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Due to excellent catalytic activity and high atomic utilization rate, single atom catalysts (SACs) have
become a rising star in the field of nanocatalytic medicine. Heteronuclear dual-atom catalysts
(HDACS) retain the advantages of monoatomic catalysts, have more optionally regulated coordina-
tion environment, possess favorable synergistic effects between different active sites, and can break
through the restriction of adsorption ratio of SACs, making them the most ideal candidates for cata-
lytic tumor therapy. In this review, we first introduce the advanced characterization methods of
HDACs. Then, HDACs in different application fields are classified and elaborated according to vari-
ous preparation strategies. According to the pharmacodynamic mechanisms, the application of
HDACs in the field of nanocatalytic tumor therapy is emphatically introduced. Finally, a concise but
focused summary and perspective is provided to outline the current challenges and prospects for
future development of HDACs for oncology therapy.
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1. Introduction

With the rapid development of medicine and biology, people
have a deeper understanding of tumor. However, the latest
statistics show that the mortality rate of cancers such as liver
and stomach cancers keeps up and the projections for 2050 are
still far from optimistic with nearly 100000 people dying of
cancer worldwide, making it remain one of the most recognized
threats to human health. At present, chemotherapy [1], radio-
therapy [2] and surgery [3] are the three traditional strategies
of clinical cancer treatment, which have been widely used for
decades. Although their treatment technology is mature and
effective, they still have inevitable defects. For example, high
doses of radiation have the severe side effect of simultaneously
destroying healthy tissue. Chemotherapy drugs, including plat-
inum compounds and anticancer antibiotics, usually have
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strong resistance and sensitization causing them unable to be
widely used. Therefore, the clinical treatment of chemoradio-
therapy is usually only applied to patients with advanced stage,
they also suffer great pain during the treatment [4]. Conven-
tional surgical treatment mainly involves the direct removal of
tumor tissue, while this method is helpless for leukemia and
metastatic cancer.

With the development of nanomaterials [5-9], various
emerging catalytic anti-tumor materials have been widely
studied and reported [10-13]. Their treatment approach is
mainly through catalyzing H202, H20 or Oz to generate a large
number of reactive oxygen species (ROS) including superoxide
ion (02*-), singlet oxygen (102) and hydroxyl radical (¢OH),
which can effectively induce the autonomous apoptosis of ma-
lignant cells [14-17]. This intratumoral chemistry shows great
potential to attenuate side effects. Although great accomplish-
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ment has been achieved in catalytic chemical reaction (CCR)
nanomedicine, there are still problems that need to be ad-
dressed [18]. For example, although the concentration of H20z,
02 and other ROS sources has obvious advantages compared
with normal tissues, it still stays in the order of mere 100 pm as
limited by the low-pH and hypoxic tumor micro environment
(TME). Furthermore, the targeting of tumor tissue is poor, and
therapeutic efficiency and drug toxicity need to be further im-
proved and reduced, respectively. Therefore, it is still an urgent
need to develop new anti-tumor catalytic materials with abun-
dant active sites, high catalytic efficiency and accurate tumor
tissue recognition to utilize the limited therapeutic reaction
materials and obtain the optimal therapeutic effect with the
lowest toxicity, which has become an active new frontier of
cancer treatment [19].

Notably, the tumor-destroying ability and toxicity of nano-
catalytic materials are symbiotic, both derived from metal
atomic sites in catalysts. In particular, the potential toxicity of
dissolved ions to normal tissues is the main reason that hinders
their practical clinical application. To break through this bot-
tleneck, several strategies have been explored, such as targeted
delivery of nanomedicines and controlled release of metal ions.
However, most nanoparticles are randomly distributed in or-
gans after intravenous injection and continuously release
trapped metal ions, eventually leading to cell death. Until now,
the method of increasing the metal atomic efficiency is perhaps
the most fundamental solution to the toxicity of catalysts. Since
Zhang and coworkers first immobilized isolated Pt onto FeOx
substrate surface in 2011, single-atom catalysts (SACs) are
considered to be the limit of elaborate synthesis at the atomic
level, have become the brightest stars in catalysis [20-27].
When the catalyst realizes an atomic distribution, its surface
free energy, quantum size effect which is the unique
HOMO-LUMO gap and the discrete energy level distribution,
and metal-carrier interactions between the supporting sub-
strate and the single atom all undergo promising changes
[28-30]. Thanks to the unique electronic structure that facili-
tates charge transfer and the unsaturated coordination envi-
ronment of isolated single atoms, SACs not only possess ex-
tremely uniform microstructure and active site distribution,
but also exhibit excellent catalytic activity and ideal selectivity
[31-36]. The appeal advantage allows SACs to maximize the

use of metal atoms and achieve satisfactory cancer treatment
results at relatively low metal concentrations [37-42]. Im-
portantly, the active sites are easy to accurately identify and
characterize, which facilitates the further elucidating and un-
derstanding of the structure-performance relation and the cat-
alytic mechanism, thus facilitating the oriented and rational
design of more advanced SACs [43-47].

Although SAC has unique advantages, it still has limitations
that restrict its broader development. (1) Since SACs has only
one specific active center, in complex reactions involving mul-
tiple intermediates, the same adsorption site cannot make all
intermediates reach the best adsorption state, that is, it is hard
to conquer the linear relationship among intermediates, which
reduces the selectivity of the target product and fundamentally
limits the catalytic efficiency. (2) Because of the high surface
energy of isolated metal atoms, the metallic loading of SACs is
usually limited to 1 wt%-2 wt% to sustain the atomic struc-
ture. Forcing up the load will cause the agglomeration of metal-
lic atoms to form nanocrystals, which will break the dispersive
properties of the single atom on the surface. Therefore, even if
the atomic utilization of SACs can achieve 100%, it is still diffi-
cult to obtain the best catalytic effect. (3) Since the single cen-
tral metal atom of SACs is usually surrounded by non-metallic
atoms such as C and N, it is difficult to further enhance its in-
trinsic catalytic activity. Recent studies have shown that du-
al-atom catalysts (DACs), as an upgraded version of SACs, fully
retain all the advantages of SACs, but also develop more indi-
vidual advantages, which can effectively break through these
limitations of SACs [13,48-51]. When we only set the reactant
molecules to be adsorbed on active sites without considering
subsequent steps, the goal is to obtain the most stable adsorp-
tion structure by the lowest energy adsorption method. How-
ever, when the Sabatier principle considers both the catalytic
activity and adsorption energies of key intermediates, the op-
timal adsorption mode should be moderate [52-54]. Too weak
and too strong binding strength may not be conducive to reac-
tant activation and product desorption, respectively. That is,
lower adsorption energy is not better, which gives rise to the
concept of volcano diagram. For instance, proton coupling and
electron transfer following the adsorption process is commonly
identified as the rate-determination step (RDS). Under this
circumstance, the RDS energy barrier will increase with the
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decrease of the adsorption structural energy, resulting in en-
hanced difficulty of reaction. Moreover, the adsorption strength
of reactants and intermediates in SACs is difficult to control,
while since the active sits of DACs are two adjacent metal at-
oms making them has a variety of active centers, including the
top and bridge sits, and therefore they can provide more multi-
ple adsorption methods for reactants (Fig. 1) [55-59]. In addi-
tion, DACs also have minimal bridging active sites, which allow
neighboring atoms to cooperate more flexibly with each other,
and thus the D-band centers can be regulated more efficiently
via electron-orbit interactions, leading to higher optimized
adsorption energies of intermediates on the active sites
[60-63]. In this way, linear relationships that are unable to be
avoided in SACs can be broken in DACs, leading to better over-
all catalytic performance, which implies more potential for
future practical applications [64-67]. DACs are divided into
two categories: homonuclear and heteronuclear based on the
consistency of center metal elements. The former is the major-
ity of the catalysts reported so far, such as Fez, Ptz, Coo, etc.
loaded on graphene or alloy nanowires [68,69]. Inspired by
bimetallic nano-catalysts, heteronuclear dual-atom catalysts
(HDACs) formed by adding another isolated metallic atom have
gradually become the center stage of recent research in this
field due to their superior catalytic performance [70-76].
HDACs can be further divided into (1) mononuclear heteroge-
neous pairs [77-80] and (2) binuclear heterogeneous pairs
[81-83]. In the former catalyst, the distribution of the two met-
al monatoms on the support is random, resulting in no definite
range of distance between them, and therefore, they are rarely
close to each other to form the M1-M2 configuration, thus una-
ble to obtain the extremely important synergistic effect be-
tween the bimetallic atoms [84-86]. The following discussion
focuses on the HDACs which possesses a remarkable synergis-
tic interaction between the atoms with two different metal
element that can greatly boost the catalytic activity and selec-
tivity [71,87,88]. More importantly, these active sites of HDACs
exhibit unique asymmetries and are thought to be dimers in a
specific form in which the elements of the atoms are different
[89]. Compared with monometallic DACs, these asymmetric
active centers not only have significantly enhanced charge den-
sity gradients, but also locally generate torque beneficial to
efficient overlap of atomic orbitals when activating reactive
linear molecules [90]. In addition, compared with other types
of SACs, which can only change the electronic state of one ac-
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Fig. 1. Schematic diagram of adsorption configurations for single and
diatomic sites (blue: adsorbed molecules, such as Oz or Nz).

tive site, the asymmetry also endows HDACs a more flexible
transition state of the active atom, and thus it is easier to break
the linear limitation of the traditional SACs [91-94]. These ex-
clusive advantages lead to satisfactory catalytic performance
far superior to SACs and monometallic DACs for the activation
of ROS-derived molecules such as Oz and H20 in the TME
[95-97].

In this review, we first introduce various characterization
methods for atomic-scale sites, discuss their main applications,
and compare corresponding advantages and disadvantages.
Secondly, we systematically reviewed the preparation strate-
gies of bimetallic single-atom catalysts in detail, i.e,, the tradi-
tional high-temperature pyrolysis method, wet chemical dou-
ble solvent method, atomic layer deposition (ALD) technique,
and soft template self-assembly technique, and the corre-
sponding applications of the related catalysts are briefly de-
scribed. Subsequently, we mainly introduced HDACs that are
highly effective in anticancer through Fenton/Fenton-like reac-
tion or other mechanisms [98]. Finally, we proposed possible
challenges and prospects for future application. We hoped that
this paper can offer some systematic insights into the devel-
opment of bimetallic atomic catalysts and promote related
technologies.

2. Advanced methods for the characterization of DACs

To determine the structures of bimetallic single-atom sites
in the target HDACs and to better understand the structural
and functional synergies between two isolated single atoms as
well as the single atom and the carrier, researchers have used a
variety of characterization techniques combined with theoreti-
cal computational studies to reliably confirm the existence,
spatial distribution and electronic structure of these isolated
centers (Fig. 2) [28,99-101]. In the section, we give a concise
introduction of multiple progressive methods for active site
detection at the atom level, in particular in situ/operando
methods such as high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) [102-104], syn-
chrotron radiation X-ray absorption fine structure (XAFS)
[105-107], fourier transform infrared spectroscopy (FTIR) and
Maossbauer spectroscopy (Table 1) [108-110].

2.1. Microscopy

To see ultrastructures below 200 nm that are invisible un-
der conventional optical microscopy, shorter wavelength irra-

Fig. 2. Characterization techniques for SACs.
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Main characterizations for analyzing DACs.

Method

Purpose Advantage

Disadvantage

Ref.

Microscopy
(TEM,

Direct imaging of metal (1) Since the principle is based on Rutherford scat-
elements with atomic res- tering, the image is bright enough to allow the obser-

HAADF-STEM)olution is used to detect the vation of thick samples and low contrast samples.

size and distribution of (2) Using the strong excitation and high-resolution
metal single atoms. The imaging of the objective lens during the scanning
technique also provides transmission mode, microdiffraction can be achieved,
relevant local structural which enables the visual observation of single atoms
information of atomic-level with 3D structure fixed in the N-doped graphene
sites on the supporting framework.

material.

(1) It can only provide regional im-
aging of a specified location, with-
out the ability to observe a wide
area.

(2) Only the surface of the sample
can be characterized, while the
morphology and structure of the
core material encapsulated in the
shell materials with 3D structure
cannot be observed.

[114,
128-131]

XAFS

Used to characterize the (1) The overall structure can be determined by ac-
local geometric or elec- curate in situ characterization of the single bimetallic
tronic structure of a sam- atoms.

ple. It can elucidate the (2) It can provide information about the stable ad-
physical distance, coordi- sorption structure and chemical bonding state of sin-
nation state, electronic gle atom on substrate materials.

structure and other highly (3) The oxidation state and coordination number of
accurate local information the metal center in the complex can be characterized.
in atomic level.

(1) Because X-rays are destructive,
they can damage samples during
measurements.

(2) For XANES, there is the effect of
multiple scattering emitted by pho-
toelectrons and Auger electrons.
Therefore, it is difficult to determine
the identity of the oxidation states
and scattering atoms.

[132-135]

FTIR

By monitoring the adsorp- (1) High sensitivity, samples even below 10 nano-
tion behavior of these grams can obtain satisfactory FTIR spectrograms.
highly responsive guest (2) The sample preparation is simple, and the reflec-
molecules, the dispersion tance spectrum of the opaque sample can be meas-
status of atomic-level metal ured directly.

sites in functional carriers (3) In the process of analysis, the original morphol-
was evaluated. ogy and crystal form of the sample can be maintained

without any detriment of the sample.

The analysis of complex mixtures
and aqueous solutions is compli-
cated.

[136-140]

Mossbauer
spectroscopy

Used to detect the coordi- (1) Mdssbauer spectroscopy has extremely high en-
nation structure and elec- ergy resolution.
tronic properties of mate- (2) Because the Mossbauer effect involves resonant
rials such as oxidation transition, the energy level structure, which depends
states, spin states, chemical on the chemical environment of the nuclear deter-
bond properties and other mines the shape and spectrum parameters, so it can
microscopic structure reflect the change of the chemical environment
information. around the resonant nuclear extremely sensitively.
(3) Méossbauer spectroscopy has very little damage
to the sample.
(4) The test objects can be crystalline, amorphous,
powdery or even frozen solutions, and the range of
applications is extremely wide.

(1) Mossbauer spectroscopy is a
volume technique that reflects the
combined results of various sites in
the material.

(2) Only finite types of nuclei such
as Fe and Sn have the Mossbauer
effect, and must be carried out at
low temperatures or in laboratories
with preparation source conditions,
which limits its application.

[141-145]

diation sources are applied to improve the resolution. In 1932,
Ruska contrived transmission electron microscope (TEM) with
electron beam as light source. The TEM resolution can reach
the ultra-small magnitude of 0.1-0.2 nm, thus magnifying the
observed sample by millions of times. Therefore, TEM enables
the observation of structures as fine as just a row of atoms,
making it the best choice for the precise observation of micro-
scopic morphologies of nanomaterials [111,112]. On the basis
of TEM, HAADF-STEM use a ring detector around a central
electron beam to collect high-angle scattered electrons from
the sample for imaging [113]. These factors make
HAADF-STEM is sensitive to changes in the atomicity [114]. As
for atomic-level sites in DACs, HAADF-STEM images with aber-
ration correction to improve image clarity can easily identify
diatomic sites and visually determine their spatial distribution
according to different Z values of active sites and carrier ele-
ments. Furthermore, electron energy loss (EELS) spectra can be
obtained by linear/planar scanning of the HAADF-STEM to
further characterize the element dispersion.

2.2. XAFS characterization

Different from the material structure detection techniques
so far, which are generally based on the diffraction phenome-
non of the long-range ordered crystalline structure, XAFS is
ground on the scattering phenomenon of the outgoing photoe-
lectrons from the central absorbing atoms by the neighboring
atoms [115,116]. This makes XAFS can be applied to both crys-
tal and non-crystal, and become an ideal choice to explore local
structures of catalysts. XAFS can be subdivided into extended
X-ray absorption fine structure (EXAFS) and X-ray absorption
near edge structure (XANES). The former is the oscillation of
the X-ray absorption coefficient of an element in the range of
30-1000 eV at the high-energy side of the absorption edge,
which can be used to explore the detailed structure. XANES is
the fine structure within 50 eV of the elemental absorption
edge, which can provide us with chemical valence. In the XAFS
measurements, before probing a sample, we tune the X-ray
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energy to match the internal electron shell of the target ele-
ment, and then collect the absorbed X-ray amount and discuss
its energy dependence [117,118]. It can help researchers to
identify the dynamic structure/bond state evolution of reaction
centers under working conditions. Combined with Fourier
transform (FT) analysis, XAFS can effectively provide key in-
formation structure, including the coordination number, bond
length, center of metal oxidation state, the atomic arrangement,
even electronic structure, making the existence of this tech-
nique in identification of crystal defects and distortion as well
as the crystal strain or additional dopant influence of diatomic
active sites [119]. In addition, the FT is further complemented
by the wavelet transform (WT), which can distinguish the
backscattered atoms even if the adjacent bonds have a large
overlap in R-space [120,121].

2.3. FTIR spectroscopy

FTIR is non-deviated and its core portion is a dual-beam in-
terferometer that Michelson interferometer is commonly used.
When the eyepiece is shifted, the difference of the optical path
between the interfering beams will alter, and the detected light
intensity will also change, thus obtaining the interference spec-
trum. When guest molecules are absorbed onto carriers with
active sites at various atomic levels, they usually exhibit differ-
ent vibration frequencies and intensities. FTIR can be used to
monitor the adsorption process of highly responsive target
molecules like CO to evaluate the metallic atom dispersion state
in charge carriers. FTIR measurement has the following ad-
vantages: (1) the signal-to-noise ratio is improved by mul-
ti-channel measurement; (2) there is no limit to the incident
and exit slit, thus high luminous flux, improving the sensitivity
of the instrument; (3) on the basis of helium, neon laser wave-
length, wave numerical precision can reach 0.01 cm; (4) the
resolution can be improved by increasing the moving distance
of the moving mirror; (5) the working band can be extended
from the visible region to the millimeter region, so that the
determination of far infrared spectrum can be realized [122].

2.4. Méssbauer spectroscopy

In 1956, Mdssbauer [123] summarized the previous studies
and pointed out that some radioactive nuclei in solids had a
certain probability to emit gamma (y) rays without recoil, and y
photons carried all the nuclear transition energy. The y-rays
emitted by the same nucleus in a solid in the ground state also
have a certain chance of being absorbed by resonance without
recoil. This emission or resonant absorption of y-rays from
nuclei without recoil became known as the Mdssbauer effect,
which is also the basic mechanism of the Mdssbauer spectros-
copy. According to the appeal introduction, when no recoil
y-rays radiate through an absorber, if the incident y photon
energy is consistent with the level transition energy of the tar-
get nucleus, the photon corresponding to this energy will be
absorbed by the absorber resonance [124]. Mdssbauer spec-
trum can be classified into singlet, doublet and sextuplet con-
stituents to detect doublet states including low (D1), medium

(D2), and high (D3) spin states, which is universally accepted
evidence of the presence of M-Ny sites. Furthermore, many
valuable information can be obtained from Mdssbauer spec-
trum, such as the types, electronic states and bonding condi-
tions of the metals in DACs. For example, Wu et al. [125] ob-
tained a better understanding of the coordination environment
of the Fe-Co double site with the help of Mdssbauer spectros-
copy. In the Méssbauer spectra of Fe-Co DAC, in addition to the
typical triplet signals, a small number of singlet components
appear, which positively indicates the existence of Fe-Co bond
(Figs. 3(a), (b)). Furthermore, for Fe,Mn/N-C, D4 instead of D3
and singlet components can be observed, D4 belongs to the
unsaturated N-(FelIN4) structure, which enabled Fe,Mn/N-C
DAC to be catalytically reactive (Fig. 3(c)) [126]. However, this
method still has obvious shortcomings. Up to now, merely 42
elements have been found to have Méssbauer effect. In partic-
ular, no chemical element containing Méssbauer that is lighter
than potassium (K) has been found. Most of the discovered
nuclear transitions can be observed at low temperature. So far,
only 14.4 keV of Fe and 23.87 keV of Sn have a high probability
of Mdssbauer effect at room temperature and have been fully
applied. However, for the solid without Méssbauer atoms, some
suitable Mdssbauer nuclei can be artificially introduced into the
solid to be used as probes for indirect research, and many use-
ful information can also be obtained [127].

2.5.  Other methods

Besides the basic characterization methods described
above, there are several related methods that have not been
widely used, including the electron spin resonance (ESR)
measurement and magic-angle spinning-nuclear magnetic res-
onance (MAS-NMR), etc. For the transition from low to high
energy states of the nucleus, the energy (AE) is absorbed. Nu-
clear magnetic resonance (NMR) spectra based on this princi-
ple can provide valuable information about metal-bound lig-
ands, such as coordination structure and chemical shifts, for the
characterization of DACs [146,147]. Using this information, the
location of the atomic metal center on the substrate can be in-
ferred. For example, Yan et al. [148] used MAS-NMR spectros-
copy to characterize the monoatomic platinum catalyst sup-
ported on mesoporous alumina (Pt-Al203). Three signals at 70,
38 and 7 ppm, can be clearly observed in the spectrogram, cor-
responding to tetrahedral (AlO4), pentahedral (AlOs) and octa-
hedral (AlOs) coordinated Al3+ species, respectively. In contrast,
commercial Al203 has only two signals located at 10 ppm and
70 ppm, indicating the existence of pentahedral coordinated
Al3+ species in the prepared samples. Furthermore, based on
the recovery time and multi-quantum (MQ) NMR measure-
ments of Al3* species, it was shown that this structure ac-
counted for more than one-third in the final sample (Figs.
3(d)-(f)). Thus, the unsaturated five-coordination structure of
Pt-Alz203 is successfully determined, and the single Pt atom is
fixed on y-Al203 by oxygen bridge.

Electron paramagnetic resonance (EPR) relies on the mag-
netic moments of unpaired electrons. Because the free radical
orbital magnetic moment contributes nearly nothing, the total
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magnetic moment is mainly from the electron spin. Therefore,
EPR also known as electron spin resonance (ESR), plays the
role in understanding the evolution of the free radical on the
surface of catalysts during the reaction process, providing val-
uable fingerprint information of captured electrons or carrier
vacancies. For example, the unpaired 3d%, S = 1/2 electron con-
figuration of Ni(I) of the monatomic Ni catalyst was determined
by EPR technique at -196 and 25 °C with g values of 2.285 and
2.215, respectively [149]. As reported in the relevant literature,
the partially occupied 3d,2-y2 orbital makes the isolated Ni(I)
species highly reactive and is widely recognized as the catalytic
active site. However, these Ni(I) species are not stable at high
temperatures and typically produce Ni(II) and Ni(0) dispropor-
tionately. The low electronegativity (S and pyridine N) make
the Ni(]) sites stable on the carrier. Given the ubiquitous type of
electron paramagnetic coordination in DACs, it is expected that
the ESR results will provide strong evidence to identify the
atomic structure.

3. Preparation methods of HDACs

Bimetallic HDACs are different from monometallic homonu-
clear DACs in that their diatomic active sites are made of dif-
ferent metals that can theoretically be of rich combination
types. The different diatomic active sites of HDACs have more
regulatory interactions on the electron coordination environ-
ment and the adsorption energy of surface reactive species,
thus providing the possibility of obtaining even more unex-
pected properties [150-153]. This is because there is a “see-
saw” phenomenon between the single atom active sites of dif-
ferent metals. Understandably, the above-mentioned synergies,
which are the main source of the improved catalytic perfor-

mance, are weakened as the distance between the two metal
sites increases. The high surface free energy and inaccessible
dynamic behavior of the reactive atom as well as the weak
binding to the support make HDACs extremely unstable during
the synthesis process. Once the distance between the double
active metal atoms becomes close, agglomeration will inevita-
bly occur, resulting in the formation of alloys or large size na-
noparticles. In view of these challenges, the exploration of
overcoming these obstacles to achieve accurate and controlled
synthesis of HDACs has been the research focus in this field,
and a lot of efforts have been made [154]. So far, four main
methods for HDACs synthesis have been explored, including
the traditional high-temperature pyrolysis method and the
interesting wet chemical double solvent method [155], sequen-
tial atomic layer deposition (ALD) technique [156-158], and
soft template self-assembly technique (Fig. 4) [159-162].

3.1. High-temperature pyrolysis method

High-temperature operation with mature technology is the
most commonly used method to synthesize all kinds of DACs
[166-169]. Simply speaking, the metal precursor of the target
product is mixed with the carbonaceous material as the sup-
porting substrate and then pyrolyzed [170,171]. However, due
to the instability under high temperature, a series of different
catalytic site configurations outside the ideal dual-atom struc-
ture will be generated, such as the single metal sites, irregular
metal sites of mononuclear DACs and even small part of ag-
glomeration. Therefore, the temperature of pyrolysis should
not be set too high, generally in the range of 700 to 1000 °C
[167,172,173]. Furthermore, the selection of pyrolysis atmos-
phere, including N2, Ar, H2 and NHs, also has a remarkable im-
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pact on the micro-morphology, activity, stability and so on. In
addition, it is often followed by a subsequent acid etching pro-
cess to remove the accumulated nanoparticles. Here, pyrolysis
can be further divided into two types according to whether to
contain the inclusion of specified precursors such as special
metal-organic framework (MOF) [174] and its derivative zeo-
litic imidazolate frame (ZIF) based complexes [175], irregular
biological premise complexes [176], etc.

3.1.1. Containing MOF/ZIF pyrolysis method

MOFs are a type of polymer materials that have flourished
in recent years. They are commonly connected by metal ions
and organic ligands to form porous three-dimensional extend-
ed structures (Fig. 5(a)) [28,177-181]. It is worth mentioning
that nanomaterials with Fe-N-C coordination structure have
been a hot research frontier since the first discovery of their
excellent catalytic activity in 1964 [182]. In this regard, the
well-defined morphology of MOF rich in pores can not only
provide ultra-high surface area but also easily adapt various
guest objects including metal salts, quantum dots, etc. In addi-
tion, by introducing organic linkers of different types and func-
tions between metal nodes for post-modification, the structure
of MOF can be flexibly customized to match the target reaction
species [94,174,183,184]. Moreover, compared with other
synthesis methods, the synthesis based on MOF enables to ac-
curately dope metal atoms while retaining high porosity, which
can promote the mass transfer of the reactants, making great
contribution to the electronic structure optimization, thus
causing obviously reduced energy barrier during the catalytic
process. In particular, when preparing DACs with the coordina-

tion of N, because of the competition between agglomeration of
metal atoms and metal-nitrogen bonding, the latter will be
preferred during the pyrolysis process, which subtly reduces
the probability of agglomeration. These advantages enable
MOF to effectively host bimetallic active atoms and provide
them with a strong coordination environment to ensure that
the final HDACs exhibits more efficient and durable catalytic
performance [185]. For example, Cao et al. [186] successfully
embedded Fe and Mn atoms in N-doped porous carbon materi-
als with Fe-N4-Mn-N3 heteroatomic coordination structure.
HAADF-STEM images revealed clear and intuitive distribution
of Fe/Mn dual sites. From Fig. 5(b), a series of bright spots cor-
respond to the single Fe/Mn atom, most of which are uniformly
dispersed in the form of double sites. Combined with the inten-
sity distribution statistics, it can be further analyzed that the
distance between heterogeneous single-atom sites is about 2.4
A (Fig. 5(c)). From Mossbauer spectroscopy, the shortage of Fe
crystalline phase of Fe0 carbide phase and the Mn atom doping
greatly affect the properties of Fe-Nx (Fig. 5(d)). As for
Fe-Mn-N-C, XANE and EXAFS were applied to further detect the
valence states and structure of diatomic sites. As shown in Fig.
3(d), the signal peak between FePc and FeO is nearer to FePc,
suggesting that Fe element is in +2 valence state, which ideally
corresponds to the highest proportion of singlet state in Fe
Mossbauer. However, the edge positions of them are apparent-
ly shifted, which is mainly caused by various symmetries, coor-
dination atoms and other factors surrounding Fe. The main
peak of the Fourier transform (FT) EXAFS peak of Fe is located
at 1.44 A, and the secondary peak appears at 2.25 A, repre-
senting the isolated Fe-N (O) bond and the next closest metallic
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bond, respectively. In addition, both the position and shape of
the Fe curve in Fe-Mn-N-C are similar to those of FePc, meaning
that the Fe atoms mainly exist in Fe-N(O) coordination struc-
tures. Furthermore, the Mn XANES position also has a
near-edge absorption similar to that of Mn-0O, indicating Mn2+.
The Mn FT EXAFS reveals that the Fe-Mn-N-C main peak and
secondary peak can be attributed to the Mn-N and Fe-Mn, re-
spectively (Figs. 5(e-h)). The wavelet transform (WT) spectra
further confirms that Fe/Mn species exists as Fe-N/Mn-N ra-
ther than Fe-O/Mn-0O. Moreover, the bond length of fitted
Fe-Mn (2.42 + 0.02 A) is consistent with HAADF-STEM images
(Fig. 5(i)). Combining the results of the above advanced char-
acterization methods, it can be thoroughly identified that Fe
and Mn atoms are mainly embedded in N-doped carbon (NC) in
the form of FeN4-MnNs. Unlike other synthesis methods such as
atomic-layer loading, mass-selective soft loading and defect
engineering strategies, coordination interaction as well as
space-limited design are the characteristics of MOF-based syn-
thesis strategies for SACs [28].

Wang et al. [187] chose Zn/Co bimetallic MOF material as
the substrate, and the Fe3+ precursor used as the guest metal
source was firstly encapsulated in the cavity of Zn/Co MOF
material by dual solvent method. Subsequently, under inert
nitrogen atmosphere, the bonding between Fe3* and Co node

atoms in the MOF was precisely regulated by a simple anneal-
ing operation at 900 °C, and Fe-Co bimetallic single atom sites
were successfully embedded in the carrier. With the continuous
growth of Fe-Co double sites, the initial rhombic dodecahedron
substrate will gradually transform into nitrogen-doped CNT.
The (Fe,Co)/CNT with excellent ORR catalytic performance was
finally obtained (Figs. 6(a) and (b)). The magnified
HAADF-STEM image (Fig. 6(c)) exhibits the dominant du-
al-metallic sites and the EELS demonstrates that Fe and Co sites
coordinate to N at atomic scale (Fig. 6(d)). Through theoretical
calculations, it was found that the O-0 bond is greatly weak-
ened at Fe-Co dual-metal sites, resulting in the surprising cata-
lytic performance in activating oxygen (Figs. 6(e)-(g)) [187].
Yao et al. [188] reported a Co-Pt monoatomic co-embedded NC
catalysts denoted as A-CoPt-NC. It was prepared from rod-like
Co-MOF via a simple two-step synthesis strategy (Fig. 6(h)).
Firstly, dicyandiamide was selected as the nitrogen source and
mixed evenly with Co-MOF, and then placed in nitrogen at-
mosphere for high temperature annealing of 850 °C to achieve
both the purpose of carbonization and nitrogen doping, and the
Co-NC was obtained. Secondly, [189] an applied circulating
voltage was applied to the Co-NC electrode using Pt electrode
as the counter. In this process, the amorphous carbons are
shoveled out and channels in the graphite carbon shell are
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formed that allow acidic solvents to enter, thereby gradually
removing the Co core from the initial Co/C core-shell structure.
In addition, atomic Co sites are recaptured in the NC shell and
some Pt atoms dissolved in the electrolyte from the Pt counter
electrode can also be simultaneously captured. Therefore,
N-doped carbon-based materials co-modified by Co/Pt at
atomic scale were successfully synthesized. The HAADF image
clearly shows that the two atomic metals are trapped in the
vacancy defect, forming the atomic Co-Pt-NC coordination
structure (Figs. 6(i)—(k)). As for ORR, unlike the 2 e- pathway of
most Pt-based catalysts reported so far, A-CoPt-NC showed 4 e-
ORR with specific and mass activities 85 and 267 times that of
Pt/C, respectively. Combined with the results of DFT calcula-
tions, it is found that this high activity is not only from the syn-
ergistic effect caused by the asymmetry of electron distribution
around the Pt/Co metallic centers that results in the upward
shift of d band and charge redistribution to further accelerate
the dissociation of water, but also due to the local coordination
effect between metal atoms and NC substrate caused by the
N8V4 vacancy in the carbon shell (N8: N atom number, V4:
vacant C atom number), which together enhance the catalytic
ability of this HDAC (Figs. 6(1)-(q))-

ZIF is a special type of MOF, in which organic imidazolate is
cross-linked to the corresponding metal atoms to form a tetra-
hedral framework porous crystal material [190-192]. Because
of its richer pores and stronger regulation of composition and
structure, it can be used as a sacrificial template, molecular
cage or metal-containing porous N-doped carbon material thus
becoming an ideal precursor for the high-temperature pyroly-
sis synthesis of highly active DACs. It is worth mentioning that
ZIF-8 [175,191,193] and ZIF-67 [194-197] synthesized from
2-methylimidazole and hydrated zinc nitrate precursors have
been proven to efficiently derive in-plane adjacent HDACs by
encapsulating metal precursors. Zhang et al. [198] successfully
embedded a large number of homogeneous Co/Ni bimetallic
monoatomic sites in the porous Janus-like NC framework by
pyrolysis carbonization of ZIF-67 and nickel complex precur-
sors with two different topologies (Figs. 7(a) and (b)). Specifi-
cally, the nickel precursors are tris-1,10-phenanthroline nick-
el(I) nitrate and dimethylglyoxime nickel(Il), denoted as PNi
and DNi, respectively. Structural characterization revealed the
unique microstructure of the final CoXNi-N/C and confirmed
the uniform distribution of heterogeneous bimetallic sin-
gle-atom active centers. The abundant micropores and nitrogen
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content, as well as the multi-effect synergistic effect between
the newly introduced Ni and Co atoms, make the material ex-
hibit outstanding catalytic performance under acidic/alkaline
media. In addition, density functional theory (DFT) calculations
showed that two types of N possess 1.18 and 1.11 electrons in
the Co-N/C, respectively, while in the CoXNi-N/C or CoDNi-N/C
systems, they are increased to the corresponding 1.23 and 1.20
electrons. This indicates that the Ni-N bond has obvious cova-
lent characteristics, which can effectively enhance the elec-
tronic activity of N (Figs. 7(c)-(f)). Li et al. [125] designed a
novel host-guest strategy to synthesize hollow carbon-derived
HDAC with porphyrin Fe-Co bimetallic active sites ((Fe,
Co)/NC) by combining the basic dual-solvent method and high
temperature pyrolysis method (Fig. 7(g)). Specifically, they
chose FeCls as the Fe source to synthesize a Zn/Co MOF mate-
rial, which is similar to ZIF-8 in the coordination structure of
albite with a 2-methylimidazole organic skeleton linking Co2+
and Zn2+ bimetallic nodes as the host cavity molecule encapsu-

lating FeCls. This strategy is based on optimizing the bond state
between the subject Co node and the subsequent adsorbed Fe
node in the limited space of the ZIF-8-like urn molecule. First,
the dual-solvent method effectively avoids the diffusion re-
sistance caused by the narrow pore size (< 5 A) of ZIF-8 struc-
ture, thereby completely encapsulating FeCls in the abundant
pores. Subsequently, the pre-product was pyrolyzed under Ar
gas and 900 °C. During this process, the generated C atom re-
duced part of Fe3+ to produce an ideal check with the adjacent
Co site. In turn, the adsorbed Fe3+ also catalyzes the release of
N/C species from N-doped graphite carbon materials, thereby
serving as a regulator of the geometry of the shell MOF materi-
al, making it easier to transport the associated catalytic reac-
tants such as water molecules. In addition, according to
Kirkendal effect, continuous carbonization and decomposition
will further enlarge the size of ZIF-8 structure and the internal
cavity, which is conducive to the embedding of more Fe nodes.

The above processes can be confirmed by HRTEM,
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HAADF-STEM and other morphological characterization
methods (Figs. 7(h)-(m)). DFT calculation results reveal that
the dissociated O atom has two types of Fe/Co anchoring sites,
which leads to the reaction heat with greatly improved stabil-
ity, and the strong bonding energy of O at the bimetallic active
site, thus fully activating O-0 bond in the gas phase. This indi-
cates that the 0-0 cleavage barrier at the Fe/Co double site is
greatly weakened, making the Oz molecule amenable to activa-
tion and thus achieving higher selectivity for the four-electron
reduction pathway that exhibits superior catalytic activity (Fig.

7(n)).

3.1.2. Alternative pyrolysis method

The following discussion is about examples of using other
porous packaging materials with special configurations other
than MOF or ZIF as the substrate material to embed the corre-
sponding metal single atoms on it through high temperature
pyrolysis treatment. Due to different porosity and morphology
of these substrate materials, the controllability of the synthesis
process is not unified. The final HDACs using various tech-
niques may exhibit a higher proportion of mutually remote
non-synergistic single atom sites rather than the targeted state
that two metallic single atom sites are adjacent to each other.

11

Sun et al. [199] designed a competitive complexation method to
synthesize Zn and Co HDAC (Zn/CoN-C) based on pyrolysis.
They selected chitosan as N-doped carbon substrate material,
ZnClz and Co(C2H302)2 as metal source. Since the electrons of 4s
and 4p layers of the two metals can competitively complex with
the -NHz and —-OH groups on the chitosan molecules, the Zn
and Co single atoms can be doped on the substrate surface with
high uniformity. Subsequently, owing to the indiscriminate
coordination ability of the two metal atoms, the atomic-level
bimetallic sites were successfully obtained after pyrolysis at
750 °C, which can be confirmed by the XAFS characterization
(Figs. 8(a)-(d)). In addition, DFT calculations showed a signifi-
cantly extended 0-0 length from 1.23 to 1.42 4, indicating that
Zn/CoN-C has a strong adsorption capacity for the reactive
species Oz, and the 0-O bond cleavage is easier, making the
ORR overpotential as low as 0.335 V (Figs. 8(e)-(i)). Zhao et al.
[200] also used similar simultaneous competitive coordination
pyrolysis method to prepare S-modified Zn and Co HDACs on a
carbon-based material with a three-dimensional (3D) dentate
morphology, noted as Zn,Co-Nx-CSy (Fig. 8(j)). Since the doped S
atom has a larger radius and smaller electronegativity than the
N atom, defect sites will be generated by forming a porphy-
rin-like N4 coordination structure which can be verified by
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HAADF-STEM images (Figs. 8(k) and (1)), and the charge states
around the active centers of Zn and Co can be redesigned to
enhance their interaction with oxygen-containing substances,
thereby beneficially regulating the active centers. Due to the
large electronegativity difference between Co and Zn, the in-
teraction between them will lead to a more optimized elec-
tronic  structure and adsorption state of the
pre-reaction/intermediate species. In addition, the results of
theoretical calculation revealed that (1) the bond length of O is
extended from 1.23 to 1.35 A to facilitate 00 activation. This
makes the O: dissociation barrier much lower, thereby pro-
moting the activation of the 0—0 bond in the step * OOH + e- —
* 0 + OH". (2) The effect of doped S atoms to optimize the ad-
sorption energy between Zn/Co single atom sites and reaction
species can be attributed to their ability to reduce the energy
barrier from *O2 to *OOH (Figs. 8(m)-(p)).

Although the high temperature pyrolysis technologies in-
troduced so far can be used to prepare the target bimetallic
monatomic  active sites, they need corresponding
post-treatment operations to eliminate the undesirable pyroly-
sis species formed at the same time in the synthesis process,
such as nanoparticles and oxides caused by agglomeration
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phenomenon. Guo et al. [201] reported a novel ice-assisted
photocatalytic reduction method without post-treatment oper-
ations to introduce Ru and Pt bimetallic single atoms to
N-vacancy-riched g-CsN4 substrate surfaces with high coverage
(Fig. 9(a)). HAADF-STEM and XAS characterizations confirmed
abundant and adjacent Pt/Ru active sites. Firstly,
N-vacancy-riched g-CsNs+ was prepared by traditional
high-temperature pyrolysis of g-C3N4 carbon material under N2
atmosphere. Then, it was mixed evenly with the precursor
metal salt of the precious metal Ru/Pt, and then rapidly frozen
into ice with the liquid, and then irradiated with 300 W Xe light
for 10 minutes until the ice melted naturally. The resulting so-
lution was separated by centrifugation to obtain the final
PtRuSA-CN620 product. In the process of introducing N into
the carbon material by high temperature treatment, the maxi-
mum vertical dimension of CN is significantly increased from
the original 4.20 to 5.47 A, which leads to the high probability
of synthesizing two adjacent Pt and Ru atomic sites (2.2 A).
Furthermore, the N-vacancy in the subtract material is a pho-
to-generated electron-rich region, promoting the formation of
isolated metal atoms. Compared with the structures of neigh-
boring Ru-Ru/Pt-Pt monomers or isolated Ru/Pt atoms, noted
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as C-M1-M2-N (M1/M2: Ru, Pt), the C-Pt-Ru-N model of the
adjacent Pt-Ru monomer is thermodynamically stable, which
paves a new pathway for the synthesis of novel atomically dis-
persed bimetallic catalysts (Figs. 9(b)—(v)).

3.2. Wet chemical double solvent method

The wet chemical method can be carried out under simple
experimental conditions without the need for special experi-
mental equipment and harsh operating conditions, which has
become one of the easiest synthesis strategies [202-204].
When it is applied to the synthesis of HDACs, to effectively
avoid the unfavorable agglomeration of single metal atoms to
form nanoparticles or nanoclusters due to high surface energy,
low concentration metal precursors have to be usually used. In
2012, Xu et al. [205] confined Pt species to the MIL-101 pores
via a two-solvent path, greatly reducing the metal agglomera-
tion on the MOF surface. Specifically, the dual solvents of the
method include water and hexane [202,206]. The target metal-
lic precursors with particles smaller than the pore size of po-
rous urn materials such as MOFs were dissolved in water, while
the substrate materials suspended in hexane, playing an im-
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portant role in promoting the subsequent impregnation pro-
cess.

For example, by exactly optimizing the bonding strength
between Fe and Co in Zn/Co MOFs, Wu et al. [207] obtained
(Fe,Co)/N-C catalysts with extremely uniform distribution of
atomic active sites (Fig. 10(a)). In detail, the BMOFs material
with Co?* and Zn2* metal nodes connected by
2-methylimidazole was selected as the substrate material. The
Fe precursor metal salt was encapsulated in the pores of
BMOFs by a double solvent method that Zn-Co BMOF was
evenly dispersed in hexane by ultrasound firstly, then the
FeCl3-6H20 aqueous solution was dropped to the above solu-
tion, and the thoroughly mixed slurry was stirred continuously
at room temperature until the reaction was complete. Followed
by annealing, Fe3* and the original Co sites of the substrate
formed a bimetallic single atom pair with the desired synergis-
tic effect. The HAADF-STEM image clearly shows that the Fe-Co
site is marked with blue circles, due to the different z values of
the Fe-Co site compared to C and N, and does not show the
characteristics of metals, metal oxides and metal carbides, in-
dicating that the Fe-Co site is dominant. In addition, the EELS of
a single Fe-Co site further confirms the coexistence of Fe and Co
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at the atomic level. The high uniformity of the distribution of
bimetallic monoatomic pairs on the MOF substrate material can
be visually observed by the contrast profile of the Fe-Co site
area. Thus, the Fe-Co sites are uniform and dominant in the
HDAC (Figs. 10(b)-(e)). Similarly, Chen et al. [208] used this
strategy to successfully obtain another HDAC: IrCo-N-C with
asymmetric IrCoNs atomic pair structure (Fig. 10(f)). Firstly, a
dual solvent method was used to synthesize precursors from
Co-Zn BMOF substrates and Ir metal salts. The presence of Zn
in BMOF dilutes the atomic site concentrations of Co and Ir,
thus effectively inhibiting their aggregation and facilitating
even dispersion of metal species. In particular, the two solvents
they chose were both methanol, indicating that the choice of
solvents in this strategy is not absolute, and there is room for
further optimization in this direction. Subsequently, high tem-
perature pyrolysis was carried out in an inert gas atmosphere

Dual-solvent
process

6 n-Hexane
6 Fe(NO;); solution
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higher than 905 °C (the boiling point of Zn). In this process, a
large number of new mesoporous structures were generated in
the carbon matrix due to the pore foaming effect caused by the
evaporation of Zn and the decomposition of ligand, which con-
tributed to the full accessibility of related reaction species at
the three-phase interface. The appellate views can be con-
firmed by physical representations such as HAADF-STEM,
WT-XANES and FT-XANES images (Figs. 10(g)-(s)). In addition,
the theoretical calculation revealed that the synergism between
the bimetallic atom pairs, that is, the incorporation of Ir atom
leads to the stronger spin polarization of Co site, enhances the
binding affinity of Co site to O atom, and accelerates the oxygen
activation (Figs. 10(t)-(v)). Lu et al. [209] successfully intro-
duced non-noble metal-based Fe-Ni diatomic pairs on an
N-doped graphene substrate with hollow spherical structure
labeled Fe-NiNC-50 via one-step double solvent method with-

Pyrolysis

Leaching

(e) -

— B

(f) e Fe-NiNC-50 Ni k-edge (gl) Fe-NiNC-50 Fe k-adge (h) NN NiM O Fe-NiNC-50 (l Bt e (0] Ir_;-ml(:-sn
—niNG -~ —_—rit iy —_
— |—niroi s = =
3 |—nio =5 o ]
£ & = B
= b L i
° o ‘s s
= Jiod
=
5 g g 3
2 2 2 =
8 £ =
c =
< < o
] [}
= = P
8320 3390 2340 2350 B350 B270 6330 R TN FIMER T TR 2 Sy .
T T T v T T T
8250 8300 B350 @400 8450 B500 8550 7050 7100 7150 7200 7250 7300 7L 1 2 3 4 H [
(J) Energy (eV) (k‘ Energy (eV) R (A)
= _ j = = = 2 R s S U S e e ey S e
u=ov - o+ FeNC u=07sv R | ORR prthway O puthway
o - NiNC o SJron, “4=-NINC [ (I) on ! (m) [T :
= “00H : -4 FeNiNC| o : : RENNG s s i 3 o i o i
s i m L = - FeNINC o - FeNINC| :: - m : . :
3 i = ®F B P 1 OH !
£ aofi : b ; woey : :
< \ L foe ! e : 1
= Loe— _tom FRLLE s g i Fpgo=e i 3
& e ) —— L 3 !
L ) ! i ; i oo i
E 0 k" i ; E i 2 ;
—_—— R —_— e Vi, : i
A5 L EOH —_— T e v | \ )’ i
20 : i
T T T T Z0 T T T T O e T P Ay e T, e R Tyt 4o A iyt e & e i o 4 S A
2 4 6 a il 2 4 B B 1

Reaction Coordinate Reaction Coordinnte

Fig. 11. (a) Schematic diagram of the synthesis of Fe-NiNC. TEM (b,c) and HAADF-STEM (d) images of Fe-NiNC. (e) The Fe-Ni distance measurements.
(f:g) XANES spectra. (h,i) FT-EXAFS. Free energy diagrams (j,k) and proposed mechanisms (I,m) for ORR (j,1) and OER (k,m). (a-m) Reproduced with

permission [209]. Copyright 2020, Elsevier BV.



Jingyi Han et al. / Chinese Journal of Catalysis 47 (2023) 1-31 15

out subsequent thermal processing (Fig. 11(a)). The Fe-Ni
bond not only promotes the beneficial charge redistribution
around Fe and Ni sites, but also strengths the adsorption of
reactive intermediate species. In addition, the activities of Fe
and Ni centers are also enhanced, so that they can catalyze ORR
and OER, which offers a novel route for the preparation of mul-
tifunctional HDACs (Figs. 11(b)-(m)).

3.3.  Sequential atomic layer deposition (ALD) technique

ALD is a technique to deposit materials layer by layer on the
substrate as atomic film [210-212]. Its process is similar to that
of normal chemical deposition. The difference is that for ALD,
the previous layer plays a crucial role in the subsequent depo-
sition reaction, resulting in only one layer of atoms being cov-
ered at a time. ALD technology was first applied to the synthe-
sis of polycrystalline fluorescent material ZnS:Mn and amor-
phous Al203 insulation film by Finnish researchers. Because the
process of surface chemical deposition is not only complicated
but also slow, no substantial breakthrough was achieved until
the mid and late 1980s. However, in the mid-1990s, due to the
vigorous development of monatomic materials, people's atten-
tion to ALD technology has been greatly increased, which has
been widely used in microelectronics industry. The advantages
of ALD technology include excellent deposition continuity,
highly uniform thickness, and ideal consistency of single-atom
layers. However, the problem of slow deposition is irrelevant.
The deposition film is formed by alternately pulsing the gas
phase precursors, which are then chemically adsorbed and
reacted on the deposited matrix [213-215]. Therefore, the se-
lection of appropriate reaction precursor substances is very
important.

It should be clarified that the surface reaction is
self-limiting, that is actually the foundation of ALD. Repeated
repetitions of such self-limiting process generate desired films.
On the basis of different precursors and substrates, the
self-limiting mechanism can be divided into two categories,
namely chemisorption self-limiting (CS) and sequential
self-limiting (RS). For the CS, the first precursor is imported to
the matrix surface and held on it by chemisorption. After the
second precursor is applied, the replacement reaction takes
place, producing the corresponding by-products, until the for-
mer adsorbed on the surface is completely consumed and the
reaction automatically terminates, forming the desired atom
layer. While for the RS process, it is driven to form the deposit-
ed monatomic layer by the chemical reaction between precur-
sors and matrix materials. The CS process explained by Eq. (1)
consists of the direct reaction of adsorbed precursor 1 (ML2)
and precursor 2 (AN2) to form a single atom layer constituted
by films. As for the RS process shown in equation (2), the sur-
face of the substrate material is first activated by the activator
(AN), and then the injected precursor 1 (ML2) reacts on the
surface to form the adsorption intermediate (AML), until the
reaction automatically stops when the AN is completely con-
sumed. The subsequent injection of precursor 2 (AN2) reacts
with the AML to finally generate a deposited atomic layer. It
should be noted that the rapid formation of a stable chemisorp-

tion layer on the matrix surface is the prerequisite of CS pro-
cess. For RS process, the substrate surface is activated and the
deposition process is in fact a semi-reaction combination (Egs.
(2) and (3)). The recovery characteristics and the original ac-
tive state of the material surface are the main factors that dis-
tinguish the two different self-limiting reaction deposition
processes.

ML2 + AN2 - MA (film) + 2LN (1)
AN + ML2 - AML + NL 2)
AML + AN2 > MAN + NL 3)

Ptz dimers separated by O atoms on graphene during
non-electrochemical hydrolytic dehydrogenation of ammonia
borane demonstrate the reliability of ALD for the controlled
synthesis of DACs [216]. So far, there have been many reports
on the preparation of HDACs using ALD technology. For exam-
ple, Sun et al. [217] synthesized Pt-Ru bimetallic monatomic
pairs on NCNTs (Pt-Ru dimers/NCNTs) by a ALD process with
two steps (Fig. 12(a)). During the first ALD process, the Pt pre-
cursor is easily adsorbed on N atom of the N-doped carbon
material (NCNTs) as substrate material and reacts with it to
form strong chemical bond and form strong metal-carrier in-
teraction. Then, bis(ethylcyclopentadienyl) ruthenium(Il) was
chose as the Ru source for the second ALD process. Since Ru
atoms do not attach on NCNTs efficiently in several initial cy-
cles, they can be selectively deposited on Pt sites to successfully
synthesize Pt-Ru dimers. From HAADF-STEM image with
atomic resolution, this dimer can be clearly observed, and the
two single atoms show obvious differences, corresponding to
Pt and Ru, respectively, which can be further confirmed by
XANES and EXAFS spectrograms. The dimer structure of the
double monatomic sites dominated in all types, accounting for
up to 70%. It is worth mentioning that with the decrease of Pt
ALD process temperature, the Pt loading on the NCNTs de-
creases. Interestingly, under the same ALD treatment temper-
ature, the low loading of Ru single atom on Pt-NCNT obtained
at the aforementioned low temperature also decreased ac-
cordingly, which directly proves that Ru can be selectively de-
posited on Pt to form dimer structure (Figs. 12(b)-(j)). Fur-
thermore, Zhang et al. [218] performed the synthesis of more
refined bimetallic Pt/Pd monatomic materials on NCNT via the
similar two-step ALD technique. Specifically, a prolonged (> 30
min) Pd ALD process was first performed to create
shape-controlled Pd/NCNT support by embedding monatomic
Pd sites on NCNTs with diameters from 50 to 150 nm, which
effectively avoided agglomeration of the former. The final
Pt/Pd SAA material was then prepared by pulsing MeCpPtMes
on Pd surface with octahedral configuration for two minutes at
250 °C. Moreover, Pt atoms in the material were deposited on
the (100)/(111) surface of Pd species (Figs. 12(k)-(m)). It is
worth mentioning that the stereoscopic configuration of the
first deposited Pd single atom can be completely preserved
during the subsequent second step of Pt ALD. Compared with
Pd-Pt HDACs and Pt/C, Pt/Pd SAA exhibited higher catalytic
activity, which is attributed to the higher density of unoccupied
5d characteristic states and lower Pt-Pt coordination number of
active Pt single atoms.

In addition to the above-mentioned classical two-stage ALD
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process for the HDAC preparation, there are also derivative
ALD technologies adapted on its basis. For example, traditional
ALD techniques involve generally gas-phase reactions. The
undesired agglomeration of nanoparticles due to the lack of
surface reaction sites is inevitable, which has been shown to be
highly dependent on the surface function and the properties of
deposited materials. As for the gas, this phenomenon is difficult
to suppress when the substrate is extremely compatible with
the deposited monatomic film, which inevitably leads to the
generation of continuous films at the desired vaporization
temperature, during which small clusters that do not bind
strongly to the matrix aggregate to form unfavorable nanopar-
ticles by surface diffusion. Moreover, when an excess of aque-
ous solvent is used for the reaction, rapid rehydroxylation of
the surface occurs, preventing further embedding of the de-
sired bimetallic monatomic pairs. For these reasons, the con-
trolled synthesis of low-period gas phase ALD is not ideal.
Luterbacher et al. [219] designed a brand-new kind of alternate
liquid ALD technology by changing the nature of the reagent in
the early stages of the deposition process, limiting the dosage of
the premise and using stoichiometric amounts of precursors
including triethylaluminium (TMA) to replace the purification
cycle of redundant metal precursor to exclude to effectively

avoid the formation of unfavorable clusters off the surface (Fig.
13(a)). Since selective growth occurs only at target anchors,
polymetallic monatomic capsules growth can be maintained or
even promoted throughout the deposition process when hy-
droxyl carriers are used under these stoichiometric limited and
mild conditions. These processes are fully substantiated by
various characterizing facts. These great advantages make it
easy to design the structure and composition of superior
HDAC s by this upgraded atomically controlled liquid phase ALD
technology (Figs. 13(b) and (c)). In addition, Shen et al. [220]
designed a gas phase ALD process under special conditions to
prepare Pt-Sn bimetallic monoatomic propane dehydrogena-
tion catalyst on Sn- and K-modified Al203 support. In the con-
ventional ALD cycle, the nucleation and growth of monoatomic
Pt species on Alz203 are very slow because the initial substrate
cannot initiate the self-limiting deposition reaction effectively.
Their work addresses this problem by performing ALD opera-
tions in a reducing atmosphere of Hz at 600 °C. During the
Hz-ALD operation, monolayer Pt single atoms and amorphous
Pt-Sn alloy sub-nanoclusters (1 nm) containing several loosely
arranged Pt atoms are easily deposited on the supported Al203
surface. Hz-plasma may provide H atoms, radicals and other
strong reducing species to effectively start the surface chemi-
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sorption reaction between Al203 and Pt precursor. Besides the
atoms uniformly distributed on the Al203 surface, more Pt at-
oms were deposited near the metal Pt species which could in-
duce the growth of Pt clusters. Various morphology characteri-
zation results revealed that the reduced Hz atmosphere signifi-
cantly changes the growth mode of Pt on Al203 support, and the
Pt-Sn monolayer favors to expose more Pt atoms, tuning the Pt
electron structure and thus activating the C-H bond (Figs.

13(d)-(g))-
3.4. Soft template self-assembly technique

The template synthesis technique is considered as a signifi-
cant and extensively applied method for the fabrication of
nanocomposites, in which materials with easy-to-control
nanostructures and low cost are chosen as templates. The main
difference between the template and ordinary preparation
methods is whether the liquid or gas reactions take place in an
effectively controlled region. It can be further divided into soft
template and hard template methods on the basis of their
characteristics and domain limiting capabilities. The former
provides a dynamic equilibrium cavity, in which matter can
enter and exit the cavity wall through diffusion, while the latter
possesses a static hole, in which matter can only enter through
the pore. Compared to the hard template method, the soft tem-
plate structure is less stable, and the template efficiency is usu-
ally not satisfactory, but it is easier to both build without com-
plex equipment and be removed during the end stage of syn-
thesis. Compared with direct synthesis, soft template
self-assembly technology has many outstanding advantages:
(1) Simple synthesis and low cost. (2) It can realize the accurate

control of the morphology and properties of nanomaterials.
Especially aiming to obtain specific properties, researchers can
design the morphology of the target material to meet the actual
needs. (3) The assembly and the dispersive stability of nano-
materials can be solved simultaneously.

These advantages make the soft template self-assembly
technique highly sought after in the synthesis of HDACs. Zhu et
al. [221] reported a soft-template oriented interlayer con-
strained route to synthesize Fe-Co HDAC (Fig. 14(a)). Firstly,
two amphiphilic molecules, perfluorotetradecanoic acid (PFTA)
and stearic acid (SA), were self-assembled into a layered mi-
celle PFTA/SA, which was used as a two-dimensional (2D) soft
template. Subsequently, Co(CsHs)2 and Fe(CsHs)2 metal pre-
cursors were added, and the metallic ion were adsorbed on the
soft template surface due to the formation of M-O bonds, gen-
erating the FeCo-PTFA/SA. The pyrrole monomer is then coat-
ed on the layer through a hydrogen bond interaction between
its NH group and the COOH group of the amphiphilic molecule.
Ammonium persulfate (APS) is added to polymerize the pyr-
role into the polypyrrole (Ppy) layer which is coated on the
upper and lower surfaces of FeCo-PFTA/SA layer to form a
three-layer sandwich structure, during which Fe/Co ions are
confined by the two-dimensional soft template and the Ppy
layer. Finally, independent hydrogels were obtained by hydro-
thermal treatment of Ppy-FeCo-PFTA/SA followed by pyrolyz-
ing in Ar atmosphere to successfully anchor Fe/Co atoms on
the N/S-doped carbon material. The appeal process and con-
clusions can be both confirmed by the results of various char-
acterizations including HAADF-STEM, XANES, FT-EXAFS, etc.
(Figs. 14(b)-(j)). In addition, Niu et al. [222] prepared
CN-FeNi-P HDAC materials by using defect strategy and soft



18

SA =8 Fe* W Co ® Polypyrrols (Ppy) l

- Freeze

Hydrothermal
reaction

Jingyi Han et al. / Chinese Journal of Catalysis 47 (2023) 1-31

rd

drying (m) 5| ONENIE Fe K-edge (rl)
F Fe foil a \
— E Fe,0, 5~ a5
& [—Fe0 Y N :
B P
s e =
= )
CoFe(5.12A)  Co-N(151A)  FeN(1.434) = =
Co-5 (298 A) Fe-5 (3.06 A) Ppy-FeCo-PFTA/SA aerogel Ppy-FeCo-PFTA/SA hydrogel g "z
= =5
(b) E .
=
4 Z
7100 7120 7140 7160 ] 1 2 4 1

Intensity (2. u.)

‘ _.f‘,A.«.u,].lﬁ.‘:r.“. Fragng-
& | | ] ~1aom
+ ) w

Energy (eV)
4

[ R Sonrs, S S “\‘:"1\'1
0 3
——
(e) e () & L
Fefell <05
Fl i [—— CN-EeNi-P NiKeedge | (@)
2 Py - = ! Fec, Ni foil
HI A7 b  — 3
B —Fehil | £ LV N iFey NiPe 2
5 b B NiP s
E| .Y e FeCly 5 M =
Fl (e | £ 2
N TR e[S fes_fece ool &
=
|55

7100 7150 7200 z ] & & 10
Energy (eV) R{A)

¥/

O A _omad O)

i
y
4
SN - ©a,0,
i
|
i

\
\
2
=]
FT of EXAFS (8. u.)
i <__,

Normalzed xu (E) (au.)
FTof EXAFS (a u.

| ARG CoPc
b 7%
o &
N £e§ CoFe  Fecohsc L -
o 240 7770 0 F] 4 8 8 1 © [
Energy (8V] R{A} RA)

=

8328 8340 8352 3364 8376
Energy (eV)

3
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(k-r) Reproduced with permission [222]. Copyright 2022, Elsevier.

template self-assembly technology, in which Fe and Ni bimetal-
lic monatomic are bonded to N and P atoms on porous g-C3N4
substrate (CN-FeNi-P) (Figs. 14(k) and (1)). Specifically, in this
study, the PHs-induced annealing method was used to photo-
catalytically degrade enoxacin (ENO) using soft template pre-
cursor. Porous g-C3Ns (CN) prepared by prepolymerization
provides defect structures (N vacancies) for traping metal
monatoms. Under the action of FeNi layered double hydroxide
(FeNi-LDH) and external PH3 atmosphere (sodium hypophos-
phate monohydrate), the Fe active site is connected to the ad-
jacent Ni site (Fe-P-Ni) by P bridge and obtains electrons from
the latter (Figs. 14(m)-(r)), which becomes the main catalytic
center. In addition, the formed Fe/Ni-N2Ps active sites have
excellent transfer ability and utilization efficiency of electrons,
which is beneficial to optimize the reaction energy barrier and
electron distribution.

4. Application in tumor therapy
As mentioned in the background section, the latest statistics

show that the incidence and death rates of all types of cancer
continue to show a worrying trend of increasing worldwide.

Therefore, cancer is still the leading killer of human health.
However, traditional surgery and chemoradiotherapy have
corresponding defects. The former can only be used for local
resection of early tumor tissue with clear boundary. Although
the latter is a systemic treatment, it cannot achieve a precise
distinction between healthy and tumor tissue, resulting in se-
rious toxic side effects. With the rise of nanomaterials, atom-
ic-level catalytic therapeutic strategies have attracted great
interest, which can not only promote the generation of specific
toxic species that can kill tumor tissue, but also do no harm to
normal tissue, thus opening a brand-new world for people to
treat cancer. Since few HDACs have been reported in this field,
DACs anticancer materials are also introduced below.

4.1. Treatment mechanism

ROS widely refer to free radicals and non-radicals derived
from Oz, including superoxide anion (027), hydrogen peroxide
(H202), hydroxyl radical (OH™), ozone (03) and singlet oxygen
(02). Because they contain unpaired electrons, they have re-
markable reactivity [19]. In the biology, ROS can be produced
naturally in a variety of biochemical reactions in endoplasmic
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reticulum, peroxisome and many other organelles. Moreover,
as a natural byproduct of normal oxygen metabolism, it takes a
crucial role in both homeostasis and cell signaling. Excessive
ROS is eliminated by the antioxidant system under normal
physiological conditions. The imbalance between oxidant and
antioxidant system leads to excessive production and accumu-
lation of ROS, which can cause mutation of intracellular mito-
chondrial DNA (mtDNA) and oxidative damage of lipids and
proteins, and induce malignant transformation of cells and
change of drug sensitivity. In addition, reactive oxygen species
can also play a dual role as a signal molecule by participating in
the regulation of different signal transduction pathways. On the
one hand, it induces tumor cell proliferation, improves tumor
cell tolerance, and promotes tumor cell metastasis; on the other
hand, it induces apoptosis and even necrosis of tumor cells.
This reveals that the occurrence and development of reactive
oxygen species and tumor are closely linked, reactive oxygen
species can be used as an important target for tumor therapy
[223-226].

Related studies have shown that the stimulation of the
growth or death of cells largely rests with the strength or dura-
tion of the redox signal as well as the defensive mechanism of
the antioxidant. The species have opposite intracellular effects
by promoting tumor proliferation or cell death. In view of these
effects, different types of oxygen species with high reactivity
are suitable to treat cancer cells. The new atomic-scale anti-
cancer catalyst is on the basis of the generation of ROS or the
antioxidant mechanism regulation. Targeted destruction of the
latter can be achieved in vivo by using molecular signals to
distinguish normal and cancer cells. According to different
pathways that trigger ROS production in TME, anti-tumor DACs
can be divided into Fenton-like reaction catalysts and other
trigger pathway catalysts (Fig. 15).

The activity of various anti-tumor materials, including Fen-
ton and Fenton-like reaction catalysts, is extremely sensitive to
the tumor microenvironment (TME). However, TME exhibits
adverse pH value, H202 concentration and GSH level, which
have a great negative impact on catalytic reactions. Optimizing
the level of TME parameters is an efficient way to increase effi-
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Fig. 15. Schematic diagram of biological consequences of ROS increase.
Oncogenic signals in tumor cells stimulate increased ROS production.
Endogenous ROS and exogenous DNA damage agents, mitochondrial
mutations cause respiratory chain failure and further increase ROS
production. The above fault may affect the apoptotic response to anti-
cancer drugs, making cancer cells resistant to the drugs. A surge in
cellular ROS causes DNA damage and promotes mutations, which in
turn leads to increased drug sensitivity.

cacy. Specifically, Fenton and Fenton-like reactions must satisfy
three conditions to generate sufficient target ROS species. (1) It
needs to produce sufficient H202 concentration. Although the
concentration of H20z in TME is 100 umol L-1, which is more
than 5 times higher than that of normal cells, this concentration
is still not sufficient to continuously generate abundant ROS
species to achieve the ideal effect of cancer treatment. Adding
exogenous H202, metal peroxides and other chemical reagents
can directly/indirectly increase the concentration of endoge-
nous H202. (2) The generation rate of ROS species such as «OH
must be fast enough to minimize the time of strong oxidation of
cancer cells, thereby avoiding the reactivation of tumor tissue.
This can be achieved by adjusting the pH of the TME. In 1956,
Warburg et al. [227] found that most tumor cells had defects in
oxidative phosphorylation and related enzyme expression.
Compared with normal cells, tumor cells require large amounts
of glucose for anaerobic glycolysis to meet their own rapid pro-
liferation needs. Even in the presence of sufficient oxygen, tu-
mor cells acquire energy primarily through anaerobic glycoly-
sis, accompanied by the production of numerous intermediate
metabolites. In this process, a large amount of lactate and car-
bonic acid is produced, which accumulates in the extracellular
matrix of the tumor, resulting in a pH of approximately 7.4 for
normal tissue and blood, while the pH of tumor tissue is com-
monly less than 6.5 and some only 5-6. However, the optimal
pH region of the Fenton reaction is 2-4, resulting in the TME
pH value that is already weakly acidic remains to be further
reduced. To solve this problem, the common method is to in-
troduce exogenous acid, but its application dose is difficult to
control. The efficiency of CDT mediated by Fenton reaction
mainly depends on Fe2*. However, under the pH condition of
TME, iron ions will precipitate rapidly into inactive Fe(OH)x
sediment, and Fe2+ will slowly convert into inert Fe3+. There-
fore, preventing the adverse conversion of iron ions to over-
come the excessive dependence of Fenton catalysts on the
acidic environment has a wider application prospect and will
be the research frontier in the future. (3) The generated ROS
species need to directly attack tumor cells as greatly as possi-
ble, rather than damaging the reaction with the main reducing
species glutathione (GSH), which is a tripeptide formed by glu-
tamic acid, cysteine and glycine, and plays the antioxidant role
in TME. It will reduce free radicals into acidic substances to
reduce its toxic side effects on normal cells. However, GSH is
generally overexpressed in TME, which leads to a decrease in
target ROS level. Therefore, reducing the concentration of GSH
in TME has been proven as a feasible method to enhance the
catalytic activity of Fenton/Fenton-like catalysts.

4.2. Fenton-like reaction catalysts

According to the different sources of substances that trigger
ROS production in TME, the current anticancer catalysts can be
divided into endogenous and exogenous pathways. So far
atomic catalytic materials mainly play a role through the for-
mer. The endogenous reactions triggered by DACs are mainly
based on Fenton and Fenton-like reactions in tumors, which
are called chemodynamic therapy (CDT) [228-230]. Specifical-
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ly, through these reactions in the presence of divalent iron ions,
H202 in TME is mainly converted into highly toxic hydroxyl
radicals (OH") and secondary peroxy radicals (027) without
additional external action, which is a new strategy for effective
regulation of tumor microenvironment to achieve tumor ther-
apy (Egs. (4-6)). The step of Eq. (5) determines the overall
Fenton reactive rate because of its relatively low constant k.
Hence, for the application, abundant Fe2* is needed to supply
the reactive system to ensure that sufficient OH- is produced.
However, the continuous accumulation of a mass of Fe3+ results
in the production of a large amount of iron sludge, which caus-
es catalyst poisoning. In addition, although the concentration of
hydrogen peroxide in the tumor microenvironment is usually
higher than that in normal tissues, it is not sufficient to support
the continuous production of sufficient amounts of «OH to kill
tumor tissue. Therefore, in vitro delivery of additional H202 or
Fenton reaction catalysts has become a solution to this prob-
lem, but the off-target of the delivery medium and the toxicity
caused by a large number of catalysts often lead to inefficient
treatment and serious side effects. Therefore, the design of
Fenton reaction catalysts with remarkable catalytic efficiency
and biocompatibility from the source has become a potential
solution. Recently, lots of studies have found that in addition to
Fe2+ and Fe3+ (Egs. (4-6)), other metal ions, such as Mn2+, Cu?+,
Pd2+ and other atomic-level catalytic centers can be used as
catalysts to endogenously trigger Fenton or Fenton-like reac-
tions in tumors [231-234].
Fe2* + H202 = Fe3* + OH™ + ¢OH, k1 = 40-80 L mol-1 s-1 (4)
Fe3* + H202 — Fez* + «OOH + H*, k2=9.1 x 10-7 L mol-1s-1 (5)
Fe3* + ¢O0H — Fe2* + 027+ H*, k3 = 2.1 x 106 L mol-1s-1 (6)
Although Fenton reaction has been applied to treat the can-
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cer in recent years, the unsatisfactory conversion of Fe3+ to Fe2+
and the slow reaction kinetics greatly limit the therapeutic ef-
fect of Fenton reaction. In this regard, Shi's team constructed a
2D bimetallic monoatomic catalyst to solve the kinetic bottle-
neck of Fenton reaction by loading atomically dispersed Fe
onto MoS:z nanosheets as a carrier (MoS:@SA-Fe), and gener-
ated abundant OH~ through H202 to oxidize tumors and thus
deplete them [235]. Specifically, the preparation of
MoS2@SA-Fe is on the basis of a sophisticated one-step hydro-
thermal synthesis method to obtain MoS:@SA-Fe nanoflowers,
and then ultrasonic treatment is performed to customize the
two-dimensional nanostructures. Finally, the morphology of
the nanosheets is further modified by amine-PEG (NH2-PEG) to
obtain the final product MoS2@SA-Fe-PEG (MSFP). In addition,
they also prepared pure MoS:z nanoflowers with similar micro-
scopic morphology in the absence of iron source for compari-
son (MoSz-PEG). Compared with the sample containing only a
single Mo metal element and other traditional nano-anticancer
catalysts, the catalytic anti-cancer efficiency of the constructed
MSFP nanosheets was greatly improved, with satisfactory bio-
logical safety and therapeutic effect. Moreover, the co-catalytic
mechanism of bimetallic monoatomic nanocatalysts has been
systematically proved. Both cell experiments and in vivo results
show that MSFP nanosheets have high peroxidase-like activity
(Vinax = 4.37 x 10-8 L mol s}, Km = 15.06 pmol L) (Figs.
16(a)-(d)). The superior performance mainly comes from the
following points. Doping Fe atoms in MoS: nanocrystals not
only forms abundant Fenton reactive Fe sites, but also facili-
tates the generation of S vacancy defects in the plane and edge
of the nanosheets, which greatly promotes the process of H202
capturing electrons to promote the generation of OH™. In addi-
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tion, numerous Mo#* sites are exposed on MoS: support, which
is helpful to weaken the slow kinetics limit and lead more Fe
elements exist in the form of Fe2+, thus providing continuous
power for efficient Fenton (Figs 16(e)-(h)).

Furthermore, Zhao et al. [16] embedded atomic-level Fe and
Co elements on NC to generate bimetallic non-alloyed atom
pairs (FeCo-DIA/NC). Subsequently, hyaluronic acid (HA) was
coated on the surface to achieve precise targeting of tumor
tissues (FeCo-DIA/NC@HA). Specifically, the whole preparation
process can be divided into four steps. Firstly, the Fe and Co
atoms provided by Fe(acac)s, Fe(lll) acetylacetone and
Co(NOs)2 precursors were spaced in zeolite imidazolate
frame-8 (ZIF-8) material with appropriate nanocavities to form
tri-metal FeCoZIF-8. Secondly, the surface of FeCoZIF-8 was
covered with a protective silicon oxide shell (FeCoZIF-8@SiOx)
to effectively prevent irreversible melting and aggregation
during succeeding pyrolysis. After that, isolated FeCo atoms
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were successfully inserted on the NC by conventional pyrolysis
in Ar atmosphere. During the calcination process, both SiO2
shell and FeCoZIF-8 inner core maintained their original mor-
phology without any aggregation. Using acid to remove the SiO2
and metal oxide nanoparticles, the final FeCo-DIA/NC was ob-
tained. It is worth mentioning that without any external energy
input, the two atomic-level metal active sites Fe-N4 and Co-Ns
in the material can achieve parallel catalysis with a clear divi-
sion of labor. The former is mainly for the Fenton reaction and
catalyzes H202 and Oz concurrently to generate OH™ and Oz",
while the latter is responsible for the Fenton-like reaction and
catalyzes the same reactants to form singlet 102 and Oz, that
can simultaneously achieve efficient triggering of the Fen-
ton/Fenton-like reaction. In addition, the desired synergy be-
tween bimetallic single atoms can reversely convert the toxic
ROS species (OH-, Oz, and 102) produced by the appeal cataly-
sis into H202 in acidic TME, resulting in a surprisingly efficient
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anti-tumor “ROS cycle” (Figs. 17(a)-(h)). These unique charac-
teristics make the catalytic activity of FeCo-DIA/NC for Fenton
and Fenton-like reactions significantly superior to that of
Fe-SIA/NC and Co-SIA/NC catalysts with corresponding mon-
ometallic atomic sites dispersed on the same substrate materi-
al. They also prepared control samples of two SACs,
Fe-SIA/NC@HA and Co-SIA/NC@HA, by the same synthesis
procedure. The mice that established the HeLa model were
classified and given the synthetic HDAC and SAC agents for in
vivo treatment comparison experiments. As expected, tumor
growth was significantly inhibited in mice treated with
FeCo-DIA. Although Fe SIA/NC@HA and Co SIA/NC@HA also
show some anti-tumor effect, it is far less pronounced than
HDAC. The well-dispersed FeCo bimetallic reactive sites can
efficiently target tumor tissues and catalyze H202 to form ROS,
thereby significantly reducing tumor volume (Figs. 17(i)—(m)).
Vitro/vivo experiment results verify that this material can sig-
nificantly reduce cell viability and inhibit the growth of can-
cerous tissues through the novel “ROS cycle” pathway, which
can achieve satisfactory therapeutic effects at extremely low
metal concentrations, highlighting its broad clinical application
potential.

Furthermore, Zheng et al. [236] fabricated atomically dis-
persed Fe/Pt HDAC ((Fe, Pt)sa-N-C) in a controllable way via a
secondary doping strategy. The successful preparation of
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atomically heterogeneous Fe/Pt active sites can be verified by
related characterization techniques. The spacing between ac-
tive monatomic Fei (Fe-N3) and Pt: (Pt-Na) sites can be
achieved to a relatively accurate 2.38 A (Figs. 18(a)-(c)). The
preparation process is that the atomically dispersed Fe
pre-catalyst (Fesa-N-C) was firstly prepared by "isolation and
pyrolysis”. Specifically, Fe(acac)s is typically spaced in ZIF-8,
then subsequently freeze-dried and pyrolyzed. Secondly, the
mixture of H2PtCls, cyanoguanidine and Fesa-N-C was similarly
lyophilized and pyrolyzed through a secondary doping treat-
ment to introduce uniformly dispersed Pt atomic sites. As a
control, an atomic catalyst (Fesa-N-C) was prepared through a
similar primary doping process. As for (Fe, Pt)sa-N-C, it pos-
sesses a synergistic effect between heteronuclear metal mona-
tomic sites, which is conducive to catalyzing Fenton-like reac-
tions, exhibiting a doubling of antitumor therapeutic effect
compared with Fesa-N-C. To expand, Fe-N3 group, due to its
beneficial electronic structure, geometric morphology and suf-
ficient active sites, can effectively activate Fenton-like reaction,
release abundant toxic hydroxyl radicals in tumor tissues, thus
effectively induce apoptosis of tumor cells. DFT calculations
revealed that Pt-Ns group can further increase the overall Fen-
ton-like catalytic activity of (Fe, Pt)sa-N-C up to 128.8% by op-
timizing the deployment of the 3D electron orbital of Fe-N3
single atomic site. Surprisingly, amorphous carbon can demon-
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strate ultra-high photothermal conversion efficiency under 808
nm laser irradiation, which makes it more ideal to enhance the
effect of tumor treatment (Figs. 18(d)-(n)).

4.3.  Other trigger pathway catalysts

In addition to the appeal of the CDT pathway that triggers
the mass production of ROS with anticancer potency by cata-
lyzing Fenton and Fenton-like reactions, sonodynamic therapy
(SDT) can also efficiently achieve the same goal, which has
aroused great research enthusiasm. Its anticancer mechanism
is mainly interpreted as the singlet oxygen (negative ion mo-
lecular oxygen with strong oxidizing ability in the excited state)
mechanism. Its action process is as follows: after ultrasonic
treatment, the sound-sensitive substances (such as hemato-
porphyrin) stored in tumor cells absorb energy and undergo
electronic transition to high energy status. When back to the
low energy status, a large amount of energy is released, that
stimulates hematoporphyrin to produce extremely unstable
trivalent hematoporphyrin which quickly splits into monova-
lent hematoporphyrin, releasing O-based ROS. SDT uses ultra-
sound to have a strong ability to penetrate biological tissues
[237-239]. In particular, focused ultrasound can non-invasively
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focus sound energy on deep tissues to activate some
sound-sensitive catalysts to finally trigger the formation of ROS,
which provides a potential localization treatment method to
reduce the risk of side effects in other parts of the body. So far,
although bimetallic single atom catalysts applied to the field of
cancer treatment through the SDT pathway has not been re-
ported yet, it is worth drawing on. Wu et al. [240] reported an
ultrasound (US) activated SACs for sonodynamic therapy of
osteomyelitis infected with methicillin resistant staphylococcus
aureus (MRSA) (Fig. 19(a)). Since osteomyelitis infection is
stubborn and located deep in the bone tissue, the SDT approach
is well-suited for its treatment. They chose zirconium-based
porphyrin metal organic framework (HNTM) as the substrate,
which can enhance the overall stability. After that, Pt atoms
with strong capacity of both electron capture and oxygen ad-
sorption were embedded in HNTM (HNTM-Pt), which signifi-
cantly enhanced the sonocatalytic ability of the sonosensitizer.
The gold nanorods (Au NRs) are then loaded on the HNTM-Pt
(HNTM-Pt@Au) as actuators for US response, which can in-
crease the system's absorption of ultrasonic energy by in-
creasing ultrasonic cavitation. In addition, Au and Pt single
atoms can be used as electron acceptors to accelerate the elec-
tron transfer and the electron-hole separation efficiency to
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enhance SDT performance. Finally, HNTM-Pt@Au was coated
on rat red blood cell (RBC) membrane to obtain superior bio-
compatibility and toxin neutralization ability. The final synthe-
sized RBC-HNTM-Pt@Au material exhibits outstanding anti-
bacterial properties with the inhibition efficiency of MRSA up
to 99.9% under 15 min of US irradiation. Furthermore,
RBC-HNTM-Pt@Au can propel directionally under the guidance
of US, thus having the ability to dynamically neutralize secreted
toxins (Figs. 19(b)-(g)). This work has stimulated further re-
search on the development of DACs as potent sonosensitizers
for the SDT pathway.

Since Zn2+ can promote osteogenic differentiation of osteo-
blasts, Cao et al. chose porphyrin-based SAC (g-ZnN4) with
good biocompatibility, then doped MoSz (g-ZnNs-MoSz) on its
surface to construct single-atom sonosensitizers with hetero-
geneous interfaces to similarly treat MRSA-infected osteomye-
litis via the SDT pathway (Fig. 20(a)) [241]. The heterogeneous
Zn/Mo bimetallic monoatomic material not only has abundant
charge transfer channels to enhance the overall electron trans-
fer efficiency of the sonosensitizer after receiving US irradiation
and the separation efficiency of the photogenerated charge
carrier, causing an increased transfer rate of interfacial charge
to adsorbed O2. In addition, DFT calculations demonstrated that
g-ZnNs-MoS:z exhibits sufficient reactive sites, resulting in a
significantly reduced Oz activation energy, which can increase
the production of active species 102. g-ZnN4-MoS; with the abil-
ity to effectively kill MRSA with superior biodynamic therapy,

0, activation
-

Mag} 5& Spin-flipt

US irradiation

High charge Iransfer\
- =00\ 30,(5;)

can also promote osteogenesis by continuously releasing Zn2+
from fixed Zn single atoms, serving as an adjuvant therapy that
significantly inhibits inflammation and estimates erosion (Figs.
20(b)~(K)).

Platinum-based anticancer agents have played a central role
in the current cancer treatment and have shown promising
therapeutic outcomes since cisplatin which is a platinum metal
complex (cis-[PtCl2(NHs3)2]) was approved for clinical use in
1978 [242]. It targets DNA and interferes with the replication
of DNA in cells or binds nuclear and cytosolic proteins by cata-
lyzing the release of ROS, so as to play a broad spectrum and
potent anti-cancer effect. It is one of the most commonly used
drugs in chemotherapy. However, due to the lack of selectivity
and renal excretion of cisplatin, its serious adverse reactions
seriously affect its clinical efficacy. In addition, some tumors are
not sensitive to cisplatin per se (e.g., colorectal, lung, and breast
cancers), while others may become resistant to cisplatin after a
treatment cycle (e.g, ovarian cancer). Massive efforts have
been made to develop novel catalysts to overcome the defects
of drug resistance and toxic side effects of conventional cispla-
tin [243]. For example, ruthenium complexes with similar
structures have been shown to be effective alternative drugs
for cisplatin, exhibiting three promising properties in medical
applications: (1) adequate ligand exchange rates, (2) various
available oxidation states, and (3) facilities for mimicking iron
binding to a variety of biomolecules. However, many ruthenium
organomemetal complexes have ultra-low water solubility and
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stability, limiting their use as antiproliferators. This drawback
was found to be effectively addressed by the addition of dial-
kane sulfoxide derivatives. For example, Dyson et al. [244] suc-
cessfully synthesized a Ru-based material, which showed re-
markable anti-proliferation activity against the cisplatin re-
sistant/non-resistant tumor tissues. Inspired by these, Romer-
osa et al. [245] first synthesized monometallic complexes
[Ru(né-C10H14) (Cl2) (HdmoPTA)](0S02CF3) (1), [Ru(n®é-CioH14)
(Cl2) (dmoPTA)] (2), and then synthesized diheterometallic
monoatomic Ru-M complexes [Ru(n6-C10H14)(Clz)-u-dmoPTA-
1kP:2x2N,N-MClz] (M: Zn (3), Co (4), Ni (5), dmoPTA:
3,7-dimethyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane) by
reacting the deprotonated complex (2) with the corresponding
MClz salt in anhydrous MeOH (Fig. 21(a)). The antiproliferative
activities of the complexes against Caco-2/TC7 colon cancer
cells were examined by MTT assay. It was found that the pure
Ru-based materials (1) and (2) showed almost no activation,
while the activities of the bimetallic SACs (3) (ICso: 9.07 + 0.27
pumol L-1), (4) (ICso: 5.40 + 0.19 umol L-1) and (5) (ICso: 7.15 *
0.30 pmol L-1) were significantly higher than that of cisplatin
(ICso = 45.6 + 8.08 umol L-1) (Figs. 21(b) and (c)). Although
they have great antiproliferative activity, there is no observable
viability decrease in healthy cells during the treatment. The
information of the possible mechanisms of these complexes
was obtained by cell cycle, ROS and gene expression studies. It
can be found that the feature of the second metallic atom coor-
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dinated with dmoPTA ligand determines the apoptosis mecha-
nism activated by the complex, which makes these bimetallic
complexes have different anti-tumor mechanisms. For example,
the growth of tumor cells can be restrained by samples (3) and
(4) through stopping the G2/M phase of the cell cycle and by
consuming the GO/G1 cell population, respectively. Their work
gives inspiration to the development of new bi/multi-heter-
ometallic antitumor SACs.

4. Conclusions and perspectives

The HDACs have many fascinating advantages, such as ul-
tra-high selectivity and specific activity and 100% atomic utili-
zation efficiency, making them the frontiers of many research
fields in recent years. Different from other common nano-scale
and single-atom catalysts, there are interactions between two
heterogeneous metal sites in DACs, which significantly reduces
the reaction energy barrier and promotes the catalytic process.
With the further research, the controllable preparation of DACs
is becoming simpler and simpler while the catalytic activity is
getting higher and higher. In the field of nano-catalytic medi-
cine such as tumor therapy, DACs have shown surprisingly
ideal performances, breaking through the problems of high cost
and side effects of traditional therapies, thus becoming a rising
star light in competition. We comprehensively summarize the
latest progress about DACs such as characterization technolo-
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gies, synthesis methods and applications in anti-cancer nano-
medicine. Although fruitful results have been achieved on these
factors so far, it must be admitted that the research of du-
al-metal atom catalysts is still in its infancy, and there are vari-
ous potential bottlenecks that still hinder large-scale practical
applications.

(1) The main challenge is that the atomic metal loading in
HDACs reported so far is still low. Once the load of atomic metal
is increased, aggregation will inevitably occur. Therefore, a
synthesis strategy that can achieve ultra-high single-atom
loading and uniform distribution on the substrate needs to be
designed.

(2) The development of HDACs is inseparable from the
development and upgrading of characterization technology. In
situ characterization techniques have made an indelible con-
tribution to the exploration of atomic-scale catalysts, such as
STEM, HRTEM, XAS, etc. However, these advanced devices are
costly and scarce, limiting their universal use. With the pro-
gress of instrument science, more accurate observation magni-
tude and more convenient characterization methods need to be
further developed.

(3) Let alone HDACs, the controllable synthesis of SACs
has not been achieved so far. The coordination configurations
of metal atoms are also not designable in the synthesis. Con-
trolled synthesis methods that can construct target atom-
ic-level configurations continue to be explored to obtain atom-
ic-level catalysts with specific coordination configurations such
as accurate coordination.

(4) For atomic-scale nano-catalytic drugs, the start and
end of exogenously catalyzed reactions can be controlled by
adjusting external stimuli, but endogenously catalyzed reac-
tions are difficult to control. Excessive catalysis can lead to cel-
lular oxidation and overexcitation, which can cause irreversible
damage to healthy cells. For bimetallic atomic-scale catalysts,
current anticancer treatments are carried out by endogenous
trigger mechanisms. Therefore, the design of efficient HDACs
for exogenous catalysis is the main direction in the future.

(5) Current application of DACs in the antitumor is mainly
based on precious metals. However, it must be noted that in the
field of nanomedical, even if a small number of active metal
atoms can function, it will inevitably cause toxic damage to the
liver and kidney. Therefore, the selection of metal elements
with lower human cytotoxicity and even non-toxic non-metal
single atoms (such as C, Si and P) to design HDACs will be more
suitable for biomedical applications in the future.

(6) Clinical application has always been the ultimate goal
of nanomedicine research. However, the successful application
of DACs still requires consideration of many challenging issues,
such as biocompatibility, pharmacokinetic properties, and im-
munogenicity. Therefore, the future design of HDACs should
increase the proportion of practical application studies to facil-
itate clinical translation.

(7) Since the coordination structure and bonding state of
bimetallic single atoms of HDACS are greatly affected by the
surrounding environment, the relevant characterization tech-
niques need to be further upgraded to observe the dynamic
evolution process of the bimetallic sites to obtain more com-

prehensive and precise conclusions.

(8) Molecular targeted therapy with chemical agents is
one of the first options for anti-tumor clinical treatment, but
tumor cells frequently develop resistance to the drugs due to
the following mechanisms that make the highly effective
HDACs inactivated. (i) Autophagy in hunger response can be
used to produce substances and energy necessary for tumor
cell growth and has dual functions of non-protective and pro-
tective. Studies have found a 'switch' between the two func-
tions of autophagy in tumor cells during drug administration,
suggesting that protective autophagy of cells is one of the rea-
sons for drug resistance. (ii) Mutations in certain genes such as
epidermal growth factor receptor (EGFR) rare specific exon
insertion mutation types will lead to binding site area of steric
hindrance, hinder the effective combination of chemotherapy
drugs, so that the sensitivity of tumor cells to chemotherapeutic
drugs decreases. (iii) A number of studies have shown that
overexpression of a variety of enzymes, including glutathione
S-transferase (GST), is the main reason for inducing drug re-
sistance. (iv) Abnormal signal pathway mediates drug re-
sistance. For example, the nuclear transcription-related factor 2
(Nrf2)/antioxidant response element pathway (ARE) signaling
pathway is one of the cellular defense mechanisms in the hu-
man body and phosphatidylinositol-3-kinase (PI3K)/protein
kinase B (Akt) and extracellular signal-regulated kinase
(MEK)/extracellular regulated protein kinase (ERK) signaling
pathways are related to cell proliferation, differentiation, and
apoptosis. (v) Some RNA regulate tumor cells to generate drug
resistance. (vi) Related protein mediation leads to drug re-
sistance. The appeal factors will seriously hinder the drug effi-
cacy, and therefore it is urgent to develop novel HDAC drugs
that can continue to maintain high activity.

At present, diatomic or polyatomic catalysts are mainly used
in the field of electrocatalysis. It is expected that HDACs will
exhibit a more amazing potential in the field of anti-tumor
nanocatalytic medicine by further improving catalytic efficien-
cy and enriching catalytic forms to make substantial progress
and breakthroughs in the above aspects.
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AT HRELRERTHRENE R IR FHELF
CEJCNE S &0

S LRI LT, & Ak &130021

FEE: JRE 2 B N R R i R 2 —. BT, AT S BT ARG T 2 = K R TT e T B, BARIX SR T RO AR
B EEAEEAR R, HIBIT A = &, RS B T AR R AR R, R, FRREEA ST . RS, Mg
VR AE TR (08T L B R e A AR, A R BVE 9T BEUR, DASRIR 0 B PR IS e B YR I ROR, O RE VR TT I 788 RiT
W BEEGURM R PR R R, A2 MR T AL 71 (HDACs) 7E £ B B i 7 (A 77 1 e K SR TR 2R, s A s o AR 340, A
L FAL 5 IR AN ANTC A7 I 858 R0 A M) T R A e % 1) PR S5 A SRR R b, LR MOAN R 8 R AN R FR R T R 1
IRV T AT R, T LI B A R R B (R4 P, T DA 208 R B B 4 A 7] ) 20 A IR 1) 5 00 7 A2 b T A o P R o e 22 0
AR, 3 255 B v PR A M A I R AT SRASE IR VR T AR, TE QKA A Jiga v 7 Attel e It 5K ) S B R L 7% 7.
ANTHDACSIRAEFB il 48 732 S A AF R AE R A s v y7 S K B AT T R A RILZRIR. H LR EN A
TR FIKBIE AL S SR RAE 2, R A2 SR B, tHe T BT I E s, R T B sk AL IR, TR
NEE TR R EH HEe . MELLRIERIE) 1547 8 AR S 3R I 55 45 & 1S HDACSTE & BUd FR P A fe g . — B.5 i is 1%
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