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Abstract 

The recent works on supported isolated metal atoms and metal clusters with a few atoms have reformed 

our understanding on the structure-reactivity relationship established on conventional nanoparticulate 

catalysts. One critical issue related to supported subnanometric metal catalysts (including both isolated 

atoms and clusters) on conventional open-structure carriers is the stability of the metal entities, since 

they may sinter into large nanoparticles under harsh reaction conditions. By confining the isolated 

metal atoms or subnanometric metal clusters in crystalline porous materials (such as zeolites and 

metal-organic frameworks) can improve the stability of these tiny species against sintering into 

nanoparticles. More importantly, the interaction between the metal species and the porous framework 

may modulate the geometric and electronic structures of the subnanometric metal species, especially 

in the cases of metal clusters. Such confinement effect can induce shape-selective catalysis or unique 

chemoselectivity compared to the counterpart metal entities supported on conventional open-structure 

solid carriers. In this review, we will discuss the structural features, synthesis methodologies, 

characterization techniques and catalytic applications of subnanometric species confined in zeolites 

and metal-organic frameworks, aiming to make critical comparison between confined and un-confined 

isolated atoms and metal clusters and to give perspectives on the future developments. 
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1. Introduction 

The recent progress in heterogeneous catalysis based on isolated atoms and metal clusters with a few 

atoms has enriched our previous understanding on structure-reactivity relationships based on conventional 

nanoparticulate metal catalysts1-3. Indeed, the interaction between the metal sites and reactant molecules, 

and the corresponding catalytic behaviour of isolated atoms and metal clusters are distinct to their 

nanoparticulate counterparts due to their unique electronic and geometric structures4-7. It has been 

demonstrated in various systems that, the reactivity of isolated atoms and subnanometric clusters are 

strongly dependent on the solid supports or the ligands surrounding them. By decreasing the size of the 

metal species from nanometre scale to subnanometric regime, the increased exposed metal surface area 

and geometry of active sites has nucleated plenty of new experimental phenomena and mechanistic 

insights on catalysis. 

However, the stability of isolated atoms and metal clusters towards agglomeration under reduction-

oxidation atmosphere or under reaction conditions, is a key issue that can limit their practical applications 

for industrial processes, or even can induce to misinterpretation of the results as far as the nature of the 

catalytically active sites is concerned8,9. We will discuss here the incorporation of isolated metal atoms or 

nanoclusters into crystalline microporous materials such as zeolites and metal-organic framework (MOF) 

materials, going beyond the most intuitive particle size limitation and sintering problem10-12. Indeed, one 

can also explore the specific advantages introduced by nanoporous materials, such as selecting a given 

reactant among a mixture owing to molecular sieving effects, as well as the stabilization of reaction 

transition states, together with collaborative effects between the crystalline porous framework and the 

isolated metal atoms and clusters. This last effect will imply changes in the electronic structure of the 

metal entities due to the multi-dimensional interactions with the wall of the nanopores, as well as the 

preferential stabilization of certain configuration of cluster structure among various thermodynamically 

possibilities. Such interactions between the metal species and the crystalline porous structure will be 

reflected in their catalytic reactivity, selectivity and stability under reaction conditions. 

Starting from the geometric and electronic structures of isolated atoms and clusters confined in zeolites 

and MOFs, the behaviour of subnanometric metal species in confined and unconfined environment will 

be compared. We will discuss the characterization techniques used to study the structures of those metal 

entities at atomic and molecular level. Moreover, some important catalytic applications of subnanometric 
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metal species confined in crystalline porous materials will be summarised and structure-reactivity 

correlation will be made according to the catalytic outcomes. Finally, perspectives on the future 

developments in this field will be given with emphasis on how to deepen our fundamental understanding 

on the structures and catalytic behaviour of those materials, in order to push them towards practical 

applications. 

 

2. Structure of confined metal species 

2.1 Isolated atoms in confined space 

When a single metal atom is supported on conventional solid carriers, such as carbon, metal oxide, 

metal sulphide, carbide and MXene, the metal atom usually occupies a vacancy position surrounded by 

heteroatoms (such as O, N, S, P etc) and the geometric structure of the single-atom species depends on 

the arrangement of atoms on the surface (see Figure 1 and Box 1)13-15. The metal atoms usually locate in 

the defect sites with coordination interaction from electron-donor atoms. For instance, the silanol groups 

on amorphous silica can react with the organometallic precursor and therefore stabilize the single-site 

metal complex on silica surface16,17. Moreover, the electronic structure of the isolated metal centres can 

be modulated by varying the binding atoms between the metal and carbon support18,19. Though the 

crystalline solid carrier may be able to provide a well-defined coordination environment to accommodate 

a single metal atom, the location of the isolated atoms in a practical solid catalyst usually show a random 

distribution pattern due to the presence of heterogeneous surface defective sites20.  

When the support is shifted to crystalline nanoporous (such as zeolites and MOFs), the homogeneity 

of the metal site can be improved if they are located in specific sites of the highly crystalline zeolites and 

MOFs, as illustrated in Figure 1. Moreover, the stability of the isolated atoms against sintering can be 

improved when being located within the pores or cavities of those materials, which is a critical issue for 

potential applications8,9.  

The confinement effect has limited impact on the geometric structure of the isolated metal atoms, 

though different framework or extra-framework positions can influence their geometric configurations. 

Nevertheless, if the metal species are also coordinated to ligands, the confinement effect due to the Van 

der Waals interactions and dispersion forces between the zeolite framework and the metal complex will 

be more remarkable since the size of the metal complex may match with the void space in zeolites21. In 
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that case, the geometric configuration of the metal complex can be influenced by the zeolite framework, 

which can further affect its reactivity and stereoselectivity22. 

Taking the isolated metal atoms confined in zeolites as a simplified example, the electronic properties 

of the metal will depend on the coordination interaction with the framework oxygen atoms. It has been 

found that, during the activation treatment in helium flow, the coordination environment of Cu atom in 

CHA zeolite is dependent on the framework Si/Al ratio23,24. When the zeolite is switched from 

aluminosilicate to silicoaluminophosphate, the geometric configuration of the Cu species in CHA-type 

zeolites and the intermediates for NH3-SCR reaction will be different25,26. 

Interestingly, isolated metal atoms or metal clusters within MOFs can show novel chemical states that 

are usually highly stable in the pure compound form. For instance, trivalent zirconium and hafnium can 

be stabilized in the nodes of MIIIH-BTC (M = Zr, Hf; BTC = 1,3,5-benzenetricarboxylate) MOF 

structure27. Theoretical calculations indicate that, the electronic properties of the isolated metal can be 

evaluated by density functional theory (DFT) calculations, which can be further used as reactivity 

descriptor28.   

The rich chemistry offers great opportunities to extend the traditional coordination chemistry into solid 

state and may contribute to the discovery of metal sites with novel electronic structures. Isolated Pt atoms 

with metallic state can be stabilized in liquid polydimethylsiloxane-polyethene glycol29. If such structure 

could be mimicked in a MOF structure, low-valence metal centers would also be generated and they may 

show unique physiochemical properties. 

 

2.2 Metal clusters in confined space 

The profound influences of the support on the geometric and electronic structure of metal clusters have 

been shown in numerous systems, both in experimental and theoretical approaches30-32. Extrapolating that 

knowledge to metal clusters in confined materials, it can be expected that, the interaction between the 

metal clusters and porous environment, i.e. the confinement effect, will also impact the geometric and 

electronic structures of metal clusters. This effect is even more critical when the size of metal cluster 

matches the void space inside the porous structure. When a metal cluster containing a few atoms is 

encapsulated in MOFs or zeolites, depending on the interaction between the metal clusters and the support, 

the geometric structures of the metal clusters can either be stably anchored to the porous support or show 

some flexibility in the void space, especially under reaction conditions. Since the introduced metal clusters 
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may match the size of the cavities or channels of MOFs or zeolites, their accessibility to the reactants and 

the mobility of metal clusters in the porous materials can be strongly influenced by the topological 

structure of the porous support33-35.  

The electronic properties of metal clusters confined in carbon nanotubes are strongly related to the 

diameter of the carbon nanotubes and the location of metal clusters36,37. It can be expected that such 

confinement effect will also have impacts on the electronic structures of metal clusters confined in MOFs 

and zeolites. According to previous theoretical studies on the electronic structures of Au clusters, the 

contribution of the frontier orbitals in Au clusters consisting of a few atoms is higher than those in Au 

nanoparticles. Moreover, clusters with the same atomicity but different geometric structure show 

differences in the energy gap between HOMO and LUMO orbitals, as well as different geometric 

configuration7,38. Following those results and considering the zeolite framework as an “infinite molecule” 

to interact with the metal cluster, when the geometry and size of the clusters matches with the size of the 

pores or channels, the geometrical and electronic interaction between the metal clusters and the framework 

will be optimized and specific configuration will be stabilized due to the overlap of the frontier orbitals 

between the metal clusters and zeolite framework39. For instance, electron donation from the Faujasite 

zeolite to the encapsulated Ir4 clusters and its influence on Ir-Ir bonding has been observed by DFT 

calculations and detailed structural characterizations40. It can also be expected that, structural distortion 

can be induced when the metal-framework interaction is strong enough. Furthermore, the charge 

distribution in a single metal cluster will be determined by the conformation of the interface between the 

metal cluster and zeolite framework. Since the chemical composition of most zeolitic materials can be 

considered as inorganic metal oxides, subnanometric metal entities usually exhibit as positive charged 

species.  

 

2.3 Metal-ligand and metal-reactant interaction 

Following the concept established with traditional zeolite materials, the electronic properties of metal 

species can also be studied by probe molecules41. Though the size of a single atom is usually much smaller 

than the cavities or channels of zeolite structures, the confinement effect on the isolated atoms can be 

reflected on the geometric conformation of the reactant’s transition state, which bonds to the single-atom 

species, leading to different reactivity compared to the reactions catalysed by metal atoms supported on 

open-structure carriers42,43. 
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Taking the hydrogen affinity as a descriptor, influence of the electronic structure of the active sites on 

reactivity for C-H activation has been studied by theoretical calculations44. When changing the support 

from graphene to MOF or zeolite, the hydrogenation affinity on transition metals (such as Cu, Fe, Co, Ni 

etc) as well as the energy of the transition state of the single-atom species will change accordingly. Such 

effect can also be observed on single-atom Zn species confined in MOFs and zeolites. By changing the 

anchoring site for low-valent Zn ions (Zn+) stabilized in ZSM-5 and the organic linker of MOF-5, the 

electronic structures of Zn+ can be modulated45. Unlike the case with ionic compensation between the 

isolated Zn+ and ZSM-5, the MOF-5 structures with functionalized groups exhibit a delocalized charge 

distribution between the organic linker and the Zn+. 

Regarding metal clusters confined in zeolites, the metal-reactant interaction can also be impacted by 

the coordination environment surrounding the metal clusters. The electronic structures of Pt clusters 

confined in NaY and H-USY zeolite was studied by X-ray absorption spectroscopy46. With stronger 

acidity (i.e. higher Si/Al ratio or higher average electronegativity of the framework), charge transfer 

between Pt clusters and the bonding oxygen in the zeolite framework can occur, which further promotes 

the activity of Pt clusters for H2 activation. Such effect is also confirmed and even quantified by theoretical 

calculations on charge transfer between Pt6 cluster and isolated Pt atom and acid site in ZSM-5 

framework47,48. The electronic interaction will subsequently influence the adsorption and activation of 

reactants on the metal species49. 

  When discussing the subnanometric metal clusters confined in porous materials, their geometric and 

electronic structures are usually coupled together and will be further reflected on the metal-reactant 

interaction. For instance, the calculation results indicate that, the Cu-O-Cu angle will depend on the zeolite 

topology and the angle is smaller when confined in a small-pore zeolite50. Furthermore, the activation 

energy for C-H bond cleavage on [Cu2(μ-O)]2+ cluster confined in small-pore zeolites (AEI, CHA and 

AFX) are lower than that confined in medium-pore zeolite (MFI). Besides, the transition state for C-H 

bond cleavage is stabilized on Cu-O-Cu sites with a smaller angle since the acceptor orbital energy of 

[Cu2(μ-O)]2+ is lower, which suggests the coupled nature of geometric and electronic structures for 

subnanometric species. In another work, a semi-quantitative study of the confinement effect of the zeolite 

framework was carried out with binuclear Fe sites in MFI zeolite for methane activation51. On one hand, 

the confinement effect can exert constrain to the binuclear Fe sites and limit their flexibility, which 

increase the barrier for C-H activation. On the other hand, the intermediates formed during the cleavage 
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of C-H bond can be stabilized inside the constrained environment, which lower the energy of the transition 

state globally. 

  When studying the interaction between the substrate molecule and the metal species confined in porous 

materials, the accessibility of the encapsulated metal species to the reactants should be considered. The 

molecular sieving effect will allow the diffusion of CO and H2 to Pt nanoclusters confined inside LTA 

zeolites while block larger ones like benzene52. Interestingly, if the LTA zeolite structure becomes 

partially amorphous as result of the exchange of Na+ with NH4
+, only H2 can have access to the 

encapsulated Pt nanoclusters. It is proposed in those works that, the size-selection by the zeolite 

framework can be used for bifunctional catalysis which invokes hydrogen spillover from the encapsulated 

metal species to nearby acid sites53. 

Nevertheless, the electronic interaction between the subnanometric metal species and the nanoporous 

materials is strongly related to how the composite materials are prepared. When the isolated atoms or 

metal clusters are incorporated through mild process, the binding interaction between the metal species 

and the porous materials are usually not very strong. In those cases, some coordination groups from the 

precursor may remain on the metal species, making those materials to be treated as immobilized metal 

complexes in a constrained environment. On the other hand, during the catalytic process, the intermediate 

consisting metal centre and the bonded reactants should also be considered as a whole complex, as 

illustrated in Box 1. The bonded ligands will impact together with the microporous framework on the 

structural features of the metal centres54. 

Once the preparation involves high-temperature treatment, the coordination groups from the precursor 

are partially or completely removed and the metal atoms or clusters in as-prepared catalyst will be 

stabilized by the electron-donor atoms from the porous materials. Therefore, in a first approximation, the 

electronic interaction between metal species with more polarized zeolite framework will be stronger than 

that in MOFs, unless the MOF backbone is constructed by functional groups that can strongly interact 

with the metal species. 

 

3. Catalyst synthesis 

3.1 Synthesis with Zeolites as support 

Several most frequently used synthesis methodologies for the generation of isolated metal atoms and 
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clusters in zeolites are illustrated in Figure 2. By conventional impregnation or ion-exchange method, it 

is possible to introduce mononuclear metal complexes into zeolites55,56. However, by these two methods, 

part of the metal precursor may not be able to penetrate through the micropores and instead, become 

deposited on the surface or at sub-surface region57,58. As a consequence, those atomically dispersed metal 

species within the pores or cavities can migrate to surface and sinter into nanoparticles during thermal 

treatment or under reaction conditions. Therefore, in order to enhance the interaction between metal 

species and the zeolite framework, encapsulation of single-atom species into zeolite crystallites by one-

pot synthesis can be a more promising approach, which can be dated back to 1970s on the ship-in-bottle 

encapsulation of metal complexes in zeolite crystallites59-61. Following that concept, more methods have 

been further developed for the encapsulation and stabilization of isolated atoms and metal clusters in 

zeolites.62-68 

  The incorporation of subnanometric metal species can also be achieved by post-synthesis 

transformation of the zeolite structure. Taking a two-dimensional (2D) pure-silica MWW zeolite as 

precursor, subnanometric Pt clusters can be incorporated into the internal space between the layers of 

MWW zeolite and further stabilized by the 12 member-ring (12MR) supercages during the transformation 

of the 2D structure into 3D69. This strategy can also be extended to other metals and other layered zeolite 

materials, though the synthesis procedure may need to be optimized to achieve atomic dispersion70. 

Reversible transformation between isolated atoms, subnanometric metal clusters and nanoparticles may 

occur under certain treatment conditions. For instance, Pt nanoparticles encapsulated in CHA zeolite can 

disintegrate into single Pt atoms during calcination in air and those isolated atoms can sinter into Pt 

nanoparticles again after reduction by H2. Taking advantage of the mobility of metal species in oxidative 

atmosphere at high temperature and the higher stability of Pt atoms confined inside zeolite crystallites, 

single Pt atoms can be generated in Al-containing CHA zeolite by trapping the Pt atoms from supported 

Pt catalysts on conventional supports like silica and alumina71. Interestingly, it has been found that, the 

driven force required for the dispersion of Pt particles into Pt isolated atoms is lower when Pt species are 

located inside zeolite, which probably can be ascribed to the confinement effect from the zeolite 

structure72. As discussed before, the coordination environment of isolated atoms and clusters will be 

determined by their location in zeolite structure. To achieve that, a new strategy is developed to 

regioselectively generate single Pt atoms and Pt clusters in sinusoidal channels of pure-silica MFI zeolite73. 
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3.2 Synthesis with MOFs as support 

Similar to the methodologies discussed above for zeolites, the generation of isolated atoms and 

subnanometric metal clusters in MOFs can also be achieved by post-synthesis and one-pot synthesis 

approaches. In the presence of electron-donor functional groups in the organic linker of the MOF structure, 

single-atom species can be directly introduced by the coordination interaction between the organic linker 

and metal atoms74. Thanks to the flexibility of MOF structures, doped atoms can also be facilely 

introduced to the node position by post-synthesis method, such as ion-exchange or grafting75-77.  

The metal species can also be introduced into MOF by atomic layer deposition inside the porous 

structure, using organometallic compounds as precursor78. Due to the relatively larger pore size, the 

incorporation of metal clusters into MOF structure can be more efficiently achieved by one-pot synthesis. 

Pt12 and Au25 clusters can be facilely encapsulated into MOF crystallites by one-pot synthesis79,80. In both 

works, Au clusters and Pt clusters are stabilized by thiol or CO, which can avoid the sintering of metal 

clusters into larger nanoparticles during the hydrothermal synthesis process. However, Au and Pt clusters 

are randomly distributed in the MOF crystallites without preferential location. If the organic linkers with 

stronger affinity to the metal clusters are employed in the synthesis, the more precise control on the 

location of those subnanometric metal clusters could be achieved. 

  Isolated atoms and metal clusters may also transform into each other after proper treatments. For 

instance, isolated Pt and Pd atoms can be introduced into MOF by ion-exchange treatment and those 

isolated atoms can form small clusters after mild reduction treatment. When the ion-exchange with MOF 

materials can be processed in a more controlled manner, the regioselective generation of subnanometric 

metal clusters in MOFs can also be achieved81,82.  

Due to the lower stability of MOF, harsh conditions used in metal-zeolite materials for the redispersion 

of metal particles into isolated atoms or small clusters may not be applicable for metal-MOF materials. In 

such cases, the redispersion may require stronger oxidant or using liquid regents such as CH3I for 

redispersion of Au nanoparticles into Au atoms on solid carrier83. 

 

4. Characterization 

To confirm the presence of subnanometric metal species in the materials, multiple techniques should 

be employed to characterize the size, coordination environment and electronic structures of 
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subnanometric metal entities confined in crystalline porous materials (see Table 1). In this section, 

several powerful techniques will be highlighted. 

 

4.1 Structural characterizations 

In the last two decades, the tremendous developments of aberration-correct scanning transmission 

electron microscopy (AC-STEM) and its wide application has made the direct visualization of isolated 

atoms or subnanometric metal clusters to be feasibly available in material science and catalysis 

community84,85. The imaging on single metal atoms or subnanometric metal clusters on conventional 

solid carriers, such as metal oxides and carbon materials, can be readily achieved on the basis of 

different contrast between the metal entities and the support in the high-angle annular dark-field 

(HAADF) imaging mode86. However, for isolated atoms and small metal clusters supported on zeolites, 

the STEM measurement should be done under very low-dose conditions and the acquisition time 

should be short in order to preserve the zeolite structure87. Furthermore, ultramicrotomy treatment can 

be performed to visualize the metal species confined in the internal space of zeolite crystallites. 

Considering the complex structure of zeolites, isolated atoms or clusters can be anchored to the pore 

channels, cavities or cages in the crystallites. To reveal the location of metal entities confined in 

zeolites, a combined technique of high-resolution HAADF-STEM imaging and integrated differential 

phase contrast (iDPC) imaging has been recently developed to unveil the position of Pt atoms and 

clusters in MFI zeolite73. The position information of Pt is acquired by HAADF-STEM imaging while 

the crystal structure of MFI zeolite is resolved by iDPC imaging under low-dose conditions. This 

STEM-iDPC technique has also been used for identify the location of isolated Mo atom in ZSM-588.  

The imaging on subnanometric metal entities confined in MOFs by STEM is even more challenging. 

In a recent work, isolated Pt atoms in aluminum-based porphyrinic MOF can be observed by high-

resolution STEM, though the structure of the Al-MOF is damaged89,90. To reduce the damaging effect 

from the beam, the measurement can be performed with a cryo-EM sample holder, which has been 

demonstrated to be effective for high-resolution imaging of MOF structures with atomic resolution91.  

It is already known that, subnanometric metal species can exhibit dynamic structural evolution 

between isolated atoms and clusters under reaction conditions, which has been directly observed by in 

situ TEM72. Revealed by in situ STEM, Pt clusters can show amorphous structure and then transform 

into ordered geometric conformation at 350 oC in vaccum92. It can be expected that, direct observation 
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of the structural evolution of single-atom catalysts under reaction conditions by in situ AC-STEM will 

bring more insights on their evolution behavior in the near future on the basis of the further 

developments of in situ sample holder and improvement of spatial resolution. 

Tomography based on AC-STEM imaging can achieve the reconstruction of the 3D structural 

information of metal nanoparticles93. Considering the necessity of acquisition of multiple images at 

different orientation for 3D reconstruction, the tomography work on zeolites and MOFs will be quite 

difficult, since it requires better protection of materials under the electron beam and advanced 

algorithm for 3D reconstruction with a small number of projections. 

The position of the isolated atoms or metal clusters can also be determined by X-ray 

crystallography81,94. Compared to TEM-based techniques, the X-ray crystallography can provide 

structural information with very high accuracy and the damage to the sample is much less than that by 

TEM. However, the X-ray crystallography requires highly crystalline and highly uniform samples, 

which demands a very high loading of metals in the MOF structures. 

  Not only the size and location, but the chemical compositions of the subnanometric metal species 

confined in crystalline porous materials are also key structural information. Isolated atoms can be 

detected by electron energy loss spectroscopy and X-ray energy dispersive spectroscopy95,96. However, 

more powerful detector and extremely high sample stability is required to obtain reliable information 

by such analysis97. On the other hand, to obtain the chemical composition information in 3D, atom 

probe tomography (APT), which has been widely used for nanoscale and bulk materials, can be a very 

useful tool to depict the chemical composition of porous composition materials with atomic 

resolution98,99. For instance, the 3D distributions of Al and Cu in zeolite crystallites and Ni atoms 

embedded in carbon matrix have been revealed by APT with a spatial resolution below 1 nm100-102. 

However, the sample preparation for the APT measurement and data analysis is not as straight forward 

as AC-STEM, which limits its wide application in catalysis103.  

 

4.2 Spectroscopy Characterizations 

To gain global information on the chemical states and coordination environment of subnanometric 

metal species, X-ray absorption spectroscopy is a widely used and complementary tool to AC-STEM. 

According to the results obtained from X-ray near edge absorption structure (XANES) and extended 

X-ray absorption fine structure (EXAFS), one can determine the chemical states and neighboring 
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atoms of a metal center104. By correlating the spectroscopic information from EXAFS and images from 

AC-STEM, one can determine the size and plausible structures of the metal species73,105. However, it 

should be noted that, subnanometric metal species are more sensitive than the conventional metal 

nanoparticles to the environmental changes and the experimental conditions used in many of the XAS 

measurements done in the literature were different to the synthesis or reaction conditions, which may 

not be able to show the real structures of the working catalytic sites8. Therefore, EXAFS measurements 

are always encouraged to be performed under reaction conditions. The application of time-resolved 

scanning extended X-ray absorption fine structure under in situ or operando conditions will play a 

key role for understanding how the coordination environment of subnanometric metal species 

evolves under reaction conditions106,107.  

The interpretation of XANES and EXAFS spectra to address the coordination structure of 

isolated metal species or bimetallic metal clusters at atomic level is always challenging for solid 

catalysts due to the heterogeneity of the material and the dynamic structural transformation under 

different conditions. With the assistance from supervised machine learning, the identification of the 

plausible metal species in the solid catalyst based on the subtle variations in the experimental data 

can be achieved108. By combining the theoretical modelling and the experimental spectra, it is 

possible to clarify the contribution of different types of metal species in a single catalyst or the 

plausible structure of bimetallic metal clusters109,110. 

X-ray photoelectron spectroscopy (XPS) may also be not applicable in most of the cases because 

the encapsulated metal species in porous matrix cannot be reached by X-ray, unless the metal atoms 

or clusters are embedded in thin porous structure (<10 nm). Electronic spectroscopy (including UV-

vis absorption spectroscopy and fluorescence spectroscopy) are very useful tool to measure the 

electronic properties of metal atoms and clusters confined in zeolites. Especially, the fluorescence 

emission properties are quite sensitive to the electronic structures of metal atoms and clusters, as 

demonstrated with Cu- and Ag-zeolites111-113. Besides, by in situ infrared (IR) spectroscopy using CO 

or other probe molecules, the electronic structures of the metal entities will be reflected in the IR 

bands114,115. The fingerprints of CO adsorption bands can be a facile and efficient tool to test the 

heterogeneity of the synthesized metal catalysts116. As a powerful tool for solid materials, solid-state 

nuclear magnetic resonance (ssNMR) can be directly used to study the structures of the porous matrix 

(such as the defects in zeolites or the linkers in MOFs) or to investigate the coordination environment 
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of the metal species by using probe molecules such as trimethylphosphine oxide117-119. 

 

4.3 Combination of different techniques 

  Each characterization has its advantage and limitation, as summarized in Table 1. For instance, 

subnanometric metal clusters could be oxidized by air. Therefore, when the EXAFS spectra of metal-

zeolite material are recorded directly without proper activation treatments, spectra with features of isolated 

metal atoms may be obtained, though a large number of metal clusters are observed by AC-STEM8,120. 

On other hand, due to the low contrast of isolated atoms, only part of them could be observed by AC-

STEM. Therefore, EXAFS and IR spectroscopy can be complementary for the gain of global information 

on the metal dispersion. It is critical to perform characterizations on both the structure of porous matrix 

with metal species and the metal-reactant interaction for understanding the catalysis of confined metal 

species121. 

 

5. Catalysis of confined catalysts 

In this section, the catalytic properties of subnanometric metal entities confined in zeolites and 

MOFs for a variety of heterogeneous catalytic reactions will be discussed. It should be mentioned that, 

the metal-zeolite materials to be discussed in this section will be mainly focused on extra-framework 

metal species confined in zeolite structures since the reactivities of framework-type metal-zeolite 

materials have already been covered in previous reviews122. While subnanometric metal entities 

bonded to both the nodes and linkers in MOF structures will be discussed. Limited by the space, we 

will focus on reactions that can provide important fundamental insights or they are of broad interest 

for practical applications. 

 

5.1 Water-gas shift reaction 

Water-gas shift (WGS) reaction is an important industrial process to produce hydrogen123. Taking 

advantage of alkali ions (Na or K) as promoter, isolated Au and Pt atoms can be stabilized in zeolites 

and show high reactivity for low-temperature WGS reaction124,125. Regardless of the support for single 

Au and Pt atoms, the apparent activation energy for WGS reaction in various catalysts are nearly the 

same, indicating a common nature of the active sites.  
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The unique role of isolated atoms for water-gas shift reaction has also been shown in MOF materials. 

Positively charged Pt1+ atoms have been introduced and stabilized in the channels of a MOF by a post-

synthesis approach90. Single-crystal X-ray diffraction reveals that, each Pt1+ atoms are coordinated 

with four water molecules, with charge balance from the MOF framework. Interestingly, this single-

atom Pt-MOF material show much higher activity for low-temperature WGS reaction than 

conventional Pt supported on zeolites or carbon. The working temperature of the isolated Pt atoms 

confined in MOF is also lower than the state-of-art Pt atoms stabilized by alkaline metals on metal 

oxides125. Isotopic studies and theoretical calculations show that, the water molecules surrounding the 

Pt1+ atoms can continuously react with CO and then be regenerated by external water, making both 

oxygen atoms in the CO2 product coming from the water molecules.  

Again, as mentioned before, the stability of single-atom species under water-gas shift reaction 

conditions should be carefully examined. Indeed, a potential agglomeration behavior of Pt and Au 

atoms has been reported72,126. It can be expected that, even the isolated atoms may sinter during WGS 

reaction, the porous matrix can constrain the resultant agglomerates below 1 nm, as stabilized metal 

clusters in zeolites or MOFs. 

 

5.2 Methane activation 

The selective transformation of methane into fuels and chemicals has always been one of the Holy 

Grails in chemistry and its importance is increasing nowadays due to the emerging demands on clean 

energy127. The non-oxidative conversion of methane into ethene and aromatics is a highly desired 

single-step reaction due to the economic consideration and feasibility for industrial adoption128. In 

1990s, it was reported that methane can be converted into aromatics by Mo-zeolite materials129. An 

induction period for the production of benzene is observed with the as-prepared Mo-zeolite (such as 

Mo/ZSM-5 and Mo/MCM-22), which can be associated to the transformation of atomically dispersed 

Mo species into subnanometric MoxCy clusters130,131. The in situ formed MoxCy clusters initiate the 

breaking of C-H bond in the methane molecules, leading to the formation of ethene through C-C 

coupling. In the presence of acid sites in the zeolite framework, ethene molecules are subsequently 

oligomerized and aromatized into benzene. Therefore, medium-pore zeolites with 10MR structure are 

the most common support for Mo in this reaction since the pore size perfectly match the aromatic ring. 

A combined experimental and theoretical study show that, the synergy between the binuclear 
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[Mo2C2]2+ species and the aromatic pool confined in the zeolite is a key factor for the conversion of 

methane into aromatics132. This work introduces a new hypothesis that subnanometric metal species 

may work together with the intermediates formed inside the microporous environment. 

Despite the tremendous efforts on identification of the active sites and improving the catalytic 

performance, the fast coke deposition on Mo-zeolite catalysts hinders this process for industrial 

application133,134. Recently, the utilization of an ion-conduct membrane reactor has been reported, in 

where the H2 can be extracted from the reaction mixture to shift the thermodynamic equilibrium and 

the coke can be removed by the oxygen ions transported through the BaZrO3-based membrane135.  

From a thermodynamic point of view, the introduction of O2 can reduce the energy barrier for the 

activation of C-H bond in methane. Indeed, the partial oxidation of methane to syngas can be achieved 

by Rh clusters confined in zeolites136. Those Rh clusters stabilized in MOR zeolite are more active 

than Rh particles support on open-structure solid carriers at low working temperature (450 oC). As an 

indirect route for methane conversion, the partial oxidation of methane to syngas still requires high 

temperature to achieve high yield of CO and H2. 

To avoid the over-oxidation of methane and directly produce methanol, a chemical looping strategy 

is developed based on Cu-zeolites with inspiration from the monooxygenase enzyme in nature, which 

containing binuclear Cu active centers137. In that process, Cu-zeolite is oxidized in air at high 

temperature (usually >400 oC) and then cooled down to react with methane to form surface-bound 

methoxy species and methanol. After a desorption treatment in the presence of water steam, methanol 

can be produced and the Cu-zeolite will be regenerated by high-temperature calcination in air138. The 

oxidant in the chemical looping process can also be replaced by water instead of O2
139. Furthermore, 

the oxidation of methane to methanol can also be achieved under continuous flow conditions, though 

the methane conversion is very low140. Kinetic and spectroscopic studies show that, the isolated Cu 

atoms confined in zeolites could be mobile under the continuous reaction conditions and may migrate 

to form Cu-O-Cu dimer species, which is the working active sites for methane conversion to 

methanol141.  

Beside Cu-zeolites, Cu-MOF materials have also been used for this application and shown 

promising performance for production of methanol142. Since the chemical looping process requires 

high-temperature calcination in air, NU-1000, a Zr-MOF with high thermal stability, has been chosen 
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as the support for subnanometric Cu species. Cu3Ox clusters with linear conformation were generated 

in NU-1000 and methanol was produced with a moderate yield and selectivity143.  

Most of the works for methane oxidation to methanol are related to subnanometric Cu species 

confined in zeolites or MOFs, though the atomicity of Cu clusters could be two or three144. Notably, it 

has been reported that mononuclear Cu species supported on alumina and silica can also be active for 

selective oxidation of methane to methanol145,146, as observed in particulate methane 

monooxygenase147. It has been found that, Cu dimers show significantly higher methanol yield than 

the isolated Cu atoms and Cu3 clusters, though the selectivity to methanol is close in the all cases and 

the materials are not highly uniform. These results indicate the importance of controlling the atomicity 

of metal species to establish the relationship between metal atomicity and reactivity143. 

By incorporating Rh species into ZSM-5 zeolite to form heterogeneous single-site Rh catalysts, the 

oxidative coupling between methane and CO by O2 to form acetic acid can be achieved under mild 

conditions148. When Rh atoms are supported on conventional supports such as TiO2, only methanol is 

obtained, suggesting the necessity of using zeolite as the support for Rh atoms. Isotopic studies indicate 

that the reaction pathway on heterogeneous Rh catalyst is similar to that in homogeneous system, 

which involves the direct C-H activation of CH4 by Rh and C-C coupling between CO and -CH3
149. In 

this example, the synergistic role of isolated Rh atoms and the acid sites in the zeolite framework 

enable the above transformation, highlighting the unique reactivity of confined metal species in 

microporous materials.  

 

5.3 Dehydrogenation of alkanes 

With the boom in production of shale gas, dehydrogenation of light alkanes to corresponding olefins 

is of great interest to chemical industry in recent years150,151. Thermodynamically, the dehydrogenation 

of light alkanes requires high reaction temperature, which limits the application of MOFs for this 

application and makes zeolites as suitable materials for dehydrogenation of alkanes. 

It has been shown that subnanometric Pt species stabilized in MCM-22 zeolite are more active than 

Pt nanoparticles for dehydrogenation of propane to propylene at 550 oC69. It should be noted that, 

though the subnanometric Pt species are mainly confined between the layers of MCM-22 zeolite, the 

location of Pt atoms and clusters are not precisely controlled. By one-pot synthesis, Pt clusters of ~0.5 

nm can be regioselectively generated in the 10MR sinusoidal channels of MFI zeolite and their 
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electronic properties can be further modulated by the introduction of subnanometric Sn species73. 

Those subnanometric Pt clusters with uniform size and location in MFI zeolite show high activity for 

propane dehydrogenation to propylene as well as high stability against sintering (see Figure 3). 

Due to the reductive atmosphere under the reaction conditions for dehydrogenation of alkanes, 

isolated metal atoms will agglomerate into subnanometric Pt clusters or even small nanoparticles. Pt 

isolated atoms stabilized in Y zeolite can partially transform into Pt clusters and nanoparticles after 

ethane dehydrogenation reaction at 700 oC67. Considering the higher stability of isolated atoms in 

oxidative atmosphere, isolated metal atoms confined in microporous materials may be more suitable 

for oxidative dehydrogenation of alkanes to olefins. A single-atom Co-MOF has been reported for 

oxidative dehydrogenation of propane to propylene at ~200 oC152.  

 It has been well established that, subnanometric Pt clusters confined in the 12MR channels of 

KLTL zeolite are the active sites for dehydrocyclization of alkanes (C6-C8) to aromatics153,154. The 

Pt/KLTL catalyst with Pt clusters of 0.6-0.7 nm shows higher selectivity to aromatics and lower 

deactivation rate for conversion of n-heptane to benzene and toluene155. 

 

5.4 Hydrogenation reactions 

As a simple test reaction, the hydrogenation of light olefins has been used to study the structure-

reactivity behavior of subnanometric metal species confined in porous materials. The reaction rate for 

ethene hydrogenation can be correlated with the IR bands of CO adsorbed on single Ir atoms supported 

on various porous carriers156. These results imply that, the metal-support electronic interaction can 

influence the reactivity for hydrogenation reactions, as also demonstrated by tuning the organic linkers 

in MOF-supported Ni catalyst157. Due to the molecular sieving effect of the zeolite framework, when 

metal nanoclusters are confined in zeolites, shape-selective catalysis can be achieved with metal-

zeolite materials66,68. For instance, high activity for ethene hydrogenation can be achieved with 

Pt@CHA material comprising Pt nanoclusters while propylene is barely hydrogenated due to the 

diffusion problem. Furthermore, the molecular sieving effect can also protect the confined metal 

clusters from being poisoned by organic molecules, such as thiophenol62. 

When a hydrogenation reaction comprises several elementary steps to various products, the control 

of the hydrogenation to the desired product will be a challenge. Single-site Ni(II) hydride species 

confined in a Ti-MOF have been reported for the hydrogenolysis of model lignocellulose 
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compounds158. In the case of benzyl phenyl ether, only toluene and cyclohexanol can be obtained under 

mild conditions (140 oC, 1 bar of H2). Conventional supported Ni nanoparticles on amorphous silica 

will give mixed products of toluene, phenol and cyclohexanol159.  

The reactivity of isolated metal atoms confined in MOFs needs further improvement. For instance, 

single-site Co atoms confined in MOFs do not show clear advantage on the catalytic performance 

when comparing to isolated Co atoms in N-doped carbon or even Co nanoparticles covered by carbon 

layers for the hydrogenation of nitroarenes160-164. In the scope for hydrogenation of unsaturated 

compounds (e.g. nitroarenes, ketones), the yields of some products are obviously lower than those 

obtained with nanoparticulate Co catalysts, which could be caused by the low activity of isolated Co 

sites for H2 activation. In a comparative study, Ru3 clusters show much higher activity than isolated 

Ru atoms when both are confined in zeolitic imidazolate framework (ZIF-8)165. 

The hydrogenation of CO2 into hydrocarbons or oxygenates has been intensively studied in recent 

years due to the concerns on the influence of CO2 on global warming. Conventionally, nanoparticulate 

catalysts, including both noble metals and non-noble metals, are used as the catalysts for CO2 

hydrogenation reaction. In a recent work, two cooperative Cu(I) atoms anchored on the Zr12 node of a 

Zr-MOF material can selectively convert CO2 into ethanol through the C-C coupling between a formyl 

intermediate and methanol166. Under the same reaction conditions, the conventional Cu/ZrO2 or Cu 

nanoparticles confined in the same MOF structure mainly produced methanol and only gave a 

selectivity of ~10% to ethanol. The high selectivity for hydrogenation of CO2 to methanol on Cu 

nanoparticles can be associated to the fast desorption of methanol or the low C-C coupling reactivity 

between the C1 intermediates on the continuous metallic Cu surface. The unique reactivity of metal 

atoms confined in MOF structures has also been demonstrated with metallic Pt2 clusters within a 

thioether-functionalized MOF82. The Pt-MOF material are found to be active for the production of 

NH4CN from CO and NH3 at room temperature while the commonly used Pt compounds or Pt 

supported on carbon or zeolites are inactive under the same conditions. The unique activity could be 

ascribed to the strong adsorption of NH3 by the MOF framework and the favorable C-N coupling 

reaction to form amide intermediate on Pt2 cluster. 

The shape-selectivity resulting from the confinement effect allows to modulate the hydrogenation 

and hydroisomerization reactions by tuning the spatial distribution of metal species in the microporous 

matrix. For instance, H2 can diffuse to metal clusters trapped in small-pore zeolites and the activated 
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H species then migrate to the external surface for subsequent reactions167. In the case of 

hydroisomerization reactions, the product distributions can be modulated by tuning the spatial 

distribution of the metal particles and acid sites in the porous matrix168. 

 

5.5 Oxidation reaction 

Since the first report in 1998, the epoxidation of propylene to propane oxide with mixture of H2 and 

O2 using Au-Ti bifunctional catalysts has attracted great attention169. Later studies on this reaction 

suggest that, Au/TS-1 zeolite is one of the most efficient systems170. Theoretical and experiments 

studies show that, subnanometric Au clusters located inside the TS-1 zeolite are much more active than 

the larger Au nanoparticles on the external surface171,172. Au clusters are responsible for the generation 

of H2O2 from H2 and O2 while the isolated Ti sites in TS-1 zeolite serve as the acid catalysts for 

epoxidation of propylene, demonstrating the synergistic effect between the confined metal species and 

the porous materials. 

 The unique reactivity of subnanometric Au clusters can be reflected in the aerobic oxidation of 

cyclohexane to cyclohexanol and cyclohexanone173. The reaction between cyclohexane and O2 to 

produce radical species is more efficient on Au clusters than that on Au nanoparticles, resulting in a 

shorter induction period. When Au clusters are confined in MCM-22 zeolite, they are protected from 

leaching to the liquid and sintering into nanoparticles under reaction conditions. 

The confinement effect from the porous framework can also be reflected in direct oxidation of 

benzene to phenol. In 2006, the direct oxidation of benzene to phenol using O2 as oxidant with 

Re/ZSM-5 catalyst in the presence of NH3 was reported174. Systematic in situ structural 

characterizations indicate that, N-modified Re clusters confined in the 10MR channels could be the 

active sites175. If other zeolites such as Beta, USY or Mordenite (with 12MR pore structures) was used 

as the zeolite support, much lower activity and selectivity was obtained, indicating the critical role of 

confinement effect from the zeolite structure. 

 

5.6 DeNOx reactions 

It is well known that Cu-exchanged small-pore zeolites are excellent catalysts for selective catalytic 

reduction (SCR) of nitrogen oxides (NOx) with ammonia (NH3)176. deNOx reactions on Cu catalyst is 

a structure-sensitive reaction, in which NH3 primarily react with O2 to produce NOx on CuOx 
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nanoparticles while NH3 will react with NO to form N2 on atomically dispersed Cu species177. 

Moreover, Cu species can migrate in the zeolite crystallites under catalyst activation and NH3-SCR 

reaction conditions178. In a systematic study on the influence of Cu density in the CHA zeolites on their 

NH3-SCR reactivity, the dynamic structure of Cu species confined in CHA zeolite is revealed (see 

Figure 7)179. They have proposed a reaction mechanism that single-site Cu species can travel through 

the 8MR window of the CHA supercages and form binuclear Cu species as the active sites for low-

temperature NH3-SCR reaction (see Figure 7D). The importance of formation binuclear Cu species 

can explain the low NH3-SCR activity for Cu-zeolite materials with low Cu density since the 

possibility to form such Cu pairs is much lower in those samples containing highly diluted single-site 

Cu species180. In that respect, to maximum the dispersion of Cu atoms in zeolites, more efficient 

synthesis methodologies have been developed to encapsulate high-loading Cu species in zeolites181. In 

a similar manner, zeolites can also serve as the host for atomically dispersed Pd atoms for generation 

of passive NOx adsorbers for low-temperature control of emissions from diesel engines182,183.  

Noted that, the Brønsted acid sites can participate the NH3-SCR reaction by interacting with NH3
184. 

The advantage of Cu-zeolite materials over Cu supported on conventional solid carriers can be related 

to the synergistic effect of acid sites in the zeolite framework and subnanometric Cu species confined 

in the cavities. Control of the spatial distribution of Cu and Al species is also a key issue on preparation 

of highly stable Cu-zeolite materials for NH3-SCR reaction185. 

Nevertheless, it is found that the confinement environment inside the zeolite crystallites can 

accelerate NO oxidation reaction inside pure-silica zeolites186. By combining the size and confinement 

effect, the catalytic NO reduction with CO is achieved by subnanometric Pt clusters confined in MCM-

22 zeolite at 140-200 K while isolated Pt atoms are not stable under such conditions and agglomerate 

into Pt clusters187. The unique electronic structures of confined Pt clusters in MCM-22 are proposed 

to account for the NO dissociation at low temperature and further CO oxidation to CO2 as well as the 

recombination of N species to N2.  

To our best knowledge, though there is no report on catalytic deNOx reactions based on Cu-MOF 

materials, the application of Cu-MOF or other MOF materials for adsorption of NOx has already been 

demonstrated188. Since MOF can be efficient absorbent for harmful gases, the introduction of 

functional metal components into the porous structures of MOF may introduce synergistic effects189.  
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In principle, Cu-MOF materials with suitable stability should be potential materials for catalytic 

removal of NOx.  

 

5.7 Organic reactions 

As the increasing ethene supply from steam cracking of ethane and the decreasing olefin products 

from fluid catalytic cracking, the on-purpose production of propylene and higher olefins has been 

intensively investigated and developed190. Basically, the transformation of ethene into higher olefins 

involves the ethene oligomerization and olefin metathesis reaction, both of which can be catalyzed by 

single-site metal species confined in porous materials. In 2003, Ni-H-Beta catalyst was reported for 

heterogeneous oligomerization of ethene under industrial relevant conditions191. The large-pore 

structure of nanocrystalline Beta zeolite and its lack of cages enhance the mass transportation and 

avoid the blockage of active Ni sites due to the formation of bulky oligomers. the Ni2+ stabilized by 

the Beta zeolite can firstly interact with ethene to form a nickel ethenyl hydride intermediate, which 

subsequently initiate the oligomerization reaction through the classical Cossee−Arlman mechanism192. 

Recently, Dincă et al. have reported the application of Ni-substituted Zn-MOF (Ni-MFU-4l) as 

highly selectivity (~96% selectivity to 1-butene) catalyst for dimerization of ethene in batch reactor 

via a Cossee-Arlman mechanism with high activity and selectivity to 1-butene (see Figure 8)193,194. 

Nevertheless, single-site Ni species can also be generated in covalent-organic framework (COF) 

through the bonding between Ni cations and N-containing ligands in the COF195,196. The Ni-COF 

catalysts showed comparable activity to those classic homogeneous counterparts and a much higher 

selectivity to C6+ olefins (> 40%). By comparing the Ni catalysts confined in zeolites and MOFs, it 

appears that higher selectivity to 1-butene can be achieved with Ni confined in organic framework, 

though both cases follow the same mechanism197. However, taking into account the regeneration of 

the deactivated Ni catalyst, the highly stable Ni-zeolite materials seem to be more practical.   

The activation of carbine by transition metals into metal carbenoids is a powerful and broadly used 

strategy for organic synthesis. Pd4 clusters stabilized in the MOF channels show remarkable activity 

for the Buchner reaction of benzene, while homogeneous Pd compounds or Pd supported on 

conventional solid carriers and zeolites show very low or even zero activity81. The unique reactivity of 

confined Pd4 clusters can be ascribed to its metastable mixed-valence 0/+1 oxidation state. Another 

application of Pd clusters (with different atomicity) confined in MOF have been reported for catalysing 
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the homocoupling of thienylboronic acids and terminal alkynes198. 

Single-site chiral metal catalysts confined in mesoporous silica and carbon nanotubes have been 

reported for asymmetric catalysis and the enantioselectivity is related to the morphology of the solid 

carrier199,200. Indeed, MOFs with chiral features have also been shown to be effective heterogeneous 

catalyst for acid-base catalysis and redox catalysis201. Asymmetric sequential alkene epoxidation and 

subsequent epoxide ring-opening reactions can be performed with the cooperative metal sites bonded 

to different linkers202. It can be expected that, by tuning the morphology of the MOF structure, the 

scope for those organic reactions can be further extended by increasing the accessibility of reactants 

to the chiral active sites203.  

By incorporating isolated metal species in MOFs, the stability and recyclability can be greatly improved 

without much compromise in reactivity. For instance, after functionalization treatment of the IRMOF-3 

structure to form Schiff base ligand, Au atoms can be stabilized by the organic linker and used for the 

coupling of N-protected ethynylaniline, amine, and aldehyde204. Isolated Au(III) species can be stabilized 

within MOFs consisting of rigid structure as recyclable catalysts for 1,5-enyne cycloisomerization and 

alkynyl cycloheptatriene cycloisomerization reaction, in where the unimolecular decomposition pathway 

of the well-defined Au(III) species is precluded205. By incorporating isolated Cu species in the node 

positions of ZIF-8, a recyclable Cu catalyst can be prepared for [3 + 2] cycloadditionof azides with alkynes 

and condensation reactions206. 

 

5.8 Photocatalysis and Electrocatalysis 

  As insulator, the negligible electrical conductivity limits the application of metal-zeolite materials 

for photocatalysis and electrocatalysis. Therefore, we will focus on discussing the application of metal-

MOF materials containing isolated atoms and clusters in photocatalytic and electrocatalytic 

reactions207,208. Though zeolite cannot be the light absorbent for visible light, it has been shown in 

some works that, small molecules such as methane can be activated by zeolites under short-wavelength 

UV light209. The non-oxidative coupling of methane to ethane can be catalyzed by Zn-zeolite material 

under UV light210. Mechanistic studies show that, Zn2+ can be reduced to Zn+ under UV light irradiation 

and methane can be activated on Zn+ sites under the excitation by light. The C-H bond in the activated 

methane molecule further react with another methane molecule for the formation of C-C bond. 
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One typical purpose for the introduction of metal atoms or clusters in MOFs is to be utilized as co-

catalyst in photocatalytic process. For instance, Pt isolated atoms can be incorporated into the organic 

linkers of an Al-MOF as the co-catalysts for photocatalytic H2 evolution89. In another work, by 

controlling the morphology of the MOF crystallite, a Pt-MOF layered material with high-loading 

isolated Pt atoms exhibits remarkable activity for photocatalytic H2 evolution reaction211. Besides, 

MOF-based catalysts can also be applied for photocatalytic CO2 reduction by using isolated metal 

species reducing CO2 with photo-generated electrons from the MOF matrix or other photo-

sensitizer212-214. 

  When the MOF structure is constructed based on π-conjugated system, the high electric conductivity 

enables it to be potential candidate material for electrocatalysis215. In 2016, Ni-MOF materials were 

reported for electrocatalytic oxygen reduction reaction and shown excellent performance compared to 

other electrocatalysts based on non-noble metals216. To further enhance the conductivity, the MOF 

structure consisting single-site metal species can be supported on a conductive support to form a 

heterojunction structure. By assembling benzene-1,2,4,5-tetracarbonitrile with Fe atoms into a π-

conjugated planar system supported on grapheme, the composite material can achieve comparable 

power density and cycling stability as commercial Pt/C catalyst in the Zn-air battery217.  

  The application for electrocatalytic CO2 reduction by metal-MOF materials has also been explored. 

With a cobalt−porphyrin MOF, the electrocatalytic reduction of CO2 to CO can be achieved with a 

selectivity of 76% and a TON of 1400 per Co site218. Spectroelectrochemical measurements show that 

Co(II) in the MOF structure can be reduced to Co(I) under the electrocatalysis conditions. In another 

study, a covalent organic framework comprising cobalt porphyrin as building unit can even catalyze 

the CO2 reduction in water with a much higher turnover frequency than molecular Co catalyst219. 

Covalent organic frameworks seem to be much better than metal-organic frameworks as the support, 

which could be caused by the different electric conductivity. As we have discussed above in other 

reactions, the stability of MOF materials under electrocatalytic conditions is always an inevitable issue. 

In fact, the deformation of the Co-ZIF-67 structure can occur under the reaction conditions for 

electrocatalytic oxygen evolution and the CoO(OH) nanoparticles generated from Co-ZIF-67, instead 

of the Co nodes in the MOF structure, are the working active sites220. 

  Preparing hybrid materials by combing the advantages of various types of materials can be an 

alternative approach to surpass the current bottleneck for CO2 reduction. Supported functionalized 
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cobalt phthalocyanine on carbon nanotubes shows ~40% efficiency for electrocatalytic CO2 reduction 

to methanol221. The carbon nanotubes serve as the conductive support for charge transfer and also 

stabilize the molecular Co catalysts. Inspired by this work, if one can generate single-layer metal-

phthalocyanine MOF that bonded to graphene-type materials, a highly efficient and stable catalyst for 

CO2 reduction may be produced222,223. Extending this concept to a more general scenario, it can be 

expected that, by engineering the interfacial contact between metal-organic framework materials and 

the substrate (the conducting support, electrode, etc.) should be a promising strategy to achieve high-

performance catalysts. 

  A larger number of works based on MOF-derived materials have been reported for electrocatalysis, 

which are mostly prepared by pyrolysis of metal-MOF materials or metal-organic complexes, rather 

than directly using metal-MOF materials224,225. One possible reason can be the higher electric 

conductivity of the carbon support generated after pyrolysis. Moreover, though the metal species can 

also be coordinated to four N atoms as M-N4 moiety in MOF, the electronic structure of the surrounding 

environment and the “backbone” material supporting the M-N4 moiety in MOFs is still different to 

that in carbon matrix.  

  If comparing the photocatalytic and electrocatalytic systems that have been developed in the 

literature with nature’s photosynthesis systems, which can convert low-concentration of CO2 (~400 

ppm) in the atmosphere into biomass, the current efficiency of artificial photosynthesis and 

electrosynthesis systems is still far behind. It has been shown in some works that, under photo 

irradiation or in the presence of electric field, the reactivity and stability can be enhanced and the 

selectivity can also be modulated226,227. In particular, the transfer of the charge carriers such as photo-

generated electrons/holes and electrons in electric field to the metal species in porous materials will 

play a vital role. Therefore, the reaction engineering including the reactor design, control of the 

interface between the porous materials and the electrodes will also bring new opportunities to this field. 

 

6. Comparison of different catalysts 

6.1 Influence of support morphology 

In the above examples, we have summarized some typical reactions catalysed by isolated atoms and 

metal clusters confined in zeolites and MOFs. When comparing the catalytic performance (activity, 
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selectivity and stability) of confined metal species in microporous materials with their counterparts 

supported on open-structured carriers (Figure 6), the advantages of confinement effect usually can be 

exhibited in reactions involving small molecules such as CO, CO2 and CH4, due to the diffusion problems 

for larger reactants in the porous structures. Due to the advantages of microporous materials on adsorption 

and enrichment of small reactants, the reactivity of the confined metal species can be further enhanced. 

During the catalytic cycles, the metal species and reactants will be constrained in the limited space inside 

the porous support, which may change the conformation of the transition state, resulting in unique 

catalytic behaviour compared to the metal species supported on an open surface. Such geometric 

confinement effect is clearly shown in the shape selectivity achieved by metal-zeolite catalysts. 

Metal entities supported on mesoporous materials and metal nanoparticles encapsulated in microporous 

materials can be treated as intermediate states between the abovementioned two scenarios. When metal 

entities are supported on mesoporous materials (MCM-41, SBA-15, porous carbon etc.), their stability 

against sintering can be improved. Moreover, the lager pore size of mesoporous materials allows the 

diffusion of larger reactants to the metal sites, resulting a wider reaction scope. On the other hand, the 

shape-selectivity is also compromised by the larger pore size228,229. In the case of metal nanoparticles 

encapsulated in microporous materials, the shape-selectivity and high stability is preserved by the matrix 

surrounding the metal nanoparticles63-65,230-232. However, due to the mismatch between the metal particles 

and the micropores, the confinement effect is not maximized. As a result, the structural characterization 

and precise control of the location of the metal nanoparticles and their surrounding environment is a 

challenge.  

 

6.2 Comparison of zeolites and MOFs 

For a specific reaction, it maybe catalysed by either metal-zeolite or metal-MOF materials. By looking 

into the above exemplary reactions, metal-zeolite materials seem to be more suitable for gas-phase 

reactions involving small molecules while metal-MOF materials seem to be more suitable for liquid-phase 

organic reactions. Such difference could be related to the higher stability of zeolites and the diffusion 

barrier caused by the rigid zeolite framework. The relatively larger pore size and flexibility of the MOF 

framework improves the accessibility of organic reactants to the metal species.  

Another factor causing such difference is the electronic structures of metal species confined in MOFs. 
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Metal atoms or clusters confined in zeolites can still be treated as inorganic complexes, whose chemical 

states are either positively charged or metallic and are similar to those species supported on conventional 

solid carriers. However, when those metal species are bonded to the nodes or ligands of MOF, 

unconventional chemical states can be generated. The coordination environment of metal species confined 

in MOFs are close to the metal complexes used in homogeneous catalysis, making them more suitable for 

liquid-phase organic reactions such as the production of fine chemicals catalysed by expensive and 

unstable homogeneous metal complexes in conventional processes233. By translating the lessons learnt in 

homogeneous catalysis on modulating the coordination environment of the metal species, it is possible to 

achieve unique chemoselectivity for a wide range of organic reactions with metal-MOF catalysts. The 

advantage of the use of MOF as the container for subnanometric metal species will be more remarkable 

for photocatalytic reactions involving the combination of photo-redox and metal catalysis since the charge 

transfer from the light sensitizer to the metal sites can be achieved within the cavity of MOF structure234,235. 

The combination of the electric conductivity and versatile functionality of MOF structure offers the 

application of metal-MOF materials for the emerging electrocatalytic organic synthesis236. 

It should be mentioned that, subnanometric metal species can also be incorporated and confined in 

amorphous porous materials, such as porous polymers or inorganic-organic hybrid materials. So far, 

the industrial hydroformylation reactions are performed under homogeneous conditions, using 

molecular Rh-based and Co-based complexes as catalysts. In the last two decades, great efforts have 

been devoted to transform the conventional homogeneous into heterogeneous systems for convenient 

separation and recyclability of the catalysts21. By encapsulation of Rh complex in zeolites by ship-in-

bottle synthesis, the hydrogenation of olefins by single-site Rh species in confined space can be 

achieved. The zeolite structure can also prevent the leaching of Rh species under reaction conditions 

and avoid the sintering of Rh to nanoparticles. However, the rigid structure and small pore size of 

zeolites will also limit the accessibility of reactants to Rh species. And more importantly, the ratio of 

linear and branched products is not improved in a substantial manner237. Similar catalytic performance 

has also been reported with Rh confined in MOF materials, indicating the efforts on heterogenized Rh 

complex for hydroformylation reaction are not very successful238. One possibility is, when using Rh-

zeolite or Rh-MOF catalysts for the hydroformylation reaction, the active sites are not located inside 

the crystalline porous materials as expected, thus giving low ratio of linear to branched product239. In 

a recent work, by encapsulating Rh clusters in MFI zeolite, by improving the fraction of Rh clusters 
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encapsulated in pure-silica MFI zeolite, regioselectivity to linear butyraldehyde is enhanced from 46 

to 83%, indicating the importance of controlling the spatial distribution of active species in 

microporous materials240. To avoid the mass transportation problem, isolated Rh atoms have been 

successfully anchored on porous organic polymer from the co-polymerization of vinyl functionalized 

phosphorus ligands, and these single-atom Rh catalysts showed excellent activity and reusability for 

hydroformylation of olefins241,242. These Rh atoms showed high TOFs in hydroformylation of propene 

and high selectivity to linear butaldehyde.  

 

7. Outlook 

To have precisely control on the location of subnanometric metal species in porous materials at 

atomic level is a key step to establish structure-reactivity relationship for fundamental understanding 

on the nature of the active sites. Moreover, such catalysts with uniform structures will also be able to 

achieve high selectivity in catalytic reactions and high stability if the active sites are well confined 

inside the porous materials.  

For most of the previous works in the literature, the materials were usually prepared and then tested 

for a couple of potential reactions. Such a trial-and-error research paradigm can be effective and indeed, 

many catalysts used in the industrial processes were developed in this way243. Herein, we would like 

to propose a complementary paradigm for synthesis of metal catalysts through an “ab initio” concept, 

in which the structure and coordination environment of the active sites are designed according to the 

transition state of the target reaction. Such concept has already been demonstrated in aluminosilicate 

and titanosilicate zeolites for a couple of reactions, in which the zeolite materials are synthesized using 

organic structure-directing agents with similar structures to the transition states in the target 

reactions244-246. For most of the reactions catalysed by metal-zeolite or metal-MOF materials, 

especially for those involving organic molecules, the transition state can be described as a coordination 

complex with a single or multiple metal sites. By mimicking the geometric conformation of the 

transition state and introduce the corresponding structure into the preparation of metal-zeolite or metal-

MOF materials, a catalyst with optimized coordination environment for the metal atoms or clusters 

can be prepared for the desired reaction.  

In some of the abovementioned works, the neighbouring metal sites confined in the porous materials 
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can work synergistically to activate the reactants or perform reactions that requires multiple metal sites. 

The longer distance between the neighbouring metal sites are slightly longer than the bonded metal atoms 

in a single nanoparticles or clusters. The porous structures of zeolite and MOFs can be an ideal host for 

densely atomically dispersed atoms. Though the unique catalytic behaviour of neighbouring atoms has 

been demonstrated in several examples, the differences in reaction mechanism compared to the bonded 

metal atoms in metal clusters or nanoparticles are still not clear. Some questions remain open: how the 

density of the neighbouring atoms will influence their catalytic performance and whether those 

neighbouring atoms still remain dispersed under reaction conditions. Thanks to the well-defined structures 

of the crystalline microporous matrix and the confined metal species, it is possible to carried theoretical 

calculations to understand how the coordination environment influence the intrinsic structure features of 

the metal centres and propose representative descriptors for screening potential structures to guide 

preparation of new catalysts.   

It has been shown in some works that, the metal species and the zeolite or MOF framework can work 

synergistically as bifunctional catalyst. However, up to date, the structural characterization on the location 

of the two types of active sites and their proximity remains to be a great challenge247. Systematically 

studies are required to understand the reaction mechanism and the formation and transportation of the 

intermediates between different active sites. On the other hand, to reach a better synergy between the two 

types of active sites, synthesis methodologies for tuning the proximity of the two types of active sites have 

to be developed. 

The dynamic structural transformation of isolated atoms and metal clusters under reaction 

conditions has been proved to be common phenomena in heterogeneous catalysis248,249. The chemical 

states and coordination environment of the isolated atoms or clusters confined in porous materials may 

probably be different to the pristine catalyst. At present, we have limited characterization techniques 

to directly observe the dynamic structure of the active sites at atomic and molecular level under in situ 

or operando conditions250,251. Especially, very limited structural information can be obtained in three-

dimensional scale, which limits our understanding on how the chemical transformation occurs inside 

the porous materials. Such issue will be even more critical with metal-MOF materials due to their 

lower stability. 

As mentioned before, the scope of the reactions can be limited by the diffusion problems caused by 

the porous framework. As demonstrated in the literature for hierarchical zeolite and MOF materials, 
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the accessibility to the metal sites can be promoted by tuning the size, morphology, porosity of the 

zeolite and MOF crystallites252-255. Furthermore, considering the different physiochemical properties 

of zeolites and MOFs, by combining the advantage of the two types of crystalline porous materials 

(zeolites and MOFs) for the synthesis of inorganic-organic hybrid materials, it may lead us to achieve 

unique reactivity and selectivity for a broader scope of catalytic applications256.  

In summary, isolated metal atoms and clusters confined in crystalline porous materials are emerging 

materials with novel catalytic properties. With the accumulation of knowledge and insights, a unified 

theory to understand catalysis in highly diverse systems, from molecular complexes to solid crystalline 

solids, from gas phase to liquid phase, from conventional thermal reactions to photocatalytic or 

electrocatalytic reactions, can be established. And more importantly, heterogeneous catalysts designed 

by confining subnanometric metal species in porous materials can be applied for industrial processes. 
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Figure 1. Schematic illustration of isolated atoms and subnanometric metal clusters supported on 

conventional solid carriers (a), confined in zeolite (MFI-type zeolite as an example) (b) and metal-organic 

framework (c). In (a), several typical metal species from isolated metal atoms to bimetallic nanoparticles 

supported on open-structure solid carriers are illustrated. In (b) and (c), isolated metal atoms and clusters 

located in different positions within the microporous crystalline materials (zeolites and MOFs) are 

illustrated. Notice that, we will be reviewing here about transition metal atoms that do not occupy the 

tetrahedral coordination positions in the zeolite framework (e.g. Ga, Fe, Ti, Sn, etc.). Instead, we will 

discuss basically about isolated transition metal atoms and nanoclusters, such as Ni, Co, Cu, Pt, Pd, Rh, 

Ir, etc., due to their strong impacts in catalysis as extra-framework species in zeolites and MOFs. 
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Figure for Box 1. Confinement effect on supported metal catalysts. (a) Subnanometric metal cluster 

confined in microporous materials (zeolites or MOFs). Interaction between the metal clusters and the 

microporous framework exists at the interface. (b) Subnanometric metal cluster supported on 

conventional open-structure solid carriers. (c) Small metal cluster confined in microporous materials. 

When the size of the metal species is smaller than the cavity within the microporous matrix, the 

confinement effect is not as strong as the larger metal species. However, by considering the 

combination of the metal entity and the reactant, the porous matrix can influence the metal-reactant 

interaction and therefore the catalytic reactivity. Furthermore, as a result of molecular sieving effect, 

reactants larger than the pore size will not have access to the confined metal entity. (d) Metal particle 

supported on conventional open-structure solid carrier. Both small and large reactants can have access 
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to the metal entity. According to the particle size, heterogeneous metal catalysts can be divided into 

three types: isolated metal atoms (usually transition metals), metal clusters with a few atoms (usually 

below 1 nm) and metal nanoparticles (>1 nm, normally with >20 atoms). In this review, we are focused 

on subnanometric metal entities (isolated metal atoms and metal clusters) encapsulated inside the 

crystalline microporous materials (with pore size below 2 nm), such as zeolites and MOFs. Taking 

metal-zeolite material as an example, the encapsulation of a metal cluster in zeolite crystallite refers 

to anchoring the metal cluster in the pore or cavity of the zeolite structure. The stabilization of metal 

species in zeolites is mainly achieved by forming bonding between the metal species and framework 

O. Since the contact area between the metal species and the framework could be larger than the 

scenario with conventional supported metal catalyst, the interaction can be stronger. The mobility of 

the metal entities is limited by the framework and their structures (electronic and geometric structures) 

will also be influenced. Furthermore, the molecular sieving effect from the crystalline microporous 

framework also affects the accessibility of the encapsulated metal species.  
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Figure 2. Introduction of metal catalysts in zeolite crystallites by different methods. (a) Conventional 

impregnation, (b) ion-exchange method and (c) one-pot synthesis. For instance, using [Pt(NH3)4]2+ 

complex as precursor, isolated Pt atoms can be easily introduced into zeolite Y by exchanging with the 

protons in zeolite framework due to the presence of Al(III) framework sites. However, the Pt complex 

will decompose and form Pt-O bonding with the zeolite framework during the subsequent heating 

treatment. Meantime, part of the Pt species will sinter into nanoparticles during the decomposition of 

[Pt(NH3)4]2+ complex. In the case of impregnation, by mixing the zeolite support with precursor solution 

and subsequent removal of the solvent, metal precursor can be loaded on the zeolite support. When the 

metal-zeolite material is prepared by impregnation or ion-exchange process, the majority of the metal 

species is located on the surface or near-surface areas, which will agglomerate into large particles in 

subsequent high-temperature oxidation-reduction treatments. While in the case of metal-zeolite material 

prepared by one-pot synthesis, the stability is greatly enhanced due to the good encapsulation of metal 

entities by the zeolite framework, suppressing their sintering. 
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Figure 3. Catalytic performance of Pt-MFI materials for propane dehydrogenation reaction. (a) 

Initial turnover frequency (TOF) of various Pt-zeolite materials for propane dehydrogenation reaction 

at 600 oC based on the exposed Pt sites determined by the average particle size derived from electron 

microscopy and EXAFS results. The TOF values were calculated based on the initial propane 

conversion at kinetic regime (conversion below <20%) at 600 oC. (b) Initial reaction rates of various 

Pt-zeolite materials for propane dehydrogenation reaction at 600 oC based on the mass of Pt in the 

solid catalyst. From a practical point of view, the initial reaction rate based on the mass of Pt species 

will be more meaningful for the evaluation of their catalytic performance. As can be seen in (b), the 

K-containing Pt-zeolite samples (K-Pt@MFI and K-PtSn@MFI) show much higher initial reaction 

rate than the K-free samples, indicating the significant promotion effect of K and higher reactivity of 

subnanometric Pt clusters. (c) Deactivation constant of PtSn@MFI, K-Pt@MFI and K-PtSn@MFI 

samples in the first 10 h during the first catalytic cycle of propane dehydrogenation reaction. calculated 

from the following equation: ln[(1-Xfinal)/Xfinal] = kd*t + ln[(1-Xintial)/Xintial], where X corresponds to 

the conversion of propane. (d) Initial propane conversion on PtSn@MFI, K-Pt@MFI and K-
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PtSn@MFI catalysts in different catalytic cycles. The initial conversion of propane decreases 

significantly when the K-free PtSn@MFI sample is regenerated for the second and third catalytic test, 

which is caused by the sintering of Pt. Notably, both K-Pt@MFI and K-PtSn@MFI show good 

recyclability in three consecutive reaction-regeneration cycles, indicating the high stability of 

subnanometric Pt clusters confined in the sinusoidal 10MR channels. (e-h) HAADF-STEM images of 

various pristine Pt-MFI catalysts after reduction by H2 at 600 oC. (e) Pt@MFI, (f) K-Pt@MFI, (g) 

PtSn@MFI and (h) K-PtSn@MFI. (i-l) HAADF-STEM images of various pristine Pt-MFI catalysts 

after propane dehydrogenation reaction. (i) Pt@MFI, (j) K-Pt@MFI, (k) PtSn@MFI and (l) K-

PtSn@MFI. By comparing the size of Pt particles in the pristine and used catalyst, the sintering of Pt 

nanoparticles in the K-free samples is clearly observed. While in the K-promoted samples, 

subnanometric Pt clusters can be preserved after the catalytic tests for propane dehydrogenation 

reaction. Images adapted from Ref. 73. 
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Figure 4. Influence of the density of Cu species in CHA zeolite on NOx-SCR activity. (A) The 

CHA cage and schematic representation of the Cu ion densities per CHA cage. (B) Standard NOx-SCR 

reaction rates and apparent O2 orders measured with Cu-CHA samples (Si/Al=15) when increasing the 

density of Cu ions in CHA zeolite. (C) The dependence of CuI fraction on Cu ion volumetric density 

during steady-state standard NOx-SCR reaction at 473 K, measured by XANES. As shown in (a) and 

(b), the SCR activity increases linearly with the Cu density in CHA zeolite when the Cu density is 

higher than 1.9×10–4 Å–3, which is consistent with the literature. However, when the Cu density 

decreases to below 1.13×10–4 Å–3, the SCR reaction rate varies quadratically with the Cu density. 

Furthermore, the chemical state of Cu species is also dependent on the Cu volumetric density (c). (d) 

Proposed low-temperature SCR catalytic cycle. Reduction steps proceed on site-isolated CuII ions 

residing near one (left-hand cycle) or two (right-hand cycle) framework Al centers with constrained 

diffusion of CuI ions into single cages and oxidation by O2 (inner step). Adapted with permission from 

Ref. 179. Copyright 2017 AAAS. 
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Figure 5. Subnanometric metal species confined in MOF for photocatalysis and electrocatalysis. The 

photo-generated charge carriers (holes and electrons) can be generated in various ways and then 

transferred to the metal sites confined in MOF for photocatalytic reactions. (a) Isolated metal atom or 

cluster serves as the co-catalyst to host the photo-generated charge carrier generated in the MOF 

framework structure. (b) Light is absorbed by a photo-sensitizer and the photo-generated charge carrier 

is subsequently transferred to a neighboring metal site. (c) Photo-generated charge carrier is generated 

in a photo-sensitizer material (e.g. semiconductor, plasmonic metal particle) and then transferred to 

MOF consisting of subnanometric metal species. (d) Molecular cobalt phthalocyanine catalyst 

supported on carbon nanotubes for the electrocatalytic CO2 reduction to methanol. (e, f) Proposed 

catalyst comprising single-layer metal phthalocyanine MOF on graphene and carbon nanotubes. 
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Figure 6. Comparison of different types of supported metal catalysts. (a) Metal catalysts supported on 

open-structure solid carriers. (b) Metal particles located in mesoporous materials with pore size ≥2 nm. 

(c) Isolated metal atoms and subnanometric metal clusters confined in microporous materials with pore 

size below 2 nm. (d) Metal nanoparticles encapsulated in microporous materials. In this scenario, the 

size of the metal particle is larger than the pore size. As a result, the porous structure surrounding the 

metal particle could be partially distorted. (e) Influence of the support and catalyst morphology on the 

catalytic performance of various heterogeneous metal catalysts in terms of confinement effect, stability 

and shape-selectivity. (f) Comparison of subnanometric metal catalysts confined in zeolites and MOFs. 
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Table 1. Characterization techniques for isolated metal atoms and clusters in porous materials. 

Technique 

Morphology 

(Shape, 

size…) 

Atomic 

resolution 

Chemical 

composition 

Surface 

sensitivity 

Electronic 

properties 

Coordination 

environment 

Local 

/Bulk 

S/TEM 

EELS/EDS 

Y Y Y N N N Local 

APT Y Y Y N N N Local 

EXAFS/XANES Y N Y N N Y Bulk 

UV 

Fluorescence 

N N N N Y N Bulk 

IR N N N N Y Y Bulk 

ssNMR N N N N Y Y Bulk 

XPS N N Y Y Y N Bulk 

Note: Y, feasible to obtain the information; N, not feasible to obtain the information. 

 


