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Abstract

The development of various high-performance electrochemical devices is crucial for mitigating the global climate
crisis, and thus the design and fabrication of advanced electrode materials is highly significant. Currently,
atomically dispersed metal on catalysts (ADMCs) have shown great potential in boosting the performance of
various energy storage/conversion devices involving aqueous and aprotic catalytic processes, including fuel cells,
water electrolyzers, CO, electrolyzers, metal-air batteries, and metal-sulfur batteries, as well as systems involving
noncatalytic deposition/adsorption of metals. To date, several reliable fabrication methodologies that can ensure
the formation of ADMCs have been demonstrated, and continuous optimization is still being performed. To further
reinforce the basic scientific research and promote possible practical applications of these materials, we have
analyzed, compared, and summarized progress in the fabrication methodology and formation mechanism of
ADMCs in this review. This review aims to draw a comprehensive picture of the current methodology and
underlying mechanism in the field of material fabrication to serve as guidance for future material design.

Keywords: Atomically dispersed metal, catalysis, energy conversion, carbon-based materials, formation
mechanism
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INTRODUCTION

The rapid development witnessed in the past several centuries has brought very severe global climate
change, the consequent food crisis, social unrest, poverty, and human health challenges, that are affecting us
all in one way or another. Such an urgent situation has triggered rapidly increasing research worldwide
on various electrochemical devices for energy conversion and storage, such as batteries, fuel cells,
supercapacitors, and electrolyzers. It should be noted that the performance of these devices depends largely
on the nature of the electrode materials, and therefore, designing and fabricating novel materials with the
desired performance, low cost, durability, and easy manufacturability has been the center topic for the
development of advanced electrochemical devices"™.

Atomically dispersed metals on catalysts (ADMCs) have been the focus of attention in the field of aqueous
catalysis. The major advantage of ADMCs benefiting their utilization in catalytic systems is the combination
of the intrinsic advantages of carbon materials, high electric conductivity, large surface area, and tunable
porosity, with the maximized atomic utilization of metal centers. As a result, the specific activity of ADMCs
with rational design can be remarkably greater than that of conventional metal catalysts. For example, when
catalyzing the electrochemical oxygen reduction reaction (ORR), some atomically dispersed metals (ADMs)
with various active metal centers, even nonprecious metals, are more active than benchmark Pt/C
L. In

13,14

catalysts®*?. Similar phenomena can also be observed in hydrogen evolution reaction (HER)!
addition, because metal centers in ADMCs are stabilized by surrounding nonmetallic atoms, it is possible to
tune their electronic structure and adsorption properties by adjusting the coordination environment of
metal atoms. As a result, the regulation of reaction selectivity on ADMCs can be achieved, benefiting their
application in electrolyzers aimed at producing certain chemicals"*"". It was reported that the reaction
pathway of oxygen reduction reaction can be tuned by adjusting the chemical nature of N in CoN, moieties.
When coordinated by pyridinic N, Co atoms with high spin enable full reduction of O, to H,0O, and the
reaction pathway can be altered to H,O,-selective in pyrrolic N bonded CoN,".

Very recently, ADMCs have extended their effectiveness in various battery systems**?. The possible
application of ADMCs as the cathode material for Li-air batteries is based on the catalytic nature of the
charge/discharge process in the cathode. For example, Ru ADM:s are believed to be effective in accelerating
sluggish ORR and oxygen evolution reaction (OER), decreasing the polarization of the Li-air battery™’. Our
group also found that Cu ADMs are able to regulate the morphology of Li,O, during discharge and further
accelerate its decomposition kinetics via a one-electron transfer mechanism during the subsequent charging
process”*. In addition, the performance of Li-S batteries can also be promoted by ADMCs. Besides, some
ADMC:s are capable of regulating the morphology of metal clusters during electroreduction and facilitating
their uniform deposition, which is important to prevent dendrites and reinforce the safety of metal
electrodes. As a result, ADMCs are showing potential application as anode materials in various metal-ion

batteries, including traditional Li batteries and newly emerged Na-ion and Zn-ion batteries”**°.

In addition to the remarkable performance enhancement brought in by ADMC:s, the relatively uniform
structure of ADMCs has provided a perfect platform for research on reaction pathways and detailed

[27]

mechanisms

Generally, isolated ADMs are extremely unstable due to the significantly increased surface free energy when
downsizing bulk metals®”. Thus, the successful fabrication of ADM-containing materials is the perfect
example of precisely manipulating material chemistry to satisfy the needs of human beings. The present
results strongly indicate that achieving a strong chemical interaction between ADMs and the support is
critical for the successful fabrication of ADM-based materials. This brief review focuses on research
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updates on the formation mechanisms of ADMCs. In addition, the fabrication methodologies, together with
their correlation with the obtained coordination structure, are also reviewed and summarized. In the
following sections, the correlation between the ADM structure and fabrication methods is first discussed,
followed by a summary of the formation mechanism of ADMCs by high-temperature thermal-chemical
reactions, trying to summarize the commonality among different procedures. The formation mechanisms
are roughly subclassified into three types based on the reaction characteristics, including the transformation
of pre-existing coordination structure, fixation via ligand replacement, and direct anchoring of metal atoms,
as illustrated in Figure 1. The review ends with outlooks highlighting the future directions and challenges
for scientific research on the fabrication methods of ADMCs and their formation mechanism.

GENERAL DISCUSSION

The formation process of functional materials has always attracted the interest of scientists. Behind the
various chemical reactions that lead to the formation of the desired chemical composition or the required
spatial structure are the reaction mechanisms. Uncovering the formation mechanism is important to
provide useful methodologies for the development of suitable materials and valuable guidance for the
further rational optimization of the process.

Commonalities and specialties of ADMCs

It has been found that ADMs can be stabilized in a wide range of substances through favored metal-metal or
metal-nonmetal interactions between metal atoms and the support. For example, a small number of foreign
ADMs can be stabilized within the metal bulk in the form of single-atom alloys [Figure 2A]"”, and several
metal oxides/hydroxides are capable of bonding foreign ADMs [Figure 2B-D] by oxygen species on the
surface or coordination bonds into the lattice”"*!. Similarly, there are reports on the utilization of metal
heteropolymetalates/carbides as stabilizers [Figure 2E and F]®*". For carbon-based substrates, strong
metal-substrate interactions via coordination bonds are also necessary.

However, unlike the abovementioned systems, the coordination structure of carbon-based ADMCs is more
complicated. Judging from the local chemical environment, ADMCs can be roughly divided into two
categories. The first one has metal centers coordinated by no more than two heteroatoms with a three-
dimensional bonding geometry®, as illustrated in Figure 2G. The second form of ADMCs, as reported by
the majority of related work, has metal centers located at the vacancies of the carbon framework and
coordinated by more than two nonmetal atoms from the carbon framework in a planar/quasi-planar
position®*), as shown in Figure 2H.

Correlation between the ADMCs structure and the synthesis process

The formation of both forms of ADMCs is highly related to the nonmetal atoms as anchoring points,
especially heteroatoms introduced into the carbon substrate. These dopants can be introduced by various
doping agents either simultaneously with or before metal precursors, depending on the detailed fabrication
process. To date, several methods have been proven to be effective in producing ADMCs. They can be
roughly divided into three categories based on the reaction parameters critical for the formation of ADMs:
thermal-chemical reactions, atomic layer deposition*"*), and wet-chemical reactions”®*!. Thermal reactions
involve high-temperature treatment of a mixture of carbon sources, metal sources, and heteroatom doping
agents, during which ADMs are formed. The reaction temperature varies from below 300 °C to above
1,000 °C, depending on the thermal behavior of the precursors and the targeted structure of ADMs in the
product. In atomic layer deposition, metal-containing precursors are introduced into the reaction chamber,
react in a controlled manner with the surface functional groups of the carbon substrate, and simultaneously
fix the ADMs. Wet-chemical reactions usually involve metal ions in solution spontaneously adsorbed by N
or other nonmetal elements from the carbon framework.
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Figure 1. lllustration of the three formation mechanisms of ADMCs via thermal-chemical reactions

The embedded structure is generally constructed by simultaneously forming the central metal atoms and
their surrounding coordination environment in-situ during a high-temperature reaction. Taking the most
common MN, moieties as an example, there is evidence that during high-temperature pyrolysis processes,
the formation of N, defects and their bonding with metal atoms occur at the same time'***’, and the
formation energy of MN, is smaller than that of N, defects on carbon frameworks™"”. A recent study has
even shown that the vacancies that host metal atoms for carbon frameworks are unlikely to be formed in the
absence of metal*”. The formation of the second form of ADMs is usually related to wet-chemical reactions,
and the following high-temperature treatment is avoided. In solution, metal ions can be spontaneously
adsorbed by N or other nonmetal elements from the carbon framework, and the key to such a simple
adsorption pattern is the separation of metal adsorption with substrate formation, i.e., the carbon
framework as a substrate is already fully formed and does not undergo structural change during later metal
adsorption™. Inferring from the current experimental evidence, the embedded form of ADMs is more
energetically favored at high temperatures*’. Thus, the transformation of the coordination environment can
occur during the fabrication process when the metal ions adsorbed by heteroatoms convert into embedded
ADM:s.

It should be noted that the discussion here is only brief, and it is not sufficient to establish a certain
correlation between the geometry of ADMCs and the synthesis process. In some cases, ADMCs with
embedded MN, moieties can also be formed by wet-chemical reactions. For some, materials with isolated
metal macrocyclic molecules adsorbed on carbon without heat treatment can sometimes be recognized as
ADMC s as well, and the embedded nature of metal atoms in macrocyclic molecules remained after
adsorption™*. Another example is that metal atoms in solutions can be trapped by pre-existing N,
structures from the carbon framework"**>**),
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Figure 2. Characteristic results and illustration of ADMs on non-carbon substrates and illustration of ADMCs. (A) STM image of Pd/Cu
single atom alloy with 0.01 ML Pd™, reproduced from Ref.”® with permission. Copyright 2013 Royal Society of Chemistry. (B and C)
Aberration-corrected HAADF-STEM images of Pt,/Fe,O, and Pt,/y-Al,O ., respectively”™, reproduced from Ref.”" with permission.
Copyright 2017 American Chemical Society. (D) Aberration-corrected HAADF-STEM image of sAu/NiFe LDH"?, reproduced from
Ref.*?! with permission. Copyright 2018 American Chemical Society. (E) Pt L3-edge EXAFS of Pt/Tis,C,T, and Ref.” reproduced from
Ref.* with permission. Copyright 2019 American Chemical Society. (F) lllustration of the most stable configuration of Pt atom on
phosphomolybdic acid/graphene®* reproduced from Ref.?*! with permission. Copyright 2016 Wiley-VCH. (G and H) lllustration of Cu
ADMCs formed by adsorption by surface -CNP® and embedding into the carbon framework™®, reproduced from Ref.®® (Copyright
2019 Wiley-VCH) and Ref."**’ (Copyright 2021 Springer Nature) with permission.

Techniques for studying formation mechanisms

To decode the formation process, knowing the change in substances during high-temperature treatment is
necessary. The most common procedure to obtain such information is to perform temperature-dependent
ex-situ characterization by stopping the thermal treatment at different temperatures and characterizing the
as-prepared samples. By various phase, spectroscopic, and microscopic characterization techniques, the
evolution of metal species can be reproduced, provided that no additional changes occur during the cooling
process. A more accurate method is to perform in-situ characterization, during which the evolution of
ADMs can be directly observed. Such techniques cannot be realized until recent years. The development of
modern characterization techniques has granted us an unprecedented opportunity to look into the detailed
structure of the materials of interest on the nanometer- and even sub-nanometer-scales. In the research of
ADMC:s, both spherical aberration-corrected transmission electron microscopy and X-ray absorption
spectroscopy (XAS) have become irreplaceable in identifying ADMs as well as in revealing their detailed
chemical composition and coordination structures. The high sensitivity of XAS to the local environment
and the relatively fast data collection process make it possible to decode even the tiny temperature-
dependent or time-dependent structural evolution of ADMs, opening the gate to unraveling the thermal-
chemical reaction process.
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Target of this review

The formation mechanism of ADMs seems direct and apparent in the early days when researchers began to
treat ORR-active macrocyclic compounds with carbon support at high temperatures, hoping to stabilize
these less stable compounds. It was expected that due to the similar chemical structure of the six-membered
ring building block of carbon with macrocyclic compounds, the adsorption becomes stronger as the
temperature rises. As proven by modern characterization techniques, ADMs can be fixed in situ into the
conjugated carbon framework. However, the situation became more complicated when it was found that
similar materials with ADMs can also be obtained by pyrolyzing a mixture of a proper carbon source with
nitrogen- and metal-containing compounds. The production of ADMCs has been a “black box” for a long
time, as we only know that ADMCs can be obtained by adding the right starting materials to the box and
that the composition can be regulated by starting materials, temperatures, and pyrolysis processes, but the
reaction mechanism remains unknown due to the complexity of the thermal reaction system and the
interference of high temperatures.

This review focuses on high-temperature-based thermal reactions for fabricating ADMCs. One reason is
that among all the methodologies, the high-temperature thermal-chemical reaction is the most widely
adopted, especially for application in electrochemical devices, due to its enhanced electron conductivity by
thermal treatment and relatively low cost (cheap precursors and needless high-end equipment). Another
reason is that the formation mechanism of ADMCs through wet-chemical and ALD methods are much
more straightforward to understand, and as a result, research on the formation mechanism through high-
temperature-based thermal reactions, i.e., the changes during the transformation from metal precursors to
ADMs, is at the center of scientific research. Such a mechanism is at the base of understanding the
formation of ADMs, including hotspot materials with dual or multiple metal atoms, whose formation is
even more complicated. In addition, it plays an important part in rationally choosing precursors as well as
designing reaction routes to obtain targeting materials with desired coordination structures. However, to
date, the understanding of the formation mechanism of ADMCs via thermal reactions remains quite
primary. Considering that most ADMCs are developed mimicking macrocyclic compounds with MN,
structures for electrochemical catalysis in the first place and have been mainstream catalysts until today, the
following parts of this review will mainly discuss ADMCs fully or partially stabilized by N atoms, as they are
the most commonly seen and studied.

Before moving into the detailed discussion on the fabrication mechanism of ADMC:s, it is noteworthy that
despite similar fabrication processes based on thermal reactions, the detailed emergence mechanisms of
ADMs may vary from one system to another depending on the available observational evidence, suggesting
that there is no universal pattern describing every scenario. However, on a relatively narrow scale, limited to
the specific starting materials or reaction conditions, the similarities become clearer and can be
summarized.

TRANSFORMATION VIA COORDINATION INHERITANCE

Evidence on the formation mechanism

The phrase “coordination inheritance” describes the situation where the major coordination environment
of the metal atoms remains the same during the transformation from precursor to ADMs during thermal
treatment.

The very first attempt to fabricate ADMCs was performed with macrocycle compounds. It is known that by
pyrolyzing macrocycle compounds with carbon, the electrochemical stability of these molecules can be
improved. Sa et al. studied the thermal evolution of Fe-based macrocycle compound, FeTMMPPCI,
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adsorbed on the surface of carbon nanotubes (CNTs) under a protective layer of SiO, using in-situ XAS"".

As suggested by the in-temperature XANES shown in Figure 3A, the original 5-coordinated structure of
FeTMMPPCI becomes a square planar FeN, configuration after the removal of axially-coordinated Cl at
400 °C, revealed by the disappearance of pre-edge feature A originating from the square pyramidal
symmetry of FeTMPPCI, accompanied by the rising pre-edge feature B from a square planar D,, symmetry.
It is interesting to find that after SiO, coating, feature B disappears, suggesting the axial interaction between
Fe and SiO,, destroying the D,, symmetry. The authors suggested that such an interaction is critical for
resistance against aggregation. Combined with the EXAFS spectra shown in Figure 3B, it is clear that the
FeN, structure can be maintained at a temperature as high as 700 °C before partially aggregating into Fe
clusters at 800 °C, corresponding to the red lines labeled CNT/PC.

In addition to macrocyclic compounds, it is believed that there are MN, species within the structure of ZIF-
based precursors. Using temperature-dependent XAS, Wang et al. studied the coordination nature of Zn in
ZIE-g after being pyrolyzed at different temperatures ranging from 500 to 900 °C and acid washed to
remove aggregated species”™”. The crystalline structure of ZIF-8 with tetrahedral ZnN, local coordination is
not destroyed until 600 °C, as evidenced by the identical XANES and EXAFS spectra of ZIF-8 and ZIF-s-
500 [Figure 3C and D]. When the temperature reaches 600 °C, the coordination configuration becomes
planar similar to macrocyclic compounds with similar features in the XAS spectra. A weight ratio as high as
3 wt.% was detected for ZIF-8-600, suggesting that the stabilization of ZnN, moieties occurs at the very early
stage of ZIF-8 carbonization. Although the research is only limited to ZIF-8, it is reasonable to believe that
other metal ions coordinated by the imidazole ring in the ZIF framework can undergo similar processes and
become ADMS after pyrolysis.

Applicable scenario

All-solid thermal-chemical reaction

The most applicable scenario for ADMCs’ formation via coordination inheritance is the all-solid thermal-
chemical reaction. It is the most traditional method for fabricating ADMCs, which can be dated back to
when researchers tried to stabilize macrocyclic compounds by pyrolyzing these molecules with carbon"*.
Later, it was found that similar ADMs can be obtained by pyrolysis of simple metal salts with proper carbon
and nitrogen precursors, opening the gate for the half-century-long exploration of ADMCs"”.

In all solid thermal-chemical reactions, all precursors are thoroughly mixed before undergoing simple
pyrolysis in an inert or reducing atmosphere without intentionally introducing gaseous reactants from
outside the system. The chemical changes can be rather complicated within the mixture at elevated
temperatures, with multiple reactions occurring at the same time, including the formation of ADMs and
further structure evolution, accompanied by"”**'or independent from"** heteroatom doping, depending
on the nature of the chosen precursors. The pyrolysis parameters, pre- and post-pyrolysis treatments are

[62-64]

also highly dependent on the type of precursors'****.

Organics as carbon precursors

The most commonly utilized carbon precursors are organics, which undergo carbonization during high-
temperature pyrolysis, favoring the in-situ formation of ADMs. In general, metal-organic frameworks
(MOFs), polymers, biomass, and simple organic molecules are the four types of most commonly seen
carbon precursors for ADMCs.

In the past few years, metal-organic frameworks (MOFs) have been discovered as promising starting
materials for ADMCs via high-temperature pyrolysis. To date, various MOFs, including Zn-based ZIF-8,
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Figure 3. Thermal evolution of the metal center in macrocycle compound and ZIF-8 revealed by XAS. (A) In-Temperature Fe K-edge
XANES, and (B) EXAFS spectra of FeTMPPCI®™¥, reproduced from Ref.”* with permission. Copyright 2016 American Chemical Society.
(C) Temperature-dependent Zn K-edge XANES, and (D) EXAFS spectra of ZIF-8 treated at different temperatures after acid wash™,
reproduced from Ref.”* with permission. Copyright 2020 Elsevier.

Co-based ZIF-67"", Zr-based MOF-545"! and UiO-66'"", Al- and Ga-based MIL-53"" and some other
MOFs with Cd center'®, Mn center””, Bi center”" have been investigated as carbon precursor for ADMCs.
The basic building blocks of MOFs consist of metal centers coordinated with organic linkers and are
repeatedly arranged in three dimensions, forming an ordered pore structure, as illustrated by the example of
ZIF in Figure 4A. Thus, most MOFs are extremely rich in micropores. The pore structure (porosity, pore
size, and elemental composition) can be regulated by ligand molecular structure, providing an efficient way

to construct the precursor composition and structure”.

As mentioned above, ADMs on carbon are, in most cases, stabilized by heteroatoms within the carbon
framework by forming coordination bonds. It is suggested that the existence of chemical bonds between
metal atoms and the ligand through desired nonmetal atoms in the precursor is beneficial for the formation
of ADMs. In some cases, metal-heteroatom coordination is so abundant and stable that no additional
heteroatom source is needed to stabilize ADMs during carbonization. Such systems with fewer precursors
make it easier for researchers to precisely control the chemical composition and structure of the precursor
and to uncover the formation reaction mechanism. Zn-based zeolitic imidazolate framework-8 (ZIF-8) may
be one of those MOFs with such advantages.

ZIF-8 is composed of Zn centers and N-containing 2-methylimidazole linkers. There are two critical
features in ZIF-8 that are beneficial for the formation of ADMCs. One is the porosity of the resultant
carbon. During the thermal carbonization process, as the organic linkers decompose while releasing gaseous
products, the microporous structure can partially maintain within the carbon residuals”, facilitating the
formation of ADMs [Figure 4B and C]. Besides, the sublimation of metallic Zn generated from the
reduction of Zn(II) by carbon during thermal treatment introduces even more micropores in the resultant.
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Figure 4. (A) Topological illustration of ZIF-67 and ZIF-8"%, reproduced from Ref.”? with permission. Copyright 2010 American
Chemical Society. (B) Illustration of the preparation of Mn-N-C via metal nods replacement and (C) HAADF-STEM image and EDS
element mapping of Mn-N-C"%, reproduced from Ref.”* with permission. Copyright 2020 American Chemical Society. (D) Illustration
of the preparation of ADMCs via host-guest interaction'*, reproduced from Ref.”*! with permission. Copyright 2020 Springer Nature.
(E) Pore diameter distribution of ZIF-8 and Co(acac);@ZIF-8 and (F) Co K-edge XANES spectra of Co(acac);@ZIF-8 and
Co(mlm)4@ZIF—8[75], reproduced from Ref."”*! with permission. Copyright 2020 Springer Nature. (G) UV-vis spectra of the centrifuged
supernatant after different washing steps and (H) Fe weight ratio in different Fc@ZIF-8 vs.the amount of Fc added during the
fabrication process”®, reproduced from Ref.”® with permission. Copyright 2018 Wiley-VCH. (1) Aberration-corrected HAADF-STEM
images of Ru3@ZIF-8m], reproduced from Ref.””? with permission. Copyright 2019 Wiley-VCH. (J) Illustration of the preparation of
defect-coupled FeN,, via host-guest interaction and (K) TEM and (L) aberration-corrected HAADF-STEM images of Fe SAs-N/C-20"%,
reproduced from Ref.”® with permission. Copyright 2018 American Chemical Society.

Another important factor facilitating the usage of ZIF-8 as carbon precursors for ADMCs is element
compatibility. Zn(II) centers in ZIF-8 can be replaced by Co(II) in all proportions and by many other
transition metal cations for a small amount without compromising the crystal structure. The pre-existing
metal-N bonding is considered vital for the stabilization of metal species in the form of ADMs
[Figure 4B and C]. Besides direct chemical bonding, the special spatial structure of ZIF-8 with cavities as
large as 11.6 A and open pores of 3.4 A is perfectly efficient in trapping single molecules within the
cavities”*, shown in Figure 4D. Such host-guest interactions guarantee the mono-dispersion of these metal-
containing molecules and are believed to be facilitative for the formation of ADMCs. Xie et al. suggested
that after hybridizing Co(acac), with ZIF-8 through host-guest interactions, the micropores at 9-13 A
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substantially descend, and new pores at 13-17 A arise [Figure 4E]"”. In addition, the XANES feature of
Co(acac),@ZIF-8 differs much from Co(mIm),@ZIF-8, where Co ions are fixed as the metal nods in the
framework of MOF [Figure 4F], providing evidence for the encapsulation of Co(acac), into the cavities”.

Additional evidence has been given by the research of Wang et al. The authors recorded the UV-vis signal
of the supernatant from washing the Fc@ZIF-8 [Figure 4G] fabricated by adding ferrocene (Fc) during the
regular methanolic synthesis of ZIF-8". It was found that the ferrocene signal became absent in the
supernatant after the fourth wash. The ICP-OES results suggested a Fe content of 1 wt.% left in the Fc@ZIF-
8, indicating that the remaining Fc are stabilized by the ZIF-8 framework. Besides, it was shown in
Figure 4H that adding up the amount of ferrocene as the starting material in the synthesis of ZIF-8 did not
lead to a corresponding rise in the amount of ferrocene in the as-prepared Fc@ZIE-8, suggesting the
saturation of ferrocene in ZIF-8. These results clearly suggest that Fc molecules are trapped within the
cavities, in agreement with the molecular size of 6.4 A for Fc and its correspondence to the pore structure of
ZIF-8. Other guest molecules in successful demonstration including Ir(acac),”, Ru,(CO),,"”” [Figure 4],

Fe-phthalocyanine”™ [Figure 4J-L], Fe-1,10 phenanthroline"”, Rh(acac),*, Fe(acac),”™/, Ru(acac),"".

Although there are several ZIFs with compositions similar to that of ZIF-8, only ZIF-8 is the most utilized
precursor for ADMCs. Wang et al. studied the thermal behavior of various Zn-based ZIFs with different
imidazolate linkers®.. It was found that due to various carbonization pathways, the chemical composition,
surface properties, and graphitization level are highly related to the molecular structure of imidazolates. The
s-membered nature of the imidazole ring, in the absence of side chains, triggers carbonization coupled with
denitrogenation, resulting in a higher graphitization level and leaving less N in the carbon framework. The
methyl chain in 2-methylimidazole, however, is able to participate in the carbonization reaction, balancing
the graphitization degree and N content, making ZIF-8 the most suitable precursor for ADMCs.

Thus, ZIF-8 is able to serve as a microreactor where foreign metal atoms, from either ionic salts or covalent
molecules, can be stabilized within the framework while remaining spatially separate. In Table 1, we
summarize some of the commonly reported fabrication methods of ADMCs based on ZIF-8 precursors. It is
noteworthy that these metal introduction methods can be combined to achieve higher metal loading. More
importantly, it enables the successful fabrication of several dual-metal sites, as demonstrated by
Wang et al.””, Xiao et al.”” and Ren et al."”.

Polymers have a well-defined molecular structure, and a variety of polymers can transform into carbon after
treatment at high temperatures in an inert atmosphere with acceptable carbon yield. Thus, polymers may be
a rational choice as carbon precursors. However, not all polymers can be utilized as carbon sources for
ADMC:s. An ideal carbon precursor should have proper carbonization yield, as a yield that is too low will
gradually increase the concentration of metal species during the carbonization, which usually leads to
aggregation. In addition, the composition and structure of the resultant carbon should be suitable for
anchoring ADMs. Similar to the MOF discussed above, achieving heteroatom doping is vital for the
fabrication of ADMC:s in the case of polymers as well. Thus, those with heteroatoms, especially N atoms, in
the polymer chain are more favored, such as polyaniline, polypyrrole, polydopamine, and polyacrylonitrile.

Polyaniline (PANI) and polypyrrole (PPy) are N-rich polymers, sharing similarities in fabrication
procedures and molecular structures. Both polymers can be obtained simply by oxidative polymerization of
respective monomers by oxidation agents in aqueous media®*”. The N atoms within the polymer chain are
functional in stabilizing metal species”® [Figure 5A], and after high-temperature treatment, a considerable
amount of N remains within the carbon framework. Some metal ions, such as Fe™', are oxidative enough to
trigger the polymerization of aniline and pyrrole. Li et al. demonstrated that by treating CoFe,O,
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Material Metal precursor Fabrication system Interaction Application Ref
Fe-N-C-950 Fe(acac); Wet-chemical host-guest ORR [83]
Mn-N-C-HCI-800/1100 MnCl, Wet-chemical Metal substitution ORR [84]
Ce SAS/HPNC Ce(NO3; Wet-chemical Metal substitution ORR [85]
Ir-N/C IrCly Solid-state Metal substitution ORR [86]
Fe2-78-C Fe(Ac), Solid-state Metal substitution ORR [87]
Ir-SACs Ir(acac), Wet-chemical host-guest ORR (1
Fe2-N-C Fe,(CO)q Wet-chemical host-guest ORR [88]
(Fe,Co)/N-C Co(NO3), Wet-chemical Metal substitution ORR [83]
(Fe,Co)/N-C FeCly Wet-chemical Adsorption ORR [83]
C-AFC@ZIF-8 Ammonium ferric citrate Wet-chemical Adsorption ORR [89]
FeCo-DACs/NC FeCo binuclear phthalocyanines Wet-chemical host-guest ORR/ [90]
OER
Co-SA/Pin situ Co(NOy), Wet-chemical Metal substitution HER [o1]
Y/NC Y,05 Solid-state Metal substitution NRR/ [92]
CO,RR
Ni,/NC Ni,(dppm),Cl; Wet-chemical Post adsorption CO,RR [60]
Ni,/NC NiCl, Wet-chemical Post adsorption CO,RR [e1]

nanoparticles in an acid solution containing pyrrole, Fe* is leached off from CoFe,O,, starting the
polymerization of pyrrole at the surface of nanoparticles™. As a result, a hollow PPy shell can be obtained,
within which Fe** and Co* are bonded. By simple pyrolysis, ADMCs with Fe and Co sites can be obtained
[Figure 5B-E]™. Jin et al. reported a simple method to fabricate Fe ADMCs with tunable Fe loading using
PPy. The as-prepared PPy hydrogel was immersed in the acholic solution of iron(III) 2,4-pentanedionate
with different concentrations before being washed and dried. After pyrolyzed, the PPy chains carbonized
into an N-doped carbon framework, obtaining Fe ADMCs"™. Weng et al. suggested that by adding aniline
into the clay bank slurry formed by dispersing excessive FeCl, in ethanol, FePANI can be obtained, which,
after thermal treatment and acid washing, transformed into Fe ADMCs""\.

Polydopamine (PDA) has attracted increasing attention as a carbon precursor for its ability to grow outside
other substances, duplicating the morphology of the substrate. Zhang et al. found that PDA can grow tightly
on the surface of various metal oxides/hydroxides, and after high-temperature pyrolysis, a thin layer of
carbon with metal ADMs diffused from the inner core can be obtained"”. Similarly, Han et al.
demonstrated that PDA can duplicate the cubic morphology of CoNi-based Prussian blue analogs
[Figure 5F-1]"*. The novel thin-shelled morphology increases the ratio of surface atoms, benefiting their
utilization in catalysis. Zhou et al. demonstrated a hierarchical mesoporous carbon sphere with Fe ADMs.
The self-polymerization of dopamine on the F127 micelles stabilized by TMB is critical for the formation of
such morphology [Figure 5]-K]"**. Thin carbon shells with abundant Co ADMSs were fabricated by
Zhang et al. utilizing the polymerization of dopamine at the surface of SiO, nanoparticles in the presence of
cobalt nitride followed by carbonization""”. As shown in Figure 5L, these carbon shells are extremely thin,
with a thickness of less than 5 nm. Ou et al. grew PDA on the surface of graphene oxide peeled off from Fe
foam, and the sheet-like morphology of GO was entirely duplicated"*.

Polyacrylonitrile (PAN) is another commonly used polymer as a carbon precursor, especially in
electrospinning to fabricated ADMCs with fiber-like morphologies. Even though the cyano groups are rich
in N content, the research on the thermal behavior of PAN reveals that the massive denitrogenation of PAN
starts at 700 °C, making the participation of additional heteroatom precursors necessary in the formation of
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Figure 5. (A) Illustration of the preparation process of CNT@Fe-N-PC via adsorption", reproduced from Ref. P8 \vith permission.
Copyright 2018 Springer Nature. (B) SEM images of the CoFe,O, sphere, and (C) SEM, (D) TEM, (E) HAADF-STEM images of FeCo-N-
HCN™* reproduced from Ref.”'with permission. Copyright 2021 Wiley-VCH. (F and G) TEM, (H) aberration-corrected HAADF-STEM
images, and (1) EDS element mapping of CoNi-SAs/NC"* reproduced from Ref."**! with permission. Copyright 2019 Wiley-VCH. (J)
[llustration of the fabrication process of meso-Fe-N-C, and (K) TEM image of meso—Fe—N—C“OA],reproduced from Ref."* with
permission. Copyright 2021 American Chemical Society. (L) TEM image of CoSA/N,S-HCS" reproduced from Ref."* with
permission. Copyright 2020 Wiley-VCH. (M) Illustration of the fabrication process of flexible electrode based on SA@NCF/CNF, (N)
digital photos of Co SA@NCF/CNF flexible electrode under rolling, bending, and twisting state, and (O) SEM image of Co
SA@NCF/CNF™ reproduced from Ref.!"™ with permission. Copyright 2019 Wiley-VCH. (P) HAADF-STEM image, (Q) EDS element
mapping, and (R) aberration-corrected HAADF-STEM image of Co—N/CNFs[m,reproduced from Ref.™ with permission. Copyright
2017 American Chemical Society.

ADMs. Zhao et al. demonstrated the effectiveness of PMMA as an N precursor in the fabrication of Sn
ADMCs using electrospinning””. Metal macrocyclic compounds such as cobalt porphyrins can be
stabilized directly in carbon fiber without additional N sources, as demonstrated by Zhang"". Besides
contributing to the formation of a carbon framework supporting ADMCs, the PAN-based electrospinning
technique is effective in fabricating fiber-like morphologies with other carbon precursors. Yang et al.
fabricated fiber-like Fe ADMCs doped with S and N. Thiourea and Fe/ZIF-8 were added into the DMF
solution of PAN for electrospinning, thiourea and Fe"”\. Cheng et al. reported a porous carbon fiber derived
from electrospinning of the DMF solution of PAN with SiO,, which is utilized for the growth of
Fe-ZIF-8"". A similar procedure was adopted by Ji et al. to fabricate Co ADMC:s utilized as a flexible
electrode, shown in Figure sM""". After pyrolysis, ZIF-8 contributed to the carbon component hosting near

ADMs, while PAN contributed to the fiber structure connecting ZIF-8-derived carbon particles. Such a
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strategy is able to combine the advantages of ZIF-8 and PAN as carbon precursors, creating a loosely-
arranged flexible carbon matrix with better mass transport channels [Figure 5N and O]. In Yang’s report, by
pyrolyzing the fiber fabricated by electrospinning the DMF solution of 4-dimethylamino-pyridine, cobalt
acetate, and PAN, Co-based ADMCs can be obtained. The resultant has a uniform fiber-like morphology
with abundant Co ADMs [Figure 5P-R]"".

The conversion of biomass into functional materials, including ADMCs, has long been of interest. This
biomass contains proteins, carbohydrates, lipids, and other organic components, which release a large
amount of gas when treated at high temperatures, contributing to the formation of micropores. Zhang et al.
reported that by pyrolyzing cattle bone, a hierarchically structured porous carbon with N- and O-
containing functional groups and numerous micropores can be obtained. Such carbon material has a
specific surface area as large as 2,540 m’g", which is suitable for anchoring ADMs"""”. As reported by
Zhang et al., porphyra was carbonized and activated by KOH, forming a carbon support, into which hemin
was added. After high-temperature pyrolysis, Fe ADMCs with Fe loading of 2.3 wt.% can be obtained"'*.
Wang et al. used silk as a carbon precursor to fabricate Fe ADMCs without the addition of a heteroatom
precursor. Silk consists largely of protein, where plenty of amino groups exist. These amino groups are able

115]

to bond metal ions, facilitating the formation of ADMCs!"*".

116] 117,118]

Simple organic molecules, such as dicyandiamide"'”, melamine!"”"", glucosamine'""”, amino acids"*",
glucose”"?), chitosan"***!), EDTA"*, can also be utilized as carbon precursors. Some of the N-containing
molecules can also serve as heteroatom precursors at the same time.

Carbon or its derivatives as carbon precursors

Instead of obtaining carbon from the carbonization of organics, various carbon materials or carbon
derivatives have been utilized as carbon precursors for ADMCs: carbon black, graphite, graphene oxide,
carbon nanotubes, carbon nanofibers, and graphene.

Different from other organics, the structure of carbon is relatively stable and does not undergo severe
reconstruction in thermal treatment. Thus, it is doubtful whether the carbon structure participates in the
formation of the local structure of ADMs. In some other reports, defects in carbon are able to serve as
ligands and directly stabilize ADMs without heteroatom doping. Liu ef al. demonstrated that by pyrolyzing
platinum acetylacetonate with defective carbon black pre-treated in hydrogen peroxide, Pt atoms can be
anchored at the divacancies by four carbon atoms in the form of PtC,"”. This phenomenon further
highlights a common principle in the formation of ADMs: strong chemical interaction between ADMs and
the support. Should there be suitable anchoring points (such as carbon vacancies), ADMs can form on
carbon even without additional heteroatom dopants"*”.

The heteroatoms can be introduced via a second precursor during pyrolysis or by surface functionalization
in a pre-pyrolysis step. The surface chemical composition of carbon can be easily regulated by various
functionalization reactions. After surface functionalization by concentrated nitric acid, the oxygen-
containing functional groups are able to bind Co atoms to form CoN,O, ADMS"*
components not only serve directly as anchoring substrates for ADMs but can also act as diluents that

1. These carbonaceous

increase the dispersion of other carbon precursors or as electron conductors that facilitate charge transfer.

Carbon black, including XC-72, Ketjenblack, Black Pearls and et al., have partially graphitic moieties
together with defects. The pore structure varies with the type of carbon black. The microporous structure of
carbon black benefits the adsorption of heteroatom/metal precursor and the formation of ADMs in later
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pyrolysis. As reported by Yang et al., by evaporating the dispersion of carbon black, metal chloride/nitride,
and 1,10-phenanthroline monohydrate, a black powder with uniformly distributed metal ions can be
obtained, which after a mild thermal treatment at 600 °C, transform into atomically dispersed metal sites
(ADMSs) with well-defined single atom structure"””, shown in Figure 6A. It is suggested that such a method
is feasible to fabricate Ni ADMCs with Ni loading varying from 2.5 to 5.3 wt.% [Figure 6B-E], and due to the
controllable procedure and commercial availability of carbon black, it is able to produce at a large scale
[Figure 6F]. Xie et al. demonstrated a post-formation procedure using carbon black as a carbon precursor.
Upon adsorbing Cu species in a concentrated ammonia solution with dissolved CuCl and thermal
treatment at 500 °C, Cu ADMs can be formed, shown in Figure 6G and H"*". Wang et al. demonstrated Ni
ADMC:s prepared by simple pyrolyzing oxidized carbon black decorated with Ni-containing complex*".

Graphene and carbon nanotubes are carbon allotropes composed of sp* hybridized carbon with hexagonal-
arranged structures. Unlike carbon black, ideal graphene and carbon nanotube are highly crystallized with
few defects. Strictly speaking, graphene is a single-layer graphite sheet. However, in the booming of research
since its discovery, few-layered graphite sheets are sometimes referred to as graphene as well. Graphite has a
highly-ordered structure with satisfying electron conductivity. In some cases, graphite powder serves
directly as a carbon precursor undergoing ball-milling with metal macrocyclic compounds when the
adsorbed molecules gradually become connected to the surface of graphite particles, becoming ADMCs, as
shown in Figure 61-K""”. However, due to the stacked layer in graphite not favoring the full exposure of the
carbon surface for the anchoring of ADMs, graphene with single or few layered carbon sheets is considered
more suitable and qualified as carbon precursors.

In most cases, instead of graphene itself, graphene oxide, as a carbon derivative, is utilized based on the
following considerations. For one, graphene oxide comes from successive oxidation, intercalation, and
exfoliation of graphite, which is rather feasible on a lab scale. For another, due to the abundant oxygen-
containing functional groups on graphene, it can be well dispersed in an aqueous solution easily, making it
possible to form composites with other substances or construct unique morphology. These functional
groups on graphene are removed during high-temperature pyrolysis, recovering the crystalline structure
and conductivity of graphene.

Despite the seeming advantages of graphene, it is not easy to construct graphene-based ADMCs using all
solid thermal reactions. First, graphene sheets have a high tendency to restack at elevated temperatures,
especially when surface oxygen-containing functional groups are removed. Second, the rearrangement of
atoms during pyrolysis is minor, with detaching of O-containing functional groups, shown in Figure 6L,
much different from the complete rearrangement on other organics, which favors the embedding of
ADMs", and the surface of graphene lacks micropores where ADMs favor to locate. As a result, the use of
graphene oxide as carbon precursors is limited. If the pyrolysis temperature is low enough to maintain some
of the oxygen-containing functional groups, O atoms are able to stabilize ADMs by O coordination.
Gao et al. demonstrated Co ADMs stabilized by O atoms on graphene sheets"*”. By freeze-drying the dilute
solution of CoCl, with graphene oxide, it is believed that Co*" ions can form stable bonds with surface O-
containing functional groups. after a mild thermal treatment at 550 °C, these adsorbed Co atoms are
stabilized"*”. A similar procedure was reported by Liang et al., and before the adsorption of organic Ti salt,
GO was first treated with ozone to introduce more O dopants as well as vacancy defects for the anchoring of
Ti atoms'™*. By pyrolyzing the mixture of pre-treated GO with Ti salt adsorbed at 550 °C, Ti-based ADMCs
can be obtained with a TiO,0OH coordination structure [Figure 6M-O]"*". Fei et al. reported microwave-
assisted methods to fabricate Co ADMs on graphene. The GO precursor doped with N through
hydrothermal reaction with ammonia solution was mixed with CoCl, and freeze-dried. After being treated



Han et al. Energy Mater 2023;3:300013 | https://dx.doi.org/10.20517/energymater.2022.77 Page 15 of 30

A e

— ® @ _/%
Carbon black -.o‘ L C o _60°C.ah | 0 Tube furnace @
o % . Evaporation Ar 600 °C, 2 h

Solvent = « ° o . @ @

@

} .

°

——Cu-N-C  \white Line Cu-Cu —Cu-N?C
1.2 f—— Cu foil ; Cu foil
Cu-Na

—v=Ca foil
—=0=Co,0,
====CoPc

——CoN/GN

o
o

cu(l)

Absorption Intensity (a.u.)

o
'S

7700 7720 7740 7760 7780 7800
Energy (eV)

o
=]

8970 8980 8990 9000 9010 0 2 4 6 8 10
Energy (eV) R

+O0H

FT Magnitude (a.u.) ’: Normalized Adsorbance (a.u.)

Figure 6. (A) lllustration of the universal procedure to produce ADMCs, (B-E) aberration-corrected HAADF-STEM image for Ni-SAC
with Ni loading of 2.5, 3.4, 4.5, and 5.3 wt.%, respectively, and (F) photograph for Ni-SAC-2.5 synthesized in large scale™, reproduced
from Ref.'”? with permission. Copyright 2019 Springer Nature. Cu K-edge (G) XANES, and (H) EXAFS spectra of Cu-N-C™%,
reproduced from Ref."*% with permission. Copyright 2018 Wiley-VCH. Aberration-corrected (1) TEM, (J) Co K-edge XANES and (K)
EXAFS spectra of CoN,/GN with other Ref."? reproduced from Ref."? with permission. Copyright 2016 Wiley-VCH (L) Illustration of
the thermal reduction reaction of graphene oxide™, reproduced from Ref."®® with permission. Copyright 2010 American Chemical
Society. (M) Illustration of the synthesis of Ti,/rGO, (N) TEM and (O) aberration-corrected HAADF-STEM images of Tiw/rGOm“,
reproduced from Ref."** with permission. Copyright 2020 Wiley-VCH.

in a microwave oven for 5 s, the solid mixture transformed into Co ADMs can be obtained. Ni ADMCs can

135]

be obtained as well using a similar procedure!**.

One effective protocol to stabilize embedded ADMs with N coordination on graphene involves highly
reactive gas, which will be introduced in Section "FIXATION VIA LIGAND REPLACEMENT". The

condition is similar to carbon nanotubes as well.
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Heteroatom/Metal precursor and pyrolysis parameter

As stated above, most users reported ADMs to have non-carbon heteroatoms as anchoring points for metal
atoms; thus, a heteroatom precursor is needed. For those MOFs or polymers with heteroatoms within the
molecular structure, a second precursor can be omitted. For example, most ZIF-8 precursors with pre-
existing M-N bonds for MNx ADMs and MIL-88(Al) MOF with pre-existing Al-O bonds for Al-O
ADMs'*.

The N precursors can be N-rich organics, including amines, urea, or inorganics, such as ammonium salt,
similar to N-doping of carbon. There is evidence that the ammonia produced by precursor decomposition
at elevated temperatures is the key ingredient for the formation of ADMs. Besides N, nonmetal elements
such as B, S, O, and P introduced into the carbon can participate in the coordination of metal atoms as well.

As for the metal precursors, even though simple metal salts are capable of fabricating ADMs, it is believed
that the existing M-N bond in the precursors is beneficial for the formation of ADMs, probably due to
simplified atomic rearrangement, making it easier and faster to inherit the original coordination in the
precursors. This is exactly true for the scenarios when metal macrocyclic compounds and other metal
precursors with N coordination are used.

The pyrolysis temperatures have an enormous impact on the chemical composition and structure of the
products produced since not only the formation of ADMs is temperature-dependent, but also the
carbonization of organics and the development of the structure and composition of the carbon skeleton are
strongly dependent on temperature. Thus, the nature of precursors should be taken into consideration
when deciding the pyrolysis parameters. Generally speaking, if the stabilization of metal atoms is achieved
by the functional groups on carbon, a lower pyrolysis temperature should be chosen compared with those
with additional heteroatom precursors. The in-situ formation of embedded ADMs out of simple metal salt
requires a higher temperature than using macrocyclic compounds or biomolecules with well-defined M-N
coordination. The decomposition temperature of the metal salt is also vital, as revealed by Wan et al. that
the usage of metal chlorides or nitrides has brought tremendous differences in the composition of the final

[136]

product™*.

The temperature chosen is determined mainly by the targeted structure of the product. Generally speaking,
raising pyrolysis temperatures results in higher graphitic degrees and fewer heteroatoms within the carbon
framework, which is beneficial for improving conductivity and electrochemical stability, but destabilizes
some ADMs in the meantime. It is comprehensible that for purposes other than the electrochemical field,
the electron conductivity need not considering, and the pyrolysis condition can be as mild as below
600 °C""** In the case of MOF-based methodologies, higher temperatures above 800 °C are always
favored. In some cases, in order to promote the graphitic level of carbon framework, aiming at promoting
the resistance against chemical and electrochemical corrosion, temperatures as high as 1,100 °C were
adopted™'*”. According to Hai et al. and Wang et al., the coordination environment of CoN, moieties
gradually transforms into CoN,C, when elevating pyrolysis temperatures from 800 to 1,000 °C"***!. A similar
phenomenon is observed on Fe ADMCs as well*”. Even though the replacement of N with C does not
necessarily result in the instability of ADMs, other publications suggest that overly high temperature
reduces the amount of metal-stabilized as ADMs due to possible aggregation!*®.
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FIXATION VIA LIGAND REPLACEMENT

Research on the formation mechanism

With the successful demonstration of several newly emerged fabrication methodologies, evidence appeared
that the formation of ADMs can be achieved via direct fixation of gas species via ligand replacement, similar
to the phenomenon observed in the wet-chemical reaction'.

Such a mechanism is typical for systems with the gas-phase introduction of key species. For instance,
Wang et al. suggested that the formation mechanism of Co ADMCs via a noncontact gas-migration-
trapping strategy using CoCl, as a metal precursor is that the precursor placed in a separated boat first
sublimates and is then trapped, reduced, and stabilized in the N-doped carbon framework in the form of
single atoms”. Hai et al. suggested that the fixation of metal atoms from gaseous chloride into N, vacancies
proceeds via two endothermic and one spontaneous ligand replacement steps, releasing HCI, and is
thermodynamically favored overall [Figure 7A]""). Using a two-step pyrolysis procedure, they were able to
identify the intermediate state with both Ni-N bonding and Ni-Cl coordination by EXAFS spectra on the Ni
K-edge [Figure 7B].

Other attempts highlighted the importance of N precursors in the formation of gaseous metal species and
their fixation, and it is inferred that these ADMs are formed via ligand replacement as well. Ou et al.

suggested that with the help of ammonia at high temperatures, metallic Cu is able to release Cu(NH,),
species based on strong Lewis acid-base interactions, which can diffuse and then be trapped by defects of
the carbon substrate, forming Cu ADMs"*). Based on a similar process, Co and Ni can also be introduced
from bulk metals. Ou et al. suggested that it is the ammonia generated by the decomposition of
dicyandiamide that contributes to the emission of Pt atoms from bulk Pt [Figure 7C]"*.

Different from the abovementioned mechanism, as demonstrated by Jiao et al., the gaseous metal salt can
not only be captured by proper vacancies forming ADMs but also react with existing moieties and replace
the metal center [Figure 7D]"*). By introducing FeCl, into a fully carbonized ZIF-8, the original Zn-N,
moieties are transformed into Fe-N, according to the following equation:

FeCl, + Zn-N, + X = Fe-N, + ZnCl, + XCI

Such a mechanism is supported by mass spectrometry with an intense signal assigned to HCl and ZnCl,
during thermal treatment [Figure 7E and F]'"*'l.

Applicable scenario

With the experimental observation of the traditional all-solid procedures, the nature of the complicated
thermal reactions is partially uncovered, with evidence of the substance contributing the most to the
formation of ADMs. With such knowledge, new procedures with stronger pertinency and higher efficiency
have been developed. In this section, the thermal reaction involving active gaseous species is introduced.

Gas-phase introduction of key nonmetal species

Despite the fact that there is always gas evolution during the thermal treatment of organics in the all-solid
reactions described above, some other procedures have unique features in that the key nonmetal species are
introduced directly from additional cylinders or originate from the compound placed in a separate vessel in
the furnace without direct contact with the carbon source. On the one hand, these procedures prove the
important role played by these gaseous nonmetallic species. On the other hand, they save researchers the
trouble of possible purification when the origin of these species is mixed with the main product, as is the
case with all the solid reactions mentioned above.
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Figure 7. (A) DFT-calculated energy pathway for the formation of Ni-N, from the NiCl, and (B) Ni K-edge EXAFS spectra of NiCl,/NC
precursor, NiCl/NC intermediate, and Ni1/NC[6”, reproduced from Ref.®"” with permission. Copyright 2021 Springer Nature. (C)
llustration of the formation process of Pt ADMS using thermal emitting™*®, reproduced from Ref."*” with permission. Copyright 2019
American Chemical Society. (D) lllustration of the formation process of Fe ADMS from metal center replacement, (E and F) TG-MS
signals revealing the gas emission"*” during metal center replacement, reproduced from Ref.™" with permission. Copyright 2021
Springer Nature.

Up to now, ammonia has been proven the most effective in promoting the atomization of metal species. The
detailed mechanism is not yet understood, and it is speculated that NH, plays an important role in the
production of metal-containing gaseous species, which can easily be fixed within the carbon framework"*.

At the same time, the reaction between ammonia and carbon creates micropores and dopes N into the
framework, which also benefits the fixation of ADMs"*. Such effects are so strong that they can reverse the
metal aggregation at elevated temperatures, making some of the less favored systems, GO and CNT, for
example, capable of producing ADMs. Even though graphene has a huge surface area, it is not a qualified
carbon substrate due to the accessible micropore structure being insufficient to host a large number of
ADMs. This situation is more apparent when using graphene oxide as support. During the thermal
treatment of graphene oxide, the rearrangement of carbon atoms is not thoroughly compared with the
carbonization of organics, resulting in little chance of fixing ADMs. Thus, direct pyrolysis of graphene oxide
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with metal precursors and solid metal dopants usually ended up with metal aggregates. With the help of
ammonia, various metal elements can be fixed onto the carbon framework with MN, coordination, and in
those cases, a second solid N precursor is not necessary [Figure 8A and B]"*"'****/. In other procedures, it is
believed that the N-containing active gas, ammonia, for example, is responsible for the formation of metal-
containing species and the formation of ADMs on carbon. Our group obtained Cu ADMCs based on a
high-temperature procedure where the mixture of carbon derivatives (graphene oxide, functionalized CNT,
or active carbon) and dicyandiamide are placed in a capping boat wrapped tightly by Cu foil. They believe
that the participation of the decomposition product of dicyandiamide in the formation of reactive Cu-
containing species [Figure 8C-E]"*".

In addition to promoting the atomization of metal elements, it has been reported that ammonia treatment
has tremendous effects on the coordination structure of ADMs. According to Zhang et al., compared with
Ar, Fe ADMCs fabricated in ammonia have a regulated second coordination shell, converting the original
pyridinic N for the anchoring of Fe atoms into pyrrolic type while maintaining the original FeN, first
coordination shell [Figure 8F and G]"”..

Very recently, the utilization of HCI derived from ammonia chloride has also proven effective in downsizing
metal aggregates into ADMs. Li et al. reported that by thermally treating a mixture of ZIF-8 derived carbon
with nanosized Fe powder and ammonia chloride at 500 °C, with the help of reactive gaseous hydrogen
chloride and ammonia, metal aggregates can be converted entirely into ADMs [Figure 8H]"**.

Gas-phase transfer of metal species

In addition to regular solid metal precursors, some metal precursors can be introduced via gas-phase
transfer. Compared with solid mixing, an apparent advantage of doing so is the higher dispersion of the
metal precursor in the gas phase, guaranteeing the uniform mixing of the metal precursor and carbon
substrate. Another advantage is that only surfaces with sufficient gas-diffusion pathways can serve as
anchoring points for ADMs, facilitating their utilization, especially in catalysis.

Metal precursors can be volatile metal salts, such as metal chlorides and acetylacetonates with lower boiling
points, which evaporate as the temperature rises and then make contact with the carbon precursor.

Wang et al. developed a noncontact gas-migration-trapping strategy using CoCl, as a metal precursor to
form Co-based ADMs on carbon placed in a separated boat during pyrolysis™. Jiao et al. demonstrated a
similar procedure with the gaseous introduction of FeCl,, obtaining Fe-N, moieties within the carbon
framework placed in a separate boat"*. Hai et al. suggested that by introducing gaseous chloride molecules
into the chamber where substrate materials exist and performing two thermal treatments spirited by a
washing step, a high loading level of metal can be achieved on carbon [Figure 81]''. This procedure showed
remarkable universality, with 15 metal elements being able to be fixed in the form of ADMs.

In other reports, metal is introduced from metal bulk or involatile oxide with or without the assistance of
gaseous N-containing species, depending on the procedure. Han et al. developed a novel self-initiated
dispersing protocol, proven effective in fabricating Cu-based ADMCs out of metallic Cu with the help of
dicyandiamide within a quasi-enclosed system"*”. Because the metal source and carbon substrate were not
in contact, the appearance of Cu ADMs on the carbon substrate clearly indicated the gaseous transfer of the
Cu source. Ou et al. demonstrated a method using bulk metal as a source, which introduces Cu/Co/Ni
ADMs into carbon via gas-phase transfer with the help of ammonia at high temperatures"*. Ou et al.
reported that using Pt mesh and dicyandiamide, Pt ADMs formed on carbon via noncontact pyrolysis"*'.
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Figure 8. (A) lllustration of the ammonia-assisted fabrication process of Fe/NG! ],reproduced from Ref." with permission.

Copyright 2018 Wiley-VCH. (B) lllustration of the ammonia-assisted fabrication process of Cu ADMCs"*%, reproduced from Ref."™*"’

with permission. Copyright 2019 American Chemical Society. (C) TEM, (D) EDS element mapping, and (E) aberration-corrected
HAADF-STEM images of Cu-G"", reproduced from Ref."™”? with permission. Copyright 2019 Elsevier. (F) Illustration of the
transformation of pyridinic FeN, to pyrrolic FeN, by ammonia treatment, and (G) C K-edge and N K-edge XANES spectra od HP-FeN,,
and FeN4[m, reproduced from Ref."™ with permission. Copyright 2020 Royal Society of Chemistry. (H) Illustration of the fabrication
process of Fe-NO/NC assisted by NHACI[MSJ, reproduced from Ref."*® with permission. Copyright 2020 American Chemical Society. (1)

llustration of a universal two-step method for the fabrication of ADMCs™®", reproduced from Ref.®" with permission. Copyright 2021
Springer Nature.

DIRECT ANCHORING

As the all-solid procedures are the major procedure for the fabrication of ADMCs, several mechanisms via
solid-solid interactions have been proposed based on direct observation or indirect speculation. It is
suggested that active metal atoms may be emitted from the bulk, which are then captured by the proper
vacancies, forming ADMCs. The entire reaction can occur at the interface of the metal source and substrate
or in noncontact situations.

The formation of ADMCs at the interface of the metal source and substrate requires the diffusion of metal
atoms from the bulk metal source and their fixation within the substrate. In fact, the phenomenon of solid-
state metal diffusion occurring in the contact area of two metals was discovered a long time ago, and the
diffusion of metal atoms into the carbon was observed for graphene or carbon nanotubes fabricated by
CVD under the catalysis of transition metal nanoparticles"*>"*”. However, the single metal atoms within the
carbon lattice without proper anchoring points were much less stable than those in the metal lattice. It is
believed that creating vacancies (usually single or dual vacancies) is efficient in improving the stability of
metal atoms on carbon substrates, which can be further elevated by introducing heteroatoms such as N, §,
or P as anchoring points for the formation of ADMCs!"*””, similar to the phenomena described in the above

two sections.
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Zhang et al. reported that by wrapping various metal oxide/hydroxide particles with polydopamine followed
by high-temperature pyrolysis, MN, moieties can be formed on the outer carbon shells"*. Such a strategy is
effective in fabricating ADMCs with Fe, Co, Ni, Mn, FeCo, FeNi, et al. It is believed that the metal oxide/
hydroxide at the interface is first reduced by carbon at elevated temperature into a thin layer of metal,
during which time there is a strong interaction between metal atoms and the substrate. As a result, when the
inner core is removed with acid, stable ADMs are left on the surface of the carbon. It has been shown that
polyaniline and polypyrrole with abundant N are also capable of stabilizing metal atoms from the inner
core. In the case of ultrasmall metal aggregates, as in the case of nanoparticles, it is possible for these
nanoparticles to transform entirely into ADMs. Liu et al. suggested that Fe-, Co-, Ni-, and Mn-based
ADMCs can be obtained by thermal atomization of the corresponding metal oxide assisted by O-rich
graphene oxide and a polymer coating layer*". These results highlight the importance of heteroatoms in
the carbon substrate.

Such a mechanism receives strong support from the in-temperature identical location transmission electron
microscopy (IL-TEM) observation on several systems containing metal nanoparticles. IL-TEM is a powerful
tool for observing the changes of material in a selected area as temperature and atmosphere change.
Wei et al. have observed the atomization of precious metal nanoparticles using IL-TEM"*. By adding metal
nanoparticles into the system where ZIF-8 was synthesized, some can be buried entirely within the ZIF-8
particles. Then a single ZIF-8 particle was traced at a temperature ranging from 100 to 1,000 °C under Ar
protection. It is clear from the TEM images that the Pd particles steadily grew larger as the temperature rose
to 900 °C due to aggregation. Interestingly, when the temperatures rose up to 1,000 °C, some less aggregated
nanoparticles vanished. The aggregation and atomization of Pd lasted for 162 s at 1,000 °C before they
completely vanished [Figure 9A and B]. It is believed that Pd atoms are emitted from Pd nanoparticles due
to the relatively low vapor pressure of the ultrafine particles at high temperatures and then captured by N-
containing defects on the carbon substrate. Similar phenomena were observed on Pt and Au nanoparticles
as well.

It is observed that during the process, these particles moved disorderly and collided intensively within the
ZIF-8 and the derived carbon particles. It is then inferred that the thermal motion of Pd within ZIF-8 is
necessary for its atomization, considering the saturation of anchoring points within a small area and the
suppressed emission of larger metal particles. Such a hypothesis is supported by the failure of atomization of
Pd on the surface of the ZIF-8 particle, in which case Pd particles were unable to move into the ZIF-8
particle. Thus, it is believed that the evolution of Pd nanoparticle into single atoms are driven by the two
competitive processes of atomization and agglomeration, represented by the competitive bonding between
Pd-N and Pd-Pd. Using DFT, it is proven exothermic to move a single Pd atom from a cluster to a nearby
N, vacancy, forming Pd-N, ADMs with a large exothermicity of 3.96 eV and an energy barrier of 1.47 eV. In
comparison, the aggregation of two Pd atoms is also exothermic, with a small energy barrier of 0.58 eV,
shown in Figure 9C. As a result, sintering is the major process at a lower temperature, and when the
temperature is high enough, atomization is thermodynamically favored.

In another demonstration by Yang et al., Ni nanoparticles acted similarly to precious metals in the above
work, i.e., aggregated and then atomized"*”. Because the loading of these particles on the surface of ZIF-8
and the N-containing defects was not sufficient, the atomization was not complete, and a certain content of
particles remained. When observing Ni particles loaded on N-free XC-72 carbon black, only aggregation
was witnessed, highlighting the importance of N on the atomization of metal particles. However, Qiu et al.

reported that the CVD process using precursors without N on a porous Ni substrate obtained Ni-based
ADMs with NiC, configuration*”. Thus, it is highly likely that despite similar so-called carbon substrates,
the detailed structures varied depending on the precursor and thermal treatment parameters.
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Figure 9. (A) In-situ TEM observation, and (B) average number and diameter of Pd particles observed on Pd@ZIF-8 pyrolyzed at
1000 °C for a different time, (C) calculated energy diagram along reaction pathway from Pd cluster to PdN4“52], reproduced from
Ref."™ with permission. Copyright 2018 Springer Nature. (D) Proposed evolution pathway of Fe(Ac), and FeCl,-4H,0 during thermal
treatment, in-temperature Fe K-edge (E)XANES, and (F) EXAFS spectra of the mixture containing Fe(Ac),,ZIF-8 and 1,10-
phenanthroline monohydrate, (G) in-temperature Fe K-edge EXAFS spectra of the mixture of FeCl,-4H,0 with (G) carbonized ZIF-8,
and (H) SiOZDSSJ, reproduced from Ref."™ with permission. Copyright 2020 American Chemical Society. Fe K-edge (1) XANES and (J)
EXAFS spectra of ZIF-8-NC-0.5Fe pyrolyzed at different temperatures, HAADF-STEM images of (K) ZIF-8-NC-0.5Fe and (L) ZIF-8-
NC-0.5Fe-400, (M) EDS spectrum acquired at the marked area in (L)™”, reproduced from Ref.*”’ with permission. Copyright 2019
Wiley-VCH.

From the abovementioned information, the following rules relating to the atomization of metal particles
into ADMs can be summarized.

1. The formation of ADMs at the interface of metal particles and carbon is thermodynamically favored, and
the temperature should be high enough to provide energy to overcome the activation barrier"*.
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2. The atomization of metal is achieved by N-containing defects or defects with other forms that can
stabilize ADMs!"”".

3. The atomization has a saturation level and once reached, the atomization is suppressed!*.

One of the very first attempts to employ the in-temperature XAS technique to investigate the changes in
simple Fe salt during high-temperature pyrolysis was made by Li et al."*. It was proposed that single Fe
atoms can be emitted from tetrahedral Fe-O, and become Fe-N,, as illustrated in Figure 9D. The
information obtained on several Fe-containing systems was critical to uncovering the evolution of the local
coordination environment of Fe as the temperature rises. As demonstrated in the in-temperature Fe K-edge
XANES and EXAFS spectra in Figure 9F and F evidence has pictured a clear transition pathway of Fe in the
mixture of Fe(ac),, 1,10-phenanthroline monohydrate and ZIF-8, a commonly seen all-solid system, from
the original Fe(ac), to Fe-N, via Fe,O,, FeO with octahedral Fe-O, and tetrahedral Fe-O, The carbonization
process of ZIF does not affect the results, and the transition of tetrahedral Fe-O, to in-plane Fe-N, is
irreversible, while the formation of Fe-N, is thermodynamically favored, as shown in Figure 9G. It is then
hypothesized after comparing the third systems containing FeCl,-4H,O and SiO, that as O is gradually
removed from tetrahedral Fe-O,, single Fe atoms are formed, which, if captured by nearby N, become
Fe-N,, or otherwise aggregate into metallic Fe [Figure 9H], as illustrated in Figure 9D. The as-formed FeN,
moieties have satisfying stability due to the high bonding energy of Fe with the N, vacancies'™”. As a result,
the high diffusion barrier of Fe prevents further aggregation of Fe atoms.

However, as suggested by Li et al., ADMs can be formed directly from iron oxide nanoparticles at
temperatures as low as 400 °C, much lower than 600 °C for the formation of active Fe via removal of the
lattice O™, According to their studies, most of the Fe’* ions adsorbed on N-doped carbon derived from
ZIF-8 transform into ultrafine iron oxide nanoparticles upon drying and exposure to air, as evidenced by
XAS [Figure 9I and J]. Once treated at 400 °C, these nanoparticles disappeared [Figure 9K and L], and the
EELS spectra with high spatial resolution in Figure oM suggested the formation of FeN coordination, which
was in line with the XAS results. DFT calculations also revealed that even though it was energetically
unfavorable to remove Fe ions from bulk FeO,, once captured by pre-existing N, vacancies, the entire
process became highly exothermic.

Thus, it was concluded that the fixation of metals from simple salts such as chlorides and acetates may not
be as simple as once thought. An intermediate state of unstable metal oxide and single metal atoms may be
involved.

As stated above, based on in-situ XAS observations of the pyrolysis process of various Fe-containing
systems, a mechanism based on active Fe atoms obtained from the removal of O from oxides has been
proposed. Even though the mechanism targets solid state systems, according to a supplemented experiment
by the authors, these active single Fe atoms may be in a gaseous state, without direct contact at elevated
temperature, and a small portion of Fe is able to migrate from Fe,O, into N-doped carbon in the form of Fe
ADMs. It is not yet clear whether such a mechanism applies to systems containing other metal species, but
there have been several studies that found similar phenomena in metals other than Fe. Yang et al. reported
the thermal emission of Cu atoms from Cu,O into an N-doped carbon framework to fabricate Cu ADMCs.
In their study, MoO, and SnO, powders were shown to be effective through thermal emission to realize
corresponding ADMCs!"*.
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OUTLOOK AND CHALLENGES

There is no doubt that ADMCs have become the star material in various fields and are gaining more
attention from researchers who are trying to widen their application. After years of exploration, several
chemical procedures have been proven effective and controllable in fabricating ADMCs. For studies on the
formation mechanism, despite the progress made in recent years with the aid of high-end techniques,
especially in-temperature XAS and TEM, the composition evolution pathway according to which ADMCs
are formed during the thermal reaction is not yet fully and completely understood. Further investigation of
the common phenomena is still valuable, for example, the interaction between metal atoms and the
surrounding coordination environment and the role pyrolysis parameters play in the evolution of metal
moieties. Hopefully, a better understanding would grant us more controllability over the thermal-chemical
reactions, thus promoting research on novel fabrication methods, especially those able to precisely
manipulate the local structure of ADMs, for example, multi-atom centers with well-defined structures and
second and even further coordination shells. Furthermore, methods with high atomic efficiency, low energy
consumption, and large-scale production prospects should be developed for possible application at the
industrial level.

Notably, despite the progress made in recent years, the formation mechanism of ADMCs is far from being
uncovered. There are a few challenges for researchers to pay conscious effort to. The first is to understand
the formation of ADMSs to a greater extent. In this review, the formation mechanism is limited to the
changes during the transformation from metal precursors to ADMs, without considering the nearby carbon
structure. It is discovered that the second or even third coordination shells of the metal center play an
important part in the performance of ADMs. Thus, understanding the formation of the entire ADMSs to a
greater extent is a valuable yet challenging task. Another challenge we are facing today is to uncover the
formation mechanisms of newly-emerged double-atom or even triple-atom ADMs, which are less studied
and remain unknown. Uncovering how two or more atoms favorably attract and coordinate on the support
is critical for the controllable fabrication of such material.
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