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A balance between activity and stability is greatly challenging in designing efficient metal nanoparticles

(MNPs) for heterogeneous catalysis. Generally, reducing the size of MNPs to the atomic scale can

provide high atom utilization, abundant active sites, and special electronic/band structures, for vastly

enhancing their catalytic activity. Nevertheless, due to the dramatically increased surface free energy,

such ultrafine nanostructures often suffer from severe aggregation and/or structural degradation during

synthesis and catalysis, greatly weakening their reactivities, selectivities and stabilities. Porous molecule-

based materials (PMMs), mainly including metal–organic frameworks (MOFs), covalent organic

frameworks (COFs) and porous organic polymers (POPs) or cages (POCs), exhibit high specific surface

areas, high porosity, and tunable molecular confined space, being promising carriers or precursors to

construct ultrafine nanostructures. The confinement effects of their nano/sub-nanopores or specific

binding sites can not only effectively limit the agglomeration and growth of MNPs during reduction or

pyrolysis processes, but also stabilize the resultant ultrafine nanostructures and modulate their electronic

structures and stereochemistry in catalysis. In this review, we highlight the latest advancements in the

confinement synthesis in PMMs for constructing atomic-scale nanostructures, such as ultrafine MNPs,

nanoclusters, and single atoms. Firstly, we illustrated the typical confinement methods for synthesis.

Secondly, we discussed different confinement strategies, including PMM-confinement strategy and

PMM-confinement pyrolysis strategy, for synthesizing ultrafine nanostructures. Finally, we put forward

the challenges and new opportunities for further applications of confinement synthesis in PMMs.
1. Introduction

Catalysis occupies an extremely important status in industry
and is essential for the synthesis of the vast majority of chem-
icals.1 The core of catalysis science is the construction of highly
active catalysts, and its research has shown phenomenal
growth.2 Metal nanoparticles (MNPs) are a very important class
of nanocatalysts due to their abundant reactive surface atoms
and special electronic congurations, which have been widely
used in heterogeneous catalysis.2–6 The electronic and crystal
structure on the surface of nanomaterials can undergone
signicant changes. The small size, surface, interface, and
macro-quantum tunnelling and quantum size effects make
nanomaterials have some excellent properties that traditional
materials do not have, such as electromagnetic properties,
corrosion resistance, mechanical properties, etc.7 The catalytic
properties of MNPs are decisively inuenced by their size.
Reducing the size of MNPs to the atomic scale can not only
les for Ministry of Education, College of

ollege of Life Science, Jiangxi Normal
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the Royal Society of Chemistry
vastly improve the specic surface areas, but also expose
abundant catalytically active sites and surface dangling bonds,
and/or even distort electronic/band structures.3 Particularly,
ultrane MNPs (typically < 5 nm) have been conrmed to have
attractive catalytic activity and selectivity, as their surface atom
ratio can reach up to over 50%, which could enormously change
the surface atomic transport and coordination congurations
and/or even change the electron spin conformations and the
electron spectrum on the surface.8 Compared with bulk parti-
cles, their ultrane nanostructures provide higher atom utili-
zation, accessible catalytic sites, unique electronic properties,
and specic surface/interface congurations, thus leading to
superior catalytic reactivity.3 For example, bulk Au exhibits low
reactivity for numerous catalytic reactions, yet exhibits efficient
CO oxidation activity at sizes smaller than 5.0 nm.7 Bulk Pt
shows low reactivity in catalytic hydrogenation, but ultrane Pt
NPs (<4.0 nm) demonstrate 100% conversion efficiency.9

Besides, other important factors determining the activity and
selectivity of MNPs are their shape and dispersion. Many
studies have shown that the different crystal faces exposed by
MNPs exhibit different reactivity. For example, the catalytic rate
of the Fe (111) surface surpasses those of its (100) and (110)
surfaces by 16 and 418 times, respectively, in the catalytic
Chem. Sci., 2022, 13, 1569–1593 | 1569
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synthesis of ammonia.3 For the deoxygenation of aromatic
epoxides, the Cu (100) surface exhibits more than 90% conver-
sion, while the Cu (111) surface is only 35%.10 However, due to
the signicant increase in surface free energy, ultrane MNPs
oen encounter serious aggregation and poor stability during
the synthesis as well as catalytic processes.4 In addition, struc-
tural degradation also leads to a precipitous decline in their
reactivity and selectivity. Thus, the controllable synthesis of
catalytically stable ultrane MNPs remains a great challenge.

Porous molecule-based materials (PMMs) mainly include
metal–organic frameworks (MOFs), covalent organic frame-
works (COFs), and porous organic polymers (POPs) or cages
(POCs), showing high specic surface areas and high porosity,
and more importantly, highly tailorable nano/sub-nano-
conned space.11–23 Thus, PMMs can be used as excellent
carriers for conning and stabilizing MNPs.24–30 Their conne-
ment effect of the nano/sub-nano-pores can not only effectively
reduce the agglomeration problem of MNPs, but also can
conne the growth of MNPs to obtain ultrane MNPs.30 In
addition, the connement metal–organic/organic space can
modulate the electronic conguration of MNPs and the host–
guest chemistry near the reactive sites, boosting their inherent
activity and selectivity.24 Moreover, PMMs can be used as
extremely useful templates/precursors to derive a variety of
ultrane nanostructures, such as nanoclusters or single atom
sites through their unique connement effect.31 On one hand,
PMMs contain a mass of internal nanocages/pores and abun-
dant coordinating atoms, which can isolate metal precursors/
metal ions, effectively reducing the diffusion and agglomera-
tion of metals during the pyrolysis process; on the other hand,
carbon layers in situ derived from PMMs can be electronic
regulators and structural stabilizers for atomically dispersed
MNPs.

In this review, we will emphasize the current developments
in the connement synthesis in PMMs for synthesizing atomic-
scale nanostructures, e.g. ultrane MNPs, nanoclusters, and
single atoms. Firstly, we introduced typical connement
methods for the synthesis. Subsequently, we discussed the
connement strategy for fabricating ultrane nanostructures,
including the PMM-connement strategy and PMM-
connement pyrolysis strategy. Finally, we put forward the
challenges faced by PMM-connement research.
2. Confinement methods for
synthesis

In fact, it is still a major challenge to embed all MNPs in the
nanocages/nanopores of PMMs. This challenge is attributed to
the inuence of the pore environment, the internal surface
characteristics, and the kinetics of wetting and lling of PMMs,
which lead to unavoidable loading of some MNPs with uneven
size on the surface of PMMs. Generally, the strategies of intro-
ducing metal precursors into PMMs mainly include the
impregnation method, double-solvent method, chemical vapor
deposition method, in situ encapsulation method and so on.25

Subsequently, MNPs can be obtained through various reduction
1570 | Chem. Sci., 2022, 13, 1569–1593
technologies of metal precursors, such as reduction by using
NaBH4, hydrogen, ammonia borane, and hydrazine under
different conditions.25

2.1. Impregnation method

Metal precursors can be uniformly inserted into PMMs via the
impregnation method with the assistance of solvents. Speci-
cally, the homogeneous solution formed by the metal precur-
sors and the PMMs are thoroughly mixed.32–34 The capillary
pressure existing in the system will cause self-inltration of the
solution into the internal spaces of the PMMs. Next, the metal
precursors can be easily reduced in situ to MNPs without
damaging the connement frameworks. Theoretically, the
internal voids of PMMs can absorb all kinds of metal precur-
sors, and aer reduction, uniformly dispersed ultrane MNPs
can be obtained. However, sometimes some metal precursors
may be loaded (or diffused) outside the PMMs. Because there is
no restriction of the nano-spaces, the metal precursors adsor-
bed on the surface can easily migrate and agglomerate during
the reduction process, thus formingMNPs with a larger size and
poor dispersion. Therefore, both the PMMs and metal precur-
sors determine the dispersion and particle size of the prepared
MNPs. For example, Huang et al. inserted Pd NPs into UiO-66
through the solution impregnation method.34 The activated
UiO-66 powder was immersed in methylene chloride containing
a certain concentration of palladium acetate. Pd NCs@UiO-66
was prepared by reducing Pd2+ under a H2/Ar ow at a low
temperature. The average size of Pd NCs was less than 1.2 nm
and they were uniformly dispersed in UiO-66. Dong et al. used
a COF as a connement framework to synthesize ultrane Pd
NPs (2–5 nm) by soaking the COF in a methanol solution of
Pd(NO3)2, and subsequently, re-dispersing in water. Then,
Pd@COF was constructed by adding NaBH4. In addition to
crystalline porous materials, amorphous POPs are also suitable
for introducing MNPs through this method. For example, Dong
et al. constructed a POP (PC-POP) by the polymerization of
cyanuric chloride and piperazine and introduced Pt4+ into the
pores by immersing it in a methanol solution of chloroplatinic
acid.35 Aer reduction with H2 at 250 �C, ultrasmall Pt NPs (2.96
nm) were successfully obtained.

2.2. Double-solvent method

In the impregnation method, it is difficult to accurately
manipulate the position of MNPs loaded into the internal pores
of PMMs. As mentioned above, some metal precursors are
probably adsorbed to the external surface of PMMs and easily
form agglomerates during the reduction process. An effective
alternative strategy is the double-solvent method (DSM), which
can be effective in incorporating metal precursors into the voids
of PMMs, so as to realize the precise encapsulation of MNPs in
their pores without agglomerations.36–38 The different wetta-
bility of PMMs in different solvents is central to the DSM.
Normally, hydrophobic organic solvents are employed to
disperse hydrophilic PMMs, e.g. MOF powders. Then, homo-
geneous water solution with the dissolved metal precursor is
added to the above suspension. Since the hydrophobic organic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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solvent and water are immiscible, the metal precursors in the
system will form stable droplets, which are introduced into the
conned channels by inherent capillary pressure.25 The ultra-
ne MNPs are well encapsulated inside the internal pores aer
reduction, and no large particles are scattered in the external
layer of the matrix. For instance, Xu et al. proposed the DSM to
synthesize MNPs within the MOFs' nanopores devoid of
agglomerated MNPs on the crystal interface for the rst time.36

For a typical step, activated MIL-101 powder was soaked in n-
hexane, and a certain concentration of H2PtCl6$6H2O aqueous
solution was added under vigorous stirring. Aer a solid–liquid
separation by ltration and thermal reduction with H2,
Pt@MIL-101 was prepared with ultrane Pt NPs of ca. 1.8 nm,
being obviously larger than the pore windows (1.2–1.6 nm) yet
much smaller than the pore diameter (2.9–3.4 nm), indicating
that the Pt NPs were well restricted to the isolated apertures of
MIL-101 and meanwhile effectively avoided deposition or
diffusion to the crystal surface. This method is not limited to
the construction of ultrane single metal NPs. Bimetallic or
even multi-metallic alloy NPs can also be perfectly encapsulated
inside MOFs by just changing the single metal aqueous solution
to a multi-metal one.37 Since the DSM allows introducing metal
ions into the specic pores as well as reducing them in situ in
such conned spaces, the sizes of the nanoparticles are signif-
icantly restricted by the aperture sizes. Dong et al. selected two
similar triazinyl-COFs called COF-Ph and COF-BPh with
different aperture diameters of 2.3 and 3.9 nm, respectively, as
conned templates to synthesize Pd NPs through the DSM.38

The sizes of the resultant Pd NPs were 0.79 and 0.81 nm,
respectively, exhibiting strong correlation with that of the cor-
responding conned templates.
2.3. Chemical vapor deposition method

Chemical vapor deposition (CVD) has been applied to construct
MNP/PMM composite materials for a long time.25 This method
usually selects organometallic compounds that are easy to
sublime at high temperature or have high volatility as metal
precursors. Generally, activated PMM powder and volatile metal
precursors are packed in two separate bottles and placed
together in a Schlenk tube that is kept under vacuum. Volatile
organometallic compounds are converted to vapor at a suitable
temperature. At this time, PMMs are exposed to metal precursor
vapor, which will diffuse into their pores. The speed and extent
of the vapor being sucked into the PMMs are determined by the
steam pressure. Aer the nal reduction treatment, MNPs can
be introduced into PMMs. CVD is a convenient solvent-free
process that can load large amounts of MNPs in PMMs.
Fischer et al. utilized the CVD method to construct ultrane Pd
or Cu NPs (particle sizes of 1–2 nm) loaded inside MOF-5.39 In
a sealed vacuum Schlenk tube, the MOF-5 powder was placed in
the vapor of [(h5-C5H5)Cu(PMe3)], [(h5-C5H5)Pd(h

3-C3H5)], or
[(CH3)Au(PMe3)]. Kempe et al. fabricated highly distributed
ultrane bimetallic PdxNiy NPs (ca. 2–3 nm) embedded in MIL-
101 by CVD with the assistance of dynamic vacuum.40 The
activated MIL-101 powder and metal precursors of ([(h5-C5H5)
Pd(h3-C3H5)] and [Ni(h5-C5H5)2]) were positioned in a divided
© 2022 The Author(s). Published by the Royal Society of Chemistry
three-lumen tube, and the system was maintained at 25 �C in
a dynamic vacuum of 10�4 mbar for 3–8 h. The dynamic vacuum
can greatly reduce the adsorption of metal precursors to the
outer layer of MIL-101. The color of the MOF powder became
darker aer the metal precursor was adsorbed into the pores.
PdxNiy@MIL-101 was nally obtained through a subsequent
hydrogenolysis treatment. The CVD method can introduce
a variety of metal clusters or even single atoms into specic
porous structures or surfaces, but it brings about relatively
higher requirements for the selection of metal precursors, and
some volatile metal precursors are usually highly toxic, such as
some metal carbonyl compounds.
2.4. In situ encapsulation method

In situ encapsulation is considered to be a prospective method
for embedding MNPs inside PMMs.25 Typically, metal precur-
sors are added to the self-assembled system of PMMs. During
the crystallization process of PMMs, the metal precursor
molecules are encapsulated in the nanocages of PMMs. The
frequently used metal precursor molecules mainly include
metal acetylacetone complexes, metal carbonyl compounds,
polyoxometalates (POMs) and so on. These metal precursors
should have suitable molecular sizes, stable chemical struc-
tures, and good solubility in specic solvents. For example, Li
et al. fabricated polyoxometalate-stabilized single atom site
catalysts (SASCs) by the in situ encapsulation method.41 Plat-
inum acetylacetonate Pt(acac)2 and H3PMo12O40 (PMo) were
added in the crystallization process of HKUST-1 and the in situ
encapsulation of Pt(acac)2 and PMo in its sub-nanopores (�0.9
nm) was realized. Then, Pt1–PMo@HKUST-1 was constructed by
reducing the metal precursor with 5% H2 for 1 h at 150 �C.
Although this method is relatively simple and oen requires
only one step reaction to obtain metal precursor loaded PMMs,
it is difficult for the metal precursors to be completely wrapped
in the process of self-assembly of PMMs in the solution, which
will result in the waste of a large amount of metal precursors.
The more serious problem is that when using this method, it is
usually difficult to accurately control the amount of metal
precursor being encapsulated.
3. PMM-confinement strategies to
synthesize ultrafine nanostructures

Compared with other traditional connement synthesis strate-
gies (such as zeolite connement or carbon connement),
PMM-connement has the following prominent features.
Firstly, PMMs can be designed and tailored to exhibit a wealth
of versatile structures and morphologies. Secondly, PMMs
create a molecular platform for atomic-level control of nano/
sub-nano-conned space and functional groups, which can
precisely regulate the size, dispersion and microenvironment of
MNPs. Thirdly, PMMs are rich in highly ordered micropores (<2
nm), and their spatial connement effect can realize the
synthesis of highly dispersed ultrane MNPs, nanoclusters or
even single atom sites without using surfactants. In addition,
PMMs also possess unique pore surfaces. On one hand, the
Chem. Sci., 2022, 13, 1569–1593 | 1571
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Fig. 1 Three typical PMM-confinement strategies: (a) space-confinement, (b) coordination-confinement and (c) ion-confinement.
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coordination-connement of functional groups can limit the
nucleation and growth of MNPs. On the other hand, the func-
tional groups can be used as structural stabilizers and elec-
tronic regulators for ultrane MNPs. Both MOFs and COFs/
POPs have their own benets and drawbacks in connement
synthesis. The signicant advantage of MOFs is that they are
rich in atomically dispersed metal nodes, which can effectively
regulate the electronic structure of MNPs or be synergistically
involved in catalysis, thereby promoting the catalytic activity or
selectivity of the composite systems. Nevertheless, the chemical
stabilities of MOFs are relatively poor, especially in some
strongly acidic or basic systems, which limit their applications
under such harsh conditions. In contrast, COFs/POPs con-
nected by robust covalent bonds usually have excellent chemical
stabilities, showing a wide range of applications in connement
synthesis. The PMM connement strategy can be divided into
three types: space-connement proting from the unique
nanocage/nanopore construction of PMMs, coordination-
connement through the functional groups on PMMs,
decorating N, S, and O with lone pair electrons, and ion-
connement based on the charged PMM skeleton for the elec-
trostatic interaction between anions and cations (Fig. 1). These
three kinds of connement effects can synergistically and
signicantly inhibit the shiing and clustering of MNPs,
enabling the effective preparation of ultrane nanostructures.
In addition, proting from the structural regularity and site
uniformity of PMMs, MNPs can be accurately represented via X-
ray diffraction, X-ray absorption and/or other spectrum tech-
nologies as the active centers of catalysis, which is helpful for
the study of the catalytic mechanism.29

3.1. Space-connement

3.1.1. MOFs for space-connement. MOFs have an
ordered, adjustable, and ultra-small porous structure (<3 nm)
and can be used as ideal nanocages to conne ultraneMNPs in
limited space through a ‘‘ship-in-a-bottle’’ method, while pre-
venting their accumulation and restricting their size.14 The
evenly atomically dispersed metal centers and organic func-
tional groups of MOFs themselves can also regulate the surface
electronic structures of MNP guests. Cheng and coworkers
1572 | Chem. Sci., 2022, 13, 1569–1593
incorporated silver ions into activated MIL-101 via the solution
impregnation method, and then prepared Ag@MIL-101 aer
reduction with NaBH4.42 Ag NPs possessed a particle size of
about 1.4 � 0.4 nm, which basically matched the nanoporous
cavities of MIL-101, indicating that the nanopores in MIL-101
could conne the synthesis of Ag NPs (Fig. 2a). Ag@MIL-101
could efficiently transform CO2 into propargylic acids bearing
terminal alkynes under low temperature (50 �C) and atmo-
spheric pressure conditions. Fischer et al. utilized the CVD
method to construct Ru NPs in MOF-5 (Ru@MOF-5).43 The size
of Ru NPs was 1.5–1.7 nm, in good agreement with the
dimensions of the cavities in MOF-5 (Fig. 2b and c). Ru@MOF-5
could be used as a catalyst for the conversion of benzene to
cyclohexane with a yield of approximately 25%. Pd NPs could be
selectively encapsulated with MIL-101 of different sizes when
Pd(C5H5)(C3H5) was introduced by CVD and reduced with H2 at
different temperatures.44 MIL-101 compliant Pd NPs (2.7 nm)
and undersized (1.7 nm) Pd NPs were produced by reduction at
room temperature and 70 �C (Fig. 2d). Pd@MIL-101 with 1.7 nm
Pd NPs had a higher conversion rate than Pd@MIL-101 with
2.7 nm Pd NPs for larger substrates, since the accessible metal
surface was restricted and the interactions with space-critical
demanding substrates were reduced when the cavities of the
MOF were lled completely. The size of cavities in MOFs and the
diameter of conned nanoparticles in the corresponding re-
ported examples of MNPs@MOF are summarized in Table
1.40,43,45–56 By reasonably adjusting the size of the MOF cavities
and the metal precursors, it is even possible to synthesize
single-atom catalysts (SACs). For example, Wang et al. cleverly
constructed a Pd SAC through the space-connement of a pol-
yoxometalate-based MOF (POMOF).57 The four SiW12O40

4�

(SiW) anions in POMOF were highly ordered to construct
a small cavity (11.76 Å), just enough to wrap a single Pd(acac)2
molecule (9.1 Å). Beneting from the gap (6.25 Å) between the
two SiW anions which hindered the migration of Pd(acac)2,
a single-atom Pd catalyst (Pd1@Cu–SiW) was constructed
through reducing the Pd(acac)2@Cu–SiW precursor with H2 at
low temperature. The selectivity of Pd1@Cu–SiW for semi-
additive hydrogenation of acetylene was as high as 92.6%.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc05983a


Fig. 2 Cases of MOFs for space-confinement. Synthesis and TEM images of (a) Ag@MIL-101. Reproduced with permission.42 Copyright 2015,
WILEY-VCH. (b and c) Ru@MOF-5. Reproduced with permission.43 Copyright 2008, American Chemical Society. (d) Pd@MIL-101. Reproduced
with permission.44 Copyright 2011, WILEY-VCH.
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3.1.2. COFs for space-connement. COFs, synthesized
through condensation reactions between different types of
organic monomers, are another class of porous crystalline
materials and exhibit structural diversity and high desig-
nability.23 COFs have well-dened pore structures and adjust-
able aperture diameters and/or morphologies, being perfect for
conning the growth of MNPs and realizing the controllable
synthesis of ultrane nanostructures.58 In addition, COFs are
commonly connected by strong covalent bonds and therefore
usually possess higher chemical stability, which can be stable
for a long time in organic, water, acidic and alkaline solutions.59

Jiang et al. constructed a TM-TPT-COF with a coordinated
nitrogen-rich skeleton via using 2,4,6-trimethyl-1,3,5-trizaine
(TM) and 1,3,5-tris-(4-formylphenyl)-triazine (TPT) as molecular
building blocks (Fig. 3a).60 Its Brunauer–Emmett–Teller (BET)
surface area was as high as 810 m2 g�1, and it possessed abun-
dant nanopores, which could restrict the growth of Pt NPs,
© 2022 The Author(s). Published by the Royal Society of Chemistry
thereby preparing highly dispersed ultrane Pt NPs (ca. 2.10 nm).
The catalyst showed excellent oxygen reduction reaction (ORR)
activity. In 0.1 MHClO4 solution, the catalytic onset potential and
the half-wave potential (E1/2) were 1.05 and 0.89 V, respectively.
Dong et al. synthesized COF-CuTPP through the polymerization
of 2-methylpiperazine and copper tetrabromophenolphthalein
(Cu-TBrPP) (Fig. 3b). Subsequently, Pd@CCOF-CuTPP was con-
structed by impregnation and reduction. COF-CuTPP was rich in
nanopores, which could limit the growth of Pd NPs. Therefore,
the as-prepared Pd NPs (2–5) nm were highly dispersed in COF-
CuTPP (Fig. 3c).61 Pd@CCOF-CuTPP displayed a conversion effi-
ciency of up to 98% in Henry and A3-coupling reactions.

3.1.3. POPs or POCs for space-connement. POPs are
microporous materials usually constructed from conjugated
organic molecular fragments. The abundant micropores in
POPs can also effectively conne the growth of MNPs. POPs
have the characteristics of adjustable chemical structures and
Chem. Sci., 2022, 13, 1569–1593 | 1573
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Table 1 Examples of the reported MNPs@MOF composites with particle sizes fitting the cavity sizes

MOF
Cavity size
(nm) Preparation method Metal precursor

Reduction
method

Particle size
(nm) Ref.

MIL-101 3.0–3.4 Impregnation Pd(NO3)2 H2 2.5 � 0.5 45
Impregnation Pd(NO3)2 H2 2.6 � 0.5 46
Impregnation Pd(NO3)2 H2 1.9 � 0.7 47
Impregnation Pd(NO3)2 Microwave irradiation/

N2H4$H2O
<3.0 48

Impregnation Pd(NO3)2 H2 2.6 � 0.5 49
Impregnation Pd(acac)2 H2 2.0–3.0 50
Impregnation Pd(NO3)2 H2 2.0–3.0 51
Double-solvent Pd(NO3)2 and CoCl2 NH3BH3 �2.5 52
Double-solvent H2PtCl6 H2 �2.5 53
Chemical vapor
deposition

Pd(C5H5)(C3H5) H2 2.7 54

Chemical vapor
deposition

(h3-C3H5)Pd(h
5-C5H5) and Ni(h5-

C5H5)2
H2 �3.5 40

Impregnation AgNO3 NaBH4 1.4 � 0.4
Al-MIL-
100

2.5–3.0 Impregnation H2PtCl6 H2 1.8 � 0.4 55

UiO-68 2.56 Impregnation Pd(NO3)2 NaBH4 <2.0 43
MOF-5 �1.5 Chemical vapor

deposition
Ru(cod)(cot) H2 1.5–1.7 56
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are easy to design as two-dimensional structures with a high
degree of conjugation, which is not only conducive to the
improvement of conductivity, but also good for dispersing the
active centers and stabilizing the ultrane MNPs.62,63 Unlike the
network structures described above, POCs are classically zero-
dimensional porous materials, exhibiting adjustable conned
spaces yet generally good solubility. They can be used to prepare
soluble and stable ultrane MNPs to obtain special nano-
Fig. 3 Cases of COFs for space-confinement. Schematic diagrams o
Copyright 2020, American Chemical Society. (b) Synthesis and (c) TEM im
2019, Springer Nature.

1574 | Chem. Sci., 2022, 13, 1569–1593
catalytic materials between heterogeneous and homogeneous
catalysts.64–70

Zhang et al. fabricated highly dispersed ultrane Pd NPs
through the space-connement in a triazinyl-pentaerythritol
POP (TP-POP) (Fig. 4a).71 TP-POP has a wealth of nanopores
(pore size of ca. 3.0 nm) and excellent structural stability.
Pd@TP-POP was prepared by the DSM. Firstly, TP-POP was
immersed in H2O/CH2Cl2 solution containing Pd(OAc)2.
f constructing (a) Pt@TM-TPT-COF. Reproduced with permission.60

ages of Pd@CCOF-CuTPP. Reproduced with permission.61 Copyright

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cases of POPs or POCs for space-confinement. Construction schematic and TEM images of (a and b) Pd@TP-POP. Reproduced with
permission.71 Copyright 2018, The Royal Society of Chemistry. (c and d) Pd@POP. Reproduced with permission.72 Copyright 2019, Elsevier. (e and
f) Pd@RCC3. Reproduced with permission.73 Copyright 2018, Springer Nature.
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Subsequently, Pd@TP-POP was constructed by reduction with
NaBH4. These as-constructed Pd NPs exhibited a size range of
1.4–2.8 nm and were highly dispersed in the nanopores of TP-
POP instead of appearing in the outer layer (Fig. 4b), indi-
cating that the space-connement of the nanopores plays a key
role. The optimized Pd@TP-POP showed good catalytic prop-
erties in the reduction of nitro and aldehyde groups with high
convertibility (>98%) and selectivity (100%). Xie et al. synthe-
sized ultrane Pd NPs using a series of microporous POPs
(Fig. 4c).72 Pd(PPh3)4 was employed to facilitate the association
of organic bromine monomer and 1,4-phenylenediboronic acid
for constructing the POPs. In this process, Pd NPs were formed
through the in situ transformation of Pd(PPh3)4 and were
embedded in the pores of the POPs. Thanks to the restriction of
© 2022 The Author(s). Published by the Royal Society of Chemistry
a large number of nanopores in these POPs, Pd NPs (1.3 nm)
presented high dispersion in the organic matrix (Fig. 4d). The
ultrane nanostructures endowed the catalysts with highly
exposed catalytic sites, showing outstanding catalytic efficiency
in the reduction of p-nitrophenol with a conversion rate of up to
99.9%.

Xu et al. employed POCs as connement templates for the
synthesis of ultrane Pd NPs (Fig. 4e).73 Firstly, the chiral imine
cage CC3R was synthesized through the condensation reaction
of the organic monomer 1,3,5-triformylbenzene and (R,R)-1,2-
diaminocyclohexane. Next, the organic molecular cage (RCC3)
was prepared by reducing the pre-fabricated CC3R. Since the
cage of RCC3 is hydrophobic, they used the DSM to introduce
Pd(OAc)2 into it. Due to the space connement of the 0.7 nm
Chem. Sci., 2022, 13, 1569–1593 | 1575
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organic cages, the prepared Pd nanoclusters encapsulated in
the cage have an average diameter of just 0.72 nm (Fig. 4f). They
found that the encapsulated Pd nanoclusters not only did not
destroy the covalent structure of the cages, but also helped to
increase the porosity of RCC3. Conning Pd nanoclusters in the
cage cavity could largely reduce particle aggregation and
enhance particle stability. Moreover, the Pd nanocluster core
was covered by a discrete and soluble RCC3 shell, which
exhibited excellent solubility and extremely high dispersibility
in solvents, so that it had more accessible metal active centers
in the liquid phase reaction. Therefore, Pd@RCC3 exhibited
strengthened catalytic efficiency in a variety of reactions,
including catalytic hydrogenation of nitroaromatics (up to
100% conversion), hydrogen production of ammonia borane
(turnover frequency (TOF): 176min�1), and reduction of organic
dyes.
3.2. Coordination-connement

3.2.1. MOFs for coordination-connement. MOFs are
hybrid porous materials with high adjustability both in the
metal centers and organic ligands. The organic functional
groups rich in lone pairs of electrons in MOFs, such as carboxyl,
amino, hydroxyl, etc., can be used to stabilize and conne MNPs
since they have strong coordination ability with metal ions. The
ordered structure of MOFs makes the anchor points of metal
precursors orderly, which is conducive to the uniform distri-
bution of MNPs. Moreover, prior to MOF assembly, the metal
precursors can be grabbed by ligands through coordination,
avoiding the difficulty of metal precursor diffusion in the MOF
pores. Li et al. used the 2,2-bipyridine moieties in the bridging
Fig. 5 Cases of MOFs for coordination-confinement. Schematic illustr
grey, N: blue, O: red or green, Zr: cyan, Cl: purple, and Pd: orange; all th

1576 | Chem. Sci., 2022, 13, 1569–1593
ligand of UiO-67 (2,2-bipyridine-5,50-terephthalic acid) to
immobilize Pd2+, and then further synthesized UiO-67 with the
Pd cation anchored ligands (Fig. 5a).74 Finally, Pd0-in-UiO-67
was obtained aer H2 reduction, with 3.0 � 0.5 nm Pd NPs
distributed uniformly inside the UiO-67 framework. For
comparison, the Pd NPs loaded by the traditional impregnation
method were mainly on the surface of UiO-67 owning a larger
particle diameter of 5.5 � 2.4 nm (denoted as Pd0/UiO-67). Pd0-
in-UiO-67 had excellent efficiencies in the reduction of nitro-
benzene, aerobic oxidation of alcohols, and olen hydrogena-
tion, showing better catalytic activity and stability than Pd0/UiO-
67. In addition, they also used H2bpydc-PdCl2 (4,40-biphe-
nyldicarboxylic acid coordinated with Pd cations) to exchange
with the ligands on the surface of UiO-67 by a solvent assisted
ligand exchange-hydrogen reduction (SALE-HR) strategy
(Fig. 5b).75 The much smaller Pd NPs (1.85 nm) can only be
encapsulated in the supercial region of UiO-67, which short-
ened the catalytic mass transfer time, and exhibited excellent
catalytic performance in the hydrogenation of nitroarenes.

MOFs not only can be used as stabilizers for MNPs, but also
provide a synergistic platform for their functional groups and
MNPs to improve the catalytic performances. For instance, Pd
NPs were anchored in the apertures of NH2-MIL-125 andMIL-125
through photo-assisted and ion-exchange digestion approaches
(Pd-MIL-125 and Pd–NH2-MIL-125).76 The introduction of amino
groups made the distribution of NPs more uniform, while
reducing the size of Pd NPs from 5.5 to 3.1 nm. The Pd–NH2-MIL-
125 catalyst exhibited better conversion efficiency than Pd-MIL-
125 for hydrogen generation from formic acid, and the
hydrogen production of Pd–NH2-MIL-125 and Pd-MIL-125 in the
ation of constructing (a) Pd0/UiO-67 and (b) Pd@UiO-67 (C: black or
e H atoms have been omitted for clarity).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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same time was 48.1 and 17.8 mmol, respectively, due to the
introduction of amino groups rather than the size of Pd NPs.
Being a proton remover, the basic amino groups facilitate the
dissociation of the O–H bond by forming –+HNH2 species and
benet the b-hydride elimination from the reaction intermediate.
Fei et al. successfully encapsulated ultrasmall Au NPs (1.8 � 0.2
nm) into an NHC-modied MOF (Au-NC@UiO-68-NHC).77 13C
solid-state NMR spectroscopy conrmed that gold precursors can
form strong chemical bonds with NHC moieties as nucleation
sites, and nally formed ultrane gold clusters inside the MOF
pores through the coordination-connement. As a control, an
amine functionalized MOF was used to load Au NPs under
identical conditions (UiO-68-NH2/Au), but Au NPs were observed
to agglomerate at the outer surface of UiO-68-NH2 with a size of 5–
20 nm, caused by the weak coordination between Au and amine
groups. The covalent bonds between Au-NCs andNHCs enhanced
their synergistic catalysis with MOFs and effectively promoted
charge separation. The LSPR (local surface plasmon resonances)
enhanced the light-catalytic CO2 conversion activity of Au-
NC@UiO-68-NHC, with a CO yield of 57.6 mmol g�1 h�1, signi-
cantly superior to that of UiO-68-NH2/Au (14.3 mmol g�1 h�1).

If the sizes of the MNPs are reduced to the extreme, single
atoms (SAs) can be obtained, where the utilization efficiency of
the atoms can reach 100 percent. Since the concept of SACs was
put forward in 2011, this type of material has quickly become
a hot research topic in the eld of catalysis because of their
exceptional atom utilization efficiency, controllable coordina-
tion environment and outstanding performance, which bridges
the homogeneous and heterogeneous catalysis. However, SAs
have higher surface energy and more easily migrate and
agglomerate than MNPs, and thus the preparation of stable
Fig. 6 The confinement strategies for SAs to the metal nodes in MOFs: (a
clarity), (b) hydroxyl coordination and (c) metal ion exchange (C: black, N
olive, Cl: light pink, and H: white).

© 2022 The Author(s). Published by the Royal Society of Chemistry
SACs remains a great challenge. MOFs can stabilize single metal
sites through coordination-connement, which provides an
effective strategy to prepare a series of high-activity and reusable
heterogeneous SAs@MOF catalysts. SAs@MOF catalysts can be
divided into two types according to different single-atom coor-
dination sites: metal node coordination and ligand coordina-
tion. Among them, metal nodes that usually serve as Lewis acid
sites can create an electron-decient environment for SAs and
regulate their electronic structures. The coordination of SAs to
the metal nodes in MOFs can be achieved through three strat-
egies: solvent-assisted ligand incorporation, hydroxyl coordi-
nation, andmetal ion exchange (Fig. 6). For instance, the Cr3(m3-
O) node in MIL-101(Cr) can be modied with amines and pyr-
idyl molecules.78Nguyen et al.modiedMIL-101 with dopamine
and subsequently interacted with vanadyl acetylacetonate to
prepare a vanadium-anchored MOF (V(dop)-MIL-101), and the
proportion of V/Cr was about 0.13 determined through ICP-OES
(Fig. 6a). V(dop)-MIL-101 showed good conversion efficiency for
the oxidation of organic suldes and could be adjusted to
specically provide the sulfoxide product, and the value of TON
to yield sulfoxide and sulfone was 73 and 13, respectively, in the
3rd cycle. NU-1000 was constructed from Zr6(m3-O)4(m3-OH)4(-
H2O)4(OH)4 (abbreviated to Zr6) and 1,3,5,8-(p-benzoate) pyrene.
The hydroxyl groups enriched in the metal nodes could coor-
dinate with bis(tert-butylimido)bis(dimethylamino)molybde-
num(VI) (Mo(am)2(im)2) through thermal deposition, and aer
coming into contact with oxygen for full oxidation, molybde-
num(VI) oxide was placed on the Zr6 node (denoted as Mo-
SIM).79 Mo(VI) atoms were coordinated with oxygen-containing
functional groups in Zr6, and ICP-OES analysis revealed 2.8
Mo per Zr6 (Fig. 6b). Mo-SIM achieved 93 � 2% conversion in
) solvent-assisted ligand incorporation (H atoms have been omitted for
: blue, O: red, Cr: violet, Zr: cyan, Al: green, V: purple, Mo: magenta, Ti:
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catalyzing cyclohexene epoxidation. As nodes of the Ti8-BDC
MOF, Ti8(m2-O)8(m2-OH)4 can coordinate with Co2+ through ion
exchange aer Ti8-BDC was deprotonated with LiCH2SiMe3.80

ICP-MS analysis revealed the presence of 0.7 Co per Ti8 node in
this single-site Co catalyst named Ti8-BDC-CoCl. Ti

III
2 TiIV6 -BDC-

CoH was further prepared from Ti8-BDC-CoCl with NaBEt3H
treatment, which has high catalytic activity for the hydrogena-
tion of various heteroarenes (Fig. 6c). The yields of TiIII2 TiIV6 -BDC-
CoH for the hydrogenation of pyridine, hindered pyridines
(including 2,6-lutidine and 2,4,6-collidine), and quinoline
derivatives (such as 3-methylquinoline and 2,6-dimethylquino-
line) were all over 90%.

Salicylaldimine-, monophosphine-, b-diketimine-, and
bipyridine-based ligands have a strong binding affinity to
metals, which is benecial for stabilizing single metal sites. At
the same time, strategies such as post-synthesis modication,
solvent-assisted linker exchange, and post-synthetic depro-
tection are conducive to the synthesis of such SAs@MOF cata-
lysts (Fig. 7). Wang et al. reported that copper ions could be
captured on the ligands of UiO-66-NH2 by –NH2, and Cu SAs
were further anchored on MOFs (Cu SAs/UiO-66-NH2) aer
a photoinduced process (Fig. 7a).81 Cu SAs/UiO-66-NH2 can
promote the reduction of carbon dioxide as an excellent pho-
tocatalyst, with the conversion rates of carbon dioxide to
methanol and ethanol of 5.33 and 4.22 mmol h�1 g�1. Fontecave
et al. exchanged the partial ligand of UiO-67 (bpydc, 2,20-bipyr-
idine-5,50-dicarboxylic acid) with Cp*Rh(bpydc)Cl2 (Cp* ¼
pentamethylcyclopentadiene) to generate a novel MOF loaded
with rhodium SAs (Cp*Rh@UiO-67) (Fig. 7b).82 Cp*Rh@UiO-67
can be used as a photosensitive catalyst to convert CO2 to
Fig. 7 The confinement strategies for SAs to the ligands in MOFs: (a) po
post-synthetic deprotection (C: grey, N: blue, O: red, Zr: cyan, Cu: orange
have been omitted for clarity).

1578 | Chem. Sci., 2022, 13, 1569–1593
formate with a TOF of 7.5 h�1, and it could be recycled up to 6
times. Lin et al. modied NacNac (b-diketiminate) in Zr6O4(-
OH)4(TPDC-NH2)6, an amino-functionalized UiO-type MOF, by
reaction with amino groups. They further utilized NacNac to
coordinate with metal ions and then reduction with NaBHEt3 to
exploit NacNac-M-MOF (M ¼ Fe, Cu and Co) (Fig. 7c).83 NacNac-
Fe-MOF, NacNac-Cu-MOF, and NacNac-Co-MOF can catalyze
the hydrogenation of alkenes, amination of alkyl azides, and
amination of cyclohexene, respectively. Wang et al. synthesized
a Cu SAC by utilizing the coordination-connement of N-
heterocyclic carbene (NHC) encapsulated in UiO-67.84 Firstly,
the NHC (1,3-dibenzyl-1H-imidazole-3-ium bromide, 2Bn$HBr)
molecule was in situ encapsulated in UiO-67 (2Bn@UiO-67),
thanks to the perfect size-matching between the UiO-67 cavity
and 2Bn$HBr. Subsequently, a single-atom site Cu catalyst (2Bn-
Cu@UiO-67) was constructed through the coordination of Cu
and carbene C. 2Bn-Cu@UiO-67 exhibited excellent electro-
catalytic performance for the conversion of CO2 to CH4 with
a Faraday efficiency of 81%.

3.2.2. COFs for coordination-connement. COFs can be
easily functionalized via post-modication or bottom-up
synthesis of various functional groups like hydroxyl groups,
sulfonic acid groups, phosphoric acid groups, amino groups,
and thiol/thioether groups. The functionalized side chains can
anchor and conne the growth of MNPs, thereby improving the
binding ability to metal ions or MNPs and facilitating the
preparation of highly dispersed ultrane MNPs.85–92 Further-
more, coordination atoms also can act as electronic regulators,
which have been conrmed to contribute signicantly to cata-
lytic reactions.
st-synthesis modification, (b) solvent-assisted linker exchange and (c)
, Rh: wine, Cl: green, and Fe: dark blue; the H atoms on the frameworks

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Thiol/thioether groups have good coordination ability, can
anchor a variety of metals, and are oen modied to the side
chains of COFs to conne the synthesis of MNPs and improve
their catalytic activity and stability.93 Lu et al. successfully
modied thiol chains in the COF channel using a post-
modication synthesis strategy (Fig. 8a).94 Thanks to the
strong binding force between –SH and Au, the thiol group in the
pore could act as a nucleation site for Au NPs and limit the
growth of Au nanoclusters. The as-prepared Au NPs with a very
small diameter of 1.8 nm were uniformly distributed in
Au@COF-S-SH. In contrast, the Au nanoclusters on COF-V
(without thiol chain modication) tended to agglomerate with
a larger size (Fig. 8b). Moreover, photoelectrochemical experi-
ments and calculation of binding energy had shown that Au-S-
COF bridging can improve the charge separation efficiency and
keep Au nanoclusters highly dispersed under long-term light
exposure. Therefore, Au@COF-S-SH exhibited enhanced
performance and stability in the photodegradation of Rhoda-
mine B. Zhang et al. constructed a thioether-containing COF
(Thio-COF) via a bottom-up synthesis strategy, and then highly
dispersed ultrane Pt NPs (1.7 nm) and Pd NPs (1.78 nm) were
synthesized by coordination-connement from the thioether
groups in the COF (Fig. 8c and d).95 Both PtNPs@Thio-COF and
Fig. 8 Cases of COFs for coordination-confinement. Construction sche
permission.94 Copyright 2020, WILEY-VCH. (c and d) Pt NPs@Thio-COF
Society.

© 2022 The Author(s). Published by the Royal Society of Chemistry
PdNPs@Thio-COF exhibited signicant conversion efficiency
(>95%) in reducing nitrophenol.

Nitrogen atoms can not only provide lone-pair electrons, but
also have relatively small electronegativity and easily give elec-
trons. Therefore, they have strong coordination ability and can
coordinate with many kinds of metal ions. Amino groups and
imines are also oen used to anchor and limit the nucleation
and growth of MNPs.96–102 For instance, Yue et al. adopted a COF
possessing amine groups (COF-300) to conne the synthesis of
ultrane Pd NPs for benzyl alcohol oxidation.103 They prepared
three different COFs via controlling the molar ratio of tetrakis(4-
anilyl)methane (TAM) and terephthaldehyde (TPA) and studied
the connement effects of the three COFs on Pd NPs. With the
optimized proportion of TAM and TPA, the prepared COF-300-
1114 showed the best connement effect. The size of the
highly dispersed ultrane Pd NPs was just 1.58 nm. The
formation of ultrane nanostructures was because when the
organic monomer TAM increased, an excessive number of
suspended amino groups could be introduced, which could act
as nucleation sites for Pd and limited their migration and
agglomeration during the reduction process. Pd/COF-300-1114
showed a good catalytic effect and stability for benzyl alcohol
oxidation with a rather high conversion rate of 97% and
matic and TEM images of (a and b) Au@COF-S-SH. Reproduced with
. Reproduced with permission.95 Copyright 2017, American Chemical
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selectivity as high as 99%. The high activity of Pd/COF-300-1114
was attributed to the existence of amino groups, which stabi-
lized the Pd NPs and accelerated their activity through amino
donor electrons.

Phosphine groups have high binding affinity to various
metal ions and are widely used as organic ligands to prepare
metal–organic compounds. The ordered phosphine groups
introduced into COFs can not only anchor metal ions or MNPs,
but also make the metal sites uniformly dispersed in the COF.
For instance, Zhang et al. fabricated a phosphine-based COF
(Phos-COF-1) for the rst time and used its phosphine coordi-
nation site to control the synthesis of a series of highly
dispersed ultrane MNPs.104 Because triphenylphosphine
(PPh3) has good binding affinity to various metal ions, the
orderly distributed PPh3 functional groups in porous Phos-COF-
1 can supply nucleation sites for MNPs. Attributed to the coor-
dination and restriction of PPh3 in Phos-COF-1, the average
Fig. 9 Cases of POPs or POCs for coordination-confinement. Schematic
with permission.107 Copyright 2015, American Chemical Society. (b)
permission.114 Copyright 2019, American Chemical Society. (c) Au@OC1R
Society.

1580 | Chem. Sci., 2022, 13, 1569–1593
sizes of the as-prepared Pd, Pt and Au were 1.62, 2.06, and
1.78 nm, respectively, and they were highly dispersed and evenly
distributed in Phos-COF-1. MNPs@Phos-COF-1 showed good
transformation efficiency in the reduction of 1-bromo-4-
nitrobenzene and nitrophenol, coupling reaction, and tandem
coupling and reduction of nitroiodobenzene. Moreover,
MNPs@Phos-COF-1 was easy to recycle and can well maintain
the nanostructure as well as high stability.

3.2.3. POPs or POCs for coordination-connement. 1,2,3-
triazolyl can coordinate with a variety of metal ions and is
therefore oen employed to manipulate the construction of
MNPs.105,106 For example, Wang et al. constructed two types of
POPs comprising 1,2,3-triazolyl (CPP-Y and CPP-C) via a Yama-
moto coupling reaction and click reaction, and discussed the
inuence of different synthesis routes on their structure and
activity (Fig. 9a).107 The coordination of 1,2,3-triazolyl with Pd
and the spatial restriction of POP channels effectively limited
illustration of constructing (a) Pd@CPP-Y or Pd@CPP-C. Reproduced
Ag@OMP-DMA, Ag@OMP-MA, or Ag@OMP-ED. Reproduced with
. Reproduced with permission.119 Copyright 2017, American Chemical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the growth of Pd NPs, thereby constructing highly dispersed
ultrane nanostructure. The average size of Pd NPs in Pd@CPP-
Y and Pd@CPP-C was 1.39 and 1.69 nm, respectively, which
could expose more catalytically active sites. Moreover, 1,2,3-
triazolyl anchored Pd NPs could improve the stability of the
catalysts. Therefore, Pd@CPP-Y exhibited good catalytic activity
for olen hydrogenation reactions with 100% conversion effi-
ciency, and the conversion still surpassed 90% aer being
recycled 7 times.

The electron-rich amino group can coordinate with a variety
of metal ions and is also oen used for the connement-
synthesis of MNPs.108–113 Studies have found that the spatial
site resistance and electron-giving capability of the amino
substituents also affect the construction of MNPs. Wu et al.
fabricated three different types of amino-functional ordered
mesoporous polymers (OMP-DMA, OMP-MA, and OMP-ED),
and explored their effects on the connement-synthesis of Ag
NPs (Fig. 9b).114 The aminos can be coordinated with Ag+, and
their different types determine the activity range of their coor-
dination. They called the enriched electron zones near N the
“localized active zones (LAZs)”. The properties of LAZs
Fig. 10 Cases of MOFs for ion-confinement. (a) Synthesis and X-ray crys
2017, Springer Nature. (b) Schematic representation of the structures of ca
distribution of Pd@Nano-PFC-8. Reproduced with permission.121 Copyri

© 2022 The Author(s). Published by the Royal Society of Chemistry
depended on the substituents' site resistance and electron-
giving capability. They found that modied electron-rich
amines regulated the growth of Ag NPs by creating LAZs. As
the extent of the LAZ surrounding N increased, excess Ag was
conned to the area, which led to producing non-uniform larger
MNPs. The DMA exhibited the smallest LAZ due to the presence
of two –CH3 with the largest steric hindrance. Therefore, the
average size of Ag NPs synthesized by OMP-DMA, OMP-MA and
OMP-ED was 6, 9, and 11 nm, respectively. Moreover, they
synthesized NH2-functionalized OMP (NOMP) through
a bottom-up synthesis strategy. Because –NH2 had a smaller
LAZ volume, the average size of Ag NPs in the as-synthesized
Ag@NOMP was only 3–4 nm. Thus, the yield of Ag@NOMP in
converting alkynes into alkynyl carboxylic acids reached more
than 95%.

Upon introducing a variety of electron-rich coordination
atoms into the organic cage, the coordination-connement can
cooperate with the space-connement of the organic cage to
limit the growth of MNPs.115–118 Mukherjee et al. reported the
use of an organic cage OC1R to synthesize ultrane Au NPs as
a heterogeneous photocatalyst (Fig. 9c).119 Calculations showed
tal structure of Pd0/1+4 -MOF. Reproduced with permission.120 Copyright
tionic PFC-8 and neutral PFC-9. (c) HRTEM images and Pd particle size
ght 2020, WILEY-VCH.
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that the cavity size of OC1R was between 1.67 and 1.82 nm.
OC1R contained vicinal diamine cles and cyclic thioether
moieties, in which electron-rich N and S can coordinate with
Au3+ to provide nucleation sites for Au NPs and stabilize metal
active centers. The average particle size of the prepared ultrane
Au NPs was ca. 2.0 nm. 1H diffusion-ordered spectroscopy
(DOSY) NMR revealed that free cages OC1R and Au@OC1R had
similar diffusion coefficients, indicating that OC1R and
Au@OC1R had comparable shapes and sizes, thus conrming
that each Au NP was anchored in a single cage cavity instead of
being combined by multiple cages. In addition, they found that
the loading of Au in Au@OC1R was as high as 68 wt% without
agglomeration. In contrast, when Au loaded by other methods
reaches 20 wt%, signicant agglomeration of MNPs will oen
occur. The formation of highly dispersed ultrane nano-
structures was attributed to not only the space-connement of
the ultrane nanocage, but also the coordination-connement
of abundant N and S atoms. Au@OC1R can be used as a pho-
tocatalyst for the selective reduction of nitroaromatics to azo
compounds, showing over 99% conversion and over 90%
selectivity. Moreover, Au@OC1R exhibited excellent structural
stability and reusability, and even though it was repeatedly used
5 times, there was no agglomeration of Au NPs.

3.3. Ion-connement

3.3.1. MOFs for ion-connement. The skeleton of a few
special ionic MOFs is charged, and the metal precursor can be
replaced into the MOF cages through ion exchange. The charged
MOF skeleton can conne and stabilize themetal ions and protect
them from agglomeration through the interaction of anions and
Fig. 11 Cases of POPs or POCs for ion-confinement. Schematic illustra

1582 | Chem. Sci., 2022, 13, 1569–1593
cations. MgII2[MgII4[Cu
II
2(Me3mpba)2]3]$45H2O is a highly porous

anionic MOF (Me3mpba refers to N,N0-2,4,6-trimethyl-1,3-phenyl-
enebis(oxamate)). Mg2+ in this MOF can be replaced by Ni2+

through ion exchange to obtain NiII2[Ni
II
4[Cu

II
2(Me3mpba)2]3]$

54H2O. Ni
2+ was further exchanged with [PdII(NH3)4]

2+ and then
reduced with NaBH4 to obtain Pd0/+14 -MOF(denoted as
[Pd4]0.5@Na3[Ni

II
4[Cu

II
2(Me3mpba)2]3]$56H2O). The Pd4 cluster has

2 units of positive charge ([Pd4]
2+) and can be well-dispersed and

solidied by the skeleton of the anionic MOF (Fig. 10a).120 There-
fore, Pd0/+14 -MOF can effectively catalyze carbene mediated reac-
tions, while can be collected and recycled without the depletion of
the catalytic activity with time. PFC-8 and PFC-9 have identical
coordination bonds, spatial groups and topological structures, but
PFC-8 is a cationic MOF and PFC-9 is a neutrally charged MOF.
Proting from the positively charged skeleton of PFC-8, [PdCl4]

2�

ions can be evenly dispersed in PFC-8 through an ion exchange
process. Then Pd@Nano-PFC-8 (PFC-8 supported Pd NPs with
a diameter of 1.75 nm) can be prepared aer being reduced with
NaBH4 (Fig. 10b). Under the same conditions, the ion exchange
process of PFC-9 was much slower since without the electrostatic
force, which cause inhomogeneous Pd NPs primarily presented
surrounding PFC-9 (Pd@PFC-9). Pd@Nano-PFC-8 showed high
conversion efficiency and selectivity (>99%) in catalytic H2 gener-
ation from formic acid with TOFPd¼ 5141 h�1, and the activity did
not signicantly decrease aer 5 consecutive reactions. In
contrast, the TOFPd and conversion rate of Pd@PFC-9 were only
2443 h�1 and 32.7%, respectively. The structure of Pd@PFC-9 was
destroyed aer one reaction and lost its catalytic performance.121

3.3.2. POPs or POCs for ion-connement. Ionic POPs or
POCs also can exhibit strong electrostatic attraction to
tion of constructing (a) Au@PION and (b) MCs@I-Cage-Cl.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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oppositely charged guest species and therefore are also used to
anchor and stabilize MNPs.122–126 Dai et al. synthesized high
ion-density PIONs (nanoporous ionic organic networks)
through the nucleophilic substitution reaction between the
organic monomers 1,3,5-tris(bromomethyl)-benzene and 1,2-
bis(4-pyridyl)ethylene (Fig. 11a).127 Since AuCl4

� ions can be
uniformly anchored in PIONs by the electrostatic effect
through ion exchange, Au@PION was prepared aer reduction
with NaBH4 with a Au NP size of ca. 1–2 nm and uniformly
dispersed in the pores. Au@PION presented high conversion
efficiency (>99%) and selectivity (>99%) for the oxidation of
saturated alcohols. Yuan et al. fabricated ionic organic cages
by acidifying the neutral amine cage RCC3 with hydrochloric
acid (I-Cage-Cl) (Fig. 11b).128 The high cation density,
coulombic attraction and connement effect in the ion cages
promoted the uniform anchoring of the guest anion [AuCl4]

�

in I-Cage-Cl. Finally, Au@I-Cage-Cl was prepared aer reduc-
tion, and the size of Au NPs was ca. 0.65 + 0.2 nm. Various
ultrane precious metal clusters (MCs) can be prepared in the
interior of I-Cage-Cl, beneting from the positive charge-rich
cage that can capture metal-containing negative ions to
control the growth of MNPs. Therefore, MCs@I-Cage-Cl
Fig. 12 Confinement pyrolysis of MOFs, COFs, or POPs to synthesize
structures.

© 2022 The Author(s). Published by the Royal Society of Chemistry
exhibited high activity and recyclability in the liquid phase
NH3BH3 (AB) hydrolysis reaction.
4. PMM-confinement pyrolysis to
synthesize ultrafine nanostructures

Through the preparation of ultrane nanostructures by pyrol-
ysis of metal-contained precursors, it is easy to obtain thermo-
dynamically stable crystal phases or to obtain phases that can
only be formed at higher temperature, such as metal carbides,
nitrides, etc. Commonly used synthesis strategies include direct
metal precursor pyrolysis, mechanical mixed pyrolysis of metal
ions and small organic molecules, high temperature vapor
deposition, etc. However, through these methods it is oen
difficult to control the morphology and particle size of MNPs,
and some methods encounter cumbersome operations or high
costs. Therefore, the strategy of using PMMs as connement
templates has attracted attention in recent years due to their
excellent adjustability and connement effect.129–131 According
to the structural features and connement characteristics of
PMMs, the connement pyrolysis strategy can be divided into
space-connement pyrolysis (SCP) and coordination-
connement pyrolysis (CCP) (Fig. 12). In the PMM-
ultrafine nanostructures with controllable compositions and atomic

Chem. Sci., 2022, 13, 1569–1593 | 1583
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connement pyrolysis, an effective strategy to control the
synthesis of ultrane MNPs or SAs is to precisely regulate the
ratios of PMM hosts to metal precursor guests. Besides,
modulating the pyrolysis conditions (e.g. temperature, time,
atmosphere, etc.) can also play important roles. Moreover, it is
necessary to reveal the structures of ultrane MNPs or SAs.
Generally, the crystal structure, microscopic morphology,
chemical composition, and bonding information of MNPs can
be obtained by conventional powder X-ray diffraction (PXRD),
transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy and Fourier-transform
infrared spectroscopy (FT-IR) techniques. X-ray absorption
spectroscopy (XAS) and aberration-corrected scanning trans-
mission electron microscopy (AC-STEM) can be helpful to
identify single atom sites.
4.1. Space-connement pyrolysis

The SCP strategy is the use of nanocages/pores or bulky building
blocks of PMMs to conne or isolate the metal precursor and
then block its aggregation at high temperature.132 According to
the different space types of PMMs, SCP can be divided into
hybrid space-connement pyrolysis (HSCP) and organic space-
connement pyrolysis (OSCP). Typically, MOFs are con-
structed from ligands and metal centers, which can provide
organic–inorganic hybrid nano-space to conne guest mole-
cules with suitable size based on host–guest chemistry. When
the scale of the guest exactly matches the size of the nanocages
and the pore windows of MOFs, each guest molecule is rmly
conned in a separate nanocage, effectively avoiding their
diffusion/agglomeration during the pyrolysis process. Besides,
the other signicant advantage of the HSCP is that additional
metal elements from the hybrid frameworks can be purpose-
fully introduced into the nal materials. During the pyrolysis
process, the metal atoms contained in MOFs can be doped into
MNPs or form a heterostructure with them. On one hand,
a large number of studies have conrmed that doping foreign
metal atoms into the lattice of MNPs can signicantly adjust the
coordination and electronic structure of the active atoms,
thereby adjusting their catalytic performance. On the other
hand, heterostructures are benecial to charge separation and
interfacial charge transfer, provide more catalytic sites, and
achieve synergistic catalytic effects, so that they exhibit unique
properties in catalytic reactions. In comparison, COFs and POPs
have abundant nanopores connected by organic monomers
through covalent bonds and/or secondary bonds. The pre-
designed nanopores in COFs or POPs can also isolate metal
precursors and reduce their migration and agglomeration
during the pyrolysis process, thereby forming ultrane MNPs.
Therefore, using the organic space in COFs or POPs to control
the preparation of ultrane MNPs is a typical OSCP strategy.133

The most signicant advantage of this strategy is that it is
particularly easy to introduce heteroatoms into the resultant
materials. Generally, organic monomers are highly modiable
and can be decorated with various heteroatoms. Thus, these
heteroatoms can be uniformly introduced into COFs or POPs
through the polymerization reaction of organic monomers.
1584 | Chem. Sci., 2022, 13, 1569–1593
During the pyrolysis process, these heteroatoms can be
uniformly doped into the derived carbon supports or MNPs. For
one thing, heteroatom-doped carbon can provide additional
active sites, and for another, heteroatom doping into MNPs can
also regulate the electronic structure of the metal centers,
thereby regulating their catalytic activity. Furthermore, the
carbon derived from PMMs can be both an electronic regulator
and a structural stabilizer for atomically dispersed metal
nanomaterials.

4.1.1. Hybrid space-connement pyrolysis. The key to
using nanocages in host frameworks to control the synthesis of
ultraneMNPs by pyrolysis is to select host and guest molecules
with perfectly matched sizes. The size of the selected guest
molecule is smaller than the cavity diameter of the nanocage in
the host, but larger than the pore window size. It ensures that
the guest molecules can be wrapped in the cavity yet cannot
easily migrate out of the pores of the host, thereby isolating and
conning the guest molecules.134 The nanocage size of MOFs is
highly adjustable and can be adjusted by regulating the organic
ligands as well as metal nodes. Moreover, many MOFs have
good structural stability and can exist stably in water, acidic
solutions, alkaline solutions and/or various organic solvents
without destroying the porous architectures. Therefore, MOFs
with good structural stability are oen used as the host mole-
cules. The frequently used guest molecules mainly include
metal acetylacetone complexes, metal carbonyl compounds,
POMs and so on.135–137 These guest molecules have a suitable
molecular size and stable chemical structure and easily form
homogeneous solutions.

The unique HSCP of MOFs can introduce additional metals
to strengthen the catalytic properties of MNPs. Teng et al.
constructed Pd–Cu NPs wrapped with porous N-doped carbon
via such a strategy (Pd–Cu/PNC).138 A Cu–BTC (BTC ¼ 1,3,5-
benzenetricarboxylic acid) octahedral crystal with nano-scale
cavities was selected as the host molecule. Palladium acetyla-
cetone (Pd(acac)2) was selected as the guest molecule, which
could enter the Cu–BTC nanocavities through immersion and
capillary force. Aer pyrolysis, Pd–Cu/PNC was prepared (Cu
NPs: �30 nm and Pd NPs: 2.0 nm). The formation of ultrane
Pd NPs was attributed to the space-connement, which can
reduce the migration and agglomeration of Pd precursors. Pd–
Cu/PNC exhibited great denitrication, with a nitrate removal
rate of about 97.1% and N2 selectivity of about 83%. In contrast,
Cu/PNC without Pd exhibited rather poor denitrication, with
a nitrate removal rate of only 62% and a N2 selectivity of only
28%. In addition, commercial Pd/C and porous carbon had
worse effects on denitrication (<20%). These experimental
results conrmed that Pd–Cu/PNC had high performance for
denitrication on account of the cooperative catalysis of Pd
nanoclusters and Cu NPs derived from the MOF metal nodes.

MAF-4 (also called ZIF-8) has an adjustable crystal
morphology and a highly ordered porous structure. It is
considered a promising precursor for the synthesis of well-
dened nanocatalysts and is used as a good host molecule to
control the synthesis of ultrane MNPs, due to a relatively large
cavity yet a small window.139 In addition, the carbon support
derived from MAF-4 has a high specic surface area and porous
© 2022 The Author(s). Published by the Royal Society of Chemistry
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characteristics. For instance, Li et al. adopted a host–guest
strategy to prepare a series of single metal atoms (M1/CN)
through HSCP (Fig. 13a).139 Taking the construction of Ir1/CN as
an example, MAF-4 and Ir(acac)3 were selected as the host and
guest molecules, respectively. Because the diameter of Ir(acac)3
(di¼ 9.8 Å) is exactly between the ZIF-8 aperture (dp¼ 3.4 Å) and
the cavity diameter (dc ¼ 11.6 Å), Ir(acac)3 molecules can be
encaged in the cavities of MAF-4 without migrating out of the
pores, realizing the effect of space-connement, thereby
avoiding the migration and accumulation of metal in pyrolysis.
Extended X-ray absorption ne structure (EXAFS) illustrated
that Ir was well dispersed on the CN substrate in the form of
single atoms. Least-squares FT-EXAFS tting of Ir1/CN
conrmed that the Ir center was four-coordinated and the
average bond length is 2 Å. The X-ray absorption near-edge
Fig. 13 Cases of space-confinement pyrolysis. (a) Schematic illustration o
Springer Nature. Construction schematic and TEM images of (b and c) H2

Chemical Society. and (d and e) WC@NPC. Reproduced with permission

© 2022 The Author(s). Published by the Royal Society of Chemistry
structure (XANES) conrmed that the oxidation state of Ir was
between 0 and +4. Ir1/CN exhibited excellent activity for elec-
trocatalytic formic acid oxidation, with mass activity reaching
12.9 A mgIr

�1. A wide range of SACs (Pd, Pt, Ru, Cu, Ni, Mo, Ga,
and Mn) could be prepared using this HSCP strategy.

Wang et al. constructed atomically dispersed uniform Ru3
clusters through the connement of molecular cages in MAF-
4.140 Ru3(CO)12 was selected as the guest molecule, because its
diameter is about 8.0 Å, so it can be contained in a cage without
being released. XANES, EXAFS, and wavelet transform (WT)
conrmed the existence of Ru–N, Ru–Ru and Ru–C in Ru3/CN,
and the atom-dispersed Ru3 clusters were stabilized by nitrogen
in the carbon layer. Ru3/CN exhibited a good catalytic effect in
the oxidation reaction of 2-aminobenzyl alcohol, with the
conversion rate and chemoselectivity reaching 100%. The TOF
f constructingM1/CN. Reproducedwith permission.139Copyright 2020,
O-WOx@C. Reproduced with permission.141 Copyright 2019, American
.142 Copyright 2017, American Chemical Society.
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value of Ru3/CN was superior to that of ultrane Ru NPs (ca.
2.5 nm).

POMs have an adjustable molecular size, clear structure, and
good solubility, making them ideal catalyst precursors. Niu
et al. used molecular cages in MAF-4 to encapsulate Keggin-type
K5BW12O40 (BW12), followed by pyrolysis and oxidation, to
synthesize ultrane H2O-WOx NPs (H2O-WOx@C) for the olen
epoxidation reaction (Fig. 13b).141 MAF-4 and BW12 were
selected as the host and guest molecules due to the following
reasons. Firstly, the size of a single BW12 anion is 0.9 nm, which
is smaller than the cage size of MAF-4 (1.16 nm) and larger than
the cage window size (0.34 nm), so it can be encapsulated in the
cage without being leached from its window. Secondly, BW12 is
very stable in the process of in situ packaging to form
BW12@MAF-4. Thirdly, the K+ ions that compete with BW12

anions and can be located in adjacent molecular cages encap-
sulating BW12, which can ensure that BW12 was evenly distrib-
uted in MAF-4. Thanks to the space-connement of the hybrid
cages, the migration and agglomeration of metal precursors
could be effectively reduced, thus preparing ultrane W NPs.
The average size of the highly dispersed ultrane W NPs in the
as-synthesized W@C was 2.28 nm (Fig. 13c). Aer oxidation,
H2O-WOx still maintained the ultrane nanoparticle structure
with highly uniform dispersion. The nal H2O-WOx@C showed
high catalytic activity for the epoxidation of olens with high
conversion (98.6%) and selectivity (99%).

Compared with MAF-4, MAF-6 possesses a larger nanocage
with a diameter of ca. 1.84 nm, a highly hydrophobic pore
surface, a exible small pore window (average diameter ¼ 0.76
nm), and good thermal/chemical stability, which is also chosen
as the host for even larger guest molecules (e.g. metal carbonyl
compounds) to conne the construction of ultrane MNPs.142

For example, we have reported the synthesis of ultrane WC
nanoclusters by using the HSCP method based on MAF-6
(Fig. 13d).142 The guest molecule W(CO)6 (molecular diameter
of ca. 0.92 nm) could be encapsulated and isolated in the
nanocavity of MAF-6 without leaching out of its window through
low temperature vapor adsorption. Subsequently, WC@NPC
was constructed by pyrolyzing the W(CO)6@MAF-6 precursor.
The ultrane WC NPs (ca. 2.0 nm) were highly dispersed and
uniformly embedded in the carbon substrate (Fig. 13e). For
comparison, a mechanically mixed precursor of W(CO)6/MAF-6
was constructed by adding W(CO)6 directly during the prepa-
ration of MAF-6, and in the same pyrolysis process, only W NPs
could be obtained with obvious agglomeration that resulted in
uneven sizes of 5–55 nm. The carbon protected WC nano-
clusters showed excellent hydrogen evolution reaction activity
and durability. In 0.5 M H2SO4, the overpotential for WC@NPC
at 10 mA cm�2 was 51 mV with a small Tafel slope of 49 mV per
decade. WC@NPC presented an extremely high exchange
current density (2.4 mA cm�2), surpassing all tungsten/
molybdenum-based electrocatalysts reported in advance. The
different distribution of W(CO)6 molecules in MAF-6 and the
connement effect of the porous framework may determine the
huge difference between the resultant MNPs, not just the
particle sizes but even the crystalline phases.
1586 | Chem. Sci., 2022, 13, 1569–1593
4.1.2. Organic space-connement pyrolysis. COFs or POPs
have a wealth of nanopores constructed from pure organic
species with adjustable sizes. It is easy to achieve precise control
of nanopores as well as pore surfaces by changing the types of
organic monomers. These organic nanopores can isolate metal
precursors and effectively reduce their migration and agglom-
eration during the pyrolysis process, thereby resulting in
ultraneMNPs.143 In addition, COFs or POPs also have excellent
structural robustness, existing stably in various solvent systems
to meet the requirements for uniformly encapsulating metal
precursors into their nanopores.

Li et al. synthesized a metal isolated single-atom site (ISAS)
catalyst (M-ISAS/p-CN) supported on porous nitrogen-doped
carbon using the OSCP method.144 Firstly, Co(acac)2@PDA
nanospheres were prepared by in situ encapsulation of cobalt
acetylacetonate during the polymerization of dopamine mono-
mers. Subsequently, Co-ISAS/p-CN was constructed via
controlling the pyrolysis of the Co(acac)2@PDA precursor. This
strategy had broad applicability and was suitable for the prep-
aration of a variety of M-ISAS/p-CN (e.g.M¼ Cu, Co, Ni, Pd, Mn)
catalysts, which still maintained the uniform nano-spherical
appearance. Taking Co-ISAS/p-CN as an example, the EXAFS
spectrum conrmed that there were no Co–Co chemical bonds,
indicating that Co was dispersed in p-CN in the form of single-
atom sites. In addition, a series of characterization techniques
conrmed that the Co single atom existed in the form of coor-
dination with four N atoms. Co-ISAS/p-CN showed excellent
electrochemical ORR activity with a half-wave potential of
0.838 V.

Huang et al. also used the OSCP strategy for preparing
ultrane Mo2C NPs.145 Firstly, PMo12@PPy/CNT was con-
structed through polymerization, crosslinking and coating
between CNTs, pyrrole, 5,10,15,20-tetrakis(4-carboxyphenyl)
porphyrin (TCPP) and PMo12 molecules. In the process of
pyrrole polymerizing around the outer layer of CNTs to form
a polymer chain, the 4 carboxyl groups on the TCPP molecule
and the N–H group on the PPy were cross-linked by 4 hydrogen
bonds, resulting in nanopores with a diameter of �1.8 nm. The
diameter of PMo12 is about 1.05 nm, so one nanopore can hold
exactly one PMo12 molecule. Subsequently, size-controllable
Mo2C NPs (Mo2C@NPC/CNT) coated with N and P co-doped
carbon shells were prepared by pyrolyzing PMo12@PPy/CNT.
The uniform embedding of Mo2C NPs in the carbon matrix
during carbonization was due to the perfect connement of
these molecule-scale organic cages. The optimized Mo2C NPs
were only 5.0 nm and were wrapped by 2–4 layers of ultrathin
carbon and uniformly dispersed in Mo2C@NPC/CNT. Mo2-
C@NPC/CNT exhibited good electrochemical performance for
the electrochemical sensing of acetaminophen (AC) and dopa-
mine (DA) simultaneously, showing detection limits (S/N¼ 3) of
0.01 and 0.008 mM for DA and AC.
4.2. Coordination-connement pyrolysis

The CCP strategy is the use of coordinated interactions between
the coordinating atoms on PMMs and targeted metal ions to
achieve connement. Many PMMs are rich in coordination
© 2022 The Author(s). Published by the Royal Society of Chemistry
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atoms (such as O, N, S, P, etc.), which can bind various metal
ions to form monodisperse metal centers with appropriate
distances, thus effectively reducing the diffusion and agglom-
eration of metals during the pyrolysis process.146–151 The coor-
dination heteroatoms can be doped in situ on the carbon
substrate formed by carbonization to modulate the electronic
structures of MNPs or single atom sites and can also induce the
metal precursors to form various functional metal compounds
at high temperature, such as metal suldes, metal phosphides,
metal nitrides, etc., which are very difficult to make into ultra-
ne sizes by conventional methods.152–159

Wu et al. reported an organic ligand CCP method to
synthesize a Co single-atom catalyst and regulated the electro-
catalytic CO2 reduction performance of the catalyst by adjusting
the coordination number of a single Co site (Fig. 14a).160 Thanks
to the coordination connement effect of the N atoms on the
ligands, the transport and accumulation of Co were signi-
cantly reduced to obtain a Co single-atom catalyst. The coordi-
nation number of Co (Co–N4, Co–N3, and Co–N2) could be
regulated by the pyrolysis temperature, and the higher the
temperature, the lower the coordination number. Co–N2

exhibited the best electrocatalytic CO2RR activity and selectivity,
the CO Faraday efficiency was as high as 94%, and the TOF value
Fig. 14 Cases of MOF coordination-confinement pyrolysis. Schematic il
with permission.160 Copyright 2018, WILEY-VCH. (b) FeSA-N-C. Reprod
Reproduced with permission.162 Copyright 2019, Elsevier.

© 2022 The Author(s). Published by the Royal Society of Chemistry
was up to 18 200 h�1. Experiments and theoretical calculations
conrmed that a lower coordination number was benecial to
the activation of CO2 to the CO$�

2 intermediate, which in turn
promoted the CO2 reduction activity of the catalyst.

Jiang et al. used a porphyrinic MOF to coordinate Fe3+ for
synthesizing Fe single atoms (Fig. 14b).161 Fex-PCN-222, being
isomorphic to PCN-222, was constructed by the self-assembly of
Fe-TCPP (TCPP ¼ tetrakis-(4-carboxyphenyl)porphyrin), H2-
TCPP and ZrOCl2$8H2O. By controlling the ratio of Fe-TCPP and
H2-TCPP, the distance between Fe-TCPP units in adjacent Fex-
PCN-222 could be optimized. The optimized Fe20-PCN-222 was
converted into Fe single atoms (FeSA-N-C) implanted in porous
nitrogen-doped carbon aer pyrolysis and subsequent removal
of ZrO2. EXAFS tting conrmed that each Fe atom formed
a four-coordinate structure with nitrogen. The formation of
single-atom Fe was attributed to the coordination-connement
effect of four N, which could anchor Fe, and then directly
retained in the nal structure by high temperature pyrolysis.
The ORR activity of FeSA-N-C (E1/2 ¼ 0.891 V) was better than
that of commercial Pt/C (E1/2 ¼ 0.848 V).

In addition to organic ligand CCP, MOFs can also achieve
metal node CCP. Zhang et al. used the connement effect of
metal nodes in UiO-66 to synthesize atomic-level Ir sites
lustration of constructing (a) Co–N4, Co–N3, and Co–N2. Reproduced
uced with permission.161 Copyright 2018, WILEY-VCH. (c) Ir@ZrO2@C.
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(Fig. 14c).162 The metal node Zr6 in UiO-66 is rich in hydroxyl
groups, which can chelate metal ions. Firstly, Ir@UiO-66 was
prepared by in situ graing an Ir precursor during MOF
synthesis. Subsequently, Ir@ZrO2@C was constructed by
pyrolysis of Ir@UiO-66 to obtain Ir@ZrO2@C, which main-
tained well the octahedral morphology. A large number of ZrO2

NPs (ca. 3.0 nm) were formed in Ir@ZrO2@C, but no Ir NPs were
found. In the PXRD pattern of Ir@ZrO2@C, there was only the
diffraction peak of ZrO2 but no diffraction peak of Ir elementary
substance, indicating the possible presence of monodisperse Ir.
The formation of atomic-level Ir sites was attributed to the
strong coordination of –OH to Ir on the Zr node in UiO-66,
which made it difficult for Ir to migrate and aggregate during
the pyrolysis process. Ir@ZrO2@C was a good acid-resistant
catalyst, showing great conversion efficiency in the hydrogena-
tion reaction of levulinic acid to c-valerolactone. The high
performance was attributed to the enhanced synergy between
the atomically dispersed Ir species and the ZrO2 carrier, as well
as the protective effect of the in situ derived amorphous carbon.

COFs can also achieve organic CCP for synthesizing ultrane
MNPs.163–165 Li et al. used a COF-absorption-pyrolysis approach
for preparing various isolated single atom site (ISAS) catalysts
(Fig. 15a).166 Firstly, RT-COF-1 was constructed through the
condensation reaction of organic monomers 1,3,5-tris(4-
aminophenyl) benzene and 1,3,5-benzenetricarboxaldehyde.
Then, the metal ions were uniformly anchored in RT-COF-1
using the coordination effect of the N atoms. Finally, the RT-
COF-1 precursor with metal ions was pyrolyzed to construct
ISAS catalysts (M-ISAS/CN, M ¼ Fe, Co, Ni) embedded in
Fig. 15 Cases of COF or POP coordination-confinement pyrolysis. Sch
TEM image of Ru@C2N. Reproduced with permission.168 Copyright 2017

1588 | Chem. Sci., 2022, 13, 1569–1593
a carbon substrate. M-ISAS/CN still maintained the morphology
of RT-COF-1 precursor nanospheres, and no MNPs were found
to be formed. Fe-ISAS/CN was taken as an example. FT-EXAFS
revealed the existence of Fe–N/C bonds in Fe-ISAS/CN but no
Fe–Fe bonds, indicating that Fe existed as a SA. Fe-ISAS/CN
displayed good ORR activity with a kinetic current density as
high as 5.47 mA cm�2 at 0.85 V. In addition, Fe-ISAS/CN
exhibited good stability and methanol tolerance.

Zhang et al. utilized a polymer-assisted pyrolysis strategy to
construct a Co SAC and proved that the incorporated P can
coordinate with Co to improve its ORR activity.167 The poly(HCCP–
TA–BPS) (HCCP ¼ hexachlorocyclotriphosphazene, TA ¼ tannic
acid, BPS ¼ 4,40-sulfonyldiphenol) nanospheres (PSTA) have
a large number of catechol groups, which can chelate Co2+ ions to
obtain PSTA-Co. Finally, PSTA-Co was pyrolyzed to prepare Co–
N2P2 monoatomic sites uniformly dispersed in PSTA-Co-1000.
Due to the chelation between the coordination atom and Co2+,
the agglomeration ofmetals during the pyrolysis process could be
reduced to prepare atomic-scale Co sites. EXAFS conrmed the
existence of Co–N and Co–P in PSTA-Co-1000, but no Co–Co,
indicating that a single Co atom was formed in the catalyst.
EXAFS tting revealed that the average coordination numbers of
Co with N and P were 2.1 and 1.9, respectively. PSTA-Co-1000
exhibited good electrocatalytic ORR activity with a half-wave
potential of 0.878 V. Compared with Co–N4, theoretical calcula-
tions showed that the Co–N2P2 active center could be more
effectively combined with oxygen to drive the ORR, with faster
ORR kinetics.
ematic illustration of constructing (a) Fe-ISAS/CN and (b) Ru@C2N. (c)
, Springer Nature.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Baek et al. constructed a N-rich porous polymer (C2N) using
the polycondensation reaction of organic monomers hex-
aketocyclohexane (HKH) and hexaaminobenzene (HAB) trihy-
drochloride, and synthesized Ru NPs (Ru@C2N) with the
coordination-connement of Ru3+ ions and subsequent pyrol-
ysis (Fig. 15b).168 The BET surface area of Ru@C2N reached
400.1 m2 g�1. TEM showed that the ultrane Ru NPs with
a diameter of ca. 1.6 nm were uniformly distributed in the C2N
supports (Fig. 15c). The formation of ultrane nanostructures
was attributed to the high density N sites in C2N, which could
provide nucleation sites for Ru atoms and limit their migration
and aggregation. The resultant Ru@C2N exhibited excellent
HER activity and stability. The overpotentials for Ru@C2N at 10
mA cm�2 were only 17.0 (1.0 M KOH) and 13.5 mV (0.5 M
H2SO4), surpassing commercial Pt/C and better than most re-
ported catalysts.

5. Conclusions and prospects

This review article introduced the latest progress on the
connement synthesis in PMMs for synthesizing atomic-scale
nanostructures. PMMs show superb advantages in constituent
modulation and structural modication. The building blocks,
organic functional groups, or metal nodes in PMMs can be
accurately regulated at the atomic level. Therefore, it is possible
to design and construct adjustable nano/sub-nano-conned
spaces and modify various types of coordinated heteroatoms in
PMMs. PMMs exhibit unique advantages of space-connement,
coordination-connement, and ion-connement, which can
not only signicantly reduce the agglomeration of MNPs, but
also limit the growth of MNPs to obtain well-dispersed ultrane
MNPs. Additionally, PMMs can serve as desired templates or
precursors to derive various ultrane nanostructures beneting
from their special molecular construction and connement
effects. The abundant nanocages/pores and coordination atoms
in PMMs can isolate and anchor metal precursors/metal ions to
limit the atom diffusion and aggregation during the pyrolysis
process. Moreover, PMMs can easily form hybrid carbon layers at
high temperature, which not only regulate the electron structures
of the atom-dispersedmetal nanomaterials but also protect them
from agglomeration or degradation in harsh chemical environ-
ments. By using these strategies, newmultifunctional and highly
active materials based on PMMs or their derivatives will appear
in the future.

Despite the tremendous successes, PMM-connement
research still faces some challenges. Firstly, most connement
strategies currently focus on the synthesis of ultrane precious
MNPs, like Au, Pt, Ru, etc. There are few reports on the
construction of ultrane non-noble MNPs by the PMM-
connement strategy, because non-precious MNPs present
higher surface energy and more reactivity under oxidation and
reduction conditions, tending to aggregate and become larger.
Actually, easy-to-obtain and non-expensive MNPs have broader
application prospects. Therefore, it is necessary to propose an
effective PMM-connement strategy to synthesize ultrane yet
stable non-noble MNPs. Secondly, the PMM-connement
strategy is mostly applied to the construction of metals or
© 2022 The Author(s). Published by the Royal Society of Chemistry
their alloys. The synthesis of ultrane and stable metal phos-
phides, nitrides, and chalcogenides is rarely achieved, and
these ultrane nanostructures oen show superior activity in
heterocatalysis, especially the catalytic conversions of small
energy molecules. Applying the PMM-connement strategy to
synthesize a richer variety of ultrane nanostructures can make
it more universal and expand its application elds. Thirdly, it is
necessary to develop multi-connement combination strate-
gies, such as space-ion-connement, space-coordination-
connement and so on, which may provide the possibility for
the synthesis of more types of ultrane nanostructures, such as
multi-component ultrane nanocrystals, single atom loaded
nanoclusters, diatomic or triatomic site catalysts, etc.Moreover,
it is also important to study the inuence of different pore sizes
and pore surface characteristics in PMMs, such as hydrophi-
licity and hydrophobicity, on the connement synthesis of
MNPs, as well as the inuence of different functional groups or
coordination on their morphologies and sizes, which would
guide the rational design and construction of ideal PMMs for
the connement synthesis of specically functional MNPs.
Furthermore, the development of more widely sourced, lower
cost PMM materials, such as biomass macromolecules, as
domain-connement templates is also desirable, which is
conducive to the large-scale preparation of highly active ultra-
ne nanomaterials.
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