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ABSTRACT

Catalysts can accelerate the chemical reaction rate and effectively promote the molecules transformation, which is of great
significance in the research of chemical industry and material science. The extreme utilization of reactive sites has led to the
emergence and development of atomically dispersed materials (ADMs). The highly active coordination unsaturated metal sites
and fully utilized metal atoms make ADMs show great potential in catalytic reactions. The adjustment of coordination
environment and electronic structure provides more possibilities for constructing reactive centers with different properties. This
review summarized the application and research progress of ADMs in different fields. The design strategy and structure—activity
relationship of ADMs for specific reactions were summarized and analyzed. Moreover, we also provided advices for the

challenges and opportunities faced by ADMs in catalytic reactions.
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1 Introduction

Catalysis is the cornerstone of chemical industry and of great
significance in material science research. About 90% of chemicals
are produced involving catalysts during the manufacture [1]. For
example, the Haber—-Bosch process was applied into the synthetic
ammonia industry [2]. The Ziegler-Natta catalysts can be used to
produce various plastics [3]. The three-way catalyst (TWC) solves
the pollution of automobile exhaust [4]. In fact, numerous cases
can reflect the importance of catalysis beyond the examples listed
above. Today, new catalysts and new catalytic technologies are
constantly promoting the development and technological progress
of chemical industry. At the same time, catalysis will also play an
important role in dealing with energy and environmental crises in
modern society.

The improvement of activity and stability is the eternal pursuit
for catalyst development. It requires us to have a clear
understanding of the reaction mechanism. The adsorption and
activation of reactant molecules on the active sites are the
prerequisites for catalytic reaction. The formed intermediate
further converted into the products and desorbed to renew the
active center. During the reaction, the exposed atoms of catalysts
are the effective reactive centers. The bulk atoms are likely to be
useless. Increasing the surface atomic proportion of metal sites of
catalyst can be an effective strategy to improve the catalytic
efficiency [5]. For example, reducing the metal particle size and
increasing the dispersion can effectively increase the surface
exposed metal atomic sites. In the past years, researchers prepared
a great deal of industry catalysts by dispersing the active
component on high surface area supports including ALO; [6-8],
SiO, [9], zeolites [10-12], and carbon materials [13-21]. The
extreme of active components dispersion is to form the isolated
metal sites, which is so-called the atomically dispersed materials

(ADMs). ADMs can maximize the atomic efficiency, which can
increase the reactive sites and reduce the metal consumption, and
have received much attentions and shown great potential in
industry (Fig. 1). However, due to the limitation of synthesis and
characterization method, the recognition of ADMs lags behind
their applications.

As early as 1925, the researchers found that the uppermost
nickel atoms should be the active sites for catalysis [22]. In 2007,
Lee and his co-workers studied the properties of Pd atoms by
using extended X-ray absorption fine structure (EXAFS) and
aberration corrected-transmission electron microscopy (AC-
TEM) technology [23]. The concept of “single-atom (SA) catalysis”
was clearly put forward for the first time by Zhang Tao and his co-
workers in 2011 [24]. Since then, the ADMs have witnessed rapid
development and become the frontier research of catalysis. As the
metal size decreases, the quantum size effect has greatly changed
the intrinsic properties of materials (Fig. 2) [25]. The ADMs can
not only improve the metal utilization but also change the
traditional research method. The traditional concepts including
the metal dispersion, particle size effect, and metal-support
interface are not suitable for ADMs. Instead, the electronic
structure and the coordination environment of atom sites are the
research topics [26-32]. Besides, the advances of synthetic
chemistry and characterization method provide opportunities for
the precise construction of active centers and put forward the
research of catalysis from molecular level to the atomic era.

The isolated metal atoms anchored on the support can be
greatly affected by surface properties, and can be adjusted by
tailoring the coordination environment. The metal atoms were
fixed on the oxides through oxygen coordination. N acts as the
anchoring sites for metal atoms on carbon nitride (CN) materials.
And S can also stabilize metal site in many cases [33]. The ADMs
with unsaturated coordination status could facilitate the intrinsic
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Figure2 Schematic illustration of the surface free energy and specific activity
changes as the metal size decreases. Reproduced with permission from Ref. [25],
© American Chemical Society 2013.

activity improvement by accelerating the reactant activation [34].
The ADMs with stable coordination structure can always tolerate
the harsh reaction conditions as well as maintain the excellent
stability [35]. The electronic metal-support interaction can also
alter the electronic structure of ADMs and realize the regulation of
catalytic performance. With the in-depth study of ADMs, various
atomic combination structures have been developed. The concept
of “atomically dispersed” is expending from single-atom sites [36]
to dual-atom sites [37-41], further to collection of single atoms
[42,43], ensemble sites [44, 45], and cooperation of particles and
single atoms [46-48]. Different atomic combinations bring new
properties to the active sites [49]. Moreover, the different
properties of active centers can provide more possibilities for
activating reactants and catalyzing various reactions. The study of
ADMs will bring new opportunities for developing ideal catalysts
in atomic era.

Previous reviews of ADMs mainly focused on the progress in
the design and characterizations of single-atom catalysts. But other
atomic combination structures and the summary of reaction
progress are simple. Besides, most of works only summarize a
single type of reactions such as photocatalysis, electrocatalysis, and
a few thermal catalysis reactions. The rapid development of ADMs
has greatly expanded their application fields. It reminds us to
organize their application areas more comprehensively. In this
review, we systematically summarized the application and
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progress of ADMs in various fields, including environment
catalysis, electrocatalysis, organic synthesis, photocatalysis, battery,
sensor, enzyme catalysis, and so on. Finally, we discussed the
opportunities and challenges faced by ADM:s in various reactions.
We hope the comprehensive review can provide instructive advice
for the research and application of ADMs.

2 Application of atomically dispersed materials

2.1 Environment catalysis

Environment catalysis is an effective way to eliminate pollutants
like CO, NO,, and hydrocarbons. The pollutant molecules are
oxidized into non-toxic and harmless CO, and water through
catalytic reaction. This technology has multiple advantages such as
high efficiency, low energy consumption, and no secondary
pollution [50]. The most fundamental requirement is to develop
more efficient and stable catalysts. Besides, diverse catalysts should
be developed to meet the demand due to the different properties
of multiple pollutants. The appropriate catalyst can not only
improve the reaction efficiency, but also save costs. We
summarized the research progress of different pollutant molecules
as follows.

2.1.1 CO oxidation

CO is a kind of toxic gas and has great threat to human health
[51]. CO mainly comes from the automobile exhaust emission
and fossil fuel combustion. Catalytic CO oxidation has proven to
be a successful technology and has great value in industrial
application. Besides, CO oxidation also acts as a probe reaction
[52,53]. The relevant achievements have deepened the
understanding of interface reactions, and further promoted the
development of heterogeneous catalysis. Pd [54-56], Pt [57-60],
and Au [61] are commonly used noble metal catalysts. However,
their low-temperature activity and high-temperature thermal
stability still need to be improved. ADMs have shown unique
advantages for CO oxidation. Besides, the development of ADMs
brings new opportunities to solve the above problems. Zhang’s
group prepared the Pt)/FeO, catalyst which has shown superior
activity in CO oxidation and the turnover frequency (TOF) value
was 2-3 times higher than the reference sample [24].
Subsequently, the concept of atomic sites catalysis has attracted
more and more attention. The reducible oxides are always used as
supports for metal atom loading. Wan et al. prepared the Au-
SA/Def-TiO, catalyst, in which Au atom was deposed on defective
TiO, nanosheets (Fig. 3) [62]. The defect site of TiO, can stabilize
Au atoms as well as form the Ti-Au-Ti structure. It can not only
reduce the energy barrier but also weaken the competitive
adsorption of Au sites. Cu single-atom catalysts are also effective
for CO oxidation [63,64]. Guo et al. designed the Cuy/TiO,
catalyst, in which Cu atoms were trapped by Ti vacancy [63]. The
charge transfer between Cu and TiO, creates abundant Cu(I) and
2-coordinated Oy, sites. The Cu,—~O-Ti structure can distort the
TiO, lattice and activate the adjacent surface lattice O”. Detailed
studies show that CO oxidation on Cu,/TiO, follows Eley—Rideal
route at 80 °C and Mars-van Krevelen route higher than 200 °C.
Since the atomic sites are easy to sinter at higher temperature
[65], numerous works and efforts have been made to exploit new
synthesis strategy and construct more stable structure of ADMs.
The support trapping effect is an effective way to prepare the
stable ADMs. For example, Jones et al. used the ceria as support to
anchor the Pt atoms. The high temperature treatment during
catalyst preparation leads to the mobile PtO, to rapidly emit and
be finally trapped by ceria through the formation of stable
covalent metal oxide bond. The high synthesis temperature also
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Figure3 (a) Schematic illustration of catalyst synthesis. (b) Fourier transform (FT)-EXAFS results. (c) Light-off curves for CO oxidation. (d) Simulation of CO
oxidation. Reproduced with permission from Ref. [62], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018.

ensures the formation of anti-sinter ADMs [66]. However, the
stable structure limits their low-temperature activity. Nie et al.
activated the surface lattice oxygen of Pt;/CeO, by using a high
temperature steam treatment [67]. New active site is generated on
CeO, near the Pt" center. The optimal catalyst can achieve
excellent low-temperature activity as well as outstanding
hydrothermal stability. There will be no significant loss of activity
even if the catalyst undergoes harsh reaction conditions. This
work makes the ADMs closer to the industrial application.
Because the sintering is the key factor to limit their application,
strong metal-oxygen interactions can inhibit metal atoms
sintering. However, it will also lead to few metal sites available for
reactant activation. Besides, the atom sites anchored by oxides are
also sintered under high temperature reduction. Recently, Liu and
his co-workers designed the defective CeO, nanoglue islands on
SiO, and each island hosts one Pt atom averagely [68]. The whole
process for catalyst preparation was realized by precisely
regulating the pH value, followed by sequential adsorption and
deposition of metal ions. Pt can maintain atomic dispersion under
both high temperature oxidizing and reducing. Besides, the
activated catalyst owns great enhanced CO oxidation activity. Not
only the noble metal atoms, atomically dispersed iron hydroxide
can also enhance the CO oxidation activity. Lu and his co-workers
used the atomic layer deposition (ALD) method to fabricate
atomically dispersed Fe,(OH), on Pt particles [69]. The catalysts
own excellent activity for selective CO removal, which is about 30
times higher than the traditional Pt on Fe,O; catalysts. The

structure characterization shows that Fe,(OH), clusters anchored
on Pt particles and the interfacial sites are the reactive centers to
activate CO and O,. The deposition of Fe,(OH), supplies a new
way to construct the highly active catalysts.

Another effective way to construct stable and high-performance
catalysts is to regulate the coordination environment of ADMs
[70]. For example, Pt atoms are stabilized at CeO, surface by
forming the Pt;O, symmetric square-planar structure. The overly
stable coordination environment makes Pt atoms resistant
sintering, as well as reduces the ability to activate reactant
molecules [71]. Wang’s group developed a thermal-shock
technology to reconstruct CeO, surface to form an asymmetric
Pt,0, structure, and restrict the transport of vapor PtO, (Fig. 4).
The new coordination structure leads to Pt;/CeO, TS catalysts
with high catalytic activity and Tj, decreased about 140 °C.
Moreover, unlike the traditional metallic Pt catalysts with loss
activity at high temperature oxidation, the prepared Pt;/CeO, TS
can retain the superior activity even at 500 °C. In situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
results show that the improved performance can be ascribed to
form a partially reduced Pt;*" species during CO oxidation [72].
This finding also inspired us to develop novel methods to
synthesize catalysts.

Pd ADMs materials are also suitable for CO oxidation and have
shown both similarities and differences with Pt. For example, the
atom-trapping effect is also applicable to Pd catalyst. However,
unlike Pt, Pd catalysts can be used without reduction activation.
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Muravev et al. studied two different Pd/CeO, catalysts in CO
oxidation and found different dynamic structure evolution [54].
The impregnated Pd atoms tend to reduction and aggregation
during CO oxidation. Pd-doped CeO, prepared by flame spray
pyrolysis still maintains intact in the same process. The isolated
Pd* sites are reactive centers on both two catalysts in low
temperature range. Pd doped into CeO, can activate the lattice
oxygen and promote the oxygen exchange at Pd-O-Ce interface.

2.1.2  NO elimination

NO, is one of the main air pollutants which mainly comes from
industry production, vehicle emission, fuel combustion, and so on.
The NO, emission will lead to serious environmental problems
including photochemical smog and acid rains. ADMs show good
performance in NO, elimination [73-75]. Wang’s group prepared
the Rh,/CeO, catalyst by the atom-trapping method [76]. The
0.1 wt.% Rh can achieve high TOF of around 330 h™ and NO can
be fully converted at 120 °C. Besides, the low-temperature activity
can be further promoted by the presence of water. Zhang et al.
deeply studied the reaction mechanism of NO+CO on Rh,/SiO,
[77]. The experiment and density functional theory (DFT) results
show that CO and NO were adsorbed on Rh atoms and coupled
to form the CO, and adsorbed N atom. Subsequently, the
adsorbed N atom coupled with another CO to form -NCO. The
-NCO bound on Rh; sites can transfer to SiO, to form Si-NCO or
couple with NO to form N, and CO,. In another route, the N
atom couples with another NO to form N,O. Finally, N,O reacts
with the adsorbed CO to form CO, and N,. Although noble metal
catalysts have excellent performance for NO, elimination, the high-
cost greatly limits their application. Selective catalytic reduction
(SCR) technology is the most promising method for NO,
decomposition. Using SCR technology to develop non-noble
metal catalysts to replace noble metal catalysts is an effective
strategy. Qu et al. designed the Mo,/Fe,0O; catalyst and it has
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shown high SCR turnover frequency, which is even comparable to
the classical V,04/TiO, catalyst [78]. The detailed structural
characterization shows that the isolated Mo acidic sites and
adjacent redox Fe ions composed the dinuclear acid-redox sites.
The increase of dinuclear active sites will lead to a higher SCR rate
but not change the apparent activation energy.

2.1.3  Three-way catalytic reaction

The engine exhaust gas is mainly composed of CO, NO, C;Hg,
and C;H. Meanwhile, the catalytic reaction is also carried out
under harsh conditions. Therefore, it put forward higher
requirements for the catalytic activity and stability of the three-way
catalysts [79-81]. As for the elimination of complex pollutants, the
full dispersion ensemble sites with multiple atomic combination
have shown better performance than the isolated sites, since the
former with multiple metal centers can provide active sites for
various reactant molecules activation. For example, the Pt, Pd, and
Rh catalysts with ensemble metal centers have shown excellent
activity and durability for automotive applications. CO, C;Hy, and
C;Hjg can be oxidized at low temperature and NO is also reduced
at the same time. The exposed metal centers are metallic ensemble
sites instead of isolated atoms. The structure characterizations
show that the catalyst can maintain stable before and after the
reaction [44]. Zhou et al. prepared the Pt-Pd dual-site single-atom
catalyst for three-way catalytic reaction [82]. CeO, was used as the
support, and Pt and Pd atoms were anchored on CeO, by a multi-
step heating strategy. The prepared catalysts have shown
outstanding TWC performance. Moreover, the ignition
temperature of NO can be further decreased by increasing Pt and
Pd loading. The DRIFTS results indicate that the neighboring Pt-
O-Pd structure acts as the reactive center. CO and NO can be
adsorbed separately on Pt and Pd atoms and further promote the
NO elimination.
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2.14 Volatile organic compounds (VOCs) oxidation

VOCs generally refer to organic compounds with boiling point
lower than 250 °C under standard atmospheric pressure
(101.325 kPa), and are one of the main pollutants in the
atmosphere. Most of VOCs can cause secondary pollution, such as
ozone pollution and secondary aerogel pollution, which brings
serious environmental pollution problems and seriously harms
human health [83]. VOCs in the atmosphere mainly come from
industrial emissions and vehicle exhaust emissions, while indoor
pollution mainly comes from office supplies, decorative materials,
and building materials. The main types of VOCs emitted include
alkanes, alkynes, olefins, alcohols, ketones, aromatic hydrocarbons,
aldehydes, halohydrocarbons, esters, and nitrogen and sulfur
compounds. Among them, aromatic hydrocarbons and olefins are
highly polluting molecules that need to be solved urgently because
they can cause serious environmental problems such as
photochemical smog and ozone pollution [50]. The ADMs of Pt,
Pd, Au, and Ag have been widely studied and have shown
excellent activity for oxygen containing VOCs including
formaldehyde, methanol, and acetone. MnQ, is suitable material
for VOCs elimination as well as good support for preparing high
performance ADMs [84, 85]. For example, Chen et al. synthesized
the a-MnO, doped Au catalyst by redox precipitation method
[86]. The Cs-corrected high-angle annular dark-field scanning
TEM (HAADF-STEM) images indicate that Au atoms were
highly dispersed on MnO,. 0.25% Au/a-MnO, can completely
remove 500 ppm HCHO at 75 °C. Besides, the catalyst can also
eliminate low-concentration HCHO (1 ppm) at ambient
temperature. The surface vacancy oxygen, lattice oxygen, as well as
charged Au species act as the reactive center. The Mars-van

(b)
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Mn;0,—Mn,0;

2 nm
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Krevelen mechanism was also confirmed by the in situ DRIFTS
results. Hu et al. prepared the Ag,np-hollandite manganese oxide
(HMO) catalyst by anti-Ostwald ripening (AOR) method [87].
The single-atom Ag catalyst with stable structure and controllable
electronic state has shown easier reducibility and better catalytic
activity.

ADMs also show promising applications in degradation of
aromatic hydrocarbons including benzene, toluene, and xylenes.
The activation of O, and reactant molecules is the prerequisite for
catalytic reaction. Platinum has always been used for catalytic
oxidation due to its excellent performance [88]. The cooperation
between Pt and Fe,O; has been identified for superior activity.
Yang et al. designed a three-dimensionally ordered mesoporous
iron oxide (meso-Fe,0O;) by using KIT-6 as template, and further
loading Pt atoms to prepare the 0.25Pt;/meso-Fe,O; catalyst [89].
The optimal catalyst can achieve Tsy, and Ty, of benzene
oxidation at 186 and 198 °C. The TOFy, of 0.25Pt;/meso-Fe,O; is
2.69 s, which is much higher than Pt nanoparticles (1.16 s*) at
160 °C. The catalyst also owns good water resistant, which can be
ascribed to the formation of active radicals and carbonates
decomposition. Moreover, phenolate, benzoquinone,
cyclohexanone, and maleate are the main intermediates during
benzene oxidation. Yan et al. reported a new method to prepare
thermally stable Pt ADMs (Fig. 5) [90]. Pt single-atom was firstly
loaded on Mn;O,. The following high-temperature treatment
leads to phase transition from Mn;O, to Mn,O;. The high-valent
Pt species can still maintain isolate dispersion state even
treatment at 800 °C in humid air for 5 days. The moderate H,O,
etching can further promote the catalytic performance as well as
thermal stability in CH, oxidation. Zhang et al. prepared a
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Pt/MnO, catalyst, in which Pt atoms were doped into the defective
MnO, [91]. The catalyst can eliminate 10 ppm toluene at 80 °C,
significantly better than the unmodified MnO,. Moreover, Pd can
also be used for VOCs elimination. Hou et al. prepared the
atomically dispersed tungsten species on Pd nanoparticles [92].
The formed Pd-O-W, interface structure can promote the water
resistance of catalyst in methane combustion. This can be
attributed to hydroperoxyl species generation and co-existence of
Mars-van Krevelen and Langmuir-Hinshelwood mechanism in
the presence of water vapor. The DFT results indicate that electron
transfer from W atoms would upshift the d-band center of Pd,
which greatly promotes the adsorption and activation of oxygen.

2.2 Application of electrocatalysis

2.2.1 Water splitting

H, has been recognized as a promising clean energy to replace
traditional fossil fuels since its high energy density far exceeds
gasoline and coal. Besides, H, combustion only produces water
and has zero carbon emission. It is an ideal green energy and can
deal with serious environmental pollution, global warming, energy
crisis, and other major threats caused by fossil fuel combustion.
Generally, methane steam reforming or coal gasification is used to
produce H, in industry, which will result in large amount of
greenhouse gas emissions. Electrocatalytic water splitting to
produce H, is a green and sustainable route with no harmful
species formation [93-99]. The water splitting includes hydrogen
evolution reaction (HER) process at cathode and oxygen evolution
reaction (OER) process at anode.

2211 HER

HER occurs at the cathode of electrolytic water dissociation. The
reaction substrates are different at different pH values. Generally,
hydrogen production follows the two-step continuous reactions
(Volmer-Heyrovsky step or Volmer-Tafel step) [29,100-105].
Platinum has always been an advanced electrocatalyst in HER
reaction [106-108]. However, the high cost and scarcity of Pt limit
its large-scale application. ADMs can maximize the metal atom
utilization. It can effectively reduce the consumption of noble
metal while maintaining the number of active sites. Liu et al.
designed the onion-like nanospheres of carbon (OLC) for Pt atom
loading. Atomically dispersed Pt on Pt;/OLC with only 0.27 wt.%
Pt loading has shown high activity in HER, even comparable with
commercial 20 wt.% Pt/C. The Pt site with tip-enhanced local
electric field is responsible for the high HER activity [109]. For the
supported catalysts, the support can regulate the metal properties
and plays an important role in the catalytic reaction. Shi et al.
prepared different kinds of single Pt atom catalysts by using the
site-specific electro-deposition method (Fig.6) [110]. The Pt
atoms were loaded on different types of supports and the
structure-activity relationship was studied. They found that the
HER activity can be modulated by regulating the electric
metal-support interaction and the oxidation states of Pt atom.
The correlation between HER activity and average oxidation state
of Pt atom as well as the Pt-H/Pt-OH interaction were established.
The results show that the hydrogen binding energy decreases with
the decrease of Pt oxidation state and finally enhances the acidic
HER activity. Pt atoms with optimal oxidation state (ca. +2) own
the best alkaline HER activity. More than this, Zhang et al. further
studied how the chemical-environment of Pt influenced the HER
performance. They prepared a series of Pt ADMs with different
axial ligands. The relationship between chemical-environment and
HER activity was studied. It follows the sequence as I-Pt < Br-Pt <
HO-Pt < F-Pt < CI-Pt. Besides, Cl-Pt/layered double hydroxide
(LDH) has shown the best performance, which can be ascribed to
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the high first-electron-affinity of Cl. It can optimize the adsorption
of hydrogen and hydroxide, therefore, further promote the
alkaline HER [107].

2212 OER

OER is another half reaction taking place at anode. Since the OER
is a four-electron transfer process, a series of reaction
intermediates would be generated. The reaction kinetics of OER is
more complex and more difficult to occur compared with the
HER. Higher potential is needed to overcome the OER reaction
barriers [111,112]. RuO, and IrO, are commonly used
commercial catalysts [113-115]. Atomization of noble metals can
effectively improve their utilization as well as enhance their mass
activity [116]. Cao et al. developed the Ru-N-C ADM:s for acidic
OER [117]. The mononuclear Ru atom was coordinated with four
N atoms to form the porphyrin-like Ru,-N, structure. The
structure will further transform to O-Ru,-N, after oxygen
adsorption and promote the OER activity. Li’s group also
prepared a Ru/LiCoO, atomically dispersed catalyst by
incorporating Ru atom into LiCoO, layer (Fig.7) [118]. The
Ru-Co pair sites of the catalyst can enhance the strong electronic
coupling between Ru and Co center, thus promote the catalyst
electrical conductivity as well as the OER performance. Yao et al.
designed a series of Pt-Cu alloys with Ru atoms embedded
through acid etching and electrochemical leaching [119]. The
volcano relationship between PtCu-alloy lattice constant and OER
activity was established. The optimized Ru,-Pt;Cu catalyst shows
220 mV overpotential at 10 mA-cm™ in acidic OER. Moreover, the
lifetime is about 10 times longer than the commercial RuO,. The
electronic structure of Ru atom was engineered by regulating the
compressive strain of Pt shell, which facilitates the oxygen species
binding and better resistance to over-oxidation and dissolution. Ir
ADMs are also suitable for OER. Jiang et al. prepared the Ir single-
atom catalyst on nanoporous (Niy,,Fey,)sP support by a self-
reconstruction method [120]. Isolated Ir atoms were dispersed on
oxyhydroxides. The catalyst owned outstanding OER performance
and excellent cycling stability, which is comparable to the
commercial IrO, catalyst. The isolated Ir sites are the reactive
center and promote the O-O coupling. Although the
decomposition of metal into atoms can improve its utilization
efficiency, the high cost and scarcity of noble metal have restricted
their application. Many efforts have been made to develop non-
noble metal catalysts to replace the precious metal. Hu’s group
prepared a series of double-atom catalysts on N-doped carbon,
which were derived from the single-atom precatalysts containing
Fe, Co, and Ni. The bimetallic cooperation leads to a higher OER
activity of double-atom catalysts compared to the single-atom
counterparts [121]. Chen et al. also designed a diatomic site
catalyst composed of adjacent Ni and Fe centers [122]. The
catalyst shows extraordinary activity and stability for OER. The
mechanism study shows that Fe serves as the catalytic center. The
orbital coupling of Fe and Ni leads to higher oxidation state of Fe
and weakens the binding of intermediate.

2.2.2  Oxygen reduction reaction (ORR)

Fuel cells are promising next-generation energy [123-129].
However, the slow ORR process at cathode is the main obstacle
restricting the large-scale application of proton exchange
membrane fuel cell (PEMFC) technology. More than this, the
ORR catalyst currently used is commercial Pt/C with high Pt
loading (higher than 20 wt.%). The key to overcome this obstacle
is to reduce the overpotential of ORR to improve the energy
conversion efficiency of fuel cells and reduce the cost of catalyst.
The development of ADMs can well meet the above requirements.
The ORR process involves a multi-step electron transfer. There are
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TOF values. Reproduced with permission from Ref. [110], © Shi, Y. et al. 2021.

two main ways: Oxygen is reduced to water through a direct four
electron process; oxygen is first reduced to hydrogen peroxide (or
intermediate HO,") through a two-electron process, and then
reduced to water through a two-electron process. Among them,
the direct four-electron process is more efficient than the two-
electron process, which makes the battery have better performance
and efficiency. The ORR reaction path and catalytic activity are
closely related to the intrinsic structure of the catalyst. The analysis
of ORR active sites is of great significance for the development of
highly efficient catalysts. In recent years, carbon supported Pt
atomic catalyst has shown promising application toward ORR. Liu
et al. designed a defective carbon to support Pt atoms and
achieved high Pt utilization [130]. The prepared Pt ;BP, with
1.1 wt.% Pt loading has shown remarkable ORR performance. The
structure analysis revealed that each Pt atom was anchored by four
carbon atoms in carbon divacancies to form the Pt-C, structure.
Song et al. prepared the Pt single atom catalysts by ALD method
[131]. The metal-organic framework (MOF) derived N-doped
carbon was used as the support. The Pt catalysts with different
sizes can be tailored by changing the ALD exposure time. The 30 s
ALD will form Pt single atom and further increasing the
deposition time will lead to Pt cluster or nanoparticles formation.
The atomically dispersed Pt catalyst shows 6.5 times higher mass
activity than Pt nanoparticles. The site density of ADMs can also
affect the ORR activity. In addition to the above Pt-carbon
catalysts, the combination of Pt and oxides can also contribute to
EZER
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the highly active catalysts for ORR. Zou’s group prepared the
Pt-Fe pair sites catalyst [132]. a-Fe,O; with (012) and (001) crystal
planes was selected as the support to load Pt atoms. The different
supports show different binding forms with Pt. The strong
electronic coupling of Pt-Fe pair on Pt;-Fe/Fe,O; (012) causes
incomplete occupation of orbitals, which accelerates the
adsorption and dissociation of O,. The Pt sites also have a good
desorption for the intermediate OH* species. The prepared
catalysts have shown excellent ORR activity and stability as well as
negligible activity attenuation. With the development of fuel cell
technology, reducing the cost has become an urgent demand.
Replacing the Pt based catalysts by non-noble metal catalyst is an
efficient strategy. The researchers developed various non-noble
metal ADMs for ORR [133]. For example, Jin et al. prepared a
series of Fe-N, catalysts and regulated the inter-site distance by
changing the loading amount of Fe [134]. The results show that as
the inter-site distance is less than 1.2 nm, the ORR activity of Fe-
N, catalyst would increase. This can be ascribed to the strong
interactions between adjacent Fe-N, centers, which changes the
electronic structure of the reactive center. Moreover, the ORR
performance can be further enhanced until the distances of Fe
atoms were close to 0.7 nm.

H,0, is an important disinfectant and oxidant in medical and
chemical industry. The traditional production of H,O, in industry
is anthraquinone redox. The impure H,O, needs further
purification and distillation. This process is accompanied by high

@ Springer | www.editorialmanager.com/nare/default.asp
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energy consumption and high pollution. The electrochemical two-
electron reduction can generate H,O, at ambient conditions
without harmful byproducts [135-137]. The ADMs are promising
catalysts in this reaction. For example, Zhang et al. reported a
single In atoms on hollow carbon rods for 2e- ORR. The accurate
synthesis leads to In atom anchored with N, S in the first
coordination and B in the second coordination. The In SAs/NSBC
catalyst owns high selectivity (above 95%) for H,O, in both
neutral and alkaline solution (Fig. 8) [138]. Jiang et al. developed a
highly efficient Fe ADMs for electrocatalysis H,0, production.
The H,0, selectivity is above 95% in a wide range of pH values.
The DFT results show that Fe-C-O coordination is the reactive
center for 2e” ORR for H,0,. However, the Fe-C-N prefers to the
4e way [139].

2.2.3 Electrooxidation of methanol, ethanol, and formic acid

Direct fluid fuel cells use liquid fuel for anodic reaction to convert
chemical energy into electrical energy, which has potential to
replace traditional fossil energy. Methanol, ethanol, and formic
acid are commonly used because of their high energy density and
environment-friendly [140-144]. Pt is an excellent electrocatalyst
in HER, ORR, methanol oxidation reaction (MOR), and ethanol
oxidation reaction (EOR). But, limited by its high cost and
scarcity, improving the mass activity of Pt can reduce the
consumption of Pt while maintaining the overall activity. Li et al.
first prepared PtNi alloy nanowires and then dealloyed the
nanowires by a partial electrochemical method to create the Pt
nanowires with Ni atom modified. The single Ni atoms can

optimize Pt activity on the surface and enhance the mass activity
of HER, MOR, and EOR. Besides, CO will be generated during
MOR process and poison the Pt catalyst. It is of great significance
to prepare the catalyst against CO poison [145]. Pt;/RuO, catalysts
have been reported to show high mass activity in MOR as well as
high tolerance for CO poisoning [146]. Poerwoprajitno et al.
developed an in situ process to construct stable catalyst structure
for electrooxidation, in which Pt spreads on Ru branched particles
to form Pt atoms dispersed on Ru. The spreading process was
confirmed by in situ TEM. The formation of stable ADMs
structure is driven by strong Pt-Ru bonds. The Pt-on-Ru catalyst
can tolerate CO poison and lead to the high mass activity and
current density in MOR [147]. Li’s group prepared the single Rh
atom anchored on N-doped carbon by host-guest strategy [148].
The prepared SA-Rh/CN catalyst has shown ultra-high mass
activity as well as high CO tolerance. The mass activity is 67 and
28 times higher than the Pt/C and Pd/C catalysts, respectively.
Besides, the catalyst can also maintain stability during the long-
term reaction and Rh atoms are sinter resistance.

2.2.4 Carbon dioxide reduction reaction (CO,RR)

The greenhouse gas CO, has triggered serious global climate
problem. In recent years, the conversion of CO, into high-value
hydrocarbon fuels or chemicals has drawn more and more
attention [149]. Through energy storage and transformation
technology, it can not only reduce the content of CO, in the
atmosphere, but also convert renewable energy into chemical
energy. Besides, the high-value fuels or chemicals formed by CO,
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can replace fossil fuels and realize the carbon cycle process.
Electrocatalytic CO,RR into high value chemicals is an effective
way to realize this process [150-160]. CO,RR generally includes
the following steps: (1) CO, is adsorbed on the surface of catalyst,
accepts electrons or protons provided by the electrode, and then
the carbon oxygen bond breaks to form related intermediates. (2)
Intermediates are rearranged into new reduction products, and
then react with protons or electrons in electrolyte or electrode to
generate products. Cu has been proved as an effective catalyst for
CO,RR and the products include methane, CO, ethylene, ethanol,
and acetate. Chen et al. designed a Cu ADM with N-heterocyclic
carbene coordination and embedded into a MOF structure. The
catalyst has shown high activity for CO, electrocatalysis reduction
to CH, The CH, TOF can achieve 16.3 s' and the Faradaic
efficiency (FE) is as high as 81% for CO, to CH,. The DFT results
indicate that the ligated NHC groups increase the electron density
of the Cu atoms and promote their adsorption for intermediates
[161]. Zhang et al. developed a liquid Ga ADM for CO,RR. The
Ga atoms with P, S coordination have shown high activity for CO,
reduction to CO and the Faradaic efficiency is about 92%. The
outstanding selectivity and stability of CO,RR can be attributed to
the optimal intermediate *COOH adsorption and active sites
refresh timely (Fig.9) [162]. Li’s group also found that the
nitrogen coordination numbers can be regulated by changing the
pyrolyzing temperature of Co/Zn zeolitic imidazolate framework
(ZIF). As the temperature rises, more CN species will be released.
Different Co-N structures can be obtained as Co-N,, Co-N;, and
Co-N, at 1000, 900, and 800 °C. Co-N, owns higher d-band center
of —0.81 eV than Co-N,. The stronger bonding of CO,™ on Co-N,
sites makes it proper for CO, reduction [163].

2.2.5 Nitrogen reduction reaction (NRR)

N, is the main component in air and inexhaustible. The
electrocatalytic NRR is carried out at ambient pressure and uses
H,O as the proton source. This process is a safe, scalable, low-cost,
and environment-friendly NH; production strategy [164-169]. N,
is adsorbed on the catalytic surface and coupled with the multiple
electrons and protons. However, the six-electron process makes
the reaction more difficult as well as complex side reactions. Since
the HER process can be carried out at full pH conditions, it will
compete with the NRR process. Gu et al. prepared a W ADM for
electrocatalytic NRR [170]. Na,WO, with WO, configuration was
used as the metal source. The prepared W-NO/NC catalyst has
10 wt.% W loading and W atom was coordinated with N and O.
The catalyst has shown both high activity and selectivity for
electrochemical NRR to NH;. The proper binding energy for NRR
intermediate should be responsible for the excellent NRR
performance. Fe ADMs are also ideal catalysts for NRR. Li et al.
prepared the Feg,-NO-C catalyst, in which N,O-codoped carbon
was used for Fe atom loading (Fig. 10) [171]. The structure
analysis revealed that Fe atoms are coordinated with four O atoms
and two N atoms. The high surface area promotes the mass
transfer as well as increases the active sites exposure. Feg,-NO-C
also shows excellent NRR activity and high Faradaic efficiency.
The reaction mechanism was also identified by the DFT
calculations. The proper adsorption for intermediate, good
desorption for NH,, as well as optimal electron transfer all
contribute to the outstanding NRR process. Bimetallic catalyst
with atomically dispersed reactive sites has attracted much
attention in recent years. Zhang et al. used bacterial cellulose to
anchor Fe and Co atoms to prepare Fe-Co dual-atom sites catalyst
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[172]. The rich oxygen groups of bacterial cellulose can adsorb
large amount of Fe** and Co*. The high density of Fe and Co
centers exhibits high activity for NRR.

2.3 Organic synthesis

Using solid catalysts instead of homogeneous catalysts for organic
reactions has attracted more and more attention. The solid
catalysts have many advantages, such as easy recovery, low cost,
and little pollution. Among which, ADMs are famous for their
excellent performance in many reactions [173-177]. Their active
centers are metal atoms, which own simple and uniform structure,
and easy to adjust. The ADMs are promising catalysts for
heterogenization of homogeneous reaction. They can not only
enhance the catalytic efficiency, but also promote the
regioselectivity, chemoselectivity, and stereoselectivity. Besides,
they can catalyze many reactions including hydrogenation,
oxidation, and C-C coupling reactions.

For example, the synthesized Pd;/TiO, catalyst by
photochemical strategy can be applied to catalyze the
hydrogenation of styrene [178]. The easily desorbed activated
hydrogen on Pd atoms should be the reason for high catalytic
activity. Moreover, the Pt;/FeO, catalyst shows high activity for
hydrogenation of functionalized nitroarenes. The catalytic reaction
shows high chemoselectivity and high TOF value [179]. As for the

oxidation reaction, Li’s group developed a superior single Co atom
catalyst for benzene oxidation to phenol with H,O,. The catalyst
showed excellent performance and stability. The formed O=Co=0
center promotes the reaction [180]. Hydroformylation as one of
the C-C coupling reactions is commonly catalyzed by ADMs. Rh
ADMs are suitable catalysts for this reaction. For example,
Rh,/CoO has shown better activity than Rh nanoparticles in
hydroformylation of propene [181]. Rh,/ZnO owns high
selectivity to aldehydes in hydroformylation [182]. Phillip and his
co-workers synthesized the pair site Rh-WO, catalysts for
hydroformylation [183]. A bifunctional mechanism was studied
based on the experimental kinetics and first principles simulations.
The formed Rh-W pair sites have many advantages. It can assist
W reduction to form the active Rh—-W site and promote ethylene
transfer from W to Rh. Moreover, the dissociation of H, at the
Rh-WO, interface creates bridging hydride, which facilitates CO
insertion. All above factors work together to make the catalyst
with superior activity and selectivity.

24 Photocatalysis

In a typical process of photocatalysis, the catalyst was excited to
generate electrons and holes under light irradiation, then triggered
the redox reaction [184-187]. ADMs always use photoactive
materials as support. The metal atoms loaded on photoactive
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materials can modify their electronic structure and the energy
band structure, and further promote the separation of
photogenerated electrons-holes and inhibit their recombination.
It can also increase the density of reaction sites for hydrogen
production by hydrolysis ionization. In addition, the adsorption
and activation of reactants on the photocatalysts can be tailored by
adjusting the metal-support interaction. The ADMs have
provided new opportunities for the development of photocatalysis
[188]. Following examples are listed to demonstrate the wide
applications of photocatalysis.

Solar energy is a kind of clean energy with wide sources and
sustainable. Solar energy can be converted to hydrogen through
photochemical conversion. The photocatalytic water splitting has
attracted more and more attention since hydrogen is a valuable
energy carrier. However, the low efficiency of photocatalysis has
restricted the water splitting process. Great efforts should be paid
to develop more efficient photocatalytic system. Xie’s groups
prepared the Pt single-atom modified C;N, [189]. The tri-s-
triazine structure of C;N, can promote the dispersion and
anchoring of Pt atoms. Meanwhile, Pt atoms act as cocatalyst and
modulate the electron structure of C;N,. The optimized Pt-CN
catalyst has shown obvious enhancement of photocatalytic
hydrogen production. The excessive emission of CO, has caused
serious greenhouse effect. The photocatalytic CO, reduction can
convert the harmful CO, into valuable chemical products. This
approach has become an ideal route for CO, elimination
[190-192]. Li’s group developed the dual-atoms site catalysts of
Co and Mn on carbon nitride for photocatalytic CO, conversion
[193]. The Mn sites accumulate the photogenerated holes for H,O
oxidation. The Co sites activate CO, by increasing the bond length
and bond angle. The synergistic effect of Mn and Co centers
together contributes to high CO yields. The Haber-Bosch process
needs a great deal of energy because of the stable N=N triple bond
of N,. It is also a great challenge to cleavage of N=N triple bond
for photocatalytic nitrogen fixation. Sun et al. designed the
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RuSA/TiO, photocatalyst for dinitrogen fixation [194]. The defect
of TiO, can provide the trapping sites for Ru atoms. The
photogenerated electrons accumulate on Ru centers and promote
the adsorption and activation of N,. Moreover, the Mo ADM, a
non-noble metal catalyst, has also been identified to promote
photocatalytic N, fixation [195].

The photocatalysis can also be applicated in other areas,
including organic synthesis and environmental remediation [196,
197]. The synthesis of organic compounds in industry often needs
heating and pressure. This process is accompanied by high cost
and environment pollution. The photocatalytic organic synthesis
may be a potential route to solve above problems. The
photogenerated electrons, holes, and intermediate radical species
can be utilized to promote the reaction. The single-atom
photocatalysts have shown great potential in this area. For
example, the Ag ADM:s can be applied to selective dehalogenation
under light irradiation [196]. The Fe atoms loaded on MCM-41
can promote the trichloroethylene (TCE) photocatalytic
degradation [197].

25 Advanced batteries system

The ADMs can maximize the metal utilization and have shown
great potential in battery systems [198]. Although great progress
has been made, many factors still need to be considered when the
ADMs were applied in battery systems. For example, the loading
and exposure of metal active sites should be improved, and the
intrinsic mechanisms need to be further clarified. The lithium
dendrites have negative effect on the lifetime and stability of
lithium battery. Multiple methods have been applied to reveal the
Li nucleation mechanism. Transition metal atoms (Fe, Co, and
Ni) can be used for lithium metal anode to regulate Li nucleation.
The metal atom sites and coordination N atoms can tailor the
local structure and improve the adsorption for Li. The strong
binding of Li atoms and substrate can inhibit Li nucleation. The
metal atom sites can act as lithiophilic centers. Besides, the doping
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of metal atom sites can improve the matrix stability as well as
enhance the lithium battery cycle life [199, 200].

Lithium-sulfur (Li-S) battery is composed of lithium anode and
sulfur cathode. It has many potential advantages including high
theoretical capacity, low cost, and more safety. Lithium-sulfur
battery has been expected to replace lithium-ion battery. The
ADMs can play a role in this field. For example, the Co-N/G
bifunction catalyst can be used to decorate the cathodes of Li-S
battery [201]. The Co-N-C structure acts as the active center to
boost the reduction and oxidation of polysulfides. The separator
can also be decorated by ADMs. Zhang et al. prepared the
Ni@NG catalyst by in situ pyrolysis method. The highly oxidized
Ni with unique Ni-N; structure limits the LiPS dissolution. The Ni-
N, structure can maintain stability after long charge/discharge
cycles (Fig. 11) [202]. Moreover, The ADMs can be applied in
sodium battery and sodium-sulfur battery. The Zn and Co
atomically dispersed catalysts all show great potential in the above
fields [203, 204].

2.6 Sensor

The ADMs have shown good performance in gas sensors. The
atom-sites would promote the surface oxygen species formation
through spillover effect. Besides, the oxygen vacancies are more
easily formed due to the promotion effect of isolated atom sites.
The abundant oxygen vacancies can greatly improve the sensor
performance. The Pt, Pd, Au, and Ag all have shown good
performance in gas sensor. Metal oxides are commonl support for
anchoring metal atoms [205]. Li’s group prepared one-
dimensional (1D) Fe,O; particles supported isolated single atom
sites (ISAS) Pt material for gas sensor. By turning the oxidation
state and coordination structure of Pt atoms, the optimal Pt;-
Fe,0;-ox can achieve better ethanol gas sensor than the Pt particle
and bare Fe,O; support [206]. Moreover, the Co;0, nanoparticle
film with Pd atom modified also shows enhanced hydrogen
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sensing performance [207]. Xue et al. prepared the Au,-ZnO
nanomaterial which has shown superior NO, sensing response
(Fig. 12) [208]. The ZnO structure can be precisely controlled to
form ladder-like morphology. Besides, the abundant unsaturated
step defects of ZnO can act as anchor sites for Au atom. The
carbon materials are also suitable support to regulate the
properties of metal center. Many carbon materials can adjust the
coordination environment of the metal centers and improve the
intrinsic performance. For example, the transition metal
dichalcogenides (TMDs), graphene, and MXenes were used to
prepare the ADMs for gas sensing [209-212]. Mao’s group
designed a Ni atom catalyst for electrochemical NO oxidation
[213]. The Ni atoms were anchored on the N-doped hollow
carbon spheres. The catalyst owns lower Gibbs free energy for NO
activation as compared to the common Ni materials. More than
this, the Ni catalyst also shows high biocompatibility.

2.7 Atomically dispersed enzyme catalysis

Nanozyme has attracted more attentions since it can break
through the limitation of high cost, low stability, and difficult
storage as compared to the natural enzymes. However, the low
activity and slow kinetics have restricted their further application.
ADMs can mimic the tradition enzymes at atom level due to the
well-defined electronic and geometric structures [214-218]. Li’s
group designed the FeN,;P-SAzyme catalyst, in which the
coordination structure of Fe atom can be precisely adjusted. The
rich doped N and P atoms can improve the catalytic activity. P
atoms act as the electron donors and Fe single sites with less
positive charge. All these factors work together to decrease the
barriers of surface O formation and accelerate the reaction
kinetics. The FeN;P-SAzyme with three-dimensional (3D) porous
carbon structure can mimic the enzymes with 3D amino acid
structure and facilitate the exchange and transfer of substates
[214]. Zhu et al. also prepared the PEGylated manganese-based
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single-atom enzyme (Mn/PSAE) for tumor treatment, in which
Mn was coordinated with nitrogen atoms in hollow ZIF-8. The
catalyst has shown remarkable Fenton reactivity. The reactive
oxygen species (ROS) generated in catalytic reaction can kill
tumor cells. Besides, the activity of single atom enzyme is
significantly higher than the conventional MnO, [217]. Guo’s
group designed a boron-doped Fe-N-C single-atom nanozyme
which owns remarkably enhanced activity and selectivity for
mimicking nature peroxidase [215]. The studies show that boron-
doping can induce electrons rearrangement and lead to a positive
charge Fe center. The FeBNC owns lower energy barrier for
hydroxyl radical formation and promotes the peroxidase-like
activity.

2.8 Other reactions

2.8.1 Water gas shift (WGS) reaction

WGS reaction has attracted extensive attention and been widely
studied since it can eliminate trace CO in proton exchange
membrane fuel cell and avoid Pt electrode from being poisoned.
Au and Pt are commonly used catalysts for WGS [219, 220]. The
oxide supported noble-metal catalysts have shown excellent low-
temperature activity as well as good stability. In recent years,
ADMs have shown great potential in WGS reaction. The
development of ADMs brings new opportunities in this field. For
example, Flytzani-Stephanopoulos and co-workers prepared the
Pt atom catalysts on various supports including L-zeolites, TiO,,
and MCM-41. The atomically dispersed Pt sites were stabilized by
sodium through O ligands. Pt-O(OH),- acts as the reactive center
and the support is indirect. Moreover, they also prepared the Au
ADMs for low-temperature WGS. The isolated Au-(OH), species
on TiO, support also show good performance [219]. Zhang’s
group synthesized the Ir,/FeO, catalyst which has shown 1 order
higher activity than the clusters or particles catalysts. The

reducibility of FeO, was enhanced by Ir atoms loading and led to
the increase in catalytic activity [221].

2.8.2  Acetylene semi-hydrogenation

Ethylene is an important chemical raw material, which is mainly
obtained by steam cracking of naphtha in industry. The
production of ethylene always contains small amount of acetylene.
Acetylene will poison the ethylene polymerization catalyst, and
even a small amount of acetylene will lead to deactivation of the
catalyst. Therefore, it is necessary to remove acetylene from the
outlet gas. The acetylene hydrogenation reaction was commonly
used to remove impurity acetylene in industry because it is not
only highly efficient, but can also avoid ethylene loss [222-224].
The Pd-based catalyst was always used for acetylene
hydrogenation reaction [225-227]. In recent years, the Pd ADMs
have shown outstanding performance in this reaction. Gao et al.
prepared the Pd/Fe,O; catalyst, in which Pd atoms were loaded on
a-Fe,O; (012) (Fig.13). The Pd-Fe pair sites can promote the
adsorption and dissociation of H,. Pd single atoms were favorable
to C=C intermediate desorption. The prepared catalyst has shown
high activity and selectivity for alkyne hydrogenation [228].

3 Summary and perspective

ADMs are the hotspot in catalysis due to their high metal
utilization and potential economic advantages in industry. The
adjustment of coordination environment and electronic structure
provides more opportunities for the ADMs development. In this
review, we traced the origin and development of ADMs, and
discussed the key factors affecting the ADMs performance.
Furthermore, we summarized the recent progress of ADMs in
various  applications  including  environment catalysis,
electrocatalysis, organic synthesis, photocatalysis, battery, sensor,
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enzyme catalysis, and so on. With the deepening of research, new
problems are constantly discovered and solved. The joint efforts of
every researcher have made this field continue to flourish. As
many challenges still exist, new efforts are further needed to be
paid in following aspects:

(1) Regulate the electronic structure and coordination
environment of ADMs. The metal sites are reactive centers for
reactants activation, and their properties depend on the electronic
structure and coordination environment. Increasing the
coordination unsaturated metal sites and regulating the ligand
atoms can effectively modulate the metal properties.

(2) Balance the activity and stability of ADMs. The metal atoms
are easy to sinter into large particles due to the Oswald ripening.
Stabilizing the metal atoms by bonding can effectively improve the
stability but reduce the activity for reactants activation. How to
improve the low-temperature activity of ADMs in exhaust
oxidation while maintaining the long-time stability and high
temperature tolerance will be of great significance.

(3) Identification of active sites accurately in actual reactions.
The accurate understanding of the reaction center can provide us
favorable guidance for rational design new catalysts. The catalytic
reaction is a complex process which involves multiple electrons
and substances exchange. The adsorption of reactants and
intermediates on reactive sites will change its original properties.
Thus, it will further increase the complexity of the reaction
pathways.

(4) Dynamic evolution of ADMs during catalytic reaction. The
atom sites will undergo dynamic structural evolution during
catalytic reaction. For example, the reductive molecules will cause
metal atoms to be sintered at high temperature reaction. The
structure of catalysts changes under the action of electrocatalysis
and forms new catalytic structure.

(5) Synergism of dual-atomic sites, multi-atomic sites, or
particle-atomic aggregates in catalytic reactions. Generally, the
isolated reactive center can only activate a single species. As for
complex catalytic reactions involving multiple reactants and
processes, the synergy of multiple active sites is needed to enhance
the catalytic efficiency. In recent years, the dual-atomic sites, multi-
atomic sites, or particle-atomic aggregates have been identified to
own advantages in many fields. However, the detailed process and
the reaction mechanism still need to be clarified since multiple
reactions will cause many side effects.
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