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Abstract 
 

The present PhD Thesis has been dedicated to the design and synthesis of a new type of 

composites of metal-organic frameworks (MOFs) or covalent-organic frameworks (COFs) with 

inorganic nanoparticles (iNPs) and the use of these composites for heterogeneous catalysis. 

In the first chapter, we introduce the family of composites made by supporting iNPs 

on/in different materials, focusing on those constructed with MOFs and COFs. Then, the 

general objectives of the Thesis are described in Chapter 2. 

Chapter 3 shows the results in “The influence of the MOF shell thickness on the 

catalytic performance of composites made of inorganic (hollow) nanoparticles encapsulated 

into MOFs”, Catalysis Science & Technology (2016). Herein, we report the encapsulation of 

hollow Pt or Pd nanoparticles (NPs) into ZIF-8, making a series of composites in which the ZIF-

8 shell thickness has been systematically varied. By using these composites as catalysts for 

the reduction of 4-nitrophenol and Eosin Y, we show that the MOF shell thickness plays a key 

role in the catalytic performance of this class of composites.  

In Chapter 4, hybrid core-shell Au/CeO2 NPs dispersed in UiO-66 shaped into 

microspherical beads are created using the spray-drying continuous-flow method. The 

combined catalytic properties of nanocrystalline CeO2 and Au in a single particle and the 

support and protective function of porous UiO-66 beads make the resulting composites show 

good performances as catalysts for CO oxidation (T50 = 72 °C; T100 = 100 °C) and recyclability. 

The results are included in the manuscript entitled “Core-shell Au/CeO2 nanoparticles 

supported in UiO-66 beads exhibiting full CO conversion at 100 °C”, Journal of Materials 

Chemistry A (2017).  

Finally, in Chapter 5, we demonstrated a two-step method that enables imparting new 

functionalities to COFs by nanoparticle confinement. The direct reaction between 1,3,5-tris(4-

aminophenyl)benzene and 1,3,5-benzenetricarbaldehyde in the presence of a variety of 

metallic/metal-oxide nanoparticles resulted in the embedding of the nanoparticles in 

amorphous and nonporous imine-linked polymer organic spheres. Post-treatment reactions 

of these polymers with acetic acid under reflux led to crystalline and porous imine-based COF-
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hybrid spheres. Interestingly, porous imine-based COF-hybrids with Au and Pd NPs were 

found to be catalytically active. These results have been reported in the publication entitled 

“Confining Functional Nanoparticles into Colloidal Imine-Based COF Spheres by a Sequential 

Encapsulation-Crystallization Method”. Chemistry a European Journal (2017). 
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Resum 

La presente tesis doctoral se ha enfocado en el diseño y la síntesis de un nuevo tipo de 

materiales compuestos basados en metal-organic frameworks (MOFs) o covalent-organic frameworks 

(COFs) y nanopartículas inorgánicas y el uso de estos materiales compuestos para la catálisis 

heterogénea.  

En el primer capítulo se introduce la familia de materiales compuestos dispersos en/sobre 

diferentes materiales haciendo especial énfasis en aquellos construidos con MOFs y COFs. En el 

capítulo 2 se presentan los objetivos generales de la tesis doctoral. 

En el capítulo 3 se muestran los resultados del artículo “The influence of the MOF shell 

thickness on the catalytic performance of composites made of inorganic (hollow) nanoparticles 

encapsulated into MOFs” publicado en 2016 en la revista Catalysis Science & Technology. En el mismo 

se reporta la encapsulación de nanopartículas huecas de Platino y Paladio en el ZIF-8 formando así 

una serie de materiales compuestos en los cuales el espesor de la cáscara de ZIF-8 era modulada de 

manera sistemática. 

 En el capítulo 4, nanopartículas híbridas de tipo núcleo-coraza de Au/CeO2 dispersadas en 

microesféras de UiO-66 han sintetizados usando el método se atomización por secado con flujo 

continuo. Las propiedades catalíticas combinadas en una única partícula de los nanocristales de CeO2 

y Au y la capacidad protectora de las microesféras porosas de UiO-66 hacen que estos materiales 

compuestos muestren resultados interesantes como catalizadores para la reacción de reducción de 

monóxido de Carbono. (T50 = 72 °C; T100 = 100 °C) con alta reusabilidad. Los resultados obtenidos 

han sido incluidos en el artículo. “Core-shell Au/CeO2 nanoparticles supported in UiO-66 beads 

exhibiting full CO conversion at 100 °C” publicado en la revista Journal of Materials Chemistry A en 

2017.  

Finalmente, en el capítulo 5, hemos demostrado que usando un método en dos pasos se 

pueden funcionalizar COFs confinando en ellos nanopartículas. La reacción directa entre el 1,3,5-

tris(4-aminofenil)benceno y el 1,3,5-benzenetricarbaldehído en presencia de una variedad de 

nanopartículas metalícas o de óxidos de metal resulta en la encapsulación de estas nanopartículas en 

un polímero amorfo de iminas-enlazadas con forma de esfera. El Post-tratamiento de estas esferas 

con ácido acético en reflujo conduce a la obtención de esferas cristalinas de COFs basados en iminas. 

Además materiales compuestos basados en COF y nanopartículas de Au y Pd han demostrado ser 

catalíticamente activas. Estos resultados han sido publicados en el artículo “Confining Functional 
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Nanoparticles into Colloidal Imine-Based COF Spheres by a Sequential Encapsulation-Crystallization 

Method” publicado en la revista Chemistry a European Journal en 2017. 
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Chapter 1 - General Introduction 
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1.1 Inorganic Nanoparticles 
 

Inorganic nanoparticles (iNPs) have been attracting increasing attention in the past decades. 

Since their discovery, the approach to utilize them in different applications has changed due 

to their unique physical and chemical properties compared to the bulk size of the same 

materials. Nanomaterials are classified with their dimension.[1] They are addressed as “nano” 

when their size is in 1-100 nm range. This difference of size between the nanoparticle and 

bulk materials has a tremendous effect on the properties of the material; inorganic 

nanomaterials are in the size range of molecules, but with a higher electron density[2] and 

bulk metals have delocalization of the electron clouds, which is a phenomenon that is not 

seen in nanosized metals. Thus, electrical, thermal and in general most of the physical and 

chemical properties of the bulk materials are not exhibited in the nanoparticle counterparts. 

On the contrary, when the surface of the iNPs interacts with other materials, the 

interaction leads to a change in the electric field. This change can be measured as a signal 

called Surface Plasmon Resonance (SPR) (Fig. 1).[3] The changes in the cloud density of the 

iNPs are a direct consequence of their interaction with the support. They are dependent on 

the size, shape, and defects of the iNPs.[4], [5] The importance of this phenomenon makes it 

very crucial to choose the right type of support for iNPs in different applications since the 

contribution of the support can enormously affect the activity of iNPs. All these exceptional 

properties have made it so that nanoparticles have an exponentially increasing presence in 

different areas. 

 

 

 

 

Fig. 1 Electronic cloud oscillation of metal NPs when an external electric field is applied3. 
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1.2 Application of Inorganic Nanoparticles 
 

The unique electronic and optical properties and the high surface-to-volume ratios of 

nanoparticles lead to advanced and diverse applications, ranging from electrooptic devices[6, 

7], and chemical sensing[8] to magnetic recording[9]. iNPs have also shown other applications 

in different fields, including energy conversion and storage, chemical manufacturing, and 

environmental technology[10-13]. 

In addition, iNPs have a wide range of application in the field of biomedicine. By using 

iNPs as a drug carrier, they can have potential applications in drug targeting[14], improving 

the release and bioavailability of drugs[15] and reducing the secondary effects of drugs[16].  

  

 

 

Fig. 2 Magnetic resonance images of a mouse injected with iron oxide NPs at 7 different times. Time points 

underneath each image: the time after iron oxide NPs injection: one sagittal slice showing the heart (red 

arrow), the vena cava (green arrow), and the bladder (yellow arrow) (a–e), and another sagittal slice 

showing the kidney (blue arrow) (f–j)18. 
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iNPs have been used for biomedical imaging as well. Inorganic nanoparticle-based 

biomedical imaging probes have been studied extensively as a potential alternative to 

conventional molecular imaging probes[17]. Not only they can provide a better imaging 

performance but they can also offer a greater versatility of multimodal, stimuli-responsive, 

and targeted imaging (Fig. 2)[18-22].  

Also, iNPs have a key role in assisting the development of smart sensors and detection 

agents. Their high surface to volume ratio and unique optical properties facilitates the 

development of highly sensitive analytical inorganic nanoparticle-based bio-sensing tools. 

Smartly fabricated gold NPs can be used as probes for selective detection of toxic 

contaminants and metal pollutants[23]. Optical properties of gold NPs arise due to a 

distinctive phenomenon termed as SPR. Any change/alteration in the size, shape or geometry 

of particles alters the local electron confinement which is thereby reflected in the SPR 

absorption maxima and color of colloidal solution[24]. For example, adsorption of metal ions 

in wastewater by gold NPs changes the SPR of the nanoparticles allowing to detect heavy 

metal pollutant with an accuracy of 1-10 ppb. Heavy metal pollutant such as As, Hg, Cu, Pb, 

Cr, and Cd have been detected with similar technique[25-29]. Besides detection, different 

types of iNPs such as TiO2, zero valent iron, iron oxides and CeO2[30-33] have been introduced 

for the removal of heavy metals from water/wastewater. These iNPs have exceptional 

adsorption properties, and they are cost-effective adsorbents. 

Among all the applications above of iNPs, heterogeneous catalysis has undergone 

explosive growth during the past decade[34, 35]. Since heterogeneous catalysis is a surface 

phenomenon, the activity of a metal catalyst is generally proportional to the surface area of 

the active phase, which depends on the particle size. Smaller particles have a higher 

proportion of their atoms at the surface, while larger particles have a smaller proportion. For 

this reason, iNPs have specific and outstanding properties of a catalyst, such as selectivity, 

activity, durability, tenability, recoverability and other unique properties compared to bulk 

catalysts. Especially, noble transition metals NPs such as Pd, Au, Pt, Ru and Ag, have been 

extensively exploited in catalysis, and a large variety of organic transformations such as 

carbon-carbon coupling[36, 37], oxidation[38, 39], hydrogenation[40, 41], biocatalysis[42, 

43], photocatalysis[44-46], biofuel generation[47, 48] and many more have been achieved 

using iNPs based on these metals[49, 50] as catalyst. However, there are still some major 
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barriers to the widespread use of iNPs as a heterogeneous catalyst. Firstly, they can suffer a 

deactivation process called sintering. When two particles collide with sufficient energy, they 

will coalesce with one another, reducing their surface area, and consequently their surface 

free energy. This reduces the number of active sites at which reactions can occur, which 

results in a loss of catalytic activity. For example, supported Pd NPs on MgO and ZrO2 showed 

turn over frequencies (TOFs) of 464.68 and 309.8 M.M−1.min−1 representatively for p-

nitrophenol reduction. These values are much higher compared to the unsupported Pd NPs 

(TOF= 2.7 x 10-3 M.M−1.min−1). Seth et al. investigations suggested that support-induced 

modification in the electronic nature of the particles and aggregation prevention were 

responsible for the enhanced performances of the supported Pd NPs[51]. The second 

limitation of using iNPs is that they are difficult to recover. Because of their small sizes, they 

cannot be collected by ordinary filtration methods, as they pass through the pores of most 

common filtration devices. Furthermore, they cannot be collected by centrifugation because 

of their low sedimentation rates.[52] 

  

1.3 Inorganic Nanoparticles Supports 
 

The argument of interest between using iNPs mainly for catalysis and other applications and 

the barriers to using them alone has prompted the synthesis and investigation of diverse 

highly functionalized iNPs supported on various materials. Support materials can influence a 

catalysis reaction in many aspects. In some cases, interactions between iNPs and support 

materials inhibit chemisorption of reactant species, resulting in compromising the catalytic 

activity. However, metal–support interactions can also promote catalytic activity, and the 

support material even takes a major part in catalytic reactions[53]. 

 iNPs support materials can be categorized into metal oxides[51, 54, 55] ,graphene[56-

58], activated carbon[59, 60], zeolite[61], mesoporous silica[62], MOFs[63] and COFs[64]. The 

role of the support can be different in every system for different applications. The role of 

metal oxide as non-porous support for iNPs can exceed from avoiding aggregation and 

sintering of the nanoparticles in the application media. In most cases, they can have a direct 

impact on the nature of the property of the composite, and they can act as an active support, 

either by enhancing the activity of the iNPs by orders of magnitude or adding whole new 
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functionality to the systems. For example, using CeO2 as a support for metal NPs like gold for 

CO oxidation, enhances the catalytic activity of the iNPs drastically, because of the oxidation 

exchange and storage capacity of ceria[65, 54, 66]. These properties of ceria are due to its 

redox behavior achieved by the easy and reversible transformation of Ce4+ cations into Ce3+ 

cations, which depends on the oxygen vacancies especially on the surface of the material[67]. 

Different systems such as Au supported on TiO2 and iron oxides can also reduce the oxidation 

temperature drastically but with a different mechanism[68-71]. 

   Additional functionality such as photoactivity can be introduced by using materials 

such as TiO2 and ZnO as a support for iNPs[72-75]. Among the photocatalysts, TiO2 and ZnO, 

which are a cheap, nontoxic, and abundant semiconductor and resistant to photo-corrosion, 

have been most widely used in photocatalysis, photodegrading organic pollutants in a variety 

of environmental applications[76]. However, there are some drawbacks to use TiO2 as a 

photocatalyst, its large band gap and high recombination of photogenerated charge carriers 

can decrease the photoactivity[77]. By pairing TiO2 with noble metal NPs such as Pd, Pt, Au, 

Ag or even Cu, we can reduce the recombination of photogenerated charge carriers and 

improve the charge separation, which can result in higher photocatalytic activity of TiO2-

supported noble metal NPs and also, in some cases, tune the selectivity towards more 

desireable products[78]. As an example, in the work of Biswas et al., they demonstrated that 

Pt supported on TiO2 thin film had a higher photoreduction efficiency of CO2 with a selective 

formation of CH4 compare to TiO2 thin film alone (Fig. 3)[77]. 

On the other hand, ZnO has a higher electron mobility (115−155 cm2 V−1 s−1) than TiO2 

by orders of magnitude and large exciton binding energy (60 meV) at room temperature. For 

this reason, it has been regarded as a promising material in a broad range of high technology 

applications, for example, photodetector[79], solar cell[80], and photocatalyst[81]. With a 

similar behavior to TiO2, coupling ZnO with noble metal NPs can enhance the photoactivity. 

Pern and co-workers were able to improve the methanol oxidation activity of ZnO nanorods 

by incorporating Pt NPs. Irradiation of UV light on ZnO@Pt enhanced the 

chronoamperometric response by 62%, which demonstrates a synergistic effect of photo-

oxidation of methanol on ZnO and electro-oxidation of methanol on Pt NPs.[75]  
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Furthermore, metal oxides support can also add other functionality such as magnetic 

properties to iNPs. Magnetite is a well-known material, also known as ferrite, and can be used 

as versatile support for functionalization of iNPs. One of the main barriers that were 

mentioned before for using iNPs in heterogeneous catalysis was the difficulty in recovering 

the catalyst from the reaction media and recyclability. Fe3O4 is used as a support for important 

catalytically active metal NPs such as Pd, Pt, Cu, Ni, Co, Ir, etc. to obtain stable and 

magnetically recyclable heterogeneous catalysts[82-85]. For example, the Pd-based catalyst 

is well known for the production of H2O2 from electro-generated H2 and O2[86].  By loading Pd 

NPs on the magnetic Fe3O4 particles, H2O2 and Fe2+ could simultaneously be produced in an 

electrolytic cell and the catalyst can be recycled magnetically up to 10 cycles maintaining the 

catalytic activity[84]. Other types of metal oxides such as ZrO2, Al2O3, MnO and MgO, etc. 

have been used as a support for iNPs for various catalysis reactions but mostly focus 

enhancing the activity and/or preventing the iNPs from aggregation[87-89].  

Even though non-porous supports such as metal oxides can provide a tremendous 

improvement in the activity of iNPs and adding multiple functionalities to the system, they 

are still some drawbacks in using a non-porous support in certain applications. Different 

localization of iNPs is very difficult on non-porous materials because mainly the localization 

of the iNPs is on the surface and this can also lead to a low loading of the iNPs. Incorporating 

iNPs into porous support can overcome these problems and allow a high loading of multiple 

 

Fig. 3 Characterization of TiO2 thin film loaded with Pt NPs. FE-SEM image of the thin film, where the white 

rectangle indicates the location of TEM image (a). AFM image (3D view) (b). Composed elemental mapping 

image, where green denotes Ti and red indicates Pt (c). TEM images, where the square indicates the 

location of HR-TEM image (d). CO and CH4 yields of commercially available TiO2 powders (P25), pristine 

TiO2 film, and Pt-TiO2 films with different Pt deposition times (e) 77. 

(e)
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types of iNPs with a desirable localization[62]. Microporous/mesoporous cavities and 

channels of zeolites frameworks and silica have been used for decades for the encapsulation 

of cations, complexes and metals[90, 91]. In the particular case of metals, nanoparticles are 

usually formed after post-synthesis modifications such as ion-exchange or wetness 

impregnation[92-94]. Tough encapsulation can provide strict control of the nanoparticle size 

as well as a limitation of aggregation at high temperature; encapsulated nanoparticles are 

often hardly accessible due to diffusion limitations of reactants in sub-nanometric 

micropores[95-97]. The main advantage of zeolite and silica compared to amorphous porous 

materials is their ordered porosity, because of their crystallinity and also in some cases, it is 

possible to have micro and mesopores in these types of materials[98-100]. Lee and co-

workers did one of the pioneer examples of using multiple porosity sizes. They reported the 

fabrication of spatially orthogonal bifunctional porous catalysts, through the stepwise 

template removal and chemical functionalization of an interconnected silica framework to 

obtain macroporous–mesoporous architecture with Pd and Pt embedded in different regions 

(Fig. 4). This different configuration of NPs in micro and mesopores allowed control over the 

reaction sequence in catalytic cascades for oxidation of cinnamyl alcohol to cinnamic acid[62].  

 

Activated carbon is a porous, high surface-area adsorptive material with a largely 

amorphous structure. It has been used as a support for iNPs from the very early stages. The 

combination of activated carbon and various types of iNPs has received considerable interest 

in areas related to environment, energy, and sensing,[101-103] especially for practical 

 

Fig. 4 High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) of NPs 

distributed across a section of the mesoporous silica framework surrounded by macropores (a). Elemental 

mapping of mesopores (macropores) showing exclusive Pt (Pd) functionalization (b and c) 62. 

(a) b c(b) (c)
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applications in gas adsorption/separation, fuel and energy storage, fuel cells, dye-sensitized 

solar cells (DSSCs), electrochemical sensors, chemical/biological sensing of toxic metal ions 

and catalysis[104-114]. Activated carbon has many advantages as catalyst support for iNPs. It has 

flexible surface chemistry and the chemical inertness of activated carbon makes it possible to use for 

both acidic and basic environments. Besides, it is cheap to produce and easy to obtain. However, one 

of the interesting advantages of activated carbon as catalyst support is that its surface 

chemical states can be easily modified[115]. For example, the surface functional groups are 

important for anchoring or stabilizing the metal precursor when using atomic layer deposition 

(ALD) method to produce activated carbon@iNP composites. The chemical state of the 

carbon surface could be an important factor determining the loading, density, distribution, 

and size of the catalyst particles and it can be tuned by calcination temperature and acid 

treatments (Fig. 5) [116]. 

 

Another type of material that can be categorized in the porous support, based on the 

structure of it, is graphene[117]. Graphene is one of the most exciting and advanced carbon 

nanomaterials nowadays, which consist of the carbon atoms arranged in hexagons network 

and form a 2-dimensional single sheet[118]. Due to its excellent electrical and thermal 

conductivity, mechanical strength and high surface area, graphene is considered to be an 

ideal, two-dimensional support for iNPs[119-122].  Dependent on the type of the embedded 

NPs, the graphene@iNP composites have been applied in a broad range of areas, such as 

Surface-Enhanced Raman Scattering (SERS)[123, 124], catalysis[125-127], and 

electrochemical sensing[128, 129]. Also, graphene has recently been shown to be 

 

Fig. 5 TEM images of atomic layer deposition Pd NPs formed on HNO3 treated activated carbon with no 

calcination (a), calcination at 650° C (b) and calcination at 800° C (c) after the Pd precursor exposure116. 

(a) (b) (c)
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permeable to thermal protons[130]. Geim and co-workers reported that proton transport 

through graphene@Pt composites strongly enhanced by illuminating them with visible 

light. They found a photoresponsivity of ∼104 A W−1, which translated into a gain of ∼104 

protons per photon with response times in the microsecond range. This observation was 

interesting for applications such as fuel cells, hydrogen isotope separation, light-induced 

water splitting, photocatalysis and novel photodetectors[131]. In catalytic applications, 

reduced graphene oxide has been numerously used as a catalyst support because of it low-

cost and large-scale production enabled by the chemical exfoliation processes[132-134]. 

However, other graphene architectures like three-dimensional graphene monolith which 

demonstrated by the chemical vapor deposition, exhibit enhanced property in some 

catalytic reactions, especially when used as an electrocatalyst support. Pt NPs of 3 nm size 

fabricated on 3D graphene monolith exhibits a much enhanced electrocatalytic 

performance toward methanol oxidation compared with both reduced graphene oxide@Pt 

and commercial Pt/C catalysts. This enhancement is due to the structural advantage of the 

monodispersed ultrafine Pt NPs and the 3D graphene with interconnected conductive 

network (Fig. 6)[135]. 

 

 

  

 

Fig. 6 TEM images of a Pt on 3D-graphene composite (a) and Pt on 2D-graphene composites (b)135. 

(b)(a)



 
19 

 

1.4 Metal-Organic Frameworks 
 

Metal-organic frameworks (MOFs) can be defined as hybrid inorganic-organic compounds 

extended in two- or three dimensions (2-D or 3-D) through coordination bonds (Fig. 7). 

Essentially, they are polymer structures which are constructed by joining metal-containing 

units [secondary building units (SBUs)] with organic ligands, building infinite arrays to create 

open crystalline frameworks with permanent porosity[136, 137]. 

 

 

 

 

 

Fig. 7 Schematic illustration of the assembly of MOFs in 2-D and 3-D structures. 
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The final structure of MOFs depends on: (i) the geometric coordination of the metal 

ions, which can vary between 2 to 10 depending on the type of the metal (transition or rare 

earth metals), which leads to the geometry of the metal-containing SBUs (Fig. 8a); and (ii) the 

geometry and the binding modes of the organic ligands (Fig. 8b). Additionally, other 

 

Fig. 8 Inorganic secondary building units (a) and organic linkers (b)138. 

(a)

(b)
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interaction forces such as hydrogen bonds, van der Waals interactions and π-π stacking 

influence the MOF structure[138]. 

This variation of the SBUs and organic linkers enables flexible structure design in MOfs, 

in which well-defined pore size, surface areas and functionalities can be constructed by 

selecting different building blocks. There are various preparation methods to produce MOfs. 

such as slow diffusion, hydro(solvo)thermal, microwave-assisted heating, electrochemical, 

mechanochemical, ultrasonic and, more recently, spray-drying [139, 140]. To date, there are 

more than 20000 reported structures of MOFs [141]. Some examples of the most studied 

MOF structures are illustrated in Figure 9.[140] 

 

Fig. 9 Illustration of structures of different MOFs 140. 
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The presence of organic and inorganic SBUs in the structures of MOFs as well as their 

high surface area, tunable pore size with functionality and the ability to host guest molecules 

within their cavities allow their potential application in several fields. For instance, the 

extremely high pore volumes and surface areas of MOFs make them very promising candidate 

materials for high-pressure gas storage[142]. The high-pressure gravimetric gas storage 

capacities are proportional to their pore volumes or surface areas[143]; this means that the 

larger the porosity, the larger the gravimetric gas uptake by MOF materials under high 

pressure. Significant progress that has been made in synthesizing new types of MOFs allowed 

scientist to design MOFs with surface areas exceeding 7000 m2 g-1 [144, 145] (Fig. 10). 

Furthermore, using MOFs in  membranes and incorporation of functional sites within porous 

MOFs are a promising strategies to enhance their gas separation capacities[146, 147].  To 

date, significant efforts have been devoted to the design, synthesis and modification of MOFs 

to increase their adsorption capabilities for gases. However, it is the advent of  MOFs with 

higher water stability that inspired scientists to use MOFs for water adsorption applications, 

including water harvesting, humidity control and adsorption heat pumps and chillers[148].  

 

Fig. 10 NU-1000 structure with 7000 m2 g-1 surface area showing the Zr6-based nodes (a). The hexagonal 

and triangular channels viewed perpendicular to the c-axis (b). The 8 Å pores viewed parallel to the c-

axis(c) 144. 

(b)(a)

(c)

b

a

hexagonal
channel

small
pore

c
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Furthermore, the extraordinary skeleton structure of MOFs provides many 

possibilities for the incorporation of diverse basic functionalities. MOFs can incorporate 

different types of basic sites into both metal nodes and organic ligands, leading to the 

fabrication of a range of base catalysts with special characteristics[149]. By nature, metal nods 

of MOFs can have catalytic activity[150]. The functionality of the organic part can be 

introduced by direct synthesis[151] or post-synthetic modification[152]. MOFs can also 

exhibit different degrees of luminescent enhancement in response to interactions between 

inserted guest molecules and the framework. This unique feature opens a possibility to 

potential applications in chemical sensing[153]. Other noteworthy features include the high 

surface area of MOFs that concentrates analytes to a high level, enhancing the detection. 

Additionally, their tunable pore sizes, flexible porosity and specific functional sites make them 

excellent sensors[154]. Therefore, MOFs have been used for detection of different gases[155-

157], alcohols[158, 159], toxic chemicals[160] and explosive compounds[161]. 

There are also several key properties that make MOfs excellent candidates for using 

them as a drug carrier. Firstly, their multiple pathways to incorporate the drug molecules into 

the framework, which allow a range of drug molecules with different structures and sizes to 

 

Fig. 11 Schematic illustration showing that drug molecules with different structures and sizes can be 

accommodated within MOFs162. 
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be accommodated within MOFs (Fig. 11)[162-164]. And, secondly the adjustable interaction 

between the guest molecule and the organic linker or the metal nodes, which efficiently 

entrap drugs with high payloads[165]. This integration of drug molecules and MOFs have 

shown a promising application to treat diseases[166-168]. MOFs have also shown several 

other applications in various fields, such as toxic gas removal[169], magnetism (which 

depends on the spatial coordination of the metallic center and organic linkers)[170], potential 

materials in Li-based batteries[171] and as contrast agents. Indeed, using heavy metals with 

high relaxivity values as the metal center of the MOFs presents an opportunity to utilize them 

as magnetic resonance imaging contrast agents[172]. 

By reviewing all the properties above and applications of MOFs, we can consider them 

as an eligible candidate for acting as a support for iNPs. MOFs can have both advantages of 

porous and non-porous support materials, as mentioned. Similar to metal oxide supports, 

MOFs can introduce new functionalities such as, magnetic properties[173], luminescent[174] 

and photoactivity[175]; due to their diverse structures that consist of various metal and 

organic building blocks. Furthermore, compared with the traditional porous materials, MOFs 

exhibit many special properties such as, a typically adjustable structure, larger surface areas 

(which allow a higher loading of iNPs and their highly ordered porous structure) and 

functional pore space, which enables the localization of iNPs within different pore sizes. 

Finally, the multiple pathways to incorporate the drug molecules into the framework can also 

be used for incorporating iNPs with different sizes, natures and shapes. 

. 
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1.5 Covalent-Organic Frameworks 
 

Yaghi and co-workers proposed reticular chemistry principles that deduced covalent 

chemistry and further developed the 2D or 3D crystalline porous organic polymers, the so-

called covalent-organic frameworks (COFs)[176], replacing the SBUs to purely organic 

molecular units. The formation of COFs is based on covalent bonds between the organic 

building blocks, and similar to their MOFs counterparts, the most characteristic properties of 

COFs are their large surface area, tunable pore size and structure and tailored functionality. 

In comparison with MOFs and other crystalline porous materials (e.g. zeolites and 

mesoporous silica), the COF materials have the advantages of low density and versatile 

covalent-combination of building units[177]. 

However, due to the irreversible nature of the covalent bond, the more favorable type 

of materials obtained by linkage of organic building units is amorphous materials. Thus, it is 

highly likely that the reversible formation of covalent bonds is of great importance in 

synthesizing the crystalline COFs, as well as the thermodynamic control of synthetic 

conditions; in which have to enable the reversible bond formation. To date, there are six 

known reversible linkage types that can form crystalline COFs, including: (i) B–O (boroxine, 

boronate ester, borosilicate, and spiroborate); (ii) C=N (imine, hydrazone, squaraine, and 

azine); (iii) C=NAr (triazine, phenazine and oxazole); (iv) C–N (β-ketonimine, imide, and 

amide); (v) C=C (alkene); and (vi) B=N (borazine).  

The first 2D COFs were synthesized by condensation of benzene-1,4-diboronic acid 

(BDBA), resulting in hexagonal pores with a surface area of 711 m2 g-1 (COF-1) and by 

dehydration reaction of BDBA acid and 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP), giving 

a hexagonal array of 1D mesopores with a higher surface area of 1590 m2 g-1 [176]. The first 3D 

COFs appeared in the work of Yaghi and co-workers, who synthesized crystalline solids by 

condensation reactions of tetrahedral tetra(4-dihydroxyborylphenyl) methane or tetra(4-

dihydroxyborylphenyl)silane and by co-condensation of HHTP (COF-102 and COF-103). Their 

apparent surface areas calculated from the BET model were 3472 and 4210 m2 g-1 for COF-

102 and COF-103, respectively [178] (Fig. 12). 
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Similar to MOFs, there are some basic concerns to design COFs. The first concern is 

the issue of porosity. In the traditional porous materials such as zeolites and mesoporous 

silica, the template extraction from the as-synthesized materials was providing the porous 

structures[179]. In the case of COFs, the approach is to use rigid building blocks such as rigid 

monomers[180, 181]. The length of the molecule can control the pore size of COFs, while the 

shape of the building blocks determines the topology. The most common rigid linking groups 

for construction of COFs are boroxines[176], triazines[182], imines[183], or hydrazones[184]. 

Another concern is the structural regularity, which this issue is not guaranteed by only using 

the rigid building blocks to obtain porosity. The shape and the angle of the building blocks 

have to be taken into account for a reversible covalent bond in order to allow the formation 

of a crystalline COF. For instance, when a linear building block is subject to a reaction with 

another linear building block, the resulted material also has to be linear[185].  However, when 

a linear building block reacts to those with angles, 2D COF structures are favorable [186]. 

Correspondingly, to obtain a 3D COF structure, the linear building blocks have to react with a 

tetrahedrally-structured monomer[183] (Fig. 13).  

The remaining concern in the construction of COFs is functionality. There are two main 

strategies to add functionality to porous and crystalline COFs. Firstly, the most common 

approach is a post-synthetic modification, which adds the functional groups to COFs via 

coordinative incorporation or chemical transformation (Fig. 14). As an example, Kim and co-

 

Fig. 12 Structure representation of 2D and 3D COFs176. 

COF-1 COF-5 COF-102
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workers developed a continuous synthesis and post-synthetic modification method to form 

β-ketoenamine-linked COFs by confining organic building units into moving microdroplets. 

Using this approach, they were able to modify NO2- to NH2-substituted COFs serially[187]. The 

more sophisticated and difficult approach is the bottom-up strategy, in which functional 

moieties have to be directly included in the designed building block before the COF synthesis. 

For example, the DAAQ-TFP-COF with 2,6-diamioanthraquinone edges is redox active and is 

capable of capacitive energy storage in sulfuric acid solution (1 M) with a capacitance of 40 ± 

9 F g−1 after 5,000 cycles[188].   

 

Fig. 13 Assembly of linear materials from linear building blocks (a). 2D tetragonal Pc-PBBA COF from linear 

and tetragonal building blocks (b). 3D COF-300 from linear and tetrahedrally-structured building blocks 

(c)177. 

 

(a)

(b)

(c)
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As mentioned above, selecting a rigid and suitable building block is the first crucial 

step designing COFs. A subsequent, and also vital issue is finding a synthetic fitting condition. 

There are several methods to synthesize COFs. The most common method is solvothermal 

which the first family of COFs was synthesized by[176]. Other methods such as 

ionothermal[182], microwave[189], microfluidic[190], mechanochemical[191] and 

continuous-flow synthesis[192] are also being used to produce COFs. More recently, a 

method that combines the spray-drying technique with a dynamic covalent chemistry process 

to synthesize a two-dimensional COF superstructure, assembled from two trigonal building 

blocks, 1,3,5-benzenetricarbaldehyde (BTCA) and 1,3,5-tris-(4-aminophenyl)benzene (TAPB), 

has been reported (Fig. 15). This method also enables the incorporation of functional iNPs 

into hollow imine-based COF superstructures during[193]. 

 

Fig. 14 General strategies for the designed synthesis of functional COF materials. 

The green ovals represent the functional moieties. 

 

post-synthesis

bottom-up
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COFs, due to their similar characteristics to their counterparts MOFs (which are high 

regular porosity and tunable structure), can be used in akin applications such as gas sorption 

and storage with the advantage of lower density[177]. They demonstrated a high uptake of 

gases such as hydrogen[194], methane[195], carbon dioxide[196]. Also, boron-containing 

COFs, such as COF-10, has shown an exceptionally high ammonia uptake in comparison to 

other porous materials[197]. Their high chemical and thermal stability, alongside their 

tunable functionality aforementioned, allow them to be used in different applications 

including catalysis ( e.g. boroxine and imine based 3D COFs consisting of both acidic and basic 

sites, can act as excellent bifunctional cascade catalysts[198]), sensors (bottom-up integrated 

COF-LZU8 with functionalized thioether group was used for selective detection and facile 

removal of mercury (II)[199]) and optoelectronics[200]. The primary advantages of COFs in 

comparison to MOFs are their low density and higher chemical stability. These characteristics 

make them also a viable candidate to be used as a support for iNPs for certain catalysis 

applications in aqueous and acidic media[201]. 

  

 

 

 

Fig. 15 Schematic representation of the spray drying synthesis of COF-TAPB-BTCA (a). FESEM images of 

amorphous COF-TAPB-BTCA spheres (b) and COF-TAPB-BTCA superstructures (c).193 

(a) (b) (c)
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1.6 Composites Made of Inorganic Nanoparticles and 
Metal- and Covalent-Organic Frameworks 

 

The unique features of MOFs and COFs have led researchers to explore combining 

them with other functional materials to form novel composites with advanced 

properties.[202] Indeed, ceramics, metal NPs, polymers and biomolecules have been 

combined with MOFs to stablish new materials that have demonstrated unprecedented 

performance in the areas of catalysis[203], molecular separations [204], sensing [205], 

plasmonics[206], gas storage[207], controlled guest release[208, 209], and protection of 

biomacromolecules[210, 211]. The most widely studied of these composite systems are based 

on integrating iNPs with MOFs, a combination that creates materials with enhanced 

performance characteristics in the areas of gas adsorption, catalysis, sensing, 

microelectronics, sequestration, delivery and biomedical applications, fuel production and 

separation (Fig. 16). More recently, COFs have been paired with iNPs for applications such as 

catalysis and remediation[212, 213]. The versatility of the synthetic approaches for metal 

oxide (ceramic) and metallic nanomaterials can also be attributed to this combination.  

 

 

 

Fig. 16 Schematic illustration of different applications of MOF@iNP composites. 



 
31 

 

There are different synthetic approaches for the preparation of MOFs or COFs@iNPs 

composites. The first method that was reported to construct these type of composites is the 

infiltration method. Metallic and metal oxide NPs can be prepared by infiltrating the 

precursors in the pre-formed porous MOF or COF crystals, either via the vapour or liquid 

phase[214, 215]. Particle formation is subsequently triggered within the MOF or COF by the 

application of heat[216, 217], reducing agents[218, 219] or radiation[220, 221] (Fig. 17).  

 

Fischer et al. reported the first example of making MOF@iNPs applying the infiltration 

method. Notably, their work demonstrated that Cu, Pd and Au precursors were infiltrated 

into activated MOF-5 via chemical vapour deposition and then reduced by H2 at different 

temperatures[222]. Another example by Zhou and co-workers was the confining of Pd NPs 

(<3 nm) in the cages of MIL-101 via infiltration of Pd precursor solution in MOF and reduced 

in a 10% H2/Ar flow at 493°K for two hours (Fig. 18). The composite was employed as a catalyst 

for the domino synthesis of indole in water. With a similar approach, Pd precursor was 

deposited into MIL-100 (Al) by a chemical-wetting method but instead reduced by NaBH4[219]. 

Infiltration was also the first method to pair iNPs into COFs, iNPs such as Pd, Ni3N and Au, 

which were embedded into COFs using this process (Fig. 18) [223, 224, 213].  

 

Fig. 17 Schematic of infiltration synthetic approach for the preparation of MOF@iNP composites in 

preformed MOFs. 

 

Fig. 18 TEM image of TpPa-1-COF@Au (a). STEM images of NTP-COF@Pd (b), MIL-101@Pd (c) and MIL-100 

(Al)@Pd (d) synthesized by the infiltration method 222, 223, 213, 219. 

(a) (d)(b) (c )
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However, the main limitation of this method is that it is significantly challenging to precisely 

control the location, composition, structure, and morphology of incorporated guests. 

A conceptually different, emerging approach termed pseudomorphic replication relies on the 

preparation of core-shell inorganic particles, where the core is the ‘functional’ nanoparticles, 

and the shell is a feedstock material for the inorganic node of the MOF (Fig. 19). Under 

judiciously controlled conditions, the shell reacts rapidly with the organic precursor ligands to 

grow the MOF network around the core nanoparticles.[225] For example, gold nanorods 

(GNRs) were coated with amorphous alumina in a suspension of nanoparticles. Then, the 

formation of core−shell composites was performed in the microwave reactor, which 

converted the surface of the GNRs into Al-based MOF (Fig. 20).[209] 

 

Fig. 20 TEM images of CTAB-stabilized GNRs (a), GNRs after the surface modification with PEG-SH (b), 

PEGylated GNRs coated with amorphous alumina (c), and core−shell composites (d)209. 

(a) (b)

(c) (d)

Fig. 19 Schematic of pseudomorphic replication converting the ceramic shell of a core-shell nanoparticle 

into MOF. 
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Another strategy is to combine pre-formed MOFs and nanoparticles to form clusters 

of the two components. The direct interaction between iNPs and the surface of MOFs or COFs 

is the key factor to help accommodation of iNPs (Fig. 21). The main advantage of using this 

method is that both compounds can be synthesized into desirable size, morphology and 

composition individually and then the attachment can take place without affecting any 

characteristics of both materials. A pioneering example of this method is the attachment of 

various PVP (polyvinylpyrrolidone)-capped types of iNPs with different shape and size such as 

Au (4, 9 and 22 nm), cubic Pd, icosahedra Pd and Cu/Pd on the surface of cubic, tetrahedra 

and hollow micro box etched ZIF-67 and truncated rhombic dodecahedral ZIF-8. This 

attachment, coupled with the ZIF-on-ZIF growth, affords layered ZIF-on-iNP-on-ZIF 

composites. This latter process was repeated to construct (multi)-layered composites 

composed of several types of iNPs. In these composites, the different iNPs were well 

separated by a nanometric layer of ZIF-8 that could be as small as 20 nm (Fig. 22)[226].  

Fig. 21 Schematic of individual preparation of MOFs and iNPs and subsequent mixing 

 

Fig. 22 SEM and STEM images of the attached iNPs on different etched shapes of ZIF-67 (a), epitaxial 

growth of ZIF-8 on the composites (b)227. 

. 

 

  

 

(b)

(a)(a)

(b)
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In a similar study, CTAB (cetyl trimethylammonium bromide)-capped Au and Ag NPs 

were attached on the surface of the rhombic dodecahedron and cubic ZIF-8, subsequently 

another layer of ZIF-8 was epitaxially grown. The thickness of ZIF-8 layer could be controlled 

by varying the initial amount of core suspension, or the amount of CTAB added during the 

second reaction process[227]. Additionally, Ayala et al. developed a new approach for 

attachment of functional metals based on direct evaporation of metals such as Au, Co and  Pt 

on the surface of colloidal ZIF-8, UiO-66 or UiO-66-SH that were pre-immobilized onto planner 

gold surfaces (Fig. 23)[228]. There are numerous examples of this kind of iNPs attachment on 

the surface of the MOFs in the literature; for instance, cases where iNPs such as Pd, Pt and 

Fe3O4 were attached to the outer surfaces of MIL-101[229, 230]. 

 

Alternatively, because the mild synthetic conditions typically used to synthesize MOFs 

and COFs do not affect the chemical composition, structure, and morphology of most metal 

or metal oxide NPs, a ‘one-pot’ approach can be applied which generally involves two steps. 

Firstly, the functional iNPs are synthesized individually and often stabilized by capping agents 

or surfactants such as PVP or CTAB. Subsequently, the pre-synthesized iNPs are added into a 

 

Fig. 23 Schematic of metallic Janus MOF particles synthesis via the desymmetrisation at interfaces 

approach (a). SEM images of ZIF-8@Au with Au thickness of 50 nm (b) and UiO-66-SH@Co with 20 nm 

thickness (c)239. 

(a) (b)

(c)
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synthetic solution containing MOF of COF precursors to assemble them. The nanoscale 

objects do not occupy the pore space of the MOF and COF, but conversely, are surrounded 

by grown materials[231, 203]. In the resulting composite, MOF and COF encapsulate the 

functional nanoparticles with different shapes and compositions (Fig. 24).  

 

The most common methodology that has been reported to produce composites with 

this strategy is solvo/hydrothermal strategy. The first example of this method was reported 

by Hou and co-workers, in which, through surface modification with surfactant PVP, 

nanoparticles (Au, Ag, Fe3O4, CdTe, NaYF4 and β-FeOOH) of various sizes, shapes and 

compositions were encapsulated in a well-dispersed fashion in ZIF-8 crystals, themselves 

formed by assembling identical amount of zinc ions with imidazolate ligands in methanol at 

room temperature. Additionally, this method enabled the incorporation of multiple 

 

Fig. 24 Schematic of self-assembly of MOFs encapsulating the iNPs. 

 

Fig. 25 Scheme of the controlled encapsulation of nanoparticles in ZIF-8 crystals203. 
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nanoparticles with controllable spatial distribution by tuning the addition time of iNPs during 

the MOF synthesis [203](Fig. 25 and 26). 

 

Another alternative strategy to control the positions of the encapsulated iNPs inside 

the ZIF-8 crystals is by adjusting the PVP concentration in the growth solution. The size of the 

Au NP core becomes larger as the PVP concentration increases, but the MOF crystal size stays 

constant (Fig 27a)[232].  In order to change the crystal size of ZIF-8, the methanolic 

concentration of 2-methyl-imidazole and Zn2+ has to be modified in the encapsulation 

process[233]. Furthermore, iNPs can individually be encased into a single crystal of ZIF-8 with 

the assistance of self-assembling CTAB molecules or modifying the synthesis conditions, such 

as time, temperature and the concentration of the precursors[234, 235] (Fig. 27b,c). 

 

Fig. 26 TEM images of ZIF-8@iNPs composites that contain different types of nanoparticles: 3.3 nm Pt NPs 

with Pt contents of 3.4% (a) (inset: high magnification image) and 0.7% (b); Ag cubes NPs (c); polystyrene 

NPs (d); 13 nm Au and 34 nm Au NPs in the central area (e); and 34 nm Au nanoparticle-rich cores, 13 nm 

Au nanoparticle-rich transition layers (f)203. 

(a) (b) (c)

(d) (e) (f)
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This method was further developed using a hydrothermal synthetic approach to 

incorporate iNPs into MOFs with carboxylic acid-based ligands such as UiO-66, NH3-UiO-66, 

and NH3-MIL-53[236] (Fig. 28). At first, the encapsulation of iNPs inside these types of MOFs 

was limited to Pd and Pt NPs, due to the grating synthetic conditions.  In the case of UiO-66, 

a common Zr source to produce this MOF are ZrCl4 and ZrOCl2·8H2O, which are highly acidic. 

 

Fig. 27 The distribution of the Au NPs in ZIF-8 can be tuned by the PVP concentration.The PVP 

concentration in the growth solutions were adjusted to 10 −5 (sample 1), 5 × 10 −4 (sample 2), 2 × 10 −3 

(sample 3), 10 −3 (sample 4), and 2 × 10 −2 (sample 5) wt% (a) 233. TEM images of individual cubic Pd NP 

encapsulated in cubic ZIF-8 (b) 235 and individual Au NP encapsulated in ZIF-8 (c)236. 

(a)

(b) (c)
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By dissolving it in an organic solvent such as dimethylformamide (DMF) at the high 

temperatures (120-180°C) (that are required to synthesize UiO-66), makes it unbearable for 

NPs such as Au, Ag and Cu to survive these encapsulation conditions. Thus, an alternative 

synthetic condition was developed by using other Zr sources like Zr(OPrn)4. Somorjai et al. 

were able to encapsulate Cu NPs into UiO-66 network applying this method[237] (Fig 28).  

 

Pairing iNPs with this encapsulation method can be extended from MOFs, to other 

types of material such as COFs; where they can heterogeneously nucleate and grow around 

the outer surfaces of some nanosized objects and form a core-shell structure. Nanomaterials 

such as carbon nanotube[238], ZnO nanorods[239] and Fe3O4[212] were incorporated into 

different types of COFs. The incorporation of the merits of COFs and magnetic NPs to 

construct a novel class of nanocomposites with both enhanced functionality and magnetic 

separability is of significant interest. Wang et al. presented an approach to encapsulate Fe3O4 

clusters into an amorphous organic polyimine network. This shell was created through the 

template-controlled precipitation polymerization of benzidine (BD) and 1,3,5-

triformylphloroglucinol (Tp) by the Schiff-base reaction. Consequently, the organic polyimine 

shell was transformed into imine-linked COFs under the certain thermodynamic condition to 

form a core-shell magnetic TpBD-COF@Fe3O4  (Fig. 29)[240]. It was with a similar approach 

that, smaller nanoparticles such as Au and Pd were encapsulated in 2D crystalline COF[241]. 

 

Fig. 28 TEM images of encapsulation of Cu NPs (a) and Pt NPs (b) inside UiO-66237,238. 

(a) (b)
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The fundamental limitation of the solvo/hydrothermal method for encapsulation of 

iNPs in MOFs are time and energy consumption. Its application for large scale composite 

production is not feasible, as MOF synthesis relies on the nucleation at a reactor vessel 

surface. Up-scaling the reactor vessel significantly decreases the surface-to-volume ratio and 

consequently, reduces the efficiency of the reaction. One of the principal objectives of this 

PhD Thesis is to develop a new method that allows the simultaneous synthesis and shaping 

of MOF, while encapsulating the pre-synthesized NPs in a fast and continuous one-step 

 

Fig. 29 Schematics of the preparation of imine-linked COF composite microspheres through the 

amorphous-to-crystalline conversion process (a). TEM images of Polyimine@Fe3O4 (b) and TpBD-

COF@Fe3O4 (c)241. 

(a)
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process. In 2013, a spray-drying technique was developed that can be exploited as a general 

method for the continuous synthesis and self-assembly of MOFs. Initially, this methodology 

facilitated the scale-up of production levels up to kilograms for HKUST-1 and related paddle-

wheel Cu(II)-based MOFs[242]. The key step in this process is based on the fast drying of 

atomized microdroplets of a solution that contains the MOF precursors (Fig 30). Thus, the 

process initiates with the atomization of a solution of the MOF precursors into a spray of 

microdroplets. This step is accomplished by simultaneously injecting one or more solutions 

and evaporating the solvent by heated gas; in order to induce the MOF precursors to react, 

forming MOF nanoparticles which accumulate and merge into spherical MOF 

superstructures/beads[139]. An additional method for introducing the MOF precursors inside 

the spray drier instrument is to use multi-fluid nozzles, to independently atomize the 

solutions containing the MOF precursors which allowed to produce ZIF-8 and M-XF6 based 

MOFs such as SIFSIX family[243]. 

 

Fig. 30 Spray-drying method for the production of MOFs. Photograph of the spray-dryer while it is used to 

fabricate HKUST-1 (a). Schematic illustration of the spray-drying synthesis of MOFs (b). The MOF precursor 

solution can be introduced into the spray drier using a: two-fluid nozzle (c); three-fluid nozzle(d); T-

junction (e); and continuous flow rector coupled to a two-fluid nozzle (f)139. 

 

(a) (b)

(c) (d)

(e) (f)
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Finally, this method was extended by introducing a continuous-flow reactor at the entrance 

of the spray dryer, enabling the production of MOFs assembled from high-nuclearity second-

building units such as UiO family[244].  

The spray-dryer method is a low-cost, rapid and scalable continuous way to produce 

MOFs[139] in comparison to the solvo/hydrothermal encapsulation method, which has a very 

low time yield (reaction times are in the range of 12-48 hours with unsatisfactory yield). In 

addition, this can be a preferred technique to produce composites made of MOFs or COFs 

and iNPs. For instance, magnetic Fe3O4 NPs were encapsulated into hollow superstructures of 

HKUST-1[242] and COF-TAPB-BTC[193] via this methodology (Fig. 31). 

 

 

 

 

 

 

 

 

Fig. 31 STEM image of COF-TAPB-BTC@Fe3O4 (a). TEM image of HKUST-1@Fe3O4 (b)193,243. 

1µm

(a) (b)(a) (b)
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1.7 MOF@iNPs for Gas Storage and Separation 
 

MOFs have been thoroughly investigated for their application to the storage and separation 

of number of gases, including hydrogen, carbon dioxide, and methane.[245-247] To improve 

the relatively weak physisorption forces, researchers have applied their efforts to tuning pore 

sizes, modifying pore chemistry and generating coordinatively unsaturated metal sites.[248, 

215] In addition, combining iNPs with MOFs has shown promise in increasing the interactions 

with adsorbates that typically have extremely weak interactions with the pore surfaces such 

as hydrogen and noble gases. Here we demonstrate examples where the introduction of 

nanoparticles into MOFs has been successfully employed to enhance gas adsorption and 

separation (Fig. 32). 

 

Alternative energy sources are in high demand, given the topical concerns of climate 

change, energy security and pollution. One such alternative is hydrogen gas, as it can be 

produced from domestic resources and powering fuel cells and, in turn, zero-emission energy 

generators[249]. Despite the advantages of hydrogen as a fuel source, there are concerns 

over safe storage methods at high pressures, primarily for automotive applications. Some 

strategies mitigate this issue; by storing hydrogen within porous frameworks. Most porous 

Fig. 32 Schematic illustration of MOFs@iNPs for gas adsorption (H2) and 

gas separation (Kr and Xe).
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materials store hydrogen by way of weak van der Waals interactions[250]. However, 

transition metals can adsorb hydrogen via a metallic bonding and dissociation processes, 

described conceptionally in Figure 33a. The combination of high surface areas and enhanced 

adsorption enthalpy to a metal surface suggests that MOF@iNP composites are promising 

materials for hydrogen storage. 

An early example of MOF@iNP composites for hydrogen storage was reported by Yang 

and Li, who demonstrated that a physical mixture of MOF and Pt supported active carbon 

significantly enhances hydrogen uptake capacity at room temperature[251]. Remarkably, the 

increase in adsorption did not follow the weighted average of MOF and Pt/C. The observed 

enhancement was attributed to the so-called ‘hydrogen spillover’ effect (Fig. 33b), where 

hydrogen molecules dissociate at the metal cluster, then move to the carbon support and 

subsequently to the organic components of the MOF[252]. This effect has been demonstrated 

in some MOF@iNP composites [253-257].  

 

Fig. 33 Hydrogen adsorption on MOFs usually occurs by weak van der Walls interactions (a). However, the 

introduction of metal nanoparticles allows for a stronger interaction, where dissociation and subsequent 

‘spillover’ may occur (b). 

(a)

(b)
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After this study, other works focused on more structurally well-defined MOF@iNPs has 

also shown auspicious results. For instance, Pd NPs loaded in MOF-5 (1 wt% loading) and SNU-

3 (3 wt% loading) demonstrated increased hydrogen adsorption at low pressure and 

temperature[258, 259]. SNU-3@Pd also showed an increase in hydrogen uptake at room 

temperature and high pressure compared to SNU-3. However, calculated isosteric heats of 

adsorption indicated that the SNU-3@Pd possessed a lower enthalpy of adsorption for H2. 

This result highlights that the mechanism of action in these materials is still not fully 

understood comprehensively. Materials with significantly higher Pd content have been 

described by Latrouche and co-workers, who were able to produce MIL-100(Al) embedded 

with 10 wt% metallic Pd [219]. These high loadings actuated a decrease in surface area and 

pore volume, as indicated by nitrogen adsorption experiments. This could be anticipated due 

to the pore volume consumed by Pd NPs. Consistent with the lower pore volume of these 

 

Fig. 34 Hydrogen adsorption isotherms (desorption is shown by open symbols) for bare Pd nanocubes, 

HKUST-1 and HKUST- 1@Pd at 303 K (a) and hydrogen adsorption profiles at 303 at a pressure of 101.3 kPa 

over a period of 50 minutes (b). TEM images of Pd nanocubes (c) and HKUST-1@Pd (d) 207. 

(a) (b)

(c) (d)

HKUST-1@Pd
Pd Nanocubes
HKUST-1
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samples, the 77 K hydrogen capacity of the MIL-100(Al)@Pd samples were less than that of 

the bare framework. However, the hydrogen uptake capacity at room temperature was 

significantly improved; 0.35 wt% at room temperature and 4 MPa. These values are 

approximately double that of MIL-100(Al). Characterization by X-ray diffraction revealed that 

the high capacity at room temperature is partially explained by the formation of Pd hydride 

that occurs readily at room temperature. Kitagawa and co-workers have significantly 

improved hydrogen storage capacity of Pd NPs by employing a MOF coating [207]. Here, 

samples of Pd nanocrystals were successfully covered in the HKUST-1, leading to a drastic 

increase in the storage capacity and kinetics of hydrogen adsorption compared to the base 

Pd nanocubes (Fig. 34). Notably, at elevated temperatures, HKUST-1 shows no appreciable 

hydrogen adsorption. Further investigations using X-ray photoelectron spectroscopy (XPS) 

suggested the enhanced hydrogen storage capacity in the composite material is a result of 

electron transfer from Pd nanocrystals to the HKUST-1 coating. This approach is widely 

applicable to other MOF@iNP systems and may provide a general method to enhance the 

reactivity of metal NPs.  

Additionally, Pd NPs of 5-9 nm were dispersed in ZIF-8 by infiltration method. The 

results showed that the hydrogen uptake capacity of ZIF-8@Pd was 30% higher than the pure 

ZIF-8 at room temperature, and only 3% of this uptake was due to the formation of PdH0.18 

and the excess, to a cooperative spillover effect.[260] More recently, Huaming Yang and co-

workers synthesized a series of Zn and Al MOFs and hybridized them with natural halloysite 

nanotube (HNTs), and consequently, MOFs were transformed into carbon by carbonization 

calcination. The hydrogen adsorption capacity of MOF@HNT composites were 0.23 and 0.24 

wt% for Zn and Al-based MOF respectively, while those of carbonized product were 0.24 and 

0.27wt% at room temperature. Moreover, the hydrogen storage capacity of carbonized Al-

MOF@HNT was promoted by incorporating Pd NPs with impregnation method to 0.32 wt% 

at room temperature. Dissociation was assumed to take place on Pd with spillover effect over 

to the structure of HNTs, MOF, and carbon products[261]. In a similar experiment, C. Zlotea 

et al. studied the interaction of 1 nm Pd clusters with hydrogen. Pd clusters showed an 

unprecedented modification of the hydrogen adsorption/desorption properties compared to 

bulk and nanoparticles of 2-3 nm. Pd clusters were confined into Cr-MIL-101 by double 

solvent impregnation method with different loading of 5-20 wt%.  These clusters did not form 
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a hydride phase at room temperature and atmospheric pressure, in contrast with bulk Pd. 

However, they adsorb hydrogen in the form of solid solutions under these conditions. At 

lower a temperature, they formed a hydride phase, and the desorption of the clusters had 

lower activation energy compare to bulk Pd (Fig. 35)[262].  

Pt NPs are known to afford powerful interactions with hydrogen. For example, Pt black 

can absorb and desorb hydrogen at room temperature. However, hydrogen cannot be 

desorbed from Pt black at room temperature under evacuation [250]. Inspired by the results 

of Yang and Li’s bridged Pt/C and MOF materials[251], Senker et al. were able to synthesize 

samples of ultra-high surface area MOF-177 loaded with 43 wt% Pt NPs [263]. The resulting 

composite was reported to adsorb 2.5 wt% of hydrogen at room temperature at 144 bar. This 

produced to a storage capacity of 62.5 gH2.L-1, which is close to that of liquid hydrogen at 70 

gH2.L-1. Unfortunately, subsequent cycles showed decreasing capacity which can be explained 

by passivation of the Pt surface by stable Pt-H moieties.  

Overall, research into hydrogen adsorption in these materials highlights the advantages 

 

Fig 35 XRPD patterns of MIL-101(Cr) and MIL-101@x-Pd composites (a). TEM image of MIL-101@15-Pd 

together with the Pd particle size histogram (b). Thermo-desorption spectra of the bulk and 1 nm Pd with a 

heating rate of 2 ˚K min−1 (c). Pressure-composition isotherms curves of bulk Pd (square), 2 nm Pd 

nanoparticles (triangle) and 1 nm Pd clusters (circle) recorded at 300˚ K up to 1 bar H2 pressure. The 

capacity is expressed as H/Pd (d)263. 

(a)
(b)

(c) (d)

MIL-101@20-Pd

MIL-101@15-Pd

MIL-101@5-Pd

MIL-101@10-Pd

MIL-101
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of combining the strong adsorption potential of metallic NPs and high surface areas of MOFs. 

However, to progress these findings, more work is required on elucidating the mechanism of 

action for hydrogen adsorption; specially concerning the observed hydrogen spillover 

effect[252]. A better understanding of these systems will facilitate the hypothesis-driven 

design of novel composites for H2 storage. 

In addition, MOFs have attracted considerable interest in the last two decades in CO2 

adsorption, due to their high porosity[147]. CO2 is a primary anthropogenic greenhouse gas 

and the foremost perpetrator in global climate change[264]. Thus, it is crucial to develop an 

efficient technique to rebalance the CO2 distribution to reduce the greenhouse effect on 

global warming. One of the most efficient technology for CO2 capture is physical adsorption.  

Recently, this unique property of MOFs has been enhanced by combing them with iNPs. Kuen-

Song Li et al. modified Ni-MOF-74 and Co-MOF-74 with Pd-loaded activated carbon and 

evaluated the CO2 adsorption capacity. Pristine Ni-MOF-74 and Co-MOF-74 adsorbed 11.06 

and 10.28 mmol.g-1, respectively, at room temperature and 32 bar. Subsequently, these 

values were enhanced after Pd doping to 12.24 and 11.42 mmol.g-1 , and the composites were 

able to utterly separate CO2 from the mixture of CO2/N2[265]. Furthermore, El-Shall and co-

workers developed a practical and straightforward approach based on microwave irradiation 

for the incorporation of Pd nanoparticle catalyst within Ce-MOF. The Pd/Ce-MOF was capable 

of CO oxidation at a relatively low temperature (96˚ C), and also the composite showed an 

efficient uptake of the product (CO2 gas) at 0 ˚C[266]. 

Gas separation is one of the most critical and challenging steps for industrial processes, 

and there are significant advances in using MOFs for this application[267]. However, the 

separation of noble gases such as Kr and Xe remains a challenging process. Molecular 

separation of Kr and Xe is essential as reprocessing nuclear fuel requires the removal of 

radioactive Kr from Xe in the off-gas [268]. Currently, separation of these gases is achieved by 

cryogenic distillation. This process is extremely energy intense, owing to the low boiling points 

of Kr and Xe at -153 ˚C and -108 ˚C, respectively. Similar to hydrogen, noble gases interact 

very weakly with the surfaces of porous materials. This has motivated researchers to use 

metallic NPs as a strategy towards enhancing uptake capacity. Groose and co-workers 

reported that Ag clusters in X- and Y-type zeolites instigated to a higher uptake of Xe, when 

compared to the original sodium ion containing zeolites, and was dependent on Ag 
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loading[269]. Subsequently, Thallpapally et al. were able to produce Ag NPs in Ni-MOF-74 

with up to 6.59 wt% Ag [270]. The Xe and Kr adsorption of these materials showed the Xe 

capacity at 1 bar and room temperature was increased by 15.6% when compared to the bare 

framework (Fig. 36). Importantly, the introduction of Ag NPs to Ni-MOF-74 did not 

significantly increase the Kr capacity, as it is less polarizable than Xe. Accordingly, the 

adsorption selectivity (calculated from the pure gas isotherms and a 50:50 mixture) was 

double that of the achieved benchmark activated carbon. These encouraging results suggest 

that MOF@iNP composites should be further investigated for their potential application to 

noble gas separations. 

 

Furthermore, due to their crystalline structure and high porosity, MOFs have recently 

emerged as candidates for analytical and chromatographic separations[271]. Separation by 

adsorption is more energy-efficient than distillation, but to date, limited examples with 

acceptable selectivity have been reported[272]. Silica is the most common stationary phase 

used in normal phase chromatography and therefore, a natural step forward is to combine 

silica and MOFs to achieve better performances. Bradshaw's group[204] introduced a sphere-

on-sphere (SOS) technique to immobilize small engineered 200 nm silica nanospheres on 5.5 

μm silica microspheres. The SOS system with carboxylic groups acted as a scaffold for the 

 

Fig. 36 Xe and Kr isotherms for bare MOF-74(Ni) and a sample of MOF-74(Ni)@Ag loaded with 1.47 wt% 

Ag271. 

MOF-74(Ni)@Ag
MOF-74(Ni)

Kr
Xe



 
49 

 

subsequent growth of HKUST-1 crystals, and the obtained HKUST-1@SOS-COOH composite 

(Fig. 41ab) was packed with high-performance liquid chromatography (HPLC) column. The 

results indicated that the composite was able to separate a mixture of toluene, ethylbenzene 

and styrene using heptanes/dichloromethane 95:5, whereas the neat SOS-COOH showed no 

separation properties (Fig 41cd). Moreover, the same composite was used, after 

dichloromethane or toluene pre-conditioning for 24 h, to successfully separate xylene 

isomers using heptane as the mobile phase. Silvestre et al. used layer-by-layer epitaxy to grow 

HKUST-1 on magnetic silica nanocubes, producing a magnetic framework composite with high 

surface area (1150 m2 g−1) after 200 coating cycles[273]. The obtained material was used for 

HPLC chromatography, showing an appreciable, although incomplete separation of toluene 

and pyridine. In both cases, the presence of MOFs was found important to enhance, and in 

some case achieve optimal separation performance. 

 

 

 

Fig. 41 SEM of HKUST-1@SOS–COOH particles (a). Back-pressure vs flow rate measured for columns 

packed with SOS-COOH particles (empty circles) and HKUST-1@SOS–COOH particles (black squares) using 

heptanes as mobile phase (b). Chromatogram showing that column packed with SOS-COOH particles was 

not able to separate a mixture of ethylbenzene and styrene (c). Chromatogram obtained using column 

packed HKUST-1@SOS–COOH particle in heptane/DCM 95:5 as mobile phase, for the separation of toluene 

(1), ethylbenzene (2), and styrene (3) (d) 204. 

(a) (b)

(c) (d)
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1.8 MOF@iNPs for Sequestration  
 

The high and tunable porosity of MOFs eases the penetration, accumulation, and separation 

of various species, not only from gas but also from the liquid phase. Nanoparticles embedded 

inside MOF structures can impart additional functionalities. For instance, enabling the 

recollection using a magnetic field of the MOF used as a sorbent for pollutants, using the 

photocatalytic properties for their degradation, or acting support that facilitates the 

separation of organic compounds (Fig. 37). 

 

MOFs have shown great potential for the removal of carcinogenic polycyclic aromatic 

hydrocarbons (PAHs), heavy metals, pesticides, dyes, radionuclides, and other toxic 

chemicals[274-282]. Introducing additional functionality via magnetic NPs can be achieved by 

synthesizing magnetic framework composites (MFCs)[283]. There are two main advantages 

provided by the magnetic particles. Firstly, they facilitate positioning the porous material 

 

Fig. 37 Schematic illustration of MOF@iNP composites for pollutant sequestration and 

degradation, and separation. 
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using an external magnetic force. This can be applied to simple magnetic recovery in a batch 

reactor to more precise localization in microfluidic devices. Secondly, magnetic NPs afford a 

magneto-thermal effect when exposed to an alternate magnetic field which can be exploited 

to release guests from the pores of the MFCs [284]. We note that the surface area of the MFCs 

are lower compared to the parent MOF due to the gravimetric contribution of the particles 

that, under optimized conditions, lies in the range of 3–5 wt% (e.g., 4% using Co NPs[285]). 

The use of MFCs for the sequestration of polycyclic aromatic hydrocarbons (PAHs) has been 

reported by Doherty et al. [286]and Huo and Yan[287] in 2012. Yan demonstrated that silica 

coated magnetic iron oxide and MIL-101(Cr) could be mixed and used for the efficient 

recovery (81–96%) of six different PAHs from water, whereas Doherty et al. showed that 

cobalt and nickel ferrites superparamagnetic nanofibers directly embedded into MOF-5 

crystals afforded a 1.3 mmol g−1 uptake of benz[a]anthracene (Fig. 38a)[286]. Similarly, Carne 

et al. showed that spherical magnetic framework made of HKUST-1 and iron oxide NPs was 

used for capturing dibenzothiophene (DBT) from iso-octane with a remarkable extraction 

capacity of 200 g kg−1 (Fig. 38b)[242]. Also, Chen and co-workers[288] investigated using core-

shell magnetic spheres (made with a magnetic iron oxide core and a MIL-100(Fe) MOF shell), 

towards the sequestration of polychlorinated biphenyls (PCBs) from the water. This MOF 

composite yielded excellent recovery (above 81%) of the PCB, and it was also being able to 

 

Fig. 38 Change in molar percentage of benz[a]anthracene during time due to the uptake performed by 

MOF-5@CoFe2O4 composite (in the inset) (a). Time dependence of the dibenzothiophene capture by 

HKUST-1@Fe3O4 composite (in the inset) (b) 284, 243. 
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reach a very low limit of detection (down to 1.07 ng L−1), suitable for harvesting trace amounts 

of pollutant. 

A second important application in environmental remediation is related to inorganic 

pollutants, such as heavy metals[289, 290]. This is due to the environmental and health issues 

connected with the contamination from, particularly, As, Pb, Hg, Ni, Cr, and Cd. Additionally, 

the efficient sequestration of certain rare heavy metals such as Ag, Au, Pd, and Pt is of interest 

due to their high economic value. Examples of MFCs exploited for the collection of dangerous 

heavy metals have been reported by Sohrabi et al.[291], Wang et al. [292], Taghizadeh et al. 

[293], and Hu et al.[294]. All of these studies used modified silica-coated, iron oxide NPs 

embedded into HKUST-1. Sohrabi explored the optimization of Cd(II) and Pb(II) ions uptake 

using pyridine grafted on the surface of the magnetic particles. Excellent extraction values of 

ca. 190 mg g−1 were reported. Wang et al. chose post-functionalization of HKUST-

1@magnetite with dithizone as a strategy for the sequestration of Pb(II) obtaining a modest 

uptake of 1.67 mg g−1. Based on a very similar system to Sohrabi, Taghizadeh studied the 

uptake of Cd(II), Pb(II), Ni(II), and Zn(II), reporting sequestration values between 98 (Ni) and 

206 (Zn) mg g−1. Hu and co-workers prepared a core-shell nanostructure of bismuthiol I 

functionalized HKUST-1@Fe3O4@SiO2 through a facile coordination-based post-synthetic 

strategy (Fig. 39). The resulting magnetic MOF composites were attractive due to their rapid, 

selective and efficient removal of Hg2+ from environmental water samples[294].  

The capture of high value heavy metals by MFCs has been canvassed in the work of 

Falcaro et al., [295]Bagheri et al.[296] and Van Der Voort[229]. In the first case, a composite 

based on a MOF made of two linkers (terephthalic acid and 2-aminoterephthalic acid) and Co 

NPs was used to selectively harvest Ag(I) ions from a microchannel, in which the MFCs were 

moved from a dodecanol filled zone to a silver enriched methanol one. It was posited that 

sequestration of Ag(I) ions were due to the presence of the amino groups in the MOF pores. 

Finally, the nanocomposite was moved to a third channel filled with dodecanol for recovery. 

In the work of Bagheri et al., the aforementioned pyridine functionalized iron oxide magnetic 

particles, embedded into HKUST-1 were used to collect Pd from water with a maximum 

absorption capacity of 105 mg g−1. Van Der Voort et al. used MIL-101(Cr) as a host for Fe3O4 

NPs and tested this hybrid nanomaterial as an adsorbent for As(III) and As(V) species in 
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groundwater and surface water. The composite showed excellent adsorption capacities of 

121 and 80 mg g-1 for As(III) and As(V), respectively[229].  

A different strategy in environmental remediation is the concomitant removal and 

degradation of pollutants, particularly concerning noxious organic agents. In this case, the 

high uptake capacity afforded by the MOF and the potential of the embedded nanoparticles 

to decompose pollutant molecules are utilised. In 2013, Shen et al. proposed a pioneering 

study that described the simultaneous uptake and degradation of toxic species, such as 

hexavalent chromium and model dyes, using UiO-66-NH2@Pd[297]. In this composite, small 

Pd NPs (3–6 nm) were homogeneously generated within the pores of a preformed amino 

functionalized UiO-66. Under a 420 nm visible light irradiation, this system was able to photo-

catalytically reduce the carcinogenic Cr(VI) to Cr(III) within 90 min at a pH range of 1–5, 

demonstrating superior performance when compared with bare UiO-66-NH2 and N-doped 

titania. More interestingly, the same system was investigated toward the complete 

degradation of methyl orange (MO) and methylene blue (MB). Here, the measured 

conversion was modest when using either the dye (5% for MO and 38% for MB) or the Cr(VI) 

alone. However, this conversion drastically enhanced when the dye was added to the reaction 

system: Cr(VI) reduction increased from initial 70% to 79% in the presence of MO, and from 

70% to nearly 100% in the presence of MB, demonstrating a beneficial synergistic effect. 

 

 

 
 

Fig. 39 TEM images of the as-prepared magnetic adsorbents: Fe3O4@SiO2(a), Cu(OH)2@ Fe3O4@SiO2 (b), 

HKUST-1@Fe3O4@SiO2 (c) and bismuthiol I functionalized HKUST-1@ Fe3O4@SiO2(d). Schematic diagram of 

the preparation of bismuthiol I functionalized magnetic HKUST-1 composites (e) 295. 

(a) (b)

(c) (d)

(e)
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Among the different active materials with degradation capabilities, titania particles are 

extensively used as efficient photocatalytic nanomaterials, especially for self-cleaning 

surfaces [298, 299]. For such purpose, Hu and co-workers studied the MIL-101(Cr)@TiO2 

composite, which was prepared by post-infiltration of different amounts of tert-butyl titanate 

into the MOF cavities[300]. The resulting titania was then converted to the more 

photocatalyticaly active anatase phase by thermal treatment. The composite demonstrated 

higher adsorption of formaldehyde than the titania alone, due to the high surface area of MIL-

101(Cr). Additionally, the titania was able to degrade the pollutant using a 100 W lamp at 365 

nm. The composite with 14.5 wt% TiO2 was found to be the most efficient with ca. 80% of 

product destroyed within 200 min. Furthermore, the same material was successfully used for 

the degradation of o-xylene with analogous results. 

A recent example of one-pot uptake and degradation carried out by a MOF@iNP 

composite was reported by Cai's group[301]. In this work, Fe-doped MOF-5 was prepared 

around pre-synthesized 60 nm Co3O4 NPs, using Fe(acac)3 as the source of iron (Fig. 40a)[302]. 

The high porosity and open pore network of the MOF structure enabled fast molecule 

diffusion, thus rapidly concentrating the pollutant species (in this case, 4-chlorophenol) and 

exposing it to the catalytic NPs for its degradation. In this case, the degradation was mediated 

by potassium peroxymonosulfate (oxone), which was diffused into the MOF pores. The as-

prepared yolk-shell catalyst was highly active with a removal efficiency of 4-chlorophenol over 

99% within 150 min even after four successive cycles (Fig. 40b). 

 

Fig. 40 TEM image of yolk-shell Fe-MOF-5@Co3O4. The insets are closer observations of the composite(a). 

Removal of 4-chlorophenol within 2.5 h for bare NPs activated with oxone (1), yolk-shell composite 

activated with oxone (2), compositealone (3), hollow MOF with oxone (4), solid core-shell composite with 

Oxone (5), and oxone only (b)302. 

(a) (b)
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1.9 MOF@ and COF@iNPs for Catalysis  
 

As mentioned before, iNPs are highly attractive materials for catalysis due to their larger 

surface area/unit volume ratio, when compared to their bulk metal analogs that are 

traditionally used in industrial catalysis[303, 304]. However, in most cases, it is crucial to use 

a support for catalysis applications. A common strategy is to use porous materials with well-

defined pore characteristics; whereby, the partition between the exterior and the interior 

pore structure permits the selective gating of the molecules that reach, and therefore reacts 

with the nanoparticles[305]. Porous materials also have the advantage of confining and 

protecting the nanoparticles, thus facilitating their recovery from the bulk solution and 

preventing particle aggregation. In this context, the regular porosity of MOFs and COFs 

together with the possibility to tailor their pore size, shape, and chemical functionality makes 

them an excellent platform to support active metal NPs for heterogeneous catalysis[306].  

Table 1 summarizes some reactions already tested using MOF or COF supported iNPs as 

catalysts, highlighting the nature of the MOF or COF and the nanoparticle, the nanoparticle 

size, and the weight percentage of the nanoparticle in the MOF or COF. These studies are 

 

Fig. 43 Schematic illustration of some representative reactions catalyzed by MOF supported metal 

nanoparticles. 
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largely based on oxidation, hydrogenation, C-C coupling and H2 production reactions (Fig. 43). 

However, other important catalytic processes are now being investigated. For instance, 

complex cascade reactions involving Knoevenagel condensations and subsequent 

hydrogenations have been successfully catalyzed using IRMOF-3 supported Pd NPs [307]. 

Among the oxidation processes, oxidation of carbon monoxide to carbon dioxide has 

been extensively studied because of the high toxicity of carbon monoxide and its importance 

in fuel cell technology, where the preferential oxidation of carbon monoxide in excess of 

hydrogen is a key process for the production of clean fuel[308]. Overall, MOF or COF 

supported nanoparticles have shown good performance for carbon monoxide oxidation at 

elevated temperatures. For example, Xu, Hupp, and Gascón groups reported that Au and Pt 

NPs supported in ZIF-8, MIL-101-NH2 (Al) and UiO-66 (Fig. 44ab) afford the total conversion 

of carbon monoxide to carbon dioxide at around 160-200 °C [309, 203, 310, 236]. Importantly, 

the reaction temperature could be reduced to 100–150 °C by incorporating Pt, Pd and Cu NPs 

within MIL-101 and Ce-based MOF (Fig. 44cd) and Pd NPs within MOF-5[311-313, 266]. In 

addition, 3.2 nm Pd NPs dispersed in triptycene-based COF converted CO to CO2 at 160° 

C[223].  

 

Fig. 44 TEM image of UiO-66@Pt (a). CO oxidation catalysis by UiO-66@Pt (b). TEM images of Ce-MOF with 

5 wt% of Pd loading (c). CO oxidation catalysis by Ce-MOF with different loadings of Pd(d) 236, 266. 

 

(a) (b)

(c) (d)

UiO-66@Pt

ZIF-8@Pt
UiO-66

3wt% Ce-MOF@Pd
5wt% Ce-MOF@Pd
7wt% Ce-MOF@Pd
Ce-MOF
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Table 1 List of MOF or COF supported iNPs catalysts by reaction and substrate. 

MOF/COF composite Nanoparticle Weight 

% 

Size 

(nm) 

Conv. 

(%)§ 

Ref. 

Oxidation 

CO 

ZIF-8 Pt 3.4 2.5±4.1 100 [203] 

ZIF-8 Au 5 4.2±2.6 100 [309] 

MIL-101-NH2(Al) PTA/Pt   100 [310] 

MIL-101(Cr) Cu/Pd 2.9 2-6 100 [312] 

MIL-101(Cr) Pt/Pd 2.9 3-9 100 [311] 

MOF-5 Pd 0.19  65 [313] 

MIL-101(Cr) Pt 2/1/5 1.8±0.2 100 [314] 

Ra-MOF Pd 3.6 1.8±0.3 100 [315] 

Ce-MOF Pd 5 4.6 100 [266] 

UiO-66 Pt 2 2.9 100 [236] 

NPT-COF Pd 2.2 3 100 [223] 

Alcohols 

MOF-5 Ru 30 1.5-1.7 25 [316] 

MOF-5 Au /ZnO-Au/TiO2 -Au 1-20 2.7-20 50/68/74 [317] 

MOF-5/MIL-53(Al) Au  1.5±0.7 99 [318] 

DUT-5/UiO-66/MOF-253 Pt 0.5 1.5-2 99 [319] 

UiO-67 Pd 1 3±0.5 99 [320] 

MIL-101(Cr) Au 0.5 2.3±1.1 100 [321] 

ZIF-8 Au 30 3.7 81 [322] 

UiO-66 Au  5-7 94 [323] 

MOF-177 Pt 43 2-3  [324] 

UiO-66-NH2 Au 1.8 2.8-3.1 94 [325] 

UiO-66 Au 8  54 [326] 

MIL-101(Cr) Pd 0.35 2.5±0.5 99 [327] 

Cyclohexane 

MIL-101(Cr)/ MIL-53(Cr) Au 4.64/4.63 4.8±2.9 30/31 [328] 

MIL-101(Cr) Au/Pd 1 2.4±0.6 51 [329] 

Benzylic hydrocarbons 

HKUST-1 Fe3O4 28.78 20  [288] 

HKUST-1 Cu-CuFe2O4 5 200 100 [330] 

UiO-66-NH2 Au 2.4 15 30 [331] 
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MOF/COF composite Nanoparticle Weight 

% 

Size 

(nm) 

Conv. 

(%)§ 

Ref. 

COF-ASB Ru 4.1 2-5 90 [332] 

Benzyl-amine 

UiO-66 Au 5-7  53 [323] 

Ethylene      

ZIF-8 Pt/Pd 4.95/2.70 6.2 94 [333] 

Hydrogenation 

Ketones 

MIL-101(Cr) Pt  1.5-2.5 97-98 [334] 

MIL-101(Cr) Pd 15 2-3.5 100 [335] 

MIL-101(Cr) Pd 42-45 1.7 100  

1-Hexene 

ZIF-8 Pt 0.23-0.74 2-3 95 [336] 

ZIF-8 Pd 0.5 5 100 [337] 

ZIF-8 Pd 8.7 17±3 100 [338] 

HKUST-1/ZIF-8 Pd 0.55  83 [339] 

UiO-66 Pt 2 2.9 100 [236] 

1-Hexyne 

ZIF-8 Pt 1 2.7 100 [233] 

1,4-Butynediol 

ZIF-8 Pd 5 4-6 98 [340] 

Styrene 

MIL-101(Cr) Pd 1 1.5 80-100 [341] 

MOF-5 Pt 1  97 [259] 

MesMOF-1 Ni 20 1.1 99 [342] 

HKUST-1/ZIF-8 Pd 0.55  65 [339] 

Toluene 

MIL-101-NH2(Al) PTA/Pt    [310] 

Acetylene 

MIL-101(Cr) Pd 1 1.5 80-100 [341] 

Nitroarenes/ Nitrobenzene 

MIL-101(Cr) Pt 1 1.5-2.5 100 [343] 

MesMOF-1 Ni 20,35 1.1,1.4-1.9 100 [342] 

UiO-66 Pd/Pt 5 3.4-4.2 100 [344] 

Phenol 
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MOF/COF composite Nanoparticle Weight 

% 

Size 

(nm) 

Conv. 

(%)§ 

Ref. 

MIL-101(Cr)-MIL-53(Cr) Pd 4.3/4.9 2.5/4.3 100 [345] 

Nitrophenol      

ZIF-8 Au 10-15 2-3 100 [227] 

ZIF-8 Au/Ag 2/2  100 [346] 

MIL-100(Fe) Au   100 [347] 

UiO-66 Pt 2 2.9 100 [236] 

TAPB-DMTP-COF Au 0.2 15 100 [241] 

TpPa-1-COF Au 1.2 5±3 100 [213] 

Thio-COF Pt 34 1.7±0.2 100  

Cyclohexanone / Cycloheptanone 

MIL-101 Ni/Pd 18 2.5-3.5 80/100 [348] 

UiO-66-S Pt 0.4 2.5 64 [349] 

Octane      

MIL-101(Cr) Pt 1.2 5±0.5 100 [350] 

2,3,5-trimethylbenzoquinone 

MIL-101(Cr) Pd 2 2-3 100 [351] 

Benzene/cyclohexene 

MOF-5 Ru 0.98 2 99 [352] 

Other olefins 

HKUST-1 Au/Pt  100 25 [353] 

2.16. Vanilin 

MIL-101(Cr) Pd 2 1.8±0.2 45 [354] 

Dehalogenation of aryl chlorides 

MIL-101-NH2(Cr) Pd 0.62 2.49 98 [355] 

α, β-unsaturated aldehyde 

MIL-101(Cr)-MIL-101(Fe) Pt 4.6 2.8 100 [230] 

C-C coupling 

Suzuki-Miyaura coupling 

MIL-101(Cr) Pd 1 1.9±0.7 82 [356] 

MIL-53-NH2(Al) Pd 1 3.12 99 [357] 

MIL-101-NH2(Cr) Pd 8 2-3 99 [358] 

MCoS-1 Pd 1 2-3 97 [359] 

SPCP-3/I Pd 2.6 1.5±0.3 89 [360] 

UiO-66-NH2 Pd 0.67 1.2 100 [361] 
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MOF/COF composite Nanoparticle Weight 

% 

Size 

(nm) 

Conv. 

(%)§ 

Ref. 

MOF-5-NPC Pd 10.6 2.7 100 [362] 

COF-LZU1 Pd 7.1±0.5  98 [363] 

Thio-COF Pd 26 1.7±0.2 100 [364] 

Ullman coupling 

MIL-101(Cr) Pd 1 1.9±0.7 99 [356] 

Sonogashira reaction 

MCoS-1 Pd 1 2-3 94 [359] 

MOF-5 Pd 3 3-6 100 [365] 

Heck reaction 

MIL-53-NH2(Fe) Pd 0.96 3.2 83 [366] 

CCOF-MPC Pd 34 2-5 100 [64] 

trzn-COF Pd 18-20 5-20 97 [367] 

Hydrogen generation 

IRMOF-3 Pd 2 35 100 [307] 

MIL-101(Cr) Ni/Au  1.8±0.2 100 [368] 

ZIF-8 Ni 19 2.7±0.7 100 [369] 

ZIF-8 Ni/Pt 1-3 2.2±0.3 100 [370] 

MIL-101-EDA(Cr) Au/Pd 13.7/1.5 2-3 100 [371] 

MIL-125-NH2 Pd 0.5 3.1  [372] 

MIL-101-NH2(Cr) Pt 1.5 3.75±0.5  [373] 

HKUST-1 Pd 0.86 4.3 ±1.1 100 [374] 

Other 

Hydroisomerization of n-hexane 

Al-MCF-17 Pt 0.1 3 100 [375] 

Methylene blue degradation 

ZIF-8 SnO 2 5 100 [376] 

Imination of nitrobenzene  

UiO-66 Pt 2.3 3±0.3 73 [377] 

 Reduction of Cr(VI) 

UiO-66-NH2 Pd 0.93 3-6 100 [297] 

MIL-101(Cr) Pt 2 2.6 100 [378] 

Methanol synthesis 

MOF-5 Cu/ZnO 1.4/40 1-3  [379] 

UiO-66 Cu 1 18  [380] 
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MOF/COF composite Nanoparticle Weight 

% 

Size 

(nm) 

Conv. 

(%)§ 

Ref. 

UiO-bpy Cu/ZnO 6.9 0.5-2 17.4 [381] 

ZIF-8 Cu/TiO2  25  [382] 

Conversion of methylcyclopentane 

UiO-66 Pt 0.4 2.5 100 [383] 

Synthesis of arylamines 

MIL-101(Cr) Pd/Pt    [384] 

Aminocarbonylation 

ZIF-8 Pd 1 4-9 99 [385] 

MOF-5 Pd 1 3-12 92 [386] 

Indole synthesis 

MIL-101(Cr) Pd 3 2.6 67 [387] 

Phenylation of naphthalene 

MOF-5 Pd 2.3 20 65 [388] 

Direct arylation 

MIL-101(Cr) Pd 0.5 2.6±0.5 85 [389] 

Synthesis of 2-substituted benzofuran derivatives 

TpBpy-COF Pd 15.2 12±4 70 [390] 

§ Maximum conversion value reached (or reported). 

 

In addition, MOF or COF supported iNPs have been used as catalysts for aerobic 

alcohol oxidation reactions which are considered as key reactions in ‘green’ organic synthesis. 

These processes usually require temperatures above 100 °C (under solvent-free conditions), 

or the presence of a large excess of a base. The majority of these investigations employ Au 

and Pd NPs supported in different MOFs or COFs. Fischer and co-workers first studied the 

oxidation of benzyl alcohol to benzyl aldehyde using Ru and Au NPs[316], and Au/ZnO and 

Au/TiO2 NPs[317] supported on MOF-5. For the Ru NPs, which could be easily converted to 

RuOx by oxidation with diluted O2 gas inside MOF-5, the conversion of benzyl alcohol was low 

(25%). This was attributed to the structural decomposition of MOF-5 during the oxidation 

reaction. However, in the case of Au and hybrid Au/ZnO and Au/TiO2 NPs, the authors 

observed better performance (conversion ranges of 50–70%) when a base was added to 

accelerate the oxidation reactions by deprotonation of the alcohol. These results were in 

contrast to those obtained by Ishida et al., who reported that Au NPs embedded in MOF-5 
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activate the oxidation reaction with base (conversion = 100%) but also without a base 

(conversion = ∼70%) [318]. The group of Li has investigated a variety of alcohol oxidation 

reactions. Here, the catalytic activity of a series of composites that were made from different 

combinations of MOFs (DUT-5, UiO-66, MOF-253, UiO-67, and MIL-101(Cr)) and metal NPs 

(Pt, Pd and Au) was assessed. Overall, they showed that the confined metal NPs were highly 

active in these types of oxidations under base-free conditions (conversions up to 100%). The 

authors attributed these results to the electron donation and confinement effects offered by 

MOFs[320, 319, 321]. Other systems including Au NPs supported on ZIF-8 (Fig. 45) and UiO-

66, Ru NPs impregnated in COF-ASB and Pt NPs supported on MOF-177 also showed an 

excellent catalytic activity for the conversion of alcohols to aldehydes[332, 258, 322, 323]. 

 

Beyond alcohols, the oxidation of hydrocarbons has been catalyzed using MOF or COF 

supported iNPs. Hydrocarbons have been selectively oxidized, with molecular oxygen as the 

oxidant, by Au, Au/Pd, Fe3O4, Cu-CuFe2O4 or Pt/Pd NPs immobilized in several MOFs including 

MIL-101 (Cr), MIL-53 (Cr), HKUST-1 and ZIF-8[288, 330, 333, 329, 328]. Huang et al. studied 

the activity of ZIF-8 supported bimetallic Pt/Pd NPs for the photoactivated oxidation-

degradation of ethylene to CO2 and H2O[333]. This nanocomposite showed an excellent 

synergistic photocatalytic activity (conversion = 94%). This high activity was due to an 

excellent capacity of ZIF-8 to adsorb ethylene and thus, promote its photodegradation to CO2 

 

Fig. 45 Schematic view of liquid phase alcohol oxidation with the ZIF-8@Au composite. Both benzyl alcohol 

and methyl benzoate were able to access the pores and could diffuse through the network332. 
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and H2O. Moreover, Duan and co-workers developed a new synthetic method to encapsulate 

Au in UiO-66-NH2 with small molecule-assisted heterogeneous nucleation of MOF. 

Subsequently, photocatalytic performance of UiO-66-NH2@Au was tested, and the results 

showed an excellent performance in the oxidation of benzyl alcohol in the visible light 

region[331]. Also, Ru supported on COF-ASB was able to highly promote the one-pot tandem-

synthesis of imine products from benzyl alcohols[332]. 

One of the biggest challenges in chemistry today is achieving energy efficient 

generation of H2. With this goal in mind, Xu and co-workers evaluated the activity of Au, Ni 

and hybrid Au/Ni NPs in MIL-101 and of Ni NPs in ZIF-8 for the catalytic dehydrogenation of 

ammonia borane to generate H2. In this case, complete dehydrogenation was observed[369, 

368]. Other reactions for hydrogen production have also been evaluated. Singh and Xu 

successfully studied the generation of H2 with the decomposition of hydrazine in aqueous 

solution using ZIF-8 supported Ni-Pt bimetallic NPs[370]. In addition, the same group and 

Martis et al. proved that it was possible to catalyze the dehydrogenation of formic acid using 

bare and amine-functionalized MIL-101-ethylenediamine supported Au-Pd bimetallic 

NPs[371] and amine-functionalized MIL-125 supported Pd NPs[372]. Recently, water splitting 

to produce H2 using Pt NPs embedded into MIL-101-NH2(Cr) has also been evaluated. A 

maximum turnover of 100 molH2molcat
-1 was achieved when the loading of Pt NPs was 

0.5%[373]. Finally, the photocatalytic properties of MOFs@Pt were tested for H2 production. 

Here, Lin's group initially studied the photocatalytic performance of Pt NPs embedded into 

two UiO frameworks functionalized with [Ir(ppy)2(bpy)]+ (where ppy is 2-phenyl-pyridine , and 

bpy is 2,2′-bipyridine) complexes, and found high Ir-based turnover numbers [defined as 

n(1/2H2)/n(Ir))] of 3400 and 7000. These values were achieved when irradiated under visible 

light (>420 nm). Under these conditions, the [Ir(ppy)2(bpyradical ••−)] radicals generated by 

triethylamine-mediated photoreduction transfered electrons to Pt NPs to reduce protons for 

H2 production (Fig. 46)[391]. Additionally, Matsuoka's group found that Pt NPs photo 

deposited on amino-functionalized MIL-125(Ti) were able to photocatalyze the generation of 

H2, reaching a total production of 33 μmol H2 when this system was immersed in an aqueous 

solution containing triethanolamine at room temperature while being subjected to visible-

light (>420 nm) for 9 h. In this case, the reaction proceeded through the light absorption by 
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the organic linker, forming the MOF followed by the electron transfer to the photocatalytically 

active titanium-oxo cluster. In this process, Pt NPs acted as co-catalyst[392]. 

 

A fourth vast family of catalytic reactions studied using MOF supported iNPs as 

catalysts are the hydrogenation of alkenes[341, 336] alkynes[349, 341, 233], 

ketones[334],[335], and aromatics[341, 259, 345], all of which are key processes in the 

chemical industry. As can be seen in Table 1, the most active metal NPs for these reactions 

are Pt and Pd, and the most promising MOF support is MIL-101, most probably due to its 

stability and large pore channels. Using this combination, excellent conversion rates (∼100%) 

for the hydrogenation of ketones, aromatic molecules, alkenes, alkynes and nitro compounds 

have been observed [343, 341, 335, 393, 355, 350, 334, 345, 230, 351]. In addition, MIL-101 

has been used as a support for Pt NPs for hydrogenation of α, β-unsaturated aldehyde. Tang 

and co-workers demonstrated that MOFs could serve as effective selectivity regulators for 

 

Fig.46 TEM images of MOF@Pt (a and b). Scheme showing the synergistic photocatalytic hydrogen 

evolution process via photoinjection of electrons from the light-harvesting MOF frameworks into the Pt 

NPs. The red balls represent Zr6(O)4(OH)4(carboxylate)12 cores, while the green balls represent the Ir-

phosphor ligand of the MOF (c)391. 

(a)

(b)

(c)
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hydrogenation, by sandwiching Pt NPs between an inner core and an outer core shell 

composed of Fe and Cr MIL-101. The results showed a series of catalyst that converts 

cinnamaldehyde into fufural, 3-methyl-2-butenal and acrolein with different selectivity based 

on the configuration of the layers (Fig. 47)[230]. Moreover, MOFs with smaller pore and 

windows size showed a better selectivity towards smaller molecules such as 1-hexane. 

Combination of ZIF-8 and Pd NPs showed a high selectivity and conversion rate for 

hydrogenation of 1-hexane[337, 339, 338]. 

Another series of reactions that have been catalyzed by MOF or COF supported NPs 

concern the C-C coupling reactions. Such transformations include Suzuki-Myaura[362, 357-

359, 361, 356], Sonogashira[365, 359], Ulmann[356], and Heck[366] reactions. Compared to 

other metal NPs, Pd offers undoubtedly the best conversion rates in C-C coupling, and thus, 

MOF@Pd composites are primarily tested for these types of catalytic reactions. An illustrative 

example was reported by Yuan et al., who developed a very efficient MIL-101(Cr)@Pd catalyst 

for water-mediated Suzuki-Miyaura and Ullmann coupling reactions. This catalyst showed 

high stability, low metal leaching and high activities (conversion = 100 %) over a large number 

of cycles[356]. Li et al. encapsulated Pd cluster smaller than 1.2 nm inside the cavity of UiO-

66-NH2 via double solvent approach combined with a photoreduction process. This catalyst 

showed excellent results for the scope of Suzuki coupling reactions under visible light[361]. 

Additionally, Pd NPs supported on various COFs showed an excellent activity for different 

 

Fig. 47 Synthetic route to generating sandwich MIL-101@Pt@MIL-101, comprising Pt NPs sandwiched 

between a core and a shell of MIL-101 230. 

MIL-101@Pt MIL-101@Pt@MIL-101MIL-101

Adsorption Coating

Pt NPs MIL-101

Synthetic route
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Heck and Suzuki coupling reactions[363, 64, 367]. Dong and co-workers, fabricated Pd NPs 

supported CCOF-MPC (S-(+)-2-methylpiperazine and cyanuric chloride based COF) via 

impregnation and reduction method. The composite was tested for various Henry and Heck 

reactions and demonstrated high yields (up to 99%) with excellent stereoselectivities (up to 

97%) for these reactions under mild reaction conditions[64]. More recently, Wei and co-

workers used thioether containing COF for the confined growth of ultrafine and highly 

dispersed Pt and Pd NPs (1.7 ± 0.2 nm) with a narrow size distribution (Fig. 48). They 

performed a series of Suzuki-Miyaura reactions with high yield and excellent reusability[364]. 

 

Finally, another type of reaction catalyzed by MOF@iNPs is the methanol production 

by hydrogenation of CO2. Methanol is a key chemical intermediate, and numerous 

applications transform it into vital products and commodities that span and drive modern 

life[394]. Currently, in industry, methanol is produced by Cu/ZnO/Al2O3 from a mixture of 

gases such as CO, CO2, and H2. Recently, MOF@iNPs have been tested as catalysts that 

consume CO2 and H2 as the source for methanol production. For instance, the catalytic 

synthesis of methanol from CO2 and H2, using Cu NPs stabilized into MOF-5, was 

demonstrated by Fischer et al., who found a maximum 70 µmolMeOH g-1
cat h-1 methanol 

production[379]. More recently, Zr-based MOFs were tested as a support for Cu[380] and 

 

Fig. 48 Characterization of Thio-COF@Pt. Low-magnification TEM image, the inset is the size distribution 

profile of Pt NPs (a). High-magnification TEM image (b). High-resolution TEM (HR-TEM) image (c). STEM 

image(d). Selected area electron diffraction (SAED) pattern (e)364. 

(a) (b) (c)

(d) (e)
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Cu/ZnOx[381] NPs for selective methanol synthesis. A pioneering example of this type of 

catalysts was reported by Somorajai et al., who encapsulated a single Cu nanoparticle within 

a single UiO-66 crystal. The performance of this catalyst constructs exceeded the benchmark 

of traditional Cu/ZnO/Al2O3 catalyst and gave an enhanced yield with 100% selectivity for 

methanol[380]. Moreover, a combination of Cu/TiO2 and ZIF-8 in the form of a membrane 

demonstrated photocatalytic activity for converting CO2 to methanol in the work of Dumee 

and co-workers[382].  
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Chapter 2 - Objectives 
 

The main objective of the present PhD Thesis is to optimize and develop the encapsulation 

methodologies for incorporating iNPs into MOFs and COFs. The first aim of this work is to 

optimize a common reported synthetic encapsulation methodology; to encapsulate iNPs into 

MOF frameworks, and to obtain a controllable crystal and shell thickness size of the MOF after 

the encapsulation process. Secondly, to develop a new continuous-flow methodology to 

encapsulate iNPs into MOFs on a larger scale, faster and with an enhanced encapsulation 

efficiency, using a spray-dryer. A further aim is to develop a synthetic method to confine 

various iNPs into another type of porous crystalline materials such as COF in a similar form of 

encapsulation to MOFs. Lastly, to test all the synthesized composites for different 

heterogeneous catalysis (CO oxidation and 4-nitrophenol reduction). To achieve these 

objectives, a series of partial objectives have been defined which they are summarized in the 

following: 

• Synthesis and full characterization of a series of composites, which vary in size, made 

of encapsulated hollow Pd and Pt NPs in ZIF-8. Here, we aim to control the crystal size 

of ZIF-8 and the shell thickness of the composites; which is the distance between the 

encapsulated NPs in the center of the ZIF-8 and the outer layer of ZIF-8. Finally, 

following the catalytic activity of the synthesized composites in various sizes and shell 

thicknesses with two model reactions, such as reduction of 4-nitrophenol and Eosin Y 

and study the effect of the shell thickness on the reduction time. 

•  To develop a new methodology to encapsulate iNPs into MOFs using the spray-drying 

method. Here, we aim to encapsulate iNPs such as Pd and core shell NPs of Au/CeO2 

with different concentrations into UiO-66 beads. One of the main objectives of this 

project is to be able to encapsulate the NPs with maximum efficacy and a high yield. 

A subsequent objective is to test the catalytic activity of the synthesized composites 

with CO oxidation and utilize the high activity of Au/CeO2 NPs for this reaction, and 

furthermore, to test the recyclability of the UiO-66@Au/CeO2 for this reaction. 

• To design, synthesize and fully characterize the composites made of iNPs and COFs. 

Here, we aim to develop a new synthetic method to confine various iNPs (Au, Pd and 
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Fe3O4) into the amorphous imine-linked polymer and then apply the post-treatment 

crystallization condition to these hybrid polymers to obtain a porous crystalline COF 

with encapsulated iNPs. Finally, compare the catalytic activity of the polymeric 

composites to the crystalline composite by the reduction of 4-nitrophenol to 4-

aminophenol.  
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Chapter 3 - The Influence of the MOF Shell 

Thickness on the Catalytic Performance of 
Composites Made of Inorganic (Hollow) 
Nanoparticles Encapsulated into MOFs 
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Chapter 4 - Core-shell Au/CeO2 Nanoparticles 

Supported in UiO-66 Beads Exhibiting Full CO 
Conversion at 100° C 
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Chapter 5 - Confining Functional Nanoparticles 

into Colloidal Imine‐Based COF Spheres by a 
Sequential Encapsulation–Crystallization Method 
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Conclusion  
 

The main objective of this PhD Thesis has been the optimization and the development of 

synthetic methodologies to encapsulate iNPs into COFs and MOFs, which have been found to 

be an effective catalyst used in various reactions. 

In the first part of this work, we encapsulated hollow Pt or Pd nanoparticles into ZIF-

8, making a series of composites in which the ZIF-8 shell thickness and crystal size have been 

systematically varied. The concentration of the ZIF-8 precursors tuned the variation of these 

parameters. We demonstrated that, by lowering the concentration of Zn2+ and 2-MiM (6.5 

mM) in the encapsulation process, we could obtain a nano-size ZIF-8 (197 nm). On the 

contrary, by increasing the concentration of the precursors, we were able to increase the size 

of the crystal and the shell thickness up to 1832 nm and 585 nm, respectively. Furthermore, 

we have demonstrated that the MOF shell thickness is an important parameter to be 

considered when MOF@iNP composites are used as catalysts. To evaluate the catalytic 

performance of the synthesized composites, two model reactions with different molecule size 

were chosen (reduction of 4-NP and EY). The results demonstrated that the composites with 

thicker shells have lower conversion efficiencies given for at a certain time. Our findings 

suggest that decreasing the size (at the nanoscale) of these composites should facilitate the 

production of faster and more efficient catalysts. However, the smaller the composite, the 

lower the stability in time, which could prevent their recyclability.  
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In addition, we have described the formation of a new composite, based on the 

entrapment and dispersion of core-shell Au/CeO2 NPs into microsized spherical, porous UiO-

66 beads using the spray-drying continuous-flow method. This method allowed achieving an 

encapsulation yield of 92%, with a high loading of NPs (7.7 w.t). Subsequently, the synthesized 

composites were used as a catalyst for CO oxidation reaction. The combination of 

nanocrystalline CeO2 and Au facilitated CO conversion T50 and T100 as low as 72 °C and 100° C. 

These values are the lowest temperature reported for the full conversion of CO to CO2 in the 

MOF@iNP based catalysts. In addition, UiO-66 provides enough protection to avoid NPs 

sintering/aggregation during the catalysis process. This protection enabled us to recycle the 

catalyst several times and using it for a long period of conversion (50 hours) without losing 

any significant catalytic activity. We consider this method a general approach for making 

composites, consisting of functional NPs dispersed in MOFs already shaped into spherical 

beads. 

 

Finally, we have demonstrated an efficient and simple two-step procedure to 

encapsulate several types of iNPs into porous and crystalline COF spheres. The first step was 

based on encapsulation of PVP-capped iNPs (Au, Pd and Fe3O4) into an amorphous imine-

based polymer. Thenceforth, the amorphous polymers with the embedded iNPs were 

exposed to acidic conditions at high temperature to transform into crystalline and porous 
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imine-based COF@iNPs. Remarkably, the size and the shape of the iNPs were not affected by 

the transformation conditions. This strategy could be extended to a broad range of iNPs and 

their mixtures, and  to encapsulate molecular species. Furthermore, as a proof of concept, we 

have also shown the ability of crystalline COF@Au and crystalline COF@Pd hybrids to catalyze 

the reduction of 4-nitrophenol into 4-aminophenol. This reduction activity was not observed 

in the amorphous imine-based polymers composites, with the same encapsulated iNPs. This 

phenomenon confirmed that the diffusion of reactants and products only occurred in the 

porous and crystalline COF spheres. This last result suggests potential applications in selective 

catalysis, remediation, and molecular delivery. 

 

All the results obtained during this PhD showed the importance of the development 

of the synthetic methods for encapsulation of iNPs into MOFs and COFs for heterogeneous 

catalysis. Encapsulation is one of the most sophisticated methods to pair iNPs with MOFs and 

COFs. However, they are some parameters that have to be taken into account when carrying 

out encapsulation procedures. In this PhD Thesis, we demonstrated that the control of the 

crystal size and the shell thickness of MOFs (in the encapsulation process) enhances the 
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activity and the stability of the composites in different catalytic reactions. In addition, we 

introduced a more efficient and faster continuous-flow technique to encapsulate iNPs in  

MOFs via spray-drying methodology. The result of using this technique for the encapsulation 

process proved to be an extremely effective catalyst for CO oxidation. Indeed, these results 

presented here could open new possibilities for producing MOFs@iNP catalysts via spray-

drying for more ambitious and complex reactions. Finally, in this work, we presented that the 

encapsulation of iNPs can be extended to other crystalline porous materials such as COFs. We 

demonstrated that the  encapsulated functional iNPs were accessible by testing COFs@iNP  

composites as a catalyst for a model reaction. Certainly, these results open a new path for 

potential applications in selective catalysis, remediation, and molecular delivery due to the 

diverse structure and porosity of COFs. 
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Appendix 
 

In this appendix of this PhD thesis, four additional works are presented. These manuscripts 

are related to the main objectives in a border sense, but nonetheless, add insights to the fields 

of MOFs. 

The first work was a review based on applications of MOF@iNPs which was entitled 

“Application of metal and metal oxide nanoparticles@MOFs”. 

The second work presented was elaborated during my Master Thesis. It was focused 

on the synthesis of sixteen known MOFs in nano range size. Uncoated MOF nanoparticles 

were assessed for cytotoxicity to HepG2 and MCF7 cells in vitro, and for toxicity to zebrafish 

embryos in vivo. These results have been reported in the manuscript entitled “Synthesis, 

Culture Medium Stability, and In Vitro and In Vivo Zebrafish Embryo Toxicity of Metal-Organic 

Framework Nanoparticles”.  

The third work was based on the continuous, one-step spray-drying synthesis of 

several members of isoreticular MOF family such as [SiF6]2- and [TiF6]2-. This article was 

entitled “Continuous One-Step Synthesis of Porous M-XF6-Based Metal-Organic and 

Hydrogen-Bonded Frameworks”. 

The fourth work demonstrated the synthesis of (multi)-layered zeolitic imidazolate 

framework (ZIF-8/-67) composite particles via a sequential deconstruction–reconstruction 

process with an introduction of functional inorganic nanoparticles onto the crystal surface. 

This article was entitled “Sequential Deconstruction–Reconstruction of Metal-Organic 

Frameworks: An Alternative Strategy for Synthesizing (Multi)-Layered ZIF Composites“.  
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