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Abstract

This thesis focuses on the post-synthetic modification of MOFs (HKUST-1 and
MIL-101(Cr)) for H,/CO, separation, chemical hydrogen storage and catalytic oxidation. The
unsaturated Cu?* sites in HKUST-1 acts as binding sites for strong CO, adsorption, which
improve H,/CO, permselectivity up to 23.2 of 10wt% HKUST-1/HIPS membranes, prepared
by solution casting. While, the unsaturated Cr’" sites in MIL-101(Cr) were grafted with
acetylpyridine (AcP) and used as chemical hydrogen storage at atmospheric pressure,
when Pd was incorporated. The chemical hydrogen storage of Pd-AcP-MIL-101(Cr)
proceeded via hydrogenation/dehydrogenation of AcP, using Pd as catalyst and can be
regulated by H, partial pressure and temperature. The chemical hydrogen storage of
0.33 mmol Hy¢ ' can be operated at 150 °C up to 10 cycles. In another approach, the
ethylenediamine (en) was grafted at Cr>* unsaturated sites of MIL-101(Cr) and Pd?* was
subsequently incorporated by double-solvent adsorption. Highly stable Pd** species was
anchored on en-MIL-101(Cr) by the strong interaction between Pd?* and en within
MIL-101(Cr) confinement, preventing reduction to Pd’ even under H, at 150 °C. The
catalysts with en:Pd?* molar ratios of 10 provided a higher activity for styrene oxidation

(TOF ~30 h™'), compared to previous reports.

Keywords : Selective H,/CO, Permeation, Chemical Hydrogen Storage, Pd®* Catalyst,
Oxidation, HKUST-1, MIL-101(Cr)
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Chapter 1

Introduction

1.1 Research motivation

Over the past decades, metal organic frameworks (MOFs) have shown great
potential for a wide-range of application in areas of energy and environmental
sustainability.! With several advantages, including the ability to control the pore
environment and tunable both terms of porosity and chemical functionality of MOFs,
allow them to perform better over traditional porous materials.? Desirable and superior
features such as chemical stability, binding affinity, and catalytic activity can be obtained
by modifying MOF functionality, allowing more potential for improvement in response to
the applications.

The formation of functional sites, including coordinatively unsaturated sites, Lewis
acid or basic sites, on the internal surface of MOFs has played a crucial role in exploring
MOFs for membrane-based selective gas separation. Since preferential adsorption of the
functional sites has enabled to facilitate specific and selective recognition of gas
molecules during the equilibrium process within MOF adsorbents,® providing high
separation selectivity and productivity. There are numerous reports of MOFs being used
as selective membrane to separate gas mixtures.® However, MOFs have been challenging
to process continuous MOF membrane due to the presence of defects and chemical
stability. Mixed matrix membranes (MMMs) attempt to solve this issue by using MOFs as a
filler in the polymer matrix. It ideally leverages the membrane processability of polymers
and the superior transport characteristics of MOFs. Numerous MOF-based MMMs
(MOF-MMMs) have been investigated and specifically applied for H,/CO, separation.””’
Although most MOF-MMMs accomplish high gas separation, they require a lot of working
pressure (typically >1 MPa).® Hence, permeability-selectivity trade-off at atmospheric
pressure is still challenging. Accordingly, manipulation of MOF/polymer MMMs, including
types of polymer matrix and MOF, have conducted for this study to improve the H,

permeability and H,/CO, selectivity at atmospheric pressure.



Because of their huge internal surface area, high pore volume and low regeneration
temperature, especially ease to activate strong adsorption sites, MOFs can be considered
as candidate materials for hydrogen storage. Even though there are many MOFs that have
high H, adsorption capacities at cryogenic temperatures and high pressure, typically at
77 Kand 0.1 MPa,’ the adsorption dramatically decreases as the temperature increases to
room temperature. This is because the H, adsorption in MOFs is weak physisorption and
the interaction energies between the H, molecules and frameworks are very low.!® To
increase the interaction energy between H, molecules and MOFs surface, there are
numerous methods based chemisorption process have been employed such as ligand

2 or alkaline-earth metal ion inclusion,’® and

functionalization,!* alkali metal ion
embedding MOFs with Pd or Pt nanoparticles'®. Nevertheless, high pressure and
temperature are essentially required to obtain high efficiency. The chemical hydrogen
storage of organic hydrogen carriers by hydrogenation and dehydrogenation of the
functional group such as alkene/alkane (e.g. toluene/methylcyclohexane)®®, catalyzed
with Pd nanoparticles (Pd NPs), is an alternate solution to avoid the severe conditions. By
grafting the organic hydrogen carrier function as an auxiliary lisand on metal node of MOFs,
allows it to operate near-atmospheric condition. Further, the confined environment of
MOFs could accommodate both the Pd NPs and the organic hydrogen carriers to be in
close proximity, facilitating hydrogen transfer between H, and the carrier more readily.
Thus, this leads to exceptionally stable storage material that allows long-term energy
storage.

In addition to using the auxiliary licand to function MOF as hydrogen storage
material, it can also be used as an anchoring ligand for stabilizing Pd?*, heterogeneous
catalyst, in the oxidation of styrene. Even though the Pd?** species is required as an active
sites in this reaction, it is easily aggregate and form inactive Pd black, even at room
temperature.'® Thus, stabilization of Pd?* species by anchoring over the mesoporous
support is essential to prevent the auto-reduction by feed upon reaction or at high
temperature. Although the anchored Pd?* over SiO,,'" polymer’® and zeolites'? have been
extensively reported, the poor catalyst activity and stability were generally obtained since

they were not stable at high reaction temperature. Moreover, the number of active sites



on these catalysts were relatively low due to limited anchoring sites on the external
surface support. On this point, MOFs offer a chance to functionalize the anchoring sites
over either organic linkers or unsaturated sites through their MOFs structure, resulting in
the increase amount of Pd®* active species. Despite the fact that the decorated anchoring
ligand on organic linker had better Pd** activity,? the synthesis of special organic linkers is
costly, and the preparation of these MOFs is somewhat complicated with low yields.
Alternatively, grafting an electron-doner anchoring ligand at the coordinatively unsaturated
sites around the metal nodes of MOFs is a more effective way to stabilize the Pd** species
within the MOFs. This would open an opportunity for immobilizing Pd** species that can
withstand reduction or decomposition at high temperatures, hence improving the catalyst
stability.

Accordingly, this thesis focuses on the developments of modified MOFs (i.e.
HKUST-1 and MIL-101(Cr). The unsaturated metal sites in MOF were applied or modified
post-synthetically to be used in the way of gas separation, chemical hydrogen storage and
catalysis. The relationship between structural and chemical attributed of MOFs on their

applications were described and discussed.

1.2 Objectives of the study

1) To obtain HKUST-1/polymer MMMs for H,/CO, separation at atmospheric pressure

2) To understand the effect of HKUST-1 on the gas permeability and H,/CO,
permselectivity

3) To obtain acetylpyridine-Pd-MIL-101(Cr) as chemical hydrogen storage that can
function by regulating temperature and hydrogen partial pressure

4) To investigate effect of hydrogenation/dehydrogenation temperature and Pd loading
on material stability and H, capacity

5) To provide highly stable Pd** species in ethylenediamine-MIL-101(Cr) that can
withstand under high reduction temperatures and is able to catalyze in styrene oxidation

6) To study the role of MIL-101(Cr) and ethylenediamine-grafted for the stabilization of

Pd** species



1.3 Scopes of the study
1.3.1 Atmospheric H,/CO, permeability of HKUST-1/MMMs for hydrogen purification

1) Synthesize HKUST-1 by solvothermal

2) Characterize the HKUST-1 with XRD, N, adsorption-desorption, TGA, FTIR and
scanning electron microscopy (SEM)

3) Prepare the HKUST-1/MMMs (HIPS and EVA as polymer matrix) by solution casting
and test their H, and CO, permeabilities

1.3.2 Reversible Hydrogenation-Dehydrogenation of Acetylpyridine (AcP)-Pd-MIL-101(Cr)

for Chemical Hydrocen Storace

1) Hydrothermally synthesize MIL-101(Cr), then sequentially modify with acetylpyridine
by adsorption and incorporate Pd nanoparticles using double solvent technique

2) Characterize the AcP-Pd-MIL-101(Cr) sample by XRD, N, adsorption-desorption, CHN
analysis, ICP-OES, TGA, TEM and XAS

3) Examine the acetylpyridine grafting on Cr** nodes of MIL-101(Cr) by FTIR and XPS.

4) Test H, consumption (hydrogenation) and H, evolution (dehydrogenation) of AcP-
Pd-MIL-101(Cr) by H,-TPR.

5) Optimize  the hydrogenation/dehydrogenation  conditions (hydrogenation
temperature 100, 130, 150 and 200 °C for 0.5, 1 and 2 h and dehydrogenation temperature
150, 160, 170, 180, 190 and 200 °C for 1 h) on hydrogen storage performance and sample
stability by H,-TPRe and in situ XAS in the region of XANES

6) Investigate the effect of Pd loading (0.5, 2.5 and 4.0 wt%) on hydrogen storage
capacity

7) Study the hydrogen storage mechanism during hydrogenation and dehydrogenation
of AcP-Pd-MIL-101(Cr) by in situ FTIR and H,-TPRe

8) Test the hydrogen storage recyclability by H,-TPRe



1.3.3 Highly stable Pd* species anchoring on ethylenediamine-grafted-MIL-101(Cr) as a

robust oxidation catalyst

1) Hydrothermally synthesize MIL-101(Cr) and then sequentially modify with
ethylenediamine (en) by adsorption and incorporate Pd(OAc), by double solvent
technique.

2) Characterize the Pd-en-MIL-101(Cr) sample by XRD, N, sorption, CHN analysis,
ICP-OES, TGA and TEM.

3) Examine the ethylenediamine grafting on Cr** nodes of MIL-101(Cr) by FTIR and XPS.

4) Investigate the Pd-ethylenediamine coordination and Pd?*" anchoring by XPS and
Raman spectroscopy.

5) Study the effect of ethylenediamine (0.5, 0.8 and 1.2 mmol/g) and Pd (0.03 and 0.2
mmol/g) contents on the Pd?" irreducibility by in situ XAS in the region of XANES

6) Test the reactive Pd*" species with styrene oxidation, selective phenylacetylene
hydrogenation and Heck coupling reactions

7) Study the effect of ethylenediamine:Pd?* contents (1.75, 2.15, 3.4, 10, 16, 20 and

31.3) on the Pd?" activity for styrene oxidation

1.4 Benefits of the study

This thesis provides a valuable knowledge mainly in MOFs modification for
responding application in the field of gas separation, hydrogen storage and catalysis. In the
first study, exhibits permselective H,/CO, separation for HKUST-1/polymer MMMs. Thanks
to simple HKUST-1/MMMs preparation and the H,/CO, permselectivity comparable to
other engineering polymer membrane, it would be possible to use in the industrial to
reduce the operation costs and maintenance. For the second study, chemical hydrogen
storage of Pd-AcP-MIL-101(Cr) offers new approach, which applying organic hydrogen
carrier for material-based hydrogen storage. The simple operation by regulating
temperature (less than 200 °C) and hydrogen partial pressure of hydrogenation and
dehydrogenation processes present the cost-effective and less energy consumption than
conventional hydrogen storage. In the third study, the anchoring of highly stable Pd*f

species in ethylenediamine-MIL-101(Cr) presents the advantage of coordinatively



unsaturated sites in the MOF for grafting the ethylenediamine as an anchoring site to

improve the active sites density and also stabilize the Pd®* species. This delicate and

simple catalyst designs by using MOFs provide the guideline for preparation the Pd®*

catalyst with high stability.
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Chapter 2

Theories and Literature Reviews

2.1 Metal-organic framework

Metal-organic frameworks (MOFs), also known as porous coordination polymers,
have recently emerged as a class of very promising organic—-inorganic hybrid materials for
diverse applications. MOFs are crystalline porous materials built from metal
ions/polynuclear building units connected by polytopic organic linkers. An important
feature of MOFs is that their framework structures, pore environment and functionality
can be finely controlled by the choice of metal and organic building blocks and how they
are connected. While high micropore volumes and large surface areas are desirable for
many applications, such as narrow pores do not allow for hosting large objects and
anchoring molecular functions, as well as fast mass diffusion and transfer, thereby

providing possibility to use in a wide variety of applications (Figure 2.1).

Figure 2.1 Overview of MOFs chemistry!
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2.1.1 MOFs structure

MOFs are hybrid crystalline porous compounds materials that could be regarded
as a highly assembled from the multinuclear inorganic building units, secondary building
units (SBUs). The metal ions or their clusters are joint by chelating agents (ligand)* to result
rigid structures with various dimensionalities®. Two components can be distinguished in
MOFs: the SBU (Figure 2.2a) and organic molecules (Figure 2.2b) linking the former to give
basically periodic porous structures. Different combinations of these structure elements

lead to an enormous number of MOFs.
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Figure 2.2 Constituents of metal-organic frameworks (MOFs); (a) metal clusters (polyhedra
demonstrate the metal coordination) and (b) organic molecules from, which

linkers are formed*
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In addition, in each geometry variant, the central metal atom can be substituted.
In particular, the substitution of secondary building units, while the linker (terephthalic

acid) is the same, can lead to quite different MOFs (Figure 2.3).

Secondary building units Different MOFs

Octahedron (CN = 6)

Trigonal prism (CN = 6)

Zr

Cuboctahedron (CN = 12)

Figure 2.3 Structures of different MOFs with the terephthalate (BDC) dianion as a linker

Secondary building unites can be combined into a framework structure through
different linkers. Selection and substitution of a linker can lead to two situations: either
the symmetry of the structure is retained when another linker is used and only the unit
cell parameters change because of the elongation of the carbon chain (for example, when
going from Ui0-66 to Ui0-68) (Figure 2.4)° or the symmetry can also change because of

the change in the mutual arrangement of functionalities (Figure 2.5).
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Hzbpdc

Figure 2.4 Framework symmetry retention with an increase in the linker chain length

Co;

MOF-101

Figure 2.5 Examples of the change in the geometry of MOFs depending on the mutual

arrangement of substituents in the linker molecule®

As already mentioned, MOFs are distinguished by the diversity of their structures,
different symmetry and pore sizes and by their characteristics. The pore size is determined
by the carbon chain length of the linker or the number of benzene rings in it, whereas the
introduction of different substituents and functional groups into the linker is responsible

for the additional selectivity and unique chemical properties of the pores.
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2.1.2 General feature of MOFs

2.1.2.1 Porosity of MOFs

The porosities, or void spaces, in MOFs can be shaped in various forms. 1D
channels or interconnecting channels of higher dimensionality can run through the solid.
Free space inside pores can be accessible by entering pore windows that are of smaller
diameter compared with that of the actual pore. Cavities can also be present in these
materials. The void spaces in MOFs span from a few angstroms to tens of nanometers.
The same material can contain pores of different sizes, both in the micro- and mesoscale
region.® Size and shape selectivity can be accomplished using MOFs due to their tunable,
well-defined pore size and shape. The most significant distinction compared to many
other porous substances is their low density, which offers them extremely great surface

areas and porosity.”

2.1.2.2 Flexibility of MOFs

Some MOFs are flexible yet robust enough to maintain their structures. Movements
in the framework can occur upon change of external conditions, such as temperature,
pressure, chemical medium.® The structure of MOF can adjust itself in order to
accommodate incoming gases or liquids. The response is also dependent on host-guest
and host interactions. Pores or channels can shrink and expand in a reversible manner,
without breaking bonds, when gases or liquids are filling and evacuating from the
pores/channels. This kind of response is called a dynamic or “breathing effect”.” A flexible
network needs both enough free space to accommodate the guests and contain weak
and less rigid ligand that make it possible for the network to change. The dynamic effects
can depend on local flexibility at the linker and/or metal clusters that are flexible in their
coordination to the linkers and change the bond angles slightly without breaking the
bonds. The displacements can be of several angstroms, resulting in quite large changes in

pore volume. An often-mentioned example is the MIL-53 as illustrated in Figure 2.6.
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Figure 2.6 The breathing effect of MIL-53 (Al, Ga or Fe) as a function of temperature

above room temperature

2.1.3 MOFs synthesis
Several efforts have been exploring diverse routes for the MOFs synthesis that are

cost-effective, green, and rapid. Such routes can be classified as solvothermal, slow

evaporation/direct precipitation, microwave assisted, electrochemical, mechanochemical

and sonochemical methods (Figure 2.7).
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Figure 2.7 Overview of synthesis methods, possible reaction temperatures, and final

reaction products in MOF synthesis
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Solvothermal approach; In general, MOFs have been synthesized under
solvothermal conditions via conventional electrical heating. The self-assembling process
of MOFs usually starts from isolated metal ions and organic linkers (Figure 2.8). During the
implementation of a solvothermal method, the chemical reaction proceeds in solvent at
a temperature above its normal boiling point by containing the reaction mixture within a
sealed vessel. These conditions increase the ability of solvent to dissolve solids and speed
up reactions between solid species. The main advantage of this method is that almost
any material can be dissolved in the solvent by increasing the temperature and pressure

to its critical point.

Solvent
l I i @ Zﬂ?ﬁ ashing ﬁg Zﬂ:’fﬁ
e | e, + ?z?; ﬁ H:Ztinl;lu;xder D‘éﬁzﬁ;ﬁ
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® Metal salt MOF activated MOF

¢ Organic ligand

Figure 2.8 Solvothermal synthesis of MOF

Microwave-assisted synthesis, the energy for reaction is provided in the form of
microwave (MW) radiation (Figure 2.9). It is generally used in organic syntheses, but it has
wide application in rapid synthesis of nanoporous materials. Apart from fast crystallization,
phase selectivity, narrow particle size distribution and morphological controls are some of
the advantages of this method. Several MOFs containing Fe**, A**, Cr**, V**, Ce® have
been synthesized using MW assisted method. Formation of MOFs has been reported to
carry out under MW radiation at a temperature over 100 °C with reaction time exceeding
1 h. Generally, MOFs can be formed quickly via MW irradiation with respect to

conventional electrical heating process.
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Figure 2.9 Microwave-assisted solvothermal synthesis of MOF structures

Electrochemical synthesis of MOF uses metal ions continuously supplied through
anodic dissolution as a metal source instead of metals salts, which react with the dissolved
linker molecules and a conducting salt in the reaction medium (Figure 2.10). Protic
solvents are generally used to avoid deposition of metal on cathode, but during process

H, generation can be possibly observed.
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Figure 2.10 Electrochemical synthesis of MOF

Sonochemical technique, ultrasonic radiation (20 kHz = 10 MHz) is used for MOFs
synthesis. This method can also achieve a reduction in crystallization time and significantly
smaller particles size than those by the conventional solvothermal synthesis. When high
energy ultrasound interacts with liquid, cavitation (process of bubble formation, growth
and collapse under altering pressure) takes place and provides energy with high
temperature of ~5000 K and pressure of ~1000 bar, creating hot spots to facilitate rapid

crystallization of homogeneous crystals of MOFs (Figure 2.11).
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Figure 2.11 Sonochemical synthesis of MOF

Layer by layer method is used for the preparation of MOF thin films. The method
is based on surface chemistry in which functionalized organic surface is immersed
sequentially into the solutions of metal ion and organic linker. It was observed that
orientation of thin film depends on that sequence through which the reactants are added
(Figure 2.12). Metal source and surface termination are the two major factors that affect
the rate of growth MOF film. Highly oriented growth was observed for substrates

functionalized with different functional groups such as COOH, OH.°

' Ly by layer ‘

TiO; nanorod array TiO,@MOF nanorod array

» \&'S{

SR\ -

Figure 2.12 The example of layer-by-layer MOF synthesis method

In addition, an important step for post-synthetic treatment of MOFs is purification
and activation. The purification is of crucial step for catalytic applications since the
impurities, such as metal precursor, residue linkers and solvent, from synthesis reaction
can mimic the catalytic activity and considerably deteriorate the absorption possibilities.

The purification usually consists of treatment with a solvent at elevated temperature. The
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activation implies pore emptying, which is often a difficult task. Since removal of inclusions
from a porous structure by heating, can lead to collapse of the framework, especially if
the guest molecules and the framework are bound by rather strong bonds or if inclusion
removal requires high temperatures. There are different methods for simplifying the
activation of MOFs. The most common among them is solvent activation, which is
replacement of the solvent by a more volatile one that makes it possible to decrease the

treatment temperature (Figure 2.13).
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Figure 2.13 Solvent activation of MOFs

2.1.4 Post-synthetic modification of MOFs

Compared with the conventional inorganic materials, hybrid nature of MOFs
presents an opportunity for functionalizing their frameworks to expand their functional or
structural = diversity.  Post-synthetic -modification (PSM) usually involves chemical
functionalization of organic linkers or metal clusters of a MOF to create a variation of the
parent framework but still maintains the structural stability. The advantages of the PSM
method include: (i) the ability to incorporate a wider range of functional groups, (i) the
ability to generate a series of functionally diverse MOFs with the same topology and
(iii) the ability to introduce multiple kinds of functional groups into the same framework.
The post-synthetic modification can be mainly divided into two categories as shown in
Figure 2.14, including.

- Covalent PSM, in which the organic linkers of the MOF are modified with
a reagent, resulting in new functional groups

- Coordinative PSM, where organic molecules containing metal ligating groups are

introduced onto the inorganic SBUs of the MOF.



19

Figure 2.14 Illustrative schematic of (i) covalent PSM using reactive groups on the MOF
linker for modification by an organic reagent and (ii) coordinative PSM using

a coordinating organic molecule to bind to the MOF SBU

2.1.4.1 Covalent post-synthetic modification

The highly porosity and chemically rich components of MOFs provide excellent
opportunities to perform covalent reactions on the surface, to extent their chemical
complexity ~and  functionality for various applications. Typically, the covalent
post-synthetic modification usually involves oreanic linkers, containing a chemical
functionality that does not interfere with MOF assembly but can be used as the site for
modification in subsequent post-synthetic modification (Figure 2.15). Frequently, covalent
PSM has been achieved using amine-, aldehyde- or azide-derivatized organic linkers, as
these moieties are quite reactive and can be targeted with reasonable selectivity using
specific reagents. The installation of these functional groups has led to the discovery of

MOFs with interesting catalytic, gas separation, hydrophilic, and hydrophobic properties.

Figure 2.15 |llustrated covalent post-synthetic modification and subsequent

polymerization synthesis of MOF-nylon hybrid materials
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2.1.4.2 Coordinative post-synthetic modification

In contrast to covalent modification, coordinate covalent modification involves
changes in the coordination environment of the SBUs within the framework that do not
alter the overall SBU or the framework topology. Many MOFs contain labile ligands, often
coordinated solvent molecules, that are attached to the SBUs. These may be removed
together with the solvent molecules included in the pores in the activation process to
generate a porous material with open coordination sites, providing open metal sites
(Figure 2.16). Alternatively, these labile ligands can be substituted by other ligands, and

this substitution has often been used to enhance adsorption or catalytic properties.

Figure 2.16 Illustration of the coordinative post-synthesis modification by grafting of

ethylenediamine onto MIL-101(Cr)

2.2 MOFs for gas adsorption and separation

Because of their enormous surface areas, adjustable pore diameters, and
controllable surface characteristics, MOFs are excellent adsorbents for gas storage and
separation. As potential adsorbents in gas separation and purification, MOFs offer unique

advantages for specific applications based on their structural characteristics.
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2.2.1 Selective gas adsorption in rigid MOFs

In rigid MOFs, much like in zeolites, the adsorption selectivity may be related to
the molecular sieving effect and/or preferential adsorption based on the different
strengths of the adsorbent-adsorbate and adsorbate-adsorbate interactions.

2.2.1.1 Selective adsorption based on size/shape exclusion

Selective adsorption based mainly on the molecular sieving effect has been
confirmed in several MOFs. Structural analysis revealed that manganese formate, has a
robust 3D framework structure with 1D channels. These channels contain larger ages,
which are connected to each other via a small window. Gas sorption experiments
indicated that at 78 K this material can selectively adsorb H, over N, and Ar.!! Thus, the
selectivity was attributed to the small aperture of the channels. In another way,
coordinatively linked interpenetrated MOF, PCN-17 which has a porous structure
containing large cages linked by relatively small apertures and retains its porosity at
temperatures as high as 480 °C. The interpenetration and sulfate bridging in PCN-17 reduce
its pore (window) size to approximately 3.5 A leading to selective adsorption of H, and O,
over N, and CO.*2

2.2.1.2 Selective adsorption based on adsorbate-surface interactions

Although the pore size and shape of an adsorbent are the major factors in
determining the adsorption selectivity of guest molecules, the nature of the guest-surface
interaction is also important. In some of the rigid MOFs, the adsorption selectivity can be
attributed to the thermodynamic equilibrium effect or the kinetic effect in a given
equilibrium time, namely the preferential adsorption but not the molecular sieving effect.
In these cases, the selectivity was demonstrated to be related to adsorbate properties
such as polarity, quadruple moment, and H-bonding, as well as to the surface properties
of the pores.

2.2.1.3 Selective adsorption based on cooperative effects of size/shape
exclusion and adsorbate-surface interactions

The selective gas adsorption in some MOFs seems to be related to both the pore
size and the interactions between adsorbate molecules and the pore walls. One example

is Erxpda);, which has a 3D framework structure with 1D circular channels and
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I sites. The effective dimension of the channels is

coordinatively unsaturated Er
approximately 3.4 A® in diameter. Adsorption measurements showed selective adsorption
of CO, over Ar and N,, which was attributed to the combined effects of size and of
host-guest interactions.’® It was suggested that the host framework, with its coordinatively

unsaturated Er"

ions, polar groups, and Tt-electrons, may give rise to an electric field,
inducing a dipole in CO,. Besides the induced dipole interaction, the quadrupole moment
of CO, would interact with the electric field gradient, contributing further to the adsorption

potential energy.

2.2.2 MOFs membrane-based gas separation

For MOFs membrane-based gas separations, there are two main factors that play
a role in the membrane separation performance: solubility and diffusivity of the feed gas
in single or multi-component mixtures. The solubility of the targeted gas is governed
through its thermodynamic affinity/interactions with the membrane, while its diffusivity is
directed by its relative size with respect to the apertures and the pore sizes of the
framework.

In principle, If the pore apertures and size are bigger than the dimensions of the
penetrates, molecules in the gas mixture with a substantially stronger affinity/interaction
with the pore system of the membrane would adsorb strongly and diffuse quicker through
the membrane. If the interactions are moderate enough to allow for optimal desorption
downstream, resulting in a permselectivity in favor of the highly absorbable gas, this case
can lead to good separation (i.e., solubility-based separations). Accordingly, altering the
pore system surface through ligand modification or chemical functionalization can
improve solubility-based separation. This modification can lead to changes in the size and
shape of the pore aperture, the pore volume, and the surface nature or functionality -
polarity, hydrophilicity, or hydrophobicity - all of which can lead to either an improvement
or a drop in the selectivity-permeability trade-off.

In the case of molecular sieving, i.e., size-selective separations, the kinetic
diameters of the targeted molecules for separation usually govern the selection of the

MOF candidates with the appropriate pore aperture for a given separation. However,
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various studies reported that even gases with a kinetic diameter larger than that of the
pore aperture are still able to permeate through the MOF membrane, which is plausibly

governed by framework flexibility in MOFs (Figure 2.17).
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Figure 2.17 Breathing behavior of the flexible MIL-53 MOF by application of an external
mechanical pressure to provoke a molecular-sieving type separation,
followed by regeneration from the unconstrained MOF after release of the

mechanical constraint'

Although MOF-based membranes have shown the potential in high-quality
performance for gas separation, it has been challenging to fabrication of thin-film MOF
membranes such as poor substrate-film interactions, mechanical or thermal stability
problems. The crystal growth as well as continuous process of MOF films need to be
compromised with their gas selectivity due to the presence of defects in the films. In
addition, simpler, cheaper, and high-yield synthesis methods are expected to lead to the
preparation of MOF membranes on the large scale. MOF membranes with enhanced
stability are required for practical separation conditions, such as high temperature and
pressure. Thus, industrial application of MOFs in membranes will occur in composite

membrane, where MOFs are used as filler particles in small amounts in polymer matrix.



24

2.2.3 MOFs based mixed-matrix membranes

Mixed-matrix membrane (MMMs, Figure 2.18) attempt to address the issues of MOF
membrane by using MOFs as a filler in the polymer matrix, ideally leveraging the facile
membrane processability of polymers and the superior transport characteristics of MOFs
to form new composite materials. The employment of MOFs in MMMs provides potential
advantages over other inorganic fillers: (i) the pore structure and pore size of MOFs can
be tailored to specific applications through simply changing the recipe of precursor-metal
salts and organic ligands, (ii) generally, MOFs display a better compatibility with the
polymeric matrix since the organic linkers in MOFs have a stronger interaction with polymer

chains.
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Figure 2.18 Schematic diagram of mixed matrix membrane

The synthesis of MMMs is analogous to that of normal polymeric membranes,
which can be developed to manufacture MMMs in an industrial scale by applying the
current technology of polymeric membranes production. There are three main fabrication
routes to prepare MMMs at lab scale:

() Dispersion of filler particles into solvent before adding polymer

(i) Dissolution of polymer into solvent before the addition of the filler particles

to the polymer solution

(iii) Dissolution of polymer into solvent and dispersion of filler particles into

solvent separately, then mix both suspensions
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2.2.3.1 Challenges in mixed matrix membranes fabrication

2.2.3.1.1 Selection of filler and polymer pair

Pair-wise selection is fundamentally important for MMMs fabrication, which is
directly associated with the morphology and separation performance of the MMMs. In a
defect-free mixed matrix membrane, the polymer phase determines the minimum
separation performance and the filler determines the improvement of the membrane
permeability and selectivity. As to the polymer, the free volume and composition of the
polymer determine the gas solubility and diffusivity. Concerning the filler, the derived
MMM properties are related to the chemical structure, pore geometry, surface chemistry
and particle size distribution of the filler. Moreover, apart from all these material intrinsic
properties, the membrane’s interactions with the gases to separate must be considered.
In general, due to their well-patterned pore structure, porous of MOFs can serve as
molecular sieves that contribute to high selectivity. The surface functionality of the filler
(e.g., =NH,) may also interact with the targeted gases (e.g., CO,), enhancing gas solubility
and selectivity in the MMM. An example for amine-functionalized MOF and their amine-
CO, interactions presents in Figure 2.19.
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Figure 2.19 (a) Schematic shape of pre-functionalization, (b) hydrogen bonding between
CO, molecule and -NH, functional group and (c) dipolar ion (zwitterion)

formation by the acidic CO, and basic NH, groups'?



26

Furthermore, the compatibility between the filler phase and the polymeric matrix
is of vital importance for the preparation of high performance MMMs. An appropriate
approach is to use MOFs that contain organic linkers similar to the functional groups of
polymer chains. In common practice, MOFs containing amino groups or surface
ammonization can improve the interaction between the filler and the polymer,
particularly for specific polymers such as polysulfone and polyamide, as shown in

Figure 2.20.
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Figure 2.20 Covalently functionalized -NH, group of the MOF, with adipoyl chloride for
post-synthetic polymerization of hybrid Nylon-MOF composites!®

2.2.3.1.2 Filler dispersion

As the improvement in membrane performance is determined by the filler’s
content and size, an ideal MMM with optimum performance should consist of
well-dispersed fillers at their maximum practical loading, and with an excellent
filler/polymer contact. However, the aggregation of MOFs particles is difficult to avoid,
while increasing the filler particle loading (>10%) due to the strong interaction between
particles, or poor interaction between the filler and the polymer, so polymer chains are
unable to enwrap all the particles. In addition, the aggregation of filler particles can lead
to the formation of non-selective interfacial voids, deteriorating membrane separation
efficiency. This circumstance can be more serious when using nano-sized MOFs with larger
surface energy. The permeability and selectivity of MMM can increase simultaneously
when increasing the size of ZIF-8 nanoparticle.!” This may be due to the smaller external

surface area of larger filler, leading to the lower degree of agglomeration.
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2.2.3.1.3 Filler/polymer interface morphology

Poor adhesion between filler and polymer leads to the formation of defects at the
filler/polymer interface. The organic compounds in MOFs can contribute to a better
compatibility with the polymeric matrix compared to that yielded by typical inorganic
fillers (e.g., zeolite, SiO,). However, the MOFs/polymer compatibility can often be
overestimated in some cases, which by itself is still not sufficient to eliminate interfacial
voids, especially when using micron-sized MOFs. Moreover, the surface organic functional
groups (e.g., carboxyl) on MOFs are usually coordinated and not superficially exposed,
unless special MOFs/polymer interactions are designed by modifying linkers for MOF
synthesis or surface grafting by post-treatment. Poor interface morphology in MMM
includes three major types: interfacial voids, rigidification of polymer around the filler
particles, and blockage of filler’s pores. Figure 2.21 displays schematic representations of
interfacial voids (a) and of a rigidified polymer layer (b) at the polymer—particles interface.
Low interface adhesion creates non-selective interfacial voids at the filler/polymer
interface region, especially for some MMMs with micron-sized MOFs particles. Such voids
will act as extra channels that allow non-selective gas transport, thus reducing the
selectivity of the whole membrane, this kind of morphological features are known as

“sieve-in-a-cage” morpholosgy.

Interfacial void Rigidified polymer

(a) / (b)

/

Polymer matrix Inorganic particles Polymer matrix Inorganic particles

Figure 2.21 Schematic diagram of interface void (a) and rigidified polymer (b) in MMMs
Rigidification of a polymer layer around the filler is caused by the immobilization
of polymer chains at the filler/polymer interface. This phenomenon can also influence

the gas transport behavior around the fillers. Although enhancement of the interface
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adhesion between the filler and polymer is preferred, it decreases membrane
permeability. Some studies found that when using some mesoporous materials as fillers,
polymer chains were able to penetrate into the pores of the fillers, resulting in rigidity
increase of the polymer matrix and improved filler/polymer contact.’® Selectivity
enhancement were observed in the membranes after incorporation of these mesoporous
fillers, which should be corresponding to the chain rigidification and filler/polymer
interaction in the MMMs.

In addition, particle pores can be blocked by sorbent, solvent, or polymer chains
during the membrane fabrication. Pore blockage of the filler always leads to the decrease
of membrane permeability, while its effect on selectivity depends on the pore dimension
of the filler in the MMM. However, pore blockage is not always problematic, for the
purpose of improving membrane selectivity, pore blockage method can be utilized to
tailor the molecular sieving properties of porous fillers by confining a third agent (e.g., ionic
liquid) to the pores of the fillers. This agent can act as a cavity occupant for manipulating

MOFs’ pore size.

2.2.4 Mechanisms of gas transport in membrane materials

The gas passage across MMM is illustrated in Figure 2.22. In this Figure, the possible
mechanism is demonstrated in a defect-free MMM and MMM formed with interfacial
defect surrounding the MOFs. Typically, the interfacial defect is associated with
filler/polymer incompatibility or surface delamination of polymer chains during membrane

fabrication.
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Figure 2.22 Illustration of gas transport across the membrane layer; (@) MMM with

interfacial defect, (b) defect-free MMM

The Knudsen-diffusion mechanism takes place at the interfacial voids. It is apparent
that the interfacial void is undesired and reduces the selectivity of the system. In this case,
the selectivity of a MMM drops as larger gas molecules can easily permeate through the
voids. However, gas transportation through a dense layer membrane mainly relies on the
solution-diffusion mechanism even though both the Knudsen diffusion as well as the
solution diffusion transport can result in selective transport of gases in MMM, as shown in
Figure 2.22a. The solution diffusion mechanism depends on the solubility and diffusivity
of gas molecules. The following steps are followed for the gas molecules to move from
the feed phase to the permeate;

i) Sorption gas into the upstream face of the polymer

i) Diffusion of the gas through the polymer (along chemical or pressure gradient),

iii) Desorption from downstream face of the polymer

The affinity of the component in the MMM towards the targeted gas molecules
influences to the permeability coefficient. Another mechanism for gas passage in MMM is
via size-exclusion (Figure 2.22b) in the presence of MOFs and this process is dependent
on the pore dimensions and MOFs/polymer interface, besides the particle’s aperture size.

The molecular sieving mechanism is rather straight forward in which molecules with larger
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kinetic diameters will be prohibited to pass through the particles in the matrix. The filler
played a significant part in separating the gas due to its tortuous path, affinity, and
adsorption capacity. Theoretically, the brutal way for the gas to travel through the small
aperture size resulted in highly selective size-exclusion separation. Synergistics between
solubility, diffusivity, affinity as well as size exclusion often being the factor that leads to

the excellent separation performance by MOFs based MMM.

2.3 MOFs for hydrogen storage

2.3.1 MOFs as hydrogen storage

The physisorption mechanism suggests adsorption of molecular hydrogen on a
surface via relatively weak van der Waals bonding. Several characteristic features of
physisorption can be noted. The adsorption process is fast, i.e. the saturation is achieved
within minutes after hydrogen pressure is stabilized, and fully reversible. Hydrogen is
released when pressure is lowered and is adsorbed when pressure is increased again.
Surface area is the main factor, which controls hydrogen adsorption capacity of the
material. The more surface area, which is accessible for adsorbate molecules the more
sorbate molecules, will be adsorbed on the adsorbent surface.

MOFs show some advantages as hydrogen adsorbents compared to other porous
solids. They exhibited superior hydrogen adsorption properties at cryogenic temperatures
(77 K). Combining different organic ligands and ion clusters, it is possible to synthesize
MOFs with an almost infinite number of geometrical and chemical variations of the
structure (Figure 2.23). Additional hydrogen adsorption sites can be introduced into the
structure of MOFs by post-synthetic modifications improving their hydrogen adsorption

properties.
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Figure 2.23 Crystal structure of MOF-210, the spheres represent the largest molecules,
which could fit in the pore without touching the Van der Waals surface of

the framework atoms

However, at ambient temperatures, hydrogen adsorption in MOFs is relatively low
and usually does not exceed 1 wt%.° Very strong research efforts have been focused on
improving hydrogen storage in MOFs at ambient temperatures, which requires an
understanding of the main factors influencing hydrogen adsorption. Some factors are the
same as for most other materials where hydrogen is stored due to physisorption while

other factors are inherent only for MOFs.

2.3.2 Hydrogen adsorption in MOFs

2.3.2.1 Hydrogen bonding strength

The most crucial factor is the bonding strength of H, molecules to the adsorbent
surface, which is proportional to the isosteric heat of adsorption. H, molecules interact
with the surface of MOFs via the weak Van Der Waals force, which results in low isosteric
heat of adsorption in the range of 4-7 klJ/mol.?! Several recently suggested ideas on how

to improve the strength of hydrogen interaction with MOFs are the following:



(i) reducing pore size

(ii) introducing unsaturated metal adsorption sites

(iii) doping MOFs with alkali metals

(iv) changing organic ligands and metal clusters

(V) using the hydrogen spillover effect

2.3.2.2 Surface area

32

An important factor influencing hydrogen adsorption in porous materials is surface

area. Hydrogen adsorption is higher for MOFs with larger BET surface area (Figure 2.24). The

relation between hydrogen uptake and BET surface area in MOFs is almost linear at 77 K

and high hydrogen pressures. A similar linear relation between hydrogen uptake and BET

surface area of MOFs is also observed at room temperatures, but to observe it MOFs need

a proper activation. Such activation procedure is needed to remove solvent molecules

and to produce unsaturated open metal sites which are important for hydrogen adsorption

at room temperatures.
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Figure 2.24 Excess hydrogen uptake in MOFs at 77 K (left figure) and at room temperatures

(right figure) plotted versus BET surface area®
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2.3.2.3 Pore volume

Another important factor, which influences hydrogen adsorption is pore volume.
Hydrogen adsorption in MOFs correlates with total pore volume though this correlation is
more pronounced at 77 K.?* Theoretical calculations performed for a family of MOFs with
the same framework topology and the same surface chemistry but with different pore
sizes showed that three different adsorption regimes exist at 77 K. It was found that at
low pressure, hydrogen uptake correlates with the heat of adsorption, whereas at
intermediate pressure uptake correlates with the surface area. For the highest pressures
uptake correlates with pore volume.?* A good example of how different factors determine

hydrogen adsorption in different pressure ranges can be seen in Figure 2.25.
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Figure 2.25 Theoretical values of hydrogen uptake calculated for different MOFs: a) at 0.1
bar plotted versus isosteric heat of adsorption, b) at 30 bar plotted versus

accessible surface area and c) at 120 bar plotted versus pore volume

2.3.2.4 Pore geometry

The shape and size of pores are also crucial for hydrogen adsorption. Due to the
overlap of the potential fields from both sides of the pore walls and small pores should
have higher affinity towards hydrogen and thus higher hydrogen uptake capacity
comparing to pores with larger diameter. This theoretical assumption was confirmed by
experimental results, using thermal desorption measurements. As reported by Panella et
al. showed that hydrogen desorption from MOFs with smaller pore sizes, used the
temperature higher than from MOFs with larger pore sizes.”® There are few possible

methods to reduce pore sizes in MOFs. One method is to introduce bulky groups into
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organic ligands. Another method is catenation, or penetration, of two or more identical
frameworks.?® This technique was proven to work at low pressure and 77 K. However, the
GCMC simulations predicted that it would not work at high pressures due to a reduced
free volume.?” Moreover, an impregnation of MOFs with organic molecules such as
fullerene Cqo, free volume within pores can be reduced and additional hydrogen

adsorption sites can be introduced inside the framework (Figure 2.26).%

Figure 2.26 Potential energy for adsorption within the free volume of Mg-Cs,@MOF

2.3.2.5 Catenation/interpenetration

Very large pores within a MOF are ultimately detrimental to hydrogen storage,
because H, molecules near the center of the pore are unlikely to experience any
attraction from the potential surface of the pore walls. Such low-density framework solids
will tend to have low volumetric H, uptake capacities. Indeed, a large micropore volume
composed of small voids is more desirable for an efficient storage material.’ Framework
catenation has long been interest in MOF research. The intergrowth of two or more
frameworks is allowed for many high-symmetry, default topologies and is often observed
when long linkers are used. Catenation can take the form of interpenetration, where the
frameworks are maximally displaced from each other, where they are minimally displaced
and exhibit many close contacts. The most immediate consequence of catenation is a
reduction of the free volume of the pores (Figure 2.27). Therefore, it is a viable strategy

for improving hydrogen uptake.
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Figure 2.27 Schematic representation of the repeat unit of (a) single-framework MOF,

catenation of two identical frameworks can be used to restrict the volume of
the pore considerably by (b) interpenetration or to a lesser extent by (c)

interweaving®®

2.3.3 MOFs supported inorganic hydride

As hydrogen storage capacity of MOFs are found to decrease drastically near room
temperature because of their weak interaction with H, molecules, which results in low
adsorption energy values not enough to meet the application requirements. To increase
the interaction between adsorbed H, molecules and a host material, the functionalization
of host material by incorporating functional groups in the host material or by metal
decoration of host materials are being explored. Several studies use the MOFs as a
supported catalyst for hydrogen generation from chemical hydrides or hydrogen carriers.
Reducing the size of metal hydrides to the nanometer range enables fast kinetics for both
hydrogen release and subsequent uptake. Nanoscaling can also alter desorption
thermodynamics by eliminating intermediate reaction steps, whereas surfaces and
interfaces can also alter reaction pathways relative to bulk and enable reversibility. The
strong interaction between unsaturated metal sites of MOFs and inorganic hydride also
reported by Yu et al** who used copper-based MOF as HKUST-1 to load lithium
borohydride (LiBH,4). The first dehydrogenation event of activated LiBH;@HKUST-1 occurred
at 60 °C, much lower than that of pristine LiBH, (380 °C). The direct interaction of the
borohydride with the MOF copper unsaturated sites is invoked to explain this catalytic
effect (Figure 2.28). No diborane by-product is formed during the borohydride
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dehydrogenation, although no evidence of any B-containing by-product or of a clear

decomposition mechanism was provided that the high catalytic activity of HKUST-1 is due
to the interaction between LiBH,; and the Cu-O bonds in the MOF.

Figure 2.28 Proposed interaction of LiBH, with the exposed Cu(ll) sites in HKUST-1

2.4 MOFs for catalysis

MOFs have many properties that commend them as catalysts. Several features
make MOFs as an excellent candidates for heterogeneous catalysts: (i) an unprecedented
structural diversity, (ii) the intrinsic hybrid organic-inorganic nature, (iii) the presence of
uncoordinated metal sites and readily accessible organic struts, (iv) the potential for
rational design, and (v) a well-defined porosity. Several structural features of MOFs can be

harvested for catalytic applications, as depicted in Figure 2.29.
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I Functional MOFs
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Figure 2.29 Assembly of (a) a functional MOF with catalytically active sites by direct
assembly or post-synthetic modification (PSM) of a linker, (b) or a metal

node, (c) nanoparticle encapsulation, or (d) MOF utilization as a carbon

support?®

2.4.1 MOFs with intrinsic catalytic activity

MOFs have been proposed as ideal platforms for the heterogenization of
homogeneous catalysts. MOFs can be understood as molecules arranged in a crystalline
lattice, and as such, through crystal engineering, a given homogeneous catalyst could be
extended through such a crystalline lattice, leading to solids with intrinsic catalytic activity.
In this regard, many MOFs can be used as single-site catalysts. Mostly three different
approaches have been proposed to achieve intrinsic catalytic activity (i) through the
introduction of open metal sites (coordinatively unsaturated sites), (ii) through the creation
of defects, and (iii) by using the organic linker as a catalyst or using it direct or indirect

(post-synthetic modification) incorporation of such sites.
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2.4.1.1 Catalysis on open metal sites and nondecorated frameworks

The earliest reports about catalytic activity of MOFs are those where the active
site is an intrinsic part of the framework. For instance, mixed-valence open metal sites
(OMSs) of MIL-100(Fe) for Fe?*/Fe* as a catalyst were used for the aza-Michael addition
of various amines with a,B—unsaturated compounds (Figure 2.30).>* The OMSs of MIL-
100(Fe) were obtained by treatment under vacuum at 250 °C. It was found that the OMS-
MIL-100(Fe) showed product yields up to 93% in the absence of any additive. In addition,
the catalyst was recycled with no apparent loss of activity. The MIL-100(Fe), evacuated at
different temperatures, was also used as a «catalyst for selective ethylene
tetramerization.*? Depending on the evacuation temperature, both the surface area and
the content of coordinatively unsaturated sites changed. They were found to be the main
factors affecting the oligomerization performance. When evacuated at 250 °C, MIL-100(Fe),
with an intact pore structure and high concentration of Fe” sites, reached the maximal
catalytic activity of 1.26 x 10° g/molee-h, and more than 80% of the products were
branched and ringed Cg alkanes. The alkylaluminum (e.g. Et,AlCl) co-catalysts presented
a clear influence on the olisomerization performance, not only via scavenging but also by

creating additional open metal sites nearby.
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Figure 2.30 Open metal sites generation of MIL-100(Fe) for the aza-Michael reaction
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2.4.1.2 Catalysis on defects in MOFs

Defects in MOFs arise from the removal of either a linker, a cluster, or a coordinated
solvent (e.g. water) molecule, which leads to nonstoichiometric metal to linker ratios.
Missing linkers are often seen being compensated by formates, oxygen, hydroxyl groups,
water, and/or chloride; however, due to the nonperiodicity of defects, comprehensive
structural information is difficult to achieve, and molecular simulations play a key role in
better understanding the nature of these catalytic sites. In case of UiO-66, the catalytic
activity can be drastically increased by the introduction of defects. Since such defects
have a significant impact on the porosity, mechanical properties, and Lewis and Bronsted
acidities. Further, the additional coordinatively unsaturated Zr ions in the UiO-66 also
created the presence of defects that leads to increase their Lewis acidity. This feature has
largely been deployed on the synthesis of a robust TEMPO-radical-functionalized
UiO-6 8 -TEMPO with varied missing linker defects (Figure 2.31).%° It revealed that a
synergistic effect between the TEMPO radicals and hydrophilic defective Zr nodes affected
the catalytic activity of UiO-68-TEMPO in aerobic oxidation of benzyl alcohol. The missing
linker defects were controlled by using different amounts of a benzoic acid modulator. A
higher benzoic acid concentration resulted in a single-crystalline UiO-68-TEMPO with fewer
defects. Whereas a lower benzoic acid concentration led to highly defective microcrystals,

resulting in higher catalytic activity.
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Figure 2.31 (a) Chemical structure of H,tpdc-TEMPO, (b) X-ray crystallographic structure of
UiO-68-TEMPO and (c) Zr-node contains one missing linker defect
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2.4.1.3 Catalysis on decorated MOFs

In addition to the use of pristine and defective MOFs as catalysts, considerable
efforts have been dedicated to the post-synthetic modification of these materials for
catalytic applications. A multivariate MOF is a framework that contains two or more
different functionalities. This can be achieved via mixed-linker one-pot synthesis or by
post-synthetic modification. For example, LIFM-80 associated in the dynamic installation
and uninstallation of functional secondary and ternary ligands in the primitive LIFM-28 as
well as in metal-chelation and covalent-post modification processes (Figure 2.32).3*

Multiple active catalytic systems for oxidation, Knoevenagel condensation, click chemistry,

and other reactions were obtained.
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Figure 2.32 Generation of multivariate MOF catalysts via the dynamic spacer installation
approach using proto-LIFM-28 and the resultant interconversions for different

catalytic purposes
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2.4.2 MOFs as supports for metal nanoparticles

Metal nanoparticles (MNPs) are among the most important catalytic sites. A large
number of relevant industrial processes rely on the use of MNPs. Special interest for using
MOFs as supported MNPs in which catalytic performance in terms of selectivity is highly
related with the size of the MNPs employed. The objective of the catalyst engineer is to
achieve a particle size distribution close to that of the optimal particle size for the reaction,
so that both activity and selectivity are maximized. Catalytic centers of MOFs are either
metal ions, which can act as Lewis acids, and/or organic linkers. Both of these centers can
be tuned or modified, e.g., dangling functional groups (such as -NH,, —SH, -SOsH, —OH,
etc.) on the linkers that can improve metal-support interactions. MOFs play different roles
in these metal MNP/MOFs composites: they (i) stabilize MNPs within pores and control the
uniform small particle size and distribution, (ii) assist in the selectivity of the reaction, e.g.,
by sieving small substrate molecules and/or blocking oversized molecules from catalytic
interactions, (iii) alter the electronic properties of MNPs by controlling their electronic
density and the electron charge transfer between the MOF and an MNP and (iv) catalyze
one-pot tandem reactions in which both the MOF and MNPs act as separate active sites
in their respective reactions.

2.4.2.1 Metal nanoparticles/MOF preparation

Assembling the active species within the pores of a preformed support is known
as “ship in bottle” synthesis. This approach is supposed to prevent MNPs from aggregation
and to limit their growth to the pore size of the host material. However, the task remains
challenging due to many factors, such as the wettability of the internal MOF surface, the
interactions between the metal precursor and pore environment, the thermal, chemical,
and mechanical stabilities of the framework.

- Chemical vapor deposition

Usually, an activated MOF is placed together with a volatile metal precursor in the
same vial under vacuum. During the evacuation, the metal precursor diffuses into the MOF
channels but also remains on the external surface. After the subsequent reduction or
thermal treatment, the precursor turns into nanoparticles. For instance, the preparation

of ZIF-8 thin films via chemical vapor deposition (CVD) method presents in Figure 2.33.%
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With this method, the particle size distribution fluctuates largely when such a protocol is
employed. Currently, this method is rarely used for catalysis. Although this method allows
for the synthesis of very small particles within MOFs, it requires a synthesis incorporating
expensive and volatile complexes and high precision during the impregnation process to

avoid MNP agglomeration on the external surface of the support.

Chemical vapour depostion (CVD)
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Figure 2.33 (a) Chemical vapor deposition of ZIF-8 thin films. The procedure consists of a
metal oxide vapor deposition (Step 1) and a consecutive vapor-solid reaction

(Step 2)

- Mechanochemical strategy

Mechanochemistry-assisted approach involves the grinding of MOF powder or
MOFs precursors together with a volatile metal precursor. The precursor penetrates into
MOF channels and undergoes the subsequent reduction that leads to the formation of
the composite material. The MNPs@ZIF-8 formation by this method showed in
Figure 2.34.%° The restrictions for this method are the same as those for CVD: the precursors
are expensive and should be volatile, and the formation of nanoparticles on the external

surface of the MOF is unavoidable.
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Figure 2.34 Encapsulation of MNPs into ZIF-8 via the mechanochemical strategy

- Solution impregnation

The solution impregnation method is based on dispersing and mixing a MOF
powder with dissolved metal precursors as shown in Figure 2.35. The MOF pores become
filled with the metal precursor solution because of the capillary effect. The reduction step
of the precursor is required to form MNPs. The main disadvantage of this method is the

lack of precursor location control, therefore the poor particle distribution on both the

interior and exterior surfaces of MOFs.
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Figure 2.35 Schematic illustration of the different process steps during solution

impregnation
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- Double solvent approach

The double solvent approach is a rational way for the synthesis of MNP@MOF
composites. This method allows the conducting of the precise deposition of NPs on the
internal surface of the pores. The driving force is the capillary effect, which limits the
deposition of metal salts onto the outer space of frameworks. The double-solvent include
the hydrophilic solvent (water) and the hydrophobic solvent (n-hexane). Usually, MOF
powder is dispersed in a hydrophobic solvent. Subsequently, a small amount of the
aqueous solution of the metal precursor salt is added to a vigorously stirred dispersion. It
can be absorbed by the hydrophilic pores of MOF. After the reduction process, the small

metal clusters are encapsulated within the MOF matrix (Figure 2.36).
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Figure 2.36 Schematic representation of the synthesis of MNP@MOF using the double

solvent method?’
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2.5 Overview of the thesis

Chapter 3, MOF synthesis (MIL-101(Cr) and HKUST-1) and post-synthetic
modification (e.g., organic compound grafting and metal incorporation) as well as
characterization approaches were imparted. Experimental setting up and parameter for
catalytic testing over those modified MOFs were explained.

Improving H,/CO, separation of polymer membrane by incorporating with HKUST-1
was mentioned in Chapter 4. The polymer matrixes such as high impact polystyrene
(HIPS) and ethylene vinylacetate copolymer (EVA) were used for studying the effect of
polymer on gas permeability. The HKUST-1 was used as filler for HKUST-1/polymer mixed
matrix membrane. The effect of HKUST-1 loading on gas permeability and H,/CO,
separation were inspected.

Attempts to introduce hydrogen storage function, through the grafting of
acetylpyridine (AcP) into MIL-101(Cr) and subsequent loading of Pd, for chemical hydrogen
storage at atmospheric pressure, was discussed in Chapter 5. The existence of AcP and
Pd NPs in AcP-Pd-MIL-101(Cr) was studied by spectroscopic techniques. The
hydrogenation-dehydrogenation of AcP-Pd-MIL-101(Cr) was evaluated over H,-TPRe, and
the hydrogenated and dehydrogenated forms of AcP were addressed by in situ FTIR and
'H NMR spectra. The effects of Pd content, operating temperature, hydrogen partial
pressure for the hydrogenation—-dehydrogenation cycle and hydrogen storage stability
were investigated.

In addition, the stabilization of robust Pd?* species in MIL-101(Cr), contained
ethylenediamine as an anchoring ligand was addressed in Chapter 6. The introduction of
Pd** species in the ethylenediamine-grafted MIL-101(Cr) carried out using double solvent
approach to ensure the Pd®* dispersion in the MIL-101(Cr) framework. The interactions of
ethylenediamine with both Cr** nodes in MIL-101(Cr) and the incorporated Pd?*, were
examined by various spectroscopic methods at high temperatures. The stability of Pd*"
species under reducing conditions was studied by in situ XANES. In addition, activity for
the Pd*" species within ethylenediamine grafted MIL 101(Cr) was tested by styrene
oxidation. The effect of ethylenediamine:Pd*" molar ratios on the catalytic activity, stability

and recyclability were examined.
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The design and testing of developed MOFs were summarized in Chapter 7. The

suggestions were also given for further development.

2.6 Literature review

MOFs for gas separation

GuO H. et al*® synthesized a thin HKUST-1 film via secondary-growth method. An
oxide copper net was used as support to provide homogeneous nucleation sites for
continuous HKUST-1 film growth. The copper net supported HKUST-1 membrane was fixed
in a gas separation setup for separation studies of H,/CO,, Hy/N,, and H,/CH; mixtures. It
was found that the permeation flux of H, (2.2 x 10 ecm?/mZ.s) is much higher than those
of other gases in the mixture systems, indicating that the membrane has a higher size
selectivity preference for H,. In another word, it can be explained that the small H,
molecule goes through the HKUST-1 membrane more easily than the strong adsorbing
sorbates (CO,, Ny, and CHg). The sorption capacity for CO,, CHy, and N, over HKUST-1 is
much higher than that of H,. This is correlated to the structural and chemical futures of
the HKUST-1 favoring stronger interactions of CO,, CHy, and N,

Kang Z. et al* prepared ultra-thin and flexible HKUST-1/graphene oxide (GO)
intercalated membranes for studying separation of H,/CO, at near-atmospheric pressure.
The GO plays a role of flexible matrix, and is sealed in the intergaps between the HKUST-1
crystals, to overcome solvothermal synthesis and interfacial defects of polycrystalline
membrane. Whereas HKUST-1 acts as microporous fillers with uniform microporosity to
improve the gas separation performance. CuO nanosheets/GO membranes are fabricated
with layer-by-layer via repeated filtration cycles, then transformed to HKUST-1/GO
membranes upon in situ reaction with linkers. The gas separation properties of the
HKUST-1/GO membranes showed that after the doping of HKUST-1, heat of adsorption for
CO, of HKUST-1/GO was improved due to the affinity between the Cu®* sites of HKUST-1
and CO,. These properties significantly enhanced performance for separation of H,/CO,
mixtures. However, large layer gap between GO was found due to uneven distribution of
HKUST-1 crystals, which leads to higher permeance and low selectivity. Thus, the

membrane with more layer was required to achieve higher selectivity due to fewer defects
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in the thicker membranes, even though the thicker membranes may result in lower H,
permeance. After optimization, The HKUST-1/GO MMM can reach 73.2 of H,/CO, selectivity
and achieve 5.77 x 107" mol/m?s.Pa of H, permeance. The stability of separation
performance was obtained up to 120 h without noticeable performance loss. Although a
slight decline in H,/CO, selectivity was noted after bending and recovery, a similar H,
permeance was obtained, which proves the flexibility of the composite membrane.

Lin R. et al® studied the effect of ionic liquid on an increase interfacial affinity
between MOF filler and polymer for efficient membrane separation. The IL acts as the
MOFs/polymer interfacial binder to enhance the adhesion between micron-sized HKUST-1
and polymer by taking advantage of the favorable MOF/IL and IL/ polymer interaction.
Thin layer of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonylimide (Emim[Tf,N]
as IL) was immobilized on HKUST-1, then incorporated into 4,4'«(hexaflucroisopropylidene)
-diphthalic anhydride-2,3,5,6-tetramethyl-1,3-phenyldiamine (6FDA-Durene) to fabricate
HKUST-IL MMM. It was found that the sieve in a cage morphology of HKUST-IL in MMM
was much less as compared to untreated HKUST-1, indicating excellent adhesion of
HKUST-IL with the polymer. The volume fraction of filler, polymer, and voids calculated
by image analysis showed that with the incorporation of IL, over 90 vol % interfacial void
in derived MMM was eliminated with comparison to the MMM with untreated HKUST-1.
This led to an improvement in selectivity for CO,/N, (27.1) and CO,/CHg (29.3) with a high
CO, permeability of 1101.6 barrer.

Wang Y. et al* studied the effect of capping agent on HKUST-1/polyetherimide
(PEI) MMM on the improvement of adsorption-diffusion of small gas molecule in the MMM.
HKUST-1 nanocrystals were prepared with the addition of a capping agent (sodium
formate) to control the average crystal size (~63 pm as seen by SEM) by regulating the
overall rate of crystal growth, thereby allowing more nuclei to be formed and to prevent
the agglomeration of HKUST-1 nanocrystals upon casting the HKUST-1/polymer
suspension. The SEM images and EDS mapping of the cross-section of the HKUST-1/PEl
membrane confirmed the homogeneous crystals dispersion with no obvious or major
defects on the surface of the MMM. This also corresponded to the FTIR and XPS results

showing that the Cu*" metal sites interact with the C=0 of PEI polymer via electrostatic
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interaction, thereby enhancing the interaction between PEl and HKUST-1. This leads to an
improvement of H,/CO, separation. The PEI membrane loaded with 30 wt% HKUST-1
nanocrystals showed a high H, permeability (193.3 Barrer at 25 °C under 1.5 bar) with good
H,/CO, selectivity factor of 20.6 in a single gas testing. This can be rationalized by the
HKUST-1 embedded in PEI, which provides faster and low diffusion resistance through-
pore channels for small and non-polar H, molecules. In addition, the presence of Cu
metal sites ensures a strong adsorption effect and a slow desorption of CO, in MOFs’

channels, ultimately controlling their transport properties.

MOFs for hydrogen storage

Dong Y. et al* studied a catalytic hydrogenation and dehydrogenation of N-
ethylindole (NEID), as liquid organic hydrogen carrier (LOHCs). The Hydrogenation of NEID
was achieved over a 5 %w/w Ru/ALO, catalyst in the temperature range of 160 — 190 °C
at 9 MPa. The reaction results revealed that reaction rate strongly influenced by
temperature. The consumption of NEID was found to follow first-order kinetics with an
apparent activation energy of 62.4 kJ/mol. The process was found to undergo in sequential
steps of NEID, 2H-NEID, 4H-NEID and 8H-NEID with rapid consumption of all intermediate
species. Fully hydrogenated NEID (5.23 wt% hydrogen uptake) can be achieved at 190 °C
within 80 min. The reverse process (hydrogen liberation), dehydrogenation of 8H-NEID was
subsequently measured over 5 wt% Pd/ALO, catalyst in the temperature range of 160 —
190 °C at 0.1 MPa. It was found that 8H-NEID was consumed quickly to form 4H-NEID and
NEID upon the initiation of dehydrogenation. The 4H-NEID intermediate appeared to be
kinetically stable and requires elevated temperatures to liberate hydrogen. Although full
dehydrogenation could not be achieved, over 96% dehydrogenation was reached within
4 h with given the apparent activation energy of 8H-NEID dehydrogenation of 117.7 kJ/mol.
In addition, the hydrogen gas produced in the dehydrogenation process was found to be
of high purity, which is promising to apply this LOHC in a PEM fuel cell device.

Qin W. et al,** used MIL-101(Cr) doped with Pd NPs by sol-gel method for studying
their hydrogen storage capability. The loaded Pd on MIL-101(Cr) at 1, 3, 5 wt%, provided
the Pd particle size of 2.4, 2.9 and 5.8 nm, respectively, implying that higher Pd loading
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tended to form agglomeration and larger-size particles. The hydrogen storage studies
indicated that the presence of Pd NPs for Pd/MIL-101(Cr) sample could enhance the
hydrogen storage capacities by a factor of 1.5-2.3 compared with that of the parent MIL-
101. The maximum hydrogen uptake of 0.64 wt% at 7.3 MPa of H, pressure and 25 °C,
was obtained over the 3 wt% Pd/MIL-101. This could attribute to spillover of atomic
hydrogen from Pd particles to MIL-101(Cr) framework. However, a further increase of Pd
content to 5 wt% remarkably reduced the hydrogen uptakes. This reduction in hydrogen
capacity could be related to a decrease metal dispersion because of Pd metal aggregation
at high Pd loading. Hence, high dispersion and small sizes of Pd particles on the MIL-101
were crucial factors for enhancing the hydrogen storage capacity.

Ding C. et al* prepared highly dispersed Pd NPs immobilized in MIL-101(Cr) for
catalytic dehydrogenation of LOHC compound. The Pd NPs were loaded in MIL-101(Cr) by
incipient-wetness impregnation and then reduction method. The catalytic activities of as-
synthesized catalysts were investigated by the dehydrogenation of a representative LOHC
compound, perhydro-N-propylcarbazole (12H-NPCZ) at 190 °C. The results indicated that
3wt%Pd/MIL-101 catalyst exhibited good catalytic activity for the dehydrogenation of 12H-
NPCZ, which is superior to that of commercial 5 wt% Pd/Al,O; catalyst. This eood catalytic
activity ascribed to smaller and highly dispersed Pd NPs. Moreover, the 3wt%Pd/MIL-101
catalyst also showed good reusability by enabling to retain 88.7% conversion (4.81 wt% for
H, release) up to five times of repeating use.

Stavila V. et al* presented reversible hydrogen storage of NaAlH, confined within
the nanopores of a titanium-functionalized MOF-74(Mg). The MOF-74(Mg) possesses one-
dimensional, 12 A channels lined with Mg atoms having open coordination sites, which
can serve as sites for Ti catalyst stabilization. The activated MOF was first exposed to
gas-phase TiCly, followed by melt infusion with NaAlH,, achieving loadings up to 21 wt9%.
The XRD, SEM-EDS and FTIR results confirmed that the hydride fills the pores of the intact
MOF and is not merely a coating on the outside of the particles. The residual gas analysis
demonstrated that the MOF-74(Mg) template was stable under repeated hydrogen
desorption and hydride regeneration cycles (below 300 °C), allowing it to serve as a

“nanoreactor”. The isothermal kinetic studies indicated that the activation energy for H,
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desorption was reduced from 79.5 kJ/mol in bulk Ti-doped NaAlH,; to 57.4 kJ/mol for
nanoconfined NaAlH,. This corresponded to the onset of hydrogen desorption for
NaAlH,@MOF-74(Mg), which was nearly 100 °C lower than that of bulk NaAlH;. The
hydrogen releases from NaAlH,@MOF-74(Mg) that can reach a maximum value of 4.5 wt%
at 200 °C. Moreover, it was found that confining NaAlH, within these pores changed the
decomposition pathway by eliminating the stable intermediate Nas;AlHg phase observed
upon bulk NaAlH, decomposition and proceeding directly to NaH, Al, and H,. Although,
the presence of titanium did not attribute to an increase in desorption kinetic, it enabled
rehydriding of NaAlH, (at 160 °C under 10.5 MPa H, pressure for 2 h) to be almost fully
reversible, by taking rehydrogenation time to be saturated hydrogen adsorption less than
20 min, faster than bulk the Ti-doped material. These results showed that both fast
desorption kinetics and an exceptionally high degree of reversibility can be achieved by

confining NaAlHg within the well-ordered pores of a MOF template.

MOFs for catalysis

Chen Y-Z. et al* used Pd/Ag nanoparticles in MIL-101(Cr) for the reductive
amination of nitrobenzene, where the alloy NPs were included by the “double solvents”
method. In this method the metal salt is dissolved in an aqueous solution while the MOF
is dispersed in a non-polar solvent. Slowly adding an amount of aqueous solution less
than the pore volume of the MOF allows the MOF to take up the metal salt within its
hydrophilic pores by capillary action, while the non-polar solvent minimizes the metal
salt depositing on the surface of the MOF. This deposition technique leads to small and
highly dispersed metal nanoparticles. The selectivity of the reaction to the desired
secondary amine was then tuned by varying the Pd/Ag¢ ratio in the NPs. Using a
Pd,Ag:@MIL-101(Cr) catalyst. It was found that 99% conversion was achieved with 85%
selectivity to the desired 2° amine. This result indicates the efficacy of the double solvents
method to prepare active bifunctional and tunable catalysts.

Alamgholiloo H. et al*’ presented a strategy to formation and stabilization of ultra-
small palladium colloid on ethylenediamine(en)-modified MIL-101(Cr) catalyst for

dehydrogenation of formic acid. The coordinatively unsaturated Cr** sites of MIL-101(Cr)
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was grafted with amine counterpart for preparing Pd catalyst. Afterward, a colloid of
PVA/PACl,/NaBH, generated the in situ Pd nanoparticles immediately loaded on to
en/MIL-101(Cr). It was found that XRD intensities and shape-size morphology of the MIL-
101(Cr) crystal do remain intact, implying that ethylenediamine-grafting and loading Pd
processes did not damage to the MIL-101(Cr) crystal. In addition, the large-blueshift in N-H
stretching vibration and ultra-small of 1.8 nm Pd particles size with high monodispersity
profile for 1 wt% Pd loading could be attributed to the stabilization of Pd NPs by
ethylenediamine. The catalyst was further tested catalytic activity of dehydrogenation of
formic acid at room temperature. The resultant of Pd/en/MIL-101(Cr) catalyst indicated
high catalytic activity with turnover frequency (TOF) of 583 h™ at 55 °C. Although small Pd
NPs aggregation after the reuse was observed, the activity was almost maintained for the
first three cycles, suggesting that the Pd@en/MIL-101(Cr) was stable during the
decomposition of formic acid.

Otake K. et al*®, prepared a Pd?* single-sites species in phosphoric-modified based
Hf-MOF (Pd@Hf-MOF-808-PO,). The acidic phosphate group was aligned on the bridging
position of the Hfs-oxide node. The oxyanions from the functionalized phosphate group
can be utilized as anchoring Pd?" sites. TEM image analysis showed that no evidence of
Pd nanoparticle formation was found in the oxyanion-functionalized MOF, while the
unmodified MOF existed the Pd nanoparticles inside and outside of MOF crystals. Stability
tests of these Pd®" sites under an H, atmosphere revealed that there was no significant
decomposition to Pd® nanoparticles. It was suggested that the phosphate groups on the
node improved the stability of Pd®* sites as compared to the parent MOF. The stabilized
Pd?*" sites in Hf-MOF-808-PO, showed better catalytic activity in the oxidative Heck
reaction. The acid functionalization MOF node can stabilize the Pd° intermediate state
during the catalytic reactions, thereby suppressing Pd® aggregation, leading to catalyst
deactivation. In addition, the node functionalization increased the catalyst lifetime,
compared to that of the pristine MOF, by reducing the mobility of Pd” atoms that can
agglomerate into unreactive nanoparticles when generated as part of the catalytic cycle.

Zhang Y. et al®, presented a linker engineering strategy to synthesize single-site

catalysts with tunable catalytic property. A series of PdCl, moiety-decorated Ys-MOFs were
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synthesized, containing high densities of isolated active Pd?* sites for aerobic oxidation of
styrene. The functional organic linker (H,bpydc), related bipyridine compound, was
incorporated into Yg-cluster based MOF via post-synthetic ligand exchange. Then
post-synthetic Pd** metalation was performed to enhance the density of isolated single
sites. XPS analysis verified that their Pd?* binding energy was aligned to oxidation state of
metallized Y-bpydc,/bpdc;, and the blue-shift of N binding appeared, indicating the
coordination between N atom of bpydc group and the Pd* site. This was confirmed the
successful immobilization of PdCl, moieties on the framework. The obtained Pd?*-Y-
bpydc,/bpdc,, heterogeneous single-site catalysts can effectively promote selective
oxidative cleavage of styrene to benzaldehyde, using O, as an oxidant, under solvent-free

and mild reaction conditions (1 atm and 80 °C).
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Chapter 3

Research methodology

3.1 Chemical and materials

Table 3.1 List of reagents

O 00 ~N O O AW N -

P S
w N = O

14

15
16
17
18
19
20
21

Reagents

Chromium nitrate nonahydrate
Copper nitrate trihydrate
Palladium(ll) acetate

Sodium molybdate dihydrate
Terephthalic acid

Trimesic acid
3-acetylpyridine
Ethylenediamine
Phenylacetylene
lodobenzene

Styrene

Nitrobenzene

Ethylene vinylacetate copolymer

High impact polystyrene

Acetone

Acetonitrile
Methanol

Ethanol

30%H,0, solution
Dimethyl sulfoxide-dg
Dimethyl sulfoxide

Grade/Purity
99%
99.5%
98%
99.5%
98%
95%
98%
99%
98%
98%
99.9%
99%
28%VA
content

STYRON™

ACS reagent
ACS reagent
ACS reagent
ACS reagent
99.0%
ACS reagent
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Manufacturers
Acros
Carlo
Acros
Carlo
Aldrich
Aldrich
Aldrich
Aldrich
Aldrich
Aldrich
Aldrich
Aldrich
Exxon
Chemical
SIAM
POLYSTYRENE
Carlo
Carlo
Carlo
Carlo
Aldrich
Aldrich

Carlo



Table 3.1 (Continued)

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

Reagents
N,N-Dimethylformamide
Diethyl ether
Dichloromethane
n-Hexane

Toluene

n-Dodecane
Potassium carbonate
Sodium carbonate
Sodium hydroxide
Potassium hydroxide
37% Hydrochloric acid
98% Sulfuric acid

70% Nitric acid

70% Perchloric acid
Calcium hydride
Magnesium sulfate

Molecular sieve 4A, beads, 8-12 mesh

Grade/Purity
ACS reagent
ACS reagent
ACS reagent
ACS reagent
ACS reagent
ACS reagent
ACS reagent
ACS reagent
ACS reagent
ACS reagent
ACS reagent
ACS reagent
ACS reagent
ACS reagent
99.9%
99.5%

59

Manufacturers
Carlo
Carlo
Carlo
Carlo
Carlo
Carlo
Carlo
Carlo
Carlo
Carlo
Carlo
Carlo
Carlo

Sdfichem
Aldrich
Fluka
Aldrich



3.2 Apparatuses

Table 3.2 List of apparatuses

O 00 N O O A WON e

N = T TN
w N = O

14
15
16
17
18
19
20
21
22
23
24
25

Apparatuses; specification
Stainless-steel Autoclave

Stirred reactor and pressure vessel
Hot plate stirrer

Mass flow controller

Vertical tube furnace; 25mm chamber (Z) X 30cm

Tube furnace

Gas chromatography with Frame ionized detector

HP-5 column; 0.25mm X 30m

DB-1 column; 0.25mm X 30m

DB-Wax column; 0.25mm X 30m

Thermal conductivity detector with controller
CHN analyzer

Inductively coupled plasma - optical emission
spectrometer

X-ray diffractometer

Fourier-transform infrared spectrometer

X-ray photoelectron spectrometer

X-ray absorption spectrometer

Gas absorption analyzer

Transmission electron microscope
Thermogravimetric analyzer

Nuclear Magnetic Resonance (500 MHz)
ODLAB Digester with Teflon trap

Flow meter

Ultrasonic bath

Hot air oven
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Manufacturers; model
TOPTION, TOPT-HT50
Parr instrument, Series 4560
Ohaus Guardian 5000
Brook instrument LLC
Carbolite®; MTF 12/25/250
UTSAKAN, VF
Agilent; HP5890, HP6890
Agilent J&W
Agilent J&W
Agilent J&W
VICI®; TCD2-NIFED-220
Thermo Fisher, FLASH 2000
Perkin Elmer, 7300 DV

Bruker AXS; D8 Advance
Thermo scientific; NICOLET 6700
Kratos, Axis ultra DLD
SLRI'BL2.2 and 5.2
Quantachrome; Autosorb-1
FEI™; Tecnai G2
Perkin Elmer®; Pyris
JEOL, Model JNM-ECZ-500R/S1
LABTER, ECO-PRE IIi
Agilent; ADM1000
Ultrasonik; 208H
Memmert; UF 110
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3.3 Experimental methods
3.3.1 MOFs synthesis
3.3.1.1 MIL-101(Cr)
MIL-101(Cr) was synthesized, following the procedure reported by Bromberg et al.*
Briefly, Cr(NO3);.9H,0 (2.0 g, 5 mmol), terephthalic acid (0.83 g, 5 mmol), and deionized
water (20 mL) were mixed and sonicated, resulting in a dark, blue-colored suspension. The
suspension was placed in a Teflon-lined autoclave and kept in an oven at 218 °C for 18 h
without stirring. After cooling to room temperature, the MOF solids were separated by
centrifugation (at 8000 rpm, 10 min) and washed with water, methanol and acetone,
respectively. The solids were then sonicated in DMF (20 mL) for 10 min and stirred at
70 °C overnight. The resulting solids were separated by centrifugation and repeatedly
washed with ethanol and acetone. Finally, a green solid was heated under N, at 150 °C

for 12 h.

3.3.1.2 HKUST-1

HKUST-1 was synthesized, following the procedure reported by Chowdhury et al.?
Briefly, 1,3,5-benzenetricarboxylic acid (1.0 g, 4.75 mmol) was dissolved in 30 mL of a 1:1
mixture of ethanol/DMF. In another beaker, copper (Il) nitrate trihydrate (2.077 ¢, 8.59
mmol) was dissolved in 15 mL water. The two solutions were then mixed and stirred for
10 min. They were then transferred into Teflon-lined stainless-steel autoclave and heated
at 100 °C for 10 h. The reaction vessel was cooled to room temperature normally. The
resulting blue crystals were isolated by filtration and washing with methanol to remove
solvated DMF. The product was then dried at room temperature and calcined at 150 °C

for 12 h under N, flow.

3.3.2 MOFs modification
3.3.2.1 Acetylpyridine grafting
Post-synthetic modification of MIL-101(Cr) by acetylpyridine (AcP) grafting followed
the method described by Yang et al.® Briefly, 1 g of dehydrated MIL-101(Cr) was suspended

in 120 mL of dry toluene. The system was purged with N, for 30 min. To this suspension,
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5 mL of AcP was added, and the mixture was refluxed overnight under N,. After cooling
to room temperature, the mixture was centrifuged (at 8000 rpm, 10 min). The solid was
then collected and thoroughly washed with dichloromethane. Thereafter, the obtained
solids were dispersed in ethanol, ultrasonicated for 1 h, and centrifuged (8000 rpm, 10
min). The resulting solid was washed at least three times to remove the nongrafted AcP.

Finally, the solid was heated under N, at 150 °C and labeled AcP-MIL-101(Cr).

3.3.2.2 Ethylenediamine grafting

Grafting of ethylenediamine on MIL-101(Cr) has followed the method described by
Yang et al.® Briefly, 1 g of dehydrated MIL-101(Cr) was suspended in 120 mL of dry toluene.
The system was purged with N, for 30 min. To this suspension, 19, 94 and 187 pL of
ethylenediamine was added, and the mixture was refluxed for 12 h under N,. After cooling
to room temperature, the solid was separated by centrifugation (at 8000 rpm for 10 min)
and thoroughly washed with dichloromethane. After that, the obtained solids were
dispersed in ethanol under sonication for 1 h and centrifuged at 8000 rpm for 10 min. The
resulting solid was washed at least three times to remove non-grafted ethylenediamine.
Finally, the solid was heated under N, at 150 °C and labeled as (x)en-MIL-101(Cr), where

x specifies the amount of incorporated ethylenediamine in mmol/s.

3.3.2.3 Pd incorporation

Incorporation of Pd was carried out using the double solvent method reported by
Anderson et al.® Typically, 1 ¢ of dehydrated MIL-101(Cr) or modified-MIL-101(Cr) was
suspended in 120 mL of dry n-hexane, as a hydrophobic solvent, and sonicated for 10
min. To this suspension, 1 mL of PA(OAc), solution in acetone (at desired concentration),
as a hydrophilic solvent, was added dropwise, under vigorous stirring. After 3 h, the
resulting solid was filtered, heated at 150 °C under N, overnight, and reduced at 150 °C
under 10%H,/Ar for 2 h. For above 1.5 %w/v Pd concentration, the adsorption process

needs to separate in the half of concentration and do repeat twice.
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3.3.2.4 Composite membrane fabrication

The composite membranes were prepared by solution casting. First, HKUST-1 was
dispersed in the 50 mL of toluene in ultrasonic bath for 1 h. Then, 1 ¢ of polymer pellet
(HIPS and EVA) were stirred vigorously for 1 h. The HKUST-1/polymer solution was casted
on the glass mold with the dimension of 210 mm x 297 mm. The polymer membrane was

dried at room temperature overnight and then placed in the hot air oven at 80 “C for 1 h.

3.3.3 Characterization

3.3.3.1 CHN analysis

To calculation amount of incorporated grafting agents, the modified MOF samples
were determined by CHN analysis. The certain amount of sample was weighted. The tin
capsule enclosing the samples fall into the reactor chamber where excess oxygen is
introduced before. The complete oxidation is reached at a tungsten trioxide catalyst,
which is passed by the gaseous reaction products. The resulting mixture gas should thus
consist of CO,, H,O und NO,. Some excess O, passes the catalyst. The leaving gas stream
includes the analytically important species CO,, H,O und N,. The gas mixture is brought

to a defined pressure/volume state and is passed to a gas chromatographic system.

3.3.3.2 Inductively coupled plasma-optical emission spectroscopy

The metal content determination was investicated using inductively coupled
plasma-optical emission spectrometer. 100 mg of sample was firstly digested in
HClO4:H,SO4:H,0O (15:15:20 mL) solution, with the addition of 1 ¢ of Na,Mo04.2H,0, at
210 °C with a heating rate of 10 *C/min for 6 h. The digested solution was filtered and
adjusted with 5 v% H,SO,4 to 50 mL in volumetric flask. The solution is introduced into the
plasma in a process that desolvates, ionizes, and excites them. The constituent elements
can be identified by their characteristic emission lines and quantified against blank. The

metal content was calculated using calibration curve.
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3.3.3.3 X-ray diffraction
Crystal structure of the sample was examined by powder X-ray diffractometer
(PXRD). The prepared sample as finely ground powder was packed into the holder. CuKq

X-ray beam was used at 40kV and 30 mA. The sample was scanned in the range of 2-50°

(20) with 2 deg/min and 0.02 26/step increment. The PXRD pattern of the sample were

then compared with standard X-ray diffraction pattern for the determination of structure.

3.3.3.4 Fourier transform infrared spectroscopy

Functional group and their interaction in the sample were detected using Fourier
Transform infrared spectrometer (FTIR). 2 mg sample and 100 mg KBr were grinded with
agate mortar. The fine sample powder was compressed to get the sample pellet. FTIR
spectra were collected with a resolution of 4 cm™ and 64 scans in the wavenumber range

of 400-4000 cm’™,

3.3.3.5 In situ Fourier transform infrared spectroscopy

The change of functional group during hydrogenation/dehydrogenation was
observed by in situ Fourier Transform infrared spectroscopy (in situ FTIR). 50 mg sample
was packed in the holder, then activated at 150 °C under N, flow (30 mL/min) for 1 h.
The system was flushed with H, pure (30 mL/min) at 30 °C for 30 min, followed by ramping
temperature to 200 °C (5 °C/min) for hydrogenation. After cooling to 30°C under H, flow,
the system was flushed with N, flow (30 mlL/min) at 30°C for 30 min, then heating to
200 °C (5 °C/min) for dehydrogenation. The spectra were recorded in wavenumber range
of 400-4000 cm™ with every 10 °C (64 scan/spectrum). The temperature profile shows in
appendix Al.

3.3.3.6 Raman spectroscopy

Raman spectrometer was used to examine the functional groups that cannot be
detected clearly by FTIR, such as V(Pd-N) and V(C-N). The sample was grinded and
pelleted. The Raman spectra were obtained, using a microscope with an excitation

wavelength of 514 nm in range of 100-4000 cm™.
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3.3.3.7 X-ray photoelectron spectroscopy

The chemical and electronic state of the C 1s, N 1s, Cr 2p, and Pd 3d was
determined by X-ray photoelectron spectrometer (XPS), using a PHI 5800 ESCA (Physical
Electronics) system, equipped with a standard achromatic Al Ka X-ray source (1486.6 eV)
operating at 300 W (15 kV, 20 mA) and a concentric hemispherical analyzer. The binding
energies were calibrated to the C 1s peak at 284.8 eV. For spectra deconvolution, the

obtained data was fitted using MagicPlot program with Gaussian-A type.

3.3.3.8 In situ X-ray absorption near-edge structure

The local geometric and electronic structure was investigated by in situ X-ray
absorption near-edge structure (in situ XANES) equipped with a compact furnace. The in
situ XAS measurements were performed in both transmission and fluorescence modes at
BL 2.2 and 5.2 stations at the Synchrotron Light Research Institute, Thailand (SLRI). Electron
beam energy was about 1.2 GeV and ring current ranged from 80 to 150 mA, while the
maximum photon flux was 1.1-1.7x10* photons/s at 100 mA. Double Ge (220) single
crystals were utilized as a monochromator. An X-ray beam dimensions were 14 mm (width)
x 1 mm (height) with a spatial resolution of 0.2 eV.

For preparation, the sample powder was mixed with binder (e.g., cellulose or boron
nitride) and pelletized. The sample concentration needs to be optimized to find the best
ratio for edge jump energy. To determine Cr** species, the sample was in situ activated at
150 °C (5 “°C/min) for 60 min. Then, the raw XANES data was recorded at room temperature
(25 °C). The characteristic adsorption of Cr K-edge and molecular geometry of the samples
were comparable with Cr* standard (i.e. Cr,05; and K,Cr,O;). In case of determination the
Pd composition, after activation, the raw XANES data was collected upon reduction under
stream of 10%H,/Ar from 30 °C to 150 °C, then dwelling at 150 °C for 60 min. After XANES
process, the resulted raw data was proceeded with the Athena software to obtain XANES
spectra. PACOCL, for Pd** (3174.2 eV) and Pd foil for Pd® (3173.0 eV), as reference materials
(Appendix B1), were used to determine the composition of Pd** and Pd® species at
different reduction temperature by linear combination fitting (LCF) of normalized samples.

The temperature profile during in situ reduction showed in appendix A2.
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3.3.3.9 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectrometer (‘*H NMR) was used to confirm
molecular structure. 100 mg sample was immersed in DMSO-ds at 40 °C for 1 h under
ultrasonic condition. Then, the resulted solution was filtered by syringe filter. The obtained
liquid was transferred to a 5 mm NMR glass tubes then mounted to the NMR machine.
The experiment was performed on 500 MHz NMR system. The data was processed using

TopSpin 4.0.6 software.

3.3.3.10 Gas adsorption analysis

Textural properties of the sample were investigated by gas adsorption analyzer.
10 mg of sample was loaded into a dried sample cell. The sample cell was loaded at the
outgassing station at 150 °C for 12 h for catalyst surface cleaning. Then, the sample cell
was moved to analysis station. Adsorption isotherm was measured in a pressure range of
10 to 1.0 P/Py at -196 °C cooling by liquid nitrogen. After the analysis, the cell was
uninstalled and closed immediately. The sample cell was weighted and compared to the
blank cell to obtain the certain sample weight. Surface area analysis was determined using
Brunauer, Emmett, and Teller (BET) method, whereas pore volume and pore size analyses

were obtained using Barrett-Joyner-Halenda (BJH) method.

3.3.3.11 Field emission scanning electron microscopy

Field emission scanning electron microscope (FESEM) was used to study surface
morphology and measured crystallite size. 100 mg sample powder was deposited on the
carbon tape which mounted on stub. The sputter coating with gold builds up on the
specimen surface (around 10 nm) to prevent electron charging effect. The stub was loaded

into the FESEM instrument. The image was collected with 1000-5000x magnification.

3.3.3.12 Transmission electron microscopy

Transmission electron microscope (TEM) was carried out to study metal particle
size, morphology and crystallographic structure. For sample preparation, 5 mg sample
powder was grinded by agate mortar. Fined powder was dispersed in the ethanol under

ultrasonic condition. The suspension was dropped onto copper coated Formvar grid and
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left to dry at room temperature overnight. The copper grid was loaded into the TEM
instrument. The microscope performed using LaBg electron source with high tension
electron of 200 kV (100000-300000x magnification). The particle size distribution was

measured using Image J software.

3.3.3.13 Thermogravimetric analysis

100 mg of sample was loaded into platinum pans then hanged from microbalance
in the closed system of TGA. The analysis mode used under either nitrogen or air flows.
Chamber purging at a flow rate of 30 mL/min was allowed for 5 min before the start of
each run. All sample was used the TGA isothermal method followed by the high-resolution
ramp method. The isothermal method involves heating the material up to 150 °C and
holding for 60 min to remove remained solvent. The ramping method involves linearly

heating to 900 °C at a constant rate 10 “C/min.

3.3.3.14 Temperature program reduction

The hydrogen storage behavior was inspected using hydrogen temperature
program reduction (H,-TPR, Figure 3.1). The evaluation of hydrogen consumption
(hydrogenation) and hydrogen evolution (dehydrogenation) was observed upon ramping
temperature and regulating hydrogen partial pressure. The signal was detected using
temperature conductivity detector (TCD). 100 mg sample was packed in the glass tubes
and mounted into the system. Prior experiment, the sample was undergone the in situ
thermal treatment at 150 °C (5 °C/min) under N, flow (30 mL/min) for 12 h to get rid of
an interference signal from solvent/humidity desorption upon operation. After cooling to
ambient temperature, the system was switched to analyze mode. The sample was
subjected to heat from 30 °C to 200 °C with constant rate of 5 °C/min under steam of
10% Hy/Ar as reference gas. Subsequently, the temperature was decreased to ambient
temperature under 10% H,/Ar atmosphere without any cooling equipment. The
heating/cooling process was repeatedly carried out to investigate the hydrogen storage

cycle. After each cycle, the system needs to be pulsed with 1% H,/Ar standard for
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normalization. The calculation of hydrogen consumption and hydrogen evolution showed

in appendix C1.
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Figure 3.1 Diagram of hydrogen temperature program reduction

3.3.3.15 Temperature program reaction

The study of hydrogen storage performance was also carried out using the
temperature program reaction (H,-TPRe) experiment. The process was similar to the
H,-TPR system, but the reference gas was changed to Ar pure. At the first step, 100 mg
sample was treated at 150 °C (5 °C/min) under N, flow (30 mL/min) for 12 h. For
hydrogenation, the sample was subjected to heat from 30 °C to target temperature (100,
130, 150 and 200 °C) with a heating rate of 5 °C/min under pure H, flow (30 mL/min).
After holding with desired hydrogenation time (e.g., 30, 50, 120 min), the sample was left
to the ambient temperature under the H, flow. The dehydrogenation process started by

switching to the analyze mode and ramping the temperature from 30° to target
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temperature (150, 160, 170, 180, 190 and 200 °C) with heating rate of 5 °C/min for 1 h.
The system was cooled down to ambient temperature under Ar flow, then switching the
system to the calcine mode. For normalization, the system must be pulsed with 1% H,/Ar
standard at the end of cycle. The calculation of hydrogen uptake describes in
appendix C2. To investigate the hydrogen storage recyclability, the hydrogenation-

dehydrogenation cycle was repeatedly measured following the step discussed above.

3.3.4 Single gas permeation testing

Gas permeability and selectivity of the polymer composite membrane was
examined using gas permeation module as illustrated in Figure 3.2. The membrane was
cut into 60 x 60 mm?and placed inside the permeation cell. This cell connects with feed
gas (lower side) and carrier gas (upper side). At the feed gas, H, or CO, pure flows through
the membrane at 30 mL/min. The permeated gas goes up on the upper side and then
the carrier gas, e.g. Ar or He, (30 mL/min) brings the permeated gas to the sampling loop
(1 mL). After the system achieves equilibration (30 min), the permeated gas was injected
periodically to the thermal conductivity detector every 5 min for 30 min. For calibration,
the mixed gas (1% H,/Ar or 10% CO,/He) was pulsed to the sampling loop and analyzed
using TCD. In this system, the gas permeation was tested at atmospheric pressure, applying
on both feed and permeated sides. To release pressure-drop existed upon permeation,
the pressure at the feed sides was adjusted with needle valve to match up with the
permeated side. The TCD signal was recorded after reaching equilibrium permeation for

60 min. The calculation of permeated flux addresses in appendix C3.
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Figure 3.2 Gas permeation module and cell membrane diagram

3.3.5 Catalytic testing

3.3.5.1 Oxidation of styrene

To a solution of styrene (1.0 mmol) in CH3CN (10 mL), a Pd catalyst (0.49 mol%)
and H,SO,4 (70 wt%, 10 pL) were added. The mixture was stirred for 15 min at room
temperature. Then H,0, (30 wt%, 6.0 mmol) was added dropwise. The mixture was heated
to 50 °C for 6 h. After completing the reaction, the catalyst was isolated using
centrifugation (8000 rpm, 5 min). The resulting solution was neutralized with Na,COs, then
5 mL of saturated NaCl solution was added. The reactant and products were extracted
with diethyl ether (5 mL) three times. The organic phase was taken, diluted with diethyl
ether, then analyzed by a gas chromatograph (HP-7890b) equipped with a DB-1 column
and a flame ionization detector. The GC condition shows in appendix A3. The conversion
and yields were calculated by calibrating with standards as indicates in appendix C4.

The catalyst was recycled by isolating the solid catalyst after use by centrifugation.
Then, the catalyst was washed with acetonitrile, in an ultrasonic bath, for 1 h. The solid
was separated and thoroughly washed with acetonitrile. After that, the obtained solid was

dried (N,, 150 °C, 12 h) before re-use in the next run.
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3.3.5.2 Hydrogenation of phenylacetylene

47 g of ethanol and Pd catalyst (0.001 mol%) were added into a stainless-steel
batch reactor (Parr series 4560, 300 mL). The mixture was equilibrated at 30 °C in N, with
mild stirring. Next, the reactor was purged several times with H, then 4 ¢ of
phenylacetylene was injected. The reaction was carried out at 30 °C, at 1.0 MPa H,, under
vigorous stirring at 1000 rpm for 30 min. The product discharged from the reactor was
analyzed by gas chromatograph (HP-6890) equipped with a DB Wax capillary column and
a flame ionization detector. The GC condition indicates in appendix Ad4. The conversion

and yields were calculated by calibrating with standards as presented in appendix C4.

3.3.5.3 Heck coupling of lodobenzene with styrene

lodobenzene (1 mmol), styrene (1.5 mmol), K,CO; (1.5 mmol), nitrobenzene (0.1g,
internal standard) and Pd catalyst (0.5 mol%) were added to DMF (4 mL). The reaction
mixture was stirred at 120 °C for 6 h. After the reaction was complete, the solution was
centrifuged and washed with diethyl ether three times. The organic phase was
subsequently washed with saturated NaCl solution, dried over anhydrous MgSO4 and
filtered. The reaction products were evaluated by a gas chromatograph (HP-6890)
equipped with a DB-5 capillary column and a flame ionization detector. The GC condition
expresses in appendix A5. The conversion and yields were calculated by calibrating with

standards as indicates in appendix C4.
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Chapter 4
Atmospheric H,/CO, permeability of HKUST-1/polymer

mixed matrix membrane for hydrogen purification

Herein, MMMs based on the combination of HKUST-1 and polymers were
investigated for H, and CO, separation. Commercial polymers such as high impact
polystyrene (HIPS) and ethylene vinylacetate copolymer (EVA) were used as a matrix for
studying the effect of polymer types. To improve permeability and H,/CO, permselectivity,
the HKUST-1 synthesized by hydrothermal and was used as filler. The characteristic of
HKUST-1 crystal was examined with X-ray diffraction (XRD), N, sorption isotherm, Fourier-
transform  infrared - spectroscopy (FTIR), Scanning electron microscopy (SEM) and
Thermogravimetric analysis (TGA). Gas permeability and permselectivity were evaluated
using single gas permeation. The effect of HKUST-1 loading on the gas separation

performance for MMMs was also investigated.
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4.1 Results and discussion

4.1.1 Material characterization

The XRD pattern of HKUST-1 possessed typical peaks at 260 = 9.5°, 11.7°, 13.5°,
14.7°, 16.5°, 17.5° and 19.1° (Figure 4.1), which is in good agreement with the literature.!
The SEM image of the HKUST-1 octahedral crystal was about ~10-30 pm in particle size
(Figure 4.2). The BET surface area of HKUST-1 was 2027 m%/g with pore volume of
0.68 cm?® ¢!, indicating a typical N, adsorption isotherms type | (Figure 4.3) - similar to the
reported elsewhere.? The characteristic FTIR spectrum of HKUST-1 indicated the
vibrational stretching of carboxylate ligands coordinated to the Cu?* sites at 1300-1700
cm™ (Figure 4.4). The doublet peak at 1652-1450 cn™* was assigned to the V,(COO) and
V{(COO) modes of carboxylate groups, which are located in the large pores of the
framewaork, while the doublet at 1419-1374 cm™ was attributed to the same vibrations of

the groups placed in the smaller pores.?
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Figure 4.1 XRD pattern of HKUST-1



Figure 4.2 SEM image of HKUST-1
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Figure 4.4 FTIR spectrum of HKUST-1

Thermogram curve in Figure 4.5 reveals that the weight loss behavior of HKUST-1
can be divided into two major stages. The first weight loss stage occurred at temperatures
below 200 °C, which is attributed to the removal of water and solvent molecules from
the surfaces and pores of HKUST-1. The onset decomposition temperatures of the
frameworks started at around 270 °C and ended around 340 °C. According to the typical
calculation of the relative weight loss of the HKUST-1 sample at this stage is approximately
60%, roughly corresponding to the theoretical weight loss caused by the decomposition

of the organic ligands in HKUST-1 under air.*
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Figure 4.5 TGA thermogram of HKUST-1
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4.1.2 Permeation testing

The single gas permeability of the pure polymers and HKUST-1/polymer
membranes was measured at 25 °C under atmospheric pressure. First, HIPS and EVA
polymers were chosen to investigate the effect of polymer types on their H, and CO,
permeabilities. The polymer membrane was prepared by solution casting with a fixed
thickness at 70+5 pm. Figure 4.6 depicts the plot of different polymer membranes against
their H, and CO, fluxes and the H,/CO, permselectivity. It showed that the HIPS membrane
had H, flux of 1.67 cm®m™?s’}, whereas the EVA matrix was 0.27 cm>® m?s™. The difference
in gas permeability in both membranes could be explained by solution-diffusion
mechanism,” as shown in scheme 4.1, which is driven by concentration gradient across
the membrane. This mechanism starts by (i) sorption of the gaseous penetrants at the
upstream side of the membrane, (i) diffusion of the penetrants across the membrane and
(iii) desorption of the penetrants at the downstream side of the membrane. On the basis
of this mechanism, the key factors for determining gas permeability are their gas solubility
and diffusivity in the membrane, which both sorption on the membrane surface and
diffusion through the membrane define the molecular transport. As gas permeability in
the membrane preferably occurs through the gap or pore occupied between polymer
chains, defined as free volume. Thus, the polymer structure, which has higher fractional
free volume, would have higher gas permeability, whereas the opposite trend could be
observed for the polymer with high barrier properties i.e., degree of crystallinity or density
of the polymer.® Accordingly, HIPS is an amorphous polymer, which is more abundant of
fractional free volume than that of the semi-crystalline EVA polymer. Therefore, H,
diffusivity was obtained for HIPS higher than EVA. Despite a substantial free volume being
of HIPS membrane, leading to great H, diffusion, the CO, permeability of HIPS membrane
(Figure 4.6) was obtained for 0.34 cm®m™s™, which was lower than that of EVA membrane
(0.51 cm® m?s™"). The opposite trend for CO, permeability was attributed to differential
CO, solubility in both membranes. In general, gas solubility is related to the chemical
affinity between gas and the polymer structure.” With this regard, the EVA polymer ought
to have good CO, solubility due to the polar moiety like that of the acetate group, which

is induced by dipole-quadruple interaction between CO, penetrant molecules and
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polymer chains. The strong affinity between polar vinylactate segments (c.a.~28%
vinylactate content)® and CO, molecules contributes to a higher CO, flux in EVA
membrane. In case of HIPS membrane, the lower CO, permeability of 0.34 cm®m™s™ could
be derived from interfering CO, diffusion by bulky phenyl group in the HIPS polymer chain.
Such large group might behave as the barrier segment, which prolongs the tortuosity of
the diffusion path through the membrane. This might reduce CO, diffusivity in the HIPS

membrane.
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Figure 4.6 Gas flux and Hy/CO, permselectivity of different polymer membranes
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In addition, kinetic diameter of penetrant molecules would be another reason for
considering the separation factor. As mobility of penetrate molecules in the polymer
membrane is dependent by the gas kinetic diameter. Gas diffusibility decreases as the
molecular size increases. The small H, molecules (0.29 nm) could collide with segments
of the polymer chain less than larger CO, molecules (0.33 nm).” Thus, the low diffusion
resistance of H, molecules face within the membrane, leading to fast diffusion of smaller
H, molecules as compared to larger CO,. From these reasons, H,/CO, permselectivity of
the HIPS membrane would be greater than the EVA membrane (Figure 4.6). Based on these
findings, HIPS membrane was chosen as the polymer matrix for further studying in the

effect of HKUST-1 incorporation.
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To achieve higher H, permeability and H,/CO, permselectivity, the addition of
HKUST-1 in the polymer membranes was carried out. As high CO, adsorption in HKUST-1
(up to 18.5 wt% at 0.1 MPa and 27 °C as reported by Chen et al.),’” It is expected to
increase the H,/CO, permselectivity of HKUST-1-MMMs. Figure 4.7a reveals that an increase
of HKUST-1 loading from 1 wt% to 10 wt% into HIPS membrane, the H, flux were
enhanced significantly from 2.89 cm® m?s! to 17.19 cm?® m?s™?, whereas CO, flux was
consistent. It was suggested that the H, molecule passes through the HKUST-1 pores more
easily than CO, molecules as reported in the literature.!’ Such behavior could be
rationalized by pore network of the HKUST-1 (0.41 and 0.69 nm for window sizes), which
provides faster and resistance-less through-pore channels for small and non-polar H,
molecules (0.29 nm). In contrast, the permeability of bigger CO, molecules decreased
owing to their strong adsorption in the HKUST-1. The presence of coordinatively
unsaturated Cu?" in HKUST-1 performs as strong CO, adsorption sites (scheme 4.2), which
facilitates a slow desorption of CO, in the channels, thereby restricting its transport
capabilities. These contributions lead to significantly improve of H,/CO, permselectivity
from 4.87 to 23.17 at 10wt% HKUST-1 loading.

However, the improvement of gas separation was not observed for HKUST-1
loaded EVA membranes. Despite the increase of HKUST-1 loading, no obvious
enhancement in terms of H, and CO, permeabilities was observed (Figure 4.7b). It could
be suggested to blockage of the HKUST-1 pores by polymer penetration. This is
presumably that the strong polymer-MOF interaction and good chain mobility of rubbery
EVA polymer create a pore-blocking surface coating on the MOF particle surface and
further infiltrate the polymer chain through the small pore of HKUST-1. Pore blockage of
porous filler was generally observed for rubbery polymer as reported of ZIF-8/PDMS,*?
Ui0-66/PEO,"* MCM-41/PSF'* and zeolite 5A/PES™. In contrast, lower chain mobility of the
large bulky phenyl group in HIPS might not be affected. Accordingly, main contribution for
gas permeability in case of HKUST-1/EVA could be solely from the diffusion in amorphous
phase.
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Compared to the reported MMMs (Table 4.1), the HKUST-1/HIPS MMM showed
greater H,/CO, permselectivity than conventional inorganic porous fillers such as SiO, and
Zeolite 4A (Table 4.1, entry 2-3).)5!" Despite the fact that 30wt% UiO-66/PAA-PVP had a
comparable permselectivity to this work (Table 4.1, entry 4),'® the HKUST-1/HIPS MMM did
not require high feed pressure. Even with a lower proportion of HKUST-1, the HIPS matrix
has the superior permselectivity than engineering polymers like PEI (Table 4.1, entry 5).!*
Hence, the HKUST-1/HIPS MMM prepared in this work used simple process and showed

highly promising for H,/CO, separation under atmospheric condition.
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Table 4.1 A summary of the H,/CO, separation performance of the reported MMMs

Entry Membrane Temperature  Pressure H,/CO, Ref.
(°O (bar) selectivity
1 10wt% HKUST-1/HIPS 30 - 23.2 This work
2 10wt% SiO,/PSf 35 3 2.5 16
3 15wt% Zeolite 4A/PVAC 30 0.75 5.0 17
4 30wt% UiO-66/PAA-PVP a0 3 19.2 18
5  30wt% HKUST-1/PEI 25 1.5 15.8 11

4.2 Conclusion

The HKUST-1/polymer MMMs were prepared by solution casting, which was used
for studying the effect of HKUST-1 on H, and CO, permeability. As compared to EVA, the
HIPS membrane showed superior H, flux and H,/CO, permselectivity because of higher
fractional free volume, facilitating small H, molecule diffusion and the bulky phenyl gsroup
of HIPS reduced their CO, diffusivity. The incorporation of HKUST-1 in the HIPS membrane
indicated the significant improvement for H, permeability and H,/CO, permselectivity. This
is because pore channel of the HKUST-1 provides faster and resistance-less pathway for
small and non-polar H, molecules. In addition, strong interaction between CO, and
coordinatively unsaturated Cu?" in HKUST-1, retards their CO, diffusivity. However, this
effect was not observed for HKUST-1/EVA MMM, suggesting preferable diffusion in
amorphous region over than the diffusion in HKUST-1 pore. The exceptional atmospheric
separation performance of HKUST-1/HIPS MMM renders its attractive for hydrogen

separation application.
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Chapter 5

Reversible Hydrogenation-Dehydrogenation of
Acetylpyridine-Pd-MIL-101(Cr) for Chemical Hydrogen

Storage

In this work, we report a new hydrogen storage material by modifying MIL-101(Cr)
with 3-acetylpyridine (AcP), an organic hydrogen carrier with an N donor ligand for node
anchoring and a carbonyl group as the hydrogen-carrying function. Pd nanoparticles (Pd
NPs) were encapsulated in the AcP-grafted MIL-101(Cr), using a double-solvent method to
ensure dispersion of the metal in the pockets. The existence of AcP and Pd NPs in
Pd-AcP-MIL-101(Cr) was studied by various spectroscopic techniques. The hydrogenation-
dehydrogenation of Pd-AcP-MIL-101(Cr) was evaluated over the temperature-programmed
reaction (TPRe), and the hydrogenated and dehydrogenated forms of AcP were confirmed
by in situ Fourier transform infrared (FTIR) and nuclear magnetic resonance (NMR) spectra.
The effects of Pd content, temperature, and hydrogen partial pressure for the
hydrogenation-dehydrogenation cycle were investigated. The hydrogen storage stability

was also highlighted.
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5.1 Results and discussions

5.1.1 Material characterization

Figure 5.1 shows the XRD patterns of all samples that similar to the pure
MIL-101(Cr), as reported by Feréy et al.! The characteristic diffraction peaks of MIL-101(Cr)
are assigned at 20 = 2.81°,3.29°,3.98°,4.19°,5.92°, and 9.62°. However, the relative peak
intensity at 2.81° and 3.29° was lesser in AcP-MIL-101(Cr) and 4.0Pd-MIL-101(Cr), compared
to that in MIL-101(Cr). This could be attributed to the grafting of AcP and incorporation of
Pd NPs into the MIL-101(Cr) pore structure.? The decreased intensity became more
pronounced with an increase in Pd loading (0.5-4.0 wt%). It should be noted that the
diffraction peaks from Pd NPs were not observed in the wide-angle XRD patterns,

presumably due to the small Pd loadings or high Pd dispersion.

4.0Pd-AcP-MIL-101(Cr)

MM&
M 2.5Pd-AcP-MIL-101(Cr)
k | 0.5Pd-AcP-MIL-101(Cr)

AcP-MIL-101(Cr)

Intensity (a.u.)

4.0Pd-MIL-101(Cr)

MIL-101(Cr)

5 10 15 20 25 30 35 40 45 50
2 Theta (degree)

N

Figure 5.1 XRD patterns of all MOF samples
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Figure 5.2 presents that the observed ultrafine Pd particles through the TEM
analysis of 0.5Pd-AcP-MIL-101(Cr). As the Pd loading increased, the Pd nanoparticles were
obviously seen with an average size of ~1.9 nm for 2.5Pd-AcP-MIL-101(Cr),
4.0Pd-AcP-MIL-101(Cr), and 4.0Pd-MIL-101(Cr). It is likely that these Pd NPs (at loading
>0.5 wt%) would be dispersed on the external surface of MIL-101(Cr) crystals.
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Figure 5.2 TEM images of 0.5Pd-AcP-MIL (a, a"), 2.5Pd-AcP-MIL (b, b’), 4.0Pd-AcP-MIL (c, <)
and 4.0Pd-MIL (d, d’) at low and high magnification and their Pd particle size
distribution (a”-d") from approximately 200 Pd particles counted
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All MOF samples exhibited high surface areas with typical type | isotherms,
indicating the microporous materials, as shown in Table 5.1 and Figure 5.3. The grafted
AcP and incorporation of Pd cause the lower surface area and pore volume, compared
with MIL-101(Cr), as expected. The synthesized MIL-101(Cr) has a surface area of
4440 m*g! and a pore volume of 1.7 mL-g” - similar to those reported elsewhere.’
Although the specific surface area dropped slightly, the pore volume was retained when
AcP was grafted (Table 5.1, entry 3), whereas both the surface area and pore volume were
decreased with Pd loading (Table 5.1, entry 2, 4-6). This suggests that some Pd NPs could

position themselves inside the pore of MIL-101(Cr).

Table 5.1 Composition and textural properties of the samples

AcP loading © Flemental = Q0 "
. Samol Pdloading ~ Sser  Vpore AcP/Cr3+ composition (wi%) Decomposition g .o 1o
ntry ampe Wt%)  (m2gl) (cmd-gl) ratio R ?éature (Wt%)
wt% mmol g-! C H N O
1 MIL-101(Cr) e 4440 17 . 1 282 24 19 318 60.4
2 4.0Pd-MIL-101(Cr) 3.8 2380 12 ¥ - 275 24 15 296 54.9
3 AcP-MIL-101(Cr) y 3120 16 60 05 0.17 283 36 26 370 64.9
4 0.5Pd-AcP-MIL-101(Cr) 0.5 2250 = gy 0.14 287 28 24 384 62.9
5 2.5Pd-AcP-MIL-101(Cr) 2.5 2090 10 48 04 0.14 301 43 22 360 60.8
6 4.0Pd-AcP-MIL-101(Cr) 40 2000 11 37 03 013 237 50 19 265 60.2

9ICP-OES, “Multipoint Brunauer-Emmett-Teller analysis, “Barrett-Joyner-Halenda method
desorption, dEstimated from CHN analysis results, °“CHN analysis,fOnset decomposition

temperature under N, atmosphere, *Weight loss at 500 °C under air atmosphere.
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Figure 5.3 N, adsorption and desorption isotherms of the samples at 77 K

The organic composition of the prepared MIL-101(Cr) and the grafted AcP, Pd, and
AcP-Pd on MIL-101(Cr), as determined by the CHN analysis, is also shown in Table 5.1. In
addition to C, H, and O in MIL-101(Cr), ~1.9 wt % of N was observed. This could be
attributed to the nitrate anion (NO5"), as evidenced (Figure 5.4) by the N 1s peak at 406 eV
of NO5~.* The nitrate anion acts as a counter ion on one of the Cr** nodes in the MIL-101(Cr)
framework, as shown in Figure 5.5.° However, trace amounts of DMF® may be retained on
the surface, during XPS analysis, as seen by the signal at ~401 eV’ and also by the 'H NMR
of the extracted sample (Figure 5.6). Once AcP was grafted in MIL-101(Cr), the N content
increased, compared to its parent MIL-101(Cr). Accordingly, the N content (from the CHN
analysis) could roughly indicate the AcP loading of approximately 6 wt% (Table 5.1,
entry 3). Estimation of the AcP loading is described in the Appendix C5). The incorporation
of Pd led to a decrease in the AcP content, as expected. TGA, in air, also suggested the

same trend in the organic content (Figure 5.7a).
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Figure 5.5 Demonstration of grafted organic hydrogen carrier (i.e., 3-acetylpyridine) in
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Figure 5.7 TGA thermograms of the samples under (a) Air and (b) N,

The IR spectra of MIL-101(Cr), Pd-MIL-101(Cr), and Pd-AcP-MIL-101(Cr) are shown in
Figure 5.8. The characteristic bands of the symmetric (1401 cm™) and asymmetric
(1617 cm™?) vibrational stretching of carboxylate ligands, V(COO"),® were observed in all
samples. The weak and narrow bands at 749, 1017, and 1157 cm ' can be assigned to the
O(C-H) and C-H) vibrations of the benzene rings.” The presence of these vibrational
bands strongly confirm the successful formation of the MIL-101(Cr) framework.
For all AcP-grafted samples, additional characteristic bands of AcP at 702, 1273, and
1695 cm™" were detected. These bands are ascribed to the vibration of symmetric
out-of-plane bending of 3-substituted pyridine, 0(C-H), and V(C=0)-conjugated ketone of
AcP. It was also observed that the W(C=0) vibration of the grafted AcP shifted to a higher
frequency, suggesting an interaction of AcP with the Lewis acid center, presumably the

Cr** nodes of the MIL-101(Cr) framework, as shown Figure 5.9.
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Figure 5.8 FTIR spectra of MOF samples
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Figure 5.9 Interaction of AcP with the Lewis acid center at Cr’* nodes of the MIL-101(Cr)

In a supporting manner, the N 1s binding energy of AcP shifted from 397.89 eV
(nongrafted AcP) to 399.98 eV (Figure 5.4a). This significant shift (+2.1 eV) indicates that the
grafted AcP could be bound to the Cr** Lewis acid center via N-Cr coordination.’ In line
with this view, the peak-fitted Cr 2p spectra of the AcP-grafted samples shifted from the
typical binding energies of Cr** (577.24 eV)'" to a lower energy (577.06 eV, Figure 5.4b).
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The incorporated AcP interacts not only with Cr** nodes but also with Pd, as
suggested by XPS results. Figure 5.4c clearly shows a red shift of binding energy (Pd 3ds,,)
from 335.26 to 334.66 eV (ca. ~0.6 eV) for 4.0Pd-AcP-MIL-101(Cr)." This slight shift in the
binding energy could be attributed to an increase in the electron density of Pd interacting
with the grafted AcP. However, the incorporation of Pd had no effect on the local structure
of MIL-101(Cr): no change in XPS and XANES spectra was observed when Pd was
introduced (Figure 5.10). Figure 5.4b shows that the Cr 2p spectra of MIL-101(Cr) and
4.0Pd-MIL-101(Cr) appear the same. Also, Figure 5.10 exhibits that the edge energy at
6005 eV corresponding to Cr** remains intact. It is worth noting that the observed Pd*
species from XPS could be derived from the surface oxidation of metallic Pd when

exposed to air."”
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Figure 5.10 Cr K-edge XANES spectra of MIL-101(Cr), 4.0Pd-MIL-101(Cr), AcP-MIL-101(Cr)
and 4.0Pd-AcP-MIL-101(Cr) and Cr,05
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The interaction between AcP and Cr’* nodes led to a higher stability of
AcP-MIL-101(Cr), compared to the parent MIL- 101(Cr) (Figure 5.7). In Table 5.1, the onset
decomposition temperature shifted from 318 to 370 °C in the N, atmosphere. However,
after introducing Pd NPs, the thermal stability significantly decreased, especially at high
Pd loadings (i.e., 265 °C for 4.0Pd-AcP-MIL-101(Cr), Table 5.1 entry 4-6). This could be
derived from the presumption that the incorporated Pd NPs may activate the
decarboxylation of the terephthalate linkers, leading to the deconstruction of the
MIL-101(Cr) frameworks. Accordingly, the operating temperature for hydrogen uptake and
evolution should not exceed 250 °C for these xPd-AcP-MIL-101(Cr) samples.

5.1.2 Hydrogen evolution and uptake

Evolution of H, from 2.5Pd-AcP-MIL-101(Cr) (under Ar), after hydrogenation under
H, at 200 °C for 1 h, is shown in Figure 5.11. Hydrogen was initially released from the
sample at ~180 °C (Figure 5.11, section a). This is presumably due to the dehydrogenation
of 3«(1-hydroxyethylpyridine (HEP), the hydrogenated form of AcP. As the sample was
treated in H, at 200 °C for 1 h before the measurement, the incorporated AcP would be
hydrogenated to HEP, anchoring on the Cr’* node (as illustrated in Figure 5.12). The
formation of HEP in 2.5Pd-AcP-MIL-101(Cr) can be evidenced by in situ FTIR spectroscopy
as shown in Figure 5.13a. Upon heating under H, from 30 to 200 °C, the intensities of the
saturated W(C-H) signals (~2840-2980 cm™!) notably increased, together with the
appearance of the O-H vibration band at 3265 cm™, particularly at 150-200 °C. This is
because additional methine (CH) would be formed along with the hydroxyls (OH) when
the carbonyl group of AcP is hydrogenated to HEP. Accordingly, one could expect that the
incorporated HEP would be dehydrogenated, liberating H,, as observed upon heating in
Ar. This is in line with the decrease in the intensity of saturated V(C-H) vibrations with the
disappearance of the V(O-H) band in the in situ FTIR spectra of the hydrogenated
2.5Pd-AcP-MIL-101(Cr) sample (Figure 5.13b).
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Figure 5.11 Hydrogen evolution cycles of 2.5Pd-AcP-MIL-101(Cr) under Ar after
hydrogenation under H, at 200 °C for 1 h (normalized areas of H, evolution

are tabulated in Table 5.2)

Table 5.2 Normalized areas of H, evolution after hydrogenation at 200 °C for 1 h

Sections

a b c d

Sample

Normalized

1383.45 753.24 666.08 561.27
Area

2.5Pd-AcP-MIL-101(Cr)
H> evolution
(mmol H> g-1) 0.50 gy 0.24 0.20

(a) Defined as the integrated area of H, evolution peak, divided by the integrated area of
1% H, in Ar pulse and (b) Calculated by multiplying the normalized area with molar
concentration* of 1% H,/Ar pulse under Ar carrier (0.019 pmolH,-pulse™), then divided by
the sample weight.

*The molar concentration of 1% H. in Ar pulse was calibrated with the H, evolution peak
from the decomposition of known-mass NaBHj. (by titration with standard KIOs solution),

explained in Appendix C2.
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Figure 5.12 Chemical hydrogen storage of Pd-AcP-MIL-101(Cr) by hydrogenation and
dehydrogenation of 3-Acetylpyridine (AcP) over Pd nanoparticles
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Figure 5.13 In situ FTIR spectra of 2.5Pd-AcP-MIL-101(Cr) from 30 to 200 °C with a heating
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After the first H, evolution was observed, the sample was subsequently treated
under the flow of H, at 200 °C for another 1 h. The grafted AcP would be re-hydrogenated
to HEP at this condition. Hence, another H, evolution can be observed again upon heating
under Ar flow (Figure 5.11, section b). This clearly indicates that reversible hydrogenation
and dehydrogenation of 2.5Pd-AcP-MIL-101(Cr) can be accomplished simply by changing
the partial pressure of H, at an elevated temperature (~180 °C). In a supporting manner,
the process was repeated for the other two cycles, and similar results were obtained
(Figure 5.11, section ¢ and d). This reproducible H, evolution clearly suggests that this
sample may well act as a chemical hydrogen storage, in which “H, uptake” is achieved in
the hydrogenation step, whereas the dehydrogenation leads to “H, release”.

In line with these results, H-TPRe of 4.0Pd-AcP-MIL-101(Cr) shows both hydrogen
consumption and evolution under 10% H, in Ar (Figure 5.14a). The hydrogen consumption
of this sample was initially observed as the temperature was raised from 50 to 200 °C.
This is attributed to the hydrogenation of AcP to HEP, presumably catalyzed by the
incorporated Pd NPs. After cooling from the first cycle (hydrogenation), the hydrogen
evolution (peak IV) was detected from 150 to 200 °C with 0.80 mmol Hy¢™*, possibly from
the dehydrogenation of HEP back to AcP. It is worth noting that, for the first
dehydrogenation cycle, trace amounts of acetate that remained in the sample may
decompose to other gases that also intensify the observed signal. The observed
hydrogenation at 80-150 °C and dehydrogenation at 150-200 °C were not evidenced in
samples without the incorporated Pd NPs (MIL-101(Cr) and AcP-MIL-101(Cr),
Figure 5.14c-d). The trace amount of hydrogen (~0.02 mmol H,-g™*, Figure 5.14b) released
from 4.0Pd-MIL-101(Cr), without AcP, is attributed to the ﬂ—hydride decomposition of
Pd-H, as reported by Sandoval et al.** This indicates that the incorporated Pd NPs
catalyzes both the hydrogenation and dehydrogenation of AcP, leading to the hydrogen

uptake and subsequent release.
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Figure 5.14 H,-TPR profiles of the sample testing under 10% H, in Ar from 70 to 200 °C
with a heating rate of 5 °C:min™ and cooled under 10% H, in Ar to room
temperature, and then the process was repeated for three times (normalized

areas of H, evolution/consumption are tabulated in Table 5.3)

Table 5.3 Normalized areas of H, consumption and H, evolution of samples from

H,-TPR

H> consumption - H> evolution (mmol H> g-!)

Samples
1 11 I 1w V Vi Vil Vil X X X1

4.0Pd-MIL-101(Cr) 0.023 0.019 0.021

4.0Pd-AcP-MIL-101(Cr) 2.169  0.541 0.038 0.798 0.457 0.074 0.638 0.377 0.097 0.542 0.385

(a) Defined as the integrated area of H, evolution peak, divided by the integrated area of
1% H, in Ar pulse. (b) Calculated by multiplying the normalized area with molar
concentration* of 1% H, in Ar pulse under 10% H, in Ar carrier (0.799 pmole.puLse’l), then
divided by the sample weight.

*The molar concentration of 1% H, in Ar pulse was calibrated with the H, consumption

peak from the reduction of known-mass CuO, detailed in Appendix C2.
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Interestingly, during cooling after the first hydrogenation step, another hydrogen
consumption was detected (peak I, Figure 5.11a), suggesting that some of AcP may be
retained after holding at 200 °C. This is presumably due to the thermodynamic limitation
of AcP hydrogenation at 200 °C for typical ketones.'” Accordingly, the remaining AcP can
be hydrogenated at a relatively lower temperature (from 190 to 70 °C). However, the rate
of hydrogenation would be relatively low at these temperature ranges, as seen from
Figure 5.15. Hence, additional hydrogenation, with small hydrogen consumption (peak lll,
Figure 5.11a), was observed again upon heating from 80 to 150 °C during the second
H,-TPRe cycle. At this stage, the incorporated organic hydrogen carrier would be virtually
present in the hydrogenated form, HEP. Therefore, a consecutive dehydrogenation to AcP

can take place (peak V), as discussed earlier.
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Figure 5.15 Effect of hydrogenation temperatures at 100, 130, 150 and 200 °C with time
for H, evolution of 2.5Pd-AcP-MIL-101(Cr)
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The hydrogenation of AcP can be revealed again during cooling in the second cycle
(peak V, 0.46 mmol H,-g™) and also at the beginning of the third heating cycle, with a
lesser extent (peak VI, 0.07 mmol Hyg™). As the temperature rose over 150 °C,
dehydrogenation of HEP was repeatedly promoted, as seen by the hydrogen evolution in
the third cycle (peak VI, 0.64 mmol H,-g™"). Similar phenomena can be replicated in the
fourth cycle (peaks VIl and IX for hydrogenation and peak X for dehydrogenation). This
clearly suggests that hydrogenation and dehydrogenation of the organic hydrogen carrier
(AcP) can be reversibly facilitated by the cooling and heating cycles.

It is essential to state that the hydrogen evolution of the grafted AcP in
Pd-MIL-101(Cr), for all experiments in Figures 5.11 and 5.14, decreased with the number
of heating cycles. Especially in Figure 5.11 [2.5Pd-AcP-MIL-101(Cr)], the hydrogen evolution
decreased from 0.50, 0.27, 0.24, to 0.20 mmol Hz-g’1 for the first to the fourth cycles
(see Figure 5.16). One could expect that the decline of the hydrogen evolution was caused
by the partial destruction of the MIL-101(Cr) framework, presumably via the hydrogenolysis
of organic linkers'® during the hydrogenation at 200 °C for 1 h. This was evidenced by a
decrease in the crystallinity of 2.5Pd-AcP-MIL-101(Cr) after four heating cycles, as shown
in Figure 5.17c. Accordingly, a lower hydrogenation temperature at 150 °C was tested, and
the hydrogen evolution was recorded for four cycles, as also illustrated in Figure 5.16. It
was clear that hydrogenation at 150 °C led to a lower hydrogen evolution
(0.38 mmol H,-g™" as compared to 0.50 mmol Hy¢' at 200 °C). This suggests that a
relatively less HEP is produced after the hydrogenation of AcP at 150 °C, presumably due
to a lower hydrogenation rate at this temperature. It is deduced from Figure 5.15 that the
hydrogenation rate is a function of temperature, where hydrogen evolution rises steadily
from 0.15 to 0.50 mmol H,-g"! after hydrogenation at temperatures from 100 to 200 °C for
1 h. Nevertheless, the hydrogen evolution for the following cycles was somewhat
similar to the initial value (i.e., 0.31-0.34 mmol H,-g*) when the sample was hydrogenated
at 150 °C. This implies a higher stability of the sample, compared to that hydrogenated at
200 °C. In a supporting manner, the sample crystallinity after four heating cycles at 150 °C
was retained (Figure 5.17b).
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Figure 5.16 Effect of hydrogenation temperature (150 °C and 200 °C, for 1 h) on the
stability of 2.5Pd-AcP-MIL-101(Cr) when dehydrogenated at 200 °C for 1 h
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Figure 5.17 XRD patterns of 2.5Pd-AcP-MIL-101(Cr) (a) before hydrogenation and after four
hydrogenation cycles (b) at 150 °C and (c) at 200 °C
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In  addition to the hydrogenation temperature, the stability of
2.5Pd-AcP-MIL-101(Cr) was affected by the final temperature for the dehydrogenation
cycle. When the final temperature for dehydrogenation decreased from 200 to 150 °C
a lower hydrogen release was measured (0.38 down to 0.24 mmol H,-g™), as shown in
Figure 5.18. This could be presumably due to a thermodynamic limitation, as
dehydrogenation is an endothermic process (see in Figure 5.19)."” Despite the similar rate
of dehydrogenation, Figure 5.20 clearly shows that a considerable extent of hydrogen
evolution is observed at a higher temperature. However, at a temperature higher than
150 °C, the hydrogen evolution decreased with the number of cycles, especially at
200 °C - from 0.38 to 0.31 mmol H,-g"! - after four cycles (see Figure 5.18). This suggests
that dehydrogenation above 150 °C could possibly damage the MOFs in a manner similar
to that observed for the hydrogenation process (Figures 5.15 and Figure 5.16). However,
the observed hydrogen release remained the same for dehydrogenation at 150 °C.
Accordingly, the optimum dehydrogenation temperature would be less than 150 °C,

in order to maintain the stability of 2.5Pd-AcP-MIL-101(Cr).
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Figure 5.18 Effect of dehydrogenation temperature on the sample stability of
2.5Pd-AcP-MIL-101(Cr): hydrogenation at 150 °C, heating rate of 5 *C-min™

for 1 h, followed by dehydrogenation at different temperatures
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Figure 5.20 Hydrogen evolution of 2.5Pd-AcP-MIL-101(Cr) after hydrogenation at 150 °C,
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Although the hydrogen uptake and evolution were relatively lower when the
sample was hydrogenated and dehydrogenated at 150 °C, the same amount of hydrogen
consumed and released was reproduced. This key behavior clearly shows the hydrogen
storage ability of 2.5Pd-AcP-MIL-101(Cr). To improve the hydrogen storage capacity, the
rate of both hydrogenation and dehydrogenation should be enhanced. This can be
achieved by increasing the Pd content (Figure 5.21). H, evolution linearly depended on
the incorporated Pd. This was not the result of the hydrogen dissociation by Pd NPs, as
only a trace amount of hydrogen evolution was observed in 4.0Pd-MIL-101(Cr), as shown
previously in Figure 5.14b. Moreover, an excessive amount of grafted AcP (0.50 mmol-g™*)
was present in all samples, compared to Pd loading (0.04-0.37 mmol-g™"). Therefore, with
the same amount of AcP, the observed increase in the hydrogen evolution with Pd loading
would be derived from the higher rate of hydrogenation and dehydrogenation catalyzed
by Pd. Despite the fact that only the dispersed Pd NPs were evidenced on the external
surface of MIL-101(Cr) by TEM (Figure 5.2), the interaction between Pd and AcP hinted by
XPS (Figure 5.4) and the observed catalytic activity suggested that some of Pd would
coexist with AcP inside the MIL-101(Cr) pocket.
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Figure 5.21 Effect of Pd loading on H, evolution at Pd loading 0.5, 2.5, and 4.0 wt% by

hydrogenation under H, and dehydrogenation under Ar flow at 150 °C for 1 h
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With appropriate hydrogenation and dehydrogenation temperatures (i.e., 150 °C)
and Pd loading, chemical hydrogen storage can be demonstrated over
4.0Pd-AcP-MIL-101(Cr) for at least 10 cycles, with a consistent storage capacity of
0.33 mmol H,g™' per cycle, as shown in Figure 5.22. Under these conditions, the Pd
particle size remained in the same range (1.91 + 0.7 nm), as compared to the fresh sample
(Figure 5.23). This suggests that Pd agglomeration may be inhibited by the interaction
between Pd and the MOFs, as discussed earlier. Compared to LOHCs,
4.0Pd-AcP-MIL-101(Cr) can be readily operated at constant temperature and atmospheric
pressure for both hydrogen uptake and release. Despite the low hydrogen storage capacity
(<0.1 wt %), this noncryogenic storage material can be feasibly handled, compared to
other atmospheric cryo-adsorption materials (~1 wt %) operating at an extremely low
temperature (77 K). Nevertheless, further investigation for a higher hydrogen storage
capacity will be necessarily required, especially by increasing the organic hydrogen carrier

loading in the MOFs.
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Figure 5.22 Recyclability of 4.0Pd-AcP-MIL-101(Cr) over hydrogenation and
dehydrogenation cycles at 150 °C
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Figure 5.23 TEM images of 4.0Pd-AcP-MIL-101(Cr) before (a) and after (b) 10" cycles for
testing catalyst recyclability of hydrogenation at 150 °C for 1 h and then
dehydrogenation at 150 °C for 1 h

5.2 Conclusions

In this study, Pd-AcP-MIL-101(Cr) can be successively used as a hydrogen storage
material, where AcP acts as an oreanic hydrogen carrier. The grafted AcP interacts with the
Cr** nodes in MIL-101(Cr), via coordinative covalent bonding with the N-pyridine ring. The
incorporated Pd is well dispersed and interacts with the erafted AcP in MIL-101(Cr).
Hydrogen uptake efficiently proceeds via hydrogenation at the carbonyl sroup of AcP to
HEP, whereas the hydrogen release is accomplished by the dehydrogenation of HEP to
AcP. The incorporated Pd NPs catalytically drive both processes at atmospheric pressure.
The hydrogen uptake and release can be regulated either by (i) the operating temperature
or (i) the hydrogen partial pressure at a constant temperature. Over 150 °C, the MIL-101(Cr)
frameworks can be damaged by the heating cycle, whereas the optimum operating
temperature at 150 °C provides a consistent hydrogen storage of 0.33 mmol Hyg™! per
cycle. Pd-AcP-MIL-101(Cr) reported herein is one of the noncryogenic chemical hydrogen
storage material with a measurable hydrogen storage capacity. More importantly, this new
hydrogen storage material can be operated at constant temperature and pressure
(atmospheric), simply by tuning the hydrogen partial pressure. However, the hydrogen
storage in terms of weight capacity (<0.1 wt %) is too low from a practical point of view.

Further investigation for higher hydrogen storage capacity will be necessarily required.
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Chapter 6
Highly stable Pd** species anchoring on
ethylenediamine-grafted-MIL-101(Cr) as a robust

oxidation catalyst

In this chapter, a robust Pd*" species in MIL-101(Cr) containing ethylenediamine as
an anchoring ligand was synthesized. The Pd* species was introduced in the
ethylenediamine-grafted MIL-101(Cr), using double solvent adsorption to ensure the Pd*
dispersion in the MIL-101(Cr) framework. The interactions of ethylenediamine with both
Cr** nodes in MIL-101(Cr) and the incorporated Pd?*, were examined by various
spectroscopic methods at high temperatures. The stability of Pd?* species under reducing
conditions was studied by in situ X-ray absorption near edge structure (in situ XANES). In
addition, activity of the Pd** species within ethylenediamine grafted MIL-101(Cr) was tested
for styrene oxidation. The effect of ethylenediamine:Pd?* molar ratio on the catalytic

activity and stability was also investigated.
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6.1 Results and discussions
6.1.1 Synthesis and Characterization
6.1.1.1 Ethylenediamine grafted MIL-101(Cr)

The XRD patterns of all samples matched well with the pure MIL-101(Cr), reported
by Ferey et al.! with characteristic peaks at 20 = 2.81°,3.29°, 397°, 5.16°, 5.88°, 8.44°,
9.06°, 10.34°, 11.26°, 16.5°, 16.92°, 17.27° and 19.56° (Figure 6.1). Trace amount of Cr,05
was observed by the diffraction peaks at 24.77° and 37.29°. The MIL-101(Cr) sample
exhibited corresponding metal/organic content (Figure 6.2) and typical N, adsorption
isotherms type | (Figure 6.3) with a high surface area of 4210 m%/g and a pore volume of
2.6 cm’/g - similar to those reported elsewhere? (Table 6.1). In addition to C and H,
~1.9 wt% N was observed by CHN analysis (Table 6.1, entry 1) for pure MIL-101(Cr). This
could be attributed to (i) the nitrate countered ion of the Cr** nodes? and (i) DMF retained
by solvent substitution on the Cr** nodes upon washing. Both species can be evidenced
by N 1s XPS at 406 eV (nitrate ion)* and 401 eV (DMF) (Figure 6.4a). Estimation of the

ethylenediamine loading is described in appendix Cé6.
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Ethylenediamine

Ethylenediamine/

Batry Sample (i‘l3 ZE/ Tgu) (XI;’I‘;'/E;) Element composition (wt%) Joading® Pd loading® b |
Cr¥ ¢? HY N’  wit% mmollg wt% mmol/g molar ratio
1 MIL-101(Cr) 4210 2.6 219 282 24 19 - -
2 0.5en-MIL-101(Cr) 3790 23 23.5 304 3.7 32 1.63 0.58
3 0.8en-MIL-101(Cr) 2650 1.7 21.5 323 32 40 2.04 0.73
4 1.2en-MIL-101(Cr) 1890 1.3 26.8 272 45 53 3.23 1.15
5 0.03Pd-0.5en-MIL-101(Cr) 3390 22 224 299 23 25 1.35 0.48 0.26 0.03 16.0
6 0.03Pd-0.8en-MIL-101(Cr) 2450 1.7 214 295 28 34 1.67 0.60 0.25 0.02 20.0
7 0.03Pd-1.2en-MIL-101(Cr) 1600 1.3 224 318 28 4.6 2.62 0.94 0.29 0.03 31.3
8 0.2Pd-0.5en-MIL-101(Cr) 1540 0.9 22.7 305 24 2.1 0.97 0.35 1.95 0.18 1.8
9 0.2Pd-0.8en-MIL-101(Cr) 930 0.7 221 259 25 22 1.20 0.43 2.09 0.19 2.2
10 0.2Pd-1.2en-MIL-101(Cr) 610 0.6 25\7\ \ 29.9 / 25/ 33 1.91 0.68 1.94 0.18 3.4
11 0.03Pd-MIL-101(Cr) 3235 22 2351299 23 1.6 - 0.31 0.03 -
12 0.2Pd-MIL-101(Cr) 1800 1.2 282 253 24 13 - 2.39 0.22 -

“BET multipoints, 58JH method desorption, ‘ICP-OES, ICHN analyzer, “Calculated from
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Figure 6.4 High-resolution N 1s XPS spectra of (a) MIL-101(Cr), (b) 0.5en-MIL-101(Cr),

(c) 0.03Pd MIL-101(Cr) and (d) 0.03Pd-0.5en-MIL-101(Cr) samples
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When the samples were modified with 0.5 to 1.2 mmol/g of ethylenediamine, the
N content (from CHN analysis) clearly increased, compared to its parent MIL-101(Cr)
(Table 6.1). Whereas the crystallinity, the surface area and pore volume decreased
(Table 6.1, entry 1-3). This implies that the incorporated ethylenediamine partially
occupied in the micropores,® as seen by the decrease in both relative intensity at
20 = 3.3° (Figure 6.5) and micropore volume (Figure 6.3a) with ethylenediamine content.
A notable decrease in the crystallinity and N, adsorption volume were observed when
excessive amounts of ethylenediamine (up to 1.2 mmol/g) were introduced. This indicates
the partial collapse of the framework due to the ligand substitution at Cr** nodes by the
ethylenediamine, that has a ligand strength greater than the terephthalate linker.
In support with this view, a hysteresis loop was observed in the N, adsorption isotherm of

1.2en-MIL-101(Cr) (Figure 6.3), suggesting a rise in mesoporosity of this sample.
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Figure 6.5 Effect of ethylenediamine content on the relative XRD intensity 20 = 3.3°) of
MIL 101(Cr) samples with and without Pd
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Grafting with ethylenediamine led to a rise of new peak at 399.8 eV® as seen from
N 1s XPS spectra of 0.5en-MIL-101(Cr), for example (Figure 6.4b). While, the NO5™ countered
ion peak (~406 eV) remained unchanged, DMF peak (~400.5 eV) disappeared, presumably
due to ligand substitution at Cr** node by ethylenediamine. In a supporting manner, the
band intensity at 1055 cm™ increased with ethylenediamine content (Figure 6.6a-d), in
addition to characteristic MIL-101(Cr) bands assigned to symmetric vibrational stretching
of carboxylate ligands V(COO) located at 1401 cm™,” and weak bands at 749, 1017 and
1157 cm’, assigned to O(C—H) and Y(C~H) vibrations of the benzene rings.® The 1055 cm'!
band corresponded to the C-N stretching vibration of aliphatic amine.” Especially at 0.8
and 1.2 mmol/g of ethylenediamine samples, a slight blue-shift of this band (~5 cm™) was
noted - compared to the pure ethylenediamine, suggesting a particular interaction of the

amine group with the Cr’* node, as discussed earlier.
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Figure 6.6 FTIR spectra of (a) MIL-101(Cr), (b) 0.5en-MIL101(Cr), (c) 0.8en-MIL101(Cr),
(d) 1.2en-MIL101(Cr) and (e) ethylenediamine (en)
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Furthermore, the peak fitted Cr 2p spectra of the 0.5en-MIL-101(Cr) sample
(Figure 6.7) also shifted from the typical binding energy of Cr** (577.3 eV) to lower binding
energy (576.8 eV). The corresponding red-shift of ~0.5 eV could be attributed to an
interaction by the amino groups of ethylenediamine to the unsaturated sites at Cr** nodes
via N-Cr** coordination. Again, this was consistent with the disappearance of the DMF,
when ethylenediamine was introduced (Figure 6.4b). From the XPS and FTIR results, it is
likely that the ethylenediamine replaces the coordinated solvent molecules as shown in
scheme 6.1. The substitution by N-donor ligand at Cr** nodes was mentioned elsewhere.'®

We have also reported an incorporation of acetyl pyridine at Cr** nodes in MIL-101(Cr).**
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Figure 6.7 High-resolution Cr 2p XPS spectra of (a) MIL-101(Cr), (b) 0.5en-MIL-101(Cr),
(c) 0.03Pd-MIL-101(Cr) and (d) 0.03Pd-0.5en-MIL-101(Cr) samples
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Ethylened1am1ne
adsorptlon

Scheme 6.1 Ethylenediamine adsorption on the Cr** nodes of MIL-101(Cr)

6.1.1.2 Anchoring Pd?* species on ethylenediamine-grafted-MIL-101(Cr)

When 0.03 mmol Pd/g was further incorporated into the MIL-101(Cr), either with
or without ethylenediamine (0.5-1.2 mmol/g), a slight decrease in relative XRD intensity
was observed (Figure 6.1b and Figure 6.5). This could be attributed to X-ray adsorption by
the relatively large Pd nuclei, occupying in the MIL-101(Cr) micropores, especially at high
Pd loading. A decrease in crystallinity was more pronounced after introducing
0.2 mmol Pd/g. This may be derived from partial collapse of the framework, presumably
due to decarboxylation of the organic linker, catalyzed by Pd, in the presence of hydrogen.
In line with this view, Pd loaded samples exhibited the decrease in surface area, pore
volume and relative intensity of the characteristic carboxylate bands (from the organic
linker), especially at 0.2 mmol Pd/g content (Table 6.1, entry 5-12, Figure 6.3b-c and
Figure 6.8). In addition, the pores of these MOFs could be blocked by the loaded Pd,
presumably Pd nanoparticles (Pd NPs).
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Figure 6.8 FTIR spectra of (a) ethylenediamine-grafted MIL-101(Cr) with (b) 0.03 wt%Pd
and (c) 0.2 wt%Pd loadings

The TEM images of the loaded 0.03Pd mmol/g in MIL-101(Cr) displayed the Pd NPs
with an average size of ~1.8 nm, which occupied in the MIL-101(Cr) cages (Figure 6.9).
In contrast, with  the same Pd loading, no Pd NPs was detected in the
0.03Pd-0.5en-MIL-101-(Cr). This suggests that the presence of ethylenediamine may either
(i) facilitate the dispersion of Pd NPs or even (i) prevent the reduction of Pd** to Pd NPs,
presumably by the strong Pd-N interaction.
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Figure 6.9 TEM images and Pd size distribution of (a, &, a”) 0.03Pd-MIL-101(Cr) and (b, b)
0.03Pd-0.5en-MIL-101(Cr). Note that in b’, no particle could be detected

In-a supportive manner, Pd 3d XPS showed that only Pd*" species (338.0 eV) was
observed in the 0.03Pd-0.5en-MIL-101(Cr) sample (Figure 6.10c), whereas Pd?* (337.3 eV)
and Pd®(335.2 eV) were detected in the sample without ethylenediamine (Figure 6.10a-b).
Moreover, the Pd?* binding energy, for the sample with ethylenediamine
(0.03Pd-0.5en-MIL-101(Cr)), clearly shifted, as compared to that of 0.03Pd-MIL-101(Cr). This
indicates the interaction between Pd*" and ethylenediamine (Pd-N),'* as compared to
Pd-O in the 0.03Pd-MIL-101(Cr). In line with this view, the N 1s binding energy of
ethylenediamine in 0.03Pd-0.5en-MIL-101(Cr) also shifted to a value higher than that in
the Pd-free sample (0.5en-MIL-101(Cr), Figure 6.4). This also suggests an electron donating
effect, likely from ethylenediamine to the incorporated Pd?*. Accordingly, in
0.03Pd-0.5en-MIL-101(Cr), the Pd** species could be anchored by the ethylenediamine,
preventing reduction to Pd NPs even at 150 °C under 10%H,/Ar. Hence, no Pd NPs was
observed by TEM (Figure 6.9b), since it could retain as Pd?*, due to the strong interaction

with the ethylenediamine.
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Figure 6.10 High-resolution Pd 3d XPS spectra of (a) non-reduced 0.03Pd-MIL-101(Cr),
(b) 0.03Pd-MIL-101(Cr), (c) 0.03Pd-0.5en-MIL-101(Cr), (d) 0.03Pd-1.2en-MIL-
101(Cr) and (e) 0.2Pd-1.2en-MIL-101(Cr)

Upon increase of either ethylenediamine (0.5 to 1.2 mmol/g) or Pd content (0.03
to 0.2 mmol/g), binding energies of Pd?* and N remained unchanged (Figure 6.4,
Figure 6.10d-e and Figure 6.11). Despite partial collapse of MIL-101(Cr) structure at high
ethylenediamine and Pd loading, the Pd*" species was still stabilized in these samples. It
is worth noting that ethylenediamine:Pd?" molar ratio always exceeded the stoichiometric
value for all samples, even though the ethylenediamine content decreased after

incorporation of Pd (0.03 and 0.2 mmol/g) (Table 6.1, entry 5-10).
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Figure 6.11 High-resolution N 1s XPS spectra of (a) 0.8en-MIL-101(Cr), (b) 1.2en-MIL-101(Cr),
(c) 0.03Pd-1.2en-MIL-101(Cr) and (d) 0.2Pd-1.2en-MIL-101(Cr) samples

Further evidence supporting the interaction of ethylenediamine with the
incorporated Pd was obtained from Raman spectra (Figure 6.12). It can be seen that, when
MIL-101(Cr) samples were loaded with either ethylenediamine ((x)en-MIL-101(Cr)) or Pd
(Pd-MIL-101(Cr)), only characteristic vibration of organic linkers and Cr** nodes, at
1618 cm™ VC-0),., 1461 cm P UC-0),, 1149 cm™ UC=C), 873 cm™ WCr-O) and 495 cm'!
(COO) deformation (Figure 6.12) were revealed."> However, new peaks at 1350 cm™ (V(C-N))
and 595 cm® (UPd-N)) were pronounced, particularly in the samples with both
ethylenediamine and Pd?* (i.e. 0.2Pd-1.2en-MIL-101(Cr), Figure 6.12¢). It is likely that the
incorporated Pd** perturbs the electron density around the amino group of
ethylenediamine, leading to a change in polarization of C-N bonds and a rise of Pd-N
bonding. These peaks affirm a particular interaction of ethylenediamine with Pd*', as

suggested earlier by XPS.
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Figure 6.12 Raman spectra of (a) ethylenediamine-grafted MIL-101(Cr) with (b) 0.03 wt%Pd
and () 0.2 wt%Pd loadings

The strong interaction of Pd** with the ethylenediamine led to improved stability
of this species, even though the samples were treated under 10% H,/N, at elevated
temperature (up to 150 °C). This is deduced from Table 6.2 that absorption edge energy
of the sample with ethylenediamine remained the same as Pd** standard (3174.2 eV),
whereas others shifted towards that of Pd metal. From the in situ XANES reduction
(Figure 6.13), the linear combination fitting (LCF, Figure 6.14) showed that Pd*" species
was retained for the sample with ethylenediamine (0.03Pd-1.2en-MIL-101(Cr)). While, at
the same loading, 38 mol% Pd was reduced in the sample without ethylenediamine
(0.03Pd-MIL-101(Cr)), and even more for 0.03Pd-SiO, (> 76% reduction). In the same trend,
only 18 mol% Pd can be reduced for 0.2Pd-0.8en-MIL-101(Cr) sample (Figure 6.15), but
greater proportions of metallic Pd were observed in samples without ethylenediamine

(0.2Pd-MIL-101(Cr) —= 70 mol% and 0.2Pd-SiO, — 83 mol%).
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Table 6.2 Absorption edge energy of all samples under in situ reduction from 30 °C

to 150 °C

Absorption edge energy (eV)

Temp (°C)  ( 03pd-12en-  0.03Pd-MIL- 0.03pdsi0,  -2Pd-0.8en-  0.2Pd-MIL-
MIL-101(Cr) 101(Cr) 03Pd-5i0, iy jo1cry 101(Cr)

0.2Pd-SiO,

Activation 150 3174.2 3174.1 3173.3 3174.2 3173.6 3173.7
30 3174.2 3173.1 3173.4 3174.2 3173.5 3173.6
Reduction 70 3174.2 3173.2 3173.3 3174.2 3173.3 3173.4
under H, 110 3174.2 3173.1 3173.5 3174.2 3173.4 3173.5
150 3174.2 3173.0 3173.1 3174.2 3173.4 31735
150 (20min) 3174.2 3173.2 3173.4 3174.2 3173.2 3173.4
Holding in
H, at 150 (40min) 3174.2 3173.2 3173.4 31742 3173.3 3173.5
150 °C
150 (60min) 31742 3173.2 3173.3 3174.2 3173.3 3173.5
28 Activated at 150 °C 2s |—— Activated at 150 °C 25 —— Activated at 150 "C

——Reduced at 70°C
209 Reduced at 110°C

|~ Reduced at 150 °C (0 min)
|~ Reduced at 150 "C (20 min)
1.5 {—— Reduced at 150°C (40 min)
—— Reduced at 150°C (60 min)

Reduced at 70°C
Reduced at 110°C

—— Reduced at 70°C
1 Reduced at 110°C.
| —— Reduced at 150C (0 min)

|~ Reduced at 150 °C (0 min)

~—— Reduced at 150°C (40 min)

|—— Reduced at 150°C (60 min) —— Reduced at 150"C (60 min)

Normalized absorption (a.u.)
Normalized absorption (a.u.)
Normalized absorption (a.u.)

1.0 1.0 1.04
0.5 0.5 0.5
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Figure 6.13 Normalized Pd Ls;-edge XANES spectra of (a)-(c) 0.03 wt%Pd over 1.2en-MIL-
101(Cr), MIL-101(Cr) and SiO, samples and (d)-(f) 0.2 wt%Pd loaded over 0.8en-
MIL-101(Cr), MIL-101(Cr) and SiO, samples after activation at 150 °C under Ny,
followed by reduction from 30 to 150 °C and holding at 150 °C for 20-60 min
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Figure 6.14 Pd** component of 0.03Pd-1.2en-MIL-101(Cr), 0.03Pd-MIL-101(Cr), and 0.03Pd-
SiO, upon in situ reduction from 30 °C to 150 °C under 10%H,/N,, obtained
from linear combination fitting (LCF) of Pd Ls-edge XANES (Figure 6.13) using
metallic Pd foil and PACOCL, as references
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Figure 6.15 Pd component from Pd Ls-edge XANES linear combination fitting of
0.2Pd-0.8en-MIL-101(Cr), 0.2Pd-MIL-101(Cr) and 0.2Pd-SiO, upon in situ
reduction at 150 °C under 10% H,/N,
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Despite further reduction at 150 °C for another 60 min, the Pd** species was still
maintained in 0.03Pd-1.2en-MIL-101(Cr) (Figure 6.16). In a different manner, the
0.03Pd-MIL-101(Cr) and 0.03Pd-SiO, samples were further reduced upon holding at 150 °C.
Finally, up to 57 mol% Pd was readily reduced in 0.03Pd-MIL-101(Cr)) and over 78 mol%
metallic Pd was observed in 0.03Pd-SiO, (Figure 6.17). This clearly suggests that not only
the strong Pd-N coordination but also the confinement, provided by the MIL-101(Cr)
framework, could suppress the Pd reducibility and effectively stabilize the Pd** species. It
is worth noting that, even thoush Pd concentration was relatively low due to the dilution
by boron nitride during the sample preparation, the misfit fractions, reported as R-factors,
remained in an acceptable range of 0.007-0.05 (Table 6.3), suggesting that the results

presented are precise and reliable.

Table 6.3 R-factor of 0.03 wt%Pd over 1.2en-MIL-101(Cr), MIL-101(Cr) and SiO,
samples and 0.2 wt%Pd loaded over 0.8en-MIL-101(Cr), MIL-101(Cr) and

SiO, samples after linear combination fitting

R-factor
Temperature
O] 0.03Pd-1.2en-  0.03Pd-MIL- : 0.2Pd-0.8en-  0.2Pd-MIL- .
MIL-101(Cr) 101(Cr) RHGS10, MIL-101(Cr) 101(Cr) 0.2Pd-8i0,
Activation 150 0.045 0.007 0.050 0.046 0.035 0.037
30 0.045 0.009 0.043 0.037 0.048 0.053
Reduction 70 0.045 0.027 0.044 0.026 0.045 0.054
under
10%H,/N, 110 0.031 0.040 0.044 0.028 0.046 0.051
150 0.038 0.014 0.045 0.030 0.044 0.057
150 (20 min) 0.043 0.021 0.036 0.034 0.051 0.051
Hold at 150°C 150 (40 min) 0.045 0.023 0.041 0.027 0.059 0.057

150 (60 min) 0.034 0.007 0.050 0.046 0.034 0.037
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Figure 6.16 Pd’* component from Pd Ls-edge XANES linear combination fitting of
0.03Pd-1.2en-MIL-101(Cr), 0.03Pd-MIL-101(Cr) and 0.03Pd-SiO, upon in situ
reduction at 150 °C during 0-60 min under 10%H,/N,
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Figure 6.17 Pd component from Pd Ls-edge XANES linear combination fitting of
0.03Pd-1.2en-MIL-101(Cr), 0.03Pd-MIL-101(Cr) and 0.03Pd-SiO, upon in situ
reduction at 150 °C for 60 min under 10%H, in N,
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From the above observation and spectroscopic results, the incorporated
ethylenediamine could exist in the forms of (i) grafted ethylenediamine (interacting with
the Cr** nodes) and/or (i) occluded ethylenediamine (adsorbed in the cavities of
MIL-101(Cr)). Moreover, the available amino group of ethylenediamine may also act as an
anchoring site for Pd?" species. Possible forms of the incorporated ethylenediamine and

Pd®* species are proposed, as shown in scheme 6.2.
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6.1.2 Catalytic testing

To better understand the effect of ethylenediamine, the Pd?* anchoring on
ethylenediamine-grafted-MIL-101(Cr) catalysts were evaluated for oxidation of styrene, in
which Pd?" is an active species. It can be seen from Table 6.4 that 0.03Pd-0.5en-MIL-101(Cr)
offered a higher conversion (84%, entry 3), as compared to the sample without
ethylenediamine (0.03Pd-MIL-101(Cr), 74% conversion, entry 1). This is presumably
because the interaction of the ethylenediamine with the Pd?* could stabilize the active
Pd** species within the framework in the presence of H,0, under the acidic condition. In
contrast, the incorporated Pd*" in the sample without ethylenediamine as an anchoring
ligand is prone to be leached as free Pd?*, which is relatively less active (seen from a
lower TOF of Pd(OAc),, Table 6.4, entry 10). Hence, the 0.03Pd-MIL-101(Cr) offered an

activity somewhat lower than the sample with ethylenediamine.

Table 6.4 Catalytic activities of Pd catalysts

Conversion (%)

— TOF (h!) for

Entry Sample Styrene  Phenylacetylene lzf:lk liCr;C Styrene

oxidation®  hydrogenation” reacrziong“ oxidation
1 0.03Pd-MIL-101(Cr) 74 87 Trace 24.7
2 0.03Pd-0.3en-MIL-101(Cr) 91 - - 30.0
3 0.03Pd-0.5en-MIL-101(Cr) 84 55 - 28.0
4 0.03Pd-0.8en-MIL-101(Cr) 25 - - 8.3
5 0.03Pd-1.2en-MIL-101(Cr) 22 - - 7.3
6  0.2Pd-MIL-101(Cr) 18 - 97 6.0
7 0.2Pd-0.5en-MIL-101(Cr) 46 \ Trace 15.3
8  0.2Pd-0.8en-MIL-101(Cr) 74 - Trace 24.7
9  0.2Pd-1.2en-MIL-101(Cr) 82 - Trace 27.3
10 Pd(OAc), 44 - 99 14.7

9%Styrene (1 mmol), 70%H,SO, (70 pL), 30%H,0, (6 mmol), MeCN (10 mL) and
Pd (0.005 mmol) at 50 °C for 6 h

®Phenylacetylene (40 mmol), Ethanol (60 mL), Pd (0.4 umol) at 30 °C for 0.5 h
‘lodobenzene (1 mmol), Styrene (1.5 mmol), K,CO; (1.5 mmol), DMF (4 mL) and
Pd (0.005 mmol) at 120 °C for 6 h
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In line with the above discussion, Figure 6.18 shows a significant decline in the
activity when 0.03Pd-MIL-101(Cr) was reused (washed with acetonitrile and dried at
150 °C). This catalyst was no longer active (~7% styrene conversion) after three cycles,
and the ICP analysis indicated that only 0.0013 mmol Pd/g was remained in the used
0.03Pd-MIL-101(Cr). Although some leaching was observed for 0.03Pd-0.5en-MIL-101(Cr)
sample, the activity was preserved at 74% styrene conversion. This clearly suggests the
ability of ethylenediamine to stabilize the Pd?*, as discussed earlier. It is worth noting that
the decline in activity of the recycled 0.03Pd-0.5en-MIL-101(Cr) could attribute to the
hydrolysis of some ethylenediamine from the Cr** node upon the preceding reaction. This
was further confirmed by noting that the ethylenediamine content was decreased from

0.48 to 0.35 mmol/g, providing 41% conversion after three cycles.

100
N 0.03Pd-0.5en-MIL-101(Cr)
y [ 0.03Pd-MIL-101(Cr)

80

|J 1

<60
=
2
%

o 40
=

=) 4
@)

20

0 .

Fresh Recycle
Catalyst

Figure 6.18 Recycle of 0.03Pd-MIL-101(Cr) with or without ethylenediamine catalysts for

oxidation of styrene
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After several cycles of the reaction, no Pd particle was observed for 0.03Pd-0.5en-
MIL-101(Cr) as evidenced by TEM (Figure 6.19). In contrast, larger Pd particles were found
thoroughly on the surface of the sample without ethylenediamine (0.03Pd-MIL-101(Cr)).
This emphasizes that the Pd** in 0.03Pd-0.5en-MIL-101(Cr) can withstand the reduction by
the feed. In a supportive manner, the 0.03Pd-0.5en-MIL-101(Cr) showed a lower activity
for phenylacetylene hydrogenation (55% conversion), as compared to 0.03Pd-MIL-101(Cr)
(87%, Table 6.4, entry 1, 3). Although Pd would be readily reduced under high pressure of
H, at 1.0 MPa, relatively less active Pd® would be present in the sample with
ethylenediamine. Again, this is because the ethylenediamine readily stabilizes Pd?* species
and hinder their reduction to Pd’ as discussed earlier. In line with this view, the
ethylenediamine grafted samples were virtually inactive in Heck coupling, for which
metallic Pd is an active site'® (Table 6.4, entry 6). Even with high Pd loading (0.2 mmol/g),
ethylenediamine interacts strongly with the Pd®* species, presumably via coordinated
covalent bonding (scheme 6.2). This interaction inhibits the reduction of Pd** by the feed
(styrene) to the active Pd metal in the Heck reaction. While, the 0.2Pd-MIL-101(Cr) and
PdA(OAC), showed almost complete conversion (Table 6.4, entry 6, 10). This is because the
reduction of Pd?* was readily achieved for these samples: black particles were clearly

visible after the reaction.
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2) 0.03Pd-0.5en-MIL {91 (Cr) after 3 cycles

-

——— 100 nm e ] | | 20 nm

@

(b) 0.03Pd-MIL-10g(Cr) after 3 cycles

—— 100 nm ]— 20 nm

Figure 6.19 TEM images of (a) 0.03Pd-0.5en-MIL-101(Cr) and (b) 0.03Pd-MIL-101(Cr) after

used for three cycles of styrene oxidation

From the above results, it was clear that the ethylenediamine significantly affected
styrene oxidization promoted by Pd?*. This was supported by the significantly improved
conversion (from 46% to 91%) and turnover frequency (TOF, from 15.3 h? to 30.0 h'}) as
the ethylenediamine:Pd?" molar ratio increased from 1.8 to 10.0 (Figure 6.20). This is
presumably because the ethylenediamine can readily inhibit reduction of Pd** to Pd
metal, as typically observed in homogeneous reactions, despite the presence of oxidants,

e.g., 0, and H,0,.”* Steinhoff and Stahl reported that the presence of pyridine prevented
decomposition of Pd-alkoxide intermediate via [3-hydride elimination to inactive Pd

metal.’® Consistent with this, the reaction using Pd(OAc), as catalyst provided a lower TOF

(14.7 h'") with Pd black suspension after a six-hour resident time (Table 6.4, entry 10).
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Figure 6.20 Effect of ethylenediamine:Pd?* molar ratio on the turnover frequency (TOF)

of styrene oxidation

However, further an increase of the ethylenediamine:Pd?*" molar ratio >10 led to a
substantial decrease in the reaction rate (Table 6.4, entry 2-5, Figure 6.20). The excess
amount of ethylenediamine ‘may well competitively coordinate with Pd?* species,
inhibiting association of the feed, i.e., styrene, as seen from the reaction using Pd(OAc), as
catalyst (Figure 6.21). In line with this view, Jiang et al. found that styrene oxidation was
suppressed when excess chelating ligands were present.!” Accordingly, it could be

suggested in this work that the ethylenediamine:Pd?*" molar ratio of 10 is optimum for high
catalytic activity and stability.
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Figure 6.21 Effect of ethylenediamine on Pd activity of Pd-en-MIL-101(Cr) and Pd(OAc),

Compared to other Pd?* catalysts reported in the literature (Table 6.5), the
0.03Pd-0.3en-MIL-101(Cr) offered much higher activity than the homogeneous Pd complex
catalysts (Table 6.5, entry 2-3).'%1 Although a comparable activity was obtained with the
PdCl,/[Csmim][BF,] (Table 6.5, entry 4),%° high CO, pressure was not required for the Pd**-
ethylenediamine grafted MOF catalyst. Moreover, our catalyst could be simply recovered
and reused, as demonstrated previously. Among other heterogeneous Pd** catalysts, the
0.03Pd-0.3en-MIL-101(Cr) also possessed a superior activity compared to the catalysts with
SiO, or AlLOs supports (Table 6.5, entry 5-6).24% Even though the single-site Pd** species
showed a higher TOF of 35.6 h™ (Table 6.5, entry 7), a relatively higher temperature (80 °C)
was tested.”’ In comparison, the Pd*" anchoring on ethylenediamine-grafted-MIL-101(Cr)
prepared in this work showed excellent activity, with possible recyclability, as mentioned

earlier.
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Table 6.5 Comparison of the catalytic activity of 0.03Pd-0.3en-MIL-101(Cr) with other

catalysts reported in the literature for styrene oxidation

Conversion TOF

Entry Catalyst Condition %) () Ref.
0
Styrene (2 mmol), Pd (0.5 mol%), H,0, This
1 0.03Pd-0.3en-MIL-101(Cr) (6 equiv.), MeCN at 50 °C for 6 h 91 30.0 work
Styrene (2.2 mmol), Pd (1 mol%), H,0,
2 (PBO)PA(MeCN),(OTf), (5 equiv.), H,O/MeCN (1:1) at 27 °C for 24 h 2 38 32
. Styrene (1 mmol), Pd (5 mol%), H,0, (5 equiv),
3 [Pd(aPmic)(CH,CN),][BF,], M-‘é on a(t 450 f)or | 2(h 0), Hy0, (5 equiv) 90 15 53
. Styrene (100 mmol), Pd (0.5 mol%), H,0,
4 PdCl/[Cymim][BF,] (2.2 equiv.), CO, 20.68 atm at 50 °C for 5 h 63 260 54
Styrene (1 mmol), Pd (9.4 mol%), H,0,
0, 0,
5 2.5wt%Pd/2.5wt%Au/Al,O4 (4 equiv.), scCO, 9 MPa at 120 °C for 3 h 68 2.4 6
o .
6  Fe,0,@Si0,-APTES-Pd(OAc), %ﬁg‘g ;tl 6’31?8 112(,)r1>g 1(11 mol%), 1,0, (3 equiv.), 78 130 55
0,
7 PA(IT)-Y-bpyde, ybpdey Styrene (5 mmol), Pd (0.5 mol%), O, 1 atm, 29 356 18

solvent-free at 80 °C for S h

6.2 Conclusions

A highly stable Pd?" species was successfully prepared, within the
ethylenediamine-grafted-MIL-101(Cr) ~ sample,  using  sequential ~ adsorption  of
ethylenediamine, followed by double solvent adsorption of Pd(OAc), The
ethylenediamine readily interacts with the Cr>* nodes in MIL-101(Cr) via coordinative
covalent bonding using one of the amino moieties, while the other acts as an anchoring
site for Pd?*. The strong Pd**-N coordination and the confinement of the MIL-101(Cr)
framework could effectively suppress the reduction of Pd?" either by H, at elevated
temperature (up to 150 °C) or by the feed during styrene oxidation. In addition, the
presence of ethylenediamine as an anchoring ligand retards the leaching of the active Pd®*
species during the reaction under oxidizing and acidic conditions. Although the addition
of excess ethylenediamine and high loading of Pd?*" affect the crystallinity of the
MIL-101(Cr) framework, the Pd?* species anchoring on ethylenediamine-grafted-MIL-101(Cr)
remains active. The catalyst with the ethylenediamine:Pd** molar ratios of 10 offers
optimum catalytic activity and stability for liquid-phase styrene oxidation, as compared to

the previously reported Pd?* catalyst in the literature.
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Chapter 7

Conclusions and Suggestions

7.1 Conclusions

As MOFs have an extraordinarily large internal surface area, uniform structure with
extensive variety of chemical functionality. Therefore, this thesis has applied these strong
points to upgrade MOFs for using in specific application. Improvement of selective gas
separation of HKUST-1 in the HKUST-1/polymer MMM by using strong adsorption sites have
been investigated in Chapter 4. Further, the strong adsorption sites of MIL-101(Cr) were
modified by grafting with electron rich licand that can function as chemical hydrogen
storage (Chapter 5) and catalyst stabilizer (Chapter 6).

Chapter 4 investigates the polymer types and impact of HKUST-1 in
HKUST-1/polymer MMM on H, and CO, permeability. The polymer membrane was
fabricated by solution casting. The permeability of H, and CO, were investigated using
single-gas permeation under atmospheric pressure. Due to its larger fractional free volume,
the amorphous HIPS had H, diffusion more than the semicrystalline EVA. Moreover, the
HIPS membrane's bulky phenyl eroup may interfere with the diffusion of large CO,
molecules, producing lower CO, permeability and a greater H,/CO, permselectivity.
Although the intermolecular interaction between CO, and the pendant acetate group
increases CO, solubility in the EVA membrane, it was not considered for improving the
H,/CO, permselectivity. Thus, the HIPS membrane was selected as the polymer matrix to
prepare HKUST-1/HIPS MMM. The presence of HKUST-1 in the HIPS membrane influences
H, permeability and H,/CO, permselectivity. Strong CO, adsorption sites at unsaturated
Cu?* in the HKUST-1 paddle-wheel may impede CO, transport, making H, diffusion much
faster than CO,. The loading of HKUST-1 in EVA, on the other hand, had no effect on
H,/CO, permselectivity. It might be explained by polymer penetration blocking the HKUST-
1 pores. The strong polymer-MOF interaction and high chain mobility of the rubbery EVA

polymer presumably result in pore-blocking at the MOF particle's surface coating.
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In Chapter 5, MIL-101(Cr) was successful grafted with 3-acetylpyridine (AcP), which
can function as reversible chemical hydrogen storage. The labile coordinated water at the
Cr’* nodes can be readily removed by heat treatment (150 °C), providing available
unsaturated Cr’* sites that can readily coordinate with N-ring of AcP. Moreover, the
difference in polarity between the inner and outer surfaces of MIL 101(Cr) allows using the
double solvent adsorption approach for Pd incorporation. This provides the potential to
decrease the precursor migration and large particle agglomeration upon preparation. Since
the carbonyl groups of AcP must interact with Pd in order to the chemical hydrogen
storage. The cage-like structure of MIL 101(Cr) facilitates this need by increasing the
potential for Pd NPs to interact intimately with the AcP. The chemical hydrogen storage
of Pd-AcP-MIL-101(Cr) can occur through hydrogenation of the carbonyl group from AcP
to the hydroxyl group, named 1-hydroxyethylpyridine (HEP), and dehydrogenation of the
hydroxyl group from HEP back to the AcP one. Both processes can be catalytically driven
by Pd NPs at atmospheric pressure. The hydrogen uptake and release can be regulated
either by the operating temperature within the range of 100-200 °C or hydrogen partial
pressure at a constant temperature. However, the operation at high temperature (over
150 °C) could damage the MIL-101(Cr) crystallinity by heating cycle, affected to the
hydrogen storage performance. The optimum temperature at 150 °C provided the
consistent hydrogen storage of 0.08 wt% per cycle without loss of crystallinity.

Chapter 6 presents a highly stable Pd** species, anchoring on ethylenediamine-
grafted-MIL-101(Cr) for using as a robust oxidation catalyst. The preparation of
Pd-en-MIL-101(Cr) started with ethylenediamine adsorption, followed by double solvent
adsorption of Pd*" precursor. Ethylenediamine can readily interact with the unsaturated
Cr’* sites in MIL-101(Cr) nodes via coordinative covalent bonding using one of the amino
moieties, while the other acts as an anchoring site for Pd?*. Such amino moieties can
facilitate Pd®* dispersion and inhibit particle agglomeration during preparation. Further,
strong Pd?*-ethylenediamine coordination and confinement of MIL-101(Cr) framework can
effectively suppress reduction of Pd®* either by H, at elevated temperature (up to 150 °C)
or by the feed (styrene) in Heck oxidative coupling. In addition, the presence of

ethylenediamine as an anchoring ligand can also minimize the leaching of the active Pd**
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species during the reaction under oxidizing and acidic conditions. However, the increase
ethylenediamine loading by using high ethylenediamine concentration (0.0015 %v/v per g
of MIL-101(Cr)) damaged to the crystallinity, as the ethylenediamine has ligand field
strength stronger than carboxylate of the organic linker, possibly leading to ligand
substitution. In the same manner, high Pd?* loading (0.2 mmol/g, 2.0 wt%) also decreased
the crystallinity due to decarboxylation of the organic linker, catalyzed by Pd, in the
presence of hydrogen. Despite obtained partial loss of crystallinity at high ethylenediamine
and Pd®* loading, the Pd®* species was still active. The ethylenediamine:Pd?* ratio affected
significantly to styrene oxidization activity, stability and recyclability. As the
ethylenediamine can readily inhibit reduction of Pd*" to Pd metal, despite the presence
of oxidant. However, further increase in the ethylenediamine:Pd* molar ratio over 16
leaded to a substantial decrease in the reaction rate, since ethylenediamine also
competitively coordinates to Pd?" species, inhibiting association of the feed. Accordingly,
the ethylenediamine:Pd** molar ratio of 10 was optimum for high catalytic activity and

stability.

7.2 Suggestions

7.2.1 The post-synthetic modification of HKUST-1 with CO,-philic function such as
ethylenediamine or pyridine compound can increase the strong adsorption sites for CO,,
decreasing the CO, movement in the HKUST-1/polymer MMM. In addition, tuning the MOF
structure by catenation or modifying MOF pore window by decreasing size lesser than the
CO, molecules (0.33 nm) can create the CO, diffusion barrier in the MMM. In another way,
polymer blending with non-crystalline glassy polymer or crosslinking the polymer chain
can also increase the barrier seement to extend the tortuosity of the CO, diffusion path
through the membrane, thereby reducing the CO, diffusivity. Furthermore, incorporating
H,-philic metals such as Pd, Pt and Ru, into the HKUST-1 can improve the H, solubility
and H,/CO, permselectivity of the HKUST-1/polymer MMM.

7.2.2 The amount of hydrogen storage in this study is limited by how many
functional groups in the organic hydrogen carrier can undergo hydrogenation and

dehydrogenation. In the case of AcP, only one carbonyl group can be performed. Thus,
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the substance that has more carbonyl groups such as chloroquinone and
aminoanthraquinone, is expected to have a greater hydrogen storage capacity. In addition,
an increased number of grafting sites by attaching the organic hydrogen function at both
metal nodes and organic linker of MOF can increase the loading of organic hydrogen
carrier, thereby enhancing the H, uptake.

7.2.3 Post-synthetic modification of the organic linker (terephthalate) by amination
or grafting at the MOF nodes with a multi-amino chelating agent to obtain more the amino
group in the MOF structure can provide a greater number of sites for anchoring the Pd®*

species.
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Appendix A

Temperature program condition

Al. In situ FTIR Temperature profiles for hydrogenation/dehydrogenation of
Pd-AcP-MIL-101(Cr)
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Figure Al Temperature profile of in situ FTIR upon activation from 30 °C to 150 °C
(5 °C/min) for 1 h, hydrogenation and dehydrogenation from 30 °C to 200 °C
(5 °C/min). The data was recorded only hydrogenation and dehydrogenation

zones with every 10 “C/spectra.
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A2. Temperature profile of in situ Pd L; edge XANES
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Figure A2 Temperature profile of in situ Pd L; edge XANES during reduction from 30 °C to
150 °C (5 *C/min) and holding at 150 °C for 20-60 min. The data was recorded

in the reduction zone with every 20 min/spectra.

A3. GC-oven temperature profile for styrene oxidation
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Figure A4 GC condition and oven temperature profile for styrene oxidation



A4, GC-oven temperature profile for phenylacetylene hydrogenation
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Figure A4 GC condition and oven temperature profile for phenylacetylene hydrogenation

A5. GC-oven temperature profile for Heck reaction
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Appendix B
Spectra

B1. XANES spectra of standard PdOCLl, and Pd(OAc),

2.0

1.5 1

1.0 H

0.5

Normalized absorbance (a.u.)

0'0 I T T y | . ! . T ' ! '
3160 3165 3170 3175 3180 3185 3190 3195

Energy (eV)
Figure B1 Pd Ls-edge XANES spectra of Pd foil and PACOCL, standards, recorded at room

temperature
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Appendix C

Calculation

C1. Quantitative analysis of H,-TPR

For correcting H,-TPR signal, the integrated peak (H, consumption/evolution) area
needs to compare with a standard gas (e.g., 1% H,/Ar) that it has to be pulsed at the end
of each run (Figure C1). However, the H,-TPRe experiment proceeds under different carrier
gas (10%H,/Ar or Ar). Thus, 1%H,/Ar as a gas standard needs to be calibrated with a

different condition.

Hydrogen storage behavior experiment, the carrier gas is 10%H,/Ar. The 1%H,/Ar
standard will be calibrated with the hydrogen consumption from CuO reduction. The CuO
reduction equation (equation C1) and their H,-TPRe chromatogram (Figure C1) show
below.

CuO(S) + H —_— Cu(s) + Hzo(g)

20" 5 Wl PAANONAN IS (-4 1Y\ O, M- (equation C1)

9.9
1%H,/Ar peak

79,
Q
&
Z 59 -
? .
5 H, consumption peak
5 3.9 1 from CuO reduction
- \
H

19 1

0.1 /\

0 10 20 30 40 50

Time (min)

Figure C1 H,-TPRe chromatogram of CuO reduction under 10%H,/Ar (at beginning,
temperature start from 100 °C to 500 °C with heating rate 5 “C/min)
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Since the stoichiometric reduction of CuO requires 1 mol of H,. To this calculation,
0.0045 g of CuO is selected for example. It resulted H, consumption peak with the area

of 6.2858 V.sec.

From 1 molc,o = 1 moly,
Mol = 0.0045 / 79.545 g/(g/mol)
= 5.65718 x 107 mol
= 56.57 umol

Figure C2 shows that the relationship between CuO weight and amount of H,

consumption is linear as expected.

80

y =1.0783x
70 4 R> = 0.9998 .

60 -
.
50 :

40

20 -

10 A

Amount of H, consumption (pmol)

CuO weight (mg)

Figure C2 Relationship between CuO weight and amount of H, consumption

To calculate the mol/pulse of 1%H,/Ar, the integrated value of 6.2858 V.sec from
the H, consumption peak of CuO reduction could equilibrate to 5.65718 x 10 mol. The
average integrated 1%H,/Ar peak is 0.08898 V.sec/pulse.
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Thus, mMoliemo/ar = (Integrated Areajopa X Molcyo) / Integrated Areac o
= (0.008898 x 5.65718 x 107) / 6.2858 mol/pulse
= 8.0087 x 10 mol/pulse
= 0.8 pmol/pulse

C2. Quantitative analysis of H,-TPRe

H,-TPRe experiment was used for investigation of hydrogen storage performance
at different hydrogenation and dehydrogenation temperatures. The hydrogenation was
carried out by using pure H, at different temperature, then dehydrogenation under Ar
atmosphere. After obtained the sample signal, standard gas (1%H,/Ar) has to pulse at the

end of each run.

Hydrogen storage performance experiment, the carrier gas is Ar pure. The 1%Hy/Ar
standard will be calibrated with the hydrogen volution from NaBH, decomposition. The
equation of NaBH; decomposition by temperature (equation C2) and their H,-TPRe

chromatogram (Figure C3) present below;

500 °C

+ B/42
NaBH, ——p Na B Al s (equation C2)

Time (min)
0 T T T T T
20 40 60 8 100 120
0.5
-1 A I
g 15
> 1%H,/Ar peak|
= -2 1
g /
5 2.5
o) H, evolution peak from
[9 -3 4 NaBH, decomposition
-3.5 4
4
-4.5

Figure C3 decomposition profile of NaBH, under Ar from Hy,-TPRe chromatogram (at the

beginning the temperature start from 75 °C to 550 °C with heating rate 5 “C/min)



151

Since, the NaBH4 decomposition releases 2 mol of H,. To this calculation, 0.0051 ¢

NaBH, is selected for example. It resulted H, evolution peak with the area of -22.7664

V.sec.
From 1 Molyasha = 2 moly,
moly, = (0.0051 x2)/37.83  g¢/(¢/mol)
= 2.6963 x 10 mol
= 269.63 umol

Figure C4 shows that the relationship between NaBH; weight and amount of H,

evolution is linear as expected.

NaBH, weight (mg)
0 .~ T T T T T
1 2 3 4 5 i
-5 4
> -10 4
.90
2 -15 -
O
=
20 4
y = -4.6332x
R2=0.9954 @
25

Figure C4 Relationship between NaBH, weight and amount of H, evolution

However, NaBH, is hygroscopic substance. It can degenerate readily by hydrolysis
with humidity. Thus, NaBH, purity needs to quantify using titration method with a solution
of iodine. This method is based on oxidation of BH; with an excess of 105, which is, after
conversion of excess to |, back titrated using S,05>. The procedure starts by adding NaBH,4
in alkaline solution, to an excess of standard potassium iodate (KIOs). The stoichiometry

shows in the following equation C3-C5:
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3BH; + 4I0; > 4l + 3H,BO; + 3HO0 (equation C3)

X . + +
10; + sI' + 64* ——» 3L+ 30 (equation C4)

Liberated |, is then titrated with standard S,05°:

+ r — 2- - :
[, + 28,05 S,0g +2r (equation C5)

After back titration with 5,0%, it was found that the NaBH, purity is 26.09%. Thus,

the adjusted hydrogen evolution from 1 mol NaBH4 could be.

Actual molNaBH4 = mOLNaBHq X %purlty
= (269.63 x 26.09) / 100 umol
= 70.346 pmol

To calculate the mol/pulse of 1%H,/Ar, the integrated value of -22.7664 V.sec
from the H, evolution peak of NaBH, decomposition could equilibrate to 7.0346 x 107

mol. The average integrated 1%H,/Ar peak is -0.0066 V.sec/pulse.

Thus, mMOoligtz/ar = (Integrated Areaioza X MOlyasra) / Integrated Areay,gua
= (-0.0066 x 7.0346 x 107) / -22.7664 mol/pulse
= 1.902 x 108 mol/pulse
£ 0.019 pmol/pulse

C3. Calculation of gas permeability
Gas flux is defined as the rate of flow of a property per unit area. The rate of flow
is derived from a proportion of integrated TCD peaks from sample to standard. The area

is of the surface the property is flowing across.

FLUX = (AS/AStd) X Ptotal X F X MW

R X T x 1000 X Syea X 60 X Pz
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Where the unit of the flux is cm*/mZs, A, and Ay are peak areas of the sample
and calibration gas, P is total pressure in permeation cell (atm), F is feed flow rate
(cm*/min), M,, is molecular weight of feed (g/mol), R is gas constant (L.atm/K.mol), T is
operate temperature (K), S,.. is membrane area (m?). However, the pressure drop can
generally arise when carrier gas swept permeated gas to the six-port valve (Figure 3.2). It

can be measured by U-tube manometer.

Patmosphere + Ppressure drop

= Patmosphere + pGAhu tube

Upon doing the permeation, if the water level increased 0.07 m. Thus, the

Ptotal

calculation of total pressure shows below.

101325 Kg/m.s? + (997 Kg/m?>x 9.98 m/s®x 0.07 m)
102021.5 Kg/m.s?
1.0006 atm

Ptotal

2wt%HKUST-1/HIPS  obtained 14.09 mV.sec for permeated H, whereas 617.99
mV.sec for standard 1%H,/Ar. Feed (H,) flow rate is 30 mL/min. R constant is 0.08205
L.atm/K.mol. Active surface area is 0.0025 m?. Room temperature is 298 K. H, density is

8.988 x 10° ¢/mL

14.09 x 1.0 x 30 x 2
617.99 x 0.08205 x 298 x 1000 x0.0025 x 60 x 8.988 x 10°
4.15 mlL/m?s

Thus, FLUXHZ

The gas permeation selectivity is defined as the ratio of the flux of two pure gases,

measured separately under the same conditions.

Hz/COZ SeLeCtIVity = FLUXHZ

FLUXCOZ
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2wt%HKUST-1/HIPS has 4.15 of H, Flux and 0.42 of CO, flux. The calculation of
H,/CO, Selectivity shows below.
H,/CO, Selectivity 4.15

0.42
= 9.88

C4. Quantitative analysis of reaction product

The quantitative analysis of products and feed was carried out by gas
chromatography with flame ionization detector (GC-FID). The chromatogram was
integrated to obtain the peak area. According to the certain injection volume (by on-line
sampling loop) of sample to GC, the quantitative calculation is carried out by using
absolute calibration curve with internal standard or percentage peak area methods,

depending on the reaction.

Styrene oxidation

The calibration curve is used to translate the integration values given by the GC
instrument into meaningful percentages that reflect actual mol% of standard samples. To
generate the absolute calibration curve, standard samples of known molar or mass ratios
are injected into the GC and the percentages reported by the instrument recorded. The
graph in Figure C5 shows such a calibration curve for styrene (Sty), acetophenone (AcPh),

benzaldehyde (BAL) and 1-phenyl ethanol (PhEOH) over internal standard toluene (Tol).
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® Sty/Tol @ AcPh/Tol BAL/Tol PhEOH/Tol

1.5

o Sty
s 125 - y = 0.9523x + 0.0203 ®
S ®
© 2 = .
g o 4 . Rz = 0.9955 p AcPh
Y Q
o %o e PhEOH .,.--‘ y = 0.6662x - 0.0155
() . .
2 5 P o Rz = 0.9885
g 205 - K _J
t £ [} - BAL
8- (%] = -
) 0.25 - L y = 0.6244x - 0.0013
G R? = 0.999

0 @ T T T T T T T

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Actual molar ratio of standard sample/Toluene

Figure C5 Correlation of actual molar ratio of standard sample/toluene and their GC

reported area

To calculate the acetophenone %yield, the GC reported area of the sample have
to divide with the area of toluene. This area ratio will be converted to the actual molar

ratio of standard sample/toluene using the equation as depicted in Figure C5.

For example, the GC reported areas of the resulted solution for 0.03Pd-0.5en-MIL-101(Cr)
produced acetophenone of 1683 mV.Sec and have internal standard toluene of 4442.8

mV.Sec. The AcPh/Tol area ratio is 0.3785. The molar ratio of Sty/Tol from blank is 1.039.

(0.6662 x Actual molar ratio of Sty/Tol) — 0.0155
(Area ratio of AcPh/Tol + 0.0155)/0.6662

= (0.3785 + 0.0155)/0.6662

= 0.5914

Thus, Area ratio of AcPh/Tol
Actual molar ratio of AcPh/Tol

According to the styrene oxidation, 1 mol of styrene can produce 1 mol of

acetophenone following the equation Cé.
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OH

(0] (0]
HO 0.5mol%Pd cH H H
50 C,6h ! ’
...... (equation C6)
So, % AcPh Yield (1 x molar ratio of AcPh/Tol x 100) / (molar ratio of Sty/ToDgnk

(0.5914 x 100) / 1.0396 %
56.88 %

To considerate the conversion, it is calculated by comparison between the
remained styrene after reaction and the styrene from blank. For example, GC area

reported the remained of Sty/Tol is 0.153, while blank is 1.003.

((Area (Sty/Tolgiank - Area (Sty/Tobgemain X 100) / Area (Sty/ToDgiank
((1.003 - 0.153) x 100)/1.003 %
84.74 %

% Conversion

I

Heck coupling reaction of iodobenzene and styrene
For this reaction, the conversion is counted by comparison area ratio of
feed/internal standard before and after reaction. lodobenzene (IB) is determined as

limiting agent. The reaction is following in the equation C7.

I X cH, K, C03 0.5 mol%Pd
N
120°C, 6 h
(equa‘uon c7)

In this case, nitrobenzene (NB) is defined as internal standard. Thus, in term of
calculation, whole feed and product areas have to be divided with the area of
nitrobenzene. The GC area of IB/NB for blank is 1.4112. For example, after the reaction,

0.2Pd-MIL-101(Cr) converted the feed, resulted the remained GC area IB/NB ratio of 0.0369.
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So, % Conversion = ((Area (IB/NB)giank - Area (IB/NB)gemain X 100) / Area (IB/NB)giank
((1.4112 - 0.0369) x 100)/1.4112 %
97.39 %

Phenylacetylene hydrogenation

The percentage peak area method (normalization) is considered to calculate the
conversion or yield% for phenylacetylene hydrogenation, which the GC reported area of
feed consumed or product component peak as a proportion of the total area of all

detected peaks to analyze quantity. The reaction is described in equation C8.

©/§CH 0.001 mol%Pd, 1 MPa H, ©/§cr{z ©/\
30 0C 0.5h
...(equation C8)

Conversion (%) = (Total area - Area of feed remained) x 100

Total area

For example, in case of 0.03Pd-0.5en-MIL-101(Cr) catalyst

(2902.1 - 1307.8) x 100 %
2902.1

5493 %

= 0 %

Conversion (%)

Calculation of turnover frequency (TOF)
The TOF is defined as the number of rotations of the catalytic cycle per unit of
time. It is calculated as the number of molecules converted per active site per time as

following.

Turnover frequency (TOF) = Number of molecules converted (mol)

Number of active sites (mol) x Time of reaction (h)
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For example, in case of styrene oxidation over 0.03Pd-0.5en-MIL-101(Cr) at 50 °C
for 6 h and 1 mmol of styrene, 367 mg of the catalyst can convert 0.84 mmol of styrene
at the period (derived from 9%conversion x number of styrene molecules before reaction).

AUl Pd atom in the sample (0.03 mmol/g) assumes to be as a Pd®* active species.

So, TOF = 0.84 x 10 (mol)
0.03 x 107 (MOV/geatatyst) X 0367 (Seatatyst) X 6 h
= 12.711 ht
= 13 ht

C5. Estimation of N content derived from NO3;” and AcP in MOF samples

It is suggested that the N content of MIL-101(Cr) is solely contributed from the NOs°
countered ion at the Cr’* nodes. However, since the N content is determined as wt%, this
value would be decreased with the Pd loading as found in Table 4.1, entry 1 and 2. With
a similar trend, the N content contributed from NOs; can be estimated by plotting Pd

loading vs N content of the sample with no AcP, as shown in Figure C6.

2.0
| o J RGNS
1.6- /=y
oty 4
S X y =-0.1055x+ 1.8989
H 4
N
S
- 0.8
=]
]
Z
0.4
® From experiment
O From extrapolation
0.0 T T T T T v T v T
0 1 2 3 4

Pd loading (wt%)

Figure C6 Effect of Pd loading on observed N content from experiment (filled circle) and

the estimated value (circle)
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With this assumption, we could estimate that the AcP-grafted MIL-101(Cr) with Pd
loading of 0.5, 2.5, and 4.0 wt% would possess N content derived from NO5™ of 1.84, 1.63,
and 1.47 wt%, respectively. We hence subtract the N content obtained by CHN analysis
with these values and then calculated the N content dedicated from AcP as shown in

Table C1.

Table C1 N content (Wt%) from CHN analysis and estimated N content (wt%) for
NO; and AcP in MOF samples

Sample N content (wt%) N content N content AcP loading
from CHN (Wt% NO3) (Wt% AcP) (Wt%)
analysis (Estimated) (Calculated)

MIL-101(Cr) 19 - -
4.0Pd-MIL-101(Cr) 15 - -

AcP-MIL-101(Cr) 2.6 19 0.7 6.0
AcP-0.5Pd-MIL-101(Cr) 24 1.845 0.555 4.8
AcP-2.5Pd-MIL-101(Cr) 22 1.634 0.566 4.9
AcP-4.0Pd-MIL-101(Cr) 19 1.476 0.424 3.7

Calculation of AcP loading from estimated N content
From the calculated N content (wt%) from AcP, we can estimate the AcP loading as

follow; For example, 0.5AcP-Pd-MIL-101(Cr)

N content from AcP =0.555 wit%
=0.555 ¢/1008sample
= (0.555 x 1000)/(14 x 100)  ~ mMmMOl/gemple
= 0.396 MMOV/8sample
Hence, AcP loading = 0.396 MMOV/Ssample
=(0.396 x 121) MS/Ssample
= (47.916 x 100)/1000 9/ Gsample

=438 wit%



160

C6. Determination of ethylenediamine (en)

The amount of ethylenediamine in the sample can be determined by the total N
content from CHN analysis (Table 6.1). However, in addition to ethylenediamine, this N
content also consists of the nitrate counter anion and remained DMF, which cannot
directly be measurable. The mol fraction from those N species can be calculated by the

proportion of integrated peak area in N1s XPS (Figure 6.4).

Table C2 Mol fraction and ethylenediamine content in MIL-101(Cr), en-MIL-101(Cr),
Pd-en-MIL-101(Cr) and Pd-MIL-101(Cr) samples

Mol fraction< (%) Total N content® NO,- content en content
Entry Samples o %

DMF NO;- en (wt%) (et %) (Wt%) (mmol/g)
1 MIL-101(Cr) 47 53 - 1.9 1.00 - -
2 0.5en-MIL-101(Cr) - 49 51 32 1.57 1.63 0.58
3 0.8en-MIL-101(Cr) - 49 51 4.0 1.97 2.04 0.73
4 1.2en-MIL-101(Cr) - 39 61 53 2.06 3.23 1.15
5 0.03Pd-0.5en-MIL-101(Cr) - 46 54 25 1.15 1.35 0.48
6 0.03Pd-0.8en-MIL-101(Cr) - - - 3.4 1.73¢ 1.67¢ 0.60°
7 0.03Pd-1.2en-MIL-101(Cr) - 43 57 4.6 1.96 2.62 0.94
8 0.2Pd-0.5en-MIL-101(Cr) - - - 2.1 1.13¢ 0.97° 0.35¢
9 0.2Pd-0.8en-MIL-101(Cr) - X : 22 1.00° 1.20° 0.43¢
10 0.2Pd-1.2en-MIL-101(Cr) - 42 58 33 1.40 1.91 0.68
11 0.03Pd-MIL-101(Cr) 55 45 - 1.6 0.72 -
12 0.2Pd-MIL-101(Cr) - - - 1.3 - -

9Calculated from integrated peak of N 1S XPS spectra, “CHN analysis and “Estimated

content

Calculation of ethylenediamine content
From XPS result, we can calculate ethylenediamine content as follow;

For example, 1.2en-MIL-101(Cr)

From XPS analysis

N %mol of nitrate = 39 %

So, N %mol of ethylenediamine = 100 - 39 %
= 61 %
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From CHN analysis

Total N content = 53 wit%
= 53 ¢/100 Gsample

N content of nitrate = (5.3 x39) /100 /100 Ssample
= 2.1 ¢/100 Gsample

N content of ethylenediamine = (5.3x61)/ 100 ¢/100 Gsample
= 3.23 ¢/100 Gsample

mmol of ethylenediamine = (3.2 x 1000) / (14 x 2) MMOol/1008mpte
= 115 MmO/ 1008smple
= 1.2 MMOUV/Seample

C7. Determination of relative XRD intensities
The relative XRD intensities are defined as the intensity of modified-MIL-101(Cr)

per the intensity of MIL-101(Cr) at the micropore region (26 = 3.3°).

Relative XRD intensities (%) = Intensity of modified-MIL-101(Cr) x 100
Intensity of MIL-101(Cr)

For example, in case of 0.2Pd-MIL-101(Cr), the peak intensity at (260 = 3.3°) of 0.2Pd-MIL-
101(Cr) is 1122, while for the MIL-101(Cr) is 5910.

Thus, relative XRD intensities (%) (1122 x 100) / 5910 %

18.98 %
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