd exists only as single atoms at room temperature and tends to
aggregate into clusters when heating the surface to 550 K. And this type of SACs significantly lowers the
barrier to the oxidation of methanol. Liu reported a kind of Ru SACs with isolated Ru single atoms on metal
oxide (MgAl, Fe, ,O,, MAFO)"". They fabricated the Ru/MAFO SACs directly from RuO, material by
heating the mixture of RuO, and strongly interacting substrate. They proved that strong covalent metal-
support interaction between active metal and metal oxides promotes the transformation of RuO, to Ru
single atoms. The obtained Ru SAC shows remarkable thermal stability and enhanced activity for N,O
decomposition. Yu et al. construct stable Cu SACs with coordination-unsaturated and atomically dispersed
Cu species in a sintered Cu-Ce catalyst"*”. The XANS results (as shown in Figure 7D-I) confirmed that the
Cu sites were atomically dispersed on ceria in the form of CuOy and Cu-[O]-Ce, verifying the presence of a
strong interaction between copper and substrate (CeOx). And the resulting Cu SACs showed outstanding
activity in catalyzing CO oxidation with a CO consumption rate of 6,100 umol CO-gCu™s™ at 120 °C,
around 20 times as compared to other reported Cu-based catalyst material. Additionally, this catalyst
possessed good cyclic stability even under harsh conditions. Moreover, it is worth noting that the
coordination environment of the active metal sites may be altered by the synthesis conditions and covalent
metal-support interaction; even on the same kind of oxide substrate, the electronic state of the single-atom
metal is hard to be the same.

Graphene

Graphene has been proven to be a superior substrate for SACs as a result of its unique structure and
electronic properties. There are abundant anchor sites for single-atom metal on pristine graphene surfaces
and mainly including three types as shown in Figure 8A: (1) the top site where active metal sits above a
carbon atom; (2) the hollow site (H site) where active metal locates above the center of the hexagonal ring;
(3) the bridge site (B site) where active metal coordinates to the C-C bond"*”. The graphene-based SACs
usually have superb stability as a result of strong ionic bonding and covalent bonding between metal atoms
and graphene. Zhang et al. obtained atomically dispersed Ru on N-doped graphene by dispersing the
graphene oxide (GO) in deionized water, sorption of Ru precursor [Ru(NH,),Cl,)] and high-temperature
pyrolysis at NH, atmosphere"'”. The GO may possess strong interaction with metal and high sorption
capacity due to its abundant oxygen-containing functional groups. HAADF-STEM proved that isolated Ru
single atoms were well dispersed on the surface of N-doped GO. And electrochemical measurement results
showed that this kind of Ru SACs with N-doped graphene performs a high ORR activity in acidic
conditions and durability as well as tolerance against CO poisoning. Density functional theory (DFT)
calculation indicated that the active center was Ru-oxo-N,. Tsounis et al. synthesized Pt SACs with isolated
Pt single atoms anchored at the edges of edge-rich vertically aligned graphene, and the details are shown in
Figure 8B-E!"""\. Firstly, vertical graphene was grown on carbon fiber paper. Then the edge density of GO
was increased by Ar plasma treatment. Subsequently, the Pt was partially reduced by the local redox
environment created by the graphene edges (electroless deposition) with H,PtCl, as Pt resource. The results
of XAS and DFT calculation indicated that there was a strong interaction between the graphene edge and Pt
SACs with modified GO as a substrate. Compared to the catalysts with Pt atoms coordinated in mixed
environments, the enhanced performance can be obtained when applied the Pt SACs to HER in alkaline
conditions.
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Figure 7. Examination of Pd sintering as a function of annealing temperature. (A) STM image of 0.1 Pd atoms/u.c. at room temperature
compared to (B) the same surface after heating to 550 K. (C) XPS Pd 3d;,, data showing the fraction amount of Pd single atoms for
surfaces with 0.1 Pd atoms/u.c. for a surface free of adsorbates (black points) and a surface covered with methanol/ methoxy (red
points). Reproduced from Ref.”®* with permission from the American Chemical Society. (D) Light-off test of CO oxidation ([CO] = 1%,
[0,] = 20% and balanced with N, at a GHSV of 80,400 mL-gcat™h™), (E) H,-TPR rofiles over 1CuCe catalysts with different calcination
temperatures. XANES spectra of (F) 1CuCe-800 and (G) 1CuCe-400. Extended x-ray absorption fine structure (EXAFS) spectra of (H)
CuCe-800 and (1) 1CuCe-400. Reproduced from Ref."*®! with permission from the American Chemical Society.

MOF/ZIF

Metal-organic frameworks (MOFs) have been widely used as substrates for SACs because the MOF is a
perfect platform for stabilizing desired metal species. Meanwhile, benefiting from the ultrahigh surface
areas, well-defined pore structure, and flexible tunability, MOFs have unique advantages in energy-related
aspects'™'>""*l, Therefore, sharp attention has been paid to the development of MOF-derived SACs. It has
been confirmed that the single-metal active site can be located on the metal nodes, organic linkers, or
encapsulated into MOF. Jiao et al. synthesized a single-atom iron-implanted N-doped porous carbon using
a novel MOF-based mixed ligand strategy"'*. As shown in Figure 9A, the Fe-TCPP and H,-TCPP were
chosen as representative precursors, affording a series of isostructural MOFs. Upon pyrolysis and
subsequent ZrO, removal, Fe-N-C SACs were obtained with rod shape and highly oriented mesopores
inherited. The XAS spectrum revealed the electronic and structural information of the Fe-N-C SACs.
Moreover, this kind of SACs possesses outstanding ORR activity in both alkaline and acidic media, better
than most reported non-noble metal catalysts. Gong et al. proposed a general host-guest cooperative
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Figure 9. (A) lllustration of the synthesis of Fe SACs via a MOF-based mixed-ligand strategy. Reproduced from Ref.!™ with permission

from Wiley-ACH. (B) Illustration of the host-guest cooperative protection strategy for the fabrication of NiSA-N -C catalysts for
electrocatalytic CO, reduction. Reproduced from Ref.™ with permission from Wiley-ACH.

protection strategy to fabricate a series of single-atom Ni catalysts (Nig,-N,-C) by introducing polypyrrole
(PPy) into MOF, as shown in Figure 9B""*. HAADF-STEM images confirmed the good dispersion of the
isolated Ni atoms. Encouraged by the single-atom structure, electrocatalytic CO, reduction was investigated
to evaluate the catalyst performance. As expected, the Nig,-N,-C affords a nearly 98% faradaic efficiency
(FE) for CO formation.
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Carbon black

Amorphous carbon or cheap carbon black is the most suitable substrate for practical application due to its
economy and tractability. Generally, in order to anchor a single atom on the amorphous carbon tightly,
many defects or heteroatoms should be created on the substrate®"*""*. Liu et al. proposed a series of
carbon-defect-anchored Pt SACs using cost-effective carbon black and N-doped carbon black as substrates,
respectively. For example, carbon black, urea, and chloroplatinic acid were mixed together, followed by
high-temperature pyrolysis to obtain carbon-supported doped-N triggered Pt SAC (Pt,-N/BP)!"**. The
HAADEF-STEM examination of multiple regions indicated that only isolated Pt atoms exist in the Pt,-N/BP
SACs. Further, the N 1s X-ray photoelectron spectroscopy (XPS) showed there exist five different types of N
and obviously Pt-N bonding configuration. XAFS can also prove that Pt,-N/BP contains only single Pt
atoms, and doped-N can prohibit the oxidation of single Pt atoms, as shown in Figure 10A-F. And the
electrochemical test indicated that the Pt,-N/BP SACs are a highly efficient and stable electrocatalyst for the
ORR. Liu et al. reported SACs in 2D carbon material with nanometer holes by bottom-up method, as shown
in Figure 10G""”. The key step is synthesizing a holey carbon skeleton network, as shown in Figure 10H.
Volatile metal precursors are then added before heating to incorporate metal atoms in the carbon matrix. In
the heat treatment under 300 °C and an inert gas atmosphere, the coordinated metal ion was reduced to an
isolated single atom through the carbonization of the organic linker, thereby obtaining the SACs with
defected-carbon as substrate. They used Ir SACs as an example, and no Ir atom aggregations were detected
even at low resolution by the aberration-corrected (AC)-HAADEF-STEM [Figure 10I-K]. At present, it is
rare to use pure carbon as a substrate to fabricate SACs as a result of weak interaction between the metal
and substrate, easily leading to aggregation of metal during the synthesis and operation process.

TYPICAL APPLICATIONS OF SACS

The SACs have been applied to various energy-related reactions due to their excellent activity, metal
utilization, and selectivity. Especially O,, CO, and N, reduction, as well as H, evolution, etc., highly rely on
precious metals.

O, reduction reaction

Oxygen reduction reaction (ORR) is an important half-cell for proton-exchange membrane fuel cells
(PEMFCs), anion-exchange membrane fuel cells (AEMFCs), and metal-air batteries"'*'*?. At present, the
state-of-the-art electrocatalyst for ORR is platinum group metals (PGMs), which benefit from their
promising activity and stability. However, due to their scarcity and high costs, how to reduce the dosage of
PGM and maintain the required performance is highly demanded. SACs for ORR, including precious
metal-based and nonprecious metal-based, usually have active metal centers (M = Pt, Mn, Fe, Co, etc.)
coordinated to nitrogen on a conductive substrate, which shows outstanding ORR activity"*’. Liu fabricated
Pt SACs anchored by carbon defects, or N species, which showed remarkable ORR activity and durability,
typically making Pt utilization up to 0.09 g, kW'""* Li et al. proposed a kind of PGM-free SACs for ORR
in PEMFC with FeN, species embedded in partially graphitized carbon by a controlled thermal activation
separating the formation of active species from carbonization and nitrogen-doping process as shown in
Figure 11A"*". The optimized catalyst showed remarkable catalytic performance for the ORR with E,, up to
0.81 V in acid conditions and generated a current density of about 0.03 A (at 0.9 Vy4..) approaching the
DOE target (0.044 A cm?), as shown in Figure 11B and C. Li synthesized atomically dispersed Zn-N-C
SACs for the ORR with an ultrahigh Zn loading of 9.33 wt.% by controlling the annealing rate at 1 min""*.
HAADEF-STEM image clearly indicated that single Zn atoms were well dispersed in the Zn-N-C catalyst at a
high density [Figure 11D and E]. The optimized catalyst reached a half-wave potential of 0.746 V in acidic
media and 0.874 V in alkaline conditions, in which the ORR properties in alkaline media were higher than
that of the commercial catalyst Pt/C (0.858 V), as shown in Figure 11F and G. And the Zn-N-C SACs also
showed acceptable stability in acidic media and excellent durability in alkaline media with almost no
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(inset); (K) Layered offset stacking structure of PBN with holes on top of hexabenzocoronene cores. Reproduced from Ref." with

permission from Wiley-ACH.

obvious change in half-wave potential after 1,000-cycle test. The excellent stability of SACs can be attributed
to their typical structure, in which strong metal-support interactions play an important role in stabilizing
the SACs. The XPS analysis and DFT calculations indicate that the Zn-N-C catalyst was less susceptible to
protonation in an acidic solution and thus had good durability. Besides, an amount of M-N-C (M = Ir, Pd,
Co, Mn) SACs have been developed for the ORR?****', Despite the great achievements that have been
achieved in recent years, there remain great challenges for the practical industry of PGM-free SACs. One is
how to control the SACs structure during the synthesis process precisely. The other is how to improve the

performance and durability of SACs.
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CO, reduction reaction

Electrochemical reduction of carbon dioxide (CO,RR) to value-added chemicals is a promising approach to
using CO, more efficiently and environmentally friendly. Over the last few decades, a variety of metal
electrocatalysts have been explored, in which transition metals, such as Au, Ag, and Cu, are typically active
for the reduction of CO, to CO or multi-carbon materials"*****. Compared to metallic electrodes or other
electrocatalysts, SACs with cationic metal centers used for CO,RR have obvious advantages, such as high
utilization of the active sites and the ability to stabilize reaction intermediates and restrict the structure of
adsorbates, leading to improvement of catalyst activity and selectivity. Mou constructed a highly efficient
Ni-based SAC for CO,RR via an impregnation-pyrolysis method, as shown in Figure 12A-E"*. And XAFS,
as well as HAADEF-STEM, confirmed the presence of single Ni atoms. And an outstanding CO FE of up to
90.2% was achieved when the Ni SACs were applied to the CO,RR. Further, DFT calculations indicated that
the remarkable activities came from coordinatively unsaturated Ni-N sites since the free energies for the
formation of intermediate *COOH on Ni-N sites are much lower than that on Ni-N; sites. Although plenty
of SACs have been synthesized for CO,RR, the evolution of active sites during the fabrication and operation
process is still a hot issue. Yan obtained Cu SACs with Cu embedded in N-doped porous carbon via the
pyrolysis of Cu-doped ZIF-8, which shows a high CO Faradaic efficiency of 93.5%"*". They also studied the
evolution of Cu SACs during the CO,RR process carefully. It is obviously observed that the isolated Cu
single atom converted nanoclusters recorded by HADDF-STEM [Figure 12F-I]. DFT calculation indicated
that the higher reactivity of metallic Cu sites, especially nanoclusters, enhances the CO, conversion to CO.
Many problems remain about the mechanisms of SACs in CO,RR. It is highly urgent to elucidate the
difference in catalyst mechanisms between different kinds of SACs and the evolution of active sites during
the CO,RR process!**"**!,

N, reduction
Electrochemical Nitrogen reduction reaction (NRR) is a promising method to replace the traditional Haber-
bosch process for artificial N, fixation"*'*. Usually, a six-electron process was involved in producing
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Figure 12. (A) Schematic illustration of the synthesis of N SACs; (B) HAADF-STEM image of NiSA-NGA; (C) STEM images and the
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ammonia molecules, and a side reaction with a four-electron process to give hydrazine was difficult to be
avoided. At present, a variety of catalysts have been developed to improve the yield rate of ammonia.
Typically, SACs have been paid a lot of attention due to their advantage"**'*.. Yu proposed a strategy to
synthesize Ru SACs (Ru SAs/g-C,N,) with single Ru atoms distributed in bulk graphitic carbon nitride"*.
HADDF-STEM image demonstrated the well-dispersed Ru single atoms on the substrate. The catalytic
activity and selectivity under ambient conditions have been evaluated and compared with bulk Ru surfaces.
High catalytic activity and selectivity in NRR were achieved with an NH, yield rate of 23.0 pg mg cat'h™ and
an NH, FE of 8.3 %, which is much better than that of bulk Ru catalyst, as shown in Figure 13. Moreover,
high stability was observed by five recycling tests and a 12 h potentiostatic test. The DFT calculation proved
that the H poisoning effect is much less significant at this kind of Ru SAs/g-C,N,, causing high selectivity for
the NRR. Besides, many other metal-nitrogen-carbon(M-N-C) materials showed remarkable activities for
electrochemical NRR synthesis. However, the NRR is still in its infancy, with many questions needed to be
answered. It is still a big challenge to clarify the active sites. He et al. used iron phthalocyanine (FePc) with
well-defined FeN, sites and N sites, as well as Pc without Fe center, as model catalysts to investigate the true
active sites in Fe-NC catalysts for electrochemical NRR". The experiments and DFT calculation indicate
that the electrocatalytic NRR prefers to take place on the Fe site of the FeN, configuration of FePc via a
preferred alternating pathway. This well-defined M-NC material with FePc loaded on the porous carbon
showed a high NH, yield rate of 137.95 pg mg.,.cat’h™ at a low potential of -0.3 V. Up to now, the
development of NRR is still far from industrial application. Besides the identity of active sites, the activation
of inert N, molecules and the improvement of the yield and FE are also urgent issues.
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Figure 13. Electrochemical NRR performance; (A) LSV curves of Ru CF-SAs/g-C;N, in a N, and Ar saturated 0.5 M NaOH aqueous
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rate; (F) Chronoamperometry results at the corresponding potentials; (G) FEs and ammonia yield rates during five consecutive cycles;
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H, evolution

Hydrogen evolution reaction (HER) is a very important half-reaction for water splitting, which is highly
desired for the hydrogen economy"*'*”. Normally, HER is a multistep electrochemical reaction process,
highly dependent on the pH values of electrolytes'**l. Generally, Pt-based catalysts are still the most active
catalysts and irreplaceable for the HER at present. However, the high cost limits their large-scale
application. Ye et al. synthesized Pt SACs with single Pt atomic sites anchored on aniline-stacked graphene
with Pt loading of 0.44 wt.%"*?. This kind of Pt SACs presents an outstanding HER activity with negligible
onset potential and an overpotential around 12 mV at 10 mA cm? in 0.5 M H,SO, solution, as shown in
Figure 14A-F. And it also presents excellent stability with almost no current decay or structural changes
during the durability test. The EXAFs confirmed the Pt single-atom structure and suggested a Pt site
coordinates with four aniline molecules. Further DFT calculation indicated that the aniline molecules alter
the electronic structure of Pt, which is responsible for the appropriate hydrogen adsorption energy for single
Pt atoms. The SACs strategy maximizes the Pt utilization by effectively decreasing the precious metal
loading and enhancing the mass activity. Recently, the development of non-noble-metal-based catalysts has
been a promising alternative for HER. Pan et al. developed Fe-based SACs with atomically dispersed Fe-N,
anchored on porous carbon by polymerization-pyrolysis evaporation strategy, as shown in
Figure 14G and H"*”. The HAADF-STEM and X-ray spectroscopy (EDS) images suggest that the N and Fe
species are distributed uniformly on the substrate. These Fe SACs showed a very small overpotential of
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Figure 14. LSV curves of Pt SASs/AG and Pt/C with current density normalized to the (A) geometry area and (B) mass of Ptin 0.5 M
H,S0, at 2 mV s (C) Mass activities of Pt SASs/AG, Pt/C, and other state-of-the-art Pt-based catalysts in 0.5 M H,SO,; (D) Tafel
plots of Pt SASs/AG and Pt/C; (E) LSV curves of Pt SASs/AG before and after 2,000 catalytic cycles; (F) Chronopotentiometric curves
of Pt SASs/AG and Pt/C at 10 mA cm™in 0.5 M H,SO, solution. Reproduced from Ref.™ with permission from the Royal Society of
Chemistry. (G) Synthesis scheme; (H) AC HAADF-STEM of the Fe SACs. Reproduced from Ref."™ with permission from Wiley-ACH.

0.202 V at 10 mA cm?, with a Tafel slope of 123 mV dec” and a smaller charge-transfer resistance.
Moreover, the Fe SACs had excellent stability with almost no change in morphology and distribution of
elements after long-term electrolysis. In summary, SACs based on both noble and non-noble metals showed
outstanding activity toward HER. The main challenge is that the loading of active metals remains relatively
low for SACs, restricting further commercial application.

CH, conversion

Methane (CH,), as the main component of natural gas, has been widely used for preparing value-added
chemicals, especially C1 chemicals such as CH,OH and HCOOH"”"**. And it is a great challenge to obtain
liquid oxygenates directly from CH, due to the requirement of extremely high activation energy and
possible overoxidation under serious reaction conditions. SACs photocatalysts have shown great potential
and become a very active research field in photocatalysis, benefiting from their enhancement of light
harvesting, charge transfer capacity, and fast surface reactions. Wang reported low-cost tungsten single-
atom photocatalysts synthesized by calcining the mixture of urea and sodium tungstate under the
atmosphere"*. A highly efficient CH, photooxidation process in water vapor under mild conditions was
achieved as the single atom catalyst can manage H,O, in situ generations and decomposition into OH
radical. The HAADF-STEM image suggests that the well-dispersed W single atoms were successfully
anchored onto the PCN substrate. Excellent catalyst activity and selectivity for CH, oxidation to C1
oxygenates were achieved with 4,956 pmol-g” cat yield and nearly 100% selectivity, as shown in
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Figure 15A-C, better than most of the reported non-noble metal photocatalyst under mild conditions.
Tang et al. synthesized Cu-based SACs with isolated Cu atoms onto the ZSM-5 support, where Cu,-O, has
been claimed as an active site"*?. Such Cu SACs showed high activity for direct CH, oxidation with C1
oxygenates productivity of 4,800 umol-g* cat at 50 °C and 12,000 umol-g* cat at 70 °C within 30 min,
comparable to most of those state-of-the-art precious metal catalyst. Bai fabricated a cerium dioxide (CeO,)
nanowire supported Rh single atom (Rh-CeO, NWs SACs) for CH, conversion to oxygenates under mild
conditions"*”. AC-HAADF/STEM image and EXAFs confirm the single atom, as shown in Figure 15D-I. A
low COx selectivity around 6.1 wt.% was obtained, suggesting the overoxidation of CH, is strongly restricted
on this Rh-CeO, SA. Correspondingly, the yield of CH,OH and CH,OOH reach up to 940.3 and
291.4 mmol gy, "'h?, respectively, which largely exceed the reported catalyst under the same conditions.
Future more, it is still urgent to develop more highly efficient and selective SACs for CH, oxidation.

Other application

Besides the applications mentioned above, SACs have also been applied to many important energy-related
reactions, such as oxygen evolution reaction (OER) and organic synthesis. The core of SACs is to develop
SACs with controllable structures and properties, including high activity, stability, and selectivity.

CHALLENGES

High metal loading SACs

Although a large number of SACs have been synthesized and investigated carefully, the metal contents were
generally lower than 1 wt.%, with exceptional exceeding 7 wt.%, much lower than the expected theoretical
capacity of the substrates for anchoring metal atoms. In some reactions, low catalyst loading may increase
the catalyst usage, thus resulting in the loss of mass transport and overperformance. So high-loading SACs
have outstanding advantages in practical catalyst applications. It is a big challenge to improve the density of
active metal sites due to the large surface free energy of single-atom metal. Up to now, there have been only
a few effective strategies for SACs synthesis with high metal loading. Zhang applied a universal approach of
electrochemical deposition to a wide range of metals and substrates for the synthesis of SACs. In this way,
more than 30 different SACs were successfully fabricated from cathodic or anodic deposition by changing
metal precursors and substrate””. Hai et al. introduced a versatile method by two-step pyrolysis combining
impregnation to obtain SACs with ultra-high single-atom density up to 23 wt.% for 15 kinds of metal"**.

They proved that controlling the bonding of metal precursors with the substrate by stepwise ligand removal
can restrict their thermally induced aggregation into nanoparticles. Xia et al. used graphene quantum dots
interweaved into a carbon matrix as substrate, which provided numerous anchoring sites for single atoms to
synthesize SACs with high transition-metal-atom loadings of up to 40 wt.%"*. Zhou proposed a multilayer
stabilization strategy for constructing M-SACs in heteroatom-doped graphitized carbon substrates (M = Fe,
Co, Ru, Ir, and Pt), as shown in Figure 16"*. A high metal loading up to 16 wt.% was achieved since the
confinement by perfluorotetradecanoic acid (PFTA) bilayers, and polypyrrole (Ppy) layer can prevent single
metal atoms from aggregating during the pyrolysis process. Increasing the density of single-atom metals
while keeping them atomically dispersed well should be a promising method to further enhance the catalyst
performance and practical application ability. In the future, more methods for the SACs with high metal
loading are urgently needed to be explored.

Scale-up of SACs

At present, most of the SACs synthesis methods are usually complicated and time-consuming, thus unable
to meet the requirement of large-scale fabrication. Therefore, it is highly required to develop facile and eco-
friendly strategies for the large batch production of SACs at kilogram levels. Only a few methods have been
validated for large-scale production of SACs. Gan et al. reported a straightforward and scalable ball milling
method for the fabrication of Co-alloyed Pt (Pt,/Co) SACs catalyst at kilogram levels. Gan proposed a
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Figure 15. (A) CH,0H yield of SAP and control samples; (B) Time-course plots of CHO;OH yield. (C) Inverse-gated BC NMR spectra
for BCH4 oxidation. Reproduced from Ref."™ with permission from Wiley-ACH. Structural analyses of Rh-CeO, NWs SAs and Rh/CeO,
NWs. (D) TEM image of the SAs Rh-CeO, NWs; (E) AC-HAADF/STEM image in temperature color of the SAs Rh-CeO, NWs; (F) The
intensity profile recorded from the line in panel (E); (G) ACHAADF/STEM image in temperature color of the Rh/CeO, NWs; (H) The
intensity profile recorded from the line in panel (G); (1) Rh K-edge EXAFS spectra in R space of the Rh foil, Na;RhCl,Rh,0 5, Rh-CeO,
NWs SAs, and Rh/CeO, NWs; The scale bars in (D), (E), and (G) are 100, 2, and 2 nm, respectively. Reproduced from Ref.™"! with
permission from Springer Nature.

scalable ball milling method for the synthesis of Co-alloyed Pt (Pt,-Co) SACs at kilogram levels by the same
synthesis route of a small level of Pt,/Co just by increasing the amount of platinum precursor and cobalt
precursor*’. And the Pt-loading was identified to be 0.39 wt.% by the inductively coupled plasma-optical
emission spectrometry (ICP-OES) technique. Gan et al. reported Au,/CeO, SACs in large quantities (> 1 kg)
by a dry ball-milling method with Au single atom loading of 0.1 wt.%"*”.. proposed a method to generate Ru
SACs on a kilogram scale with Ru loading of 0.3 wt% by mixing/calcination. Up to now, a few effective
methods have been developed to fabricate high metal loading SACs at a large scale, which is very important
progress for SACs, from bench-scale experiments to practical solutions for industrial productions.

CONCLUSION AND OUTLOOK

Single-atom electrocatalysis is a new frontier for energy-related research. Compared to conventional
nanocatalysts based on nanoparticles or clusters, SACs with well-defined active sites usually show much
better catalyst activity. SACs also have great potential for lowing the cost of energy-related electrochemical
systems due to their high metal utilization efficiency. We summarized the synthetic methods, advanced
characterization methods, and suitable substrates for SACs. We also discussed the typical application of
SACs as well as the challenges. Nevertheless, although a large number of SACs have been reported in recent
years, further development in the following aspects should be paid much attention to advancing the
practical application: (1) revealing the reaction mechanism of SACs and understanding the relationship
between SACs structure and properties for different applications; (2) improving the stability of SACs both
in synthesis and operation process; (3) increasing the density of isolated single metals; and (4) developing
more facial and time-saving synthesis strategy for scale-up production.
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Figure 16. Synthesis and structural characterization results. (A) lllustration of the preparation process for the Fe-SA-NSFC and (B) TEM,
(C) HRTEM, and (D) HAADF-STEM images of the Fe-SA-NSFC; (E) Enlarged HAADF-STEM image and corresponding element maps
for C, Fe, N, S, and F. (F) AC-HAADF-STEM image and (G) high-magnification AC-HAADF-STEM image of the Fe-SA-NSFC. Scale bars:
(B) 200 nm, (C) 5 nm, (D) 200 nm, (E) 100 nm, (F) 5 nm, and (G) 2 nm. Reproduced from Ref."% with permission from Springer
Nature.
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