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Abstract

Cerium dioxide (CeO) sometimes referred to as ceria, is a rare earth metal oxide that is
extensively used in a large number of applications. It is a white or pale-yellow powder that

conducts electricity well and cannot be dissolved in water. High thermal stability,

exceptional chemical stability, a redox (Ce4+/Ce3+) behavior and the capacity to serve as
an oxygen storage material are just a few of ceria's special qualities. In addition to being
employed in the creation of ceramic materials, fuel cells, and polishing agents, it is also
used in other chemical reactions as catalysts, especially those involving oxidation and
reduction. Ceria has attracted interest recently for its possible use in catalytic converters,
renewable energy sources like solar cells, and hydrogen storage, among other things. It
is clear that adding zirconia to ceria stabilizes it and enhances its activity, thermal stability,
and oxygen storage capability. in this thesis different composition of ceria-zirconia oxide
is synthesized by the hydrothermal method and palladium is loaded by the impregnation
method. The properties present in the prepared mixed oxides were detected by using
these techniques such as P- XRD, BET, FT-IR, XPS, SEM, EDAX, and TEM. The
Mannich reaction was carried out with the finally prepared Catalyst Ceo.75Zro3502 and
1%Pd/Ceo.75Zr0.2502. Suzuki reaction was carried out with Catalyst 1%Pd/Ceo.s5Zr0.2502,
1%Pd/Ceo.75Zr0.2502 and 1%Pd/CeossZr0.1502. The analysis of these reactions was done by
TLC, GC and GC-MS.
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1. Introduction

The science of matter and how it changes at the atomic and molecular levels is how
chemistry is typically defined. Hence, it focuses on atom collections like gases,
molecules, crystals, and metals; it describes the composition and statistical
characteristics of these structures as well as how they interact to generate the material, we
use every day. The goal of this science is to comprehend the atom's unique
characteristics and interactions [1]. Early human activities like using fire to prepare food,
salt to preserve food, pigments in cave paintings, and dyes to make lovely clothes can all
be linked to the use of chemistry [2]. Catalyst has been a very important role in all these
and other chemical reactions. Although the term "catalysis" was first used by Swedish
scientist Berzelius in 1835, it required many more years to define a catalyst. The prefix
cata, which means down, and the lysein, which means to split or break, arethe two Greek
terms that gave rise to the word catalysis. “Catalysis is the acceleration of a slow
chemical process by the presence of a foreign substance” that is called a catalyst,
according to Ostwald's definition of the term in 1895 [3]. It is commonly known that
catalysts decrease a reaction's activation energy, speeding up the progress of the
reaction by adhering to the reactant molecule and associating with it but has no impacton

the reaction's chemical equilibrium (Figure 1.1).

R- reactants
X P- products

E.-uncatalyst

1 E,-catalyst

Potential energy

Reaction coordinate

Figure 1.1 Energy profile diagram representing the catalytic reaction
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A catalyst makes the procedure quicker without depleting it and aids in the conversion of
several chemicals. As a result, it may change many reactant molecules simply by using
catalytic quantities. Catalysis is one of the most important subfields in chemistry, and the
most of compounds undergo at least one catalytic process throughout their production.
Catalysis has considerably impacted the chemical industry and academics during the past
century. In the chemical industry, catalysis-based processes account for 60% of current

chemical compounds and 90% of dominant chemical processes [4].

Chemical engineering, inorganic chemistry, and organic chemistry are all involved in the
multidisciplinary topic of catalysis. These are the three primary catalytic branchesthat led
to the creation of an industrial process, as seen in Figure 1.2 [5]. Catalytic processes
contribute to almost 90% of the production of all industrial chemicals. The catalytically
produced intermediates have several uses in the chemical, petroleum, pharmaceutical,

automotive, electronic materials, food, and energy sectors, among others [6].

Catalytic science

Synthetic organic chemistry Inorganic chemistry Physical chemistry

v

Surface complexes Chemical thermedynamics kinetics

v
Physical organic chemistry v
Catalytic Hydrogenation M )
(Sabatier) 1900 Heterogeneous catalysis
'
Coordination chemistry «

)

Catalyst preparation

(empirical inorganic kinetics Catalyst characterization
v chemistry)
Organometallic chemistry 1920 Cat'a\ st Relationship v
¥ “ » Catalyst structures
performance
Composition ' Surf, "
S urface area
v particle size Conversion & Morden
Homogeneous chemistry 1990 selectivity spectroscopy
Molecularization Rate of elementary
of chemistry ! Reaction steps
' Catalyst synthesis In-situ spectroscopy of 1
Molecular ligand control Nano level resolution surface intermediates Surface structure

Figure 1.2 Branches of catalytic science

Catalysis had previously been mentioned as being used in the fermentation processes
(the creation of wine and beer), sulphuric acid, cheese, soap, and others. In the early
stages of its employment, the function of the catalyst remained unclear. The catalysis

area has grown as a result of a comprehensive investigation into the causes
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of the increase in reaction rate in the presence of a catalyst. As the precise function ofthe
catalyst was discovered, its application for the manufacture of diverse compounds

increased.

The inventor of the catalyst-based method for producing sulfuric acid (35%) was John
Roebuck in 1746. In this procedure, SO, is oxidised by NO, in a large lead-lined
chamber to produce sulfuric acid. Peregrine Phillips Jr. updated this procedure in 1831,
employing a Pt catalyst to synthesize sulfuric acid with a high concentration. Alwin
Mitach's study of the Haber-Bosch method of ammonia synthesis, which occurred in the
previous century, was one of the most important catalytic turning points. Sooner or later,
BASF Germany, which produces 20 tons of ammonia daily, received this technology.
The ability of humans to boost food production is greatly impacted by the use of
ammonia in fertilizers. Because of this, it is feasible to fulfill the need for food production

even with a population that has increased from 1.6 billion in 1900 to 7.8 billion now [7].

Thus, many enterprises were formed for the production of chemicals, medicines, and
fuels using catalysts in order to satisfy the demands of the expanding population at
reasonable rates. From this, it can be seen that catalysis is crucial to both research
activities and chemical processing. Different catalysts are constantly being developed to
meet the demands of the economy and the environment. With the use of catalysis, a
chemical reaction that causes pollution can be replaced with a more environmentally

conscious approach [8].

According to the phase of the reactant and catalyst in the catalytic processes, there are

generally two primary categories of catalysis.

e Heterogeneous catalysis

e Homogeneous catalysis
1.1 Heterogeneous catalysis

Heterogeneous catalysts have a catalyst presence during the reaction in a separate
phase, often in solid form. The heterogeneous catalyst differs from the homogeneous
catalyst in that it is simpler to separate from the products, which has allowed for ongoing
chemical reactions. It has a high turnover number (TON) and a choice of a large variety
of supports. In addition, heterogeneous catalysts are often more resistantto challenging
working conditions  than  their = homogeneous  counterparts. Typically,
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adsorption is a factor in the operation of heterogeneous catalysts. Adsorption of
reactants from a reaction phase (liquid/gas) onto the solid catalytic surface is the
principle of heterogeneous chemical transformation. The result is then desorption into the
liquid or gas phase, followed by surface interaction between the adsorbed species.
Another route to achieving the desired chemical reaction with less activation energy than
in its absence is made possible by the presence of a catalyst in the process. It is obvious
that a catalytic process will have far lower energy barriers than non-catalytic reactions,

increasing the rate of reactions (Figure 1.3) [9].

Activation

@ Reactants

G
A
o

5

Catalytic surface

Potential energy

Reaction coordinate

Figure 1.3 Reaction mechanism and Energy distribution of a heterogeneously catalysed

reaction

1.2 Homogeneous catalysis

When a catalyst and reactants are in the same phase of a catalytic reaction, this is
termed as homogeneous catalysis. Homogeneous catalysts are often coordination or
solubility organometallic complexes that combine metal and ligands. These ligands offer
metal complexes stability and increase the catalyst's reactivity with the target product.
The high activity and selectivity (chemo-, region-, and enantio-) of the homogeneous
catalysts are a result of the electrical interaction between the metal and ligands as well as

the solubility of complexes. In 1938, Roelen produced the first
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co-carbonyl-based homogeneous catalyst for the hydroformylation process. The Ziegler-
Natta catalyst (TiCls) was studied for the polymerization of ethylene and propylene in the
1950s, and this marked the beginning of precisely defined molecular complexes
(coordination or organometallic) as catalytically active species. Wilkinson's achieved the
most important RhCI(PPhs)s homogeneous complex finding for hydrogenation in 1965.

Three triarylphosphine ligands in this combination serve to stabilize the central metal.

The organometallic complexes can be molecularly tuned with the assistance of the
diversity of ligands. Currently, catalyst design is simpler thanks to advances in computer
modelling, physical and chemical techniques, ligand synthesis, and large- scale
industrial processes. Due to the discovery of asymmetric ligand systems, such as those
used in the Monsanto method to produce L-Dopa, the area of enantiomeric catalysis has
recently evolved [5]. The homogeneous catalyst category also includes biocatalysis. By
utilising live (biological) systems or their components, biocatalysts accelerate chemical
reactions. For instance, enzymes found in living organisms catalyse the chemical
reaction of organic substances [10]. As biocatalysts frequently work with enzymes and
microorganisms, they were formerly separated from homogeneous and heterogeneous
catalysts and given their own classification. Nonetheless, it is classified as a
homogeneous catalyst with a specific situation from a mechanistic perspective [11].
These biocatalysts are superior to other catalysts in large part because they
demonstrated excellent chemo selectivity due to their activity for a particular type of
functional group. The primary benefit of biocatalysts is that they are ecologically favorable
since they are biodegradable. A Mild reaction state in biocatalysis reduces the unwanted
side reactions, such as breakdown, racemization, isomerization, and rearrangement.
Since catalysts are very stable and reusable when enzymes are attached on a substrate,

continuous mode reactions in micro reactors arefeasible [12].

1.3 Principals of heterogeneous catalysis
The following steps are the most important part of heterogeneous catalysis.

e Reactant's adsorption on binding sites
e Desorption intermediates are formed or transformed during surface reactions,

which may also entail surface diffusion processes.
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e Desorption of products from binding sites.

e Intraparticle diffusion of the products through the catalyst pores.

Heterogeneous catalyst’'s catalytic activity is influenced by their varied chemical and
physical characteristics. The center of a heterogeneous catalyst is comprised of active
sites on the catalytic surface. The surface area of heterogeneous catalysts is often quite
large (e.g., 10-1000 m?g™t). This surface area maximises the availability of active sites per
unit volume, which is particularly desired. The porosity of the support also affects the
catalytic characteristics of heterogeneous catalysis, apart from increase in the surface
area. In heterogeneous catalysis, the particle size of the active component significantly
impacts the catalytic activity; smaller the particle size greater is catalytic activity.
Nanoparticles in addition to these also contribute to the large surface areas. Several
active sites, including terraces, edges, kinks, and voids, may be found on the surfaces of
these nanoparticles [13]. As the orientation of reactant molecules is determined by the
crystal structure of the active metal, it plays a crucial role in defining the reaction's activity
and selectivity. The active component may also possess redox properties that can be
employed for catalytic reactions like oxidation in addition to these characteristics. The
oxidation state of the metal in the active component as well as reduction potential of the
catalyst has a significant impact on the activity of the catalyst in redox reactions. The
activity and selectivity of a catalytic process are influenced by the catalyst's features,
such as its acid/base properties. The metal ion often behaves as Lewis or Bronsted

acids, and its counterpart demonstrates the fundamental feature(basic) [14].

1.4 Metal support interaction

Support is a key factor in heterogeneous catalysis. An inert support, such as silica or
carbon, is an option. In the case of inert support, the activity of the active component
(metal or metal oxide) does not be affected because of the support qualities. Yet, in the
case of active supports, the metal-support interaction is altered significantly, impacting
the activity of the active metal component [15a]. The electronic characteristics of the
supported metal particles are significantly influenced by the nature of support mainly its
acid-base properties and redox characteristics. The metal support interactions are

governed principally by the free energies of the support

18



surface, active phase, and the interfacial free energy between the two components
[15a]. Noble metals and transition metals have relatively high surface free energy [15b],
hence tiny particles or crystallites frequently clump together to minimise surface area. As
a result, support is required to stabilise these metal nanoparticles by fostering good metal-
support interactions (MSI). These interactions between the metal and the support mostly
have an impact on the physical characteristics and morphology of tiny particles. As a
result, the catalytic activity is affected by the nature of the support or characteristics of
the active metal particle. The electrical, geometrical, and bifunctional properties of metal,
which are in charge of the stability, activity, and selectivity of the catalyst, are impacted
by the strong metal support interaction [16]. The following variables affect the MSI in

heterogeneous catalysis:

e Nature of the metal
e Nature of the support
e Method of catalyst preparation

e Precursors of metal and support in the synthesis

1.5 Palladium (Pd) in Catalysis

Palladium is typically thought of as a pricey metal, yet it is 2-3 times less expensive than
other noble metals (Pt, Au, and Rh). A helpful and well-known component of several
catalytic systems is Pd. In certain instances, palladium-catalytic systems demonstrated
excellent efficiency under moderate reaction conditions and permitted a broad variety of
functional groups. Palladium catalysts enable unique transformations that are not
achievable using conventional approaches. The application of palladium-based catalysts
for the production of physiologically active and essential chemicals is a major area of
scientific interest. The crucial and unique feature of palladium like the rapid adsorption ofa
massive quantity of hydrogen gas to create palladium hydride (PdH) makes it a highly
effective catalytic element in chemical processes. On the surface of palladium, however,
H> molecules dissociate with little to no activation energy barrier [17]. Moreover,
palladium's electronegativity [18] primarily aids in the establishment of a polarised Pd-X
bond as well as rather strong Pd-H and Pd-C bonds. It is simple to perform the crucial
processes of oxidative addition, reductive elimination, and transmetallation due to
palladium's variable oxidation states Pd(ll), and Pd(0). According to statistics obtained

from the internet,
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Palladium has contributed to the highest number of publications (26.08%) in a variety of

sectors since 1990 among the other noble metals (Figure 1.4).

o

Percentage(%)

Ag Au Pt Ni Pd
Noble Metal

Figure 1.4 Contribution of various noble metals in research

Palladium is widely used in all areas of chemistry, including catalysis, organic synthesis,
polymers, and materials. The simplicity of participation in chemical process
transformations and the tolerance for the majority of functional groups are the
fundamental reasons for this broad array. Palladium has been utilised extensively in a
variety of sectors, including dehydrogenation [19], hydro-dehalogenation [20],
hydrogenation [21], water gas shift [22], steam reforming [23], petroleum cracking [24],
and oxidation reaction [25]. In most coupling processes, palladium is used as the core

element in different complexes (Figure 1.5) [26].

Suzuki coupling

Fukuy:
Hech coupling | |, t > s

. Sonogashira
Hiyama coupling §¢ "PalladlumiPéi 2 mg_ lin
Stille coupling | §¢ Y » | Negishicoupling
Buchwald hartwing

coupling

Figure 1.5 Palladium catalysed different coupling reactions
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2.Experiment details

2.1 Material

All the reagents such as cerium nitrate hexahydrate, zirconyl chloride octahydrate were
procured from Indian Rare Earths Ltd, ammonia solution, benzylaldehyde,
cyclohexanone, aniline, bromobenzene, phenylboronic acid, potassium, sodium and,
calcium carbonate, sodium, calcium, potassium and barium hydroxide, sodium sulphate,
isopropyl alcohol and all the solvents (ethyl acetate, pet ether, methanol, acetone) of AR
grade were purchased from Thomas Baker, Lit, Himedia, chem labs, RFCL limited,
LOBA Chemie, Sigma Aldrich Chemicals (India) and Unless otherwise noted, these

materials were used without further purification.

2.2 Synthesis of catalyst

Catalyst is synthesized in many different ways. The catalytic activity depends on the
method of synthesis. Here ceria and ceria's composition are synthesised by hydrothermal
method and palladium (Pd) is loaded on the support by impregnation method.

2.2.1 Synthesis of ceria (CeO2) & zirconia (ZrO2) mixed oxides

Cerium nitrate hexahydrate (Ce(NO3)3.6H,O) and zirconyl chloride octahydrate
(ZrOCl,.8H,0) are precursors used for the synthesis of mixed oxides of ceria and
zirconia.

The following procedure was followed to synthesize 25 gm Ceo.75Zr0.2502 composition.

A 10% solution of Ce(NO3)3.6H20 (47.65 gm) and ZrOCl,.8H,0 (15.88 gm) was prepared
by adding 630 ml distilled water and stirring well at room temperature. After mixing well
for 30 min, ammonium hydroxide (5% NH,OH) was added drop by drop for precipitation
till pH 9 was attained and the slurry was kept for 24h. Then the slurry was heated in a
hydrothermal bomb at 120 °C for 40 min in a hot air oven. After cooling the slurry to room

temperature, the solid was filtered and washed with water till neutral pH.
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The solid sample was heated in a hot air oven at 100 °C for 24 h, and calcine at 500°C for
5h. Different compositions have been made by calcining in different temperatures, which

areas follows:
CeO2 (600°C) — calcined at 600°C

Ce02(1000°C) — calcined at 1000°C
Ceo.75Zr0.2502 (1000°C) — calcined at 1000°C
Ceo.75Zr0.2502 (500°C) — calcined at 500°C
Ceo.85Zr0.1502 (500°C) — calcined at 500°C
Ceo.65Zr0.3502 (500°C) — calcined at 500°C

2.2.2 Synthesis 1% palladium on ceria-zirconia oxides by
impregnation

Impregnation method- This method is used to load the metal in the prepared catalyst. In
the catalytic support prepared by hydrothermal method, we loaded palladium in the

following steps-

To load 1% palladium on 5gm Ceo.75Zr0.2502 catalyst, we used palladium acetate
(Pd(OCOCHs3)2, 0.1082 gm). After grinding palladium acetate (0.1082 gm), it was
thoroughly dissolved in 15 ml a 2:5 solvent system ofacetone and methanol. A slurry of
Ceo.75Zr0.2502 (5gm) was prepared in 50ml distilled water. The palladium acetate solution
was added dropwise with continuous stirring to the slurry of Ceo.75Zr0.2502. After adding, it
was mixedcontinuously for 2 hours and after that, the remaining water was vaporized by
heating on hot plate. The obtained sample was calcined at 250°C for 5h. Other
compositions were prepared and calcined at different temperatures to understand the

effect of calcining temperature. All compositions are like this

1%Pd/Ceo.65Zr0.3502 (500°C) — calcined at 500°C
1%Pd/Ceo.75Zr0.2502 (500°C) — calcined at 500°C

1%Pd/Ceo.85Zr0.1502 (500°C) — calcined at 500°C
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2.3 Characterizations of Catalyst

The properties of the synthesized catalysts and supports were investigated using these
techniques.

P-XRD- Using a PAN analytical X-Pert Pro Dual Goniometer diffractometer, the produced
catalysts were characterized by X-ray diffraction. The diffractometer made up of X'celerator
solid state detector with CuKa ()\=1.5406A, 40kV, 30mA) radiation and a Ni filter. The X-ray
diffraction pattern of the sample was recorded in the range of 20 = 20-80° with a step size of 0.02°

.1
and a scan rate of 4° min .

BET- Using Autosorb Quanta Chrome equipment, the N2 sorption at -196 °C was used to
calculate the catalyst's BET surface area. The material was evacuated at 200 °C in a hoover
prior to N2 adsorption. The Brunauer-Emmett-Teller equation was used to determine the specific
surface area.

FT-IR- Thermo Nicolet Nexus 670 IR equipment with DTGS detector was used to capture the
samples' Fourier Transform Infrared (FTIR) spectra. The samples were prepared using the KBr

pellet method. Averaging over 100 scans, the spectra were acquired with a resolution of 4 cm’
. -1 .
in the 4000-300 cm  region.

SEM- Using scanning electron microscopy (SEM) on an FEI Quanta 200 3D dual beam ESEM
apparatus with thermionic emission tungsten filament in the 3 nm range at 30 kV, the
morphology of the specimens was assessed.

TEM- Transmission electron microscopy was used to measure the particle size and d-spacing
value, and the investigation was carried out using a Tecnai G2-20 FEI apparatus with a 300 kV
accelerating voltage. The powder samples were ultrasonically mixed with isopropanol prior to
examination, and two drops of isopropanol containing the solid were deposited on a carbon-
coated copper grid.

XPS- A Thermo Ka spectrometer was utilised to conduct X-ray photoelectron
spectroscopy (XPS) for the catalysts using micro-focused, monochromatic AlKa
radiation with an energy of 1486.6 eV. In a hoover chamber, the samples were
degassed at 300K for 4 hours. The use of an electron flood cannon helped in the charge
adjustment process. In order to calibrate binding energy (B.E.) measurements, the
standard C 1s peak of contaminating carbon (284.6 eV) is used.
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2.4 Catalytic activity for Mannich reaction

The catalytic activity for three component (Mannich) reaction was carried out in 50 ml
round bottom flask at room temperature. The round bottom flask was charged with
benzylaldehyde (limiting reagent, 1gm), aniline (0.877gm), cyclohexanone (excess,
3.699gm), mole ratio (1:1:4) and 10 wt% catalyst Ceo.75Zr0.2502 (with respect to limiting

reagent).
2.5 Catalytic activity for Suzuki coupling reaction

The catalytic activity for the Suzuki cross-coupling (C-C) reaction was conducted in a 50
ml round bottom flask with different temperatures. The round bottom flask was charged
with bromobenzene (1gm, 1mole), phenylboronic acid (0.931gm, 1.2mole), Sodium
hydroxide (0.509gm, 2mole), 5wt % reduced catalyst 1%Pd/Ceo.75Zr0.2502 (with respect
to bromobenzene, 0.05gm), and 2ml water as solvent. The reaction flask was fitted with

a reflux condenser.

CAUTION: Catalyst’s reduction conducted by 10 minutes flow of hydrogen gas at room
temperature under a fuming hood and with high safety concerns.

2.6 Analysis of reaction mixture

After the completion of the reaction, it was confirmed by TLC whether the product was
formed or not, and after that the sample was centrifuged and the catalyst was separated
fromthe reaction mixture. The liquid was filtered through a 0.22 um syringe filter to ensure
free of catalyst. The reaction was monitored by GC using GC-SHIMADZU Corp. 80100
equipped with an HP-5 column (50 m length, 0.25 mm internal diameter, and 1 um film
thickness) and flame ionization detector (FID). Yield of the reaction was calculated based
onthe GC-FID results. According to the GC response factors, the individual yields were

determined.
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3.Results and Discussions

3.1 Characterizations of catalyst

3.1.1 Powder X-ray diffraction analysis

Figure 3.1 displays powder x-ray diffraction pattern of CeO2, Ceo.75Zro.2s02 and
1%Pd/Ceo.75Zr0.2502 calcined at different temperatures. The diffraction peaks at 26 values of
ceria (CeO2) were observed at 28.7, 33.2, 47.5, 56.3, 59.3, 69.8, 76.6, and 79.4°.

1%Pd/Ce0 252rg 250, (500 °C)

. o, »_N

h Ceg 75Zr(. 250> (1000 Xe)

Ceq. 752r0 2502 (500 C)

Intensity (a.u.)

Ce0, (1000°C)
_J J l lA A A Al

T T T T T T T T
10 20 30 40 50 60 70 80 90

2 Theta (degree)

Figure 3.1 Powder XRD patterns of (a) CeO, — calcined at 1000°C; (b) Ceo.75Zr0.2502 — calcined
at 600°C; (c) Ceo.75Zr0.2502 — calcined at 1000°C; (d) 1%Pd/Ceo.75Zr0.2502 — calcinedat 500°C

The data from the Joint Committee on Powder Diffraction Standards (JCPDS) file no.

43-1002 from the International Centre for Diffraction Data support each of these
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diffraction peaks. The Ceo.75Zr0.2502 sample showed ZrO: - corresponding diffraction
peaks at 20 values of 28.8, 31.8, 34.6, and 50.9. (JCPDS file no. 01-089-9066) [27]. Inthe
sample of 1%Pd/Ceo.75Zr0.2502, palladium shows its 20 intense peak at 40° but nour
sample due to the low concentration of Pd (1%) it can’t be seen in the XRD analysis.
The broad diffraction peaks of Ceria-Zirconia reveal the small crystalline nature of the
samples while increases calcine temperature intensity increases and peakwidth decreases

observed due to an increase in the crystallinity.

3.1.2 Brunauer-Emmett-Teller (BET) surface area analysis

The textural properties of the prepared support ceria stabilised by 25% zirconia (Ceo.7s
Zro.2502) were investigated using the BET (N2 adsorption-desorption) surface analysis.
The surface area measurements are given in table 3.1. The prepared support has
shown a surface area of 14.190 m?/g at high temperature (Figure 3.2a) and a surface
area of 42.172 m?/g at low temperature (Figure 3.2b). This implies that the surface area

decreases as a result of the particle’s propensity to aggregate at higher temperatures.

The detailed analysis showed (Figure 3.2) type IV isotherm with the H3 and H1 type of
hysteresis confirming the mesoporous nature of the support. Support’s mesoporous
structure also was confirmed using data on pore size in the mesoporous region (3nm<
pore size <50 nm) and the p/poisotherm range of 0.76-0.94. The prepared support has a

specific surface area, pore diameter and pore volume.

Table 3.1 Surface characterization of supports

Support type Specific surface Pore diameter Pore volume
area (m?/g) (nm) (cm?®/g)
Ceo0.75Zr0.2502 42.172 11.797 0.126
(600°C)
Ceo0.75Zr0.2502 14.190 26.923 0.100
(1000°C)
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Figure 3.2 BET surface area analysis of (a) Ceo.75Zr0.2502 calcined at 600°C (b) Ceo.75Zr0.2502
calcined at 1000°C

3.1.3 Fourier Transform Infrared (FT-IR) Spectroscopic analysis

Fourier-transform infrared spectroscopy is a technique used to quickly and definitively

identify compounds by their symmetric & asymmetric stretching vibration. The FTIR

spectra of the prepared catalysts are in the range of 400-4000 wavenumber (cm'l)
shown in the Figure 3.3. Which identifies the chemical bonds as well as functional

groups in the sample.

The absorption peak around 1464 cm” is assigned to the bending vibration of C-H
stretching. The intense band at 500 cm™ corresponds to the Ce-O stretching vibration
[28]. The bands located at around 741, 750, and 1036 cm™ have been attributed to the

CO2 asymmetric stretching vibration, COg'2 bending vibration, and CO stretching

vibration, respectively. Additionally, absorption peaks featured at the lower wavenumber

of 560 cm™ are due to Zr—O vibrational stretch [29].
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Figure 3.3 FTIR of 1%Pd/Ceo 75210250, catalyst

From the FTIR analysis it was confirmed that our prepared catalyst is in complete oxide

form and not in other hydroxide forms.

3.1.4 SEM analysis

To identify the morphology of catalysts, SEM investigation was carried out. Figure 2.5
displays the SEM images of the catalysts with and without Pd loading. The pictures of all
catalysts were observed to have almost comparable morphology, despite it does not
possess any particular morphology. It displayed a non-uniform particle size distribution,

with some larger and some smaller (1-2 m) particles.

The surface composition of catalysts was analyses using EDAX analysis. Table 3.2
displays the composition of the elements. Elemental analysis of the catalyst showed a
similar amount of palladium actually added during the catalyst preparation. It implies
that maximum amount of loaded palladium is available on the surface for reaction and

maximum palladium is available to converse the reactant to product.
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Figure 3.4 SEM images of (a) Ceo7sZr02502 calcined at 1000°C; (b) 1%Pd/Ceg.75Zr0.2502
calcined at 500°C

Table 3.2 Elemental analysis of catalysts by EDAX

S.N. Catalyst Elemental composition (%)
Pd Ce Zr O
1 Ceo.75Zr0.2502 (600°C) 0.00 60.72 14.45 24.82
2 Ceo.75Zr0.2502 (1000°C) 0.00 59.29 17.59 22.98
3 | 1%Pd/Ceo.75Zr0.2502 (500°C) 1.06 59.13 13.29 26.52

3.1.5 TEM Analysis

The TEM investigation was used to determine the palladium and ceria-zirconia particle
sizes for all of the synthesized catalysts, as shown in Figures 3.5 to 3.7. The d-spacing
values allowed us to identify the palladium, ceria and zirconia particles. In the all- figures
d-spacing values are shown. For a catalyst containing Ceo.75Zr0.2502 (600°C), the majority
of the particles were found to be 23-24 nm in size, with the particle size distribution
ranging from 10—-35 nm with d-spacing values of ceria (111), zirconia (220)to be 0.27 nm,
0.16 nm respectively (Figure 3.5). Palladium nanoparticles with d- spacing of 0.23 nm,
which corresponds to the (111) plane of the Pd metal and particle size in the range 1.5-

1.95 nm, were visible in the microscopic analysis (Figure 3.7).
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Figure 3.5 TEM images of Ceo.75Zr0.2502 calcined at 600°C

Generally, ceria has most stable cubic (111) plane while zirconia has temperature
dependent planes, at low temperature it shows monoclinic and high temperature it
transforms to a tetragonal phase. Therefore, zirconia shows (220) plane in catalyst
Ceo.75Zr0.2502 calcined at low temperature (600°C) and (200) plane in catalyst
Ceo.75Zr0.2502 calcined at high temperature (1000°C). From the image of the catalyst
calcined at high temperature, it is understood that the particles agglomerate in high
temperature, which increases the particle size. The size of most of the particles of the
catalyst were in the range of 40-45 nm and the particle size distribution were in the
range of 20-55 nm (Figure 3.6).
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Figure 3.6 TEM images of Ceg 75Zr0.2502 calcined at 1000°C

. Pd(111)
“0.23nm.

Figure 3.7 TEM images of 1% Pd/Ceq.75Zr0.250- calcined at 500°C
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3.1.6 X-ray photoelectron spectroscopy analysis
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Figure 3.8 a) Ce 3d, b) Zr 3d, ¢) Pd 3d, and d) O 1s XPS spectra

To verify the variations between the oxidation states of prepared catalyst composition
and reduced catalyst, the XPS analysis was conducted.

The Ce 3d XPS spectra for each sample are displayed in Figure 3.8(a). The Ce 3dszand
Ce 3dsz ionisations make up the Ce 3d peak separations. The Ce 3ds.2 ionisation is
represented in the image by the peaks labelled V1, V2, V3, and V4, while the Ce 3das
ionisation is represented by the peaks U1, U2, U3, and U4. [20,29] The Ce** ions are said
to be responsible for the peaks V1, V3, V4, U1, U3, and U4, while the Ce*3ions are
stated to be responsible for the peaks V2 and U2 [30].

The V and U peak areas were used to determine the concentrations of Ce*3ions as
follows:

[Ce*d] = (V2+U2)/(V1+V2+V3+V4+U1+U2+U3+U4)
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Concentration of Ce*? ions written along to the samples are Ceo.75Zr0.2502 (21.14%),

1%Pd/Ceo.65Zr0.3502(13.16), 1%Pd/Ceo.75Zr0.2502 (22%), 1%Pd/Ceo.85Zr0.1502 (26%),
and 1%Pd/Ceo.75Zr0.2502 (reduced) (23.30%). This shows that most of the cerium is
present in the form of CeO2 (Ce*) in all the samples.

The dissociation of H20 caused by the presence of Ce*? ions in aqueous environments
produces hydroxyl (OH) groups on the surface. [31, 32] These OH groups serve as
reactive sites for the adsorption of other compounds, in particular [33]. O 1s XPS
analysis was used to identify the concentrations of surface OH and O groups [Fig.
3.8(d)]; the two peaks seen in the XPS spectra were assigned to lattice oxygen O2 and
surface OH. [34, 35] the Zr 3d spectrum (Fig. 3.8(b)) shows Zr 3ds2 and Zr 3dse
emissions of Zr**ion and their binding energy in all samples are near & equal to 181.84eV
and 184.30 eV. [36]

Figure 3.8(c) shows the XPS spectra of the Pd 3d. The peaks of Zr 3p occur in this
range as shown in the image. The relative binding energy of 3ps2z and 3pu2is 331.90,
346 eV. Palladium in the complex is showing 0 and +2 oxidation states as determined by
its binding energy. The binding energy related to Pd®is approx. 337, 343.85 eV while the
binding energy related to Pd*? is approx. 333, 342.60 eV [37].

3.2 Catalytic activity for Mannich reaction

The Mannich (three component) reaction was carried out with Ceo.75Zro.2s02 and 1%
Pd/Ceo.75Zr0.2502 catalysts, which was carried out according to the scheme as shown
(3.1) show below. To see the effect of time in this reaction, we conducted the reactionin

different time.

IS Ie
NPT PP QPE S

Cyclohexanone Benzaldehyde Aniline Anti

Z

Scheme 3.1 Mannich reaction with reactant cyclohexanone, benzaldehyde and aniline

When the reactions were analysed, it was found that there was no change in the yield
with time. The main reason for this is the acid sites of the catalysts [38], there is not that
much acid sites in the catalysts to get this reaction done. This is the reason why this

reaction shows very low (<10%) yield.
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3.3 Catalytic activity for Suzuki coupling reaction

The reaction was carried out according to the scheme 3.3 show below.

HO. OH
Br B~ ‘

_|_ Pd based catalyst -
Base, H,0, Temp (°C)

Bromobenzene  Phenylboronic Biphenyl
Acid

Scheme 3.3 Suzuki coupling reaction with bromobenzene and phenylboronic acid

In Suzuki coupling reaction the reactants change to product in the presence of Pd
based catalysts. Whose complete mechanism is shown in scheme 3.4.

g :
o) & O

biphenyl bromobenzene
Reductive elimination
Oxidative addition

Bs bs

K,CO,4
2K
"B(OH);(COs), i co,
Transmetallation b @ -7 K KBr
e (=)
I +
—B OH
OH ~OH H0~B,
K2CO;4 Boronic acid activation

phenyl boronic acid

Scheme 3.4 Mechanism of Suzuki coupling reaction catalysed by Pd/Ceria-Zirconia

In this reaction, we have studied some parameters whose details are as follows.
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3.3.1 Base effect on Suzuki coupling reaction

To see the effect of base in the reaction, different bases were used and the yield that
shown in table 3.3. Analyzing all the reactions, it is found that NaOH promotes product
formation the most. Also, we can say that Suzuki coupling reaction is more favored by

strong base as compare to weak base.

Table 3.3 Effect of bases in Suzuki coupling reaction

S.N. Base Yield (%)

1 NaOH 69.25
2 Na2COs3 13.26
3 KOH 69.14
4 K2COs3 64.56
5 CaCOs 5.75

6 Ca(OH)2 5.51

7 Ba(OH)2 18.07

Reaction condition — bromobenzene (1 gm), phenylboronic acid (0.932 gm), different base,
water (2 ml) and 5 wt% 1% Pd/Ceo.75Zr0.2502 catalyst at 100°C for 3 h

3.3.2 Time profile study of Suzuki coupling reaction

To understand the effect of reaction time, reactions were carried out for different times.
Whose details are given in table 3.4. Looking at these data, it is clear that asthe reaction

time is increasing, the yield is also increasing.

Table 3.4 Time profile study of Suzuki coupling reaction

S.N. Time (hour) Yield (%)
1 3 64.56
2 4 69.25
3 5 76.73
4 6 81.98
5 7 85.55
6 8 90.13
7 11 92.02
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Reaction condition — bromobenzene (1 gm), phenylboronic acid (0.932 gm), K,COs3, water

(2 ml) and 5 wt% 1% Pd/Ceo.75Zr0.2502 catalyst at 100°C for different time.

3.3.3 Effect of catalyst composition on Suzuki coupling reaction

Different compositions of palladium and ceria-zirconia were synthesized and reactions were
carried out with them to reveal the effect of catalyst composition. The data of all these reactions

are shown in table 3.5.

Table 3.5 Effect of catalyst composition on Suzuki reaction

S.N. Catalyst composition Yield (%)
1 1% Pd/Ceo.65Zr0.3502 67.24
2 1% Pd/Ceo.75Zr0.2502 64.56
3 1% Pd/Ceo.85Zr0.1502 36.14

Reaction conditions — bromobenzene (1 gm), phenylboronic acid (0.932 gm), K-COs, water (2 ml)

and 5 wt% different catalyst composition at 100°C for 3 h

3.3.4 Effect of Temperature on Suzuki coupling reaction

The effect of temperature on Suzuki coupling reaction was studied and results are shown in
Table 3.6. In this case, the reaction was carried out at three different temperatures i.e., RT,
70°C and 100°C.

Table 3.6 Effect of temperature on Suzuki reaction

S.N. Temperature (°C) Yield (%)
1 32 (RT) 12.04
2 70 28.84
3 100 67.24

Reaction condition — bromobenzene (1 gm), phenylboronic acid (0.932 gm), K,CO3, water (2 ml)and

5 wt% 1% Pd/Ceo.65Zr0.3502 catalyst at different temperature for 3 h

3.3.5 Effect of Catalyst loading on Suzuki coupling reaction

The amount of catalyst plays a very important role in any catalytic reaction. Therefore,
different weight percentage (wt%) catalyst reactions were carried out, from which the effect of
catalyst loading could be understood. All of these reaction’s data are shown in the table 3.7

below.
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Table 3.7 Effect of catalyst loading on Suzuki reaction

S.N. Catalyst loading (wt%) Yield (%)
1 2.5 35.18
2 5 67.24
3 10 63.12

Reaction condition — bromobenzene (1 gm), phenylboronic acid (0.932 gm), K,CO3, water (2 ml)and

different wt% 1% Pd/Ceo.65Zr0.3502 catalyst at 100°C for 3 h

4.Conclusion

The ceria-zirconia mixed oxide is prepared by the hydrothermal method and 1%
palladium is loaded onto the composition by the impregnation method. The mixed
support was calcined at different temperatures. Detailed characterization of the catalysts
helped understand the nature and characteristics of the prepared materials. The high
crystallinity of the compositions at high calcination temperature was confirmed by P-XRD.
Similarly BET analysis revealed decrease in surface area with increase in the calcination
temperature. From SEM and TEM, it was found that cerium, zirconium, palladium and
oxygen are present in the compositions and their particle size is in nanometer range.
The oxidation state of the cerium (Ce*3, Ce*4), zirconium (Zr**) and palladium (Pd°, Pd*?)
was confirmed by XPS analysis. Also, the concentration Ce*3 of showed that cerium in
the compositions mostly existed in Ce*3 oxidation state.

The 1%Pd/Ceo.65Zr0.3502, catalyst has shown promising activity for Suzuki coupling
reaction of bromobenzene and phenyl boronic acid and the effect of different reaction on
product yield was studied. The results revealed that strong bases favor this reaction and
increases the product yield by increasing the reaction time.
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