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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/CeO, NPs dispersed in UiO-66 shaped into
microspherical beads are created using the spray-drying continuous-flow method. The
combined catalytic properties of nanocrystalline CeO, 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 (Tso = 72 °C; T100 = 100 °C) and recyclability.
The results are included in the manuscript entitled “Core-shell Au/CeO; 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-




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).




Resum

La presente tesis doctoral se ha enfocado en el disefio y la sintesis de un nuevo tipo de
materiales compuestos basados en metal-organic frameworks (MOFs) o covalent-organic frameworks
(COFs) y nanoparticulas inorganicas y el uso de estos materiales compuestos para la catdlisis

heterogénea.

En el primer capitulo se introduce la familia de materiales compuestos dispersos en/sobre
diferentes materiales haciendo especial énfasis en aquellos construidos con MOFs y COFs. En el

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

En el capitulo 3 se muestran los resultados del articulo “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 encapsulaciéon de nanoparticulas huecas de Platino y Paladio en el ZIF-8 formando asi
una serie de materiales compuestos en los cuales el espesor de la cascara de ZIF-8 era modulada de

manera sistematica.

En el capitulo 4, nanoparticulas hibridas de tipo nucleo-coraza de Au/Ce02 dispersadas en
microesféras de UiO-66 han sintetizados usando el método se atomizacién por secado con flujo
continuo. Las propiedades cataliticas combinadas en una Unica particula de los nanocristales de CeO2
y Au vy la capacidad protectora de las microesféras porosas de UiO-66 hacen que estos materiales
compuestos muestren resultados interesantes como catalizadores para la reaccidn de reduccion de
mondxido de Carbono. (T50 = 72 °C; T100 = 100 °C) con alta reusabilidad. Los resultados obtenidos
han sido incluidos en el articulo. “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 capitulo 5, hemos demostrado que usando un método en dos pasos se
pueden funcionalizar COFs confinando en ellos nanoparticulas. La reaccidn directa entre el 1,3,5-
tris(4-aminofenil)benceno y el 1,3,5-benzenetricarbaldehido en presencia de una variedad de
nanoparticulas metalicas o de 6xidos de metal resulta en la encapsulacién de estas nanoparticulas en
un polimero amorfo de iminas-enlazadas con forma de esfera. El Post-tratamiento de estas esferas
con acido acético en reflujo conduce a la obtencidn de esferas cristalinas de COFs basados en iminas.
Ademas materiales compuestos basados en COF y nanoparticulas de Au y Pd han demostrado ser

cataliticamente activas. Estos resultados han sido publicados en el articulo “Confining Functional




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







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.

E-field Metal

sphere

g

e cloud

Fig. 1 Electronic cloud oscillation of metal NPs when an external electric field is applied>.
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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].

Before injection

Before injection 0 min 8 min 15 min 23 min

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)*.
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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 TiO;, zero valent iron, iron oxides and CeO3[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

e
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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 ZrO, showed
turn over frequencies (TOFs) of 464.68 and 309.8 M.M™1.min™! representatively for p-
nitrophenol reduction. These values are much higher compared to the unsupported Pd NPs
(TOF= 2.7 x 10 M.M"L.min™?). 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 CeO; 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 Ce** 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 TiO; 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 TiOz and ZnO as a support for iNPs[72-75]. Among the photocatalysts, TiO, 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 TiO; 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 TiO-
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 TiO; thin film had a higher photoreduction efficiency of CO; with a selective

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

On the other hand, ZnO has a higher electron mobility (115-155 cm? V-1 s7%) than TiO;
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 TiO,, 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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Fig. 3 Characterization of TiOz 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 CHa yields of commercially available TiO2 powders (P25), pristine
TiO: film, and Pt-TiO: films with different Pt deposition times (e) 7.

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. Fe304is 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 H,0, from electro-generated H, and O;s6). By loading Pd
NPs on the magnetic Fes304 particles, H,02 and Fe?* 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 ZrO,, Al,03, 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
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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].

(Y] 5.7 vt% Pt
0.0wt% Pd

. M. Macropore

Mesopores

50 nm

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) 2.

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
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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].

Fig. 5 TEM images of atomic layer deposition Pd NPs formed on HNOs treated activated carbon with no
calcination (a), calcination at 650° C (b) and calcination at 800° C (c) after the Pd precursor exposure®.

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

B ———————————————
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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™, 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)!3®.
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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].

Coordination compounds

/ Coordination polymers (CPs) \

Discrete complexes

——0—e— —C—mmm——em————
0D iD
1
\ 2D
O Metal ion or cluster ) Y
Metal-Organic Frameworks (MOFs)
—@Em— Organic ligand (containing potential voids)

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
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Fig. 8 Inorganic secondary building units (a) and organic linkers (b)*3.
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interaction forces such as hydrogen bonds, van der Waals interactions and m-mt 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]
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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 m? g [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].

(a) (b) . "5 O

hexagonal
channel

Fig. 10 NU-1000 structure with 7000 m? g’ surface area showing the Zrs-based nodes (a). The hexagonal
and triangular channels viewed perpendicular to the c-axis (b). The 8 A pores viewed parallel to the c-
axis(c) 144,
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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].
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Fig. 11 Schematic illustration showing that drug molecules with different structures and sizes can be
accommodated within MOFs?62,

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
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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 (B-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 m? g (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 g1 [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 m? g* for COF-

102 and COF-103, respectively [178] (Fig. 12).
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Fig. 12 Structure representation of 2D and 3D COFs'7®,

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-
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workers developed a continuous synthesis and post-synthetic modification method to form
B-ketoenamine-linked COFs by confining organic building units into moving microdroplets.
Using this approach, they were able to modify NO;- to NH;-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'! after 5,000 cycles[188].
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Fig. 14 General strategies for the designed synthesis of functional COF materials.

The green ovals represent the functional moieties.

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].
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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).1%3

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 (11)[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].

29




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.

Gas adsorption

Biomedical Applications Catalysis

_
&

Separation Plasmonics

Fuel production Sensing

Pollutant Sequestration

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

%w & 2 E@ = @

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

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 H; 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
ina 10% Hy/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 NaBHa(219).
Infiltration was also the first method to pair iNPs into COFs, iNPs such as Pd, NisN and Au,
which were embedded into COFs using this process (Fig. 18) [223, 224, 213].

50 nm

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 22% 223,213,219,
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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.
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Fig. 19 Schematic of pseudomorphic replication converting the ceramic shell of a core-shell nanoparticle
into MOF.

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)?%°.
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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

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

(a)

(b)

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)??’.
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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

Fes04 were attached to the outer surfaces of MIL-101[229, 230].

Detachment

Ultrasound

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)%3°.

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

e
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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).

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

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, Fes04, CdTe, NaYFs and B-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

PVP D
- 5
>
PVP-modified nanoparticles 1 :
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e Nanoparticle 1
© Nanoparticle 2

Fig. 25 Scheme of the controlled encapsulation of nanoparticles in ZIF-8 crystals?®.
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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).

(d) (e)

500 nm 100nm
=3

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)2°.

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 Zn?* 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).
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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 ~> (sample 1), 5 x 10 ™ (sample 2), 2 x 10 -3
(sample 3), 10 3 (sample 4), and 2 x 10 2 (sample 5) wt% (a) 2*3. TEM images of individual cubic Pd NP

encapsulated in cubic ZIF-8 (b) 2> and individual Au NP encapsulated in ZIF-8 (c)?%.

This method was further developed using a hydrothermal synthetic approach to
incorporate iNPs into MOFs with carboxylic acid-based ligands such as UiO-66, NHs-UiO-66,
and NHs3-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 ZrCls and ZrOCl,-8H,0, which are highly acidic.
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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(OPr")s. Somorijai et al.

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

(b)

Fig. 28 TEM images of encapsulation of Cu NPs (a) and Pt NPs (b) inside UiO-66237238,

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 Fe30a[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 Fez04
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@Fe304 (Fig. 29)[240]. It was with a similar approach

that, smaller nanoparticles such as Au and Pd were encapsulated in 2D crystalline COF[241].
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Fig. 29 Schematics of the preparation of imine-linked COF composite microspheres through the
amorphous-to-crystalline conversion process (a). TEM images of Polyimine@Fe304 (b) and TpBD-
COF@Fe304(c)?*.

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
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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(ll)-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].

F B | (b) MOF
1 r precursors
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’ l 4————— Atomization
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44— Microdroplets
:

R Crystalline
i S MOFs

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)***.
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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 Fes04 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@Fe30a (a). TEM image of HKUST-1@Fe304 (b)1%3243,
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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).

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

gas separation (Kr and Xe).

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
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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].

(a)

MOF pore surface

(b)

MOF pore surface

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).
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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 H,.
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
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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) 2.
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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 PdHo.1s
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

45




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].
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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™! (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 H; pressure. The
capacity is expressed as H/Pd (d)?%3.

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 gn..L ™, which is close to that of liquid hydrogen at 70
gn..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
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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 H; storage.

In addition, MOFs have attracted considerable interest in the last two decades in CO;
adsorption, due to their high porosity[147]. CO; 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 CO; distribution to reduce the greenhouse effect on
global warming. One of the most efficient technology for CO, 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 CO; adsorption capacity. Pristine Ni-MOF-74 and Co-MOF-74 adsorbed 11.06
and 10.28 mmol.g, respectively, at room temperature and 32 bar. Subsequently, these
values were enhanced after Pd doping to 12.24 and 11.42 mmol.g, and the composites were
able to utterly separate CO; from the mixture of CO2/Ny265). 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 (CO; 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.
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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-

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

um silica microspheres. The SOS system with carboxylic groups acted as a scaffold for the
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subsequent growth of HKUST-1 crystals, and the obtained HKUST-1@S0OS-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 m? 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.
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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) 2%4.
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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).

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

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
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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™ 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™* (Fig. 38b)[242]. Also, Chen and co-workers[288] investigated using core-
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Fig. 38 Change in molar percentage of benz[alanthracene during time due to the uptake performed by
MOF-5@CoFe204 composite (in the inset) (a). Time dependence of the dibenzothiophene capture by
HKUST-1@Fes04 composite (in the inset) (b) 28+ 243,

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
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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(ll) and Pb(ll) ions uptake
using pyridine grafted on the surface of the magnetic particles. Excellent extraction values of
ca. 190 mg g! were reported. Wang et al. chose post-functionalization of HKUST-
1@magnetite with dithizone as a strategy for the sequestration of Pb(ll) obtaining a modest
uptake of 1.67 mg g™%. Based on a very similar system to Sohrabi, Taghizadeh studied the
uptake of Cd(ll), Pb(ll), Ni(ll), and Zn(ll), reporting sequestration values between 98 (Ni) and
206 (Zn) mg g. Hu and co-workers prepared a core-shell nanostructure of bismuthiol |
functionalized HKUST-1@Fe304@SiO, 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 Hg?* 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(l) 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(l) 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™. Van Der Voort et al. used MIL-101(Cr) as a host for Fe304

NPs and tested this hybrid nanomaterial as an adsorbent for As(lll) 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 for As(l1l) and As(V), respectively[229].
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Fig. 39 TEM images of the as-prepared magnetic adsorbents: Fes0s@SiO2(a), Cu(OH).@ Fe304@SiO2 (b),
HKUST-1@Fe304@Si0: (c) and bismuthiol | functionalized HKUST-1@ Fe304@SiO2(d). Schematic diagram of
the preparation of bismuthiol | functionalized magnetic HKUST-1 composites (e) 2%°.

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-NH,@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(lll) within 90 min at a pH range of 1-5,
demonstrating superior performance when compared with bare UiO-66-NH; 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.
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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)@TiO;
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% TiO, 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.

(b) —A—(1) =% (3) —=—(5)
e 1.04 & —o—(2) —»—(4) > (6)

(a)

Time (min)

Fig. 40 TEM image of yolk-shell Fe-MOF-5@Co30a. 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)3%,

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 Co304 NPs, using Fe(acac)s 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).
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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].

Fig. 43 Schematic illustration of some representative reactions catalyzed by MOF supported metal
nanoparticles.

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
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largely based on oxidation, hydrogenation, C-C coupling and H 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 Gascén groups reported that Au and Pt
NPs supported in ZIF-8, MIL-101-NH; (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 CO; at 160°

C[223].
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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) 235 266,
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Table 1 List of MOF or COF supported iNPs catalysts by reaction and substrate.

MOF/COF composite

Nanoparticle

Oxidation

co

ZIF-8 Pt 34 2.5%4.1 100 [203]
ZIF-8 Au 5 4.2+2.6 100 [309]
MIL-101-NHz(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 1.840.2 100 [314]
Ra-MOF Pd 3.6 1.840.3 100 [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/Ui0-66/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 37 81 [322]
Uio-66 Au 5-7 94 [323]
MOF-177 Pt 43 2-3 [324]
UiO-66-NH> 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 Fe304 28.78 20 [288]
HKUST-1 Cu-CuFe204 5 200 100 [330]
UiO-66-NH> Au 24 15 30 [331]
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MOF/COF composite

Nanoparticle

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 2-35 100 [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 1713 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-NH(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




MOF/COF composite

Nanoparticle

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 2.5-35 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 1.840.2 45 [354]
Dehalogenation of aryl chlorides

MIL-101-NHa(Cr) Pd 0.62 2.49 98 [355]
o, B-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 1.940.7 82 [356]
MIL-53-NHa(Al) Pd 1 3.12 99 [357]
MIL-101-NH(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

MOF-5-NPC Pd 10.6 2.7 100 [362]
COF-L.ZU1 Pd 7.1+0.5 98 [363]
Thio-COF Pd 26 1.740.2 100 [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-NHx(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-NH> Pd 0.5 31 [372]
MIL-101-NH(Cr) Pt 1.5 3.75+0.5 [373]
HKUST-1 Pd 0.86 43+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 23 3+0.3 73 [377]
Reduction of Cr(VI)

UiO-66-NH> Pd 0.93 3-6 100 [297]
MIL-101(Cr) Pt 2 2.6 100 [378]
Methanol synthesis

MOF-5 Cu/Zn0O 1.4/40 1-3 [379]
Uio-66 Cu 1 18 [380]
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MOF/COF composite Nanoparticle

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 25 100 [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 2.610.5 85 [389]
Synthesis of 2-substituted benzofuran derivatives

TpBpy-COF Pd 15.2 1244 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 O 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].

benzyl alcohol
methyl benzoate

MeOH

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,

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, Fe30a4, Cu-CuFe20a 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 CO, and H;0O[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 CO;
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and H;0. Moreover, Duan and co-workers developed a new synthetic method to encapsulate
Au in UiO-66-NH; with small molecule-assisted heterogeneous nucleation of MOF.
Subsequently, photocatalytic performance of UiO-66-NH@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 H,. 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 H;. 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 H, 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 Hz using Pt NPs embedded into MIL-101-NH(Cr) has also been evaluated. A
maximum turnover of 100 moly.molat? was achieved when the loading of Pt NPs was
0.5%[373]. Finally, the photocatalytic properties of MOFs@Pt were tested for H, 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)z(bpyradical **~)] radicals generated by
triethylamine-mediated photoreduction transfered electrons to Pt NPs to reduce protons for
H, 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
H,, reaching a total production of 33 pmol H, 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)

200 nm

10 nm

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(0)s(OH)s(carboxylate)1, cores, while the green balls represent the Ir-
phosphor ligand of the MOF (c)3™.

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 a, B-unsaturated aldehyde. Tang

and co-workers demonstrated that MOFs could serve as effective selectivity regulators for

64




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].

Synthetic route

Adsorptlon Coatlng
Pt NPs MIL 101
MIL-101 1} MIL-101@Pt MIL-101@Pt@MIL-101

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 2%,

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], Uimann[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-NH; 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
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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].

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)3®4.

Finally, another type of reaction catalyzed by MOF@iNPs is the methanol production
by hydrogenation of CO,. 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/Al,Os; from a mixture of
gases such as CO, CO,, and H. Recently, MOF@iNPs have been tested as catalysts that
consume CO; and Hz as the source for methanol production. For instance, the catalytic
synthesis of methanol from CO, and H,, using Cu NPs stabilized into MOF-5, was
demonstrated by Fischer et al., who found a maximum 70 umolmeon gt h™* methanol

production[379]. More recently, Zr-based MOFs were tested as a support for Cu[380] and

B ———————————————
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Cu/ZnOx3s1) 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 Ui0-66 crystal. The performance of this catalyst constructs exceeded the benchmark
of traditional Cu/ZnO/Al,O3 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 CO; 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:

e 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.

e Todevelop 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/CeO;
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/CeO, NPs for this reaction, and
furthermore, to test the recyclability of the UiO-66@Au/CeO; for this reaction.

e 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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Fe304) 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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Herein we report the encapsulation of hollow Pt or Pd
nanoparticles 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.

The combination of two or more materials forming
composites is a powerful strategy to create new materials with
superior (multijfunctions. With this aim, inorganic
nanoparticles (iNPs} have recently been incorporated in
metal-organic frameworks (MOFs) to create a new class of
porous composites (hereafter called MOF@iNPs) with
interesting applications in sensing, catalysis, plasmonics and
pollutant sequestration and degradation.™ Among these
applications, their use for heterogeneous catalysis is
promising. Combining iNPs and MOFs overcomes some of
the intrinsic problems of iNPs when used in catalysis,® such
as their tendency to aggregate, their low recyclability, and the
difficulty to recover them from the reaction media. MOFs can
support and protect them, thus facilitating their recovery
from the bulk solution and preventing particle aggregation.
In addition, the well-defined pore characteristics of MOFs can
ideally permit the selective gating of the molecules that reach,
and therefore react with the iNPs.

The most common methods to produce MOF@INP com-
posites include infiltration of the iNP precursors and subse-
quent growth of the iNPs inside the MOF,* attachment of the
iNPs onto the surface of the MOF,” and the use of iNPs as nu-
cleation centers to grow the MOF around them, thus encap-
sulating the iNPs into the synthesized MOFs. First reported
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by Huo et al,® this latter method is very versatile to design
MOF@iNPs for heterogeneous catalysis applications since it
allows using and protecting iNPs with no size, shape and na-
ture restriction as well as controlling the number and locali-
zation of these iNPs inside the MOFs. For example, analo-
gous ZIF-8@IiNP composites have been successfully
synthesized with Pt and Au NPs of different sizes {e.g. 2.5,
2.7, 3.3 and 4.1 nm for Pt; and 13, 15 and 34 nm for Au),"™®
Au NPs of different shapes {spheres and cubes), and iNPs of
different nature (e.g. Au, Pt, Fe;0,, CdTe, CdSe and Pd).*?
Also, ZIF-8@Au composites in which the embedded Au NPs
are localized at the core {even at the single particle level) or
spread over the ZIF-8 crystals have been generated.”™"

To date, some advances have been made in using these
MOF@INP composites for heterogeneous catalysis. For exam-
ple, ZIF-8@AuNP and ZIF-8@PtNP composites have been
shown to be efficient catalysts for the oxidation of CO,® the
reduction of 4-nitrophenol (4-NP),>'* the oxidation of benzyl
alcohol,"™ and the hydrogenation of alkynes.” Thus far, how-
ever, almost no one has paid special attention to the study of
which parameters play a key role in the catalytic performance
of these MOF@iINP composites. Farha et al noticed that an
increase of the external crystal surface of the MOF leads to
an increase of the yield of the hydrogenation of alkynes.”
Here we report on the influence of the MOF shell thickness
on the catalytic performance of this class of MOF@iNP com-
posites. We postulate that this parameter must be critical for
their catalytic properties since it has a direct impact on the
accessibility and diffusion of the molecules to the iNPs. In
this study, we chose ZIF-8 as the MOF, and hollow Pt and Pd
NPs as the iNPs. We chose ZIF-8 because it has been widely
used to produce MOF@iNP composites. And we chose hollow
Pt and Pd NPs because they present some advantages over
their solid counterparts in terms of lighter weight, conserva-
tion of the material, reduction of cost and superior catalytic
activities associated with a nanoreactor cage effect and with
the highly active uncapped and rough inner surfaces. In fact,
they are excellent catalysts for the two model reactions

This journal is © The Royal Society of Chemistry 2016
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selected for this study: the reduction of 4-NP and the bulkier
Eosin Y (EY). Reduction of 4-NP is a common reaction since
it is usually used for the remediation of 4-NP, a water pollut-
ant with high toxicity."® Reduction of dye EY is a commonly
used model reaction to probe the catalytic activity of iNPs.**

This study began with the systematic synthesis of a series
of ZIF-8@PINP and ZIF-8@PdNP composites, which vary in
size (hereafter defined as ¢ = (¢, + ¢,)/2; Fig. 1c, Table 1, and
Experimental section, ESIt). In a typical synthesis, a
methanolic dispersion containing hollow Pt NPs (diameter:
27.4 + 2.0 nm; shell: 2.8 + 0.6 nm; Fig. 1a) or hollow Pd NPs
(diameter: 35.6 = 3.8 nm; shell: 2.4 + 0.4 nm; Fig. 1b), which
were previously synthesized by galvanic replacement using
Ag NPs as sacrificial templates (Experimental section and
Fig. $1-84, ESIT),">*® was first prepared at a concentration of
0.25 mM and 0.3 mM, respectively. Then, 4 mL of these dis-
persions was introduced into different 20 mL methanolic so-
lutions of 2-methylimidazole (2-MiM) (2-MiM concentrations:
6.5, 25, 37.5 and 50 mM for Pt; and 6.25, 25 and 50 mM for
Pd). After 2 min, 20 mL of a methanolic solution of Zn(NO,),
-6H,0 (of equal molarity to 2-MiM) was added to these mix-
tures. The final mixtures were allowed to react at room tem-
perature without stirring for 24 h. Finally, each one of the
synthesized solids was collected by centrifugation (13200
ref), washed 2 times with methanol and dried overnight at
60 °C.

High angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) demonstrated the encap-
sulation of both hollow Pt and Pd NPs in the inner core of
the ZIF-8 crystals with average diameters ¢ ranging from 197
+ 26 nm to 1832 + 270 nm, depending on the concentration
of 2-MiM and Zn(NQ;),-6H,0 used (Table 1 and Fig. 2). In ad-
dition, they clearly showed that the number of encapsulated
hollow Pd and Pt NPs per ZIF-8 crystal also increases when
the concentrations of 2-MiM and Zn(NO;),-6H,0 increase in
the reaction. Thus, to measure the average MOF shell thick-
ness of each sample, we first measure the distance (hereafter
defined as distance &) from the centre of the ZIF-8 crystal to
the NP located closer to the crystal surface (Fig. 1c). Then,

Fig. 1 HAADF-STEM images of (a) hollow Pt NPs, {b) hollow Pd NPs,
and (c) a single ZIF-8B@PdNP composite highlighting the dimensions
shown in Table 1.

This journal is © The Raoyal Society of Chemistry 2016
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Table 1 Hollow Pt/Pd NP content and size distribution of the synthe-
sized composites

Sample ¢ (nm) b (nm) a (nm) NP w.t. (%)
ZIT-8@PtNP-1 284 £ 54 66 + 42 76 £ 15 2.8
ZIF-8@PLNP-2 511 + §7 156 + 64 99 + 21 1.0
ZIF-8@PLNP-3 746 + 88 236 + 64 137 + 20 0.8
ZIF-8@PtNP-4 1832 =270 562 + 198 354 + 63 0.8
ZIF-8@PdNP-1 197 £ 26 55+ 24 43 £ 11 1.8
ZIF-8@PdNP-2 453 £ 70 148 £ 50 7815 0.6
ZIF-8@PdNP-3 1689 + 152 585 + 135 259 + 59 0.4

the average MOF shell thickness b of each composite was
obtained from b = ¢/2 - a. In addition, the encapsulation of
both hollow NPs was further confirmed by elemental map-
ping with energy dispersive X-ray spectrometry (EDX) on sin-
gle composites, which revealed a uniform distribution of Zn
atoms along the composite and the presence of Pt or Pd
where the NPs are located (Fig. $5, ESIT). Finally, the percent-
age of Pt and Pd in each composite (% Wpqpi/Weomposite) Was
measured by ICP-MS, whereas the formation of ZIF-§ in all
composites was corroborated by powder X-ray diffraction
(PXRD; Fig. 86, ESIT). The different parameters for all synthe-
sized ZIF-8@PtNP and ZIF-8@PdNP composites are listed in
Table 1.

To start evaluating the catalytic performance of the synthe-
sized composites, we first studied the aqueous reduction of
4-NP to 4-aminophenol (4-AP) in the presence of NaBH, and
of the composites. In this reaction, NaBH, is oxidized on the
surface of the hollow NPs, provoking the reduction of 4-NP to
4-AP."” This reduction can be simply followed by a reduction
of the optical absorption at 400 nm corresponding to 4-NP.

The catalytic reactions were conducted at basic pH by
mixing 0.5 ml of an aqueous solution of NaBH, (1.3 M) with
3.0 mL of an aqueous solution of 4-NP (0.125 mM). After 2
min, 0.2 mL of an aqueous dispersion containing ZIF-
S@PINP-1 at a Pt concentration of 2.8% w/w or ZIF-8@PdNP-
1 at a Pd concentration of 1.8% w/w was injected into the re-
action mixture, and the reaction was monitored every 10 min
by UV-vis spectroscopy in the range of 280-460 nm (Fig. 2).
It is important to highlight here that these reactions were
monitored only for 30 min in the case of ZIF-8@PtNP-1 and
for 40 min in the case of ZIF-§@PdNP-1 because this is the
maximum time that the ZIF-8 shells of the composites re-
main unaltered, as was confirmed by Scanning Electron
Microscopy (SEM; Fig. S8 and S14, ESIt). For longer times,
etching of the external ZIF-8 shell was observed, increasing
with time and finally exposing the hollow iNPs to the surface
of the composites and releasing them. For both catalysts, the
concentration of 4-NP at each time was determined using an
extinetion coefficient of 12.8 x 10° M™" em™ (Fig. §23, ESIt).
The conversion efficiency (4-AP/4-NP,) of each composite was
then measured by difference.

Fig. 2 shows the evolution of the resulting UV-vis spectra.
In both cases, we observed that the intensity of the absorp-
tion peak at 400 nm decreases with time while a new

Catal Sci Technol, 2016, 6, 8388-8391 | 8389
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Fig. 2 HAADF-STEM images (first row: single composite; second row: general view) of (a) ZIF-8@PdNP-1, (b) ZIF-8@PdNP-2, (c) ZIF-8@PdNP-3,
(d) ZIF-8@PtNP-1, (e) ZIF-8@PtNP-2, {f) ZIF-8@PtNP-3 and (g) ZIF-8@PtNP-4. Third and fourth rows show the UV-vis evolution of the 4-NP (third
row) and EY? (fourth row) reduction using the corresponding composites as catalysts. In these spectra: 0 min (black); 10 min {red); 20 min (blue);

30 min (pink); 40 min {green); 50 min (navy); and 60 min {violet).

absorption peak at 305 nm characteristic of 4-AP appears af-
ter 10 min of reaction. The reduction of the peak at 400 nm
also decreased with time, achieving maximum conversion ef-
ficiencies of 79% for ZIF-8@PtNP-1 and 83% for ZIF-
8@PdNP-1. These results are important since they confirm
that both reactants, 4-NP and NaBH,, are able to cross the
ZIF-8 shells, with thicknesses of 66 + 42 nm and 55 + 24 nm,
and reach the catalytic hollow NPs.

To study if the ZIF-8 shell thickness has an effect on the
catalytic performance of these composites, we then repeated
the same reaction but using the composites with thicker ZIF-
8 shells as catalysts. Each reaction was again run for the time
that allowed the stability of the ZIF-8 shells (Fig. S8-22,
ESIT). Fig. 3a and b show the evolution of the conversion effi-
ciency for the different composites with time. A first clear ob-
servation is that, independently of the nature of the iNPs, the
yield at a specific time decreases as the ZIF-8 shell thickness
increases. For example, at 20 min, the conversion efficiencies
were 0% for both ZIF-8@PtNP-4 and ZIF-§@PdNP-3 with
thicknesses of 562 + 198 nm and 585 + 135 nm, respectively,
15% for ZIF-8@PtNP-3 with a thickness of 236 + 64 nm, 30%
for ZIF-8@PtNP-2 with a thickness of 156 + 64 nm, 42% for
ZIF-8@PdNP-2 with a thickness of 148 + 50 nm, and 72% and
74% for ZIF-8@PdNP-1 and ZIF-8@PtNP-1 with thicknesses
of 55 + 24 nm and 66 + 42 nm, respectively. Additional clear
evidence from this data is that, independently of the nature
of the iNPs, the time at which 4-AP starts to be formed in-
creases as the ZIF-8 shell thickness also increases. Indeed,
for the thicker composites, the formation of 4-AP was
detected after 30 min of reaction.
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Both observations agree well with the fact that the diffu-
sion time of 4-NP and NaBH,; molecules through the MOF
shell to reach the surface of the hollow iNPs is a rate-
determining step in the reduction of 4-NP when using these
MOF@iNP composites. To further confirm this conclusion,
we also studied the one-electron reduction of a bulkier
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Fig. 3 (a and b) Variation of 4-AP/4-NP, conversion efficiency as a
function of time when using (@) ZIF-8@PtNP and (b) ZIF-8@PdNP
composites as catalysts. {c and d) Variation of EY>/EY,?™ conversion
efficiency as a function of time when using (c) ZIF-8@PtNP and (d) ZIF-
8@PdNP composites as catalysts. Colour code: ZIF-8@PtNP-1 (black),
ZIF-8@PtNP-2 (red), ZIF-8@PtNP-3 (blue), ZIF-8@PtNP-4 (pink), ZIF-
8@PdNP-1 (green), ZIF-8@PdNP-2 {orange) and ZIF-8@PdNP-3 (violet).
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molecule such as EY”” in water and in the presence of NaBH,
and the composites as catalysts. It is important to note here
that, in the presence of NaBH, but not of hollow iNPs, the
initial EY” species suffer a two-electron reduction forming
the colourless species EY*, which can be followed by a re-
duction of the optical absorption at 516 nm corresponding to
EY®". However, when both NaBH, and hollow NPs are pres-
ent, the reduction pathway changes to a one-electron reduc-
tion forming EY®", whose formation can also be followed by
not only the reduction of the peak at 516 nm but also the ap-
pearance of a new peak at 405 nm.**

Similar to the reduction of 4-NP, catalytic reactions to
study the reduction of EY*” were conducted by mixing 1.5 mL
of an aqueous solution of EY>™ (4 x 107 M) with 0.6 mL of an
aqueous dispersion containing ZIF-8@PtNP at a Pt concentra-
tion of 2.8% w/w or ZIF-8@PdNP at a Pd concentration of
1.8% w/w. Then, the volume of the resulting mixture was ad-
justed to 2.5 mL by the addition of 0.4 mL of deionized water.
After 3 min, 0.5 mL of an aqueous solution of NaBH, {0.12 M)
was injected into the reaction mixture, and the reaction was
monitored every 10 min by UV-vis spectroscopy in the range
of 300-600 nm (Fig. 2). For these reactions, the concentra-
tions of EY*” and EY*™ were determined using their previously
reported extinction coefficients 0of 10.2 ¥ 10* M em " and 4.5
% 10* M em™,"® respectively. And the conversion efficiency
{EY’ /EY,*") of each composite was measured by the ratio be-
tween the concentration of EY®” at a given time and the initial
concentration of EY”" right after mixing all reactants.

Importantly, the general trends were very similar for both
reduction reactions (Fig. 3). We found that the conversion
rate EY*/EY,"" also increases as the ZIF-8 shell thickness de-
creases, and that the time at which EY® starts to be formed
also increases as the ZIF-8 shell thickness increases. In par-
ticular, this latter trend is more evident in the formation of
EY®". For example, in the case of ZIF-8@PINP composites,
the formation of EY®™ was detected at 10 min for a thickness
of 66 + 42 nm, at 20 min for a thickness of 156 + 64 nm, and
at 40 min for a thickness of 236 + 64 nm. In the case of the
thicker composite, we could not detect catalytic activity even
after one hour of reaction. We attributed this behaviour to
the bigger size of EY® in comparison with 4-NP, which
makes its diffusion through the ZIF-8 shell more difficult.

In conclusion, we have determined that the MOF shell
thickness is an important parameter to be considered when
MOF@iINP composites are used as catalysts, as evidenced by
the lower conversion efficiencies given for the composites
with thicker shells at a certain time. Our findings suggest
that decreasing the size (at the nanoscale) of these compos-
ites should facilitate the production of faster and more effi-
cient catalysts. However, the smaller the composite, the lower
the stability in time, which could prevent their recyclability.
Nevertheless, this study clearly illustrates the importance of
reporting the different size parameters {e.g. crystal size, MOF
shell thickness, etc.) of MOF@INP composites to obtain re-
producible results when they are used in catalysis.

This journal is © The Royal Society of Chemistry 2016
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Experimental details

Materials

All reagent and solvents used were purchased from Sigma Aldrich and used without further purification.

Synthesis of hollow nanoparticles

Synthesis of silver nanoparticles {Ag NPs): Ag NPs of ~ 24 nm in diameter were prepared by scaling up the
seeded-growth method previously reported by Bastus et al.t In this method, silver seeds were first obtained by
filling a three-neck round-bottomed flask with 750 mL of an aqueous solution containing 5 mM sodium citrate
(SC) and 0.1 mM of tannic acid (TA). This mixture was then heated up to 100 2C using a heating mantle. After
boiling had started, 7.5 mL of 25 mM AgNO; was injected into this solution under vigorous stirring. The
obtained silver seeds were then grown by cooling down the solution to 90 2C, and sequentially injecting 0.75
mL of 25 mM SC, 1.875 mL of 2.5 mM TA and 1.875 mL of 25 mM AgNOs;. This process was repeated up to four
times, progressively growing the Ag NPs up to ~ 24 nm. The obtained Ag NPs were purified by centrifugation

and further re-suspended in water. See Figure 51 for STEM images.

Synthesis of hollow nanoparticles: The standard protocol for the preparation of hollow nanoparticles
consisted in two simple steps. First, 200 mL of the synthesized Ag NPs solution were precipitated by
centrifugation, re-dispersed in 15 mL of PVP (5 mM, 275 mg/mL), and the resulting solution was left in a glass
vial under soft stirring for 24 h. And second, 2.5 mL of HCl (250 mM) and 0.5 mL of 1 mM of K;PtCl, or K;PdClg
were simultaneously added into this solution. After this very first injection, an additional volume of 9.5 mL of
the precursor was added into the vial in 19 consecutive 0.5 mL injections with a time delay of 5 min between
each one. During the whole process, the solution was kept under vigorous stirring at room temperature until
the reaction was completed; which can be clearly identified by a progressive change in color: from yellow {Ag
NPs) to dark gray in the case of the hollow Pt NPs, and from yellow to blue/purple for the hollow Pd NPs. See

Figure S2 for the schematic representation of this synthetic process.

Purification of the hollow nanoparticles: 20 min after the last precursor injection, the solution was diluted by
adding 16 mL of mQ-water and 4 mL of acetone, and then centrifuged at 10,000 g for 60 min. The supernatant
was then removed to discard the unreacted precursor species, and the pellet was re-dispersed in 10 mL of 5
mM PVP. After that, the solution was supersaturated with NaCl and gently stirred for 30 min to remove the
insoluble AgCl (by-product of the galvanic reaction) from the hollow NP surface. The obtained hollow NPs
where then precipitated and re-suspended in mQ-water three times to get rid of the excess PVP in sclution.
Fihally, the solution was left overnight without stirring to let possible remaining AgCl to precipitate at the

bottom of the vial (white pellet), which was finally discarded.
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Size determination of the composites

The size of the rhombic dodecahedral MOF@iNP composites (defined as ¢) was calculated by the average of
the distance between oppasite vertices (c;) and the distance between opposite rhombic faces (¢,). The average

MOF shell thickness b of each compasite was obtained from b = ¢/2 — a { Ab = Ac/2 + Aa).

c={cite))/2?

Reduction of 4-nitrophenol

The catalytic reactions were conducted by mixing 0.5 mL of an agueous solution of NaBH, (1.3 M) with 3.0 mL
of an aqueous solution of 4-NP (0.125 mM). After 2 min, 0.2 mL of an aqueous solution of 0.6, 1.68, 2.1 and 2.1
mg-mL'l of ZIF-8@PtNP-1, ZIF-8@PtNP-2, ZIF-8@PtNP-3 and ZIF-8@PtNP-4, respectively, and 0.4, 1.1 and 1.76
mg-mL’1 of ZIF-8@PdNP-1, ZIF-8@PdNP-2 and ZIF-8@PdNP-3, respectively, were injected into the reaction

mixture, and the reaction was followed every 10 min by UV-vis spectroscopy in the range of 280-460 nm.”

Reduction of Eosin Y

The catalytic reactions to study the reduction of EY” were conducted by mixing 1.5 mL of an aqueous solution
of EY* (4 x 107 M} with 0.6 mL of an aqueous solution of 0.6, 1.68, 2.1 and 2.1 mg-mL"1 of ZIF-8@PtNP-1, ZIF-
B8@PtNP-2, ZIF-8@PtNP-3 and ZIF-8@PtNP-4, respectively, and 0.4, 1.1 and 1.76 mg-mL’1 of ZIF-8@PdNP-1,
ZIF-8@PdNP-2 and ZIF-8@PdNP-3, respectively. Then, the volume of the resulting mixture was adjusted to 2.5

mL by the addition of 0.4 mL of deionized water. After 3 min, 0.5 mL of an aqueous solution of NaBH, (0.12 M)
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was injected into the reaction mixture, and the reaction was followed every 10 min by UV-vis spectroscopy in

the range of 300-600 nm.?

Characterization

Field-emission scanning electron microscopy (FESEM) images were collected on a scanning electron
microscope (FEI Magellan 400L XHR) at acceleration voltage of 2.0 kV, using aluminium as support. The size of
crystals was calculated from high angle annular dark field scanning transmission electron microscope (HAADF-
STEM) images by averaging the diameter of at least 100 particles from images of different areas of the same
samples. HAADF-STEM and TEM images and EDX composition profiles were collected on a Transmission
Electron Microscopy (TEM; FEI Tecnai G2 F20) at 200 KV. X-ray powder diffraction (XRPD) measurements were
performed using an X'Pert PRO MPDP analytical diffractometer. ICP-MS measurements were performed using
an ICP_MS Agilent Serie 7500. UV-Vis Spectroscopy. UV-visible spectra were acquired with a Shimadzu UV-

2400 spectrophotometer. Samples were placed in a cell, and spectral analysis was performed at room

temperature.
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Figure S1. STEM images of the Ag NPs used as templates for the synthesis of the hollow Pt and Pd NPs. Inset

shows the size distribution after counting more than 600 NPs.
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Figure S2. Schematic procedure of the synthesis of the hollow Pt and Pd NPs.
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Figure 53. (a) TEM images of the synthesized hollow Pt NPs; and (b) corresponding size distribution of both

diameter and shell thickness.
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Figure $4. (a) STEM images of the synthesized hollow Pd NPs; and (k) corresponding size distribution of both
diameter and shell thickness,
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Figure S5. EDX profile of (a) ZIF-8@PtNP-3 and (b) ZIF-8@PdNP-2.
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Figure S6. X-Ray Powder Diffraction (XRPD) patterns of ZIF-8@PtNP and ZIF-8@PdNP composites, as compared
to the simulated pattern for the crystal structure of ZIF-8 (black).
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Figure §7. UV-vis spectra evolution of the EY® reduction with NaBH; in the absence of hollow iNPs as catalysts:
in {a), with the presence of 3 mg of ZIF-8; and in (b), with the absence of ZIF-8. For all spectra: 0 min {black),
10 min (red), 20 min (blue), 30 min (pink), 40 min (green), and 50 min (navy). Both control experiments
canfirm that the reduced EY* (peak at 405 nm) is not formed in the absence of hollow iNPs.

2,0

Intensity (a.u.)
5
1

0,5
0.0 L T . T r T y T ¥ T ¥
300 350 400 450 500 550 600
Wavelenght (nm)
1.5
- 10
3
&,
z
7}
c
3 o5
=
0,0 —
300 350 400 450 500 550 800

Wavelenght (nm)

101




Figure S8. FESEM images of ZIF-8@PdNP-1 after {a} 10 min, {b) 20 min, (c} 30 min, {d} 40 min and {(e) 50 min of
4-NP reduction. White arrows in {e) highlight the etching of ZIF-8. Scale bars for all images are 1 um.
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Figure $9. FESEM images of ZIF-8@PdNP-1 after (a) 10 min, {b} 20 min, (c) 30 min and {d} 40 min of EY

reduction. White arrows in (d} highlight the etching of ZIF-8. Scale bars for all images are 1 pm.
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Figure $10. FESEM images of ZIF-8@PdNP-2 after {a) 10 min, {b) 20 min, (c) 30 min, (d) 40 min and {e) 50 min

of 4-NP reduction. White arrows in (e) highlight the etching of ZIF-8. Scale bars for all images are 1 um.
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Figure S11. FESEM images of ZIF-8@PdNP-2 after (a) 10 min, {b} 20 min, (c) 30 min, {d) 40 min and {e) 50 min

of EY reduction. White arrows in (e) highlight the etching of ZIF-8. Scale bars for all images are 1 um.
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Figure S12. FESEM images of ZIF-8@PdNP-3 after (a} 10 min, (b) 20 min, {c) 30 min, {d} 40 min, {e) 50 min and
(f) 60 min of 4-NP reduction. White arrows in (f) highlight the etching of ZIF-8. Scale bars for all images are 2

pum.
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Figure S13. FESEM images of ZIF-8@PdNP-3 after (a) 10 min, (b) 20 min, (c) 30 min, (d) 40 min, {(e) 50 min and

(f) 60 min of EY reduction. White arrows in (f) highlight the etching of ZIF-8. Scale bars for all images are 2 um.

107




Figure S14. FESEM images of ZIF-8@PtNP-1 after (a) 10 min, (b) 20 min, (c) 30 min and (d) 40 min of 4-NP

reduction. White arrows in (d) highlight the etching of ZIF-8. Scale bars for all images are 1 um.
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Figure $15. FESEM images of ZIF-8@PtNP-1 after (a) 10 min, (b) 20 min, {c) 30 min, (d) 40 min and (e) 50 min of

EY reduction. White arrows in {e) highlight the etching of ZIF-8. Scale bars for all images are 1 pm.

109




Figure $16. FESEM images of ZIF-8@PtNP-2 after (a) 10 min, (b) 20 min, {c) 30 min, (d) 40 min and (e) 50 min of

4-NP reduction. White arrows in (e) highlight the etching of ZIF-8. Scale bars for all images are 1 um.
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Figure S17. FESEM images of ZIF-8@PtNP-2 after {(a) 10 min, {b) 20 min, (c) 30 min, {d) 40 min and (e) 50 min of

EY reduction. White arrows in {(e) highlight the etching of ZIF-8. Scale bars for all images are 1 um.
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Figure $18. FESEM images of ZIF-8 @PtNP-3 after {a) 10 min, (b) 20 min, (c) 30 min, (d) 40 min and (e) 50 min of

4-NP reduction. White arrows in (e) highlight the etching of ZIF-8. Scale bars for all images are 1 um.
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Figure $19. FESEM images of ZIF-8@PtNP-3 after (a) 10 min, (b) 20 min, {c) 30 min, (d) 40 min and (e) 50 min of

EY reduction. White arrows in (e) highlight the etching of ZIF-8. Scale bars for all images are 1 um.
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Figure $20. FESEM images of ZIF-8@PtNP-4 after {a) 10 min, {b) 20 min, {c) 30 min, {d) 40 min, (e) 50 min and
(f) 60 min of 4-NP reduction. White arrows in (f) highlight the etching of ZIF-8. Scale bars for all images are 2

pm.
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Figure $21. FESEM images of ZIF-8@PtNP-4 after (a) 10 min, (b) 20 min, (c} 30 min, {d} 40 min, (e} 50 min, (f)
60 min and (g) 70 min of EY reduction. White arrows in (g) highlight the etching of ZIF-8. Scale bars for all

images are 2 um.
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Figure 522. Representative X-Ray Powder Diffraction (XRPD} patterns of ZIF-8@PtNP-4 and ZIF-8@PdNP-3
composites after stopping the catalytic reactions, as compared to the simulated pattern for the crystal
structure of ZIF-8 (black). These spectra confirm that these compasites retain the crystallinity under the
studied conditions.
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Figure $23. The calibration line of the absorbance maxima at wavelength, 400 nm, versus the 4-NP

concentration, giving an extinction coefficient value of 12.8 x 1° Mtem™
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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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Hybrid core—shell Au/CeO, nanoparticles (NPs) dispersed in UiO-66
shaped into microspherical beads are created using the spray-drying
continuous-flow method. The combined catalytic properties of
nanocrystalline CeO, 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
(Tso = 72 °C; Tage = 100 °C) and recyclability.

Long-term exposure to carbon monoxide gas causes lethal
damage to humans and animals.* In 2014 alone, 6381 kilotons
of CO were released into the atmosphere, mainly from trans-
portation, power plants and industrial activities.” To date, one
of the most efficient solutions for mitigating CO emissions into
the atmosphere is its catalytic oxidation to CO,.** Good-
performance catalysts for CO oxidation are metal nanoparticles
(NPs) such as Au, Pd, Pt and Ru NPs.”® These NPs are usually
supported on/in zeolites,” activated carbon,'® and metal oxides,
including alumina," mesoporous silica,* ceria,***” zirconia,*®
titania,*® and iron oxides.® These supports avoid NP aggregation
and, eventually, enhance the catalytic activity of NPs. A
remarkable case is the use of nanocrystalline CeO, to support
Au NPs.”®* In this particular composite, CeO, acts as an active
support that enhances the catalytic performance of Au NPs for
CO oxidation. Indeed, because CeO, has a high oxygen storage
and release capacity® and facile oxygen vacancy formation, its
surface can be easily enriched with oxygen vacancies so that Au
NPs can strongly bind to these vacancies.”> Also, the oxygen
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vacancies in CeO, can create Ce®" ions, opening a new CO
oxidation pathway by O, adsorbed on Au-Ce®" bridge sites.?
Moreover, the interaction between the ceria and the metal
NPs can prevent reorganization of the metallic atoms under
operating conditions.**

Inspired by these latter results, herein we show a fast method
that enables integrating pre-designed core-shell Au/CeO,
NPs?*% into metal-organic frameworks (MOFs). Recently,
MOFs have attracted much attention as new porous supports for
catalytic NPs due to their exceptionally high surface areas,
structural diversity and tailorable pore chemical functional-
ities.”™ For CO oxidation, Xu et al have shown that ZIF-8 MOFs
can support Au NPs to fully oxidize CO at a temperature of 225
°C.?* Similarly, Pd and Pt NPs and hybrid Pd/Pt NPs supported
on MIL-101, ZIF-8, Ui0-67 and UiO-66 MOFs showed full CO
conversion at temperatures ranging from 120 °C to 200 °C
{Table 1}.3** In this work, we combine the catalytic properties
for CO oxidation of both nanocrystalline CeO, and Au coun-
terparts in a single particle entity, which is supported in UiO-66
beads using the spray-drying continuous-flow method. This
method allows the simultaneous synthesis and shaping of MOF
beads while encapsulating the pre-synthesized NPs in a fast,
continuous one-step process.>*°

Table 1 Inorganic nanoparticles supported on MOFs for CO oxidation

Catalyst NPs wt% Ts0 (°C) Ti00 (°C) Ref.
Ui0-66@aAu/Ce0, 7 72 100 This work
Ui0D-66@aAu/Ce0s 5.5 82 110 This work
Ui0-67@Pt 5 100 120 33
MILA101@Pt/Pd 160 175 30
MIL-101@Pt 160 175 30
Ui0-66@aAu/CeQ, 2.8 98 180 This work
Ui0-66@PL 2 160 180 32
MIL-101@Pd 185 200 30
ZIF-8@Pt 2 170 200 31
ZIF-8@Au 5 170 225 28

Ui0-66 369 440 This work

This journal is © The Royal Society of Chemistry 2017
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Our method started with the synthesis of core-shell Au/
CeO, (Ce : Au=1: 1) NPs in water following the simultaneous
reduction/oxidation of Au and Ce precursors (ESIt). Synthe-
sized NPs had an average particle size of 9.6 4 2.0 nm and an
Au core size of 4.2 L 1.2 nm (Fig. S1, ESI{). Then, they were
functionalized with PVP, allowing them to be transferred
from water to dimethylformamide (DMF). This step enables
the dispersion of Au/CeQ, NPs in the solvent needed for
synthesizing the UiO-66 beads. Afterwards, 100 mg of ter-
ephthalic acid, 3 mL of acetic acid, 4 mL of Au/CeOQ, NPs
(concentration = 1 mg mL ') and 280 pL of Zr(OPr"), were
sequentially mixed in 40 mL of DMF. Note here that ZrCl,,
which is the common salt used to synthesize UiO-66, was
replaced by Zr(OPr"), because of the dissolution of CeQ, in
the acidic precursor solution when ZrCl, is utilized (Fig. S2,
ESIt).* This mixture was injected into a coil flow reactor at
a feed rate of 2.4 mL min™" at 115 °C. The resulting pre-heated
solution was then spray dried at 180 °C and a flow rate of 336
mL min~" using a spray cap with a 0.5 mm diameter hole. The
collected solid was dispersed in DMF and washed twice with
DMF and ethanol.*

A final step involved its calcination at 250 °C overnight in the
presence of air. This calcination process facilitates the removal
of PVP from the surface of Au/CeO, NPs. It also enhances the
interfacial interaction of Au and CeO, and increases the crys-
tallinity of CeO,, which leads to an enhancement of the oxygen
generation/storage capacity of ceria.***

View Article Online
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Field-emission scanning electron microscopy (FE-SEM) of
the calcinated powder revealed the formation of spherical
beads (average size = 3.4 1 1.8 um) formed by the assembly of
nanocrystals of UiO-66 (Fig. 1a). X-ray powder diffraction
(XRPD) indicated that the beads were pure crystalline UiO-66
(Fig. 1j). Fig. 1b and c¢ show high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
results of these beads, confirming the encapsulation of well-
dispersed Au/CeO, NPs inside them. In addition, energy
dispersive X-ray spectroscopy (EDX) mapping of the beads
showed the homogeneous distribution of Au and Ce inside
the beads (Fig. 1k). The content of Au/CeO, in this composite
was estimated by digesting the powder in a mixture of
concentrated HCI and HNO; and analysed by inductively
coupled plasma optical emission spectrometry (ICP-OES),
from which a Au/CeO, content of 2.8% (Ce: 1.28%, Au: 1.31%)
in the composite (hereafter, UiO-66@Au/Ce0,-2.8) was
determined. The comparison of this value to the initial
percentage of Au/CeO, NPs added into the UiO-66 precursor
solution leads to an encapsulation yield of 92%, confirming
the efficiency of the spray drying method for incorporating
Au/CeO, NPs into the UiO-66 beads. Finally, the adsorption
capacity of UiO-66@Au/CeQ,-2.8 was determined. N, physical
adsorption measurements showed a measured Brunauer
Emmet Teller (BET) surface area (Aggr) of 1095 m* g '
(Fig. S3a, ESIf), very close to that of pristine UiO-66
superstructures.*’

i)

Ui0-86@Au/Ce0,-7 *

/\u 0-66@AU/Ce0,-5.5

L Ui0-66 Simulated

Intensity (a.u.)

40 50

10

k)

20 30
Angle 26 ()

Fig. 1 (a—i) Representative FE-SEM and HAADF-STEM images of UiO-66@Au/CeO,-2.8 (a—c), UiO-66@Au/CeO,-5.5 (d—f) and UiO-66@Au/
Ce05,-7 (g-). (j) XRPD patterns of UiO-66@Au/CeO,-2.8 (green), UiO-66@Au/Ce0,-5.5 (red) and UiO-66@Au/CeO,-7 (blue) in comparison to
the simulated pattern of UiO-66 (black). (k) Elemental mapping (Zr, Ce and Au) of the composite UiO-66@Au/CeO,-2.8.
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The catalytic activity of the UiO-66@Au/Ce0,-2.8 in CO
oxidation was evaluated by the temperature-programed oxida-
tion method. The catalytic oxidation of CO was carried out in
a fixed bed column reactor with dimensions of 9.0 em in length
and 0.5 em in inner diameter set in a controlled temperature
oven. 50 mg of the catalyst was packed into the column, and
a mixture of gases consisting of 1% CO, 21% O, and 78% N, was
allowed to pass through the column reactor at a constant flow
rate of 100 mL min~". After that, the catalyst was heated up to
the desired temperature and maintained until a steady state was
achieved. Within this interval of time, a set of samples of the
outlet gas were withdrawn and analyzed to determine the CO
conversion.

In an initial step, the catalytic activity of UiO-66 beads
without Au/CeQ, NPs was measured as a control reaction. As
expected, Ui0-66 beads showed no conversion of CO to CO, up
to 200 °C, and full conversion took place at 440 °C (Fig. 84,
ESIf). In contrast, the catalytic activity of UiO-66@Au/Ce0,-2.8
was remarkably enhanced. As is shown in Fig. 2a, this
composite showed a CO conversion starting at room tempera-
ture and exhibited a 50% {75,) and a 100% (7'40) CO conversion
at temperatures of 98 °C and 180 °C, respectively (Table 1).

1t is known that, if no aggregation occurs, higher loading of
NPs tends to increase the catalytic activity of this class of sup-
ported composites. To this end, we systematically synthesized
a series of composites in which we increased the added amount
of Au/CeQ, NP dispersion (1 mg mL ") in the precursor solution
to 8.5 mL, 12 mL and 16 mL. Again, FE-SEM and HAADF-STEM
images revealed the formation of beads containing Au/CeO,
NPs for all samples (Fig. 1d-i). However, the latter sample was
discarded because it showed the presence of a high amount of
non-encapsulated Au/CeQ, NPs together with the beads as well
as lower crystallinity of UiQ-66 (Fig. S5, ESIT). For the first two
compositions, XRPD patterns confirmed the formation of UiO-
66 (Fig. 1j), from which Au/Ce0O, contents of 5.5% (Ce: 2.48%,
Au: 2.50%) and 7% (Ce: 3.22%, Au: 3.18%) in the composites
(hereafter, UiQ-66@Au/Ce0,-5.5 and UiO-66@Au/Ce0,-7) were
determined. These amounts correspond to 91% and 74% of
encapsulation efficiency for UiO-66@Au/Ce0,-5.5 and UiO-
66@Au/Ce0,-7, respectively. Finally, N, physical adsorption
measurements confirmed that both composites are porous,
showing measured BET surface areas of 1070 and 870 m* g *
(Fig. S3b and c, EST¥).

Ensuing temperature-programed oxidation measurements
confirmed a clear improvement of CO conversion for both new
composites, achieving lower Ts, and Ty values by increasing
the percentage of Au/CeQ, NPs (Fig. 2a). In the case of
Ui0-66@Au/Ce0,-5.5, Tsy and Tiq, were found to be 82 “C and
110 °C, respectively. For UiO-66@Au/Ce0,-7, these tempera-
tures decreased down to 72 °C and 100 °C. Remarkably, in this
latter case, a CO conversion of 3.8% was achieved at room
temperature. Moreover, for this latter reaction, the activation
energy was found to be 40.2 kJ mol ! whereas the turnover
frequency (TOF) values at temperatures of 30, 50, 75 and 100 °C
were 10, 39, 106 and 204 h ', respectively (for comparison
purposes, the TOF values of other reported catalysts based on
Au NPs are given in Table S1, ESIT).
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Fig.2 (a) CO conversion rate as a function of reaction temperature for
UiO-66@AU/Ce0;-28, UiO-66@AU/Ce0,-55 and UiO-66@AU/
CeQ5-7. (b) CO conversion rate as a function of reacticn temperature
for three consecutive cycles over the UiC-66@AU/CeC,-7 composite.
{c) CO conversion rate at 100 °C for 12 hours over the UiO-66@Au/
CeO»-7 composite. (d) XRPD patterns of the as-synthesized UiO-
66@AU/CeC,-7 (blue) and after three temperature-programed cycles
{light blue} and 50 hours of continuous CO canversion (grey).
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Finally, the recyclability of these composites was evaluated
using the composite Ui0-66@Au/Ce0,-7 that shows a lower
Tyo0- Initially, we performed three cycles of catalysis without
detecting any loss of activity (Fig. 2b). After these cycles, the
stability of UiO-66@Au/Ce0,-7 was analyzed by XRPD that
showed a complete retention of the crystallinity of UiO-66
(Fig. 2d), as also confirmed by its unaffected surface area {(Aggr
=850 m”g ). Similarly, no sign of NP sintering or aggregation
and alteration of the morphology of the beads was observed by
STEM and FE-SEM (Fig. S6, ESIT). Then, the catalytic activity of
the UiO-66@Au/Ce0,-7 sample was also studied for a longer
period of time. For this, the conversion of CO was performed
continuously at 100 °C for 50 hours, during which no loss of
activity for the first 37 hours and a slight decrease of activity
{(5%) after 50 hours (Fig. 2¢) were observed. We attributed this
decrease in catalytic activity to a loss of crystallinity of UiO-66
{Fig. 2d) and its porosity capabilities {Apgy = 670 m*> g ).

In conclusion, we have described the formation of a new
composite based on the entrapment and dispersion of core—
shell Au/CeO, NPs into microsized spherical, porous UiO-66
beads using the spray-drying continuous-flow method. The
combination of nanocrystalline CeO, and Au allows accessing
to CO conversion T, and T4 as low as 72 °C and 100 °C. These
values are to our knowledge one of the lowest CO conversion
temperatures achieved using catalysts based on NPs supported
on MOFs. In addition, UiO-66 provides enough protection to
avoid NP sintering/aggregation. We consider this method as
a general approach for making composites consisting of func-
tional NPs dispersed in MOFs already shaped into spherical
beads, as demonstrated by the fact that other composites made
of Pd NPs dispersed into UiO-66 beads {Fig. 87, ESIT) were also
fabricated and tested for CO oxidation.
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Experimental details

Materials

All reagents were purchased from Sigma-Aldrich and used without further purification. All gases were
purchased from Carburos Metdlicos. Deionized water, obtained with a Milli-Q system (18.2 MQ cm)}), was used

in all reactions.

Synthesis of PVP-Stabilized Au/CeO, Nanoparticles

Au/Ce0, (Ce:Au = 1:1) NPs were synthesized in water following the simultaneous reduction/oxidation of Au
and Ce precursors (N. Bastus, J. Patarroyo, J. Piella, V. Puntes, work submitted). More specifically, 400 ml of an
aqueous solution containing sodium citrate (10 mM} was prepared and heated with a heating mantle in a
three-neck round-bottomed flask for 15 minutes under vigorous stirring. A condenser was used to prevent the
evaporation of the solvent. After bailing had commenced, HAuCI, (25 mM} and cerium (I} nitrate hexahydrate
(25 mM} were sequentially injected to this solution. After cooling down to room temperature, 4 g of poly
(vinylpyrrolidone} (PVP, M.W 10,000} in 200 ml of water was added dropwise to the NP solution while stirring
and left overnight at room temperature. Then, 800 ml of acetone was added to the NP solution and left 24
hours at room temperature without stirring for precipitation of the NPs. After removing the supernatant, NPs
were washed three times with DMF and finally, redispersed in DMF to give a colloidal solution of Au/CeC, NPs

with a concentration of 1 mg/ml. The average size of synthesized Au/CeO; NPs was 12+ 2.5 nm.

Synthesis of Ui0C-66@Au/Ce0,

100 mg of terephthalic acid (BDC}, 3 ml of acetic acid, a volume of Au/CeO; NPs (concentration = 1 mg/ml; 4 ml
for Ui0-66@Au/Ce0,-2.8; 8.5 ml for UiD-66@Au/Ce0,-5.5; and 12.5 ml for UiO-66@Au/Ce0,-7} and 280 ul of
Zr{OPrn), were sequentially mixed in 40 ml DMF. These solutions were injected into a coil flow reactor ({inner
diameter: 3 mm) at a feed rate of 2.4 ml.min? at 115" C. The resulting pre-heated solution was then spray
dried at 180" C and a flow rate of 336 ml.min! using a B-290 Mini Spray Dryer (BUCHI Labaortechnik) using a
spray cap with a 0.5 mm diameter hole. Then, the resulting solid was dispersed in DMF and washed twice with
DMF and ethanol. The final product was calcined in the presence of air at 250° C for 12 hours. Encapsulation
efficiency was calculated based on the initial amount of NPs in the precursors solution (4, 8.5 and 12 mg for

Ui0-66@Au/Ce0,-2.8, Ui0-66@Au/Ce0,-5.5 and UiO-66@Au/Ce0,-7, respectively), the final mass of the
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product after washing (144, 140 and 125 mg for Ui0-66@Au/Ce0,-2.8, Ui0-66@Au/Ce0,-5.5 and UiO-
66@Au/Ce0,-7, respectively) and the Au/CeO; content determined by ICP-OES.

Synthesis of PVP-Stabilized Pd Nanoparticles

NaPdCl, (44 mg} was dissolved in 20 mL of ethylene glycol in the presence of 222 mg of PVP (MW = 55,000} in
a three-neck round-bottomed flask. This solution was heated up to 180 °C for 10 minutes and, after cooling
down to room temperature, 150 mL of acetone was added into it. Precipitated Pd NPs were then dispersed in
DMF and washed twice with DMF by centrifugation. Finally, they were redispersed in 5 ml of DMF to give a
colloidal solution of Pd NPs with a concentration of 0.8 mg/ml. The average size of synthesized Pd NPs was 3.3

+1.1nm.

Synthesis of UiO-66@Pd

127 mg of ZrCl,, 89 mg of BDC and 2 ml of PVP-stabilized Pd NPs solution with a concentration of 0.8 mg/ml
were added to mixture of DMF (5 ml) and H;O (0.4 ml}. The resulting mixture was injected into a coil flow
reactor (inner diameter: 3 mm) at a feed rate of 2.4 ml.min? at 115° C. The resulting pre-heated solution was
then spray dried at 180" C and a flow rate of 336 ml.min! using a B-290 Mini Spray Dryer (BUCHI Labortechnik)
using a spray cap with a 0.5 mm diameter hole. The resulting solid was dispersed in DMF and washed twice
times with DMF and ethanol. Then, it was dispersed in ethanol and stirred at room temperature overnight and
precipitated by centrifugation. The process was repeated one more time with ethanol. The final product was
dried for 12 hours at 160" C under vacuum. Inductively Coupled Plasma — Optical Emission Spectrascopy (ICP-

OES) showed a Pd content of 2.3 w.t. %.

Catalytic CO Oxidation Study

The catalytic oxidation of CO was carried out in a fixed bed column reactor with dimensions of 9.0 cm in length
and 0.5 cm in inner diameter set in a controlled temperature oven. 50 mg of the catalyst was packed inta the
column, and a mixture of gases consisting of 1 % CO, 21 % O, and 78 % N, was passed through the column
reactor at a fixed flow rate of 100 ml/min. After that, the catalyst was heated up to the desired temperature
and maintained until a steady state was achieved. Within this interval of time, set of samples of the outlet gas
were withdrawn and analyzed to determine the CO; produced. A Hewlett-Packard, GC-5890, gas
chromatograph equipped with TCD detector using an Agilent J&W GC column, HP-Plot Q, was used to
determine the CO,. The produced CO, gas was determined based on the integration area of the CO, peak using

the relevant calibration curve. The process of the effluent gas measurements was continued until 100 %
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conversion of CO. Activation energy was calculated using the rate method [M. A. Shalahi, B. H. Harji, C. N.

Kenney, J. Chem. Technol. Biotechnol., 1996, 65, 317-324], fram which a value of 40.2 kl/mol (with a R?value

of 0.98) was determined.

Characterization

X-ray powder diffraction (XRPD) patterns were collected on an X'Pert PRO MPDP analytical diffractometer

(Panalytical) at 45 kV, 40 mA using CuKa radiation (1.5419°A). Nitrogen adsorption and desorption

measurements were done at 77° K using an Autosorb-lQ-AG analyser (Quantachrome Instruments). Field-

Emission Scanning Electron Microscopy (FE-SEM} images were collected on a FEI Magellan 400L scanning

electron microscope at an acceleration voltage of 1.0-2.0 kY, using aluminum as support. High-angle annular

dark-field scanning transmitted electron microscopy {(HAADF-STEM) images were obtained with a FEl Tecnai

G2 F20 at 200 kV. A Hewlett-Packard, GC-5890, gas chromatograph equipped with TCD detector using an

Agilent J&W GC column, HP-Plot Q, was used to determine CO,. Inductively Coupled Plasma — Optical Emission

Spectroscopy (ICP-OES}) measurements were performed using an ICP-OES Perkin-Elmer, model Optima

4300DV.
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Figure S1. (a,b) HAADF-STEM and (c) XRPD pattern of core-shell Au/Ce0O, NPs (black) in comparison to simulate
patterns of Au (red) and CeO, (blue). Histogram of the (d) overall diameter of Au/CeO, (e) Au core and (f) CeO,
shell.

(b

(c)

Au

Intensity (a.u.)

aAd

(d) (e) (f)

35 as 70
aof I Overall * 1 ® CeO, Shell: 2.6 £ 0.7
i Aucore: 4.2+1.2nm €0, Shell: 2. ./ nm
| diameter: 9.6 + s0
30
2.0nm
.20 o5 , %0
= < H
3 st 2™ 3 30
9 S S
15
10 20
10
Sk 5 10
o " n 0 . o
P 1 18 20 o 2 & 6 8 10 12 14 16 18 20 '3 R T TR
Diameter (nm) Diameter (nm) Diameter (nm)




Figure S2. (a) HAADF-STEM and (b) XRPD pattern of UiO-66@Au (red) in comparison to simulated pattern of
Ui0-66 (black). Note here that, when we used ZrCl, as the metal salt to synthesize UiO-66@Au/Ce0,, the
resulting acidic precursors solution (pH™~1) at high temperature caused dissolution of CeQ, in the process. As a
result, a composite made of large Au NPs encapsulated into UiO-66 beads was produced. This phenomenon
was confirmed by ICP-OES from which a Au content of 2.6 w.t. % and a Ce content of 0.02 w.t. % were found.
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Figure 53. N, sorption isotherms collected at 77 K for (a}) UI0-66@Au/Ce0,-2.8, (b) ViQ-66@Auf Ce0,-5.5 and
(c} UiD-66@Au/Ce0:-7. In this latter case, it is shown the isotherms collected before and after three
temperature-programed cycles and 50 hours of continuous CO conversion.
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Figure S4. CO conversion rate as a function of reaction temperature for pristine UiO-66 beads.
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Figure S5. XRPD pattern of Ui0O-66@Au/Ce0, synthesized with 16 ml of AufCeO, NPs solution (red) in
comparison to simulated pattern of Ui0-66 (black).
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Figure S6. Stability test. (a,b) FE-SEM and (c) HAADF-STEM of Ui0-66@Au/Ce0,-7 after three temperature-
programed cycles. (d,e) FE-SEM and {f) HAADF-STEM of UiO-66@Au/Ce0,-7 after 50 hours of continuous CO
conversion.

136




Figure S7. (a) HAADF-STEM, (b) FE-SEM and (c) XPDR pattern of UiO-66@Pd (red) in comparison to simulated
pattern of UiO-66(black). (d) CO conversion rate as a function of reaction temperature for UiO-66@Pd, Ty, =

164 2C and Ty = 180 2C.
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Table S1. Summary of catalysts based on Au NPs and their corresponding TOF values.

Material T(2C) |Au NP size (nm)| TOF (h''} Reference
30 5 10
Ui0-66@Au/Cel 2 > 39 Thi k
io- u/Ce is wor
@ ? 75 5 106
100 5 204
2.32Au/Zn0Ox/Ce0;-Al,05 25 5 1188
1.9Au/0.5Zn0/CeAl 25 s 1584
1.82Au/1Zn0O/Al 25 s 196
1.7Au/1Zn0O/CeAl 95 5 1836
1
1.99Au/1.5Zn0O/CeAl 25 5 1548
1.57Au/0.5Fe,05/CeAl 25 5.7 1152
1.91 Au/1 Fe,0s/Al 25 5 72
1.26 Au/1 Fe,0:/CeAl 25 18 4356
Au/1.5 Fe,04/CeAl 25 21 1368
Pt/SiO, 177 10 36 [2]
Al,O3-supported Pt 250 10 720
Al,O3-supported Pd 250 10 14400 [3]
Al,O3-supported Rh 250 10 21600
Au/TiO,/Mo(100) 27 2.4 720* [4]

*at a reaction time of 100min

2012, 419- 420, 58— 66.

[2] N. W. Cant, /. Catal, 1980, 62, 173-175.

[3]Y.F.YuYao, J. Catal, 1984, 87, 152-162.

[1] 7. Ramirez Reina, S. lvanova, M. I. Dominguez, M. A. Centeno, J. A. Odriozola, Applied Catalysis A: General,

[4] A. K. Santra, D.W. Goodman, Electrochimica Acta, 2002, 47, 22-23, 3595-3609.
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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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Confining Functional Nanoparticles into Colloidal Imine-Based
COF Spheres by a Sequential Encapsulation-Crystallization

Method

David Rodriguez-San-Miguel®,” Amirali Yazdi*,*' Vincent Guillerm,"” Javier Pérez-Carvajal,®

Victor Puntes,™ 9 Daniel Maspoch,*®™ 9 and Félix Zamora*

Abstract: Here, a two-step method is reported that ena-
bles imparting new functionalities to covalent organic
framewaorks (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 vari-
ety of metallic/metal-oxide nanoparticles resulted in em-
bedding of the nanoparticles in amorphous and non-
porous imine-linked polymer organic spheres (NP@a-1).
Post-treatment reactions of NP@a-1 with acetic acid
under reflux led to crystalline and porous imine-based
COF-hybrid spheres (NP@c-1). Interestingly, Au@c-1 and
Pd@c-1 were found to be catalytically active.

P

The confinement of metallic and metal-oxide nanoparticles
(NPs) in porous materials is a fruitful strategy to develop com-
posites in which the porous matrix acts as a dispersive and
protective medium for the NPs in addition to providing effec-
tive and selective accessibility to them. Owing to these proper-
ties, this class of composites shows promises for myriad appli-
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cations, including heterogeneous catalysis"! sensing? gas
storage,” plasmonics,* remediation,” batteries'® biocides,”
magnetic refrigeration,™ and controlled guest release.” To
date, different porous materials have been explored for pro-
ducing these composites, including activated carbon,"”
silica,"™ microporous zeolites,¥ porous organic polymers,''?
and, more recently, metal-organic frameworks (MOFs)."*
Among the new porous materials available today, their cova-
lent counterparts, covalent organic frameworks (COFs), are also
emerging as attractive candidates for the elaboration of these
composites. Similar to MOFs, COFs are attainable in various
pore sizes and shapes with large surface areas and tailored
pore surfaces. Despite their challenging crystallization,"* COFs
show better thermal and chemical (e.g., aqueous, alkali, and
acidic) stability, which can be a crucial feature for certain appli-
cations,"™ for example, in heterogeneous catalysis, remedia-
tion, and biomedicine. Recently, NPs have been incorporated
in COFs by infiltration of the NP precursors and subsequent
growth of the NPs inside the pores."” For MOFs, an alternative
approach that has proved very productive for preparing
a wide variety of MOF/NP composites is the encapsulation of
pre-synthesized NPs into the MOF crystals."® This approach
allows control of the size, shape, and composition of the NPs
and, therefore, their inherent properties."* It also allows im-
proving their dispersion and controlling the number and locali-
zation of the NPs inside the MOF cry:;tals.”';J Thus far, however,
the ability to apply this approach for COF particles has not yet
been demonstrated, in part because of the incompatibility of
the NP chemistry and that used to synthesize and crystallize
COFs.

Here, we report a two-step strategy that enables the encap-
sulation of several types of NPs into imine-based COF spheres
(Scheme 1). The first step is based on the encapsulation of NPs
into amorphous imine-based spheres under mild conditions.
This process resembles the traditional encapsulation technolo-
gies widely used for the entrapment of species into colloidal,
amorphous, purely organic or metal-organic polymer
spheres.? The second step is based on the possibility to trans-
form solid amorphous imine-like polymers into their crystalline
COF analogues by exposing them to acidic conditions at 70 “C.
Initially reported by Dichtel and co-workers,®" a variation of
this method was recently used by Wang and co-workers"” to
coat single iron oxide spheres (diameter: ca. 200-300 nm) with
a layer of an imine-based COF for photothermal therapy. In the
present study we show that this second crystallization step

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Schematic representation of the two-step encapsulation—crystalli-
zation process used to incorporate functional NPs into porous and crystal-
line COF spheres.
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preserves the initial colloidal properties of the amorphous
imine-based spheres and the dispersion, size, shape, and prop-
erties of the embedded NPs.

The design of our method began with the study of the for-
mation of the amorphous imine-based polymer spheres and
their subsequent transformation into their analogue porous
COF spheres (see details in Ref. [22]). To this end, two trigonal
building blocks, 1,3,5-tris(4-aminophenyl)benzene and 1,3,5-
benzenetricarbaldehyde, were dissolved in an acetone/acetic
acid mixture and stirred for 1 h at room temperature.”? The re-
sulting yellow suspension was centrifuged (18407 rcf) for
2 min, the collected solid was washed twice with acetone and
tetrahydrofuran, and finally dried for 48 h at room temperature
and for 24 h at 150°C under vacuum. Field-emission scanning
(FESEM) and transmission (TEM) electron microscopy images
and X-ray powder diffraction (XRPD) studies revealed that this
fast condensation reaction produced the kinetically favorable,
amorphous spheres with diameter of approximately 600 nm
(hereafter called amorphous-1 or a-1; Figure 1a,¢,i. The spec-
troscopic and analytical characterization of a-1 agreed with
those data already reported (Figures S1-S3 in the Supporting
Information).'??

The formation of the more thermodynamically stable long-
range-ordered structure was then achieved under reversible
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Figure 1. (a, b) Representative FESEM images of (a) a-1 and (b) ¢-1 spheres; insets show the corresponding photography of an aqueous colloidal solution;
(c,d) TEM images of (c) a-1 and (d) c-1 spheres; (e-h) evolution of the roughness of the COF spheres at (e) t=0 h, (f) 2 h, (g) 24 h, and (h) 168 h; (i-1) evolution
of the (i) crystallinity, (j, k) porosity, and (I) water-sorption uptake during the amorphous-to-crystalline transformation; in (k), Ager (red), micropore volume
(blue), and total pore volume (black); in (I}, water-sorption isotherms of a-1 (pink), a-1 treated for 24 h (magenta), and c-1 (blue).
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bond-formation conditions. For this, a-1 spheres were treated
with acetic acid containing a controlled amount of water
under reflux in a mixture of mesitylene/dioxane for 2, 12, 24,
48, and 168 h. Then, each of the synthesized solids was collect-
ed by centrifugation (2348 rcf), washed with toluene, and dried
for 48 h at room temperature and for 24 h at 150°C under
vacuum. The spectroscopic and analytical characterization of ¢-
1 did not show any significant change to that observed for its
amorphous precursor a-1 (Figures S1-54 in the Supporting In-
formation). The evolution of the amorphous-to-crystalline
transformation was then followed by analyzing these sclids by
TEM, FESEM, XRPD, and gas- and water-sorption studies
(Figure 1). TEM images showed submicrometric spheres (ca.
600 nm diameter) for all samples (Figure 1¢c-h), thereby con-
firming that this treatment retained the shape and size of the
initial a-1 spheres. However, a closer look at the texture re-
vealed a gradual increase in the roughness of the material for
longer treatment times. XRPD clearly showed a gradual evolu-
tion of the crystallinity as a function of time (Figure 11) with
the appearance of peaks that matched those calculated for the
expected eclipsed COF structure (rather than the staggered)
{Figure $6 in the Supperting Information).*”! Thus, we assumed
that the increase in roughness detected during the transition
from a-1 to the spheres treated for 168 h (hereafter called
crystalline-1 or ¢-1) was caused by the formation of crystalline
domains based on COF nanolayers that were confined within
the spheres (Figure 1a-f).

This phenomenon was further confirmed by the calculation
of the apparent Brunauer-Emmet-Teller {BET) area from Ny
sorption experiments performed at 77 K (Figures 57-512 in the
Supporting Information), showing a dramatic, gradual increase
{Figure 1j,k)  from  non-porous  {(Agr=25m’g', V.=
0.02cm’g ") for a-1 up to highly porous for ¢1 (Age=
1120 m*g ', V,=0.61 em’g ') after 168 h of treatment. The col-
lected isotherms were found to be, according to IUPAC classifi-
cation, type IV isotherms presenting H,-type hysteresis loops.
This behavior, commonly attributed to the presence of some
mesoporosity, was in the present case more likely a result of
some structural swelling as sometimes chserved for this type
of materials,”"! or a combination of both.

In light of this porosity, we also investigated the CO, sorp-
tion (Figure S13 in the Supporting Information) and water-
vapor sorption {Figure 11) properties of a-1 and c-1. Similar to
many amorphous polymers and despite its non-accessibility to
N,, a-1 was found to be slightly porous to CO, with a total
uptake (203 K, 760 Torr; 1 Torr=:133.322 Pa) of 3.9 mmolg™. As
expected, ¢-1 exhibited a much higher total uptake under simi-
lar conditions (14.3 mmolg ). The heats of adsorption {Q,) de-
rived from the isotherms collected at various temperatures be-
tween 258 and 298 K were found to be between 35 and
20 kimol ™" for a-1 and between 25 and 19 ki mol ™' for ¢-1 (Fig-
ures 514 and 515 in the Supporting Information). These values
are in the expected range of energies for a material without
specific groups expected to interact with CO,. The higher Q,
observed for the amorphous material can be attributed to
a smaller pore size (a-1 is non-porous to N,).

Chem. Eur, J. 2017, 23, 8623 - 8627 www,chemeurj.org
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Water-vapar sorption isotherms showed that the amor-
phous-to-crystalline transformation induced a gradual transi-
tion from hydrophobic to hydrophilic behavior (Figure 11). The
water uptake of a-1 increased monotonically, achieving a total
uptake of only 0.04 g, Jecor - Interestingly, the development
of porosity led to an increase of the uptake up to 0.21 and
0.37 QumeJeor | after 24 and 168 h of treatment, respectively.
This behavior can be correlated with the gradual structural re-
arrangement from a-1 into ¢-1 upon treatment. The water iso-
therm of ¢-1 can be described as type V, which is a typical be-
havior for porous materials with hydrophobic walls.*

Once we confirmed that the chemical treatment leading to
the rearrangement of the amorphous, non-porous a-1 spheres
into crystalline, highly porous ¢-1 spheres could take place, we
envisioned the use of the two-step process to confine NPs into
COFs. In this process, the fast formation of a-1 spheres should
allow the encapsulation of NPs at room temperature. Then, be-
cause the NPs are encapsulated and protected, the amor-
phous-to-crystalline  transformation  at  high temperatures
should occur without compromising the properties of the NPs.

To prove the efficiency of this strategy, we initially started
with the encapsulation of Fe;O, NPs {9.8+3.9 nm). These NPs
were synthesized by using well-established methods, function-
alized with polyvinylpyrrolidone (PVP), and dispersed in ace-
tone.” The Fe,0, NPs were incorporated into the acetone/
acetic acid mixture of the two trigonal building blocks, and the
two-step process was reproduced by using the above-men-
tioned conditions. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) micrographs
and XRPD studies of the solids collected after the first and
second step showed the successful formation of Fe,0,@a-
1 and Fe;0,@c-1 submicron spheres containing Fe;0, NPs dis-
persed mostly in their center (Figure 2a,b and Figure S16 in
the Supporting Information). The chemical composition of

Intensity

5 10 15 20 2
2-theta (degree) & = 0.82653 A

0 0 6 p ev e

T
Geade®

300
(C'..).mu Ok

& a0 o

Volume Adsorbed @ STP (cm’ g) a
=3
H

00 02 (Y] 06 08 10
Relative Pressure (PIF,)

Figure 2. (a) HAADF-STEM image of a single Fe,0,@c-1 sphere; (b) XRPD dia-
grams of Fe;0,@c-1 (pink), Au@c-1 (black), and Pd@c-1 (green) composites
in comparison to that simulated for the expected eclipsed ¢-1 structure
{red); stars highlight the presence of the characteristic peaks of the NPs;

{c) visual observation of the magnetic nature of Fe,0,@c-1 spheres; (d) N;-
sorption isotherms of ¢-1 (blue) and Fe,0,@c-1 spheres {red).
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Fe;0,@c-1 spheres determined by energy-dispersive X-ray
(EDX) microanalysis revealed that every sphere contained iron,
oxygen, nitrogen, and carbon {Figure $18 in the Supporting In-
formation). The content of iron in the composites was estimat-
ed by inductively coupled plasma optical emission spectrome-
try (ICP-OES), from which a Fe;O; NP content of 7.6% w/w in
the composite was determined. In addition, colloidal Fe;0,@c-
1 spheres showed magnetic attraction when they were ex-
posed to a magnet (Figure 2 c). Therefore, it could be conclud-
ed that NPs encapsulated within the COF spheres were the ini-
tial Fe,;0, NPs, and, consequently, that the two-step process
did not modify the properties of the embedded NPs. Also, the
permanent porosity of Fe;0,@c-1 spheres was evaluated by N,
sorption at 77 K. As expected, the sample was found to be
porous, with an apparent BET area lower than that of the c-
1 spheres (Figure 2d, Ay =880 m*g ™', V,=0.38 cm’g ).

We then extended the use of this process to the encapsula-
tion of other types of NPs. By using the same strategy, c-
1 spheres containing Au (9.0 2.4 nm) and Pd (3.3=1.1 nm)
NPs were prepared (Figure 3). As shown by XRPD measure-
ments, both composites exhibited the characteristic peaks of
c-1 as well as the diffraction peaks associated with the NPs
(Figure 2 b). Moreover, EDX microanalysis confirmed the pres-
ence of Au and Pd in the Au@c-1 and Pd@c-1 composites, re-
spectively (Figures S20 and 522 in the Supporting Information).

b
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This type of metallic NP/COF composites should be very
useful for heterogeneous catalysis. However, for this to be a re-
ality, the porous COF matrix should allow the accessibility of
molecules to the embedded NPs. As a proof-of-concept, we
studied this accessibility by using both Au@c-1 and Pd@c-
1 composites for the catalytic reduction of 4-nitrophenol (4-
NP} into 4-aminophenol (4-AP) in the presence of NaBH, as
a reducing agent. The catalytic reactions were conducted by
mixing two aqueous solutions of NaBH, and 4-NP with an
aqueous dispersion of Pd@c¢-1 (Pd: 1.1% w/w) or Au@c-1 (Au:
3.5% w/w) and followed by UV/Vis spectroscopy (Figure 3). As
control experiments, we also reproduced the same reaction by
using ¢1 (without NPs) and the amorphous Au@a-1 and
Pd@a-1 hybrids as catalyst. In these latter cases, no catalytic
activity was observed (Figure 3 and Figure $24 in the Support-
ing Information). For the Au@c-1 and Pd@c-1 hybrids, howev-
er, their catalytic activity was confirmed by the reduction of
the peak at 400 nm as well as the appearance of a new peak
at 305 nm, corresponding to 4-AP (Figure 3). 4-NP was fully re-
duced into 4-AP after 10 min for Au@c-1 and after 14 min for
Pd@c-1. These results are comparable to previously reported
reductions of 4-NP by NP/MOF (mainly, ZIF-8 and UiO-66) hy-
brids but slightly less active than an Au@carbon yolk-shell
nanocomposite,?” and confirm the accessibility of molecules
to the embedded NPs.
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Figure 3. HAADF-STEM images (first row: single sphere; second row: general view) of (a) Pd@a-1, (b} Pd@c-1, (c) Au@a-1, and (d) Au@c-1 composites. Third
row shows the UV/Vis evolution of 4-NP reduction by using the corresponding composites as catalysts. Each spectrum was collected in intervals of 2 min.
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In summary, we have demonstrated an efficient and simple
two-step procedure to encapsulate several types of NPs into
porous and crystalline imine-based COF spheres. This strategy
could be extended to a broad range of NPs and their mixtures,
and also to encapsulate molecular species. As a proof-of-con-
cept we have also shown the ability of Au@c-1 and Pd@c-1 hy-
brids to catalyze the reduction of 4-nitrophenol into 4-amino-
phenol, which confirms the diffusion of reactants and products
through the COF spheres to the embedded metallic NPs. This
last result suggests potential applications in selective catalysis,
remediation, and molecular delivery.
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MATERIALS AND METHODS

1,3,5-benzenctricarboxaldehyde  (BTCA) was  obtained from  Manchester  Organics.
1,3,5-tris-(4'-aminophenyl)benzene (TAPB) was prepared according to literature procedures.™t! Other
chemicals and solvents were obtained from Sigma-Aldrich and used without further purification unless
specified.

Attenuated Total Reflection Fourier Transform Infrared Spectroscopy: ATR-FT-IR spectroscopy
was recorded in a Perkin Elmer Spectrum 100 with a PIKE Technologies MIRacle Single Reflection
Horizontal ATR accesory with a spectral range of 4000-650 cm™.

Solid-State *C CP-MAS Nuclear Magnetic Resonance Spectroscopy. Solid-state nuclear magnetic
resonance (NMR) spectra were recorded at room temperature on a Bruker AV 400 WB spectrometer
using a triple channel 4 mm probe with zirconia rotors and a Kel-F cap. Cross-polarization with MAS
(CP-MAS) was used to acquire *C data at 100.61 MHz. The spectral width of the pulse sequence was
35 kHz. The 'H excitation pulse was 3 ps. The CP contact time was 3.5 ms. High power two-pulse
phase modulation (TPPM) 'H decoupling was applied during data acquisition using a decoupling
frequency of 80 kHz. Recycle delays were 4 s. The sample spinning rate was 10 kHz.

Thermogravimetry. Thermogravimetric analyses of samples were run on a Thermobalance TGA Q-
500 thermal gravimetric analyzer with samples held in a platinum pan under nitrogen atmosphere. A 10
K min ramp rate was used.

FElemental Analysis: Elemental analyses were obtained using LECO CHNS-932 elemental analyzer.

Field-Emission Scanning Electron Microscopy: Field-emission scanning electron microscopy
(FE-SEM) images were collected on a scanning electron microscope (FEI Magellan 4001 XHR) at an
acceleration voltage of 1.0 kV, using aluminium as a support.

Transmission Electron Microscopy: High-Angle Annular Dark-Field Scanning Transmission
Electron Microscopy (HAADF-STEM) and TEM images and Energy Dispersive X-ray Spectroscopy
(EDX) composition profiles were collected on a Transmission Electron Microscope FEI Tecnai G2 EF20
at 200 kV.

Powder X-Ray Diffraction: Powder X-ray diffraction (PXRD) data were collected at 100 K at XALOC
beamLine at ALBA synchrotron®! (A = 0.82653 A). Data were integrated and scaled using the Fit2D
program.!

Inductively Coupled Plasma - Mass Spectrometry: ICP-MS measurements were performed using an
ICP-MS Agilent Series 7500.

Gas Adsorption: Volumetric Nz and CO; sorption isotherms were collected at 77 K (N2) and 203 K,
258 K, 273 K, 288 K, 298 K (CO,) using an ASAP 2020 HD (Micromeritics). Temperature was
controlled by a liquid nitrogen bath (77 K) or Lauda Proline RP 890 chiller (203 K — 298 K). As
recommended by Rouquerol (COPS X conference, Characterization Of Porous Solids, Granada, 2014),
Brunner Emmet Teller (BET) area and total pore volumes are selected preferentially to Langmuir model
for the evaluation and comparison of the porosity of MOFs. BET areas (Aser) were calculated using
MicroActive software within an appropriate pressure range in order to keep the C constant positive,

using the criteria recommended by Rouquerol ef a/.! The micropore volumes (V) were calculated at
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P/Po = 0.3, whereas the total pore volumes (Vi) were calculated at P/Po = 0.95. Samples were outgassed
for 12 h under secondary vacuum at 150°C.

UV—Visible Spectroscopy: UV-—visible spectra were acquired with a Shimadzu UV- 2400
spectrophotometer. Samples were placed in a cell, and spectral analysis was performed at room
temperature.

Dynamic Light Scattering: Dynamic light scattering (DLS) spectra were acquired with a Zetasizer
Nano ZS. Samples were dispersed in water and placed in a cell, and spectral analysis was performed at
room temperature.

SYNTHETIC PROCEDURES

a-1 Spheres: BTCA (46 mg, 0. 28 mmol) was dissolved in 15 mL of acetone and 3 mL of acetic acid.
Separately, TAPB (100 mg, 0.28 mmol) was also dissolved in 15 mL of acetone. The resulting solutions
were mixed and stirred for 1 h. A turbid yellow suspension was formed. The reaction mixture was
centrifuged at 18407 rcf for 2 min. The supernatant was removed and the yellow solid was washed
twice with 20 mL of acetone and twice with 20 mL of tetrahydrofuran (THF), isolating it by means of
centrifugation at 18407 rcf for 2 min. Finally, the solid was allowed to dry in ambient conditions for 48
h and under vacuum at 150 °C for 24 h to produce 116 mg (85 % yield) of yellow powder. Elemental
analysis calculated for CasHaNs-HpO: C: 83.02 %; H: 4.82 %; N: 8.81 %. Found: C: 82.97 %; H: 4.88
%;, N: 8.56 %.

¢-1 Spheres: a-1 (116 mg) was dispersed in a mixture of 10.5 mL of 1,4-dioxane, 2.1 mL of mesitylene,
2.1 mL of water and 3.1 mL of acetic acid and heated for 7 days. After cooling, the mixture was
centrifuged at 2348 rcf for 3 min. The supernatant was removed and the yellow solid was washed with
toluene (20 + 12 mL), isolating it by means of centrifugation at 2348 rcf for 3 min. Finally, the solid
was allowed to dry in ambient conditions for 48 h and under vacuum at 150 °C for 24 h to produce 112
mg (97 % yield) of yellow powder. Elemental analysis calculated for CsHaiNs-H,O: C: 83.02 %; H:
4.82 %; N: 8.81 %. Found: C: 83.20 %; H: 4.91 %; N: 8.22 %.

PVP Stabilized Gold Nanoparticles: A solution of 2.2 mM sodium citrate in Milli-Q water (150 mL)
was heated with a heating mantle in a 250 mL three-necked round-bottomed flask for 15 min under
vigorous stirring. A condenser was utilized to prevent the evaporation of the solvent. After boiling had
commenced, 1 mL of HAuCL (25 mM) was injected. The colour of the solution changed from vellow
to bluish gray and then, to soft pink in 10 min. Under these conditions, the resulting particles (9 + 2.4
nm, ~3 x 10'2 NPs/ml) were coated with negatively charged citrate ions and hence, they were well
suspended in H:O. After the gold nanoparticle solution was cooled to room temperature, a solution of
0.5 g poly (vinylpyrrolidone) (PVP, MW = 40,000) in water (20 mL) was added dropwise to the gold
nanoparticle solution under continuous stirring, and the mixture was further stirred at room temperature
for 24 h. Then, 600 mL of acetone were added to this mixture and left overnight. The supernatant was
removed, and the resulting nanoparticles were washed one time with methanol and twice with acetone,
and finally dispersed in 10 mL of acetone at a concentration of 0.6 mg.m[, .5

PVP Stabilized Palladium Nanoparticles: Na,PdCl, (44 mg) was dissolved in 20 mL of ethylenc
glycol in the presence of 222 mg of poly (vinylpyrrolidone) (PVP, MW = 55,000) in a three-neck round-
bottomed flask. This solution was heated up to 180 °C for 10 min and, after cooling down to room
temperature, 150 mlL of acetone was added to the as-synthesized PVP stabilized palladium
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nanoparticles. Then, the precipitated nanoparticles were dispersed in ethanol, washed twice with ethanol
and once with acetone, and finally redispersed in acetone to give a colloidal solution of palladium
nanoparticles at a concentration of 0.5 mg.mL™. The average size of the palladium nanoparticles was
33+ 1.1nm.

PVP Stabilized Iron Oxide Nanoparticles: Iron oxide magnetic nanoparticles were prepared by the
conventional co-precipitation method. 4 g of FeCls.6H,O, 1.25 g of FeCl,.4H,O and 300 mg of poly
(vinylpyrrolidone) (PVP, MW = 55,000) were dissolved in 50 mL of Milli-Q water under nitrogen
under vigorous stirring at 80° C. Then, 0.5 mL of NH,OH (15 M) was added and the solution was heated
for another 1.5 h. After cooling, the nanoparticles were sequentially washed with Milli-Q water and
ethanol several times. Finally, nanoparticles were washed twice with acetone and the cleaned
nanovparticles were dispersed in acetone at a concentration of 1 mg. mL .1 The average size of the iron
oxide nanoparticles was 9.8+ 3.9 nm.

Au@c-1 Spheres: BTCA (20 mg, 0.12 mmol) was dissolved in 1.33 mL of gold nanoparticle
suspension, 5.33 mL of acetone and 1.33 mL of acetic acid. Separately, TAPB (43 mg, 0.12 mmol) was
also dissolved in 1.33 mL of gold nanoparticle suspension and 5.33 mL of acetone. The resulting
solutions were mixed and stirred for 1 h. A pink precipitate was formed in a turbid salmon suspension.
The reaction mixture was centrifuged at 24 rcf for 5 min. The turbid salmon supernatant was removed
and the pink solid was washed twice with 9 mL of acetone and twice with 9 mL of THF, isclating it by
means of centrifugation for 5 min at 94 rcf. The solid was dispersed in a mixture of 5.25 mL of 1,4-
dioxane, 1.05 mL of mesitylene, 1.05 mL of water and 1.56 mL of acetic acid and heated for 7 days.
After cooling, the mixture was centrifuged at 2348 ref for 3 min. The supernatant was removed and the
solid was washed with thrice with 6 mL of toluene, isolating it by means of centrifugation at 2348 rcf
for 3 min. Finally, the solid was allowed to dry in ambient conditions for 48 h and under vacuum at 80
°C for 24 h to produce 8.5 mg of brownish-pink powder.

Pd@ec-1 Spheres: BICA (20 mg, 0.12 mmol) was dissolved in 1.33 mL of palladium nanoparticle
suspension, 5.33 mL of acetone and 1.33 mL of acetic acid. Separately, TAPB (43 mg, 0.12 mmol) was
also dissolved in 1.33 mL of palladium nanoparticle suspension and 5.33 mL of acetone. The resulting
solutions were mixed and stirred for 1 h. A black precipitate was formed in a turbid yellow suspension.
The reaction mixture was centrifuged at 24 rcf for 5 min. The turbid yellow supematant was removed
and the black solid was washed twice with 9 mL of acetone and twice with 9 mL of THF, isolating it
by means of centrifugation for 5 min at 94 rcf. The solid was dispersed in a mixture of 5.25 mL of 1,4-
dioxane, 1.05 mL of mesitylene, 1.05 mL of water and 1.56 mL of acetic acid and heated for 7 days.
After cooling, the mixture was centrifuged at 2348 ref for 3 min. The supernatant was removed and the
vellow solid was washed with thrice with 6 mL of toluene, isolating it by means of centrifugation at
2348 ref for 3 min. Finally, the solid was allowed to dry in ambient conditions for 48 h and under
vacuum at 80 °C for 24 h to produce 10 mg of yellow powder.

Fe;04@c-1 Spheres: BTCA (150 mg, 0.93 mmol) was dissolved in 25 mL of iron oxide nanoparticle
suspension, 25 mL of acetone and 10 mL of acetic acid. Separately, TAPB (325 mg, 0.93 mmol) was
also dissolved in 25 mL of iron oxide nanoparticle suspension and 25 mL of acetone. The resulting
solutions were mixed and ultrasonicated for 1 h. A brown precipitate was formed in a turbid yellow
suspension. The turbid yellow supernatant was removed by means of magnetic decantation. The brown
solid was washed thrice with 30 mL of acetone and twice with 30 mL of THF. The solid was dispersed
in a mixture of 34.25 mL of 1,4-dioxane, 6.85 mL of mesitylene, 6.85 mL of water and 10.2 mL of
acetic acid and heated for 7 days. After cooling, the supernatant was removed by means of magnetic
decantation and the solid was washed once with 25 mL of ethanol and twice with 20 mL of toluene.
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Finally, the solid was allowed to dry in ambient conditions for 48 h and afterwards was dried wndsr
wvacuun at 80 92 for 24 hio produce 142 mg of a yellow powder.

4-nitrophenol (4-NP) Red uction: The catalytic reactions were conducted by mixing 0.5 mL of an
agquecus solution of MaBH: (1.3 M) with 3.0 mL of an aqueous solution of 4-MP (0,125 mMD). After 2
min, 0.2 mL of an aqueous solution of 0.15 mgmL™? of Pd@a-1/Pdi@e-1 or 0.4 mL of an aqueous
solution of 015 mg mL T of Aw@a-liAu@e-1 were irjected into the reaction mivtre The catalytic
reaction was then followed every 2 min by UV —vis spectroscopy in the range of 250- 440 nm.

N02 NH2
NaBH,
Catalyst
OH OH
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CHARACTERIZATION

Figure S1. ATR-FT-IR spectra of monomers BTCA (red) and TAPB (blue), of a-1 (orange) and of ¢c-
1 (green). The most significant changes are highlighted: Disappearance of N-H stretching bands
between 3300-3500 cm!, decrease of the intensity of C=O stretching band at 1689 em™, and appearance
of C=N stretching band at 1623 ecm".
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Figure S2. (Top) Solid-state *C CP-MAS NMR spectra of a-1 (top), and e-1 (bottom). Asterisks denote
spinming sidcbands. (Below) Representation of the imine-based structure and the corresponding
assignment of the *C CP-MAS NMR peaks.
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Figure S3. TGA ftrace for a-1.
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Figure S4. TGA trace for ¢ -1.
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Figure S3. Dynamic Light Scattering (IDL.S) measurements of an aqueous colloidal solution of (a) a-1

and (b) ¢-1.
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Figure S6. Comparison of calculated PXRD diagram of the staggered (green) and eclipsed (red) COF
with experimental PXRD diagram of ¢ -1 (black).
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Figure S7. BET plot for N; sorption in a-1.
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Figure S8. BET plot for Nz sorption in the 2 h-treated a-1.
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Figure S9. BET plot for N; sorption in the 12 h-treated a-1.
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Figure S10. BET plot for Nz sorption in the 24 h-treated a-1.
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Figure S11. BET plot for Nz sorption in the 48 h-treated a-1.
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Figure S12. BET plot for Nz sorption in ¢-1 (168 h-treated).

0.00025

0.00020 -

0.00015 4

11 [W{(POIP) -1)]

0.00005 4 =

0.00010 4 g

0.00000 T T
0.00 0.01 0.02

L) L]
0.03 0.04 0.05 0.06

Relative Pressure (PIPU)

BET surface area: 1121.6708 + 0.7206 m?*/g
Slope: 0.003875 + 0.000002 g/cm* STP

Y-intercept: 0.0000035 £+ 0.000000 g/cm?® STP

C: 709.057482

Qm: 257.7026 cm®/g STP

Correlation coefficient: 0.9999981
Molecular cross-sectional area: 0.1620 nm?

163




Figure S13. CO, sorption 1sotherms collected at 203 K, 258 K, 273 K, 288 K and 298 K for a-1 (lefi)
and ¢-1 (right).
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Figure S14. Heats of adsorption of CO; for a-1 (left), calculated from the isotherms derived from CO;
adsorption isotherms collected at 258 K, 273 K, 288 K and 298 K (right).
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Figure S15. Heats of adsorption of CO; for ¢-1 (left), calculated from the isotherms derived from CO;
adsorption isotherms collected at 258 K, 273 K and 298 K (right).
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Figure S16. HAADF-STEM images of (a) Fe;O4@a-1 and (b) FesO4@c-1. Scale bars are 200 nm.
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Figure S17. Comparison of calculated PXRD diagram of ¢-1 (red) and experimental PXRD diagram of
Fes04 NPs (blue) with FesOq@c-1 (black).
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Figure S18. EDX of Fe;O4@c-1.
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Figure §19. Comparison of calculated PXRD diagram of e-1 (red) and Au NPs (blue) with experimental
PXRD diagram of Au(@c-1 (black).
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Figure S20. EDX of Au@c-1.
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Figure §21. Comparison of calculated PXRD diagram of ¢-1 (red) and Pd NPs (blue) with experimental
PXRD diagram of Pdi@e-1 (black).
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Figure S22. EDX of (a) Pd@e-1.
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Figure S23. Scanning electron microscopy (SEM) and HAADF-STEM images of (a.b) Pd@ec-1 and
(c.d) Au@ec-1 after 4-NP reduction.
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Figure S24. Reduction of 4-NF in presence of ¢-1 after 16 min of freatment.
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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 Zn?** 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 CeO; and Au facilitated CO conversion Tso and Tigo as low as 72 °C and 100° C.
These values are the lowest temperature reported for the full conversion of CO to CO; 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 Fes304) 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

s
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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.

ﬁ?% ¥,

H™0 Functional
Nanoparticles

NO,

OH

NH,

OH imine-based COF

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

e
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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 [SiFs]?> and [TiFg]%. This article was
entitled “Continuous One-Step Synthesis of Porous M-XFe-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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1. Introduction

Mertal-Organic Frameworks (MOFs), also called Porous coor-
dination Polymers (PCPs), are of significant interest to chemists
due to their exceptionally high surface areas and structural diver-
sity. Furthermore, the modular approach to their synthesis, allows
for the preparation of porous networks with precisely tailored
chemical and physical attributes | 1-5]. These unique features have
led researchers to explore combining MOFs with other functional
materials to form novel composites with advanced properties [G].
Indeed, ceramics, metal nanoparticles, polymers and biomolecules
have been combined with MOFs Lo afford new materials that have
demonstrated unprecedented performance in the areas of catal-
ysis | 7], molecular separations |8, sensing |9], plasmonics [10],
gas storage [11], controlled guest release [12,13], and protection
of biomacromolecules | 14]. The most widely studied of these com-
posite systems are based on integrating metal and metal oxide
nanoparticles with MOFs. This may be attributed to the versatility
of the synthetic approaches for metal oxide (ceramic) and metallic
nanomaterials. For example, metal and metal oxide nanoparticles
can be prepared by infiltrating the precursors in the pre-formed
porous MOF crystals, either via the vapor or liquid phase [1,15].
Particle formation is subsequently trigeered within the MOF by the
application of heat [16,17], reducing agents [18,19] or radiation
[20,21] (Fig. 1a). Alternatively, because the mild synthetic condi-
tions typically used to synthesize MOFs do not affect the chemical
composition, structure and morphology of most metal or metal
oxide nanoparticles, a ‘one-pot” approach can be applied where
the MOF is crystallised in the presence of pre-formed functional
nanoparticles [22]. In the resulting composite, the MOF encapsu-
lates the functional nanoparticles (Fig. 1b).

A conceptually different, emerging approach termed pseu-
domorphic replication relies on the preparation of core-shell
inorganic particles where the core is the ‘functional’ nanoparti-
cles and the shell is a feedstock material for the inorganic node

Gas adsorption

Biomedical Applications Catalysis
Fuel production Sensing
Plasmonics

Separation
Pollutant Sequestration

Fig. 2. Schematic illustration of different applications of nanoparticles@MOFs.

of the MOF [13]. Under judiciously controlled conditions, the shell
reacts rapidly with the organic precursor ligands to grow the MOF
network around the core nanoparticles [ Fig. 1¢) [273]. Finally, pre-
formed MOFs and nanoparticles can be combined to form clusters
of the two components ( Fig. 1d).

The focus of this review is to canvass the variety of applica-
tions that have been explored for nanoparticles@MOF composites
and to highlight how this unique combination leads to mate-
rials with enhanced performance characteristics in the areas of
#as adsorption, catalysis, sensing, microelectronics, sequestration,
delivery and biomedical applications, fuel production and separa-
tion (Fig. 2).

2. NP@MOFs for gas storage and separation

MOFs have been thoroughly investigated for their application to
the storage and separation of a number of gases, including hydro-
gen, carbondioxide and methane [24-26]. Toimprovetherelatively
weak physisorption forces, researchers have applied their efforts

Fig. 1. Different synthetic approaches for the preparation of nanoparticles@MOF composites: (a) infiltration in preformed MOFs, (b) self-assembly of MOFs encaps ulating
the nanoparticles, (c) pseudomorphic replication converting a ceramic shell of a core-shell nanoparticle into a MOF, (d) individual preparation of MOFs and nanoparticles

anil subsequent mixing.
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Fig. 3. Schematic illustration of nanoparticles@®MOFs for gas adsorption (H,) and
gas separation (Kr and Xe).

to tuning pore sizes, modifying pore chemistry and generating
co-ordinatively unsaturated metal sites [15,27]. In addition, com-
bining metal and metal oxide nanoparticles with MOFs has shown
promise towards increasing the interactions with adsorbates that
would normally have extremely weak interactions with the pore
surfaces such as hydrogen and noble gases. Here we highlight
examples where the introduction of nanoparticles into MOFs has
been successfully employed to enhance gas adsorption and sepa-
ration (Fig, 3),

2.1. Hydrogen storage

Alternative energy sources are in high demand given the present
concerns of climate change, energy security and pollution. One such
alternative is hydrogen gas as it can be produced from domestic
resources and can be used to power fuel cells as zero-emission
energy generators, Despite the advantages of hydrogen as a fuel
source there are concerns over safe storage methods at high pres-
sures, especially for automotive applications. There are a number of
strategies that mitigate this issue, one of which is storing hydrogen
within porous frameworks. Most porous materials store hydro-
gen by way of weak van der Waals interactions [28], however,
transition metals can adsorb hydrogen via a metallic bonding
and dissociation processes, described conceptionally in Fig. 4a.
The combination of high surface areas and enhanced adsorption
enthalpy at a metal surface suggests that metal/metal oxide@MOF
composites are promising materials for hydrogen storage.

An early example of metal/metal oxide@MOF composites for
hydrogen storage was reported by Yang and Li who demonstrated
that a physical mixture of MOF and Pt supported on active carbon
significantly enhances hydrogen uptake capacity at room temper-
ature [29]. Remarkably, the increase in adsorption does not follow
the weighted average of MOF and Pt/C. The observed enhancement
is attributed to the so-called ‘hydrogen spillover’ effect (Fig. 4b)
where hydrogen molecules dissociate at the metal cluster, then
move to the carbon support and subsequently to the organic com-
ponents of the MOF [30]. This effect has been demonstrated in a
number of MOFs [31-35], furthermore, ab initio calculations have
been applied in an effort to understand the mechanism of this pos-
tulated adsorption process [36-39]. Recently, however, Luzan and
Talyzin reported that the spillover effect from Pt/C catalyst to MOF
was irreproducible [40], and Hirscher has commented it may be
below the detection limit of the gas adsorption apparatus [41]. Yang
and co-workers note that the methodology to maximize spillover

185
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Fig. 4. (a) Hydrogen adsorption on MOFs usually occurs by weak van der Waals
interactions, The introduction of metal nanoparticles allows for the stronger mech-
anism (b) where dissociation and subsequent ‘spillover’ may occur.

depends on a number of experimental factors involved in sample
preparation [42].

Despite the questionable mechanism of hydrogen spillover in
physical mixtures of MOFs with Pt/C, work focused on more struc-
turally well-defined metal nanoparticles@MOF composites has
shown promising results. For example, Pd nanoparticles loaded in
MOF-5 (1 wt% loading) and in SNU-3 (3 wt% loading) demonstrated
increased hydrogen adsorption at low pressure and temperature
[43,44]. PA@SNU-3 also showed an increase in hydrogen uptake at
room temperature and high pressure compared to SNU-3, how-
ever calculated isosteric heats of adsorption indicated that the
Pd@SNU-3 possessed a lower enthalpy of adsorption for H,. This
result further highlights that the mechanism of action in these
materials is not comprehensively understood. Materials with sig-
nificantly higher Pd content have been described by Latrouche
and co-workers, who were able to produce MIL-100(Al) embed-
ded with 10 wt% metallic Pd [18]. These high loadings gave rise
to a decrease in surface area and pore volume as indicated by
nitrogen adsorption experiments. This would be anticipated due
to the pore volume consumed by Pd nanoparticles, Consistent
with the lower pore volume of these samples, the 77K hydro-
gen capacity of the PA@MIL-100(Al) samples were less than that
of the bare framework. However, the room temperature hydrogen
uptake capacity was significantly improved; 0.35 wt% at room tem-
perature 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
formation of Pd hydride that occurs readily at room temperature.
Recently, Kitagawa and co-workers have significantly improved
hydrogen storage capacity of Pd nanoparticles by employing a MOF
coating [11]. 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. 5). Notably, at elevated temperatures HKUST-1
shows no appreciable hydrogen adsorption. Further investigations
by X-ray photoelectron spectroscopy (XPS) suggest 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 metal nanoparticles@MOF
systems and may provide a general method to enhance the reac-
tivity of nanoparticles.

Pt nanoparticles are known to afford extremely strong interac-
tions with hydrogen. For example, Pd black is able to absorb and
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Reproduced from ref, [11].

desorb hydrogen at room temperature, however, hydrogen cannot
be desorbed from Pt black at room temperature under evacuation
[28]. Inspired by the results of Yang and Li's bridged Pt/C and MOF
materials [29], Senker et al. were able to synthesize samples of
ultra-high surface area MOF-177 loaded with 43 wt% Pt nanoparti-
cles[45]. The resulting composite was reported to adsorb 2.5 wt% of
hydrogen at room temperature at 144 bar. This gives rise to a stor-
age capacity of 62.5 gy, L', whichisclose to that of liquid hydrogen
at 70gy, L~'. Unfortunately, subsequent cycles show decreasing
capacity that can be explained by passivation of the Pt surface by
stable Pt-H moieties.

Overall, research into hydrogen adsorption in these materi-
als highlights the advantages of combining the strong adsorption
potential of metal nanoparticles and high surface areas of MOFs.
However, for this area to progress further work needs to be focused
on elucidating the mechanism of action for hydrogen adsorp-
tion, especially with respect to the observed hydrogen spillover
effect [30]. A better understanding of these systems will facil-
itate the hypothesis driven design of novel composites for H,
storage.

186

2.2. Noble gas separation

Molecular separation of Kr and Xe is important as reprocessing
nuclear fuel requires the removal of radioactive 35Kr from Xe in
the off-gas [46]. Currently, separation of these gasses is achieved
by cryogenic distillation. This process is extremely energy inten-
sive 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 moti-
vated researchers to use metal nanoparticles as a strategy towards
enhancing uptake capacity. Groose and co-workers reported that
Ag clusters in X- and Y-type zeolites gave rise to a higher uptake of
Xe, when compared to the original sodium ion containing zeolites,
and was dependent on Ag loading [47]. Subsequently, Thallpapally
et al. were able to produce Ag nanoparticles in MOF-74(Ni) with
up to 6.59 wt% Ag [48]. The Xe and Kr adsorption of these mate-
rials showed the Xe capacity at 1 bar and room temperature was
increased by 15.6% when compared to the bare framework (Fig. 6).
Importantly, the introduction of Ag to MOF-74(Ni) did not signif-
icantly increase the Kr capacity, as it is less polarizable than Xe.
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Fig. 6. Xe and Kr isotherms for bare MOE-74(Ni) and a sample of Ag@MOF-74(Ni)
loaded with 1.47 wt# Ag,

Reproduced from ref. [48],

Accordingly, the adsorption selectivity (calculated from the pure
gas isotherms and a 50:50 mixture) was double that of the bench-
mark activated-carbon was achieved. These extremely promising
results suggest that metal nanoparticle@MOF composites should
be further investigated for their potential application to noble gas
separations,

3. NP@MOFs for catalysis

Metal nanoparticles are highly attractive materials for cataly-
sis due to the larger surface area/unit volume ratio as compared
to their bulk metal analogues that are traditionally used in indus-
trial catalysis [49,50]. However, there are still some major barriers
for the widespread use of nanoparticles as catalysts. Some of these
drawbacks include a tendency to aggregate, low recyclability, and
difficulty recovering the nanoparticles from the reaction media. To
overcome these problems, metal nanoparticles are typically immo-
bilized on or in supports [51]. A common strategy is to use porous
materials with well-defined pore characteristics; in this way, the
partition between the exterior and the interior pore structure per-
mits the selective gating of the molecules that reach, and therefore
react with the nanoparticles [52]. Porous materials also have the
advantage of confining and protecting the nanoparticles, thus facili-
tating their recovery from the bulk solution and preventing particle
aggregation. In this context, the regular porosity of MOFs together
with the possibility to tailor their pore size, shape and chemical
functionality makes them an excellent platform to support active
metal nanoparticles for heterogeneous catalysis [53].

Table 1 summarizes some reactions already tested using MOF
supported metal nanoparticles as catalysts, highlighting the nature
of the MOF and the nanoparticle, the nanoparticle size, and the
weight percentage of the nanoparticle in the MOF. These studies
are largely based on oxidation, hydrogenation, C—C coupling and H,
production reactions (Fig. 7). However, other important catalytic
processes are now being investigated. For example the catalytic
synthesis of methanol from CO; and Hs, using Cu nanoparticles sta-
bilized into MOF-5, was demonstrated by Fischer et al., who found
a maximum 70 pumolyeon g tearh™! methanol production [54].
More recently, complex cascade reactions involving Knoevenagel
condensations and subsequent hydrogenations were successfully
catalyzed using IRMQF-3 supported Pd nanoparticles [53].
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Fig. 7. Schematic lllustration of some representative reactions catalyzed by MOF
supported metal nanoparticles.

3.1. Oxidation of CO

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 tech-
nology, where the preferential oxidation of carbon monoxide in
excess of hydrogen is a key process for the production of clean
fuel [55]. Overall, MOF supported nanoparticles have showed good
performance for carbon monoxide oxidation at elevated temper-
atures. For example, Xu, Hupp, and Gascén groups reported that
Au and Pt nanoparticles supported in ZIF-8 and NH,-MIL-101(Al)
afford the total conversion of carbon monoxide to carbon dioxide at
around 200°C[7,5G,57]. Importantly, the reaction temperature can
be reduced to 100-150<C by incorporating Pt, Pd and Cu nanopar-
ticles within MIL-101 and Pd nanoparticles within MOF-5 [58-G0].
Additionally, the total conversion of carbon monoxide to carbon
dioxide was observed when Cu0O/Ce0; nanoparticles were formed,
in situ, within HKUST-1 [61].

3.2. Oxidations of alcohols and hydrocarbons

MOF supported metal nanoparticles have been also used as
catalysts for aerobic alcohol oxidation reactions which are consid-
ered as key reactions in ‘green’ organic synthesis. These processes
usually require temperatures above 100°C (under solvent free con-
ditions), or the presence of a large excess of a base. The majority of
these investigations employ Au and Pd nanoparticles supported in
different MOFs. Fischer and co-workers first studied the oxidation
of benzyl alcohol to benzyl aldehyde using Ru and Au nanoparti-
cles [62], and Au/ZnO and AufTiQO, nanoparticles [63] supported
on MOF-5. For the Ru nanoparticles, which could be easily con-
verted to RuOx by oxidation with diluted O, 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 reac-
tion. However, in the case of Au and hybrid Au/Zn0O and Au/TiO,
nanoparticles, the authors observed better performance (conver-
sion 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 nanoparticles embedded in MOF-5 activate the oxidation
reaction with base (conversion = 100%) but also without base (con-
version=~70%) [64].

A variety of alcohol oxidation reactions have been investi-
gated by the group of Li. Here, catalytic activity of a series of
composites was assessed that were made from different combina-
tions of MOFs (DUT-5, Ui0-66, MOF-253, UiO-67, and MIL-101(Cr))




242

P. Falcaro et al. / Coordination Chemistry Reviews 307 {2016) 237-254

Table 1

List of MOF supported metal nanoparticle catalysts by reaction and substrate.
MOF composite Nanoparticle Weight (%) Size (nm) Conw. (%)* Ref.
Oxidation
co
ZIF-8 Pt 3.4 25+4.1 100 [7]
ZIF-8 Au 5 424286 100 [56]
MIL-101-NH3(Al) PTA/Pt 100 [57]
MIL-101({Cr) Cu/Pd 2.9 2-6 100 [58]
MIL-101(Cr) Pt/Pd 2.9 3-9 100 [59]
MOF-5 Pd 0.19 65 [60]
HKUST-1 CuO/fCe0; 5-15 100 [61]
MIL-101{Cr) Pt 2/1/5 18+02 100 [99]
Ra-MOF Pd 16 18+£03 100 [100]
Alcohols
MOF-5 Ru 30 15-1.7 25 [62]
MOF-5 AufZn0-Au/TiO;-Au 1-20 2.7-20 50/68[74 [63]
MOF-5/MIL-53(Al) Au 15+£07 99 [64]
DUT-5/Ui0-66/MOF-253 Pt 05 15-2 99 [65]
Ui0-67 Pd 1 3+05 99 [66]
MIL-101({Cr) Au 05 23+1.1 100 [67]
ZIF-8 Au 30 37 81 [68]
Ui0-66-NaBH,4 Au 5-7 94 [69]
MOF-177 Pt 43 2-3 [45]
Ui0-66-NH; Au 18 2.8-3.1 94 [101]
Ui0-66 Au 8 54 [102]
MIL-101(Cr) Pd 0.35 25+05 99 [103]
Cyclohexane
MIL-101{Cr)/MIL-53(Cr) Au 4.64/4.63 48+29 30/31 [70]
MIL-101({Cr) Au/Pd 1 2.4+086 51 [71]
Benzylic hydrocarbons
HKUST-1 Fe;04 28.78 20 [72]
Benzyl-amine
Ui0-66-NaBH,4 Au 5-7 53 [69]
Ethylene
ZIF-8 Pt/Pd 4.95/2.70 6.2 94 [73]
Hydrogenadon
Ketones
MIL-101({Cr) Pt 15-25 97-98 [85]
MIL-101({Cr) Pd 15 2-35 100 [86]
MIL-101(Cr) Pd 42-45 17 100 [39]
1-Hexene
ZIF-8 Pt 0.23-0.74 2-3 95 [83]
1-Hexyne
ZIF-8 Pt 1 2.7 100 [84]
1.4-Butynediol
ZIF-8 Pd 5 4-6 93 [104]
Styrene
MIL-101({Cr) Pd 1 15 §0-100 [82]
MOF-5 Pt 1 97 [43]
MesMOF-1 Ni 20 1.1 99 [105]
Toluene
MIL-101-NH;(Al) PTA/Pt [57]
Acetylene
MIL-101({Cr) Pd 1 15 80-100 [32]
Nitroarenes/Nitrobenzene
MIL-101({Cr) Pt 1 15-25 100 [88]
MesMOF-1 Ni 20,35 11,1.4-19 100 [105]
Phenol
MIL-101{Cr)-MIL-53{Cr) Pd 4.3/49 2.5/4.3 100 [87]
Nitrophenol
ZIF-8 Au 10-15 2-3 100 [106]
ZIF-8 Auj/Ag 272 100 [107]
MIL-100(Fe} Au 100 [108]
Cyclohexanone/Cycloheptanone
MIL-101 Ni/Pd 13 25-35 50/100 [109]
Octane
MIL-101({Cr) Pt 1.2 5405 100 [90]
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Table 1 (Continued)

MOF composite Nanoparticle Weight (%) Size (nm) Conv. (%) Ref.
2.3,5-trimethylbenzoquinone

MIL-101(Cr) Pd 2 2-3 100 [91]
Benzene/cyclohexene

MOF-5 Ru 0.98 2 99 [110]
Other olefins

HKUST-1 AufPt 100 25 [111]
2.16. Vanilin

MIL-101(Cr) Pd 2 1.8+02 45 [112]
Dehalogenation of aryl chlorides

MIL-101-NH; (Cr) Pd 0.62 2.49 98 [92]
C-C coupling

Suzuki-Mivaura coupling

MIL-101(Cr) Pd 1 1.9+07 32 [93]
MIL-53-NH;(Al) Pd 1 312 99 [94]
MIL-101-NHa (Cr) Pd ] 2-3 99 [95]
MCoS-1 Pd 1 2-3 97 196]
Ullman coupling

MIL-101(Cr) Pd 1 1.9+£07 99 193]
Sonogashira reaction

MCoS5-1 Pd 1 2-3 94 [96]
MOF-5 Pd 3 3-6 100 197]
Heck reaction

MIL-53-NH;(Fe) Pd 0.96 3.2 83 [98]
Hydrogen generation

IRMOF-3 Pd 2 35 100 [53]
MIL-101(Cr) NifAu 1.5+£02 100 [74]
ZIF-8 Ni 19 2.7+£07 100 [75]
ZIF-8 Ni/Pt 1-3 2.2+03 100 [76]
MIL-101-EDA(Cr) AufPd 137115 2-3 100 [77]
MIL-125-NH; Pd 0.5 31 [78]
MIL-101-NH; (Cr) Pt 15 3.75+£05 [79]
HKUST-1 Pd 0.86 43+1.1 100 [113]
Other

Reduction of Cr{Vl)

Ui0-66-NH; Pd 0.93 3-6 100 [114]
MIL-101(Cr) Pt 2 2.6 100 [115]
Methanol synthesis

MOF-5 Pd/Cu 36/13 1-2 [54]
MOF-5 CufZn0 1.4{40 1-3 [116]
Conversion of methylcyclopentane

Ui0-66 Pt 0.4 2.5 100 [117]
Synthesis of arylamines

MIL-101(Cr) Pd/Pt [118]
Aminocarbonylation

ZIF-8 Pd 1 4-9 99 [119]
MOF-5 Pd 1 3-12 92 [120]
Indole synthesis

MIL-101(Cr) Pd 3 2.6 67 [121]
Phenylation of naphthalene

MOF-5 Pd 2.3 20 65 [122]
Direct arylation

MIL-101(Cr) Pd 05 2.6+05 85 [123]

+ Maximum conversion value reached (or reported).

and metal nanoparticles (Pt, Pd and Au). Overall, they showed
that the confined metal nanoparticles were highly active in this
type of oxidations under base free conditions (conversions up to
100%). The authors attributed these results to the electron dona-
tion and confinement effects offered by MOFs [65-67]. Other
systems including Au nanoparticles supported in ZIF-8 and UiQ-
66 and Pt nanoparticles supported in MOF-177 also showed very
good catalytic activity for the conversion of alcohols to aldehydes
[44,68,59].

Beyond alcohols, the oxidation of hydrocarbons has also been
catalyzed using MOF supported nanoparticles. Hydrocarbons have
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been selectively oxidized, with molecular oxygen as the oxi-
dant, by Au, AufPd, Fe304 or Pt/Pd nanoparticles immobilized
in several MOFs (MIL-101 (Cr), MIL-53 (Cr), HKUST-1 and ZIF-
8) [70-73]. For example, Huang et al. studied the activity of
ZIF-8 supported bimetallic Pt{Pd nanoparticles for the photoacti-
vated oxidation-degradation of ethylene to COz and HzO [73]. This
nanocomposite showed excellent synergistic photocatalytic activ-
ity (conversion = 94%), which was to the authors contend due to the
fact that ZIF-8, in addition to serving as a support to prevent par-
ticle aggregation, has an excellent capacity to adsorb ethylene and
thus promote its photodegradation to CO» and H,0.
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3.3. Hydrogen generation

One of the biggest challenges in chemistry today is the energy
efficient generation of Hz. With this goal in mind, Xu and
co-workers evaluated the activity of Au, Ni and hybrid AufNi
nanoparticles in MIL-101 and of Ni nanoparticles in ZIF-8 for the
catalytic dehydrogenation of ammania borane to generate Hj. In
this case complete dehydrogenation was observed |74,75]. Other
reactions for hydrogen production have also been evaluated. Singh
and Xu successfully studied the generation of Hy by decomposi-
tion of hydrazine in aqueous solution using ZIF-8 supported Ni-Pt
bimetallic nanoparticles [ 76]. In addition, the same group and Mar-
tis 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 nanoparticles [ /7]
and amine-functionalized MIL-125 supported Pd nanoparticles
[78]. Recently, water splitting to produce Hy using Pt nanopar-
ticles embedded into MIL-101-NH; (Cr) was also evaluated. A
maximum turnover of 110 moly, 11|0II_;JI was achieved when the
loading of Pt nanoparticles was 0.5% [79]. Finally, the photocat-
alytic properties of PL@MOFs were also lested [or Hy production.
Here, Lin's group first studied the photocatalytic performance
of Pt nanoparticles embedded into two UiQ frameworks func-
tionalized with [Ir{ppy)a(bpy)]* (where ppy is 2-phenyl-pyridine
and bpy is 2,2-bipyridine) complexes, and found thatr high Ir-
based rurnover numbers [defined as n( 1/2H;)}n(Ir))| of 3400 and
7000 were achieved when irradiated under visible light (>420 nm ).
Under these conditions, the [Ir{ppy)(bpy**~)] radicals generated
by triethylamine-mediated photoreduction could transfer elec-
trons to Pt nanoparticles to reduce protons for Hz production [80].
Also, Matsuoka’s group found that Ptnanoparticles photodeposized
on amino-functionalized MIL-125(Ti) were able to photocatalyze
the generation ol Hs, reaching a total production ol 33 pmol Hy
when this system was immersed in an aqueous solution contain-
ing triethanolamine at room temperature while being subjected
to visible-light (»420nm) for 9h. In this case, the reaction pro-
ceeded through the light absorption by the organic linker forming
the MOF followed by the electron transfer to the photocatalytically
active fritanium-oxo cluster. In this system, Pt nanoparticles acted
as cocatalysts [81].

3.4. Hydrogenation of olefines

A fourth vast family of catalytic reactions studied using MOF
supported metal nanoparticles as catalysts is the hydrogenation
of alkenes |82,83], alkynes [82 84/, ketones |85,86], and aromat
ics [13,82,87]; all of which are key processes in chemical industry.
As can be seen in Table 1, the most active metal nanoparticles for
these reactions are Pt and Pd, and the most promising MOF support
is MIL-101 most probahly due to its stability and large pore chan-
nels. Using this combination, excellent conversion rates (~100%) for
the hydrogenation of ketones, aromatic molecules, alkenes, alkynes
and nitro compounds have been observed 82,85 92].

3.5, Carbon-carbon coupling

Finally, the last ensemble of reactions that have heen cat-
alyzed by MOF supported NPs concern the C-C coupling reactions.
Such transformations include Suzuki-Myaura [93 96], Sonogashira
196,97, Ulmann [93], and Heck |98 | reactions. Compared Lo other
metal nanoparticles, 'd offers undoubtedly the best conversion
rates in C-C coupling and thus PA@MOF composites are primarily
tested for these types of catalytic reactions. An illustrative exam-
ple was reported by Yuan et al., who developed a very efficient
Pd@MIL-101(Cr) catalyst [or water mediated Suzuki-Miyaura and
Ullmann coupling reactions. This catalyst showed high stability,
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pyridine

Fig. 8. Schematic illustration of Nanoparticles@MOFs for sensing different analytes
(leftside} entering in the frameworks. The analyte, as a host, interacts with the com-
posite that could amplify the Raman signal (SERS), affect the luminescent properties,
induce changes in the electrical or optical (refractive index ) properties.

low metal leaching and high activities (conversion=100%) over a
large number of eycles [93].

4. NP@MOFs for sensing

A wide range of applications, including chemical threat detec-
tion, medical diagnostics, food{drink quality control, explosives
and pollutants detection, requires sensors that detect specific
molecules or elements with high selectivity, sensitivity, and
speed of analysis [ 124-126]. Typical transduction mechanisms are
changes in the electrical, photophysical or mechanical properties
of the sensor material when it interacts with the analyte (sensing,
Fig. 8). Metal nanoparticles have been widely investigated as sen-
sor components because their physical properties (mainly optical,
electrochemical or photoelectrochemical) are readily modulated
upon interaction with molecules | 127,128]. Recently, MOFs have
been proposed as a novel class of support [or chemical probes, as
pre-concentrators, and as molecular filters and templates. In this
respect, MOFs act in an analogous way to other porous materials,
stich as mesaporous silica or zeolites. However, MOFs offer greater
possibilities for tailoring the pore size and chemistry in order ro
enhance the adsorption of Largeted molecules or elements | 129].

4.1. Size selective sensors

One of the most promising strategies for designing highly
selectivefsensitive sensors is to synthesize metal/metaloxide MOF
composites in order to combine their complementary properties
| 130]. To date, most ol these sensors are constructed by embedding
metal nanoparticles in the MOF crystals. Thus, the working mecha-
nism relies on the target molecule diffusing to the embedded metal
nanoparticles, through the MOF pores, where interaction causes a
detectable change in physical properties. According to this mecha-
nisr, the properties of the MOFs are expected to play a major role
on the final performance of the sensor. For example, the uniform
pore size and resulting size-selectivity of MOFs enabled the devel-
opment of sensors in which the MOFs act as size-exclusion filters
[131]. A pioneering example of this type of sensors was recently
reported by Sugikawa et al. [10], who synthesized a MOF-5 sup-
ported Au nanorod sensor that showed Surface-Enhanced Raman
Scattering (SERS) hehavior when contacted with certain pyridine
derivatives (Fig. 9a). SERS is a powerful vibrational spectroscopy
technique that allows the detection of sub-attomolar quantities
of analyte due to the million-fold Raman scattering enhancement
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Fig. 9. (a) Schematic illustration of SERS sensing activity of MOF-5 supported Au nanorods. Reproduced from [ 10]. (b) Schematic diagram of ZIF-8 supported ZnO nanorods
PEC sensors with selectivity to Ho0;. (¢) Photocurrent response of this sensor in the presence of HaOp (0.1 mM) and ascorbic acid (0.1 mM). Reproduced from [137].

occurring when the analytes are adsorbed on metal nanoparti-
cles (e.g. plasmonic Au nanorods) [132-134]. Interestingly, Sada's
group showed that the SERS signal enhancement occurred only
for certain types of pyridine derivatives, such as pyridine and 2,6-
biphenylpyridine, but not for poly(4-vinylpyridine). This selectivity
was attributed to the fact that small molecules such as pyridine
and 2,6-biphenylpyridine can diffuse into the pores of MOF-5 and
reach the embedded Au nanorods. On the contrary, bulky poly(4-
vinylpyridine) molecules cannot diffuse into MOF-5 and cannot
interact with Au nanorods. Very recently, a similar strategy was
used to follow the metalation of a porphyrin-based MOF [135]. In
this study, SERS-active Ag nanoparticles were wrapped with crys-
tals of this MOF.

Other size-selective sensors composed of MOFs and metal
nanoparticles have been reported, These system were used to
monitor electrochemical changes of Pt nanoparticles [136], photo-
electrochemical changes of ZnO nanorods [137] and luminescence
changes of CdSe quantum dots. Xu et al, showed the possibility to
selectively detect HyO, using UiO-66 supported Pt nanoparticles
[136]. One of the main concerns for a H5 04 electrochemical sensor
is the presence of other physiological species such as ascorbic acid,
uric acid and some carbohydrate compounds, which can be also oxi-
dized along with H; 0, molecules onthe electrode surface and cause
interference, This issue was solved by embedding the Pt nanoparti-
cles into UiO-66, which acts as a size-exclusion filter allowing only
H, 0y molecules to diffuse in, while excluding the bulkier interfer-
ing ascorbic acid, uric acid, and carbohydrate compounds. Selective
photoelectrical detection of H> 05 was demonstrated using a similar
approach, by coating ZnQ nanorods with ZIF-8 (Fig. 9b)[137]. Here,
the ZIF-8 network also acts as a size-exclusion filter preventing
the diffusion of ascorbic acid molecules while allowing diffusion of
the smaller H,0, molecules to the ZnO nanorods. llluminating the
sample with 380 nmlight engendered a photocurrent response that
arises from the oxidation of H,0, by photogenerated holes on the
surface of ZnO nanorods (Fig. 9¢). Finally, Falcaro and co-workers
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demonstrated the size selective detection of ethanethiol compared
to a larger linear copolymer n-isopropyl acrylamide/acrylic acidft-
butyl acrylamide mercaptane, by following the quenching effect
of luminescent CdSe quantum dots embedded into MOF-5 [9,138].
The same group grew MOF-5 around Co NPs and subsequent infil-
tration with adye enabled the fabrication of a repositionable sensor
for the detection of aromatic amines [139],

4.2. Gas selective-sensors

In addition to size selective sensors, the potential of MOFs to
tune the chemical functionality of their pores for the selective
adsorption of certain species also paves new ways to create chem-
ically selective sensars when combined with responsive metal
nanoparticles. For example, it is well-known that MOF-5 is selec-
tive towards CO; in a gas mixture because the polarizability
and quadrupole moment of CO, leads to electrostatic attraction
between CO; molecules and the aromatic rings of MOF-5 [140].
Using this property, Tang’s group synthesized a AuU@MOF-5 SERS
sensorable toselectively detect CO; in the presence of various gases
[141].

4.3. Ion-selective sensors

Recent advances have led to selective sensors based on other
mechanisms; e.g., taking advantage of the low chemical stability
of some MOFs. Using this approach, Zhao et al. developed a sensor
selective for phosphate ions by embedding ZnO quantum dots into
MOF-5 [142]. The working mechanism of this sensor was simple:
MOF-5 degrades in the presence of phosphate ions, thus liberating
the ZnO nanoparticles, that recover their original fluorescence that
was quenched when embedded. The authors showed the selectivity
of this sensor for phosphates by exposing it to various other anions,
resulting in a much lower fluorescence signal,
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Fig. 10. MOF-based photonic crystals for label-free optical sensing. (a) Photograph of a series of ZIF-8 films of various thicknesses grown on silicon substrates. Reproduced
from | 143]. (b) SEM images of the MOF-silica photonic crystals prepared by step-by-step deposition of HKUST-1. Inset: high magnification. (¢} Left: Near-IR extinction spectra
of the MOF-silica photonic crystal (MOF-SCC) and the bare silica colloidal (SCC) crystal film before and after exposure to 10 000 ppm CS,. Right: Response of MOF-silica
photonic crystal to a series of CS, vapors of various concentrations versus time. Reproduced from [ 146]. (d) Left: Schematic representation of a Bragg stack. Right: SEM images
of a Bragg stack prepared by alternatingly spin-coating nanoparticulate suspensions of ZIF-8 and TiO,, resulting in a layer thickness of approx. 200 nm and 50 nm for ZIF-8
and TiOy, respectively. Reproduced from | 152]. (e) Photographs of step-by-step HKUST-1/ITO hybrid materials with different thickness. The stripes are caused by the light
source. Reproduced from [ 156]. (f) Left: Optical image of a MOF-5/silica composite sphere with a diameter of 200 pum. Right: Corresponding SEM image showing the uniform
silica spheres with interstitial MOF-5. Scale bar: 300 nm. Reproduced from [157]. (g) Transmission optical microscopy image of a metallic silver dot pattern deposited inside

a single MOF-5 crystal. Scale bar: Scale bar: 25 um. Reproduced from [148].

4.4. Photonic crystal sensors

Color change is another attractive sensing mechanism, as it
can be readily detected, in some cases even with the naked eye.
Solvatochromism/vapochromism and luminescence color or inten-
sity shifts have been reported for MOFs upon guest accomodation
[129]. However, such behavior is based on specific responsive ele-
ments in the lattice that might not be compatible with fine-tuning
the adsorption properties to detect different analytes. Therefore, a
more flexible approach would require fine-tuning the MOF adsorp-
tion behavior without having to take the preservation of color
change capabilities into account. In this context, Lu et al. demon-
strated sensing based on the color change of the light reflecting off
of a thin ZIF-8 film on a flat surface (Fig. 10a) [143]. The underlying
principle is Fabry-Pérot interference, which occurs when incident
light undergoes multiple reflections off of two parallel surfaces
separated by a distance on the order of the wavelength of light.
The wavelengths at which constructive interference occurs, which
determines the color of the reflected light, depends on the refrac-
tive index of the film. Since the refractive index of a microporous
material increases when guests are accommodated in the pores,
the concentration of propane in N, correlates with the interference
peak shifts.

The performance of interference-based sensors can be improved
by alternating high- and low-refractive index materials. Label-free
optical sensors of this type are referred to as ‘photonic crys-
tals’ [144]. Metal and metal oxide nanoparticles composite can
be used as effective materials for sensing applications due to
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the difference between the refractive index of the MOF and the
encapsulated inorganic nanoparticles. Lu et al. first illustrated this
depositing a conformal HKUST-1 coating on an array of uniform
carboxylic acid terminated silica spheres, using a step-by-step pro-
tocol (Fig. 10b) [145,146]. When exposed to carbon disulphide (CS;)
vapors, the wavelength of the light reflecting off of the photonic
crystal shifted gradually with increasing CS, concentrations while
a bare silica colloidal crystal did not generate a response (Fig. 10c).
Similar three-dimensional photonic crystals can also be fabricated
using regular assemblies of uniform polymer beads instead of sil-
ica spheres [147]. Infiltration of such polymer colloidal crystal
templates with MOF precursor solutions [ 148] and subsequent dis-
solution of the polymer template results in photonic crystals where
the alteration of high- and low-refractive index components is
ensured by the continuous MOF structure and regularly spaced air
gaps therein, respectively [ 149,150]. Similar behavior is observed in
stacked layers of well-formed and uniform MOF crystallites [151].

Another approach for the fabrication of photonic MOF-based
sensors, requires alternating layers of high- and low-refractive
index materials stacked on top of each other, to yield one-
dimensional photonic crystals or Bragg stacks. Although these
are not discrete nanoparticles imbedded within MOF crystals, but
rather superstructures that requires both nanoparticle and MOF
components localized in different layers, we will briefly discuss
such composites to highlight this emerging application. The Bragg
stack reflectivity can be enhanced by increasing the number of lay-
ers, or by the judicious choice of materials to increase the refractive
index contrast. Hinterholzinger et al. demonstrated Bragg stacks
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based on ZIF-8 and high-refractive index TiO; [152]. Two fabri-
cation methods were employed: (1) alternafing spin-coating of
nanoparticulate suspensions of both materials and (2) alternating
ZIF-8 growth and spin-coating of TiOy particles. While the for-
mer technique yields a high degree of textural mesoporosity in
both layer types, in addition to the ZIF-8 microporosity, the latter
method results in Bragg stacks featuring continuous ZIF-8 layers
(Fig. 10d). Alcohols too large to efficiently enter the ZIF-8 pores
triggerad small and large responses in the sensors obtained with
method 1 and 2, respectively. These Lests indicate that to enable
molecular sieving in a photonic crystal, continuous MOF [ilms are
perferred. Nevertheless, the particle spin-coating method remains
popular, mainly because of its simplicity and general applicability
[153,154]. For instance, Hu et al. demonstrated how Bragy stacks of
the flexible MIL-88B-NH3 and TiQz can be used for the determina-
tion of the EtOH content of aqueous solutions of the alcohol [153].
Ranft et al. showed how the response from three spin-coated MOF-
TiO; Bragg stacks with different adsorption preferences could be
combined ro generate a unique signature for each analyte and thus
enhance specificity in comparison to that of the individual sensors
[154].

The deposition of both the MOF layer and high-refractive index
component as continuous films provides the highest reflectivity
MOF-bhased Bragg stacks. Thus far only two cases of monolithic
MOF-based Bragg stacks have been demonstrated. Lu et al. showed
how metal sputtering in combination with the ZIF-8 [ilm growth
method led to one-dimensional photonic crystals |146,155]. The
Bragg stack with the highest refllectivity reported Lo date (ca 80%)
was created by Liu et al. by alternating the sputtering of indium tin
oxide (ITO) and the deposition of HKUST-1 layers via the step-by-
step protocol (Fig. 10e) [156].

(One potential issue with the practical implementation of pho-
tonic crystals is the angle-dependency of the observed color [155].
Cui et al. proposed an interesting approach to fabricate color shift
sensors exhibiting full angle independence that work similarly
to the three-dimensional photonic crystals discussed above [157]
(Fig. 10f),

Another exciting development is the demonstration by Ameloot
et al. of depositing metallic microstructures within single crystals
of a photoactive MOF material in a programmed fashion [148].
This method enables the fabrication of three-dimensional metal
dol arrays arranged in an arbitrary pattern within a MOT crystal
(Fiz. 10g), thus resulting in a regular arrangement of high- and
low-relractive index materials. Since the generation ol such arrays
is fully computer-controlled, fine-tuning the optical response for
photonic sensing applications should be straightforward.

5. NP@MOFs for sequestration and separation

The high and tunable porosity of MOFs eases the penetration,
accumulation, and separation of various species not only from
gas but also from liquid phase. Nanoparticles embedded inside
MOF structures can impart additional functionalities. For example,
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 a support that facilitate the separation
of organic compounds (Fig. 11).

5.1. Sequestration of pollutants

MOFs have shown great potential for the removal of carcino-
genic polyeyclic aromatic hydrocarbons (PAHs), heavy metals, pes-
ticides, dyes, radionucludes and other toxic chemicals [158-164].
Introducing additional functionality via magnetic nanoparti-
cles can be achieved by synthesizing magnetic framework
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Fig. 11. Schematic illusraton of metalfmetaloxide nanoparticles@MOF for pollu-
rant sequestrations and degradation. and separation.

composites (MFCs) [165]. There are two main advantages pro
vided by the magnelic particles. Firstly, they [acilitate positioning
the porous material using an external magnetic force. This can
have application to simple magnetic recovery in a batch reactor to
more precise localization in microfluidic devices. Secondly, mag-
netic nanoparticles afford a magneto-thermal effect when exposed
to an alternate magnetic field which can be exploited to release
wuests from the pores of the MFCs [ 166]. 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 con-
ditions, lies in the range of 3-5wt#% (e.g. 4% using Co nanoparticles
[139]).

The use of MFCs for the sequestration of polycyclic aromatic
hydrocarbons (PAHs) has been reported by Doherty et al. [ 167] and
Huo and Yan [168] in 2012, Yan demonstrated thar silica coated
magnetic iron oxide and MIL-101(Cr} could he mixed and used for
the elficient recovery (81-96%) ol six different PAHs rom water,
while Doherty el al. showed that cobalt and nickel [errites super
paramagnetic nanofibers directly embedded into MOF-5 crystals
alforded a 1.3 mmol g=! uptake of benz[alanthracene (Fiz. 12a). In
2013, the group of Maspoch [169] synthesized iron oxide embed-
ded in the copper based MOF HKUST-1 using a spray-drying
method. The resulting spherical magnetic framework composite
was used for capturing dibenzothiophene (DBT) from iso-octane
with a remarkable extraction capacity of 200gkg 1 (Fig. 12b).
Chen and co-workers [77] 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 water. This MOF composite yielded excellent recovery
(ahove 81%) of the PCRB, and it was also being able to reach a very
low limit of detection (down to 1.07 ng L. 1), suitable for harvesting
trace amounts of pollurant.

Asecond importantapplication inenvironmental remediationis
related to inorganic pollutants, such as heavy metals| 170,17 1]. This
is due to the environmental and health issues connected with the
contamination from, particularly Pb, Hg, Ni, Cr, and Cd. Addition
ally, the efficient sequestration of certain rare heavy metals such as
Ag, Ay, Pd, and Ptisof interest because of their high economic value.
Examples of MFCs exploited for the collection of dangerous heavy
metals have been reported by Sohrabietal. [ 172], Wang et al.[173],
and Taghizadeh et al. [174]. All these studies used modified silica-
coated, iron oxide nanoparticles embedded into HKUST-1. Sohrabi
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Fig. 12. (a) Change in molar percentage of benz[alanthracene during time due to
the uptake performed by CoFe;0;@MOF-5 composite (in the inset). Reproduced
from [167]; (b) Time dependence of the dibenzothiophene capture by Iron oxide
nanoparticle@HKUST-1 superstructure (in the inset) obtained by spray-drying.
Reproduced from [ 164].

explored the optimization of Cd(Il) and Pb(ll) ions uptake using
pyridine grafted on the surface of the magnetic particles, Excellent
extraction values of ca,190 mgg~! were reported. Wang et al, chose
post-functionalization of magnetite@HKUST-1 with dithizone as a
strategy for the sequestration of Ph(Il) obtaining a modest uptakes
of 1.67mgg~!. Based on a very similar system to Sohrabi [172],
Taghizadeh studied the uptake of Cd(l1l), Pb(Il), Ni(ll}, and Zn(II),
reported sequestration values between 98 (Ni)and 206 (Zn)ymg g 1.
The capture of high value heavy metals by MFCs has been can-
vassed in the work of Falcaro et al. [175] and Bagheri et al. [176].
In the first case, a composite based on a MOF made of two linkers
(terephthalic acid and 2-aminoterephthalic acid) and Co nanoparti-
cles was used to selectively harvest Ag(1) 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 was 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.
[176], the aforementioned pyridine functionalized iron oxide mag-
netic particles embedded into HKUST-1 were used to collect Pd
from water with a maximum absorption capacity of 105 mgg .

5.2. Uptake and degradation

A different strategy in environmental remediation is the con-
comitant removal and degradation of pollutants, particularly with
respect to 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.
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In 2013, Shen et al. [114] proposed a pioneering study that
described the simultaneous uptake and degradation of toxic
species, such as hexavalent chromium and model dyes, using
Pd@NH2-UiQ66. Inthis composite, small Pd nanoparticles (3-6 nm)
were homogeneously generated within the pores of a preformed
amino functionalized UiO-66 MOF. Under a 420 nm visible light
irradiation, this system was able to photo-catalytically reduce the
carcinogenic Cr(VI) to Cr{lll) within 90 min at a pH range of 1-5,
demonstrating superior performance when compared with bare
NH;-Ui066 and N-doped titania. More interestingly, the same sys-
tem was investigated toward the complete degradation of methyl
orange (MO) and methylene blue (MB). Here, the measured con-
version was modest when using either the dye (5% for MO and
38% for MB) or the Cr(VI) alone. However, this conversion drasti-
cally enhanced when the dye was added to the reaction system:
Cr(VI) reduction increased frem initial 70% to 79% in presence of
MO, and from 70% to nearly 100% in presence of MB, demonstrating
a beneficial synergistic effect.

Among the different active materials with degradation capabili-
ties, titania particles are extensively used as efficient photocatalytic
nanomaterials, especially for self-cleaning surfaces [177,178]. For
such purpose, Hu and co-workers [179] studied the TiO,@MIL-
101(Cr) composite, which was prepared by post-infiltration of
different amounts of tert-butyl titanate into the MOF cavities, The
resulting titania was then converted to the more photocatalyti-
caly 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 100W lamp at
365 nm. The composite with 14.5 wt% TiO; was found to be the most
efficient with ca. 80% of product destroyed within 200 min. Further-
more, 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 NP@MOF composite was reported by Cai's group [180]. In
this work, Fe-doped MOF-5 was prepared around pre-synthesized
60 nm Co30Q4 nanoparticles, using Fe(acac); as the source of iron
(Fig. 13a) [181]. The high porosity and open pore network of the
MOF structure enables fast molecule diffusion, thus rapidly con-
centrating the pollutant species (in this case, 4-chlorophenol) and
exposing it to the catalytic nanoparticles for its degradation. In
this case, the degradation was mediated by potassium peroxy-
monosulfate (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. 13b).

5.3. Stationary phases for separations

Due to their crystalline structure and high porosity, MOFs have
recently emerged as candidates for analytical and chromatographic
separations [182]. Separation by adsorption is more energy effi-
cient than distillation, but to date limited examples with acceptable
selectivity have beenreported [ 183]. Silicais the most common sta-
tionary 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 [8] introduced a sphere-
on-sphere (SOS) technique to immobilize small engineered 200 nm
silica nanospheres on 5.5 um silica microspheres, The SOS sys-
tem with carboxylic groups acted as scaffold for the subsequent
growth of HKUST-1 crystals, and the obtained SOS-COOH@HKUST-
1 composite (Fig. 14a and b) was packed in a high-performance
liquid chromatography (HPLC) column. The results indicated that
the composite was able to separate a mixture of toluene, ethylben-
zene and styrene using heptanes/dichloromethane 95:5, whereas
the neat SOS-COOH showed no separation properties (Fig. 14c and
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Fig. 13. (a) TEM image of yolk-shell Co304@Fe-MOF-5. The insels are closer obser-
vations of the composite; (b) Removal of 4-chlorophenol within 2,5 h for bare NPs
activated with Oxone (1), yolk-shell composite activated with Oxone (2), composite
alone (3}, hollow MOF with Oxone (4), solid core-shell composite with Oxone (5),
and Oxone only.

Re produced from ref. [180],

d). Moreover, the same composite was used, after dichloromethane
ortoluene pre-conditioning for 24 h, to successfully separate xylene
isomers using heptane as the mobile phase, Silvestre et al, [184]
used layer-by-layer epitaxy to grow HKUST-1 on magnetic silica
nanocubes, producing a magnetic framework composite with high
surface area (1150 m? g~1) after 200 coating cycles. The obtained
material was used for HPLC chromatography, showing an appre-
ciable, 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.

6. NP@MOFs for controlled release

Molecular delivery is an application of current interest in MOF
chemistry [185,186]. In contrast to gas storage and separation,
where the focus is to optimise the attractive forces between the
framework and guest, the possibility to control the molecular deliv-
ery of guests represents an additional challenge. The majority of
studies in this area describe the spontaneous release of molecules
from the pores [187-190]. This process is driven by the molecular
diffusion where, ultimately, the concentration of guest molecules
in the pores and external environment reaches equilibrium. This
strategy is most suitable for long-term drug release. However, if
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the release of guests can be triggered by an external stimulus
(Fig. 15), further opportunities would arise in more complex sys-
tems in cell biology or biomedicine. MOF composites seem to be
an effective platform for controlled drug release, Three strategies
for triggered release of molecules have been explored using MOF
composites: (1) Introduction of photo-switchable molecules into
the pore networks that gives rise to guest release upon irradia-
tion [191,192]; (2) Immobilization of target molecules into pore
surfaces via photo-labile moieties that undergo controlled photol-
ysis and release of the entrapped molecules [193,194]. We noted
that both of these strategies require the specific chemical modifi-
cations to the pores’ surface; and (3) Expleitation of metal/metal
oxide nanoparticles@MOFs nanoparticles where external stimuli,
such as a magnetic field or light, causes release of molecules by
localized heating, The advantage of this approach relies on the wide
variety of frameworks of different pore size and chemistry that can
be used to prepare these metal/metal oxide nanoparticles@MOF
composites.

Incorporating magnetic metal nanoparticles into MOFs is an
example of a metal/metal oxide nanoparticles@MOF compos-
ite designed for controlled molecular release [165]. In addition
to providing a mechanism for localised heating, the magnetic
nanoparticle facilitates spatial control of the composite via the
external magnetic field. To this end, Qiu and co-workers have
reported the synthesis of Fe;0,@HKUST-1 nanocomposites loaded
with nimesulide (NIM), a potential anticancer drug for pancre-
atic cancer treatment (Fig. 16a and b) [195]. This MOF composite
maintained its magnetic characteristics at 300 K, thus demonstrat-
ing its potential for use in biclogical systems, Furthermore, these
nanoscomposites could be positioned using a magnet in aqueous
solution as shown in Fig. 1Gc. The spontaneous release of NIM over
11 days was examined in physiological saline {aqueous NaCl solu-
tion) at 37 °C (Fig. 16d); however, controlled release of the drug via
an alternating magnetic field was not demonstrated. We note that
HKUST-1 is known to be water sensitive [196], hence the sponta-
neous release of NIM may be attributed to the decomposition of
HKUST-1.

A similar study was also reported by Li and co-workers using
v-Fe;03@MIL-53(Al). In this case, the measured residual mag-
netization of y-Fe,O4@MIL-53(Al) indicated that the vy-Fe,04
nanoparticles were superparamagnetic [197]. Here the sponta-
neous release of ibuprofen as a model drug over 7 days was
reported. However, the stability of this compaosite in physiologi-
cal saline solution was not assessed, Given the higher stability of
MIL-53(Al) in water [198] than in phosphate buffer saline, it can
be expected that the spontaneous release of the drug was regu-
lated by pore diffusion. Kaskel and co-workers further exploited
the properties of magnetic nanoparticles into MOFs by triggering
the release of molecules via induced magnetic heating (Fig. 17)
[16G]. In this experiment, y-Fe;05@HKUST-1 was suspended in
ethanol and, under a magnetic field strength of 1.7kAm ! at a
frequency of 183 kHz, a temperature increase from 23°C to 40°C
was measured in less than 10 minutes. A specific absorption rate
(SAR) for ibuprofen was determined to be 11.1Wg~!. Because
v-Fe»03@HKUST-1 showed temperature dependent release kinet-
ics of ibuprofen (passing from 4.4 %10 % mmols! at 20°C to
6.6 x 10-Smmols—! at 40°C), the high SAR value will effectively
contribute to the release of drugs induced by an external magnetic
field. Accordingly, real-time monitoring of drug release under an
external magnetic field should be investigated to fully evaluate the
potential of this system.

Gold nanorods (GNRs) are known to generate heat by absorp-
tion of near infrared light, the so-called photothermal conversion
effect [199]. Furukawa and co-workers demonstrated the synthesis
of core-shell type mesoscopic composites of GNR@[AI{OH)(1,4-
ndc)], from GNR@alumina via coordination replication (Fig. 18)
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Fig. 14. (a) SEM of SOS COOH@IKUST-1 particles; (b) back pressure vs flow rate measured for columns packed with SOS-COOH particles (empty circles) and SOS
COOH@HKUST-1 particles (black squares) using heptanes as mobile phase; (b) chromatogram showing that column packed with SOS-COOH particles was nol able to
separate a mixture of ethylbenzene and styrene; (¢) chromatogram obtained using column packed SOS-COOH@HKUST-1 particle in heptane/DCM 95:5 as mobile phase, for

the separation of toluene (1), ethylbenzene (2), and styrene (3).
Reproduced from ref. [8].

[13]. In this case, anthracene was selected as the model guest
specie as it can be easily monitored by fluorescence spectroscopy.
Interestingly, spontaneous release (i.e, leakage) of anthracene from
the pores was not observed in cyclohexane, However, molecular
release was confirmed under near infrared light (750 nm) irradia-
tion. Most of molecules (ca. 70%) were released from the pores of
[Al(OH)(1,4-ndc)], in 2 h. This work represents the highest level of
control achieved for the triggered release of molecules from metal
nanoparticles@MOFs.

As shown here, the hybridization of MOFs with metal nanopar-
ticles is a promising strategy for inducing molecular release via a

non-destructive external stimulus (magnetic field, near IR light).
However, there are still very few examples of metal nanoparti-
cles @M OFs for delivery applications and further proof-of-concept
model systems will be essential to a comprehensive understanding
of their chemistry and potential for real biological application. The
key elements that need to be addressed are the following: (1) care-
ful experimental design that directly monitors molecular release
under external stimuli; (2) development of physiologically stable
non-toxic MOFs; and (3) understanding the host-guest interactions
betweenthe MOFs and selected drugs, so that controlled release can
be realised without drug leakage.

* nimesulide

Fig. 15. Schematic illustration of controlled molecular release from metal/metal oxide nanoparticles@MOF. Thanks to the capability of magnetic iron oxide nanoparticles or
gold nanorods, which convert magnetic field or near IR into heat, respectively, the release of trapped molecules can be initiated by physical stimuli.
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Fig. 16. (a) SEM and (b) TEM images of Fe3O4@HKUST-1 composites. (¢) NIM loaded Fe;O4@HKUST- 1 composites attracted by a magnet. (d) Spontaneous release of NIM

from Fe;04@HKUST-1 in physiological saline solution at 37 °C.
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Fig. 17. (a) SEM image of g-Fe;O3;@HKUST-1 composites. (b) Fe304@HKUST-1
composites attracted by a magnet. (¢) Magnetic heating curve of 324 mg of g-
Fe,O3@HKUST-1 composites in 30 mL of ethanol at 183 kHz and a field strength
of 1.7kAm~', The arrows indicate the initial release rates for ibuprofen at 20 and
40°C, respectively.

Reproduced from ref. [ 166].

7. Future outlook

In this review we have shown how nanocomposites obtained
by the judicious combination of metal/metal oxide nanoparticles
with MOFs can be used as advanced materials for wide variety of
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Fig. 18. (aand b) TEM image of GNR@[AI(OH)(1,4-ndc)], composites. (¢) Evaluation
of anthracene release from GNR@[AI(OH)(1,4-ndc)], composites. The graph shows
liner plots for fluorescence intensity maxima of the released anthracene versus time
with (red) and without (black) light irradiation at 750 nm.

Reproduced from ref. [13].

applications including gas adsorption, separation, catalysts, molec-
ular sieve and repositionable sensors, environmental remediation,
and drug-delivery. Importantly, these nanocomposites are now
being explored for more sophisticated and emerging technologies
such as microfluidics where the nanocomposites can be used as
micro-carriers [175], photocatalysts for H, production [200], or
biomedical applications where ‘up-conversion’ properties can facil-
itate photoregulated drug release [201].
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Despite the amount of studies proposed in the literature, we
posit that we are at the early stage of this emerging research
field. We base this notion on the following: (1) the potential for
integrating sophisticated inorganic nano-systems with a variety
of properties including plasmonic, electro- and thermo-chromic,
up- and down-conversion properties into the composites; (2) the
ever and increasing number of MOFs possessing customized chem-
ical functionalities and tailored pore size and arrangement; (3)
the rapid progress in the preparation methods for nanoparticles
and MOFs that will further facilitate their integration; and (4)
the potential to engineer multicomponent nanocomposite sys-
tems that can incorporate multiple nanoparticles within different
MOFs systems. Finally, in order to fully realize the potential of
this area, a fundamental understanding of the mechanisms that
imbue the composites with their unique properties (e.g spill over
effect, heat transfer mechanisms, and energy gap modulation) must
be pursued. This will help to build a solid platform towards the
engineering of these exciting and novel materials for practical
applications.
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Synthesis, Culture Medium Stability, and In Vitro and In Vivo
Zebrafish Embryo Toxicity of Metal-Organic Framework

Nanoparticles
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Julia Lorenzo,”™ 9 Inhar Imaz,™ and Daniel Maspoch*® <!

(Abstract: Metal-organic frameworks (MOFs) are among the
most attractive porous materials available today. They have
garnered much attention for their potential utility in many
different areas such as gas storage, separation, catalysis, and
biomedicine. However, very little is known about the possi-
ble health or environmental risks of these materials. Here,
the results of toxicity studies on sixteen representative un-
coated MOF nanoparticles (nanoMOFs), which were assessed

for cytotoxicity to HepG2 and MCF7 cells in vitro, and for

8

%

toxicity to zebrafish embryos in vivo, are reported. Interest-
ingly, there is a strong correlation between their in vitro tox-
icity and their in vivo toxicity. NanoMOFs were ranked ac-
cording to their respective in vivo toxicity (in terms of the
amount and severity of phenotypic changes observed in the
treated zebrafish embryos), which varied widely. Altogether
these results show different levels of toxicity of these materi-
als; however, leaching of solubilized metal ions plays a main

role.
-

Introduction

Metal-organic frameworks (MOFs) are porous materials built
from the controlled crystallization of metal ions or higher nu-
clearity metal clusters with multifunctional organic ligands."
When assembled at the nanoscale, they are called nanoMOFs.
Analogously to other classes of nanoparticles, nanoMOFs show
size-dependent properties (e.g., different adsorption kinetics or
better dispersibility compared with their bulk analogues),"
which can be exploited in numerous practical applications, in-
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cluding traditional storage® and catalysis,*® and in newer
areas such as sensors,” functional membranes and thin-
films,®*? and in biomedical applications such as drug-deliv-
ery">"4 NO absorption,">'¥! and contrast agents.”® The ever-
increasing interest in nanoMOFs (and in their bulk analogues)
should ultimately lead to their widespread production and use.
However, little is known about the safety of these nanomateri-
als to humans and to the environment. Thus, before any nano-
MOF can be adopted for practical use, its Environmental
Health and Safety (EHS) profile must be determined.

Prior to the work we report here, other groups had already
explored the in vitro toxicity of certain bare nanoMOFs in cells.
In 2008, Lin et al. assayed the cytotoxicity of amorphous disuc-
cinato-cisplatin/Tb" nanoparticles (size: ca. 60 nm) to HT-29
human colon adenocarcinoma cells, observing no appreciable
cytotoxicity.'® Starting in 2010, Horcajada, Gref, Serre etal.
evaluated the in vitro toxicity of several Fe"-based nanoMOFs
(e.g., nanoMIL-53, nanoMIL-88, nanoMIL-100, and nanoMIL-
101; size: 90-200 nm) to various cell lines, including mouse
macrophage J774.A1, human leukemia (CCRF-CEM), human
multiple myeloma (RPMI-8226) and human cervical adenocarci-
noma (Hela) cells, and low cytotoxicities were generally
found."*'”*! Roughly in parallel, Junior et al. assayed nanoZIF-
8 (size: 200 nm) against three human cell lines (mucoepider-
moid carcinoma of lung [NCI-H292], colorectal adenocarcino-
ma [HT-29], and promyelocytic leukemia [HL-60]), and found
that at the highest tested concentration (109 um), it was not
cytotoxic to any of them."" However, Horcajada et al. recently
observed cytotoxicity of nanoZIF-8 (size: 90 nm) to Hela and
1774 cell lines, reporting ICs, values of 436 and 109 pm, respec-
tively."® They also reported that Zr'-based UiO-66 (size:
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100 nm) was more toxic, showing ICs, values of 239 {Hela) and
36 um (J774).

The aforementioned results were obtained from in vitro
studies only. Importantly, the only in vivo studies on nanoMOFs
reported to date were done in Wistar female rats.">?” In these
studies, the rats were given one of three Fe"-based nanoMOFs
{nanoMIL-88, nanoMIL-100, or nanoMIL-101) by intravenous in-
jection, and subsequently analyzed for various parameters
(e.g., serum, enzymatic, histological, etc.). The results revealed
a lack of severe acute or sub-acute toxicity.

In this communication, we report combined in vitro (HepG2
and MCF7 cells) and in vivo (zebrafish embryos) studies on the
toxicity of sixteen archetypical, uncoated nanoMOFs. As shown
in Figure 1, the selected nanoMOFs comprise: MIL-100
[Fe;0(H,0),Cl(btc),] (1; btc: 1,3,5-benzenetricarboxylic acid);?"
MIL-101  [Fe,CI(H,0),0(NH,-bdc),] (2; NH,-bdc: 2-aminoben-
zene-1,4-dicarboxylic acid);** MOF-5 [Zn,O(bdc),] (3; bdc: 1,4-
benzenedicarboxylic acid);*® and MOF-74 (also called CPO-27
family) [M,(dhbdc)] (4-9; M: Zn", Cu", Ni", Co", Mn", and Mg";
dhbdc: 2,5-dihydroxy-1,4-benzenedicarboxylic acid);?* ZIF-7
[Zn(Ph-im),] (10; Ph-im: benzylimidazole);* ZIF-8 [Zn{Me-im),]
(11; Me-im: 2-methylimidazole);*® Ui0-66 [Zr0,(OH),(bdc),]
(12); Ui0-66-NH, [Zr,0,(OH),(NHbdc)] (13);*  Ui0-67
[Zrs0,(OH),(bpdc)] (14; bpdc: biphenyl-4,4-dicarboxylic
acid); %! HKUST-1 [Cu,(btc),] (15);%” and NOTT-100 (also called
MOF-505) [Cu,(bptc)] (16; bptc: 3,3',5,5-biphenyl-tetracarboxyl-
ic acid).”?®
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We screened the nanoMOFs for cytotoxicity to the two
aforementioned cell lines {using standard in vitro methodolo-
gies), performed in vivo studies in zebrafish (as an in vivo
model appropriate for comparative studies on mammalian
biology), and finally the results from each study were com-
pared. Zebrafish is recognized by the National Institute of Envi-
ronmental Health Science (NIEHS, USA) and the Institute for
Environment and Sustainability (IES, Europe) as an excellent
system in which to study environmental toxicity,?* and is ac-
cepted by the National Institutes of Health (NIH, USA) as an al-
ternative model for exploring human diseases.?*" Further-
more, zebrafish embryo assays do not raise major ethical ques-
tions regarding vertebrate experimentation. Based on our re-
sults, we ranked the nanoMOFs according to their in vivo toxic-
ity (in terms of the amount and severity of phenotypic
changes in the treated zebrafish embryos). We found that this
ranking parallels the in vitro toxicity rankings for both cell
lines, and that the toxicity depends strongly on the solubility
of the nanoMOFs and on their subsequent release of metal
ions.

Results and Discussion

Synthesis and characterization of the nanoMOF library

We and other groups have previously reported several meth-
ods for synthesizing nanoMOFs.""*3 By using solvo- and

Figure 1. Representation of the crystal structures and corresponding TEM images of the synthesized nanoMOFs: a) nanoMIL-100; b) nanoMIL-101; c) nano-
HKUST-1; d) nanoNOTT-100; e) nanoZIF-7; f) nanoZIF-8; g) the nanoM-MOF-74 family (from left to right, M = Co, Ni, Mg, Cu, Mn and Zn); h) nanoUiO-66 (left)

and nanoUi0-66-NH, (right); i) nanoUiO-67; and j) nanoMOF-5.

Chem. Eur. J. 2015, 21, 2508-2518 www.chemeurj.org

2509

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

202




,@’* ChemPubSoc
et Europe

hydro-thermal reactions reported previously, we prepared the
following nanoMOFs: nanoMIL-100 (size: 143423 nm), nano-
MIL-101 (size: 170150 nm), nanoM-MOF-74s (M=2Zn"; size:
3549 nm; M=Cu", size: 2048 nm; M=Ni", size: 11138 nm;
M=Co", size: 112426 nm; M=Mn', size: 51=18 nm; M=Mg",
size: 122 =34 nm), nanolUi0-66 (size: 66 - 34 nm), nanoUiO-66-
NH, (size: 73 132 nm), and nanoUi0-67 (size: 180 L 30 nm). We
employed fast precipitation to prepare nanoZIF-8 (size: 80 L
15 nm) in water, nanoZIF-7 (size: 170 =20 nm) in N,N-dimethyl-
formamide (DMF), and nanoMOF-5 (size: 8534 nm) in DMF;
the latter, by slowly adding a base into the precursor solution.
Finally, we used our recently developed spray-drying tech-
nique®! to synthesize nanoHKUST-1 (size: 75428 nm) and
nanoNOTT-100 (size: 45418 nm). Details on all the syntheses
are provided in the Supporting Information.

Once synthesized, all the nanoMOFs were cleaned to
remove any impurities (including trace amounts of toxic sol-
vents from the syntheses), dried at 80°C overnight, and finally
redispersed in dimethyl sulfoxide (DMSO) to form stable col-
loids {concentrations: 25 to 100 mm) for the in vitro and in
vivo toxicity studies. Transmission electron microscopy (TEM;
Figure 1) and X-ray powder diffraction (XRPD) of the resulting
colloids demonstrated that all selected nanoMOFs were ob-
tained as homogeneous nanoscale crystals and that their XRPD
patterns were fully coincident with the simulated patterns cal-
culated from atomic coordinates (see Figure S1 in the Support-
ing Information). In addition, all colloidal dispersions were
characterized by dynamic light scattering (DLS) studies to con-
firm the crystal size measured from the TEM images, as well as
the homogeneity of each sample and the absence of any ag-
gregation of the nanocrystals in solution (see Figures S2 and
S3 in the Supporting Information).

Stability of the nanoMOFs in culture medium

The stability of all the nanoMOFs in the culture medium con-
taining 10% fetal bovine serum (FBS) was studied. Each nano-
MOF colloid was separately dispersed in the medium at a final
concentration of 10 mm, and then incubated at 37°C for 24 h.
The resulting solids were then collected by centrifugation,
dried, weighed, and finally characterized by XRPD.

The robustness of the crystal structure of each nanoMOF
was evaluated by comparing the initial and final XRPD spectra
(see Figure S4 in the Supporting Information). Furthermore,
the XRPD spectra were used to check for any other crystalline
species that might have formed in the event that the nano-
MOFs had degraded. Each supernatant was also characterized
by inductively coupled plasma-optical emission spectrometry
(ICP-OES) to estimate the amount of metal ion that had leaked
from the nanoMOF and dissolved into the culture medium.
Table 1 shows all the values extracted from this study. These
data clearly indicate that all the nanoMOFs were at least par-
tially soluble in the culture medium, although the degree of
solubility varied widely by structure. The data also reveal that
some of the nanoMOFs had become amorphous in the culture
medium, having undergone structural rearrangements and/or
reactions that generated new inorganic species.

Chem. Eur. J. 2015, 21, 2508-2518 www.chemeurj.org
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Table 1. NanoMOFs classified according to their degradation in the cul-
ture medium containing 10% fetal bovine serum (FBS).
nanoMOF  [M,] [uM]™ Deg, XRPD analysis
[%]")

Uio-67 2156163 03100 amorphous
MIL-100 316.2+46.1 1.1+02 stable
MIL-101 31041901 11403  amorphous
Ui0-66 1099.8+1053 1.8+0.2 stable
UiO-66-NH, 1567.5+183.1 26+03  stable
ZIF-7 44851234 45102  stable
MOF-5 31086+634.1 78416 new crystalline species
Mn-MOF-74 265141736 133104 loss of crystallinity;

new crystalline species

(MnCO5)
Co-MOF-74  3258.1+588 16.24+03 loss of crystallinity
ZIF-8 19162+754 19.1+08  stable
Zn-MOF-74 544261 130.6 272105  stable
HKUST-1 9168.6+137.5 30.3+0.5 loss of crystallinity
Ni-MOF-74 7014341749 35.1+£09 stable
NOTT-100 7967.5+152.8 39.4+0.8 loss of crystallinity
Cu-MOF-74  9556.8+689.9 47.94+34  loss of crystallinity
Mg-MOF-74 12573.7+£273.9 629114  loss of crystallinity
[a] The concentration of the corresponding metal ions solubilized after
the incubation of each nanoMOF at 37°C for 24 h was determined by
ICP-OES. [b] The minimum percentage of degradation (deg,,,(%)) was cal-
culated as follows: deg,,;, (%)= (IM,J-V-S)/nyoe; where V is the volume of
DMEM, S is the stoichiometric ratio of nanoMOF to metal ion, and Ny is
the number of moles of initial nanoMOF.

The most soluble nanoMOF in the culture medium was
nanoMg-MOF-74 (12573 +274 um Mg';; which corresponds to
62.9% of its constituent Mg"y), and the least soluble, nanoUiO-
67 (2166 um Zr",; which corresponds to 0.3% of its constitu-
ent Zr")). Despite their vastly different levels of solubility, they
each lost crystallinity and became amorphous upon contact
with the culture medium.

NanoZIF-7 was poorly soluble in culture medium (449+
23 um dissolved Zn'; ions, corresponding to 4.5% of its constit-
uent Zn"), whereas nanoZIF-8 was more soluble, showing
a leakage of 1916 .75 um Zn"; (19.1% of its constituent Zn").
Interestingly, after incubation of each one in the culture
medium, their respective crystal structures remained unaltered.
NanoUiO-66 and nanoUiO-66-NH, were also very stable (see
Figure S4), having released only 11001105 um Zr", (1.8% of
the constituent Zr¥) and 1568 =183 um of Zr", (2.6% of the
constituent Zr'y, respectively. In the case of nanoMIL-100 and
nanoMIL-101, the concentrations of dissolved Fe" ions were
only 31646 pum Fe"; (1.1% of the constituent Fe") and 310+
90 um (1.1% of the constituent Fe"), respectively. Although
upon incubation both compounds became amorphous, upon
subsequent exposure to ethanol, nanoMIL-100 recovered its
crystallinity, which confirmed the robustness of its framework
(see Figure S4).

The two Cu'-based nanoMOFs (nanoHKUST-1 and nano-
NOTT-100) were relatively soluble, releasing 9169+ 138 um
Cu'"; (30.3% of its constituent Cu') and 79684153 um Cu';
(39.4% of its constituent Cu"). This degradation was clearly ac-
companied by a loss of crystallinity, which, in the XRPD pat-
terns, is evidenced by the disappearance of most of the char-
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acteristic peaks. Similarly, the nanoM-MOF-74 family exhibited
moderate to high solubility: nanoCu-MOF-74 released 9557 +
690 um Cu'; (47.9% of its constituent Cu'); nanoNi-MOF-74,
7014175 um Ni'; (35.1% of its constituent Ni'); nanozn-
MOF-74, 5443 £131 um Zn'; (27.2% of its constituent Zn");
nanoCo-MOF-74, 3258 159 um Co”s (16.2% of its constituent
Co"); and nanoMn-MOF-74, 2651 L74 um Mn'"; (13.3% of its
constituent Mn"). Upon incubation in the culture medium, all
of these nanoMOFs suffered a loss of crystallinity, with nanoCu-
MOF-74, nanoCoMOF-74, and nanoMnMOF-74 exhibiting the
greatest loss.

We would like to note that the proportion of metal ion (rela-
tive to the constituent amount of the tested nanoMOF) found
in solution cannot always be directly related to the degrada-
tion of the nanoMOF. This is because degradation sometimes
leads to formation of new, insoluble species. In our study, such
species—provided that they were crystalline—were detectable
by XPRD. Such was the case with nanoMn-MOF-74, the XPRD
spectrum of which after incubation in culture medium indicat-
ed the formation of MnCO; (see Figure S5 in the Supporting In-
formation). The formation of MnCO; was further studied by an-
alyzing the powder resulting from the incubation, which con-
firmed the generation of new ({rod-like) particles (see Fig-
ure S5). Electron-diffraction analysis {by TEM) of one of these
particles revealed a diffraction that was pattern identical to
that expected for MnCO; (see Figure S5). Formation of new
species was also observed in the XRPD patterns for nanoCo-
MOF-74, nanoMg-MOF-74, and nanoMOF-5. Unfortunately, in
those cases, the new species could not be identified. Nano-
MOF-5 released 31082634 um Zn". (7.8% of its constituent
Zn"), but its XRPD spectrum revealed the formation of a new,
insoluble crystalline species, and lacked the characteristic peak
of nanoMOF-5 itself (see Figure S4).

Given the above findings, we reasoned that the percentage
of solubilized metal ions relative to the constituent amount of
the tested nanoMOF represents the minimum percentage of
degradation, because the ions might have further reacted to
form insoluble species in the culture medium. Here, we would
like to mention that four of the most structurally robust nano-
MOFs (nanoMIL-100, nanoMIL-101, nanoUiO-66, and nanoUiO-
66-NH,) actually underwent greater degradation in culture
medium than that detected by analyzing the solubilized metal
ions. In these cases, the weight-loss values {calculated by com-
paring the post- and pre-weight values, and expressed as a per-
centage) were much higher than were the corresponding
values for relative percentage of solubilized metal ions: 25.8 +
2.5% for nanoMIL-100 (1.1%); 10.3+4.1% for nanoMIL-101
(1.1%); 14.7 =0.3% for nanoVUiO-66 (1.8%); and 10.1 +0.8% for
nanoUiO-66-NH, (2.6%). We have tentatively attributed these
differences to insoluble, amorphous metal-containing species
resulting from the reaction of the released metal ions in the
cell culture media. In fact, this phenomenon has previously
been observed for Zn" metal ions in cell culture media: for in-
stance, ZnO nanoparticles have been reported to release zn"
into cell culture media or serum, which then rapidly reacts to
form a poorly soluble, amorphous nanostructured Zn"-carbon-
ate-phosphate precipitate.?>3¢
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In vitro cytotoxicity of the nanoMOF components

The cytotoxicity of each organic ligand and each metal ion (as
a chloride salt; except for MgSQ,) used to build the nanoMOFs
was individually evaluated in HepG2 cells, using the XTT assay.
The cells were exposed to a single organic ligand or metal salt
at doses ranging from 1 to 200 pm for 24 h (see Figure S6 and
S7). None of the organic ligands showed any significant cyto-
toxicity, even at the highest dose, nor did the Co", Ni", zn", zr"
or Mg" salts: cell viabilities were greater than 75% in all cases.
In contrast, the Cu" and Mn" salts exhibited high cytotoxicity,
even at low doses (5 to 10 pm); and Fe" showed moderate to
high cytotoxicity from 25 to 200 um, respectively.

In vitro cytotoxicity of the nanoMOFs

The effect of each nanoMOF on cell viability was tested in
HepG2 cells and in MCF7 cells using the XTT assay, at doses
ranging from 25 to 200 um, for 24 h and 72 h. Firstly, prior to
the assay, the DMSO colloid of a given nanoMOF was mixed
with the cell culture medium. We would like to mention that
the formation and use of these colloids is an intermediate but
necessary step for minimizing any possible aggregation of
nanoMOFs in the cell-culture medium. However, despite this
step, many of the nanoMOFs still gradually agglomerated in
both media, forming soft agglomerates. Thus, under these con-
ditions, we were unable to differentiate between toxicity aris-
ing from single nanocrystals of each nanoMOF and toxicity
arising from their corresponding agglomerates.

For most of the nanoMOFs, their respective cytotoxicity de-
pended on the cell type and on the concentration (see
Figure 2 and Figure S8 in the Supporting Information). Interest-
ingly, some of the nanoMOFs (Co-MOF-74, Mg-MOF-74, UiO-66,
and UiO-67) showed little or no cytotoxicity, even at the high-
est dose (200 pm). Within the nanoMOF-74 family, the cytotox-
icity of each member varied according to the metal compo-
nent (Figure 2): those containing Co, Ni or Mg showed no
marked cytotoxicity to either of the cell lines after 24 h of incu-
bation, whereas those containing Cu, Mn or Zn showed high
levels of cytotoxicity at the highest dose (200 um). The viability
levels observed in the cells exposed to the latter were 20.9 L
2.7% (HepG2) and 38.2+:0.3% (MCF7) for nanoCu-MOF-74;
18.323.0% (HepG2) and 32.4=3.8% (MCF7) for nanoMn-MOF-
74; and 388+3.6% (HepG2) and 57.6+0.6% (MCF7) for
nanoZn-MOF-74. These results were generally consistent with
those observed at 72 h (see Figure S8), although some differ-
ences were identified. For example, the cytotoxicity of nanoNi-
MOF-74 to MCF7 cells was higher after 72 h, whereas that of
nanoCu-MOF-74 to the same cells, and that of nanoZn-MOF-74
to HepG2 cells, were each lower after 72 h. NanoMIL-100 and
-101 showed little or moderate toxicity to each cell line after
24 and 72 h. However, at its highest dose (200 um) and 24 h in-
cubation, nanoMIL-100 provoked a substantial decrease
(53.2+£1.0%) in the viability of the HepG2 cells. After 72 h,
nanoMIL-101 also led to a decrease in the viability (41.8L
7.3%) of HepG2 cells. None of the nanoUiO MOFs exhibited
substantial cytotoxicity at either incubation time, except for
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Figure 2. In vitro cytotoxicity of nanoMOFs to human cells. Cell viability of MCF7 or HepG2 cells after 24 h incubation with a single nanoMOF at one of vari-
ous concentrations (25 to 200 um). Untreated cells were used as controls (marked as C). Data represent the mean =+ standard error of the mean (SEM) of three
independent experiments. Significant differences from the control are marked accordingly (p < 0.05, ®p < 0.01, *p < 0.005).

nanoUiO-66-NH,: at the highest dose (200 um) and 24 h incu-
bation, this material showed moderate cytotoxicity to HepG2
cells (47.2£9.4% viability). The results for the nanoZIF family
of MOFs varied widely: nanoZIF-7 was not cytotoxic to the
HepG2 cells and moderately cytotoxic to the MCF7 cells,
whereas nanoZIF-8 was highly cytotoxic to both. Both nano-
HKUST-1 and nanoNOTT-100 were highly cytotoxic to both cell
lines at both incubation times: for example, at 200 um and
24 h incubation, nanoHKUST-1 was highly toxic to HepG2 cells
(17.4+0.5% viability). The only exception was nanoNOTT-100
at 200 um after 24 h incubation in MCF7 cells (94.2+4.0% via-
bility). Lastly, at 200 um and 24 or 72 h incubation time, nano-
MOF-5 was highly cytotoxic to both cell lines.

The toxicity of nanomaterials is widely accepted to derive
from their chemical composition, through mechanisms such as
dissolution and consequent release of toxic components (e.g.,
metal ions) or generation of reactive oxygen species, and/or to
stress or stimuli caused by their surface reactivity, their size

Chem. Eur. J. 2015, 21, 2508-2518 www.chemeurj.org

2512

and/or their shape.”” Although distinguishing between these
mechanisms is not trivial, our results indicate that the toxicity
of nanoMOF crystals is at strongly related to their solubility
and, therefore, to the release of solubilized (toxic) metal ions.

The solubility tests on the sixteen nanoMOFs confirmed that
they are all at least partially soluble in cell culture media and
show minimum percentage of degradation in solution, ranging
from 0.3% (nanoUi0-67) to 62.9% (nanoMg-MOF-74). This deg-
radation induces the release of their constituent metal ions
and organic ligands into the media.

Given that free metal ions, rather than free organic ligands,
have previously been imputed as the toxic agents in MOFs, ™
we focused our attention on the metal ions solubilized in the
media. Indeed, we found that the most cytotoxic nanoMOFs in
our assays were those that released sufficiently high amounts
of soluble metal ions known to be moderately or highly cyto-
toxic in their free form (e.g., Cu", Mn", and Fe"). For example,
nanoCu-MOF-74, nanoHKUST-1, and nanoNOTT-100, all of
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which are built from Cu" ions, were highly soluble and toxic in
our tests. We believe that this toxicity, similarly to that ob-
served with other soluble nanomaterials,***% might be attrib-
uted to the release and subsequent cellular uptake of Cu" ions.
For example, nanoCu-MOF-74 was highly cytotoxic and pro-
voked a rapid toxic effect: at nanoCu-MOF-74 concentrations
of 50 and 100 um, and 24 h of incubation, the viability of treat-
ed HepG2 cells had decreased to approximately 40 and ap-
proximately 30%, respectively. This result is consistent with our
cytotoxicity studies on free Cu" ions (see Figure S6): for exam-
ple, at a Cu", concentration of 50 um and 24 h of incubation,
the viability of treated HepG2 cells had dropped to 23.9%. As-
suming a similar rate of release of Cu', over the entire range of
concentrations, this viability value for Cu" alone corresponds to
approximately 50 pm of nanoCu-MOF-74 (47.9 % of constituent
Cu'", lost; 38.7% cell viability for the same incubation time), ap-
proximately 55 pm of nanoHKUST-1 (30.3% of constituent Cu'",
lost; cell viability: < 60%) and approximately 63 um of nano-
NOTT-100 (39.4% of constituent Cu", lost; cell viability: < 60%)
(see Figure 2). We observed a similar correlation between the
cytotoxicity of free metal ions and the corresponding nano-
MOFs in our studies on free Mn" ions and on nanoMn-MOF-74.
At the lowest concentration (25 um) and 24 h of incubation,
this nanoMOF caused the viability of HepG2 cells to decrease
to 49.9%. At this concentration, a release of approximately
3 um Mn' (13.3% of the constituent Mn") would be expected,
which would correlated to cell viabilities of between 30 and
70 %.

Unlike the aforementioned cases, the nanoMOFs that release
significant amounts of soluble metal ions, but whose free con-
stituent metal ion did not show cytotoxicity in the free form at
the working concentrations [Co", Ni', or Mg"], showed little or
no toxicity. These include nanoMg-MOF-74, nanoCo-MOF-74,
and nanoNi-MOF-74. Similarly, those nanoMOFs that do not re-
lease significant amounts of soluble metal ions showed low cy-
totoxicity. These include nanoMIL-100, nanoMIL-101, nanoUiO-
66, nanoUi0-66-NH,, nanoUiO-67, and nanoZIF-7. The only ex-
ceptions to this trend were three of the Zn"-based nanoMOFs:
nanoZn-MOF-74, nanoZIF-8, and nanoMOF-5. In all three cases,
we expected the concentration of Zn's ions released from the
nanoMOF to be lower than the maximum working concentra-
tion of 200 um (at which free Zn" ions did not show any signifi-
cant cytotoxicity; in fact, the in vitro toxic concentration of Zn"
ions has been reported to be ca. 400 pm).*" However, all three
nanoMOFs caused high cytotoxicity at 200 um. Interestingly,
these results are consistent with recent studies on nanolRMOF-
3 that showed cytotoxicity to PC12 cells; in that study, cell via-
bility was approximately 55% at 122 um and <20% at
488 um.*? They are also consistent with findings from studies
on ZnO or Zn nanoparticles, the toxicity of which could not be
imputed solely to their release of Zn" ions into solution.” In
fact, several authors have suggested that Zn nanoparticles
might generate reactive oxygen species that induce oxidative
stressP>#-4l or that exhibit body burden or size effects; any of
these factors might have contributed to the cytotoxicity that
we observed in the Zn"-based nanoMOFs.
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In vivo toxicity in zebrafish embryos

We then evaluated the in vivo toxicity of nine of the sixteen
nanoMOFs in zebrafish (Danio rerio) embryo, and subsequently
compared the results to those corresponding to the in vitro
assays. Zebrafish embryos have been used extensively to assay
the in vivo toxicity of nanoparticles because they are compara-
ble to mammalian systems and amenable to medium-to-high-
throughput screening.*’-*! Zebrafish embryos exposed to dif-
ferent concentrations (1 to 200 pm) of a suspension of a single
nanoMOF were assessed for several toxicity parameters every
24 h until 120 h post-fertilization (hpf): these include mortality,
hatching rate, and appearance of abnormal phenotypes (e.g.,
low pigmentation, pericardial/yolk-sac edema, delayed devel-
opment, bent spine, etc.).

We chose nine nanoMOFs for in vivo evaluation to represent
a wide spectrum of cytotoxicity from the in vitro assays, includ-
ing nontoxic or barely cytotoxic (nanoUiO-66, nanoUiO-67, and
nanoCo-MOF-74, and nanoMg-MOF-74), moderately cytotoxic
(nanoZIF-7, nanoMIL-100, and nanoMIL-101), and highly cyto-
toxic (nanoZIF-8 and nanoHKUST-1). To rule out any effects
provoked by the 0.5% DMSO present in the three nanoMOF
suspensions (1 pm, 20 pm and 200 pum), we also assessed its
toxicity. At a final concentration of 0.5% in E3 medium, DMSO
was found to have no visible effects on normal larvae develop-
ment after 120 h exposure: no differences in survival rate,
hatching rate, or phenotype were observed between the
DMSO-treated group of larvae and the negative (untreated)
control group.

Figure 3a shows the cumulative mortality of embryos from
the assays. We found that at 120 h post fertilization (hpf), the
vast majority of nanoMOFs had not altered embryo viability.
Hence, the viabilities of the embryos exposed to nanoCo-MOF-
74, nanoMg-MOF-74, nanoUiO-66, nanoUiO-67, nanoMIL-100,
and nanoMIL-101 were not significantly different to those of
the control (DMSO-treated) group. In contrast, nanoZIF-7,
nanoZIF-8, and nanoHKUST-1 provoked significant decreases in
embryo survival (Figure 3 and $9). NanoZIF-7 was slightly toxic
at 200 um {(embryo viability at 120 hpf: 79.2%); nanoZIF-8 was
more toxic at the same concentration (embryo viability at
120 hpf: 33.3%); and nanoHKUST-1 was extremely toxic at this
concentration (viability: 0%); in fact, even at 20 pm nano-
HKUST-1, none of the embryos treated with this nanoMOF had
survived by 48 hpf (viability: 0%).

We quantified the hatching rate of the embryos in the nano-
MOF-treated group and the control group. As shown in Fig-
ure 3b and ¢, some of the nanoMOF-treated group exhibited
a significant concentration-dependent hatching delay. Many
previous studies have reported that fish embryos exposed to
nanoparticles exhibit delayed hatching,“>**" although wheth-
er this delay is caused by the whole nanoparticles themselves
or by their released constituent materials remains un-
known.*>* Some researchers have proposed that the delay
might be caused by interactions between the nanoparticles
and the zebrafish hatching enzyme, which is crucial for digest-
ing the inner layer of the chorion (the membrane surrounding
the embryo) %34
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Figure 3. In vivo toxicity of nanoMOFs to zebrafish embryos. a) Cumulative survival of zebrafish larvae at 120 h post-fertilization (hpf) after exposure to
a single nanoMOF at one of three concentrations (1, 20, or 200 um). b) Concentration-dependent (1, 20, or 200 um) effects of nanoMOFs on the hatching
rates of zebrafish embryos at 120 hpf. ¢) Quantification of hatching rates (%) at 50 and 72 hpf.

When incubated under normal conditions, control embryos
hatched from their chorion between 48 and 72 hpf (Figure 3 ¢),
exhibiting slightly accelerated hatching, similar to an effect
that has been previously reported.”” However, the embryos in-
cubated with nanoZIF-7 or nanoHKUST-1 hatched significantly
later than did the control embryos (Figure 3b and ¢, and Fig-
ure S10 in the Supporting Information), and of these two treat-
ed groups, only the nanoZIF-7 group reached 100% hatching
rate. In the case of nanoHKUST-1, the hatching delay was only
quantified at a nanoHKUST-1 dose of 1 pm, because no em-
bryos survived at the higher doses. Interestingly, embryos ex-
posed to the highest dose (200 um) of nanoZIF-8 or nanoMIL-
101 did not hatch at all by 120 hpf. It is important to mention
here that nanoZIF-8 has an effect on the survival at this high-
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est dose (200 pm). No significant hatching delay was observed
in the groups exposed to nanoCo-MOF-74, nanoMg-MOF-74,
nanoUi0-66, nanoUiO-67, or nanoMIL-100.

To further characterize the in vivo toxicity of nanoMOFs, we
also quantified the morphological defects observed on the
treated embryos after they had hatched (Figure 4 and Fig-
ure S11 in the Supporting Information). No significant malfor-
mations were found in the embryos that had been exposed to
nanoMg-MOF-74; significant levels of yolk sac edema were
found in the nanoCo-MOF-74, nanoUi0O-66, nanoUi0-67, and
nanoZIF-7 groups; concentration-dependent yolk sac edemas
and significant pericardial edema was found in the nanoMIL-
100 group. No further putative morphological defects could be
detected in the groups exposed to 200 pm of nanoZIF-8 or

@© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Malformations in zebrafish embryos that had been exposed to nanoMOFs. Representative images of embryos were taken after continuous exposure
to nanoMOFs (72 hpf). The malformations were imaged and quantified. Significant differences from the control are marked accordingly (**p < 0.01,

#4402 0,005).

nanoMIL-101, due to their inability to hatch, although some
morphological malformations were observed in the groups ex-
posed to lower doses of nanoZIF-8 (pericardial edema, yolk-sac
edema and bent spine) or nanoMIL-101 {yolk sac edema) (see
Figure S11). Interestingly, significant levels of pericardial
edema, yolk-sac edema, and bent spine were observed in the
group that had been exposed to nanoHKUST-1 at the low dose
of 1 um; however, the malformations in the groups exposed to
higher doses were not characterized because none of the em-
bryos had survived.

Ranking of the in vivo toxicity of nanoMOFs

To compare the in vivo toxicity of the nine studied nanoMOFs,
we quantified their in vivo effects on the zebrafish embryos
using a scoring system that was first described by Peterson
et al.*®* and subsequently modified by Nel et al.*” Thus, we

scored the amount and severity of the phenotypic changes, on
a scale from 0 to 4, whereby O=normal phenotype; 1=
a minor phenotypic change; 2=multiple moderate alterations;
3=severe embryo deformation; and 4=no survival (see
Table 2). The nanoMOFs scored as follows: 0 (nanoMg-MOF-
74); 1 (nanoCo-MOF-74, nanolUi0-66, and nanoUi0-67); 2
(nanoMIL-100 and nanoZIF-7); 3 {nanoZIF-8 and nanoMIL-101);
and 4 (nanoHKUST-1).

Comparison of the in vitro toxicity and the in vivo toxicity
results for the nanoMOFs

We found a strong correlation between the in vitro toxicity re-
sults and the in vivo toxicity results for the nine nanoMOFs
that were tested in both assays (Table 3). The only deviation
from this trend was that observed for nanoMIL-101, which was

2009™),

Score Attributes nanoMOF

Table 2. Ranking of nanoMOFs by in vivo toxicity, according to a semiquantitative scoring system (adapted from Nel et al., 2011“”; and Furgeson et al.,

Morphological defects Physiological defects

0 no morphological or physiological defects nanoMg-MOF-74
1 single morphological/physiological defect nanoCo-MOF-74, nanoUiO-66 and yolk sac edema
nanoUiO-67

2 multiple morphological and physiological de- nanoMIL-100 and nanoZIF-7 pericardial and yolk sac edema, mortality, reduced hatch-
fects bent spine ing rate

3 severe multiple morphological and physio-  nanoMIL-101 and nanoZIF-8 pericardial and yolk sac edema, mortality, embryos failed
logical defects bent spine to hatch

4 embryos do not survive nanoHKUST-1 disintegrated embryo
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Table 3. Qualitative comparison between the in vitro and in vivo toxicity of the nanoMOFs studied in both
assays. A carefully weighed sample of
Ersdadh Tyt i each nanoMOF was separately dis-
t;:ici F Ve Ratvg persed in 10 mL of DMEM medium
Y with 10% FBS to achieve a final
B nanoMg-MOF-74, nanoCoMOF-74, nanoUiO-66 and (0) narioMg-MOF:-74 ) concentration of 10 mm. Each mix-
+ nanoUio-67 S?OHZI;OCOMOF-WL, nanoUi0-66 and nano- ture was incubated at 37°C for
ak 24 h with gentle stirring, and then
++ nanoMIL-100, nanoZIF-7 and nanoMIL-101 (2) nanoMIL-100 and nanoZIF-7 . .
centrifuged for 5 min at
+++ nanoZIF-8 (3) nanoZIF-8 and nanoMIL-101
b+ 4+ nanoHKUST-1 (4) nanoHKUST-1 10000 rpm (Alegra 64R, Beckman
Coulter). Each supernatant was

more toxic to zebrafish embryos (adverse effect on hatching)
than it was to HepG2 or MCF7 cells.

Conclusion

We have assessed the in vitro toxicity and in vivo toxicity of
a series of representative, uncoated, nanoscale metal-organic
frameworks (nanoMOFs). We first screened sixteen nanoMOFs
against two human cell lines (HepG2 and MCF7), and then
screened a diverse set of nine of these nanoMOFs in zebrafish
embryos. We found a strong correlation between the in vitro
toxicity results and the in vivo toxicity results, with nanoMg-
MOF-74 being the least toxic in both assays. The only excep-
tion to this trend was nanoMIL-101, which was more toxic to
embryos than to cell cultures. Our findings suggest that degra-
dation of nanoMOFs in solution generates metal ions that
strongly determine the toxicity of these nanomaterials. Howev-
er, other factors might also influence the toxicity of nanoMOFs,
including the formation of other species upon degradation, or
certain crystal parameters {e.g., size, shape, charge, etc). We
affirm that more studies on the possible environmental and
health risks of nanoMOFs must be performed before these
new nanomaterials can be exploited for practical use.

Experimental Section
Materials

All reagents and solvents used in the nanoMOF syntheses were
purchased from Sigma-Aldrich and Romil, respectively, and were
used without any further purification.

NanoMOF synthesis

The nanoMOFs were prepared by using modified versions of re-
ported methods."****' The general procedures are detailed in the
Supporting Information.

NanoMOF characterization

We characterized the synthesized nanoMOFs by XRPD, to deter-
mine their purity, and by transmission electron microscopy (TEM),
field-emission scanning electron microscopy (FESEM) and dynamic
light scattering (DLS), to determine their size distribution.
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characterized by ICP-OES with an

Optima 4300DV unit {Perkin-Elmer)
to determine the amount of solubilized metal ions. In parallel, each
pellet was washed with 10 mL of deionized water to remove buffer
salts, and then centrifuged. This process was repeated with metha-
nol, and the resulting solids were dried in an oven at 90°C over-
night, weighed and finally, characterized by XRPD. All the experi-
ments were performed in triplicate.

Evaluation of the in vitro toxicity of the nanoMOFs and
their constituent components to HepG2 and MCF7 cells

Human hepatocyte (HepG2) and breast cancer (MCF7) cell lines
were separately incubated with a single nanoMOF, and then the ef-
fects of the nanoMOFs on cell viability were assessed by using the
XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-car-
boxanilide) cell viability assay®” after 24 and 72 h incubation time.
The cells were cultured in either DMEM (Dulbecco’s modified
Eagle’s medium, Invitrogen; for HepG2 cells) or DMEM F12 (for
MCF7 cells), containing GlutaMax 1 and supplemented with 10%
(v/v) heat-inactivated fetal bovine serum (FBS) (Invitrogen) at 37°C,
5% CO, and 95% humidity. The cells were seeded into 96-well
plates (cell density: 40x10° cells/well), incubated for 24 h, and
then exposed to fresh medium containing a DMSO suspension of
the desired nanoMOF (concentrations: 25 to 200 um). At 24 and
72 h incubation, aliquots of 20 uL of XTT solution were added to
each well, and the resulting color was quantified (A —450 nm) in
a spectrophotometric plate-reader (PerkinElmer Victor3V). Cell via-
bility was expressed as a percentage of the control level. All the
measurements were performed in triplicate, in three independent
experiments. The same procedure was employed to separately
evaluate the cytotoxicity of each nanoMOF component {metal salt
or organic ligand) to HepG2 cells, except at a concentration range
from 1 to 200 pm and at 24 h incubation time. Differences among
the data were analyzed by using one-way ANOVA, followed by
Tukey's post test (p <0.001).

Exposure of zebrafish embryos to nanoMOFs

Adult zebrafish (Danio rerio) were maintained in tanks with recircu-
lating water under a 14 h light/10 h dark cycle at 28°C. Male and
female zebrafish were set up in pairs for breeding in breeding
tanks. A grid insert in the tanks enabled the resulting embryos to
fall to the bottom, avoiding parental predation. The embryos were
collected in E3 medium (5 mm NaCl, 0.177 mm KCl, 0.33 mm CaCl,,
0.33mm MgSO, and 0.1% Methylene Blue), rinsed carefully to
remove debris, and kept at 28°C in an incubator. The embryos
were visually assessed with a microscope (Olympus, CKX31, Japan)
for viability and developmental stage, and the selected healthy
specimens were plated into 96-well plates at 1 embryo/well. Start-
ing at 5 h post-fertilization, the embryos were exposed to 200 uL/
well of a solution of a single nanoMOF at different concentrations
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(1, 20, and 200 um; final concentration of DMSO in E3 medium:
0.5%), or to a DMSO control solution (0.5% DMSO in E3 medium),
or to E3 medium alone (negative control). The embryos were as-
sessed for hatching rate, cumulative mortality and malformations

at 24, 48, 72, 96, and 120 hpf. Screening for morphological defects (el

included the assessment of abnormally developed eyes; lack of 171

somite formation; delayed development; pericardial edema; yolk-

sac edema; irregular pigmentation; tail malformation; and/or

a bent spine. The most frequently found malformations (pericardial (18]

edema, yolk-sac edema, and bent spine), were quantified. Embryos

with abnormal morphologies were anaesthetized with ethyl 3-ami- 19

nobenzoate methanesulfonate (160 ppm MS-222, Sigma), trans-

ferred onto microscope slides, and then photographed in a Leica 1201

Stereomicroscope MZ FLIIl. Each condition was tested in 24 individ- 211

uals. All experimental procedures were submitted to the Ethical

Committee of the Universitat Autdbnoma de Barcelona, and the (53

procedures follow the International Guiding Principles for Research

Involving Animals. [23]
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Continuous One-Step Synthesis of Porous M-XF,-Based Metal-
Organic and Hydrogen-Bonded Frameworks

Vincent Guillerm,” Luis Garzén-Tovar,® Amirali Yazdi,”® Inhar Imaz, Jordi Juanhuix,™ and

Daniel Maspoch*® 9

(Abstract: Metal-organic frameworks (MOFs) built up from
connecting M-XF, pillars through N-donor ligands are
among the most attractive adsorbents and separating
agents for CO, and hydrocarbons today. The continuous,
one-step spray-drying synthesis of several members of this
isoreticular MOF family varying the anionic pillar (XFs=
[SiFJ* and [TiFJ®"), the N-donor organic ligand {pyrazine
and 4,4"-bipyridine) and the metal ion (M =Co, Cu and Zn) is
demonstrated here. This synthetic method allows them to
be obtained in the form of spherical superstructures assem-
bled from nanosized crystals. As confirmed by CO, and N,
sorption studies, most of the M-XF4-based MOFs synthesised

"

through spray-drying can be considered “ready-to-use” sorb—\
ents as they do not need additional purification and time
consuming solvent exchange steps to show comparable po-
rosity and sorption properties with the bulk/single-crystal
analogues. Stability tests of nanosized M-SiF,-based MOFs
confirm their low stability in most solvents, including water
and DMF, highlighting the importance of protecting them
once synthesised. Finally, for the first time it was shown that
the spray-drying method can also be used to assemble hy-
drogen-bonded open networks, as evidenced by the synthe-
sis of MPM-1-TIFSIX.

/

Introduction

The environmental impact associated with energy demand is
a major problem worldwide."! For example, CO, emission
caused by humanity-CO, concentration at the South Pole re-
cently passed the milestone of 400 ppm for the first time in
the last 4 million years- contributes highly to climate change.
In this sense, 2016 has also been the first year that the weekly
average CO, concentration monitored in the Mona Loa observ-
atory did not go below this key value, meaning that the aver-
age global temperature is likely to increase more than the
1.5°C warming threshold.”!

To address the current and future energy needs while miti-
gating the environmental impact, one of the strategies has
been the development of efficient CO, capture, storage, and
separation materials for achieving cleaner combustible sup-
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plies.” These materials mainly include zeolites, activated car-
bons, metal-organic frameworks (MOFs) and covalent-organic
frameworks (COFs).”) Among these innovative materials, an
old-fashioned class of fluorinated materials'® have recently
been brought back to the spotlight by the Eddaoudi and Za-
worotko groups thanks to their exceptional uptake and selec-
tivity towards CO, and hydrocarbons.” These MOFs (Figure 1)
are constructed from the assembly of pre-made M-XF, pillars
(M=Co, Ni, Cu, Zn; X=Si, Ti, Sn, Zr, Ge, V, Ga) with N-donor
type ligands (e.g., pyrazine {pyz), pyridyl-based ligands etc.).

However, despite these great developments, the scientific
community and industry still need to join their efforts in trans-
ferring these materials from the laboratory to industry. A very
important step here is the optimisation of their fabrication.’
This fabrication must always aim for fast and scalable one-step
processes that produce ready-to-use products without the
need of additional purification and drying steps. Here we
report a synthetic method that allows production of several
isoreticular M-XFs-based CO, sorbents fulfilling all these re-
quirements.

Our team recently introduced a well-established industrial
spray-drying (SD) technique as a new synthetic way to prepare
various MOFs (Scheme S1 in Supporting Information).®” The
SD technique is a scalable and fast method allowing continu-
ous synthesis of MOFs in the form of spherical superstructures
or beads based on the assembly of nanosized crystals.” The
strong expertise acquired from these previous studies, among
several reports suggesting the capital importance of the forma-
tion of the inorganic secondary building unit (SBU) for the nu-
cleation and growth of MOFs!" convinced us that premade

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Schematic representation of the different isoreticular pcu M-XF4-
based MOFs synthesised through spray-drying. Note here that this tech-
nigue allows synthesising this class of MOFs whilst varying the metal ion
(Co, Cu, Zn), anionic pillar ([SiFs)*", [TiF,*") and ligand (pyrazine, 4,4'-bipyri-
dine).

pillars of the M-XFs MOF platform would be ideal candidates
for SD synthesis.

We therefore successfully embarked on the SD-based syn-
thesis of several M-XFg materials, showing that this method is
also compatible for reticular synthesis and metal tuning, ligand
elongation and pillar substitution. Importantly, their rapid syn-
thesis (a few minutes versus a few hours up to a few days)
does not negatively affect their sorption properties, demon-
strating in most cases their ready-to-use character without the
need of additional purification steps or time consuming re-
peated solvent exchange procedures. Moreover, we also dem-
onstrate that SD can be used not only to synthesise porous
materials based on coordination bonds but also based on hy-
drogen bonds.

Results and Discussion
SIFSIX-3-M materials
Synthesis and characterisation

The one-step SD synthesis consisted of the combined atomisa-
tion of two methanolic solutions containing 1) M-SiF, (M=Co,
Cu, Zn) and 2) pyz at 85°C, which produced fine powders that
were collected with a minimum amount of methanol (MeOH).
Collection of these powders in methanol was a crucial protec-
tion step as we found that they were air-sensitive (see below).
To assess the quality of the as-made SIFSIX-3-M MOFs, their
CO, sorption properties were compared with those of their

Chem. Eur. J. 2017, 23, 6829- 6835 www.chemeurj.org
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bulk analogues. For this, the SD-synthesised SIFSIX-3-M col-
lected in methanol were directly transferred from the spray
drier collector to sorption cells, and dried and evacuated for
12 h at 65°C. Then, their CO, uptake at 298 K was measured.
Notably, we confirmed that spray-dried SIFSIX-3-M did not re-
quire additional solvent exchange or purification steps to ex-
hibit remarkable CO, capacities at low pressure and 298 K {Fig-
ure 2 h, Table 1), with an uptake less than 10% lower than the
reported bulk materials.

SD-synthesised SIFSIX-3-M were further characterised by
powder X-ray diffraction (PXRD), from which experimental pat-
terns were in excellent agreement with the theoretical dia-
grams calculated from the corresponding structures (Fig-
ure 2 g), demonstrating both the high crystallinity and purity of
the MOFs.

The morphology of the materials was also investigated by
field-emission scanning electron microscopy (FESEM), showing
in all cases the occurrence of nanosized SIFSIX-3-M crystals as-
sembled into spherical superstructures or beads; a shape that
is typical for MOFs assembled by the SD method. The sizes of
these superstructures were 7.944.8 um for SIFSIX-3-Co, 6.9 1
34um for SIFSIX-3-Cu and 3.5=27 um for SIFSIX-3-Zn
(Figure 2 a—c and Figure S14a in Supporting Information).” ™
Moreover, FESEM images confirmed the homogeneity of the
materials, as already suggested by the absence of crystalline
impurity peaks in the PXRD diagrams.

To finally determine the size of crystals composing the su-
perstructures, they were disassembled by sonication and im-
mediately transferred to a transmission electron microscopy
(TEM) grid. TEM images confirmed the formation of nanocrys-
tals with a size of 3213 nm for SIFSIX-3-Co, 8012 nm for
SIFSIX-3-Cu and 2819 nm for SIFSIX-3-Zn (Figure 2d-f and
Figure S14b).

Stability in different media

The use of methanol to collect the fine powders produced
with the SD method is essential to protect and use the as-
made SIFSIX-3-M MOFs." Without this precaution, all nano-
sized SIFSIX-3-M MOFs suffered a fast degradation and a loss
of their CO, sorption properties when they were exposed to
ambient conditions. In addition, following the optimised wash-
ing procedure reported by Nugent et al.”” we observed that
the SD-synthesised SIFSIX-3-Zn was instantaneously solubilised
upon addition of N,N-dimethylformamide (DMF), leading to
a clear solution. Attempts to re-spray this clear solution did
not allow the re-assembly of the SIFSIX-3-Zn framework. In-
stead, colourless single crystals (versus the yellow colour of
SIFSIX-3-Zn crystals) appeared in the DMF solution after
a period of ca. one month. This unknown structure, which crys-
tallises in the P1 space group, was solved by single-crystal X-
ray diffraction and appeared to be a cationic 1D coordination
polymer with formula {[Zn(pyz),(DMF),(H,0),1.[SiF]} (1). This
structure results from the replacement of all SiFg pillars and
half of the pyz ligand by DMF and water molecules (Table S1,
Figures $15-19). The positive charge of this coordination poly-
mer [Zn(pyz),{DMF),(H,0),]** is balanced by [SiF,]*~ anions.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Representative FESEM images of (a) SIFSIX-3-Co, (b) SIFSIX-3-Cu and (c) SIFSIX-3-Zn. TEM images of (d) SIFSIX-3-Co, (e) SIFSIX-3-Cu and (f} SIFSIX-
3-Zn. (g) PXRD patterns of the SD-synthesised SIFSIX-3-M. (h) CO, sorption isotherms at 298 K for SIFSIX-3-M. Scale bars for FESEM: 15 and 5 um (insets).

Scale bars for TEM: 100 nm (d, f) and 200 nm (e).

Table 1. Comparison of the CO, uptakes (760 torr, 298 K) in spray-dried
and bulk SIFSIX-3-M MOFs.

CO, uptake [mmolg ']

MOF Bulk Sprayed (% of bulk)
SIFSIX-3-Co 222.79"™ 2.56 (92%)
SIFSIX-3-Cu ~2.40™ 2.23 (93%)
SIFSIX-3-Zn 246" 2.27 (91%)

It is important to mention here that a similar behaviour was
found when immersing SIFSIX-3-Zn in water, also leading to
a complete solubilisation of the crystals. The incubation of
nanosized SIFSIX-3-Zn in other organic solvents, including ace-
tonitrile, hexane, dichloromethane, chloroform, toluene, tetra-
hydrofuran and acetone, did not result in the solubilisation of
the crystals but instead a fast phase transition into unidentified
crystalline powders (Figure S20).

The only tested solvent in which SIFSIX-3-Zn showed certain
stability was MeOH. Initial incubation studies using microcrys-
tals instead of nanocrystals, to easily follow the evolution by
FESEM, showed that SIFSIX-3-Zn is also etched and finally
solubilised in MeOH (Figure $S13). However, we found that the

Chem. Eur. J. 2017, 23, 6829 - 6835 www.chemeurj.org
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minimum amount of MeOH needed for the complete solubili-
sation of the nanosized SIFSIX-3-Zn without stirring was
around 0.14 mlyeon PEr Mdsesxaza- IN addition, below this
amount of MeOH, SIFSIX-3-Zn remained stable and did not
suffer any phase transition, as confirmed by PXRD. It is also
worth mentioning that a similar behaviour occurred for the Cu
and Co analogues. To this end, altogether these observations
allowed us to define MeOH as the best solvent to collect these
materials, which were in all cases collected using no more than
0.015 mLyeon per mg of MOF.

Reticular chemistry: organic ligand and anionic pillar tuning
Synthesis and characterisation of SIFSIX-1-Zn

In line with global efforts of the MOF community to use some
network topologies as design platforms to rationally synthesise
isoreticular MOFs,"¥ we intended to take advantage of the al-
ready reported versatility of the M-XF¢ platform®e7ebesk o
demonstrate the suitability of the SD method for reticular
chemistry. Following the successful synthesis of SIFSIX-3-M
(M=Co, Cu and Zn), we achieved the synthesis of an expand-
ed analogue, SIFSIX-1-Zn,*® by replacing the pyz ligand with

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. (a) Schematic for the synthesis and structure of MPM-TIFSIX-1; (b) comparison of theoretical and experimental PXRD diagrams of MPM-1-TIFSIX,
TIFSIX-1-Cu and SIFSIX-1-Zn; FESEM images of (c) SIFSIX-1-Zn, (d) TIFSIX-1-Cu and (e) MPM-1-TIFSIX. Scale bars for FESEM: 20 and 5 um (insets).

the longer 4,4-bipyridine (bpy). Here, a methanolic solution of
ZnSiF, was spray-dried along with a methanolic solution of
bpy using a 3-fluid nozzle at 85°C. The resulting yellow spheri-
cal superstructures (size=7.943.6 um; Figure 3¢ and Fig-
ure S14a in Supporting Information) were collected and
washed with MeOH. The material was obtained as a pure
phase, as confirmed by PXRD (Figure 3b). It was found to be
porous to N, at 77 K, exhibiting an apparent BET surface area
of 1300 m?g™" (Table 2, Figure S21). Again, the nanosized
nature of the SIFSIX-1-Zn crystals was confirmed by TEM; per-
formed after disassembling the superstructures by sonication.
The size of these nanocrystals was 205 nm (Figures S14b,
S24).

Table 2. BET surface areas and pore volumes for MOFs (N,, 77 K).

MOF Ager Mg "] Voo em®g "] V, [em’g "] Theo. V, [cmg ']
PIP,—03 P/P,—0.95

SIFSIX-1-Zn 1300 0.53 0.58 0.68

TIFSIX-1-Cu 1650 0.66 0.88 0.70

MPM-1-TIFSIX 805 0.32 0.32 039

Synthesis and characterisation of TIFSIX-1-Cu

Recently, Nugent et al.”” reported the possibility to not only
vary the metal in this type of pcu-MOF, but also the anion, by
achieving the replacement of the pillaring [SiF¢]*~ anion by

Chem. Eur. J. 2017, 23, 68296835 www.chemeurj.org
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[TiF*~. Bulk TIFSIX-1-Cu is commonly synthesised using
a layering of methanol and ethylene glycol at room tempera-
ture. However, this synthesis could not be reproduced in the
spray-drier due to the high boiling point of ethylene glycol
(197.3°C). For this reason, we successfully replaced ethylene
glycol by water, adjusting the SD temperature to 150 °C. Thus,
an aqueous solution of Cu(NO,),2.5H,0 and TiFs(NH,), was
spray-dried along with a methanolic solution of bpy using a 3-
fluid nozzle at 150°C. The resulting grey/purple spherical su-
perstructures (size=5.3=3.1 pm; Figure 3d and Figure S14a)
were collected with MeOH. Their PXRD pattern was found to
be in excellent agreement with the theoretical diagram (Fig-
ure 3b). N, sorption performed at 77 K revealed an apparent
BET surface area of 1650 m*g '. This value is very similar to
that reported for the bulk material (1690 m*g~")”" demonstrat-
ing the high quality of the SD-synthesised TIFSIX-1-Cu MOF
(Table 2, Figure S22). The nanosized nature of the TIFSIX-1-Cu
crystals (size=43+9 nm, Figures S14b, S25) was again con-
firmed by TEM performed after disassembling the superstruc-
tures by sonication.

Synthesis and characterisation of supramolecular open mate-
rial

Finally, due to the apparent ease of synthesis of these M-XFg
based MOFs by SD technology, we selected another porous
material, MPM-1-TIFSIX,”¥ based on the supramolecular as-
sembly of [Cu,(ade),(TiF,),] (ade=adenine) paddlewheels (Fig-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ure 3a). It is worth mentioning that, in the present case, the
selected material to be synthesised by SD was not a MOF but
a supramolecular hydrogen-bonded network. To our knowl-
edge, the aerosol synthesis of such kind of open materials
based on weak bonding has not been reported yet.

An aqueous solution of Cu(NO,),-2.5H,0 and TiF4(NH,), was
spray-dried along with a solution of adenine in water/acetoni-
trile mixture using a 2-fluid nozzle (Scheme S3 in Supporting
Information) at 150°C. The resulting grey/purple spherical su-
perstructures (size=6.1+3.1 pm; Figure 3e and Figure S14a)
were collected with MeOH. Remarkably, the PXRD diagram was
found to be in excellent agreement with the theoretical one
(Figure 3b). N, sorption performed at 77 K after a methanol
solvent exchange procedure revealed an apparent BET surface
area of 805 m?g™" (996 m?g~" for bulk),”¥ demonstrating the
porosity of the SD-synthesised MPM-1-TIFSIX supramolecular
material (Table 2, Figure S3). In this case, TEM experiments per-
formed after disassembling the superstructures by sonication
showed MPM-1-TIFSIX crystals with a size of 201 65 nm (Fig-
ures S14b, 526).

Conclusion

We reported here the one-step and continuous synthesis of
various M-XF, based MOFs using the SD technique. Using this
method, these M-XF,; based MOFs could be synthesised at the
nanoscale. There is no doubt that the possibility of obtaining
and stabilizing nanosized M-XF; based MOFs opens new ave-
nues for the re-exploration of this old-fashioned sub-class of
MOFs for emerging applications. In addition, we demonstrated
the suitability of the SD method to perform fine structural
tuning through ligand size variation (pyz versus bpy), anionic
pillar substitution ([SiFg]>~ versus [TiF*") and variation of
metal ion (Co, Cu and Zn). Importantly, this novel way to syn-
thesise these materials does not jeopardise their sorption
properties. This fact together with the short synthesis times
and the absence of time consuming purification and solvent
exchange procedures demonstrates the ability and competi-
tiveness of SD methods versus conventional ones for the fast
production of ready-to-use sorbents. Finally, we demonstrated
the first aerosol synthesis of a supramolecular, hydrogen-
bonded porous network, MPM-1-TIFSIX, which opens new
avenues for the synthesis of this class of porous materials
using SD.

Experimental Section
Materials

All the materials were synthesised using a Mini Spray Dryer B-290
(BUCHI Labortechnik). All solvents and reagents were purchased
from Sigma-Aldrich, City Chemicals or Scharlab and used as re-
ceived.

Synthesis of SIFSIX-3-Co

6 mL of a methanolic solution of CoSiF, (300 mg, 1.49 mmol) and
6 mL of a methanolic solution of pyz (325 mg, 4.05 mmol) were si-
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multaneously spray-dried using a 3-fluid nozzle (Scheme S2 in Sup-
porting Information), a feed rate of 2.4 mLmin ', a flow rate of
414 mLmin~', an inlet N, temperature of 85°C and a spray cap
with a 0.5 mm hole. The light pink powder of SIFSIX-3-Co was re-
covered with a minimum amount of MeOH (235 mg; 44% yield
based on Co). IR: V= 690 (s), 1062 (s), 1124 (w), 1153 (m), 1421 (s),
1628 (m), 1660 (m), 3196 (br), 3403 (br), 3522 cm~'{w) {Figure S1).

Synthesis of SIFSIX-3-Cu

6 mL of a methanolic solution of CuSiF:-H,0 (300 mg, 1.34 mmol)
and 6 mL of a methanolic solution of pyz (325 mg, 4.05 mmol)
were simultaneously spray-dried using a 3-fluid nozzle, a feed rate
of 24 mLmin~', a flow rate of 414 mLmin~', an inlet N, tempera-
ture of 85°C and a spray cap with a 0.5 mm hole. The blue powder
of SIFSIX-3-Cu was recovered with a minimum amount of MeOH
(272 mg; 55% yield based on Cu). IR: V= 686 (s), 822 (s) 1078 (s),
1132 (s), 1161 (s), 1429 (s), 1652 (m), 1660 (m), 3147 (m),
3325 cm™'(br) (Figure S2).

Synthesis of SIFSIX-3-Zn

6 mL of a methanolic solution of ZnSiF,xH,O (300 mg, 1.45 mmol,
anhydrous based) and 6 mL of a methanolic solution of pyz
(325 mg, 4.05 mmol} were simultaneously spray-dried using a 3-
fluid nozzle, a feed rate of 24mLmin~', a flow rate of
414 mLmin "', an inlet N, temperature of 85°C and a spray cap
with a 0.5 mm hole. The yellow powder of SIFSIX-3-Zn was recov-
ered with a minimum amount of MeOH (305 mg; 57% yield based
on Zn). IR: ¥— 686 (s), 822 (w), 1062 (s), 1099 {(w), 1128 (w), 1161
(w), 1425 (s), 1635 (s), 1660 {m), 3432 cm '(br} (Figure S3).

Synthesis of SIFSIX-1-Zn

6 mL of a methanolic solution of ZnSiF;xH,O (300 mg, 1.45 mmol,
anhydrous based) and 6 mL of a methanolic solution of bpy
(650 mg, 4.16 mmol) were simultaneously spray-dried using a 3-
fluid nozzle, a feed rate of 24mLmin', a flow rate of
414 mLmin ', an inlet N, temperature of 85°C and a spray cap
with a 0.5 mm hole. The yellow powder of SIFSIX-1-Zn was recov-
ered with a minimum amount of MeOH (302 mg; 40% yield based
on Zn). The sample was then washed with 5mL of MeOH to
remove potential contamination with the highly soluble, unreacted
precursors. IR: ¥ = 632 (m), 649 (s), 764 {m), 806 (s), 851 (s), 1008
(m), 1062 (s), 1223 (m), 1317 (w), 1413 (s), 1491 (m), 1536 (m), 1611
(s), 1644 (w), 3230 (w), 3345 cm'{br) {Figure S4).

Synthesis of TIFSIX-1-Cu

6 mL of an aqueous solution of TiF,(NH,), (30 mg, 0.15 mmol) and
Cu(NO,),+2.5H,0 (35 mg, 0.15 mmol) and 6 mL of a methanolic so-
lution of bpy (46.8 mg, 0.30 mmol) were simultaneously spray-
dried using a 3-fluid nozzle, a feed rate of 2.4 mLmin~', a flow rate
of 414 mLmin~', an inlet N, temperature of 130°C and a spray cap
with a 0.5 mm hole. The blue powder of TIFSIX-1-Cu was recov-
ered with a minimum amount of MeOH (64 mg; 79% yield based
on Cu). IR: ¥= 632 (s), 678 (w), 728 {m), 810 (s), 851 (w), 921 (w),
1012 (s), 1066 {s), 1223 {m), 1280 (s), 1326 (w), 1409 (s), 1471 (m),
1491 (m), 1536 (m), 1607 (s), 1644 (w), 3101 (w), 3283 (w),
3357 cm~'(w) (Figure S5).
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Synthesis of MPM-1-TIFSIX

12 mL of an aqueous solution of TiF,(NH,), (30 mg, 0.15 mmol)
and  Cu(NO;),-2.5H,0 (35mg, O0.15mmol) and 12mL of
a H,0:CH,CN (1:1 vol) solution of adenine (82 mg, 0.60 mmol)
were simultaneously spray-dried using a 2-fluid nozzle and T-
shaped system (Scheme S3), a feed rate of 2.4 mLmin ', a flow rate
of 414 mLmin~", an inlet N, temperature of 150°C and a spray cap
with a 0.5 mm hole. The purple/grey powder of MPM-1-TIFSIX was
recovered with a minimum amount of MeOH (110 mg; 74% yield
based on Zn). Prior to sorption measurements, this powder was
immersed in MeOH for 3 days, refreshing the MeOH twice a day.
IR: ¥= 715 (m), 789 (m), 827 (w), 806 (s), 889 (m), 938 (m), 1037
(w), 1107 {w), 1149 (w), 1231 (s), 1314 (s), 1409 (s), 1607 (s), 1652
(s), 1702 (w), 3089 (w), 3200 {w), 3419 cm™~'(w) {Figure S6).

Characterisation

PXRD diagrams were collected on a Panalytical X'pert diffractome-
ter with monochromatic Cuy, radiation (A, —1.5406 A) under
a Kapton film. Fourier transform infrared (FTIR) spectra were re-
corded on a Bruker Tensor 27 FTIR spectrometer equipped with
a Golden Gate diamond attenuated total reflection (ATR) cell, in
transmittance mode at room temperature. The main IR bands (Fig-
ures S1-6) are reported as follow: strong (s), medium (m), weak (w)
and broad (br). TGA curves (Figures S7-12) were measured in a Per-
kinElmer Pyris 1 under O, atmosphere and a heating rate of
10°Cmin~". Volumetric N, and CO, sorption isotherms were collect-
ed at 77 K {N,) and 298 K (CO,) using an ASAP 2020 HD {Micromer-
itics). Temperature was controlled by using a liquid nitrogen bath
(77 K) or a Lauda Proline RP 890 chiller (298 K). For N, sorption at
77 K, micropore volumes (V.. were calculated at P/P,=0.23,
whereas the total pore volumes (V;) were calculated at P/P,=0.95.
Field-emission scanning electron microscopy (FESEM) images were
collected on scanning electron microscopes (FEI Magellan 400 L
XHR and Quanta 650 FEG) at an acceleration voltage of 1.0 kV, and
using dry powder on carbon as support. Transmission electron mi-
croscopy (TEM) images were obtained with a JEOL JEM 1400 at
100 kV. Prior to TEM, all superstructures immersed in MeOH were
disassembled by sonication for 10 s in a Fisher Scientific FB15051
sonicator and then directly transferred onto the TEM grids. The
average size range of superstructures and crystals has been calcu-
lated on 100 crystals/superstructures using the Image J software.

Stability study of SIFSIX-3-Zn

6 mL of a methanolic solution of ZnSiF;xH,0 (300 mg, 1.45 mmol,
anhydrous based) was injected into 6 mL of a methanolic solution
of pyz (325 mg, 4.05 mmol) at room temperature, without stirring.
After 1 h, 1 mL of the solution containing the resulting microcrys-
tals was pipetted from the middle of the vial and mixed with 2 mL
of MeOH. Aliquots of the sample were transferred immediately to
the microscope to avoid contact with air, and the morphology of
the crystals was studied by FESEM after 15 min (Figure S13).
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sotropic thermal parameters by full-matrix least-squares calcula-
tions on F? using the program SHELXL2013. Hydrogen atoms were
inserted at calculated positions and constrained with isotropic
thermal parameters.
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ABSTRACT: Here, we report the synthesis of (multi)-
layered zeolitic imidazolate framework (ZIF-8/-67) composite
particles via a sequential deconstruction—reconstruction
process. We show that this process can be applied to
construct ZIF-8-on-ZIF-67 composite particles whose cores
are the initially etched particles. In addition, we demonstrate
that introduction of functional inorganic nanoparticles (INPs)
onto the crystal surface of etched particles does not disrupt
ZIF particle reconstruction, opening new avenues for

designing (multi)-layered ZIF-on-INP-on-ZIF composite

particles comprising more than one class of inorganic nanoparticles. In these latter composites, the location of the inorganic
nanoparticles inside each single metal—organic framework particle as well as of their separation at the nanoscale (20 nm) is
controlled. Preliminary results show that (multi}-layered ZIF-on-INP-on-ZIF composite particles comprising a good sequence
of inorganic nanoparticles can potentially catalyze cascade reactions.

KEYWORDS: metal—organic frameworks, inorganic nanoparticles, ZIF composites, etching, crystal growth, cascade catalysis

Bl INTRODUCTION

A major obstacle to the practical application of diverse
nanomaterials is the lack of methods to control their
n’lorl:>hology.l’2 To date, several top-down (e.g, etching,
lithography, etc.)*™ and bottom-up (e.g, use of swfactants,
controlled self-assembly, etc)5F approaches have been
employed to design nanomaterials with specific shapes.
However, most advanced nanomaterials are not produced
and shaped in a single step but rather consecutively, via top-
down and bottom-up strategies. A well-known example is the
production of integrated circuits,” whereby multiple steps of
material deposition (bottom-up) are followed by consecutive
photolithographic processes (top-down) to reach complex
patterns of heterogeneous compesition. In the field of
inorganic nanoparticles (INPs), a common approach is to
combine oxidative etching (top-down) with growth methods
(bottom-up), which yields nanoparticles with unprecedented
shapes. >~

Recent efforts to control the growth of metal—organic
framework (MOF) particles have aimed at discovering new
shapes'® and at making more complex, multicomponent
(composite) particles, built by growing one MOF on top of

WACS Publications  © 2018 American Chemical Society
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another (known as MOF-on-MOF systems)“’ls and by
combining MOFs with other functional materials, such as
INPs"7~" and biosystems.”” ™ Among the many reported
MOFs, the most studied case by far is that of the zeolitic
imidazolate frameworks ZIF-8 and ZIF-67, which are
isostructural porous materials (Spgr ~ 1400—1700 m®/g)
made of Zn(II} and Co(II} ions, respectively. Each ZIF is very
interesting because one can epitaxially grow on top of the other
one (bottom-up) to afford either ZIF-8-on-ZIF-67 or ZIF-67-
on-ZIF-8 particles.n_ls Also, ZIE-8/ZIF-67 particles can be
etched (top-down) into novel shapes”‘28 or synthesized as
hollow or yolk-shelled part'lcles.zg_“ Furthermore, both of
these ZIFs can grow on the swface of INPs and biosystems,
meaning that a rich variety of core—shell’*™* and layered
composites'*** could be designed.

With these advances, both MOF-on-MOF and etching
approaches are now being combined, either sequentially (in
said order) or simultaneously, to afford new ZIF-8/ZIF-67
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particles. For instance, Li et al. and Muhler et al. reported
formation of hollow Zn/Co ZIF particles in which ZIF-8-on-
ZIF-67 particles were built and then the ZIF-67 core was
etched due to its lower stability in MeOH compared to ZIF-8
under mild solvothermal conditions.*** Similarly, Tsung et al.
have shown that preformed ZIF-8 particles could be
simultaneously regrown and etched to create hollow ZIF-8
particles.’’ And very recently, Liu et al. have applied regrowth
processes followed by etching to build multishelled hollow
particles of the well-known MIL-101.%

Herein, we report a novel strategy to construct ZIF-on-ZIF
and (multi)-layered ZIF-on-INP-on-ZIF particles. Unlike the
aforementioned combination (bottom-up/top-down) meth-
ods, our method begins with controlled etching followed by
MOF-on-MOF growth. Recently, we have demonstrated that
colloidal ZIF-8 and ZIF-67 particles can be anisotropically
etched into well-defined, unprecedented morphologies. With
this deconstructive method, truncated rhombic dodecahedral
(tRD) and rhombic dodecahedral {RD) particles can be
transformed into uniform cubic (C), hollow (H), or
tetrahedral (1) particles (Figure S1). We show that these
etched ZIF-8/-67 particles can be reversibly reconstructed to
their initial shapes. This reconstruction entails growing ZIF-8
on the etched particles. Therefore, the sequential deconstruc-
tion—reconstruction process can be used to form ZIF-8-on-
ZIE-67 particles whose cores are the initially etched particles.
In addition, we demonstrate that the inclusion of functional
INPs on the crystal surface of etched particles does not disrupt
particle reconstruction. This observation opens the possibility
of using this sequential process to design {multi)-layered ZIF-
on-INP-on-ZIF composites formed by more than one class of
INPs. In these onionlike composites, the sequence of the INPs
can be controlled from outside to inside the ZIF crystal, paving
the way for using them for innovative cascade catalytic
reactions.

B EXPERIMENTAL SECTION

Materials. All materials were purchased from Sigma-Aldrich with
no further modification.

Synthesis of tRDy.4;, RDyp.s7 and tRDy. g Particles. A
solution of 0.6 g of Co(OQAc),-4H,0 in § mL of deionized (DI} water
was added into a solution of 2.24 g of 2-methylimidazole (2-MiM) in
5 mL of deionized {DI) water, and the resulting mixture was
homogenized by stirring for a few seconds. Then, the mixture was let
at room temperature for 10 min to form tRDy; 4, particles. RDye 67
particles were prepared using the same procedure as for the truncated
ones, except that the mixture was let for 5 h at room temperature. In
both cases, purple crystals were collected and washed several times
with methanol. Finally, the powder was dried under vacuum for § h at
room temperature. In the case of tRDyz ¢ particles, a solution of 0.3 g
of Zn(OAc),-2H,0 in § mL of DI water was added into a solution of
1.12 g of 2-MiM in § mL of DI water and the resulting mixture was
homogenized by stirring for a few seconds. Then, the mixture was let
at room temperature for S h to form tRD ;¢ particles.

General Route for Etching ZIF-67 Particles. The general
method starts with the preparation of a colloidal ZIF-67 solution by
ultrasonication of 25 mg of tRD or RD ZIF-67 particles in 2.5 mL of
DI water for 15 min. In parallel, 40 mg of xylenol orange {XO) was
dissolved in 2.5 mL of DI water and the pH of this etchant solution
was adjusted by adding HCI or NaOH. Note here that the etching
solution in this process is acidified /basified XO, which protonates the
2-MiM linkers, breaks the coordination bonds, and sequesters the
liberated Co(I1) ions. The colloidal solution was then injected into
the etchant solution, and the resulting mixture was stirred at 300 rpm
for an optimized time (t). The final solid was collected by
centrifugation and washed several times using methanol. The specific
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conditions for each etching process were Cjz : pH=80and f=3h
and Tyrgp: pH = 3.5 and = 3 h. Note here that, only for Ty, a
second etching step was needed to obtain a uniform sample. This
second etching step consisted on washing the primarily etched crystals
with water, redispersing them in 1 mL of DI water, and incubating
them with 1 mL of XO etchant solution at pH = $.80 for 30 min.

General Route for Growing ZIF-8-on-ZIF-67 Particles. The
general method started with the preparation of a colloidal ZIF-67
solution by ultrasonication of § mg of core ZIF-67 particles in 5 mL of
methanol for 1§ min. 2-MiM (2.5 mL) and Zn(NO,),-6H,0 (2.5
mL) with varying concentrations {C) were added to the colloidal
solution, and the resulting mixture was let at room temperature for a
time £ Finally, the regrown particles were collected by centrifugation,
followed by washing steps with methanol. To make RDyyx s-on-ZIE-
67 crystals with Cyre ¢y or Toyyp 4, core: C = 25 mM, { = 1 day and with
Hyjp gy core: C = 25 mM, t = 4 days. To make tRDyy g-on-ZIF-67
crystals with Czyr 47 or Tyipgy core: C = 10 mM, ¢ = 1 day and with
Hyjp gy intermediate: € = 25 mM, t = 1 day.

Synthesis of Au Nanoparticles (~9 nm Diameter). Au NPs
were produced following a previously reported protocol.”® In detail, a
solution of 2.2 mM sodium citrate in DI water (150 mL) was heated
with a heating mantle in a 250 mL three-necked round-bottomed flask
for 15 min under vigorous stirring. A condenser was utilized to
prevent the evaporation of the solvent. After boiling had commenced,
I mL of HAuCl, {25 mM) was injected. The color of the sohtion
changed from yellow to bluish gray and then to soft pink in 10 min.
Under these conditions, the resulting particles (9 + 2 nm, ~3 X 10"
NPs/mlL) were coated with negatively charged citrate ions and hence
they were well suspended in H,O. After the Au nanoparticle solution
was cooled to room temperature, a solution of 0.5 g of poly-
{vinylpyrrolidone) {PVP, MW = 40000) in water (20 mL) was added
dropwise to the Au nanoparticle solution under continuous stirring,
and the mixture was further stirred at room temperature for 24 h.
Then, 600 mL of acetone was added to this mixture and left
overnight. The supernatant was removed, and the resulting nano-
particles were washed three times with methanol, and finally dispersed
in methanol at a concentration of 0.6 mg/mL.

Synthesis of Au Nanoparticles (~22 nm Diameter). A
solution of 2.2 mM sodium citrate in DI water {150 mL) was heated
with a heating mantle in a 250 mL three-necked round-bottomed flask
for 15 min under vigorous stirring. A condenser was utilized to
prevent the evaporation of the solvent. After boiling had commenced,
1 mL of HAuCl; (25 mM) was injected. The color of the solution
changed from yellow to bluish gray and then to soft pink in 10 min.
Then, the reaction was cooled until the temperature of the solution
reached 90 °C; after that, 1 mL of a HAuCl, solution (25 mM) was
injected to the solution and stirred for 30 min. This process was
repeated one more time. Under these conditions, the resulting
particles (22 + 2 nm, ~12 X 10" NPs/mL) were coated with
negatively charged citrate ions and hence they were well suspended in
H,0O. After the Au nanoparticle solution was cooled to room
temperature, a solution of 0.5 g of PVP in water (20 mL) was added
dropwise to the Au nanoparticle solution under continuous stirring,
and the mixture was further stirred at room temperature for 24 h.
Then, 600 mL of acetone was added to this mixture and left
overnight. The supernatant was removed, and the resulting nano-
particles were washed three times with methanol, and finally dispersed
in methanol at a concentration of 1.4 mg/mL.**

Synthesis of Au Nanoparticles (~4 nm Diameter). A solution
of 2.2 mM sodium citrate in DI water (300 mL) was heated up to 70
°C under vigorous stirring. Then, 0.2 mL of tannic acid (2.5 mM) and
2 mL of potassium carbonate (K,CO;, 150 mM) were added to the
heated solution. Afterward, 2 mL of HAuCl, {25 mM) was injected
and the color of the solution changed from yellow to bluish gray to
reddish orange in 10 min. The solution was stirred at the same
temperature for 2 h. Under these conditions, the resulting
nanoparticles (3.6 + 0.4 nm, 0.2 mg/ mL) were coated with negatively
charged citrate ions and hence they were well suspended in H,0. The
same coating producer as for Au nanoparticles (~9 nm diameter) was
used to functionalize these nanoparticles with PVP.*
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Figure 1. Schematic illustration of the synthetic conditions used to construct the different ZIF-8-on-ZIF-67 particles according to the sequential

deconstruction—reconstruction strategy.

Synthesis of Cubic Pd Nanoparticles (~18 nm Diameter).
KBr (547 mg), PVP (100 mg, MW = 55 000}, Na,PdCl, (51 mg), and
L-ascorbic acid (55 mg) were added to 10 mL of DI water and heated
to 80 °C under reflux and vigorous stirring for 3 h. After the
nanoparticle solution was cooled to room temperature, the nano-
particles were washed twice with a mixture of acetone and water and
one time with methanol and finally dispersed in methanol at a
concentration of 0.5 mg/mL (size = 18 & 2 nm).f

Synthesis of lcosahedral Pd Nanoparticles {~13 nm
Diameter). In a standard procedure for the synthesis of Pd
icosahedra, 160 mg of PVP and 20 4L of HCL (3 M) were
introduced into 4 mL of diethylene glycol (DEG) hosted in a 20 mL
vial. This mixture was preheated in an oil bath at 105 °C for 20 min
under magnetic stirring. Subsequently, 2 mL of DEG solution
containing 31 mg of Na,PdCl, was added using a pipette. After the
reaction had proceeded for 1 h, it was quenched by immersing the vial
in an ice/water bath. Finally, the product was collected by
centrifugation, washed once with acetone and twice with water to
remove DEG and excess of PVP, and finally dispersed in methanol at
a concentration of 0.6 mg/mL (size = 13 £ 4 nm)3°

Synthesis of Cu/Pd Nanoparticles (~10 nm Diameter). In a
typical process, 10 mg of Na,PdCly, 36 mg of CuSOy, and 240 mg of
sodium citrate were added to a mixture of 40 mL of DI water and 20
mL of ethylene glycol. This mixture was then heated in an oil bath up
to 160 °C in a 100 mL round-bottomed flask under vigorous stirring
for 6 h. A condenser was utilized to prevent the evaporation of the
solvent. After the nanoparticle solution was cooled to room
temperature, a solution of 0.7 g of PVP (MW = 55000} in water
(10 mL) was added dropwise to the nanoparticle solution under
continuous stirring and the mixture was farther stirred at room
temperature for 24 h. Then, 200 mL of acetone was added to this
misture and left overnight. The supernatant was removed, and the
resulting nanoparticles were washed twice with water and twice with
methanol, and finally dispersed in methanol at a concentration of 1.8
mg/mL (size = 10 + 3 nm, Cu/Pd = 1:2).

Synthesis of Au (9 nmj}-on-ZIF-67 Composites. C/T/Hzg .,
(10 mg) was dispersed in 5 mL of ethanol in a sonication bath for 10
min and then 10 mL of Au nanoparticle solution was added dropwise
to the dispersion while stirring. The resulting composites were
collected by centrifugation, washed twice with ethanol, and dried at
60 °C overnight.

Synthesis of tRD,;-on-Au (9 nmj}-on-ZIF-67 Composites.
The same general route for growing tRDzmrg-on-Czmp g was applied.
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The only difference is that we used Au (9 nm}-on-Cop gy cores in
various shapes instead of only ZIF-67 cores.

Synthesis of RDzr.z-on-INPs-on-tRDzr5-on-Au {9 nmj)-on-
Czrs7 Layered Composites. tRDzgg-on-Au (9 nm)-on-Czp gy
crystals (10 mg) were dispersed in § mL of ethanel in a sonication
bath for 10 min. Then, desired amount of the corresponding INP (22
nm in diameter Au NPs, 13 nm in diameter icosahedral Pd NPs, or 18
nm in size cubic Pd NPs) solution was added dropwise to the
dispersion while stirring. The resulting composites were collected by
centrifugation, washed twice with ethanol, and dried at 60 °C
overnight. The different INP-ontRDp g-on-Au (9 nm)-on-Cop g;
composite crystals were finally sabjected to a ZIF-8 growing using C =
10 mM and £ = 1 day.

Synthesis of INP-on-tRD;r5; Composites. The same general
route for growing Au (9 nm})-on-Czp_g was applied. tRDzg g (10 mg)
particles were dispersed in 5 mL of methanol in a sonication bath for
10 min. Then, 10 mL of Au (3 nm) nanoparticle solution, 1 mL of
Cu/Pd (10 nm) nanoparticle solution, or a mixture of both
nanoparticle solutions were added dropwise to this dispersion under
continuous stirring, The different Au-ontRD g ¢, Cu/Pd-ontRDzp g,
and Au/Cu/Pd-on-tRDzy 3 composites were collected by centrifuga-
tion, washed twice with ethanol, and dried at 60 °C overnight.

Synthesis of INP-on-tRDzr5-on-INP-on-tRDz-; Layered
Composites. A similar methodology used for growing RDzg g-on-
INPs-ontRDzp g-on-Au (9 nm)-on-Cop gy layered composites was
applied. INP-ontRDzp ¢ (10 mg) particles were dispersed in 10 mL
of methanol in a sonication bath for 10 min. Then, 5 mL of 25 mM 2-
MiM and § mL of 25 mM Zn(NO,),-6H,0 in methanol were
sequentially added to this dispersion in this order and left at room
temperature without stirring for 10 min. The resulting particles were
collected by centrifagation, washed twice with methanol, and dried at
60 °C overnight. Then, 10 mg of these particles were dispersed in §
mL of methanol in a sonication bath for 10 min. Afterward, desired
amount of the corresponding INP (Au (3 nm) or Cu/Pd (10 nm))
solution was added dropwise to the dispersion under continuous
stirring. The final particles were collected by centrifugation, washed
once with methanol, and dried at 60 °C overnight.

General Route for the Catalytic Reactions. A misture of 1-
(prop-2-yn-1-yloxy)naphthalene (1) (2.32 mg, 12.7 gmol), K,CO,
(3.52 mg, 25.5 pmol), iodobenzene (PhI; 142 yL, 12.7 gmol),
xantphos (0.37 mg, 0.63 ymol), mesitylene as internal standard (0.35
#L, 5.1 gmol), and the desired ZIF-8-based catalyst (5 mol %) were
mixed in 0.6 mL of dry toluene in a 2 mL sealed vial. The dispersion
was sonicated for 15 min and stirred for 6 days at 110 °C. Afterward,

23954 DOI: 10.1021 /acsami 8b05058
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Figure 2. (a—c) FE-SEM images of single particles showing the formation of RDzgg-on-Czr 7 (2), RDzg.g-on-Tzrgr (b), and RDzg g-on-Hzg 47
(c) particles built by the deconstruction—reconstruction strategy. Right-hand panel: the corresponding elemental mapping (energy-dispersive X-ray
spectrometry, EDXS) results, showing the distribution of Zn (green) and Co (violet). (d) FE-SEM images showing the evolution of the formation

of RDzpp ¢-on-Hyg 4

the raw solution was filtered through a silica pad and 4 mL of ethyl
acetate were passed to elute all of the generated products. The
obtained components were analyzed and quantified by means of gas
chromatography and 'H NMR. Compounds 1—4 were synthesized
and characterized according to the literature > 75°

Characterization. Powder X-ray diffraction (PXRD) patterns
were collected on an X'Pert PRO MPDP analytical diffractometer
(Panalytical) at 45 kV, 40 mA using Cu Kot radiation (A = 1.5419 A).
Nitrogen adsorption and desorption measurements were done at77 K
using an Autosorb-IQ-AG analyzer (Quantachrome Instruments).
Field-emission scanning electron microscopy (FE-SEM) images were
collected on a FEI Magellan 400L scanning electron microscope at an
acceleration voltage of 1.0—2.0 kV, using aluminum as support. High-
angle annular darkfield scanning transmission electron microscopy
(HAADF-STEM) images were obtained with a FEI Tecnai G2 F20 at
200 kV. Metal contents of all composites were determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES).
These measurements were performed using an ICP-OES PerkinElm-
er, model Optima 4300DV by previous digestion of the composites in
a misture of HNO; and HCI (1:2) at 220 °C. Gas chromatography
product analyses were performed on an Agilent 7820A gas
chromatograph equipped with a HP-§ capillary column (30 m X
0.32mm X 0.25 gm). The injection was carried out on a split/splitless
automatic injector Agilent G45134, in split mode with ratio 100:1
with an injected volume of 1 #L. The detection was conducted by a
flame ionization detector (Agilent 7820A GC-System). 'H NMR data
concerning product identity were collected with a Bruker 400 Avance
(Serveis Tecnics de Recerca, University of Girona) spectrometer in
the corresponding deuterated solvent (CDCl,) and calibrated relative
to the residual protons of the solvent. 1,3,5-Trimethoxybenzene
(mesitylene) was used as internal standard.
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M RESULTS AND DISCUSSION

Figure 1 depicts the different ZIF-8-on-ZIF-67 particles
generated by sequential deconstruction—reconstruction. This
process starts with anisotropic etching of the ZIF-67 particles
to C, H, and T particles under our previously reported
synthetic conditions.”” The resulting etched particles are then
dispersed in methanol (MeOH) and mixed with a solution of
2-methylimidazole (2-MiM)} in MeOH at an optimized
concentration. Afterward, a solution of Zn{NO,;),-6H,0 in
MeOH at the same concentration is added, and the resulting
mixture is left at room temperature for a certain time. Note
that the required precursor concentration and the reaction
time vary by the initial morphology of the etched core particle
and that, in all cases, we could optimize them to selectively
generate tRD or RD particles. For instance, when the core was
a cubic or tetrahedral ZIF-67 particle, tRDr g-on-Cyr 4, and
tRDyr g-on-Top 47 particles were formed at a concentration of
10 mM and a reaction time of 1 day. In contrast, RDp ¢-on-
Crir.er and RDyppg-on-Typs particles were synthesized by
increasing the concentration up to 25 mM and maintaining the
reaction time at 1 day (for full synthetic procedures, see
Experimental Section).

For the hollow microboxes, RDypp o-on-Hy 1 o particles were
formed at a concentration of 25 mM and a reaction time of 4
days. With this core, controlled growth of an external tRDyr.q
layer was not possible, since in etched hollow microboxes all
six (100) vertices are already fully grown. However, the RD
shape was fully recovered. Indeed, we found that these particles
grew mainly inside of the hollow core, thus fully reversing the
etching process (Figure 2d).

23955 DOI: 10.1021 /acsami 8b05098
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Comparison of field-emission scanning electron microscopy
(FE-SEM) images of the etched particles and the resulting
ZIF-8-on-ZIF-67 particles confirmed their reconstruction into
homogeneous tRD or RD particles (Figures 2 and S1). The
internal composition of single particles was investigated by
elemental mapping with energy-dispersive X-ray spectrometry
(EDXS), which revealed a distribution of Co atoms following
the shape of the initial etched ZIF-67 particles and a
distribution of Zn atoms corresponding to the newly
reconstructed layers (Figure 2). Moreover, powder X-ray
diffraction (PXRD) patterns and Brunauer—Emmett—Teller
(BET) swface areas (RDypg-on-Cyp gy Sgpr = 1417 m¥/g;
RDzrg-on-Torg Sprr = 1422 m?/g; and RDgpp.g-on-Hyrp gy,
Sper = 1324 m*/g) confirmed that these ZIF-on-ZIF systems
are pure ZIF-8/ZIF-67 (Figures S3 and S4). Also note here
that all RDypg-on-(C/T)yp, particles could be generated
from the tRDypg-on-(C/T)yre, particles under the con-
ditions described in Figure 1.

Altogether, these experiments showed that, even for the
hollow microboxes, all etched cores can be reconstructed to its
criginal shape by controlled regrowing. The fact that all the
final shapes are similarly {110} dominant is the consequence of
the difference in the growing kinetics in the {100}, {110}, and
{111} directions, from which {110} is the slowest.

Having demonstrated that stepwise reconstruction of our
etched particles from C/T to tRD to RD was possible, we
envisioned using our strategy to make layered ZIF-8-on-INP-
on-ZIF-67 composites by simply attaching the INPs onto the
crystal swfaces of the etched ZIF-67 particles before their
reconstruction. To this end, we began by investigating
attachment of Au NPs (~9 nm diameter) to the crystal
swface of C particles of ZIF-67. The formed Au NPs were
previously coated with poly(vinylpyrrolidone) (PVP; see
Supporting Information) and then quantitatively attached to
the ZIF-67 particles by simply adding them dropwise to a
colloidal solution of ZIF-67 particles in MeOH (S mg/mL)
under vigorous stirring. After 1 min, Au (9 nm}-on-Cy
composites and a transparent supematant were separated by
centrifugation. Remarkably, the transparency of the super-
natant indicated that it was deprived of Au NPs and therefore
the Au NPs had attached to the ZIF-67 particles massively.
Indeed, FE-SEM images of the Au (9 nm)-on-Cyp;
composites revealed homogeneous attachment of the Au
NPs to the crystal swface of ZIF-67 and showed neither any
evidence of significant Au—Au aggregation, nor presence of
isolated Au NPs in the background (Figure 3a,b).

We then attempted to grow a ZIF-8 layer on top of the Au
(9 nm)-on-Cypg, composites, seeking to control the
reconstruction into either tRD or RD shapes. Thus, we
reproduced the same growing conditions as for Cyp g, except
that we used a dispersion of Au-on-Cyrg, in MeOH (5 mg/
mL). Figwre 3c,d shows that, when a solution of 2-MiM/
Zn(NO;),-6H,0 was used at concentrations of 10 or 25 mM,
tRDypg-on-Au (9 nm)-on-Cyrg or RDgpgon-Au (9 nm)-
on-Cyp4; composites, respectively, were formed. Remarkably,
we could apply the same sequential process for the T and H
particles, enabling us to generate the corresponding RDgp.¢-
on-Au (9 nm)}-on-Typ ¢, and RDyppg-on-Au (9 nm)}-on-Hyp g,
particles (Figwre 4). The homogeneity of the Au NP
distribution observed in Figures 3 and 4 witnesses the ordered
formation of the growing ZIF-8 layer in the experimental
conditions.

223

Figure 3. (a, b) FE-SEM images showing an individual (a) and a
general view (b) of Au (9 nm)-on-Cypp ¢y composites. (¢, d) HAADE-
STEM images of single tRD gy g-on-Au (9 nm)-on-Crpgy (c) and
RD; g g-on-Au (9 nm}-on-Cyp gy (d) composites.

100 nm

Figure 4. (a) FE-SEM image showing an individual Au-on-Tzp g
composite. (b) HAADF-STEM image of a single Au-on-Hyg g
composite. (¢, d) HAADF-STEM images of single RDz g-on-Au-
on-Tzrgr (¢) and RDzgp g-on-Au-on-Hap g (d) composites.

Having shown that the layer of Au NPs does not preclude
ZIF reconstruction and that reconstruction could be done
stepwise, we next sought to use owr strategy to construct
onionlike composites made of (multi}-layered INPs (Figure
5a). To do this, we divided the tRDjp¢-on-Au (9 nm}-on-
Cyrg; particles into three portions, to each of which we
attached either PVP-coated Au NPs (~22 nm in diameter),
icosahedral Pd NPs (~13 nm in diameter) or cubic Pd NPs
(~18 nm in side length), using the same protocol. Then,
similarly to the first reconstruction process, we deposited a

DOI: 10.1021 /acsami 8b05058
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First Layer of ZIF-8

Second Layer of iNPs

Figure 5. (a) Schematic illustration of the ZIF-based composites
composed of two different layers of INPs. (b—d) HAADE-STEM
images of single RDz g-on-Au (22 nm)-on-tRDzg g-on-Au (9 nm)-
(b), RDzp¢-on-Pd (icosahedral)-ontRD g s-on-Au (9
nm)-on-Czg g (¢), and RDzppo-on-Pd (cubic)-on-tRD . o-on-Au (9
nm)-on-Ca g (d) composites.

on-Copp gy

second ZIF-8 layer using a precursor concentration of 10 mM
and a reaction time of 1 day. Figures Sb—d and S5 show high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images of three resulting
multicomposites, revealing RD as the final shape and two
different layers of INPs, that is, an internal layer of Au NPs (9
nm)} and an external layer of either Au NPs (22 nm),
icosahedral Pd NPs (13 nm} or cubic Pd NPs (18 nm). These
(multi}-layered composites were found to retain the
crystallinity and porosity of the starting ZIF particles (Figures
S6 and S7). Interestingly, the two different layers of INPs
inside a single ZIF particle could be separated by a distance of
40—50 nm (Figure Sb—d, right column).

23957
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MOF particles composed of separated layers of INPs should
be useful for heterogeneous cascade catalysis because the
involved reactions can be chronologically catalyzed in a
stepwise manner. As a proof-of-concept, we studied a cascade
reaction comprising a first Sonogashira coupling from 1-(prop-
2-yn-1-yloxy)naphthalene (1) to 1-((3-phenylprop-2-yn-1-
yl)oxy)naphthalene (2) catalyzed by Cu/Pd NPs, followed
by a second cyclization reaction from 2 to 4-phenyl-2H-
benzo[#]chromene (3) catalyzed by Au NPs (Figure 6a). We

() o/\H o/\ o

L e
Sonogashira Coupling

Cycization
1 CulPd, PH,K CO, 2

Au 3
o

4

Figure 6. (a) Schematic illustration of the cascade reaction. (b, c)
HAADE-STEM images of Cu/Pd-ontRDzp g-on-Au-ontRDzp
composite.

selected this reaction because the cyclization of 1 to 2H-
benzo[h]chromene (4} can occur either under thermal
conditions® or can be catalyzed by Au NPs, thus highlighting
the importance of the INP that starts catalyzing the reaction
involving 1.

Accordingly, we synthesized a composite composed of an
internal layer of Au NPs (~4 nm in diameter) and an external
layer of Cu/Pd NPs (~10 nm in diameter, Figure 6b). In this
composite, both core and layer separating the INPs was ZIF-8
because it is more stable than ZIF-67. The thickness of the
ZIF-8 layer was as small as 20 nm to facilitate the diffusion of
the large reagents that occurs mainly through the framework
and/or layer defects (Figwe 6¢c).”’ The catalytic cascade
reactions were then conducted by mixing 1, K,COs,
iodobenzene (PhI}, and xantphos in toluene with a toluene
dispersion of Cu/Pd-on-tRDyp ¢-on-Au-on-tRDyr o (Au: 2.2%
w/w; Cuw: 0.6% w/w; Pd: 1.3% w/w; metal content was
estimated by analyzing the digested composite by ICP-OES)
and reacted at 110 °C for 6 days under continuous stirring. As
control experiments, we also reproduced the same reaction
using tRDyp ¢ (without NPs), Au-on-tRDygpg (Auw: 2.1% w/
w), Cu/Pd-on+RDp (Cu: 0.6% w/w; Pd: 1.2% w/w), Au-
on-tRD g g-on-Cu/Pd-ontRDyr e (Au: 2.2% w/w; Cu: 0.5%
w/w; Pd: 1.0% w/w), and Au/Cu/Pd-ontRDyp, (Au: 2.1%
w/w; Cw: 0.5% w/w; Pd: 1.2% w/w) as catalysts (Table 1).

In the case of ZIF-8 and the composite containing only Au
NPs, Au-on-tRDyp g, they produced the nondesired 4 (yield:
21 and 31%, respectively, see Figure 6a). The 21% of 4

DOI: 10.1021 /acsami 8b05058
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Table 1. Summary of the Catalytic Reactions

1 2 3 4
entry catalyst (%) (%) (%) (%)
3= ZIF-8 S8 21
2% Aun-ontRDyp ¢ 40 31
397 An-ontRDyg¢ (reaction from 2 to 3) 64 22
4 Cu/Pd-on-tRD ;. 20 3s 8
N Cu/Pd-on-tRD 5 g-on-Au-on-tRD 5 5 53 11 1
6 Au-on-tRD g g-on-Cu/Pd-on-tRD 5 ¢ 45 18
% Au/Cu/Pd-ontRD g 28 4 2
9% no ZIF-8 $3 18
10" ZIF8 718
11*  no ZIF-8 71 11

“Without PhI and xantphos. “2 as starting material. °3 days.

produced using only ZIF-8 was exclusively due to the thermal
conditions of the reaction, as seen from blanks in Table 1
(entries 1 and 9). Note also here that a higher yield of 4 (65%)
was obtained when Au-on-tRD; ¢ was used without K,COj;.
This yield increase demonstrates that K,CO; which is
necessary for the Sonogashira coupling, is detrimental for the
cyclization reaction. For the composite containing only Cu/Pd
NPs, Cu/Pd-on-tRDyy; g, a mixture of 2 (yield: 35%) and 4
(yield: 8%) was synthesized. For the (multi)-layered composite
with the incorrect sequence of INPs (external: Au NPs;
internal: Cu/Pd NPs), it also produced 4 (yield: 18%) and not
2 or 3, proving that the cyclization of 1 mainly takes place as it
first encounters Au NPs and not Cu/Pd NPs, which were
embedded further in the ZIF. For the composite that contains
a mixture of both types of NPs on the external surface, Au/Cu/
Pd-on-tRDy ¢ 2 was mainly produced (yield: 28%). In this
reaction, small proportions of 3 (yield: 4%) resulting from the
cascade reaction and 4 (yield: 2%} were also formed. For the
composite with the good sequence, Cu/Pd-on-RDzy g-on-Au-
on-tRDyp g, we mainly obtained 2 (yield: $3%), a higher
proportion of 3 (yield: 11%), and a small proportion of 4
(1%). The increase in the formation of 3 agrees with the
occurrence of the cascade reaction, which is first catalyzed with
Cu/Pd NPs and then with Au NPs. In addition, the yield of 3
also agrees with the expected value taking into account the
independent performance of both reactions involved in the
cascade process (Figure 6a). Indeed, as seen before, reaction of
1 in the presence of Cu/Pd-on-tRDypy gave 2 (yield: 35%),
whereas the reaction of 2 in the presence of Au-on-tRDyp; g
gave 3 (yield: 22%). These values result in an expected yield
for the cascade reaction of 8%. Nevertheless, the fact that a
higher yield of 3 could be obtained using Cu/Pd-on-tRD ¢-
on-Au-on-tRDzyp g in comparison to the other binary Au-on-
tRD ¢ g-on-Cu/Pd-on-tRD,y 5 and Au/Cu/Pd-on-tRDyy: ¢
composites is a first proof-of-concept that (multi)-layered
MOF composites with a suitable sequence of INPs can
potentially catalyze cascade reactions.

B CONCLUSIONS

In conclusion, we have reported that ZIF-8/ZIF-67 particles
that have been etched can be fully reconstructed and that this
reversibility can be used as an alternative strategy to synthesize
novel ZIF-on-ZIF and layered ZIF-on-INP-on-ZIF composites.
The first step of our approach comprises anisotropic etching of
ZIF-8/ZIF-67 particles, which yields unprecedented C, T, and
H morphologies. Second, exposing these etched particles to a
ZIF precursor solution enables their reversible construction.
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Here, precursor concentration and regrowth time were critical
variables for optimizing the final shape (tRD or RD) of the
reconstructed particles. Moreover, we have demonstrated that
even hollow microboxes can be recovered to a final RD shape
by filling the inner space of the box with ZIF-8. Remarkably,
the reconstruction step may also be accompanied with a step
for attaching PVP-capped INPs onto the ZIF particle surface.
This attachment, coupled with the ZIF-on-ZIF growth, affords
layered ZIF-on-INP-on-ZIF composites. Furthermore, this
latter process can be repeated to construct (multi)-layered
composites composed of several types of INPs. In these
composites, the different INPs are well separated by a
nanometric layer of ZIF-8 that can be as small as 20 nm.
These composites offer potential for diverse practical domains,
such as catalysis, among other applications. Preliminary results
obtained for a model cascade reaction paves the way to an
improved design of new catalytic protocols for cascade
reactions.
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