CHAPTER-1

INTRODUCTION

1.1 Metal oxide

Metal oxide are an interesting class of material intensively investigated
nowadays , and displaying unique properties that include mechanical stress tolerance,
high optical transparency, exceptional carrier mobilities etc. Metal oxides play a very
important role in various areas of chemistry, physics, biology and materials science

because of their interesting properties.

1.2. Materials Science

Materials science, which is also commonly known as materials science and
engineering, is an interdisciplinary field dealing with the discovery and design of new
materials. This relatively new scientific field involves the studies of materials through
the materials paradigm (synthesis, structure, properties and performance). It
incorporates elements of physics and chemistry and is at the forefront of nanoscience
and nanotechnology research. In recent years, materials science has become more
widely known as a specific field of science and engineering. A material is defined as
a substance (most frequently a solid, but other condensed phases can be included)
that is intended to be used for certain applications. There are many materials
around us—they can be found in anything from buildings to spacecrafts. Materials can
generally be divided into two classes: crystalline and non-crystalline. The traditional
examples of materials are metals, ceramics and polymers. New and advanced materials

that are being developed include semiconductors, nanomaterials, biomaterials etc. The
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field has since broadened to include every class of materials like ceramics,
polymers, semiconductors, magnetic materials, medical implant materials,
biological materials and nanomaterials. Materials are so important in the development
of civilization that we associate ages with them. In the origin of human life on earth,
the Stone Age, people used only natural materials like stone, clay, skins and
wood. Therefore, materials science is one of the most important multidisciplinary fields

in science and engineering which is applied and utilizable science in day-to-day life.

® Nanoscience: The study of all kind of nanostructures, involving their properties and

the processes that happen at nanometer scale (1 nm = 10? m).

e Nanotechnology: The search of the different applications of the studied

nanostructures by trying to control and manipulate them.

1.3. Classifications of nanostructured materials (low dimensional systems)

In nanotechnology, the nanostructured materials are divided into different
categories (Figure 1.1). The important method to classify nanostructured materials is
their dimensionality. On the basis of the reduced dimensions to the nanoscale range

(<100 nm), the nanostructured materials classified in the following categories:

® Zero dimensional (0-D) systems — In zero dimensional systems, all three
dimensions (length, breadth and height) are in nanoscale level. In these systems, the
charge carriers like electrons or holes are restricted in entire three dimensions and
cannot move freely in any spatial direction. Zero dimensional systems include
single crystal, polycrystalline and amorphous particles with all viable morphology

similar to spheres, cubes and platelets. Example — Quantum dot.
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® One dimensional (1-D) systems — In these systems, one dimension is in macroscale
and other two dimensions are at nanoscale. The electrons or holes are free to move

in one dimension and confined in other two dimensions. Example — Quantum wire.

e Two dimensional (2-D) systems — In these systems, two dimensions are in
macroscale and one dimension is in nanoscale. The charge carriers are confined in

one dimension and are free to move in two dimensions. Example — Quantum well.

e Three dimensional (3-D) systems — In these systems, all three dimensions are
in macroscale and no dimensions are in nanoscale. In 3-D systems, charge

carriers are free to move in every three dimensions. Example — Bulk material.

_V

Bulk Well Wire Dot
3-D 2-D 1-D 0-D

Figure 1.1. Schematic presentation of reduced-dimensional systems

Nanoparticles are defined as the particles that have at least one dimension in
nano range (1 to 100 nm). These particles have high surface area and surface charge
density which make them highly reactive. Nanoparticles act as a bridge between bulk

materials and atomic or molecular structures [1]. The larger difference between these
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two types of materials lies in the truth that bulk materials have constant physical
properties regardless of its size, while nanostructures have size-dependent physical
properties. For this reason, the properties of nanoparticles change as their size decreases

and as the percentage of atoms at the surface of a material increases [2].

1.4. Metal oxides and mixed metal oxides nanoparticles

Among the various types of materials, metal oxides and mixed metal oxides are
known for their different kinds of applications in human life. Metal oxides play a very
important role in various areas of chemistry, physics, biology and materials science
because of their interesting properties [3] [4], [5],. The metal elements are able to form
a large diversity of oxide compounds by employing various synthesis methods . These
can adopt an enormous number of structural geometries with an electronic structure
that can exhibit metallic, semiconductor or insulator character. When two or more metal
oxides are mixed together either by physical or by chemical methods to fabricate mixed
metal oxide nanoparticles, a novel set of physical and chemical properties may be
obtained that would be completely different from that of the individual constituents [6].
The distinct properties of nanomaterials arise from quantum size effects [7], quantum
tunneling effects [8] and surface effects [9]. The confinement of carriers like electrons
or holes in low dimensional systems or nanostructured materials could lead to a
remarkable change in their physical and chemical properties due to the appearance of
quantum size effects . The confinement or quantum size result becomes important when
at least one dimension of the material is comparable to the de Broglie wavelength of
the particle [10]. Physical properties of the materials at nanoscale size are predicted in
expressions of quantum mechanics by Schrodinger wave equation which gives a

quantitative understanding of different properties of nanostructured materials or low
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dimensional systems. A low dimensional or confined system is any quantum system in
which the charge carriers are free to move in one, two, or zero dimensions. In these
systems, the spatial dimensions are of the order of the de Broglie wavelength of the
carriers and thus the carrier energy states and density of states become quantized.
Therefore the electrical, electronics, chemical, magnetic, and optical behavior of the
carriers are governed by quantum-mechanical laws. These principles states that all
matter at the nanoscale level behaves as both waves, and particles[11]. The complete
information about a physical entity like electron, hole and photon or even a physical
system such as an atom is explain by a wave function and is sufficient to show

a particle or system of particles.

Nanomaterials (metal oxides and mixed metal oxides nanoparticles) have been
synthesized in different morphologies, such as nanorods [12], nanowires[13],
nanospheres [14], nanosheets , nanoplates , nanocubes [15], nanofibers [16] flower-
like[17],[18]. [19], , hexagonal nanogranules, hierarchical nanostructures [20],
nanoribbons[21], nanoflakes and nanotubes [22]. The physico-chemical properties of
nanomaterials depend on the composition, particle size, surface area, shape, structure,
crystallinity, homogeneity and synthetic methods [23], [24]. There are few examples
like Ce203—-Ti10, composite nanofibers (Figure 1.2) [16], ZnO nanorings (Figure 1.3)
, NiO nanotubes (Figure 1.4) [22], flower-like CuO (Figure 1. 5) and y-Fe2O3 spherical

nanoparticles (Figure 1. 6) [25].
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Figure 1.2. SEM image of the Ce203-TiO:2 composite nanofibers [M.S. Hassan et

al. (2012)]

Zn-(0001)

Figure 1.3. SEM image of ZnO nanorings .
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Figure 1.5. SEM image of flower-like CuO [M. Yang et al. (2011)]
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Figure 1.6. TEM image of y-Fe203 spherical nanoparticles.[26]

1.5. Applications of metal oxides and mixed metal oxides nanoparticles

Metal oxides and mixed metal oxides nanoparticles have received extensive
interest due to their potential uses in different applications, such as catalysis [19],
photocatalysis [27] [28], sensors ,[ 19],[29] antimicrobial activity [30], [31] biomedical
, electronics [32], optics[33] [33],[34],[35], magnetic materials [36], medicines[37],
adsorbents [38],[39], UV-blockers and filters [40], fuels cells [41],[42][43], solar
cells[44], waste water treatment ,[45] [23],[46],[47]] and ceramic materials [48] (Figure

1.7).

® Metal oxides and mixed metal oxides nanoparticles have also important
applications in biological and medical sciences such as cancer treatments, drug

delivery, fluorescent imaging, bio labeling and bio tagging .
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® Gordon et al. have reported antibacterial activity of ZnO-Fe;O3 nanoparticles

against Escherichia coli and Staphylococcus aureus [31].

® Sn0O>-MgO nanoparticles perform as catalyst in different organic reactions, e.g.
Baeyer—Villiger oxidation of cyclohexanone to caprolactone and oxidation of

dimethyl ether to hydrocarbons[49].

® (CuO—ZnO mixed oxide nanoparticles are active catalysts for CO oxidation at

ambient temperature [50].

® Nanocrystalline MgO is used as an efficient adsorbent for many toxic chemicals (e.

g. organophosphorous compounds) and acid gases[51],[52].

® SiO>—-NiO nanoparticles are considered as the best catalysts for the hydrogenation

of benzene [53].

® 7nO nanoparticles exhibit strong antifungal activity against Botrytis cinerea and

Penicillium expansum .

® TiO>—ZnO mixed oxides are reported[54] as photocatalysts for hydrogen

production from water splitting.

® NiO nanoparticles have a suitable adsorption capacity for the removal of heavy
metals from aqueous solutions because of their high surface area, low production

cost and natural porosity [55].

® Zinc oxide and titanium dioxide nanoparticles now appear on the ingredients list of
general household products as various as cosmetics, toothpaste, sunscreens, food

coloring, paint and coatings for vitamin supplements.

Naonavrtmant af Chamictew TTT (RHATN Varanaci Page | 9



Introduction

® NiO/SrBi204 photocatalytic disinfection of pathogenic bacteria Escherichia coli

and Staphylococcus aureus in water under visible light irradiation [56].

® (CuO-NiO nanoparticles have been used in humidity sensing.

e Hierarchical flower-like Co—Cu mixed metal oxide microspheres as highly efficient

catalysts for selective oxidation of ethylbenzene.

® Nanostructures materials used in medicine, e.g. Active agents in cancer therapy
and drug delivery, tissue engineering, fluorescent biological labels, fast test for
medical diagnosis, detection of proteins, tumor destruction, separation and

purification of biological molecules and cells.

® Nanostructures materials also used in cosmetics, e.g. Antiseptic cream, UV light

protection creams and tooth paste.

These applications have resulted in a fast expansion of research in these kinds of
structures. There is an enormous attention in the development of synthetic procedures

in order to control shape, morphology, size and crystallinity of nanoparticles.
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Figure 1.7. Application of metal oxides and mixed metal oxides nanoparticles in

various fields

1.6 PEROVSKITE OXIDES: A GENERAL OVERVIEW

Since 1940, these oxides are a class of materials that have been extensively
investigated, due to their significance to fundamental research and their high potential
for technological applications including superconductivity, insulator—metal transition,
ionic conduction characteristics, dielectric properties and ferroelectricity [57][58],[59]
Perovskite play a very important role for chemical tuning of composition and structure

and thus display of an over abundance of physical and chemical behaviors with
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technological interest that depend on the processing conditions, oxygen content and
ordering [60][61][62][63] and they are noticeable for their multitude of structure-
dependent electronic, magnetic, optical and catalytic properties [64][65][66][67]. Their
electrical properties range from insulators, semiconductors and some even exhibit

metallic to superconductors characteristic[68][68],[69][70],[71].

The universal nature of the perovskite structure is the testament to its enormous
structural and compositional suppleness. This suppleness allows perovskite oxides to
be tuned to near an appropriate instability, be it structural, electronic, or magnetic in
origin, which is essential for the oxide to be functionally useful [63],[72][73]. Titanate
perovskite is a strong interest because of their thermoelectric and ferroelectric
properties, their unusual electrochemical characteristics, and their industrial
applications such as memories, transistors and electrodes. Alkaline earth metal titanate
included BaTiOs3, SrTiO3, CaTiOs and their associated non-stoichiometric complexes.
(Ca, Sr, Ba) Ti0s, are important ferroelectric materials, which are the most extensively
studied and widely utilized perovskite-type materials. BaTiO3 is ferroelectric and
SrTiO3; and CaTiO3 are quantum paraelectric. The structural suppleness of perovskite
has been exhibited to produce or enhance desirable solid-state properties such as ionic
or electronic conductivity [74]. The well known perovskite family is also the titanium-
based oxides which are gaining more and more attention due to its promising

applications in gas detection, nonlinear optics and so forth.

CaTiOs3 is widely used as a wireless device in electronic ceramic manufacturers
and BaTiO3 was a ferroelectric, piezoelectric, and an insulating material is widely used
as high permittivity, low dielectric loss, and dielectric behaviors[75]. Whereas, SrTiOs3
was received much attention both theoretically and experimentally with respect to its

defect chemistry and radiation resistance [76][77][78] Nowadays, the structural
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properties of perovskite including order-disorder effects and formation of defects and
impurities that can tailor the electronic and physico-chemical properties [79],[80][81].
The properties is these perovskite oxide may be modified to a novel system with
completely unique characteristic. Over the last decade, extensive experimental and
theoretical work on perovskite-based materials have demonstrated a strong inter
relationship between distortions of the crystal structure and many processes and
phenomena such as photoluminescence, ferroelectric, piezoelectric and pyroelectric

properties [82],[83],[84][85].

1.7 Classification of Perovskite

Perovskite
Inorganic Oxide Halides
Perovskites Perovskites

Intrinsic Doped Alkali Halide Organo Metal
Perovskites Perovskites Perovskites Halide Poravekitec

Fig.1.8. Classification of perovskite.

1.8 Type and Structures of Perovskite

a. ABOs Perovskite: The chemical formula of the perovskite structure is ABOs3,
where A and B denote two different cations. It consists of BOgs octahedral connected
to each other by corner oxygen, and A cations occupy the 12-fold coordination sites
surrounding eight BOs octahedral [85]. Therefore, the ionic radius of the A ion is

larger than that of the B ion and the presence of two different size cation sites
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enables a wide variety of perovskite-type oxides. Perovskite oxides always receives
the  much  attention  for  their  electrical and  photo-catalysis
properties[86],[87][88]and some example of perovskite used for ionic conductivity,
ferromagnetic and piezoelectric i;e. BaTiO3, PdTi0s, SrTiO3z and CaTiOs etc [89].
Perovskite also has structural suppleness regarding cation and anion vacancies. On
the basis of this relationship, Goldschmidt proposed a tolerance factor (t), which

represents a divergence from the ideal ratio of the ionic radii (equation 1.0).

rat+7ro
t =——
\V2rg+ro

(1.0)

where ra, 8 and ro presenting ionic radaii of A, B and O ions respectively. The value
of tolerance factor (t) is 1, its shows cubic structure but in case t < 1, A cation is too
small to form a cubic structure, resulting in bends of the BOs octahedral network that
reduces the space of the A cation site. Generally the range of perovskite compounds

found to be 0:75 <t <1 and cubic-type forms when t > 0:9.

A~
B—

0,-»"""

BO

[ 6
octahedron

Fig.1.9. The structure of ABO3 perovskite.[79]
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b. A*'B*30;Perovskite: LiNbO3, KNbO3, AgNbOs3, NaNbO3 and KNbO3 these are
an example of A"'B*°0O5 of perovskite. Cation A belong to First group of element
and cation B belong to the firth group element of the periodic table. These
compound shows ferromagnetic and anti-ferromagnetic behavior [90]. Among
these NaNbOs is an anti-ferromagnetic with the orthorhombic unit cell at room
temperature but its change the structure at different- different temperature i.e; at
693 K pseudo-tetragonal, 833 K tetragonal and at 913 K its shows cubic structure.
Mostly these perovskite compounds are widely used electro-optics devices.

c. A'2B™O0s Perovskite: A™B™0s type perovskite most widely used in dielectric
and piezoelectric materials, A cation belongs to second groups and B cation
belongs to the fourth group of the periodic table. Mostly A and B present to
divalent (Ca, Sr and Ba) and tetravalent ion (Ti, Zr and Sn). Among these
perovskite widely studied materials are ATiO3, where A= Ba, Bi, Ca, La and Pb.
It also used to dielectric and piezoelectric materials. Perovskite compound BaTiO3
and CaTiO; materials useful for a large number of an application such as
piezoelectric, transducers gas lighter elements, electronic ceramic materials and in
immobilizing high-level radioactive waste [91].

d. A"B"0s Perovskite: This type of compounds belonging to rare earth or yttrium
ion on A site and a trivalent transition metal ion on B site. The particular interest
of these compounds found to be technical application of functional materials and
most interest properties such as mixed conductivity by both ions and electron or
hole migrations. Such materials can be employed in a solid electrolyte fuel cell

(SOFC) as electrode materials for oxygen sensors and humidity sensors.
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e. (ABO3)n AO Perovskite: Ruddlesden and Popper have Mentioned a family of
perovskite oxide with the general formula A;+1BnOsn+1( (ABO3),AO), where, n is
the number of ABOs perovskite layers separated by sole of AO rock salt layer [92].
A and B show the rare or alkaline earth elements. It belonging to R-P homologous
series, and most of used for the high oxide-ionic conductivity, R—P homologous
materials with mixed ionic electronic conductors for electrodes in intermediate

temperature solid oxide fuel cells [93][94],[92]].

The interest of the R—P oxides as electrodes in intermediate temperature solid
oxide fuel cells has been mainly focused on materials with a KoNiF4 like structure.
K>NiF4 type materials present higher ionic conductivity than anion deficient ones due
to the oxygen interstitial migration in the rock-salt type layers of the structure [95][96].
Besides, octahedral rotation distortions play an important role in the oxide—ion

migration of these materials [97].

f. A:B20s Perovskite: A>B>Os is the general formula for a large number of
materials which exhibit an anion deficient perovskite (oxygen deficient perovskite)
ABOz3.5 system. The brownmillerite considered the parent structure of A2B2Os
(A2BB'Os) and giving rise to different derivatives, layered double perovskites, A
site anion and anion vacancy ordered perovskites and perovskite oxide like
compounds with crystallographic shear planes. Among anion deficient
perovskites, ABO25 (or A2B>0Os, A2BB'Os, and AA'B20Os, where A, A', B, and B'
are cations of different kinds) are probably, the most popular and rich in a structural
diversity. This type perovskite used high Curie temperature (T¢), superconductivity
in Cu-based oxides, high electron and oxygen ion conductivity, and rich magnetic

behavior, which makes them promising materials for different applications.
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Ca;Mn20s and Ba;In,Os are the best examples of the oxygen deficient perovskite.
The orthorhombic structure of CaxMn2Os has five coordinated square pyramid
subunits between manganese and oxygen, in which all five oxygen atoms are

linked with adjacent subunits through corner oxygen atoms, as shown in figure 1.3.

0«

Fig.1.10.Structure of Ca:Mn20s unit cell showing oxygen vacancy along the

direction of normal A B plane.[98]

The orthorhombic CaMnOs has six-coordinated octahedral subunits linked
through the six oxygen atoms at the corner sites. Thus, oxygen deficient perovskite
Ca;Mn;0s has intrinsic molecular level porosity on the oxygen deficient sites, which

are beyond structural porosity, such as mesoporosity or macro-porosity [85].
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Table.1.1. Example of some perovskite explains property application and their

use.
Compounds Typical property | Application Used
BaTiOs, PdTiO3 | Ferromagnetic Multilayer  ceramic | Most widely used
property capacitors (MLCCs), | dielectric ceramic
Piezoelectricity and | PTCR resistors and | Tc = 125°C
high dielectric | embedded
constant. capacitance.
(Ba Sr)TiO:;3, Non-Linear Tunable  microwave | Used in the para-
(Bi, Na)TiOs dielectric devices. electric state.
properties.
Pb(Zr, T1)Os Ferromagnetic Piezoelectric PZT most
property transducers actuators | successful
Piezoelectricity. and ferroelectric | piezoelectric
memories. material.
Bi4Ti3012 Ferroelectric  with | High-temperature Aurivillius
high Curie | actuators and | compound
temperature. Ferroelectric Tc = 675°C
Properties.
(Ko.sNao.s)NbOs, | Ferromagnetic Lead-free piezo- | Performances not
Nao sBio sTiO3 property ceramics. yet comparable to
Piezoelectricity. PZT but rapid
progress.
SrFeO;s, Electrical Alternative dielectric | Multifunctional
LaCoO3 conductivity. materials and Internal | material.
barrier layer
capacitors.
BiFeOs, Magnetic property. | Magnetic field | Most investigated
LaMnO; detectors, Memories. | multi ferroic
compound. Tc =
850°C
LaCoOs3, Catalytic property. | Cathode material in | Used for Solid
BaCuOs3 SOFCs and oxygen | Oxide Fuel Cells
separation cathodes.
membranes.
LaAlO;3, Host materials for | Lasers Substrates for
YAIO; rare-earth epitaxial film
luminescent ions. deposition.
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1.9 Complex Perovskite

The complex perovskite (A"A")(B'B")Os type structure are well founded many
technological applications due to configurational and compositional ductility of the
perovskite octahedral texture. In these structure, cation A shows divalent species,
although some compositions also consolidated trivalent rare earth, cation A with charge
Indemnity conferred by the simultaneous consolidated of trivalent species like Al
Ti"3, and Fe" on the B site, for example (Ca1xNdx) (TiixAlx)O3 and (Pbi-xBax) (Fei-
«Tix)Os3. A and B cations both are large difference in between size and charge, can also
resulting in detractive of symmetry and changes the properties like that magnetic and
dielectric behavior. The perovskite structure explains excellent latitude in chemical
substitutions on both cations and therefore, a great deal over the control properties. The
additional composition of perovskite A;BX and BAX3 inverse perovskite structure are
belong to homologus series, such as Ap+1BnOsn+1 (Ruddlesden-Popper) [99][3],
AnBnOsn+1 (Dion-Jacobson)[100], Bi2An-1BnOsn+3 (Aurivillius series) [B. Aurivillius
(1949), B. Aurivillius (1950), B. Aurivillius (1951)]. The structures of some
homologues series perovskite oxide explained anion deficient perovskite with many-
sided properties like that Ay,BnOsn2 and its related to ABOs3 perovskite. Ruddlesden-
Popper and Dion-Jacobson explained many application and properties of pervoskite
i.e; ferroelectrics, ionic conductors, superconductors, multiferroic and magneto
resistant materials result from a complex and interaction between the crystal structure,
electronic state of the transition metal, amount of defects and their mutual interaction.
CaCusTis012 (CCTO), BixsCusTisO12 (BCTO), Y23CusTisOr2 (YCTO) and

Laz3CusTisO12 (LCTO), are few example of complex perovskite oxide.
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Bi O

Fig.1.11. Crystal structure of Bi23Cu3TisO12 (BCTO)[101].

Fig.1.4. shows the cubic structure of Bi»3CuzTi4O12 complex perovskite and
their space group is Im3 and lattice constant a =7.413 A. In this structure, the Bi sites
are 1/3 vacant in order to achieve charge neutralism. This might affect the dielectric
behavior, rendition the study of this compound more interesting. The Structure of

BCTO similar to CCTO structure of complex perovskite.
1.10 History of Sillenite

Sillenite (i.e. stabilized y-Bi1203) was discovered in 1937 and named after L. G.
Sillén, who accidently found a body-centred cubic phase by firing Bi,O3 with Al,O3 at

900 °C for 5 minutes[102].

This phase was also obtained by Schumb and Rittner in 1943 by “fusing” Bi203
with SiO2 at 875 °C for 20 minutes. This phase was also obtained by Schumb and

Rittner in 1943 by “fusing” Bi2O3 with SiO2 at 875 °C for 20 minutes. Aurivillius and

Naoanartmant af Choamictew TTT (RHITN Varanaci Page I 20



Introduction

Sillén then noticed it was possible to stabilize y- Bi2O3 at room temperature by using a
small amount of various cations with ionic radii from 0.4 — 0.6 A(11). Since then more
than 60 sillenite members have been reported. Sillenites mention to a class of bismuth
compounds with a structure similar to Bi12S1029, whose parent structure is y-Bi,03, a

meta-stable form of bismuth oxide[103].

The cubic crystal sillenite arrangement is pooled by several synthetic materials
containing bismuth titanate and bismuth germanate. These compounds have been

usually examined for their non-linear optical propertie.

3+

Figure.1.12. Crystal structure of the sillenite Bii2 SiO20 , space group I 23. The Bi

6s % lone electron pairs are oriented along the closest.[104]

The modern applications of sillenites are mainly in the fields of electrooptics,

acoustics, and piezotechnics, where their physical properties such as photorefractivity,
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optical activity, photoconductivity, piezo-modulus, the velocity of ultrasound wave
propagation,1-3 etc., can be exploited. Recently, however, sillenites have begun to be
considered for use as dielectrics in the field of electronics. 4 For the majority of these
applications, the properties of the sillenites must be optimized or tuned to a certain
value, and the adjustment of the properties to the requirements of a particular
application demands a detailed understanding of the physics, the processing (crystal
growth, film deposition, sintering, etc.), and the chemistry of the sillenites. The parent
representative of the sillenites is y-Bi2O3, a metastable compound that can be prepared
only by controlled cooling. (13)[105] The crystal structure of y-Bi2O3 has been the

subject of a number of investigations that resulted in several different structural models.

All of the models have similar description of the structural framework that
consists of the Bi-O coordination polyhedral. The Bi** ions within the framework are
in octahedral coordination with the apical oxygen ion at a very short distance of ~2.05
A, with the two basal-plane oxygen ions at ~2.2 A, and with another two at ~2.6 A.[6]
The two oxygen ions from the adjacent octahedra are at a relatively long distance of
~3.1 A from Bi*" and are not usually considered as being part of the first coordination
sphere. . Contradictory the apical oxygen, a stereochemically active 6s® lone electron
pair that completes the distorted octahedra spreads over a distance of ~1.8 A. The Bi-
O octahedra share corners to form the framework, within which the regular tetrahedral
sites are occupied by M-site Bi ions. The structure and the tenancy of the M-site
coordinational tetrahedra are the most disputed details of the y-Bi,Os crystal structure.
Several authors have proposed several different solutions. Craig and Stephenson
assumed a statistically alternating occupancy of the tetrahedral position by the Bi** and
Bi°" ions, with a fully occupied oxygen sublattice. This structural formula, which was

the most broadly accepted structural model for a long time, should be written as
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Bi2(Bis+o.5- Bis+0.5)O20. The model suffers from a major crystallographic discrepancy
associated to the dimensions of the ions: it is highly unlikely that the large Bi*" ion with
its stercochemically active 6s> lone electron pair can fit into the tetrahedral
interstice[106]. Watanabe et al. 7 tried to avoid the tetrahedrally coordinated Bi** by
suggesting a model in which the tetrahedral sites are fully occupied by the Bi®* Because
this model again assumes a fully occupied oxygen sublattice the charge compensation
necessitates a deficiency in the Bi-O framework. . The structural formula should be
written as Bi*"11.67Bi>'Ox. Unfortunately, a lack of experimental evidence for the
presence of the Bi*" ions has raised doubts about the validity of this model. In addition,
the Bi*" ion is destabilized at high temperatures and, therefore, not expected to exist in
the high-temperature form of Bi20Os. Currently, many researchers (see, for example, refs
9-12) seem to agree that the structural model of Radaev and Simonov§8 describes the y-
B1203 crystal structure in such a way that it can explain all of the experimental
observations. According to this model, the tetrahedral positions are 80% occupied by
Bi*" ions and 20% vacant. The Bi** ions are coordinated with three oxygen ions, and in
the direction of the absent fourth oxygen, the 6s® lone electron pair extends (identified
as the [BiOs] group). The vacant tetrahedral positions are regularly coordinated with
four oxygen ions (to give the [004] group, where 0 is a vacancy) and statistically
distributed over the lattice. The model assumes that the oxygen vacancies are due only
to the presence of the [BiOs] groups, which is reflected in the structural formula
Bii2(Bi*%%02)019.2(14). It should be mentioned that the work of Murray et al.,13
which preceded the study of Radaev and Simon8 and was performed on the
isomorphous compound Bii2PbO19, already suggested the presence of [MO3] groups
when the M ions exhibit a lone electron pair ([PbO3] in the case of Bi12PbO19)[107]. In

addition, for B3+ ions with a similar electronic configuration of the outer electron shell,
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the possibility of forming [BO3] groups has been demonstrated as well. The possibility
of stabilizing metastable y-Bi20O3 using a small amount of other cations has already

been suggested by Sillen.[85]
1.11 Stoichiometric Sillenites

Whereas y-Bi;O3 is considered stoichiometric despite having oxygen
vacancies, Sillenites are only considered stoichiometric when they have a fully
occupied oxygen lattice, i.e. a general formula of Bi12MO»o. If Bi is (+III) and O is (-
IT), then in order to achieve a full oxygen lattice the M ion must be (+IV), such as Si*',
Ge*" or Ti*' [107] However, it is also possible to produce Sillenites which simply have
an average M-site charge of (+IV), such as Biia(M*osM>" )Oa0 ['® or Bijo(M>" )02

[103].
1.12 Non-stoichiometric Sillenites

In a stoichiometric Sillenite the M-site should have an average charge of (+1V)
but this can be changed by aliovalent substitution of the M site to produce non-

stoichiometric Sillenites with a range of oxygen contents.

Valant’s general structural model predicts a range of possibilities for forming
oxygen deficient Sillenites by making the average M site charge less than (+IV) .
Pentavalent ions can partially fill the M site, allowing a minimum oxygen content of
19.2. Also, (+11I) ions can be substituted onto the M site. This is comparable to the
case of y-Birexcept most commonly used (+11I) ions such as Ga*" or Fe** don’t have
an electron lone pair like Bi**. This means that unoccupied oxygen sites are then no
longer filled by lone pairs. If the M site was fully occupied by a (+III) ion charge
balance would predict an oxygen content of 19.5, leaving 0.5 oxygen sites completely

vacant. In many cases it is postulated that the two are linked, with the M site occupying
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MO:s trigonal sites like that shown in figure 1.13.

Figure 1.13: Trigonal coordination of an MOs3 group in an oxygen-deficient
Sillenite.[108]

Oxygen-excess Sillenites are only possible by substitution of a (+V) ion such
as V°* or As>" onto the M site [*]. Tt is theoretically possible to form oxygen-excess
Sillenites using (+VI) ions, but the large positive charge of a (+VI) ion and the
corresponding structural distortion this causes makes phase stability unlikely ['?!. The
structural position of the excess oxygen is not covered in the Valant and Suvorov
model, it merely states that space is created by ‘structural distortions’. Oxygen-excess
Sillenites are better explained by the creation of an extra oxygen site, such as in the

Radaev model.[79][34][108].

Figure 1.14: The O4 site, in the centre of the diagram [108].
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This extra oxygen site is named the O4 site, and is shown in the centre of figure
1.14. Occupation of this site allows more than 20 oxygens to be incorporated into the
cell, with an M site charge higher than 4 required to maintain charge balance. An effect
of this extra oxygen is to shift the bismuth ions away from the M site tetrahedra
slightly. This causes the bismuth co-ordination environment to change to that shown
in figure 1.15 where the BiO4 groups shift from sharing edges to sharing faces, and no

longer join to the M site tetrahedra [108].

Figure 1.15: The altered bismuth co-ordination environment in an oxygen excess

Sillenite [109].

1.13. Applications

Current applications of Sillenites are primarily in the field of electro-optics,
where Sillenite single crystals are chosen for the non-linear optical effects they exhibit.
Sillenites have a rapid photorefractive response (where refractive index of a material
changes when it is illuminated), which makes them suitable for applications in optical
processing and holographic data storage . Sillenite crystals are also photoconductive,
leading to applications such as interferometry detectors . More recently research on

Sillenite ceramics has intensified with interest in future applications as dielectrics.
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1.14 Dielectric properties of metal oxide

1.14.1 Capacitors

The capacitor is a component which has the capability (capacity) of stored
energy in the form of an electrical charge generates a potential difference across its
plates, much like a small rechargeable battery. They are designed to release their energy
very quickly. In its basic form, a capacitor consists of two or more parallel conductive
plates does not touch each other, but is electrically far either by air or by a good
insulating material such as mica, ceramic, plastic waxed paper, and liquid gel as used
in electrolytic capacitors. The insulating layer between capacitors plates is known as
Dielectric. The potential difference between the conductors, a static electric field
develops across the dielectric, due to an alignment of charges in the dielectric. This
reason the positive charge to collect on one plate and negative charge on the other plate.
The energy of the capacitor is stored in the electrostatic field. The mechanism of
working of a parallel plate capacitor in a circuit, including the alignment of charges in

the dielectric material is shown in Fig.1.5.

Conductive Plates

> A

Capacitance (C) = ——
\\ A—f";ﬁ’q o . :
£ = permittivity of dielectric

A = overlapping area of plates
\ d = distance between plates

—F

Dielectric (g)

Fig. 1.16. Shows parallel plate capacitors in circuit, including the alignment of

charges in the dielectric material [110]
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The capacitance of the parallel plate capacitor is shown in the equation:
C=¢g0A/d (1.1)

where, £ (8.854 x 10712 F/m) is the permittivity of free space. The diclectric constant is
higher capacitance is also higher which can be realized in a given space. Therefore,
materials of the high dielectric constant are favored in the practical design of embedded

capacitors for miniaturization.

1.14.2 Dielectric Materials

Ceramic materials described good electrical insulators to as dielectric materials
and composite also explain the dielectric and electrical properties. The electric field has
applied these type of materials neither observed electrical current or nor inert to the

electric field (E). The field reason slightly shifts charge balance in the material as shown

in Fig 1.6.

ﬁf-ﬁf—ﬁf-ﬁf-ﬁ Ii.-'i)-II R R i'{

'~:.-'| IH.:.-" I'u:.-'l I'u:.* '~.:.f '»:.- '»: '»-_,-'I I'u-_/'l L_,a'l L_,-'I LJI I'a.: '~: i::::x

J.n H u J.n H u 1 .@1.@1.@1.@1. © {: Blg

++++++++++ ++ +

Fig.1.17. The polarized and non-polarized plates of an applied electric field .[111]
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So for, the system occupies an electrical dipole moment (P) . These dipole moment
found per unit volume is called polarization. The moment is proportional to the electric

field (E) and the polarization is proportional to the applied field [112] show in equation

P =nyeE (1.2)

Where, . is the dielectric susceptibility; n is a constant that describes the dielectric
ability to form dipoles [113]. Since the dielectric susceptibility . is equal to (1), where

& 1s the relative permittivity, the polarization will be [114].

P=2¢&E (&1) (1.3)

The field that a molecule in the inward of a dielectric established between the
plates of a charged condenser virtually experiences is known to be larger than the
applied field. This is related to the polarization which exhibits on the surfaces of the
dielectric. The actual field of a molecule is called the local field (Ei.c). The dipole

moment for a molecule by the local field is given by [115].

Pmoi=a" Eloc (1 4)

where, Pmol 1s @a moment and o° shows the polarizability of the molecule. For dielectrics

containing N molecules per unit volume, the total dipole moment or polarization is:

P=Nuao' Eloc (15)

Substituting Equation (1.4) in Equation (1.5) gives

Xe - (Sr-l) = P/ €o Eloc = N G' E]oc/ €o E (1.6)

The presence of the dielectric material reduces the effective and various polarization

mechanisms: Electronic polarization, orientation (dipolar) polarization, space charge
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polarization, and atomic or ionic polarization. The net polarization P of the dielectric

material, and is given as:

P = Pelectronic t+ Pionict Pmolecular+ P interfacial

1.15. Electronic Polarization

Electronic polarization occurs in all dielectric materials. When an electric field
(E) acts on an individual atom, the electrons surrounding each nucleus are shifted very
slightly in the direction of the positive electrode and the nucleus is very slightly shifted
in the direction of the negative electrode and the atom acquires a dipole moment

(P), so that:

P=aE (1.7)

As soon as the electric field is removed, the electrons and the nuclei return to
their original distributions and polarization disappears. The displacement of charge is
very small for electronic polarization, so the total amount of polarization is small

compared to the other mechanisms of polarization [116]

1.15.1 Orientation Polarization

If the system is composed of heteronuclear (non-symmetrical) molecules then
the disposition of the individual atoms within the molecule may be such that the
molecule itself has a permanent dipole moment. Examples are HoO, HCI, CH3Br, Hf,
and C2Hs(NO») . For the H»O, the covalent bonds between hydrogen and oxygen atoms
are directional such that the two hydrogen atoms that have a net positive charge are on
one side of the oxygen that has a net negative charge. Under an electric field, the

molecule will align with the positive side facing the negative electrode and the negative
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side facing the positive electrode[116]. A molecule which is composed of different
atoms is not necessarily polar. e.g. CO: is non-polar because the carbon and oxygen
atoms are arranged in a straight line with the carbon in the middle as shown in table
1.3. H2O is polar because the ions are arranged in a triangle (table 1.3) [117].
Orientation polarization is better than electronic polarization, because larger charge
displacement is possible in the comparatively a large molecules compared to the
difference between electrons and nucleus in particular atoms .[116] In solids, however,
the molecules are usually too tightly bound for the orientation polarization to occur. It
is much more important in liquids and gases. Due to the randomizing effect of the
thermal vibrations this type of polarization is more effective as the temperature is
decreased and it gives rise to a dielectric constant, which is temperature dependent

[117].

1.15.2. Space Charge Polarization

The space charges are random charges caused by cosmic radiation, thermal

deterioration, or are trapped in the material during the creation process [116].

1.15.3. Atomic or Ionic Polarization

Atomic polarization involves displacement of atoms (ions) within a crystal
structure when an electric field is applied, the field will tend to stretch bonds
between the ions and this will change the moment of the molecule. The polarization
effects is possible through this mechanism depending on the crystal structure, the

presence of solid solution, and other coefficient [116].
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Table 1.2. Shows polarization mechanism of dielectric materials

Polarization Mechanism
Type of No E field | Local Field E | Case where | Frequency | Strength of
polarizatio (E=0) (E+0) it is range Polarizatio
n Observed where it is n
predomina
nt
Electronic
Polarizatio Neutral ~ 10" Hz Very weak
n atoms
Atomic or
lonic. Tonic species | 10'?to 10" Strong
polarization Hz
Molecular Molecules
or with 10" t0 10'2 Weak
Orleqtatlon permanent Hz
or Dipolar dipole
Polarizatio moment
n
Interfacial
Polarizatio - - - ®® - - | Heterogeneo 102 to 10° | Very strong
n . - = . Q- - - us Hz
= . . - 00 - - Systems

1.11 Dielectric Constant

The charge storage capability and stint of polarization of a material are

always define in the term of dielectric constant or as relative permittivity. The

electric field is applied to two flat plates of a metal, one plate becomes positive

and the other negative. The electric field causes polarization in the material in the

space between the conductive plates. The relative dielectric constant (k) compares

the polarizability of the material with that of the vacuum between the plates [116].

Nonartmaont af (CThomictrvy

TTIT (RHTN Varanaci

Page | 32



Introduction

k” =k Material / k vacuum (1.8)

In other references; the relative permittivity is quoted as (&r), while, €9 is defined
as the permittivity of the free space and ¢ is the permittivity of the dielectric material.

The permittivity terms (&, €0, €) will be used according to Equation (1.9).

er=¢l € (1.9)

Materials with low dielectric constant are used for electrical insulator
applications. Materials with high dielectric constant are used in capacitors for charge
storage and other functions. High dielectric constant materials are favored in the
design of embedded capacitors to achieve high energy density in a given space and
further miniaturization. In an alternating field, dielectric constant (k) can be expressed

as

"n—_

k=¢&'— je"= goer— j&" (1.10)

where, ¢ is real dielectric constant, and &” is imaginary dielectric constant. Real
dielectric constant (&) is directly related to the material. Ideally, the dielectric constant
should be constant with respect to frequency, temperature, voltage, and time. However,
each polarization mechanism has a characteristic relaxation frequency. The values of
dielectric materials can also vary with temperature, bias, impurity, and crystal structure

by various extents depending on material types[118]

1.16 Dielectric Loss

Dielectric loss is a material property of the dielectric and is a measure of energy

loss of the dielectric during ac operation. Dielectric loss is a result of distortion, dipolar,
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interfacial and conduction losses. Dielectric loss is expressed as the loss tangent (tan 9)

or Dissipation factor (Dr), and is defined as:

tand =¢"e'+o2nfe (1.11)

where, &', €"” are real and imaginary parts of dielectric permittivity, o is electrical
conductivity of the material and f is frequency. Energy loss (W) which is defined as the
energy dissipated in a dielectric material is proportional to the loss tangent, and is

expressed as:

W =ne'E2f tan & (1.12)

where E is electric field strength and f is frequency. Therefore, a low dielectric loss is
preferred in order to reduce the energy dissipation and signal losses, particularly for
high frequency applications. Generally, a dissipation factor under 0.1% is considered

to be quite low and 5% is high [118]

1.17 Impedance

Impedance spectroscopy is a comparatively good and powerful method for
characterizing many of the electrical properties of materials and their interfaces with
electronically conducting electrodes. It may investigate the dynamics of bound or
mobile charge in the bulk or interfacial regions of any kind of solid or liquid material
and always used to ionic, semiconducting, mixed electronic—ionic, dielectrics (even
insulators), migration of charge carriers across grain and grain boundaries and other
phenomena. Impedance spectroscopy applied a single-frequency voltage or current to
the interface and measuring the phase shift and amplitude, or real and imaginary parts,

of the resulting current at that frequency using either analog the circuit. The most
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important technique is based on analyzing the ac response of a system to a sinusoidal
perturbation and consequent calculation of the impedance as a function of the frequency

of the perturbation.

Impedance spectroscopy spectrum generally define two categories: (a) the
material used itself, such as conductivity, dielectric constant, mobilities of charges,
equilibrium concentrations of the charged species, and bulk generation—recombination
rates; and (b) an electrode—material interface, such as adsorption-reaction rate
constants, capacitance of the interface region and diffusion coefficient of neutral

species in the electrode used itself.

It is important and not pied that modern advances in electronic automation have
included impedance spectroscopy. Sophisticated automatic experimental equipment
has been developed to measure and analyze the frequency response to a small-
amplitude ac signal between about 10 and >10 Hz, interfacing its results to computers
chips, industrial quality control of paints, emulsions, electroplating, thin-film
technology, materials fabrication, mechanical performance of engines, corrosion, and
so on. The impedance can be represented as a real (Z') and imaginary (Z") component.
Depending on the material and hypothesized process, an electrical equivalent circuit
can be constructed made of capacitors, inductors, resistors and other elements.
Transforms can be used in order to obtain related values from the impedance. A few

transformations are listed below [119].
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Table 1.3. High dielectric constant of few oxide compounds

S.No. Compound Dielectric constant | Reference
1. CaCu270Mgo.30Ti4012 3.4x10° [120]
2 Bi23CusTisO12 2.9x10% [121]
3 Ba(Feo.sNbo.5)O3-Bio2Y2.8FesO12 30000 [122]
4 Bao.75810.25Ti03 24000 [123]
5 CaCusTisO12 20000 [92]
6. Ko.5Nao sNbO3 20000 [124]
7 Bi1.5ZnNb; 507 10,000 [125]
8 0.5BaTi03-0.5B123Cu3T14012 43459 [126]
9 BacY2Ti4O017 1.5 x10°3 [127]
10. Eu,CuOs 5x10° [128]
11. 0.5Bi23Cu3Ti4012- 0.5Bi3LaTi3012 13.9x10° [121]
12. CaCu2.9Zn0.1Ti4012 5971 [120]
13. Y23Cu3Ti3.05In0.05012 5068 [129]
14 Bio.sNag sTiO3 5000 [130]
15. (Bao.osCao.05) (Ti0.96Z10.04)O3 3910 [131]
16. StTiO3 2150 [132]
17. Bi4Ti3012 1400 [128]

The real and imaginary parts of the complex dielectric constant are represented as:

e'=—7"wC(Z*+Z") (1.13)

e"=—2"/0C(Z*+ 272" (1.14)
The real and imaginary parts of complex electric modulus are represented as:

M'=wCZ" (1.15)

M" =0 CZ' (1.16)
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The loss tangent is given as
tand =¢'/e" =M"/M’ (1.17)
the radial frequency, o, is given as
o=2nf (1.18)

with f being the frequency and the vacuum capacitance C is given in above (equation

1.1)
C=¢eA/d

with A is the area of the electrode and d is the thickness of the dielectric layer.

1.18. Adsorption

Adsorption is distinct as the deposition of molecular species onto the surface.
The molecular species that gets adsorbed on the surface is known as adsorbate and the
surface on which adsorption occurs is known as adsorbent. Common examples of

adsorbents are clay, silica gel, colloids, metals etc.[133]

Adsorption is a surface marvel. The process of removal of adsorbent from the

surface of adsorbate is known as desorption.

1.18.1. Mechanism of Adsorption

The amount of heat grown when one mole of the adsorbate is adsorbed on
adsorbent is called enthalpy of adsorption. Adsorption is an exothermic process and
enthalpy change is always negative.[134] When adsorbate molecules are adsorbed on
the surface, autonomy of movement of molecules become restricted and this results in
decrease in entropy. Adsorption is a natural process at constant pressure and

temperature, thus Gibb’s free energy is also nigative.
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1.18.2 Types of Adsorption

There are two types of Adsorption — Physical Adsorption or Physiosorption and Chemical

Adsorption or Chemisorption.

1.18.3 Characteristics of Physical Adsorption

e There is no specificity in case of physical adsorption. Each gas is adsorbed on the
surface of the solid.

o Nature of the adsorbate. Easily liquefiable gases are strongly adsorbed physically.

o Physical adsorption is reversible in nature. If pressure is increased volume of gas
decreases as a result more gas is adsorbed. So, by decreasing the pressure, gas can
be removed from the solid surface. Low temperature promotes physical adsorption
and high temperature decreases the rate of adsorption.

e More surface area more is the rate of adsorption. Porous substances and finely
divided metals are good adsorbents.

e Physical adsorption is an exothermic process.

e No activation energy is needed.

‘D

® 9

Physical adsorption Chemical adsorption

Fig. 1.18. Types of adsorption
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1.18.4 Chemical Adsorption or Chemisorption

e When the gas molecules or atoms are detained to the solid surface via chemical

bonds, this type of adsorption is chemical adsorption or chemisorption.

Adsorption isotherms

Adsorption isotherm is a graph or a relative between the amounts of
adsorbate adsorbed on the surface of adsorbent and pressure at a constant

temperature.[135] Different adsorption isotherm was studied by different scientists-
1.18.5. Freundlich Adsorption Isotherm

Freundlich proposed an empirical relationship between amount of gas adsorbed
by unit mass of adsorbent and pressure at a particular temperature. Following equation

was proposed for freundlich adsorption isotherm.[135]

x/m=K. p/*(n>1)

g w ——

¥

P —»

Fig. 1.19. Adsorption isotherm

x is the mass of the gas adsorbed
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m is the mass of the adsorbent
p is the pressure

k and n are constants which depends on the nature of the adsorbent and the gas at a

particular temperature.

Taking log of the above equation, the following equation will be observed

log x/m =log k +1/n log p

x/m is plotted on y axis and log p is on x axis. If straight line is observed than only

freundlich isotherm is verified.[135][134]

slope = 1/n

Intercept=logk

LogP —»

Fig. 1.20. Freundlich isotherm

Slope gives 1/n and intercept gives log k. The value of 1/n varies from 0 to 1.
If 1/n is 0, adsorption is independent of pressure.

If 1/n is 1, adsorption changes with pressure.
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