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ABSTRACT

Nanoscience contend with the novel phenomenon of producing, measuring the
various properties and to controlling the dimension of an object up of nanometer scale range.
Nanotechnology deals with using nanomaterials to develop products for practical application.
Perovskite has a remarkable distinct appearance than spinel, due to the single structure. It is
able to illustrate extraordinary operations along with an incredibly wide range of phase. Sol-
gel technique offers enhanced control over homogeneity, elemental composition and powder
morphology. As well, uniformly nano-sized metal clusters can be achieved, which are crucial
for enhancing the properties of the nanoparticles. These advantages make the sol-gel route a
favourable alternative to other conventional methods for the preparation of ceramic oxide
composites. The aim of this work is to develop novel multifunctional nanoparticles. For this
purpose, barium titanate nanoparticles were synthesized by the sol-gel process using acetic
acid (CA) and PEG as chelating agents, and the effect of chelating agents on surface
morphology, size distribution of the synthesized barium titanate nanoparticles have been
investigated. The results obtained in this study suggested that pure perovskite barium titanate
nanoparticles were obtained with new structural form. Barium titanate nanoparticles formed
perovskite structure with a crystallite size in the range of 15.71 nm. This research includes
various characteristics of synthesized nanoparticles using various characterization techniques.
The present research also deals with the influence on sensing properties. As CO, is a
colourless and odourless gas, present in environmental atmosphere, it is very hard to identify
the increasing concentration, resulting in high damage of mankind moreover of livingbeings.
So barium titanate sensor was constructed and used for CO, sensing perpuse. We have seen

that the sensor also gives response at low concentration of CO, gas.
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PREFACE

This dissertation, entitled “Synthesis and characterization of Perovskite type
nanomaterials and their Novel applications” sum up the results obtained on practical
research carried out in the Department of Physics, Babasaheb Bhimrao Ambedkar University
in between 2018-2020 under the supervision of Dr. Anil Kumar Yadav, Assistant Professor,

Department of Physics, Babasaheb Bhimrao Ambedkar University, Lucknow.

The work carried out in the present M.Phil. dissertation is divided into 4 chapters.

Chapter 1 contains the basic introduction on nanoscience and nanotechnology,
briefly discussing about quantum confinement, outline for fabrication of nanomaterials and
lighting on perovskite structure. This chapter also contains tables for literature review which
accumulate a comparative study on various perovskite structures and their different sensing

properties.

Chapter 2 includes various Synthesis methods utilized for fabricating nanomaterials.
Among all these types, sol-gel is researcher friendly because of low cost, can be applied by
minimum instrument facility and also at room temperature. This chapter also focused on
various characterization techniques which helps us to characterize the synthesized material.
We can study various characteristics with the help of XRD, SEM, TEM, UV-Vis, and FTIR

spectrometer.

Chapter 3 represents the Synthesis of Barium titanate successfully using sol-gel
route. The morphology was observed by SEM analysis. The EDX record approves the
development of barium titanate consists of Ba, Ti, O in sample. The crystalline characteristic,

formation of phase of the barium titanate was confirmed by XRD analysis. The TEM image
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showed the unique internal structure. The FTIR spectrum reveals the presence of various

functional groups. The optical band-gap was invented by UV-Vis Spectrometer.

After that the synthesized BaTiO3 used as a room temperature CO, sensor, was tested.
The differences in the resistance of the film with time before and after exposed to different
ppm of CO, gas in the closed chamber at room temperature has shown. The minimum
response and recovery time were found. The sensor response and sensitivity were also

observed at different concentration of CO, gas.

Chapter 4 gives the general conclusions drawn from the present dissertation and

future research works that would be productive in further understanding the role of nano-

oxides for low-temperature applications are desirable.
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CHAPTER 1

INTRODUCTION

1.1 Nanoscience and Nanotechnology

Over the past few decades, a new branch of research, broadly referred to as
nano science and nanotechnology has stimulated huge attention across the world not
only in terms of fundamental research but also includes various domains in terms of
applications and still continues to grow mountingly in notable ways. Nanoscience and
nanotechnology can be defined in several ways, some of which are often
interchangeable and are extensively deliberated in literatures. Nanoscience is mainly
concerned with the fundamental understanding of the phenomena, and the study of
materials and systems and their properties lying in the nanoscale of 1~100 nm,
whereas nanotechnology covers the vast and diverse range of applications of
nanoscience and explains the merger of nanoscience with technology. It is a vast and
diverse interdisciplinary field that includes the creation and utilization of the
materials, structures, devices and systems through manipulation of matter at
nanometer scale [1-3].

Nano? The emergence of the word 'Nano' is reported to take place from a
Greek-word ‘nanos’. The word nano literally means dwarf or extremely small, and
this accounts to a unit 10 or one billionth in the SI scaling system. Due to gradual
and continuous progress in synthesis of materials, controlling their physical and
chemical properties at the nanometer scale for desired applications, tools and
techniques for their observation and analysis, the word ‘Nano’ has gradually stepped

in and has fit itself into today’s context of scientific advancements and



industrialization, and thus contributing significantly towards the development of novel
materials with tailored properties [4-5].

The critical aspect of molecular nanoscience is the design and assembly of
well-defined molecular architectures, which laid a milestone in the way of
possibilities for fundamental research and applications. Primarily, the tools and
techniques associated with nanotechnology deals with a wide range of strategies
concerning how the atomic and molecular arrangement governs the properties of
matter at nano scale dimensions. Nanotechnology is a key player in the development
of materials with new and improved properties. These materials cover a wide range of
pre-defined properties such as ceramics, polymers, metals and composite materials
etc. However, nanoparticles are those materials ranging to nano scales in all the three
dimensions but many times they are unstable and get agglomerated; and therefore, it
is essential to protect them and to protect their core-shell structure or various capping
agents are used for capping the molecules and prevent them to form a mass [4].

Size regime plays an important role in nano science [5]. Some size dependent
applications of nanoparticles have been discussed in the literature such as- particle
size lower than 5 nm are used for catalytic activities, particle size smaller than 20 nm
is used to soft the hard magnetic materials, particles size less than 50 nm are used for
changing the refractive index of the material which is useful for optoelectronic
applications, particle size lesser than 100 nm can be used for mechanical
strengthening of material and super paramagnetic activity [6-8]. When scaled down to
the nanometer scale, various characteristics of the material are influenced by the laws
of atomic physics, and the material abruptly exhibit very diverse or enhanced
properties as compared to their bulk counterpart. As a result, they possess very unique

quality for a bunch of applications. For example, the substances which are opaque



become transparent in nano scale range, e.g. copper; similarly, the bulk materials
which are inert, start to show catalytic properties at nano dimensions, e.g. aluminum.
Some solid materials become liquid at room temperature after the change of their
dimensional scale in nano-range, e.g. gold; several insulating materials turn into
conductor when they become nanomaterial, e.g. silicon [6-9]. They have the
possibilities for varied electronic, industrial and biomedical applications to get the
maximum benefit for welfare of world. Over the coming years, nanotechnology will
touch the lives of all of us. Like many scientific advances, it will bring uncertainty
and potentials risks too. The nanotechnology is an enabling technology. Various

potential market areas for Nanotechnology-products are shown in Figure 1.1.

Fig. 1.1: Different potential market areas for Nanotechnology
1.2 The Nanometer Scale
Nanometer scale is used to measure some of the smallest object known to
humans. Scientists and engineers are now involved with it to carry out research in
some of the most promising frontiers of modern science. A nanometer is

fundamentally a unit of measurement in the metric system which is one one-billionth



of a conventional meter (10"° m). To avoid a single atom or a very small group of
atoms, the minimum size range of designated nano-objects is usually set to 1nm. So,
the nanotechnology deals with the bunch of atoms with at least one one-dimension in
nanometer range. The general upper limit is 100 nm, but actually it is a 'free-flowing'
limit, which is varying depending on different properties for specific materials. For
example, a single strand of human hair measures 100,000 nanometers wide. While a
strand of the DNA that tells our body how to make that hair, stands 2.5 nanometers in
diameter. So, there are a lot of objects which have dimensions greater than 100 nm,
are mentioned as the nanomaterials. Now the query arises that why 1 to 100 nm and
not 150 nm? The cause for 1 to 100 nm span is well illustrated because clarification
itself concentrates on the outcome of the dimension which holds for a particular
material. In Nanoscience, there is not only the small size that is dealing with. There is
also the quantum effect, which is size-dependent and significantly different from
macroscopic properties of materials. Nanoscience is about the study of materials,
which exhibit extraordinary properties, phenomena and functionality because of the
impact of small dimensions as compare to bulk. Figure 1.2 represents the nano-scale
consolidation of various nanoparticles and biomolecules.

Nanoscale Biomolecules

. Oligo-
DNA Antibody Sincleotide

Tennis ball

104 10° 108 1I0" IIO’

Nanometer

( ‘“;‘1}7\

Fullerene Dendrimer Quantum Dot Gold Metal oxide Liposome Polymer

Nanostructures

Fig. 1.2: Consolidation of biomolecules and nanoparticles in nano scale [10]



1.3 Quantum Confinement

It is the quantum confinement, which is responsible for enhancement of the
difference of energy between the energy state and band gap [11]. This occurrence is
directly connected to electronic and optical properties of a particular material. So,
when the dimensions of a particle lie in small range, the electronic and the optical
properties of that material differ significantly from that of bulk material. When the
magnitude of the diameter of a particle is same as the wavelength of electron wave
function, quantum confinement effect is observed. For a cubical box with discrete

energy levels are given in Figure 1.3.

Energy (MeV)

Fig. 1.3: Energy diagram for discrete energy levels
In Nano crystals, electronic energy levels are variable, i.e., similar to bulk
materials the levels are not fixed. The energy levels are discrete due to the

confinement of electronic wave function to size of the particle. At this stage, Nano



crystal have a drastic change in their optical and electrical properties and thus
continuous bands of energy level transforms to the discrete energy levels just
analogous to the nature of an electron in a potential well, which is a beautiful
phenomenon of quantum mechanics, consequently Nano crystals are allowed as
quantum dots too. Furthermore, there is a lofty surface area in nanomaterial which
possess very large fraction of atoms on its surface. Since this division depends highly
on size, hence it can increase the size effects in physical and chemical properties of
the Nano crystals.

Classical mechanics states that if a body possesses enough energy, then it can
cross a potential barrier and that energy should be higher than potential energy. If the
object has less energy, the probability of finding that particle on another side is null.
Whereas according to Quantum Mechanics it is possible that lower energy particle
can exist on another side, but the only condition is the energy must be comparable to
the size of the wavelength of the particle. It helps to provide a clear picture of nature
at subatomic scales in terms of probabilities. Generally, particle's Bohr radius is

defined as [12],

Where ay is denoted for the Bohr radius of hydrogen atom, m stands for rest
mass of electron, m* represents the mass of particle and ¢ is dielectric constant of the
material. When the particle size gradually moves towards Bohr exciton radius, due to
the quantum confinement effect, excitonic transition energy rises. As a result, a blue
shift is happened in luminescence and absorption band gap energy [12]. As for
example, when a bulk PbSe shows band gap of 0.28eV, the nano PbSe of diameter
4.8 nm gives an effective band gap of 0.82eV, which exhibit a very strong confined

blue shift of >500meV (Bohr exciton radius of PbSe is 46nm) [13]. On the basis of



quantum confinement of different directions, the structures are classified in three
different categories like quantum dot, quantum wire and quantum well. The basic

variety of quantum confined structures is given in Table 1.1.

Table 1.1: Classification of different quantum confined structures with their free

dimension
Structure Quantum Confinement  Free dimensions
Bulk 0 3
Quantum well 1 2
Quantum wire 2 1
Quantum dots 3 0

For quantum dots, there are all the three dimensions in which the charge
carriers are confined. As a result, the electrons manifest atomic-like discrete energy
spectrum. Quantum wires are formed, when the confinement is in two dimensions.
For quantum well, the electrons and holes (i.e. the charge carriers) are restricted to
move in plane and they are free to change their position in 2D plane. So, energy levels
become discrete which were continuous before quantum confinement. In quantum
well, the density of electronic states is higher near the edges of valence and
conduction band as compared with bulk material. Therefore, concentration of carriers
is high enough for contribution of band edge emission [14]. Figure 1.4 shows the

density of electron states as function of different dimensions.
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Fig. 1.4: 3D, 2D, 1D and 0D materials along with their density of state curves
1.4 Fabrication of Nanostructured Materials

By controlling the properties of nano-dimensional structures, we are leading
towards the new science, moreover towards new technologies, devices, and products.
Nowadays, the most feasible industrial scheme to make nanostructures is top-down
action-plan. On the basis of photolithography, in addition with the requirement of
smaller devices the top-down method also gives challenges to the physical limitations
of the miniaturization of microelectronics [14]. In last few decades, because of the
arrival of new synthesis method for creating nanoparticles, the Nano science and
nanotechnology has been staying on higher rank of explosive growth. With the help of
so called "bottom-up" processing, and with the development and noteworthy
assistance of electron microscope, the nanotechnology reveals a new art for living
beings. The different synthesis methods for synthesis of nanomaterial take a survey in

organic, inorganic and biological system to control the structure, shape and size.



There are large numbers of pathway that have been formulated to synthesize different
nanomaterial of various dimensions in gaseous or liquid phase. With the development
of two synthesis technologies that are "top-down" and "bottom-up”, finally there are
opening of two convergence approaches of nano-based products for practical purpose,
both to interact with outer world and to tailor the nano-scale device. The bottom-up
method gives permission to control the structural and chemical architecture; though
the manual gathering of exclusive nano-sized components is clearly prohibitory in
cost and time. Figure 1.5 shows the two synthesis approaches for producing

nanomaterial.
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Fig. 1.5: Synthesis approaches for nanomaterials
15 Variation in Properties of Nanomaterials
Most of the nanomaterials are crystalline in nature and they possess a unique
property. Nanomaterial show unprecedented changes in chemical, physical,
mechanical, magnetic, etc., when are reduced from bulk to nano range. Some of the
changes are briefly discussed below:

1.5.1 Physical Properties



At the nano-scale, surface area to volume ratio increases. This alters the
surface pressure and consequently results in a change in the interatomic spacing.
Crystal structure of the nanomaterial is same as bulk material, only the change is
observed in lattice parameters [15]. The inter-atomic spacing (dn) is also decreased
due to long electrostatic force and because of reduction in size. Hence, the melting
point in nanomaterials also differs in comparison with their bulk.

1.5.2  Chemical Properties

Due to increase in surface area in comparison with the volume, the catalytic
activity can be observed in nanomaterial. Moreover, crystal structure of nanomaterial
and size dependency is influenced by the synthesis technique used.

1.5.3  Mechanical Properties

Elastic strain, stress, Young modulus, hardness of the material, etc. and other
mechanical properties also varies as the material reduced to nano dimension [16].
1.5.4  Electronic Properties

Electronic structure of the nanomaterial is different from the bulk material
and a band gap is created when the difference in energy level is more than KBT. The
density of energy state is also changed in the conduction band because of change in
electronic arrangement of the nano-ordered material. lonization potential of nano
dimensional materials is higher than the bulk materials of the same composition.

1.5.5 Magnetic/ Dielectric Properties

Nanoparticles made of semiconducting material like silicon, germanium etc.,
are not semiconductors. Ferrites show extraordinary magnetic and dielectric
properties [17]. Their magnetic properties depend on the sintering temperature and

sometimes on the dopant concentration.
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1.6 Applications of Nanomaterial
Nanotechnology is a boon to the modern world of science and technology.
There are plenty of applications of the nanomaterials and most present applications
embody evolutionary progresses in existing technologies. Some key applications are
discussed in brief as below:
1.6.1  Automotive Industry
Nanomaterials are used as sensors. Palladium nanoparticles are used in
hydrogen sensor [18]. They are used for painting and also used as a catalyst. They are
used for manufacturing light weight devices.
1.6.2  Electronic Industry
Miniaturization of electronic devices, compact size and less power
consumption enhance the use of nanomaterial in the electronic industry. They can be
used in FET, MEMs, LED display, Laser diode, coating materials, filters, fibers, etc.
[19-20].
1.6.3  Chemical Industry
Nanomaterials are used as fillers in chemical industries. They are used for
preparing dyes, ceramics, plastics, etc. [21]. Nano composites are used for the coating
material.
1.6.4  Medical Field
Polymeric micelle nanoparticles are used in drug delivery. Iron nanoparticles
are used for breaking clusters of bacteria in chronic bacterial infection, whereas silver
nanoparticles are used in the treatment of cancer etc. [22]. Nano diamond- the
nanoparticles of carbon is used in joint implantation. Ceramic oxide nanoparticles
used as an antioxidant for removing oxygen free particle from blood which helps in

reducing traumatic injury. They are also used in chemotherapy [23].
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1.6.5 Energy Sources
Nanoparticles of the semiconductor are used in the solar cell [24]. They are
also used in designing of solar panels, solar devices, etc. Furthermore, the
nanoparticles are used for creating electrodes in the fuel cell.
1.6.6 Food
Nanotechnology is also used in the food industry from growing of foods to its
packaging. Nano materials are developed for the change of flavors as well as hygienic
food to eat it [25].
1.6.7 Cosmetic
Nanoparticles are used in many sunscreen lotions/creams. They are used in
various gel, soap, hand wash, etc. They are also used in toothpaste.
1.7 Perovskite
Ceramics are the largest and most widely used materials by mankind. It is very
rare to find particular ceramic phases naturally in the earth which may be used
profoundly by human society for various technological aspects [26]. Among the
multifunctional ternary structures, usually, the phases which are recognized by A,BX,
and ABXg, represent the spinel and perovskite structures, respectively. Perovskite has
a remarkable distinct appearance than spinel, and due to the single structure along
with the proficient chemical manipulation are able to illustrate completely different
operations along with an incredibly wide range of phase [26]. The name Perovskite
has been derived from a structural family of a particular mineral with the composition
similar to CaTiOs3. Perovskite-type oxides are the materials that follow the structure
ABO; where A and B represent the alkaline earth metal and transition metal,
respectively as shown in Figure 1.6. The cations with larger and smaller ionic radius

hold the position A and B of that very structure, respectively [27]. The contradiction

12



between structural and compositional properties is often seen in the field of material

science, which is seldom possible to explain clearly [26]. The photo catalytic activity

of the material depends on several factors such as the effective mass of electron and
hole, exciton lifetime, exciton binding energy, diffusion length, etc. Those factors

influence the charge separation and transport process inside the crystal lattice [28].

Fig. 1.6: Structure of perovskite

Jocker and Van Saten studied for the first time the magnetic properties of the
perovskite structure. They are the class of ferrites with rare earth metal and are canted
antiferromagnets. The structural formula of ortho-ferrite is ABO3; where A represents
rare earth metal ion. Small trivalent and tetravalent atoms occupy the center position
of the cube and large divalent and trivalent molecules occupy the corner position of
the cube. In the orthorhombic structure, the four octahedral in the unit cell are tilted in
different directions, the extent of tilting being measured by non-linearity of B-O-B
bond angles. The ABO; perovskite exhibits different electronic and magnetic

properties at different temperature depending on 3d electronic configurations of the
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transition metals. In octahedral coordination, cations with configurations 3dN (where
N =4, 5, 6 or 7, corresponding to Mn(l11), Fe(l11), Co(ll1) and Ni(lll), respectively),
may exist in either a spin-paired ground state or in states with maximum unpaired
electrons according to Hund's rule.
1.8 Sensor

A sensor is a device that produces a measurable output as a function of input
given. They are useful in-situ measurements such as in industrial process, scientific
applications, daily necessity, offices, etc. They act as critical components in all
measurement and controlled applications, responsible for converting any physical
phenomenon such that temperature, pressure etc. into a measurable quantity through
data acquisition (DAQ) system. It does not perform itself; it acts as a part of larger
assembled system that may incorporate many other devices such as a transducer,
detectors, data recorders, signal conditioners, signal processors, memory devices,
actuators, etc. Sensors can be classified into three types:
1.8.1  Physical Sensors

A physical sensor is based on the measurement factor where no chemical
reaction occurs. Measurement can be in the form of absorbance, temperature, mass,
refractive index, conductivity, etc. Temperature sensor, Pressure sensor etc. are well
known physical sensor [29-31].
1.8.2 Chemical Sensors

A chemical sensor is a sensor in which analyst participate to perform a
chemical reaction and to give an analytic signal corresponding to the input. Various
gas sensors and humidity sensors are well known chemical sensor [32-33].

1.8.3 Biosensor

14



Sensor that is used in biological applications is termed as biosensors.
Immuno sensor, Microbial potentiometric sensor, etc. are the example of biosensors
[34-35].
1.9 Materials and Literature Review
Nowadays perovskite is in the center of research interest in the field of
sensing technology. Perovskite sensor can be operated at very low temperature and it
gives better sensitivity and sensor response than the other metal oxides. Literature
survey related to BaTiOs, LaFeOs, BipsNagsTiOs, their synthesis, characterizations
with different sensing parameters is depicted in Table 1.2 & 1.3.

1.9.1 International Status
Table 1.2: Literature survey on various type of nanomaterial and their various sensing

applications at the International level.

S.  Materi  Synthesis Chemical Crystallite Properties Ref.
No al Method used Size or

or Thickness application

/porosity of the
content
1. BaTiO3 Solid state Polyvinyl 200-500nm  Gas sensing [36]
reaction/spi  butyl, 2-2 properties
n coating butoxy
ethoxy ethyl
alcohol, PEG
2. SrTiOs/  Sol-gel/ Titanium 40 nm by Ethanol Gas  [37]
BaTiO; spin butoxide, XRD Sensor
coating Barium
acetate,
strontium
acetate,
acetic acid
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3. BaTiO; Balling BaTiOs, 100 um CO and N, [38]
/ Method szOg,

Gas sensing
BaSbTi graphite
Os powder,
ethyl alcohol
4. BaTiO;  Solution Barium 5-60 nm Study of [39]
ISITiO; based titanium, diameter of cubic
synthesis Strontium nanorod perovskite
titanate, oleic nanorods
acid and
Isopropoxide
5. BaTiO; Electroche Barium 15 nm Photolumin [40]
mical hydroxide, nanowire escence
method ethanol spectrum of
BaTiO;
6. BaTiO; Sol-gel/dip Barium Very thin film  Thermal, [41]
coating acetate, 44 nm optical and
Glacial acetic dielectric
acid, tetra properties
ethoxy
titanate,
ethanol
7. BaTiO; Sol-gel Barium 1-2 um DTA/TGA [42]
-Y,03 acetate, measuremen
Y,03,glacial t, Positive
acetic acid Temperatur
e
Coefficient
of
resistivity(P
TC
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8. BaTiO; Hydrother Barium 50-200 nm Study of [43]
mal Hydroxide, Raman
reaction Titanium Spectroscop
oxide y
9. LaFeOs; Simple La nitrates, 20-30 nm Acetone [44]
synthesis Fe nitrates, sensing
route Sorghum
straw, citric
acid
10. LaFeOs; Polyconden Glucose, Fe 50 nm Formaldehy  [45]
-sation of nitrate, La de sensing
Glucose, nitrate,
hydrotherm carbon
al method sphere,
distilled
water
11. LaFeOs; Hydrother Fe nitrate, La 19.2 nm Acetone gas  [46]
mal nitrate, citric sensing
method acid
12.  Co- Chemical Fenitrate, La 21nm-28nm  Ethanol gas [47]
doped coprecipitat nitrate, sensing
LaFeO; ion Co(CH3COO
)2.4 H0,
(NH4)2Cos
13. ™ Glycine  Fe nitrate, La 20-50 nm TM doping [48]
(Mn, nitrate nitrate, Mn properties
Co, Cu)  process, nitrate, Co based on
doped citrate auto  nitrate, Cu visible light
LaFeO3; combustion nitrate
process
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14.  BNT Hydrother NaOH, 400nm Nano  Morphology  [49]
mal Bi,03, TiO; plate & 50- controlled
100 nm synthesis
nanowire and growth
mechanism
15.  BNT Sol-gel/ Bi nitrate, 50-200 nm Thermal [50]
spin NaNOs, analysis
coating Titanium iso-
propoxide
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1.9.2

National Status

Table 1.3: Literature review on different types of nanomaterials and their sensing

applications at national level.

S.  Material Method Chemical Crystallite Propertiesor  Ref.
No. used for used Size or application of
synthesis Thickness the content
/porosity
1. BaTiO; Spray Barium 40 nm by Gas sensing [51]
pyrolysis chloride, XRD (LPG) at room
Titanium temperature,
chloride sensitivity 3.03
at 350°C
2. BaSITiO  Mechano Barium 264 nm by Ammonia Gas  [52]
3 chemical hydroxide, XRD Sensing
Process/ titanium
Screen dioxide,
printing strontium
hydroxide
3. BaTiO3 Sol gel/ Barium 0.5- 5 um -V [53]
spin coating acetate, Characteristics,
glacial Ccv
acetic acid Characteristics
and butoxide
4, BaTiO; Ball milling  BaO, TiO, 20-50 nm Mechanochemi  [54]
cal activation
by thermal
treatment
5. BaTiO; Spin BaTiO; 9.5nm Functional [55]
coating powder, group
HNO, identification

by optical

characterizatio

n
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6. BaTiOz- Sol-gel Barium 400-600 nm Effect of [56]
SrFe2019 acetate, n- constituent,
butaoxide, phase variation,
2- methoxy ferroelectric,
ethanol, Sr- dielectric and
nitrate, Fe magnetic
nitrate properties
7. Sr-doped Solution La nitrates,  0.067- 0.028 Change in [57]
LaFeO; combustion  Fe nitrates, um surface area
method Sr nitrates, and properties
diethyl on changing
oxalate, doping %
formaldehyd
e
8. Badoped Solid state Bi,0;, 0.54- 0.56 Dielectric and [58]
BNT reaction Na,COs, pum conductivity
BaCO; properties
9. BNT Ball milling Na,COs, 100 nm Phase [59]
Bi,03, TiO,, transition by
alcohol dielectric and
medium internal friction
10. LaFeO; Auto La nitrate, 46 nm Butane sensor  [60]
combustion  lron nitrate,
and citric acid
modified
penchini
method
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CHAPTER 2

SYNTHESIS AND CHARACTERIZATION TECHNIQUES

2.1 Synthesis Methods of Nanomaterials

There are several methods used for the preparation of nanomaterials over a
range of sizes, shape, chemical compositions and physicochemical behavior, and have
seen a vast advances and modifications over the time. The varieties of such methods
are divided broadly into two categories [1].

(a) Bottom-up Approach/ Chemical Methods

(b) Top-down Approach/ Physical Methods

Classifications of synthesis methods are schematically illustrated in

following Figure 2.1

Synthesis of
l Nanomaterials l

Physical Methods Chemical Methods
Ball Milling *== Precipitation Method Immobilization Method
=+ Emulsion Precipitation == Citrate Gelation

Spray Pyrolysis o=
w=p Penchini Method
== Hydrothermal / Solvothermal

Low Temperature

Gas Condensation e Combustion

=) Sol-Gel

Chemical Vapor Deposition s

=  Acrosol

. Fig. 2.1: Classification of the synthesis methods
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211 Chemical methods

The chemical method gives over other, the excellent chemical
homogeneity. It happens because of the mixing at molecular level for synthesis using
chemical route. The principal advantage of this method is the control over the surface
area and size of nanomaterials. Some of the chemical methods are as:
2111 Precipitation method

@) Emulsion precipitation method

(b) Hydrothermal/Solvothermal method

(© Aerosol method

(d) Sol-gel method

In all these methods, nanoparticles are found to be in the form of a
precipitate.
2.1.1.2 Immobilization Method

@ Citrate gelation method

(b) Penchini method

(©) Low temperature combustion method
21111 Emulsion Precipitation Method

This method requires the formation of durable emulsion systems,
which is possible with the addition of surfactant to water-oil system. Small numbers
of atoms added in the emulsion system. The stable precipitate formed by the exchange
of reactive species between the droplets of the emulsion. According to Einstein-
Smoluchowski equation, the identical exchange rate between the droplets is slower
than the normal rate of particle growth. So, the mechanisms of nucleation and growth

for this method are retarded in compare with those for homogeneous solution, quitting
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formation of the large particles. To form a thermally stable emulsion and to control
the droplet size, multi surfactants are very much capable.

This synthesis method comes up with the specific advantage that it
prevents agglomeration of particles which are formed in individual bubbles. Further it
makes feasible subsequent synthesis routes at remarkably low temperature [2].
2.1.1.1.2  Hydrothermal/ Solvothermal Synthesis

The hydrothermal reaction is also known as thermal hydrolysis or
hydrothermal hydrolysis. In the hydrothermal process, the aqueous reaction is carried
out in an autoclave or high-pressure reactors (2000 psi) and high temperature ranging
from 100-300 °C. In this process, water is used to accelerate the kinetics and act as a
reactor for the hydrolysis reaction. Alkali and acid used as a pseudo catalyst during
the process. The sol of metal hydroxide or metal oxide is made from aqueous solution
at lofty temperature and pressure.

The hydrothermal reaction is a step by step procedure of the following sub
process which is given as under:

1. Oxidation

2. Precipitation

3. Deoxidization

4. Decomposition

5. Crystallization

The basic advantage of hydrothermal method in comparison with other
type of crystal growth is that it has the capability to create the crystalline phases that
are not lasting at melting point. Also the materials, those having high vapor pressure
nearby their melting points can be generated by this synthesis method. The method is

exceptionally suitable for growth of great good-quality crystals when maintaining
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good control upon their composition. The limitations of this mechanism are that there
is a need of expensive autoclaves and there is an impossibility to observe the crystal
when it grows.
2.1.1.1.3  Sol-Gel Method
The most common method of synthesis of nanomaterial in the desired

shape like a flower, fibre thin-film, etc., is obtained by sol-gel method. It is very
simple and cheap method which widely used for the synthesis of the material.
"Colloidal" is the solid particle ranging from 1-100 nm range. "Sol" produced by
dispersing colloidal solution in the liquid. An intermediate structure formed by
polymeric chain and pores are known as "Gel." Regular precursors are metal
alkoxides and metal chlorides, which are gone through different forms of hydrolysis
and poly-condensation reactions [3-4]. Formation of sol takes place by dissolving
alkoxide, inorganic metal salt into a suitable solvent. After continuous stirring, a
homogeneous mixture achieved. The two important reactions that occur in this
process is hydrolysis followed by condensation of metal [5]. Usually, an alcoholic
solvent used for dissolving alkoxide.

M-OR + H,0 - M-OH + ROH  Hydrolysis

M-OH + OR-M -» M-OM +H,O Condensation

The sol obtained after hydrolysis and condensation is low viscous liquid.
Spin coating, dip coating and screen printing methods are further used for the

fabrication of the thin films. Figure 2.2 shows the mechanism of sol-gel process.
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Fig. 2.2: Schematic of the sol-gel synthesis technique

2112 Immobilization Method
2.1.1.2.1 Citrate Gelation Method

In citrate gel method, the aqueous precursor is used for the synthesis of
nanoparticles. The organic network is formed when metal ions are dissolved and
stabilized in precursor solutions. After heat treatment, fine metal oxide particles are
obtained. Citrate method is basically used for the preparation of multi-component
compositions. They have the ability to prepare multi-component with homogeneous
structure. Poly chelates are formed between the ligands of citric acid and metal ions.
On heating, these poly chelates poly-esterification occurs with polyfunctional alcohol.
Evaporation of the precursor containing metallic salts and citric acid shows an
important role in poly chelation process. A viscous resin and a transparent glassy gel

are obtained after heat treatment. Initially, Immobilization of different metal ions
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takes place from the mixture to form a rigid system to avoid the risk of segregation
into different oxide compositions after calculations [6].
2.1.1.2.2 Penchini Method

The process of the Penchini is same as the Citrate-gel method in which
metal nitrates are dissolved in alcohol instead of citrate.
2.1.2 Physical Methods

There are different physical methods which are presently in practice for
the synthesis and commercial production of nanomaterials. Some physical methods
are given below:
2.1.2.1  Ball Milling

In the late 1960, Benjamin and his co-workers developed this process. In
ball milling, the mixture of powder is kept inside a chamber containing metallic balls.
Fine, uniformly dispersed metal oxide nanoparticles are synthesized by mechanical
alloying in ball milling method. Beside synthesis, high energy produced while ball
milling is used to change chemical properties by modifying the reactivity of milled
solid. These planetary balls are used for providing high energy to the solid salt and for
mechanical alloying. Attritor planetary ball, horizontal ball mill are the apparatus used
in this alloying process [7]. This method is mostly used in laboratories. The milling
system contains a rotating disc and a bowl opposite to the direction of the disc for
synchronizing centrifugal forces, powder mixture, surfactant, rotating the ball. The
mixture of the powder is fractured and cold welded under high energy impact. These
metallic balls are of used for high-speed milling and these balls are called the
planetary ball. In the initial stage, the powder is partially flattered due to the collision
of balls. In the intermediate stage, metastable structure is obtained by mechanical

alloying process occurs followed by fracturing and cold welding process. In the final
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stage reduction and refinement in particle size is done. Thus, a nanomaterial is
fabricated. Figure 2.3 shows the ball milling method with rotation of disc in opposite

direction with planetary ball.

Fracturing

P

Rotation of milliﬁﬁ
Fig.2.3: Schematic diagram of ball milling method

2.1.2.2 Spray Pyrolysis

Pyrolysis includes spray pyrolysis, aerogel pyrolysis, and laser-assisted
pyrolysis. Spray pyrolysis is also called aerogel pyrolysis or vapour pyrolysis. There
is a minor difference between spray pyrolysis and aerogel pyrolysis in the delivery of
the reactant on the substrate. The main parts of the aerogel pyrolysis instrument are:

(i) Generator, to obtain aerogel state from the liquid

(i) Furnace for particle formation

(iii) Particle collector

(iv) Flow meter to check the flow rate

In aerogel, pyrolysis nanoparticles are used in vapour form to deliver it in
the hot reactor while in spray pyrolysis these are in the small droplets form which

directly delivered from the nebulizer. Metal ions are dissolved in the aqueous solution
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to form a homogeneous precursor. This precursor is converted in aerogel in presence
of oxygen, nitrogen or mixture of gases. Size dependency varies in aerogel by type of
generator used, the volume of carrying gas and nature of the liquid. The formed
aerosol is then carried inside the electric furnace where liquid droplets go through
evaporation, solute precipitation, solute decomposition and finally sintering of oxide
[8-9].

The nanomaterial obtained via this process is spherical in shape with
minimal agglomeration, which is good for gas sensing applications. Major
disadvantage of this method is the large size distribution of nanoparticles and
requirement of large amount dilution for carrying gas to avoid cluster formation.
2.1.2.3 Sputtering

Sputtering is the physical process in which high-energy projectile particles
are used for the ejection of the particle from matter target by transfer of momentum.
John Thornton and Joseph Greene have described deposition technique method by the
sputtering phenomenon. Sputtering deposition in a stable plasma system permits
extremely good control on deposition rate which is proportional to the discharge
current between the electrodes and the number of atoms ejected or sputter yield of the
cathode material. Sputter yield is defined as the ratio of the mean of emitted number
of atoms to the incident atoms [10]. Figure 2.4 represents the schematic diagram for

this method.
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Fig.2.4: Schematic diagram of sputtering

Based on the deposition technique sputtering is divided into following
categories:

1. Diode Sputtering

2. Reactive Sputtering

3. Bias Sputtering (lon Implantation)

4. Magnetron Sputtering

5. lon Beam Sputtering Depositions

6. Reactive lon Implantation

7. Cluster Beam Deposition
2.1.2.4 Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) is a chemical process which is used to
produce highly pure solid materials. It is the most reliable method for synthesis of
nanomaterial. In this technique nucleation of particles in the vapour state takes place
rather than the deposition of the film. The process is used to make a very thin film and
is used in electronic industry and semiconductor industry. In a typical CVD process,

the wafer (substrate) is exposed to one or more volatile reactant gases usually called
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precursors. When come into contact with the substrate, precursors react and/or
decompose on the substrate surface to produce the desired deposit and when the
mixture of gas reactant is inserted inside the reacting chamber and chemical reaction
among the gas molecule take place. Figure 2.5 shows the simple schematic diagram

of CVD mechanism.

AP
AB .

Y -
Out
i /

Substrate

Sourkes

In

Fig.2.5: Simple schematic diagram of CVD mechanism

Chemical reaction types include pyrolysis (thermal decomposition),
hydrolysis, oxidation, reduction, synthesis reactions, nitride and carbide formation,
disproportionation, and chemical transport [11]. CVD can be classified into further as:

1. Chemical Vapour Deposition (CVD)

2. Plasma Enhanced chemical vapour deposition (PE-CVD)

3. Metal-Organic chemical vapour deposition (MO-CVD)

4. Atmospheric pressure chemical vapour deposition (AP-CVD)

5. Low-pressure chemical vapour deposition (LP-CVD)

6. Ultrahigh vacuum chemical vapour deposition (UHV-CVD)

7. Aerosol-assisted chemical vapour deposition (AA-CVD)

8. Direct liquid injection chemical vapour deposition (DLICVD)
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2.2 Characterization Techniques
The characterization of nanomaterials is very important aspect to

understand their structure, chemical composition, properties and applications.
This section focuses on instruments and experimental methods employed
towards the characterization of the synthesized materials such as X-ray
Diffraction analysis (XRD), Scanning Electron Microscopy (SEM),
Transmission Electron Microscope (TEM), Fourier Transform Infrared
Spectroscopy (FTIR), EDX and other techniques.

2.2.1  Scanning Electron Microscopy
The SEM machinery system with different detectors can serve the following

facilities:

Images of high-resolution

» Elemental analysis of bulk material

» Speedy elemental mapping

« Compositional, topographical and other information

+ Detection for small variations of trace element

+ Imaging and analysis of those samples in both natural and hydrated state

+ Digital output

When a beam of electrons impinges on a solid surface, it undergoes
numerous interactions at the solid surface depending on the incident beam. The
incident electrons are transmitted, absorbed, scattered or reflected. The outgoing
beams from the sample consist of electrons, X-rays, visible-IR photons. Each of these
signals contains information about the surface conditions, compositions, structural
defects and impurity contents of the sample [12]. Figure 2.6 shows the mechanism of

scanning electron microscope.
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Fig. 2.6: Scanning electron microscope mechanism

2.2.2  X-ray Diffraction Analysis

X-ray diffraction analysis is a multifaceted, non-destructive approach that
reveals extensive knowledge regarding the chemical composition and the
crystallographic structure of the natural and constructed materials [13].
Monochromatic X-rays are applied for determining the interplanar spacing's of the
synthesized unfamiliar materials. Samples are analyzed in powdery form with grains
in arbitrary orientations to confirm that every crystallographic direction is examined
by the X-ray beam. So, when the condition of constructive interference is fulfilled by

Bragg's law, reflection is produced and heights of the relative peaks are usually

40



proportional to the grains number in preferred orientation. Figure 2.7 represents

Bragg’s law of X-ray diffraction study.

Bragg’s Law ,
2d,,Sin® =ni C

——>

Crystal lattice planes

Fig. 2.7: Bragg’s law of X-ray diffraction

2.2.3  Fourier Transform Infrared Spectroscopy

This (FTIR) is a widespread characterization technique to reveal the
frequency of vibrational stretching of metal-oxygen bonds. Generally, the aim of this
spectroscopy is to determine how definitely a particular sample can absorbs or
transmits the light at every variant wavelength. To use this spectroscopy, we use a
continuous source of light to make a broad range of light of infrared wavelengths. The
principle work of this method is to detect the infrared (IR) reflection and absorption
features over the broad spectral region. FTIR used with the basic goal of determining
changes in the intensity of infrared light as it interacts with material as a function of
wavelength. This technique can give information on the chemical bonding in a
material and is also non-destructive [14]. In FTIR analysis there are three commonly
examined pieces of data. Those are the position of peak, the width of peak and the

intensity of peak.
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When infra-red beam enters in the sample as shown in Figure 2.8, it can be
reflected, transmitted, or absorbed. The infra-red energy which is reflected from the
surface is generally lost. So when the beam of infra-red light is passes through a
particle, it can reflect off next particle or it can be transmitted through next particle.
The infra-red energy after scattering is gathered by spherical mirror which is focused
to the detector. These are basics of how the diffuse reflectance mode of the FTIR

works. Figure 2.8 shows the mechanism of FTIR spectroscopy.

Moving mirror

Beam splitter

JOLIIUI PIXIY

Fig. 2.8: Mechanism of FTIR

2.2.4 Ultraviolet-Visible Spectroscopy

Ultraviolet-visible spectroscopy denotes to the absorption spectroscopy in
the region of UV-visible range. It means this spectroscopy uses the range of light in
visible and adjacent (i.e. near-UV and near-infrared) areas. This absorptive property
directly has an effect on the colour of chemicals involved. In this particular region of
EM spectrum, electronic transitions occur in molecules. Fluorescence spectroscopy is
a complementary technique with it. Because, in fluorescence, transition is occurred

from excited to ground state, which is opposite to absorption mechanism.
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The instrument for ultraviolet-visible spectroscopy is termed as UV/Vis
spectrophotometer. It can detect the intensive light which is passing through sample
(1) and then it compares the intensity of light without presence of sample (lp). So, we
can calculate transmittance which is the ratio of lo/l and it is usually termed as
percentage transmittance (%T). The absorbance, A, depend on transmittance as

follow:

%T
A = —log(;0) -~ - (2.)

The change in absorption coefficient as function of photon energy for direct
transitions which are allowed is as follows:

a=A (hv-Ey) ¥2---(2.2)

In equation (2.2), a, is acquired from Beer's law which defines the
absorption coefficient; A is constant; h denotes the Plank's constant; v represents the
frequency and Eg illustrates the energy of band gap between valence and conduction
band.

I =1l,exp (-ax) - - - (2.3)

In above equation, x measures the thickness of evaluated sample. The
variation of o” with photon energy was used to get the value of direct band gap energy
with extrapolation of the linear tangential portion of the curve at zero absorption line.

Figure 2.9 represents different energy band gap.
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Fig. 2.9: Different band gap of materials [15]
2.2.5  Transmission Electron Microscopy
Transmission Electron Microscope (TEM) is a microscope generally used to

magnify image of an ultra-thin specimen. The high-resolution magnified image
contains information about the constitutional characteristics of the material. In this
method, electron beams are allowed to pass through a specimen. While passing
through it interacts with the specimen and produces an image. Then the imaging
device, the fluorescent monitor magnifies and focuses the images to a layer of
photographic film or recorded or detected by a charge-coupled sensor.

TEMs are more efficient in working than the light microscopes. Generally it is
having higher resolution capacity than light microscopes as because it comprises of
the small de Broglie wavelength of electrons. Presence of this small de Broglie
wavelength of electrons makes the instrument highly sophisticated and thus supports
to observe very small objects like a single column of atoms, which in general a
thousand times smaller than the minimum resolving capacity of an object by a light

microscope. This helps the application of TEM in different fields like materials
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science, nanotechnology, semiconductor research in addition to population, virology,
and cancer research.

(a) Sample preparation

In general, it is a complex and tedious work to prepare samples for analysis
in TEM. The size or thickness of the prepared TEM samples must be in nanometres
not like XRD or neutron where samples are directly exposed to electron beam as a
result it increases the atomic number squared (z%). Samples having higher quality will
have a thickness of about 10 nanometres that is equivalent with the electrons mean
free path when they are travelling through the samples. Usually, the samples are likely
to be resistant naturally towards vacuum in metallurgy and material science research
even though the samples should be made like a thin film or as a thin foil or carved any
part of the sample so that electron can easily infiltrate through it.

Limitations

TEM method is highly delicate, efficient and sensitive but it is having some
disadvantages like to make the sample like a thin film the materials have to go
through wide process of sample preparation. The sample has to be thin enough to
penetrate the electron beams. So in overall, TEM study is extensively time consuming
process with a little output. Besides, during the preparation of sample, sample
structure can also be altered. Again the field observation is comparatively lesser and
increasing the possibility that the analyzed area may not be entirely characteristic of
the entire sample. Mostly in the analysis of biological samples, there is a potential
possibility of sample spoilage due to the application of electron beam. Figure 2.10

shows the schematic diagram of TEM.
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Fig. 2.10: Schematic diagram of TEM.

46



References:

1.

10.

K. Kimura, in “Fine Particles: Synthesis and characterization and Mechanism
of Growth” (Sugimoto Tadao, Ed.), Marcel Dekker, New York, (2000) 513.
Woudenberg, F. C., Sager, W. F., Sibet, N. G., & Verweij, H. Dense
nanostructured t-ZrO2 coatings at low temperatures via modified emulsion
precipitation. Advanced materials, 13(7) (2001) 514-516.

M. Zayat, D. Levy, Blue CoAl204 particles prepared by the sol-gel and
citrate gel methods, Chem. Mater., 12 (2000) 2763-69.

L.L. Hench and J.K. West, The sol-gel process, Chem. Rev. 90 (1990) 33-72.
A.E. Gash, T.M. Tillteson, J.H. Satcher, L.W. Hrubesh and R.L. Simpson,
New sol-gel synthetic route to transition and main group metal oxide aero-
gels using inorganic salt precursors, J. Non-Cryst. Solids 285 (2001) 22-28.
M. Zayat, D. Levy, Blue CoAl204 particles prepared by the sol-gel and
citrate gel methods, Chem. Mater., 12 (2000) 2763-69.

O.K. Tan, W. Cao, Y. Hu, W. Zhu, Nanostructured oxides by high-energy
ball milling technique: application as gas sensing materials, Solid-State lonics
172 (2004) 309-331.

Tischner, T. Maier, C. Stepper, A. Kock, Ultrathin SnO2 gas sensors
fabricated by spray pyrolysis for the detection of humidity and carbon
monoxide. Sens. Actuat. B Chem. 134 (2008) 796-802.

A.M. More, J.L. Gunjakar and C.D. Lokhande, Liquefied petroleum gas
(LPG) sensor properties of interconnected web-like structured sprayed TiO2
films, Sens. Actuators B 129 (2008) 671-677.

P.C. Zalm, Quantitative Sputtering, Surface and Interface Analysis, 11(2)

(1983) 124.

47



11.

12.

13.

14.

15.

16.

K.L. Choy, Chemical vapour deposition of coatings. Prog. Mater. Sci., 48
(2003) 57-170.

M. Schenk, A.R. Reichelt, An electron microphone as a force sensor for
combined scanning probe microscopy. Ultramicroscopy, 65 (1996) 109-118.

Hanawalt, J. D., Rinn, H. W., & Frevel, L. K. Chemical analysis by X-ray
diffraction. Industrial & Engineering Chemistry Analytical Edition, 10(9)
(1938) 457-512.

Smith, B. C. Fundamentals of Fourier transform infrared spectroscopy. CRC
press (2011).

Li, A. Interaction of nanoparticles with radiation. arXiv preprint astro-
ph/0311066 (2013).

Gao, P. X,, Ding, Y., Mai, W., Hughes, W. L., Lao, C., & Wang, Z. L.
Conversion of zinc oxide nanobelts into superlattice-structured nanohelices.

Science, 309(5741) (2015) 1700-1704.

48



CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OF BARIUM

TITANATE (BaTiO3) & ITS APPLICATIONS AS CO, SENSOR

3.1 Introduction
The first piezoelectric perovskite ceramic transducer is developed with

isostructure using mineral perovskite is barium titanate (BaTiOs) [1]. It is generally a
ferroelectric perovskite ceramic which experiences three transitional stages with
decrease in temperature. Transformation flows to shapes from cubic phase to
tetragonal phase to orthorhombic and finally to rhombohedral phase [2-3]. In on and
above the room temperature, BaTiOj3 is stable and shows ferroelectric properties by
mechanical and chemical means.

Basically, the operational mechanism of conventional solar cell is based on
the classical phenomenon of the p-n junction but there are some potent limitations like
lattice disparity, band alignment etc. So that, ferroelectric photovoltaic cells are
developed to astounded such limitations. As to rectify different behaviours and to
increase the upright performance solar cell, BaTiO3 is extensively used as it is very
easy to roll in between the electrodes [4-5]. Additionally, BaTiOg3 is used as condenser
material owing to their flat temperature characteristic curves. Condensers are used for
coupling bi-pass and filter [6]. BaTiOg3 is porous in nature and this property helps the
researchers to keep more concentration on different sensors like the ceramic gas
sensor and humidity sensor. In general, ceramic gas sensors are categorized into two
basic types which are 1) semiconducting ceramic gas sensor and 2) protonic gas

sensor. The first type works on higher temperature (300-400 °C) and another one on
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normal room temperature [7]. The functional mechanism of both the sensors is
adsorption; in both the gas sensors gas molecules are being functionally adsorbed.

A perusal of the literature reveals that a lot of research work has been done
on the synthesis, properties and applications of BaTiO3 ceramic. Different techniques
or methods can be employed for preparation of BaTiO3; namely solid-state method,
sputtering, hydrothermal, precipitation, laser ablation, vacuum evaporation, sol-gel
method etc. [8]. On comparing all the techniques, sol-gel method has numerous
advantages and is mostly used by the researchers these days. Basically it is a simple
and flexible technique where an alkaloid is used for dissolving a solute then
hydrolysed followed by polycondensation to form a sol and then to a gel [9]. In the
present study, sol-gel method was used for synthesizing perovskite type BaTiOs;. A
glass was used as substrate for fabrication of a thin film in the process. After
comprehensively characterizing, in the range of 100 to 1300 ppm concentration of
CO; gas, it was employed as CO, sensor. After examining, the results were found
more satisfactory over the existing described research work [10-11]. CO; is a
hazardous gas. It is becoming a harmful gas to human health causing breathing
problems because of its increasing concentration day-by-day. So it is very much
important to identify the detection of CO; in the environment for human welfare. So
researchers are trying to develop CO, sensor sensitive for the lower concentration
[12]. The current research work deals with the CO; sensing.

3.2 Structure of Barium Titanate

Barium titanate retains a classic element cell ABOj3 configuration. Structure of
perovskite shown in Figure 3.1, comprises a centre containing a transitional metal ion
with corner allocation of Og octahedral ions. Empty d-shell consists of non-magnetic

transition element to form majority of the ferroelectric perovskite. The non-magnetic
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elements thus joined with adjacent oxygen ions by a covalent bond to form a
molecule. A classic ABOg3 unit cell composed of a corner-linked network of oxygen
octahedral with Ti** ion occupied in B sites with octahedral frame and Ba®* ions

situated in A sites formed by associated octahedral.

Fig. 3.1: Perovskite structure of BaTiO3

3.3  Experimental Details
3.3.1 Materials

Barium chloride dihydrate (BaCl,.2H,0) and titanium tetrachloride, acetic
acid, PEG.
3.3.2 Synthesis of Barium Titanate Powder

In this work, sol-gel method technique was employed to prepare the barium
titanate [13]. The beginning materials are barium chloride dihydrate (BaCl,.2H,0)
and titanium tetrachloride and methanol used as a solvent. Firstly, barium chloride
dihydrate (2.4428 gm) was dissolved in methanol, and then separately prepared a
solution of titanium tetrachloride (1.89679 gm). After that it was continuously stirred
for 2 h. Then both the solutions are mixed together to make a stock solution. The

stock solution again continuously stirred for 2 h to get a final sol of barium titanate
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with addition of acetic acid. After that, PEG was added to get the gel of sol. Later on
this gel was oven dried (100° C) and then annealed (600° C for 2h) in a programmable
furnace to anneal the gel form of sample. After annealing, pestle and mortar was used
for crushing to get a fine crystalline powder. Subsequently, to remove the impurities
(e.g. chlorine) we further modified the process by washing with double deionized
water. Then again we have done calcination to get modified form of barium titanate.

The flow diagram of the barium titanate synthesis process is shown in Figure 3.2.

‘ BaCl, (0.1M) + 100ml ‘ TiCL, (0.1M) + 100ml ‘
solvent solvent

@ ‘ Mix both the ‘ @
solution

- .\_‘
~loec I
| Gel |

600°C |}
"' Barium titanate J
Powder

Fig. 3.2: Flow diagram for synthesis method
3.3.3 Preparation of Thin Film of Barium Titanate

To deposit the invariable thickness of thin film, among different type of
techniques sol-gel spin coating method is the best method of coating. It is the best
method for depositing uniform thickness of thin film [14]. To get that object, a glass
substrate was prepared of 1x1 cm? dimension and thoroughly cleaned with ultrasonic
cleaner (WUC-AO2H) mixed with distilled water and ethanol and finally followed by
acetone. Then a dense solution of BTO was prepared using acetic acid (1:3 ratios).
This dense solution was kept in vigorous stirring for 2 h and followed by sonication
for another 2 h. Then a glass substrate was used to spin the solution by using spinner
(METREX RC100) at 3000 rpm for 40 s at 80° C. Then it was dried on a hot plate for
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10 min. The spin coating process followed by drying was repeated again. To obtain a
homogenous thin film, the process was repeated twice more and finally the thin film
was dried on hot plate at 80° C for 20 min and then annealed at 200° C for 2h.
3.3.4 Experimental Setup for CO, Sensing

Fabrication of barium titanate thin film was followed according to prescription
illustrated as in section.3.3.3. After fabrication, the thin film was used as CO, sensor.
Detailed description of the experimental setup shown in Figure 3.3, which comprises
of different units such as cylinder of CO,, gas flow meter, controlled gas chamber, hot

plate, volume measuring unit and a Keithley electrometer model no. 6517 B.

Keithley 6517 B
Electrometer

Fonnecting wires

BaTiO; sensor

Vacuum exhaust

Fig. 3.3: Experimental set-up for sensing of CO,
3.3.5 Characterization
For the determination of crystallinity of the prepared titanate, powder XRD
pattern was recorded by glancing angle X-ray Diffractometer (Bench top X-ray
Diffraction, 5th generation Miniflex), in which monochromatic Cu-Ko act as the
source of radiation. SEM (Zeiss EVV040) combined with EDX was employed to study
the surface morphology of the material. TEM analysis was performed (by TECNAI

200 KV TEM (Fei, Electron Optics), AIIMS Delhi). UV-Visible spectrophotometer
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(Evolution 201) was used for examining the optical properties of the sample. FTIR
spectra was analyzed and documented by Thermo Nicolet (Model No. 6700, USIC) to
test the prepared BaTiOs.
3.4 Results and Discussion
3.4.1 X-ray Diffraction Analysis
The Figure 3.4 represents the X-Ray diffraction pattern of synthesized nano-
powder of BTO. We have analysed the XRD pattern and found a match with JCPDS
no. 00-008-0372. The peaks at 20 = 41.1418 (203), 44.4358 (204), 49.0018 (211),
64.964 (220) confirm the development of perovskite barium titanate [15]. The peaks
at 206 = 28.0546 (202), and 30.8118 (400) presents the peaks for B-TiO,. These are
found by matching with JCPDS no. 46-1238. Using Debye Scherer's equation we
have calculated the minimum average crystallite size and it is 9.18 nm. The
crystallites size of each peak was also calculated and it was found as 15.71 nm the

average crystallite size [16-18].

(209

(400)

Intensity (a.u.)

30 35 40 45 50 55 60 65 70
20 (degree)

Fig. 3.4: X-Ray diffraction pattern of synthesized nano-powder of

BTO

54



3.4.2 Surface Analysis and EDX

We have studied the surface morphology of the synthesized sample by SEM
operated at 20kV and EDX. Figure 3.5 shows the SEM micrographs of BaTiO3. A
careful examination of Figure 3.5 demonstrate that SEM images depict tubular
configuration with porous nature of the nanomaterial. Inside the porous tubular
structure free space is there and which are generally distributed with grains and
termed as pores [19-21]. The centre of the adsorption process is generally performed
by these pores. These pores are unconditionally promising for the sensing mechanism
of gas. The variation in sensing property of the nano BTO may be observed due to
macro porous structure with greater surface area and adsorption when comes in

contact with air and CO,. Figure 3.5 shows the SEM micrographs of BaTiOg,

15KV X30,000. 0.5um . 004811 25 SEI

Fig. 3.5: SEM micrographs of BaTiO3
The Elemental Dispersive X-ray (EDX) spectrum has been shown the in
following figure. Figure 3.6 represents the EDX spectrum of synthesized BaTiOs.
The EDX spectrum supports the development of barium titanate consisting of Ba

24.07%, Ti 22.78%, O 53.15% in the sample.
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Fig. 3.6: EDX of synthesized BaTiO3

3.4.3 TEM Analysis

TEM analysis was done by TECNAI 200 KV TEM (Fei, Electron Optics),
AIIMS Delhi. Figure 3.7 represents the TEM images of synthesized barium titanate.
The sample was furnished by distributing the barium titanate powder in ethanol.
Sonication was done for repeatedly many times using ultrasonicator, and a very few
drops of floating solution was deposited on grid. The representation at 500 nm scale
express the periodic arrangement of particles in a regular form and the image reveals

the unique structure of sugarcane stems like formation.
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Fig. 3.7: TEM image of BaTiO3
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3.4.4 UV-Visible Absorption Spectroscopy

The optical absorbance spectrum of synthesized barium titanate has been shown in
Figure 3.8. The change in the optical density occurs with the variation in the
wavelength and is represented graphically. In addition to this, the obtained data was
analysed by the following relationship for calculating the optical band gap energy
(Eo):

ahv = A(hv — E5)"- - - (3.1)

Where, A is constant. v is frequency of transition and the “n” is the value of
exponent denoting nature of transition of band (n = 1/2 and n = 3/2 analogous to
indirect allowed and forbidden transitions respectively). Optical band gap of
synthesized BTO was calculated. The figure shows that it is calculated by
extrapolating on energy axis [(hv) versus (chv)?] and the band gap is found as 4.3 eV

[22].

Absorbance (a.u.)

1- S S T
4 hv (eV)

200 400 600 800 1000
Wavelength (nm)

Fig. 3.8: Graphical representation of UV-Vis spectrum of synthesized BaTiOs.
3.45 FTIR Analysis
The Fourier transform infrared (FTIR) spectra of the barium titanate was

measured at room temperature by the instrument Thermo Nicolet, (Model No. 6700,
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USIC, BBAU Lucknow) in the range of wavenumber 4000-500cm™. The spectrum
was recorded by using KBr pellet mixed in 1:15 ratio. Moreover, the spectrum of the
sample was acquired in transmittance mode. The pure nano structure of the barium
titanate FITR spectra has been shown in the Figure 3.9. The bands at 3824.77 and
3422.23cm™, correspond to the stretching vibrations; moreover, symmetric and
asymmetric vibrations of loosely bound water interact with environment through
hydrogen bonding and represent stretched vibrations of hydrogen bonded OH groups
[23]. The bands at 2920.48 and 2854.41 cm™ represent the adsorption of CH, groups
[24]. The 1623.41 cm™ band, (i.e. bending mode of H,0) points out that some H,0 is
present [25]. The strong absorption peak at 1453.17 cm™ denotes the asymmetric
stretching of impurity, i.e. carbonate ion. The peak at 850cm™ represents the

vibrational characteristic of the TiO,. The peak at 548 cm™ is for the absorption band

of BaTiO3[23].
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Fig. 3.9: FTIR spectrum of BaTiO3
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3.5  Application of Synthesized Barium Titanate
3.5.1 Sensing Behaviour of Barium Titanate Film

In unit cell of barium titanate, there are two cations, i.e., Ba** and Ti*". For the
B positional cations the coordination number is six, representing octahedral sites and
for A cations coordination number is 12. That is the perovskite crystal structure. We
verify the CO; sensing property of thin film of BaTiO3 by varying concentration of
COa,. Every curve shows the variation of resistance of the film with exposure of CO,.
Initially, the resistance was stabilized at 165 MQ when film was uncovered to 250
ppm of CO; gas. Then the resistance is sharply increases to attain a value of 250 MQ.
The chamber outlet is opened to decrease the resistance, so that it can reach to its
initial value around 175 MQ. This small variation in initial resistance is due to the
production of water content by chemical reaction. As much the concentration of gas
increases from 250 to 1250 ppm, we have observed the linear variation in sensor
response too. The sensor response is also increased in same way as sensitivity shown
in Figure 3.10(c) and Figure 3.10(d). As CO; concentration rises, the amount of gas
molecules rises in the chamber and they create dangling bonds on the surface of film
so that sensitivity increases. Minimum response time was found 25 s for 250 ppm of
CO;, and recovery time was found as 30 s for 250 ppm of CO,.
3.5.2 Device Fabrication

To measure the resistance of the sensing element a holder was designed. The
sensing element made of thin film of BaTiO3 with a thickness of 1 cm length and
~500 nm thickness was placed. Then it was placed in the middle of the Ag electrodes.
The Ag electrodes are square in shape and having a gap in between them is of 0.5 cm
with a side length of 0.25 cm. Then a Keithley Electrometer 6514 B and the holder

were properly connected together. After that the holder was positioned accurately
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inside a closed chamber. With the variations in the CO; concentration in the chamber
there will be differences in values in resistance of the thin film which is recorded by
the electrometer. During the entire experiment, a constant temperature was maintained
inside the electrometer. The concentrations of gas inside the chamber were ranged

between 250 ppm to 1250 ppm by means of a controlled mass flow meter.

3.5.3 Performance Evaluation of Synthesized BaTiO3 for the Sensing of CO2
Gas

In the beginning of the experiment, the thin film of BaTiO3;was kept for 15
min inside a vacuum chamber to decrease the effect of surface contaminants and
made it more stable. Then stabilized resistance as R, was recorded after stabilization
of thin film. After that, the differences in the resistance of the thin film of BaTiO;
exposed to different CO, concentrations were observed. The differences in the
resistance of the thin film of BaTiO3; with the time before and after exposure to
different ppm of CO, gas in the closed chamber at room temperature has been shown
in Figure 3.10(a).

When the thin film was exposed to 250 ppm of CO; gas, the first sensing
curve with first peak was recorded, which displays a constant variation in resistance
and showed less sensing response. Then the thin film was exposed to higher
concentration of CO, gas (500 ppm) and peak of the second sensing curve showed
higher sensing response than the earlier one. Again the film was exposed to highest
concentration of CO, (1250 ppm) in the chamber and maximum (1.46) sensing
response was recorded. But the response and recovery time increases with increase in
exposure to 1250 ppm of CO,, Similarly, there was an observation of decrease in the

sensing response while increasing the concentration of CO; inside the chamber. This
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may be due to fill up of the entire free lattice site on the external surface of the thin
film.

The maximum sensor response of BaTiO3 based CO, sensor was observed at
1250 ppm shown in Figure 3.10(c). The response time was measured and found as 25
s and recovery time was measured and found as 30 s as shown in Figure 3.10(b).
When the film comes in contact with the CO, gas, the resistance of BaTiO3 film
increases from primary value then after some time it becomes constant. When the
chamber outlet is opened, the resistance again approaches to reach its initial value.
When CO; gas is present in the gas chamber, sensor response changes to Ry from
initial value of R, in accordance with changing gas concentration as shown in Figure
3.10(a). The CO; gas sensor of BaTiO3 film gives maximum sensing response 1.46
for CO, concentration of 1250 ppm.

Figure 3.10(c) shows the sensor response of the sensor was increasing on
increasing the gas concentration, the highest sensor response (1.46) of the sensor has
been found at 1250 ppm. Figure 3.10(d) shows that the sensitivity of the sensor was
increasing on increasing the gas concentration, the highest sensor response (58

MQ/sec) of the sensor was found at 1250 ppm.

61



6x10°

Gas out

(ﬂ) «... 24x10' (b) -

\ =
ENTE VR
'l \ <
2.2x104 2
&
~ —_— ! er )
S w0 g / Lz
g gt IR
g : | s
W
2 h' z s
2 7 .
S & 1810 Z
[+

L6x10y)

i +——— - B
0 100 200 300 400 500 10 20 30 40 50 60 70
Time (s) Time (s)
1.6 60
14 (C) 55 (d)
1.24 —~ 50
7
£ 1.04 w
3 £ 454
& S
A )
" i
2 0.6 £
-
2 0.4 k.~
“ £ 30-
L
0.2 *
5
0.0
250 500 750 1000 1250

250 500 750 1000 1250

€03 Concentration (ppm) €Oy Concentration (ppm)

Fig. 3.10(a), 3.10(b), 3.10(c), 3.10(d): Representation of difference in the
resistance of the thin film of BaTiOj3 at different CO, concentrations; Response-
Recovery time curve Sensor; Sensor response vs. CO, Concentration &

Sensitivity vs. CO, concentration respectively.

62



References:

1. K. Abe, T. Tanaka, S. Miura, K. Okazaki, Study on Langev in type
BaTiO3 ceramic vibrator, Bulletin of Institute for Chemical Research,
Kyoto University, 31 (1953) 295-304.

2. N. Verma, S. Singh, B.C. Yadav, Experimental investigations on barium
titanate nanocomposite thin films as an optoelectronic humidity sensor, J.
of Experimental Nanosci. 1 (2012) 1-9.

3. T. Takenaka, Piezoelectric properties of some lead-free ferroelectric
ceramics, Ferroelectrics, 230 (1999) 87-98.

4. W. Wang, F. Liu, C.M. Lau, L. Wang, G. Yang, D. Zheng, Z. Li, Field-
effect BaTiO3Si solar cells, Applied Physics Letters 104 123901 (2014).

5. Y. Okamoto, Y. Suzuki, J. of Physical Chemistry, Mesoporous
BaTiOs/TiO, Double Layer for Electron Transport in Perovskite Solar
Cells, 120 (2016) 139995-14000.

6. T. Tanaka, Barium titanate ceramic and their application, Bulletin of
Institute for Chemical Research, Kyoto University, 32(2) (1954) 43-53.

7. Y.K. Mishra, G. Modi, V. Cretu, V. Postica, O. Lupan, T. Reimer, I.
Pawlowicz, V. Hrkac, W. Benecke, L. Kienle, R. Adelung, the Direct
growth of freestanding ZnO Tetrapod Networks for multifunctional
Applications in Photocatalysis, UV- Photodetection and gas sensor, Appl.
Mater. Interfaces, 7(26) (2015) 14303-14316.

8. V.R. Chinchamalatpure, S.A. Ghosh, G.N. Chaudhari, Synthesis and
Electrical Characterization of BaTiOj3 thin films on Si (100), Mat. Sci. and

Applications (2010) 187-190.

63



10.

11.

12.

13.

14.

15.

16.

B.D. Stojanovi, A.Z. Simoes, C.O. Paiva-Santos , C. Jovaleki, V.V. Miti,
J.A. Varel, Mechanochemical synthesis of barium titanate, Journal of the
European Ceramic Society 25 (2005) 1985-1989.

Ishihara, T., Kometani, K., Nishi, Y., & Takita, Y. Improved sensitivity of
CuO BaTiO3 capacitive-type CO, sensor by additives. Sensors and
Actuators B: chemical, 28(1) (1995) 49-54.

Lee, M. S., & Meyer, J. U. A new process for fabricating CO,-sensing
layers based on BaTiO3 and additives. Sensors and Actuators B: Chemical,
68(1-3) (2000) 293-299.

Kareiva, S. Tautkus, R. Papalaviciute, Sol-gel synthesis and
characterization of barium titanate powders, J. of Mat. Sci. 34 (1999)
4853-4857.

B.R. Li, X.H. Wang, L.T. Li, Synthesis and sintering behavior of BaTiO3
prepared by different chemical methods, Mater. Chem. Phys. 78 (2002)
292-298.

C.J. Brinker, G.W. Scherer, Sol-gel Science, The Physics and Chemistry
of Sol-gel Processing, Academic Press, Inc., United States of America
(1990).

W.L. Zhong, Y.G. Wang, P.L. Zhang, B.D. Qu, the Phenomenological
study of the size effect on the phase transitions in ferroelectric particles,
Phys. Rev. B 50 (1994) 698-703.

C.J. Xiao, Z.H. Chi, W.W. Zhang, F.Y. Li. S.M. Feng, C.Q. Jin, X.H.
Wang, X.Y. Deng, L.T. Li, The phase transitions and ferroelectric

behavior of dense nano crystalline BaTiO3 ceramics fabricated by pressure

64



17.

18.

19.

20.

21.

22.

23.

24,

assisted sintering, J. of Physics and Chemistry of Solids, 68 (2007) 311-
314.

M.H. Frey, D.A. Payne, Grain-size effect on the structure and phase
transformations for barium titanate, Phys. Rev. B 54 (1996) 3158-3168.
Ishihara, T., Kometani, K., Nishi, Y., & Takita, Y. Improved sensitivity of
CuO BaTiO3 capacitive-type CO, sensor by additives. Sensors and
Actuators B: chemical, 28(1) (1995) 49-54.

Z.G. Ye, Relaxor ferroelectric complex pervoskites: structure, properties
and phase transitions, Key Eng. Material. 155-156 (1998) 81-122.

H. Hayashi, T. Nakamura, T. Ebina, In situ Raman spectroscopy of
BaTiO3 particles for tetragonal- cubic transformation, J of Phys. and
Chem. of Solids 74 (2013) 957962.

Michael Veith, Sanjay Mathur, Nicolas Lecere, Volker Huch and Timo
Decker, Solgel synthesis of nanoscaled BaTiO3, BaZrO3 and
BaTi0.5Zr0.503 Oxides via single- source alkoxide precursor and Semi-
Alkoxide Route Routes, J. of Sol-Gel Sci. and Tech. 15 (2000) 145-158.

D. Lakshmi, V. Meena Priya, J. Shanthi, International journal of
information technology & computer sciences study of barium titanate thin
films by spin coating technique, 2(1) (2014) 301-303.

Dongsheng, F. U., Sue, H. A. O,, Jialong, L. I., & Qiang, L. Effects of the
penetration temperature on structure and electrical conductivity of
samarium modified BaTiO3 powders. Journal of Rare Earths, 29(2) (2011)
164-167.

Darwish, A. G. A., Badr, Y., El Shaarawy, M., Shash, N. M. H., &

Battisha, I. K. Influence of the Nd3+ ions content on the FTIR and the

65



25.

visible up-conversion luminescence properties of nano-structure BaTiO3,
prepared by sol—gel technique. Journal of alloys and compounds, 489(2)
(2010) 451-455.

Yang, C. C., Gung, Y. J.,, Shih, C. C., Hung, W. C., & Wu, K. H.
Synthesis, infrared and microwave absorbing properties of (BaFe12019+
BaTiO3)/polyaniline composite. Journal of Magnetism and Magnetic

Materials, 323(7) (2011) 933-938.

66



CHAPTER 4

CONCLUSIONS AND SCOPE FOR THE FURTHER RESEARCH

This chapter presents all the significant results and discussion of whole research work

carried out. Some accompanying key conclusions along with the scope for future

researches are given as underneath:

4.1

4.2

Conclusions

a) We have done the synthesis of barium titanate successfully using improved
sol-gel route.

b) The morphology was observed by FESEM analysis.

c) The crystalline characteristic, formation of phase and minimum crystallite
size (9.18 nm) of the barium titanate was confirmed by XRD analysis.

d) The TEM image showed the unique internal structure.

e) The optical band-gap was found to be as 4.3 eV by UV-Vis spectrometer.
f) Further the barium titanate film was fabricated by spin coating method and
used for CO, sensing application.

g) The maximum sensitivity of the film was found as 58 M(Q/sec at 1250 ppm
gas concentration.

h) The sensor response and recovery times were 25s and 30 s respectively.

Future Scopes

Research is the continuous process which never ends. Although best efforts

have been put by the author in the present study, still there is a wide scope o for

further research and improvement in present work. Future research works that would

be productive in further understanding the role of nano-oxides for low-temperature

applications are desirable. These include incorporation of the recovery aspects
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achieved by the incorporation of catalyst onto the surface of a nano-oxide being used

to detect a reducing gas.

a)

b)

d)

9)

h)

In the present work, perovskite structure of barium titanate was optimized to
improve the sensing parameters, while there is scope for integration of
modifiers like of similar radius or some nano-composite or CNT’s for
reducing the response and recovery times of CO; sensor.

We can dope the barium titanate nanomaterial to enhance sensitivity and
decrease response and recovery time.

An effort may also be made for synthesis of perovskite using various
methods and their different sensing applications for comparative study.
These results can be compared and the best one can be used for
commercialization.

The magnetic and dielectric behaviour of perovskite is an interesting area.
So attention may be a focus on the twin character of perovskite.

The effects of higher annealing temperature on the thin films, substrate,
doping, substitution, magnetic field, along with the stability of material may
be studied in future.

Detailed analysis of the evolution of the surface reactions with respect to
temperature needs to be carried out, in order to exactly understand the
reaction products from the surface interaction.

The application based on surface interaction can be done because of its
particle structure, so by testing its toxicity it can be used in biological field
also.

Growth simulations and reconstructions of the different surface species

under different synthesis conditions would give rise to even more specific
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)

engineering of nanomaterial than what is currently known to the world of
research within nanotechnology. Spectroscopic evaluation of the sensing
mechanism has been important in future research.

Theoretical modelling related to the sensing mechanism can be undertaken

for further research.
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