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Abstract Itis well known that single-atom catalysts (SACs)
have become a hot topic in the field of catalysis due to their
advantages such as 100% metal atom utilization efficiency,
high catalytic activity and selectivity compared with con-
ventional catalysts and nanocatalysts. However, the isolated
metal atoms on SACs have thermodynamic instability and
tend to agglomerate, which limit their catalytic performance.
Therefore, it is of great significance to synthesize stable and
high-loading single-atom catalysts (HLSACs). In this paper,
we review the research progress of HLSACs from two aspects:
design and application. Firstly, we comprehensively introduce
the synthesis strategies of HLSACs, namely, top-down and
bottom-up methods. Secondly, we overview the application
status of HLSACs in three fields: electrocatalysis, thermal
catalysis and photocatalysis. Finally, we summarize the
development prospects and challenges of HLSACs.

Keywords High-loading single-atom catalysts; Design;
Electrocatalysis; Thermal catalysis; Photocatalysis
1 Introduction

At present, the rapid development of industry has driven
economic growth, improved overall living standards and
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promoted scientific and technological innovation and
technological progress, but it has also brought some
problems, such as environmental pollution and energy
shortage. Catalysts have attracted much attention due to
their application in the environment [1-3], energy [2, 4, 5],
medicine [6, 7] and other fields. Firstly, they can be used to
degrade organic pollutants and reduce harmful gas emis-
sions [8]. Secondly, they can be used to produce clean and
renewable energy [9], such as ethanol, hydrogen, etc.
Additionally, they can optimize energy utilization effi-
ciency, improve battery performance and stability, among
other applications [10, 11]. Nowadays, there are two
common types of catalysts: homogeneous and heteroge-
neous. Homogeneous catalysts have the advantages of fast
reaction rate and easy control of reaction conditions, while
heterogeneous catalysts have the benefits of simple sepa-
ration and recovery and good stability [12]. However, there
are some problems in the application of both types of
catalysts. For example, acid-base catalysts, biological
catalysts and other homogeneous catalysts are difficult to
separate and recover due to their being in the same phase as
the reactants, and their low stability; iron, zeolite, activated
carbon and other heterogeneous catalysts have a slow
reaction rate due to the diffusion resistance encountered
when reacting with the reactants. Single-atom catalysts
(SACs) that combine the advantages of homogeneous and
heterogeneous catalysts have gradually become one of the
focuses of researches [13, 14].

SACs are a type of catalysts in which metal atoms are
dispersed on carriers without metal-metal bonds [15, 16].
They offer unique advantages over traditional nanocata-
lysts, including higher metal utilization rates, lower cat-
alytic costs and improved electronic structures. The
performance of SACs is influenced by factors such as the
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number of active sites, defects, charge leakage and the
interaction between the metal and support. The discovery
and definition of SACs took more than a decade. As early
as 1995, Thomas and co-workers found a catalyst with no
visible nanoparticles, suggesting the presence of isolated Ti
active sites [17]. However, limitations in technology at that
time prevented confirmation at the atomic scale. It was not
until 2011 that Zhang et al. confirmed the existence of
SACs by preparing Pt;/FeO, for CO oxidation and
observing isolated Pt atoms using high-angle annular dark-
field scanning tunneling microscope (HAADF-STEM) and
X-ray absorption fine structure analysis [18]. SACs, with
their high atomic utilization rate, high reaction activity and
good reaction selectivity, are a new type of supported
catalyst with various types including precious and non-
precious metals dispersed on carbon materials, porous
materials, metals or non-metals. Different types of SACs
with excellent catalytic performance have diverse appli-
cations in electrocatalysis, thermal catalysis and
photocatalysis.

The catalytic performance of catalysts is directly related
to the number of active catalytic sites. The greater the
number of active sites, the higher the performance. How-
ever, most SACs have a low loading (less than 1 wt%) in
order to ensure the dispersion of metal atoms, which limits
their effectiveness in practical industrial applications.
Therefore, one way to enhance catalytic performance is
through the synthesis of HLSACs, which can increase the
number of active sites. However, achieving high loading
also presents challenges due to the tendency of metal atoms
to aggregate, caused by their high surface energy and
thermal instability. Consequently, the synthesis of
HLSACs is a challenging task. Nowadays, significant
progress has been made by scientists in achieving high
loading of SACs. Figure 1 illustrates the representative
advancements of HLSACs from 2016 to 2023. For
instance, Yin et al. [19] employed a special pyrolysis
strategy to prepare Co SACs with a loading of over 4 wt%
on nitrogen-doped porous carbon, demonstrating better
performance in oxygen reduction reaction (ORR) than
most catalysts [20, 21]. Han and co-workers [22] used
layered porous carbon as a support to synthesize Mo SACs
for electrocatalytic nitrogen reduction (NRR), achieving a
loading of up to 9.54 wt% and showcasing superior NRR
performance [23-25]. Zhao et al. [26] reported a general
strategy for large-scale production of M-NC SACs with
metal loadings of up to 12.1 wt%. Of note, Fe-NC SAC
and Ni-NC SAC exhibited excellent ORR and CO,
reduction reaction (CO,RR) performance, respectively.
Xiong et al. [27] even achieved metal loading of up to
30 wt% in small batches, laying the foundation for
potential industrial applications. Notably, SAS-Fe had
excellent selectivity (89%) in styrene epoxidation,
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surpassing a Co SAC (71%) with a loading of 3.2 wt%
reported by Bai et al. [28]. Besides, Wang et al. [29] uti-
lized a carbon-based support prepared from graphene
quantum dots to successfully synthesize high-density SACs
with loadings of up to 40 wt% of transition metals. This
carbon-based support contains multiple anchoring sites,
maintaining appropriate distances between metal atoms
and effectively preventing metal aggregation. While there
have been numerious reviews on SACs in recent years,
there is a dearth of the literature specifically focused on
HLSACs. Most exciting reviews solely address individual
aspects and fail to integrate the synthesis strategies and
applications of HLSACs [30, 31].

In this review, we provide a comprehensive summary of
the design strategies and energy catalysis applications of
HLSACs (Fig. 2). The synthesis strategies discussed
include both top-down and bottom-up approaches, with a
focus on various preparation methods for achieving high-
loading catalysts with a loading of more than 1 wt%, such
as the wet chemical method, pyrolysis method, atomic
layer deposition (ALD), electrochemical method and so on.
Furthermore, we review the significant applications of
HLSACs in electrocatalysis, photocatalysis and thermal
catalysis, emphasizing their superior performance com-
pared to homogeneous and heterogeneous catalysts. We
firmly believe that HLSACs offer immense research
potential, with the loading capacity capable of achieving
greater breakthroughs, ultimately leading to even more
excellent catalytic performance.

2 Synthesis strategies of HLSACs

After decades of development, SACs have made significant
progress in synthesis, characterization and application. The
synthesis strategies for SACs can generally be divided into
top-down and bottom-up approaches. The top-down syn-
thesis strategy involves starting with nanoparticles or larger
elements (metals, oxides, etc.) as metal precursors and
converting them into single atoms through pyrolysis or
other conditions. This process breaks down the larger metal
structures into individual atoms, thus achieving high dis-
persity. However, it is less commonly used for HLSACs
synthesis. The bottom-up synthesis strategy is more com-
monly employed for HLSACs synthesis. In this approach,
the metal precursor is adsorbed onto a carrier material and
then anchored at defects or specific sites on the carrier
through various reduction methods, resulting in the for-
mation of SACs [37]. In recent years, significant progress
has been made in the synthesis of HLSACs from both top-
down and bottom-up perspectives. Here, we summarize
some of the prominent methods for synthesizing HLSACs.
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2.1 Top-down strategies for HLSACs

According to the different energy sources used to promote
the decomposition, replacement or reduction of metal
precursors, the synthesis of HLSACs is divided into two
parts: the thermal method and the electrochemical method.

f

&«

2.1.1 Thermochemical methods

At present, important progress has been made in converting
large-particle nanomaterials of metals or metal oxides into
SACs by thermochemical methods. Jones et al. [38] used
high temperature to decompose platinum (Pt) nanoparticles
into single Pt atoms and firmly anchored them onto ceria
nanorods. This approach not only prevented atom re-ag-
gregation, but also enhanced the binding between atoms
and the support, thereby improving the stability of SACs.
Hence, this method is suitable for preparing HLSACs.
Among these methods, the confinement pyrolysis strat-
egy is a thermochemical technique that effectively prevents
atoms aggregation during the preparation of SACs. It
consists of two steps: encapsulation and pyrolysis. Liu
et al. [39] employed this strategy by initially encapsulating
graphene nanosheets onto magnetite using a cross-linked
polymer to create a confined structure. Subsequently, they
pyrolyzed it at high temperature under an inert atmosphere,
resulting in SA Fe/C with a loading of 13.7 wt% (Fig. 3a).
The same method can also be used to prepare Co SACs, Ni
SACs, Mn SACs and other with loadings over 10 wt%.
SACs produced via this method exhibited high activity,
high dispersion and high stability, although they have
certain limitations regarding the choice of support.
Chemical vapor deposition (CVD) is a process that
converts gaseous substances into solid deposits, occurring
in the gas phase or at the gas—solid interface. It is one of the
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Fig. 3 Thermochemical methods for synthesizing HLSACs. a Synthetic process of SA Fe/C. Reproduced with permission from Ref.
[39]. Copyright 2021, Wiley—VCH GmbH. b Reaction mechanism of Pt SAs/DG. Reproduced with permission from Ref. [42]. Copyright
2019, American Chemical Society. ¢ Device diagram and reaction mechanism of Cu-SAs/N—C; d K3-weighted y(k) function of EXAFS
spectra; e Cu K edge X-ray absorption near-edge structure (XANES) spectra. Reproduced with permission from Ref. [43]. Copyright

2018, Nature Publishing Group

general methods for preparing SACs. In the CVD process,
the reactant gas first diffuses to the surface of the substrate,
adsorbs and reacts on it, leading to the formation of solid
deposits [40, 41]. Although CVD method has some dis-
advantages, such as strict application conditions, high-
temperature and -pressure requirements and low efficiency,
it can be employed to prepare HLSACs in top-down syn-
thesis methods. For instance, Qu and colleagues [42] pro-
posed a thermal emitting strategy to convert Pt nets into Pt
atoms supported on defective graphene, as shown in
Fig. 3b. Defective graphene was obtained by heat-treating
graphene oxide at 1100 °C. Due to the strong coordination
effect of ammonia gas generated by the thermal decom-
position of dicyandiamide with Pt atoms, volatile Pt(NHj3),
can be formed and immobilized on the defective graphene
surface, facilitating the loading process. Ultimately, a Pt
SAs/DG catalyst with a loading of 2.1 wt% was obtained.
Li and co-works developed a gas migration method to
obtain Cu single atoms dispersed on nitrogen-doped carbon
(Cu-SAs/N-C), with a loading of 1.26 wt % [43]. The
reaction device and mechanism are depicted in Fig. 3c.
Initially, zeolitic imidazolate framework-8 (ZIF-8) was
pyrolyzed in an inert argon gas environment to generate a
carrier material with abundant defect sites. Subsequently,
ammonia gas was introduced to extract copper atoms from
bulk copper foam, forming volatile Cu(NHj),. Finally,
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Cu(NH3), was captured by the nitrogen-rich carbon carrier
defects. Extended X-ray absorption fine structure (EXAFS)
analysis (Fig. 3d) and X-ray absorption near-edge structure
(XANES) spectrum (Fig. 3e) confirmed that the coordina-
tion environment of the catalysts involved one Cu atom
with four nitrogen coordination to it. It is evident that
ammonia gas plays a crucial role in the CVD-assisted
synthesis method by selectively extracting metal atoms
from the source at high temperature and immobilizing them
onto the defects of the carrier.

2.1.2 Electrochemical methods

Electrochemical synthesis methods have been widely used in
the preparation of nanocatalysts due to their advantages such
as simplicity, mild reaction conditions, and easy control over
catalyst morphology and composition (by controlling tem-
perature, current, voltage, electrolyte, etc.). Various elec-
trochemical techniques, including -electrodeposition,
cathodic corrosion, electrochemical dealloying, galvanic
replacement, electrochemical exfoliation and electrochem-
ical modification, have been employed for the synthesis of
HLSACs [44]. Electrochemical methods can achieve the
dispersion and stabilization of atoms by selecting relevant
parameters, avoiding the reaggregation and loss of atoms.
There have reports of using electrochemical methods to
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prepare HLSACs. One example is the electrodeposition
method used by Zhang and co-works [45] to prepare Pt SA-
NT-NF catalyst with a loading of 1.76 wt% Pt atoms dis-
persed on the surface of CoP-based nanotube arrays NF. The
synthesis process is illustrated in Fig. 4a. A three-electrode
electrolytic cell was utilized, with a phosphate buffer solu-
tion as the electrolyte (pH = 7.2), Pt foil as the counter
electrode, saturated calomel electrode as the reference
electrode and the carrier of the SACs as the working elec-
trode. After cycling the potential for 5000 times, the Pt SA-
NT-NF catalyst was obtained. The hydrogen evolution
reaction (HER) performance of the catalyst remained
stable even after 7500 and 10,000 cycles (Fig. 4b). Aberra-
tion-corrected scanning tunneling electron microscopy (AC-
TEM) images revealed that Pt was distributed on the carrier
in the form of atomic dispersion (Fig. 4c, d). X-ray diffrac-
tion (XRD) (Fig. 4e) and X-ray photoelectron spectroscopy
(XPS) (Fig. 4f) analyses demonstrated the absence of
diffraction peaks corresponding to Pt crystals or Pty, indi-
cating that Pt in Pt SA-NT-NF existed solely as single atoms
without Pt grains. The resulting Pt SAC electrode exhibited a
large area, binder-free characteristics and excellent perfor-
mance, providing a feasible method for synthesizing Pt SAC
electrodes with similar requirements and holding broad
application prospects.

The dangling bond trapping strategy is a top-down
approach that can be used to prepare high metal loading
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SACs, which is an effective means besides thermal and
electrochemical methods. The strategy employs the use of
dangling bonds on the surface of a carbon material carrier
to trap metal atoms, which are then pulled out of the metal
foam by ultrasonic waves, resulting in catalysts with sin-
gle-atom sites. Qu et al. [46] used this strategy to transform
bulk Fe metal foam into high-density SACs with a Fe
loading of 6.7 wt% at room temperature. The synthesis
method involved adjusting the oxygen—iron bonding at the
interface between graphene oxide and metal foam.
Specifically, they mixed graphene oxide slurry with Fe
metal foam and dried it at room temperature. Due to the
close contact between graphene oxide and iron, charge
transfer occurred, generating abundant Fe’* (0 <6 <3)
species, which can form coordination bonds with dangling
bonds. Finally, through ultrasonic waves, iron atoms were
separated from the metal foam and formed Fe SAs/GO.
This strategy exhibits broad applicability, a simple prepa-
ration process, and holds promising applications in
industry.

2.2 Bottom-up strategies for HLSACs

Bottom-up synthesis strategies have been widely used in
HLSACS, including impregnation, coprecipitation, chemi-
cal vapor deposition, atomic layer deposition, etc.
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Fig. 4 Electrochemical methods for synthesizing HLSACs: a synthetic process of Pt SA-NT-NF; b HER polarization curves after
performing different cycles on surface coming with CoP-based nanorods or nanoarrays NF; ¢ AR HAADF image of Pt SA-NT-NF;
d electron diffraction diagram of NTs; e XRD pattern of Pt SA-NT-NF and f XPS spectra of Pt SA-NT-NF and commercial 20 wt% Pt/C.
Reproduced with permission from Ref. [45]. Copyright 2017, Wiley—VCH GmbH
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2.2.1 Wet chemical methods

The wet chemical method is a technique that uses liquid
solution to treat solid materials, allowing for various pur-
poses such as etching and preparation [47]. In the prepa-
ration of SACs, wet chemical method is one of the earliest
and most commonly used methods, which includes co-
precipitation, impregnation and ion exchange, among oth-
ers. This method mainly forms isolated metal sites on the
surface of the carrier through sequential steps such as
precipitation, reduction, activation and more. And it is
simple to operate and enables the mass production and
scale-up preparation of catalysts. Additionally, the metal
loading and dispersion of SACs can be adjusted by
changing the conditions within the solution.

In recent years, the wet chemical method has been
widely used by researchers for the preparation of HLSACs.
These methods have demonstrated universality and appli-
cability to various metals, enabling kilogram-level pro-
duction. For example, Hai et al. [48] proposed a general
method that combined impregnation and two-step anneal-
ing. They successfully synthesized 15 different HLSACs
with various metals, achieving a maximum loading of up to
23 wt%. The preparation process is shown in Fig. Sa.

Firstly, the metal precursor was loaded on the carrier as
much as possible. Then, the first annealing step was per-
formed at a temperature lower than the decomposition
temperature of the metal precursor. This step aims to
remove some ligands, prevents nanoparticles formation and
maintains the desired properties. Subsequently, the unan-
chored metal was washed away, followed by a second
annealing to completely eliminate the remaining ligands,
resulting in the formation of HLSACs. To illustrate the
formation process of the catalysts, the authors analyzed the
crucial species involved using techniques such as EXAFS
(Fig. 5f) and XPS (Fig. 5g). In addition, they employed
density functional theory (DFT) calculations (Fig. 5h)
based on the determined atomic structure to demonstrate
that the catalysts formation involved two endothermic and
one spontaneous process. This further validates the neces-
sity of using two-step annealing approach. Moreover,
Kunwar et al. [49] prepared a single-atom Pt catalyst (Pt/
CeO,) by impregnating 3 wt% Pt onto a high surface area
commercial ceria support. The catalyst exhibited excep-
tional thermal stability as the CeO, support prevented Pt
atoms from clustering. When the Pt atoms were oxidized to
PtO,, they formed stable interactions with the Ccet
reduced from CeO,.
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The ion exchange method is another method used for the
preparation of HLSACs. This method involves utilizing ion
exchange resin as a carrier, where a metal precursor solu-
tion is mixed with the resin. The metal is loaded onto the
resin, and SACs are obtained by decomposing the metal
precursors into single atoms through annealing after
undergoing washing, drying and other necessary steps.
Zhang’s group, for example, utilized iron-based ion
exchange resin as a carrier to obtain Pt;/FeO, SACs [18].
This method allows for the achievement of uniform dis-
tribution and high dispersion of metals. Moreover, the
metal loading and dispersion can be adjusted by controlling
the conditions, making it suitable for the preparation of
HLSAC:S.

In another study, Shen et al. [50] employed the ion
exchange method to prepare SACs with a high Pt metal
loading of 24.8 wt% (h-Pt;-CuS,), using hollow CuS, as
the carrier. The structural changes occurring during the
catalyst preparation process are illustrated in Fig. 5b.
Through energy-dispersive X-ray spectroscopy (EDS)
mapping, it could be observed that the Pt, S and Cu ele-
ments were uniformly distributed in h-Pt;-CuS, (Fig. 5c).
The catalyst exhibited a hollow structure (Fig. 5d), and Pt
atoms were abundantly present on the surface of the carrier
in an isolated state, as observed through AC-HAADF-
STEM imaging (Fig. Se).

2.2.2 Atomic layer deposition (ALD)

ALD is a chemical vapor deposition method that enables
the production of dense, uniform and high-quality films. It
operates by utilizing alternating pulses of different pre-
cursor chemicals and inert gas purge processes, allowing
for precise control over the thickness and composition of
deposited single atoms and nanoclusters [51, 52]. Com-
pared to other deposition methods such as chemical vapor
deposition (CVD) and physical vapor deposition (PVD),
ALD offers several advantages in the synthesis of single-
atoms synthesis process. ALD can effectively prevent atom
aggregation, defects and other issues that may arise during
the synthesis of single atoms. This method enables precise
control over the position and number of metal atoms,
leading to highly controllable and reproducible results.
The use of ALD in the preparation of SACs has
demonstrated promising results. Sun et al. [53] were pio-
neers in applying the ALD method to load Pt atoms onto
graphene nanosheets, resulting in SACs with excellent
catalytic activity. Researchers have further advanced the
ALD process to prepare HLSACs. For instance, Yan et al.
[54] utilized graphene as the carrier and precisely con-
trolled the density of Co single atoms loaded on it by
adjusting the number of ALD cycles, achieving a loading
of 2.5 wt%. To optimize the ALD process, they

aQ

incorporated O3 treatment during the cycle process
(Fig. 6a). By oxidizing graphene at high temperature,
uniform epoxy functional groups were generated, provid-
ing anchoring points to enhance Co loading. Simultane-
ously, this treatment removed the ligands from the
precursor. As the number of ALD cycle increased, the Co
loading also increased (Fig. 6c). However, even at a
loading as high as 2.5 wt%, Co still remained in an
atomically dispersed form. To investigate the local chem-
ical environment of Co atoms, electron energy loss spec-
troscopy (EELS) measurement was conducted. These
measurements revealed that oxygen atoms acted as anchors
for the Co single atoms on graphene, confirming the
presence of Co—O bonds (Fig. 6d). X-ray absorption fine
structure spectroscopy (XAFS) (Fig. 6b) was used to ana-
lyze Co;/G SACs with different loadings, and results
indicated that Co was in an oxidized state. The atomic
structure of Co;/G SACs was elucidated through DFT
calculations and other techniques. It was found that SACs
consisted of a single cobalt atom coordinated with two
interface oxygen atoms and four carbon atoms. These
findings provide valuable insights into the atomic structure
and coordination environment of Co in graphene-based
SACs.

2.2.3 Pyrolysis

Pyrolysis is a widely used method for preparing SACs. The
process involves coordinating metal precursors with car-
bon-based materials or metal-organic framework materi-
als, as well as other supports. Metal atoms are then
anchored on the surface of the support and subjected to
pyrolysis in a high-temperature inert atmosphere. This
transformation converts the metal precursors into single
atoms while removing organic ligands and impurities,
resulting in the formation of SACs. The method is known
for its simplicity, efficiency, low cost and suitability for
mass production. It also offers versatility and tunability,
allowing the preparation of various types of SACs with
different properties. Additionally, pyrolysis enables the
production of SACs with high-loading and high-dispersion
capabilities.

Pyrolysis is also commonly employed in the synthesis of
high-loading transition metal SACs. For example, Wei
et al. [55] used the “pre-adsorption-anchoring-pyrolysis”
method to prepare Zn-N3;O SACs with a loading capacity
of up to 11.34 wt%. These SACs exhibited an asymmetric
coordination structure of Zn-N3O active sites. The syn-
thesis process is illustrated in Fig. 7d. Initially, polypyrrole
(PPy) nanowires were prepared through an improved
chemical oxidative polymerization method. Subsequently,
PPy was mixed and dried with Zn(NOj3),-6H,O and
2-methylimidazole to obtain Z-PPy. Finally, Z-PPy was
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calcined at 600 °C for 3 h under an inert atmosphere,
followed by acid-washing, water-washing and drying to
obtain Zn-N3O SAC. Similarly, Mehmood et al. and Zhao
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et al. achieved the synthesis of high-loading Fe-NC SACs
with loadings of 7 wt% and 12.1 wt% by pyrolysis. In their
approach, Mehmood et al. [35] pyrolyzed ZIF-8 at 900 °C
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in an N, atmosphere to obtain Zn-NC containing a large
number of Zn-N, sites. They then etched away Zn using
acid, refluxed in ferric chloride for ion exchange to obtain
Fe—N and finally activated it at high temperature to obtain
Fe-NC SAC. However, the scalability of this method is
somewhat limited due to the acid etching process. Zhao
et al. [26] used a cascade anchoring strategy to produce
high-loading single atoms. Glucose was used as a chelating
agent, playing a dual protective role in the synthesis pro-
cess of the catalyst (Fig. 7c). First, glucose chelated with
the metal ions, effectively isolating them. Secondly, excess
glucose bound to the surface of a nitrogen-rich porous
carbon carrier, physically isolating the metal complexes.
The metal ions and chelating agent were then mixed with
melamine and subjected to pyrolysis, isolating the metal
complexes. The metal ions and chelating agent were then
mixed with melamine and subjected to pyrolysis, resulting
in the formation of Fe-NC SACs. In this preparation pro-
cess, high-temperature pyrolysis is necessary. Therefore,
the stability of high-loading single atoms strongly depends
on the strong binding force between the Fe single atoms
and N atoms. This method can also be applied to prepare
other high-loading SACs such as Mn, Co, Mo, Cu, etc.
Kumar et al. and Zhang et al. also utilized pyrolysis to
prepare high-loading Co SACs using nitrogen-doped car-
bon as the carrier. Among them, Kumar et al. [36]
employed a macromolecule-assisted strategy to synthesize
high-density Co single-atom sites in a pyridine-rich
n-graphite network. They used CoPc and melem mono-
mers, as depicted in Fig. 7a. Zhang et al. [56] employed a
self-sacrificial template strategy to obtain Co SAs/
AC@NG. The graphitic carbon nitride template was
obtained through the pyrolysis of dicyandiamide, which
provided abundant anchoring sites capable of effectively
capturing Co single atoms and clusters (Fig. 7b). Both
methods successfully prepared Co SACs with loadings
exceeding 10 wt%.

2.2.4 Other methods

In the bottom-up strategies for the preparation of HLSACs,
in addition to the wet chemistry, ALD and pyrolysis
methods described above, we will introduce other methods
in this section. The laser planting strategy is indeed a novel
and innovative method for preparing SACs. It utilizes laser
pulses to create defects on various substrates, decompose
metal precursors into metal atoms and fix them onto the
substrate to form high-loading single atoms. This approach
offers several advantages such as being mild, environ-
mentally friendly, universal, portable, precise and efficient.
One key advantage of the laser planting strategy is that it
does not require the use of chemical reagents or high
temperatures, making it a versatile method suitable for
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various metals and substrates. By adjusting the laser
parameters, precise control over the deposition of single
atoms can be achieved. Furthermore, this method can
achieve high loadings of single atoms, surpassing what
other methods can achieve. Researchers, as example by
Wang and co-workers [57], have successfully used this
method to prepare Pt SACs with a loading of up to
41.8 wt% on graphene quantum dots (GQDs). In their
study, the sample underwent instantaneous and nanosec-
ond-long heating during the preparation process, followed
by rapid quenching in liquid hexane. The result (Fig. 8a)
demonstrates that different laser frequencies lead to vary-
ing morphologies of metal deposition, specifically single
atoms at high frequency, clusters at medium frequency and
nanoparticles at low frequency. The effectiveness of the
laser planting method in preventing atom aggregation and
migration lies in its ability to create vacancy defects on the
substrate surface using laser pulses, thus anchoring single
atoms. This method exhibits broad applicability, and
researchers have proposed a rule for designing high cat-
alytically active catalysts based on theoretical and experi-
mental studies. The rule suggests that the closer the
distribution of each metal atom in the catalyst aligns with
the distribution of the corresponding metal catalytic per-
formance in the electrocatalytic volcano diagram, the better
performance of the catalyst. Overall, the laser planting
strategy offers a promising and versatile approach for
preparing SACs with high loadings of single atoms. It
combines the advantages of being environmentally
friendly, efficient and capable of precise control, making it
an exciting avenue for catalyst design and development.
One of the keys to obtaining SACs with high metal
loading but no metal atoms aggregation is to find suit-
able carriers that provide enough anchoring points for the
atoms. Metal-organic frameworks (MOFs) are porous
crystalline materials obtained by coordinating metals or
metal clusters with organic ligands [58]. The morphology
and structure of MOFs can be tuned by selecting different
metal centers and organic ligands. It can be divided into
MOFs with a similar zeolite pore structure, namely, ZIF-8;
MOFs with a high specific surface area and pore volume,
namely, leviathan framework materials (MILs); MOFs
with a topological structure, namely, network metal and
organic framework materials (IRMOFs) and MOFs with a
pore type structure and three-dimensional (3D) orthogonal
channels, namely, pore-channel type framework materials
(PCNs). MOFs with high specific surface area and easy
functionalization are important supports and sacrificial
precursor templates for preparing HLSACs [59]. Most
previous studies have focused on bulk MOFs. For example,
Li et al. [19] synthesized Co Sas/N-C by in situ pyrolysis
of MOF (zeolite-like structure). Zuo et al. [60] reported a
new surfactant-stabilized coordination strategy that loaded
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a high concentration of Pt atoms onto the ultra-thin two-
dimensional (D) MOF nanosheets, resulting in Pt SA-
MNSs with a loading of 12.0 wt%. The schematic dia-
gram of the synthesis is shown in Fig. 8b, which is dif-
ferent from many SACs preparation methods in that Pt
atoms are coordinated before the formation of MOF. The
authors used Cu,(COQO), as the metal center and PtIl
tetra(4-carboxyphenyl) porphyrin (Pt TCPP) as the
organic ligand to synthesize 2D MOF with a large number
of active sites, and finally obtained Pt SA-MNSs. The
carrier was observed to be sheet-like and almost trans-
parent by transmission electron microscopy (TEM), and
the thickness of the nanosheets was about 2.4 nm by
atomic force microscopy (AFM) analysis (Fig. 8c), indi-
cating that the synthesized MOF was ultra-thin sheet-like.
The lattice stripes on the MOF observed by high-resolu-
tion transmission electron microscopy (HRTEM) (Fig. 8d)
were consistent with XRD analysis results, proving that it
was crystalline. And EDS analysis (Fig. 8¢) showed that
C, N, O, Cu and Pt were evenly distributed on the
catalyst.

3 Application of HLSACs

HLSACS, with their high metal utilization, multiple active
sites and high catalytic activity, find wide-ranging appli-
cations in fields such as batteries, environment production
and the chemical industry. In this section, we will elaborate
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on the application of HLSACS in electrocatalysis, thermal
catalysis and photocatalysis.

3.1 Electrocatalysis

Electrocatalysis is a process that uses electricity to drive
chemical reactions, enabling sustainable energy utilization
and the preparation of high-value-added products. In
electrocatalytic reactions, CO,, H,O, N,, O, and other raw
materials can be converted into fuels and value-added
chemicals, such as methanol, ammonia, ethanol, acetic
acid, etc. The efficiency of electrocatalysis is affected by
various factors, including the quality of the electrode
materials, the composition of the electrolyte solutions, the
nature of the catalysts and parameters related to the elec-
trochemical structure of reactor, current density and stirring
speed. The catalyst, among these factors, is a key compo-
nent that plays a critical role in improving reaction effi-
ciency and stability.

3.1.1 Oxygen reduction reaction (ORR)

ORR is a process where oxygen gas is reduced to water or
hydrogen peroxide on the surface of an electrode. The
mechanism and pathways of ORR differ in alkaline and
acidic environments [61, 62]. In alkaline environment,
ORR can proceed through four-electron or two-electron
ways. The reaction equation for the four-electron pathway
is: O, + 2H,0O + 4e~ — 40H"; the reaction equation for

a




4854

Z.-W. Deng et al.

the two-electron pathway is: O, 4+ 2H,O + 2e~ — 2
H,0,. In an acidic environment, ORR only follows the
four-electron pathway, and the reaction equation is:
O, + 4H" + 4e~ — 2H,0. The three key intermediates
in ORR are *O, *OOH and *OH, which play different roles
in the two-electron and four-electron pathways. In the two-
electron pathway, the catalyst should have a moderate
adsorption strength for *OOH. In the four-electron path-
way, the ratio of the three intermediates affects the reaction
rate, and the rate-determining step changes with the
adsorption strength of the catalyst for these intermediates.
If the catalyst has a strong adsorption for *OH, then *OH
reduction becomes the rate-determining step; if the catalyst
has a weak adsorption for *OH, then O, activation or O,
reduction to form *OOH becomes the rate-determining
step [63]. The reaction mechanism can be classified into
dissociation and association types. Due to its ability to
convert chemical energy into electrical energy and its
pollution-free reaction products, ORR holds significant
application value in the fields of fuel cells, metal—air bat-
teries and electrochemical synthesis. In recent years,
remarkable progress has been made in the research on
high-loading single-atom electrocatalysis of ORR [64—66].

Metal-air batteries are a type of fuel cell that generates
electricity through the oxidation-reduction reaction
between metal and oxygen. This includes various types
such as aluminum-air batteries, magnesium—air batteries,
zinc—air batteries and lithium—air batteries. Among them,
zinc—air batteries have gained attention due to their high-
energy density, low cost and stability. Zhang et al. [56]
reported a Coyy SAS/AC@NG catalyst for zinc—air batter-
ies. This catalyst consists of porous nitrogen-doped gra-
phene as the carrier, with a large number of Co single
atoms and a small number of Co clusters loaded on the
surface, achieving a loading of up to 14.0 wt%. The cata-
lyst exhibited excellent kinetic for the ORR in an alkaline
environment. It had a half-wave potential (E;/,) of 0.890 V,
a kinetic current density (J;) of 27.64 mA-cm > (Fig. 9e)
and a Tafel slope of 90 mV-dec ™' (Fig. 9e, f). The authors
analyzed the high ORR activity of the catalyst using DFT
calculation and found that it was attributed to both the Co
single-atom sites and the Co AC/NC sites (Fig. 9g).
Additionally, the catalyst demonstrated a high-energy
density of up to 221 mW-cm ™2 in zinc—air batteries. In
contrast, Zhou et al. [67] prepared a Fe-SACs supported by
N, S and fluorine (F) -co-doped porous graphitized carbon
(Fe-SA-NSFC) catalyst with a higher loading amount
(15.3 wt%) and better stability (Fig. 9b). The -catalyst
achieved a maximum power density of 247.7 mW-cm 2 in
zinc—air electrode (Fig. 9a). Figure 9c shows the four-
electron ORR process of the catalyst in alkaline environ-
ment. The catalyst utilizes NSFC as the carrier and
enhances the thermodynamic driving force of ORR through
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S and F doping, as demonstrated by the free energy dia-
gram (Fig. 9d). Compared with N-doped carbon (NC) and
S- and N-co-doped carbon (NSC), the catalyst after S, F
doping exhibits more favorable conditions for ORR.

Fuel cells are electrochemical devices that directly con-
vert the chemical energy of a fuel into electrical energy,
providing benefits such as high efficiency and low pollution.
There are various types of fuel cells, including proton
exchange membrane fuel cells (PEMFC), solid oxide fuel
cells (SOFC) and anion exchange membrane fuel cells
(AEMFCs). In fuel cells, efficient catalysts play a key role in
promoting the ORR. Fe—-N-C SACs are non-precious metal
catalysts known for their good ORR activity. However, they
are often poisoned by H,0O, generated during the reaction
process, preventing ORR from being a complete 4e™ pro-
cess. To address this challenge, Cao et al. [68] developed a
Fe-Mn-N-C dual-atom catalyst (DACs) by pyrolysis
method. This catalyst featured a FeNy-MnNj; dual-site
structure on its surface with Fe and Mn content of 2.8 wt%
and 1.46 wt%, respectively. Mechanism calculations by the
authors showed that the Fe—-Mn dual-site effectively sup-
pressed 2e~ ORR and promoted 4¢~ ORR by adsorbing
oxygen in *OOH. Based on this catalyst, both PEMFC and
AEMFCs showed excellent performance, achieving peak
power densities of 1.048 and 1.321 W-cm ™2, respectively.

3.1.2 Nitrogen reduction reaction (NRR)

Electrocatalytic nitrogen reduction is the process of con-
verting nitrogen and water into ammonia using electricity.
It offers a green and environmentally friendly approach to
ammonia synthesis. The reaction pathways for electrocat-
alytic nitrogen reduction differ in alkaline and acidic
environments. In alkaline environment, the pathway is:
N, + 6H,O + 6e~ — 2NH; + 60H; while in acidic
conditions, it is: N, + 6H" + 6e~ — 2NH;. However,
electrocatalytic nitrogen reduction faces challenges such as
the inertness of N,, high activation potential barrier, low
solubility and competition from the hydrogen evolution
reaction (HER). SACs have emerged as promising candi-
dates for improving the kinetics of the nitrogen reduction
reaction due to their unique advantages [69, 70].
HLSACs with carbon materials as carriers have shown
excellent performance in electrocatalytic NRR. For exam-
ple, Rh SA/GDY, Ru SA/GDY and Co SA/GDY with
loading amounts of noble metals ranging from 12.08 wt%
to 15.31 wt% were prepared and applied to NRR [71]. Rh
SA/GDY effectively suppressed HER and enhanced NRR
activity, achieving a high NHj; production rate of
74.15 pg-h~'-cm ™2 under pressurized conditions. Non-no-
ble metal HLSACs have also been explored for NRR. Zang
et al. [72] developed a Cu SAC with atomic dispersion,
with a loading of 5.31 wt%. Cu SAC loading on porous
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carbon materials, demonstrated pH universality and con-
tinuous operation for 12 h. The NH; production rates were
53.3 ugNHyh_l-mgcat_1 in alkaline conditions and
49.3 ugNH3-h_1 mgcat_1 in acidic conditions. Mo single
atoms anchored on nitrogen-doped porous carbon (SA-Mo/
NPC) exhibited high Faraday efficiency of 14.6% £ 1.6%
and high NH; yield of (34.0 + 3.6) pgnus-h™ ' mgey "
when used for NRR [22]. Regarding the reaction mecha-
nism of NRR, researchers have investigated various cata-
lysts. For example, Fe,/VS, catalyst with a Fe coverage of
11.1% demonstrated different hydrogenation pathways:
distal, alternating and enzymatic [73]. By conducting DFT
calculations, a hybrid mechanism called the distal-alter-
nating mechanism was proposed based on the distal-en-
zymatic reaction pathway (Fig. 10a—d). This mechanism
exhibited a low overpotential of only 0.35 V.

3.1.3 CO, reduction reaction (CO.RR)

CO,RR refers to the process of converting CO, into single-
carbon (CO, CH;0H) [74-76] or multi-carbon
(CH5CH,OH, CH;COOH, C,H;) chemicals and fuels
[77-79] under the action of electricity. This process can
reduce the pressure of carbon emissions and has wide
applications in industry and energy [80, 81]. The products
of CO,RR are diverse, and here are some common equa-
tions of carbon dioxide reduction reactions: (1) CO, +
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e” —» CO+ OH; (2) CO, + H" + e~ — HCOOH; (3)
CO, + 6H" + 6e~ — CH;0H + H,O and (4) 2CO, +
12H" + 12¢~ - C,H, + 4H,0. Different reduction
products have different energy requirements, so we need to
find electrocatalysts for CO,RR that have high efficiency,
selectivity, stability and performance.

HLSACs have great potential for improving the activity
and selectivity of electrocatalytic reduction of CO,. Cur-
rently, Ni SACs, as inexpensive and tunable SAC, can
activate CO, and exhibit excellent CO,RR performance
with respect to CO. This has been widely studied. For
example, Hai et al. [48] prepared Ni;/NC through a two-
step annealing method. This catalyst could electrocatalyt-
ically reduce CO, to CO. The catalyst had a particularly
high loading, with a Ni loading amount of 16.3 wt%.
Compared with the low-density Ni;/NC, this increased in
loading leads to an increase in active sites, resulting in a
significant increase in CO current density. Yang et al. [82]
used a high-temperature pyrolysis method to load Ni, Mn,
Fe, Co, Cr, Cu, Zn, Ru and Pt atoms on carbon materials.
Among them, they obtained Ni-SAC with a loading amount
of 2.5 wt%, which exhibited high stability and excellent
CO,RR performance with respect to CO, with a Faraday
efficiency of up to 99% at — 1.2 V. M-N,C, SACs had
excellent catalytic performance in CO,RR due to their
stable coordination environment and enhanced interaction
between metal atoms and the carriers. Liu et al. [83]
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reported a metal pre-buried strategy that could achieve both
high loading and prevent the aggregation of metal atoms.
The authors prepared Ni-NC-50 with a loading amount of
9.15 wt%. Through the analysis of X-ray fine structure
spectroscopy experiments, it could be observed that the
coordination structure of the catalyst was asymmetric
(Fig. 11a). Moreover, the combination with XPS (Fig. 11b)
allowed us to conclude that Ni sites existed in the form of
atomic dispersion, a conclusion further supported by the
WT k’-weighted EXAFS spectra (Fig. 11c). In addition,
Ni-NC-50 exhibited the highest charge transfer efficiency
(Fig. 11e) and CO selectivity among the different loading
amounts of Ni-NC. FEco was maintained at over 90% and
could reach up to 98.7% (Fig. 11d).

CO,RR is also an effective method to prepare high-
value-added products using HLSAC. Cu-based catalysts
have shown excellent performance in CO,RR, particularly
for the selectivity of C2 products. However, synthesizing
single-atom Cu-based catalysts with good C-C coupling
reaction is challenging as it requires multiple adjacent Cu
sites [84]. However, Fontecave’s team was able to suc-
cessfully prepare a Cu—N—C catayst using a combination of
ball milling and pyrolysis, with stable Cu—N, active sites
that could effectively electrocatalyze CO, to ethanol, with
a maximum FE of 43% [85]. This achievement opens up
new possibilities for preparing diversified C2 products
using single-atom Cu-based catalysts. Though it is still a
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challenge to synthesize high-value-added products other
than CO using HLSAC, Cu-based catalysts have good
selectivity for hydrocarbons and alcohols. With further
structural adjustments, it is possible to achieve various C2
products in the future.

3.1.4 OER

Oxygen evolution reaction (OER) is the process of con-
verting water molecules or hydroxide ions into oxygen gas
by using electric energy. It is an important reaction step in
water electrolysis systems, rechargeable metal—air batter-
ies, etc. [86, 87]. The reaction occurs through four electron
transfers, with different equations in acidic and alkaline
environments. In acidic conditions, the reaction equation
is: 2H,O — O, + 4H' + 4e~; while in alkaline condi-
tions, it is: 4OH™ — O, + 2H,O + 4e™. OER can pro-
ceed through two possible mechanisms: adsorbate
evolution mechanism (AEM) and lattice oxygen-mediated
mechanism (LOM), involving the formation of oxygen
intermediates such as O*, HO* and HOO*.

Efficient and stable catalysts are crucial in reducing the
overpotential of OER and improving water electrolysis for
hydrogen production [88, 89]. At present, HLSACs have
made important progress in enhancing OER performance.
For instance, Kumar and co-workers [36] reported a high-
density Co SAC with a loading amount of 10.6 wt% for
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OER. The catalyst consisted of atomically dispersed Co
atoms supported on a high-porosity carbon network rich in
N. As shown in Fig. 12a, the Co SAC exhibited a lower
overpotential of 351 mV than commercial catalysts in
1 mol-L™" KOH solution. It also demonstrated a high mass
activity of 2209 mA-mgCo_1 at 1.65 V/0.37 s~ (Fig. 12b)
and excellent stability (Fig. 12c). To understand the cat-
alytic mechanism, the authors utilized operando X-ray
absorption spectroscopy (XAS) analysis and observed the
formation of an active intermediate, Co—O, which accel-
erated the OER kinetics (Fig. 12d and e). Additionally,
DFT calculations revealed that the Co-N, coordination
structure exhibited small energy changes and facilitated
electron transport, contributing to its excellent OER per-
formance (Fig. 12f). Overall, these findings highlighted the
significant progress made by HLSACs in enhancing the
efficiency of OER and the importance of selecting efficient,
stable and selective catalysts to reduce overpotential.

3.2 Thermocatalysis

Thermal catalysis is an important area of research that
focuses on using catalysts to facilitate chemical reactions
under the influence of heat. The aim is to lower the acti-
vation energy, enhance reaction rates and improve selec-
tivity. Developing catalysts with exceptional catalytic

Rare Met. (2024) 43(10):4844-4866

performance is crucial in achieving these goals. HLSACs
have shown great potential in thermal catalysis applica-
tions, including catalytic oxidation and selective
hydrogenation.

Catalytic oxidation reactions involve the introduction of
oxygen atoms into organic or inorganic compounds using
catalysts in the presence of oxygen or other oxidizing
agents. This process leads to the production of valuable
chemicals or environmentally friendly products [90-92].
Olefin epoxidation, for instance, plays a significant role in
organic synthesis and pharmaceutical industries. It involves
incorporating oxygen atoms into the double bonds of ole-
fins to obtain important intermediates. Compared to tradi-
tional olefin epoxidation catalysts, HLSACs offer
advantages such as higher efficiency, improved stability
and environmental friendliness. For example, Xiong et al.
[27] developed a catalyst consisting of 30 wt% Fe single-
atom sites (SAS-Fe) for the epoxidation of styrene. This
catalyst achieved a yield of 64% and a selectivity of 89%
toward styrene oxide. The use of SAS-Fe led to higher
selectivity for styrene oxidation than that of benzaldehyde.
Another study conducted by Jin et al. [93] investigated the
effect of different loading of Co SACs (range from 5.4 wt%
to 21.2 wt%) on olefin epoxidation, specifically trans-stil-
bene epoxidation. The AC HAADF-STEM images of Co
SAC with 21.2 wt% load are shown in Fig. 13a, where Co
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atoms were densely distributed but isolated. And from
Fig. 13D, it could be seen that higher Co loading resulted in
improved catalytic activity. With Co SACs at 21.2 wt%
loading, the conversion rate of reactants reached close to
100% within 1 h. The catalytic mechanism was also
studied, and DFT calculations revealed a positive correla-
tion between the activation of O, molecules and trans-
stilbene with the charge density of Co single atoms
(Fig. 13c and d). These examples demonstrate the potential
of HLSACs in catalytic oxidation reactions and highlight
their superior performance compared to conventional cat-
alysts. Such advancements provide valuable insights into
optimizing catalytic processes and furthering the develop-
ment of thermal catalysis.

Selective hydrogenation is a process that involves
reducing organic compounds containing reducible func-
tional groups to produce target products with significant
applications in several fields, such as petrochemicals. The
selection of catalysts for this reaction is crucial, and SACs
have garnered significant attention due to their high activity
and selectivity [94]. For example, Yan et al. [54] prepared
Co;/G SACs with high activity and selectivity for
nitroaromatic hydrogenation using graphene as a support
material. The metal loading of this catalyst was 5 wt%. The
active center of the catalyst was positively charged Co—O-
C, which had weak adsorption to diazo compounds,

Q

resulting in incomplete hydrogenation of the products. Li
et al. [95] synthesized Pd SACs with a load of 5.6 wt% and
a bamboo-like structure, which demonstrated good con-
version rate and selectivity in the semi-hydrogenation of
phenylacetylene. This catalyst possessed a three-layer
porous structure, with the main channel comprised of
hollow nanofibers, and numerous parallel and vertical
secondary channels presented between the nanofibers and
on the fiber walls, as well as micropores distributed on the
channel surface. This complex structure provided the cat-
alyst with a high specific surface area and porosity, facil-
itating the loading of single atoms and full exposure of
active sites, thereby improving its catalytic performance.

3.3 Photocatalysis

Photocatalysis is a process that uses light energy to induce
chemical reactions, including the decomposition of organic
pollutants, CO,, water to produce harmless or valuable
chemicals. The photocatalyst is a crucial component that
converts light energy into charge carriers, promoting redox
reactions. SACs have demonstrated remarkable perfor-
mance in various photocatalytic reactions, including water
splitting [96-98], nitrogen fixation [99, 100], owing to their
ability to enhance the charge utilization efficiency, activity
and selectivity of processes [101, 102].

Rare Met. (2024) 43(10):4844-4866
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HLSACs bound with MOFs and carbon-based materials
as carriers have been developed for use in photocatalysis.
MOFs are excellent support materials that cooperate with
densely distributed metal single atoms to demonstrate
outstanding performance in photocatalytic hydrogen pro-
duction [103, 104]. Fang et al. [105] successfully used an
aluminum-based porphyrin MOF as a support material
probably for the first time, confining Pt single atoms to
create  Al-TCPP-Pt SACs with hydrogen production

Rare Met. (2024) 43(10):4844-4866

Reproduced with permission from Ref. [93].

activity superior to that of AI-TCPP-Pt NPs, despite having
only 0.07 wt% of Pt loading. Similarly, Zuo et al. [60]
utilized 2D ultra-thin MOF nanosheets as carriers to syn-
thesize PtSA-MNSs with a loading amount of 12.0 wt%
through a coordination stabilization strategy. As depicted
in Fig. 14a, the resulting photocatalyst exhibited a record-
breaking hydrogen production rate of 11,320 pmol-g~""
hl. According to DFT calculations, PtSA-MNSs can
generate effective electron transfer channels, facilitating
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hydrogen production (Fig. 14b). This approach represented
the first instance of a 2D MOF being used for a single-atom
photocatalyst.

Carbon-based materials, known for their high specific
surface area and conductivity, have wide-ranging applica-
tions. When employed as photocatalytic carriers, carbon-
based materials can enhance light absorption range and
reaction activity. For example, Ma et al. [106] adopted a
pyrolysis—induction—evaporation strategy to fabricate ultra-
high-density Co/g-C3N4 SACs, demonstrating high activity
and selectivity in the photocatalytic conversion of CO, to
methanol. The resulting catalyst, Co/g-C3Ny4-0.2 SACs,
exhibited a Co loading of 29.3 wt% and achieved a methanol
production rate of 941.9 umol-g~" under light irradiation,
maintaining good photocatalytic activity for up to 48 h
(Fig. 14c). Co/g-C3N, SACs facilitated methanol produc-
tion through the presence of ultra-high-density Co-N,C
active sites, which significantly extended the light absorption
range (Fig. 14d). XPS valence band (Fig. 14e) and band
structure (Fig. 14f) analyses conducted by the authors veri-
fied that the Co-N,C sites not only accumulated numerous
electrons but also adsorbed and activated CO,. In addition,
Shi and co-workers [107] synthesized Co SAC using porous
nitrogen-doped carbon materials as support, with a Co
loading amount of 5.9 wt%, and used them as photocatalytic
catalysts for hydrogen production. The catalysts displayed a
hydrogen production rate of 1180 p-mol-g~"-h™".

aQ

HLSAC:S play a vital role in advancing energy electro-
catalysis, contributing significantly to the development of
efficient and sustainable energy conversion technologies.
Table 1 presents a summary of HLSACs synthesized using
different methods in the field of electrocatalysis
[22, 26, 32, 36, 42, 48, 50, 56, 69, 70, 74, 75, 86, 95, 96,
108-118].

4 Conclusions and outlook

HLSACS are a novel type of catalytic materials that exhibit
excellent catalytic activity and selectivity in various cat-
alytic applications. The reasons for their superior perfor-
mance are mainly attributed to the following three aspects:
Firstly, SACs themselves have high atomic utilization
efficiency, which can fully exploit the catalytic potential of
metals and greatly improve the catalytic efficiency; sec-
ondly, the increase in loading amount leads to the exposure
of more active sites on the catalyst surface, which facili-
tates the enhancement of catalytic rate and selectivity;
thirdly, HLSACs are prepared using suitable synthesis
strategies, resulting in a significant improvement of catalyst
stability, due to that the carriers or specific templates with
abundant anchoring sites can anchor the metal atoms,
strengthen the metal-carrier interaction and prevent the
aggregation of metals.

Rare Met. (2024) 43(10):4844-4866
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Table 1 Recent advances of HLSACs with different synthesis methods

Application Metal SACs Loading (wt%, ICP) Synthetic method Refs.
ORR Pt h-Pt;-CuS, 24.8 at% lon exchange method [50]
PYZTC 5.0 Wet impregnation method [108]
Fe Fe-NC SAC 8.9 Cascade anchoring strategy [26]
ISA Fe/CN 2.16 Cage-encapsulated-precursor pyrolysis strategy [32]
Fe SA/NCZ 4.3 Pyrolysis [109]
Fe SAs-PNCF 5.48 Pyrolysis [110]
SAC-Fe/NC 8.5 Plasma bombing strategy [111]
Cu Cu-N-C 20.9 Pyrolysis [86]
Co Co SAs-PNCF 4.32 Pyrolysis [96]
Co40SAS/AC@NG 14.0 Pyrolysis [56]
Co-N-B-C 4.2 Pyrolysis [115]
Co-SAC/G 412 Single-atom coating strategy [116]
NRR Cu NC-Cu SA 5.31 Facile surfactant-assisted [70]
Rh Rh SA/GDY 13.22 One-pot synthetic method [69]
Ru Ru SA/GDY 15.31 One-pot synthetic method [69]
Co Co SA/GDY 12.08 One-pot synthetic method [69]
Mo SA-Mo/NPC 9.54 In situ synthesis approach [22]
CO.RR Ni Ni SAs/N-C 1.53 lon exchange-pyrolysis method [112]
Ni-SAC 2.5 Ligand-mediated method [74]
Ni-NC-50 9.15 Metal pre-buried strategy [75]
Cu Cu4/PCN 21.8 Wet-chemistry method [48]
UHD-SAC
OER Fe Fe SA/NCZ 4.3 Pyrolysis [95]
Ir Ir-NiO ~ 18 Wet-chemistry method [113]
Ir4/Co(OH), 2.6 at% One-step strategy [117]
Co Co-N4 SAC 10.6 Macromolecule-assisted [36]
HER Pt Pt SAC-N,C, 5.31 Cascade anchoring strategy [114]
Pt SAs/DG 21 CVD-assisted [42]
Pt1/Co(OH), 1.9 at% One-step strategy [117]
Ru PCN-Rh5.¢/KB 15.9 Pyrolysis [118]

In this review, we initially summarized and discussed
common synthesis strategies for SACs with a loading of
more than 1 wt%, which are generally divided into top-
down and bottom-up strategies. In the top-down approach,
we further classify it into thermalchemical methods (con-
finement pyrolysis strategy, CVD) and electrochemical
methods (electrodeposition method). In the bottom-up
approach, we classify it into wet chemical methods (co-
precipitation, impregnation and ion exchange), ALD and
pyrolysis, etc. Among the various synthesis methods
introduced, we can see that the pyrolysis method is an
effective and feasible approach for preparing HLSACs,
while the HLSACs prepared by the deposition method have
lower loading. Then, we reviewed and summarized the
applications of HLSACs and elaborated on some important
catalytic mechanisms. HLSACs have superior performance
in electrocatalysis (OER, ORR, NRR and CO,RR),
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thermocatalysis and photocatalysis compared to low-load-
ing SACs and conventional catalysts. At present, signifi-
cant achievements have been made in the research of
HLSACS, such as new synthesis methods that can synthe-
size higher-loading SACs, or better catalytic performance,
further improvements are still possible.

The preparation of high metal loading SACs mainly
involves two aspects: One is to disperse the abundant metal
single atoms and avoid aggregation, and the other is to
anchor the dispersed metal atoms on carriers with rich
defect sites. Commonly used carriers include MOF mate-
rials, graphene, nitrogen-doped carbon materials, etc.
While some studies have successfully used a simple dan-
gling bond capture strategy to prepare SACs with high
loading suitable for industrial applications, this method is
not universally applicable. Therefore, in order to achieve
widespread preparation of HLSACsS, researchers need to
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propose more optimized synthesis strategies. Furthermore,
researchers also need to explore additional carriers that can
effectively immobilize densely dispersed single atoms.
Various supports are being studied, including oxides (such
as CeQ,), ion exchange resins, MOFs and carbon-based
materials, among which carbon-based materials are the
most widely used. The paper mentioned Pt SACs with the
highest loading prepared by the laser implantation method
on GQDs.

The performance of HLSACs varies depending on the
specific combination of metals and carriers, and they
exhibit different advantages in different catalytic applica-
tions. Moreover, the selectivity of catalytic products is also
influenced by various reaction conditions. To address these
challenges, it is crucial to explore the mechanisms of
HLSACS in different catalytic reactions. This research has
significant implications for enhancing the performance and
expanding the application scope of HLSACs. Currently, it
is known that the local environment surrounding the cata-
lyst plays a crucial role in determining its active center and
catalytic performance. There exists a complex interaction
between the catalytic active center and the carrier material.
However, this also gives rise to several questions. For
instance, how do different coordination environments
impact the electronic structure and reactivity of the cat-
alytic active center? How are these interactions formed and
regulated? Researchers need to conduct further investiga-
tions to address these issues.

The characterization of general materials mainly
includes micro-morphology characterization, phase analy-
sis, composition characterization, thermal property analysis
and mechanical property testing. For nanomaterials, we
mainly focus on the first three aspects. Among them, the
methods for observing the surface or compound content
and distribution of nanomaterials include: SEM, TEM,
AFM, etc.; the methods for determining the phase com-
position and crystal structure of nanomaterials include:
XRD, Raman spectroscopy, nuclear magnetic resonance
(NMR) and selected area electron diffraction (SAED), etc;
and the methods for measuring the element content and
distribution in materials include: XPS, ICP-MS, etc. When
the material size reaches the atomic level, the resolution
requirement of the instrument is higher, and the conven-
tional means cannot meet it. At present, the characteriza-
tion of single atoms is through AC HAADF STEM to
observe the dispersion of atoms, through XAS to analyze
the valence state, coordination number and coordination
environment of single atoms; through infrared spec-
troscopy (IR) to study the interaction of single atoms with
carriers and reactants; through in situ TEM to monitor the
structure and dynamics of single atoms under reaction
conditions, etc. Although these means provide convenience
for the characterization of SACs to some extent, they also

aQ

have some limitations. For example, limited by the syn-
chrotron radiation source, XAS is difficult to be widely used,
and the mechanism explanation part needs more theoretical
support; in situ characterization methods have many influ-
encing factors and have strict requirements on instrument
equipment. More importantly, the characterization technol-
ogy of SACs is generally costly and difficult to popularize.
Therefore, the research on the characterization means of
SACs is a long-term process. It is necessary to improve the
existing characterization technology, reduce the research
cost and explore new characterization methods.
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