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Atomically precise metal nanoclusters
meet metal-organic frameworks
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SUMMARY

Significant progress has been made in both fields of atomically precise metal
nanoclusters (NCs) and metal-organic frameworks (MOFs) in recent years. A
promising direction is to integrate these two classes of materials for creating
unique composites with improved properties for catalysis and other applications.
NCs incorporated with MOFs exhibit an optimized catalytic performance in many
catalytic reactions, in which MOFs play a vital supporting role or as cocatalysts. In
this Perspective, we first provide a brief summary of the methods that have been
developed for the preparation of NCs/MOF composites and the characteristics of
these strategies are analyzed. Following that, some recent works are highlighted
to demonstrate the crucial role of MOF matrices in the enhancement of NCs cat-
alytic properties. Finally, we outline some potentially important aspects for
future work. This Perspective is in hopes of stimulating more interest in the
research on the integration of NCs with MOFs toward functional materials.

INTRODUCTION

The past decade has witnessed the rapid development of atomically precise metal nanoclusters (NCs),
including the synthetic strategies and prospective applications (Jin et al., 2016; Zhou et al., 2019). Particu-
larly, NCs are of wide interest to the field of catalysis owing to their distinctive geometric and electronic
structures (Du et al., 2020; Jin et al., 2021a). First, NCs possess the highest uniformity, precise atomic com-
positions, and well-defined atom-packing modes, allowing for structure-reactivity correlations (Li et al.,
2021).In addition, exquisite control at the atomic precision (e.g., the atom type, quantity, and location,
as well as the surface ligands) enables fine-tuning of the NC surface functionality to improve the catalytic
properties (Jin et al., 2021a, 2021b).

However, two issues are posed in NCs-based catalysis: (1) the insufficient stability under harsh conditions
(e.g., atendency of aggregation) and (2) the steric hindrance of the ligands (e.g., for bulky reactants) (Li and
Jin, 2013; Longo et al., 2020). The high surface free energy originated from the ultrasmall size not only gives
rise to high catalytic activity but also often results in the aggregation of NCs, especially at high tempera-
tures, which will cause a sharp decrease in active sites (Yan et al., 2018; Chen et al., 2019a). For the second
problem, although surface ligands on NCs are necessary for protecting and maintaining the atomically pre-
cise structure, the existence of those ligands will reduce the accessibility of active sites by the increased
steric hindrance (Li et al., 2018a; Shivhare et al., 2013; Fang et al., 2016). As a result, improving the catalytic
performance requires figuring out how to stabilize NC structures while decreasing the shielding impact of
ligands on metal sites.

To solve the problems, one of the potential strategies is to integrate NCs with metal-organic frameworks
(MOFs). MOFs are a class of crystalline porous materials with well-defined pore architectures and tunable
chemical functionalities (Zhou et al., 2012; Kirchon et al., 2018). Profiting from their unique features, MOF
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in recent years, and MOFs have demonstrated remarkable performance in overcoming the limitations of
NCs in catalysis.

In this Perspective, we first summarize the reported methodologies for the fabrication of NCs/MOF com-
posites, along with analyzing the advantages and limitations of those methods. Then, we introduce some
recent work to illustrate how MOF matrices contribute to the NCs-catalyzed reactions. Finally, some per-
spectives are provided on the future developments in this field. We hope this Perspective will stimulate
more research efforts toward this direction.

FABRICATION OF NCS/MOF NANOSTRUCTURES

MOFs consist of two major components: the bridging organic ligands and the inorganic secondary build-
ing units (SBUs) comprising metal ions or clusters. The well-defined frameworks of MOFs are formed
through the periodic connection between organic linkers and SBUs. In the last few decades, more than
20,000 MOFs have been reported (Fenlon, 2018). The hybridization of NCs with MOFs can be accomplished
in several ways. On the one hand, NCs as guest species can be incorporated into the host framework of
MOFs via three primary routes in terms of the synthetic approach: surface anchoring, pore-confined
growth, and in situ encapsulation. NCs used as building blocks, on the other hand, can be coordinated
with specific functional linkers to form the cluster-based MOFs, which we call the inter-nanocluster linking
strategy. Here, it is worth mentioning that the few-atom clusters (e.g., Zrg(p3-O)4(pz-OH)4(COO)4,) are not
covered in this article (Rogge et al., 2017; Chen et al., 2019b). The NCs discussed below are typically
composed of dozens of atoms in the core and are protected by thiolate (SR) and phosphine (PPhs) ligands.

Surface anchoring is the most straightforward method for combining NCs with MOFs, which may be
accomplished using a simple wet impregnation process. Typically, mixing pre-synthesized MOFs and
NCs in one pot can attach NCs onto the outer surface of MOFs, but there is a precondition that the
size of NCs should be larger than the aperture size of MOF matrices (Figure 1A) (Luo et al., 2018). On
the contrary, if the size of NCs is less than the MOF's aperture, NCs could easily diffuse into and be
located in the interior channel of MOFs (Figure 1B) (Liu et al., 2016a). The driving force of surface
anchoring strategy is the host-guest interactions between NCs and MOFs, such as the coordinative inter-
action and the electrostatic attraction. Anchoring NCs on the MOF surface can retard the migration and
hence aggregation of NCs to some extent, as well as combining the properties of NCs and MOFs.
Nevertheless, the NCs could be detached from MOF supports by washing due to the weak host-guest
interactions, and it is also insufficient for the surface anchoring approach to eliminate the aggregation
of NCs at harsh conditions (e.g., high temperatures). Thus, research on the integration of NCs with
MOFs via surface anchoring is relatively less.

The growth of NCs within MOF pores is another viable strategy because the pore size of MOFs is highly
tunable and can accommodate guests of various sorts and sizes (Deng et al., 2012). Pore-confined growth,
as opposed to surface anchoring, is a more advanced immobilization technique that can give molecular-
size selectivity to NCs while also protecting them against leaching and aggregation. In 2016, Liu et al.
demonstrated the pore-confined growth by investigating the synthesis of Au11:PPh3 NCs inside ZIF-8 pores
(Figure 2) (Liu et al., 2016b). After impregnating Au precursor into ZIF-8 and subsequent reduction by
NaBH,4, homogeneous Auy1:PPhs NCs were synthesized and uniformly disseminated in the framework of
ZIF-8. Moreover, when MIL-101 with large pores was employed as the template, pure Au;3Agi2:PPhs
NCs with a larger size than Auq1:PPh3 can be obtained, manifesting the versatility of the pore-confined
growth method. Since NCs are physically constrained in pores, the migration and aggregation of NCs
can be effectively avoided at high temperatures. Thus, the ability of pore-confined growth to integrate
and stabilize NCs inside MOF scaffolds is evident. Unfortunately, owing to the restricted pore size of
MOFs, the sizes of NCs that can be produced may be limited. Furthermore, sometimes the pore-confined
growth has difficulties in ensuring the atomic accuracy of NCs, as atomically exact NCs generally require
kinetic control in the reduction stage, followed by a size-focusing step or separation procedure (Li and
Jin, 2020; Liu et al., 2020; Chen et al., 2015).

In situ encapsulation, on the other hand, appears to be a more promising alternative with more possibil-
ities. In situ encapsulation is to mix NCs and the precursors of MOF in one pot so that the NCs@MOF com-
posites could cocrystallize during the synthetic process (Luo et al., 2018; Gao et al., 2018; Sun et al., 2018).
Hence, this method allows any size and shape of NCs to be sterically encapsulated into MOFs. The tight
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Figure 1. Construction of NCs/MOF composites

(A) Schematic representation of the synthesis processes of Au,s(SG)1s/ZIF-8 (anchoring Auzs(SG)1s on the outer surface of
ZIF-8). Note: Auys = 25-atom nanoclusters, SG = glutathione, ZIF-8 is a zeolitic imidazolate framework (ZIF) consisting of
tetrahedrally coordinated Zn?* ions connected by 2-methylimidazole linkers. Reproduced with permission from Luo et al.
(2018). Copyright 2018 Wiley-VCH.

(B) Schematic representation of Auq33(SR)s, organization in the periphery of gradient bMOF-102/106. Reproduced with
permission from Liu et al. (2016a). Copyright 2016 American Chemical Society.

MOF covering on the implanted NCs are like armor to protect NCs from migration and aggregation. In
addition, the integrity of MOF porosity can be preserved since MOF is coated on the surface of NCs, facil-
itating the rapid diffusion of reactants within the MOF. Initially, coordination-assisted self-assembly was
developed to encapsulate Auzs(SG)1g into ZIF-8 (Luo et al., 2018), which takes advantage of the coordi-
nating interaction between Zn?* and the carboxyl group in -SG ligand of Auys NCs, leading to the self-as-
sembly of ZIF-8 surrounding Au,s(SG)1g NCs. Later on, a more universal encapsulation strategy based on
electrostatic attraction was established (Figure 3) (Sun et al., 2018). Taking Au12Ag32(SR)30@ZIF-8 as an
example, the typical process includes (1) mixing anionic [Au;2Ag32(SR)30]* NCs with a Zn°* solution and
(2) adding 2-methylimidazole into the [Au12Ag32(SR)30]4"/Zn2+ mixture. Then, [Au12Ag32(SR)30]4' NCs can
be uniformly encapsulated into ZIF-8 scaffolds without sacrificing the intrinsic porosity of ZIF-8. The elec-
trostatic attraction between anionic NCs and positively charged metal ions is the driving force for success-
fully encapsulating NCs into MOFs. Accordingly, by rationally selecting NCs and MOFs, the electrostatic
attraction-assisted encapsulation process is able to fabricate various NCs@MOFs composites, such as
all the combinations of Auj2Ag13, Agas, and Ag12Cuzg NCs with ZIF-8, ZIF-67, and manganese hexacyano-
ferrate hydrate frameworks. All in all, in situ encapsulation is an elegant and versatile strategy for the inte-
gration of NCs with MOFs, which is capable of immobilizing NCs inside MOFs while preserving the intrinsic
properties of both NCs and MOFs.
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Figure 2. Schematic representation of the process of Au NCs synthesis in MOFs and the example of Au,,@ZIF-8
Reproduced with permission from Liu et al. (2016b). Copyright 2016 Royal Society of Chemistry.

Owing to the tailorable surface coordination chemistry of NCs, specific functional linkers can assemble NC
building blocks into cluster-based networks. Such cluster-based networks possess unambiguous
crystal structures and porous frame architectures, which are reminiscent of the characteristics of
MOFs (Jin et al., 20271a; Kang and Zhu, 2019). The best-known examples of cluster-based MOFs are silver
chalcogenolate cluster-based MOFs that rely on the Ag-N interactions. In 2017, Zang and co-workers
demonstrated the inter-nanocluster linking of Agy, NCs into the rigid Agq»>-based MOFs (Ag1,(S'Bu)g(CFs.
COOQO)4(bpy)s, designated as Agq.bpy below) by substituting the coordinated CH3CN ligands of Ag;, with
the linear bidentate linker 4,4’-bipyridine (bpy) (Figure 4) (Huang et al., 2017b). In the framework of
Agiobpy, each [Ag1288]4' node is linked to four adjacent nodes via eight pp-bpy bridges, and an open chan-
nel with a rectangle cross-section of dimensions 11.78 x 6.47 A? appeared. The inter-nanocluster linking
process remarkably improved the stability of Agi, NCs (from minutes to over 1 year), and a 60-fold
enhancement in photoluminescence (PL, quantum yield from 0.2 to 12.1%) was observed after the assembly
of Ags building blocks; thus, this strategy should be promising for extension to other systems by utilizing
the functionalized NCs (Gunawardene et al., 2019; Li et al., 2016) for enhancing luminescence and catalytic
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Figure 3. Schematic illustration showing the rational encapsulation of NCs@MOFs by electrostatic attraction
Reproduced with permission from Sun et al. (2018). Copyright 2018 Royal Society of Chemistry.
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Figure 4. Schematic representation of self-assembly of Ag,, NCs building blocks into Ag4,bpy porous
frameworks

Note: the yellow surface (on the right) represents the pore surface. Reproduced with permission from Huang et al. (2017b).
Copyright 2017 Springer Nature.

functionalities (Takano et al., 2018; Higaki et al., 2018). The composites have been utilized in various appli-
cations (Huang et al,, 2018; Du et al., 2018; Cao et al.,, 2019, Dong et al., 2020). Several other Ag NCs
including Ags (Chang et al., 2018), Agio (Dong et al., 2018), Agi4 (Wang et al., 2018; Alhilaly et al., 2019;
Deng et al., 2021), Agss (Alhilaly et al., 2019), Agig (Ma et al., 2019), and Agy; (Zhao et al., 2020a) have
also been constructed into two- or three-dimensional cluster-based MOFs using N-containing linkers
with different configurations and functionalities. Indeed, the inter-nanocluster linking technique exhibited
a distinctive superiority in the structural manipulation and property tailoring of NCs, allowing not only for
the enhanced stabilization of NCs but also for the merging of functionalities of NCs and MOFs. However,
one drawback is that the bridging linkers used to fabricate the cluster-based MOFs are limited to N-donor
ligands only. Thus, novel bridging linkers or new types of bonding modes are still highly desired for enrich-
ing the family of the cluster-based MOFs.

NCS/MOF NANOSTRUCTURES FOR CATALYSIS

Unlike traditional nanoparticles, NCs possess several distinct features including their ultrasmall sizes, abun-
dant unsaturated active sites, and large surface areas, all of which make them highly reactive in catalytic
reactions. However, the higher tendency of aggregation and the lower exposure of metal sites of ligated
NCs will reduce or even shut down the catalytic activity. Integrating NCs with MOFs is a feasible way to
tackle these dilemmas, and the synergistic effect between NCs and MOF matrices can occasionally have
unexpectedly favorable effects on catalytic performance. Here, we will discuss some recent work to demon-
strate how the MOF matrices assist or participate in the NCs-catalyzed reactions.

Stripping the surface ligands of NCs is a direct way to expose more active sites because it can reduce or
even eliminate the steric hindrance of ligands (Zhao et al., 2018). However, access to ligand-free NCs is
considerably more complicated and constrained by their strong inclination to aggregate (Das et al,,
2014; Wang et al., 2015). Exfoliating the surface ligands of NCs encapsulated in MOFs to yield non-ligated
NCs is a feasible route, by which the stiff pores of MOFs are capable of preventing the migration of non-
ligated NCs, thus maintaining the cluster atomicity. Lately, Fischer and co-workers demonstrated a proof-
of-concept by encapsulating CO-ligated, atom-precise Pty clusters (formula: [NBuglo[{Pt3(CO)s}sl) into
ZIF-8 and subsequently decarbonylating to generate Pty24, NCs uniformly distributed in ZIF-8 matrix (Fig-
ure 5A) (Kratzl et al., 2019). [NBuglo[{Pt3(CO)}z] would be selectively oxidized into [NBuglo[{Pt3(CO)s}4] after
being enclosed in ZIF-8 and exposed to air, forming the air-stable inclusion compound [NBugl2[{Pt3(CO)s}4l
@ZIF-8 of defined atomicity Ptip. Whereafter, the [NBuglo[{Pt3(CO)s}a]@ZIF-8 composite was heated at
200°C under vacuum to thoroughly remove the carbonyl ligands (Figure 5C). The obtained ligand-free
Pt NCs were homogeneously distributed throughout ZIF-8 and showed a diameter of ca. 1 nm, consistent
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Figure 5. Characterization of PtNCs/ZIF-8 composites

(A) Schematic representation of the synthesis of precise PtNCs in ZIF-8: (1) the Chini cluster [NBualo[{Pt3(CO)s}3], (2)
INBUlo[{Pts(CO)e)31@ZIF-8, (3) [NBual[{Pt3(CO)e}a]@ZIF-8, and (4) PINC@ZIF-8.

(B) High-resolution transmission electron microscopy (HR-TEM) images of 3 and 4: (left) a single PtNC in 3 (scale bar,

5 nm); (right) a single PtNC in 4 (scale bar, 10 nm).

(C) Comparative FT-IR spectra of 3 (blue) and 4 (black). After heating under vacuum, the CO bands for terminal

(2,051 cm™") and bridging (1,868 cm~") CO ligands (inset) disappeared completely, confirming the full decarbonylation.
(D) Catalytic hydrogenation of 1-hexene with 3 and 4 as catalysts. Reproduced with permission from Kratzl et al. (2019).
Copyright 2019 American Chemical Society.

with the cluster size of [NBuglo[{Pt3(CO)s}4]@ZIF-8 before decarbonylation (Figure 5B). These results indi-
cated that ZIF-8 matrix can stabilize the decarbonylated Pt NCs against aggregation and therefore main-
tain the cluster atomicity. Profiting from more exposed metal sites and less diffusion resistance to reactants,
the ligand-free Pt NCs in ZIF-8 can fully convert 1-hexene to hexane within 3 h with a TOF of around 2000

h=!, much higher than the ligated [NBu,lo[{Pt3(CO)s}4]@ZIF-8 with only 24% conversion after the same re-
action time (Figure 5D).

Restricting the vibration and rotation of ligands by MOFs is another elegant way to weaken the steric hin-
drance of ligands, so as to increase the exposure of active sites. Recently, Zhao et al. used a stiff y-cyclo-
dextrin-MOF (y-CD-MOF) with adequate cavities to include the ligands of Auso(Adm), NCs by using
host-guest chemistry (Figure 6A) (Zhao et al., 2020b). After being anchored on the surface of y-CD-
MOF, each Auso(Adm),; is enclosed by approximately 228 y-CDs and therefore rigidifying the ligands of
NCs. As the free-swinging of ligands is impeded, reactants can easily reach and interact with the metal
surface of Augg NCs through the interstices left by the rigid ligands. Hence, in a horseradish peroxidase-
mimicking reaction, Ause/y-CD-MOF exhibited a higher catalytic activity that the virgin Augg NCs (Figures
6B and 6C). This method is adaptable for other NCs with different ligands such as Ausg(PET)24 and Auga(2,4-
DMBT),. In another study, Yuan and co-workers used the ligand of NCs as one of the building units of
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Figure 6. Modulation of functionallity of NCs/MOF composites

(A) Schematic representation of the HRP-mimicking reaction catalyzed by Auso(S-Adm),; itself (prohibited) and its
inclusion compound (permitted).

(B and C) Histogram of the absorbance at 652 nm for TMB/H,0O,-related systems (here 3,3',5,5'-tetramethylbenzidine
(TMB) is the substrate) with the addition of different catalysts (in the blank experiment, only TMB and H,O, were added).
Reproduced with permission from Zhao et al. (2020b). Copyright 2020 American Chemical Society.

(D) Schematic representation of the preparation of GSH-Au NCs@ZIF-8 via coordination-assisted self-assembly strategy
and the electrochemiluminescence-enhanced mechanism.
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Figure 6. Continued

(E) Electrochemiluminescence intensity of the biosensor with different concentrations of rutin (a) 0.05, (b) 0.5, (c) 5, (d) 10,
(e) 20, (f) 30, (g) 50, (h) 60, and (i) 100 pM.

(F) Corresponding calibration curve for the rutin determination. Reproduced with permission from Nie et al. (2021).
Copyright 2021 American Chemical Society.

MOFs to impede the ligand swinging of NCs (Nie et al., 2021). Glutathione (GSH) protected Au NCs (GS-Au
NCs) were encapsulated into ZIF-8 to construct the GS-Au NCs@ZIF-8 composite, where Zn?* coordinates
with both the carboxyl group in the GSH ligand and the nitrogen atom of 2-methylimidazole linkers (Fig-
ure 6D). As a consequence, the molecular vibration and rotation of GSH ligands were restrained by the
ZIF-8 matrix, as evidenced by the enhanced PL and the increased average lifetime of PL for GS-Au
NCs@ZIF-8. Coordinatively rigidifying the GSH ligands with MOF hindered the ligand rotation-induced en-
ergy dissipation of Au NCs and diminished the self-quenching effect, generating a significantly improved
electrochemiluminescence (ECL) efficiency. Hence, GS-Au NCs@ZIF-8 showed an exceptional sensitivity in
the ECL detection of rutin, with a detection limit of 10 nM, surpassing many other biosensors (Figures 6E
and 6F).

MOFs with well-defined and customizable porous structures are an excellent platform for regulating the
microenvironment around the embedded NCs. The interaction between the microenvironment and NCs
has a profound influence on the geometric and electronic structures of NCs, which in turn influences the
catalytic properties. For example, Dou et al. theoretically investigated the electronic properties of Au
NCs encapsulated in ZIF-8 and ZIF-90, as well as their difference in CO oxidation (Dou et al., 2018). The
calculation indicated that the different functional groups in ZIF-8 (methyl group) and ZIF-90 (aldehyde
group) result in distinct electrical characteristics of the confined Au NCs. Compared with Au NCs confined
in ZIF-90, the binding energy of Au NCs inside ZIF-8 is stronger, accompanied with a larger charge transfer
from the MOF framework to Au NCs. Furthermore, CO adsorption and oxidation analyses reveal that Au
NCs embedded in both ZIF-8 and ZIF-90 have lower reaction barriers than those for isolated Au NCs (Fig-
ure 7A), demonstrating the critical function of the MOF support in improving the catalytic activity.

Inarecentwork, Fei and co-workers utilized an N-heterocyclic carbenes (NHCs)-functionalized UiO-68-NH,
matrix to immobilize Au NCs for the photocatalytic CO, reduction (Figure 7B) (Jiang et al., 2021). Under
illumination, Au-NCs@UiO-68-NHC steadily converted CO, into CO at a rate of 57.6 pmol g~ *h™",
which is over four times higher than the UiO-68-NH,/Au mixture without NHC functionalization
(13.4 pmol g~'h™") (Figure 7C). The dramatic difference in catalytic activity was caused by the different
levels of photogenerated electron transfer. For Au-NCs@UiO-68-NHC composite, the photogenerated
electrons from Au could be more easily transferred to the Zr,O4(OH), clusters of UiO-68-NHC through
the Au-NHC covalent bonding because the conduction band of UiO-68-NHC is more positive than the
Fermi level of Au NCs (Figure 7D). In contrast, the carrier transfer between Au NCs and UiO-68-NH, is
largely limited by their non-covalent interface interactions (Figure 7E).

In addition to altering the structure of NCs, the adjustable microenvironment is also capable of regulating
the adsorption and orientation of reactant molecules on catalyst surfaces to synergistically enhance cata-
lytic performance. For example, Zhu and co-workers encapsulated Auys(L-Cys)1g NCs into the interlayer be-
tween ZIF-8 and ZIF-67 to fabricate a robust sandwich-like ZIF-8@Au,s@ZIF-67 composite for the terminal
alkyne carboxylation with CO; (Figures 8A and 8B) (Yun et al., 2020). Beyond accelerating mass transfer and
stabilizing Au NCs, the ZIF-67 shell of the sandwich ZIF-8@Au,s@ZIF-67 does assist capture and activate
CO; molecules. In a typical carboxylation process, CO; is captured and activated by 2-methylimidazole
of the ZIF-67 shell to form an intermediate state. Then, the activated CO, inserts into the CH=CH—Au
bond for the subsequent catalytic process (Figure 8D). As a result, the sandwich ZIF-8@Au,s@ZIF-67
displayed the highest activity with a TON value of 4,433 compared with all the other catalysts (Figure 8C).
Besides the above functions, the topological structure of porous MOF support can endow the internal NCs
with molecule size-selective reactivity.

Unlike incorporating NC guests into MOF hosts, the inter-connection of NCs into the cluster-based MOFs
would establish a tight association between the NC building blocks and the bridging linkers, which helps
amplify the synergistic effects between the two components for optimizing the catalytic property of NCs. In
a typical case, the photosensitizer 5,10,15,20-tetra(4-pyridyl)porphyrin (TPyP) was used as the bridging
linker to assemble the Ag;» NCs into a new cluster-based MOFs [Ag12(S'Bu)(CF3COQ)3(TpyP)], (denoted
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Figure 7. Catalytic application of NCs/MOF composites

(A) Energy profiles of CO oxidation using isolated Auy, (black line), Auj,@ZIF-8 (red line), and Au14@ZIF-90 (blue line) as catalysts, respectively. Reproduced
with permission from Dou et al. (2018). Copyright 2018 American Chemical Society.

(B) Schematic representation of the synthesis of UiO-68-NHC, Au-NC@UiO-68-NHC, and UiO-68-NH,/Au mixture.

(C) Time courses of CO evolution by photocatalytic CO, reduction using UiO-68-NHC, Au-NC@UiO-68-NHC, UiO-68-NH,, and Au/UiO-68-NH, as
photocatalysts upon AM 1.5G irradiation.

(D) Band alignment of Au NCs and UiO-68-NHC.

(E) The charge density difference (CDD) under the ground state (left) and the excited state (right) between Au NC (gold) and UiO-68-NHC (top) and UiO-68-
NH, (bottom). Electrons and holes are represented by green and blue ellipses, respectively. Reproduced with permission from Jiang et al. (2021). Copyright
2021 Wiley-VCH.

as Ag12TpyP) for the effective detoxication of sulfur mustard simulants (2-chloroethyl ethyl sulfide, CEES)
(Figure 9A) (Cao et al., 2019). In the network of Agi,bpy, the small band gap of Agi, NCs and the TpyP
linkers boosted the production efficiency of singlet oxygen ('O,) under light irradiation (Figure 9B).
Meanwhile, owing to (1) the porous frameworks that allow the preconcentration of CEES and (2) the strong
affinity between Ag and the chlorine atoms of CEES, Ag;,TPyP displayed a high capture amount of CEES
vapor (74.2 mg g™ ") (Figure 9C). As a consequence, Ag1,TPyP demonstrated a superior detoxication effi-
ciency, converting 98% of CEES into the harmless compound CEESO in 4 min with 100% selectivity (Figures
9D and 9E). The synergistic efficiency between the NCs and the TPyP moieties enables Ag,TPyP to be an
excellent candidate for CEES detoxication compared with the reported MOF-based photocatalysts. Apart
from the promotion of catalytic performance, the synergy within the cluster-based MOFs produces unan-
ticipated PL properties, providing a promising platform for the detection of solvents and volatile organic
substances. Here we shall not go into depth about the topic of PL enhancement and application since some
articles have covered it (Jin et al., 2021b; Kang and Zhu, 2019; Zheng and Xie, 2020).

CONCLUSION AND PERSPECTIVES

As summarized above, significant achievements have been made in the combination of NCs and MOFs in
recent years. Generally, surface anchoring, pore-confined growth, and in situ encapsulation are the three
primary synthetic methods for integrating NC guests into MOF hosts. These three techniques are able to
unite NCs with MOF in different forms including anchoring NCs on the MOF surface or confining NCs inside
MOF. In addition, NCs as building blocks could be assembled into the cluster-based MOFs through the
inter-cluster linking procedure, which is an intriguing way to fuse NCs into MOF frameworks.

Owing to the tunable structure and well-defined porosity, MOFs show a great capability in addressing the
issues of NCs in catalysis under harsh conditions. First, the rigid frameworks of MOF can effectively prevent
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Figure 8. Construction and characterization of AuUNCs/ZIF composites

(A) Schematic representation of the synthetic route for ZIF-8@Au,s@ZIF-67 with sandwich structures.

(B) TEM images of ZIF-8@Au,s@ZIF-67 (shell thickness is 12 nm).

(C) Activity of various catalysts for the carboxylation of phenylacetylene.

(D) Proposed catalytic mechanism of the reaction between terminal alkynes and CO, over ZIF-8@Au,s@ZIF-67.
Reproduced with permission from Yun et al. (2020). Copyright 2020 American Chemical Society.

the migration and thus aggregation of the embedded NCs. Second, MOFs can increase the accessibility of
active sites on NCs surface via reducing the steric hindrance from ligands. Third, the synergy within NC/
MOF composites and cluster-based MOFs has a significant impact on the electronic structures of NCs
and the adsorption of reactant molecules on NCs surface, both of which are crucial for enhancing the cat-
alytic performance. Last but not least, MOF matrices can endow the embedded NCs with extra distinctive

features such as molecular sieving effects.

The development of NCs/MOF composites is quite promising. Below we provide some other perspectives

for future efforts.

(1) The encapsulation of NCs into MOFs is still limited to a few specific types like ZIF-67 and ZIF-8. This is
because the encapsulation method necessitates that the NCs guests do not interfere with MOF crys-
tal growth and are compatible with the synthesis conditions of MOFs. The solvent-assisted linker ex-
change of the MOF framework may open up new opportunities. During a typical linker exchange
process, the dissociation and association of linkers can temporarily enlarge the pore aperture size
to facilitate the diffusion and filling of bigger guests (Li et al., 2018b). This aperture-opening reaction
exists in alarge number of MOFs and can be controlled by using different solvents. We believe that it
has the potential to bring forth some interesting new developments in future work.

The surface ligand of NCs is a double-edged sword. The ligands often suppress the catalytic activity,
but their presence protects the NCs and also permits control over the charge distribution between
the metal core and the ligands, which can give rise to highly active NCs catalysts for certain

S
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Figure 9. Construction and characterization of AgNCs/MOF composites

(A) Schematic representation of the capture and photodetoxification of CEES by Agy,TPyP.

(B) Degradation of DMA using Ag1,TPyP and Ags,bpy as monitored by the emission decay at 430 nm. DMA acts as the 'O,
indicator to validate the 'O, generation ability of different catalysts.

(C) CEES uptake isotherms at 298 K of Ag1,, Ag12TPyP, and Agq,bpy.

(D) "H NMR analysis of the CEES photooxidation reaction by Ag,TPyP.

(E) Conversion of CEES in the presence of Ag;,TPyP under O (in blue) and air (in red). Reproduced with permission from
Cao et al. (2019). Copyright 2019 American Chemical Society.

reactions. For example, the ligand-capped AussAgos NCs displayed far better activity in the hydro-
lytic oxidation of triethylsilane than the related NCs with surface ligands partially or completely
removed (Wang et al., 2016). Therefore, the presence of ligands or not may require an optimization
for achieving desired catalytic reactivity (Takano et al., 2018). Further effort can be made by the
ligand “surgery” of NCs trapped inside MOFs to obtain a site-specific and quantitative removal
of ligands, where MOF matrices can stabilize such NCs.

(3) Although some studies have revealed the significant influence of MOF hosts on the properties of NC
guests, there are still many interesting questions that need to be addressed. For example, is it
possible that the structure of NCs trapped within MOF matrices might experience specific dynamic
changes at increased temperatures? How do the ligands progressively detach from the surface of
NCs with increasing temperature? In view of the definite structures of both NCs and MOFs, such

iScience 24, 103206, October 22, 2021 11



¢? CellPress

OPEN ACCESS

aspects could be carefully studied by developing real-time, real-space characterization techniques
such as high-resolution imaging and spectroscopy (Pollitt et al., 2020). The development and com-
bination of in situ techniques would be highly valuable to monitor the catalyst’s change and under-
stand the reaction mechanism.

The well-defined and ligand-free NCs are greatly desired for the highest catalytic activity (Jin et al.,
2027a; Shivhare et al., 2013; Fang et al., 2016; Kawawaki et al., 2021). Although ligand-free NCs can
be obtained by reducing the pre-impregnated precursors of NCs inside MOFs channel, the atomic
precision cannot be guaranteed because the preparation of atomically precise NCs involves the
kinetically controlled reduction followed by size-focusing or a separation process. Access to the
atomically precise NCs without ligands may be accomplished via removing the surface ligands of
pre-embedded NCs within MOFs, considering that the rigid pores of MOFs can restrain the migra-
tion of “naked” NCs. It is possible that the structure of NCs may undergo specific dynamic changes
during the ligand stripping process, but it also provides an opportunity for fine structural control by
taking advantage of the customizable pore environments of MOFs.

MOFs are also a type of promising candidates for enhancing the PL efficiency of NCs in addition to
optimizing their catalytic capabilities. Once firmly confined within MOF scaffolds, on the one hand,
the energy waste (nonradiative decay) caused by unconstrained ligand motion of NCs may be
reduced; on the other hand, the self-quenching effect of inter-NCs will be minimized, leading to
increased PL efficiency. Furthermore, owing to the direct linkage between NCs nodes and config-
urable bridging ligands, the cluster-based MOFs showed higher controllability in terms of PL prop-
erties. Unfortunately, there are only a few MOFs for encapsulating NCs and only a few types of
bridging ligands for inter-cluster connection, making systematic exploration of PL properties of
NCs/MOF composites difficult. Thus, NCs/MOF composites for PL applications require a thorough
investigation in future work.

Up to now, tens of metal NCs have been created (Jin et al., 2016; Zhou et al., 2019), and more than
20,000 MOFs have been discovered, such as chiral MOFs (Yoon et al., 2012), electrically conductive
MOFs (Xie et al., 2020), and luminescent MOFs (Liu et al., 2020). These functionalized MOFs have
been employed to optimize the functionalities of various guests for different applications. However,
concerning NCs, MOFs are mainly utilized to stabilize the NCs. We believe that the integration of
NCs with MOFs of different types will create more functional materials based on each component's
intriguing characteristics. More work is warranted to pursue this promising direction.
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