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SUMMARY

Nanoscale materials are the materials having nanometer dimension and the
scientific study of these objects, therefore, refers to the materials with sub nanometer
dimension and the scientific study of these objects are known as Nanoscience. Nanoscience
deals with the novel phenomenon of preparing, measuring its property and manipulating
the dimension of an object up to the order of nanometer scale. Nanotechnology deals with
using nanomaterials to develop products for practical application and for miniaturization of
electronic devices. Nano-materials are the material of nanometer range and the nanometer
order dimension can be achieved by constituting atom or molecule of few Angstrom order
i.e. 1029, Nano-materials show enhanced and extraordinary characteristics from their bulk
material [1-2]. It's changing extraordinary properties while size reduction, large surface to
volume ratio and its application in different field elucidate the properties of nanomaterial.
On the size reduction, the material undergoes several electronic transitions and due to which
it shows relatively different property from the bulk material. The inverse relation between
the particle size and surface area is a key underpinning in nanoscience world. This is due
to the enhanced surface area of the material in comparison to the volume and quantum
confinement [5]. The maximum number of atoms lies on the surface of the nanoparticle
which possesses huge surface energy and causes unstable or metastable stage. So there is a
change in its chemical, mechanical, and optical properties resulting in the increase in the
surface area per unit mass. This increased surface area made the nanomaterial for versatile
application in electronic and technical industry.

Nanomaterials can be synthesized in many ways in strategy synthesis, nature of
synthesis, energy sources, and precursor method.

By synthesis strategy, there are two methods which are commonly used. Top down and
bottom up approaches are the two strategies to synthesize nanoparticles. Top down approach
is the one-way approach, in which block of material is taken then it is etched or milled into

the desired shape. Carvings done on the pillar and breaking down of a block of rock into the



desired figure is an example of the top-down approach. The bottom-up approach is an
analytic and universal approach in which smaller subunits (any atom or molecules) are united
to make any useful product. Now in today’s era, research is more focused on finding the
advance bottom-up technique for synthesizing and characterizing nanomaterials range about
1-100 nm range.

2. By nature of the process, there are three types of synthesis method; physical, chemical, and
biological method. A physical method is a method in which physical states like size, pores,
shape and the phase of the material changes.

3. On the basis of the energy used as an input, the synthesis processes are categorized in terms
of plasma, laser, electron beam, sputtering, ball milling, combustion, supercritical fluid etc.

4. Precursor method is widely used classification based on three phase. It is used to synthesize

nanoparticles in the solid phase, liquid phase and gas phase [11].

We have been interested in carrying out our investigations with a new material that possess
good sensitivity for the LPG concentration at the lower explosive limit (LEL) and beyond, with
properties that are stable over time and thermal cycling after exposure to the various species likely
to be present in the ambient. On the basis of a literature survey, | found there is no significant work
done in the field of design and development of a LPG sensor operable at room temperature. Ferrites
show very good surface reactivity and they have temperature dependent surface morphology. Also,
they form composites with other metal oxides very easily. Therefore in this thesis, the synthesis of
ferrites and their nanocomposites using soft chemical and mechanochemical routes were carried
out. After thorough characterization of synthesized materials, these were employed as LPG sensor.
In this thesis, the thorough experimental investigation was carried out in order to develop electrical

type LPG sensor using thin/thick films of nanosized spinels and orthoferrites.

Requirements of a LPG Sensor

LPG is a combustible gas and it is widely used as a fuel for domestic heating and industrial
use. Although it is one of the extensively used gases, it is hazardous. Hence, it is crucial to detect
it in its early stages of the leakage and to perform the active suppression. For designing a robust
gas sensor, the sensor material should possess following qualities given as under:

e The material should sensitive in lower explosive limit (LEL) for explosive gases.
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e The material should have high sensitivity over a wide range of humidity and temperature.

e It should quickly respond to any fast changes in the ambient.

e The sensor material should have rapid response to the variation of gas concentration and good
reproducibility of the electrical signal.

e The sensitivity should be independent of the ambient temperature.

e The material should not react with any chemical contaminants present in the application
ambient.

e |t should show stable characteristics for a long time.

e It should be less portable.

e The construction of the sensor should preferably be simple using IC technology and of low
cost.

e The device should be operated by a battery.

Liquefied Petroleum Gas (LPG) Sensor

An LPG sensor is a chemical sensor which gives variation in its electrical properties when
it interacts with the chemical gas species. The normally LPG are of two type propane (CsHs) rich
in winters and butane (C4Hao) rich in summer. The reason behind this is propane evaporates at —
44 °C and butane evaporate at +5 °C. Small concentrations of other hydrocarbons may also be
present The development of gas sensors in particular combustible gases is imperative due to the
concern for safety requirements in homes and for the industry. LPG is extensively used in our
country but potentially hazardous gas, because its leakage can cause an accident. So it's detection
and monitoring of LPG are necessary for domestic appliances to avoid any mishap-pending. Also,
it is very important to detect the leakage at the primary level at the LPG gas cylinder’s store. If
there is a little leakage of gas and if it catches fire by any means, it begins to burn and these burning
starts increasing the temperature. Due to which gas inside the cylinders expand and the great
explosion takes place. If leakage has been traced at primary level then such type of disasters can
be avoided. Hence to avoid the disasters in houses or stores, reliable and cost effective sensing
devices are the basic need of the time.

Material selection for the gas sensor fabrication is an important issue. Nanostructured
spinel and orthoferrite oxide materials depicted in Tablel, attracted the attention of

researchers/scientists due to its larger surface to volume ratio and their adsorption efficiency

xii



towards polar molecule and hydrocarbons on the surface of crystals. The adsorptions are
reasonable so that the desorptions may fast and do not produce any structural change to crystallites.
Therefore, they would be proven very good sensor materials. Here we have synthesized nanosized
spinel and orthoferrite oxides using sol-gel and co-precipitation method and to perform its detail
optical and spectroscopic characterizations. Further sensing investigations would be carried out

with the exposure of LPG and other gases.

Table 1. Various types of ferrites on the basis of crystal structure are shown in the table.

S.No. Type General Crystal Active Replacement
Formula structure sites

1. Spinel ferrite AB204 Cubic [A] & [B] Mn, Zn, Ni, Mg, Co

2. Garnet RFes012 Cubic a,c,andd Y, Sm, Eu, Gd, Th,

Dy, Ho, Er, Tm and
Lu

3. Orthoferrite RFeOs Perovskite [A]&[B] Y, Sm, Eu, Gd, Th,

Dy, Ho, Er, Tm and
Lu

4. Hexa ferrite AFe12019 Hexagonal 12k,2a,4f>, Pb, Sr, Ba

4f1, 2b

Sensor Parameters/ Sensor Attributes of LPG sensor
For optimizing and the performance of any device, it is necessary to know its sensing
parameters. % Sensor response, sensitivity, selectivity, stability, response and recovery times,

reproducibility and long-term stability are the operating parameters of a sensing device [84-87].
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Q) % Sensor Response
Percentage sensor response of a sensor is defined as the ratio of the difference in the resistance

of the film in the air and in presence of gas to the resistance in air.

a

R =R] Rl 100

%SR =

(i)  Sensitivity

Sensitivity can be defined as the ratio of the magnitude of response of a sensor to a
particular target analyte. There are several definitions of sensitivity depending upon the
application. It is defined as the ratio of variation in the resistance of the film in the presence of gas

and resistance of the film in air.

(ili)) Response and Recovery Time

The response time of a sensor is defined as the time taken by the sensor to reach 90% of
the final response value. Recovery time is defined as the time taken by the sensor to come to 90%
value of the final value.
(iv) Reproducibility and Long Term Stability

Reproducibility of a sensor is defined as the efficiency of a sensor to reproduce the same
output for the same amount of measuring input. Stability of a sensor is defined as the efficiency of
a sensor to generate the same result after a long time without any change in its sensing parameters.
(V) Selectivity

Selectivity may be defined as the sensor response to a particular gas in a mixture of gases.
This parameter defines the specific response of the sensor.
Sensing Mechanism of LPG Sensor

The gas sensing mechanism of ferrites based LPG sensor is based on the surface area of
the material at which the LPG molecules adsorb and reacts with pre adsorbed oxygen molecules.
When the ferrite is exposed to reducing gas like LPG, it reacts with the chemisorbed oxygen. On

interaction with the alkanes of LPG, the adsorbed oxygen is removed forming gaseous species and
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water. Consequently, the resistance changes, which is due to the change in the width of depletion
layer after exposure to LPG. The overall reaction of LPG with the chemisorbed oxygen may take

place as shown below:

C,Hypp + 05— CHy O+ H,O+ € oo (iii)

Where ChH2n+2 represent the various hydrocarbons. The formation of the barrier is due to a
reduction in the concentration of conduction carriers and thereby, results in an increase in
resistance of the sensing material with time. As the pressure of the gas inside the chamber
increases, the rate of the formation of such product increases and a potential barrier to charge
transport becomes strong which has stopped the further formation of water constituting the

resistance constant.

The present thesis is divided into seven chapters. Chapter 1 introduces the materials,
methods, characterization tools and describes the object of the present investigation. In view of
this, the Chapter 1 deals about the nanoscience and nanotechnology of spinel and orthoferrite
materials along with the introduction of LPG sensor. Detailed investigation on nanostructured
perovskite type Barium titanate thin film with synthesis, characterization and application as LPG
sensor is depicted in Chapter 2. In Chapter 3, the synthesis, characterization and LPG sensing
properties of nanostructured hexagonal strontium ferrite thin film is described. Chapter 4 reports
the study of liquefied petroleum gas sensing properties of lead-free bismuth sodium titanate
prepared by the sol-gel method at room temperature. In Chapter 5, fabrication of perovskite
lanthanum ferrite film by sol-gel and its gas sensing properties has been demonstrated. Chapter 6
describes the synthesis of porous Ag-substituted NiFe20s which were applied as LPG sensing
material and has been demonstrated. A study of synthesis, characterization and LPG sensing
properties of perovskite barium titanate, hexagonal strontium ferrite, lead-free bismuth sodium
titanate, perovskite lanthanum ferrite and Ag-substituted NiFe;O4 is summarized in Chapter 7.
This chapter also gives the guidelines for further research work in the field of spinel and
orthoferrites materials and their applications as LPG sensor. A study of synthesis, characterization
and LPG sensing properties of BaTiOs, SrFe12019, Bios NaosTiOs, LaFeO3z and Ag-substituted

NiFe204 is summarized as below:
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Chapter 1 contains an introductory part of ferrites i.e. Spinel and orthoferrite materials
including nanoscience and nanotechnology and its application in the various field. It also focuses
on the Gas sensor with a detailed description of LPG sensing mechanism and its attribute. Surface
morphology with large surface area and more active sites or interstitial site is an important aspect
of gas sensing. Adsorption and desorption are the two phenomena which are responsible for whole

sensing mechanism.

Fig. 1 Sensing mechanism of LPG Sensor

Chapter 2 describes the synthesis and characterization of perovskite Barium titanate thin
film and its application as LPG Sensor. In this chapter preparation of nanostructured Barium
titanate by the sol-gel method has been presented. The film was prepared by the spin-coating
method and further, it was characterized by various characterizing tools. XRD confirmed the
perovskite phase of the material. The prepared film was macro-porous which was used as a LPG
sensor at room temperature. The sensing characteristic of the film was studied for 0.5 vol. of LPG
to 4 vol.% of LPG. The maximum sensitivity was found for 4 vol.% of LPG i.e. 3.50 and % sensor
response was found 250.85. Response time was found 30 s and recovery time was found 60 s. The
aging effects were also checked after two weeks of sensing and after four weeks and the results
were reproducible after this time period also. Graphical Abstract shown in Fig. 2 will give a

glimpse of first chapter.
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Fig. 2 Graphical Abstract of Barium titanate as LPG Sensor

Chapter 3 includes the detection of liquefied petroleum gas below lowest explosion limit
(LEL) using nanostructured hexagonal Strontium ferrite thin film. In this chapter, we prepared
hexagonal structured material by using co-precipitation method to reduce the size of the particle
and better sensing response. We prepared the bulk amount of powder by this method and annealed
it at high temperature 900 °C to get the hexagonal phase of the ferrite. Hexagonal phase has four
active sites which will give better LPG sensing response as LPG sensing depends on adsorption
and desorption phenomenon. The minimum calculated size of the particle was found 18 nm.
Sensitivity was found as 7 and % Sensor response as 602. Response time was found 40 s and
recovery time was found 120 s. The Graphical Abstract of the work reported in this chapter is

shown in Fig 3.
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Experimental Set-Up For Gas Sensing

Gas outlet knob—

Gas Chassbes

Sersor beldec
Sensing fil

Gas Out

Gas In

0 200 400 600 800 1000
Response Time (sec)

Fig. 3 Graphical Abstract of Strontium ferrite as LPG Sensor

Chapter 4 comprises of the study of Liquefied Petroleum Gas sensing properties of lead-
free Bismuth sodium titanate prepared by sol-gel method. In this chapter, we again used the sol-
gel method to replace Barium sites by some other material in Barium titanate. So we substituted
Barium by Bismuth and Sodium at A-site to study its change in behaviour. Hence Bismuth sodium
titanate was synthesized by using the sol-gel technique with a reduced size which belongs to
orthoferrite family. The minimum crystallite size by XRD was found ~ 9 nm. The energy band gap
was observed as 5.4 eV. Sensitivity was found 215 and % sensor response was found 115.4.
Response time was found 22 s which was lesser than the previously reported response time.
Graphical Abstract of BNT as LPG Sensor is presented by Fig.4.

Chapter 5 deals with the fabrication of perovskite Lanthanum ferrite film by sol-gel route
and its gas sensing properties. The particle size was reduced to 8 nm and bandgap was found 5.3
eV. TEM revealed the particle size as 2.8 nm. Gas sensing properties were observed and the
response time of this sensor was found as 12 s for 0.25 vol.% LPG and recovery time was 14 s.
Maximum sensitivity was found as 3.3 for 3.5 vol.% LPG. Graphical Abstract of BNT as LPG

Sensor is shown in Fig.5.
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Fig.5 Graphical Abstract of Lanthanum ferrite as LPG sensor

Chapter 6 reports the Ag substitute Nickel spinel ferrite and further its application as LPG sensor

below LEL. The comparisons in their microstructures were observed by SEM. Micrographs

obtained, exhibited the better surface morphology of 0.45 Ag-substituted nickel ferrite than 0.2%

XiX



Ag-substituted nickel ferrite. As Ag-substitution increases, the porosity of material was found to
be increased. XRD revealed the crystalline phase of Ag-substituted nickel ferrite. Similarly, there
was a change in energy bandgap from 5.3 to 5.4 eV and also the optical behaviour of the samples.
The maximum sensitivity was found 2.57 and 4.57 with % sensor response of 157.8 and 357.14
for 4 vol.% of LPG. The investigated LPG sensor produced a repeatable curve one after the other
experiment hence this sensor was more reliable and a next step towards the development of a LPG
sensor at commercial scale. Graphical Abstract of Ag substituted Nickel ferrite as LPG sensor is
presented in Fig.6.
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Continuous stirring for 2 h
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L
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Fig.6 Graphical Abstract of Ag substituted Nickel spinel ferrite as LPG sensor

A chapter wise sketch of the Thesis including the sensing materials, dopants, bandgap, sensitivity,

crystallite size, average grain size, pore size is depicted in Table 1.
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Chapter
No.

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Method of
Materials  Preparatio
n
Introduction  ............
BaTiO3 Sol-gel
Chemical
SrFe12019  Precipitatio
n
Bio.s Nao s
. Sol-gel
TiO3
LaFeOs Sol-gel
Ag-
substituted Sol-gel
NiFe;04
Conclusion
and future  .............
Scope

39eV

3.2eV

5.4¢eV

5.3eV

53&

5.4eV

Sensitivity/
Particle
% Sensor
Size
Response
11 nm 3.50/ 250.85
18 nm 7.02/ 602
9 nm 2.15/ 1154
& nm 3.31/ 231
2.57/ 157.89
6nm & 7 &

nm 4.57/ 357.15

Table 1 A chapter wise sketch of the Thesis

Respons

e time

30s

40s

22s

12 s

10s & 30

From the Table 1, we infer that the Ag-substituted NiFe>O4 is an excellent material for

LPG sensing application at room temperature and using this material a commercialized model of

LPG sensor applicable for both indoor and outdoor detection may be designed.
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Scope of Further Research Work

In future, research works for productive and efficient devices, the understanding about the

role of nano-oxides for low-temperature applications would be desirable. These include

incorporation of the recovery aspects achieved by the incorporation of catalysts onto the surface

of a nano-oxide being used to detect a reducing gas.

In the present work, Ag doping was done in nickel ferrite structure and had been
optimized to improve the sensing parameters, while there is scope for integration of
modifiers like of similar radius or some nanocomposite or CNT’s for reducing the
response and recovery times of LPG sensor.

An effort may also be made for the synthesis of ferrites and multiferroic using other
methods and their sensing applications.

The magnetic and dielectric behaviour of spinel and orthoferrites are an interesting area.
So attention may be focussed on twin character of ferrites.

The effects of higher annealing temperature on the thin films, substrate, doping,
substitution, magnetic field, etc. may be investigated 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.

Spectroscopic evaluation of the sensing mechanism using simulations has been important

in future research.
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PREFACE

Due to day by day increase in air pollution and the global warming, there is a great deal of
interest for developing a gas sensor for checking air pollution, detecting harmful gases, monitoring
other agro based products, home safety and hand held breath analyser etc. Lot of research work
has been done on miniaturization of gas sensor which is economically cheap with high sensitivity,
good sensor response and least response time and recovery time. There are various n-types and p-
type metal oxide semiconductors gas sensor like ZnO, TiO2, NiO, SnO2, CuO, In203, Fe203 etc
available in the market for the detection of harmful gases. However, after literature survey, I found
that there is very less work be held on design and development of a LPG sensor operable at room
temperature below LEL. The main goal of our present investigation is to design and fabricate a
LPG sensor which would be robust, more sensitive with reduced response time, economically
cheap and easy to fabricate than previously reported sensors. For this purpose, we have focused
on ferrite materials which possess twin behaviour having a high surface area with reduced particle
size and enhanced sensing features for the detection of Liquefied Petroleum Gas at room
temperature below Lower Explosive Limit (LEL). Spinel and Orthoferrites oxides were prepared
by simple pliable sol-gel and co-precipitation methods. Further, the structural, morphological and
optical properties of the nanomaterial were optimized and LPG sensing applications were carried

out.

The present Thesis is divided into seven chapters. Chapter 1 introduces the ferrite
nanomaterial, gas sensor and its classification and LPG sensor and its sensing mechanism along
with attributes. Chapter 2 contains the synthesis of perovskite Barium titanate via the sol-gel
method and its application as LPG sensor. Chapter 3 describes the fabrication of hexagonal

strontium ferrite film synthesized by co-precipitation method and detection of LPG sensor below

XXVi



LEL. Chapter 4 deals with the study of LPG sensing properties and characterization of lead-free
Bismuth sodium titanate. Chapter 5 describes the detailed investigation of nanostructured
perovskite Lanthanum ferrite film synthesis, characterization and gas sensing application. Chapter
6 describes the effect of Ag (0.2% and 0.4%) doping in Nickel ferrite thin film and studying its
morphology, optical and electrical behaviour of the film. Chapter 7 summarized the synthesis and
characterization of BaTiOs SrFe12019, BiosNaosTiO3 LaFeOs and Ag doped NiFeO4. It

encapsulates the summary and guideline for the further future plans.
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Chapter 1

Introduction and Aim of Present Work

Ferrites are the class of ferromagnetic oxide material which possess iron oxide and
metal oxide in a proper amount. Its twin behavior as an electrical insulator and
magnetic conductor gained a lot of attention among the scientist and technologist. This

chapter is an overview on different types of ferrites, spinel ferrites, pervoskite and its

synthesis techniques along with its applications in daily life. It also focuses on types of

gas sensors and LPG sensing with its sensing parameters. Significant developments on
ferrite based gas sensor are reviewed and the advantages are discussed in detail. A brief

outline of the present investigations is included in this.
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CHAPTER 1

INTRODUCTION AND AIM OF PRESENT WORK

1. Motivation

1.1 Nanotechnology and Nanomaterial

The word ‘Nano’ is taken from the Greek word nanos which means “dwarf”,
describes a billionth of a unit 10°. Nanoscale materials are the materials having nanometer
dimension and the scientific study of these objects, therefore, refers to the materials with
sub nanometer dimension and the scientific study of these objects are known as
Nanoscience. Nanoscience deals with the novel phenomenon of preparing, measuring its
property and manipulating the dimension of an object up to the order of nanometer scale.
Nanotechnology deals with using nanomaterials to develop products for practical
application and for miniaturization of electronic devices. Nano-materials are the material
of nanometer range and the nanometer order dimension can be achieved by constituting
atom or molecule of few Angstrom order i.e. 101%. Nano-materials show enhanced and
extraordinary characteristics from their bulk material [1-2]. It's changing extraordinary
properties while size reduction, large surface to volume ratio and its application in different
field elucidate the properties of nanomaterial. Generally, nanoparticles are unstable and
they get agglomerate, therefore, it is essential to protect them. So as to protect them core
shell structure or various capping agents are used for capping the molecules and avoiding
them to form a mass [3]. Some sized based applications of nanoparticles have been
discussed like particle size less than 5 nm are used for catalytic activities, particle size less
than 20 nm is used for softening of 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 for super paramagnetism activity. Size regime plays an important role in
nanoscience [4]. On the size reduction, the material undergoes several electronic transitions
and due to which it shows relatively different property from the bulk material. The inverse

relation between the particle size and surface area is a key underpinning in nano science
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world. This is due to the enhanced surface area of the material in comparison to the volume
and quantum confinement [5]. The maximum number of atoms lies on the surface of the
nanoparticle which possesses huge surface energy and causes unstable or metastable stage.
So there is a change in its chemical, mechanical, and optical properties resulting in the
increase in the surface area per unit mass. This increased surface area made the
nanomaterial for versatile application in electronic and technical industry.
1.1.1 Quantum Confinement
The macroscopic properties like boiling point, melting point etc. of any material is
determined by average observation of the enough amount of material. As one mole
contains 6.022x10% molecules with 18 gm weight with respect to water and when the
boiling point of water is observed, it is an average value of billions of molecules of water.
This is not true in all the cases. When the size of the group of water molecules regime, its
value changes. The same material shows different properties and behaviour. This is the
fact that Newtonian (Classical) mechanics failed to explain many physical phenomena of
nanomaterials [6].

Classical Physics states that a body can cross a potential barrier if it possesses
enough energy. If the object has less energy then there is the null probability of finding that
particle on another side. While according to Quantum Mechanics it is possible that lower
energy particle can exist on other 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.

The phenomenon used to explain the size dependent characteristics of materials
known as quantum confinement. Quantum confinement means to trap the particle and
confine its motion in any direction. Quantum confinement effects are observed when the
size of particles is comparable to de Broglie wavelength. Quantum mechanical laws are
used to describe the behaviour of nanomaterial. When the size of the macroscopic material
is reduced to micro and then to nano range, its properties began to change. There are some
terms like Quantum well, Quantum wire, Quantum dots to describe nanomaterial according
to their routine shape and size [7]. 2D materials are the nanomaterials which are confined
from at least one dimension. They are also called “Quantum well”. Thin films are the best

example of 2D material. Quantum well is widely used in various optoelectronic devices to
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restrict the motion of particles on the 2D sheet. The 1D material is the nanomaterials which
are reduced from any of the two dimensions. The particles travel in only one direction so
they are also called “Quantum wire”. Nanotube, nanobelt and nanowire are an example of
1D material. They are used as an interconnector between several nano-devices to transport
electrons. 0D nanomaterials are confined from all the three dimensions and the particles
are restricted to move freely. They are well known as “Quantum dots”. They are used in
electronic industry as tunable band gap semiconductors, nanocrystals semiconductor,
transmitter, fluorescence material, etc [8]. In nanocrystals, the electron energy level is
discrete (density of states). The Fig.1.1 shows the quantum confinement and density curve

of all the dimension material corresponding to energy:
1.1.2 An approach to prepare the Nanomaterials

An approach to preparing the nanomaterials, Nanotechnology acts as an
interdisciplinary among research and other subject areas like physics, chemistry, biology,
materials science, engineering science, pharmacy etc. Nanocomposite materials are formed
by the combination of two-phase or multiphase materials in which any of the nanomaterials
should be of nano-dimensional. Nanomaterials can be a metal oxide, ceramic, polymers,
ferrites, etc. Nanomaterial can be classified into three types on the basis of their source
natural, incidental and engineered [9]. Engineered nanomaterials with controlled size and
shape are the world widely used for various purposes. Nanomaterials can be synthesized
in many ways in strategy synthesis, nature of synthesis, energy sources, and precursor
method.

1. By synthesis strategy, there are two methods which are commonly used. Top down and
bottom up approaches are the two strategies to synthesize nanoparticles. Top down
approach is the one-way approach, in which block of material is taken then it is etched or
milled into the desired shape. Carvings done on the pillar and breaking down of a block of
rock into the desired figure is an example of the top-down approach. The bottom-up
approach is an analytic and universal approach in which smaller subunits (any atom or
molecules) are united to make any useful product. Top down is typically long term process
in comparison to a bottom-up approach. Ball milling is one of the typical route for top
down method while in bottom-up approach materials are synthesized by gas phase
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condensation, chemical reduction of metal salt, an electrochemical method, decomposition
of organometallic compounds etc. Now in today’s era, research is more focused on finding
the advance bottom-up technique for synthesizing and characterizing nanomaterials range
about 1-100 nm range.

2. By nature of the process, there are three types of synthesis method; physical, chemical,
and biological method. A physical method is a method in which physical states like size,
pores, shape and the phase of the material changes. Condensation of various gases and all
the mechanical size reduction process like ball milling, chemical vapour deposition,
sputtering comes under physical process. A chemical method involves reduction and
change in its chemical properties [10]. Metal salt reduction, electrochemical synthesis, co-
precipitation etc. methods are the chemical process. The biological method employs to
some biologically produce membrane used to control the growth of nanoparticle. Ferric
oxide and silver oxide nanoparticles are synthesized by biological synthesis.

3. Energy is an essential part of daily life. On the basis of the energy used as an input,

the synthesis processes are categorized in terms of plasma, laser, electron beam,
sputtering, ball milling, combustion, supercritical fluid etc.

4. Precursor method is widely used classification based on three phase. It is used to

synthesize nanoparticles in the solid phase, liquid phase and gas phase [11].

1.2 What changes occur in properties of nanomaterial due to size

reduction?

Most of the nanomaterials are crystalline in nature and they possess a unique
property. Nanomaterial show changes in chemical, physical, mechanical, magnetic, etc.,
properties while it is reduced from bulk to nano range. Some of the changes are discussed
below:

1.2.1 Physical properties

Crystal structure of the nanomaterial is same as bulk material only the change is
observed in lattice parameters. The interatomic spacing (dnki) is also decreased due to long
electrostatic force and because of decrease in size; the melting point of the nanomaterial is

also decreased.
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1.2.2 Chemical Properties

Enhancement in the surface to volume ratio observed in nanomaterials causes the
catalytic activity. Crystal structure of nanomaterial and size dependency is influenced by
the synthesis technique used.
1.2.3 Electronic properties

Electronic structure of the nanomaterial is different f
rom 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 due to change
in the electronic structure of the material. lonization potential in nano dimension materials
is high in comparison to the bulk material.
1.2.4 Magnetic/ dielectric properties

Nanoparticles made of semiconducting material like silicon, germanium etc., are
not semiconductors. Ferrites show extraordinary magnetic and dielectric properties. Their
magnetic properties depend on the sintering temperature and sometimes on the dopant
concentration.
1.2.5 Mechanical properties

Mechanical properties like elastic strain, stress, Young modulus, hardness of the
material, etc also varies as the material is reduced to nano dimension.
1.3 Application of Nanomaterial

Nanoscale materials are used in many fields. Nanotechnology is a boon to the
modern world of science and technology. There are plenty of applications of the nano
materials. Some are discussed below:
1.3.1 Automotive industry

They are used as sensors. Palladium nanoparticles are used in hydrogen sensor.
They are used for painting and also used as a catalyst. They are used for manufacturing

light weight devices.
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1.3.2 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 [12-13]. They are
used in the memory card and in various storing devices. They are also used in many
optoelectronic devices.
1.3.3 Chemical industry

They are used as fillers in chemical industries. They are used for preparing dyes,
ceramics, plastics, etc [14]. Nanocomposites are used for the coating material. They are
also used as the magnetic fluid. They are also used in Lubricants.

1.3.4 Medical

Polymeric micelle nanoparticles are used in drug delivery. Iron nanoparticles are
used for breaking clusters of bacteria in chronic bacterial infection. Silver nanoparticles are
used in the treatment of cancer etc [15]. Nanodiamond nanoparticle 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.
1.3.5 Energy sources

Nanoparticles of the semiconductor are used in the solar cell [16]. They are also
used in designing of solar panels, solar devices, etc. Nanoparticles are used for creating

electrodes in the fuel cell. They are used in batteries, capacitors, etc.
1.3.6 Cosmetic
They are used in many sunscreen lotion creams. They are used in various gel, soap,

handwash, etc. They are also used in toothpaste.
1.3.7 Food

Nanotechnology is also used in the food industry from growing of food to its
packaging. Nanomaterials are developed for the change of flavours as well as hygienic
food to eat it [17].
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1.4 Synthesis techniques of nanomaterial

There are various methods for the preparation of nanomaterials. These methods are
divided into two categories physical and chemical method [18]. Fig. 2 given below shows
the classification of synthesis method.

1.4.1 Ball Milling

In 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 [19]. 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 intermediate stage metastable structure is obtained
by mechanical alloying process occurs followed by fracturing and cold welding process.
In final stage reduction and refinement in particle size is done. Thus how a nanomaterial is

formed.
1.4.2 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 aerogel pyrolysis instrument are (i) a generator, to obtain
aerogel state from the liquid, (ii) furnace for particle formation and (iii) a particle collector,

(iv) a flow meter to check the flow rate. In aerogel, pyrolysis nanoparticles are used in
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vapour form to deliver it in the hot reactor while in spray pyrolysis these are in the small
droplets form which is directly delivered from the nebulizer. Metal ions are dissolved in
the aqueous solution 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 [21-
22].

The nanomaterials obtained via this process are spherical in shape with minimal
agglomeration, which is good for gas sensing. 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.
1.4.3 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 allows very fine control on
deposition rate which is proportional to the discharge current between the electrodes and
the 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 [23].

Depending upon the process, the pressure range varies from 10 to 10° torr. An
evacuated chamber with Ar gas and pressure from 1-100 m Torr is used to establishing a
glow discharge. In sputtering positive ion is used and the substrate is always grounded.
Glow discharge contains ions, neutral ions, positive ion negative ion, excited species,
metastable species, and molecular species. This positive ion is bombarded with negative
potential provided to the target. Sputter yield and sputter strength are the terms related to
sputtering. Based on the deposition technique sputtering is divided into following
categories:

1. Diode Sputtering
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Reactive Sputtering

Bias Sputtering (lon Implantation)
Magnetron Sputtering

lon Beam Sputtering Depositions

Reactive lon Implantation

N oo g~ N

Cluster Beam Deposition
1.4.4 Laser Ablation

Laser ablation technique was reported in early 1963 but it came into use for gas
sensing application in around 1990s. Laser ablations as the name suggest the removal of a
layer from the surface by laser treatment or laser irradiation. It is used to emphasize on
non-equilibrium plasma or vapour conditions by intense laser pulse which is different from
laser evaporation in which heating and evaporation of the material occur in an equilibrium
condition. Its instrumentation requires two major parts a pulsed laser and an ablation
chamber. An intense laser beam of high energy is used to elevate the temperature of the
absorbing material and maximum absorption on the target surface. As a result, the layer on
the surface vaporizes due to the intense laser beam. There is the possibility of condensed
particles or cluster. These condensed particles are deposited on a substrate or collected on
filter system containing glass fiber. Then dip coating or screen printing technique is used
to coat substrate from collected nanoparticles. Laser ablated nanomaterials are extensively

used for great sensing performance of the gas sensor [24-25].
1.4.5 Chemical Vapor Decomposition

Chemical vapour deposition (CVD) is a chemical process which is used to produce
highly pure solid materials. It is the most reliable method for synthesis of nanomaterials.
In this technique nucleation of particles in the vapour state take place rather than 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 precursors, which 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. Chemical
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reaction types basic to CVD include pyrolysis (thermal decomposition), oxidation,
reduction, hydrolysis, nitride and carbide formation, synthesis reactions,
disproportionation, and chemical transport [26]. CVD can be classified into other as:
1. Chemical Vapour Deposition (CVD)
Plasma Enhanced CVD (PE-CVD)
Metal-Organic CVD (MO-CVD)
Atmospheric pressure CVD (AP-CVD)
Low-pressure CVD (LP-CVD)
Ultrahigh vacuum CVD (UHV-CVD)
Aerosol-assisted CVD (AA-CVD)
Direct liquid injection CVD (DLICVD)

© N o g &~ w DN

1.4.6 Sol-gel Method

The most common method of synthesis of nanomaterial in the desired shape like a
flower, fiber thin-film etc., can be obtained by the sol-gel method. It is very easy and cheap
method which is widely used for the synthesis of the material. “Colloidal” is the solid
particle ranging from 1-100 nm range. “Sol” is produced by dispersing colloidal solution
in the liquid. An intermediate structure formed by polymeric chain and pores are known as
“Gel”. Formation of sol takes place by dissolving alkoxide, inorganic metal salt into a
suitable solvent. After continuous stirring, a homogeneous mixture is obtained. The two
important reactions that occur in this process is hydrolysis followed by condensation of
metal [27]. Usually, an alcoholic solvent is used for dissolving alkoxide.

M-OR + H20 — M-OH + ROH Hydrolysis
M-OH + OR-M — M-OM +H:20 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.
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1.4.7 Chemical Co-Precipitation method

A precipitation and Co-precipitation comprises of three steps: chemical reaction,
nucleation and crystal growth. In this method, different type of stoichiometric mixture of
salt having one type of ion or multiple ions which are partially or sparingly soluble in the
solvent are precipitated in chemical co-precipitation method [28]. This hydrate, hydrate
oxide or formed salt solution hydrolyzed at a certain temperature and forms a precipitate
in the form of hydroxides, oxalates, or formats, citrates when any precipitator like OH",
C,04%, COs? etc. is added. Then the anions from the formed product are separated and
washed out by distilled water, ethanol, etc. as it may contain several impurities besides
oxide. This mixture is filtered, dried and then heated to give the final product. Precipitate
disturbs the ionic equilibrium of the solution or in other words, it induces supersaturation
condition. Chemical reaction depends upon some parameters. They are as follows:

1. Maintenance of pH and settling time plays an important role in precipitation method

2. Use of sufficient amount of additive or precipitating agent for the completion of the
reaction

3. Proper removal of the solid precipitate

4. Washing out and drying

It gives high-quality end product with the bulk amount of powder. So this method
is mostly used for the synthesis of nanoparticles. It has drawback that it is not a controlled
process i.e. morphology and size distribution differs batch wise. So it's not easy to maintain

the reproducible size, structure and distribution of anions, etc.

1.4.8 Hydrothermal/ Solvothermal

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 are used as a pseudo catalyst during the process. The sol of metal
hydroxide or metal oxide is formed from aqueous solution at elevated temperature and
pressure. It is very easy to control size variation and control particle size and structure by

changing its parameters pH, ionic strength, solvent, cation concentration, anion
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concentration, catalyst, time duration and stirring are the parameter to control size and
morphology of the metal hydroxide or oxide. pH and reactant condition have an immense
impact on phase transformation of the nanoparticle [29-30]. The hydrothermal reaction is
a step by step procedure of the following subprocess which is given as under:

Hydrothermal oxidation
Hydrothermal precipitation
Hydrothermal deoxidization

Hydrothermal decomposition

S A

Hydrothermal crystallization

It is a direct route method to obtain ultra-fine nanoparticles. No high-temperature
annealing or calcination is required in this process as like in sol-gel method. Resulting sol
can be directly used in green bodies after pressure filtration. Solvothermal is the same
process as hydrothermal. Autoclave is used in a similar manner as in hydrothermal only
difference is that in hydrothermal water is used as solvent and in solvothermal aqueous

solvent or organic solvent is used other than water.
1.4.9 Electrochemical synthesis

An electrochemical synthesis is a low-temperature processing to obtain high purity
material and controlled size and structure nanomaterials. It is done by passing an electric
current between two electrodes separated by an electrolyte. The high potential gradient of
10° Vemt is maintained between the two electrodes. Reactant dissolved in the electrolyte
is deposited as a solid product. pH of the solution plays an important role in electrochemical
synthesis and it is chosen such that the lower oxidation state is stable while higher oxidation
state goes under oxidation. The activity of reactant decreases as the reaction proceeds [31].
The parameters on which an electrochemical synthesis depends are as follows:

1. Choice of a proper electrolyte

2. Choice of an electrode inert or reactive

3. Choice of temperature, composition of electrolyte

4. Concentration of used electrolyte and pH of the solution
5. Choice of cell divided or undivided
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Moreover, based on the technique electrochemical synthesis can be classified into

following:

Synthesis of Electro-migration
Electrolysis of fused salts
Alternative current synthesis by layer to layer composite of solid

Electro-generation of base

o~ w0 DN PE

Anodic oxidation

1.4.10 Citrate gelation Method/ Penchini 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 takes place from the mixture to form a rigid system

to avoid the risk of segregation into different oxide compositions after calculations [32].

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

1.4.11 Emulsion Precipitation Method

This method involves the formation of stable emulsion systems prepared by adding
surfactants to a water-oil system. Small numbers of atoms are added in the emulsion
system. The stable precipitate is formed by the exchange of reactive species between the
droplets of the emulsion. From the Einstein-Smoluchowski equation, the growth rate is
directly proportional to the rate of exchange between droplets. Therefore, the nucleation of

particle and its growth in emulsions is retarded avoiding agglomeration of large particles.
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Droplet size can be controlled by the use of different surfactant. So the surfactant plays an
essential role in microemulsion method. Other additives play a role as steric particle
stabilizer after removal of water. To prepare an emulsion surfactant is added to the water
followed by continuous mixing. Drop by drop this emulsion was added to alcohol solutions
of alkoxides. Then this solution is stirred for 5-6 h. After removal of solvents, the residue
was taken up in acetone to destroy the micelles. The solid product is obtained after drying

of organic material and thus nano-crystalline nanoparticle is formed after calcination [33].

This method avoids agglomeration of the particles formed inside the bubbles. This
process occurs unusually at low temperatures. It does not affect emulsion stability.

1.5.1 Allotropic form of Iron

Iron oxide plays an important role in spinel ferrite. So it is very essential to know
the allotropes of iron and effect of annealing temperature on its structure. The purity of
substance may exist in one or more than one crystalline form and each of its forms is stable
at certain conditions like temperature, pressure, etc. This is also termed as Polymorphism
or Allotrope. There is three main allotropes of iron found at different annealing
temperatures; these are alpha (o), gamma () and delta (8). The melting point of pure iron
is 1539 °C and pure iron is soft and ductile.

From room temperature (RT) to 910 °C pure iron possesses a BCC structure and is
called Alpha iron (Fey). It possesses ferromagnetic behaviour up to 768 °C. After heat
treatment it becomes known- magnetic and ferromagnetism disappear but its BCC structure
remains the same. The stable non-magnetic alpha iron is earlier known as beta (i3) iron.
Gamma structure is formed above 910 °C and allotropic change occurs from alpha to
gamma structure, BCC is transformed into FCC structure. On further heating up to 1404
°C again allotropic change occur and gamma iron is transformed to delta iron with BCC
structure and is stable up to the melting point of iron [34]. All these processes are
irreversible. The temperature at which above structural changes take place is called critical

point or arrest point.
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1.5.2 Types and Effect of Heat Treatment

Heat treatment refers to the phenomenon of heating and cooling of metal, ceramic,

plastic, alloy etc., which alters change in its microstructure by changing its nature, size,

font distribution and phase transformation and its properties. Heat treatment is done to

achieve strain hardening, to remove gases from casting, to increase resistance, to soften the

metal, to improve the magnetic properties, to improve the hardness of the steel and alloy,

to produce single phase material, etc. When any material or alloy is allowed to heat above

a certain temperature, a structural adjustment or stabilization occurs on cooling it at room

temperature. Cooling rate plays an important role in this phenomenon.

The principal kinds of heat treatment are:

(i)

(i)

(iii)

(iv)

(v)

Annealing - An annealing process consists of three stages: (i) heating the sample
to the required temperature, (ii) holding or ‘soaking’ at that fixed temperature, and
(iii) cooling, up to room temperature. Time is an important parameter in this
process.

Normalizing - This is used to give more strength than annealing. The heating
process is same as in annealing but in this cooling is done in the air so that cooling
rate is much faster. Normalizing refines the grain and produces the homogeneous
structure.

Hardening - It is a kind of heat treatment which is used to produce a non-
equilibrium structure in an alloy. Tool-making alloys are hardened to increase its
hardening strength. Under equilibrium conditions, alloy undergoes eutectoid
transformation used to strengthen by hardening.

Tempering- Tempering and ageing are the kinds of heat treatment which are
applied to hardened alloys; they involve certain phase transformations which make
the metal structure approach the equilibrium. Tempering improves the ductility and
toughness of quenched steel while decreases hardness.

Surface hardening- Surface hardening of articles, like surface strengthening offers

an additional advantage that large stresses appear in the surface layers of hardened articles.

There are two ways of surface hardening (i) selective heating of the surface layers: e.g.

flame hardening surface of the component is heated up to 850 °C and induction hardening
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surface of the component is heated up to 850-1000 °C. (ii) case hardening- In this method
C and/or N2 are introduced in the surface layer. In carburizing the part is surrounded by
material or atmosphere rich in carbon and on heating this carbon is first released and then
absorbed in steel. More recently case carburizing is more effectively performed by heating
steel [35].

1.6 Ferrite

1.6.1 Introduction to ferrites

Ferrites belong to a special class of magnetic material consisting of metal oxide
particles and ferric oxide particles as their main compositions. The magnetic, electric and
dielectric behaviours possessed by them have made ferrites more attractive to the current
field of science and technology and from the research point of view. These important
properties of ferrite find application in micro-electric devices, magnetic switches, sensors,
microwave devices, electromagnetic circuits, transformer core, optoelectronic devices,
antenna rods and in the field of medicines for drug delivery to chemotherapy, etc.
Generally, Ferrites are ferri-magnetic materials having iron oxide as their main component
along with the other metal oxides. A brief classification of magnetic material is given below
to understand how ferrimagnetic materials differ from other magnetic material and also

about its spin orientation [36-37].

1.6.2 Classification of ferrites on the basis of crystal structure

Ferrites comprise of a large number of magnetic oxide with remarkable structural,
magnetic and electrical behaviour [38]. Its properties depend on the synthesis technique,
sintering time and sintering temperature, pH, a chelating agent, etc. Ferrites can be
classified into categories; firstly on the basis of magnetization and other on the basis of
structure. On the basis of structure, ferrites can be classified into four types; spinel ferrite,
perovskite, garnet, hexaferrite.

On the basis of magnetization, ferrites are of two types; hard magnet and soft magnet.

1.6.2.1 Spinel ferrite
1.6.2.1.1. Structure of spinel ferrite

The ferrite with AB204 structure is known as spinel. The unit cell of spinel ferrite
consists of 32 oxygen, 16 trivalent ions and 8 divalent metal ions. The main feature of the
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unit cell is the array of oxygen ions creates two kinds of interstices, which was occupied
by the metallic ions. These interstices are referred to as tetrahedral or A- site and Octahedral
or B- site. A site is called tetrahedral because it is located at the center of a tetrahedron
whose corners are occupied by oxygen ions. B site is called octahedral because the oxygen
ions around it occupy the corners of an octahedron [39]. Spinel ferrites can be either normal
spinel (M?")A[Fe3* Fe3*]BO. or inverse spinel with half of the trivalent ions in the A-sites
and the other half together with divalent ions in the B-sites. The structure is complex, in
that there are 8 molecules per unit cell (8xAFe204) where A is the divalent metal ion. The
32 large oxygen ions form a face-centered cubic lattice in which two kinds of interstitial
sites are present. The smaller metal ions occupy these interstitial spaces. These spaces are
of two kinds. There are 32 octahedral sites surrounded by 6 oxygen ions. The
crystallographic environments of A and B sites are therefore distinctly different. Only one
by the eight part of the A sites and one by half part of the B-sites are occupied by the metal
ions. ZnFe204 is an example of normal spinel, while NiFe2O4 is an example of inverse
spinel [40].
1.6.2.1.2 Classification of spinel ferrite

On the basis of the distribution of cations in the two principal sites, tetrahedral
site [A] and octahedral site [B], spinel ferrites are classified into three types:
1- Normal spinel ferrite
2- Inverse spinel ferrite

3- Mixed spinel ferrite

1) Normal spinel:

A ferrite is called normal spinel when the divalent metal ions occupy the tetrahedral
[A] sites while 2Fe3* ions are at the octahedral [B] site. The best examples of normal spinel
ferrites are zinc (ZnFe204) and cadmium ferrites (CdFe20s), in which the divalent metallic
ions Zn®* or Cd?* are at the [A] site, while Fe** ions are at [B] sites.
2) Inverse spinel:

In inverse spinel ferrite, one trivalent ferric ion Fe3* is at the tetrahedral [A] site
while the remaining trivalent ferric ions Fe** and the divalent metallic ions M?* are at the

161



[B] site. Actually, most of the simple ferrites, e.g. Nickel ferrite, cobalt ferrite (CoFe204)
are of the inverse spinel structure.
3) Random spinel:

The divalent metal ions M?* and trivalent Fe** ions are distributed at both
tetrahedral [A] site and the octahedral [B] site, then the ferrite is termed as random spinel

ferrite. The best-known example of random spinel ferrite is copper ferrite (CuFe20a).

1.6.2.2 Orthoferrites

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 orthoferrite is ABO3s where A represents rare
earth metal ion. Eibschutz M et al. reported that pure AFeOs perovskite is called as
orthoferrite to distinguish it from spinel or cubic structure [ 41]. The ferrite ABO3z with
perovskite structure consists of lanthanide series elements, A (where A = La, Gd, Tb Pr,
Dy, Nd, Sm, Eu, Er, Tm, Yb, Ho and Lu) and first series of transition metals, B (where B
=Ti, Fe, CoV, Cr, Mn, Ni and Cu). 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 octahedra in the unit cell are tilted in
different directions, the extent of tilting being measured by non-linearity of B-O-B bond
angles. In AFeOs perovskites, Fe-O-Fe bond angles decrease with diminishing ionic radius
of the rare earth cation in the A sites. As a result, each B-site Fe 3+ cation has eight nearest

A-site cations with next-nearest neighbour A-B distances. [42]

The ABOs perovskites exhibit different electronic and magnetic properties at a
different temperature which depends on 3d electronic configurations of the transition
metals. In octahedral coordination, cations with configurations 3dN (where N =4, 5, 6 or
7, corresponding to Mn(111), Fe(111), Co(l11) 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.
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1.6.2.2.1 Classification of ferrites on the basis of magnetization
At low-temperature ferrites behave as low band gap semiconductors and as well as

insulators, due to this reasons engineers and researchers are keenly interested in innovating
its properties, structure, characterization and its application [43]. The properties of ferrite
can be altered by substituting different foreign cations at available sites or by incorporating
any catalyst or by changing its sintering temperature, etc. So cation distribution in ferrite
is essential to understand the magnetic as well as structural and other properties. Most of
the magnetic materials of industrial interests are ferromagnetic materials. The
ferromagnetic materials can be categorized into two; one is soft magnetic materials and the
other is hard magnetic materials. This classification is based on their ability to be
magnetized and demagnetized, not their ability to withstand penetration or abrasion

1. Soft magnetic material

2. Hard magnetic material

When domain wall can easily migrate, the ferromagnetic material can be easily
magnetized at low magnetic field. These types of ferromagnetic materials are called soft
ferrite. When domain wall is difficult to migrate, the magnetization of the ferromagnetic
material occurs only when the high magnetic field is applied. In other words, these types
of ferromagnetic materials are difficult to magnetize, but once magnetized, it is difficult to
demagnetize. These materials are called hard ferrite. Soft ferrite materials are easy to
magnetize and demagnetize, so are used for electromagnets, while hard materials are used
for permanent magnets [44].
1.7 Sensor

The sensor is a device that produces a measurable output as a function of provided

input. 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.
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Rapid growth in microelectronics and advancement in technology made machine
more autonomous and intelligent day by day. It provoked a demand of artificial sensing
organs which perform independently [45-46]. Thus people developed devices according to
their requirement and now sensors are ubiquitous in our daily lifestyle. 3S factor plays an
important role in remarking a sensor as a good sensor and these three factors are sensitivity,

selectivity and stability. Sensors can be classified into three types:

1- Physical sensor- 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 [47-49].

2- Chemical sensor — 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 know chemical sensor [50-51].

3- Biosensor- Sensor that is used in biological applications is termed as biosensors.
Immuno sensor, Microbial potentiometric sensor, etc. are the example of biosensors
[52-53].

1.7.1 Chemical Sensor

Chemical sensors are a special variety of gas sensors, to detect and analyze which
substance is present and in what concentration in our environment. With our senses, we
can not only see, hear and feel but also smell and taste. Consequently, a chemical sensor is
also known as artificial noses or artificial tongues. A Chemical Sensor interacts with the
sample and transforms its chemical information to the analyst to produce analytically
useful signals. The chemical information may be due to the chemical reaction of the analyte
or due to physical measuring parameters of the system [54-56]. Many scientists gave their
different definition for a chemical sensor according to their observations. It just concluded
that chemical sensor is an interface between the chemical world and the electronic. Or it is
just the primary link of the measuring chain.

Chemical sensors consist of two important units a receptor part and a transducers part
[57-59]. Sometimes few sensors are provided with separator also. Receptor part of a sensor

is a chemical interface; there is an occurrence of a chemical interaction of the analyte with
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a surface of the sample producing a change in its physical/ chemical parameters. The
chemical information provided by the analyst is transformed into a desirable form of energy
which is further measured by the transducer. The transducer part is a device which converts
one form of energy to another accordingly [60-61].

1.7.2 Gas Sensor

The gas sensor is the subclass of the chemical sensor. In 1927, Oliver W. Johnson
introduced an explosive gas indicator of a portable gas cylinder which was considered as
first commercial portable sensor which was not lesser than a miracle those days. This led
to the beginning of fabrication of sensor and its commercialization all over the world [62].
After that researcher have developed various types of gas sensors such as electrochemical
sensors, catalytic combustion sensors, calorimetric gas sensor, capacitive gas sensor,
optical gas sensor, infrared sensors, and acoustic wave-based sensors, metal oxide based
gas sensor etc. These sensors are applicable in various fields such as chemical engineering,
research and development, architecture, medical, pharmaceutical, agriculture, etc [63-64].
1.7.3 History of the evolution of Gas Sensor
1. Canary Bird- In 1920s Canary bird, a very beautiful songful bird was used for

detecting the harmful gases. The birds were very sensitive towards harmful gases from
human beings also. So in an ancient time when these birds susceptible than human stop
singing the song and then eventually they die, this was the significance of the presence
of harmful gas around them.

2. Davey’s Lamp- Later people started using Davey’s lamp known as safety lamp also.
In this lamp height of flame was used as the reference of the concentration of gas
presented around. Oil was adjusted to a particular height and when the flame of the
lamp becomes high then methane gas is predicted and when the flame of the lamp

becomes dim then oxygen gas is predicted.

1.7.4 Why there is a need for Gas Sensors?

To monitor and control of the air pollution in the ambient and emission of toxic
gases emitted from the industrial sector and daily household fuel arose the necessity of a
gas sensor. These gases are risky for human being, animals and other living organisms.

There are several types of gases used in industrial areas as the raw materials. Toxicity
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should be checked and toxic gases should be banned near the living place so there is a need
for the gas sensor. These need to be checked and LEL and UEL of each gas should be
marked so that it couldn’t be mixed in the air in huge amount preventing many infectious
diseases, lungs problem, eyes problem, etc. It is really an important issue to control and
monitor toxic gases in the surrounding, as it can cause a huge damage to property and
human being. Certain gases can be toxic for humans, or corrosive gases, or explosive.

Gases are also produced from the garbage and waste from the research and laboratories

[65]. These problems need to be detected and these type of waste material need to be

dumped in some place far from the living zone.

There are currently needs for three categories of gas monitoring:

1. For oxygen detection, to maintain breathable atmospheres for the entire living organism
and for the control of combustion.

2. For detecting of flammable gases in the air in order to avoid any unwanted is happening
of fire or any explosion. Such circumstances can be avoided by measuring its
concentrations and its lower explosive limit and the upper explosive limit for a
particular atmosphere.

3. For toxic gases in the air.

Therefore there is an essential requirement of gas sensors that can be used to

detect these gases continuously to avoid any dangerous situation [66].

1.7.5 Classification of Gas Sensors
There is six types of gas sensors depending upon their transduction principle. They are as
follows:
1. Electrochemical Gas Sensor
Acoustic Gas Sensor
Metal Oxide Gas Sensor
Colorimetric Gas Sensor

Capacitive Gas Sensor

o g~ w D

Optical Gas Sensor
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1.7.5.1 Electrochemical Gas Sensor

An electrochemical gas sensor consists of two major parts first is electrolyte/ gel used
and another one is anode and cathode used. The anode is responsible for all the oxidation
process while the cathode is responsible for the reduction process. Due to this phenomenon
current is created and positive and negative ions are developed. Positive ions flow towards
the cathode rod and the negative ions flow towards the anode rod. The output is directly
proportional to the concentration or partial pressure of the gaseous species. Nowadays in
the electrochemical gas sensor, liquid electrolyte is replaced by solid-state electrolyte but
the whole working is same [67-68].
1.7.5.2 Acoustic Gas sensor

These sensors are based on the sound effects. These types of sensor consist of a

piezoelectric substrate containing inter-digital electrodes. When RF voltage of particular
frequency is given then the mechanical waves are produced in piezoelectric substrate.
These Rayleigh surfaces then propagate and type of acoustic waves are generated and its
frequency is determined. The mechanical energy is converted into electrical RF voltage
[69-70]. Depending on this method, we can measure the properties, processes, or chemical
species in the gas phase, liquid phase, vacuum or thin solid films. Acoustic gas sensor
devices are already used in mobile industry, telephone industry and for sensor
development. Acoustic wave devices are extremely sensitive to its surface perturbation
[71]. There are different types of Acoustic wave gas sensor and they are as follows:-
Surface acoustic wave (SAW)
Shear horizontal surface Acoustic wave (SH-SAW)
Shear horizontal acoustic plate mode (SH-APM)
Flexural plate wave (FPW) or Lamb wave mode

a > w0 e

Thickness shears mode (TSM) devices.

1.7.5.3 Metal Oxide Gas Sensor

The metal oxide gas sensor is also called chemo-resistor gas sensor. Semiconductors
are found to be very sensitive to the very low concentration of gas. This type of sensor

requires stain gauze, thick film, thin film, etc. In this sensor, the resistance of the film

167



changes when the gas interacts with the film and it gets adsorbed on the surface of the
material. Then, the resistance of the film changes depending upon the type of the material
used and type of gas exposed. Film interacts with the adsorbed oxygen molecule and the
free electrons get attached to these molecules forming oxygen species and when any gas
interacts, then there is a change in its parameters. The solid and gas interaction changes the
resistance of the material and their sensing properties are studied. Response to the gas can
be increased by adding dopant/ additive or by increasing the temperature of the substrate
through the heater. There are various types of metal oxide gas sensor available in the market
for both the reducing gas and for the oxidizing gas. Adsorption and chemisorption are the
two phenomenon which is responsible for all the mechanism in metal oxide gas sensor [72-
73].
1.7.5.4 Capacitive Gas sensor

The capacitive gas sensor is used to detect a change in the capacitive behaviour of
the film by volatile analytes which are proportional to the concentration of target analyte.
The capacitive gas sensor gives the output signal by converting the capacitance of the film
in the form of voltage. It measures the changes in dielectric constant as a function of the
inserted gas concentration between the two electrodes of the film. These type of sensor are
dependent on inter digital electrode structures with two plates, forming a standard capacitor
which corresponds to two plates of a standard capacitor. The basic concept behind this is
the capacitance increases as the dielectric constant of the film decreases and it decreases as

the dielectric of the film increases [74-75].

1.7.5.5 Calorimetric Gas Sensor

The calorimetric gas sensor is used to detect the combustible gas present in the
surrounding. Its principle is based on the change in temperature in presence of gas.
Generally, any substance burns at its ignition temperature, similarly the combustible gas
also burns at their ignition temperature but the gas begins to ignite in presence of certain
catalytic material even at very low temperature also. This type of sensor is also called
catalytic sensor. It consists of two identical platinum coils coated with any ceramic in the
form of a bead and a surface of the catalytic active metal. One bead is loaded with a catalyst

like Pd, Pt, Rd, Th etc. The coils are maintained at a certain temperature by connecting
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them in Wheatstone bridge. Wheatstone bridge is used to measure the output of the sensor.
In the presence of air, the output is zero but in the presence of combustible gas, the
temperature of the bead increases with the catalyst due to the exothermic reaction. Thus
the imbalanced output of the bridge is balanced by a reduction in the electrical heating
power. This power consumption is proportional to the concentration of gas._ There are two
types of catalytic sensor depicted as under:

1. Pellistor type

2. Thermo-electric type

Pellistor type sensor consists of active or inactive beads with platinum or palladium
catalyst controlled by Wheatstone bridge while Thermo-electric gas sensor works on Sea
back effect which occurs due to the temperature difference between two points producing
voltage [76-77].
1.7.5.6 Optical gas sensor

In 1984, Butler reported the first hydrogen optical gas sensor. This sensor

consisting of an optical fiber with palladium and titanium coating and was used for
detecting hydrogen gas. Optical gas sensor gives higher sensitivity, stability, and selectivity
than the non-optical gas sensor. Photons play an essential role in the optical gas sensor.
They have residual mass with no charge so neither charge nor mass-based detection is done
through it. This type of sensor is based on absorption and emission scattering of a gas
species. An optical gas sensor consists of a light emitting element, optical fiber, a gas
sensing element, a photodetector, and a filter for picking up fluorescence or
phosphorescence phenomenon. The optical sensor having fiber optics is called optode [78].
These fibers are of two types; it can be dispersive and non-dispersive type. These fibers act
as a sensing element which response to light. The infrared gas sensor is a type of optical
gas sensor. In these sensors, measurand is determined by Refractive Index (Speed of the
light), absorbance and fluorescence properties. The principle of optical sensors is used in
Ellipsometry for determining dielectric properties of the material and interferometry in
optical waveguide structures and in spectroscopy techniques for luminescence,

phosphorescence, fluorescence phenomenon [79].
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1.7.6 Application of Gas Sensor
There are many applications of gas sensor. Some of them are given as below:
1. The gas sensor is used in process control industries.
They are used for fire detection to avoid any miss-happening.
They are used for environmental monitoring.
They are used in mines for the detection of harmful gases.
They are used as breath sensor for detection of alcohol.
They are used for grading of agro-based in coffee industry or tea industry.

They are used as boiler sensor

© N o o B~ w DN

They are used at home for safety purpose.
1.8 Liquefied Petroleum Gas (LPG) Sensor

Liquefied petroleum gas is an inflammable gas consists of a mixture of hydrocarbon
gases including both the propane CsHs and butane C4H1o. Propane is an organic molecule

containing three-carbon alkane group which is in gaseous form but it can be

compressible to a transportable liquid form under certain condition. In summer butane-
rich gas is used and in summer propane rich LPG is used. It also contains propylene and
butylene in very less amount. Ethanethiol which is a powerful odorant is added to LPG ot
trace its leakage. There are some other international standards like EN589, amyl
mercaptane and tetra hydrothiophene may also be used as subsitute. LPG used as a fuel in
heating appliances and vehicles and it is a substitute for petrol and diesel. It is increasingly
used as a refrigerant in the refrigerator as an aerosol propellant which is a substitute for
harmful gases like chlorofluorocarbons to reduce damage to the ozone layer caused by it.
At moderate pressures and temperatures, LPG can be stored and transported in liquid form.
When it is released in at relatively low temperature, it vaporizes and can be handled as a
gas [80-81].
1.8.1 Lower Explosive Limit (LEL)

Lower explosive limit (LEL) is the lowest amount or percentage of a gas or a vapour
present in the air which is capable of producing a flash of fire when any ignition source

like an arc, flame, heat, etc. are brought near to it. For example, methane gas has an LEL
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of 5%. If the atmosphere has less than 5% methane, an explosion cannot occur even if there

is an ignition source present.

1.8.2 Upper Explosive Limit (UEL)

Upper explosive limit (UEL) is the highest amount or percentage of a gas or a
vapour present in the air capable of producing a flash of fire when any ignition source like
an arc, flame, heat, etc. are brought near to it. Concentrations higher than upper flammable
limit (UFL) or UEL are "too rich" to burn. Flammability limits depend upon
temperature, pressure, and the concentration of the oxidizer. Higher the temperature, lower
will be LFL and higher UFL, while the LEL and UEL are increased on increasing the
pressure. To avoid any risky condition there is need of standardization of LEL and UEL of
each gas. National Institute for Occupational Safety and Health (NIOSH) and Occupational
Safety and Health Administration (OSHA) Standardized the Lower Explosive Limit (LEL)
of propane rich LPG as 21,000 ppm (2.1% by volume in air) and 19,000 ppm (1.9% by
volume in air) for butane rich LPG. The Permissible Exposure Limit (PEL) for LPG as
specified by NIOSH and OSHA standards is 1000 ppm [82-83].

1.8.3 Sensor Parameters/ Sensor Attributes of LPG sensor

For optimizing and the performance of any device, it is necessary to know its
sensing parameters. % Sensor response, sensitivity, selectivity, stability, response and
recovery times, reproducibility and long-term stability are the operating parameters of a

sensing device [84-87].

(i) % Sensor Response
Percentage sensor response of a sensor is defined as the ratio of the difference in the

resistance of the film in the air and in presence of gas to the resistance in air.

R
%SR = —*‘R g‘*100

a
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(i)  Sensitivity

Sensitivity can be defined as the ratio of the magnitude of response of a sensor to a
particular target analyte. There are several definitions of sensitivity depending upon the
application. It is defined as the ratio of variation in the resistance of the film in the presence

of gas and resistance of the film in air.

(ili)  Response and Recovery Time

The response time of a sensor is defined as the time taken by the sensor to reach
90% of the final response value. Recovery time is defined as the time taken by the sensor
to come to 90% value of the final value.

(iv) Reproducibility and Long Term Stability

Reproducibility of a sensor is defined as the efficiency of a sensor to reproduce the
same output for the same amount of measuring input. Stability of a sensor is defined as the
efficiency of a sensor to generate the same result after a long time without any change in
its sensing parameters.

(v)  Selectivity

Selectivity may be defined as the sensor response to a particular gas in a mixture of
gases. This parameter defines the specific response of the sensor.
1.8.4 Sensing Mechanism of LPG Sensor

LPG sensing is surface morphology based mechanism. The porous film plays an
important step in sensing mechanism. Pores are also called as the active sites. Working
principle of LPG Sensor is dependent on its electrical properties and change in its chemical
properties when the sample is exposed to the gas. Adsorption plays an important role in
this sensing mechanism process. Generally, Adsorption is simply defined as the attachment
of the molecules or binding of molecules to the surface. Adsorption is of two types
depending upon the bond i.e. Physisorption and Chemisorption [88-89]. Physisorption is a
physical adsorption in which molecules are held weaker by Vander wall force while
chemisorption is a chemical adsorption in which adsorbate get attached to the solid

molecules by the formation of a chemical bond with the surface. This adsorption is stronger
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than physisorption. Initially, physisorption occurs followed by chemisorption when the thin
film comes in contact with the atmospheric oxygen molecule. The interaction of the gas
with the material leads to transfer of electrons between the thin film and the reducing gas.
These atmospheric oxygen molecules get adsorbed on the surface molecule to form oxygen
species by the interacting with the conduction band electrons [90-91]. The kinematics

involved in this process is as below:
O2(air) « Oz (ads) ~ ------- (M
O2 (ads) + e- < Oz (ads) ~ ------- (i)

This lead to decrease in concentration of electrons in the n-type material while in
p-type material there is an accumulation of charge taking place [92]. When LPG is exposed
to thin film a complex reaction occurs due to the formation of superoxide and peroxide
which are highly active which is highly unstable. These complex hydrocarbons react with

adsorbed oxygen species which are responsible for complex reactions below:
CnHon+s2+ 20" — H20 + ChHon: O + €~ ------- (iii)
CiHxn: O+ 0 — CO2+HO+e- - (iv)

This reaction is termed as dehydration. Further oxidation of dehydrogenation
mechanism occurred and CO. and water contents were released as the end product.
Schematic diagram of LPG sensing mechanism is shown in Fig.1.20. As the rate of the
reaction increased removal of electrons were taken place which leads to the formation of a
potential barrier that was further responsible for the constant resistance of the film as

presented in Fig.1.21.

When the film is put in the chamber in the air, then the stabilised resistance of the
film is termed as Ra i.e. resistance in the air. After passing LPG when the film attains
saturation point and constant resistance is obtained then this is termed as Ry i.e. resistance
in gas. Again after this process when the chamber has removed the resistance of the film
decrease again and tries to gain its initial Ra value. Again the new Ra value is not the same

and it is slightly different due to the effect of humidity caused by water content. This water
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content removed during sensing mechanism fills the pore and resistance of the film in air

vary from the initial resistance. This water content can be removed by heating the film.

1) Depletion or Space Charge Layer: In n-type material depletion layer is formed
by the ionized electrons from the conduction band which is further responsible for the
formation of oxygen species. In p-type material, holes are the active elements. The
extracted holes are responsible for the formation of charge layer. It is the most important

layer in sensing phenomenon.

2) Accumulation layer: Accumulation layer is formed when electrons are injected
into an n-type semiconductor surface. For example, when an acidic molecule such as H*
donates an electron or accepts a hole from the surface state, this would lead to an
accumulation of positive charges on the surface, that forms a double layer with the

negatively charged semiconductor.

3) Inversion layer: It forms due to a local inversion of the surface from n to p or vice-

versa, in the presence of a strong oxidizing agent [93-96].
1.9 Materials and its literature review

Research interest in the field of sensing technology is focused on ferrites. Ferrites
operate at very low temperature and demonstrate better sensitivity and % sensor response
than other metal oxides. Materials synthesized and discussed in this work are BaTiOg,
SrFe12019, LaFeOs Bios NagsTiOsz and Ag doped NiFe2Os. Literature survey related to the
material, its synthesis, characterizations with sensing parameters is depicted in Table 1.2.
& 1.3.

1.9.1 International status

Table 1.2 Literature survey on various types on nanomaterials and their gas sensing

applications at International level.
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S.No. | Material Method Chemical Crystallite Properties | Reference
used for used Size or or
synthesis Thickness application
/ ) of the
porosity content
1. BaTiO3 Solid state Polyvinyl butyl, 200-500nm Gas sensing M.A. El
reaction/spi | 2-2 butoxy ethoxy properties Romh et al.
n coating ethyl alcohol,
PEG [97]
2. CuO-BaTiO3 Oxide Oxide salt 1 um CO; Sensing at Tatsumi
method 729 K Ishihna et al.
[98]
3. SrTiOs/ Sol-gel/ Titanium 40 nm by XRD Ethanol Gas Satreerat K.
) spin butoxide, Barium Sensor Hodak
BaTiOs coating acetate, strontium
acetate, acetic etal. [99]
acid
4. BaTiOs/ Balling BaTiO3 Sb203, 100 um CO and N, Gas K.Park
graphite powder, sensing
BaSbTiO3 Method ethyl alcohol et al. [100]
5. BaTiOs/ Thermal BaTiO(C204)2. 3.1-3.8 um Humidity Burcu
) decomposit sensing and Ertung
SrTiOs ion 4H20, PVA, Gas sensing
Graphite powder, et al. [101]
Ti powder,
silicide, carbide
6. BaTiO3 Solution- Barium titanium, | 5-60 nm diameter | Study of cubic Jeffrey J.
/SITiO3 based Strontium of nanorod perovskite Urban
synthesis titanate, oleic acid nanorods
and Isopropoxide etal. [102]
7. BaTiO3 Electro- Barium 15 nm nanowire Photo- M.R.A
chemical hydroxide, luminescence Bhuiyan
method ethanol
spectrum of etal. [103]
BaTi03
8. BaTiO3 Hydrother | Barium chloride, 100-300 nm Formation of
mal Titanium Nanofibres by
Isopropoxide, different Hu_mar. A
ethanol polymer Avilaetal.
[104]
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0. BaTiOs Sol-gel/dip Barium acetate, | Very thin film 44 Thermal, 0.
coating Glacial acetic nm optical and Harizanonv
acid, tetra ethoxy dielectric
titanate, ethanol properties etal. [105]
10. BaTiOs. Y203 Sol-gel Barium acetate, 1-2 pm DTA/TGA A Kareiva
Y203,glacial measurement,
acetic acid Positive etal. [106]
Temperature
Coefficient of
resistivity(PTC
R)
11. BaTiOs Hydrother Barium 50-200 nm Study of Hiromichi
mal Hydroxide, Raman
reaction Titanium oxide Spectroscopy | e€tal- [107]
12. La-doped Sol-gel Sr nitrates, Fe 80-100nm by Thermal and T.T.V.Nga
SrFe;2019 nitrates, La XRD, 200nm by magnetic
nitrates TEM properties etal. [108]
13. Sm-doped Sol-gel Sr nitrates, Fe 35 nm by XRD, Microwave Juhuo Lun
SrFe1201g, nitrates, Sm 50-100 nm absorption
PANI nitrates, citric propertyand | etal.[109]
acid, HCl, Electromagneti
ammonium ¢ properties
sulphate were studied
14. Co-Ti doped Sol- gel Sr nitrates, Fe 100 nm, 200 nm | Ferromagnetic Simon
SrFe12019 ignition nitrates, Co Resonance
technique | nitrates, Titanium Measurements | etal. [110]
Isopropoxide,
citric acid,
ethylene glycol,
NH,OH
15. SrFe12019 Solid state SrC,04, SCl;, 25-30 nm Ferromagnetic Abdollah
thermal k2C204, Fe behavior Javidan et al.
decomposit nitrate [111]
ion
16. La-doped Sol- Sr nitrates, Fe 30-35 nm Electrical Muhammad
SrFe12019 gel/auto- nitrates, La characterizatio Azim
combustion nitrates, de- n by
ionized water calculating etal. [112]
dielectric

constant and
dielectric loss
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as a function of

frequency
17. SrFe12019 Pulsed --- 16nm, 63nm, Magnetic M. Khaleeq
Laser 21nm, 95nm properties were Rahmen
Deposition thickness of film studied by
VSM etal. [113]
18. SrFe12019 Sol-gel/ Sr nitrates, Fe 26.6 nm Magnetic and | M. Ghobeiti-
auto nitrates, citric acid thermal Hasab[114]
combustion analysis
19. BaFe12019 Sol-gel Fe nitrate, Ba 32 nm Magnetic J.V.A Santos
method nitrate, coconut behaviour by etal. [115]
water SQID
magnetometer
20. SrFe12019/ Screen Sr particle, Magnetic and Laure K.
polyimide printing benzophenone, mechanical Lagorce
and spin tetracarboxylic properties by
casting dianhydride oxy micromachinin | etal. [116]
dianicline g
21. SrFe12019 Sol-gel, Sr nitrates, Fe 33nm, 42nm, Effect of citric S.M.
spin nitrates, citric 57nm acid on Madoudpana
coating acid, ethylene structural and | detal. [117]
glycol magnetic
properties
22 ZnFex0./ Chemical SrCQ3, Zn cl2, Photocatylic Taiping Xie
co- Fecl3, HCI activity
SrFe2019 precipitatio etal. [118]
n
23. SrFe12019 Sol-gel Fe nitrate, Sr 3-4 um Structural and | Tingting Li
using egg | nitrate, egg white magnetic
white protein properties by | etal [119]
binder TGA-DTA
24. Mn-doped Protenic Fe nitrate, Sr 46.4-52.6 nm Magnetic W.M.S.Silva
SrFe12019 sol-gel nitrate, Mncl2, properties by
coconut water after Mn etal. [120]
doping
Hysteresis loop
25. BiFeOs/ RF Silica wafers, 5mm thickness Electric and Yukiko
SrFe12019 Sputtering ceramic disk magnetic
domain et al. [121]
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26. SrFe12019 Sol-gel Sr nitrates, Fe 8-13 um Magnetic Yongfei et
nitrates, citric acid microtubules al. [122]
27. SrFe12019 Co- Sr nitrates, Fe 61 nm particle Thermal A. Dr
precipitate nitrates, n- size analysis and mot
and butanol, methyl effect of a
microemuls ammonium annealing B. elt
ion hydroxide, temperature fa12
sodium n-dodecyl 3]
sulphate
28. LaFeO3 Simple La nitrates, Fe 20-30 nm Acetone Peng song et
synthesis nitrates, Sorghum sensing al. [124]
route straw, citric acid
29. LaFeOs/ Combustio | Y203 LaO3, Fe | --—--- Spin-phonon | P.V. Cotinho
YFeOs n method nitrate coupling by etal. [125]
Raman
30. Ag-LaFeOs;_ Sol-gel Fe nitrate, La 45nm, Formaldehyde | Y.M.Zhang
SWCNTSs /microwave | nitrate, Ag nitrate, | 37nm,33nm,28n Gas sensing etal. [126]
synthesis citric acid m,36 nm
31. LaFeOs/ SiO; Sol-gel Fe nitrate, La | ~  --—--—-- TG-DTA Kamal M.S.
nitrate, citric acid, Analysis, Khalil et al.
Tetraethyl Nitrogen [127]
orthosilicate, Adsorption
Ammonia isotherms at -
196° C
32. LaFeOs Polymer Fe nitrate, La 34nm, Magnetic Sumalin
pyrolysis nitrate, Acrylic 47nm,65m,74nm properties by | Phokha et al.
method acid by XRD, 70 nm VSM [128]
by TEM measurement
33. LaFeOs with PANI Fe nitrate, La | ----—-- Core-shell Yaru Pei et
carbon pyrolysis nitrate, sulfuric model LaFeO3 al. [129]
modified method acid, aniline, coated with
[stearic stearic acid carbon layer
combustion
method
34. LaFeOs- rGO | Stearic acid Fe nitrate, La | - Electrochemica Yongjie
combustion | nitrate, Graphene | properties and | Yuan et al.
method oxide, kinematic
characteristics [130]
35. TM (Mn, Co, Glycine Fe nitrate, La 20-50 nm TM doping Qi Peng et
Cu) doped nitrate nitrate, Mn properties al. [131]
LaFeOs process,
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citrate nitrate, Co nitrate, based on
auto- Cu nitrate visible light
combustion
process
36. LaFeOs3 Polyconden Glucose, Fe 50 nm Formaldehyde Hui hui
sation of nitrate, La nitrate, sensing Zhang et al.
Glucose, carbon sphere, [132]
hydrotherm distilled water
al method
37. LaFeO3 Hydrother Fe nitrate, La 19.2 nm Acetone gas Hong Xio
mal method | nitrate, citric acid sensing Xio et al.
[133]
38. Co-doped Chemical Fe nitrate, La 21nm- 28nm Ethanol gas Xiutao Ge et
LaFeOs; co- nitrate, sensing al. [134]
precipitatio | Co(CH3C0OO)..4
n H20, (NH.).Cos
39. NBT Solid state Na,COs, Bi,O3, | --—--- Anti- V.Dorcet et
TiO; ferroelectric al. [135]
properties &
Relaxor
behavior
40. BNT Sol-gel Na,COs, Bi;03, 100-200nm Thermal Chang
TiOy, ethylene analysis by Yeoul Kim
glycol, HNO3 TGA & DTA etal. [136]
41. Zr-doped BNT | Convention | NazCOs, Bi,0s, 1 um range Study on Anucha
al oxide TiO2, ZrO,, Mechanical Watchraposo
method ethanol Properties retal. [137]
42. Ca, Co, Mn Self- Ni nitrate, Fe 100-500 nm Gas sensing N. Iftiimie et
doped NiFe;O4 | combustion | nitrate, Ca nitrate, (LPG& al. [138]
Co nitrate, Mn Acetone)
nitrate, NHO3
43. BNT Chemical Bi nitrate, Na Optical Ziping Cao
solution nitrate, Tetra properties on et al. [139]
deposition( | butyl titanate, 2 Pt/
CSD) methoxy ethanol, Ti/SiO2/Si(100
) substrate
44. NBT- BaTiO; | TGG(Tem SrTiO3 plalets, | --—--- Dielectric, Huseyin
plated Bi4Ti3012 plalets Piezoelectric | Yitmaz et al.
Grain and [140]
growth)met Electromechani

cal properties
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hod &

RTGG
45. BNT Hydrother NaOH, Bi»0s3, 400nm- Morphology- Ran Lu Jie
mal TiO; nanaplate& 50- controlled Yuan et al.
100 nm nanowire | synthesis and [141]
growth
mechanism
46. BNT Sol-gel/ Bi nitrate, 50-200 nm Thermal T. Yuetal.
spincoating | NaNQOs, Titanium analysis [142]
iso-propoxide
47. Cd substituted Sol-gel Ni nitrate, Fe 5.05A.4.98 A, n-type & p- | Ande Ashok
NiFe204 nitrate, Cd nitrate, 458 A type distinction | etal. [143]
by See back
effect
48. Co-doped Sol-gel/ Ni nitrate, Fe 100 nm diameter P- Type Andris Sutka
NiFe204 auto nitrate, Co nitrate, | of microstructure | Acetone sensor | et al. [144]
combustion NH40H, Citric
method Acid
49. Al-doped Sol-gel Ni nitrate, Fe 20-31 nm Change in M.Mozaffari
NiFe204 method nitrate, AICl3 magnetic etal. [145]
.6H,0,citric acid, properties due
Ammonia to dopant
50. Zn-doped Sol-gel/ Ni nitrate, Fe 62-66 % density P- type A. Sutka et
NiFe;04 auto nitrate, Zn Acetone gas al. [146]
combustion | Nitrate, NHAOH sensing

1.9.2 National Status

Table 1.3 Literature survey on various types on nanomaterials and their gas sensing

applications at National level.
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1.10 Present Challenges and Objective of the Thesis

S.No. | Materia Method Chemical Crystallit Properties or Reference
I used for used e Size or application of
synthesis Thicknes the content
S
/porosity
1. BaTiO3 Spray Barium chloride, 40nmby | Gassensing (LPG) at | Lalchand et
pyrolysis Titanium chloride XRD room temperature, al. [147]
sensitivity 3.03 at
350°C
2. BaTiOsz ¢ Solid state Barium 65 nm for LPG Sensing and G.N.
reaction hydroxide, pure & 49 | Influence of additives | Chaudhari et
CuO and titanium iso- for doped al. [148]
Cdo isopropoxide, by XRD
dop_ed citric acid,
BaTiOs cadmium nitrate,
copper nitrate
3. | BaSrTiOs Mechano- Barium 264 nm by Ammonia Gas G.H.Jain et
chemical hydroxide, XRD Sensing al. [149]
titanium dioxide,
Process/ strontium
h -
Screen ydroxide
printing
4. BaTiOs Solid state BaCO3, TiO2, Humidity Sensing R. Wagiran
reaction/ etal. [150]
Terpinol
Screen
printing
5. BaTiO3 Sol gel/ spin Barium acetate, 0.5-5 um | I-V Characteristic, C- Vijay
coating glacial acetic acid V Characteristics Ramkrishna
and butoxide etal. [151]
6. BaTiO3 Ball milling Bao, TiO; 20-50 nm Mechanochemical B.D.
activation by thermal Stojonomic
treatment et al. [152]
7. BaTiO3 Spin coating BaTiOs; powder, 9.5nm Functional group D. Lakshmi
HNO3 identification by et al. [153]

optical
characterization
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8. | SrFew0i9 Sol-gel Sr nitrates, Fe 80-100nm, | Thermal analysis by | Kanagesan et
nitrates, D- 40-70 nm exothermic and al. [154]
Fructose endothermic reaction
9. | SrFe;2019 | Floating/ ball Celeste, sodium 17 nm B-H loop of sintered R.K.Tiwary
milling carbonate blue anisotropic strontium et al. [155]
dust ferrite
10.| Ni& Zr- | Sol-gel Sr nitrates, Fe 2-4% Effect of Ni- Zr Co- Praveena et
doped nitrates, Zr porosity doping and dielectric al. [156]
SrFe12019 nitrate, Ni nitrate and magnetic
properties
11.| Ca&Pb Solid state SrCQgs, PhCOs3, Doping effect on Ashima
doped reaction CaCO0s, Fe203 dielectric and Hooda et al.
SrFe12019 magnetic properties [157]
12.| Nd*doped Sol-gel Sr nitrates, Fe 31 nm Magnetic Ankush
SrFe12019 nitrates, Nd measurement by Thakur etal.
nitrates, citric VSM [158]
acid
13.| BaTiOs- Sol-gel Barium acetate, | 400-600 nm | Effect of constituent, Sadhana
SrFe12019 n-butaOxide, 2- phase variation, Katlakunta et
methoxy ethanol, ferroelectric, al. [159]
Sr- nitrate, Fe dielectric and
nitrate magnetic properties
14.| Al-doped Solid state La,03, Al;Os, Spontaneous S. Acharya et
LaFeOs3 reaction route Fe,0O3 polarization al. [160]
15.| Sr-doped Solution La nitrates, Fe 0.067- Change in surface K.Surat etal.
LaFeOs combustion nitrates, Sr 0.028 um area and properties [161]
method nitrates, diethyl on changing doping
oxalate, %
formaldehyde
16.| LaFeOs/ | Sonochemical/ Fe nitrate, La 19.6 nm- Microwave A. Mitra
MWCNTSs sol-gel nitrate, citric 19.4 nm absorption etal.
combustion acid, [162]
17.| LaFeOs/ Hydrothermal Titanium 60 nm Photo-catalytic R. Dhinesh
TiO2 method isopropoxide, Fe activity Kumar et al.
nitrate, La nitrate, [163]
ethanol
18.| LaFeOs Sol-gel/ dip Fe nitrate, La 6.3 nm Study of thermal M. Rajendran
coating nitrate, HNO3 stability, optical et al. [164]
properties
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19. | Badoped Solid state Bi,03, Na,COsg, 0.54- 0.56 Dielectric and Meera Rawat
BNT reaction BaCOs pm conductivity et al. [165]
properties
20. BNT Ball milling Na,COs, Biz0s3, 100 nm Phase transition by Venkata
TiOy, alcohol dielectric and internal | Raman et al.
medium friction [166]
21.| NBT-BT Pulsed laser Na,COg, Bi»03, 400nm — Study of AS.
deposition TiO2, BaCOs3 NBT & 50 interdiffusion Daryapurkar
nm BT between the various etal. [167]
thickness layers
22. BNT Auto Na,COs, Bi»O03, 1.16 um - Dielectric properties Tamaya
combustion TiO, 1.43um Badapanda
technique/
solid state etal. [168]
reaction
23.| Ni, Co, Double Nickel oxide, 33nm, D.C. Resistivity B.A. Aldar et
Cd-doped sintered Cobalt oxide, Cd | 20nm, 18.49 | determined by two al. [169]
NiFe.04 ceramic oxide, Iron oxide, nm probe method
method Polyvinyl alcohol
24.| Cu-doped Spray NiCl,.6H,0, 46nm, Ethanol gas sensing Pratibha Rao
NiFe;04 Pyrolysis FeCls, CuCl, 41nm,41nm etal. [170]
25.| Pd-doped Spray NiCl..6H,0, 46nm, Ethanol Gas sensing | Pratibha Rao
NiFe;04 Pyrolysis FeCls, PdCI» 38nm, etal. [171]
35nm,
30nm
26.| Zndoped Sol-gel NiCl,.6H.0, 39nm, Ethanol Gas sensing | V.D.Kapse et
NiFe,Q4 FeCl36H.0, 42nm,30nm al. [172]
incorporat PdCly, Zn ,31nm,
ed with Pd Cl,6H,0 28nm
27.1 Zn-doped Co- NiCl,.6H,O, |  --—--- Ethanol Gas sensing Deepshikha
NiFe204 precipitation FeCls .6H,0, Rathore et al.
method, sol- ZnCl,. 6H,0 [173]
gel/ auto
combustion
28.1 NiFe;04 Hydrothermal Ni nitrate, Fe 11nm N-type LPG Gas L.Satyanaran
incorporat method nitrate, Aqueous Sensor etal. [174]
ed with Pd Ammonia
29.| NiFe;O4 Wet Co- Ni nitrate, Fe 8-20 nm Effect of sintering Seema Joshi
precipitation nitrate, NaOH temperature, strain on etal. [175]
method structural, dielectric
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and magnetic
properties
30.| NiFexO, Sol-gel Co- NiCl,.6H0, 12-14 nm Comparison of K.Nadeem et
Si coated precipitation FeCl;.6H.0, surface effect in SiO; al. [176]
method NaOH, oleic acid, coated & uncoated
silica gel NiF
31.| Zndoped Sol-gel Ni nitrate, Fe 15-20 nm Photocatalytic Rimi Sharma
NiFe204 method nitrate, Zn Degradation of etal. [177]
Nitrate, citric Methylene blue
acid, ethylene
glycol
32.| NiFexO4 Co- Fe nitrate, Ni 175- 275A p-type Chlorine Gas C.V. Gopal
precipitation | nitrate, citric acid sensor Reddy et al.
method [178]
33.| LaFeOs; Auto La nitrate, Iron 46 nm Butane sensor K.K.Bhargav
combustion nitrate, citric acid etal. [179]
and modified
penchini
method
34.| LaFeOs Microwave La nitrate, Iron 57 nm Magnetic behavior on | P.A. Desai et
combustion nitrate, silver silver doping al. [180]
synthesis nitrate

Nanostructured ferrites materials are the most propitious material for developing
gas sensors because of their extraordinary property and twin behavior and there large much
surface to volume ratio. We were aiming to investigate new materials which possess good
sensing properties for the LPG concentration below LEL, with high sensitivity and %
sensor response and low response time and recovery time. Stability of the sensor was
checked by repeatability cycle after exposure to different LPG concentration and by ageing

effect.

After literature survey, | found there is very less work going on design and
development of an LPG sensor at room temperature below LEL. Ferrites show very good
surface reactivity and possess different surface morphology and behaviour by varying
parameters like pH, temperature, magnetic field etc. They are easy to synthesis, easy to
dope easy to form nano-composite materials also. Therefore in this thesis ferrite material
is synthesis by sol-gel and co-precipitation method. After this nano-sensors are fabricated
using spin coating method are further it was characterized and used as LPG sensor. In this
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thesis experimental investigation, films of nanosized spinels and orthoferrite and additives
are used to enhance the properties of nanomaterial. Experiment is done at room temperature

by measuring electrical properties of the sensor on exposure of LPG

The main goal of our present investigation is to design and fabricate an LPG sensor
which would be robust, more sensitive with reduced response time, economically cheap

and easy to fabricate than previously reported sensors.

1.11 Organization of the Thesis

This thesis contains eight chapters. Chapter 1 is the introductory part of
nanomaterials, synthesis of nanoparticles and its application. It also focuses on the
classification of ferrites and chemical gas sensor covering Liquefied Petroleum Gas Sensor
in detail. Detailed investigation of synthesis and characterization of nanostructured
perovskite Barium titanate used as an LPG sensor at room temperature is described in
Chapter 2.1t also contains the diagrammatic explanation of the set-up used throughout the
experiment. Chapter 3 focuses on the synthesis of nanostructured hexagonal Strontium
ferrite film using co-precipitation method followed by spin coating technique. A site
substituted lead-free Bismuth sodium Titanate and its gas sensing properties has been
depicted in chapter 4. Chapter 5 deals with the synthesis of silver (0.2 % and 0.4 %)
substituted Nickel ferrite and also study on its change in the microstructure, optical
properties and Gas sensing properties. Chapter 6 deals with the preparation and gas sensing
properties of Lanthanum ferrite with reduced size and better response. Chapter7 summarize
all nanostructured material BaTiOs, SrFe12019, Bios NaosTiOz Ag doped NiFe;O4 and
LaFeOs synthesized during the work. It also contains a comparison chart showing a change
in particle size, band gap, and percentage sensing response, sensitivity and response time.
It also contains the guideline of the future work on multiferroic materials and their

nanocomposite used as LPG sensor.
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Table 1.1. Various types of ferrites on the basis of crystal structure are shown in the table.

S.No. Type General
Formula
1. Spinel ferrite AB204
2. Garnet RFes012
3. Orthoferrite RFeO3
4, Hexa ferrite AFe12019

Crystal
structure

Cubic

Cubic

Perovskite

Hexagonal
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Active
sites

[A] & [B]

a, c,andd

[A] & [B]

12k,2a,4f>,

4f1, 2b

Replacement

Mn, Zn, Ni, Mg, Co
Y, Sm, Eu, Gd, Th,

Dy, Ho, Er, Tm and
Lu

Y, Sm, Eu, Gd, Th,

Dy, Ho, Er, Tm and
Lu

Pb, Sr, Ba



Chapter 2

Synthesis and characterization of perovskite
Barium titanate thin film and its application as
LPG Sensor

This chapter reports the successful preparation of perovskite Barium titanate
(BaTiOz) nanocomposite thin film using spin coating technique. Surface
morphological, structural, compositional and optical properties of the film were
investigated by various techniques such as SEM, XRD, TEM, EDS, UV-
Spectroscopy, Raman spectroscopy and FTIR. SEM images show the macro porous
cubic structure of the film. The minimum crystallite size was evaluated as 11 nm by

XRD and confirmed by TEM. Energy band gap of BaTiO3 was evaluated as 3.9 eV.

Raman spectroscopy confirmed the formation of BaTiOs at 540 cm™. LPG sensing

was carried out for 0.5 to 4 vol. % of LPG and the sensor was found suitable for the

detection of LPG at lowest explosive limit (LEL).
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CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF PEROVSKITE

BARIUM TITANATE THIN FILM AND ITS APPLICATION AS LPG
SENSOR

2.1 Introduction

For more than 60 years barium titanate has attracted most of the researchers for
practical interest and research work, due to its attractive properties. Rochelle salt and
potassium dihydrogen phosphate instigated and accelerated the study on barium titanate.
Then an era came when escalation in 100 of new ferroelectric materials occurred. A decade
of 70’s was known as the age of diversification in which concept of ferroelectric domain

and its changing properties were studied and widely used in various applications [1-2].

Barium titanate is the first piezoelectric perovskite ceramic transducer ever
developed which is isostructural with mineral perovskite (CaTiOs) [3]. It is a ferroelectric
perovskite ceramic which undergoes three phase transition with its decreasing temperature
from cubic phase to tetragonal and then from tetragonal to orthorhombic and from
orthorhombic to rhombohedral phase [4-5]. Chemically and mechanically BaTiOs is very
stable as well as it exhibits ferroelectric properties at and above the room temperature.

Barium titanate is a porous ceramic formed by either ionic or covalent bond. There
are two types of porous ceramics i.e. reticulate ceramic and foam ceramic. Reticulate
ceramic has voids surrounding by a web of ceramic while foam ceramic has closed void
into a ceramic matrix [6]. Miniaturization of electronic devices enhanced the use of
nanomaterial in daily life. Porous nanomaterial of BaTiOs has various applications in
electro-optics, laser frequency doubling, high capacitor memory cell, MEMS, MLC'’s,
sensors, waveguide, etc [7]. Barium titanate also possesses amazing optical properties and
ferroelectric polarization in presence of electric field so barium titanate is widely used in

electro-optics and photonic applications [8].
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BaTiOs is used in photovoltaic devices. Conventional solar cell works on the
classical phenomenon of the p-n junction but there were certain limitations such as lattice
mismatch, band alignment etc. To overcome such problems, ferroelectric photovoltaic cells
are developed. BaTiOs is widely used as it is easy to sandwich between the electrodes to
get rectifying behaviour and good performance solar cell [9-10]. Itis used as core material
in nanoshell replacing silica nanoparticles [11]. BaTiOz is also used as condenser material
because their temperature characteristic curves are flat. Condensers are used for coupling
bi-pass and filter [12]. Barium titanate is used in fabricating ceramic filters [13], as Positive
Temperature Coefficient (PTC) thermistors [14], supersonic devices, in transducers for
pick up, microphone, etc as audio-frequency acoustic devices [15]. Due to its porous
property researchers are focusing on the ceramic gas sensor and humidity sensor. Ceramic
gas sensors are classified into two categories. First is a semiconducting ceramic gas sensor
which works on elevated temperature about 300-400 “C and the latter one is a protonic gas
sensor which works on normal room temperature [16]. Both the sensors based on the
mechanism of adsorption. In humidity sensor, there is adsorption of water molecules on

the surface of the BaTiOs film while in gas sensor there is adsorption of gas molecules.

A lot of work has been done focusing on the synthesis and applications of BaTiOs
ceramic. BaTiOz can be prepared by various techniques such as vacuum evaporation,
hydrothermal, laser ablation, precipitation, solid-state route method, sputtering, sol-gel
method etc [17]. Nanocrystalline Barium titanate has better properties than ceramic barium
titanate. Now a day’s sol-gel method is mostly used by the researchers due to its several
advantages. Sol-gel is a simple and pliable method in which a solute is dissolved in alkaloid
followed by hydrolysis and polycondensation to form a sol and then gel [18]. For the
present investigation perovskite type BaTiO3z was synthesized using the sol-gel method and
thin film was fabricated on a glass substrate. After characterizing thoroughly, it was
employed for LPG sensing below LEL and found better results over the previously reported
research work [7-8]. LPG is an explosive gas which contains hydrocarbons. It is hazardous
to mankind causing several problems related to breathing and health. So leakage of LPG
and it’s detection in the environment is an important predicament for the mankind. So a lot
of research work is going on for developing LPG sensor sensitive for the lower explosive
limit (LEL) [19]. The present work deals with the LPG sensing below LEL. LEL of a gas
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is defined as the lowest explosive limit of any gas which gets explodes when any flammable
material is brought near to it. OSHA (Occupational Safety and Health Administration
Calibration) has calibrated 1.8 % LEL for butane gas and 2.2 % LEL for propane gas.

2.2 The Structure of Barium titanate

Barium titanate possesses a typical unit cell ABOs structure. Perovskite consists of
a transition metal ion in its center with corner sharing of Og octahedral as shown in Fig. 2.1
Most of the ferroelectric perovskite consists of non-magnetic transition element with empty
d-shell. These non-magnetic elements form a molecule by forming a covalent bond with
neighboring oxygen ions. A typical ABOz3 unit cell consists of a corner-linked network of
oxygen octahedral with Ti** ion occupying B sites with octahedral cage and Ba?* ions

situated in A sites created by linked octahedral.

2.3 Literature Review

Lalchand A. Patel et al synthesized BaTiOs by spray pyrolysis method on a quartz
substrate and the crystallite size was found as 40 nm by XRD. Further, he studied the effect
of firing temperature on gas sensing properties of nanocrystalline BaTiOz and found 3.03
sensitivity at 350 ‘C [20]. G. N. Chaudhari et al studied the structural and gas sensing
properties of undoped BaTiOzand doped BaTiOs with CuO/ CdO. XRD shows the cubic
structure and no extra peaks of the additives were found. The crystallite size was estimated
as 65 nm for pure and 49 nm for doped BaTiOz. Sensitivity versus operating temperature
graph was recorded for LPG, Hz, H>S and CO [21]. M.A. El Romh et al elaborated the
doped BaTiOsthick film by solid state spin coating method and characterized by XRD and
SEM. Grain size was found as 200-500 nm. Also, they studied its dielectric and gas sensing
properties [22]. Tatsumi Ishihara et al. synthesized the CuO-BaTiOsz using oxide method
and crystallite size was reported in the range of 1um. Further, he performed CO: gas
sensing at optimum temperature 729 k [23]. B. Liao et al. reported the synthesis of CuO-
BaTiOz by co-precipitation method and fabricated a pn junction. Also, they studied its I-V
characteristic regarding the CO- sensing [24]. G.H. Jain et al. investigated the gas sensing
properties of pure and modified barium strontium titanate prepared by screen printing
method. They also studied its quantitative, electrical conductivity and thermal analysis of

it [25]. Satreerat K. Hodak et al. designed low-cost SrTiOs/BaTiOsz gas sensor for sensing
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ethanol vapor using the sol-gel method on alumina substrate and obtained 30-100
sensitivity in the range 100-1000 ppm [26]. K. Park et al. fabricated tetragonal BaTiO3
ceramic and used as a gas sensor. They investigated CO and N2 sensing and found
comparatively better results for CO gas sensing than N. gas [27]. R. Wagiran et al.
synthesized thick film of BaTiOs using ball milled screen printing method and performed
its electrical properties and humidity sensing [28]. Burcu Ertug et al. fabricated porous
barium titanate ceramics via pore-forming agents i.e. PFAs for the thermistor and sensor
application for humidity and various reducing gases and explained that nano BaTiOz are
better sensor than bulk BaTiO3[29].

2.4 Experimental Methods

2.4.1 Materials Required

Barium acetate, titanium tetra-isopropoxide and 2- methoxy ethanol were
purchased from Sigma-Aldrich Chemical Co. and useful for synthesizing nanostructured
BaTiOs.

2.4.2 Synthesis technique for preparation of Barium titanate powder
Barium titanate was synthesized by using sol-gel method [30]. Barium acetate and
Titanium tetra-isopropoxide were used as a starting material and 2-methoxy ethanol was
used as a solvent. Firstly Barium acetate (5.476 gm) was dissolved in 2-methoxy ethanol
and titanium isopropoxide (6.939 ml) was dissolved in 2-methoxy ethanol separately
followed by stirring for 2 h. Then both the solutions were mixed to form a stock solution.
This stock solution was further stirred continuously for 2 h and thus a sol of Barium titanate
was obtained. The sol so obtained under I.R. lamp to obtain a gel of Barium titanate.
Further, this gel was dried at 80 'C inside the oven and then it was annealed at 650 °C for
2 h in a programmable electric furnace to obtain Barium titanate powder. The crystalline
powder was crushed into the fine powder by using mortar and pestle. The flowchart of

synthesis of Barium titanate powder is given as under:
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2.4.3 Preparation of thin film of Barium titanate

Sol-gel spin coating technique is the best among the other techniques for depositing
the thin films of uniform thickness [31]. For this purpose glass substrate of dimension 1x1
cm? was prepared and cleaned in an ultrasonic cleaner (WUC-AO2H) by distilled water
and ethanol followed by acetone. A thick solution of BaTiOs was made by dissolving it in
glacial acetic acid in 1:2 ratio and it was stirred for 2 h and further it was sonicated for 2 h.
Then the solution was spun on the glass substrate using a photoresist spinner (METREX
RC100) at a speed of 3000 rpm and for 30 sec at 60°C and dried for 10 min on a hot plate.
Again spin coating was done at 3000 rpm for 30 sec and again dried for 10 min on a hot
plate. This process was repeated by 2 times for obtaining a homogeneous thin film. Later
the film was finally dried at 80 'C for 15 min on the hot plate and annealed at 200 "C for 2
h.

2.4.4 Experimental setup for LPG Sensing

The thin film of Barium titanate has been fabricated according to prescription
depicted as in section 2.3. The thin film was employed as LPG sensor. Detailed
experimental setup in shown in Fig. 2.3, which consists of a controlled gas chamber,
cylinder of LPG, marble slab, hot plate, Keithley electrometer model no. 6517 B and volume

measuring unit.
2.4.5 Characterization Techniques

XRD pattern of the prepared powder of Barium titanate was recorded by glancing
angle X-ray Diffractometer (Benchtop X-ray Diffraction, 5" generation Miniflex),
equipped with monochromatic Cu-Ka as the radiation source. Surface morphological study
of the material had been done by SEM (Zeiss EV040) coupled with EDX. TEM analysis
was carried out by FEI Technai G2 Spirit TWIN, Netherland and also it was verified by
Zeta nano sizer model no. (Nano ZS90). Optical characterization of the sample was
performed by using UV-Visible spectrophotometer (Evolution 201). The FTIR spectra of
BaTiO3z sample was recorded by the instrument, Thermo Nicolet, (Model No. 6700, USIC).
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Raman peaks of Barium titanate was analyzed by En Specter R532. Particle size analysis

was carried out by Zeta Sizer (Nano-ZS90).
2.5 Result and Discussions

2.5.1 X-ray Diffraction Analysis

XRD pattern of the prepared powder of Barium titanate was recorded by glancing
angle X-ray Diffractometer equipped with high source-detector with 600 W X-ray source.
Fig. 2.4 shows the X-Ray diffraction pattern of Barium titanate film. The analysis of XRD
pattern matched with JCPDS no. #892475 reveals that the formation of cubic phase of the
film with lattice parameter a = 4.017. The intensity peak is found at 26 = 32.17. The peaks
at 20 =22.208 (100), 3.217 (110), 38.898 (111), 45.590 (200), 50.812 (210), 56.127 (211),
65.779 (220), 70.323 (300), 74.788 (310) and 79.011 (311) confirms the formation of
perovskite Barium titanate [32]. Other small peaks are due to BaCO3z content which was
formed when the reaction of Barium hydroxide was taken place with CO: liberated during
the annealing process. The minimum crystallite size of the Barium titanate thin film was
calculated as 11 nm by using Debye Scherer’s equation through broadening of the intensity
peak, crystallite size corresponding to each peak was calculated and the average crystallite

size was found as 18 nm [33-35].
2.5.2 Surface Analysis and EDX

Surface morphological study of the material has been done by SEM equipped with
LaBes gun operated at 20 kV and EDX. SEM micrographs show the porous nature of the
material with cubic structure and the grains are evenly distributed leaving vacant spaces
among them known as pores [36-38]. These pores serve as adsorption centers and quite
favorable for the gas sensing mechanism. SEM micrographs at different scales 20 um, 10
um and 2 um are shown in Fig. 2.5 (a), (b) and (c). Accordingly, macroporous BaTiOs with
higher surface area and adsorption site causes the variation in sensing properties when

coming in contact with air and LPG.
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Elemental dispersive X-ray (EDX) spectrum is shown in Fig. 2.6 and it confirms
the formation of Barium titanate with compositions as Ba 59%, Ti 20%, O 21% in our

sample. Some impurity of Co is present in a negligible amount.
2.5.3 TEM analysis and Particle Size Analysis

TEM analysis was carried out by FEI Technai G2 Spirit TWIN, Netherland Figs.
2.7 (a) and (b) shows the TEM images of Barium titanate, loaded on the carbon coated
copper grid at scales 100 nm and 50 nm. The sample was prepared by dispersing the Barium
titanate powder in ethanol. The solution was sonicated several times by ultrasonic machine
and few drop of floating solution was dropped on the grid. The image at 100 nm scale
reveals the crystalline structure in agglomerated form and the minimum grain size was
found as 6.7 nm. Particle sizes of BaTiOs are heterogeneous with diameter 10 nm, 16 nm,

23 nm, 29 nm, 30 nm, etc. so the average size of the particles varies.

The particle size of Barium titanate was analyzed by dissolving it in distilled water
and methanol solution using Zeta nanosizer (Nano ZS90) and corresponding data were
plotted as shown in Fig 2.8. It measured the acoustic wave attenuation (db/cm) vs.
frequency in the range 1-100 MHz. The average size of the particle was found as 24 nm

from the particle size distribution curve verifying the TEM result.

2.5.4 UV-visible Absorption Spectroscopy

The optical absorbance spectra of Barium titanate film deposited separately on a
glass substrate (200-1100 nm) are shown in Fig. 2.9. The graph represents the variation of
optical absorbance for the thin film with the variation in wavelength. Further, this data was
used for analyzing the optical bandgap energy (Eg) using the following relation:

ahv = A(hv- Eg)"

€C_ 9

where A is a constant. v is the transition frequency and the “n” is exponent representing
nature of band transition (n = 1/2 and n = 3/2 corresponding to indirect allowed and
forbidden transitions). The optical band gap of Barium titanate has been calculated from
the intercept of energy axis obtained by extrapolating the plot on energy axis [hv verses
(ahv)?] as shown in figure found as 3.9 eV [39].

221



2.5.5 FTIR analysis

The FTIR spectra of the barium titanate sample were recorded by the instrument;
Thermo Nicolet, (Model No.6700, USIC) at room temperature for wavenumber 4000 to
400 cm™. The IR spectrum is obtained by using KBr pellet mixed in 1:20 ratio. FTIR
spectrum of the sample taken in transmittance mode is presented in Fig. 2.10. The
vibrational peak assigned to 438 cm™, 540 cm™, 860 cm™,1421 cm™, 1634 cm™and 3412
cm are the peaks of BaTiOs showing the stretching in Ti-O (normal and bending mode),
Ti-OH, COO" , OH- and Ba-OH bonds [40-41]. The region from 400 to 600 cm™
corresponds to infrared absorption region. The strong peaks at 438 cm™ are due to Ti-O
bending vibration along polar axis and 540 cm™ is due to stretching vibrations. Vibrational
peaks assigned at 860 cm™ and 1421 cm™ are due to bending vibrations in COO- group
which aroused due to the acetic acid ligand. The peaks corresponding to 1634 cm™and
3412 cm'* due to OH stretching vibrations and OH deformation vibration arised due to H,O

content and methoxy ethanol [42].

2.5.6 Raman Spectrum

Raman spectrum of Barium titanate was analyzed by En Specter R532 with a laser
power of 30 nW and wavelength of 532 nm. Barium titanate possesses 5 atoms and 15
degrees of freedom per unit cell. Raman Spectra in spectral range from 200 cm™ to 1000
cm™* were recorded [43-44]. There are three modes of the barium titanate as shown in the
Fig. 2.11.The modes are called as Raman active modes. These modes are broad which
indicates the polycrystalline nature of the sample. Peaks at 270 cm™, 304 cm?, 514 cm?,
720 cm! represent the Raman shift of barium titanate [45-46]. The intense and broad peak
at 270 cm™ and 304 cm™ is due to the vibration in TiOg group. Peak assigned at 514 cm™
is due to the vibration occurred by displacement of the oxygen atom.

2.5.7 LPG sensing mechanism

LPG sensing mechanism is based on the variation in electrical properties of the film

used when exposed to the gas [47-48] .The interaction of the gas with the material leads to
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transfer of electrons between the barium titanate and the reducing gas. The atmospheric
oxygen molecules get adsorbed to the surface and they form oxygen species by interacting

with the conduction band electrons. The kinematics involved in this process is as below.
O (air) <> Oz (ads), ------- 0]
O (ads) + e- « Oz (ads)  ------- (i)

This lead to decrease in concentration of electrons. When LPG was exposed to
barium titanate film a complex reaction occurred due to the formation of superoxide and
peroxide of titanium which are highly unstable. These complex hydrocarbons react with

adsorbed oxygen species which are responsible for complex reaction [49-51] as below:
CnHon+s2+ 20" — H20 + CrHon: O + €~ ------- (iii)
CiHxn: O+ 0 — CO2+ H,O+e-  —------ (iv)

This reaction is termed as dehydration. Further oxidation of dehydrogenation
mechanism occurred and CO; and water contents were released as the end product. As the
rate of the reaction increased removal of electrons were taken place which leads to the
formation of a potential barrier that was further responsible for the constant resistance of
the film [52-53]. Sensitivity, % Sensor response, response time, recovery time and
reproducibility are the sensing parameter of a sensor. Time taken by a sensor to reach stable
value is called response time of the sensor. The sensitivity of the sensor is defined as the

ratio of the increment of the output with respect to input measurand.
2.5.8 Sensing behaviour of Barium titanate film

Barium titanate unit cell consists of a corner-linked network of oxygen octahedral
with Ti* ion occupying B sites with octahedral cage and Ba?* ions situated in A sites
created by linked octahedral. LPG sensing properties were examined by variations in
electrical resistance with time for different concentrations of LPG and plotted in Fig. 2.12.
Each curve shows that on exposure of LPG, there is variation in the resistance of the film.
Initially, the resistance of the film was stabilized at 41.5 MQ when the film was exposed

to 0.5 vol % of LPG and then the resistance of the film initially increases very sharply and
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attains a constant value of 61.48 MQ. Then the outlet of the chamber was opened and the
resistance of the film was found to be decreased and finally attained its initial value around
42.4 MQ. This slight variation in the resistance was due to water content produced due to
a chemical reaction that occurs when LPG interact with the film. As gas concentration
increases from 0.5 to 4 vol.% there is a linear change in sensor response for each
concentration as shown in table.2.1. The average of the percentage response sensor also
increases in a similar way as sensitivity which is shown in Fig. 2.13 (b) and Fig. 2.13 (a).
As the concentration of LPG increases the number of gas molecules increases in the
chamber and they were absorbed by the dangling bonds on the surface of the film as a result
sensitivity increases. The value of maximum sensitivity was found as 3.5 and percentage
sensor response was 250 for 4 vol. % LPG. Minimum response time was found 30 sec for
0.5% LPG and recovery time was found 60 sec for 0.5% LPG.

2.5.9 Reproducibility and ageing effect

Reproducibility of a sensor is defined as the ability of the sensor to reproduce the
same result after some time. Reproducibility graph of BaTiOs thin film sensor is shown in
the Fig. 2.14 for 3 vol.% of LPG which shows that the results are reproducible and the
barium titanate as an LPG sensor is reliable. After all the observations from 0.5 vol.% to
4 vol.% of LPG again the observation was taken for 3 vol.% of LPG. The film was already
saturated due to water content produced after so many observations and due to room
temperature variation. The resistance of the film is high in the air but the resistance in
presence of LPG is nearly same. Therefore, there was a decrement in the sensing response
and sensitivity of the film after repeating the experiment on the same day. The ability of a
sensor to produce same output over an interval of time for some fixed input measurement
is called the ageing effect of the sensor. The ageing effect of the barium titanate film was
observed after two months and four months for 0.5 % LPG. Before taking the sensing
again, the film was dried under I.LR. lamp for five min to remove the humidity of the film.
Now the film becomes more porous with more activation sites due to which the resistance
of the film decreases after two and four weeks from the initial resistance. Similarly, the
resistance of the film in presence of LPG also changes. But the response time and

sensitivity were merely same after two and four weeks of sensing. The comparative study
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through open literature is depicted in Table 1 which shows that our result is the best among
other reported works. Average sensitivity is 3.5 and sensor response is 250 with operating

temperature 25 °C.
2.6 Conclusion

Nanostructured Barium titanate was synthesized by sol-gel method and film was
prepared by spin coating technique. XRD, FTIR and Raman studies confirmed the
formation of barium titanate and minimum size was calculated as 11 nm from XRD, SEM
and TEM were used for surface morphological phase analysis. Particle size calculated by
TEM was varied from 6-30 nm. Optical characterization was done and band gap was found
was estimated as 3.9 eV. The peak at 540 cm™ in Raman Spectra confirmed the formation
of BaTiOz. FTIR revealed the information about the bond stretching between the
molecules. The film of Barium titanate was further used as LPG sensor. The value of
maximum sensitivity was found 3.5 which is maximum till date reported in the open
literature (Table 2.1) and percentage sensor response was found as 250 % for 4 vol.% LPG.
The linear sensing characteristic curve showed that the BaTiO3 based LPG sensor is quite

appropriate for developing a commercial LPG sensor operable at room temperature.
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Fig. 2.1 Structure of perovskite ABO3z unit cell structure of Barium titanate

‘ Titanium tetra
Isopropoxide

i Dissolved in 2-Methoxy Ethanol i

3

Continuous stirring for 2 h

0

Barium Titanate sol.
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Annealed at 650 Cfor2 h

4

Barium Titanate powder

Barium Acetate

Fig. 2.2 Flowchart for synthesis of Barium titanate powder by sol-gel method
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Experimental setup for LPG
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Fig. 2.3 Experimental set-up for LPG Sensing
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Fig. 2.4 XRD pattern of Barium titanate showing polycrystalline nature of
the film.
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2 pm EHT = 9.52 kV Signal A = SE1 Date :24 Dec 2014
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Fig. 2.5 SEM image of macroporous Barium titanate film at
(a) 2 pum, (b) 10 um and (c) 20 um

Spectrum 1
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Fig. 2.6 EDAX of Barium titanate showing the presence of Ba, Ti and O

element along with Co as a foreign element.
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Fig. 2.7 (a) and (b) representing TEM micrographs of Barium titanate at different

scales
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Fig. 2.8 Particle size distribution by Nano ZS90 showing average size of the

particles confirming the above TEM result
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Fig. 2.10 FTIR spectrum of Barium titanate showing bending and

stretching between the molecules in the form of peaks in Transmittance mode
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Fig. 2.11 Raman spectrum of polycrystalline Barium titanate
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Fig. 2.12 Gas sensing behavior of Barium titanate thin film at different

concentration varying from 0.5 vol% to 4 vol.% of LPG.
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Fig. 2.14" Reproducibility curve of the BaTiOs thin film at 3 vol.% of LPG and
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S.No.

LPG Concentration (in vol.%0)

0.5

Sensitivity

1.53

1.69

2.02

2.82

3.50

%0 Sensor

Response
53.156
69.84
102.56
182.55

250.85

Table.2.1 Variation of sensitivity and % Sensor response with LPG concentration

Table 2.2 Comparative study of LPG sensing of Barium titanate from open

S. Material | Materials | Operatin | Methods | Crystallit | Sensitivit | Ref.
No. for Tem e Size
Used 8 P y
Synthesis °C

1. BaTiO; | Barium 350 Spray 40 nm by | 3.03 [7]
chloride, pyrolysis | XRD
titanium
chloride

2. BaTiO3 | Barium 300 Solid 65 nm by | 0.45 [8]
hydroxide state XRD
, titanium reaction
butaoxide

3. BaTiO; | Barium 25 Sol- gel 6.7 nm by | 3.5 Pres
Acetate, method TEM 11 ent
titanium nm by wor
tetraiso- XRD k
propoxide

literature
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Chapter 3

Detection of Liguefied Petroleum Gas below
lowest explosion limit (LEL) using nanostructured
hexagonal Strontium ferrite thin film

This chapter reports the synthesis of nano crystalline hexagonal Strontium ferrite

nanoparticles SrFe12019 by chemical co-precipitation method in this chapter. Thin
films of strontium ferrite were prepared on glass substrate and characterized by
various techniques such as XRD, SEM, TEM, EDS, UV-spectroscopy and FTIR.
XRD pattern revealed the phase transformation of M-type hexa-ferrite with the
minimum crystallite size of 18 nm. Uniform macro porous surface structure of
the film was revealed by SEM images. Existence of iron, strontium and oxygen
in the material was confirmed by using EDX. Optical characterization of the
material was done by UV-Spectroscopy and band gap was found as 3.2 eV. The
liquefied petroleum gas (LPG) sensing behavior of Strontium ferrite film was
investigated at room temperature. The variations in electrical resistance of the
film were measured with the exposure of LPG with respect to time as a function
of concentration (0.5-5 vol.%) of LPG. The maximum value of sensitivity was

found 7 and maximum sensor response was 602.23.




CHAPTER 3

DETECTION OF LIQUEFIED PETROLEUM GAS BELOW
LOWEST EXPLOSION LIMIT (LEL) USING NANOSTRUCTURED
HEXAGONAL STRONTIUM FERRITE THIN FILM

3.1 Introduction

Surface to volume ratio and quantum confinement elucidate to nanostructure of
materials. Ferrites are basically a class of material which contains iron oxides having
enthralling magnetic and electric properties [1]. These are prepared by sintering various
transition metal oxides along with the alkaline earth metal oxide. Development of new class
of ferrites and studies on improvements in their properties began in early 90’s. On the basis
of technological application, magnets are distinguished as soft magnetic materials and hard
magnetic materials [2]. Soft magnetic materials are those magnetic materials whose
domains shift when a magnetic field is applied and hard magnetic materials are those
magnetic materials with less mobility of domain wall. Magnetized hard ferrites possess a
hexagonal structure with the high value of magnetization and magnetocrystalline
anisotropy so these are termed as M phase ferrites, with M as Ba, Sr or Pb [3-4]. SrO-Fe203
binary system has few ternary oxides including SrFe12019, SrFe20a4, SroFe20s, SraFe2Oe.
Among these SrFe12019 have attracted the attention of most of the researchers due to its
vast area of applications besides stable characteristics, they have high electrical resistivity.
Celesite is the natural ore of Strontium ferrite. Krik-othmer in 1993 called it M-Ferrite with
P63/mmc space group. Strontium ferrite is used for LPG sensing because of relatively high
resistance and special magnetic resonance properties for absorption. In Strontium ferrite,
there are large interstitial sites which interact with the oxygen molecules in comparison to
other ferrites. The dielectric properties of Strontium ferrite shed light on the charge carriers
which are responsible for charge transport phenomenon. These ferrites can be prepared by
different methods viz. as chemical co-precipitation, sol-gel, ball milling, solid-state

reaction and reverse micelle process [5-9].

In this chapter, we report the synthesis of Strontium ferrite powder by co-
precipitation method and its LPG sensing. This is characterized using XRD, SEM, TEM,
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EDX, Zetasizer, UV Spectroscopy and FTIR. Due to large interstitial sites, SrFe;2019 has
special magnetic resonance and absorbing properties, directed towards for better sensing

properties.
3.2 The Structure of Strontium ferrite

Strontium ferrite contains strontium and iron where strontium is S block element
belonging to group 2 period 5 with 5s? electronic configuration and iron belonging to d-
block element; group 8 period 4 with electronic configuration 3d®4s2[10]. Crystal structure
of M-phase ferrite is complex but can be described as hexagonal with the unique axis.
Strontium ferrite possesses pyramidal or plate-like structure. SrFe12019 possess 64 ions per
unit cell along with 11 different symmetry sites. Oxygen atoms are closely packed at the
interstitial position with Sr and Fe in ten layers along with the C-axis. The iron atoms are
positioned at five different crystallographic sites 2a, 2b, 4f, 4k and 12k. Among them 12k,
4k, 2a are on octahedral site, 4f on tetrahedral site and 2b forming trigonal bipyramid
surrounding by five oxygen atoms. There are five possible structure of Strontium ferrite

which is shown in the Table 3.1.

3.3 Literature Review

Kanagesan et al. prepared the Strontium ferrite nanopowder by sol-gel method and
carried out an investigation using XRD. The average particle size was found to be 80-100
nm and its thermal analysis revealed its endothermic and exothermic reaction peaks [11].
T.T.V. Nga et al. investigated the magnetic properties of SrLaxFei>x O19 (X = 0-1.5)
prepared by sol-gel method. The material was characterized by XRD, TEM, VSM and the
average crystallite size of the particle was reported as 80-100 nm by XRD and 200 nm
particle size by TEM [12]. Azim et al. synthesized lanthanum-doped strontium hexaferrite
with four different composition of LaxSri-xFe12019 (X = 0 - 0.2). His team worked on the
structural and electrical characterization of the compositions. XRD confirmed the single
hexagonal phase of the four compositions with an average size ranging from 29-35 nm
[13]. Neil J. Shirteliffe et al. synthesized aluminum doped barium and strontium hexaferrite
nanoparticles prepared by citrate auto-combustion method. Ferrite phase was confirmed by
XRD analysis and shifting in diffraction peak was observed with variation in aluminum
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concentration in strontium ferrite [14]. Lagorce et al. showed the magnetic and mechanical
behavior of micromachined strontium ferrite polyimide composites which further
applicable in developing microelectronics and micromachining [15]. J.V.A. Santos et al.
prepared new sol-gel route to obtain high quality BaFe12O19 thin film with crystallite size
32 nm confirmed by XRD. Magnetization loop of BaFe12019 with the large coercive field

is obtained on the amorphous silica substrate at room temperature [16].
3.4 Experimental Method
3.4.1 Materials Required

Strontium nitrate and ferric nitrate were used as the starting materials. Aqueous
ammonium hydroxide was used to get the precipitate. Distilled water and ethanol was used
to wash the precipitate and glacial acetic acid was used to dissolve the strontium ferrite

powder to obtain gel.

3.4.2 Synthesis of Strontium ferrite powder

Strontium nitrate and Ferric nitrate were used as the starting materials. Both the
nitrates were taken and dissolved in distilled water in 1:12 molar ratio and stirred up for 2
h. Then 25% aqueous ammonium hydroxide was added drop by drop to maintain the pH
level of the solution up to 11 to maintain the crystallite size and homogeneity of the
material. After stirring, the sample was put for ageing for 24 h and then it was filtered and
washed with distilled water several times till the pH approaches from 7 to 8. Then the
sample was dried at 60°C for 2 h inside the oven and further, it was annealed at 900 "C for
2 h in a programmable electric furnace [17-18]. Reactions carried out during this process

are given as below:

25r(NG,), (aq.) +4Fe(NO;),(ag.) +16NH,OH (ag.) == Sr,Fe,(OH),.nH,0+16NH,NO,(aq.)

SrO +5rO.Fe,0, + Fe,0, +8H,0
A
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SrFe,,0,,(Hexaferrite)

The crystalline powder was crushed into the fine powder by using mortar and

pestle. The flowchart of synthesis of Strontium ferrite powder is given as under:
3.4.3 Preparation of thin film of Strontium hexaferrite

Sol-gel spin coating technique is one of the best methods used to deposit the
uniform thin films. It is advantageous over to other conventional thin film techniques
because it requires less equipment and is potentially cheap. Besides this, the microstructure
and uniformity of the deposited film can easily be controlled by regulating the preparation
condition namely, solution concentration/fluid density, fluid viscosity, the speed of the
spinner. The glass substrate of dimension 1.5 x 1.5 cm? was cut and cleaned using distilled
water and ethanol and followed by ultrasonic cleaning. A thick solution of SrFe12019 was
made by dissolving 0.20 gm. of powder in 40 ml glacial acetic acid and it was sonicated
for 6 h. Then the solution was spun on the glass substrate using a photoresist spinner at a
speed of 1000 rpm and for 30 s and dried at 60 °C for 2 min on a hot plate. Again spin
coating at 1000 rpm for 30 sec was carried out and again dried for 2 min on the hot plate.
This process was repeated for 3-4 times for obtaining homogeneous ferrite thin film and
later it was dried at 80 °C for 5 min on the hot plate [19-20].

3.4.4 Gas sensing measurement

A gas chamber made of borosil glass along with the inlet and outlet knobs was
fabricated in our lab. The inlet of the gas chamber was connected to the concentration
measuring unit for measuring the exact vol.% of the gas inserted inside the chamber. The
whole arrangement was placed on a marble slab. Sensing film with silver electrodes
protruded outside was placed inside the chamber. The outer ends of the leads were
connected to the Keithley electrometer model 6517B for measuring the electrical resistance
of the film.
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3.4.5 Characterization Techniques

XRD pattern of the prepared powder of Strontium ferrite (SrFe12019) was recorded
by glancing angle X-ray Diffractometer (Proto- Model- X-ray Diffractometer), equipped
with monochromatic Cu-Ka as the radiation source (30 kV and 15 mA). Surface
morphological study of the material has been done by ZEISS SEM equipped with W
(Tungsten) hairpin filament & LaBs gun operated at 20 kV. EDAX spectra were obtained
by in-situ Brooker element analyzer for qualitative chemical analysis. TEM analysis was
carried out by FEI Technai G2 Spirit TWIN, Netherlands. Optical characterization of the
sample was performed by using UV-Visible spectrophotometer (Evolution 201). The FTIR
spectra of the strontium ferrite sample were recorded by the instrument, Thermo Nicolet,
(Model No. 6700, USIC, BBAU, Lucknow, India).

3.5 Results and Discussion

3.5.1 X-Ray Diffraction (XRD) Analysis

X-ray diffraction is based on the constructive interference of the monochromatic
X-rays. The interaction of incident rays with the sample produces constructive interference
when it satisfies the Bragg’s condition [21]. Fig. 3.3 shows the X-Ray diffraction pattern
of strontium ferrite film. The analysis of XRD pattern matched with JCPDS no. #801197
reveals that the phase of the film is hexagonal M-type with lattice parameter a = 5.883 A
and ¢ = 23.037 A. The peaks at 20 = 30.35 (110), 32.357 (107) and 34.198 (114) confirm
the presence of ferrite phase. The minimum crystallite size of the hexagonal SrFe12019thin
film was calculated as 18 nm by using Debye Scherer’s equation through broadening of
the intensity peak. [22-23].

3.5.2 SEM Analysis

SEM micrographs show the porous nature of the material at 10 KX and 20 KX
magnification. Grains are unevenly distributed leaving vacant spaces among them. The
size of pores lies in the range 0.1um - 0.5um. These pores serve as adsorption centers and

play very important role in gas sensing [24].
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The aggregation model suggests that if there is no barrier exists, aggregation due to
Brownian motion and attractive Van der Walls forces will rapidly decrease the number of
particles in the suspension. According to this theory, the particle will grow until they reach
a stable size. At this point, they will grow by combining with smaller unstable nuclei and
not by collisions with other stable particles. This shows that particle aggregation plays a
significant role in the growth of particle size of the final product if initial nuclei are
unstable. At the early stage of ageing, as the processing of the reaction, homogeneous
nucleation occurred in the entire solution. As the temperature increases, more and more
nuclei were formed, some of them combined to form primary spherical particles by an
aggregation growth mechanism. At the final stage of ageing, a large no. of spherical
particles were formed, and several particles together formed softly agglomerates. Evidence
of the statement is also supported by the Transmission electron microscopy images shown
in Fig. 3.6.

EDAX spectrum is shown in Fig. 3.5 and confirms the formation of strontium
ferrite with compositions as Sr 51.25%, Fe 16.62%, and O 32.13% in our sample. These

compositions confirm the theoretical properties obtained by calculations.
3.5.3 TEM Analysis

Fig. 3.6(a) & (b) shows the TEM images of strontium ferrite, loaded on the carbon
coated copper grid at different scales. Sample preparation plays an important role in TEM
analysis. The sample was prepared by dispersing very few amount of Strontium ferrite
powder in ethanol and sonicated for many times. The ultrasonic waves produced during
sonication reduce the size of the nanocrystals and also removes the agglomeration. Few
drops of the floating solution were dipped on the grid. The image reveals the crystalline
nature with plumbite hexagonal structure [25]. The grain size was found as 20 nm. Also,
the dimensions of some particles are below 10 nm which can be seen clearly by zooming

the image at large level.

3.5.4 UV-Visible Absorption Analysis
The graph represents the variation of optical absorbance for the thin film with the
wavelength. The optical absorbance spectra of strontium ferrite film deposited separately
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on the glass substrate were plotted with 200-1100 nm wavelength range. This data was
further used for analyzing the optical bandgap energy (Eg). The optical band gap of
strontium ferrite can be calculated from the intercept of energy axis obtained by
extrapolating the plot on energy axis [hv versus (ahv)?] as shown by the in-situ of Fig. 3.7.
The bandgap of the film was estimated as 3.2 eV and it plays a vital role in gas sensing
mechanism. The band gap of Strontium ferrite varies when the gas was injected into the
chamber. As LPG reacts with the chemisorbed oxygen species on the surface of the
Strontium ferrite film, electrons are released from the valence band to conduction band
which changes the electrical resistance of the film constituting the sensitivity of the sensor
[26].

3.5.5 Fourier Transform Infrared (FTIR) Analysis

FTIR spectra were obtained at room temperature for wave number 4000 to 400 cm"
! The IR spectrum is obtained by using KBr pellet mixed in 1:20 ratio of the sample pressed
with hydraulic pressure machine. FTIR spectrum of Strontium ferrite is presented in Fig.
3.8. The two absorption peaks between 400 cm™ to 800 cm™ represent the vibration band
of iron and strontium with oxygen, revealing the metal-oxide bonding in Strontium ferrite.
Bands at 443 cm™ and 592.7 cm™ are the characteristic absorption peaks of hexaferrite.
The peaks at wave number 1141.34 cm™ are related to the C-N bond formation during the
synthesis process and the peaks at wave number 1377.7 cm™ are due to stretching vibration
of nitrates (NO3") group indicating nitrate ions. The peaks around wave number 1634.615
cm? are attributed to v (OH) stretching and bending vibration due to the presence of
deformation vibrations of water molecules adsorbed during the compaction of powder
specimens with KBr. The spectrum shows a stretching frequency within the region 3600-
3400 cm™ which corresponds to free —OH group and hydrogen bonded hydroxyl group
[27-28].

3.5.6 Particle Size Analysis
The particle size of Strontium ferrite was analyzed by dissolving it in distilled water
and methanol solution using Zeta nanosizer (Nano ZS90) and corresponding data are

plotted as shown in Fig 3.9. It measures the acoustic wave attenuation (dB/cm) Vs
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frequency in the range 1-100 MHz. From the particle size distribution curve, it was found
that average size of the particle was 90 nm with 100% intensity. The average particle size

is larger due to agglomeration of the particles.

3.5.7 LPG Sensing Investigations
3.5.7.1 Working principle of LPG sensing

LPG is a mixture of hydrocarbon gases with propane and butane as its main
components. National Institute for Occupation Safety and Health (NIOSH) and
Occupational Safety and Health Administration (OSHA) are the agencies that calibrated
the LEL of propane as 2.2% and butane 1.8% gas in the air in vol. % [30-31]. Lower
Explosive Limit (LEL) is the explosive range in which the concentration of a gas explode
if any ignition source is introduced near to it. So as to avoid an emergency situation, LPG
sensors are required for the detection of LPG leakage. This chapter deals with the gas
sensing properties of Strontium ferrite at room temperature. Gas sensing measurements
were done by the experimental setup as discussed in Sec. 2.4.4. As dry film surface having
several random orientations and vacant sites associated with high electrostatic force,
atomic oxygen was attracted; as a result, there was an increase in conductivity. After
getting stabilized with an open atmosphere, the LPG gas was injected into the chamber and
the components of hydrocarbons were dissociated. H" atoms were adsorbed by the lattice
oxygen forming the water vapours as a combustible product which forms a depletion layer.
This layer is responsible for the increase in resistance of the film [32-33]. As the
concentration of gas inside the chamber increases, the potential barrier becomes stronger
and further constant. As the resistivity with the exposure of gas increases, consequently,
the sensitivity of the film also increases. The sensitivity is the measure of physical or
chemical properties of the sensing material when it is exposed to the desired gas.
Significant and sequential variations in electrical properties of the sensing element under
investigation will cause the higher sensitivity. The sensitivity of LPG sensor may be
defined as the ratio of the resistance in presence of the target gas (Rg) to the resistance in
the presence of the air (Ra) [34-35] i.e.
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The sensor response (SR) may be defined as under:

Rl 10
R

a

%SR =
3.5.7.2 Sensing behaviour of Strontium ferrite thin film

Sensing behaviour of Strontium ferrite thin film was studied by focusing on its
sensing parameters with exposure to the gas. Response time, recovery time, sensitivity, %
sensor response and selectivity are the parameters of a gas sensor [36-37]. Response time
is the time in which sensor reaches to its 90% of the maximum resistance of the film when
exposed to the LPG. Recovery time is the time required for the sensor to come back
approximately to its initial stage [38]. Variations in the resistance of the Strontium ferrite
film with the exposure time were recorded through Keithley electrometer. Since Strontium
ferrite is a hexaferrite so it has more active sites for adsorption phenomenon. Therefore a
fast response with change in resistance of the film is observed when the film was exposed
to the LPG. Similarly, it also recovers easily when the outlet of the chamber was opened.
From the Fig. 3.9 for 0.5 vol. % of LPG the resistance of the film in the air was around
52.45 MQ. When the film was exposed to LPG, the resistance was increased rapidly up to
saturation level and became constant at 89.74 MQ. Later the outlet of the chamber was
opened and the LPG was eliminated from the chamber. Then there was a rise in resistance
of the film from 52.45 MQ to 53.78 MQ. Thus, the exposure of different concentration of

LPG may be presented by various other curves.

Variations in sensor response with time for different concentrations of LPG were
recorded and plotted in Fig. 3.10 (a). Each curve shows that on the exposure of LPG, the
resistance of the film increases very sharply and as the exposure time increases, it attains a
constant position. As the outlet of the chamber was opened, the resistance of the film was
found to be decreased and finally attained its initial value. There is a linear change in
sensitivity as gas concentration increases from 0.5 to 5 % vol. Sensitivity for each

concentration was estimated and plotted in Fig. 3.10(b) which also exhibits the linear
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increase with the gas concentration in the chamber. The lower concentration tends to the
weaker interaction of adsorbed oxygen species to LPG gas molecules. As the concentration
of LPG increases, a number of gas molecules increases in the chamber and finally they
were adsorbed by the dangling bonds present on the surface of the film as a result resistance
of the film increases. The value of maximum sensitivity was found as 7.022 and % sensor
response was 602.23 for 5 vol.% LPG. Response time was found 40 sec and recovery time
was found 120 s for 0.5 vol.% LPG. The sensing characteristics of the film were repeated
after two months of fabrication, a minute change (x%) was observed indicating the stability

and reliability of the sensor.
3.5.7.3 Repeatability curve and selectivity graph

The Repeatability of a sensor is defined as the ability to produce the same output
over an interval of time for the same measurand. The repeatability graph of the Strontium
ferrite film was as shown in Fig. 3.11 for 0.5 vol.% of LPG. The ageing effect of the film
was also observed in the same graph after two weeks for 0.5 % LPG with + 5% error. The
% error in the result is due to the effect of moisture on the film which deteriorates the power

of adsorption on the surface [39-40].

Selectivity of the sensing film was done by the exposure of 1 vol.% of other target
gases like CoHsOH, NHz and NO- inside the chamber. Maximum sensitivity was found for
the LPG. It was found nil approximately very low for nitrous oxide and ammonia gas. The
film responded to the ethanol gas but fruitful results were found for LPG. Hence these
graphs support the statement that strontium ferrite is a good sensor for the detection of LPG

in comparison to NO2, NH3z and C2HsOH, gases at room temperature.
3.6. Conclusions

Nanostructured Strontium ferrite was successfully synthesised by coprecipitation
and the thin film was prepared by a sol-gel spin coating method. The process used here is
inexpensive and environment-friendly. The XRD revealed the formation of hexagonal
Strontium ferrite and the minimum crystallite size was found as 18 nm. Peaks in FTIR

spectra between 400 cm™ to 600 cm™ elucidated the characteristic peak of hexaferrite. The
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SEM image showed the macroporous film with complex magnetoplumbite structure. TEM
confirmed the hexagonal structure of the material with a minimum grain size < 20 nm. The
value of maximum sensitivity was found as ~ 7 and % sensor response was ~ 602.23 for 5
vol.% LPG. The linear sensing characteristic of Strontium ferrite-based LPG sensor is quite
appropriate for developing a commercial LPG sensor below LEL operable at room

temperature.
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Fig. 3.1 Flowchart for preparation of Strontium ferrite powder
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Fig. 3.2 Structure of hexagonal Strontium ferrite
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Fig. 3.3 XRD pattern of Strontium ferrite film
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Fig. 3.4 (a) and (b) SEM image of macroporous Strontium ferrite at different

magnification

Fig. 3.5 EDAX of Strontium ferrite
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Fig. 3.6 (a) and (b) representing TEM micrographs of SrFe12019 at different

scales
6 ]
100 -
5 l 80
3 +] -
‘E’ 1 ﬁ?— 40
>
Q 3 — r’
S . = '
S 2 /
w -1 Y od - - e e e e e e e e e = — Fd
=
<C T T T ! .
1.0 1.5 2.0 2.5 3.0
1 hv (eV)
’ e
o -
T T M T T
200 400 600 800 1000

Wavelength (nm)

Fig. 3.7 UV-vis absorbance with the wavelength and in situ figure shows Tauc

plot

260




Particle Size (nm)

100 - -
g
80 - 2
() =
(& ] T w =
= ﬁ 400 500 600 700 800 800
© 60 - =) Wavenumber cm-1
£ 3
= =
n
2 40 -
g 15
o 2042
S~ -
-\U e
of &
uw,
L hd | | hd | | hd L d L M L hd L hd
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber cm'1
Fig. 3.8 FTIR spectrum of SrFe12019
100 - 90 nm
80 -
3
S 60 -}
=S
2
= 40 -
= 4
2
= 20
0
0 20 40 60 80 100 120 140 160 180 200

Fig. 3.9 Particle size distribution by nano ZS90

261




8.0x1 03 Gas out

Gas out

E 6.0x10° -
=
=3 y
S 4.0x10° -
=
3 ]
K]
8 2.0x10°
o

1 Gas In

=y Gas In Gas In Gas In

0.0 1Gas In
T T T T T T T T
2000 4000 6000 8000

Exposure Time (Sec)

Fig. 3.10 Gas sensing behaviour of Strontium ferrite film with exposure time at

different vol.% of LPG

600 74
500+ 6 .
: -~
=
S 400 5 5
o -
g 2
@ 300+ 3 44 '
“ = Y
o =
I 7]
£ 200+ c 3
[ [
0 (0]
100 24
0 T T T T T T T T T T | 1 T T T T T
0 1 2 3 4 5 0 1 2 3 4 5
LPG Concentration (in Vol.%) LPG Concentration ( in Vol.%)

Fig. 3.11 (a) Sensor Response vs LPG concentration and (b) Sensitivity vs

LPG concentration

262




Resistance (Ohm)

. Gas out
- 4
] Gas out
—_—
— f Gas In fGas In
T T T T T T !
2800 3200 3600 4000

Exposure Time (Sec)

Fig. 3.12 Repeatability curve of the film after 15 days for 0.5 vol. % of LPG

0.75

Sensitivity (a.u.)

e o o
W N o
© o ©
| | 1

Ethanol

Ammonia
Nitrous oxide

Types of target gas used

Fig. 3.12 Selectivity of Strontium ferrite film as LPG sensor
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S.NO. Type Formula

S.no.

M-Type SrFe12019

W- Type SrMezFe16027
Y- Type SrMezFe1202
X- Type SroMezFezsOae
Z- Type SroMezFe2s04

Table 3.1 Classification of structure of hexaferrite

LPG Concentration (in vol. %) Sensitivity % Sensor Response
0.5 1.71 71.07
1 2.47 147.82
1.5 3.73 273.19
2 4.09 309.96
2.5 6.19 519.45
3 7.02 602.23

Table 3.2 Variation of Sensitivity and % Sensor response with LPG concentration
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Chapter 4

Study of Liquefied Petroleum Gas sensing
properties of lead-free Bismuth sodium titanate

prepared by sol-gel method

In the present chapter a study on bismuth sodium titanate (BNT) thin film based

LPG sensor was carried out. The thin film was fabricated using sol-gel spin coating
technique and was characterized by various techniques such as XRD, TGA, SEM,
TEM, EDS, UV-Spectroscopy, Raman and FTIR. XRD analysis confirms the
formation of BNT with minimum crystallite size of 9 nm. SEM images show the
macro porous surface structure of the film. Optical characterization of the film was
carried out by UV-visible spectrophotometer, Fourier transform infrared
spectroscopy and Raman spectroscopy. Thermal analysis graph of BNT precursor
via TGA was obtained. LPG sensing of bismuth sodium titanate was done at room
temperature below LEL. Maximum sensitivity was found as 2.158 with response

time of 22 s and recovery time 26 s for 0.25 vol.% of LPG.
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CHAPTER 4

STUDY OF LIQUEFIED PETROLEUM GAS SENSING
PROPERTIES OF LEAD-FREE BISMUTH SODIUM TITANATE
PREPARED BY SOL-GEL METHOD

4.1 Introduction

During the period 1920-30 Rochelle salt lead the excavation of a new class of
ferroelectric materials. Later in 1950’s i.e. “Era of Proliferation” barium titanate and lead
zirconate titanate (PZT) laid the foundation stone of ferroelectric perovskite materials at
room temperature [1-2]. PZT was widely used in electronic industries such as touch sensor
in microbiology for micromanipulation, a piezoelectric transformer, an electrostrictive
material, ceramic, etc [3-4]. Lead +oxide is the major component of PZT which is
hazardous to the human health [5]. So to overcome this problem scientists and researchers
had been looking for any substitute of PZT [6]. Potassium sodium niobate and bismuth
sodium titanate are widely used for the research work. Smolenskii et al. discovered the
BNT as an important lead-free material with a perovskite structure and emphasized on the
pyroelectric and piezoelectric properties of sintered ceramic of BNT [7]. It shows strong
ferroelectric properties with a large remnant polarization, Pr = 38 uC/cm? and high Curie
temperature (Tc = 320 °C). It has been considered as a promising candidate for lead-free
piezoelectric ceramics, which is an alternative to the widely used lead-based piezoelectric
materials [8]. BNT is a perovskite which is widely used in piezoelectric sensors and
actuators and also they are used in active and passive electronic devices. Perovskite
titanates are also useful for visible light photocatalytic activities [9-10]. Distorted
perovskites are known as the member of orthoferrite family [11]. This report deals with

synthesis and characterization of BNT and its application as LPG Sensor.

4.2 Literature review

Kiyoshi Kanie et al. synthesized spherical polycrystalline BNT by sol-gel method.
Shape monitoring of BNT particles was performed due to the different mixing ratio of
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Bi/Ti from a rod-like to tubular structure [12]. T. Yu. et al. discussed the preparation and
properties of lead-free polycrystalline BNT by an improved sol-gel spin coating method on
PU/Ti/SiO2/Si substrates. The resulting film was dense, well crystallized rhombohedral
perovskite structure with 50 to 200 nm particle size and also having good dielectric and
ferroelectric properties. Thus resulting as a promising candidate for piezoelectric
applications [13]. Meera Rawat et al. synthesised rhombohedral Ba*? doped BNT (BBNT)
varying x =0, 0.2, 0.4, 0.6, 0.8, 1 by conventional solid-state method. They have studied
the microstructure, dielectric and electrical behaviour of BNT and found that Ba*2
compound is much smaller than undoped BNT. Further, they concluded that electrical
conductivity with temperature shows the compound exhibit Arrhenius type of electrical
conductivity with non Debye system concluded by its dielectric property [14]. Venkata
Ramana Mudinepalli et al. prepared high temperature lead-free piezoelectric relaxor i.e.
NBT by the conventional ceramic double sintered method and studied its dielectric and
mechanical properties. He studied phase transformation of NBT from tetrahedral to
rhombohedral and also found particle size around 100 nm [15]. A. Kundu et al. synthesized
to Ba- Zr co-doped sodium bismuth titanate by wet chemical route citric gel method.
Densification, the microstructural and electromechanical behaviour of sintered pellets were
studied by them. Thermal analysis was done by TGA curve and overlapping of exothermic
peaks was identified by DTA [16]. Conor J. Walsh et al. focused on a lead-free, high-
temperature ceramic capacitor having base material as BNT prepared by a conventional
ceramic method using oxides and carbonates. Dopants including barium, strontium and tin
were used at a different temperature to modify the dielectric properties of the capacitor.
Different compositional experiment, along with theoretical modelling has been
investigated to modify BNT and to attain the goals set forth [17]. M. Raghavender et al.
prepared to Sm-doped NBT ceramics with x = 0.05%, 0.1%, 0.015% by chemical route.
XRD confirmed the single phase rhombohedral structure of BNT. They further studied the
change in its behaviour of BNT as a percent of Sm increases and dielectric properties from
temperature range 450-550 °C [18]. BNT can be synthesized by various methods like solid
state, Penchini method, aerosol-gel, hydrothermal route method etc [19-20]. Bismuth
sodium titanate ceramic requires high sintering temperature above 1200 °C to obtain a

dense and pores free structure [21]. For gas sensing application we require porous film so
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there is no need of very high temperature. In this chapter gas sensing properties of BNT
has been carried out which depends upon the porosity of the film. Thus the film was
annealed at 650 °C to obtain non-contaminated perovskite porous film. However, there has
been no report published in the open literature on the LPG sensing of BNT prepared by a

sol-gel spin coating technique.

4.3 Structure of BNT

BNT is an A-site distorted perovskite with bismuth and sodium both at A-site. BNT
has two main phases transitions; one is from rhombohedral to tetragonal and other is from
tetragonal to cubic [9]. The structure of BNT can be described in two ways first is barium
and sodium at the corners of the cube and oxygen at face center and second structure
titanate at the center of the oxygen get radon and other is 3D cubic network formed by

sharing of TiOe octahedran with bismuth and sodium at the mid of the cube.
4.4 Experimental Details

4.4.1 Materials Required

Bismuth nitrate pent hydrate (Bi(NOs)3.5H20), titanium tetra-isopropoxide
(Ti{OCH(CHs).}4) and sodium nitrate (NaNOz) of AR grade were purchased from Sigma-
Aldrich Chemical Co. 2 methoxy ethanol and acetic acid were used for the preparation of

gel.
4.4.2 Preparation of Bismuth sodium titanate sol and powder

Bismuth nitrate pent hydrate (Bi (NO3)s.5H20), sodium nitrate (NaNO3), titanium
tetra-isopropoxide (Ti{OCH(CHz3)2}4) of AR grade were used as starting material. Bismuth
nitrate pent hydrate and Titanium tetra-isopropoxide were dissolved in 20 ml of 2-methoxy
ethanol. After stirring for 1 h BT solution was obtained and indexed as 1. Sodium nitrate
was dissolved in 20 ml of acetic acid at 40 °C and gets stirred for 1 h to produce a
transparent solution indexed as 2. Further, we mixed both the solutions 1 & 2 which gave
a white clear sol of Bismuth sodium titanate. Later, this sol was kept under I.R. lamp to

obtain the transparent gel of BNT. This gel was used for preparing a thin film of BNT by
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spin coating technique. To obtain the powder of BNT, next part of the sol was dried under

I.R. lamp. Further, this powder was annealed at 650 ° C using the programmable furnace.
4.4.3 Thin film preparation of BNT

Sol-gel spin coating technique has been used to prepare the BNT thin film [22]. The
glass substrate of dimension 1 x 1 cm? was taken and rinsed using distilled water, ethanol
and acetone following the ultrasonic cleaning. A dilute solution of BNT was made by
dissolving the BNT sol into acetic acid in 1:1 ratios and it was further sonicated for 2 h.
The white transparent diluted solution was obtained and further, it was spun on the glass
substrate using a photoresist spinner at a speed of 1000 rpm for 30 sec and dried at 60 'C
for 5 min on a hot plate. Again spin coating and drying process were repeated three times
for achieving the required thickness of the film. Finally, it was annealed at 650 'C for 2 h

in a programmable furnace.

4.4.4 Characterization of Bismuth sodium titanate

XRD pattern of the prepared lead-free Bismuth sodium titanate (BNT) by sol-gel
method was recorded by glancing angle X-ray Diffractometer (Rigaku Benchtop X-ray
Diffraction, 5" generation Miniflex) with Ni-filtered CuK, (A=1.541A) to study the phase
formation of BNT. Thermal analysis of the dried BNT precursor via thermogravimetric
analyzer was done in presence of air at the rate of 10 °C/min. Surface morphological study
along with the elemental study of BNT thin film was carried out by SEM JEOL EV040
operated at 20 k and Microstructure analysis was carried by TEM model FEI Technai G2
Spirit TWIN, Netherlands. Optical characterization of the sample was done by using UV-
visible spectrophotometer (Evolution 201) within a wavelength range from 200 nm to 1100
nm. FTIR and Raman identified the chemical modification of BNT. Raman spectrum of

Bismuth sodium titanate was analyzed by En Spectr R532.
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4.5. Result and Discussion

4.5.1 X-ray Diffraction analysis

BNT exists in rhombohedral, tetragonal, cubic and hexagonal phases depending
upon the heat treatment. In the temperature range -260 'C to 255 “C exists in rhombohedral
(R3c) phase and from 255 °C to 400 °C it is in the coexisting phase of rhombohedral
[tetragonal. Further, from temperature 400 °C to 500 °C, it exists in tetragonal phase (P4bm)
and from 500 °C to 540 °C intermediate phase of tetragonal/cubic and above 540 °C cubic
prototype (Pm3m) phase exists. The phase identification of the BNT film and minimum
crystallite size can be found through XRD [23-24]. Peak analysis of XRD pattern
corresponding to BiOs, TiOz and Bi>O3s matched with JCPDS card no. #36034 with lattice
constanta=b =5.476 A, ¢ =6.778 A. The characteristic peak at 20 = 33.02 (110) confirms
that the formation of cubic phase of the film. The peak at 26 = 23.27 (100), 33.02 (110),
40.12 (111),47.19 (200), 58.59 (211), 68.62 (220), and 78.07 (310) matched with the above
reference data. The minimum crystallite size for BNT thin film was calculated as 9 nm
using Debye Scherer’s equation. Crystallite size corresponding to each peak was calculated

and the average crystallite size was found as 15 nm.
4.5.2 Thermal Analysis

To study the decomposition process of dried BNT powder it was thermally
analyzed by TGA. Only 2% loss was observed in TGA thermograph with temperature
variation from 0 ° C to 900 "C. As shown in the figure a linear curve was obtained after 400
‘C and there was a minor change in weight after 600 °C in thermography. This indicates
that the powder was crystalline and of perovskite structure at 600 “C. The minor change

observed in weight was due to the evaporation of the solvent content of the BNT powder.
4.5.3 SEM analysis and EDX

Morphology of the film plays an important role in gas sensing and it varies
according to the sample preparation technique, doping at the interstitial site, catalyst,
sintering temperature, pore size, etc [25]. The thin film of BNT prepared as discussed in

section 4.2.2 was put in a desiccator to remove the moisture and further the film was coated
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with palladium to make the surface conductive. The SEM micrographs clearly show the
macroporous nature of the film. The film was porous with rectangular grains of different
size which are non-uniformly distributed leaving vacant spaces among them. It is observed
that the grain sizes range from small to large with a random distribution. Both the SEM
images show that the particles are agglomerated with bimolecular grain growth i.e. grains
are in hierarchical plate-like structure due to agglomeration and some are cubic in nature
as shown in Fig 4.5. Fig 4.5(a) & (b) show the micrograph of BNT at scales: 5 um and 1
um with magnifications K5,000 and K10,000 respectively. Fig 4.5(c) shows the porous
nature of the film at 1 um scale. The porosity of the film lies in the range of 100 nm to 500
nm and average porosity of the film calculated from Fig 4.5(c) is 350 nm. Fig 4.5 (d)
exhibits the micrograph at 500 nm scale and reveals the particle size range from 200 nm-
400 nm.

The EDX spectrum of BNT thin film revealed that the theoretical amount of the
elements calculated were nearly the same of the experimental amount of each element
present in the thin film. Percentage of contents present in BNT is Bi 51.86% , Na 3.58%,
Ti 26.93% and O 17.63%. It also shows that no foreign element was present in our sample.

4.5.4 TEM analysis and HRTEM with SAED pattern

Fig 4.6(a) and (b) shows the TEM image of BNT, loaded on the carbon coated
copper grid at different scales. The image at 1um scale and 200 nm reveal the cubic
crystalline structure in agglomerated form. Fig 4.6(b) shows the plate-like structure with
grain size 100 nm to 250 nm. Fig 4.6(c) shows the selected area electron diffraction pattern
(SAED) of BNT and Fig.4.6 (d) exhibits the HRTEM of BNT. Bright spots with concentric
rings reveal the regular periodic arrangement of atoms confirming the crystallinity of the
nanocrystalline material. Also, it exhibits polycrystalline nature of the material. First ring
(hkl) corresponds to (111). It is the most intensified ring. The second ring corresponds to
(211), third correspond to (200) and fourth to (110). We have calculated the fringe spacing
from HRTEM image along (111) and found as diy = 2..3666 A.
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4.5.5 Optical characterization

4.5.5.1 UV-visible Absorption Spectroscopy

The optical absorbance spectra of BNT film deposited separately on a glass
substrate (200-1100 nm). The graph represents the variation of optical absorbance for the
thin film with the variation in wavelength. The optical band gap of BNT can be calculated
from the intercept of energy axis obtained by extrapolating the plot on energy axis [hv
versus insitu plot of (ahv)?] as shown in Fig 4.7. The bandgap of the film was found as 5.4
eVv.

4.5.5.2. FTIR Analysis

The FTIR spectra of the BNT in transmittance mode are shown in Fig 4.8. At lower
frequency ranging from 400-430 cm™ a minute depth was observed which is due to Ti-O
bending vibration of the compound. The asymmetry band around 629 cm™ attributed to v
(Ti-O) stretching vibration mode representing the characteristic peaks of perovskite phase
with the formation of TiOg [26]. Peak around 1164 cm™ is attributed to v (Ti-O-C) vibration
mode. Peaks around 1420 cm™, 1559 cm™ and 1734 cm™ are attributed to v (COO)

vibration mode.
4.5.5.3 Raman Analysis

Raman spectroscopy provides information about the molecular vibration that can
be used for sample identification and quantization. Raman spectrum of BNT was analyzed
by EnSpectr R532 with a laser power of 30 mW and wavelength of 532 nm at room
temperature. Absorption band of BNT appears at 275 cm™, 526 cm™, 583 cm™and 800 cm
! In the case of heat treatment below 500 °C, the material was polycrystalline in nature and
distorted due to occupancy by Na/Bi cations at A-site. In this condition, the modes are
found broad and there is no Raman active mode i.e. no Raman band is obtained. The broad
and intense band at 275 cm is associated with the vibration of the TiOs group [27]. Higher
frequency bands at 532 cm™ and 801 cm™ bands are dominated by vibrations due to the

displacement of oxygen.
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4.5.6 LPG Sensing of BNT Film

LPG sensing is based on the surface morphology of the sample and nature of gas
exposed to it [28-29]. The variations in electrical and other properties of the material with
the exposure of gas are the basis of working of LPG sensor. The interaction of the gas with
the material leads to transfer of electrons between the sample and the reducing gas. BNT
film prepared was very porous with vacant spaces i.e. active sites which were measured by
JSR porosity tester and the porosity was found as 205 cc/m . When the surface of the film
comes into contact with the air, the atmospheric oxygen molecules get adsorbed on the
surface of BNT film. During interaction of film with air, charge transfer from conduction
band electrons from oxygen species by attaching themselves to the adsorbed oxygen
molecules and thus a charge layer is formed and the resistance of the film becomes stable
[30]. Thus we get the value of resistance of the film in the air (Ra). When LPG was exposed
inside the chamber through inlet a complex reaction occurs and the hydrocarbons of LPG
reacts with the adsorbed oxygen species [31]. Due to which there is a sudden rise in the
resistance of the film. As the rate of the reaction increases the removal of electrons takes
place which leads to the formation of a potential barrier that is further responsible for the
constant resistance of the film. After a short interval of time the resistance of the film again
becomes constantly resulting in the saturation, stabilized resistance was recorded as Rg.
Now when the outlet knob was opened to remove the LPG from the chamber, there was a
sudden fall in the resistance of the film and after some time it again recovered to its initial

resistance.

To study the gas sensing properties of BNT the LPG concentration (in vol.%) was
varied and obtained the different sensing curves correspondingly as shown in Fig. 4.10.
Thus we studied its sensing behaviour by calculating its sensing parameters i.e. sensitivity,
response time, recovery time and % sensor response. Sensitivity is defined as the ratio of
Resistance of the film in LPG to the resistance of the film in the air [32]. Fig. 4.12 shows
the variations in resistance of sensor with a different exposure time of LPG. The sensitivity
of LPG sensor exhibited through bar diagram by Fig 4.11. Fig 4.12 represents the variation
of % sensor response (SR) with LPG concentration from 0.25 to 3 vol. %. The value of

maximum sensitivity was found 2.158 and percentage sensor response was found as 115.84
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% for 3 vol.% LPG. The response time of the sensor is defined as the time in which sensor
reaches 90% of the maximum resistance of the film in presence of target gas (Rq) [33-34].
The minimum response time of BNT was found as 22 sec for 0.25 vol.% of LPG. The
recovery time of the sensor is the time interval during which the sensor again recovers to
its initial stage [35]. The minimum recovery time was found as 26 sec for 0.25 vol.% of
LPG.

The reproducibility response curve of BNT when continuously exposed to 1.5
vol.% of LPG was continuously exposed to the sensor for three consecutive cycles at room
temperature is shown in Fig. 4.13(a). These sensing response curves show almost similar
sensing response Ra to Ry and again from Ry to Ra repeated for three consecutive cycles
which show the good reproducibility nature of the BNT film. Fig. 4.13(b) shows the ageing
effect of the sensor was examined after two weeks of the previous experiment after the
drying of the film under I.R. lamp for 1 vol.% of LPG. Sensing characteristic of the film

was similar to the previously observed characteristic.
4.6 Conclusion

BNT powder was successfully synthesized by sol-gel method and a thin film on the
glass substrate was prepared by spin coating method. XRD, FTIR and Raman confirm the
formation of BNT and minimum crystallite size was calculated as 9 nm. Thermal analysis
was done through TGA. The microstructural analysis was done by TEM, SEM and EDX.
Optical Characterization was done and band gap was found 5.4 eV. FTIR reveals the
information about the bond stretching between the molecules through transmittance
spectra. Study of liquefied petroleum gas sensing properties of BNT was carried out. The
value of maximum sensitivity was found 2.158 and percentage sensor response was found
115.84 % for 3 vol.% LPG. Minimum response time was found as 22 sec for 0.25 vol.%
of LPG which is quite appropriate for developing a commercial LPG sensor operable at

room temperature.
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Fig. 4.2 Schematic representation of preparation of BNT by sol-gel method
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S.no. LPG Concentration (in vol.%0) Sensitivity % Sensor Response
1. 0.25 1.25 28.57
2. 0.5 1.51 51.26
o 1 1.62 62.87
4, 1.5 1.74 74.38
5. 2 1.83 83.09
6. 2.5 2.08 108.47
7. 3 2.15 115.84

Table.4.1. LPG concentration versus the sensitivity and % sensor response
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Chapter 5

Fabrication of perovskite Lanthanum ferrite film

by sol-gel and its gas sensing properties

Present chapter describes a detailed study of pervoskite Lanthanum ferrite thin film
based LPG sensor. The thin film was fabricated using sol-gel spin coating technique
and was characterized by various techniques such as XRD, TGA, SEM, TEM, EDS,
UV-Spectroscopy, Raman and FTIR. The minimum crystallite size was found as 8
nm and avg. crystallite size was found as 16 nm. Film was optically characterized
by UV-visible spectrophotometer and Band gap was found 5.3 eV. Fourier
transform infrared analysis and Raman analysis of the sample was done which shows
the characteristic of ferrite. TEM show the polycrystalline nature along with the
diffraction pattern. LPG sensing was done at room temperature below LEL.
Maximum sensitivity was found as 3.3 with 313.85 % senor response. Response

time 15 s and recovery time 20 s for 0.25 vol.% of LPG were observed.
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CHAPTER 5

FABRICATION OF PEROVSKITE LANTHANUM FERRITE FILM
BY SOL-GEL AND ITS GAS SENSING PROPERTIES

5.1 Introduction

LPG is a transparent gas which is stored in liquid form within a liquid cylinder under high
pressure. It is used for the household purposes for cooking food, as a motor fuel due to soaring in
the price of petrol and diesel, etc [1]. It is an odourless gas and ethanethiol is used as a powerful
odorant in LPG so as to detect it. Another odorant like mercaptans, EN589, tetra-thiophene can be
an alternative of ethanethiol. LPG is a highly flammable gas which consists of propane and butane.
LPG helps to increase the red blood capsules but an excess amount of LPG is hazardous to the
mankind. It may affect our lungs causing breathing problem. Some people do not have a sensible
smelling power and they can’t able to judge the leakage of LPG around our surrounding so artificial
nose is developed to meet out their problem. Bhopal gas tragedy (India), Okishima (Japan),
Chernobyl (Russia) were the places whose mishap-pending melt the mankind. These were the
world’s worst gas leakage accident in which a lot of people lost their lives. So to avoid such
tragedies, lot of efforts has been done since ages [2]. There are several types of metal oxide sensor
available in the market which is used for the detection of LPG. Now the major challenge is to detect
the leakage of LPG for small leakage concentration and also to get rid of such the situation and get
over it. Ferrite based sensors are gaining more attention of the researchers and technologist due to
its phenomenal adsorption efficiency that occurs due to electronic transitions [3]. Ferrites show
magnetic as well as electric properties and also show unpredictable behaviour and morphology by

changing its macroscopic properties and parameters. This work deals with the perovskite material.
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5.2 Structure of Lanthanum ferrite

Forestier and Guilt- Guillain identified rare earth ortho-ferrite of general formula RFeOs,
where R refers to trivalent Rare earth ion. In 1966, White et al. reported a review on orthoferrites
consisting lot of literature on RFeOs [4]. In its first approximation ortho-ferrites are considered as
perovskite but true symmetry is orthorhombic with one pseudo axis (c-axis). 90.6° angle exists
between a-b plane and c-axis [5]. Koehlor and Wollen in 1957 synthesized functional ceramic with
perovskite structure known as LaFeO3 with 12:6 coordinate. Several methods are used to synthesise
lanthanum ferrite such as microwave combustion method, polymerizable complex route, electro-
spinning method, solid-state reaction, auto-combustion, a sol-gel method, sonochemical method,
etc [6]. Although these techniques required heat treatment as well as the chelating agent, also for
performing complex reactions to yield a complex solution which yields pure product. There are
two ternary phases existing in the La-Fe-O system, first one is LaFeOs; with an orthorhombic

perovskite structure and another is LaFe;2019 with magnetoplumbite hexaferrite structure [7].

5.3 Literature Review

At the end of 90’s pulse laser techniques was very popular and frequent used technique to
deposit orthoferrite films of Dy, Sm, Gd and Y. It required a very high temperature of 860 °C for
post-deposition of the film which was very difficult for practical application in electronic devices.
Later on, many methods were used for the preparation of the thin film of orthoferrites. M. Rajendran
et al. used aqueous sol method to prepare various orthoferrite films like LaFeOs, YFeOs ErFeOs,
SmFeOs at 650 °C by dip coating method, particles ranging from 4-7 nm and also studied its spectral
transmittance suitable for use in optical devices. Due to the facile synthesis of LaFeOs and
abundance applicability in different devices, it attracted the researchers and scientist to work on it.
Perovskite LaFeOs; shows excellent discharge capacity at a higher temperature so due to this

features it has been used for hydrogen storage [8]. Recently Yaru Pei et al. used PANI pyrolysis
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method to prepare negative terminal of MH-Ni batteries using carbon coating on LaFeO; using the
same property. Further, they investigated the effect of carbon coating by morphology produced by
FESEM and found core-shell model also [9]. R. Dinesh Kumar et al. studied on the photocatalytic
properties and magnetic properties LaFeOs/ TiO, composite of average size 60 nm, prepared by
hydrothermal method [10]. Peng Song et al. used simple synthesis route to prepare LaFeOs by using
nitrates and sorghum straw. The reported particle size by this technique was around 20-30 nm with
biomorphic porous structure and further, it was used for sensing application of gases like acetone,
formaldehyde, methane, LPG, etc but the results were found better for acetone sensing. There were
an immense number of researchers who focused on the gas sensing properties of LaFeOs [11].
Hong Xia Xiao et al. then also reported the acetone gas sensing properties of LaFeOs with particle
size 19.21 nm prepared by hydrothermal method [12]. Hui Hui Zhang et al. used polycondensation
of glucose and hydrothermal method to synthesize hollow nanosphere of 24 nm - 30 nm by using
templates of carbon sphere. His team further studied the chloroform, HCHO, CH., NHs, sensing
and the results were found better for formaldehyde sensing. Later on, many modifications were
done and catalysts were used to increase the sensing properties [13]. Y.M. Zhang et al. synthesized
Ag - LaFeO;-SWCNTSs nanocomposite of size 28-45 nm by sol-gel and microwave technique. The
results were found good for formaldehyde sensing with very fast response time and recovery time
[14]. In the present work sol-gel [15-16] and spin coating technique is used to prepare sensor on a

glass substrate and further investigated its LPG sensing behaviour.

5.4 Experimental details

5.4.1 Materials Required

Lanthanum nitrate and Ferric nitrate were used as the starting materials. Oleic acid was
used as a capping agent. Glacial acetic acid was used to dissolve the Lanthanum ferrite powder to

obtain a gel.
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5.4.2 Synthesis of Lanthanum ferrite powder

Sol-gel technique was used for the preparation of Lanthanum ferrite nanopowder.
Lanthanum nitrate and ferric nitrate materials were taken and dissolved in 50 ml distilled water in
1:2 molar ratios and stirred for 2 h. After stirring, few drops of oleic acid was dissolved in the
prepared solution, the sample was put for stirring along with heating temperature about 40 °C. Then
we obtained a glossy dark brown sol. This sol was further put on the hot plate to dry. After some
time the solvent evaporates continuously with time and the dense gel was obtained. As the time
passes after ¥z h, this gel was converted into yellowish powder. Then the sample was dried at 650
‘C for 2 h in a programmable electric furnace. The obtained powder was crushed into fine particles

by mortar and pestle.

5.4.3 Fabrication of Lanthanum ferrite thin film

Firstly the glass substrate was washed with distilled water and acetone following with
the ultrasonic cleaning. Then 0.5 gm of the sample was dissolved in a solvent of 2 ml, containing
distilled water and PEG in 1:1 ratio. Then the solution was put on a magnetic stirrer for half an hour
and further, it was put inside the sonication bath for 1 h which yielded a yellowish sol. Spin coating
technique was used to prepare a thin film of the material by pudding the solution on the substrate.
Further, the film was dried on the hot plate at 80 “C for 5 min. After this, the film was kept inside

the electric furnace for 1 h for good adhesion.
5.4.4. Characterization Techniques

XRD pattern of the prepared powder of perovskite Lanthanum ferrite was recorded by
glancing angle X-ray Diffractometer (Proto- Model- An X-ray Diffractometer). Surface
morphological study of the material has been done by ZEISS (IIT BHU) SEM equipped with a

LaBs gun. EDAX was performed by in-situ Brooker element analyzer for qualitative chemical
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analysis. TEM analysis was carried out by FEI Technai G2 Spirit TWIN, Netherlands. The sample
was optically characterized by UV-Visible spectrophotometer (Evolution 201), FTIR recorded by

the instrument, Thermo Nicolate, (Model No. 6700, USIC) and Raman analyzed by Renishaw.

5.5. Results and Discussion

5.5.1 X-ray Diffraction Analysis

Peak analysis of XRD pattern of Lanthanum ferrite was done and it matches with the
JCPDF file n0.37-1493. Characteristic peak found at 26 = 33.02" (101) confirms the orthorhombic
phase [17-19]. The other peaks at 22" (101), 40" (220), 46 * (202) etc. as shown in the Fig.5.3 confirm
the formation of Lanthanum ferrite. No extra peaks are found in the graph. The minimum crystallite

size was found as 8 nm and avg. crystallite size as 19 nm.
5.5.2 SEM analysis and EDX

The surface morphology of the film was examined at 20 kX and 50 kX. The first image
shows the surface morphology of the film at the micro scale. On magnifying it up to 200 nm scale
it is clearly visible that the particle size ranges from 50 -150 nm. There are vacant spaces present
on the surface of the film which will be responsible for whole kinematic in the gas sensing
application. Fig. 5.4(c) shows the EDX of Lanthanum ferrite thin film and it confirms the elemental
analysis of the material under investigation. The energy vs no. of counts graph shows that no

foreign element was present in our sample.
5.5.3 TEM analysis and HRTEM with SAED diffraction pattern

TEM analysis has been done by sonicating the sample by dissolving it in distilled water in
a sonication bath. The ultrasonic waves strike the particles and make the sample finer by breaking

the bonds and thus removing agglomeration [20]. Later the sample was puddled on the copper grid.
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The minimum particle size observed by TEM image is 2.8 nm. In the Fig.5.5, we can clearly see
the spherical and oval particles range around 2.8 nm, 4.5 nm, 4.2 nm, 6.8 nm, 5.1 nm and 9.06 nm.
The average range of the particle is around 5 nm. The SAED diffraction pattern of the sample
presented in Fig 5.6 (a) shows the clear formation of a ring by joining the white dots. Thus the
pattern indicates the polycrystalline nature of the film. In Fig 5.6 (b) exhibits the HRTEM image
with different domain separations and atomic arrangement of the molecule at the scale of 20 nm.

Boundaries are very clear showing the domain of lanthanum, iron and oxygen atoms.

5.5.4 Optical characterization

5.5.4.1 UV-visible Absorption Spectroscopy

The variation of optical absorbance with the wavelength is shown in Fig.5.7. Measurement
of the electronic band gap of the LaFeOs film was carried out using the data obtained by the
spectrophotometer. A ferrite material exhibits the minimum optical absorption for the photons with
energies smaller than band gap and high absorption for photons with energies greater than the
bandgap. As a result, there is a sharp increase in absorption at energies close to the bandgap that
manifests itself as an absorption edge in the UV-vis absorption spectra. The optical absorbance
spectra of Lanthanum ferrite were plotted with 200-1000 nm wavelength range. The figure shows
that absorbance decreases with increase in wavelength. In the region approx. 5-6 eV, the curve
shows a steep decrease in absorbance. Further, the data was analyzed and the bandgap energy (Eg)
was estimated as 5.3 eV by the intercept of Tauc plot. The larger the band gap smaller will be the

particle size of the sample.
5.5.4.2 FTIR Analysis

Variation in % Transmittance with wave number (400-3600 cm™) has been plotted and

presented in Fig. 5.8, which shows that % transmittance sometimes increases and decreases later
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becomes constant and finally decreases. A clear peak below 700 cm™ is shown in FTIR graph in a
separate box. This peak around 510 cm™ confirms the formation of perovskite phase. This strong
absorption peak lies between 4331and 576 cm™ which is due to bond stretching vibration between
the metal oxide bond i.e. Fe-O. The peak near to 1240 cm™ and 1483 cm™ are assigned as v1 and
v2 and these are due to metal carbonate. Peak around 2800 is due to stretching in O-H vibration

bond [21-23].
5.5.4.3 Raman analysis

The Raman spectrum is observed from the range 200 cm*-1200 cm™. The Raman shift
around 220 cm'?, 290 cm* and 404 cm'* are due to Fe,Os. The peak around 616 cm™ confirms the
perovskite phase of the sample. The green lines and black lines are the curve fitting lines. The

vibration bands are due to metal oxide vibration stretching between the L-O and due to FeO¢ [24].
5.6 LPG Sensing of Lanthanum ferrite Film

In this work LPG sensing properties of lanthanum ferrite has been studied at room
temperature for concentration 0.25 vol.% to 3.5 vol.%. Electrical resistance was recorded with
using Keithley Electrometer. lonic and Electronic defects are seen to govern its sensing properties
[26]. The preparation part of sensing element has been discussed in Chapter 2. Most of the
perovskite materials behave as p- type semiconductor. In LaFeOs, holes are responsible for the
formation of the surface charge layer [27]. As La belongs to rare earth metal element so it is more
interactive to the adsorbed oxygen species when it comes in contact with the film in air. Firstly the
film contacts were prepared and connected to Keithley electrometer. Then it was allowed to attain
stable position after 15-20 s. At stable condition, the resistance of the film becomes constant in
presence of air which was recorded as Ra. LaFeOs possess good adsorption property so it adsorbs

the oxygen molecule to form unstable oxygen ions [28-29]. These oxygen ions interact with the
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LPG resulting into an increase of resistance of the film very rapidly. After a short span of time, the
resistance of the film gains a constant resistance. This resistance is termed as Ry and when the
chamber is opened again the resistance of the film decreases sharply and it almost recovers 95% of
the previous resistance in the air [30]. Fig.5.10 shows the variation of resistance (ohm) with the
Exposure time (s). It is observed that as LPG injection in the chamber increases, the resistance
increases and later becomes constant. When gas was made in off state and outlet was opened the

sensor regained its original position.

Table 5.1 shows the comparative change in sensitivity and % response that occurs for
different vol.% of LPG. The data presented in the table has been plotted in Fig 5.11 (a) & (b). Fig.
5.11(a) shows that as the concentration of LPG increases, the sensitivity of the sensor increases and
vice versa. Meaning that the amount of LPG exposed from 0.25 % to 3.5 % has a proportional
reaction with the sensitivity and same as for sensor response shown by Fig 5.11(b). Beyond the

concentration of 3.5%, sensitivity and % sensor response became constant.

After two weeks of the first observation, the ageing effect of the lanthanum ferrite thin film
was examined and the respective curves are shown in Fig. 5.12 for 0.5 vol.% LPG. Firstly the film
was dried under I.R. lamp to remove the humidity from the film. After this, the film was placed
inside the LPG sensing setup and connected to Keithley electrometer for studying the stability.
After 30 m., the film responded the constant resistance in presence of air. The resistance of the film
in the air was observed 2.1 MQ now, previously it was 1.97 MQ. This change was due to the
formation of more active sites due to the removal of water contents. Analogous to this, the
resistance of the film was also varied in the presence of LPG. There was a minute change observed

in sensing parameters of the material but the behaviour for 0.5 vol% of LPG was same.
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6.6 Conclusion

Nanostructured Lanthanum ferrite film was prepared by facile sol-gel method followed by
spin coating technique. The XRD confirmed the perovskite structure of the lanthanum ferrite and
the minimum crystallite size was found as 8 nm with an average size of 19 nm. Peaks in FTIR
spectra between 433cm™ to 573 cm™ showed the characteristic peak for perovskite material. The
SEM image exhibited the macroporous film with agglomerated structure. HRTEM confirmed the
polycrystalline nature of the material with a grain size < 10 nm. The minimum grain size of the
particle was 2.8 nm. The value of maximum sensitivity was found ~3.31 and % sensor response
was ~ 232 for 3.5 vol.% LPG. The response time was found of 12 s and recovery time as 14 s for

0.25 vol.% of LPG.
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Fig.5.1 Structure of perovskite Lanthanum ferrite
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Fig.5.2 Flowchart for the preparation of the Lanthanum ferrite powder
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Fig 5.4 (a) & (b) SEM image of thin film of Lanthanum ferrite
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Fig.5.4 (c) EDX of thin film of Lanthanum ferrite

Fig.5.5 TEM image of thin film of Lanthanum ferrite
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Fig.5.6 Diffraction pattern and HR image of Lanthanum ferrite
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Fig. 5.7 Absorbance spectra of Lanthanum ferrite; insitu curve shows Tauc plot.
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film for different LPG concentrations
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Fig.5.12 Aging effect on Lanthanum ferrite film sensor after 2 weeks

S. No. LPG Concentration (vol.%0) Sensitivity % Sensor Response
1 0.25 1.28 28.49
2 0.5 1.51 51.81
3 1 1.66 66.44
4 15 1.74 74.09
5 2 2.15 115.04
6 25 251 151.94
7 3 2.85 185.28
8 3.5 3.31 231.85

Table 5.1 The comparative change in sensitivity and % sensor response that occurs for 0.25 to

3.5% of LPG
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Chapter 6

Ag (x = 0.2, 0.4) substituted Nickel ferrite thin film

and its application as LPG sensor below LEL

In this chapter Ag (x = 0.2, 0.4) substituted Nickel ferrite thin film has been prepared using
sol gel spin coating technique. Surface morphological, structural and optical properties of the
film were investigated by various techniques such as XRD, SEM, EDS, UV-Spectroscopy and
FTIR. The minimum crystallite size was evaluated as 6 nm and 7 nm for Nickel ferrite film
by XRD. SEM images show the macro porous cubic structure of the film. The energy band
gap of NigsAgo.2 FeO4 and NigsAgo.s FeO4 was evaluated as 5.31 eV and 5.40 eV respectively.

LPG sensing was carried out for vol.% (0.25-4) of LPG at room temperature. Maximum

sensitivity was found as 2.578 and 4.57 and % sensor responses were found as 157.89 and

357.15 respectively. Ag (x = 0.2) substituted Nickel ferrite thin film exhibit better sensitivity

and sensor response to LPG than Ag(x = 0.4) nickel ferrite.
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CHAPTER 6
Ag (X=0.2,0.4) SUBSTITUTED NICKEL FERRITE THIN

FILM AND ITS APPLICATION AS LPG SENSOR BELOW
LEL

6.1 Introduction

Global warming and continuously rise in pollution has been the major issue of the
environment which fetches the attention of the researchers to develop an effective system
for detecting the hazardous gas and also quantification of these gases in our surrounding.
Gas sensors have been the propitious choice for the quick response and reliable
measurement to meet out to these issues [1]. Many metal oxide semiconductor gas sensors
and their composites such as ZnO, 1,03, SnO2, WO3, Fe>03, TiO2, etc. had been used on
the vast scale [2]. Ferrites are the most used material in the chemical gas sensor for gas
investigation purpose as they possess high surface area and electromagnetic behaviour with
versatile features. Complex ferrites in comparison to normal ferrites show more interesting
behaviour as they have the tendency to change the cation composition and microstructure
of the ferrite [3-4]. Doping and substitution inside any matrix of metal oxide are used to
modify its structure and also to enhance the electrical properties and are of application.
Nickel ferrites are the soft magnetic material with high electrical resistivity. Therefore
NiFe2O4 has been extensively used in the field of sensors especially in humidity, acetone
sensing etc. Our group have already investigated and reported Nickel ferrite for humidity
and LPG sensing [5]. In this work, we have used silver substituted Nickel ferrite as a
chemical gas sensor for detection of LPG below the lower explosive limit (LEL). Ag
nanoparticles have vast application in nanotechnology. Hence in this work silver ions have
been used to substitute Ni ions in NiFe2O4 to investigate its modified electrical, optical and

sensing properties.
6.2 Structure of Nickel ferrite

It is an inverse spinel ferrite with cubic structure [6]. Ni has 10 valence electrons

174



with varying valency +2 and +3 and silver has +1 valency. Nickel ferrite has fcc crystal
structure containing 32 oxygen ion, 16 iron and 8 nickel ions. 64 tetra position and 32 octa-
positions are occupied by oxygen ions. Eight Ni ion and 8 Fe ions occupy the octahedral
site and rest 8 iron ion occupy the tetrahedral site. The ferric ions are present at the
tetrahedral sites in nickel ferrite and nickel ions and some ferric ions occupy the octahedral

sites [7]. The crystal structure of spinel ferrite is cubic and it is shown in the Fig.6.1.
6.3 Literature Review

Seema Joshi et al. synthesized NiFe204 using co-precipitation method by using
nitrate salt and particles ranging from 8-20 nm. Her team focused on the structural,
magnetic, dielectric and optical properties. She also reported the effect of various annealing
temperature and strain at 250 “C, 350 'C, 450 °C and 550 ‘C [8]. C.V. Gopal Reddy et al.
explained the structure of Nickel ferrite and designed p-type gas sensor. His team used
citric acid and co-precipitation method to synthesize the Nickel ferrite and further it was
used as Chlorine gas sensor. He found response time as 20-30 s and recovery time as 60-
90s[9]. Rimi Sharma et al. designed Zn doped Nickel ferrite by using sol-gel method and
particles were found around 15-20 nm. Further, Rimi used it as photocatalytic degradation
[10]. M. Mozaffari et al. worked on Al-substituted nickel ferrite by sol-gel method. She
reported the particle size of 20-31 nm and studied its magnetic behaviour [11]. K Nadeem
et al. synthesized Si coated NiFe2O4 by sol-gel co-precipitation method. He used chloride
salt of respective materials and silica gel matrix for obtaining the NiFe.O4 [12]. Andris
Sutka et al. prepared Co-doped NiFe2O4 using the sol-gel auto-combustion method. He
further reported acetone gas sensing and found response time > 2 min and recovery time >
5 min [13]. Deepshikha Rathore used co-precipitation for the synthesis of Zn doped
NiFe2Os by using chloride salt. Her team performed experimental investigation for
different gases like ethanol, ammonia, LPG, chlorine for 30 to 350 °C temperature and
results were found better for ethanol [14]. L. Satyanarayanan et al. prepared n-type LPG
sensor by incorporating Pd inside NiFe2Os. They used hydrothermal method for the
synthesis and average size of the particle was reported as 11 nm. Sensitivity was found
good for LPG in comparison to others at 250 'C [15]. Pratibha Rao et al. also designed
ethanol gas sensor using spray pyrolysis method. His team prepared petal-like a
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microstructured thin film of different contents of Pd doped NiFe2Oa4. Further, they used it

for ethanol, hydrogen, methanol and LPG sensor and found better results for LPG [16].

There are many synthesis techniques used for the preparation of ferrite like sol-gel
[17], hydrothermal, Co-precipitation [18], spray pyrolysis, Chemical Vapour deposition
[19], Ball milling, solid-state method, evaporation method [20-21], etc. Sol-gel is the best
and suitable technique to control chemical composition in the preparation of complex
ferrites. This work deals with detail analysis of the effect of Ag content on microstructure
properties, optical properties and gas sensing properties of Nickel ferrite. As far as best of
our knowledge no work has been reported yet on Ag-doped Nickel ferrite as LPG sensor.

6.4 Experimental details

6.4.1 Material Used

Sigma Aldrich A-grade material Silver nitrate, Nickel chloride and Ferric nitrate
were used for the synthesis of NiosAgo.2Fe204and NiosAgo.sFe204 nanoparticles. Glacial

acetic acid and distilled water were used as a solvent.
6.4.2 Preparation of Ag substituted Nickel ferrite sol and powder

Silver substituted Nickel ferrite was prepared by simple sol gel technique [22-23].
Nickel chloride and Ferric nitrate were used as a starting material. Firstly Nickel chloride
and Ferric nitrate were taken in a definite amount by weight% and are dissolved in distilled
water. The stoichiometric amount of Silver nitrate was added inside the precursor solution
and solution was continuously stirred for 2 h. This sol was put under I.R. lamp for drying.
The dried sample was contaminated powder of NiosAgdo2Fe204 and NigsAgo.sFe204
containing impurities of chloride and nitrates. So the powder was annealed at 650 °C for
the removal of impurities. The annealed powder was ground to get fine nanoparticles of
Ni@-xAgxFe204. Fig.6.2. shows the synthesis method for the preparation of silver doped

Nickel ferrite.
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6.4.3 Preparation of thin film of Ag-doped Nickel ferrite on glass

substrate

Both the powders were dissolved in acetic acid separately and sol was prepared by
continuous stirring of 1 h. Spin coating technique was used and sol was puddled dropwise
on the glass substrate mounted on a Photoresist Spin coater at 800 rpm for 30 s. Later the
prepared thin film was put on the hot plate at 50 °C for drying. After five m. , the film was
removed from the hotplate and it was placed inside the electric furnace at 100 °C for 1 h

for creating good adhesion between the substrate and the film.
6.4.4 Characterization of Ni-xAgxFe20a

XRD was performed by (Proto- Model- An X-ray Diffractometer). Raman Analysis
and peaks were obtained by Renishaw Instrument. SEM was performed by JEOL SEM,
BSIP equipped with EDX. Evolution 201 Instrument was used for optimizing absorbance
spectra and band gap. The FTIR spectra were recorded by the Thermo Nicolet Instrument,
(Model No. 6700, USIC).

6.5 Results and Discussion

6.5.1 X-ray diffraction analysis

XRD pattern of the prepared samples was matched with the JCPDF no. # 800072,
ICSD #067846. Both the pattern matches with standard data but the peaks are more intense
and higher in 0.4 % Ag substituted Nickel ferrite due to silver content as shown in Fig.6.3.
Highest intensity peaks were observed at 30.52° (311) in both the pattern only difference
is of intensity; this confirms the spinel phase of the sample with the cubic crystal structure.
Peaks at 30.28° (220), 37.67° (222), 43.61° (331), 53.79° (422), 57.43° (511), 63.4° (440)
and 74.7° (533) are also the peaks obtained in nickel ferrite. The two small peaks obtained
at 43.89°, 50.06° and a doublet around 64.23° represent the presence of Ag content. The
peaks at 18.58° (111), 23.15° (400) are of very low intensity in NiosAgo2Fe,Os Peak
obtained at 77.07 ° must be near to 75.48° but it is shifted to a little bit due to Ag content.
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The minimum particle size of NiosAgo2Fe204 is 6 nm and NiosAgo.sFe204 is 7 nm

calculated by Debye Sherrer formula.

6.5.2 SEM analysis and EDX

The SEM micrographs of 0.2% Ag substituted Nickel ferrite and 0.4% Ag
substituted Nickel ferrites are shown in the Fig.6.4. Figs. 6.4 (a) & (b) show the
macroporous image of NiosAgo.2Fe204 at 15 kV and Fig 6.4(c) & (d) show macroporous
image of NiosAgosFe204at 15 kV. In Fig 6.4 (b), it is evidently visible that the average
particle size range of 20-50 nm and the particles are of the same dimension almost. But in
Fig. 6.4 (d), the particle size ranges from 20- 70 nm, some particles are of a large size that’s
why average particle size is increased. We deduce that on increasing the silver content from
0.2 to 0.4 %, the grain size of some particles is enhanced. These large particles are due to
silver content but the film of 0.4% Ag substituted Nickel ferrite is more porous than the
0.2% Ag substituted Nickel ferrite film.

EDX graph of both the prepared sample shows that no other element is present in
the sample. The Ag content in Fig. 6.5 (b) is more in comparison to Fig. 6.5 (a) which is
also according to our calculated value. Also, the Nickel content in the sample presented in

Fig 6.5 (a) is more as compared to the sample presented in Fig 6.5 (b).

6.5.3 Optical characterization

6.5.3.1 Raman Analysis

Raman spectra of both the sample were obtained from 200 cm™ to 1000 cm™. Group
theory suggests that there are 42 vibrational modes of inverse spinel nickel ferrite with 5
Raman active modes. The peaks at 224 cm™, 290 cm™, 331 cm?, 481 cm?, 562 cm™ are
the characteristic peaks of inverse spinel structure [24]. Sharp peaks are visible in
Nio.sAgo.2Fe204 sample, as we increase the Ag content there is a broadening of the peak

shown by a reddish curve as presented in Fig.6.6.
6.5.3.2 UV-visible Absorption Spectroscopy

The absorbance curve of both the sample is shown in Fig 6.7 (a) & (b). The
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absorbance spectra show the similar absorption behaviour. But there is a change in the
bandgap of the material on increasing the silver content. Using extrapolation method by
drawing tangent on the absorbance curve band gap of the sample was calculated. When the
silver content was substituted about 0.2% in nickel ferrite, then the band gap was found
5.40 eV and on increasing the silver content from 0.2 % to 0.4 %, the bandgap is increased

to 5.31 eV. As we know that the higher the bandgap of the film, the lower the particle size.
6.5.3.3 FTIR Analysis

The FTIR spectra of a prepared pellet of the material and KBr are shown in
transmittance mode ranging from 400 to 4000 cm™ in Fig 6.8. The reddish graph shows the
curve for Nio.sAgo.2Fe204 and the black graph shows the curve for NiosAgo.sFe204. Both
the curves show almost similar peaks. In ferrites, two main absorption peaks are obtained
at 442 cm™ and 530 cm™ due to stretching vibration in metal-oxygen bonds. The spinel
ferrite has been categorized in two sub-lattice tetrahedral (A site) and octahedral (B site).
The characteristic peaks in the second graph are more intense due to Ag content. The peak
at 530 cm is due to M-O bond assigned at the tetrahedral site and the absorption peak at
442 cm is due to Ni-O bond at the octahedral site and complex group [25]. The peaks
after 3000 cm represent the O-H bond present in the sample.

6.5.4 LPG Sensing of Film Nio.gAgo2Fe204and NiosAgosFe204

The gas sensing is a surface controlled mechanism depending upon many different
factors [26-28]. The plausible gas sensing mechanism of LPG is already reported in
Chapter 2. The same setup was used for the LPG sensing for both the samples. Firstly the
resistance of the Nio.sAgo.oFe204 film was around 2.8 MQ but the resistance of another film
was 43 KQ in the air. When LPG was allowed to react with the film, its resistance increases
very rapidly and after getting stabilized, the resistance marked as Ra. When the outlet of
the setup was opened, the LPG was released from the chamber. Firstly, there was a rapid
decrement in the resistance of the film, then, the rate of decrement of the resistance became
slow and sensor recovered more than 95 % of the initial resistance. The data have been
plotted as Fig. 6.9 (a) & (b). In the p-type chemical sensor, electrical resistance increases

on the imposition of reducing gas. Conductivity is provided at the octahedral site by
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hopping of holes between Ni** and Ni?* ions and hence reduction of Ni®* to Ni* ions

OCCurs.
Ni 2* + h+ < Ni**

Cationic interchange and vacancies due to oxygen or cations occur due to hopping
of Nickel ion and silver ion substitution [29-30]. The curves (a) & (b) show the gas sensing
response curve from (0.25 - 4) vol.% of LPG. Sensing curve clearly shows the repeatability
cycle of all the concentrations of LPG smoothly and in a very systematic way. The Tables
6.1 (@) & (b) show the sensitivity and % sensor response of both the LPG sensor. The
maximum sensitivity was found as 2.57 and % Sensor response was found 157.8 for
NiogAgo.2Fe204 and for NiosAgosFe.04 sensitivity was found as 4.57 and % Sensor
response was found 357.15 for 4 % LPG. For LEL properties, the minimum concentration
peak was considered. Here the minimum sensitivity was calculated as 1.15 and 1.87 for
0.25 vol.%, concentration for NiosAgo.2Fe204 and Nio.sAgo.4Fe204 respectively. Response
time was found as 10 s and 30 s for 0.25 % LPG and recovery time was found as 60 s and
90 s for both the samples. The sensitivity and % sensor response was found better for 0.4%
Ag substituted sample. But response time and recovery time was found better for the first

sample.

Ageing effect on both the samples is shown in the Fig. 6.10 (a) & (b) after two
weeks for 1 vol.% LPG. The sensing film adsorbed moisture due to the removal of water
content during the first observation. So to remove this moisture the film was dried under
I.R. lamp for 5 min. Due to the evaporation of moisture content, the adsorption on the film
surface was increased and as a result, there was an increment in the resistance in presence
of air and also in presence of LPG. Behavior and sensing results of both the film were

found quite similar as in the previous experiment.
6.7 Conclusion

Nanostructured Nio.sAgo.2Fe204 and Nio.sAgo.sFe204 were successfully synthesized
by sol-gel method and thin films were prepared on glass substrates. These films were
characterized by XRD, SEM, FTIR, UV-visible spectroscopy and Raman. The comparison
in their microstructures can be easily observable by SEM. SEM exhibited the better surface
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morphology of 0.4% Ag substituted Nickel ferrite than 0.2% Ag substituted nickel ferrite.
As Ag substitution increases the porosity of material was found increased. XRD revealed
the crystalline phase of Ag substituted nickel ferrite. Similarly, there was a change in
energy band gap from 5.3 to 5.4 eV and also there was a corresponding change in the
optical behaviour of the samples. The maximum sensitivity was found 2.57 and 4.57 with
% sensor response of 157.8 and 357.14 for 4 vol.% of LPG. The investigated LPG sensor
produces a repeatable curve one after the other experiment hence this sensor is reliable and

worth to develop at commercial scale.
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S. No. LPG concentration % Sensor Response Sensitivity
(vol.%0)
1 0.25 15.64 1.156
2. 0.5 19.36 1.19
3 1 38.06 1.38
4 15 42.70 1.42
5 2 72.59 1.72
6 25 88.18 1.88
7 3 114.3 2.14
8 4 157.89 2.57
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S. No. LPG concentration
(vol.%)

1 0.25

2. 0.5

3 1

4 1.5

5 2

6 2.5

7 3

8 4

% Sensor Response

87.82
192.01
208
267.16
277.2
284.57
304.74

357.15

Table.6.1 LPG parameters of Nio.sAgo.2Fe204and NiosAdo.aFe
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Sensitivity

1.87
2.92
3.08
3.67
3.77
3.84
4.04

4.57



Chapter 7

Conclusion and Scope of Further Research Work

This chapter summarizes the results obtained from preparation and fabrication of thin
film sensors, characterization and its LPG sensing properties at room temperature

below Lower Explosive Limit. This chapter also gives the guidelines for future

research work in the field of dielectric, magnetic and mechanical properties of ferrites

and multiferroic and its application as Liquefied Petroleum Gas sensor.
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CHAPTER 7

CONCLUSION AND SCOPE OF FURTHER RESEARCH WORK

7.1 Conclusion

Nanoscale materials are the materials having nanometer dimension and the
scientific study of these objects, therefore, refers to the materials with sub-nanometer
dimension and the scientific study of these objects are known as Nanoscience. It deals with
the novel phenomenon of preparing, measuring its property and manipulating the
dimension of an object up to the order of nanometer scale. Nanotechnology deals with
using nanomaterials to develop products for practical application and for miniaturization
of electronic devices. The maximum number of atoms lies on the surface of the
nanoparticle which possesses huge surface energy and causes unstable or metastable stage.
So there is a change in its chemical, mechanical, and optical properties resulting in the
increase in the surface area per unit mass. This increased surface area made the

nanomaterial for versatile application in electronic and technical industry.

Ferrites belong to a special class of magnetic material consisting of metal oxide
particles and ferric oxide particles as their main compositions. The magnetic, electric and
dielectric behaviours possessed by them have made ferrites more attractive to the current
field of science and technology and from the research point of view. These important
properties of ferrite find applications in micro-electric devices, magnetic switches, sensors,
microwave devices, electromagnetic circuits, transformer core, optoelectronic devices,
antenna rods and in the field of medicines for drug delivery to chemotherapy, etc.
Generally, ferrites are ferrimagnetic materials having iron oxide as their main component
along with the other metal oxides. The vast scope of ferrites and their composites for
sensing applications may improve the working efficiency of liquefied petroleum gas
sensors at room temperature. The large surface morphology, porosity, and reduced size of
the nano materials are the properties of a reliable and a stable sensor. The pore plays a vital
role in adsorption and desorption kinematics of the gas sensing phenomenon. Reduction of
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the Fe*3 ion to Fe* ijon increases the efficiency of the ferrite-based sensor by changing its
electronic properties. This reduction enhances the efficiency of the LPG sensor.

In view of this, the Chapter 1 deals about the nanoscience and nanotechnology of
spinel and orthoferrite materials along with the introduction of LPG sensor. Detailed
investigation on nanostructured perovskite type Barium titanate thin film with synthesis,
characterization and application as LPG sensor is depicted in Chapter 2. In Chapter 3, the
synthesis, characterization and LPG sensing properties of nanostructured hexagonal
Strontium ferrite thin film is described. Chapter 4 reports the study of liquefied petroleum
gas sensing properties of lead-free Bismuth sodium titanate prepared by the sol-gel method
at room temperature. In Chapter 5, fabrication of perovskite Lanthanum ferrite film by sol-
gel and its gas sensing properties has been demonstrated. Chapter 6 describes the synthesis
of porous Ag-substituted NiFe.O4 which were applied as LPG sensing material and has
been demonstrated. A study of synthesis, characterization and LPG sensing properties of
perovskite Barium titanate, hexagonal Strontium ferrite, lead-free Bismuth sodium titanate,
perovskite Lanthanum ferrite and Ag-substituted NiFe.O4 is summarized in Chapter 7. This
chapter also gives the guidelines for further research work in the field of spinel and
orthoferrites materials and their applications as LPG sensor.

A study of synthesis, characterization and LPG sensing properties of BaTiOs, SrFe1201s,

Bios NaosTiOs, LaFeOs and Ag-substituted NiFe204 is concluded as below:

7.1.1 Synthesis and characterization of perovskite Barium titanate thin

film and its application as LPG Sensor

Nanostructured Barium titanate was synthesized by sol-gel method and thin film
was prepared by spin coating technique. XRD, FTIR and Raman studies confirmed the
formation of barium titanate and minimum size was calculated as 11 nm from XRD. SEM
and TEM were used for surface morphological and phase analysis. Particle size calculated
by TEM was varied from 6-30 nm. Optical characterization was done and band gap was
found as 3.9 eV. The peak at 540 cm™ in Raman spectra confirmed the formation of
BaTiOs. FTIR revealed the information about the bond stretching between the molecules.
The film of barium titanate was further used as LPG sensor. The value of maximum

sensitivity was found 3.5 and percentage sensor response was 250% for 4 vol.% LPG. The
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linear sensing characteristic curve showed that the BaTiO3 based LPG sensor is quite

appropriate for developing a commercial LPG sensor operable at room temperature.

7.1.2 Detection of Liquefied Petroleum Gas below lowest explosion limit

(LEL) using nanostructured hexagonal Strontium ferrite thin film
Nanostructured strontium ferrite was successfully synthesized by coprecipitation
and followed by sol-gel spin coating method. The XRD revealed the formation of
hexagonal strontium ferrite and the minimum crystallite size was found as 18 nm. Peaks in
FTIR spectra between 400 cm™ to 600 cm™ elucidated the characteristic peak of hexaferrite.
The SEM image showed the macroporous film with complex magnetoplumbite structure.
TEM confirmed the hexagonal structure of the material with a minimum grain size < 20
nm. The value of maximum sensitivity was found as ~ 7 and % sensor response was ~
602.23 for 5 vol.% LPG. The linear sensing characteristic of strontium ferrite-based LPG
sensor is quite appropriate for developing a LPG sensor below LEL operable at room

temperature.

7.1.3 Study of Liquefied Petroleum Gas sensing properties of lead-free

Bismuth sodium titanate prepared by sol-gel method

BNT powder was successfully synthesized by sol-gel method and a thin film on the
glass substrate was prepared by spin coating method. XRD, FTIR and Raman confirm the
formation of BNT and minimum crystallite size was calculated as 9 nm. Thermal analysis
was done through TGA. The microstructural analysis was done by TEM, SEM and EDX.
Optical characterization was done and band gap was found 5.4 eV. FTIR revealed the
information about the bond stretching between the molecules through transmittance
spectra. Study of Liquefied petroleum gas sensing properties of BNT was carried out. The
value of maximum sensitivity was found 2.158 and percentage sensor response was found
115.84 % for 3 vol.% LPG. Minimum response time was found 22 s for 0.25 vol.% of LPG
which is quite appropriate for developing a commercial LPG sensor operable at room

temperature.
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7.1.4 Fabrication of perovskite Lanthanum ferrite film by sol-gel and

Its gas sensing properties

Nanostructured Lanthanum ferrite film was prepared by facile sol-gel method
followed by spin coating technique. The XRD confirmed the perovskite structure of the
Lanthanum ferrite and the minimum crystallite size was found as 8 nm with an average
size of 19 nm. Peaks in FTIR spectra between 433 cm™ to 573 cm™ showed the
characteristic peak for perovskite material. The SEM image disclosed the macroporous
film with agglomerated structure. HRTEM confirmed the polycrystalline nature of the
material with a grain size <10 nm. The minimum grain size of the particle was observed as
2.8 nm. The value of maximum sensitivity was found ~ 3.3 and % sensor response was ~
231 for 3.3 vol.% LPG. The response time was found of 12 s and recovery time 14 s for
0.25 vol.% of LPG.

7.1.5 Ag (x = 0.2, 0.4) substituted Nickel ferrite thin film and its

application as LPG sensor below LEL

Nanostructured Nio.sAgo.2Fe204 and Nio.sAgo.4Fe204 were successfully synthesized
by sol-gel method and thin films were deposited on glass substrates. The films prepared
were characterized by XRD, SEM, FTIR, UV-visible spectroscopy and Raman. The
comparison in their microstructures were observed by SEM. Micrographs obtained,
exhibited the better surface morphology of 0.45 Ag-substituted nickel ferrite than 0.2%
Ag-substituted nickel ferrite. As Ag substitution increases, the porosity of material was
found to be increased. XRD revealed the crystalline phase of Ag-substituted nickel ferrite.
Similarly, there was a change in energy band gap from 5.3 to 5.4 eV and also in the optical
behaviour of the samples. The maximum sensitivity was found 2.57 and 4.57 with % sensor
response of 157.8 and 357.14 for 4 vol.% of LPG. The investigated LPG sensor produced
a repeatable curve one after the other experiment hence this sensor was more reliable and

a next step towards the development of a LPG sensor at commercial scale.

A chapter wise sketch of the Thesis including the sensing materials, dopants, band

gap, sensitivity, crystallite size, average grain size, pore size is depicted in Table 7.1. The
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main target of our research work was to design and fabricate an LPG sensor which would

be robust, cost effective and more sensitive than previously reported sensors.
Table 7.1 A chapter wise sketch of the Thesis

Sensitivity/%
Chapter Method of | Band Gap | Particle Response
Materials Sensor ]
No. Preparation (eV) Size time
Response
Sensitivity/ [ Response
Method Particle
Chapter 1 | Introduction Band gap % Sensor Time
Used size
response
Chapter 2 | BaTiO; Sol-gel 39eV Il nm |[3.50/250.85 30s
Chemical
Chapter 3 | SrFe12019 o 3.2eV 18 nm 7.02/ 602 40s
Precipitation
BigsNags
Chapter 4 | Sol-gel 5.4eV 9 nm 2.15/115.4 22s
TiO3
Chapter 5 | LaFeO3 Sol-gel 5.3eV 8 nm 3.31/ 231 12 s
2.57/157.89
Ag-
53& 6 nm & 7 &
Chapter 6 | substituted Sol-gel 10s& 30s
5.4eV nm 457/ 357.15
NiFe,04
Conclusion
Chapter 7 | and future | ... | e [ | |
Scope

From the Table 7.1, we infer that Ag-substituted NiFe>O4 and LaFeOs are excellent

materials as its response time is fast and produces better sensitivity for LPG sensing

application at room temperature. Using these materials a commercialized model of LPG

sensor applicable for both indoor and outdoor detection may be designed. Thus various

configurations/systems described in the Thesis and the detailed specifications given for

each of them are expected to prove useful in fabricating a sturdy, robust and cost-effective
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LPG sensor suitable for operation over the entire range; from lower explosive limit (LEL)

to upper explosive limit (UEL), even below LEL also.

7.2 Scope of Further Research 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 achieved by the incorporation of catalyst onto the surface of a nano-

oxide being used to detect a reducing gas.

1.

In the present work, Ag doping was done in Nickel ferrite structure and had been
optimized to improve the sensing parameters, while there is scope for integration of
modifiers like of similar radius or some nanocomposite or CNT’s for reducing the
response and recovery times of LPG sensor.

An effort may also be made for the synthesis of ferrites and multiferroic materials using
other methods and their sensing applications.

The magnetic and dielectric behaviour of spinel and orthoferrites are an interesting
area. So attention may be a focus on the twin character of ferrites.

The effects of higher annealing temperature on the thin films, substrate, doping,
substitution, magnetic field, pH, 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.

Growth simulations and reconstructions of the different surface species under different
synthesis conditions would give rise to even more specific engineering of
nanomaterials than what is currently known to the world of research within
nanotechnology. Spectroscopic evaluation of the sensing mechanism has been

important in future research.

208



Appendix

Experimental Methods and Characterization

Techniques

The experimental techniques used throughout the whole work for the preparation
and characterization of the nanomaterial and sensor are over-viewd in this part. The
synthesis of ferrites and its composition was performed by sol-gel and co-
precipitation method. Thin film was prepared by spin coating method. For the

identification, the prepared sample was characterizated by XRD, SEM, EDX,

TEM, UV-Visible spectroscopy, FTIR, Raman, particle size analysis techniques

etc.. Further the variation of resistance corresponding to LPG concentration was

observed by high resistance Keithley Electrometer.
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EXPERIMENTAL METHODS AND CHARACTERIZATION

TECHNIQUES

A.1.1 Introduction

The methodology and various experimental techniques used in the synthesis and
modification of spinel ferrite, pervoskite and its nanocomposite thin films have been
described. XRD, SEM, FTIR, TEM, BET, particle size analyzer and UV-Vis spectroscopy
were used to characterize these films. A large number of techniques has been employed for
getting the overall information about the properties, structure, shape and size, topology,
composition etc. of the specimen. Some of the techniques which have been used in this

thesis work is described in detail in this chapter.

A.1.2 Methodology of Present Work

Following steps were carried out for the present investigation:
1. Preparation and fabrication of the thin film
2. Characterizing techniques used for the optimization of the characteristics of the film to
know phase, structure, size, functional group, band gap etc of the film are as follows:
a) XRD: XRD is used for the study of phase identification and structural properties.
It is also used to find particle size and grain size.
b) SEM: SEM technique is used to know the surface morphology of the ferrite thin
c¢) TEM: TEM is used to obtain the topography of the sample which deals with the
internal structure of the sample, and its grain distribution and size of the particle.
d) FTIR: FTIR technique is used for the identification of the types of the functional

group present in the sample and type of chemical bonds shared by the molecules.
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e) UV-Visible spectroscopy: This spectroscopy will provide information about the
absorption spectra and about the band gap of the sample.

f) Raman Analysis: It is used for identifying the sample along with the nature of
molecular vibrational bonds present in the molecules the sample.

g) Particle size analyzer: It is used to find out the average particle size of the sample.

h) Keithley Electrometer: It is used for measuring the resistance of the film.

A.1.3 Methods

A.1.3.1 Sol-gel Technique

Sol gel is the simplest, versatile, low temperature and economically cheap
technique to prepare ferrites of the desired shape like spherical, cylindrical, flower like
structure, petal like structure, etc. Colloids are the solid particle of any salt, oxide etc with
dia 1-100 nm. When the colloidal particles are dispersed in liquid then the solution obtained
is called ‘So’l. ‘Gel’ is the interconnected rigid network ordered or disordered polymeric
chain. Fig 1 shows the schematic diagram of the Sol-gel method.

Sol gel is the process of preparation of sol by dissolving metal alkoxide, inorganic
salt in a suitable solvent. Hydrolysis followed by condensation are the two reactions that
is carried out in whole sol-gel technique. When MOR alkoxide, where M is a metal ion, O
is oxygen and R is organic group dissolved in an alcoholic solvent, the OR group which is
highly electronegative in nature creates a partial positive charge metal ion. Due to the high
reactivity of alkoxide into the water, water molecule attack central metal ion and thus how
hydrolysis process takes place._The whole kinematics in the sol-gel process is dependant
on the ratio of molar concentration (k) of alkoxide to water. For thin film formation the
value of k is low (< 3) and to obtain powder value of k is large ( >3). Catalyst also plays
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an important role in the sol-gel process. Some base catalysts are amines, KOH, ammonia
etc and some acid catalysts are HCI, HF, acetic acid, etc.

In brief, sol-gel is a controlled process for the preparation of the ferrite, easy to
modify and disperse dopant. But every good thing has few limitations too as it requires

significant effort and time to optimize stability and durability of the prepared sol.
A.1.3.2 Co-precipitation Method

Co- precipitation method is a convenient method for the synthesis of nanomaterial
in a bulky amount. When the precipitator is added in the solution consisting of various
multiple ions formation of the hydrate, hydrate oxide or salt form through precipitation.
These oxide powder is further washed out and subsequently by hydrogenation. lonic
equilibrium of the solution is hindered by the precipitator and super saturation condition is
observed. Solubility product Ksp for the solid precipitate CaAs (S), is written in expression
form:

CaAn(s) =a C +bA
K= [C]* [A]°
Where [A] and [C ] are the unit of moles per liter. Ksp is the value of max. ion product
formed at equilibrium condition for a given temperature.

To synthesize the narrow sized distribution nanoparticles there are some following

requirements:
(1) The degree of supersaturation must be high,
(2) Spatial concentration distribution must be uniform side, the beaker in which the
process takes place,

(3) There must be a uniform growth time for the particles,
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(4) Accuracy should be maintained on synthesis parameters like concentration of metal ion,
pH, precipitating agent, aging time, etc.

Chemical co-precipitation is widely used in industry and research to synthesize
complex metal oxides such as BaTiOz, FeTiO3, ZnFe;O4, etc. An important advantage of
this process is its simplicity. Atomic mixing of the constituents by chemical co-
precipitation yields a final product of near perfect stoichiometry without high-temperature
treatments. The final crystalline oxide is obtained by firing the precipitates at higher
temperature. Colloidal chemistry plays a significant role in the precipitation of powders
from solution. In chemical co-precipitation, the main control factor that causes individual
particles bond to form larger agglomerates is an inter-particle force. The rate of
agglomeration is largely dependent on the rate of particle collision per unit time. The
collisions are caused by Brownian motion, thermal convection and shear forces. Shear

forces caused by stirring is the main source of collisions in the co-precipitation process.

A.1.4 Fabrication Techniques for Thin Film

A.1.4.1 Spin Coating method

Spin coating is the technique used for several decades to prepare a thin film from a
sol-gel. It is used to get the homogeneous thin film. In this method, a small amount of fluid
(resin) is put onto the center of the substrate and that substrate is put on the arm rotator and
for a small time interval approx. 30 sec the rotator is allowed to spin at 3000 Rpm. The
value of rpm is set as per our need. Due to spin centripetal acceleration is produced which
help the resin to distribute uniformly on the substrate so that it covers the edges of the

substrate also. The thickness of the film and other properties depends on the viscosity of
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the resin, rpm rate, time interval, surface tension, drying rate, single layering multi layering,

substrate, etc.
A.1.4.2 Type of dispense technique used in spin coating method

Dispense of the resin plays an important factor in the preparation of thin film. For
this, the substrate must be cleaned by ultrasonic clean. Then after loading the substrate on
spin coater, the main task starts. There are two ways to dispense the resin fluid on the
substrate these are as follows:

(a) Static resin: Static dispense is deposition of a small puddle of resin fluid on the center
of the substrate. Highly viscous and larger substrate is needed in this process. Spinning
speed is higher in this process. It also requires a large amount of fluid to cover the
whole substrate and due to high spinning rate the fluid is waste.

(b) Dynamic resin: In this process speed of the arm rotator is slow around 500 rpm to
1000 rpm. This is more advantageous than static resins chances of void formation is
low in this method. In this less amount of fluid is required and due to low speed, the
wastage of fluid around the rotator is less.

A.1.5 Thin Film Characterization Techniques

Synthesis of Spinel ferrite, orthoferrite and its nano composite thin films were
characterized by various characterization techniques such as XRD, SEM, TEM, FTIR, UV-
Visible, Raman and particle size analyzer to study the phase identification, surface

morphology, optical properties, and also the electrical properties.
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A.1.5.1 Structural Characterization
A.1.5.1.1 X-ray Diffraction (XRD)

A.15.1.1.1 XRD Features and Basic principle

Max von Laue, in 1912, discovered that crystalline substances act as three-
dimensional diffraction gratings for X-ray wavelengths similar to the spacing of planes in
a crystal lattice. X-ray diffraction is now a common technique for the study of crystal
structures and atomic spacing. X-ray diffraction is based on constructive interference of
monochromatic X-rays and a crystalline sample. These X-rays are generated by a cathode
ray tube, filtered to produce monochromatic radiation, collimated to concentrate, and
directed toward the sample. The interaction of the incident rays with the sample produces
constructive interference satisfying the Bragg's Law (2d sin 6 = 2nA). This law relates the
wavelength of electromagnetic radiation to the diffraction angle and the lattice spacing in
a crystalline sample. These diffracted X-rays are then detected, processed and counted. By
scanning the sample through a range of 20 angles, all possible diffraction directions of the
lattice should be attained due to the random orientation of the powdered material.
Conversion of the diffraction peaks to d-spacings allows identification of the mineral
because each mineral has a set of unique d-spacings. Typically, this is achieved by

comparison of d-spacings with standard reference patterns.

All diffraction methods are based on the generation of X-rays in an X-ray tube.
These X-rays are directed at the sample, and the diffracted rays are collected. A key
component of all diffraction is the angle between the incident and diffracted rays. Powder

and single crystal diffraction vary in instrumentation beyond this.
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A.15.1.1.2 Crystallite size calculation

The XRD spectra have been used to calculate the crystallite size by Scherrer’s formula

KA
- pcos6

1)
Where D is crystallite size, k is polarization factor, A is the wavelength of CuK, line and 8
is the full width half maximum (FWHM) of reflection peak and is the Bragg’s angle about

the peak. The value of crystallite size be calculated.

A.1.5.1.1.3 Applications:

X-ray powder diffraction is most widely used for the identification of unknown
crystalline materials (e.g. minerals, inorganic compounds). Determination of unknown
solids is critical to studies in geology, environmntal science, material science, engineering
and biology.

Other applications include:

Characterization of crystalline materials

« Identification of fine-grained minerals such as clays and mixed layer clays that
are difficult to determine optically

o Determination of unit cell dimensions

e Measurement of sample purity.
With specialized techniques, XRD can also be used to:

o Determine crystal structures using Rietveld refinement
o Determine of modal amounts of minerals (quantitative analysis)

o Characterize thin films samples by:
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> Determining lattice mismatch between film and substrate and to

inferring stress and strain

> Determining dislocation density and quality of the film by rocking

curve measurements
> Measuring super lattices in multilayered epitaxial structures

> Determining the thickness, roughness and density of the film using

glancing incidence X-ray reflectivity measurements.

e Make textural measurements, such as the orientation of grains, in a

polycrystalline sample.
A.1.5.1.1.4 Energy Dispersive Spectroscopy

The SEM is also capable of performing analyses of selected point locations on the
sample; this approach is especially useful in qualitatively or semi-quantitatively
determining chemical compositions (using EDS), crystalline structure, and crystal
orientations. The design and function of the SEM is very similar to the EPMA( Electron
micro probe Ananyser) and considerable overlap in capabilities exists between the two
instruments. EDX is a qualitative tool for the detection of X-ray microanalysis. This means
it gives the analysis based on the output signal of the height of the energy counts. EDX
gives result in digitalized form. The X-axis represents Energy provided through the channel
while Y-axis represents a number of counts. X-ray produces ionization and a solid state
detector with better resolution is used to detect the information and further its result in

terms of chemical composition which is further analyzed by the analyzer .

It performs the qualitative analysis by line identification and by qualitative ED analysis:
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(@) Line Identification: line identification method is used to know the unknown
specimen present in the sample by comparing the wavelength or energy of the spectrum

from X-ray Spectrum.

(b) Qualitative ED analysis: In this, identification is done by superposition of the line
spectra of the sample with the recorded spectra. The information of the results obtained

is in tabular form or graphs or database.

A.1.5.2 Optical Characterization

A.1.5.2.1 UV- Visible Spectroscopy

Ultraviolet-visible spectroscopy (UV/ VIS) is the type of absorption spectroscopy
which covers 200- 400 nm ranges. It is a spectral method which is used for the
determination of the structure of the molecule. involves the spectroscopy of photons in the
UV-visible region. It elucidates electronic properties by combining NMR and IR region. It
uses light in the visible and adjacent near ultraviolet (UV) and near infrared (NIR) ranges.
In this region of the electromagnetic spectrum, molecules undergo electronic transitions.
UV/Vis spectroscopy is routinely used in the gquantitative determination of solutions of
transition metal ions and highly conjugated organic compounds. Solutions of transition
metal ions can be colored (i.e., absorb visible light) because electrons within the metal
atoms can be excited from one electronic state to another. The color of metal ion solutions
is strongly affected by the presence of other species, such as certain anions or ligands. In

the Fig.A.1.1.5 given below electronic transitions have been shown.

A.1.5.2.1.1 Basic Principle and Features of UV- Visible Spectroscopy
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The principle of UV- visible is based on the electronic transition which occurs between the
molecules containing w-electrons or nonbonding electrons (n-electrons). These = and n
electrons can excite to higher anti bonding molecular orbital by absorption of energy in the
energy in ultraviolet or visible light. When the electrons are excited more easily (i.e. lower
energy gap between the HOMO and the LUMO), the wavelength of the absorbed light will
be longer. This is the diagram showing the allowed transition that occurs in this

phenomenon.

A.15.2.1.2 Instrumentation and block diagram of UV- Visible

Spectroscopy

In a standard UV-Vis spectrophotometer, a beam of light is split; one-half of
the beam (the sample beam) is directed through a transparent cell containing a solution of
the compound being analyzed, and one-half (the reference beam) is directed through an
identical cell that does not contain the compound but contains the solvent. The instrument
is designed so that it can make a comparison of the intensities of the two beams as it scans
over the desired region of the wavelengths. If the compound absorbs light at a particular
wavelength, the intensity of the sample beam will be less than that of the reference beam.
Absorption of radiation by a sample is measured at various wavelengths and plotted by a
recorder to give the spectrum which is a plot of the wavelength of the entire region versus
the absorption of light at each wavelength. And the band gap of the sample can be obtained
by plotting the graph between (ahv vs hv) and extrapolating it along the x-axis. Ultraviolet
and visible spectrometry are almost entirely used for quantitative analysis; that is, the
estimation of the amount of a compound known to be present in the sample. The sample is

usually examined in solution form.
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A.1.5.2.2 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR is most useful for identifying chemicals that are either organic or inorganic.
It can be utilized to get information of some components of an unknown mixture. It can be
applied to the analysis of solids, liquids, and gasses. The term Fourier Transform Infrared
Spectroscopy (FTIR) refers to a fairly recent development in the manner in which the data
is collected and converted from an interference pattern to a spectrum. Today's FTIR
instruments are computerized which makes them faster and more sensitive than the older
dispersive instruments.

FTIR can be used to identify chemicals from spills, paints, polymers, coatings,
drugs, and contaminants. FTIR is perhaps the most powerful tool for identifying types of
chemical bonds (functional groups). The wavelength of light absorbed is characteristic of
the chemical bond as can be seen in this annotated spectrum. By interpreting the infrared
absorption spectrum, the chemical bonds in a molecule can be determined. FTIR spectra
of pure compounds are generally so unique that they are like a molecular "fingerprint™.
While organic compounds have very rich, detailed spectra, inorganic compounds are
usually much simpler. For most common materials, the spectrum of an unknown can be
identified by comparison to a library of known compounds. WCAS has several infrared
spectral libraries including online computer libraries. To identify less common materials,
IR will need to be combined with nuclear magnetic resonance, mass spectrometry,
emission spectroscopy, X-ray diffraction, and/or other techniques.

Molecular bonds vibrate at various frequencies depending on the elements and the
type of bonds. For any given bond, there are several specific frequencies at which it can

vibrate. According to quantum mechanics, these frequencies correspond to the ground state
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i.e. lowest frequency and several excited states i.e. higher frequencies. One way to cause
the frequency of a molecular vibration to increase and to excite the bond by absorbing the
light energy. For any given transition between two states, the light energy (determined by
the wavelength) must exactly equal the difference in the energy between the two states
[usually ground state (Eo) and the first excited state (E1)].
Difference in the energy state = energy absorbed
E1—Eo=hc/A

Where,

h is the Planck’s constant

c is the velocity of the light

A is the wavelength of the light

2.5.4.2 Raman Analysis

A.1.5.4.2.1. Features and basic principle of Raman Spectroscopy

Raman spectroscopy provides information about molecular vibrations that can be used
for sample identification. The technique involves shining a monochromatic light source
(i.e. laser) on a sample and detecting the scattered light. The majority of the scattered light
is of the same frequency as the excitation source; this is known as Rayleigh or elastic
scattering. A very small amount of the scattered light ( 10°% of the incident light intensity)
is shifted in energy from the laser frequency due to interactions between the incident
electromagnetic waves and the vibrational energy levels of the molecules in the sample.
Plotting the intensity of this "shifted™ light versus frequency results in a Raman spectrum
of the sample. Generally, Raman spectra are plotted with respect to the laser frequency

such that the Rayleigh band lies at 0 cm™. On this scale, the band positions will lie at
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frequencies that correspond to the energy levels of different functional group vibrations.

The Raman spectrum can thus be interpreted similarly to the infrared absorption spectrum.

» When radiation passes through a transparent medium, the species present scatter a
fraction of the beam in all directions.

* In 1928, the Indian physicist C. V. Raman discovered that the visible wavelength
of a small fraction of the radiation scattered by certain molecules differs from that
of the incident beam and furthermore that the shifts in wavelength depend upon the
chemical structure of the molecules responsible for the scattering.

» The theory of Raman scattering shows that the phenomenon results from the same
type of quantized vibrational changes that are associated with infrared absorption.
Thus, the difference in wavelength between the incident and scattered visible
radiation corresponds to wavelengths in the mid-infrared region.

» The Raman scattering spectrum and an infrared absorption spectrum of a given

species often resemble one another quite closely.

A.15.4.22. Terminologies and basic component needed in

instrumentation

When a monochromatic laser light with frequency vo excites molecules and transforms
them into oscillating dipoles. Such oscillating dipoles emit light of three different
frequencies.A photon with frequency vo is absorbed by a Raman-active molecule which at
the time of interaction is in the basic vibrational state. Part of the photon’s energy is

transferred to the Raman-active mode with frequency vm and the resulting frequency of
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scattered light is reduced to vo — vm. This Raman frequency is called Stokes frequency, or

just “Stokes”.

* A photon with frequency vo is absorbed by a Raman-active molecule, which, at the
time of interaction, is already in the excited vibrational state. The excessive energy
of excited Raman active mode is released, molecule returns to the basic vibrational
state and the resulting frequency of scattered light goes up to vo + vm. This Raman
frequency is called Anti-Stokes frequency, or just “Anti-Stokes”.

« A molecule with no Raman-active modes absorbs a photon with the frequency wvo.
The excited molecule returns back to the same basic vibrational state and emits
light with the same frequency vo as an excitation source. This type of interaction is

called an elastic Rayleigh scattering.

A Raman system typically consists of four major components:

1. Excitation source (Laser).
2. Sample illumination system and light collection optics.
3. Wavelength selector (Filter or Spectrophotometer).

4. Detector (Photodiode array, CCD).

A.1.5.4.2.2 Advantages of Raman Spectroscopy

Raman scattering is a spectroscopic technique that is complementary to infrared
absorption spectroscopy. Raman offers several advantages over mid-IR and near-IR

spectroscopy, including:
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Little or no sample preparation is required

Water is a weak scatterer - no special accessories are needed for measuring aqueous
solutions

Water and CO2 vapors are very weak scatterers - purging is unnecessary
Inexpensive glass sample holders are ideal in most cases

Fiber optics (up to 100's of meters in length) can be used for remote analyses
Since fundamental modes are measured, Raman bands can be easily related to
chemical structure

Raman spectra are "cleaner" than mid-IR spectra - Raman bands are narrower, and
overtone and combination bands are generally weak

The standard spectral range reaches well below 400 cm™, making the technique
ideal for both organic and inorganic species

Raman spectroscopy can be used to measure bands of symmetric linkages which

are weak in an infrared spectrum (e.g. -S-S-, -C-S-, -C=C-).

A.1.5.4.2 Raman Analysis

A.1.5.4.2.1 Features and basic principle of Raman Spectroscopy

Raman spectroscopy provides information about molecular vibrations that can be used

for sample identification and quantitation. The technique involves shining a

monochromatic light source (i.e. laser) on a sample and detecting the scattered light. The
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majority of the scattered light is of the same frequency as the excitation source; this is
known as Rayleigh or elastic scattering. A very small amount of the scattered light (ca. 10°
%05 of the incident light intensity) is shifted in energy from the laser frequency due to
interactions between the incident electromagnetic waves and the vibrational energy levels
of the molecules in the sample. Plotting the intensity of this "shifted" light versus frequency
results in a Raman spectrum of the sample. Generally, Raman spectra are plotted with
respect to the laser frequency such that the Rayleigh band lies at 0 cm™. On this scale, the
band positions will lie at frequencies that correspond to the energy levels of different
functional group vibrations. The Raman spectrum can thus be interpreted similarly to the

infrared absorption spectrum.

» When radiation passes through a transparent medium, the species present scatter a
fraction of the beam in all directions.

* In 1928, the Indian physicist C. V. Raman discovered that the visible wavelength
of a small fraction of the radiation scattered by certain molecules differs from that
of the incident beam and furthermore that the shifts in wavelength depend upon the
chemical structure of the molecules responsible for the scattering.

» The theory of Raman scattering shows that the phenomenon results from the same
type of quantized vibrational changes that are associated with infrared absorption.
Thus, the difference in wavelength between the incident and scattered visible
radiation corresponds to wavelengths in the mid-infrared region.

« The Raman scattering spectrum and an infrared absorption spectrum of a given

species often resemble one another quite closely.
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A.1.5.3 Surface Morphological Characterization
A.1.5.3.1 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) has become a mainstay in the repertoire
of characterization techniques for materials scientists. Priebus and Hiller in 1938 built the
first TEM whose magnification was 400000 times easier than many other objects. TEM’s
gives high lateral spatial resolution and its capability to provide both image and diffraction
information from a single sample. It gives 2-dimensional Image with three-dimensional
reconstructions. In addition, the highly energetic beam of electrons used in TEM interacts
with sample matter to produce characteristic radiation and particles; these signals often are
measured to provide materials characterization using EDS, backscattered and secondary

electron imaging, to name a few possible techniques.
A.1.5.3.1.1 Principle, Construction and Working of TEM

. In TEM, a focused electron beam is an incident on a thin (less than 200 nm)
sample. The signal in TEM is obtained from both undeflected and deflected electrons that
penetrate the sample thickness. A series of magnetic lenses at and below the sample
position are responsible for delivering the signal to a detector, usually a fluorescent screen,
a film plate, or a video camera. Accompanying this signal transmission is a magnification
of the spatial information in the signal by as little as 50 times to as much as a factor of 10°.
This remarkable magnification range is facilitated by the small wavelength of the incident
electrons and is the key to the unique capabilities associated with TEM analysis. TEM
offers two methods of specimen observation, diffraction mode and image mode.

In the diffraction mode, an electron diffraction pattern is obtained on the

fluorescent screen, originating from the sample area illuminated by the electron beam. The
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diffraction pattern is entirely equivalent to an X-ray diffraction pattern: a single crystal will
produce a spot pattern on the screen, a poly-crystal will produce a powder or ring pattern
(assuming the illuminated area includes a sufficient quantity of crystallites), and a glassy
or amorphous material will produce a series of diffuse halos.

The image mode produces an image of the illuminated sample area. The image
can contain contrast brought about by several mechanisms: mass contrast, due to spatial
separations between distinct atomic constituents; thickness contrast, due to non-uniformity
in sample thickness; diffraction contrast, which in the case of crystalline materials results
from scattering of the incident electron wave by structural defects; and phase contrast (see
discussion later in this article). Alternating between image and diffraction mode on a TEM
involves nothing more than the flick of a switch. The reasons for this simplicity are buried
in the intricate electron optics technology that makes the practice of TEM possible.

There are a number of drawbacks to the TEM technique. Many materials require extensive
sample preparation to produce a sample thin enough to be electron transparent, which
makes TEM analysis a relatively time-consuming process with a low throughput of
samples. The structure of the sample may also be changed during the preparation process.
Also, the field of view is relatively small, raising the possibility that the region analyzed
may not be characteristic of the whole sample. There is potential that the sample may be

damaged by the electron beam, particularly in the case of biological materials.

A.1.5.3.1.3 Advantages of TEM

« TEM is used to characterize the specimen with high spatial resolution

« It gives crystallographic and morphology related information
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o Very thinslice of the specimen is needed to identify the presence of atomic species.

o ltisalso used to detect crystalline defects by strain contrast formation.

o lts diffraction pattern is used to study the amorphous and crystallinity of the
material.

e It gives higher magnifying resolution result in comparison to SEM.

e The SAED (Selected Area Diffraction ) is used to determine the internal crystal

structure and bravis lattice and lattice parameter of the specimen.
A.1.5.3.2 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) uses a focused beam of high-energy
electrons to generate a variety of signals at the surface of solid specimens. The signals that
derive from electron-sample interactions reveal information about the sample including
external morphology (texture), chemical composition, and crystalline structure and
orientation of materials making up the sample. The SEM is also widely used to identify
phases based on qualitative chemical analysis and/or crystalline structure. Precise
measurement of very small features and objects down to 50 nm in size is also accomplished
using the SEM. Backscattered electron images (BSE) can be used for rapid discrimination
of phases in multiphase samples. SEMs equipped with diffracted backscattered electron
detectors (EBSD) can be used to examine micro fabric and crystallographic orientation in

many materials.

A.1.5.3.2.1 Principle and Working of SEM

Accelerated electrons in a SEM carry significant amounts of kinetic energy, and
this energy is dissipated as a variety of signals produced by electron-sample
interactions when the incident electrons are decelerated in the solid sample. These signals
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include secondary electrons (that produce SEM images), backscattered electrons (BSE),
diffracted backscattered electrons (DBSE) that are used to determine crystal structures and
orientations of minerals), photons (characteristic X-rays that are used for elemental
analysis and continuum X-rays), visible light (cathodoluminescence—CL), and heat.
Secondary electrons and backscattered electrons are commonly used for imaging samples:
secondary electrons are most valuable for showing morphology and topography on samples
and backscattered electrons are most valuable for illustrating contrasts in the composition
in multiphase samples (i.e. for rapid phase discrimination). X-ray generation is produced
by inelastic collisions of the incident electrons with electrons in discrete orbitals (shells) of
atoms in the sample. As the excited electrons return to lower energy states, they yield X-
rays that are of a fixed wavelength (that is related to the difference in energy levels of
electrons in different shells for a given element). Thus, characteristic X-rays are produced
for each element in a mineral that is "excited" by the electron beam. SEM analysis is
considered to be "nondestructive"; that is, x-rays generated by electron interactions do not

lead to volume loss of the sample, so it is possible to analyze the same materials repeatedly.

A.1.2.3.2.2 Scanning Electron Microscopy (SEM) Instrumentation:
Essential components of all SEMs include the following:

e Electron Source ("Gun")

o Electron Lenses

Sample Stage

Detectors for all signals of interest
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o Display / Data output devices
« Infrastructure Requirements:
= Power Supply
= Vacuum System
= Cooling system
= Vibration-free floor
= Room free of ambient magnetic and electric fields

SEMs always have at least one detector (usually a secondary electron detector), and most
have additional detectors. The specific capabilities of a particular instrument are critically

dependent on which detectors it accommodates.

A.1.2.3.2.3 Applications of SEM:

The SEM is routinely used to generate high-resolution images of shapes of objects (SEI)
and to show spatial variations in chemical compositions:
e Acquiring elemental maps or spot chemical analyses using EDS,
e Discrimination of phases based on the mean atomic number (commonly related to
relative density) using BSE.
e Compositional maps based on differences in trace element "activators" (typically

transition metal and Rare Earth elements).
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Fig. A.1.2 Schematic illustration of typical stage of spin coating process

Fig.A.1.3 X-ray Diffraction occurs in two planes having phase difference
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Fig.A.1.5 UV/ Vis Electronic Transitions
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Fig.A.1.8 Schematic diagram of Fourier Transform Infrared (FTIR) Spectroscopy
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1. Introduction Ba?* jons situated in A sites created by linked octahedral. Barium

For more than 60 years harium titanate has attracted most of
the researchers for practical interest and research work, due to
its attractive properties. Rochelle salt and potassium dihydrogen
phasphate instigated and accelerated the study oo barium titanate.
Then an era came when escalation in 100 of new ferroelectric
materials ocoarred. Decade of 7 0's were known asthe age of diversi-
fication in which concept of ferroelectric domain and its changing

were studied and widely used in varicus applications
112}

EaTi(), is first piezoelectric perovskite ceramic transducer ever
developed which is iso-structural with mineral perovskite ((3Ti0y)
|3]. Perovsiate consists of 2 transition metal ica in its centre with
cormer sharing of Og octahedral as shown in Fig. |. Most of the fer-
roelectric pervoskite consists of non-magnetic transition element
with empty d- shell. These non- magnetic elements form molecule
by forming covalent bond with neighbouring cxygen ions. Bar-
ium titanate possesses 2 typical umit cell ABO, structure. A typical
ABO; unit cell consists of comer knked network of oxygen octa-
hedral with Ti* ion occupying B sites with octahedral cage and
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titanate isa ferroelectric perovskite ceramic which undergoes three
phase transmission with its decreasing temperature from cubic
phase to tetragonal and then from tetragonal to orthorhombic and
from ortherhombic to Rhombohedral phase [4,5] Chemically and
mechanically BaTiO; is very stable as well as it exhibits ferroelectric
properties at and above the room temperature.

Barium titanate is 2 porous ceramic formed by either lonic or
covalent bonds. There are two type of porous ceramics Le. retic-
ulate ceramic and foam ceramic. Reticulate ceramic has voids
surrounding by web of ceramic while foam ceramic has dosed
woid into ceramic matrix |6 Miniaturization of electronic devices
enhanced the wuse of nanomaterial in daily life. Porous namoma-
terials of BaTi0; have various applications in electro s, laser
frequency doubling, high capacitor memory cell, MEMS, MLC's, sen-
sors, waveguide, etc [71 Barium titanate also possesses amazing
optical properties and ferroelectric polarization in presence of elec-
tric feld so barium titanate is widely used in electro optics and
photomic applications [8].

BT, is used in photovoltaic devices. Conventional solar cell
works on classical phenomenca of p-n junction but there were cer-
t2in Emitations such as lattice mismatch, band alignment #tc. To
overcome such problem ferroelectric photovoltaic cells are devel-
oped. BaTi0; is widely used as it is easy to sandwich between the
electrodes to get rectifying behavicwr and goed performance solar
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:::::r.m done by UV-Spectroscopy and band F2p was Sound 25 3.2 €V. The Equefied petroleum gas (LPC) sensing
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1. Introduction strontium and iron where strontium is S block element belong-

Surface to volume ratio and quantum confinement elucidate to
nancstructire of materials. Ferrites are basically a class of materials
which contains iron oxides having fascinating magnetic and elactric
properties | 1]. These are prepared by sintering variows transition
metal oxides along with the alkaline earth metal oxide. Devel-
opment of new class of ferrites, and studies on improvements in
their properties began in early 90's. On the basis of tachmological

ap| ianw.magnetsmdls shed as soft magnetic materials
pl hard magnetic materials t Soft magnetic materials are those

weﬁcmauulswboudomalnsshﬂwhmmmﬁkﬁdd is
applied and hard magnetic materials are those with less mabil -
ity of domain wall. Magnetized hard ferrites possess hexagonal
structure with high value of magpetization and magretocrystalline
anisotropy so these are termed as M phase ferrites, with M as Ba,
Sr or Pb [341 Sr0-Fe;0; binary system has few ternary oxides
including ScFe2 0y, SeFez04, Sra FeaOs and SraFez Op. Among these,
SrFey;0Ohg has attracted the attention of most of the researchers
due to its vast area of applications beside a stable characteristic-
sand having high electrical resistivity. Strontium ferrite contains
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ing to group 2 period 5 with 557 electronic configuration and
wron belonging to d-block element group 8 period 4 with elec-
tronic configuration 3d°4s [51 Crystal struchare of M-phase ferrite
is complex but can be described as hexagonal with unique axis.
ScFe120:5 posses 64 ions per unit cell along with 11 different sym-
merty sites. Oxygen atoms are dosely packed at interstitial positicn
with Sr and Fe in ten layers along with the C-axis. The iron atoms
are positicned at five different crystallographic sites 22, 2b, 41, 4k
and 12k. Among them 12k, 4k, 22 are on octahedral site, 4f co
tetrahedral site and 2b forming trigonal bipyramid surrounding
by five cxygen atoms. Strontium ferrite is used for LPG sensing
because of relatively high resistance and special magnetic res-
onance properties for adsorption. In stromtium ferrite, there are
large interstitial sites which interact with the cxygen moleades
in comparison to cther ferrites. The dielectric properties of stron-
tium farrite shed light on the charge carriers which are responsible
for charge transport phenomenon. These ferrites can be prepared
by different methods viz. as chemical co-precipitation, sol-gel, bhall
milling, solid state reaction and reverse micelle process [6- 10].
Kanagesan et al. prepared the strontium femrite nano powder
by sol-gel method and carried out investigation on the crystalline
ScFeq20:0 powder using XRI). The average partide size was found
t0 be 8O- 100 nm and its thermal analysis revealed its endothermic
and exothermic reaction peaks |11]. TT.V. Nga et al investigated
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Abstract Nasoswrwawed mckel farnes (sample B, and
B,) wer symhsped by chenuaal precpracon medhod
wiing two differe pedpaong ageass; sodmm and
ammond amn hydroxndes. The samples weare chamctenzed by
wimg powder Xoray diffacson, scannmg and sanemis sion
elearon micmsoopy techmiqess. The Xoray diffacion
revealed the fwmagon of axkd froe wid hmee
panmeser a = £3 A and the avenge arysallite sizes of te
samples B) and B: were S0 and 15 am respecavely. Sur
face maphology of the sample B, exhibited the higher
sumber of adwrpoon sites m omparon to B, Trams-
missons deacTon miFoscopy obsarvasons oom firmed e
fomxwa of manosexeed nickel farme. Funber the
pelless, thaick and S films of materials B; and B wem
preparad and mvestgated Wt the expositon of humadity
and LPG. Maximam aveage sensmvity for bomadey was
fommed as 53.74 MOVERH. Also the mauimem vakee of
sessmvey was found 623 for 4 vole of LPG. The resals
were found 10 be repmducinle up 10 96 % after 3 moads.
Response and recovery umes for LPG sensing were found
o be 220 and 250 5. Best sensmvity, less hyseresic, small
aawvaton energy and good reprodecidlzy idescdfy dhac
fabrcawd bomidey and LPG sensors (B,) are promising
and challengmg.
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1 Introduction

Effeas of homidey on vanous maseruk are well nown
fora long ome I many ways. k affeces .o mank mnd direcdy
and mdwealy both The revenible effea doe w humadey
evenaully casses permanen: damage W the exposed sor-
fices. Themfom, there 15 a0 essenmal nead o measare and
comml preasdy de humadicy levels m vanous eaviron-
menss (1] Generally, for magnesc or elacoical applia-
oons, fermtes have been wiadely weed [ 2] Bu, there are new
mppleaions of matenals as gas or humidey sensors, for
which bwer densry and nanosred stoxums ax prefemed.
As saggestad by sevem] amhors |1, 2] amosped gains of
sensing mawenals are prefemad doe 0 momased speafic
sarface ama for exposue of gas The femws have
demonsrated © be excellmt materals for gas and
bamadicy semsors [3-10) The symhesis of spinel ferrme
nmoparocles has been smadied m e moent yeas and the
prmapal role of the preparzson condmons on the mor-
phological and stmucearal feaoures of the faries » ds-
oassad {4-20).

Nxckel Fernte (NiFe O, ) has a wade range of applaa-
0ons as magnesc maseaal {10-19] wih an mverse spinel
sToctame with the Fe™t casons agaally disrbated betueen
the two knds of skes, Ni'T casoms being Jocated in
oxahedral snes and e magoax ordenng in the pimel
swecawre of NiFe:x(O4 15 fermmagnecc. These types of
maeenals we s onsidemd © be the most promising
among highly sensmg propemies due o the emperaure
dependent saface momho logy and photo camal yoo acavey
{4, 8-12] Spmel femres, wih common formub of
MEe,0, (M: 2 divalest meal jom), have wide wechnolog-
xal apphicanons, eg. m me klayer chap 1ndecar (MLCT),
ferm fhaids, highspeed digral tpe or mooxding disks, rod
aenna, and hemadity seasor {13-21]. Farrme maocrysals
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Abstract A compound material of mult-walled carbon
nanotubes (MWCNTS) coated with ZnO was synthesized
at ambient conditions. The N-py diffacton, UV—vsible
Ransmission elsctron mEcoscopy results confinmed that
the existence of ZnO nanopamicles inside the MWCNTS.
The zas sensing propertizs of the matenial were studsed
Zn0-basad composites on MWCNT: mreatad at room tam-
pennure shows enhanced performance as sensors, making
them sustable for practical applications. Sensor stmacture
showsd a befrer sensing response (S ~41.57) at operting
room temperature towards 1500 ppm LPG with an average
senztivity 4195, Furthermore, the zas semsor responses
increasad Onearly with the increment of the zas concentra-
tions of LPG.

Keywords ZnO-MWONT composite Sim -

1 Introduction

Liguefied Petroleum Gas (LPG), a biend of hydrocarbons
manly propane and butane is an explosive zs. The lower
explosive limuit (LEL) as specified by National Institate for
Ocaupatonal Safety and Health (NIOSH) and Cccupational
Safety and Health Admirgstration (OSHA) standards for
chemical hazards is 21,000 ppen (2.1 %% by vohme in air) for
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propane and 19,000 ppm (1.9 % by volume in air) for butane.
The permissible exposure Imnit (PEL) for [PG as specifiad by
NIOSH and OSHA standards is 1000 ppm. LPG is primanily
wsed as fael for vehicles and as cooking zas for household
applications. Precise monitorng of lzakages of LPG sven at
Jow concenradions can be beneficial to prevent accidental
e:phsxls[l] Sensors have becoms an intzzral part of the

modsm avilizagon owing to its sigmificance, where metal
axices have played a major rolzas reliable sensor matenials [2-
5} Zinc oxade (ZnO) 2 wurtzte n-type seniconductor which
1 In its different forms with umique properties, such as, direct
band zap (3.37 eV), high exdton bindmez erergy (60 meV),
and good ressstwvity (10 to 10° Qam) 15 one amongst the
widely explorad fimetional metal onade semiconductor [4, 7).
High surface area composine hetero-stractures based on znc
oxide and carbon nanotubes (CINTS) exhibit wmigue elecmical
properties that are related to the presence of a p-n hetero-
junction. Their electric condactvity can be influenced by the
suroundng atmosphers. Therefore, dnsesmmasp'esna
substantial potential as new gas sensing materials [§]. In order
0 stady these hetero-systems, thin flms of ZnO have been
deposited by atonec layer of surface, a surface-gas phase pro-
cess basad on sequential and self-lmutng surfice reactions. A
fine control of the moephalogy and thickness of the depositad
s can be achisved by this techmique [9]. In view of g2as
sansor applications, great interest is devoesd on SnQ,, THO,,
Zn0 semuconductor Layers with a thickness in the order of the
Debyve length [10-12]. Mare recently have shown a partable
demnncnosebasedmhvbndQv’l‘-Sno,gassasus[b]
It was shown that doping of CNT mproved the sensiavity
of hybad gas sensars, while quantity of CNT had a direct
effact on the selectivifty to volatils orzanic compounds ke
nahmnlandedmol[l-t 15], bt didn’t show salactvaty to
a pargcular g2s. In 2011 Dai e al., reported SoO./ MWCNTs
manocomposiss exhibitng highly sensitive H.S sensing at
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Abstract

The

review paper reports fhe syndhesis methods, states, prospects Hr further development, and sessing

applications of spinel ferrites. It mtroduces $e msp ration of $he nanos trectared ferites as gas sensors. [tako explains
the types of gas senso s, sensi ng mech ani sm and requirement of Ti quefied petrol ca m g as seasor.
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1. Introduction
1.1 Nanomaserials and Namosechnologry

In the recent years, 2 new branch of research hag
raed up, broadly referred a3 “manotechnalogy™.
The term nanatechnology is used to describe the
creation and explaitation of materials with structural
features in between those of atoms and hulk
materialy, with at lesst one dimension in the
nanometer i within 1-100 am [1.3). Such

type of matenals are known 23 nanomaterial.
Nanatechnology allows theextensive undenstanding
of the unisual

yaics, chemistry and
Anspeaofnmdedxmlqyinvaly

the ratio of surface area o volume present
in many nanostructured materiak which makes
possibly new quaotum madnnhl eﬁocu, for

%

come into phy
dimensions, Howevc, it bec ames pronounced when
the nanonseter scals has reached. speaking,
nanatechno! 1 the synthesis and applications of
idexs from science and engineering fowards the
undenstanding and production ofnovel materials and

¥ol I, No. I, JamuaryJune, 2015

devices. These products generally make use of
p@ddmﬁhamdaulwitzmllnah

As mentionad sbove, materizk reduced to the
nanoscale can suddenly show very different
praperties compared fo what exhibit on 2
macroscale, ensbling unique applicastions. For

imtince, opeque substances become transparent
copper); inert materials atain catalytic properties
latinum); stshle materizk turn combustible
aluminum), solids tum ino liquids 2t room
(gald); insulatars become conductons

(silicon). Materiak such 23 gold, which is
chemically inert af normal scales, can serve a3 2
chemical catalyst at nanoscale. Over the past
nanomateriali have been the subject of
encrmous interest. These materiak, notable for their
extremely amall feature size, have the patential for
wide-ranging industrnial, biamedical, and electranic
applications [9-12),

1.2 Fabrication of Nanostrue sured Materiaks

Suitable contral of the properties of nancme fer-scale
structures can lead o new science 23 well 23 new
products, devices, and technologies [13-14]. In
reounyunl, ummuwmmm

mnostructures are wn sirategies
15-16 Based on phatali

l;qnphy tap-down
ogy challenges the physial linmis of
mcmdeclronia miniaturization with the



