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Abstract—Single atom catalysts (SACs) have attracted great attention as promising catalysts that integrate the benefits
of both heterogeneous and homogeneous catalysts. SACs exhibit unique properties that are otherwise difficult to
achieve, such as high atom utilization efficiency, unprecedentedly high catalytic activity and selectivity. However, it still
remains a great challenge to prepare stable SACs without particle aggregation and sintering. Among the various fabri-
cation methods for SACs, metal-organic framework (MOF)-derived synthesis routes have shown great potential by tak-
ing advantage of MOFs high structural/chemical tunability, large surface area and high porosity. In this review, the
synthesis strategies for MOF-derived SACs are comprehensively summarized and classified into five classes, metal node
modification, ligand modification, guest encapsulation, migration and trapping, and others. The current challenges and
future opportunities of MOF-derived SACs are further discussed. This review will be useful for the rational design of

MOF-derived SACs for various catalytic reactions.
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INTRODUCTION

Currently, more than 95% of chemical products worldwide are
manufactured by catalytic processes[1]. Catalysts play an essential
role in increasing the reaction rate and selectivity for target chemi-
cals under relatively mild conditions, reducing energy consumption
and lowering operating costs. The total market size for industrial
catalyst is estimated at $16 billion in 2015 [1]. Therefore, it is not
difficult to understand why the development of economical and
effective catalysts has been of particular research interest in chem-
istry, materials science and chemical engineering [2]. In general,
the catalysts can be grouped into heterogeneous and homogeneous
catalysts. Heterogeneous catalysts are typically comprised of cata-
lytically-active metal particles and robust solid supports. They are
widely used in industry due to their high stability and easy recy-
clability. However, only surface metal sites directly contribute to a
reaction, while most of the metal atoms are buried in the bulk. For
example, even 4 nm of metal nanoparticles (NPs) has a largely lim-
ited atom utilization efficiency of 20% with a significant fraction of
unused bulk atoms [3]. In addition, traditional heterogeneous cat-
alysts usually exhibit broad metal particle size distribution and
poorly-defined irregular structure, which sometimes makes it dif-
ficult for researchers to understand the underlying reaction mech-
anism. Thus, it is natural that different research groups report several
controversial results for the same catalysts. On the other hand, homo-
geneous catalysts have well-defined site-isolated metal centers with
high metal atom utilization efficiency. Homogeneous catalysts usu-
ally show excellent catalytic activity and selectivity; however, the
inherently low stability and poor recyclability have greatly limited
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their industrial use [1,4].

In recent years, single atom catalysts (SACs) have attracted sig-
nificant attention as promising catalysts that integrate the advan-
tages of heterogeneous and homogeneous catalysts, including high
stability, easy separation and recycling, high selectivity and high
atom utilization efficiency [3,5-9]. According to Zhang and cowork-
ers, SACs are defined as a supported metal catalyst exclusively con-
taining isolated monometallic active sites on a surface [10]. The
particular advantages of SACs are as follows. i) SACs have atomi-
cally dispersed metal sites on the surface of solid supports, which
maximizes the atom utilization efficiency close to 100% with a very
high activity per unit mass. i) The low-coordinated environment,
tully exposed active sites, as well as the unique electronic structures
of SACs greatly enhance the catalytic activity for various reactions
(Fig. 1). iii) The single atom (SA) nature also contributes to en-
hancement of the product selectivity. SACs have uniform geomet-
ric configuration and active sites, making all reactants to have nearly
the same spatial/electronic interaction with SACs, and thereby offer-
ing great potential to achieve high selectivity for target products
[3,5-8]. In addition, because of the absence of ensemble sites where
more than two atoms in the reactants are adsorbed together, SACs
can follow the reaction pathway that is different from conventional
metal NPs [11]. Thus, SACs can either suppress or promote the
formation of certain product, providing new opportunities to con-
trol product selectivity. iv) The structural homogeneity of SACs
facilitates the identification of the active sites and the fundamental
understanding of structure-performance relationship at the atomic
level.

Since the first practical preparation of single Pt atom catalysts
by Zhangs group in 2011 [12], significant research efforts have
been devoted to fabricating SACs with high catalytic activity, selec-
tivity and stability [5-8,11,13-15], which are suitable for a variety of
thermocatalytic [15,16], photocatalyic [17-19], and electrocatalytic
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Fig. 1. Geometric and electronic structure of single/dual-atom, cluster and bulk metal materials (Reprinted with permission from Ref. [5],
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Fig. 2. Schematic illustration of various representative types of single metal-site catalysts based on MOFs and MOF-derived carbons. Color
code: open metal sites, yellow; inactive metal cations, green; N, blue; O, red; C, gray (Reprinted with permission from Ref. [15], Copy-

right 2020, American Chemical Society).

applications [20-30]. Various approaches, including wet chemistry
[12,31], atomic layer deposition [32], and gas-phase migration [33],
have been reported so far. Among them, pyrolysis of metal-organic
framework (MOF) has shown great promise in direct fabrication
of SAC on carbon and other supports [13-15,17]. MOFs are an
emerging class of crystalline porous materials constructed from inor-
ganic metal nodes as secondary building units and a wide variety
of organic ligands as linkers [34,35]. MOF are now believed to be
versatile “all-in-one” precursors containing both inorganic metal
nodes as source of metal species and organic linker as source of

carbon and heteroatom. Thus, MOFs have been widely used as
precursors/templates for preparation of a plethora of MOF-derived
materials [36-43] and MOEF-derived SACs [13-15,17].
MOF-derived synthesis of SACs has particular advantages over
the other SAC preparation methods (Fig. 2). i) The unique struc-
tural characteristics of parent MOFs, such as high surface area, well-
defined pore size and structures, and high chemical tunability; can
be inherited to daughter MOF-derived SACs, increasing the mass
transport capability and the accessibility to active SA sites. ii) Since
the metal nodes of MOFs are atomically and homogeneously dis-
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tributed within the framework’s well-defined coordination environ-
ment, pristine MOF itself can be directly converted to SACs through
a simple one-step pyrolysis. iii) In addition, by taking advantage of
MOFs structural tunability, metal nodes and organic linkers can
be post-modified to anchor/stabilize the metal atoms. iv) Various
guest species, such as metal salts, metal complex, and NPs, can be
further accommodated in the uniform pores of MOFs. These fea-
tures make MOF an ideal precursor/template for construction of

Table 1. Summary of MOF-derived SACs

J. Hwang

SACs.

Although there are several reviews on SACs [3,6,8-10,44-48], a
systematic discussion of the preparation of MOF-derived SACs is
still insufficient. In this review;, we comprehensively summarize the
synthesis strategies for MOF-derived SACs. We categorized the syn-
thesis strategies into five groups, depending on the formation mecha-
nism of SA metal sites on the support. Inorganic metal nodes are
either used as sources for SACs or modified to include additional

Synthesis strategies Parent precursor Metal sites Met?l“:;)r)ltent Application Ref.
Zn/Co-ZIF Co-N, 4.0 ORR [49]

Zn/Co-ZIF Co-N, 1.7 ORR [50]

Zn/Co-ZIF Co-N, 0.34 ORR [51]

Zn/Co-ZIF Co-N, 0.25 CO,RR [52]

Zn/Fe-ZIF Fe-N, 0.45 ORR [53]

Mr;ts:h“ﬁ"c‘i;on Zn/Fe-ZIF Fe-N, 0.15 ORR (54]
(MNM) Zn/Ni-ZIF Ni-N, 5.44 CO,RR [55]
Zn/Ni-ZIF Ni-N, N/A Hydrogenation of acetylene [56]

MgNi-MOF-74 Ni-N, 09 CO,RR [57]

Mn-BTC Mn-N, 0.23 ORR (58]

ZIF-8 Zn-N, 11.3 CO, cycloaddition [59]

ZIF-8 Zn-N, 3.12 Peroxidase mimic [60]

PCN-222 (mixed ligand) Fe-N, 1.76 ORR [61]

Ligand UiO(bpdc)-FeCl, Fe-N, 1.5 ORR [62]
modification ZIF-8@Ammonium ferric citrate Fe-N, [63]
(LM) UiO-66-NH,-Pd** Pd,/ZrO, 0.44 Indole synthesis [64]
Ui0-66-NH,-Ru** Ru-N, 0.3 Hydrogenation of quinoline [65]

Ui0-66-NH,-W** W-N, 1.21 HER [66]

Fe(acac);@ZIF-8 Fe-N, 2.16 ORR [67]

FePc@ZIF-8 Fe-N, 0.20 ORR (68]

FePc(CN);@ZIF-8 Fe-N, 2.0 ORR [69]

Guest ferrocene@ZIF-8 Fe-N, 0.43 ORR [70]
encapsulation FeCl,@MIL-101-NH, Fe-N, 1.1 ORR [71]
(GE) Fe-mIm@ZIF-8 Fe-N, 5 ORR [72]
CrCL,@ZIF-8 Cr-N, 0.62 ORR [73]

Ir(acac);@ZIF-8 Ir-N, 0.20 ORR [74]

Ru(acac),@ZIF-8 Ru-N, 0.18 N,RR [75]

Bi-MOF derived Bi NPs@NC Bi-N, 0.2 CO,RR [76]

Bulk Cufoam and ZIF-8 Cu-N, 0.54 ORR [77]

Migration Bulk Cu,O and ZIF-8 Cu-N, 0.45 ORR (78]
trapping Bulk Fe,O; and ZIF-8 Fe-N, 1.2 Fenton catalysis [79]
(MT) Ferrocene and ZIF-8 Fe-N, 1.0 ORR [80]
Ni/ZIF-8 derived Ni NPs@NC Ni-N, NA CO,RR (81]

Pd NPs@ZIF-8 Pd-N, 0.16 Hydrogenation of acetylene [82]

Zn/Co-ZIF@F127, polymer coating Co-N, 0.9 ORR (83]

Fe-doped ZIF-8@PZS polymer coating ~ Fe-N, 1.54 ORR [84]

Others SiO,@PCN-222(Fe) Fe-N, 3.46 ORR [85]
Mn-ZIF-$ derived Mn-NC, two-step Mn-N, 303 ORR (86]

adsorption and pyrolysis
SiO,@NU-1000, silica nanocasting Zrs@Sio, 23 Glucose isomerization [87]
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secondary metal species in the frameworks (metal node modifica-
tion (MNM), Section 2.1). The target metal species are introduced
to the ligand (ligand modification (LM), Section 2.2) or confined
within the pores of MOFs (guest encapsulation (GE), Section 2.3).
The metal NPs and bulk metals can also be converted to SA through
thermal migration and trapping (migration trapping (MT), Sec-
tion 2.4). Finally, several synthesis methods that do not fall into
the preceding four categories will be summarized (Section 2.5).

SYNTHESIS STRATEGIES FOR MOF-DERIVED SACs

The synthesis strategies of MOF-derived SACs and their appli-
cations are comprehensively summarized in Table 1. Compared to
MOE-supported SACs, MOF-derived SACs have high thermal and
chemical stability as well as excellent electrical conductivity, mak-
ing them suitable for various catalytic processes. Indeed, a wide

annealing
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range of MOF-derived SACs with diverse single metal sites and
metal configurations have been fabricated and utilized for a num-
ber of thermocatalytic reactions (e.g., CO, cycloaddition, hydroge-
nation of acetylene) [15,16] and electrocatalytic reactions (oxygen
reduction reaction, (ORR), nitrogen reduction reaction (NRR), and
CO, reduction (CO,RR) [20-28] (Table 1).
1. Metal Node Modification

The use of metal nodes as a sole source of SA is a simple and
straightforward strategy toward MOF-derived SACs because the
metal nodes (metal ions) are inherently atomically dispersed within
MOFs. The metal node can be used as is or can be further replaced
with external secondary metal ions. Yang et al. found that direct
pyrolysis of hollow zeolitic imidazole frameworks-8 (ZIF-8) led to
fabrication of ultrahigh Zn atoms (11.3 wt%) supported on N-
doped hollow carbons [59]. Nitrogen-rich ligands (2-methylimid-
azole ligand) converted to carbon matrix with abundant nitrogen

e FEIEE O\ T e——
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Fig. 3. Metal node modification. (a) Schematic illustration of the synthetic process for Mn/C-NO and their field emission scanning electron
microscopy (SEM) images with different magnification ((b), (c)), (Reprinted with permission from Ref. [58], Copyright 2018, John
Wiley & Sons), (d) The formation of Co SAs/NC via pyrolysis of bimetallic Zn/Co ZIFs with controlled Zn/Co molar ratios
(Reprinted with permission from Ref. [49], Copyright 2016, John Wiley & Sons).
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coordination sites effectively stabilize the isolated Zn metal atoms
through Zn-N, coordination. Xu et al. reported that ZIF-8 derived
Zn-N, SACs have unique peroxidase-like behavior, showing great
promise for wound antibacterial applications [60]. While direct
pyrolysis can be used for formation of SACs, it often requires
additional acid etching and activation steps that are tedious and
time-consuming. Chen and coworkers reported preparation of 3D
graphene supported manganese (Mn) SAC through direct pyroly-
sis of Mn-BTC MOF under nitrogen gas atmosphere, followed by
HCI etching and NH; activation [58] (Fig. 3(a)-(c)). Acid etching
step was required to eliminate the aggregated metal NPs, leaving
the stabilized SAs on the carbon support. NH; activation ensured
the formation of Mn atoms coordinated with N and O atoms em-
bedded in 3D graphene. Similarly, Ni-SA catalysts were also syn-
thesized by direct pyrolysis of Ni-MOE followed by acid etching
and electrochemical activation [88]. However, severe particle sin-
tering and aggregation largely restrict the applicability of the direct
pyrolysis approach.

These limitations can be alleviated by using predesigned MOF
with mixed metal jons and abundant metal-coordination func-
tionalities. Secondary metal ion can be implanted into the metal
node of MOF through direct formation of mixed-metal MOFs or
post-synthetic ion exchange. This mixed-MNM strategy can spa-
tially separate the target metal ions with extended adjacent dis-
tances, minimizing the undesired metal aggregation during pyrolysis.
In addition, it can finely control the amount of target metal in the
frameworks to maximize the M-N coordination sites. Pyrolysis of
mixed-metal ZIFs has been widely used in fabrication of SACs.
[49-52,89]. Jiang and coworkers reported this strategy for the first
time in 2015 [89]. Since Zn** and Co”" have similar ionic sizes and
coordination types with 2-methylimidazole ligand, Zn/Co bimetal-
lic ZIF with uniform distribution of Zn and Co ions were directly
prepared. Upon pyrolysis, Zn metal (boiling point of 906 °C) was
selectively removed by evaporation along N, gas flow, leaving the
isolated Co atom coordinated with nitrogen-doped carbon sup-
port (Co-NC SACs). In a similar manner, Yin et al. prepared sin-
gle cobalt atoms with high Co loading (4 wt%) and precise N-
coordination (Co-N,, Co-N;, Co-N, configuration) (Fig. 3(d)) [49].
The added Zn™* replaced a certain proportion of Co’" sites in metal
nodes and act as a fence that further extends the adjacent distance
of Co atoms (Fig. 3(d)). Adjusting the molar ratio of Zn/Co to
above 1 increases the distance of adjacent Co atoms and provides
more free N sites that stabilize Co atoms without forming Co NPs
[50]. Instead of ZIFs, bimetallic MOF-74 could be also utilized for
the preparation of various SACs. Gong et al. prepared polypyrrole
(PPy)-encapsulated-MgNi-MOF-74 and utilized it as a precursor
for Ni-SA/NC catalysts for electrochemical CO, reduction reaction
[57]. A large amount of Mg™" extends the distance between adja-
cent Ni atoms while PPy served as source of N atoms which anchor/
stabilize the Ni SAs (0.9 wt%). The Mg species were converted to
aggregated MgO nanoparticles that are removed by acid etching.
Ni SA/NC catalysts with controlled Ni-N coordination number as
well as other types of SACs, such as Co and Fe SACs were suc-
cessfully fabricated.

Different from Co™*, most of the other metal ions cannot directly
form bimetallic ZIF with Zn*". To circumvent this problem, post-
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synthetic ion exchange/doping has been applied to partially replace
the Zn to Cu [90], Fe [53,54,91-93], Ni [55-57,94]. The predesigned
mixed-metal MOFs have allowed preparation of Cu, Fe, and Ni
SA supported carbon catalysts via direct one-step pyrolysis. For
example, Zhao et al. reported ion exchange between Zn nodes and
adsorbed Ni ions within the cavities of the ZIF-8 to access single
nickel sites for efficient electroreduction of CO, [94]. In another case,
Shui and coworkers developed a sequential coordination method
to dope precious metal jons into ZIF and prepared Ir, Rh, Pt, and
Pd SA/NC catalysts with metal loading as high as 1.2-4.5 wt% [95].
2. Ligand Modification

A wide variety of organic linkers with different chemical com-
position and functional groups have been utilized in MOF synthe-
sis without changing the original crystal structure and topology.
These features make organic linkers as versatile anchoring sites for
metal atoms, offering new opportunities for construction of MOF-
derived SACs. In particular, amino functionalized ligands [65] and
porphyrin-based ligands [61] have been most popularly adopted to
coordinate the target metal atoms. Wang et al. utilized free amine
groups at the linker of UiO-66-NH, as coordination sites for Ru**
cations to gain isolated atomic dispersion of Ru on NC materials
(Fig. 4(a)). During pyrolysis at 700 °C under argon atmosphere, Zr
metal nodes of MOF converted to ZrO, which is removed by HF
etching, leaving highly porous carbon structures. Meanwhile, Ru’™*
ions were carbothermally reduced to Ru metal atoms [65]. This
strategy was further extended to prepare tungsten SACs (W-NC)
for electrochemical hydrogen evolution revolution [66]. In addition,
Wu and coworkers reported fabrication of Pd SA on 3D ZrO, via
two-step carbothermal welding strategy [64]. Pd** anchored UiO-
66-NH, was first transformed to PA@NC/ZrO, during pyrolysis
under Ar atmosphere. Subsequent gas switching from Ar to air led
to selective combustion of carbon species and formation of rigid
ZrO, nano-networks, leaving a sinter-resistant Pd,@ZrO, catalyst
via atom trapping. Lin et al. prepared a series of SAC through
post-synthetic modification of bipyridine sites of UiO(bpdc) MOF
[62]. The bipyridine provided two active N sites located at the
backbone of the framework, which can chelate transition metal
ions homogeneously (Fig. 4(b)). The resulting UiO(bpdc)-M,Cl,
(M=Fe, Co, Ni and Cu) subsequently underwent pyrolysis and
acid etching, and transformed to SAC/NC with unique M-N; con-
figuration. As an alternative pathway, post-synthetic ligand ex-
change has been proposed by Bao and coworkers to prepare highly
exposed Fe-N sites catalysts for ORR. When ammonium ferric
citrate was added to the dispersion of preformed ZIF-8 aqueous
solution, surface-exposed 2-methylimidazole ligands were exchanged
with citrate ions. The citrate ion is too bulky to penetrate into the
inner space of ZIF-8, so it anchors Fe atoms only onto the surface
of ZIF-8, leading to formation of surface-enriched atomic Fe-N
sites after pyrolysis [63].

A mixed-ligand strategy employing metalated and metal-free
ligands can offer a novel pathway to control the distance of adja-
cent metal sites, in a manner similar to the mixed-metal strategy
described in Section 2.1. A mixed-ligand strategy can enlarge the
distance between metal atoms, facilitating the formation of SAC
without particle sintering during high temperature pyrolysis. Jiang
and coworkers simultaneously utilized TCPP (tetrakis (4-carboxy-
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Fig. 4. Ligand modification. (a) Schematic illustration of the synthetic process for Ru SAs/NC from UiO-66-NH,/Ru’*, (Reprinted with per-
mission from Ref. [65], Copyright 2017, American Chemical Society), (b) Anchoring N-sites in bipyridine ligand of UiO(bpdc) and
UiO(bpdc)-FeCl, (Reprinted with permission from Ref. [62], Copyright 2019, John Wiley & Sons), (c) Schematic illustration of Fe
SA/NC catalyst via a mixed-ligand strategy, (d)-(h) SEM image, (i) transmission electron microscopy (TEM) image and (j) high-angle
annular dark-field scanning transmission electron microscope (HAADF-STEM) image of Fe SA/NC, (Reprinted with permission

from Ref. [61], Copyright 2018, John Wiley & Sons).

phenyl)porphyrin) ligand with and without Fe(IIl) centers (H,-
TCPP and Fe-TCPB, respectively) to prepare a series of isostruc-
tural porphyrinic PCN-222 MOF (Fig. 4(c)) [61]. When optimum
amount of Fe-TCPP (20 mol%) was used, all Fe species were con-
verted to atomically dispersed Fe atoms with high loading of 1.76%
through simple one-step pyrolysis without additional acid etching
process. Further increase of Fe-TCPP>20 mol% (i.e., decrease of
Fe-Fe distance) resulted in Fe atom aggregation to Fe NPs. The
uniform rod morphology and highly ordered mesopores (3.2 nm)
of parent Fe-PCN-222 were well-inherited to derived Fe SACs
(Fig. 4(d)-().
3. Guest Encapsulation

Benefiting from highly ordered and controllable pore size and
pore structures, MOFs can serve as effective host materials that
accommodate diverse guest metal species (namely, guest encapsu-
lation or host-guest approach). The guest species must be confined
and isolated in the hosts to prevent their aggregation into large
particles and escaping from the MOF pores. To this end, the molec-
ular size of metal precursors need to be greater than half the pore
size of the MOFs but smaller than the pores of the MOFs, so that
only one guest molecule is confined in one pore of the MOFs. In

general, guest metal precursors are encapsulated through either in
situ crystallization or post-synthetic confinement (Fig. 5). Chen et
al. simply added guest iron acetylacetonate (Fe(acac),;, molecular
diameter of 9.7 A) to the conventional ZIF-8 synthesis solution
(Fig. 5(a)) [67]. The coordination of Zn** and 2-methylimidazole
forms cages with cavity diameter of 11.6 A and pore diameter of
3.4 A, which enables the isolation and encapsulation of one Fe
molecule in one cage. Pyrolysis at 900 °C led to transformation of
Fe(acac);@ZIF-8 to isolated Fe atoms anchored on NC (Fe-ISA/
NC) (Fig. 5(a)). Fe loading was controlled up to 2.16 wt% by sim-
ply changing the amount of Fe(acac); used. Inspired by this contri-
bution, researchers have successfully used other metal acetylacetonates
such as Ir(acac), [74], Ru(acac); [75,96], Rh(acac); [97] to fabri-
cate corresponding SACs. In a similar manner, metal salts and
metal complex are directly confined within the cages of MOF
during MOF crystallization. Yin and coworkers fabricated Fe SA
embedded NC using ferrocene with a molecular size of 6.4 A [70].
The use of iron phthalocyanine (FePc) with a molecular size of
14.6 A, which is larger than the size of ZIF's cage, broke the con-
finement effect of cages, thereby leading to generation of the mix-
ture of Fe SAs (0.20 wt%) and Fe,O; NPs [68]. To facilitate the
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Fig. 5. Guest encapsulation. (a) Schematic illustration of the formation of Fe-ISAs/NC through pyrolysis of in situ crystallized Fe(acac);@ZIF-
8, (Reprinted with permission from Ref. [67], Copyright 2017, John Wiley & Sons), (b) Schematic illustration of the preparation of the
Fe/N-GPC catalyst through post-synthetic encapsulation, and (c) advantages of the hierarchically porous architecture of Fe/N-GPC in
ORR, (Reprinted with permission from Ref. [71], Copyright 2017, American Chemical Society).

incorporation of FePc and the formation of Fe SA sites, Wang et
al. used octacyano substituted FePc(CN)g as an iron precursor
[69]. Cyano groups promote the incorporation of FePc molecules
into ZIF-8 due to the coordination between the cyano group and
the Zn ion, resulting in a higher iron loading (up to 2.60 wt%) and
more Fe-N, active sites than their FePc counterparts. In another
report, a pre-synthesized Fe-phen (1,10-phenanthroline) complex
[98] and Fe-mIm nanocluster [72] were employed as guest spe-
cies. In addition, Xing and coworkers synthesized Cr-NC SACs by
absorption of CrCl;-6H,O into the pores of ZIF through host-guest
interactions, followed by pyrolysis and acid leaching of excess Cr
species [73].

Post-synthetic confinement is another promising way to expand
the range of possible metal precursors used for MOF-encapsula-
tion. This strategy is particularly attractive when the direct encap-
sulation via in situ crystallization is difficult or impractical. Post-
synthetic encapsulation was achieved by using the double solvent
method which has been previously employed for the confinement
of metal NPs into the pores of MOFs [99,100]. MIL-101-NH,,
with high surface area, large pore size (2-3nm) and hydrophilic
pore environment, was chosen as a host to accommodate dicyan-
diamide (N source) and FeCl; (Fe source) [71]. Dicyandiamide
and FeCl; dissolved in hydrophilic dimethylformamide (DMF)
was added to a hydrophobic #n-hexane suspension of MIL-101-
NH,. The dispersed hydrophilic droplets diffused into the hydro-
philic pores of MOFs completely, allowing selective encapsulation
of nitrogen and Fe precursors into the pores of MOFs (Fig. 5(b)).
The resulting Fe-NC catalysts showed high catalytic performance for
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ORR due to unique hierarchically porous macro-meso-micropo-
rous structures and uniformly distributed Fe-N SA sites (Fig. 5(c)).
4. Migration Trapping

During high temperature pyrolysis, supported metal NPs often
sinter to large particles via Ostwald ripening mechanism [101,102].
The mobile species are emitted from smaller particles and trans-
ported to nearby larger particles because of their different surface
energies, i.e., the larger particles grow at the expense of the smaller
particles. However, from a different point of view; the conditions
under which the NPs release mobile species can be utilized to cre-
ate atomically dispersed SACs if the mobile species can be effec-
tively trapped and captured by the support. In 2016, Datye and
coworkers pioneered this MT strategy for preparation of thermally
stable Pt SA on ceria catalysts. When the physical mixture of Pt/
AlLO; and CeO, was aged in flowing air at 800 °C, Pt was emitted
as volatile PtO, and completely migrated to the CeO, which traps
atomically dispersed Pt species. The key to the success of this strat-
egy is the emission of mobile species from metal NPs (bulk metal)
and their capture by support through strong-metal support inter-
action (SMSI). It was found that MOF-derived NC is able to trap
mobile metals by forming metal-N bonds. Indeed, Li and cowork-
ers reported the transformation of noble metal NPs (Pd, Pt, Au
NPs to thermally stable SAs (Pd, Pt, Au-SAs) above 900 °C in an
inert atmosphere [82]. They investigated the NP-to-SA transfor-
mation process with in sifu environmental TEM and density func-
tional theory (DFT) calculations. It was revealed that sintering played
a major role at relatively low temperature (300-900 °C) while atomi-
zation dominated at high temperature (900-1,000 °C). Since the Pd-
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Fig. 6. Migration trapping. (a) Schematic illustration of the thermal in sifu transformation of Ni NPs to Ni SAs, TEM image of (b) Ni NPs@NC
and (c) Ni SAs@PNC (Reprinted with permission from Ref. [81], Copyright 2018, John Wiley & Sons), (d) Schematic illustration of
direct transformation of bulk Cu,O into Cu-SAs/NC via emitting and trapping of atoms, (Licensed under CC-BY from [78]), (e) aber-
ration-corrected high-angle annular dark-field scanning transmission electron microscope (AC HAADF-STEM) image of NC, (f) AC
HAADEF-STEM image of Cu ISAS/NC, (g) corresponding energy dispersive x-ray spectroscopy mapping of Cu ISAS/NC.

N, bonds are thermodynamically more stable than Pd-Pd bonds,
the formation of Pd-N, can act as a driving force for atomization.
In a similar manner, Wu and coworkers reported the conversion
of Ni NPs to the surface enriched Ni SAs on the NC support
through thermal atomization (Fig. 6(a)-(c)) [81].

In recent years, Li and coworkers have opened up new possibil-
ities for scalable production of functional SACs at the industrial
level by directly manufacturing SACs from cost-effective bulk met-
als. They demonstrated the transformation of “bulk” Cu metal into
Cu SA via migration and atom trapping [77]. Atoms released from
bulk metals are transported and trapped on NC with the assis-
tance of NH, gas. First, NH; gas carried the exposed Cu atoms out
of Cu foam (bulk Cu source) and generated volatile Cu(NHS,),
species by the strong Lewis acid-base interaction. After that, the

Cu(NHs,), species were transported along the NH; gas stream and
trapped at the defect sites in the ZIF-8 derived NCs, creating Cu-
SAs/NC catalysts. This strategy is highly versatile and applicable to
other bulk metals (Co, Ni, Pt) and support (graphene) for fabrica-
tion of SACs [77,103]. Instead of using NH, gas stream, in situ
generated NH; from pyrolysis of dicyandiamide can be used to
prepare Pt SACs [103]. Similarly, Zhang et al. reported fabrication
of Bi-N, sites on porous carbon through pyrolysis of bismuth-
MOF and dicyandiamide [76]. However, NH, molecules are toxic
and corrosive, limiting the widespread utilization of this approach.
To circumvent this problem, Wu and coworkers developed a ver-
satile method that uses an inert N, gas flow and an inexpensive,
readily available bulk metal oxide as a precursor, greatly expand-
ing the applicability of the MT strategy (Fig. 6(d)-(g)) [78]. It was
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found that bulk metal oxides (Cu,O, MoO; and SnO,) can be sub-
limated as mobile vapor at near their melting temperature, which
are transported and trapped into defective N-rich carbon to form
M-SA/NC catalysts (M=Cu, Mo, Sn). Likewise, the migration and
trapping of Fe,0; [79] and ferrocene precursors [80] to ZIF-8 derived
NC were demonstrated to fabricate Fe SAs-NC catalysts. Very
recently, Jia and coworkers unraveled how typical iron precursors
(iron salts, Fe-doped ZIF-8) transform to single-atomic Fe-N, sites
during pyrolysis via in-temperature X-ray absorption spectroscopy
[104]. They revealed that Fe precursor transforms to Fe oxides
below 300 °C and then to tetrahedral Fe,(II)-O, below 600 °C. Above
600 °C, Fe,(I)-O, releases a volatile single Fe atom, which diffuses
to the defects of NC forming ORR-active Fe-N; sites. These results
not only reveal the presence of gas-phase iron species during the
high temperature pyrolysis process, but also provide a deeper un-
derstanding of SAC synthesis through the MT strategy.
5. Other Strategies

There are several approaches that do not exactly fall into the
aforementioned four categories, such as ball-milling assisted strat-
egy [106] and two-step adsorption and pyrolysis strategy [86,105].
Jaouen and coworkers fabricated a wide range of M-NC catalysts
(M=Mn, Fe, Co, Ni and Cu) for electrocatalytic CO, reduction via
dry ball-milling of ZIF-8, metal acetate, and 1,10-phenanthroline,
followed by pyrolysis at 1,050 °C under Ar [106]. Instead of the
direct pyrolysis of MOFs, the pre-synthesized MOF-derived carbon
itself could be used as a versatile support that stabilizes the metal
SA [86,105]. The adsorption-pyrolysis strategy uses MOF-derived
carbon as a host to adsorb additional metal and nitrogen precur-
sors, followed by a secondary thermal treatment (Fig. 7(a)). This
process promotes the formation of SACs enriched at the surface of
carbon support, increasing the accessibility to active SA sites. Li and
coworkers soaked the ZIF-8 derived NC to metal salt-containing
methanol solution for 24 h to adsorb Fe(acac); or Co(acac), [105].
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Subsequent drying and pyrolysis at 900 °C under Ar led to forma-
tion of M-SA/NC catalysts with relatively low content of Fe (0.964
wt%) and Co (0.218 wt%). Wu and coworkers developed two-step
adsorption-pyrolysis strategy to increase the density of atomically
dispersed Mn-N, sites [86]. First, Mn-doped ZIF-8 was carbon-
ized at 1,100 °C and acid-washed to prepare N-doped graphitic car-
bon host with a low density of Mn (0.68 wt%). Next, additional Mn
and N sources were adsorbed into the preformed Mn-NC host
and then carbonized again to generate increased density of Mn
SAs (3.03wt%). The resulting Mn-NC catalyst exhibited encour-
aging performance as a Pt-group metal free cathode in proton-
exchange membrane fuel cells.

The preceding four strategies (in Section 2) are often combined
with the sacrificial templates (tellurium nanotubes [107] and cad-
mium [108]), the top-down processing techniques (electrospinning
[109]), and the protection by polymer [83,84] and SiO, [85,87,
110,111], to further suppress the particle migration and sintering
and to achieve large surface area and high porosity. In particular,
polymer-assisted MOF-pyrolysis (e.g, polypyrrole, polythiophen,
polydopamine, and F127) [57,112-114] has shown great promise
to prepare MOF-derived SACs with high metal density and cata-
lytic activity. Polymers have played important roles in controlling
the size, structure, stability and processability of various inorganic
materials [115-122] and MOFs [123-127]. Wu and coworkers
coated the poly(cyclotriphospazeneco-4,4 -sulfonyldiphenol) (PZS)
on the surface of bimetallic Fe-doped ZIF-8 (Fe/ZIF-8@PZS), to
fabricate a Fe SAs (1.54 wt%) supported on a nitrogen, phospho-
rus and sulfur co-doped hollow carbon polyhedron (Fe-SAs/NPS-
HC) (Fig. 7(b)) [84]. The polymer coating contributes to the im-
provement of kinetics and activity of the ORR by allowing the
construction of a hollow structure through Kirkendall effect and
modulation of electronic structures of an active metal center through
N, B S co-doping.
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Fig. 7. Other strategies. (a) Schematic illustration for the preparation of metal SAs/NC via adsorption-pyrolysis strategy (Reprinted with per-
mission from Ref. [105], Copyright 2018, Royal Chemical Society), (b) Schematic illustration for the preparation of single iron atomic
sites supported on a nitrogen, phosphorus and sulfur co-doped hollow carbon polyhedron (Fe-SAs/NPS-HC) via polymer-assisted
pyrolysis, (Licensed under CC-BY from Ref. [84]), (c) Schematic illustration for the process of stabilizing the oxozirconium clusters in
NU-1000 by nanocasting with silica, (Reprinted with permission from Ref. [87], Copyright 2016, American Chemical Society).
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The SiO, protective layer can be also introduced either into the
MOFs [85,87] or onto the surface of MOFs [110,111] before pyrol-
ysis to suppress the particle migration and sintering. The SiO,
layer provides additional protection by creating thermally stable
metal atoms/SiO, interfaces, affording Fe-NC SACs with high Fe
loading (3.46 wt%) [85]. On the other hand, Stein and coworkers
proposed thermal stabilization of MOF-derived single-site clusters
through silica nanocasting (Fig. 7(c)). Previously, the nanocasting
approach has been widely used for synthesis of mesoporous mate-
rials with inverse replica structure of the parent templates [128-
130]. Instead, Steins group used nanocasted-silica as a thermally
stable scaffold anchoring the oxozirconium clusters in NU-1000
[87]. Silica precursor (tetramethylorthosilicate) was infiltrated into
the pores of NU-1000, and then condensed together via vapor-
phase HCI treatment, thereby resulting in formation of thin silica
layer. During calcination under air at 500-600 °C, organic linkers
thermally decomposed while oxozirconium clusters were kept
embedded/isolated in a silica matrix (namely, Zr,@SiO,). The cat-
alytically active atomic Zn species is highly concentrated and well
dispersed on a thermally stable silica support.

CONCLUSION AND FUTURE PERSPECTIVE

MOF-derived SACs have shown great promise to become ideal
catalysts that bridge the gap between heterogeneous and homoge-
neous catalysts. Controlled pyrolysis of predesigned MOFs leads to
formation of metal SA/support materials. MOF-derived SACs
often inherit the uniform particle morphology, high porosity and
high surface area of parent MOFs, which are beneficial for increas-
ing the mass transport capability and the accessibility to active sites.
In addition, MOF-derived SACs usually exhibit higher electronic
conductivity and thermal stability than MOF-supported SACs, so
they can be utilized in a wide range of catalytic processes where
MOF-supported SACs are not available. Although remarkable prog-
ress has been made in the fabrication of MOEF-derived SACs, this
research field is still in its infancy with several challenges to be
addressed in the future.

(i) MOF-derived SAC:s still suffer from low metal loading, typi-
cally less than 1.0 wt%. This significantly decreases the active site
density and catalytic activity. To generate atomically dispersed metal
sites, researchers have minimized the amount of metal content and
enlarged the distance between metal atoms through various syn-
thetic strategjes. So far; only a few MOF-derived SACs have achieved
more than 4 wt% metal loading (Table 1), which must be increased
for practical application of SACs. The SMSI effect could be an
effective tool to decrease the particle size of metals and to stabilize
the isolated atoms on various supports. For example, N-sites are
able to trap mobile metals by forming M-N bonds, so they can
effectively anchor SA metals to inhibit their migration and aggre-
gation. Indeed, very recently, Wang and coworkers reported Fe
SACs with record-high-metal loading of 30.0 wt% via pyrolysis of
coordination polymers with high N content [131]. N-rich dicyan-
diamide, formaldehyde, and metal salt (e,g, iron nitrate) were
reacted together in hot water to form Fe ion-coordinated dicyan-
diamide-formaldehyde resins. These metal-coordinated polymers
were converted to Fe SACs after two-step calcination and reduc-

tion heat treatments. Preparation of a series of SACs with differ-
ent metal centers (Fe, Ni, Cu, Zn, Ru, Rh, Pd, Pt, and Ir) was also
demonstrated. Therefore, it is highly desirable to introduce large
amount nitrogen species using nitrogen-rich ligands and second-
ary guest molecules with high nitrogen content [132].

(ii) Development of simple and scalable synthesis strategies is
highly required from a practical point of view. Previous strategies
usually relied on complicated multi-steps including preparation of
MOFs, post-synthetic modification, pyrolysis, and acid etching. In
addition, the MOF precursors and guest molecules themselves are
often cost-intensive, limiting large-scale mass production of MOF-
derived SACs. Thus, direct fabrication of SACs with minimum
number of synthetic steps will be greatly appreciated. The use of
inexpensive precursors from large-scale industrial production or
earth-abundant natural minerals will be important future research
topics.

(iii) Precise control over the structures from molecular- to mac-
roscopic level is necessary. The catalytically active sites are com-
prised of metal atoms and neighboring heteroatoms (carbon, nitrogen
and others). Thus, coordination environments, such as coordi-
nated atom number, metal-N configuration, need to be controlled
accurately as they have a significant impact on catalytic activity
and selectivity [133,134]. Other than SACs, dual-atom/cluster metal
catalysts have gained increasing interest in recent years as they can
potentially show unique cooperative or synergistic effects that are
difficult to achieve in SACs [5,27]. Each atom can act as an indi-
vidual active site, and minor changes in atom number and com-
position can significantly affect the catalytic activity and selectivity
of a reaction [135-137]. However, dual-atom/cluster catalysts with
well-defined atomic configurations have not been realized yet and
will be the subject of future research. On the other hand, the meso-
scopic pore size, structure and macroscopic particle morphology
should be controlled to increase the accessibility to active SA sites
and the mass transport capability. To this end, hierarchically porous
structures with well-defined 3D networks would be highly attrac-
tive, ensuring rapid mass transfer and efficient utilization of active
sites. Hybridization of MOF with other substrates such as carbon
nanotubes, graphene, covalent-organic framework is also suggested
[36,138-140].

(iv) Detailed formation mechanism of MOF-derived SACs still
remains largely unexplored. The physicochemical properties of MOF-
derived materials themselves are highly dependent on the pyroly-
sis condition, such as temperature, ramping rate, retention time and
gas atmosphere, as well as the incorporation of guest species [36].
Therefore, it is highly recommended to investigate the underlying
thermal transformation mechanisms to prepare MOF-derived SACs
with desired properties (e.g., heteroatom content, surface area, poros-
ity degree of graphitization, and degree of particle aggregation).
Various in situ characterization techniques such as in situ X-ray
absorption spectroscopy and in situ TEM will provide new insights
into the formation mechanisms of MOF-derived SACs.
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