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Chapter 1

General Introduction

1-1.  Catalysts for Alternative Energy Resources

A catalyst is a substance that significantly increases the rate of a chemical reaction while
remaining chemically unchanged before and after the reaction. One of the most notable historical
examples is the development of an iron-based catalyst that can synthesize ammonia from nitrogen
and hydrogen. This led to the Haber—Bosch process being established for the large-scale
production of ammonia'-2. This innovation enabled the mass production of nitrogen fertilizers,
dramatically increasing agricultural yields and alleviating global food shortages®. Since then,
catalysts have played a vital role in developing energy supply systems based on fossil fuels, as
well as in the growth of the chemical industry. They are indispensable for producing a wide range
of energy-related and chemical products, including plastics, synthetic fibers, detergents,

pharmaceuticals and fuels such as gasoline.

In the context of energy conversion, most catalysts used in industry are solid-state
materials. The performance and functionality of these catalysts are governed by four key factors:

(1) the catalytically active component; (2) the support material; (3) the presence of co-catalysts;



and (4) the method of catalyst preparation*. A comprehensive understanding of these factors is

essential for elucidating the structure—function relationships in practical catalytic systems, as well

as for the rational design of next-generation catalysts.

1-2. Metal Nanoparticles as Catalysts

As discussed in the previous section, the catalytic performance of a material is largely

determined by its catalytically active components. In recent years, metal nanoparticles (NPs) have

emerged as promising catalysts due to their high surface-to-volume ratio and unique surface

properties, which can significantly enhance their reactivity. Moreover, metal NPs often exhibit

different physical and chemical characteristics compared to their bulk counterparts, such as

quantum size effects and enhanced catalytic activity. NPs in the size range of 1-100 nm have

attracted significant attention from both fundamental research and industrial applications>’. From

an industrial standpoint, for example, silver NPs have been investigated as a potential

replacement for traditional lead-based solders, offering an environmentally friendly alternative®

1, In the field of multilayer ceramic capacitors (MLCCs), copper NPs are being developed as a

substitute for nickel NPs, due to copper's lower cost and comparable performance''"'?. A variety

of synthetic methods have been developed for the preparation of metal NPs. These include



hydrazine reduction'*'¥, borohydride reduction'>!’, the polyol method'®, organic acid reduction

(e.g., using citric acid or ascorbic acid)!*?, laser ablation?!, and microwave (MW)-assisted

reduction techniques®>*, Each method offers distinct advantages in terms of particle size control,

dispersion stability, and scalability.

To further enhance the catalytic activity and stability of metal NPs, they are commonly

dispersed on support materials with a high surface area, such as metal oxides (e.g. TiOz, Al>Os)

or carbon-based materials (e.g. activated carbon, carbon nanotubes). These supports prevent

nanoparticle aggregation and contribute to improved electron transfer and thermal stability during

catalytic reactions.

1-3. Catalyst Use of Porous Materials

In the previous chapter, it was emphasized that the nature of support plays a critical role in

fully expressing the catalytic properties of NPs. To date, a wide variety of supports, including

oxides and carbon-based materials, have been extensively investigated*2’. More recently, metal-

organic frameworks (MOFs) have garnered considerable attention as promising catalyst support.

MOFs are crystalline microporous materials constructed by the coordination of metal ions or

clusters with organic ligands®*>!. In contrast to conventional porous materials such as zeolites,



MOFs offer highly tunable pore structures in terms of size, shape, and chemical environment,

enabling the rational design of supports tailored to specific catalytic systems.

Hybrid materials composed of metal NPs and MOFs have emerged as a new class of

functional materials, attracting significant interest for applications in gas storage, magnetism,

optics, and catalysis due to the synergistic interactions between their constituents*>’. For

instance, Liyu Chen et al. reported palladium NPs embedded within UiO-67 MOFs as catalysts

for selective olefin hydrogenation. They demonstrated that methyl cyclopentane could be

hydrogenated selectively depending on the size and geometry of the interstitial voids in Zr-based

MOF supports, highlighting the molecular sieving effect inherent to UiO-67%.

Thus far, most design strategies for nanoparticle/MOF hybrid catalysts have focused

primarily on exploiting the complementary physical and chemical properties of each component.

In contrast, relatively little attention has been paid to hybrid systems in which electronic

interactions between the metal NPs and the MOF support play a significant role**°. Given that

catalytic performance —such as activity and selectivity —is often governed by the electronic

structure of the active metal species, the ability to fine-tune the electronic properties of metal

NPs through controlled modification of the MOF support is of importance for the advancement

of next-generation hybrid catalysts.



1-4. Spray Pyrolysis and Spray Drying

As illustrated in the schematic diagram (Figure 1), the spray reaction method involves the
formation of fine droplets (typically several to several tens of micrometers in diameter) by
atomizing a solution or suspension containing precursor components of the target material. These
droplets are introduced into a high-temperature atmosphere, where the solvent rapidly evaporates
and the solutes undergo thermal decomposition or chemical reactions, leading to the
instantaneous formation of particles at the droplet surface. Subsequently, the residual solvent
inside the droplet evaporates, and shell-like particles with a hollow structure are formed upon
continued heating, finally producing solid particles. This process enables the synthesis of
monodisperse particles that retain the composition of the starting solution.

Spray pyrolysis and spray drying techniques can be applied to synthesize a wide range of
materials, including metals, oxides, non-oxides, and their composites. The resulting fine particles
typically exhibit the following characteristics: a dense, spherical morphology; narrow particle
size distribution; high compositional homogeneity; high purity; excellent dispersibility; and low
tendency to agglomerate. These features are attributable to the unique particle formation
mechanism inherent to spray pyrolysis, wherein particles are derived directly from homogeneous

solution droplets. In particular, the method is well-suited for the synthesis of multicomponent



systems, making it especially attractive for applications such as the preparation of precursor

powders for oxide superconductors* ™,

Despite its advantages, the application of spray pyrolysis and spray drying to the synthesis
of MOFs remains limited. To date, only a few studies have been reported, notably the work by
Mospoch et al. in 2013, in addition to the present study*’. Nevertheless, these methods hold great
promise for industrial-scale MOF production. Its relatively low processing temperatures,
compatibility with general-purpose equipment (with appropriate feed system design), and high
versatility suggest that it can accommodate the synthesis of various MOF structures. Furthermore,
spray pyrolysis and spray drying are a continuous flow process with excellent scalability and

productivity, offering a cost-effective route for large-scale MOF fabrication.
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Figure 1. (a) Schematic diagram of the spray pyrolysis apparatus** and (b) the formation

mechanism of particles.



1-5. Metal Nanoparticle-MOF Hybridization via Spray Reaction

Method

We propose the utilization of the spray reaction method for the rapid synthesis of metal—
MOF hybrid catalysts. Conventionally, the formation of MOFs via coordination chemistry is
considered to require a certain residence time to achieve complete complexation. In contrast, the
spray process, characterized by its extremely short reaction time, offers a unique pathway for
synthesizing hybrid catalysts in a single step.

This rapid synthesis strategy is particularly advantageous for accessing metastable or
kinetically favored MOF structures—such as amorphous or low-crystallinity MOFs—that are
often difficult to obtain through conventional solvothermal or diffusion-based methods.
Moreover, if catalytically active metal NPs can be effectively incorporated or immobilized within
the MOF cavities during the spray process, the resulting hybrid materials are expected to exhibit
significantly enhanced catalytic performance due to the high dispersion of NPs and the potential

for synergistic interactions between the metal and the MOF matrix.



1-6. Catalysts for Methanol Synthesis from CO>

For the effective utilization of carbon dioxide, among the various CO, conversion
pathways, the hydrogenation of CO, to methanol has attracted significant attention due to its
potential for producing not only an important alternative transportation fuel but also a versatile
chemical feedstock. Methanol can also serve as a precursor to produce dimethyl ether and other
value-added chemicals. Previous studies have reported, for instance, that Cu NPs supported on
ZrO, exhibit catalytic activity for CO, hydrogenation*’ 3, In this context, replacing conventional
oxide supports such as ZrO, with Zr-based MOFs is considered advantageous, owing to the
tunable porosity and potential for synergistic interactions between the MOF framework and the
active metal sites. Furthermore, we propose that the use of the spray reaction method to
synthesize MOF-based hybrid catalysts offers a promising route to achieve both high catalytic
performance and scalable production. This approach enables the convenient and continuous

fabrication of such materials, which could contribute significantly to industrial applications.



1-7. Composition of This Dissertation

The objective of this dissertation is to demonstrate that Cu NPs and Cu—ZnO nano
catalysts covered with MOFs can be successfully synthesized using a spray-drying technique. In
Chapter 2, we show synthesis of MOFs by spray pyrolysis and spray-drying methods. In Chapter
3, we investigate the potential for synthesizing nanoparticle—-MOF composites using microwave-
assisted synthesis methods. Subsequently, in Chapter 4, we discuss the synthesis of Cu NPs and
amorphous [ZrsO4(OH) 4(BDC)¢] (amUiO-66, where BDC = 1,4-benzenedicarboxylate), as well
as Cu—ZnO nanocomposites and amUiO-66 hybrid materials. The structural and compositional
characteristics of the resulting materials are analyzed using high-resolution transmission electron
microscopy (HR-TEM), energy-dispersive X-ray spectroscopy (EDX), powder X-ray diffraction
(PXRD), and extended X-ray absorption fine structure (EXAFS) spectroscopy.

Furthermore, the catalytic performance of these hybrid materials in the hydrogenation of
CO: to methanol is investigated. To elucidate the origin of the observed catalytic activity, in situ
Fourier-transform infrared (FTIR) spectroscopy is employed to obtain mechanistic insights into
the interactions between the active metal sites and the MOF framework at the catalyst—substrate

interface.
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Chapter 2

Synthesis of Metal-Organic Framework by Spray pyrolysis and Spray-
Drying Method

2-1. Introduction

Spray methods, such as spray pyrolysis and spray drying are techniques in which a slurry
is atomized into fine droplets and introduced into a stream of hot air. This process increases the
surface area between the liquid and air, facilitating rapid moisture evaporation and producing dry
powders or granules. By directly converting slurries into powders, the spray methods can reduce
sequential steps such as filtration, dewatering, drying, pulverization, and classification, thereby
streamlining the production process. Although the drying time varies depending on apparatus size
and the properties of the liquid, the droplets are typically micrometer-scale sizes, and drying is
completed within several tens of seconds. This fast-drying process is advantageous for efficient
MOF synthesis. Furthermore, spray drying of precursor solutions or suspensions often produces
porous, spherical particles composed of aggregated primary particles. Such structures are
beneficial for fabricating composite catalysts that integrate MOFs with functional NPs.

MOFs — also known as porous coordination polymers (PCPs) — have garnered

14



considerable interest owing to their crystalline nature, tunable pore sizes and surface

functionalities (e.g., hydrophobicity/hydrophilicity, acidity/basicity), and structural diversity.

These features make MOFs attractive candidates for applications in gas storage®-!

, gas
separation®2, and ion conduction®®. The properties of MOFs can be tailored by rationally selecting
metal centers and organic ligands. Despite their potential, conventional synthesis methods such

as hydrothermal, MW-assisted®*, and mechanochemical techniques®*-*°

still pose challenges for

rapid and scalable MOF production. Recently, spray-drying has emerged as a low-cost, rapid, and

scalable synthesis method for MOFs. It also enables control over particle size and morphology

by tuning solvent and heating conditions. However, to date, spray-drying has primarily been

applied to MOFs with a single type of ligand.

In this study, we report the synthesis of HKUST-1 ([Cu3(BTC),]; BTC = 1,3,5-benzene

tricarboxylic acid) by spray pyrolysis as well as the synthesis of ZIF-8: [Zn(MeIM),] (MeIM =

2-methylimidazolate), UiO-66 (ZrsO4(OH)4(BDC)s; BDC = 1,4-benzenedicarboxylate) and CID-

1 ([Zna(ip)2(bpy):]; ip = isophthalate, bpy = 4,4'-bipyridine) using a seed-mediated spray-drying

technique. Notably, this represents the first successful preparation of a MOF composed of two

distinct ligands via this method.

In typical spray methods, such as spray pyrolysis and spray drying, precursors dissolved

15



in a solvent are atomized and carried through a heated zone by a gas stream. Solvent vaporization

initiates the self-assembly of MOFs, and the products are collected as dry powders (Figure 2a).

In our approach, we particularly focus on forming MOF "seeds" before the precursor enters the

heated zone (Figure 2b). These seeds are expected to act as nucleation centers, accelerating crystal

growth compared to systems using direct precursor injections without seeding. For the synthesis

of MOFs, we controlled operational conditions, including the precursor solution feed rate and gas

flow rate, and conducted the process within the temperature range in which the MOF ligands do

not thermally decompose (Table 1).

As the first demonstration of this seed-mediated spray-drying technique, we selected UiO-

66 due to its outstanding thermal stability (above 673 K), and its resistance to water and chemicals

—properties that make it highly suitable for catalytic applications®” and CO: capture®®. Although

many MOFs are conventionally synthesized using organic solvents, their industrial production

remains costly and resource intensive. To address this, we investigated the feasibility of

synthesizing MOFs from aqueous solutions. Replacing organic solvents with water significantly

reduces production costs and capital investment required for large-scale manufacturing. However,

the poor water affinity of many MOF ligands has historically impeded aqueous-phase synthesis.

To date, ZIF-8 remains one of the few MOFs that can be successfully synthesized in water.

16
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Figure 2. a) Schematic illustration of a typical spray pyrolysis and spray-drying system. b)
Schematic illustration of the MOF formation process by the seed-mediated spray-drying method

Table 1. Various MOFs and the decomposition temperatures of their constituent ligands.
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2,5- 1,4-bdc 1,4-ndc MelM btc 1,2-bdc 4.4'-bpy 1,4-bdc 1,4-bdc
dihydroxy-
bdc COOH ° CHy Z* ) COOH COOH
Ligand ” o * : ; oS
S g Ny - AN
° CooH | B \—/ ) 7 CooH COOH
Decomposition temp. of
the ligand determined 250 ~ 250 ~ 450 ~ 120 ~ 250 ~ 250 ~ [ 150 ~ | 250 ~ 250 ~
by TG in N,
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2-2. Experimental

Synthesis of samples

Synthesis of [Cu3(BTC);] ; (BTC = 1,3,5-benzene tricarboxylic acid) : HKUST-1
Spray Pyrolysis

All chemicals were used as received from commercial suppliers (FUJIFILM-Wako) without
further purification. Copper(Il) nitrate trihydrate (Cu(NOs),-3H,O, 1.45 g, 6.0 mmol) and 1,3,5-
benzenetricarboxylic acid (H:BTC, 0.84 g, 4.0mmol) were dissolved in 40 mL of N, N-
dimethylformamide (DMF). This solution was then introduced into a spray pyrolysis equipment.
Pure air was employed as the carrier gas with a flow rate of 2 L/min. The feed solution was
delivered at a rate of 10 mL/min through a conical nebulizer. The inlet temperature of the furnace
was maintained at 500 °C. Upon passage through the heating zone, a dark blue powder was

immediately collected. The resulting product is referred to as HKUST-1-S.

Hydrothermal Method
For comparison, HKUST-1 was also synthesized by a conventional hydrothermal method. All
chemicals were used as received from commercial suppliers (FUJIFILM-Wako) without further

purification. Cu(NOs3),-3H,0O (0.875 g, 3.6 mmol) were dissolved in de-ionized water (12ml) and

18



mixed with H;BTC (0.42 g, 2.0 mmol) dissolved in ethanol (12ml) at room temperature. The

mixture was filled in a Teflon liner and sealed and heated at 180 °C for 12 hours under static

conditions. After cooling to room temperature in air, the resulting blue crystalline product was

collected by filtration, thoroughly washed with ethanol and water, and dried at room temperature.

This hydrothermal synthesis method follows previous reports and the resulting product is referred

to as HKUST-1-H.

Synthesis of [Zn(MelM);| ; (MeIM = 2-methylimidazolate) : ZIF-8

Seed-Mediated Spray-Drying Method

Zinc acetate dihydrate (0.878 g, 4mmol FUJIFILM-Wako) and 2-methylimidazole (0.657g,

8mmol TCI) were dissolved in 100 mL of de-ionized water and stirred for approximately 60

minutes. This solution was then introduced into a spray dryer. Spray drying was performed using

a Mini Spray Dryer B-290 (BUCHI) equipped with a two-fluid nozzle using nitrogen gas as the

carrier. Pure air was employed as the carrier gas with a flow rate of 250 mL/min. The feed solution

was delivered at a rate of 5 mL/min through a fluid nozzle with an orifice diameter of 0.4 mm.

The inlet temperature of the drying chamber was maintained at 200 °C. Upon passage through

19



the heating zone, a white powder was immediately collected in the spray dryer’s product chamber.

The resulting material was subsequently dried at 100 °C for 2 hours to ensure complete removal

of residual moisture. The resulting product is referred to as ZIF-8-S.

Hydrothermal Method

For comparison, ZIF-8 was also synthesized via a conventional hydrothermal method. Zinc

nitrate tetrahydrate (Zn(NO3),-4H>0, 0.42 g, 2mmol FUJIFILM-Wako) and 2-methylimidazole

(0.32 g 4mmol TCI) were dissolved in 40 mL of N, N-dimethylformamide (DMF FUJIFILM-

Wako) in a 100 mL screw-cap vial. The solution was heated in a programmable oven at a rate of

5 °C/min to 140 °C and maintained at this temperature for 24 hours. Subsequently, the vial was

cooled to room temperature at a rate of 0.4 °C/min. After decanting the mother liquor, chloroform

was added to the reaction mixture. Colorless polyhedral crystals were collected from the upper

layer, washed with DMF, and air-dried for 10 minutes. The typical yield was approximately 0.05

g. The resulting product is referred to as ZIF-8-H.
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Synthesis of [ZrsOQ4(OH)4 (BDC)g] ; ( BDC = 1,4-benzenedicarboxylate) : UiO-66

Seed-Mediated Spray-Drying Method

In the seed-mediated spray-drying synthesis of UiO-66, 1,4-benzenedicarboxylic acid

(H2BDC 0.38 g, 2.29mmol FUJIFILM-Wako) and zirconium acetylacetonate [Zr(acac)4], (1.07

g 2.19mmol, Aldrich) were separately dissolved in N, N-dimethylformamide (DMF, 200 mL,

FUJIFILM-Wako). The two solutions were mixed and stirred at 80—-90 °C for 2 hours to produce

Ui0O-66 seed crystals in solution. This seed solution was then subjected to spray drying to obtain

the UiO-66-S sample. Spray drying was performed using a Mini Spray Dryer B-290 (BUCHI)

equipped with a two-fluid nozzle (orifice diameter: 0.4 mm), using nitrogen gas as the carrier.

The feed rate was set to 5 mL/min, the gas flow rate to 300 mL/min, and the inlet temperature to

220 °C. Upon passing through the heating zone, the solution yielded a white powder that was

immediately collected in the cyclone separator. The obtained material was further dried under

vacuum at 150 °C for 2 hours to remove residual DMF and byproducts such as acetic acid.

Hydrothermal Method

For comparison, UiO-66 was also synthesized by a conventional hydrothermal method. All

chemicals were used as received from commercial suppliers (FUJIFILM-Wako) without further
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purification. Zirconium chloride (ZrCls, 0.053 g, 0.227 mmol) and 1,4-benzenedicarboxylic acid

(H2BDC, 0.034 g, 0.227 mmol) were dissolved in N, N-dimethylformamide (DMF, 20mL) at

room temperature. The mixture was sealed and heated at 120 °C for 24 hours under static

conditions. After cooling to room temperature in air, the resulting solid product was collected by

filtration, thoroughly washed with methanol and water, and dried at room temperature. This

hydrothermal synthesis method follows previous reports and the resulting product is referred to

as Ui0-66-H®*!,

Synthesis of [Zn:(ip)2(bpy):]; (ip = isophthalate, bpy = 4,4'-bipyridine): CID-1

Seed-Mediated Spray-Drying Method

All chemicals were used as received from commercial suppliers (FUJIFILM-Wako) without

further purification. To synthesize CID-1 via a seed-mediated spray-drying method, a mixture of

zinc nitrate tetrahydrate (Zn(NOs).-4H-0, 1.19 g, 4.55mmol), isophthalic acid (H-ip, 0.664 g,

4mmol Wako), and 4,4-bipyridine (bpy, 0.624 g, 4mmol) was dissolved in N, N-

dimethylformamide (DMF) and stirred at 50-60 °C for 30 minutes to form seed crystals. The

resulting seed solution was then introduced into a spray dryer equipped with a two-fluid nozzle
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(orifice diameter: 0.4 mm), using nitrogen gas as the carrier. The spray-drying parameters were

set to a feed rate of 5 mL/min, gas flow rate of 300 mL/min, and an inlet temperature of 220 °C.

After passing through the heating zone, a white powder was immediately collected in the cyclone

collector. The collected powder was further dried under vacuum at 150 °C for 2 hours to remove

residual DMF, and the resulting material was denoted as CID-1-S.

Hydrothermal Method

All chemicals were used as received from commercial suppliers (FUJIFILM-Wako) without

further purification. For comparison, CID-1 was also synthesized via a conventional

hydrothermal method. A solution of Zn(NOs).'4H.O (2.97 g, 10 mmol) in N, N-

dimethylformamide (DMF) 10ml was mixed with a separate 10ml DMF solution containing

isophthalic acid (Hzip, 1.66 g, 10 mmol) and 4,4'-bipyridine (bpy, 1.56 g, 10 mmol). The

combined solution was left to stand undisturbed at 393 K for several days. The resulting white

precipitate was collected by filtration, washed successively with DMF, water, and ethanol, and

dried under vacuum at 403 K. This product is referred to as CID-1-H ¢,
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Experimental Procedure

Scanning Electron Microscopy (SEM)

For SEM observation, the samples were dispersed in ethanol and dropped onto carbon
tape mounted on an aluminum sample holder. After drying, SEM images were acquired using a

Hitachi SU8020 scanning electron microscope operated at an acceleration voltage of 5 kV.

Fourier Transform Infrared (FT-IR) Spectroscopy

FT-IR measurements were performed using a JASCO FT/IR-4200 spectrometer to

identify functional groups present in the samples.

Powder X-ray Diffraction (PXRD)

PXRD patterns of UiO-66 samples were recorded using a Rigaku SmartLab automated
multipurpose X-ray diffractometer. CID-1 samples were analyzed using a Bruker D§ ADVANCE

diffractometer.

Nitrogen Sorption Isotherms

N2 sorption isotherms were measured at 77 K using a BELSORP-mini instrument

(Microtrac BEL Corp.) based on volumetric adsorption techniques. Prior to measurement, the
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samples were activated under vacuum at 423 K for 15 hours.

2-3. Result and Discussion

From SEM images of HKUST-1 samples, HKUST-1-H exhibited well-defined crystals with

a diameter of several micrometers (Figure 3a), while the HKUST-1-S obtained by the spray

method based on spray pyrolysis exhibited a spherical hollow morphology (Figure 3b). The XRD

patterns of the samples synthesized by the spray pyrolysis and hydrothermal methods were

compared. As shown in Figure 4, the PXRD results indicate that the HKUST-1-S sample has the

same crystal structure as that synthesized by the hydrothermal method (HKUST-1-H).

Figure 3. SEM images of (a) HKUST-1-H and (b) HKUST-1-S.
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Figure 4. XRD patterns of HKUST-1-H and HKUST-1-S.

CO; adsorption/desorption isotherms were measured at 195 K for the HKUST-1-S and
HKUST-1-H samples (Figure 5). Prior to the measurements, each sample was activated at 150 °C
for 12 h under vacuum. The HKUST-1-H sample exhibited type I isotherms, which originate
from its microporosity. However, the total adsorbed volume of HKUST-1-S was much lower than

that of HKUST-1-H. Considering that a hollow morphology, which corresponds to the initial

stage of particle formation (Figure 1b), was observed for HKUST-1-S from the SEM image
(Figure 3b), the MOF formation was likely incomplete, resulting in a significantly lower

adsorption capacity.
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Figure 5. CO; adsorption/desorption isotherms were measured at 195 K for the
HKUST-1-S and HKUST-1-H samples

Then, we discuss the origin of the incomplete formation of HKUST-1 using a LaMer diagram,
which describes the time evolution of particle formation as a function of concentration (Figure
6). The LaMer diagram indicates that concentration during the nucleation stage is a critically
important factor governing particle growth. In the spray pyrolysis synthesis of HKUST-1 in this
study, the heating time is considered to be too short to ensure sufficient nucleation, leading to the
formation of incomplete HKUST-1 with a low CO, adsorption capacity. On the basis of this
hypothesis, we propose that introducing a solution containing pre-formed MOF nuclei can

promote crystal growth. Accordingly, the synthesis protocol was changed from spray pyrolysis to
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a seed-mediated spray method, in which the ligand and metal salt were preheated and stirred to

form seed crystals for sufficient MOF crystal growth.
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Figure 6. La Mer diagram for the generation of atoms, nucleation, and subsequent growth of

colloidal systems (V. K. LaMer, R. H. Dinegat J. Am. Chem. Soc. 1950, 72 4857).

SEM image revealed that the ZIF-8-S sample obtained via the seed-mediated spray drying

method exhibited a spherical morphology with a diameter of several micrometers. A high-

magnification SEM image further indicated that ZIF-8-S was composed of agglomerated NPs

with diameters of less than 100 nm (Figure 7).
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Figure 7. SEM image of ZIF-8-S

The XRD patterns of the samples synthesized by spray drying and hydrothermal methods

were compared. As shown in Figure 8, the PXRD results showed that the ZIF-8-S sample had

the same crystal structure as that synthesized by the hydrothermal method (ZIF-8-H).

Intensity/a.u.

10 20 30 40 50
26/ deg

Figure 8. PXRD patterns of ZIF-8-S and ZIF-8-H
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IR spectra confirmed that the absorption bands of ZIF-8-S were identical to those of ZIF-8-

H (Figure 9). N2 adsorption/desorption isotherms were measured at 77 K for the ZIF-8-S and

ZIF-8-H samples (Figure 10). Prior to measurement, each sample was activated at 150 °C for 12

hours under vacuum. Both samples exhibited type I isotherms, which originate from

microporosity. The slight decrease in the total adsorbed volume observed for ZIF-8-S suggests a

partial loss of microporosity.

Transmitte}nce/a.u.

i l 1 i i L l Y
1500 1000
wavenumber/cm™

Figure 9. IR spectra of ZIF-8-S and ZIF-8-H
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Figure 10. N, adsorption/desorption isotherms of ZIF-8-S and ZIF-8-H

SEM image revealed that the UiO-66-S sample obtained by the seed-mediated spray-drying
method had a spherical morphology with a diameter of several micrometers. High-magnification
SEM images further indicated that UiO-66-S consisted of agglomerates composed of primary

particles less than 100 nm in diameter (Figure 11).
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Figure 11(a)(b). SEM image of UiQ-66-S

1 um

Figure 12. SEM image of UiO-66-H

In contrast, UiOQ-66-H exhibited well-defined octahedral crystals with an average size of

approximately 500 nm (Figure 12).
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The PXRD patterns of samples synthesized using spray-drying and hydrothermal methods

showed that the crystal structure of the UiQ-66-S sample was the same as that of the UiO-66-H

sample. However, the diffraction peaks of UiO-66-S were relatively broad and weak compared

to those of UiO-66-H, indicating lower crystallinity and/or a smaller crystallite size (Figure 13).

J UiO-66-5
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Figure 13. PXRD patterns of UiO-66-S and UiO-66-H

IR spectra confirmed that the absorption bands of UiQ-66-S were identical to those of UiO-

66-H (Figure 14). N2 adsorption/desorption isotherms were measured at 77 K for both UiQ-66-S

and UiO-66-H samples (Figure 15). Prior to the measurements, each sample was activated at

150 °C for 12 hours under vacuum. Both samples exhibited typical type-l isotherms,
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characteristic of microporous materials. A slight decrease in the total adsorbed volume observed

for UiO-66-S suggests partial loss of microporosity, which is consistent with the PXRD results.
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Figure 14. IR spectra of Ui0-66-S and UiO-66-H
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Figure 15. N, adsorption/desorption isotherms of UiO-66-S and UiO-66-H
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To further validate the role of seed formation, we conducted a control experiment using a

typical spray-drying procedure without the introduction of seed crystals. The atomized precursors

were injected directly into the heating zone without prior seed formation, resulting in an

amorphous product. This clearly demonstrates that seed particles play a crucial role in promoting

the crystallization of MOFs during spray drying. It is worth noting that while ZrCls is commonly

used as a zirconium precursor for the synthesis of UiO-66, the chloride ions can corrode stainless-

steel components of the spray dryer. In this study, we employed Zr(acac)s as the metal precursor,

which avoids corrosion issues and offers significant advantages in terms of handling safety and

scalability for mass production.

To date, the spray-drying method has mainly been applied to the synthesis of MOFs

containing a single type of organic ligand. In this study, we extended the approach to a flexible

coordination polymer composed of two different organic ligands. As a proof of concept, we

selected CID-1, a pillared-layer-type MOF, for demonstration. In a typical spray-drying synthesis

of CID-1-S, the resulting sample did not exhibit a well-defined spherical morphology (Figure

16b). Compared to the SEM image of CID-1-H synthesized by the hydrothermal method (Figure

16a), the CID-1-S sample displayed a non-uniform size distribution, with particles ranging from

the micrometer to the nanometer scale observed.

35



(b)

Figure 16. SEM images of (a) CID-1-H and (b) CID-1-S
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The structure of CID-1 NPs has been reported to differ from that of the bulk®-%4, The XRD

pattern of CID-1-S in this study was also not fully consistent with that of CID-1-H (Figure 17).

CID-1-8
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Figure 17. PXRD patterns of CID-1-S and CID-1-H

We then performed a LeBail analysis of the XRD pattern of CID-1-S. This was
reproduced by summing the fitting curves derived from the CID-1 bulk and nanoparticle

components (Figure 18, Table 2).
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Figure 18. LeBail analysis of the XRD pattern of CID-1-S

Table 2. Cell parameters of CID-1-S with bulk and nanocrystal components

Companent arh oA of A o B i

GID-1 bulk 9.173(1) 10.0B15(6)  10.177{2)  7AGO{1)  72HIGE)  7I.25(1)

CID-1 nanogarticle 0.525(2) 10.443(2) 9 962(3) FEAN3) 71.82(2) TH.25(2)

The IR spectrum confirmed that CID-1 was successfully synthesized via the spray-drying

method (Figure 19).

To evaluate the porosity of the material, the CO, adsorption isotherm of CID-1-S was

measured at 195 K and compared with that of CID-1-H. Prior to measurement, each sample was
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activated at 150 °C for 12 hours. CID-1-S exhibited a typical Type-I adsorption behavior,

indicative of microporosity, similar to that observed for CID-1-H (Figure 20).
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Figure 19. IR spectra of CID-1-S and CID-1-H
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Figure 20. CO, adsorption/desorption isotherms of CID-1-S and CID-1-H

The total volume of CO: adsorbed was comparable between the two samples. These

results demonstrate that the spray-drying technique can be successfully extended to the synthesis
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of MOFs consisting of two or more types of ligands.

2-4. Conclusion

In this study, we successfully synthesized UiO-66 and ZIF-8 via the spray-drying method by

their seed crystals. A comparative experiment without the seed demonstrated that seed formation

plays a critical role in promoting the growth of the MOF during the spray-drying process. This

finding provides valuable insight into the formation mechanism of MOFs synthesized through

this method. Furthermore, we achieved the first successful synthesis of CID-1 — the MOF

composed of two different organic ligands — using the spray-drying technique. This represents a

significant advancement, as previous applications of spray drying have been limited to MOFs

with a single ligand type. The successful fabrication of CID-1 indicates the potential of this

method to expand the structural diversity of MOFs accessible via scalable synthesis. Importantly,

the spray-drying process employed in this study utilized an aqueous solvent system, which is

advantageous for practical applications due to its environmental compatibility and cost-

effectiveness. This work thus presents a new synthetic strategy for the facile and scalable

production of MOFs and is expected to contribute to the broader application and industrialization

of MOF materials.

40



2-5. References

49. M. Eddaoudi, H. Li, T. M. Reineke,M. Fehr, O. M. Yaghi, Science. 2002, 295, 469-472.

50.N. L. Rosi, J. Eckert, M. Eddaoudi, D.T. Vodak, J. Kim, M. O’Keeffe, O. M. Yaghi, Science. 2003,

300, 1127-1129.

51. H. Furukawa, N. Ko, Y. B. Go, N. Aratani, S. B. Choi, E,. Choi, A. O. Yazaydin, R.Q. Snurr, M.

O’Keeffe, J. Kim, K. Kaneko, O. M. Yaghi, Science. 2010, 329, 424-428

52.J.R. Li, R. J. Kuppler, H.-C. Zhou, Chem. Soc. Review 2009, 38, 1477-1504

53. M. Sadakiyo T. Yamada, H. Kitagawa, J. Am. Chem. Soc. 2009, 131, 9906-9907

54. Y.-K. Seo, J,-S. Chang, Y. K. Hwang, G.H. Young, S. H. Jhung, Micropor. Mesopor. Mat. 2009,

119, 331-339.

55. D. Braga, S. L. Giaffreda, F. Grepiomi, M. R. Chierotti, R. Gobetto, Dalton Trans., 2006, 1249-

1269

56. M. Klimakow, P. Klobes, A. Thiinemann, K. Rademann, F. Emmerling, Chem. Mater. 2010, 22,

5216-5221

57. M. Kandiah, M.H. Nilsen, S. Usseglio, S. Jakobsen, U. Olsbye, M. Tilset, C. Larabi, E. A.

Quadrelli, F. Bonino, K. P. Lillerud, Chem. Mater. 2010, 22, 6632-6640

58. C. H. Lau, R. Babarao, M. R. Hill, Chem. Commun. 2013, 49, 3634

41



59. K.Schlichte, T.Kratzke, S.Kaskel, Micropor. Mesopor. Mater. 2004, 73, 81.

60. J. H. Cavka, S. Jakobsen, U. Olsbye, N. Guillou, K. P. Lillerud, S. Bordiga, C. Candles, J. Am.

Chem. Soc. 2008, 130, 13850.

61.M. J. Katz, J. E. Mondloch, R. K. Totten, J. K. Park, S. T. Nguyen, J. T. Hupp, O. K. Farha, Chem.

Commun. 2013, 49, 9449,

62.S. Horike, D. Tanaka, S. Kitagawa, Chem. Commun. 2007, 32, 3395-3397.

63.Y. Hijikata, D.Tanaka, B. Giese, S. Kitagawa, Chem. Commun. 2011, 47, 7632-7634.

64.Y Mitsuka, JP patent, 5795195B2, 2015

42



Chapter 3

One-Step Synthetic Method for Metal/ MOF Composites via Microwave Irradiation

3-1. Introduction

Significant advances have been made over the past few decades in the design and
synthesis of composite materials comprising metal NPs and MOFs. There are two main synthetic
strategies for these composites: (i) post-synthetic hybridization, in which metal NPs are deposited
onto pre-formed MOFs (Figure 21a) 7, and (ii) MOF growth on pre-synthesized metal NPs
(Figure 21b). While both methods have been extensively explored and have produced a variety
of functional materials, they typically require multi-step procedures involving complex
operations, hindering their scalability and cost-effectiveness. To overcome these challenges,
developing one-pot synthetic approaches for metal/ MOF hybrids is of significant interest. In this
section, we present a one-step synthesis method for metal NPs/MOF composites using MW
irradiation, offering a rapid and energy-efficient technique for directly fabricating these hybrid

structures (Figure 21¢) 7"
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Figure 21. Synthesis images of metal/MOF nanomaterials
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3-2. Experimental

Synthesis of samples

Chemicals

All reagents were purchased from commercial suppliers (FUJIFILM Wako Pure Chemical
Corporation, Sigma-Aldrich) and used without further purification. Specifically, zinc nitrate
hexahydrate (Zn(NOs)2:6H20), 2-methylimidazole, and N,N-dimethylformamide (DMF) were
obtained from FUJIFILM Wako, and palladium acetylacetonate [Pd(acac):] was obtained from

Sigma-Aldrich.

Synthesis of Pd/ZIF-8-MW

A mixture of Zn(NOs)2:6H20 (0.59 g, 2 mmol), 2-methylimidazole (0.33 g, 4 mmol), and
Pd(acac). (0.05 g, 0.16 mmol) was dispersed in N,N-dimethylformamide (DMF 10 mL). The
resulting solution was subjected to MW irradiation at 180 °C for 1 h using a Biotage Initiator+
microwave reactor. After completion of the reaction, the precipitate was collected by filtration,

washed thoroughly with ethanol, and dried under vacuum.
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3-3. Result and Discussion

The XRD analysis revealed that the ZIF-8 sample synthesized using MW irradiation

(ZIF-8-MW) exhibited a similar diffraction pattern to the commercially available ZIF-8 (Basolite

71200), as shown in Figure 22a. Furthermore, the XRD pattern of the Pd-containing sample

(Pd/ZIF-8-MW), prepared using the same synthetic procedure as ZIF-8-MW except for the

addition of Pd(acac)2, showed diffraction peaks corresponding to ZIF-8 and metallic Pd. These

results demonstrate the successful formation of hybrid material.

IR spectroscopy confirmed that the characteristic absorption bands of ZIF-8 were

preserved in both ZIF-8-MW and Pd/ZIF-8-MW (Figure 22b). Notably, the IR spectrum of

Pd/ZIF-8-MW showed that the Pd NPs were incorporated directly into the ZIF-8 framework

without the use of additional capping agents.

Nitrogen adsorption—desorption isotherms were measured at 77 K for ZIF-8, ZIF-8-MW,

and Pd/ZIF-8-MW (see Figure 22c). Prior to measurement, each sample was activated at 150 °C

for 12 hours under vacuum. Both ZIF-8-MW and Pd/ZIF-8-MW exhibited type I isotherms,

which are indicative of microporous structures. The slight reduction in adsorption capacity

observed for Pd/ZIF-8-MW suggests the presence of Pd NPs within the framework.
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The composite structure of Pd/ZIF-8-MW was further examined using bright-field
STEM. As shown in Figure 23a, the Pd NPs were found to be located around the ZIF-8 particles.
The average size of the Pd NPs was estimated to be 14.5 + 3.1 nm. STEM images (Figures 23b—
d) clearly demonstrated that the Pd NPs are uniformly distributed around the ZIF-8 matrix. This
MW-assisted technique is anticipated to serve as a powerful and versatile platform for the one-

pot synthesis of a wide range of metal nanoparticle/MOF composites in future applications.
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Figure 22. (a) PXRD patterns of Pd/ZIF-8-MW, ZIF-8-MW and Basolite Z1200 (b) IR
spectra of Pd/ZIF-8-MW, ZIF-8-MW and Basolite Z1200 (c) N> adsorption/desorption
isotherms of Pd/ZIF-8-MW, ZIF-8-MW and Basolite Z1200
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Figure 23. (a) HAADF-STEM image and (b—d) EDX mappings of Pd/ZIF-8-MW (b) C

element, (c) Zn element, (d) Pd element
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3-4. Conclusion

MW-assisted synthesis represents a novel and efficient approach for the preparation of

nanoparticle-MOF composite materials, enabling uniform dispersion of NPs within the MOF

matrix. However, the nature of the interactions between NPs and MOFs, as well as the

fundamental origins and mechanisms underlying their hybridization under MW irradiation,

remain unclear. Future systematic investigations aimed at elucidating these hybridization

mechanisms are expected to facilitate the rational design of both NPs and MOFs, thereby

promoting the development of a wide range of functional hybrid materials with enhanced

properties.

49



3-5. References

65. S. Hermes, F. Schroder, R. Chelmowski, C. Woll, R. A. Fisher, Angew. Chem. Int. Ed. 2005, 44,

6237-6241.

66. C. Zlotea, R. Campesi, F. Cuevas, E. Leroy, P. Dibandjo, C. Volkringer, T. Loiseau, G. Ferey, M.

Latroche, J. Am. Chem. Soc. 2010, 132, 2991-2997.

67. J. Hermannsdorfer, R. Kempe, Chem. Eur. J. 2011, 17, 8071-8077.

68. M. Meilikhov, K. Tusenko, R. A. Fischer, Eur. J. Inorg. Chem. 2010, 3701-3714.

69. T. Ishida, M. Nagaoka, T. Akita, M. Haruta, Chem. Eur. J. 2008, 14, 8456-8460.

70. Y. E. Cheon, M. P. Suh, Angew. Chem. Int. Ed. 2009, 48, 2899-2903.

71. H. Kobayashi, Y. Mitsuka, H. Kitagawa, Inorg. Chem. 2016, 55, 7301-7303.

50



Chapter 4

Hybridization of Nanoparticle Catalysts with MOFs via a Spray-Based Synthetic

Approach and Evaluation of Their Catalytic Performance

4-1. Introduction

Crystalline metal—-organic frameworks (cryMOFs), composed of metal ions or clusters
coordinated with organic linkers, have been extensively investigated due to their high surface
areas and versatile functionalities, including gas storage, molecular separation, charge transport,
and heterogeneous catalysis?®*"-72, In recent years, there has been a growing interest in the design

of composite materials that comprise MOFs and metal NPs. These materials have demonstrated

67, 73-74 75-79

superior performance in gas adsorption , catalytic reactions and optical applications®.
In particular, the rational integration of NPs into MOF matrices has proven effective in enhancing
catalytic activity through synergistic interactions, such as the molecular sieving effect arising
from the well-defined porous framework of MOFs and the inhibition of nanoparticle aggregation
by spatial confinement®! #2,

In contrast to crystalline MOFs, amorphous MOFs (amMOFs) have emerged as a novel

class of materials, characterized by the preservation of metal-ligand coordination without long-

range crystallographic order.®*® The disordered and defect-rich nature of amMOFs contributes
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8687

to their distinct properties, such as improved electrical conductivity and enhanced optical

88-89

responses® ", which often surpass those of their crystalline analogues. Moreover, the intrinsic

porosity of amMOFs enables controlled molecular release” !

, a feature not typically observed
in cryMOFs. Despite these promising attributes, the utilization of amMOFs as supports for metal
nanoparticle-based catalysts remains underexplored, and reports on such hybrid systems are
limited®* .

This chapter presents a novel synthetic strategy for fabricating metal NP/amMOF
composites. Furthermore, the effect of framework amorphization on catalytic performance is
systematically evaluated through gas-phase CO, hydrogenation to methanol. This transformation
represents a key reaction pathway for converting anthropogenic CO» emissions—particularly
from fossil fuel combustion—into value-added chemical products, and holds promise for future
carbon recycling technologies.

For the amMOF component in the composite material, [ZrsO4(OH)s(BDC)s] (UiO-66,
BDC = 1,4-benzenedicarboxylate) was selected. This compound is constructed from hexanuclear
Zr** oxy/hydroxy clusters interconnected in a three-dimensional network via terephthalate ligands

%, Recently, composites of Cu NPs and cryUiO-66 have been shown to demonstrate outstanding

catalytic activity for CO2 hydrogenation to methanol®>?". In the case of crystalline MOF-based
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98-99 100-

composites, several preparation techniques such as solid-state grinding , wet impregnation

101 102-104

, and encapsulation methods'®'% have already been well

, vapor-phase infiltration

established. On the other hand, synthetic approaches for fabricating amorphous MOF composites

remain relatively underexplored and are still in development. To address this gap, we focused on

employing a spray-drying technique for the synthesis of amMOF composites*®!°, This method

offers advantages such as scalability, cost-effectiveness, and the potential for rapid formation of

amorphous MOF structures due to the quick solidification process during solvent evaporation. As

a first demonstration, we prepared amUiO-66, comprising Cu NPs dispersed in amorphous UiO-

66, and Cu—ZnQ/amUi0-66, consisting of Cu—ZnO nanocomposites embedded in amUiO-66

(Figure 24). Owing to the disordered nature of the UiO-66 matrix, these materials exhibited

significantly improved catalytic performance in the gas-phase hydrogenation of CO: to methanol,

compared to Cu/cryUiO-66 and conventional Cu—ZnO/y-Al;O; catalysts, which are commonly

used for this reaction.
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Figure 24. Cu/amUiO-66 and Cu—ZnO/amUiO-66 synthesized by the spray-drying method for
highly enhanced catalytic activity of CO» hydrogenation for methanol synthesis

4-2. Experimental

Preparation of samples

Chemicals

All reagents were purchased from commercial sources (FUJIFILM Wako Pure Chemical
Corporation, Sigma-Aldrich) and were used without further purification. Specifically, copper
nitrate trihydrate (Cu(NOs),*3H,0), zinc nitrate hexahydrate (Zn(NQOs),*6H,0), benzene-1,4-

dicarboxylic acid (H.BDC) and N, N-dimethylformamide (DMF) were purchased from
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FUJIFILM Wako Pure Chemical Corporation, Japan. Zirconium acetylacetonate Zr(acac)s+ and

copper acetylacetonate Cu(acac), were purchased from Sigma-Aldrich. y-ALO3; (AKP-G15) was

purchased from Sumitomo Chemical Company Ltd.

Synthesis of CuO-ZnO nanocomposites.

An aqueous solution containing 25 g/l of Cu(NOs):-:3H20 and Zn(NOs):-6H:0 was

prepared. The mixed solution was then sprayed into a tube furnace maintained at 1000 °C. As the

droplets passed through the heating zone, solvent evaporation and thermal decomposition

occurred, resulting in the formation of a CuO-ZnO nanocomposite powder, which was

subsequently collected.

Synthesis of Cu/amUiO-66.

Zr(acac)s (487 mg, 1.0 mmol) and H.BDC (166 mg, 1.0 mmol) were dissolved in DMF

(50 mL), and the mixture was heated to 80 °C and stirred for 2 h. Subsequently, Cu(acac): (104

mg, 0.4 mmol) dissolved in DMF (100 mL) was added dropwise to the Zr(acac)+—H-BDC

solution. The resulting solution was introduced into a spray dryer (Mini Spray Dryer B-290) to

synthesize Cu/amUiO-66. The spray-drying conditions were set as follows: feed rate of 5 mL/min,
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carrier gas flow rate of 300 mL/min, and inlet temperature of 220 °C. The resulting powder was

immediately collected, washed with ethanol, and dried under vacuum at 150 °C for 2 h to remove

residual DMF. Finally, the material was heated at 250 °C under a flow of 4% H2/N: to reduce

CuO to Cu in Cu/amUiO-66.

Synthesis of Cu—ZnO/y-ALOs.

v-ALOs (1.22 g, 12 mmol) was dispersed in DMF (100 mL). A slurry was prepared by

adding the pre-synthesized CuO—ZnO nanocomposite (0.2 g) to the y-AlOs dispersion. The

mixture was then spray-dried under the same conditions as used for Cu/amUiQ-66 synthesis.

The resulting powder was collected, washed with ethanol, and dried under vacuum at 150 °C for

2 h to remove residual DMF. Finally, the powder was heated at 250 °C under a flow of 4% H2/N2

to reduce CuO to Cu in the Cu—ZnO/y-Al,O3; composite.

Synthesis of Cu-ZnO/amUiO-66.

Zr(acac)s (487 mg, 1.0 mmol) and H.BDC (166 mg, 1.0 mmol) were dissolved in DMF

(50 mL), and the mixture was heated to 80 °C and stirred for 2 h. Then, CuO—ZnO nanocomposites

(0.1 g) dispersed in DMF (100 mL) were added dropwise to the solution. The mixture was spray-

56



dried under the same conditions as those for Cu/amUiO-66 synthesis. The resulting powder was

immediately collected, washed with ethanol, and dried under vacuum at 150 °C for 2 h to remove

residual DMF. Finally, the material was heated at 250 °C under a flow of 4% H2/N> to reduce CuO

to Cu in Cu—Zn0O/amUi0-66.

Synthesis of Cu/ZrO,.

Cu/ZrO, was synthesized via thermal decomposition of copper acetylacetonate (Cu(acac)

») in the presence of ZrO». In a typical procedure, ZrO, (1 g, 8.11mmol) and Cu(acac), (0.824 g,

3.14mmol) were dispersed in acetone (100 mL), and the suspension was stirred at room

temperature for 12 h. After impregnation, the solid was collected by centrifugation and

subsequently dried. The resulting composite was then heated at 350 °C under vacuum for 1 h to

obtain Cu/ZrO;.
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Experimental Procedure

ICP-AES Analysis

Inductively coupled plasma atomic emission spectroscopy (ICP—AES) was carried out
using a Shimadzu ICPS-7500 spectrometer. For sample preparation, accurately weighed samples
were dissolved in a 3:7 (v/v) mixture of HNO; and HCI, followed by heating in a MW reactor at

180 °C for 1 h.

N; Sorption isotherm.

N2 sorption isotherms of cryUiO-66, Cu/amUiO-66, Cu-ZnO/amUiO-66 and Cu—
ZnO/y-AlLO3 were measured at 77 K using a BELSORP-mini instrument (BEL Japan, Inc.) via
a volumetric method. Prior to measurement, the samples were degassed under vacuum at 423 K

for 15 h to ensure complete activation.

EXAFS measurements.

EXAFS spectra were collected at the BL14B2 beam line, SPring-8 in the transmission

mode under ambient conditions, using a Si (311) double crystal monochromator. The data were
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processed with IFEFFIT. Fourier transformation was k>-weighted in the k range from 3.0 to

16.0 A™! for the Zr K-edge, from 3.0 to 12.0 A! for the Cu K-edge and from 3.0 to 14.0 A~! for

the Zn K-edge. Before the measurements, the sample was treated at 340 °C under H, gas for 10

h. The following equation was used for curve fitting the EXAFS spectra:

. f. 92,42
x(k)=SozzN’f’(k)6Xp[ 2o ]sin[Zk]-rj+6(k)],

2
krj

where 7 is distance from the target to a neighboring atom, Sp is amplitude reduction factor, N is

the coordination number of the neighboring atom, and o° is Debye-Waller factor. The

photoelectron wavenumber £ is given as k = \/ 2m(E — E,)/h?, f(k) is the scattering amplitude,

and k) is the phase shift.

High-Resolution STEM and STEM-EDX Mapping.
High-resolution scanning STEM images and EDX elemental mapping were obtained

using a JEOL JEM-ARMZ200F instrument operated at an accelerating voltage of 200 kV.

In Situ FT-IR Measurements.

In situ FT-IR spectroscopy of CO or NO adsorption was conducted to evaluate the
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adsorption states on the catalyst surface. A self-supporting disk (~20 mg cm?) was placed in an

IR cell equipped with CaF. windows. The sample was pretreated under H: at 340 °C for 1 h,

followed by exposure to 0.3% CO/He or 0.15% NO/He for 20 min at 50 °C. Afterward, the system

was purged with He at the same temperature for 20 min. Spectra were recorded at 0.5 min

intervals using a Nicolet Nexus 670 FT-IR spectrometer with 64 scans accumulated at a resolution

of4 cm™.

Catalytic Tests.

Catalytic performance was evaluated in a fixed-bed flow reactor (Microtrac BEL)

connected to a gas chromatograph (Shimadzu GC-2014). A catalyst amount of 0.3 g was loaded

into the reactor. The reaction was conducted at 220 °C and 2 atm using a gas mixture of CO- (20

sccm), Hz (100 sccm), and He (20 sccm). Prior to the reaction, the catalyst was pretreated under

the same gas mixture for 10 h. Methanol production was quantified using flame ionization gas

chromatography.
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PXRD.

PXRD patterns were collected using a Bruker D8 Advance diffractometer with Cu Ka

radiation to investigate the structure of the samples. Synchrotron powder XRD measurements

were performed at the Super Photon Ring (SPring-8) BL02B2 beam line. The synchrotron XRD

patterns of the samples sealed in a glass capillary were measured with wavelengths of 0.7998 A

FT-IR Spectroscopy.

Ex situ FT-IR spectra were recorded using a Thermo Nicolet NEXUS 670 FT-IR

spectrometer to characterize the functional groups present in the samples.

Cross-Sectional STEM and STEM-EDX Mapping.

For cross-sectional analysis, powder samples were embedded in epoxy resin containing

AlLO:s fillers. Lamellae were prepared using the focused ion beam (FIB) lift-out technique with a

Hitachi High Technologies MI400L system. STEM and STEM-EDX mapping images were

acquired with a JEOL JEM-ARM200F instrument operated at 200 kV.
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X-ray Photoelectron Spectroscopy (XPS) Measurements.

XPS was performed using a Shimadzu ESCA-3400 system with a monochromatic Mg Ka

source (1253.6 eV) operated at 200 W under a vacuum of 1 x 107¢ Pa. Spectra were collected

with a pass energy of 150 eV and a scan step of 0.05 eV. A Shirley-type background was

subtracted, and all binding energies were referenced to the C 1s peak at 284.8 eV. Prior to

measurement, the samples were treated under H- at 340 °C for 10 h.

Scanning Electron Microscopy (SEM).

SEM images were acquired using a Hitachi High Technologies SU8020 microscope

operated at an accelerating voltage of 1.0 kV.
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4-3. Result and Discussion

ICP-OES analyses indicated that the Cu contents in Cu/cryUiQ-66 and Cu/amUiO-66

were 14 wt% and 12 wt%, respectively, while the Cu—ZnO loadings in Cu—ZnO/amUi0-66 and

Cu—ZnO/y-AlLO; were 40 wt% and 37 wt%, respectively (Table 3).

Table 3. Composition information on the composites of Cu/cryUiO-66, Cu/amUiO-66, Cu—
Zn0O/amUi0-66 and Cu—ZnO/y-Al,O3

Samples Atomic ratio of Cu and ZnO Wt% of Cu or Cu—ZnO
Cu/cryUiO-66 1477
Cu/amUiO-66 12

Cu—Zn0O/amUiO-66 0.56:0.44 40
Cu-ZnO/y-Al,O; 0.56:0.44 37

The atomic ratio between Cu and ZnO was calculated to be 0.56:0.44 for both Cu—

Zn0O/amUi0-66 and Cu-ZnO/y-AL,Os. Pore size distribution measurements revealed that

Cu/cryUi0-66 exhibited two distinct pore diameters of 7.4 A and 9.4 A, corresponding to the

octahedral and tetrahedral cavities inherent to the crystalline UiO-66 framework. In contrast,

Cu/amUiO-66 and Cu-ZnO/amUiO-66 showed a broader distribution, with pore sizes

predominantly in the range of 11-13 A.
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SEM observations showed that Cu/cryUiQ-66 primarily consisted of octahedral crystals

with an average diameter of approximately 0.5 um. Meanwhile, Cu/amUiO-66 and Cu—

Zn0O/amUi0-66 were composed of small spherical particles with diameters ranging from 0.1 to

5 um (Figures 25-27).

Cu/cnJiO-66

Figure 25. SEM image of Cu/cryUiO-66

Cuamuio66 [ PRI P9 Cu-ZnO/amUio-66

Figure 26. SEM image of Cu/amUiO-66 Figure 27. SEM image of Cu-ZnO/amUiO-66
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Figure 28 shows the synchrotron XRD patterns of Cu/cryUiO-66, Cu/amUiO-66, Cu—

ZnO/amUi0-66, and Cu-ZnO/p-Al:Os. In each pattern, characteristic diffraction peaks

corresponding to the crystalline phases of Cu and/or ZnO were clearly identified. Based on Le

Bail fitting analysis, the estimated crystallite sizes of Cu NPs were approximately 25 nm for

Cu/amUi0-66, 60 nm for Cu—ZnO/amUi0-66, and 40 nm for Cu—ZnO/y-AL:Qs. Similarly, the

ZnO crystallite sizes were determined to be 53 nm and 55 nm for Cu—ZnO/amUi0-66 and Cu—

ZnO/y-AlOs, respectively (Table 4). In the case of Cu/amUi0-66, in addition to the diffraction

peaks associated with Cu NPs, a broad diffraction peak centered around 26 =~ 3° was observed,

which was also present in the pattern of Cu—ZnO/amUi0-66. This broad feature is attributed to

the amorphous nature of the UiO-66 framework, reflecting the absence of long-range periodic

order resulting from structural amorphization.

Cu—Zn0i-Al0y

Cu-Znamlic-66

Culamlio-66
L N—

| Culeryli0-66
Ak A I ——— R I V"

10 20 30 40
2 f /degree

Intensity (a.u.)

Figure 28. Synchrotron PXRD patterns of Cu-ZnO/y-AlL, O3, Cu/amUi0-66, Cu/amUiO-66 and
Cu/cryUi0-66. Black and white circles show the diffraction peaks of Cu and ZnO, respectively.
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Table 4. Nanoparticle information on the composites of Cu/cryUiO-66, Cu/amUiO-66, Cu—
ZnO/amUi0-66 and Cu—ZnO/y-Al,03

Samples Size of Cu (nm) Crystal size of ZnO(nm)
Cu/cryUiO-66 13.1+3.9%7
Cu/amUiO-66 252 +£0.1*
Cu-ZnO/amUiO-66 60.1 £ 0.3** 532+03
Cu-ZnO/y-ALO3 40.3 £ 1.0%* 553+1.4

* The value shows the Cu NP mean diameter

** The value shows the Cu NP crystal size

Figure 29 shows the N2 adsorption isotherms of Cu/amUiQ-66 and Cu—ZnO/amUiO-66

measured at 77 K. In contrast to the Cu/ecryUiO-66 sample, which exhibits a typical type I

isotherm characteristic of microporous materials, both Cu/amUiO-66 and Cu—ZnO/amUiO-66

showed markedly reduced N2 uptake and BET surface area (Table 5), indicating a significant loss

of microporosity. This observation also supports the presence of an amorphous UiO-66 phase

possessing low structural order. Although it has been previously demonstrated that crystalline

UiO-66 can be obtained via spray-drying,''® the incorporation of Cu NPs or Cu—ZnO

nanocomposites appears to interfere with the regular crystallization process. This interference
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likely suppresses the formation of a well-ordered framework, leading instead to the generation of

amorphous UiO-66 in both Cu/amUi0-66 and Cu—Zn0O/amUiO-66.

Figure 29. N, adsorption/desorption isotherms of Cu/cryUiO-66 (black), Cu/amUiO-66 (blue), Cu—
Zn0/amUi0-66 (red) and Cu-ZnO/y-ALOs (green)

Table 5. BET surface area and pore volume of Cu/cryUiO-66, Cu/amUi0-66, Cu—ZnO/amUiO-
66 and Cu—ZnO/y-ALOs.

Samples BET surface area (m?/g) Pore volume (cm®/g)
Cu/cryUiO-66 707.0 7 0.343
Cu/amUiO-66 190.0 0.278

Cu-ZnO/amUiO-66 128.8 0.181
Cu-ZnO/y-AL,O3 91.8 0.367
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The FT-IR spectra of the amorphous UiO-66 phases in Cu/amUiO-66 and Cu—

Zn0/amUi0O-66 cxhibited an additional absorption band near 1650 cm™, which was absent in

the FT-IR spectrum of Cu/cryUiO-66 (Figure 30). This spectral feature is attributed to the partial

dissociation of coordination bonds between the Zrs metal cluster and the benzene-1,4-

dicarboxylate linker, which contributes to the structural amorphization of UiO-66.!!
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Figure 30. FT-IR spectra of Cu/cryUiO-66 (black), Cu/amUiO-66 (blue) and
Cu-ZnO/amUi0-66 (red).
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In order to gain further insight into the local coordination environments within Cu/amUiO-66

and Cu-ZnO/amUi0-66, EXAFS analysis was conducted at the Zr K-edge (Figure 31).

L1 K-edge

M3
=
I

Cu-ZniamUio-66

=
|

CufamUiO-66

Magnitude of FT [ A

CulcryUi0-66

Figure 31. Zr K-edge EXAFS spectra in R space showing the magnitude of the Fourier transform.
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In the EXAFS spectrum of Cu/cryUiO-66, two distinct peaks were observed at

approximately 1.7 A and 3.2 A, corresponding to Zr—O and Zr—Zr bonds, respectively. These are

characteristic of the ZrsO4(OH)4(CO2)12 cluster structure with hydroxyl groups. In contrast, the

spectra of Cu/amUi0-66 and Cu—ZnO/amUiO-66 displayed a Zr—Zr peak at 2.9 A, indicative

of the ZrsOs(CO2)12 unit, a dehydroxylated variant of the Zrs cluster. Both samples also showed

a Zr-O peak near 1.7 A, similar to that of Cu/cryUiO-66. These results suggest that Cu/amUiO-

66 and Cu—ZnO/amUiO-66 largely retain the structural framework of the Zrs clusters found in

cryUi0-66.

Table 6. Parameters refined by fitting the EXAFS spectrum for Zr—O shell of Cu/cryUiO-66,
Cu/amUiO-66 and Cu—ZnO/amUi0-66.

Samples N r(A) o’ (A? Eo (eV) R-factor

2.114(19) | 0.0052(25)
Cu/cryUiO-66 8.1+1.1 1.3+2.0 0.0114
2.252(21) | 0.0051(27)

2.107(24) | 0.0044(33)
Cu/amUiO-66 71+1.1 26422 0.0133
2.267(28) | 0.0050(42)

2.10321) | 0.0044(28)
Cu-ZnO/amUi0-66 72+ 1.0 1.5+2.1 0.0132
2.263(24) | 0.0049(34)
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The coordination number of Zr—O bonds estimated from Zr-K edge EXAFS was slightly

reduced in the amorphous samples: 7.1 £ 1.1 for Cu/amUiO-66 and 7.2 £ 1.0 for Cu—

ZnO/amUi0-66, compared to 8.1 = 1.1 for Cu/cryUi0O-66 (Table 6). The amplitude reduction

factor So*> was determined empirically as 1.16(17), and fitting was performed in the radial distance

range of 1.3-2.4 A. Taken together with the FT-IR analysis (Figure 30), these findings support

the partial dissociation of coordination bonds between the Zrs clusters and the BDC ligands in

Cu/amUi0-66 and Cu—ZnO/amUiO-66, resulting in the formation of bare Zr sites.

To elucidate the composite structures of Cu/amUiO-66 and Cu-ZnO/amUiO-66,

HAADF-STEM combined with EDX elemental mapping was conducted on their constituent

elements. Figure 32 presents the HAADF-STEM images and corresponding EDX elemental

overlay maps for Cu/amUiO-66, Cu/cryUiO-66 and Cu—ZnO/amUiO-66. In Cu/amUiO-66, the

Zr element originating from the amorphous UiO-66 was found to surround the Cu NPs (Figure

32a,b), in a manner similar to that observed in the Cu/cryUiO-66 (Figure 32¢,d) .
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Zr+Cu EDX map

4

" 8

Figure 32. HAADF images and STEM-EDX maps of (a), (b) for Cu/amUiO-66, (c), (d) for
Cu/cryUi0-66 °° and (¢), (f) Cu—ZnO/amUi0-66 (green, Cu; blue, Zr; red, Zn)
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The EDX elemental overlay maps of Cu—ZnQO/amUiO-66 indicate that Cu and ZnO NPs

are not separately dispersed but are positioned in close proximity to each other, forming a

nanocomposite structure (Figure 32e, f). A similar composite structure was also observed in Cu—

ZnO/y-AlL O3 (Figure 33). These Cu—ZnO nanocomposites are embedded within the amorphous

UiO-66 matrix.

50K

Figure 33. (a) HAADF images and (b) STEM-EDX maps of Cu—ZnO/y-AlOs (green, Cu; gray,
Al; red, Zn).
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Moreover, low-magnification STEM-EDX mapping confirms a uniform distribution of

the Cu—ZnO composites across the surface of amUiO-66 (Figure 34). Cross-sectional STEM-

EDX analysis further reveals that the Cu—ZnO nanocomposites are encapsulated by the amUiQO-

66 framework (Figure 35).
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Figure 34. (a) HAADF image, (b) Zn-X, (c¢) Cu-K and (d) Zr-L STEM-EDX maps of Cu—

Zn0/amUi0-66. (e) Reconstructed overlay image of the maps shown in panels b—d.
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200 nm

200 nm 200 nm

Figure 35. (a) Cross-sectional HAADF image, (b) Zn-K, (c) Cu-K and (d) Zr-L STEM-EDX maps
of Cu—ZnO/amUi0-66. (¢) Reconstructed overlay image of the maps shown in panels b—d.

The catalytic performance of Cu/amUiO-66 and Cu-ZnO/amUiO-66 for CO:

hydrogenation to methanol was examined using a fixed-bed flow reactor. The reaction was

conducted under a gas flow of 20 sccm COz, 100 sccm Hz, and 20 sccm He at 2 atm and 220 °C.

In our previous study, we demonstrated that Cu/cryUiQ-66°" shows a significantly higher CO:
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hydrogenation activity (128 pmol/gcu-h) compared to that of Cu/ZrO: (18 pmol/gcy-h) (Figures

36-38). Figure 39 shows the amount of methanol synthesized from CO; and H, by Cu/cryUiO-

66°7, Cu/amUi0-66, Cu—ZnO/y-Al,03 and Cu-ZnO/amUi0-66 catalysts, respectively.

Figure 36. TEM image of Cu/ZrQO;. White circles show Cu NPs.
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Figure 37. XRD pattern of Cu/ZrQ». Black circles show the diffraction peaks of Cu.
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Figure 38. N sorption isotherms at 77 K with adsorption represented by closed circles and

desorption by open circles (P/Po, relative pressure) for Cu/ZrQs.
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As shown in Figure 39, Cu/amUiQ-66 exhibited a catalytic activity of 442.8 umol/gCu-h, which

is more than three times higher than that of Cu/cryUiO-66.
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Figure 39. The amount of methanol synthesized from CO; and H;, by Cu/cryUiO-66, Cu/amUiO-
66, Cu—ZnO/y-Al;03 and Cu—Zn0O/amUi0O-66 catalysts.

Moreover, the catalytic activity of Cu/amUiO-66 was significantly higher than that of

Cu-ZnO/y-Al;03 (271.4 umol/gCu-h). Typically, catalysts with larger Brunauer—Emmett—Teller

(BET) surface areas allow reactant molecules to access the active sites more easily, thus

enhancing catalytic performance. Interestingly, despite its notably higher catalytic activity,
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Cu/amUiO-66 had a considerably smaller BET surface area (190 m*g) than Cu/cryUiO-66

(707 m?/g). Furthermore, the average size of the Cu NPs in Cu/amUiO-66 (25.2+0.1 nm) was

larger than that observed in Cu/cryUiO-66 (13.1 +3.9 nm). These observations imply that the

reduced crystallinity of UiO-66 in Cu/amUiO-66 may be a critical factor contributing to the

enhanced CO: hydrogenation activity.

In the case of Cu-ZnO/amUiO-66, the methanol production rate reached

710.5 umol/gCu-h, approximately 2.5 times higher than that of the benchmark catalyst Cu-—

ZnO/y-Al,O3 (271.4 pmol/gCu-h). The catalytic performance of both Cu/amUiO-66 and Cu—

ZnO/amUiO-66 remained stable even after five consecutive reaction cycles (Figure 40),

demonstrating their high durability and sustained activity.
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Figure 40. The recyclability tests of (a) Cu/amUi0-66 and (b) Cu—ZnO/amUiO-66.
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Cu species are known to play a crucial role in facilitating the hydrogenation of CO: to

methanol.!'>"!"* To gain insight into the surface characteristics of the Cu NPs in our composite

catalysts, we conducted in situ FTIR spectroscopy and XPS. FT-IR, especially with adsorbed

probe molecules such as CO or NO, is widely used to analyze the surface conditions of metallic

catalysts.

In this study, we performed in situ FT-IR experiments using CO adsorption to investigate

the surface states of Cu NPs in both Cu/cryUiQ-66 and Cu/amUiO-66. As Cu NPs are believed

to be the primary active sites in CO: hydrogenation, it is essential to understand their surface

characteristics. During the measurements, the samples were exposed to a 0.3% CO in He gas

stream at 50 °C for 20 minutes, followed by purging with pure He at the same temperature for 30

seconds. IR spectra were collected every 30 seconds throughout the procedure (Figure 41).
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Figure 41. (a) In situ CO IR spectra of (a) Cu/cryUi0-66, (b) Cu/amUi0-66, (c) Cu—ZnO/y-Al,O3
and (d) Cu—ZnO/amUiO-66.
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Figures 42 shows the in situ IR spectra of CO adsorbed on Cu NPs in Cu/cryUiO-66 and

Cu/amUiO-66, collected under a He atmosphere following 20 minutes of exposure to a 0.3%

CO/He gas stream. In the case of Cu/amUiO-66, a distinct absorption band appeared at 2107

cm™!, which can be attributed to CO molecules bound to metallic copper (Cu®~CO species) ''°.
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Figure 42. (a) In situ IR spectra under He after exposure to flow of 0.3% CO/He for 20 min and (b)
XPS spectra for Cu/cryUi0-66, Cu/amUiO-66, Cu-ZnO/y-Al,O3 and Cu— ZnO/amUiO-66.
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For Cu/cryUiO-66, in addition to the minor Cu®~CO species, two distinct absorption

bands were observed at 2043 and 2019 cm™. These are attributed to CO molecules adsorbed on

low-coordinated copper sites, such as geminal Cu®(CO). complexes and linearly bound carbonyl

species!!®

. These spectral features imply that the Cu NPs in Cu/amUiQ-66 exhibit a more uniform

surface environment compared to those in Cu/cryUiO-66. In the Cu—ZnO systems, the IR

spectrum of Cu-ZnO/amUiO-66 closely resembled that of Cu/amUiO-66. In contrast, Cu—

ZnO/y-Al,O3 displayed a broad absorption band centered around 2000 cm™, which can be

associated with CO adsorption on coordinatively unsaturated and/or bridging Cu sites, in addition

to the Cu®~CO species. This indicates that Cu—ZnO/y-Al, O3 possesses a more heterogeneous Cu

surface structure than Cu—-ZnO/amUiO-66, despite both being synthesized via the same spray-

drying method. Thus, the combination of UiO-66 and spray-drying appears to promote the

formation of Cu NPs with a more uniform surface composition.

To further elucidate the surface characteristics of Cu NPs, we conducted XPS. The results

showed that Cu NPs in Cu/cryUi0O-66 and Cu—ZnO/y-Al,O3 were partially oxidized, while those

in Cu/amUi0-66 and Cu—ZnQ/amUi0-66 retained their metallic Cu(0) state (Figure 42b).
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The in situ FT-IR spectra recorded under NO gas atmosphere also supported the

observation that Cu NPs in Cu/amUiO-66 and Cu—ZnQ/amUiO-66 exhibit higher stability in

their metallic Cu(0) state compared to those in Cu/cryUi0O-66 and Cu—ZnO/y-Al>O3 (Figures 43

and 44)!7,
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Figure 43. (a) In situ NO IR spectra of (a) Cu/cryUi0-66, (b) Cu/amUi0-66, (c) Cu—ZnO/y-Al,03
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Figure 44. In situ IR spectra of Cu/cryUiO-66 (black), Cu/amUiO-66 (blue), Cu—ZnO/y-Al,O3
(green) and Cu—ZnO/amUi0-66 (red) under He after exposure to flow of 0.15% NO/He for 20

min.

Based on the in situ FT-IR and XPS analyses, the Cu NPs in Cu/amUiO-66 and Cu—
Zn0O/amUiO-66 possess relatively uniform surface characteristics and exhibit greater stability in
their metallic (Cu®) state due to fewer surface defects, compared to those in Cu/cryUiO-66 and
Cu-ZnO/y-Al;Os. This stability is likely facilitated by the amorphous UiO-66 (amUiQ-66)
framework, which contains a higher density of unsaturated Zr sites, resulting from a reduced

number of terephthalate linkers compared to cryUiO-66. In addition to the stabilization of Cu®
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species, the amUiQ-66 matrix itself is expected to contribute to the activation of hydrogen by

promoting its dissociation and subsequent spillover to Zr sites, thereby enhancing the catalytic

efficiency for CO: hydrogenation to methanol on Cu/amUiO-66 and Cu—ZnO/amUiO-66.

4-4., Conclusion

We developed Cu NP and Cu—ZnO nanocomposite catalysts supported on amorphous

UiO-66 via a spray-drying technique. This represents the first reported example of combining

metal NPs with an amorphous MOF for catalytic applications in gas-phase reactions. Structural

characterization through XRD, EXAFS, and STEM-EDX elemental mapping confirmed the

uniform dispersion of Cu or Cu—ZnO species within the amUiO-66 framework. The catalyst

Cu/amUi0O-66 demonstrated CO:-to-methanol hydrogenation activity three times greater than its

crystalline analogue, Cu/eryUiO-66, highlighting the beneficial impact of the amorphous

support structure. Moreover, the Cu—ZnO/amUi0-66 catalyst exhibited even higher methanol

productivity, outperforming Cu/amUiO-66 by a factor of 1.5 and the conventional Cu—ZnO/y-

AL Oj; catalyst by a factor of 2.5. These findings indicate that the spray-drying approach offers a

promising route to design advanced metal NP/ amMOF catalysts with superior catalytic

properties.
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Chapter 5

General Conclusion

This doctoral dissertation explores the development of new strategies for synthesizing
hybrid materials comprising metallic NPs and MOFs, with a particular focus on their catalytic
applications. The study not only explores the synthesis techniques, but also the structural

characterization and catalytic performance of these hybrid materials.

Chapter 1 introduces the importance of catalysts in sustainable energy conversion.
Conventional catalytic systems, such as metal NPs supported on metal oxides, zeolites or carbon-
based materials, are reviewed briefly to provide a foundation. MOFs are then proposed as a
promising alternative due to their high surface area, tunable porosity and flexible composition.
Spray drying is selected as a promising approach for fabricating MOF-based composites with
embedded NPs. This chapter discusses the potential of this technique to enable the efficient,
scalable synthesis of well-dispersed nanocomposites. The chapter concludes by outlining the
rationale behind using these hybrid materials in CO: hydrogenation reactions to produce

methanol.

Chapter 2 explores the feasibility of synthesizing MOFs via spray drying. First, the

fundamental principles of spray drying are introduced, followed by the design of a process to
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synthesize MOF particles by optimizing reaction parameters. The resulting MOF powders are

characterized using SEM, XRD, FTIR and nitrogen adsorption isotherms (BET analysis). This

confirms the successful formation of MOFs via this method. Furthermore, the scope of MOF

synthesis is expanded by using two different organic linkers, thereby demonstrating the spray-

drying technique's versatility.

Chapter 3 presents a MW-assisted, one-pot synthesis approach for fabricating

nanoparticle-MOF composites. This method enables the rapid complexation of pre-formed metal

NPs with MOF precursors under controlled conditions. The structural and morphological

properties of the resulting composites are verified using SEM, XRD, FT-IR and BET analyses,

demonstrating the efficiency with which MW-assisted synthesis can produce NP-MOF hybrids.

Chapter 4 describes the fabrication of nanoparticle-MOF composites using the spray-

drying method. A precursor solution containing MOF components and pre-synthesized NP is

spray dried, then reduced, resulting in the successful integration of metal NPs within the MOF

matrix. Structural characterization via SEM, XRD, FTIR and nitrogen adsorption measurements

confirm the formation of the composite material. Catalytic testing reveals that the spray-dried

composites exhibit 2.5 times higher activity for CO: hydrogenation to methanol than

conventional catalysts supported on metal oxides, demonstrating superior dispersion and
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accessibility of active sites.

In summary, this dissertation establishes a comprehensive methodology for designing and

fabricating metal NP/MOF hybrid catalysts through scalable, efficient techniques such as spray

drying and MW-assisted synthesis. The findings offer new insights into the structural control and

functional enhancement of MOF-based catalytic materials, which show great potential for future

applications in sustainable energy and green chemistry.
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