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General Introduction

“There's Plenty of Room at the Bottom”

Richard Phillips Feynman’s talk delivered at the annual American Physical
Society meeting, Caltech in 1959 [1] was an invitation to enter a new field of
“nanotechnology”, and later on became inspiration for the conceptual

foundations of nanotechnology.

The term “nano” is derived from the Greek ndnnos (Latin, nanus), meaning

dwarf.
Scientific story of Nanotechnology

In 1857, Michael Faraday reported the synthesis of colloidal solution of Au
nanoparticles (Au NPs), “activated gold”, during his addressed at the Royal
Society of London. With a purple color slide, he stated that it contained “Gold
reduced in exceedingly fine particles, which becoming diffused, produce a
ruby red fluid, the various preparations of gold, whether ruby, green, violet or
blue consist of that substance in a metallic divided state” [2]. He also
postulated exactly about the physical state of colloids and explains how the
color of gold colloid changes on adding common salt (NaCl). Faraday is
considered as the first researcher into nanoscience and nanotechnology because
of his remarkable discovery of Faraday-Tyndall effect due to scattering of light

by colloidal particles.

In 1959, the American scientist Richard Feynman delivered a famous visionary
lecture in which he stated that “The principles of physics, as far as I can see, do
not speak against the possibility of maneuvering things atom by atom [1].” This
later paved the way for nanotechnology. At that time, Feynman’s words were
considered as conceptual and science fiction because nanomaterials were
mostly unexplored due to technical difficulties. This lecture is referred to be the

origin of nanotechnological paradigm.

In 1974, the Japanese scientist, Norio Taniguchi was first to use the term "nano-

technology" in a conference [3], to describe the semiconductor processes such
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as thin film deposition and ion beam milling exhibiting characteristic control
on the order of a nanometer. His definition was, "Nano-technology' mainly
consists of the processing of, separation, consolidation, and deformation of
materials by one atom or one molecule." However, the term was untouched

again until 1981.

In 1981, the American scientist, Eric Drexler, who was unaware of Taniguchi's
prior use of the term, published his paper on, “Molecular Engineering: An
approach to the development of general capabilities for molecular
manipulation [4],” which popularized the concept of nanotechnology and
founded the field of molecular nanotechnology. The insight ideas on
nanotechnology were further developed by Drexler and published as a book in
1986, “Engines of Creation” [5]. He envisioned a molecular nanotechnology
discipline, using bottom-up approach for the fabrication of products with
increased molecular control. The constructed system using this technique was
clean, efficient, and highly productive, which generated an enormous impact

on the further development of nanotechnology.

The discovery of scanning probe microscopy in 1986, allowed the scientists to
see individual atoms for the first time and this boosted the nanotechnology
findings rapidly. In 1990, the scientists of IBM succeeded in moving xenon
atoms to create the “IBM Logo” over the tip of a scanning tunneling

microscope (CNET, IBM’s 35 atoms and the rise of nanotech).

In 1991, the Japanese physicist, Sumio lijima discovered carbon nanotube
(CNT) and shared the Kavli Prize in nanoscience. CNTs, like buckyballs, are
entirely composed of carbon, but in a tubular shape. They exhibit extraordinary
properties in terms of strength, electrical, and thermal conductivity among
others [6]. In 1992, American chemist, Moungi Bawendi [7] invented a method
for controlled synthesis of quantum dots nanocrystals, which is used for
number of applications ranging from computing to biology to high-efficiency

photovoltaics and many more.
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In 2005, the American scientist, James Tour [8], invented directional control
thermally driven Single-Molecule Nanocars (nanoscale car) made of oligo
(phenylene ethynylene) with alkynyl axles and four spherical C60 fullerenes
(buckyball) wheels.

After these breakthroughs, nanotechnology paved the way and numbers of
articles and patents are published each year, even today and dominantly

becomes the most impactful technology of the time.
What are Nanomaterials?

Nanomaterials are defined as a set of substances where at least one dimension
is between the range of 1-100 nanometers. A nanometer is the billionth part of a
meter - approximately 1,00,000 times smaller than the diameter of a human
hair. For better understanding of nano size, comparison of different materials is

shown in figure 1.

Nanomaterial (1-100 nm)

Hydrogen Glucose DNA Bacteria Human hair
0.1nm 1nm 10 nm 103 nm 10°nm

o, W Ny \/

OH

P X%
Palladium Hemoglobin Red cell Ant
0.137nm 5nm 10°nm 106 nm

Figure 1 Comparison of nanomaterials size.

Properties of nanomaterials

The nanomaterials with the critical size (<100 nm) show unique and fascinating

properties.
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The excitation, emission, chemical reactivity and stability are size-dependent
properties at nano-regime. Not only size, the shape also plays an important
role in judging the nanomaterial properties [9]. The properties of nanomaterials
can be tuned by controlling the size, during their synthesis by using different

methods.

Catalytic properties: The activity of nanocatalysts, especially in heterogeneous
reactions is mainly depends on the shape and size of active species deposited
onto the support, as only surface metal atoms take part in a chemical reaction
[37-39]. In general, on decreasing the particle size the number of particles on
the surface increases, ultimately enhances the surface area to volume ratio
(SA/V), which is responsible for high catalytic efficiency of the catalyst. The
coordination number for surface atoms is less than the inner atoms and so they
mobile easily. Based on this phenomenon, by surface modification, one can

tune the catalytic properties of the nanomaterials.

Electronic properties of nanomaterials are based on their electronic band
structure, which is the function of particle size. The molecular state consists the
delocalized bands whereas in nanocrystal, the band structure is in between the
discrete states of atoms and continuous bands of crystals. These adjacent
molecular orbitals energy separation depends on the size of the particle, on
increasing the size, the separation of energy levels decreases whereas the
metallic character increases and as a result, gradually semiconductor nature

increases [10].

Magnetic properties of different types like dia, para, ferro, anti-ferro and
ferrimagnetic properties of bulk material can be tuned at nanoscale. The soft
materials have low coercivity with small hysteresis area and these materials
can be magnetized by a low magnetic field whereas, the hard magnets are
contrasted to this. The coercivity is dependent on the particle size and
generally, on increasing the surface area the coercivity and saturation

magnetization increases. Hence, the nanomaterials have more surface area with
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less grain size and show high magnetic strength. With further decrease in
particle size, the ferromagnetic property changes to paramagnetic. These
paramagnetic materials behave in a different way from the bulk material which
is known as superparamagnetic. The magnetic materials can be applicable in
data storage capacity, electronic circuits, actuators, transformers, power

generators and many more [9].

Optical properties: The interaction with light, is governed by size, shape, doping,
surface characteristics and surrounding environment. This property is due to
their surface plasmon and quantum confinement of electrons. Free electron
density and dielectric medium of nanomaterial will judge the surface plasmon
resonance energy. The optical properties can be tuned greatly by particle size,
for instance, 2.3 nm size CdSe emits blue light whereas 5.5 nm size CdSe emits
red light. Based on the optical properties, nanomaterials can be used in
polymers to increase their refractive index for better resolution images

development in LCD’s and LED’s [11].
Classification of Nanomaterials

According to Siegel [12], nanostructured materials are classified as three
dimensional, two dimensional, one dimensional and zero dimensional

nanostructures (Figure 2).

(a)

Figure 2 (a) 3D nanomaterial, (b) 2D nanomaterial, (c) 1D nanomaterial and (d) 0D

nanomaterial.
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Applications of Nanomaterials

Next-generation computer chips

Kinetic energy penetrators with improved lethality

Better insulation materials

Phosphors for high-definition TV
Low-cost flat-panel displays

Tougher and harder cutting tools
Elimination of pollutants

High energy density batteries and electronics
High-power magnets

High-sensitivity sensors

Automobiles with greater fuel efficiency
Better future weapons platforms
Longer-lasting satellites

Longer-lasting medical implants

General Introduction

It is evident that nanomaterials better their conventional counterparts because
of their superior chemical, physical and mechanical properties and their
exceptional formability. As a result, they have been known to showcase a

variety of applications including, but not limited to, those listed below.

Medicine for purposes of diagnosis, imaging and drug delivery

Everyday items such as sunscreens, cosmetics, sporting goods and stain-

resistant clothing

Catalysis

Amongst these, the field of catalysis is the most furnished because
nanocatalysts have substituted the low-quality bulk catalysts and diminish the

consumption of precious noble metals with enhancement of catalytic

productivity to save energy as well as time towards the green approach [13].
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Nanocatalysis

Nanocatalysis is the strategic field of science since it represents a new way to
meet the challenges of energy and sustainability. These challenges are
becoming the main concern of the global vision of the societal challenges and
world economy. Nanocatalysis became one of the most powerful tools to take
on these challenges. It is also considered a part of “green science”, because it
often allows conducting chemical transformations in an environmentally
friendly manner [14]. It plays a central role in chemical transformations and lies
at the heart of countless chemical protocols, from academic research at
laboratories level to the chemical industry level. It can help to design catalysts
with excellent activity, selectivity as well as high stability, whose properties can
easily be tuned by tailoring the size, shape and morphology of the

nanocatalysts.
Common forms of nanocatalysts

e Carbon nanotubes

e Nanowires

e Nanocomposites

e Nanoporous materials

e Metal oxide nanocatalyst
e Bimetallic nanocatalyst

e Metal nanocatalysts (nanoparticles, nanoclusters etc.)

Various metals such as Ag [15-17], Au [18-20], Pt [21-23], Pd [24-29], Ni [30-32],
Cu [33-35], Fe [36, 37], Ti [38], Zn [39], Rh [40-42], Ru [43-45], Ce [46] etc. based
nanomaterials have been utilized as catalysts (To decrease the bulk of

references, only recent selected articles are cited here).

Amongst, palladium is historically dominant over other metals, as still it is
serving as a central tool for innumerable important organic transformations

and total synthesis [47].
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Nanocatalysts based on palladium

Downsizing of Pd based catalysts to the nanostructure is an emerging and
promising field owing to the allowance of its maximum utilization, enhanced
efficiency, activity and selectivity [48]. Particle size is the key function for the
catalytic performance (Figure 3) wherein, on decreasing the metal size, specific
activity can be increased greatly [49]. In this direction, recent advancement is
going on into designing of Pd catalysts from its bulk form to nano. However,
due to high surface energy and ultra-small size, Pd is very much prone to form
aggregates during either synthesis or use in catalytic reactions and hence,

stabilization of Pd nanocatalysts becomes necessary [50-52].

Nano

Needs
"5‘0 Stabilizer

Surface Free Energy

v

Down-Sizing

Figure 3 Miniaturization of catalyst from bulk to nano.

Generally, for nanocatalysts (NCs) two terms are associated: (i) Nanoparticles
(NPs) and (ii) Nanoclusters (NCLs). The difference between NPs and NCLs lies
in their sizes, NCLs are of ultra-small size (2-3 nm) [53], whereas NPs fall
between 1-100 nn size. In general, we can say that all NCLs are NPs but all
NPs are not NCLs. However, both NPs and NCLs are expected to show similar
catalytic activity for organic transformation because of the minute nature of

nano scale.
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Different stabilizing agents

Stabilizer prevents the metal atoms or nanomaterials from aggregation or
agglomeration during its synthesis or reaction. In this direction, number of
efforts have been made to prevent the Pd nanocatalysts from the aggregation
using different stabilizing scaffolds (Figure 4) [54-56], such as polymers [51, 57-
70], phosphine ligands [71-74], dendrimers [75-79], surfactants [80-82], ionic
liquids [83-87], heteropoly acids [13, 88-105] and others (carboxylates [106],
thiols [107, 108], organic ligands [109-112] and graphite [113, 114]).

Surfactants
A\
Dendrimers Ionic liquids
7 -
~ /
L >3
Hetero-
Phosphine 3
ligands N Poly acids

Polymers

Figure 4 Different stabilizing agents.

These reported stabilizing scaffolds, except heteropoly acids (HPAs), are
mostly toxic, expensive and organic and hence their use should be avoided by

the replacement with some alternatives.

In this direction, Heteropoly acids (HPAs), also known as polyoxometalates
(POMs), are most interesting, fascinating and excellent candidates as
stabilizers. They are discrete early transition metal-oxide cluster anions and
comprise a class of inorganic complexes [115] having unrivalled versatility and

structural variation in both symmetry and size [116].
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HPASs overview

HPAs are a discrete class of anionic transition metal-oxygen clusters with
unique properties of topology, size, electronic versatility as well as structural
diversity ranging from nano to micrometer scale [117]. Due to these essential
properties, HPAs have enjoyed a wide range of applications [118] including
magnetic [119, 120], electronic and electrochemical [121-124], catalysis [125-
127], optics [126, 128] and also in other fields like biology [128], nano-materials

[129] and surface sciences [130].

HPAs have the general formula [XxMmOy]d- (not as per IUPAC rule), in which
X is the hetero atom, usually a main group element (e.g., P, Si, Ge and As), and
M is the addenda atom, being a d-block element in high oxidation state, usually
VIV/V, MoV! or WVL. These compounds are always negatively charged although
the negative density is widely variable depending on the elemental

composition and the molecular structure.

With the development of HPA chemistry, various types of structures were

discovered [131], as listed in table 1.

Table 1 Types of HPAs

Year of
Structure General Formula

discovery
Keggin [XM12040]n (X = P5*, As5+, Si4*, Get) 1933
Evans-Anderson [XMgOn4]r- (X = Tet*, I7+) 1937
Dawson [X2M18062]“‘ (X = P54, AS5+) 1953
Lindqvist [MsO19]- (M = Nb>+, Wé+, Mo6+) 1953
Dexter-Silverton [XM120g]™ (X = Ce#*, Th#*) 1968
Keplerate [Mi1320372(CH3COO)30(H20)72]™ (M = Mo¢*) 1998
Kortz

[Pd13ASsO40H6]n‘ 2008

polyoxopalladate
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Of all the different types of HPAs, the Keggin type HPAs are the most
extensively studied because of its ease in synthesis, high thermal [6] as well as

chemical stability, and the present thesis deals with Keggin type HPAs only.
Keggin type HPAs

The Keggin type HPAs have the general formula is [XM12040]™, where X is the
central hetero atom, usually a main group element like P, Si, Ge and As and M
is the addenda atom, a d-block element in high oxidation state, usually VIV,VV,
MoV or WVT and formed by condensation of different mononuclear oxoanions

at lower pH as shown in the following equation.

12MO4m~ + HXOgP~ + 23H* — [XM12040]7~ + 12H20 (1)

M0, <

Figure 5 Structure of Keggin ion.

The ideal Keggin structure, [XM12040]>- of a-type (Figure 5) has Td symmetry
and consists of a central XOy tetrahedron (X = central heteroatom) surrounded
by twelve MOs octahedra (M = addenda atom). The twelve MOg¢ octahedra
form four groups of three edge-shared octahedra, the M3O13 triplet [132, 133],
which have a common oxygen vertex connected to the central heteroatom. The
oxygen atoms in this structure fall into four classes of symmetry-equivalent
oxygens: X-Oa-(M)s, M-Ob-M, connecting two M3013 units by corner sharing;
M-Oc-M, connecting two M30O13 units by edge sharing; and terminal O4-M,

where M is the addenda atom and X the heteroatom.
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The advantage of HPAs as catalysts [134]

Following are the practical advantages of HPAs as catalysts.

1. Designing at molecular level

Acidic and redox properties: These properties of catalyst can be controlled
by choosing appropriate elements (type of polyanion, heteroatom
counter-cation etc.)

Multifunctionality: Acid-Redox, Acid-Base, multielectron transfer etc.
Tertiary structure, bulk type behavior etc. for solid state are well

controlled by counter cations

2. Molecular metal-oxide clusters

Molecular designing of catalyst

Cluster models of mixed oxide catalyst and relationships between
solution and solid catalyst

Description of catalytic processes at atomic/molecular level,

spectroscopic study and stoichiometry are realistic

3. Unique reaction fields

Surface type catalysis: It is the most ordinary type of catalysis, where the
reaction takes place on the surface of the solid catalyst. Here, the rate of
reaction is proportional to the surface area

Bulk type I catalysis: The reactant molecules are adsorbed in the
interpolyanion spaces of the ionic crystal for reaction occurans and
finally, the formed products desorb from there. The classic example of
this type is the acid catalyzed reaction of polar molecules over group I
salts at relatively low temperature. In a sence, the solid behaves like a
solution and the reaction surface becomes three-dimensional, and hence
termed “pseudeliquid” catalysis. Here, the reaction rate depends on the
volume of the catalyst, for instance, an acid catalyzed reaction would

depend on the bulk acidity of the catalyst.
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o Bulk type II catalysis: Although, the reaction occurs on surface, there is a
rapid migration of redox carriers like electrons and protons, because of
which in principle, the bulk catalyst participates in the reaction.
Dehydrogenation and oxidation of hydrogen at high temperatures are
classic examples of this type, and the rate of reaction is proportional to
the bulk volume of the catalyst. In case of HPAs, they behave as
“pseudoliquids” and hence follow bulk type II catalysis, which provide
unique three-dimensional environment, and make spectroscopic and
stoichiometric studies feasible and realistic

4. Unique basicity of polyoxoanions

e It plays an important role in their high catalytic activity as they help in

selective co-ordination as well as stabilization of reactive intermediates

in solution, pseudoliquid and in solid phases

In addition they have following advantages: (i) Robust oxoanionic nature
which greatly enhance the stability power [89, 93, 97, 135], (ii) reducing
capacity which favors the stability of Pd into its most stable oxidation state
(zero) and (iii) large relative sizes which sterically hinder PANPs and prevent
them from agglomeration during the synthesis as well as its catalytic

reactions.

The road already travelled: HPA stabilized Pd- history

The first art on HPA stabilized metal nanoparticle was reported in 1952 by
Chalkley, he synthesized 12-tungstophosphoric acid (a-HsPW12040) stabilized
Ag nanoparticles by photochemical reduction of aq. AgNOs; [136]. However,
the first HPA stabilized Pd nanocatalyst was reported after 50 years by
Papaconstantinou [88], and after that progress in HPAs stabilized Pd

nanocatalysts chemistry has flourished.

In 2002, Papaconstantinou et al. reported the use of 12-tungstosilisic acid
(HsSiW12040) as reducing as well as stabilizing agent for synthesis of Pd

nanoparticles using isopropyl alcohol as sacrificial solvent. This
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photochemically synthesized material was characterized by TEM [88]. In the
same year, Neumann et al. derived monolacunary tungstophosphate stabilized
Pd nanoparticles by reduction of potassium salt of palladium substituted
monolacunary tungstophosphoric acid Ks[PPdW1103]. The synthesized
material was characterized by TEM, electron diffraction measurement and 31P
NMR. Its catalytic efficiency was evaluated for Suzuki-Miyaura (SM), Heck,
Stille-type carbon-carbon coupling and carbon-nitrogen coupling reactions of
bromoarenes in aqueous media. Furthermore, they supported
Ks[PdPW11039] 12H20 on y-Al:Os3 by impregnation method and obtained
catalyst, [Ks|[PdPW11039] 12H>0/y-Al2Os3] and applied the same for SM reaction

using chlorobenzene as one of the substrates under solvent free condition [135].

In 2008, Liu et al. synthesized Dawson-type potassium salt of V-substituted
tungstophosphate cluster (Ko[HsPVW170¢2]) and used as reducing as well as
stabilizing agent for Pd nanoparticles. Synthesized material was characterized

by XPS, TEM and zeta potential analysis [89].

In 2010, Corma et al. applied tetra butylmethylimidazolium
molybdovanadophosphate ([bmim]sHPO40V2Mo10) ionic liquid for stabilization
of Pd nanoparticles and characterized by elemental analysis, AAS, TGA, TH
NMR, HAADF-STEM, HREM, XPS, XANES and EXAFS. The catalytic activity

of the material was studued for Heck coupling [90].

In 2012, Yamashita et al. synthesized Pd nanoparticles stabilized via silica
supported cesium salt of 12-tungstophosphoric acid
(Pd/Cs25Ho5PW12040/Si02) by photo-assisted deposition method and
characterized by ICP, XRD, UV-vis spectroscopy, BET surface area and FT-
EXAFS. It was found to be active catalyst for the direct synthesis of hydrogen
peroxide [137].

In 2013, Thorimbert et al. reported the DFT study for phosphovanadotungstate
polyanion [P2W15V3Oe2]?- as a powerful support to stabilize palladacycles

conjugated to the inorganic framework via an organic ligand as well as its
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application towards Heck coupling [91]. In the same year, Kortz et al. reported
the wet chemical synthetic method to prepare Pd metal nanoclusters stabilized
by tetrabutylammonium salts of tungstophosphate with the well-known
Keggin [a-PW12040]3, Wells-Dawson [P2W150e62]>- and their lacunary
derivatives [a-PW11039]”- and [P2W150s6]1% structures. These stabilized catalysts
were characterized by EDX, TEM, UV-vis spectroscopy, FT-IR, XRD and XPS.
The activity of the synthesized materials was evaluated for 1-hexene
hydrogenation and comparison showed the exceeding activity of [P2W1sOe2]°-
stabilized Pd nanoclusters compared to all others [92]. They have also reported
the use of novel Krebs type tetrabutylammonium salt of various polyoxoanions
[(TBA)4H4[M4(H20)10(XW9O33)2], where M = Mn, Ni, Zn, X = Te, Se; M = Fe, X =
Sb, As] as stabilizers for Pd(0) metal clusters and characterized them by EDX,
TEM, UV-vis spectroscopy, FT-IR, XRD, and XPS. Catalytic activity of the
designed materials was assessed for hydrogenation of cyclohexene and 1-
hexene [93], in the same year. Simultaneously, Yuan et al. reported a novel
method for the synthesis of bimetallic Pt and Pd nanoparticles deposited on
multiwalled carbon nanotubes (MWCNTs) using 12-molybdophosphoric acid
(H3PMo012040) as stabilizer. This H3PMo12040/PtPd/MWCNT nanotubes was
characterized by FT-IR, XPS, TEM, ICP-AES and explored as electrocatalysts

for the methanol electrooxidation [94].

In 2014, Cronin et al. developed one-pot strategy for the synthesis of stabilized
palladium via potassium salt of selenotungstic acid isomers
Kos[H12Pd10Se10W520206] 65H20 and Kos[H14Pd10Se10W520206]68H20 as well as
sodium salt of tellurotungstic acid cluster Naso[PdsTe19W120190] 76H20 [95] and
characterized by SCXRD. In the same year, Proust et al. also invented simple
procedure for vacant tungstophosphates ([PW11039]7- and [P2W190s0(H20)]+)
and tungstoarsenate ([As2W19067(H20)]'?-)  stabilized palladium (0)
nanoparticles in water by hydrogenation with H> at ambient temperature and
atmospheric pressure. [97]. These crystalline materials were characterized by

EDX, SCXRD, FT-IR, Raman, 3P NMR, TEM, HRTEM and XPS.
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In 2015, Han et al. reported one-pot synthesis for 12-tungstophosphoric acid
stabilized Pd nanocrystals (HsPW1204 Pd NCs). This stabilized NCs was
characterized by SEM-EDX, TEM, UV-vis spectroscopy, FT-IR, ICP, CV and
XPS. The material was wutilized for chemical (Suzuki coupling) and
electrochemical catalysis (formic acid oxidation) [96]. In the same year,
Ahmadpour et al. demonstrated the use of 12-molybophosphoric acid as
stabilizing agent for Pd nanoparticles supported on graphene nanosheets
(Pd/H3PMo012040/ GNSs). The synthesized material was characterized by EDX,
SEM, TEM, HAADEF-STEM, XRD and proved its synergistic behavior for
enhanced ethanol electrooxidation reaction and shows better tolerance to
poisoning species [13]. During the same period, Wei et al. prepared 12-
molybdophosphoric acid stabilized supported palladium nanoparticles
(Pd/PMo12040) by in situ reduction method and characterized by BET surface
area, XRD, SEM, TEM, HRTEM and XPS. Moreover, they proved it as a
superior nanocatalyst to carbon supported platinum for promotion of the
oxygen reduction reaction, i.e. serves as an assistant catalyst, facilitating the

decomposition of the harmful hydrogen peroxide intermediates [98].

In 2016, Chen et al. designed one pot- method for tetra metal substituted
sandwich phosphorotungstate [M4(H20)2(PW9O34)2]1- (where, M = Fe?*, Co?*,
Mn2+, Cu?* and VO?") stabilized Pd nanoparticles, encapsulated in situ in
mesoporous aluminum phosphate (mAPO). Synthesized material was
characterized by XRD, TEM, BET surface area, ICP, FT-IR, UV-vis spectroscopy
and their catalytic efficiency were evaluated towards aerobic oxidation of
alcohol in water [99]. Simultaneously, Zhang et al. developed facile and green
one-pot synthetic method for 12-tungstophosphoric acid stabilized tri-
component catalyst comprising of Pd nanoparticles on macroporous carbon
(Pd@ H3PMo012040/ MPC) and characterized by XRD, SEM, TEM, EDX, XPS and
CV. The synthesized catalyst was to promote the development of new
electrochemical sensors and electrode materials [100]. In the same year, Han et

al. reported one-pot synthesis for 12-molybdophosphoric acid stabilized
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bimetallic Pt and Pd based core-shell nanocrystals (Pd/Pt@H3;PMo012040) and
characterized by SEM, TEM, HAADF-STEM, EDX, ICP-AES, XPS and XRD.

The efficiency of the material was evaluated for electrooxidation of methanol

[101].

In 2017, Zhao et al. fabricated 12-tungstophosphoric acid stabilized palladium
nanoparticles on reduced graphene oxide (Pd/H3:PW1204/RGO) by a simple
one-pot photoreduction method and characterized by TEM, EDX, XRD, XPS
and ICP. The synthesized catalyst was used for electrooxidation of ethylene
glycol and glycerol [102]. Parallelly, Zhang et al. designed ex-situ decorated
ordered mesoporous carbon with palladium nanoparticles via 12-
tungstophosphoric acid stabilization (Pd-H3PW1204-OMC) and characterized
by SEM, TEM, EDX, BET surface area, XRD and XPS. The efficiency of this tri-
component system was evaluated for sensitive detection of acetaminophen in

pharmaceutical products [103].

In 2018, Leng and Dai anchored palladium nanoparticles on a 12-
tungstophosphoric acid attached to melem (CsHgNio; 2,5,8-triamino-heptazine)
porous hybrid (HsPW12040/melem, as stabilizing agent) by hybridization and
post chemical reduction, and characterized by FT-IR, SEM, ICP-AES, UV-vis
spectroscopy, TEM, HRTEM, H-TPR, XRD and XPS. The efficiency of the
catalyst was studied towards formic acid dehydrogenation [104]. In this
catalytic system, melem plays an important role for hydrogen transfer and
accelerate the hydrogen generation. At the same time, Zhang et al. developed
tricomponent stabilized nanohybrid comprising of Pd, 12-tungstophosphoric
acid and nitrogen-doped hollow carbon spheres (Pd/H3PW1.04/NHCS).
Synthesized nanohybrid material was characterized by XRD, SEM, TEM and
XPS, and assessed its activity as selective electrochemical sensor for

acetaminophen [105].
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A literature survey shows that different HPAs have been used as stabilizing
agents. In the present case, we have selected 12-tungstophosphoric acid (TPA)

as a stabilizing agent because of its following properties.

e Most acidic

e Thermally most stable
e Multifunctional

e Encapsulating agent

¢ Reducing agent

e Exchangeable protons

Stabilized NCs can be divided into mainly three types:
1. Homogeneous NCs

The main advantage of homogeneous catalysis is that the catalyst mixes into
reaction mixture, allowing a very high degree of interaction between catalyst
and reactant molecules to enhance the rate of product formation. Traditionally
almost all chemical reactions were catalyzed by homogeneous catalysts.
However, it depends on the applications, such as, for the production of bulk
chemicals (e.g. NHs; H2SOs), the catalysts are often heterogeneous. The
enforcement of stringent environmental regulations has forced the replacement
of the homogeneous catalysts by alternative one due to the following

associated disadvantages.

e High solubility
e Low thermal stability
e Tedious recovery process from the reaction mixture

e Reusability

The aforementioned disadvantages of homogeneous catalysts can be overcome
by immobilization of NCs into liquid phases or by supporting/anchoring NCs

onto suitable solid support (heterogenization).
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2. Immobilized NCs into liquid phases/onto supported ionic liquid phase
(SILP)/onto supported aqueous phase (SAP)

For the immobilization of NCs, different solvents such as water [138], ionic
liquids [139], scCOz [140], polyols [141, 142] etc. are commonly used. Usually,
these greener solvents, in contrast to volatile organic compounds, can play
several roles, such as stabilizer, reductant, and/or liquid phase for trapping
nanocatalysts, thus facilitating their recycling. However, in some cases there is
a need of some external stabilizing agent (especially in case of lower polyols)
[56]. NCs can also be immobilized onto supported ionic liquid phase (SILP) as
well as supported aqueous phase (SAP) [143].

3. Supported/anchored NCs onto suitable solid supports (Heterogeneous)

Supports provide large surface area for the dispersion of NCs. The catalyst
molecule gets dispersed onto the surface of support or inside the pores of
support and thus available for the combination with reactant as in homogenous
catalyst. The resulting heterogeneous catalyst can function mechanically as if it
was in solution but it would operate as a separate immobile phase and thus,

the advantages of both homogenous and heterogeneous catalysts are retained.

Most important advantages of heterogeneous catalysts from the view point

of chemical reaction systems are:

e High surface area

¢ Enhanced thermal and chemical stability

e High catalytic activity and selectivity

e Ease of separation from reaction mixture

e Regeneration and Recycling

e Process simplification under mild and sustainable reaction conditions

e Can be “tailored” for specific feedstock or for selective product synthesis
e Kinetically and thermodynamically difficult reactions can proceed with

wide range of temperature, even in gas phase
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However, the main disadvantage of heterogeneous catalysis is leaching of the

active species from the support.

In the present study, our main focus is the supporting/anchoring of PANCs

onto the suitable support and to overcome the leaching of active species.

For metal-based catalysts the given definitions of homogeneous and
heterogeneous catalysis are not strictly precise. Another perspective was given
by Schwartz, the reaction in which the substrate molecules encounter a single
type of active metal sites (in some cases two) termed as homogeneous catalysis
whereas, encounter toward multiple active sites referred as heterogeneous

catalysis [144].
Different methods of supporting

One of the important steps in designing a nanocatalyst is supporting of active
species onto the support. Either the support can be in a preformed state or both

can be formed together from the solution simultaneously.

Commonly used methods for supporting are as follow.

1. Co-precipitation

2. Deposition precipitation

3. Dry impregnation/incipient wet impregnation
4. Equilibrium adsorption/ion exchange

As impregnation, is one of the most accepted method for preparation of

supported catalysts, we are focusing on this method only.
Impregnation [145]

Impregnation is a preparation technique in which a solution of the precursor of
the active phase is brought in contact with the support. Two methodologies
exist. (i) Dry impregnation: Also referred to as “pore volume impregnation”,

just enough liquid (solution of the precursor) is used to fill the pore volume of
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the support. (ii) Incipient wet impregnation: The support is dipped into an

excess quantity of solution containing the precursor of the active phase.

In dry impregnation, the solubility of the catalyst precursors and the pore
volume of the support determine the maximum loading available each time of
impregnation. If a high loading is needed, successive impregnation (and heat
treatment) may be necessary. In the first step of impregnation, three processes

occur:

e Transport of solute to the pore system of the support bodies
¢ Diffusion of solute within the pore system

e Uptake of solute by the pore wall

In the case of wet impregnation, a fourth process is operative, viz. transport of
solute to the outer particle surface. Depending on the process conditions,

different profiles of the active phase over the transport body will be obtained.
Choice of the support

The choice of support is a crucial step in heterogeneous nanocatalysis. The
most important is stability. The support must be stable up to high temperature,
under reaction condition and regeneration conditions. It should be inert with
solvent, reactants or reaction products. A support must be easily available,

either commercially or should be easily synthesized.

Dispersion of active species on supports with high surface areas is important
for catalytic application. In general, HPAs strongly interact with supports at
low loading levels, while the bulk properties of HPAs prevail at high loading
levels. Nature of the support also plays a crucial role in determining the
activity of catalyst. It was found that acidic or neutral supports are suitable to
enhance catalytic activity of HPAs. In addition, basic support cannot be used
for anchoring HPAs, since it gets decomposed in the basic environment. As

mentioned, when acidic supports are used, strong interaction is expected
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between non-bonding oxygens of HPAs and protons from -OH groups of the

supports.

A literature survey also shows that number of reports are available on catalytic
aspects of HPA stabilized Pd nanocatalyst supported on to different supports,
such as alumina [135], silica [137], carbon [100, 103, 146], carbon nanotube [94],
graphene nanosheets [13], reduced graphene oxide [102], aluminum phosphate

[48], melem porous hybrid [104] and polymer [147].

In the present work, hydrous zirconia (ZrOz, an acidic support) was selected as

support due to the following reasons:

e Physical properties can easily be modified by surface treatment

e Mechanical properties similar to those of stainless steel

e Thermodynamically stable modification up to a temperature of 2370°C
[148, 149]

e Direct anchoring surface which facilitates the easy approach of
substrates to active sites via available surface hydroxyl groups for the
interaction

e Our expertise in the field of ZrO; supported catalytic systems

% To see the effect of support, another acidic metal oxide support, silica

(Si03) was selected

C-C coupling and hydrogenation have been selected for evaluation of catalytic
activity as still both are important and fascinating in industries as well as in
academia. Bearing in mind the importance of the said reactions and
environmental point of view, C-C coupling (SM and Heck) and hydrogenation
reactions are selected as model reactions for the catalytic evaluation of the
designed nanocatalysts. Both the reactions were carried out in aqueous

medium as well as in neat water.
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C-C cross coupling reactions

C-C cross-coupling reactions in organic chemistry are a general term for a
variety of reactions where two fragments nucleophile and electrophile are
bonded together by the means of C-C bond, predominantly Pd mediated. They
are extensively used in the synthesis of number of industrially important
organic compounds [150, 151]. It wouldn’t have been possible to synthesize
some of the complex natural products or synthetic compounds (Figure 6)

without using C-C coupling in one or more steps [152, 153].

Pharma-
ceutical
Industry

Chemical Natural
Industry Products

Industrial
Applications
of

C-C Coupling
Food Perfume
Industry Industry

Advance
Materials

Figure 6 Industrial applications of C-C coupling reactions.

Different types of C-C coupling

Literature shows that there are various types of C-C coupling reactions
available in arts and few of them are: Suzuki-Miyaura (SM), Heck,
Sonogashira, Stille, Negishi, Kumada, Hiyama etc. The following chart (Figure
7) shows the research popularity on these C-C coupling reactions since 1990
onwards to till date (data collected from Sci-Finder). Which clearly depicts
substantial growth in this area has taken place during the last three decades in

terms of publications with the SM cross-coupling proving by far the most
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popular, followed by the Heck that SM and Heck coupling reactions are the

most researched amongst all.
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Figure 7 Research popularity on cross coupling reactions.

Invention of cross couplings between carbon atoms, using palladium as a
catalyst by Prof. Richard Heck (Heck coupling), Prof. Ei-ichi Negishi (Negishi
coupling) and Prof. Akira Suzuki (SM coupling) have gained noble recognition
(Figure 8). These reactions are highly relevant even today, after more than 4
decades of the discovery using Pd, which reflects in terms of huge number of

publications every year.

However, we have restricted ourselves for the literature related to the

stabilized palladium nanocatalysts by HPAs only.

—

Prof. Richard Heck Prof. Ei-ichi Negishi Prof. Akira Suzuki

Photo source: Photo source: Photo source:
https://www.nobelprize.org/prizes/ http://www.washington.edu/news/  https://www.mcgill.ca/science/20
chemistry/2010/heck/biographical/ 2011/02/23/20 140318-public-lecture-akira-suzuki

First developed - 1969 First developed - 1976 First developed - 1979

Figure 8 Noble laureates for Heck, Negishi and SM coupling inventions.
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Hydrogenation

Hydrogenation is still one of the most important reactions in organic chemistry.
It is a chemical reaction between molecular hydrogen and unsaturated
compound, usually performed in presence of a catalyst such as nickel,
palladium or platinum. The process is commonly employed to reduce or
saturate organic compounds. The earliest hydrogenation was carried out for
addition of hydrogen to oxygen using platinum as catalyst in the Dobereiner's
lamp, which was commercialized in 1823 as device. In 1897, French chemist,
Paul Sabatier had invented the process of nickel catalyzed hydrogen addition
to the gaseous hydrocarbons. For this discovery, he is considered as father of

the hydrogenation process and gained noble recognition in 1912.
C-C cross coupling

e  Suzuki-Miyaura (SM) coupling

SM coupling is extremely powerful tool for the formation of C-C bonds,
displaying a number of advantageous features: (i) Easily handled and usually
air and moisture stable organoboron starting materials; (ii) Mild and
convenient reaction conditions and (iii) The facile removal of less-toxic
inorganic by-products. These aspects make it useful especially for industrial

applications.

In literature only two reports are found on SM coupling by TPA stabilized Pd
nanocatalysts. First in 2002, Neumann et al. derived palladium nanoparticles
from a palladium substituted mono lacunary tungstophosphoric acid
(Ks[PPdW11030] 12H20) and utilized for SM coupling. They used 1 mol% Pd,
diisopropylamine as base, (2:8) mL ethanol-water mixture as solvent to achieve
94 % yield of biphenyl at 85 °C in 12 h using bromobenzene as coupling
substrate. Further, they supported Ks[PdPW11039]12H20 on y-Al2O3, used as a
heterogeneous catalyst for base/solvent free SM coupling of cholorobenzene

and obtaind 99 % yield of biphenyl with 1.17 mol% Pd at 130 °C in 16 h [135].
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Secondly in 2015, Han et al. reported one-pot synthesis of 12-
tungstophosphoric acid stabilized Pd nanocrystals (HsPW12040 Pd NCs). The
resultant Pd nanocatalyst was applied for the SM coupling using, 0.1 mol% Pd,
K5POy4 base and (4:1 mL) ethanol-water mixture to obtain 92 % yield at 60 °C in
3 h [96].

e Heck coupling

The independent and almost concurrent discoveries by Mizoroki [154, 155] and
Heck [156, 157] demonstrated the coupling reactions of aryl, benzyl, and styryl
halides with alkenes employing palladium catalysts, and set the stage for the

evolution of the Mizoroki-Heck reaction (hereafter, as “Heck” reaction).

In-spite of having numerous advantages only one report is available in art, on
Heck coupling over TPA stabilized PANCs, by Neumann et al. in 2002. As
discussed in SM coupling, the synthesized catalyst Ks[PdPW11039] 12H>O was
used for Heck coupling of p-bromotoluene using 1 mol% Pd, diisopropylamine
as base and (2:8 mL) ethanol-water mixture at 85 °C, 16 h to achieve 95 % yield

of stilbene derivative [135].
Hydrogenation

In literature, only two reports were found on hydrogenation, catalyzed by TPA
stabilized Pd nanocatalyst by Kortz et al. First in 2013, they reported Pd
nanoclusters stabilized by tetrabutylammonium salts of tungstophosphates
with the well-known Keggin [a-PW12040]>, Wells-Dawson [P2W1sO¢2]> and
their lacunary derivatives [a-PW11030]7- and [P2W150s56]'2- structures. The
activity of the synthesized materials was evaluated for 1-hexene hydrogenation
and comparison showed the exceeding activity of [P2W1sOe2]ostabilized Pd
nanoclusters compared to all (100 % conversion under 5 bar H> pressure, 4.17
mol% Pd, 30 °C in 20 min) [92]. Second, in the same year, they reported the use
of novel Krebs type tetrabutylammonium salt of various polyoxoanions

[(TBA)4H4[M4(H20)10(XW9O33)2], where M = Mn, Ni, Zn, X = Te, Se; M = Fe, X =
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Sb, As] as stabilizers for Pd(0) metal clusters. The catalytic activity of the
designed materials was assessed for hydrogenation of cyclohexene and 1-

hexene at 30 °C under 5 bar continuous H» pressure using 0.36 mol % Pd [93].
A literature survey shows that:

e Despite distinct advantages of TPA stabilized Pd nanocatalysts such as
enhanced activity, selectivity and non-toxic nature, reports on their
synthesis, characterization as well as catalytic activity are very scarce

e The use of such catalysts for C-C couplings (SM and Heck) as well as
hydrogenation is restricted to five reports only

e Further designing of zirconia supported TPA stabilized Pd
nanocatalysts are not available in the art

e The use of water as green solvent for hydrogenation is untouched

Based on these observations, the objectives of the thesis have been proposed.
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Objectives of the Thesis

To synthesize Palladium nanocatalysts (PdNCs) stabilized by Zirconia
supported TPA/LTPA (12-tungstophosphoric acid/mono lacunary

tungstophosphoric acid) using ion exchange method.

To design stabilized Palladium nanocatalyts (PdNCs) based on
TPA/LTPA using salt method

To convert above synthesized homogeneous nanocatalysts into

heterogeneous by supporting/anchoring onto ZrO/SiOx.

To characterize all synthesized nanocatalysts by various techniques such
as EDX, FT-IR, TGA, 3P MAS NMR, XPS, Powder XRD, BET Surface
Area, SEM, TEM, HRTEM and STEM

To use the synthesized catalysts for C-C coupling (Suzuki-Miyaura and
Heck) and hydrogenation under mild conditions (aqueous medium and

neat water)

To study different reaction parameters such as substrate to catalyst ratio,
temperature, pressure, time and solvent for maximum conversion as

well as product selectivity
To overcome the leaching of active species from the support

To study the sustainability of the catalysts by multiple regeneration and

characterization
To study reaction mechanism

To compare the efficiency of all the catalysts and to propose the best

method of designing as well as catalyst for the said reactions
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Organization of the thesis

The work has been divided into two parts consisting five chapters and an

annexure:

Chapter 1

Chapter 2

Chapter 1

Chapter 2

Chapter 3

Annexure

Part A: Ion Exchange Method

PdNPs Stabilized by Zirconia Supported TPA:
Synthesis, Characterization and Applications to
C-C coupling and Hydrogenation

PdNPs Stabilized by Zirconia Supported LTPA:
Synthesis, Characterization and Applications to
C-C coupling and Hydrogenation

Part B: Salt Method

Stabilized PANCLs by TPA: Synthesis,
Characterization and Applications to C-C coupling
and Hydrogenation

Zirconia Supported Stabilized PANCLs by TPA:
Synthesis, Characterization and Applications to C-C
coupling and Hydrogenation

Zirconia Supported Stabilized PANCLs by LTPA:
Synthesis, Characterization and Applications to C-C
coupling and Hydrogenation

Silica Encapsulated Stabilized PANCLs by TPA:
Synthesis, Characterization and Applications to C-C
coupling and Hydrogenation
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Brief discussion of each chapter
Part A: Ion Exchange Method

Chapter 1 describes the synthesis of PANPs stabilized by Zirconia supported
TPA. The synthesized catalyst is characterized by various instrumental
techniques such as EDX, TGA, FT-IR, XPS, TEM, HRTEM, HAADEF-STEM, BET
and powder XRD. The activity of the catalyst is studied for SM and Heck
coupling (in aqueous medium and water) as well as hydrogenation in water by
varying different reaction parameters. Leaching and heterogeneity tests are
performed for the sustainability evaluation of the catalyst. Used catalyst is
recovered and regenerated to probe its activity for number of catalytic runs.
Regenerated catalyst is characterized by EDX, XRD, BET and XPS in order to
check its stability. Viability of the catalyst towards different substrates as well
as activity comparison with reported systems are discussed. Further, detail

mechanistic investigation for crotonaldehyde hydrogenation is also carried out.

Chapter 2 deals with the synthesis and characterization of PANPs stabilized by
Zirconia supported LTPA. The activity of the catalyst is studied for SM and
Heck coupling in aqueous medium as well as hydrogenation in water by
varying different reaction parameters. Control experiments, leaching and
heterogeneity tests are performed. Spent catalyst is recovered and regenerated
to probe its activity for five catalytic runs. Regenerated catalyst is characterized
in order to check its stability. Scope of the catalysis, activity of the catalyst with
reported systems as well as the effect of addenda atom on the reactions are also

evaluated.
Part B: Salt Method

Chapter 1 describes the synthesis of stabilized PANCLs by TPA, followed by
detail characterization by various physico-chemical techniques. The efficiency
of the catalyst is evaluated towards SM and Heck coupling in aqueous medium

as well as hydrogenation in water.
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Chapter 2 describes the synthesis and characterization of Zirconia supported
stabilized PANCLs by TPA. The activity of the catalyst is evaluated for SM and
Heck coupling in aqueous medium as well as hydrogenation in water by
varying different reaction parameters. To investigate the role of each
component, control experiments are carried out under optimized reaction
conditions. Leaching and heterogeneity tests are performed for the
sustainability evaluation of the catalyst. Recycling study is performed up to
five cycles and regenerated catalyst is characterized by EDX, FT-IR, XRD, BET,
and XPS in order to check its stability. Scope of the substrates is studied for
different functionalities. Activity of the catalyst is also compared with the

reported systems.

Chapter 3 deals with the synthesis of stabilized PANCLs by LTPA as well as its
supporting onto Zirconia followed by its detail characterization. The activity of
the catalyst is studied for SM and Heck coupling in aqueous medium as well as
hydrogenation in water by varying different reaction parameters. Control
experiments, leaching and heterogeneity tests are carried out. Regeneration
study of the catalyst as well as characterization of regenerated catalyst are
performed. Tolerance limit of the catalyst is investigated for variety of the
substrates. Activity of the catalyst with reported systems as well as the effect of

addenda atom on the reactions are also evaluated.

The comparison of activity of all the synthesized catalysts is investigated and

discussed on the bases of acidity as well as counter protons.

Annexure depicts the synthesis and characterization of silica encapsulated
stabilized PANCLs by TPA. The activity of the catalyst is studied for SM and
Heck coupling in aqueous medium as well as hydrogenation in water by
varying different reactions parameters. Leaching and heterogeneity tests are
performed for the sustainability evaluation of the catalyst. Used catalyst is
recovered and regenerated to probe its activity for five catalytic runs. Scope of

the substrates is carried out for different functionalities. Regenerated catalyst is
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characterized in order to check its stability. The detailed mechanistic

investigation for cyclohexene hydrogenation is also carried out.

At the end of thesis, the effect of supports (ZrOz and SiOz) on the activity of the

catalysts has also been compared and discussed.
Analytical techniques utilized in the present work

A prime aspect in a nanocatalyst development is the characterization [158-160].
In general, and especially in supported nanocatalysts, the elucidation of the
structures, composition as well as chemical properties of the synthesized
materials and the interactions between active species as well as the supports is
essential to understand the relationship between the catalytic properties of the
material and its catalytic performance [160]. It is also crucial to know the basis
of the structure-catalytic properties of the materials to further synthesize new

catalysts.

In case of supported catalysts, it is crucial to know if the active ingredient is on
the surface of the support or diffuse in it. As a result, from the scientific point
of view, the investigation of the surface composition as well as local structure
of catalyst at the atomic level and the correlation of these data with catalyst
performance is very important in the catalytic reaction. The basic information
on the structure-catalytic property relationship for catalytic systems will
ultimately be of value in the design of new efficient catalysts. Heterogeneous
catalyst can be characterized by various tools which comprise different
physicochemical and spectroscopic techniques. A brief introduction of the
various characterization techniques for nanocatalysts that have been used for

the present study is shown below:
Energy-dispersive X-ray spectroscopy (EDS or EDX) [161]

EDS or EDX is an analytical technique used for the elemental analysis or
chemical characterization of a sample. It relies on the investigation of a sample

through interactions between electromagnetic radiation and matter, analyzing
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X-rays emitted by the matter in response to being hit with charged particles. Its
characterization capabilities are due in large part to the fundamental principle
that each element has a unique atomic structure allowing X-rays that are
characteristic of an element's atomic structure to be identified uniquely from

one another.

The elemental analysis was carried out using JSM 5610 LV combined with
INCA instrument for EDX-SEM analyzer for the quantitative identification of

metal ions.
Thermo Gravimetric Analysis (TGA) [162]

It is a technique whereby the weight of a substance, in an environment heated

or cooled at a controlled rate, is recorded as a function of time or temperature.

The temperature-weight loss profile of a supported catalyst can provide
important quantitative information on the types of water present in the sample.
It is usually possible to distinguish loosely held “physisorbed” water from
strongly bonded “chemisorbed” water and helps determine the best conditions

for removing the former.

More usefully, the study of the decomposition of less stable catalysts can also
be done which help in determine the maximum activation temperatures and
the temperatures at which the supported reagents can be safely used in

reactions.

TGA measurements were carried out on the Mettler Toledo Star SW 7.01 in the
temperature range 40 °C to 600 °C. All measurements were carried out under
nitrogen atmosphere with a flow rate of 2 mL/min and a heating rate of 10 °C/

min.
Fourier Transform Infrared Spectroscopy (FT-IR) [161]

FT-IR spectroscopy is probably the most useful and widely used technique to

study supported reagents. It provides the following information.
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1. Identification of the surface species
2. Dispersion of the reagent over the support surface
3. Surface activity studies with the use of probe molecules

The most common ways of studying an insoluble solid are: 1) as a mull; 2) as a
disc; and 3) directly as a powder. These methods differ in terms of degree of
difficulty (in obtaining useful spectra), ease of sample preparation, and
reliability of the information obtained. Both the mull and disc methods are
transmittance techniques. FT-IR opaque or highly scattering materials may not

be suitable for analysis by transmission spectroscopy.

FT-IR absorption spectra of various catalysts were recorded on a FT-IR
Shimadzu (IR Affinity 1S) instrument at room temperature using KBr pellets in
the range of 4000 cm-! to 400 cm!. The powdered samples were ground with
KBr in 1: 10 ratio and pressed (5 ton/cm?) for making the pellets. The data were

collected at an average of 40 scans.
Solid state MAS Nuclear Magnetic Resonance (NMR) Spectroscopy [163]

In nuclear magnetic resonance, Magic Angle Spinning (MAS) is a technique

often used to perform experiments in solid-state NMR spectroscopy.

By spinning the sample (usually at a frequency of 1 to 70 kHz) at the magic
angle Om (ca. 54.74°, where cos? Om= 1/3) with respect to the direction of the
magnetic field, the normally broad lines become narrower, increasing the

resolution for better identification and analysis of the spectrum.

NMR is an important tool to understand the environment around a particular
nucleus of the synthesized material. Further, it also helps to know whether the

synthesized material is pure or shows presence of isomers.

Solid state 3P MAS NMR was carried out by using JOEL ECX 400 MHz High

Resolution Multinuclear FT-NMR spectrometer for solids.
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Powder X-Ray Diffraction (XRD) [161]

XRD can be used to detect poorly dispersed or macro-crystalline reagent. In
principle, XRD can be used to give quick information on the efficiency of
dispersion of any supported reagent where the reagent normally exists in the
crystalline state. XRD may also be useful for the identification of species
formed during the preparation on subsequent chemistry of a supported
reagent. This can be especially useful for unstable reagents, corrosive reagents
and where the supported reagent has been subject to high-temperature thermal

treatment. XRD has also been used to characterize the nature of surface species.

The powder X Ray Diffraction pattern of support and the catalysts was
obtained by using the instrument Philips Diffractometer (Model PW - 1830).
The conditions used were Cu Ka radiation (1.5417 A), scanning angle from 10°

to 80°.
BET Measurement [162]

As surface area of the catalyst is directly proportional to the catalytic activity of
the heterogeneous catalysts, the measurement of the surface area is most
important study for the same. Further from the surface area, one can get the
information on the pore volume, pore size which will be helpful to understand

the mechanism of the reaction occurs.

Surface area and pore size distribution of various catalysts were measured
according to Brunauer-Emmett-Teller (BET) method, involving nitrogen
adsorption-desorption using Micromeritics Surface area Analyzer (Model:
ASAP 2020) at -196 °C. From the adsorption desorption isotherms specific
surface area was calculated using BET method. The samples were degassed
under vacuum (5 - 10.3 mmHg) between 60 - 90 °C for 4 h, prior to
measurement, to evacuate the physisorbed moisture. Further, the pore size
distributions were calculated applying the Barrett-Joyner-Halenda (BJH)

method to the desorption branches of the isotherm.
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X-ray photoelectron spectroscopy (XPS) [164]

XPS is a surface-sensitive quantitative spectroscopic technique that measures
the elemental composition at the parts per thousand range and electronic state
of the elements that exist within a material. XPS spectra are obtained by
irradiating a material with a beam of X-rays while simultaneously measuring
the kinetic energy and number of electrons that escape from the top 0 to 10 nm
of the material being analyzed under high vacuum (P ~ 10-% millibar) or ultra-

high vacuum (UHV; P < 10 millibar) conditions.

XPS measurements were performed with Auger Electron Spectroscopy (AES)

Module PHI 5000 Versa Prob II.

Transmission Electron Microscopy (TEM) [162], High-Resolution
Transmission Electron Microscopy (HRTEM) [165] and Scanning
Transmittance Electron Microscopy (STEM) [166]

TEM and HRTEM (an imaging mode of specialized TEM) is a technique that
uses an electron beam to image a nanoparticle sample, providing much higher
resolution than is possible with light-based imaging techniques. The images
can be resolved over a fluorescent screen or a photographic film. Furthermore,
the analysis of the X-ray produced by the interaction between the accelerated
electrons with the sample allows determining the elemental composition of the
sample with high spatial resolution. TEM is the preferred method to directly

measure nanoparticle size, grain size, size distribution, and morphology.

STEM images are a type of TEM images which are formed by focusing electron
beam to a fine spot (with the typical spot size 0.05 - 0.2 nm) passing through a
sufficiently thin specimen which is then scanned over the sample in a raster
illumination system constructed so that the sample is illuminated at each point
with the beam parallel to the optical axis. STEM imaging is used to characterize
the nanoscale, and atomic scale structure of specimens, providing important

insights into the properties and behavior of materials.
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TEM micrographs were recorded on TEM CM 200 (Make: PHILIPS, Model: CM
200, Specification: Operating voltages: 20-200kv and Resolution: 2.4 A).
HRTEM analysis were carried out on Field Emission Gun-Transmission
Electron Microscope (Resolution: Point: 0.19 nm, Line: 0.1 nm, Magnification:
50 x - 1.5 M x accelerating voltage of 200 kV; Make: JEOL; Model: JEM 2100F)
with attachment systems EDS and STEM. The samples were dispersed in
ethanol and ultrasonicated for 5-10 min. A small drop of the sample was then

taken on a carbon coated copper grid and dried before viewing.
Acidity measurement

The acidity of the catalyst measured by this technique allows us to evaluate the
total number of acid sites as well as their acidic strength. In order to interpret
the results, it is suggested that the initial electrode potential (Ei) indicates the
maximum acid strength of the surface sites and the range where the plateau is

reached (meq/g solid) indicates the total number of acid sites [167], [168].

A small quantity (0.1 mL) of 0.05 N, n-butylamine in acetonitrile was added to
a suspension of 0.5 g of the catalyst in 50 mL of acetonitrile and the system was
stirred at 25 °C. Then, the suspension was potentiometrically titrated against
0.05 N, n-butylamine in acetonitrile. The electrode potential variation was

measured with a digital pH meter.

Acidity measurement of all the synthesized nanocatalysts is carried out for

overall comparison of catalytic activity, only.
Gas Chromatography (GC) [169]

GC is a type of chromatography used to separate and analyze the material,
which vaporized without decomposition. Its main applications include testing
purity of a compound and separation of components of a mixture. In the
present work, all the GC experiments were carried out on Shimadzu GC-2014

instrument using Rtx-5 capillary column and flame ionization detector (FID).
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