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Wenxing Chen,* and Pengwan Chen*

A recent development in catalytic research, single-atom catalysts

(SACs) are one of the most significant categories of catalytic materials. During
preparation, individual atoms migrate and agglomerate due to the high
surface free energy. The rapid thermal shock strategy addresses this challenge
by employing instantaneous high-temperature pulses to synthesize SACs,
while minimizing heating duration to prevent metal aggregation and substrate
degradation, thereby preserving atomic-level dispersion. The resultant SACs
exhibit exceptional catalytic activity, remarkable selectivity, and long-term sta-
bility, which have attracted extensive attention in electrocatalysis. In this paper,
cutting-edge ultrafast synthesis techniques such as Joule heating, microwave
radiation, pulsed discharge, and arc discharge are comprehensively analyzed.
Their ability is emphasized to achieve uniform dispersion of separated metal
atoms and optimize the catalytic activity for electrocatalytic applications. A
systematic summary of SACs synthesized by these rapid methods is provided,
with particular emphasis on their implementation in carbon dioxide reduction
reaction (CO,RR), oxygen evolution reaction (OER), hydrogen evolution
reaction (HER), and oxygen reduction reaction (ORR) systems. The review pro-
vides an in-depth discussion on the rapid synthesis strategy for development
trend, remaining challenges, and the application prospects in electrocatalysis.

is still difficult to develop electrocatalysts
and improve their electrochemical perfor-
mance. Heterogeneous catalysts typically
possess active sites characterized by metal
centers. Metal particle size reduction is an
efficient way to improve catalytic activity.
The surface atomic structure, electrical
structure, and surface flaws are all changed
by the large increase in exposed surface
atoms.”#] With their many highly active
surface sites, and superior geometric and
electrical effects, these materials show great
prospects for catalytic applications.[>1]

The active site of isolated metal atoms of
single-atom catalysts (SACs) is anchored by
the coordination sites of the surrounding
solid supports. Its electronic architecture
and energy level orbital differ from those
of metallic nanoparticles, which can max-
imize metal dispersion and atomic utiliza-
tion efficiency."!l Clusters aggregate as the
rising surface free energy of metal atoms. A
feasible method to prevent this aggregation
is to use appropriate carrier materials that
strongly interact with the metal atoms.['2"15]
Currently, several synthesis techniques are

1. Introduction

Electrocatalysts are pivotal in various high-performance energy
devices and are integral to these electrochemical reactions.['-%1 It

being investigated to create a consistent dispersion of metal
atoms in SACs. For instance, methods such as impregnation, !¢l
co-precipitation,['”] and atomic layer deposition (ALD)'#19] are
employed. However, the preparation process of ALD, which
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Figure 1. The classified diagram of the primary strategies of ultrafast synthetic SACs.

requires high vacuum conditions, is complex, and the method
suffers from low yield and expensive equipment, making
large-scale production difficult."®! Impregnation and co-
precipitation methods are limited by the limited types of pre-
pared materials, complex preparation steps, and long processing
time.[1®17] These shortcomings hinder further development and
application. Therefore, it is essential to explore the rapid and sim-
ple synthetic strategies with industrial prospects.[20-2]

The ultrafast synthesis strategy is characterized by rapid igni-
tion, rapid heating, and instantaneous quenching, while keep-
ing the heating time very short to avoid the aggregation of metal
atoms and the destruction of the support, thus maintaining
single-atom dispersion.[!22728] At the same time, it can instan-
taneously produce ultra-high temperatures, which are essential
for single-atom stability, as it provides sufficient activation en-
ergy to promote the formation of bonds between the single-
atom and the substrate, resulting in excellent chemical stabil-
ity during catalysis. As shown in Figure 1, several rapid thermal
shock strategies have been developed to synthesize SACs, such
as Joule heating,?%°-33] microwave heating,***?] and pulsed
discharge,!*®) electric pulse method, arc discharge method, etc.
The rapid thermal shock process has the following advantages:
a) Rapid heating and quenching process, which prevents atomic
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diffusion and agglomeration; b) Heat is distributed uniformly
throughout the material; ¢) The manufacturing process is con-
trollable and the materials used to manufacture are scalable.
These features have led to rapid thermal shock methods that
allow for rapid and easy preparation of SACs, which has made
tremendous progress in recent years (Figure 2).

At present, the application of SACs in the field of electro-
catalysis is relatively innovative and has attracted extensive at-
tention. The metal atoms in SACs are highly dispersed, which
possess high catalytic activity and excellent selectivity during the
catalytic process. Individual atom and support interactions can
improve electrocatalytic performance. The rapid thermal shock
method can be used to synthesize SACs for electrochemical
applications.[*3] As a unique catalyst, SACs have wide appli-
cations in electrocatalysis, such as carbon dioxide reduction reac-
tion (CO,RR),’*>] oxygen evolution reaction (OER),***8] hydro-
gen evolution reaction (HER),’>%] and oxygen reduction reac-
tion (ORR),[%12] etc. In this paper, various rapid synthesis meth-
ods for the preparation of SACs are reviewed. The effects of SACs
on the atomic dispersion, catalytic activity and stability were sum-
marized. Finally, we analyzed the electrocatalysis application of
the above method. Finally, this paper discusses the future trends
and challenges in the rapid preparation technologies of SACs.
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2. Ultrafast Synthetic Strategies

2.1. Joule Heating

Joule heating can quickly convert electrical energy into thermal
energy and is an efficient and well-controlled method for ma-
terials synthesis. Joule heating strategies are characterized by
high maximum temperatures, ultra-fast heating and quench-
ing. Joule heating can quickly reach temperatures of up to
3000 K, effectively overcoming the limitations imposed by tra-
ditional heating methods.[**! In addition to preventing Ostwald
ripening and nanoparticle aggregation, flash quenching can pro-
duce new phase structures. In recent years, Joule heating has
been a popular method for creating catalytic materials, such as
nanoparticles,!%%* high-entropy alloy nanomaterials,[®>®] and
single-atomic materials.[13:3031:33.67.68]

Xing et al.l®”] developed a transient heating-quenching method
for the synthesis of nitrogen-doped graphene-supported single-
atom cobalt materials (CoNG-JH) with a 3D porous monolithic
structure by Joule heating (Figure 3a). As shown in Figure 3b,
CoNG-JH has abundant mesopores. The pore size distribution
curves showed that CONG-JH contained micropores, mesopores
and macropores. The I,/I; of CONG-JH and CoG-JH is higher
than that of precursors (Figure 3c). According to this, Joule heat-
ing encourages the creation of defect sites that single atoms can
exploit as anchoring sites. Combined with the characterization
results, CONG-JH synthesized by Joule heating technology has
atomically dispersed CoN,. The method can incorporate metal
atoms and nitrogen atoms to the graphene, and reduce graphene
oxide in less than two seconds. By avoiding prolonged heating
to cause atomic aggregation, the atomic-scale CoN, active sites
are rapidly and stably dispersed in graphene under instantaneous
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quenching conditions. Lin et al.l®! used rapid Joule heating to
prepare Ru single atoms embedded into the subsurface lattice of
Ni; FeN (Ni;FeN-Ruy,,;.q) in @ two-step method (Figure 3d): 1) In-
troducing Ru atoms into NiFe chloride oxide as a precursor; 2)
Rapid Joule heating synthesis was used to nitride the obtained
precursor into a buried layer of anti-perovskite Ni, FeN-Ruburied
with buried Ru atoms. In addition, surface-loaded individual
Ru atoms (Ni,FeN-Rug,..) are annealed for long periods in a
tube furnace by conventional nitriding strategies (Figure 3d). The
unique structure of the material is held and frozen by rapid Joule
heating synthesis, which combines rapid heating and quenching
operations. This enables the focused design and manufacture of
electrocatalysts with a customized coordinating environment.

Liu et al.l®] reported a technique to bind Fe single atoms
to freshly made defective porous carbon spheres (Fe-N-DCSs)
through ultrafast Joule heating in milliseconds. A schematic dia-
gram of Fe-N-DCSs is shown in Figure 3e. The nitrogen element
was doped into the produced defective porous carbon spheres!”!
utilizing 1,10-benzotriazole as a source of nitrogen. Then, Fe**
ions are adsorbed into N-doped carbon spheres through im-
pregnation forming precursors. Then, Fe-N-DCSs were prepared
through the Joule heating method. The scanning electron micro-
scope (SEM) image revealed spherical topography with an aver-
age diameter of about 100 nm (Figure 3f). In Figure 3g, it shows
that the position of the absorption edge of Fe-N-DCSs is similar
to that of FePc. And it indicates that it is in the vicinity of the
2% oxidation state. This method can effectively avoid SACs with
high free energy from clumping together during long-term py-
rolysis at high temperature. It also avoids the loss of profitable N
specials.[7173

Qin et al.”¥ prepared highly efficient synthesized and ac-
tively modulated catalysts using flash joule heating technology

© 2025 Wiley-VCH GmbH
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Figure 3. a) Diagram of the CoOAGO aerogel films by electrical Joule heating process: heating and quenching were accomplished instantly with on/off
status. b) Curves of CONG-JH nitrogen adsorption and desorption. It displays the curve of CoONG-JH pore-size distribution in the inset. ¢) Raman spectra
of CoOAGO, CoGO, CoNG-JH, and CoG-JH. Reproduced with permission.[®] Copyright 2021, Springer Nature. d) Illustration of the synthesis strategy of
Ni3FeN-Rup,ieq- Reproduced with permission.[6°] Copyright 2025, Springer Nature. e) Schematic illustration of the preparation for Fe-N-DCSs. f) SEM
image of Fe-N-DCSs. g) Normalized XANES spectra of Fe-N-DCSs, FeO, FePc, and Fe Foil at the Fe K-edge. Reproduced with permission.[%8] Copyright
2025, Elsevier. h) Schematic diagram showing the synthesis process of atomically-dispersed catalysts of P-MeN,@CNTs (Me = Fe, Co, Ni, and Cu).
i) k3-weighted wavelet-transformed Fe K edge EXAFS spectra of P-FeN,@CNTs, Fe, O, and Fe foil. j) EXAFS fitting curve and atomic configuration of

P-FeN,@CNTs. Reproduced with permission.l”#l Copyright 2024, Elsevier.

(Figure 3h). The wavelet-transformed (WT) extended X-ray ab-
sorption fine structure (EXAFS) plots were used to study the coor-
dination environment (Figure 3i). In contrast to the properties of
Fe foil and Fe, O;, the WT plot of P-FeN, @ CNT shows maximum
intensity at 5.2 A~". Least squares EXAFS fitting was used to ex-
amine the partial geometry of Fe in P-FeN, @CNTs (Figure 3j).
Fe atoms are uniformly dispersed in P-FeN,@CNTs. And it co-
ordinated with pyridine-N atoms to form the FeN, active site. In
addition, the presence of P atoms binds to the adjacent N atoms
to regulate the local structure. Atomically dispersive MeN, sites
are formed on the surface of carbon nanotube by the high heating
rates and cooling rates (over 10* K s71) and instantaneous high
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temperatures (about 3535 K). This ultra-fast thermal shock tech-
nology can manipulate components or incorporate heteroatoms
to increase catalytic activity while preventing the aggregation of
isolated metal atoms.

Joule heating uses heat on a conductive substrate to create
nanomaterials in situ at a very quick rate of response. In addi-
tion to providing exceptionally high temperatures to create robust
contacts between metal atoms and substrates, the quick heat-
ing and cooling rates of Joule heating might restrict phase sepa-
ration or atomic diffusion and agglomeration during synthesis.
The joule heating technique turns on/off the Joule heating shock-
wave repeatedly, transforming the nanoparticles into individually

© 2025 Wiley-VCH GmbH
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c) XANES spectra of Pt SASs/AG, Pt/C, and Pt foil. d) FT-EXAFS spectra of the Pt L;-edge of Pt SASs/AG and Pt/C. e) EXAFS R-space fitting curve of
the Pt SASs/AG. Reproduced with permission.3”] Copyright 2019, Royal Society of Chemistry. f) Schematic of the preparation of Fe-N-G/CNT. g) Fe
K-edge XANES spectra of Fe-N-G/CNT, Fe foil, and FePc. h) EXAFS fitting curve of Fe-N-G/CNT R-space. Reproduced with permission.[38] Copyright
2021, John Wiley and Sons. i) Illustration of Synthetic method for PSB-CuN; and PS-CuNy,. j) AFM image of prepared PSB-CuNj3. k) Fourier-transformed
magnitudes of the Cu K-edge EXAFS signals. |) Schematic illustration of band shifts and hybridization. Reproduced with permission.[3®! Copyright 2023,

Springer Nature.

distributed atoms that are stable. It can be seen from the above
application examples that the maneuverability of the Joule heat-
ing method can help to maintain the unique atomic dispersive
feature of the prepared material and improve the catalytic activ-
ity of the catalyst. Therefore, Joule heating will make it possible
to enable controlled and scalable production of SACs.

2.2. Microwave Heating
Microwave heating has been widely used in recent years.[”>7°]
Among them, the sample directly absorbs microwaves which are
efficiently converted into heat energy. The microwave heating
method can prepare SACs in a short time.l”7:8081]

The synthesis of SACs has made extensive use of reduced
graphene oxide (rGO), which also serves as a microwave
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absorber.[3#37428283] Ye et al.l’”] developed a simple aniline-
anchored-microwave reduction approach to prepare a Pt sin-
gle atom (Pt SASs/AG) anchored to aniline-stacked graphene
(Figure 4a). Figure 4b shows the amount of load on the Pt atom.
The content of Pt increased with the increase of the volume of
H,PtCl,. The content of Pt remained almost stable after more
than 1 mL. Figure 4c shows that the dense WL of Pt SASs/AG
indicates an increase in vacancies in the Pt d orbital.l¥*#5] The
absence of Pt-Pt coordination peaks suggests that the Pt sites
are dispersive on graphene (Figure 4d). According to the fitting
curve (Figure 4e), the Pt-N configuration is formed by Pt sin-
gle atoms coordinating with four aniline molecules, as seen in
the inset Figure 4e. This work has two advantages: a) Excess Pt
cannot be anchored at maximum aniline protonation. Pt clus-
ters and nanoparticles will not form because of this. b) Pt SAS
cannot sinter since microwave reduction does not require harsh

© 2025 Wiley-VCH GmbH
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circumstances like high temperatures. Meng et al.*® developed a
one-step microwave-assisted approach for creating a single-atom
iron with coordinating nitrogen on a graphene/CNT hybrid elec-
trocatalyst (Fe-N-G/CNT), as shown in Figure 4f. Compared to the
Fe foil and FePc reference materials, the X-ray absorption near
edge structure (XANES) spectra of the Fe-N-G/CNT have moved
to a higher energy (Figure 4g). The EXAFS fitting curve is dis-
played in Figure 4h. This suggests that the isolated Fe atoms are
positively charged. The main peak at 1.56 nm exhibited Fe-N co-
ordination, suggesting that nitrogen (Fe-N) stabilized the solitary
Fe atom. With this knowledge, the Fe-N, coordination structure
serves as the primary anchor for the Fe atom on graphene and car-
bon nanotubes (Figure 4h inset). The study by Meng et al.*8] de-
velops a reasonable approach for the preparation of SACs under
low oxygen concentrations and low temperature environments.

Dong et al.?% synthesized a planarly symmetrically broken
CuN; single atom (PSB-CuNj;) by microwave heating. PSB-CuN,
was synthesized by a microwave heating strategy, as shown in
Figure 4i. Cu?* ions are immobilized by electrostatic interac-
tions with amine-functionalized graphene nanosheets (AGNs).
Then, PSB-CuN; is produced in five seconds using a quick mi-
crowave heating procedure. The average thickness of PSB-CuN,
is #1.61 A, as determined by atomic force microscopy (AFM) cal-
culations (Figure 4j). EXAFS and XANES investigated the PSB-
CuNj; chemical state and coordination environment. Figure 4k
displays the PSB-CuN; Cu K-edge FT-EXAFS data together with
references. Similar to the prototype spectrum of the pyridine-N-
based MN, C, motif, PSB-CuNj;, and PS-CuN, both show a major
peak at ~1.60 nm and a subsatellite peak at ~2.20 A.1%] Accord-
ing to a thorough examination of the density of states (Figure 41),
the antibonding 4s and 4p states can be driven much higher be-
yond the Fermi energy by a loss in local symmetry from D, ;, in
CuN,C, to C,, in CuN,C,. Compared with the thermal annealing
method, microwave-induced instantaneous heating causes sig-
nificant changes in the local environment in the material, thereby
promoting the formation of local symmetry-breaking structures.

Microwave heating technology has the advantages of mild
preparation conditions, microwave-induced instantaneous heat-
ing is conducive to the formation of special atomic coordination
structures, and prepare various SACs. In order to achieve effec-
tive microwave heating, three main requirements should be met:
a) a large number of surface functional groups ensure that there
is enough frictional heat generated by rotation in an oscillating
electric field; b) sufficient conductivity to produce eddy currents;
and c) high thermal conductivity, which permits heat to diffuse
swiftly and uniformly throughout the sample. When compared to
traditional heating techniques, microwave heating methods offer
the advantages: a) ultrafast heating and quenching rate, b) ad-
justable temperature of heating, c) homogeneous heating across
supports, d) suitable for carbon supports of various sizes, e) sim-
ple equipment.

2.3. Other Methods

Recently, some researchers have begun to develop new heating
strategies to rapidly prepare SACs. At present, the ultrafast syn-
thesis methods have been extended to pulsed discharge, electric
pulse, electric spark, laser implantation, etc.
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Among them, the pulsed discharge method was applied to the
preparation of SACs for the first time in 2024. Liu et al.[*}! suc-
cessfully prepared a graphene aerogel-anchored copper single-
atom catalyst using a high-density current pulse for hundreds
of microseconds (Figure 5a). Figure 5b shows an SEM image of
CuN; O, SAs/GAs, presenting a 3D porous graphene aerogel. In
Figure 5c, the 3D color distribution of CuN; O, SAs/GAs is dis-
played. The green bumps represent rGO, while the red bumps
represent Cu atoms. Between the two Cu atoms, the average dis-
tance is #0.56 nm. The C K-edge of CuN;0O; SAs/GAs shows a
minor peak at 288.8 eV in Figure 5d. Compared to the original
GO, the peak value of CuN, 0O, SAs/GAs is low. Figure 5e shows
the asymmetric coordination portion of the proposed CuN,O,
SAs/GAs. Transient current pulses cause a shock effect that pre-
serves the asymmetric and unsaturated Cu-N;O; coordination
structure. The pulsed discharge method is characterized by the
generation of a strong electromagnetic field with a pulse current
period of 102-10% ps and a peak of 10° A.[¥] Thus, the pulsed
power can completely sublimate the precursor under the right
conditions to form a mixture of isolated individual atoms and
ions. SACs are formed following quick cooling. It is possible to
create some monoatomic materials with particular structures on
support materials by carefully controlling the energy input and
using the proper support materials.

Ye et al.**l developed an electrically pulsed method for syn-
thesizing atomically dispersed Pt in different oxide clusters us-
ing nitrogen-doped carbon (Pt;-MO, /CN) as a carrier (Figure 5f).
Fe/CN, Pt/CN, and Pt;-FeO, /CN have the small particle size. Mi-
croporous carbon is created because the pore size of Pt,-FeO,/CN
is comparable to that of CN (Figure 5g). The particles in Figure 5Sh
do not exhibit any diffraction peaks. In Figure 5i, the Pt-O scat-
tering peak moves to the lower R-value and decreases intensity
when Pt,;-FeO, /CN is compared to Pt,-Fe,0,/CN. This suggests
that the Pt-O distance in Pt;-FeO,/CN gets shorter and the Pt-O
coordination number drops. In this study, ZIF-8-derived CN fa-
cilitates electron transport during electrical impulses and offers
a high specific surface area for effective metal species dispersion
and stability.

Zheng et al.l®] created metastable nanomaterials by devel-
oping a hydrogen-substituted graphitic diyne-assisted ultrafast
spark synthesis (GAUSS) method (Figure 5j). The GAUSS plat-
form can achieve a rate of over 10° K s7! and temperature of
3286 K during 8 ms. The single-atom Co site is evenly distributed
over the hydrogen-substituted graphdiyne aerogel (HGDY) sup-
port, according to high-Angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM) pictures. Wavelet
analysis indicates that a single-atom site was effectively synthe-
sized on the HGDY (Figure 5k). While avoiding phase separa-
tion, coarsening, and maturation, high temperatures and rapid
heating rates enable for synthesis of SACs. With the flexibility to
regulate temperature, composition, reaction time, and environ-
ment, the GAUSS platform offers an effective method for creat-
ing a variety of metastable nanomaterials.

Du et al.l®] developed continuous high pressure (PA approach)
and intermittent high pressure (SP approach) to create carbon-
supported atomically dispersed metal catalysts (ADMCs) for car-
bonizing MOF precursors quickly using an electro-flash tech-
nique (Figure 6a). Atomically dispersed Co can be easily ob-
tained on nitrogen-doped carbon with a controlled morphology
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Figure 5. a) Schematic illustration of pulsed discharge method. b) SEM images of CuN;O, SAs/GAs. c) The intensity distribution of CuN;O, SAs/GAs.
d) The C K-edge XANES spectra of CuN,0; SAs/GAs, GO, and no defects graphene. e) Schematic diagram of CuN;O; SAs/GAs atomic structure.
Reproduced with permission.[“3] Copyright 2024, John Wiley and Sons. f) Schematic diagram of the preparation of Pt;-FeO, /CN. g) Pore size distribution
of Pt;-FeO,/CN. h) XRD patterns. i) R-space EXAFS of Pt L; edge of Pt;-FeO, /CN, Pt;-Fe,05/CN, Pt Foil, and PtO,. Reproduced with permission.[4]
Copyright 2022, John Wiley and Sons. j) Schematic of hydrogen-substituted GAUSS for metastable nanomaterials. k) Wavelet transforms for Co-HGDY.

Reproduced with permission.[*3] Copyright 2022, Springer Nature.

(2D nanosheets and 3D hollow nanospheres). Nitrogen-doped
carbon nanosheets are produced by successive plasma arcs, and
carbon hollow nanospheres are created by sporadic spark pulses
using a blasting effect. Atomically distributed cobalt is used to
embellish both structures. It is possible to obtain and preserve
the faulty nature of the carbon support by limiting the processing
duration of SP (Figure 6b). According to Figure 6¢, the Co K-edge
absorption peak of Co/N-C(SP) was in the middle of that of Co foil
and Co,0,. In the above method, preventing their mobility and
metallization at high voltages, metal ions are trapped in the MOF
structure as nodes. Importantly, the electro-flash approach is ap-
propriate for the commercial synthesis of carbon-backed ADMCs
since gram-scale catalysts can be readily collected in less than an
hour.

In addition to the above studies, Wang et al.’®%] reported a
one-step laser implant strategy (Figure 6d). The energy disper-
sive spectrometer (EDS) image show that the Pt, Ir, Cu, Co,
and Ni atoms are evenly distributed on support (Figure 6e). The
precursors are broken down into monolithic metal SAs by the
laser pulses, which also enable the simultaneous creation of de-
fects on the support. These SAs are anchored on the result-
ing defects through electrical interactions. With the laser injec-
tion method, SAs achieve the higher defect density and high
load of 41.8 wt.%. Numerous metallic species have been suc-
cessfully reduced to single atoms, nanoparticles, and nanoclus-
ters, showing the resilience of strategy and wide range of appli-
cations. Xia et al.[®] developed a simple one-step ultra-high tem-
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perature arc discharge method to synthesize highly dispersed Pt
single atoms, nanoclusters (NCs) and nanoparticles (NPs) with
high-efficiency single-crystal MoC-supported platinum catalysts
(Figure 6f). The charge differential density diagram was obtained
by DFT calculation. Figure 6g shows that the electrons are re-
distributed on the prepared catalyst and transferred from MoC
to Pt atoms. The high-temperature process also provides suffi-
cient energy for the formation of Pt-MoC interactions, regulating
adsorption performance and chemical transformation of small
molecules. Kaushik et al.®" reported a method for producing
single atoms of noble metals loaded on non-noble metal oxides
by one-step thermal breakdown of molten salts (Figure 6h). No-
ble metal single atoms are introduced into the non-noble metal
oxide lattice through cation exchange in molten salts formed
in situ and thermal decomposition of nitrate ions during heat-
ing. In Figure 6i, the intensity of Ir;-Co,0, is higher than that
of Ir foil, indicating that there are more empty orbital states.
It may be beneficial for improving the electrocatalytic activity.
Figure 6j shows that Ir,-Co,O, has a main peak at 1.60 A,
which is similar to the peak of IrO,, and Ir foil has a peak
at 2.71 A. The direct synthesis route is straightforward, mini-
mizing uncontrollable variables often encountered in traditional
multi-step processes, thus significantly reducing preparation
time.

Kuai et al.l®?] developed a micro-gas blasting (MGB) technique
for producing metal oxide nanosheets (Pt,/CeO,-S) with a thick-
ness of 3-8 nm and a high density of noble metal single-atom
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Figure 6. a) Schematic illustration of PA method and SP method. b) Raman spectra of Co/N-C(SP) exposed to a spark pulse for 30's, 1 min and 10 min.
c) Co K-edge EXAFS spectra for Co/N-C(SP), Co foil, CoO and Co;O,. Reproduced with permission.!38] Copyright 2021, John Wiely and Sons. d) Schematic
depiction of the synthesis of Pt SAs under laser implantation. e) STEM and EDS mapping of CB-supported HESAs. Reproduced with permission.[#]
Copyright 2023, American Chemical Society. f) Schematic illustration of synthesizing Pt/MoC catalysts via arc discharge procedure. g) Schematic diagram
of the atomic structure of Pt/MoC. Reproduced with permission.[?%] Copyright 2024, John Wiley and Sons. h) Schematic representation of the synthetic
route of SACs. CP denotes carbon paper. i) Ir-L; edge XANES spectra of Iry-Co; Oy, Irfoil, and IrO,. j) Ir-L; edge EXAFS spectra of Ir1-Co;O, and
references. k) HAADF-STEM images of Ir1-Co304. Reproduced with permission.['] Copyright 2024, John Wiley and Sons.

(Figure 7a). The AFM image confirms the presence of nanosheet
structures (Figure 7b,c). The synthesis of MGB is a type of chem-
ical reaction that is limited by space. It was easily scaled to ob-
tain a multifunctional metal-oxide nanosheet loaded with high-
density single atoms. Rao et al.”*] demonstrated a versatile and
efficient “plasma bombing” strategy for the preparation of SAC-
Fe/NC catalysts. In order to create isolated SAC-M/NC catalysts
(M = Fe, Mn, Ni, etc.), surface metal salts were driven to evapo-
rate and generate metal single atoms (Figure 7d). HAADF-STEM
EDS images show that the carbon supports are evenly distributed
with Fe and N elements (Figure 7e). Figure 7f confirms that the Fe
atom forms a structure with the coordination of four pyridine N
atoms. These atoms were then trapped and adsorbed by the defect
sites and nitrogen-containing sites of carbon supports. The strat-
egy proved to be simple, effective, adjustable, and capable of mass
production. For the first time, Rao et al.l®*! created a straightfor-

Small 2025, 2501917

2501917 (8 of 18)

ward, effective, and adaptable plasma-etching technique to cre-
ate a range of SACs by merely changing metal precursors and
supports (Figure 7g). As shown in Figure 7h,i, the local configu-
ration of the Cu atom in the prepared catalyst can be consistent
with the model of CuN;. Furthermore, the suggested approach
is easily scalable to gram-level production, allowing SACs to be
used in real-world applications.

Here we introduce seven rapid heating synthesis strategies:
pulsed discharge method, graphitic diyne-assisted ultrafast spark
synthesis, electro-flash technique, one-step laser implant strat-
egy, one-step thermal breakdown of molten salts, MGB tech-
nique, and adaptable plasma-etching technique. These strategies
have the characteristics of simple route, high efficiency and ma-
neuverability, which are helpful to quickly construct SACs with
special coordination structures and expand the industrial appli-
cation range of SACs.

© 2025 Wiley-VCH GmbH
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permission.!92] Copyright 2022, John Wiley and Sons. d) Schematic diagram of the “plasma bombing” approach. e) HAADF-STEM of SAC-Fe/NC and
EDS mapping images. f) The theoretical structure of SAC-Fe/NC and the fitting curve of FT-EXAFS. Reproduced with permission.[®}] Copyright 2022,
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In summary, we comprehensively analyzed a variety of ultra-
fast synthesis methods for the preparation of single-atom cata-
lysts. We summarize the characteristics of the above methods in
detail in Table 1.

3. Single-Atom Catalysts for Electrocatalytic
Applications

3.1. The Electrochemical Carbon Dioxide Reduction Reaction

Removing and sequestering carbon dioxide is an ideal way to
address environmental concerns and energy challenges with in-
creasing CO, levels around the world. In the CO,RR, a variety
of valuable products can be obtained by transferring 2, 4, 6, 8,
or 12 electrons. The most common products are carbon monox-
ide (CO), methane (CH,), formic acid (HCOOH), and others.
However, due to its highly oxidizing nature, the carbon diox-
ide molecule is highly chemically stable. In addition, the reduc-
tion process of CO, is challenged by competitive HER, with high
thermodynamic and kinetic barriers, and limited selectivity for
specific products. Therefore, many researchers have used ultra-
fast strategies to synthesize excellent single-atom catalysts for
CO,RR. The following are the applications of four ultrafast syn-
thetic strategies methods in CO,RR, containing Joule heating
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method, microwave assistance method, pulsed discharge strat-
egy, and continuous plasma bombardment method.[33:36:39:43.95]
According to Xi et al.l**! Joule heating was used to syn-
thesize carbon-loaded nickel capsules with precisely controlled
structures of single-atom (Figure 8a). We compared the CO,RR
Faraday efficiency of samples prepared at different potentials
(Figure 8D). Itis evident that the optimized Ni SACs (C,s,Ph, ; Ni)
have good selectivity for CO generation because they show strong
FE., throughout wide application potentials (-0.7 to -1.9 V vs
RHE). The main reason for this is the exclusion of unfavorable N
species. When these disadvantageous N species are absent from
Ni SACs, competitive HER during CO,RR may be inhibited. As
shown in Figure 8c, after 48 h of reaction at -1.5 V versus RHE,
the current density remains stable and FE, decreases negligibly,
indicating perfect stability. Wen et al.[®*] developed a rapid pyrol-
ysis method with microwave assistance that provides SAC based
on carbon without inert gas protection within 3 min (Figure 8d).
Ni,;-N-C-50 has the lowest Tafel slope of 83 mV dec™! compared
to the other catalysts in Figure 8e, so the catalyst has good cat-
alytic activity. Figure 8f shows a flow cell device equipped with
a gas diffusion electrode (GDE). In Figure 8g, the electrochem-
ical reduction efficiency of Ni;-N-C-50 reached 1.06 A cm~2 and
the FE,, was 96%, which far exceeded the electrochemical reduc-
tion efficiency of Ni,-N-C-50 prepared by the traditional pyrolysis
method (0.23 A cm™2, FE, was 93%). According to mechanistic
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Catalysts Preparation methods Processing times Conditions of methods Refs.
Pt SASs/AG Microwave reduction 2 min 800 W microwave [37]
Fe-N-G/CNT Microwave heating 45s 800 W microwave [38]
PSB-CuNj; Microwave heating 1s 1000 W microwave [39]
CuN, 0O, SAs/GAs Pulsed discharge 10700 ps peak value of the current is [43]
~60 kA.
Pt,-FeOx/CN Electrical pulse 1s current of 13.7 A [44]
and voltage of 15.3 V
Co-HGDY Graphitic diyne-assisted ultrafast spark synthesis 8 ms 3286 K [45]
CoNG-JH Joule heating 2s - [67]
Fe-N-DCSs Joule heating 1s/2s 1200 °C [68]
Ni;FeN-Ruyieq Joule heating 2s direct current parameterswere [69]
setas 5V 10A
P-FeN,@CNTs Flash Joule heating 200 ms temperature of 3535 K and [74]
cooling rates of 104 K s™!
Co/N-C(PA) and Co/N-C(SP) Continuous plasma arc (PA method) or 1 min PA: direct current of 20 kV [88]
Intermittent spark pulse (SP method) SP: ~4 pulse per second
Pt SAs Laser Planting 5ns room-Temperature, fluence of [89]
5.0 J/cm? and frequency of
35 kHz at the travelling
speed of 1000 mm s~'.
Ir;-Co; 0, and Pt;-Co; 0, One-step thermal decomposition of molten salts - 220—300 °C [971]
Pt /CeO,-S Micro-gas blasting 0.5h 200 °C [92]
SAC-Fe/NC Plasma bombing 40 min 400 °C and radio frequency [93]
power of 500 W
Cu-SAC/NC Plasma-etching 40 min 800 °C and radio frequency [94]
power of 500 W

research, carbon defect and mesoporous construction of Ni;-N-
C-50 significantly enhance CO, activation and mass transfer ca-
pabilities during the catalytic process, producing a high current
density.

The above study mentioned that Liu et al.*}l prepared a
graphene aerogel-anchored copper single-atom catalyst by pulsed
discharge. As shown in Figure 8h, the CO,RR performance of the
catalyst was tested at industrial currents using a flow cell of GDE.
In Figure 8i, the unsaturated Cu-N; O, group is linked to the ac-
tivity and selectivity of formic acid, and an excellent Faradaic ef-
ficiency (93.7%) is attained at -0.9 V versus RHE. As shown in
Figure 8j, CuN,0, SA/GAs can maintain about FE of 86% in
a stability test of -0.9 V versus RHE for 10 h. CuN, 0, SA/GAs
have 92.5% FEj o, and are more than 2 times that of CuN,
SA/GAs, at -0.9 V versus RHE (Figure 8k). Jia et al.*] reported
the process of N doping removal that can be easily achieved un-
der continuous plasma bombardment (Figure 8l). Coordination
reconfiguration due to NV can improve catalytic performance. In
Figure 8m, the SA-NiNG-NV current density is higher than that
of the SA-NiNG and the starting potential is low. For CO,RR, Ni
atoms anchored on extremely faulty N-doped graphene catalysts
exhibit excellent stability and high activity. According to mecha-
nistic research, the highly defective pyridinic nitrogen environ-
ment lowers the activation energy for the synthesis of the inter-
mediary products COOH* and CO* by offering a large number of
vacancies for CO, bonding. Dong et al.**! used microwave heat-
ing to create a planar symmetry-broken CuN, (PSB-CuN;) SACs
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for electrocatalytic CO, reduction. As shown in Figure 8n, the
CO,RR performance of PSB-CuN; is similar to that of the best
catalyst ever reported. In Figure 80, PSB-CuN; had a product se-
lectivity of 94.3% for formic acid at -0.73 V versus RHE. However,
the CuN, catalyst showed a selectivity of 72.4% at -0.93 V versus
RHE. During 100 h of operation, a flow cell using PSB-CuN; elec-
trodes maintained a formate selectivity of over 90%.

3.2. The Electrode for the Hydrogen Evolution Reaction

One of the ultimate clean energy carriers is hydrogen. Water split-
ting reactions are largely dependent on the discovery of inexpen-
sive and high catalytic activity catalysts for HER. In alkaline or
acidic media, the evolutionary steps of HER are similar. The first
step of HER is to Volmer with H;O" in an acidic medium to
form H*, and in an alkaline medium to Volmer with H,O to
form H*. The second step is the rate-determining step, which de-
pends on the activity of these catalysts. For example, in Pt-based
catalysts, Tafel reactions adsorb H* to form H,, while transition
metal catalysts typically react H,O (basic) or H;O" (acidic) with
H* to form H,. Excellent electrocatalytic performance for HER
and OER has been demonstrated by SACs made using a variety of
techniques. The following are the applications of three ultrafast
synthetic strategies methods in HER, containing laser-induced
solid-phase method, microwave reduction strategy and transient
heating-quenching method, 37679
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Figure 8. a) Schematic diagram of joule heating approach for synthesis of Ni SACs. b) Faradaic efficiency for the production of CO in various samples.
c) Stability of C,5oPh; sNi SAC under -1.5 V versus RHE. Reproduced with permission.33] Copyright 2021, John Wiley and Sons. d) Schematic diagram
of micro-wave-assisted rapid pyrolysis method. e) Tafel plots of Ni;-N-C-15, Ni;-N-C-50, and Ni;-N-C-100. f) Flow cell for CO,RR diagram with gas
diffusion electrode. g) The jco, time, and energy consumption of Ni;-N-C-50 and Ni;-N-C -furnace. Reproduced with permission.[®*] Copyright 2024,
John Wiley and Sons. h) Schematic illustration of the flow cell. i) The FEs of diverse products for CuN;O; SAs/GAs at different potentials. j) Long-term
stability test of CuN,O; SAs/GAs at —0.9 V versus RHE. k) Faradaic efficiency of HCOO™ production. Reproduced with permission.[*}] Copyright 2024,
John Wiley and Sons. |) Diagram of SAC synthesis using microwave-induced plasma assistance. m) Linear sweep voltammetry (LSV) curves with a scan
rate of 20 mV s~'. The inset shows the LSV curve from -0.3 to -0.7 V versus RHE. Reproduced with permission.[3¢! Copyright 2021, John Wiley and
Sons. n) Summary of formate FEs and overpotential of PSB-CuN; and various catalysts. o) The formate FEs in different potentials. Reproduced with

permission.3° Copyright 2023, Springer Nature.

As mentioned above, Peng et al.l®®! created a laser-induced
solid-phase method to synthesize Pt SACs on graphene supports
(Figure 9a). Pt;-LrEGO has stable HER performance compared
to other catalysts, tested at 10 mA cm~2 during 10 h (Figure 9b).
In the HER, Pt;-LrEGO has a mass activity of 12.36 mA pg™' at
50 mV (Figure 9¢). In Figure 9d, the Nyquist curve shows that
Pt;-LrEGO exhibits a lower charge transfer resistance (9.88 Q).
Ye et al.l’”] prepared aniline-stacked graphene with Pt atoms at-
tached (Pt SASs/AG) with superior HER characteristics using
the microwave reduction process. Pt SASs/AG has an excellent
HER activity (Figure 9¢). The results of the calculation of the Tafel
slope of Pt SAS/AG (29.33 mV dec™!) are similar to that of Pt/C
(Figure 9f). As shown in Figure 9g, Pt SAS/AG can maintain
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good stability. In Figure 9h, it is shown that the Pt atom exhibits
good HER activity after coordination with aniline. The overpo-
tential is 12 mV at 10 mA cm™2 and the mass current density is
22400 at n = 50 mV. And Pt SASs/AG are more stable and active.
Xing et al.[] developed a transient heating-quenching method
for the synthesis of nitrogen-doped graphene-supported single-
atom cobalt materials (CoNG-JH). When utilized directly as an
electrode for catalytic HER, CoNG-JH shows a current density
of 10 mA cm™ and a low overpotential of 106 mV. In the 0.5 M
H,SO,, it shows long-term durability and a small Tafel slope of
66 mV-dec™! (Figure 9j,k). Figure 91 shows a stability test during
48 h at 10 mA cm~2. The test results show that CONG-JH has
good stability.

© 2025 Wiley-VCH GmbH
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Figure 9. a) Schematic illustration of the formation of Pt-LrEGO. b) Pt-LrEGO sample chromatopotentiometry at different laser fluences with a current
density of 10 mA cm~2. ¢) Mass activity at an overpotential of 50 mV compared to Pt-LrEGO and reference. d) The Nyquist plots of Pts-LrEGO, Pts-
LrEGOUYV, and the commercial Pt/C. Reproduced with permission.[®] Copyright 2021, Springer Nature. €) Compared to mass activity of Pt SASs/AG
and references in 0.5 M H,SOy. f) Pt SASs/AG and Pt/C Tafel plots. g) Pt SASs/AG and Pt/C chronopotentiometric curves in 0.5 m H,SO, solution at
10 mA cm~2. h) HER free energy diagrams were computed for Pt SASs/AG, Pt (111), and Py, /G. Reproduced with permission.[3’] Copyright 2019, Royal
Society of Chemistry. i) Pt L;-edge FT-EXAFS of t Pt SASs/AG. j) LSV curves of CoG-JH, NG-JH, CoNG-JH, and 20 wt.% Pt/C. k) Tafel slopes of CoG-JH,
NG-JH, CONG-JH and Pt/C. |) n-t curve of CONG-JH at 10 mA cm~2 within 48 h. Reproduced with permission.!5’] Copyright 2021, Springer Nature.

3.3. The Electrode for Oxygen Reduction Reaction and Oxygen
Evolution Reaction

ORR is a reaction in which oxygen is reduced to water or other
simple oxides by the action of an electrocatalyst on the surface of
an electrode. The reaction usually occurs in two halves of an ORR,
where the oxygen molecules are reduced to an ionic state on the
electrode surface, and then these oxygen species are further in-
volved in the reaction to produce water or other oxides. OER is an
important half-reaction in electrochemical energy conversion de-
vices such as electrolysis of water and metal-air batteries. The first
step of OER under acidic conditions is the dissociation of water,
and the final products are H* and O, . The first step of OER under
alkaline conditions is the adsorption of OH™, and the final prod-
ucts are H,O and O,. The following are the applications of six ul-
trafast synthetic strategies methods in ORR and OER, containing
one-step microwave thermal shock method, novel flash heating
(FH) strategy, flash-thermal shock (FTS) strategy, plasma bomb-
ing approach, microwave heating and electrospinning method,
and brief heat treatment procedure.[?397-101]

The oxygen reduction reaction, which produces H,0, elec-
trochemically, is a viable substitute for the energy-intensive an-
thraquinone process. Gong et al.”’] created a one-step microwave
thermal shock method for synthesis of SACs (Figure 10a). This
method enables concurrently modify the coordination number of
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the adjacent oxygen functional group and the atomically scattered
cobalt site, creating Co-N-C electrocatalysts with high selectiv-
ity and activity for H, O, electrosynthesis. Co-N,-C/HO exhibits
the better activity than standard Co-N,-C/LO SACs. Figure 10b—d
demonstrates that Co-N,-C/HO has a high H,0, selectivity
(91.3%) and a kinetic current density of 11.3 mA cm~2 at 0.65 V.
And the mass activity of Co-N,-C/HO is 44.4 A g~! at 0.65 V, and
the start-up potential of Co-N,-C/HO is 0.801 V. Luo et al.®®! pro-
posed the FH strategy for surface atom adsorption (Figure 10e).
As shown in Figure 10f, CoN;/PCNF has a higher half-wave po-
tential (0.92 V) compared to other materials. Compared with the
reported catalysts, CoNs/PCNF has higher mass activity and con-
version frequency (Figure 10g). Since the surface adsorption-FH
synthesis method can expose more catalytic sites, the utilization
rate of CoNg/PCNF active sites is improved (Figure 10h). In the
OER reaction, CoN;/PCNF has a small overpotential (270 mV) at
10 mA cm™. Because the excellent catalytic activity of the new
CoN; coordination catalyst and the plateau utilization rate work
in concert, the TOF of 65.33 s™! was more than 47.4 times that
of 20% Pt/C. CoN;/PCNF exhibited an excellent electrocatalytic
activity, good ORR kinetics, and excellent 4-electron selectivity
for both OER and ORR. Kim et al.l®! suggested a technique that
uses FTS method to anchor metal atoms on N-doped graphene
supports in a site-specific. Co SACs_N@rGO has a high activity
of ORR (Figure 10j). The average number of electron transfers

© 2025 Wiley-VCH GmbH
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Figure 10. a) Schematic diagram of the synthesis route to Co-N,-C/LO and Co-N,-C/HO. b) Rotating ring-disk electrode voltammograms of N-C,
Co-N,-C/HO and Co-N4-C/LO. c) H,0, selectivity and current comparison for Co-N,-C/HO and Co-N,-C/LO at 0.7 V. d) Mass activity at 0.65 V of
Co-N,-C/HO and othe SACs catalysts. Reproduced with permission.[°”] Copyright 2022, John Wiley and Sons. e) Schematic diagram of FH strategy for
surface atom adsorption. f) ORR polarization curves measured at 1600 rpm and 5 mV s~'. g) Mass activity and TOF values are compared between
references, CoN5/PCNF, and CoN,/PCNF at 0.9 V versus RHE. h) Surface adsorption-FH beyond delicate metal-organic framework (MOF) chemistry.
i) Curves of OER polarization in 1 M KOH. Reproduced with permission.[®®] Copyright 2024, John Wiley and Sons. j) LSV curves of Co SACs_N@rGO at
different rotation speed. k) The matching J =1 versus w~"/2 K-L plots of Co SACs_N@rGO in the various potentials. [) Summary of ORR properties and
synthesis time about single atom in N-doped carbon carriers prepared by different methods. Reproduced with permission.[®®! Copyright 2023, American

Chemical Society.

produced by Co SACs_N@rGO is 3.75 (Figure 10k). The catalytic
performance of Co SAC_N@rGO was equivalent to that of SAC
samples prepared by a traditional furnace annealing procedure
in a vacuum setting, with an average electron transfer number
of 3.75 and a half-wave potential (E,,) of 0.80 V. By analyzing
Figure 101, the synthesis method of FT'S may become a commer-
cial option.

Rao et al.?l explored a plasma bombing approach to pre-
pare SAC-Fe/NC which has a significant ORR performance.
Figure 11a,b shows that the current density of SAC-Fe/NC is
9.890 mA cm~2, and the high half-wave potential is 0.920 V. Both
of SAC-Fe/NC are greater than the current density and half-wave
potential of Pt/C and pure NC. Following the accelerated durabil-
ity test (ADT), there was minimal activity attenuation in terms of
E,, and ], in addition to the high activity, suggesting that the pro-
duced SAC-Fe/NC had exceptional durability (Figure 11c). Zhao
et al.l1%! reported a technology that uses controlled microwave
heating and electrospinning to quickly synthesize a number of
atomically distributed transition metal atoms on nitrogen-doped
multi-level porous carbon nanofibers (M-TM/NPCNFs, TM = Fe,
Co, Ni, FeCo, and FeNi), as shown in Figure 11d. The synthe-
sized M-Fe/NPCNFs-900 demonstrated outstanding ORR activity
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in alkaline conditions. M-Fe/NPCNFs-900 has an overpotential of
0.85V, and the J, is 11.95 mA cm~? (Figure 11e). Figure 11f shows
the free energy diagram of the ORR reaction pathway, which
can be carried out spontaneously on the surface of the catalyst.
Jang et al.l’ presented a new and effective method for creat-
ing SACs through a brief heat treatment procedure (Figure 11g).
In this method, iron phthalocyanine (FePc) and graphene oxide
(GO) were used to rapidly generate FeN, catalysts with the opti-
mal structure of basic ORR. Figure 11h shows the Cyclic Voltam-
metry (CV) curves of four samples at a scan rate of 100 mV s~}
and the voltage range of -0.05 to -1.1 V versus RHE. Two charac-
teristic peaks of FeN,/NGO_0.0 m and FeN,/NGO_1.0 m were
exhibited the redox of the central atom Fe, and it were typi-
cal of FePc.'”2] The measurement was conducted using RDE at
1600 rpm!*%1%4] (Figure 11i). FeN,/NGO_2.5 m is the best cat-
alyst for heat-treated samples. In comparison to standard Pt/C
catalysts, FeN,/NGO_2.5 m exhibits greater performance, ORR
activity, and durability.

We summarize the applications of SACs prepared by various
ultrafast synthesis strategies. Table 2 provides an overview of
the loadings, preparation procedures, and electrocatalytic uses of
single-atom catalysts.

© 2025 Wiley-VCH GmbH
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Figure 11. a) LSV curves of NC, Pt/C, and SAC-Fe/NC. b) E;/; and j, @ 0.90 V of SAC-Fe/NC and references. c) LSV curves, E; 5 and ji, of SAC-Fe/NC
and SAC-Fe/NC after ADTs. Reproduced with permission.!93] Copyright 2022, Elsevier. d) Illustration of the synthesis route for M-Fe/NPCNFs catalysts.
e) Comparison of | and E,, between various catalysts. f) calculated free energy diagrams of the ORR process by calculating for N-C, Fe-N,/C and
Fenp @NC. Reproduced with permission.l1%! Copyright 2024, John Wiley and Sons. g) Simplified diagram of an instantaneous heat treatment process
for catalyst synthesis. h) CV curves at 0.05-1.05 V versus RHE and 100 mV s~"in 0.1 m KOH (N,-saturated). i) Steady-state and iR-free ORR polarization
curves. Reproduced with permission.!'®1 Copyright 2024, John Wiley and Sons.

4, Conclusion

In conclusion, we summarize the synthetic SACs for various ul-
trafast synthesis strategies and electrocatalytic applications. The
traditional methods for the preparation of SACs are difficult to
produce on a large scale due to their low yields and complex
experimental procedures. They are also limited by shortcom-
ings such as poor generality and long processing time. Com-
pared to the traditional methods, the advantages of a rapid syn-
thesis strategy on instantaneous quenching, rapid heating, and
rapid ignition could effectively prevent metal atom migration
and aggregation, preserve the stability of isolated atom during
the manufacture of SACs. Moreover, the instantaneous quench-
ing during the ultrafast synthesis can facilitate bond forma-
tion between the single atom and supports which results in
excellent stability in the catalytic process. In addition, meth-
ods such as pulsed discharge and Joule heating ensure uni-
form mixing between the metal and the support and a uni-
form heat distribution throughout the material, ensuring homo-
geneity of the synthetic sample. The ultrafast synthesis strat-
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egy can often shorten the preparation time of SACs, with high
efficiency.

However, the quick heating synthesis approach still has several
drawbacks and difficulties when it comes to producing SACs. All
of the above strategies have short heating and cooling process du-
rations, which presents challenges for accurate temperature con-
trol and measurement. In the above methods, there are few stud-
ies on single-atomic materials with high loading, and increasing
the high loading capacity may become a research hotspot in the
future. In addition, the use of in situ electron microscopy to de-
tect the synthesis mechanism of single atoms in the ultrafast syn-
thesis process may also become a research hotspot. The synthesis
mechanism of single atoms detected by in situ X-ray absorption
fine structure can also be studied in depth.

SACs have a promising application in the field of electrochem-
istry. In high-energy environments, the ultrafast synthesis strat-
egy can decrease the exposure of metal atoms. The ultrafast syn-
thesis method can reduce atomic agglomeration and can be ben-
eficial for increasing the loading of metals, which can enhance
the electrocatalysis activity of SACs. We summarize that SACs

© 2025 Wiley-VCH GmbH
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Table 2. Summary of loading and electrochemical applications of SACs prepared by various methods.

Catalysts Preparation methods Mass loading of mental Electrocatalytic applications Refs.
Carbon-supported Ni SACs Joule heating 1.0wt.% CO,RR [33]
Pt SASs/AG Microwave reduction 0.44 wt.% HER [37]
Fe-N-G/CNT Microwave heating 1.45 wt.% ORR [38]
PSB-CuN, Microwave heating 0.48 at.% CO,RR [39]
Co-NG-MW Microwave heating 1.10 wt.% HER [42]
CuN, O, SAs/Gas Pulsed discharge 1.03 at.% CO,RR [43]
Pt,-FeOx/CN Electrical pulse Pt: 0.21 at.% ORR [44]
Fe: 1.17 at.%
CoNG-JH Joule heating 0.81 wt.% HER [67]
Fe-N-DCSs Joule heating 0.682 wt.% ORR [68]
P-FeN,@CNTs Flash Joule heating 1.487 wt.% ORR [74]
Co/N-C(PA) and Co/N-C(SP) Continuous plasma arc (PA method) or 3.5wt.% /0.7 wt.% ORR [88]
Intermittent spark pulse (SP method)
Pt Sas Laser Planting 41.83 wt.% HER [89]
Ir;-Co; 0, and Pt;-Co; O, One-step thermal decomposition of molten salts Ir: 10.97 wt.% OER and HER [97]
Pt: 4.60 wt.%
Ni;-N-C Microwave-assisted rapid pyrolysis 1.3 wt.%~1.6 wt.% CO,RR [95]
Pt-LrEGO Laser solid-phase 0.41 wt.% HER [96]
Co-N-C One-step microwave thermal shock 0.14 wt.% ORR [97]
CoNg/PCNF and CoN,/PCNF Surface atom adsorption-flash heating 1.10 wt.% / 0.85 wt.% ORR and OER [98]
Rugy @Cu,,,0 Joule heating Ru: 2.4 wt.% NO;RR [105]
Ni;NgO/NC Microwave pyrolysis 0.85 wt.% CO,RR [106]

synthesized by ultrafast synthesis methods exhibit excellent cat-
alytic performance. SACs have been widely used in the reactions
of HER, ORR, OER, and CO,RR. It is necessary to continue to
explore whether the SACs prepared by the ultrafast synthesis
method can be used in other electrocatalytic reactions. Future re-
search should focus on the stabilization improvement of SACs
and the application of ultrafast synthesis processes in industry.
We should explore the potential of more electrocatalysis by devel-
oping new ultrafast synthesis methods. In addition, cross-scale
studies can be carried out in combination with theoretical calcu-
lations, such as multi-scale and systematic study of the mecha-
nism of ultrafast synthesis processes.

In short, the ultrafast synthesis strategy should be given more
attention in the preparation of SACs. And more electrocatalytic
applications will be explored. The ultrafast synthesis strategy will
create an innovative pathway for the rapid synthesis of SACs with
good performance.
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