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Abstract

Single-atom catalysts (SACs) have been rising recently as a new frontier in the catalysis field. Due
to maximum atom utilization efficiency and tunable electronic structures, SACs exhibit highly
distinctive catalytic performance from bulk counterparts. SACs with high metal loading will
facilitate practical applications. To that end, this review focuses on recent strategies to maximize
metal loading. An appropriate substrate, mainly heteroatom-doped carbon materials, is the key to
avoiding aggregation or sintering during synthetic procedures. The coordination site construction
and spatial confinement strategies are adopted to prepare SACs with high metal loading.
Advanced characterization techniques with atomic resolution are indispensable for identification
of the exact structure of SACs. This is true, especially for the applications and challenges in
developing in situ/operando characterization techniques at the atomic level, which are discussed
in this review. Moreover, it is fundamentally necessary to investigate the active center structure,
which facilitates any design of efficient SACs that can maximize single-atom catalytic activity.

Furthermore, this review highlights challenges and prospects for development of SACs.

1. Introduction

Supported metal catalysts, especially noble metals, are the most widely used in the heterogeneous
catalysis field. However, their scarcity and high cost impede the widespread implementation of
noble metal catalysts.!!) Thus, it is essential that the usage of noble metals is reduced and that their
high catalytic activity is simultaneously retained. An effective way to maximize atom utilization
is to reduce the particle size to atomically dispersed atoms.?"! Single-atom catalysts (SACs) have

been recently rising as a new frontier in the catalysis field. The discovery of SACs can be traced



back for decades. Thomas et al. grafted titanium (T1) species onto the inner walls of mesoporous
silica MCM-41 to obtain well-separated Ti active sites in 1995;'%! Ti species may be individually
dispersed, since no obvious nanoparticles (NPs) were detected. In 2003, Schrock et al. found
nitrogen could be reduced to ammonia under mild conditions at a single molybdenum (Mo) center
that cycled from Mo(III) through Mo(VI) states.!'”! In the same year, Flytzani-Stephanopoulos et
al. conducted a water-gas shifting (WGS) reaction using NaCN solution leached gold (Au) and

(18] They found that nonmetallic Au or Pt species that were strongly

platinum (Pt) catalysts.
associated with surface cerium-oxygen groups were responsible for the activity, while NPs did not
participate in the reaction. Similar results were observed by Xu et al., where isolated Au*" was the

active center for the hydrogenation of 1,3-butadiene.['” All of these works suggested that single

atoms may be the active center, but systematic characterizations of these catalysts were impossible
to do because of the limited characterization techniques available at that time. Fortunately, the
rapid development of advanced characterization techniques has allowed full characterization of

SACs to come true. Zhang et al. comprehensively investigated Pti/FeO, SACs with atomic-

resolution aberration-corrected high-angle-annular-dark-field scanning transmission electron
microscopy (AC-HAADF-STEM), X-ray absorption spectroscopy (XAS), and in situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS), thereby sparking enthusiasm for
the development of well-defined catalysts.[>"]

To improve the overall activity of SACs, the number of active sites should be increased
(e.g., through increased loading or improved catalyst structure) to expose more active sites per
gram.!>!"2] The metal loadings of previously reported SACs usually were kept lower than 1 wt.%
to ensure atomic dispersion.!**2*! The low metal loadings severely limited the overall performance,
hindering their potential applications, especially at the industrial level.?”! Although some SACs
may have some orders of magnitude higher activity than their NP counterparts, based on turnover
frequency (TOF), the reaction rate per overall catalyst mass of SACs is at least one order of
magnitude lower than that of supported NPs.?®! In most cases, the space-time yield of SACs is still
lower than that of NPs, due to the low metal loadings of SACs.*®) Moreover, dense atomic
dispersion could result in some synergistic effect between the neighboring single atoms.?* 30-31]
However, it is a great challenge to prepare SACs with high metal loading, since the high surface

[32

energy makes the atomically dispersed metal atoms aggregate easily.*?! Several review papers

have summarized various synthesis methods,!**-**! including the wet-chemistry method,*®! atomic
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[38-39

layer deposition (ALD) method,**3") anti-Ostwald ripening, I ball milling,*”) and mass

1] None of these reviews focus on the preparation of high metal

selection with soft-landing.
loading SACs. In this regard, it is highly desirable to propose synthesis strategies for SACs with
metal loading higher than 5 wt.%, where suitable substrates play critical roles. Heteroatom-doped
carbon materials with sufficient anchoring sites will be highlighted. Besides, effective approaches,
such as coordination of site construction and spatial confinement strategies, will be used to prepare
SACs with high metal loading.

The use of advanced characterization techniques is essential for confirming the structures
of SACs, and a few review papers have been published about characterizations of SACs.[4>4]
However, in situ characterization of SACs are rarely mentioned. In this review, in sifu
characterization techniques will be highlighted. Owing to in situ characterization techniques, the
dynamic progress under real reaction conditions can be captured. The transformation of the
geometric structure, as well as the electronic environment of the catalytic sites, can also be
recorded. Besides, the limitations and challenges facing the development of characterization
techniques will be discussed.

SACs have been used in various heterogeneous catalytic applications,!?% 3335 46-53]
including carbon monoxide (CO) oxidation,>*°! selective hydrogenation,?® 62661 WGS
reaction, "1 and electrocatalysis.*> 7> It is important to understand the real active centers, that
guide the design of catalysts from a trial-and-error practice into a reasonable design. SACs are
ideal models for active centers analysis, compared to their NP counterparts. NPs usually contain
sites at terraces, edges, and corners, which complicate the catalytic process.”®! In this review,
strategies for fabricating optical active centers will be summarized, including pretreatment of
synthesized SACs, preparation of dimers, adjustment of coordination environments and metal-
support interactions, and synthesis of single-atom alloy (SAA). With a suitable active center, the
obtained SACs can maximize the intrinsic activity of each active site, improving the catalyst
activity.

In this review, we offer an overview of recent research findings on synthesis strategies for
SACs with high metal loading, in situ characterization of SACs, and analysis of the active center

of SACs. In addition, the future outlook and expected improvements will be discussed in the last

section.



2. Synthesis Strategies of High Metal Loading SACs

Despite the excellent activity of SACs, metal loading is usually kept low to avoid sintering,['*-°!-
921 which seriously curbs comprehensive catalytic performance and limits practical utilizations.
High loading SACs (> 5 wt.%) are still rarely reported. Basically, the competition between atomic
dispersion and aggregation into NPs is, in essence, competition between metal-support interactions
and metal-metal bonds of NPs.”’! Thus, a suitable substrate, which can offer strong metal-support
interactions, is essential for the synthesis of high metal loading SACs. Besides, smart strategies

5.127:9497] Usually, atoms like nitrogen (N)°8) and

are required to prepare high metal loading SAC
sulfur (S) that contain lone pairs of electrons, have robust coordination ability with metal atoms,
serving as coordination sites to stabilize single metal atoms. Therefore, constructing coordination
atoms, as anchoring sites, is an effective approach to synthesizing high metal loading SACs. The
spatial confinement strategy is another effective approach. Porous materials, like metal-organic
frameworks (MOFs),1%192] can encapsulate the metal precursors to prevent migration and
aggregation. This review will discuss high metal loading SACs, prepared with coordination site

construction and spatial confinement strategies. Table 1 summarizes SACs with high metal

loadings (> 5 wt.%).

Table 1. Summary of recently reported SACs with high metal loadings (> 5 wt.%)

Metal Materials Loading[wt.%] Metal Materials Loading[wt.%]
Pt P/ZTCP 5.0 Fe Fe-SACs!!?! 77+1.3
Pt Pt/MoS,!®] 7.5 Fe FeSAs/PTF!!] 8.3
Pt Pt/meso_S-CH36] 10.0 Fe FeN,/g-C3N4P! 18.2
Pt PtSA-MNSs!74 12.0 Fe Fe-NC SACsH! 8.9
Pt Pt;/ATOlC! 8.0 Co NiSA-N-CNTH!! 7.6
Ir Ir/meso_S-CI13¢! 10.0 Co Co-NC SACs!!0] 12.1
Ir Ir(CO)2/rGAI! 14.8 Co SCoNC!!26] 15.3
Pd Pd/meso_S-C!3¢] 5.0 Co CoSAs/PTF!!2] 5.15
Rh Rh/meso_S-CH36 5.0 Ni Ni-SACs!!®] 53
Ru Ruy/LDH!'% 7.0 Ni NiSA-N-CNTI! ] 20.3
Cu Cu-N-ct'!l 20.9 Ni NiSA-N-CNT!] 19+3
Cu Cu/GH1% 5.4 Ni Ni SA/NCNTs!!?4] 6.63




Mo SA-Mo/NPCL105] 9.54 Ni Ni SACs!!] 5.44
Mo Mo-NC SACs!!0] 7.8 Zn Zn-N-C[4] 9.33

2.1. N-contained substrates

The presence of electronegative “N” in the substrates provides suitable sites to anchor the metal
species through the coordination of an available “free” lone pair.['®*! Inspired by this consideration,
substrates with a high content of N are designed to prepare high metal loading SACs. N-contained
carbon-based materials, with diversified structures, have been widely used to anchor metal atoms
and avoid aggregation. N-contained carbon-based substrates can be obtained directly by pyrolysis

,[104-108]

N-contained precursor or can be generated in situ by pyrolysis of graphitic carbon nitride

(g-C3Ny),1% 111 or porous polymeric materials like covalent triazine frameworks (CTFs),!!2-113]

and MOFS.[IOO_loz]

2.1.1. Pyrolysis of N-contained precursors

A simple approach to introduce N is to mix the metal precursors with N-contained precursors,
which can be chelated with the metal atoms to stabilize the obtained M-Ny during pyrolysis.[!!4
For example, Xin et al. mixed ammonium molybdate ((NH4)sM07024) with glucose and
hydroxylamine hydrochloride to prepare Mo SACs.!'%] The mixture was stirred at 70 °C for 16 h
to evaporate water and ethanol. The precursor powder was placed in a crucible, heated from room
temperature to 650 °C in an argon (Ar) atmosphere, and kept for 4 h, yielding Mo SACs with metal
loading of 9.54 wt.%. As shown in Figure 1a, the 3D interconnected carbon frameworks etched by
NH; produced from the decomposition of the hydroxylamine hydrochloride provided sufficient
sites for anchoring the Mo atoms. In the electrocatalytic N2 reduction reaction, Mo-N sites were
considered as the active centers, which corresponded with a previous report.l!'!>] The Mo SACs
with 9.54 wt.% of Mo exhibited the best performance, while catalysts with a higher content of Mo
had worse results, due to the formation of Mo nanoclusters. Dicyandiamide (DCD), with 66.67
wt.% nitrogen, was another commonly used N source. Baek et al. fabricated Cu SACs with 20.9
wt.% loading by mixing a nitrogen-free Cu MOF (Cu(BTC)(H,0)3) with DCD.!!"!]' The mixture
went through thermal treatment at 800 °C in an Ar atmosphere for 3 h. Then, oxygen saturated 5%

hydrochloric acid (HCI) was used to leach the unreacted residues to obtain Cu SACs. Cu atoms



were firmly coordinated with N atoms from DCD, preventing Cu single atoms from “Ostwald
ripening”.

Following the same strategy, a large-scale preparation of transition metal M-SACs was
synthesized by complexing metal precursors with 1,10-phenanthroline, as shown in Figure 1b. The
obtained metal complexes were adsorbed onto carbon black, followed by pyrolysis of the surface-
modified carbons in an Ar atmosphere at 600 °C for 2 h.l'!%! The metal loading can be up to 5.3
wt.% for Ni-SACs. More importantly, 1.6 kg of Ni-SACs was obtained in a single synthesis batch
with high metal loading. During the preparation, the “porphyrin-like” MNy sites were tightly
anchored on a carbon black surface, preventing the formation of metal clusters or NPs. Besides,
the direct use of a conductive carbon circumvented high temperature pyrolysis. This synthesis
strategy paved the way for the large-scale preparation of SACs with high metal loadings.

The metal-N coordination between the metal precursors and N-contained precursors helps
stabilize the dispersion of single atoms during the pyrolysis process. N can be doped to the carbon
materials by decomposing N-contained precursors, avoiding the use of gaseous ammonia.!'!”! Such

thermal treatment should be conducted in an inert gas atmosphere.
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Figure 1. (a) Description of Mo SACs and a corresponding atomic structure model,['% reprinted

with permission from ref [105], Copyright 2019 John Wiley and Sons. (b) General synthesis
procedure for transition metal SACs,!''® reprinted with permission from ref [116], Copyright 2019
Nature Publishing Group.



2.1.2. Pyrolysis of in situ generated g-C3N4

g-C3Ny plays a critical role in the synthesis of high metal loading SACs because of its high N
content (~60 wt.%). This material can be generated in sifu through thermal polymerization of
different N-rich precursors, such as melamine, urea, DCD, and thiourea. For instance, a multi-step
pyrolysis process was used to prepare a class of SACs on N-doped carbon nanotubes (CNTs). The
Ni loadings of the Ni SACs can be as high as 20 wt.%.[!!31"1 In a typical synthesis process,
Ni(acac), was first atomically dispersed in DCD due to the weak van der Waal’s force, and the
mixture was then stirred for 10 h before drying at 70 °C. In the multi-step pyrolysis process, shown

118

in Figure 2a, Ni-g-C3N4 was formed in situ by condensation of melem at 650 °C.1'#! The formation

of Ni-g-C3N4 impeded the sintering of Ni atoms by confining them in the cavity of g-C3Ny.[120-121]
Finally, Ni SACs, with Ni-Njy structure, were obtained from 700 to 900 °C. The dynamic process
of Ni SACs formation was recorded through in situ AC-STEM-HAADF. The growth mechanism
of Ni SACs was different from that of CNTs.!'"??! The obtained Ni SACs were used in
electrochemical reduction of CO2, showing two orders of magnitude higher activity than that of
CNTs supported Ni NPs. It is worth mentioning that this method can also be used to synthesize
bimetallic SACs, such as NiCo, CoFe, and NiPt SACs.

Based on the above-mentioned research, the same group synthesized Fe SACs on N-doped
graphene with a Fe loading of ~7.7+1.3 wt.%.!!>3l Hemin porcine (HP) and DCD were the preferred
precursors, which were grounded under the addition of ethanol. The mixture underwent a thermal
treatment in an Ar atmosphere. The synthesis process is schematically shown in Figure 2b. The
high N content provided sufficient anchoring sites for the Fe single atoms, yielding high Fe loading.
AC-STEM confirmed that Fe SACs were distributed across the graphene structure homogeneously.
The cathode made by the obtained Fe SACs exhibited superior stability, showing a novel way to

design practical catalysts to substitute for commercial Pt/C catalysts.
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Figure 2. (a) Formation of NiSA-N-CNT,!!® reprinted with permission from ref [118], Copyright
2018 American Chemical Society. (b) Schematic illustration of the one-pot synthesis of 2D Fe
single iron atom doped graphene (FeSA-G),!'*’]

Copyright 2019 John Wiley and Sons.

reprinted with permission from ref [123],

Following the same strategy, Cu SACs with Cu loading of 5.4 wt.% on graphene!'® and
Fe SACs with a high metal loading of 18.2 wt.% were prepared,”!! as shown in Figures 3a and 3b.
More important, a general strategy for fabricating a wide range of metal SACs with metal loadings
up to 12.1 wt.% was designed through in situ pyrolysis of g-C3Na, as shown in Figure 3c.[''% In
this synthesis process, porous carbon was obtained from pyrolysis of potassium citrate at 800 °C.

Then, iron (III) nitrate nonahydrate, porous carbon, and o-D-glucose were mixed to get a slurry.

After drying at 60 °C, the slurry was ground together with melamine at a mass ratio of 1:5. Finally,
the mixture was annealed at 800 °C in an Ar atmosphere for 2 h to obtain Fe SACs. During the
synthesis process, the strong binding with N atoms, at a higher pyrolysis temperature, was critical
for the stability of SACs with high loading. The single atom structure was confirmed by X-ray

photoelectron spectroscopy (XPS) and XAS, which showed a similar structure with iron
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phthalocyanine containing Fe—N4 moieties. Interestingly, the obtained Fe-NC SACs showed a
superior oxygen reduction reaction (ORR) performance, while Ni-NC SACs exhibited a high CO»
reduction reaction activity.

From these studies, it was found that the specific structure (i.e., high-density N atoms, as
well as six-fold cavities) of g-C3N4 can provide sufficient anchoring sites and, thus, trap the metal
atoms during the synthesis process.’! In situ generated metal-g-C3N4 intermediate will be
decomposed to atomically dispersed M-Nx at a high temperature in an inert gas atmosphere. The
metal loading in the obtained SACs is relatively high, due to the high N density. Numerous
nitrogen-rich precursors can be used to generate g-C3Ns, making this strategy promising for large

scale synthesis of SACs with high metal loading.
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Figure 3. (a) Schematic illustration of Cu SACs on graphene,!'%! reprinted with permission from
ref [109], Copyright 2019 Elsevier Inc. (b) Preparation of FeNy/g-C3Nj catalysts,”!! reprinted with
permission from ref [91], Copyright 2018 American Chemical Society. (c) A general approach for
the synthesis of different metal SACs,!!!% reprinted with permission from ref [110], Copyright
2019 Nature Publishing Group.

2.1.3. Pyrolysis of in situ generated porous polymeric materials
Porous polymeric materials are suitable for the spatial confinement strategy, which can be in situ

created to confine the metal precursors. For instance, Zhang et al. fabricated Ni SACs of 6.63 wt.%.
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Ni content by decomposing the mixture of small organic molecules with Zn/Ni salts.['>] As shown
in Figure 4a, Zn*" first reacted with 2-methylimidazole (2-Melm) to generate ZIF-8 and, then, Ni**
absorbed within the pores of ZIF-8. At a higher temperature, DCD was converted to g-C3Na,
capturing the released Ni*>* from the decomposition of ZIF-8. Both DCD and 2-Melm played
important roles during the synthesis. The obtained Ni SACs showed a high Faradaic efficiency
(FE) of 97% and excellent stability for CO» electroreduction to CO. Bao et al. also got Ni SACs
with 5.44 wt.% Ni loading by pyrolysis of ZIF-8.'25] The obtained catalysts with unsaturated Ni—
N sites simultaneously achieved high current density and FE of the CO> reduction reaction.
Similarly, Co SACs with a high loading of 15.3 wt.% were obtained by pyrolysis of KCI particles
wrapped with a Co-based organic framework (ZIF-67), as shown in Figure 4b.['?%] Co?* and 2-
Melm were used to grow a thin layer of ZIF-67 on the surface of KCI particles. Then, the ZIF-67
wrapped KCI particles were annealed in an Ar atmosphere at 750 °C for 2 h. Finally, the obtained
products were washed with a HCI solution and diluted water. The resulting Co SACs showed
superior bifunctional catalytic activities toward ORR.

Surfactants can also play an important role during SACs synthesis. Zhou et al. prepared Pt
SACs, with metal loading of 12.0 wt.%, with the assistance of a surfactant.®® The success resulted
from the unique structure of MOF, with an ultrathin 2D structure, with a thickness of 2.4+0.9 nm
and a high surface area of 570 m*-g’!, that provided sufficient accessible active sites. The synthetic
route is shown in Figure 4c. Polyvinyl pyrrolidone (PVP) molecules selectively attached to the
surface of MOF pieces, and significantly allayed their stacking, forming 2D MOF nanosheets.!?”-
1281 In contrast, only bulk MOF crystals were produced without surfactants.!'?*132] The obtained Pt
SACs exhibited distinguished photocatalytic activity for Hz evolution through water splitting
under visible-light, and the catalysts remained 93% of the initial activity after four cycles of

reaction, indicating good stability.
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Figure 4. (a) Scheme for the synthesis of Ni SACs,!'?* reprinted with permission from ref [124],
Copyright 2019 Elsevier Inc. (b) Scheme for the synthesis of Co SACs,!'2! reprinted with
permission from ref [126], Copyright 2019 John Wiley and Sons. (c) Illustration of the synthetic
path towards PtSA-MNS, 3 reprinted with permission from ref [89], Copyright 2019 John Wiley

and Sons.

As an analogy to MOFs, CTFs can also be used to prepare SACs with high loading because
of their abundant nitrogen sites. Cao et al. prepared Co SACs with 5.15 wt.% loading!!'?l and Fe
SACs with 8.3 wt.% loading!!"¥! by incorporating Co/Fe porphyrin-like units into CTFs and
subsequent in situ pyrolysis. As shown in Figures 5a and 5b, CTFs were formed by trimerizing of
the metal precursors at 400 °C. Then, the formed CTFs were converted in situ into Co/Fe
porphyritic triazine-based carbonaceous (PTFs) at elevated temperatures. Finally, atomically

dispersed M—Njy structures were achieved.



These examples demonstrate that porous polymeric materials can not only provide
coordination sites for anchoring metal atoms,!!'?113 133) byt they can also encapsulate the metal
precursor in the cage against migration and agglomeration.['%> 124 By thermal treatment of the cage

encapsulated metal precursors, SACs with high metal loadings can be obtained.
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Figure 5. (a) Synthesis of Co SACs/PTFs,!!? reprinted with permission from ref [112], Copyright
2019 Royal Society of Chemistry. (b) Synthesis of Fe SACs/PTFs,!!!¥] reprinted with permission
from ref [113], Copyright 2018 American Chemical Society.

2.2. S-contained substrates

Besides N-contained substrates, S-contained substrates are also utilized to prepare high metal
loading SACs. The metal-sulfur interaction is actually stronger than metal-nitrogen interaction,'**
showing promise for stabilizing the metal species firmly. However, substrates with high S density
are not as easily obtained as substrates with high N density. Several attempts have been made to
fabricate substrates with high S density. For instance, Choi et al. prepared a S-doped zeolite-
templated carbon (ZTC) with 17 wt.% of S by chemical vapor deposition of acetylene/H>S in NaX

zeolite at 550 °C, followed by H>S/He or pure He treatment at 800 °C. The unique carbon structure
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9] The zeolite was further removed

could stabilize the atomically dispersed Pt as high as 5 wt.%.
by HCI/HF dissolution. The unique carbon microstructure facilitated the formation of highly S-
coordinated Pt structures, that is, Pt-S4 133! (as shown in Figure 6a), confirmed by XAS in
combination with the density functional theory (DFT) calculations. Moreover, the synthesized
carbon was physically flexible, allowing effective Pt coordination with the carbon framework.['3¢]
Atomically dispersed Pt SACs had a unique electrochemical behavior. The obtained Pt SACs went
a 2¢” ORR way producing H>O», rather than the 4e” pathway, producing H>O. The mechanism was
confirmed by DFT, as electrocatalysis on Pt SACs was not thermodynamically controlled, but

1.11371 Mesoporous S-doped carbons

rather kinetically limited. Another work was done by Liang et a
(meso_S-C) with a high surface area (>1,000 m?-g™!) , a high pore volume (> 2.0 cm*-g’!), and a
high S loading (> 10 wt.%) were used to atomically disperse noble metals with metal loadings up
to 10 wt.%, as shown in Figure 6b. Meso S-C was prepared through cobalt-assisted carbonization
of a molecular precursor. The unique structure of meso S-C can effectively protect metal atoms
from sintering during the pyrolysis process, owing to the robust metal-sulfur interactions.
Although mesoporous O-doped, N-doped carbons, as well as carbon black, can also offer anchor
sites for binding Pt atoms, the interactions between these heteroatoms and Pt was much weaker
than those in the mesoporous S-doped carbons.[138-140]

Metal sulfide, with high resistance to carbon or sulfur poisoning, is another promising
substrate for anchoring metal species. For example, Zeng et al. automatically deposited Pt on MoS»
nanosheets with a metal loading of up to 7.5 wt.%.[?*] In the synthesis process, Mo atoms in the
MoS: nanosheets were replaced by Pt atoms. The structure was confirmed by HAADF-STEM and
XAS. The white line intensity of Pt/MoS> decreased as the Pt loading increased from 0.2 wt.% to
7.5 wt.%, but it was still higher than that of Pt metal reference, indicating an oxidized Pt species.
The oxidation state of the Pt species remained almost unchanged after CO» hydrogenation reaction,
indicating high stability of Pt/MoS,. Metal sulfide is also a good electronic conductor, which can
be used in electrochemistry. For instance, Pt was atomically dispersed on amorphous CuSx support
(h-Pt;-CuSx) with a high concentration of single atomic Pt sites (24.8 at.%).[**! The obtained Pt
SACs showed an ultrahigh productivity of H>O» in electrochemical direct synthesis of H O from
H; and Oy. The affinity between Pt-S (shown in Figure 6¢) was stronger than that of the Pt-O or

Pt-N, preventing the formation of Pt clusters.!!*¥

14



The main disadvantage of using S-doped substrates is the utilization of H>S and HF during
the treatment, which are highly toxic. Multiple steps are needed to obtain the S-doped substrates,
limiting the large-scale synthesis of high metal loading SACs. Because a high quality MoS»
nanosheet requires strict operating conditions, it is not appropriate for low-cost and large-scale

production.
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Figure 6. (a) Proposed structure of Pt-S4,°°! reprinted with permission from ref [99], Copyright
2016 Nature Publishing Group. (b) Different noble metals atomically deposited on meso_S-C,[!37]
reprinted with permission from ref [137], Copyright 2019 American Association for the
Advancement of Science. (c) Structure of h-Pt;-CuSx,**! reprinted with permission from ref [83],

Copyright 2019 Elsevier Inc.

2.3. O-contained substrates

Besides N and S, oxygen can be used to anchor metal species as well. Metal oxides are preferred
substrates for electrochemical applications owing to their conductivity. Lee et al. synthesized Pt
SACs with 8 wt.% metal loading on antimony-doped tin oxide (ATO).['*!] Pt SACs were
synthesized by an incipient wetness impregnation method and reduced at 400 °C under 10 vol.%
Ha. The dispersion of Pt atoms was highly dependent upon the reduction temperature. Pt NPs were
formed when the reduction temperature was 100 °C, while Pt SACs were obtained when the
reduction temperature was 400 °C. The obtained Pt SACs showed different catalytic behaviors
from that of Pt NPs. In a formic acid oxidation reaction, Pt SACs followed a direct path, while Pt

15



NPs followed an indirect path. As for the ORR, Pt SACs went for the 2 e path, whereas Pt NPs
went for the 4 e path.

Layered double hydroxides (LDHs) also contain O atoms and can be used to fix metal
species. Song et al. designed a Ru SAC with 7 wt.% metal loading on a monolayer NiFe-LDH.!!*?]
Monolayer NiFe-LDH was prepared via a one-step co-precipitation method. Single Ru atoms,
dispersed on monolayer NiFe—LDH, were synthesized via a similar one-step co-precipitation
method in a formamide solution. The Ru single atoms exactly occupied on the top of the Fe atoms
through three O atoms, rather than dispersed randomly in the LDH structure. The precise location
of single Ru atoms lowered the reaction barrier energy, and thus enhancing hydrazine
electrooxidation.

Carbon materials usually contain oxygen-containing groups on the surface. Uzun et al.
prepared iridium (Ir) SACs with 14.8 wt.% metal loading by the reaction of Ir(CO)z(acac) with
oxygen-containing groups on a reduced graphene aerogel (rGA) in anhydrous toluene.!'*¥] The
whole preparation was conducted in air-exclusive conditions. The high metal loading resulted from
rGA’s high surface area and a high density of sites for anchoring Ir species. Moreover, rGA had a
better electron donor character than most of metal oxides.

So far, there are only a few reports concerning the preparation of SACs with high metal
loading on metal oxides, due to relatively weak metal-oxygen interaction. It would be excellent if
metal oxides with wide industrial applications could be used as the substrates. Smarter strategies

should be developed to make metal oxides suitable for the synthesis of high metal loading SACs.

3. Characterization of SACs

Advanced characterization techniques are critical for successfully researching SACs, because
supported SACs can barely be observed by conventional characterization methods (e.g., regular
TEM) due to their limited instrument resolution. Therefore, advanced characterization techniques
are urgently needed for the study of SACs to provide direct evidence and confirmation of their
structural and electronic properties. Fortunately, recent advances in electron microscopy allow
researchers to directly observe the structural transformation of SACs, facilitating the investigation
of their physical-chemical essence and the mechanisms of the synthesis process. For example, AC-
HAADF-STEM, with atomic resolution, can be used to directly observe the distribution of

SACs.[** XAS measurement is used to get detailed information on the local electronic and atomic
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structure of SACs. Moreover, DFT calculations, combined with the above-mentioned

characterization methods, can provide reliable models of active centers.?!

3.1. Electron microscopy with atomic resolution

Prior to the era of AC-HAADF-STEM, it was a major challenge to observe SACs on supports.
Gates et al. first reported pioneering work on the identification of individual Ir atoms on MgO with
AC-HAADF-STEM, which opened the door to direct visualization of single atoms.['**] AC-
HAADF-STEM, with atomic resolution, is highly sensitive to variations in the atomic number
(symbol Z), and can observe the dispersion and configuration of metal atoms on substrates. Metal
atoms, with a higher Z, appear brighter in HAADF images.

Due to its ability to characterize SACs, Zhang et al. adopted the AC-HAADF-STEM with
atomic resolution to directly observe Pt SACs with 0.17 wt.% of Pt.2%] As clearly shown in Figure
7a, Pt atoms were atomically distributed on the surface of FeO,. Only Pt single atoms were
observed after examining different regions of the sample. Figure 7b shows that individual Pt atoms
occupied exactly the positions of the Fe atoms. By adjusting beam focus settings, the authors
confirmed that single Pt atoms were on the surface of FeO.. Moreover, by statistically examining
many HAADF images, the density of Pt single atoms was calculated to be about 0.07 Pt atoms per
nm?, closing to actual Pt loading. Liu also explored the AC-HAADF-STEM to observe
Pt/Fe>03.1*Y As can be seen in Figure 7c, all Pt single atoms were dispersed atomically. However,
the various configurational heterogeneity of Pt single atoms can be observed. Yellow arrows
indicate isolated Pt atoms, yellow block arrows indicate loosely connected and atomically
dispersed Pt “clusters”, and the white arrow indicates other types of Pt configurations. This
phenomenon was rarely observed when the metal loading was low. The reason could be due to
different types of anchoring sites for fixing the metal atoms during the synthesis process.['**] The
dispersion of single atoms in high metal loading samples can also be observed through AC-
HAADF-STEM. Zn SACs with 9.33 wt.% of Zn!"'* and Co SACs with 15.3 wt.% of Co!'?%! can
be clearly seen in Figures 7d and 7e, respectively. According to the inset in Figure 7e, 96.1% of

Co dots were in the range of 0.1-0.2 nm, showing the high dispersion even at high metal loadings.
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Figure 7. AC-HAADF-STEM images of Pti/FeO.: (a) Pt single atoms were individually
distributed on FeOy, (b) Pt single atoms substituted the Fe atoms exactly,?®! reprinted with
permission from ref [20], Copyright 2011 Nature Publishing Group. (c¢) various configures of Pt
single atoms,*!! reprinted with permission from ref [44], Copyright 2017 Elsevier Inc. (d) AC-
HAADF-STEM image of Zn SACs with 9.33 wt.% of Zn,!!'# reprinted with permission from ref
[114], Copyright 2019 John Wiley and Sons. (¢) AC-HAADF-STEM image of Co SACs with 15.3
wt.% of Co, where the white dots are Co atoms. The inset is the range of Co atoms diameter,
indicating most of the Co atoms are independent.!'?® Reprinted with permission from ref [126],

Copyright 2019 John Wiley and Sons.

Although AC-HAADF-STEM was powerful for examining the dispersion of SACs, it is
still difficult to monitor reactions catalyzed by SACs in severe gas environments and operating
temperatures using in sifu imaging techniques. It would be helpful if the dynamic behavior of

single atoms could be tracked directly during the reactions, which would be useful in identifying
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the active center as well as the deactivation mechanisms caused by migrating. Thus, Li et al.
combined AC-HAADF-STEM with in situ TEM to observe the formation of Ni SACs from Ni
NPs.!146] As shown in Figures 8a-8c, the transformation from Ni NPs to Ni SACs can be gradually
completed in the first 3 h, accompanied with the explosion of surface holes. The obtained pores
and N1 SACs can be retained even after annealing for another 3 h (Figure 8d), demonstrating high
stability. Figure 8e represents in situ TEM images acquired at 900 °C, showing that, at the initial
stage, a Ni NP was confined in a hole of N-rich amorphous carbon layer, with a diameter of 4.8
nm. The NP, downsized to 4.6 nm at 30 s, rapidly reduced to 1.6 nm in the following 6 s, and
disappeared in the next 14 s, together with the generation of surface holes. Similar work was also
done by Zhang et al., that recorded the disintegration of Pt NPs to Pt SACs by high-temperature
calcination, using in situ HAADF-STEM.I'*7! The observed disintegration process was different
from the reported Ostwald Ripening mechanism,!'*¥! indicating the power of in situ HAADF-

STEM in understanding synthesis mechanisms.

(@)

Figure 8. (a)-(d) AC-HAADF-STEM images of Ni SACs, and (e) in situ TEM images of the
evolution from Ni NPs to Ni SACs.!'*®! Reprinted with permission from ref [146], Copyright 2019
John Wiley and Sons.
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Although some achievements have been obtained, challenges remain in the field of in situ
TEM. The main issue for in situ imaging techniques comes from the scattering phenomena relative

(4] Gai and Boyes first used an atomic

to the gas cell geometry and electron-beam induced effects.
resolution environmental transmission electron microscope (atomic resolution ETEM) to show the
sintering of Pt particles on Ti02.['*1 This clearly demonstrated the shift from finely dispersed Pt
particles at room temperature to Pt clusters under a reaction environment. /n situ results indicated
an increase of Pt particle size and metal support interactions with the increase of reduction
temperature that was conducive to understanding Pt dispersion, the role of Pt size in strong metal—
support interactions, and the fraction of Pt available for gas reaction. To study the influence of the
reaction gases, the same group conducted in situ studies of dynamic Au and Pt nano catalyst
reactions under designed gas atmospheres and temperature at the atomic level.'>”) Results
indicated that the mobility of Pt single atoms was both gas and temperature dependent. An in situ
observation of the evolution of Au clusters from Au single atoms in a WGS reaction was also done
by the same group, indicating the necessity for anchoring sites of support materials to stabilize
single atom species.[¢”!

Li et al. recorded the conversion of noble metal NPs into highly thermal stable SACs, above
900 °C in an Ar atmosphere, using in situ ETEM.['*! During the conversion, the atomization and
agglomeration processes were confirmed to coexist, and the atomization eventually won the
competition with the assistance of -CN functional groups. Notably, the identified atomic structure
(PdN4) of Pd SACs shared certain similarities with the reported non-noble MNjy structure, which
inferred that the same strategy could be applied to conventional metal-N4 materials.

So far, it is still challenging to fully understand the three-dimensional (3D) distribution of
individual atoms, especially for SACs supported on mesoporous materials. Usually, an electron
microscope provides a 2D projection image of a 3D object, causing a loss of 3D information during
the imaging process. Thus, it is essential to obtain 3D images of supported SACs and to reliably
analyze the true spatial distribution of the SACs. Some efforts!!*>133] have been made to collect
3D information on supported metal catalysts and particle size distributions. Jong et al. utilized the
HAADF mode to obtain 3D information of palladium-ruthenium on mesoporous silica.[!>?]
Unfortunately, the resolution was still in the nanometer scale, at that time, which was not high

enough for single atoms supported on mesoporous materials. Thus, Ortalan et al. used the AC-

HAADF-STEM with atomic resolution to image Ir single atoms supported on de-aluminated
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zeolites.[154

I Due to the limitation posed by the beam-sensitive property of zeolites, low-dosing
conditions (minimal exposure to an electron beam) were required. Although Ir single atoms inside
the pores of the zeolite were observed by the AC-HAADF-STEM, the signal-to-noise ratio was
poor due to the low-dose conditions. Therefore, Han et al. developed an integrated differential
phase-contrast scanning transmission electron microscopy (iDPC-STEM) to directly probe guest
molecules on isolated single Mo clusters, supported on various zeolites with a high signal-to-noise
ratio.!33] According to the positions of Mo atoms, the specific one-to-one Mo-Al interaction made
it possible to locate Al atoms. The utilization of the iDPC-STEM provided a way to investigate, in
unprecedented detail, the host-guest interactions in porous materials. However, the iDPC-STEM
can only identify guest molecules under low-dose conditions.

To address the challenge of beam-sensitive zeolites, recent work done by Ulm University's
Sub-Angstrom Low-Voltage Electron Microscopy (SALVE) project using 80 keV AC-HRTEM
would be helpful. The group utilized low-voltage electron microscopy to show that the Pt
nanocluster acted as a viscous liquid dispersing to single atoms and then re-clustering overtime
during the reaction.!'3¢ Direct observation of the dynamic nature of NPs and individual atoms can
be harnessed to tune the performance of SACs. The development of low-voltage electron
microscopy accelerated the in situ imaging technique, especially for beam-sensitive samples. The
emergence of cryogenic electron microscopy can be a good choice, which enables the
nondestructive characterization of electron-beam sensitive materials at atomic resolutions.!!>”]
With the development of sample holders, electro detectors, and image reconstruction algorithms,

the capability of characterizing SACs using electron microscopy will be significantly enhanced,

and possibly lead to new more accurately SACs designs.

3.2. Scanning tunneling microscopy (STM)

STM is another powerful surface imaging instrument, with lateral and depth resolution of 0.1 nm
and 0.01 nm, respectively.!>* The advantage of STM is that it can work under various conditions,
such as air, water, and other liquids or gas ambient at a wide range of temperatures. Thus, STM
has the ability to image single atoms under various working conditions, opening up a new way for
structural and reactivity studies of SACs. For example, Parkinson et al. confirmed the dual role of
CO in stabilizing sub-nano Pt clusters on the Fe304(001) surface using time-lapse STM.F7! As

shown in Figures 9a and 9b, two configurations, labeled as Pt; and Pt;", were confirmed. Pt;"

21



gradually transferred to Pt; configuration, due to the higher binding energy of Pt; calculated from
DFT. When the samples were exposed to 2 x 1071 mbar CO, Pt clusters were observed (as shown
in Figures 9c and 9d), with the majority of clusters containing two or three Pt atoms. Hence, CO
not only led to the agglomerations of single Pt atoms into sub-nano clusters, but also stabilized the
smallest clusters against decay, providing a strategy for designing stable SACs.

Moreover, STM enables the capture of the active center during a low-temperature CO
oxidation, catalyzed by Pt SACs on Cu20.%! By annealing at different temperatures, the authors
confirmed that lattice oxygen, in close vicinity to the Pt species, was involved in the reaction
process. Furthermore, STM has the ability to create desired nanostructures through manipulating
single atoms in a precise way. Several works have been produced by Stroscio et al. from the Center
for Nanoscale Science and Technology.!!3816% The ability to control the transfer of a single atom
between lattice sites can lead to a better understanding of the electronic and geometric structure of
SACs. Therefore, the development of STM will significantly benefit the SACs research. So far, it

is still impossible to place single atoms at any desired locations to create desired structures.
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Figure 9. Time-lapse STM of the transfer of Pt configurations.*”) Reprinted with permission from

ref [57], Copyright 2016 National Academy of Sciences.

3.3. X-ray absorption fine structure (XAS)

Typically, XAS is divided into two energy regions: X-ray absorption near-edge structure (XANES),
and extended X-ray absorption fine structure (EXAFS). XANES can be used to identify oxidation
state and coordination symmetry of metal, while EXAFS can be used to obtain accurate metal-
ligand distances, as well as a coordination number via Fourier transform (FT) analysis. For
example, XAS was employed to detect the oxidation state and coordination pattern of Fe SACs.l!*
10T According to Figures 10a and 10b, the Fe K-edge of FeN4/GN samples resembled the original

FePc reference curve, indicating that FeN4/GN had the same valence state and the coordination
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environment as that in the reference FePc. The structure was estimated as FeNy structure in FePc.
Similarly, Hutchings et al. confirmed that the obtained Au/C materials contained no metallic Au—
Au bond, and were consistent with the isolated Au chloride species, as shown in Figure 10c.[®!]
Linear combination fitting (LCF) of XANES (in Figure 10d) showes that Au species were

presented in a mixed cationic form: 23% Au(Ill) and 77% Au(I).
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Figure 10. (a) XANES of Fe K-edge, (b) Fourier transform (FT) EXAFS of FeN4/GN,[!%4

reprinted with permission from ref [104], Copyright 2015 American Association for the
Advancement of Science. (¢) FT-EXAFS spectrum of the 1 wt.% Au/C material, (d) LCF of the
Au Ls-edge XANES.!'%!] Reprinted with permission from ref [161], Copyright 2020 Nature
Publishing Group.

In situ and operando XAS provide access to investigating the dynamic process of the
evolution of geometric and electronic structures at an atomic scale.l'*>1%] For example, Sun et al.

performed in situ and operando XAS to monitor the structural and chemical state changes of Ru,
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Co, and Fe species in the Ru/CoFe-LDHs catalyst under electrochemical conditions.['®* As can be
seen in Figure 11, Ru species showed a reversible change of valence state. Ru K-edge went to a
higher energy state, when the applied potential increased, but it went back to the initial value when
the applied potential went back to open-circuit voltage (OCV). In contrast, both Co and Fe showed
a higher chemical state when the applied potential went back to OCV, indicating the irreversible
change of Co and Fe. The bonding lengths of Co/Fe—O shrank during the oxygen evolution reaction.
Those changes were irreversible, further fixing a Ru atomic structure on the surface. Therefore, in
situ and operando XAS is a useful technique for observing reaction induced structure change, and

for facilitating an understanding of the activity, stability, and selectivity of SACs.
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Figure 11. Operando XAS measurement of Ru/CoFe-LDHs in an electrochemical condition.[!%4]

Reprinted with permission from ref [164], Copyright 2019 Nature Publishing Group.

Moreover, it is highly desirable to monitor the structure changes in a reactant gases
condition. /n situ and operando XAS has been used in hydrocarbon processing!*® 193-1661 CO
oxidation,!3% 1671711 and WGS reaction!!"? to capture the dynamic process. For example, Gates et
al. investigated the structure changes of zeolite-supported rhodium (Rh) SACs under different
ethene/hydrogen (CoHa/H») ratios, using in situ and operando XAS.I'6! The experiment was
carried out in an EXAFS cell at 30 °C and 1 bar. When an ethene-rich mixture (4:1:5 C2H4/H2/He)
flew through the catalysts, n-butenes were the major products. The Rh SACs were stable under
this condition, since no Rh-Rh contributions (no clusters) were detected by EXAFS spectroscopy.
However, when the gases switched to pure Hz, a Rh-Rh contribution gradually grew and reached
a final coordination number of 1.9, indicating the formation of Rh clusters. This work
demonstrated that the regulation of the structure (switching between Rh SACs and Rh clusters)
allowed fine-tuning of selectivity simply by variation of the feed composition.

More examples of the XAS technique being used to identify the nature of SACs can be

found,[> 7% 781

since it is powerful and essential for identification of local geometric and electronic
structure of SACs. However, the wide application of this technique is not possible, due to the
requirement of synchrotron radiation sources. The interpretation of the obtained absorption spectra
is also complicated. Without rigorous theoretical methods, inaccurate spectral simulations may be

obtained.

3.4. Fourier transform infrared (FTIR) spectroscopy
With appropriate probe molecules, FTIR spectroscopy is employed to confirm the presence of
SACs and even quantify the dispersed SACs. The advantages of FTIR spectroscopy include
quantification and in situ monitoring.'”*! Combined with AC-HAADF-STEM, XAS, and DFT,
FTIR offers a powerful toolbox for SACs study.

For the characterization of SACs, CO is an ideal probe. The behavior of CO adsorption on
a metal surface has been widely studied.!'’# CO can form a linear adsorption geometry as well as

175

a bridging adsorption geometry.!'”! The bridging adsorption geometry requires two metal atoms,

indicating the existence of metal NPs. Therefore, the absence of bridging adsorption geometry can
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be used to confirm the presence of single atoms. For example, Ding et al. used CO probe molecule
FTIR to differentiate the existence of Pt single atoms from Pt NPs.[*8 The IR peaks at 2,115 cm™!
and 2,070 to 2,090 cm™! (in Figure 12a) were assigned to CO adsorbed on Pt single atoms and Pt
NPs, respectively. Pt single atoms behaved as spectators, while Pt NPs showed activity for CO
oxidation and WGS reaction at a low temperature, as shown in Figures 12b and 12c. The inert
activity of Pt single atoms resulted from strong CO adsorption. The addition of Na" greatly lowered
the CO adsorption on Pt NPs, with more sites remaining to activate O> and H>O. Hence, the
performance of the catalyst with a WGS reaction was enhanced by the addition of Na*.[176-17]
Similarly, Zeng et al. used in situ pressure-dependent DRIFT to study the chemical states and
coordination environments of Pt species in Pt/MoS,.1?¥] The peak positions for CO on Pt SACs

remained unaffected by a decrease in CO pressure, while those for CO on Pt NPs were red shifted

by a decrease in CO pressure.
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Figure 12. (a) FTIR spectra of CO adsorbed on Pt/HZSM-5 catalysts with different Pt loadings,
(b) time-dependent FTIR spectra of CO adsorbed on Pt/HZSM-5 with 2.6 wt.% Pt, and time-
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dependent FTIR spectra of CO adsorbed on (c) Pt/SiO2 and (d) Pt-Na/SiO2 upon H,0O exposure.[*®!
Reprinted with permission from ref [58], Copyright 2015 American Association for the
Advancement of Science.

In situ DRIFT can also be used to investigate CO adsorption ability on Cu SACs.!3"
Atomically dispersed copper species were constructed through calcination in air at 800 °C. The
high temperature treated catalysts showed a stronger ability to adsorb CO than low temperature
treated catalysts did. As shown in Figure 13a, the CO-Cu(I) peak at ~2,110 cm™ of 1CuCe-400 (1
was the copper loading in weight percent and 400 was the calcination temperature with unit °C)
was about 20 times weaker than that of 1CuCe-800. Peaks of CO, at ~2,362 and ~2,334 cm™'
immediately appeared as O> was introduced to 1CuCe-800 catalyst (1 was the copper loading in
weight percent and 800 was the calcination temperature with unit °C), indicating rapid oxidation
of CO-Cu(]) to form COz. The obtained catalyst exhibited a significant superiority in catalyzing
CO oxidation, in that its CO consumption rate reached 6,100 pmolco-gcu '-s™' at 120 °C. This
value was 30 times that of Pt/CeO>.

The limitation of CO chemisorption DRIFTS is that it can only be applied to noble metal-
based SACs. Non-noble metals usually have a weak interaction with CO. Besides, it is not suitable

for carbon-based catalysts because of the strong light adsorption.[3!!
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Figure 13. /n situ DRIFTS spectra of 1CuCe-800 and 1CuCe-400 in (a) CO adsorption condition
and (b) CO/O; co-adsorption conditions at 120 °C.["% Reprinted with permission from ref [180],
Copyright 2019 American Chemical Society.
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3.5. Other technologies

182-1831 and mass

Moreover, the rapid development of in situ ambient pressure XPS!
spectrometry!!84185] have also facilitated the research of SACs in realistic conditions. The
theoretical calculation is another powerful tool for uncovering the fundamental catalytic reaction
mechanisms of SACs.['¥1871 A deeper understanding of the structures and active centers of the
SACs can be achieved by a combination of theoretical calculations with advanced characterization

techniques.

4. Understanding of Active Center

It is still a significant challenge to identify the active centers of NP catalysts, since the distribution
of NPs is usually non-uniform. Therefore, the catalytic performance is the average outcome of all
non-uniform active centers.*”! Fortunately, SACs provide an ideal model for investigating the
active centers because of their definite structure characteristics. Although SACs maximize the
dispersion of metal, a general question is whether atomically dispersed metal atoms can function
as an active center to achieve the highest intrinsic catalytic performance. This fundamental
question remains unanswered. Indeed, SACs are not always shown to be better than their NP
counterparts by a closer examination of the activity per atom. Sometimes, SACs might completely
inert or serve only as a spectator in reactions, especially for those that require two or more
neighboring metal atoms to activate the reactants, in which case NPs will always be better than
SACs.[?®! Therefore, a in-depth investigation of the active center is imminent, since an optimal

active center is critical for catalytic performance.

4.1. Single atom with neighboring atoms
Currently, the metal loading in SACs is generally kept below 1.0 wt.% to prevent sintering. Thus,
single atoms are far apart due to the low loading, and the interaction between single atoms is
generally ignored.’! Therefore, one way to shorten the distance between single atoms is to
increase metal loading, while maintaining the atoms as individual sites.

Zeng et al. obtained neighboring Pt single atoms by increasing the metal loading to 7.5
wt.%.23] At lower Pt loadings, the distances between the nearest Pt single atoms were more than

3 nm. Electron transfer only occurred between a Pt atom and its bonded S atoms. Thus, every Pt
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atom and the corresponding boned S atoms functioned as an “active center”. When the Pt loading
increased, the “active centers” partly overlapped or were adjacent, forming neighboring Pt single
atoms. In a CO; hydrogenation reaction, methanol was generated without the formation of formic
acid over isolated Pt single atoms. However, CO> underwent a sequential transformation into
formic acid and methanol over the neighboring Pt single atoms, showing different reaction paths.
DFT was used to investigate the reaction paths, as shown in Figure 14. As for the neighboring Pt
single atoms, the formation of HCOOH was more favorable than that of C(OH),", since the
reaction barriers for the conversion of COOH* into HCOOH or C(OH)," were 1.01 eV or 1.34 ¢V,
respectively. As for the isolated Pt single atoms, COOH" and CH,OH" were intermediates due to
high transformation energy barriers. The intermediates were also confirmed by in situ DRIFT and
XPS. As such, neighboring Pt single atoms worked together to alleviate the energy barriers,
promoting catalytic performance. The synergetic interaction between neighboring single atoms
was supposed to develop a new way to manipulate catalytic properties and advance the

fundamental understanding of heterogeneous catalysis.
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Figure 14. Optimized reaction paths in CO> hydrogenation for (a) Pti/MoS> and (b) Pt2iii/MoS,,
and steps for the addition of a H atom to COOH* over (c) Pt;/MoS: and (d) Ptaii /MoS;.[*]
Reprinted with permission from ref [23], Copyright 2018 Nature Publishing Group.

Yang et al. designed a Pt-O-Pt ensemble, using isolated Pt; single atoms on CeO: as

“seeds”.[188

I To prepare a Pt-O-Pt ensemble catalyst, Pti/CeO, was first reduced in a mild Ha
atmosphere, followed by a CO plus O> treatment, thereby reconstructing Pt species. For the
structure of Pt;/CeQy, the Pt single atoms preferred to replace the Ce atom on the ceria surface and
a square-planar Pt;-O4 structure was identified. After the activation treatment, the structure were
rearranged into a PtsO14 formation, containing Pt-O-Pt as the only catalytic base unit. EXAFS
showed the typical exclusive Pt-O coordination pattern for Pt;/CeO2, and the Pt atoms of Pt-O-
Pt/CeO, were only bridged by O atoms. As can be seen in Figure 15, the performance of a low-

temperature CO oxidation, catalyzed by Pt-O-Pt ensemble, was 100-1,000 times more active than

that of their isolated single atom Pti;/CeO» parent. This resulted from a lower apparent activation
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energy of the Pt-O-Pt/CeO; catalysts than that of the Pti/CeO, parent catalysts. Based on the DFT

calculation, CO oxidation followed the Mars—van Krevelen mechanism for Pt;/CeO, with a square-

planar Pt;-O4 unit. The Pt-Ce interface was considered as the active center for CO oxidation over

Pt1/CeO.. However, the Pt-Ce interface was not the active center for Pt-O-Pt/CeOs.. Interestingly,

CeOs support in Pt-O-Pt/CeO, was a spectator. This work found that Pt-O-Pt facilitated the rapid

migration of oxygen to catalyze CO oxidation. Pt-O-Pt assembles can be obtained through similar

oxygen linkages while substrates, other than CeO, may also be used to create Pt-O-Pt. In order to

valid this hypothesis, the authors successfully created a Pt-O-Pt unit on a La-Al>Oj3 support. In the

future, further efforts should be made to fabricate exclusive active centers over various supports,

providing a powerful platform for designing novel catalysts.
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diagrams and configurations for CO oxidation cycle over Pt-O-Pt/CeO,.['8] Reprinted with

permission from ref [188], Copyright 2019 Nature Publishing Group.

Wang et al. prepared an Ir-O-Ir structure of dinuclear heterogeneous catalysts (DHCs) on
a-Fe,O;3 by a facile photochemical method.!'® Significant performance, that was better than Ir
SACs or Ir NPs, was measured on Ir DHCs in a water oxidation reaction. A mechanism for water
oxidation on Ir DHC and Ir SACs was proposed, as shown in Figure 16. The first two steps were
similar to those for Ir DHC and Ir SACs, both through proton-coupled electron transfer (PCET)
steps twice. The main difference came from the third step. For Ir DHC, there was another PCET
step before the formation of O—O bond, as shown in steps C to D in Figure 16a. For Ir SACs, it
bound to a H2O molecular and formed an O—O bond first before the third PCET (steps C to E),
since direct oxidation of Ir SAC needed more than 1.8 eV of energy. In contrast, the presence of
another Ir atom nearby in Ir DHC reduced the required energy to 1.2 eV. The results highlighted
the synergistic effects between a dinuclear active center over a mononuclear active center. This
work provided a convenient way to investigate the inherent mechanisms of heterogeneous catalysis
involving multiple but individually separated active metal atoms, that contributed to the

optimization of heterogeneous catalysts.
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Figure 16. Proposed reaction pathway and DFT calculated reaction free energies at zero bias
potential of (a) Ir DHC and (b) Ir SAC.['®1 Reprinted with permission from ref [189], Copyright
2018 National Academy of Sciences.

33



Lu et al. prepared Pt dimers, as well as Pt; single atoms, on a graphene support using
ALD .1 Pt, dimers, obtained by a second Pt ALD cycle, was deposited on Pti/graphene at 150 °C.
The distances between the nearest Pt single atoms in the Pti/graphene were more than 2 nm, as
confirmed by HAADF-STEM. However, Pt dimers had a distance of 0.30+0.02 nm, which was
significantly shorter than that in Pti/graphene. During the hydrolytic dehydrogenation of ammonia
borane, Pt; dimers exhibited ~17- and 45-fold higher activity than Pti/graphene and Pt NPs,
respectively. The superior performance for Pty dimers resulted from weaker adsorption of
ammonia borane on Pt; dimers, which had an adsorption energy of -2.81 eV, lower than that of
Pti/graphene (-3.20 eV) and Pt NPs (-3.97 eV). Pt2Ox was confirmed as the active center. The
advantages of ALD made it possible to atomically deposit metal dimers on high-surface area

supports.

4.2. Single atom with coordination atoms

Moreover, different metals can result in different active centers, even with the same support and
identical synthesis method. Wang et al. used a porous N and S co-doped carbon framework to
anchor Fe, Co, and Ni species to investigate different metal coordination environments and
catalytic performance.!'”!l Using the same synthesis method, Fe SACs mainly consisted of a
FeN4S> ensemble, where S atoms formed bonds with the N atoms, as shown in Figure 17a. Co and
Ni SACs preferred CoN3S; and NiN3S;, where Co/Ni-S bonds formed. Fe species could only
coordinate with the N atoms, whereas Ni and Co species could coordinate with both N and S. The
coordination environment of S atoms was different. As for Fe SACs, the S atoms were mostly
linked to neighboring C or N atoms, without Fe-S bonds. As for Co and Ni SACs, the S atoms
partially replaced one N atom to form Co-S and Ni-S bonds, respectively. Different affinities of
Fe and Co/Ni species towards the S-containing ligands resulted in different intermediates and, thus,
different final structures!'®!. In an ORR experiment, Fe SACs exhibited the highest performance,
which was better than that of commercial Pt/C. The superior catalytic performance originated from
the unique active centers. In Fe SACs, FeN4S, acted as an active center. The electron easily
transferred from S atoms to N atoms because of the relatively higher electronegativity of N. The
resulted N atoms had a relatively negative charge, causing an increase of the electron density of
Fe atoms. The increased electron density of Fe atoms led to an enhanced ORR activity. In contrast,

the electron transferred from Co/Ni atoms to the S atoms, resulted in the inferior ORR performance
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of Co and Ni SACs. DFT calculation also revealed that Fe SACs had the highest density states
near the Fermi level, enhancing electron transfer for Fe SACs.

So far, it remains a major challenge to accurately adjust the coordination pattern of SACs
at an atomic level. Much endeavor has been devoted to creating an exact active center,[!25 193-195]
Zhang et al. prepared Fe SACs under different pyrolysis temperatures (600 °C, 700 °C, and 800 °C),
yielding four different types of FeN, (x = 4-6) structures, which were identified by Mossbauer

1931 It was found that pyrolysis temperature had a critical effect on the distribution

spectroscopy.!
of Fe species. In selective oxidation of the C—H bond, Fe-N—C-700 exhibited the highest
performance. Various catalytic performances originated from different active centers. For instance,
D3 species, containing a N—(Fe™N4)-N low-spin structure, were catalytically inert because of the
saturated and strong coordination of the central Fe with six N atoms. D4 species, containing a N—
(Fe'""N4) medium-spin structure, were the most catalytically active, as they had a larger amount of
unsaturated coordination sites (Fe—Ns), as shown in Figure 17b. Meanwhile, the most active D4
species were the least abundant in Fe—-N—C-700, indicating that it has the potential to promote
performance by raising the number of D4 species.

A similar strategy was applied to fabricate Fe SACs with different Fe coordination
environments.!'?l In a benzene oxidation reaction (BOR), Fe SACs with Fe-Nj sites exhibited the
best BOR activity with 78.4% conversion of benzene and 100% selectivity of phenol, as shown in
Figure 17c. However, the BOR performances of Fe SACs decreased gradually by one or two C
atoms substituting the coordinating N atoms, suggesting a significant coordination sensitivity.
DFT calculations revealed that the coordination environments influenced the formation of
intermediates, thereby the reaction mechanism. Fe SACs with Fe-Ny sites could adsorb and
activate H20; to produce O=Fe=0 effectively, which was a crucial intermediate for catalyzing
BOR. The work provided a way to regulate the coordination pattern of SACs and enhance catalytic

activity.
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Figure 17. (a) Proposed structure of Fe, Co, and Ni SACs,!"°! reprinted with permission from ref

[191], Copyright 2019 American Chemical Society. (b) FeNy species of Fe SACs,!**! reprinted

with permission from ref [193], Copyright 2017 American Chemical Society. (c) The coordination
effect of Fe SACs for benzene oxidation,!'?! reprinted with permission from ref [12], Copyright

2019 Nature Publishing Group.

Jiang et al. prepared Ni SACs by a host-guest cooperative protection strategy.['** The
introduction of Mg?" in MgNi-MOF-74 extended the spatial distance of adjacent Ni atoms, while
the introduction of polypyrrole provided N source to stable Ni single atoms during high
temperature decomposition. Ni SACs, with well controlled Ni-N coordination numbers, were
obtained by varying the pyrolysis temperature from 600 °C to 800 °C. The obtained Ni-N»-C, with
the lowest N coordination number, outperformed Ni-N3-C and Ni-Ny4-C with higher N coordination
numbers in a CO; reduction reaction. The rate determining step for this reaction was the formation
of COOH* intermediates for all of the Ni-Nx-C. DFT calculation revealed that the required free
energy charge of the rate determining step for Ni-N»-C was 1.42 eV, which was lower than those
of Ni-N3-C (1.45 eV) and Ni-N4-C (1.73 eV). Moreover, Ni-N>-C had a much lower desorption
energy for the formation of CO* than those of Ni-N3-C and Ni-Ny4-C, indicating easy release of
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CO" from Ni-N»-C for CO production. With the same method, Fe and Co SACs, with controlled
coordination numbers, were synthesized, demonstrating its universality.

Pennycook et al. fabricated Cu SACs with different types of Cu—N/C bonds for a nitrogen
reduction reaction, and they identified Cu—Ny,["* rather than Cu—N4/N3C,[""] as the efficient
active center. EXAFS confirmed a mixture of Cu—N; and Cu—N4/N3C structure with weight
percentages of 20% =+ 5% and 80% = 5%, respectively. DFT calculation showed a weak connection
between N> and the center Cu atoms of Cu—N4/N3C, indicating a failure to activate the inert N=N
triple bond, hence impeding the subsequent nitrogen reduction reaction. In contrast, the Cu single
atoms in a Cu—Nz configuration strongly interacted with N2. Although only 20% of the Cu—N2
configuration existed, the atomized Cu SACs provided enough active centers for efficiently
catalyzing the nitrogen reduction reaction. Yao et al. also confirmed Cu-N»> as the active center for

[198] Because previous work only

enhanced ORR performance via a 4e- mechanistic pathway.
contained around 20% of Cu-Na, future work should focus on how to increase the composition of

Cu—N: configuration by adjusting experimental parameters.

4.3. Single atom with ligands and supports
Ligands play a critical role in the catalytic process. For example, metal hydrides are necessary for

[199] \whereas a metal carbene is essential for

C—H bond activation, as well as for chain walking,
olefin metathesis.?°"! In some reactions, the real active center comprises single metal atoms with
functional ligands, as well as well-defined surfaces.[**!-2%2] The ligand may control the oxidation

r,1202]

state, geometry, and d" electron configuration of the metal cente contributing significantly to

[203-209

the activity, selectivity, and stability of catalysts. ] Depending on the ligands and supports

attached to the center metal, the performance of prepared SACs may vary substantially./?!0-211]
Taking Pt SACs as an example, powdered MgO, Al,O3, and CeO; were used as supports to anchor
a Pt single atom with a ligand 3,6-di-2-pyridyl-1,2,4,5tetrazine (DPTZ).?'? The nitrogen bidentate
binding pockets in DPTZ can coordinate Pt and prevent aggregation, owing to its electron-
accepting capability of stabilizing a non-zero oxidation state Pt.?!*) The Pt-DPTZ SACs were
synthesized by impregnating DPTZ and Pt precursor H,PtCls-6H>O on different supports in one
step. The Pt oxidation was different in Pt/MgO SACs (+4 oxidation state) and Pt-DPTZ/MgO
SACs (+2 oxidation state), due to the electron-accepting capability of DPTZ. Besides, DPTZ

prevented the formation of MgxPtO4 by coordinating with and stabilizing Pt. The DPTZ loading
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on different supports was different because of different ligand-support interaction. The highest
DPTZ loading of 94% was obtained on MgO because the basic oxygen on the surface of MgO
easily reacted with the acidic tetrazine rings of DPTZ.[2'¥ In contrast, only 0.41 and 0.42 of DPTZ
loading was achieved on Al,O3 and CeO3, respectively. The higher DPTZ loading facilitated the
stabilization of Pt single atoms and, thus, Pt-DPTZ/MgO SACs showed the best performance in a
hydrosilylation reaction between 1-octene and dimethoxymethysilane.

In the following research, the same group investigated the impact of ligands on Pt
activity.?'>! DPTZ, PDO(1,10-phenanthroline-4,7-ketone), and BMTZ (bis-pyrimidyltetrazine)
ligands were used to prepare Pt SACs on MgO. The Pt valence state in Pt-DPTZ/MgO and Pt-
PDO/MgO SACs was +2 oxidation state, while that in Pt-BMTZ/MgO SACs was +3 oxidation
state, due to the stronger electron affinity of BMTZ. In a hydrosilylation reaction between 4-vinyl-
I-cyclohexane 1,2-epoxide and trimethoxysilane, Pt-DPTZ/MgO and Pt-PDO/MgO SACs
exhibited high performance, whereas Pt-BMTZ/MgO SACs showed no activity, since the activity
of Pt in this reaction was highly sensitive to the electronic structure, which can be adjusted by the

ligands. More research regarding the impact of ligands and supports can be found [20% 207, 216-219]

as
the sensitivity of the center metal to the local coordination environment is crucial for catalytic
performance.

Above all, the activity of SACs was sensitive to the supports and ligands. It may come
from the tuning of the electronic structure of metal centers as well as the distribution of metal
atoms on supports. The SACs, serving as a prototype, provide vast potentials for the fine tuning of

metal-ligand-support interaction.

4.4. Single-atom alloys (SAAs)

The compositions of SAAs include catalytically active metals atomically dispersed on a more inert
metal.??”) The well-defined nature of the active centers in SAAs benefits the understanding of
fundamental surface processes.[*’!! SAAs, prepared by the introduction of neighbor metals to
decorate SACs, offer an efficient pathway to tailor the catalytic activity of SACs.??>2] For
instance, a specific rate of 12,000 moly> molp 'min” for the hydrolytic dehydrogenation of
ammonia borane, at room temperature, was achieved by a Pt-Ni SAA.[*?) The outstanding
performance stemmed from the synergistic effect between Pt and Ni. In the Pt-Ni SAA, Pt had a
negative charge (Pt>), while Ni had a positive charge (Ni®"). Thus, Pt was prone to react with H of
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H>0O molecules, whereas Ni preferred to react with OH of H>O molecules. DFT was used to
identify the catalytic mechanism. The kinetic barrier for the activation of HoO molecules over Pt-
Ni SAA and Ni sites on a pristine Ni surface were 0.75 eV and 0.88 eV, respectively. Thus, the
individual Pt atom, surrounded by Ni atoms, acted as the active center, giving rise to an
energetically favorable pathway. Flytzani-Stephanopoulos et al. also applied SAA strategy to Pt
SACs, reducing the binding strength of CO, since Pt was notorious for its easy poisoning by strong
CO adsorption.??”] As for Pt-Cu SAA, Pt single atoms were enclosed in the surface of Cu. The
obtained Pty 00sCu-SAA exhibited the weakest Pt-CO bonds, whereas Pt NPs exhibited the
strongest Pt-CO bonds. Therefore, more CO-free Pt sites were available, when CO appeared in the
gas phase, enhancing the activity.

Isolated platinum atom geometries are inert for C—C bond scission, which leads to poor
selectivity and activity. However, Sykes et al. found that Pt-Cu SAA provided excellent activity
and selectivity in a butadiene hydrogenation reaction even under mild conditions.[%#! In this study,
CO was used to selectively cover Pt sites to determine the active centers for butadiene
hydrogenation. The results indicated that butadiene hydrogenation was not affected by the
introduction of CO, meaning that the isolated Pt facilitated the activation of H, and Cu sites which
were responsible for hydrogenation. Therefore, isolated platinum atoms on Pt-Cu SAA became
active for C-C bond scission. Besides, Pt-Cu SAA did not contain other Pt ensembles, where
unfavorable reactions occurred. Thus, Pt-Cu SAA inhabited hydrocarbon decomposition, which
was commonly observed with Pt catalysts, leading to high selectivity.

SAAs exhibited geometric and electronic structures that were different from those of the
single atoms that were prepared by anchoring on the support.??®! The SAA approach offers huge
advantages of synergistic catalysis between isolated atoms and a host metal, including improved
activity and selectivity and resistance to CO poisoning. So far, most reports have focused on a
combination of trace amounts of group 8~10 transition metals (e.g., Pd, Pt, Rh, Ni, and Ru) alloyed

into group XI metals (e.g., Cu, Ag, and Au). More combinations should be explored.

4.5. Metal-support interactions
Strong metal-support interactions can cause mass transport and charge transfer between supports

[229

and metals, thus significantly improving the activity and stability of catalysts.[?) Murray et al.

investigated the interactions between CeO; and supported metals (Ni, Pd, and Pt nanocrystals)
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through CO oxidation, and they found that metal-support interface sites played a vital role in
enhanced catalytic performance.[>**! The metal-support interactions are more important for SACs
than for their NP counterparts, due to higher surface free energy.!*! The supports may be directly
involved in the reaction. Taking CO oxidation as an example, Pti/FeO. exhibited excellent
activities,”) while Pt;/SiO, showed no activity, even at a higher temperature.l*® To this end, it is
vital to investigate and determine how the supports interact with single atoms.

Zheng et al. prepared Pdi/TiO2 SACs with Ti (III) vicinal to Pd to investigate the metal-
support interactions.?*!! Fresh prepared Pdi/TiO»-EG (ethylene glycolate) went through a thermal
treatment at 350 °C for various durations to obtain different amounts of exposed Ti (III)-O-Pd
interfaces. In the CO oxidation, the sample with more Ti (III)-O-Pd interfaces had a better activity.
Kinetic analysis confirmed that O; activation, rather than CO adsorption, was the rate-limiting step.
X-band electron spin resonance (ESR) identified that the exposed Ti (III)-O-Pd interfaces could
activate O into O2". The Oy species easily reacted with CO at the Ti (II1)-O-Pd interfaces, even
at room temperature. DFT calculations proposed the binding of structures of O2 adsorbed at the Ti
(III)-O-Pd interfaces. The bridging structure in Figure 18a had the lowest adsorption energy. The
reaction mechanism on how the Ti(IIl)-O-Pd interfaces promoted CO oxidation was demonstrated
by DFT calculations, as shown in Figure 18d. The reaction went through TS1 path after CO and
O co-adsorbed at the Ti (IIT)-O-Pd interfaces, with a barrier of 0.16 eV. After this, one O atom
still remained on the Ti (III)-O-Pd interfaces, which also exhibited high activity with a small barrier
0f 0.22 eV. Combining a DFT calculation with experiment results, the authors confirmed that the
real active center was the Ti (III)-O-Pd interfaces.

Zhang et al. also investigated the role of metal-support interface by preparing Pd SACs on
Co,0, nanoarrays with tunable facets.[** Different Pd-Co,O, interfaces were obtained due to the
convertible cobalt supports with specific facets. The surface chemical state of Co.O, nanoarrays
was essential in promoting catalytic activity. Pd atoms anchored on the high-index (112) facet of
cobalt support exhibited the best performance in CO oxidation. Oxygen vacancies on the high-
index (112) facet were preferential sites for the adsorption of Pd atoms. The formation of Pd-O-
Co was critical for the activity and stability of the obtained Pd SACs. Moreover, Mpourmpakis et
al. used DFT to investigate the metal—support interactions of a series of transition-metal atoms

supported on three common oxide supports (i.e., y-Al,03, MgO, and MgA1,04).1*3! A predictable
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model for the strength of metal—support interactions was developed, guiding the design of stable
SACs.
From these studies, we can see that the real active center for SACs can be far beyond

(231) Supports are sometimes involved in the reactions, especially

isolated metal atoms themselves.
for reducible metal oxide. SACs serve as a good model to design high activity catalysts by
precisely controlling metal-support interfaces. DFT is a powerful tool to rationalize experimental
observations, elucidate the underlying physics of the metal-support interactions, and guide

experiments for the synthesis of stable SACs.
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Figure 18. Possible binding structures of O2 adsorbed at the Ti (III)-O-Pd interfaces: (a) bridging
structure, (b) the end-on configuration, and (c) the side-on configuration. (d) Possible reaction
mechanism of CO oxidation at the Ti (II1)-O-Pd(II) interface.*!) Reprinted with permission from

ref [231], Copyright 2018 Elsevier Inc.

5. Summary and Outlook

In this review, the recent development of high metal loading (>5 wt.%) SACs has been summarized
and discussed. A focus has been on systematically reviewing appropriate substrates,
characterization techniques, and active centers. A well-designed substrate is crucial for the
preparation of high metal loading SACs. With the assistance of advanced characterization

techniques, direct observation of SACs can be achieved. By fabricating a suitable active center,
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the obtained SACs can surpass the single-atom catalytic activity limit. However, great challenges
still need to be tackled in the SACs field. These include:

(1) Large scale synthesis of high metal loading SACs: It is highly desirable to scale up the synthesis
of high metal loading SACs to meet practical applications. Large-scale preparation of heteroatom-
doped substrates is essential, and novel synthesis strategies should be explored. Theoretical
calculations and modeling need to be further developed to guide the scale-up synthesis.

(2) Structural characterizations: More efforts should be devoted to fully understanding the 3D
distribution of SACs. In situ characterization techniques need to be explored for more reactions,
with the development of the sample holder, image reconstruction algorithms and equipment
resolution. A facile method for full characterization of SACs is extremely welcome since some
existing equipment resources are still scarce and expensive.

(3) Diversity of the substrates: The substrates used for the synthesis of high metal loading SACs
are mainly confined to carbon-based materials, due to the easy introduction of N, S, and O atoms.
One big issue of carbon-based materials is poor thermal stability at high temperatures, especially
in an oxygen atmosphere. The limitation of substrates also limits the application of SACs. Most of
the reported reactions catalyzed by high metal loading SACs are electrochemical reactions,
because of mild reaction conditions. It would be beneficial to apply high metal loading SACs to
other various catalysis fields if the substrates are more diversified. Metal oxide is a good candidate,
owing to its high thermal stability and conductivity. Few researchers are studying the synthesis of
SACs on metal oxides. Recently, our group reported Fe single atoms deposited on various metal
oxide substrates including multi-walled carbon tubes, TiO2, and SiO> by ALD, but the loading of
Fe single atoms was up to 2 wt.%.¢) ALD could be a good approach to deposit single atoms on
various metal oxides. Still, great endeavor should be devoted to exploring the choice of the
substrates and pre-treatment of supports before loading of SACs, thus enlarging the applications
of the high metal loading SACs.

(4) Construction of suitable active center: A well-designed structure of SACs facilitates the
investigation of the complicated heterogeneous catalytic reactions at the atomic scale. Combining
advanced characterization techniques with theoretical calculation, the active center can be
confirmed. However, most research only focuses on metal species. Attention should also be given
to the role of substrates, since the interaction between single metal atoms and the substrates also

contributes greatly to catalytic performance. Moreover, it is highly desirable to adjust the
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coordination pattern of metal atoms precisely, which can significantly improve the catalytic
activity of SACs.

(5) Reactions under practical conditions: Most of the reactions catalyzed by SACs occur under
ideal conditions, using modeling sources. SACs may exhibit excellent performance under these
conditions. However, impurities or poisonous materials usually exist in practical applications, and
side reactions could exist, undermining selectivity. The adverse impacts of these impurities or
poisonous materials on SACs may be more serious than that on NPs. Therefore, it is necessary to
conduct reactions under real conditions, and to promote the utilizations of SACs in practical
applications.

(6) Broaden applications: Currently, the applications of SACs mainly focus on energy related
reactions, such as CO» conversion to fuels and electrochemical conversion nitrogen to ammonia.
More fields should be explored in order to use SACs to obtain better performance. One promising
field is the usage of SACs in the sensor field. Sensors made from SACs have shown higher
selectivity and sensitivity, shorter response time, and longer lifetime than those made from
NPs.[23+235] Moreover, single atom nanozymes have exhibited similar biocatalytic performance
under harsh conditions, compared to their natural counterparts. Still, the application of SACs is in

infancy. Continuous efforts should be devoted to broadening the applications of SACs.
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This review provides an up-to-date comprehensive overview on fabrication of high metal loading
single atom catalysts (SACs). In situ characterizations contribute greatly to the development of
SACs. The well-defined structure of SACs also facilitates the analysis of the active center, guiding
the design of catalysts from a trial-and-error practice into a reasonable design.
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