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ABSTRACT

Over the past two decades, a great deal of research efforts has been made towards the
development of gas sensing devices for practical applications ranging from
toxic/inflammable gas detection to continuous environmental monitoring. Air pollution is
one of the major consequences which continuously causing increasing threats to living beings
and vegetation. Air pollution may be defined as any atmospheric condition in which certain
substances are present in such concentrations that may produce undesirable effects on human
beings and ecosystem. These substances include gases (sulphur dioxide, nitrogen oxides,
carbon monoxide, hydrocarbons, etc.), particulate matters (smoke, dust, fumes, aerosols, etc),
radioactive materials and many others. Amongst various air pollutants, nitrogen oxide (NO,)
is an important pollutant. It contributes to the formation of photochemical smog, which can
have significant impacts on human health.

Gas sensors play a pivotal role in domestic and industrial fields and also help to keep
a cleaner environment by giving an early warning of leakage of toxic gases. Nitrogen oxides
(NOy), a mixture of nitric oxide (NO) and nitrogen dioxide (NOy), are produced from natural
sources, motor vehicles and other fuel combustion processes. Nitrogen dioxide (NOy) is an
intermediate product in the industrial synthesis of nitric acid, millions of tons which are
produced every year. Nitrogen dioxide is harmful to vegetation, can fade and discolor fabrics,
reduce visibility, and react with surfaces and furnishings. Vegetation exposure to high levels
of nitrogen dioxide can be identified by damage to greenery, decreased growth or reduced
crop yield. This reddish-brown toxic gas has a characteristic sharp and pungent odor. NO; is
the main air pollutant in the combustion exhaust gases of automobiles, industrial, combustion
of fossil fuels or domestic heater/burners. As a matter of fact, NO, associated with other
pollutants like volatile organic compounds (VOCs) are responsible for the formation of
ozone in lower atmosphere (troposphere) when interacts directly with sun rays and smog in
urban areas. Ground level ozone is severe irritant, responsible for the choking, coughing and
burning eyes. Also chemical reaction of NO, gas with water vapour in atmosphere causes
acid rain. NO, is also a precursor to nitrates, which contribute to increase the irrespirable

particle levels in the environment. Constantly increasing level of NO, gas is harmful to living

xi



beings as it is irritating to the upper respiratory tract and lungs even at low concentrations.
Immediately dangerous to life or health Concentrations (IDLHs) of NO, gas has been
declared to be 20 ppm by Occupational Safety and Health Administration, USA. Thus it is
very important to accurately monitor and control the increasing level of NO;, gas using

efficient sensors.

Semiconducting metal oxides are best suited for fabrication of gas sensors. However,
obtaining high response for low concentration of target gas, good selectivity with fast
response and recovery time and low operating temperature simultaneously are the major
concern which are not yet reported in literature. The modulation of electronic properties of
sensing layer with suitable catalyst/modifier or development of novel sensor design such as
n-n or p-n heterojunctions are expected to improve the response characteristics to a great
extent, which can be easily attained using thin film technology. Metal oxide semiconductors
SnO,, Zn0O, Fe,0O3 and PANI are extensively utilized for the detection of various gases due to
their high chemical stability. Thus in the present work, an effort has been made to develop an
efficient sensor based on SnO;, ZnO, Fe,03 and PANI thin film for detecting trace level of
NO; gas with enhanced response. The SnO;, ZnO, Fe,03 and PANI thin films are prepared
by sol-gel method. Structural and optical properties of SnO,, ZnO, Fe,O3 and PANI thin
films are found to be highly dependent on the film thickness. NO, gas sensing properties of

SnO,, Zn0O, Fe,03 and PANI doped nanocomposite thin films are studied.

In present investigations synthesis and characterization of n and p-type
semiconducting metal oxides like Tin oxide (SnQO,), Zinc Oxide (ZnO), Ferric Oxide (Fe,03)
and Polyaniline (PANI) have been carried out. Thin films of various thickness and on various
substrates have been fabricated using sol-gel method. For the purpose of gas sensing thick as

well as thin films were fabricated.

Nitrogen Dioxide (NO,) is a reddish-brown toxic gas with a sharp characteristic,
biting odor and is a prominent air pollutant. Present paper reports the synthesis of a-Fe;O3-
PANI and its application as NO, gas sensor operable at low temperature. For this purpose the
iron oxide-polyaniline (a-Fe;O3-PANI) films were prepared by spin coating method on

various corning glass substrates over Pt inter digital electrodes (IDEs) and characterized for
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structural and morphological properties by means of X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, and scanning electron microscopy (SEM). The
sensing mechanism pertains to a change in the depletion region of the p-n junction formed
between PANI and a-Fe,O3 as a result of electronic charge transfer between the gas
molecules and the sensor. The sensing mechanism of a-Fe,O3 materials to NO, was
presumed to be the synergism of a-Fe,O3; with NO, gas molecules. The prepared
nanostructured a-Fe;O3-PANI film showed a high sensing response ~2.29x10% towards 20
ppm of NO; gas. Besides giving the higher sensing response towards NO, gas, a-Fe,Os-
PANI sensor structure was found to be highly selective and exhibited the poor gas sensing
response towards other interfering gases including 2000 ppm of Acetone, IPA, NH3 LPG
and CO, gases ranged from 0.98 to 1.29.

In the present chapter zinc oxide has been prepared by using two different methods
and their characterizations were carried out using SEM, AFM, XRD, UV and FTIR. Sensing
performances of each samples were investigated and found that hexagonal ZnO nanocrystals

were mere sensitive responsive than ZnO nanopetal structures.

In the present work, the comparative investigations on NO; gas sensing properties of
the hybrid nanocomposite thin films of Polyaniline (PANI), ZnO and PANI-ZnO towards
NO; gas at room temperature have been reported. Effect of concentrations of PANI in the
composite thin films on the NO, gas sensing has been investigated. Structural and surface
morphological characterizations have been carried out by using X-ray diffraction (XRD) and
scanning electron microscope (SEM) respectively. The presence of 5% PANI in composite
film was found to give maximum sensing response of ~ 6.11x10? towards to 20 ppm NO, gas

having fast response and recovery time of about 2.16 min and 3.5 min respectively.

The highly sensitive low temperature operated nitrogen dioxide (NO,) gas sensor has
been fabricated using SnO, thin film doped with different catalysts (Pt, Ag and CuQO) using
chemical route. Amongst all the prepared sensor structures, Pt-doped SnO; thin film based
sensor (SnO,-Pt) was found to give maximum sensing response of about 1.83 x10° towards
low concentration of (20 ppm) of NO; gas at a lower operating temperature of 90°C with very

fast response (~ 6 sec) and recovery (~ 13 sec) time. The structural, microstructural and
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optical properties of the prepared sensor have been studied using X-ray diffraction (XRD),
Scanning electron microscope (SEM) and UV-Visible spectroscopy and the results have also

been correlated with the observed gas sensing properties.

A novel sensor structure has been fabricated by incorporating polyaniline (PANI) into
SnO; sensing film using chemical route and exploited for room temperature detection of NO,
gas. Amongst different concentration of PANI incorporated into SnO, thin film, 1% PANI
was found to give maximum sensing response (~ 2.58x10%) at room temperature towards 20
ppm of NO, gas with modulated response and recovery time of about 5.8 min and 4.55 min
respectively. The structural, morphological and optical properties of the prepared sensor
structures have been revealed by X-ray diffraction (XRD), Scanning Electron Microscope
(SEM), Transmission Electron Microscope (TEM), Fourier transform infrared spectroscopy
(FTIR) and UV-Visible spectroscopy.

Nitrogen dioxide (NO,) is a typical automotive air pollutant that causes many
environmental and health problems. Detection of low concentrations of NO, is becoming
very important now a day and various approaches have been used for the same. SnO, and
ZnO are the two widely explored semiconductor materials for the detection of a number of
toxic and harmful gases. Thus, in the present work an effort has been made to synthesize
nanocrystalline composite thin films of Zinc oxide and Tin oxide (ZSO) using chemical route
for the efficient trace level detection of NO; gas at lower operating temperature. Thin film of
Sn0O,-Zn0O (ZSO) composite was prepared onto the surface of Pt IDEs/corning glass and has
been exploited for studying the gas sensing response characteristics towards NO, gas. The
prepared ZSO sensor structure showed a high sensing response of about 3x10% towards 20
ppm of NO, gas at operable room temperature with an average response and recovery time of
10.23 and 11.75 min. respectively. The structural, optical and surface morphology properties
of the ZSO composite thin film have been studied by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), UV-Visible spectroscopy, Scanning electron
microscope (SEM) and have also been correlated with the observed enhancement in gas

sensing properties of prepared sensor structure.
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We report the synthesis of SnO,-polyaniline (PANI)-ZnO composite thin film for
NO; sensor was fabricated from SnO,-ZnO porous nanostructure and PANI by a predictable
spin coating method. The SnO,-ZnO composite porous nanostructure was prepared by a sol-
gel method. It was found that the composite sensor has high selectivity and response to low
concentration NO; gas. Furthermore, the composite sensor also showed high stability to NO,
over a long period at operable at room temperature (30 °C). As experiment results show that
both the pore structures of SnO, and porous nanostructure of ZnO had effects on the sensor
response of SnO,-PANI-ZnO (SPZ) nanocomposites sensor response calculate 995 at 20 ppm
NO, operable at room temperature. The response and recovery times of SnO,-PANI-ZnO
composite sensor (SPZ) were calculated as about 3.8 and 2.2 min to 20 ppm NO, at room

temperature, respectively.
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PREFACE

Over the past two decades, a great deal of research efforts has been made towards the
development of gas sensing devices for practical applications ranging from
toxic/inflammable gas detection to continuous environmental monitoring. Gas sensors
play a pivotal role in domestic and industrial fields and also help to keep a cleaner
environment by giving an early warning of leakage of toxic gases. Nitrogen oxides
(NOy), a mixture of nitric oxide (NO) and nitrogen dioxide (NO;), are produced from
natural sources, motor vehicles and other fuel combustion processes. Nitrogen dioxide
(NO,) is an intermediate product in the industrial synthesis of nitric acid, millions of tons
which are produced every year. NO, is the main air pollutant in the combustion exhaust
gases of automobiles, industrial, combustion of fossil fuels or domestic heater/burners.
As a matter of fact, NO, associated with other pollutants like volatile organic compounds
(VOCs) are responsible for the formation of ozone in lower atmosphere (troposphere)
when interacts directly with sun rays and smog in urban areas. Ground level ozone is
severe irritant, responsible for the choking, coughing and burning eyes. Also chemical
reaction of NO, gas with water vapour in atmosphere causes acid rain. NO, is also a
precursor to nitrates, which contribute to increase the respirable particle levels in the
environment. Constantly increasing level of NO, gas is harmful to living beings as it is
irritating to the upper respiratory tract and lungs even at low concentrations. Immediately
dangerous to life or health Concentrations (IDLHs) of NO; gas has been declared to be
20 ppm by Occupational Safety and Health Administration, USA. Thus it is very
important to accurately monitor and control the increasing level of NO;, gas using
efficient sensors. Metal oxide semiconductors SnO,, ZnO, Fe,O; and PANI are
extensively utilized for the detection of various gases due to their high chemical stability.
Thus in the present work, an effort has been made to develop an efficient sensor based on
Sn0,, Zn0O, Fe,03 and PANI thin film for detecting trace level of NO, gas with enhanced
response. The SnO,, ZnO, Fe,O3 and PANI thin films are prepared by sol-gel method.
Structural and optical properties of SnO,, ZnO, Fe,O3 and PANI thin films are found to
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be highly dependent on the film thickness. NO, gas sensing properties of SnO,, ZnO,
Fe,O3 and PANI doped nanocomposite thin films are studied.

The present thesis is divided in to nine chapters. Chapter 1 introduces the
materials, methods, characterization tools and describes the object of the present
investigation. Detailed investigation on nanostructured polyaniline (PANI) doped ferric
oxide thin film synthesis, characterization and application as NO, sensor is depicted in
Chapter 2. In chapter 3, the synthesis, characterization and NO; sensing properties of zinc
oxide is reported. Chapter 4 describes the fabrication of PANI doped zinc oxide thin film
using sol-gel method and its application as NO, sensor at room temperature. In chapter 5
describes the synthesis of Pt, Cu and Ag nanoparticle doped SnO; thin film using
chemical route and its application as NO, sensor at room temperature. In chapter 6
describes the synthesis of PANI doped with SnO; thin film has been used for NO,
sensing material and has been demonstrated as an evidence of circular structure effects on
the sensing characteristics. Chapter 7 deals with the NO, sensing properties of thin film
of ZnO and SnO, fabricated by sol-gel spin coating technique. In chapter 8 describes the
synthesis of PANI doped with ZnO/SnO; thin film has been used for NO; sensing
properties. A study of synthesis, characterization and NO, sensing properties of ferric
oxides (Fe,03), Fe,03-PANI, Zinc Oxide (ZnO), ZnO-PANI, Pt, Cu and Ag doped SnO,,
Sn0O,-Zn0O and SnO,-PANI-ZnO is summarized in chapter 9. This chapter also gives the
guidelines for further research work in the field of nanosized materials and their

composites as NO; sensor.
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Chapter 1

Introduction and Aim of Present Work

KI'his chapter presents a view on different type of polymers, metal oxides and their\
applications in day to day life. Significant developments of gas sensors based on
polymers are critically reviewed and the advantages of thin film nanostructures have

been discussed in detail. The main objectives and a brief outline of the present

J

kinvestigations carried out in this thesis are presented in brief.




1.1 Introduction

In this era of technology driven society, sensors are essentially required in all
aspects of life. Sensor is a measuring device that senses a stimulus and converts them into
measurable output directly or in a tandem way [1]. The increasing needs of mankind have
led to the technological advancements, and efforts are increasing now-a-days for building
smart and intelligent systems which combine sensors with electronics [2]. Experimental
material science research is usually motivated by industrial and commercial
requirements. This is particularly valid in the field of gas sensing, finding wide range of
applications in domestic gas alarms, medical diagnostics, apparatus ensuring safety,
environmental and chemical monitoring. Worldwide gas sensing technology is playing a
major role in protecting the environment and improving home-land security. Sensors are
also critical in improving the reliability and efficiency of manufacturing operations by
providing faster and more accurate feedback regarding product quality [3]. Keeping in
view the ever increasing vehicular density in both rural and urban sectors, detection of
gas emission from automotive exhaust becomes an inescapable need. The alarming
increase in the usage of various gases in day-to-day life, either in a domestic kitchen or
workplaces or industries especially of explosive or toxic nature has immensely increased
the need for reliable gas sensors in the commercial market [3]. In the area of
environmental health and safety, lowering the limits of detection can improve the quality
of life through precise information regarding the pollutants in air, water and soil. High
performance sensors and systems are required to monitor various kinds and quantities of

analysts.

Amongst various air pollutants like SO,, CO, CO,, O3, NOy etc., Nitrogen oxide
(NOy) is very harmful because it contributes to the formation of photochemical smog,
which can have significant impact on human health [4]. The two most predominant
oxides of nitrogen are nitrogen dioxide (NO;) and nitric oxide (NO), which are
significant pollutants at lower atmosphere. Both are toxic and harmful gases with NO;
acting as a highly reactive oxidant and possessing exceedingly corrosive nature. Thus

trace-level detection of NO, assumes importance and hence is the focus of present work.



A brief discussion on NO, gas, sources of its emission and detection techniques followed

by are view on NO, gas sensors has been presented in the following sections [5].
1.2 Introduction to Gas Sensor

A gas sensor is a type of transducer which converts a physical or chemical
quantity into an equivalent electrical for the purpose of measurement. It is used to detect
the presence of moderate to very low concentrations of toxic or harmful target gases of
importance, such as NHjz, H;, CO, CO; NOx, SOx, CsHg, LPG, H.S, volatile

organic compounds etc. and also it quantifies their concentration.

In the present world of industrialization, because of the production of harmful
gases as a by-product of the factories and automobiles, sensors are essentially
required in all aspects of life. In case of accidental leakage, these gases can be life
threatening also and hence it has become very important to develop highly sensitive gas
sensors. Such sensors should have the capability of continuous monitoring of the
threshold level of concentration of particular gases in a quantitative and selective way
that might be present due to leakage/accident in the environment. The sensors so
developed should detect the harmful and explosive gases at levels below their
prescribed/allowed limits, so that the condition could be controlled well ahead of any
catastrophe due to any leakage. Furthermore, automobile by-products from exhaust like
NOy, SOy etc. contribute to air pollution and in extreme cases can be very harmful to

mankind as well.

Accidents could have been prevented by installation of on-site sensors, to alarm
the presence of toxic and explosive gases before reaching dangerous high level. As a
result, a lot of basic research is going worldwide for designing efficient and selective gas
sensors for a detection of number of gases. From the last few decades research on
development of gas sensors is taking place at a very high pace [5]. Some gas sensors have
also been commercialized but still lack the important characteristics like poor sensitivity
and high power consumption, and hence demand further research for attaining the

improved sensing characteristics.



Typically gas sensors are described using the main characteristics such as
sensing response, stability, repeatability, reproducibility, linearity, response time, and

recovery time. An efficient gas sensor,

» Should have high sensing response towards a very low concentration of target gas
(high response).

» Should give the same sensing characteristics after repeated usage (stability) and
for different sensors of the same kind (reproducibility).

» Should be capable of responding fast towards a target gas (fast response time).

» Should regain initial characteristics as soon as the target gas is flushed out
(fast recovery time).

» Sensing response should increase linearly with increasing the concentration of

target gas (linearity).

Gas sensors are used for both the identification and quantification of gases, and
hence must be both selective and sensitive to a desired target gas in a mixture of
gases. Selectivity describes the degree to which a sensor responds to only the desired
target gas, with little or ideally no interference from non-target gases present in
the surrounding atmosphere. Sensitivity describes the minimum concentration of
gas/vapour that can be successfully and repeatedly sensed by a sensor. Conventionally, a
number of sensing techniques are employed to detect toxic/harmful gases some of

which are discussed in the subsequent text.
1.2.1 Gas sensing methods

Besides the classification discussed above, the electrical method can further be
divided in to two categories based on their operating modes: (a) based on direct contact in
which both sensing unit & monitoring station are integrated with wire or wireless method
to transfer the signals and (b) based on wireless transducers using the variation of

electrical signals which indicate the change in physical parameters like gas concentration.



Now-a-days, the most frequently used method is the type discussed in point (a).
On the other hand, the developments of wireless transducer, particularly at high

frequency need further deep research.
1.2.2 Classification of Gas Sensing Methods

There are several methods for gas sensing. In this section the sensors are
classified on two basic methods based on variation of electrical properties and other

Metal Oxide
Semiconductors

based on calorimetric optical methods, as shown in Fig. 1.1.
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Fig. 1.1: Classification of gas sensing methods
1.3 Gas Sensing Methods (Electrical Properties)
1.3.1 Metal Oxide Semiconductor Sensor

Metal oxide semiconductors are commonly used materials as gas sensing application.
This is because of it versatile advantages like high sensitivity and low manufacturing is

Al,O3 which contain the elements having one oxidation state because it require more
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energy to form more than one oxidation states. On the other hand, the transition type
processes occur in more than one oxidation state [6] like in the case of Fe,O3. Thus, due
to more than one transition state in transition-metal oxides it can form several oxidation
states on the surface. These are further used by metal oxide semiconductors as sensing
materials in compared to the non-transitions. Moreover, the dO and d10 electronic
configurations can be utilized for gas sensing applications [7]. There are some example in
which dO configuration can be found such as in TiO;, V.05, WO; where d10 can be
found in post-transition-metal oxides such as SnO, and ZnO.

As we know, the commonly utilized gas sensors are metal oxide semiconductors
which are n-type. But p-type semiconductors can also be used. The example of such type
is NiOy which could be used for sensing applications. These are generally doped with n-
type semiconductor as TiO,. This has been shown that ~10% wt. NiO content is required
for the conversion from n type to p-type [8]. The major difference between n-type and p-
type NiOy doped TiO, film is that as the temperature increases, the sensitivity of n-type
material increase towards reducing gases but in case of the p-type it decreases [8]. Thus

p-type semiconductors work at lower temperature a n-type.

The basic concept of metal oxide semiconductors is the redox reactions between
the target gases and oxide surface [9]. Further, this can be divided in to two steps: (a)
occurrence of redox reactions, in which oxygen is distributed over the surface that react
with molecules of target gases which makes an electronic change in the oxide surface;
after this (b) these changes in the surface properties lead to the change in the sensors.
These changes can be the monitored by the change in capacitance, work function, optical
characteristics or reaction energy [6].

There are few examples like CuO, WO3, SnO,, V,0s, Cr,03 and TiO,which can
be used to monitor oxidizing, reducing, combustible gases [10]. However TiO; is
frequently utilized as gas sensing material. This is an n-type granular material in which
electrical conductivity depends on the density of pre-adsorbed oxygen ions on its surface.
Change in gas concentration like liquefied petroleum gas (LPG), carbon monoxide (CO),
methane (CH,) and other reducing gases leads to the change in resistance of TiO, surface
[11]. The relation between the concentration and resistance variation is purely nonlinear
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[12]. On the other hand tungsten trioxide (WQg3) semiconductors is also used for gas
sensing purpose in which anodic tungsten gives good sensing responses to hydrogen (H>)
and nitrous oxide (NO)x [4]. In case of NH3; gas sensing by WOs, the gas sensing
selectivity is very poor due to the interference from NOy. In order to apply WO3 as gas
sensing purpose, it need to be coated with vanadium and copper which could act as a
catalyst and selectivity of sensors could be maintained [1]. Titanium dioxides (TiO,) can
also be utilized as a gas sensing layer which could monitor the target gas in term of
dielectric permittivity to gas adsorption [2].

There are many important factors like characteristics and structure of the sensing
layer which could affect the redox reaction and can decide the selectivity and sensitivity
of sensing layer. On comparing the sensitivity of other sensors the selectivity of SnO; is
very high, which is the reason for its popularity. But this sensitivity is achieved at high
working temperature which is obtained by heating the filament. In many case the high
working temperature is due to the occurrence of proper reaction temperature of O with
sensing layer [6]. In order to increase the sensitivity, the sensing layer need to be pre
heated to an elevated temperature so that the probability of target gas molecule,
adsorption could be increased. The layer uses the ions of gas molecules due to which the
conductivity of the film increases and enhances the sensitivity. There are some devices as
filament and micro hot plate which maintains the working temperature of the sensor [13].
Besides the heated method, the other technique is pre concentration technology which
can also be utilized to increase the sensitivity of a gas sensor [14]. In these techniques the
characteristics of sensing materials is not affected during sensing processes. But for
methods, in which the characterization properties of materials get changed, the materials
like SnO,-ZnO or FeO3-ZnO can be utilized for enhancing the sensitivity of target gas.
The material offers the synergetic effect between the two components of the same
composite [6]. However, the sensitivity could be adjusted by changing the proposition of

each material in the composites.

The operating temperature of SnO, sensor lies between 25 to 500 °C. In such
sensors the sensitivity of different gases lies at different temperatures due to which

selective problem at a single temperature occurs and hence avoids its particle utility [15].



This can be understood if the diversion of temperature from the appropriate value is too
much than other gases which may react with SnO, which lead to a poor sensitivity. Now,
if the difference between two working temperature is larger than one sensor could be
used to detect two gases at time as an example the working temperature of SnO, for CH,4
is 400 °C and for CO, it is 90 °C. In order to detect the gases, a thermostatic cycle layer
(Fig. 1.2) is required so that both the gases may be monitored by noting its sensing
resistance during that temperature range [16]. For this sensing material, the working
temperature of gas like HF is 380 °C separate from above gases [15].

CO,«—90°C «— SN0, —>400°C —>|CH,

Fig. 1.2: A thermostatic cycle of a sensitive element (SnO,) for CO, and CH4

In another method of improving sensitivity of SnO, based sensor, the suitable
catalyst material could be doped in SnO, film [3]. Further, the selectivity can be
enhanced by using sensor array based on various sensing elements [17]. The composition
of a sensor array is made up to multi sensing elements for the detection of several of
gases.

In the case of many elements, it is accomplished by an electronic circuit for
sensor array which enhance the selectivity [18]. There is another technique for improving
selectivity. This is called catalytic filtering technology [19]. This includes the
compositional control of sensing materials as TiO,-SnO, composites that represents good
sensitivity [20]. The widely used sensors are metal oxide semiconductors but for some of
the sensors they require high operating temperatures, complex configuration and high
manufacturing cost. These conditions restrict their further development. Keeping them in
mind, same techniques have been developed for example use of micro sized sensor
element along with micro sized heating elements designed on silicon IC [21] and
temperature pulse operating mode small heating intervals [22]. This is providing the
minimum power consumption. There is a problem of large recovery period which is
required after each gas exposure. This might not be a practical technique for some

devices as e-noses. This restricts its utilization for sudden change in gas concentration.



Their field of practical applications is limited due to structural instability and defect of
other indicators. Consequently, these sensors are facing serious challenges of their own
nature. It is suggested that field of metal oxide gas sensors should go for deep research
work. It has been proposed in literature that the nanostructure metal oxide could improve

gas sensors sensitivity and response time [23].
1.3.2 Polymer Sensors

Normally, metal oxide semiconductors exhibit good sensitivity towards different
organic gases such as ammonia and other volatile organic compound (VOCs). However
their high operating temperatures and cumbersome electronics makes them expensive and
complicated. Therefore there is a need to explore some new sensing materials.
Conducting polymers have good chemical stability of to develop room temperature
sensors and also facilitate for creating new functionalities owing to their organic nature.
Although, many studies have been carried out on polymer based gas sensing material for
the detection of inorganic gases[24]. In polymer sensing mechanism, there are various
interactions like induced dipole/induced dipole, dipole-dipole interactions and hydrogen
bonds (Lewis acidity/basicity concept) [25]. Moreover, the dynamics of the change in
properties are different from those of metal oxide semiconductors. This process can be
expected to take place at room temperature. Therefore the sensing can occur at room

temperature.

1.3.2.1 Non-Conducting polymer sensors

The applications of non-conducting polymers have been used as sorption layer for
various sensor devices. It is applied only when the coating and device are considered as a
common transducer. Various transducers are coated with polymer having concerning
properties or physiosorption mechanism. The layer of this polymer can change the
intrinsic properties like resonance frequency dielectric constant and enthalpy when the
target gas is incident on it. The devices in which non conducting polymer layer can be
useful for sensing purpose are quartz crystal microbalance (QCM), surface acoustic wave

and surface transverse wave (STW), capacitive and calorimetric sensor devices. The



variation produced in the properties of polymer after sensing can be converted in to

electrical signal output [25].

However, the mechanism of non-conducting polymer in gas sensing application is
comprehensible. The performance of devices based on these polymers is rather poor. As
an example, STW in a resonant device coated with thin film of non-conducting polymer
layers shows some advantage such as better electrical response and low noise of gas
sensor oscillator over SAW [26]. Moreover, the polyimide can be coated on metal oxide
semiconductor gas sensor as molecular sieve in order to improve the sensitivity due to

additional sensitivity of polymer layer [27].

Polymer coated gas sensors are advantageous due to their high sensitivity and fast
response (i.e. short response time). Another important advantage of polymer sensor is
that they can work at room temperature unlike metal oxide semiconductor based sensors
whose working temperature is high. Thus, they consume less energy when enable for
sensing and can be operated by a battery driven unit. Also, they can be fabricated at low

cost with simple and portable structures. They show good reproducibility [28].

However, there are some disadvantages of polymer gas sensor such as long time
instability, reversibility, and poor stability. Also, the response of such sensors can be
affected by working environment. The dynamics of sensing principle need further

attention. As future device, the conducting polymer is the promising candidate.
1.3.2.2 Conducting polymer sensors

This is a well-known fact that electrical conductivity of the conducting polymer
changes when exposed to organic and inorganic gases. This variation in conducting and
other properties has been considered as the investigation parameters of sensing layer by
many groups [29]. There are some example of conducting polymer which has been
studied as a sensing layer such as poly PPy, PTh, PANI, and their derivatives [30]. In
case of pure PANI, the conductivity is too low and is hard to be used for sensing

application.
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So in order to make them applicable for gas sensing, one need to improve the
conductivity of polymer by redox reaction or protonation. This can be accomplished by
doping the conducting polymer. One can change the level of doping by chemical reaction
between polymer chain and target gas which makes the analyte detection possible. Many
polymers are doped using redox reaction technique. As an example, the redox reaction of
CO is not possible at room temperature but the PANI can respond to CO at room
temperature [30]. The doped PANI can be directly considered as transducer to show the
changes in electrical properties.

1.3.3 Polymer doped Metal oxide sensor

There is a growing interest to combine both organic and inorganic materials for
applications in electronics and optics [31]. The combination of nanosized metal oxides
and polyaniline has the potential to increase the sensitivity of the conducting polymer.
Such composites can operate at room temperature and the sensitivity towards
different gas species can be optimized by the volume ratio of nanosized metal
oxides. In addition, the composite may have better long term stability. The
nanocomposite organic/inorganic materials are considered as bi-phase materials where
the organic and inorganic phases are mixed at the nanometer scale. The properties of
nanocomposite materials depend not only on the properties of their constituents but
also on their combined morphology and interfacial characteristics [32].

A number of researchers have already developed polyaniline/inorganic
nanocomposite sensors. Conn et al. [33] developed a polyaniline/PtO, based selective H;
sensor and reported that the conductivity of polyaniline increases with H, exposure, due
to the formation of water. It is known that water present in the polymer takes part in
charge transfer leading to an increase in the conductivity of polyaniline which is
reversible [34-35]. Wang et al. [36] developed polyaniline intercalated MoO3 thin film
sensors and reported that the conductivity change is due to the reversible absorption of
analyte. Parvatikar et al. [37] developed polyaniline/WO3; composite based sensors
and reported that conductivity of the film increases with increasing humidity. Ram et
al. [38] developed conducting polymer/SnO, and TiO,nanocomposite thin film based
sensors and found that conductivity of the film increases with NO, exposure. Geng et al.
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[39] synthesized polyaniline/SnO, hybrid materials by a hydrothermal process for gas
sensing applications. They found that hybrid materials are sensitive to ethanol and

acetone vapor at 60 to 90 °C.
1.3.4 Carbon nanotubes sensors

In the field of sensing research, carbon nanotubes (CNTs) have shown their
potential due to their unique properties. Now-a- days, CNTs are emerging as a promising
material for their better sensitivity over the existing one. The potentiality of CNTSs lies in
their sensitive electrical properties towards the gases like alcohol, CO,, NO, and NH3 at
room temperature. The high sensitivity avoids the need of existing technologies such as
pre-concentration that can contribute toward the fabrication of low cost and simple
configuration. On the other hand, CNTs offer a great adsorptive capability, large surface
to volume ratio and short response time and thus a great change in electrical properties
like capacitance and resistance is observed [40]. CNTs offer corrosion resistance and
better band width as compared to the metal oxide semiconductors which require adhoc
electronic, power supply and microfabrication [41].

In literature, CNTs have been classified on the basis of layer, so called the single
walled CNT (SWCNT) and multiwalled CNT (MWCNT). There are few examples given
for the sensing capabilities: SWCNTSs are used in RFID tag antenna for the detection of

toxic gases [42].

In another application of MWCNTS, the remote monitoring of several gases like
CO,, O, and NH3 have been carried out using MWCNTSs. The sensing parameter of
MWCNTSs is the variation in the permittivity and its conductivity [43]. The different
target gas shows dissimilar response time and properties of CNTs, as in case of metal
oxide semiconductors. As an example, the response of MWCNT based sensors towards
CO; and Oy is linear and reversible. This shows that the dynamics detecting process is
only due to the physiosorption. On the other hand, the detecting response to NHj is
reversible and irreversible as well which means the process involved is both
physiosorption and chemisorption. Also, different gases show different response time
[43].
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For the purpose of sensing, CNTs are decorated with some other material to
obtain the increment in the sensitivity and selectivity. Further, the enhancement of the
selectivity can be achieved by mixing CNTs in-to silane. Also this provides also the
adhesion to the substrate [44]. Oligonucleotides (DNA and RNA) can be employed to
enhance the sensitivity. Also, the response time can be affected by the length of DNA

sequence [45].

Other than the above mentioned applications of CNTs, they can also be
incorporated in to other sensing material to improve sensitivity for example metal oxide

semiconductors [46]. CNTs offer the field of further research for gas sensors.
1.4 Sensor based on other variables
1.4.1 Acoustic method

The acoustic based gas sensors have their own weaknesses that seems hard to
overcome, particularly when they installed in wireless networks (WSNs). The main
problems are short life time and secondary pollution. Such problems can be overcome by
adopting the concept of ultrasonic (acoustic) method [47]. The sensing parameters based
on ultrasonic methods lie into three types: (a) speed of sound, (b) attenuation and (c)
acoustic impedance. The most commonly studied parameter is the measurement of sound
velocity. The time of flight is one of the measured parameter to detect the sound velocity.
In this concept, the travel time of ultrasonic waves for a given distance is used to
calculate the propagation velocity of ultrasonic wave. In this process, there are two
similar channels for measuring ultrasonic parameters in the target gas and the mixture of
gases, as shown in Fig. 1.3 [48]. The measurement of gas concentration is carried out by
different techniques [49].
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Fig. 1.3: Schematic of the method of ultrasonic detection

This method of ultrasonic detection has large precision but the effect of
environment on the two channels may not affect them equally and hence the reliability of
device may be lost with time. Due to large consumption of power, the construction of
nodes for ultrasonic gas concentration is very difficult. So a device is fabricated with
improved time of flight for binary mixture. In such a case, the single channel is used for
the mixture of gases. There is a use of relationship between sound speed in air and the

temperature of air in order to know the reference sound speed.

Hence, the difference in time between air transmitting target gases can be
obtained [48]. The acoustic impedance is one of the important parameter to find out the
density of gas. Acoustic impedance has the relation with the gas density and speed of

sound as z = pc, where p is density of gas and c is speed of sound [50].

However, the practical application of this concept is very hard to implement due
to the difficulty in the measurement of speed of sound in the processing environment.

Thus, its commercialization seems very difficult.
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1.4.2 Calorimetric method

A category of electrical gas sensor controlled by Pellistors is calorimetric in
nature. These come in the category of solid state devices that can monitor combustible
gases or to these gases which have observable difference in thermal conductivity as
compared to air [51]. Small pallets of crystal loaded ceramic have been used as gas
sensing elements. In this case a specific name ‘pellister’ is given to the device. The name

combines the word pellet and resistor.

The resistance of pellet varies when the gas is exposed to it and hence the name
emerges. The calorimetric sensor has limitation of detection which lies in the range of
part per thousand [51]. The range can suit industrial application but not applicable for

laboratories.

Further, the pellistors can have two categories: catalytic and thermal conductivity.
Catalytic sensors work on the heat detection from catalytic oxidation of analyte. They are
commercially available. The target is burned and generates a specific enthalpy. This
allows the detection of low concentration analyses in the short time [52]. But still some
serious problems are there due to pre poisoning of sensor in the electric field. The process

of sensitivity in poisoning environment is slower than conventional catalytic sensor [53].

1.4.3 Optical method

Optical method of gas sensing is more sensitive, more selectivity and stable than
non-optical methods. This method shows longer life time and short response time which
can give real time detection. The environment does not affect the performance of sensors
based on optical method. The spectroscopy is the base of this technique. But this
technique is restricted to be implemented due to miniaturization and high manufacturing
cost. Therefore, some selected models are available in markets which are based on this

principal.

Gas sensing by optical methods is usually straightforward and could achieve
higher sensitivity, selectivity and stability than non-optical methods with much longer

lifetime. Their response time is relatively short, which enables on-line real time detection.
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The performance will not be deteriorated by the changing environment or catalyst
poisoning caused by specific gases, etc. Optical methods for gas sensing are mostly based
on spectroscopy. However, their applications on gas sensors are seriously restricted due
to miniaturization and relatively high cost. Only a few commercial gas sensors are based

on optical principles.

Besides this, there are several other methods like differential optical absorption
spectroscopy [54], Raman like detection and ranging [55] etc. The schematic diagram of
IR-source gas sensor is shown in Fig. 1.4. It contains four important parts: gas chamber,
IR-source, IR detector and optical filter which is shown in Fig. 1.4 (a). Fig. 1.4 (b) shows
a different technique for the same purpose. In this set up, the same source is used by two
gas cells which receive the IR signls reflected from the some suitable concave mirror.
The selection of mid IR range is suitable for the sensing due to its molecular absorption
in comparison to near IR radiations. But the major drawback of mid IR laser source is
lack of continuous tenability, heating of lead salt diode laser which has cooling problem

and low out power.

Gas in Gas out
| I (Gas Chamber | |
O
o © O
@) O Q
O O O Detector
O O
O O '®)
IR Source Optical filter
(a)

Fig. 1.4 (a): IR-source gas sensors based on the basic absorption spectroscopy.
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Fig. 1.4 (b): IR-source gas sensors with reference filter/detector.

1.5 Nitrogen Dioxide (NO,) gas

NO; gas is known to exhibit paramagnetic properties with bent molecule having
C2v point group symmetry [56]. The typical bond length between the nitrogen and the
oxygen atoms is 119.7 picometer while molecular weight of NO, gas is 46.01 gm mol™
(heavier than air). Nitrogen dioxide is reddish-brown gas with a pungent, irritating odour,

and is known to be a strong oxidant.
1.5.1 Sources of emission

Group of nitrogen oxide gases possess simple chemical composition and are
usually formed by reaction between nitrogen (N;) and oxygen (O,) which occur
abundantly in nature, which however do not react which each other under normal
conditions. For the reaction between N, and O, gases to take place, extremely hot
environment is required. Nitrogen oxides are naturally formed in flashes during
thunderstorms, where temperature of about 30000 °C is achieved. Natural sources include
intrusion of stratospheric oxides, bacterial and volcanic action, and lightening.
Anthropogenic sources of emission of NO, gas has been categorized into indoor and
outdoor sources. Indoor emission sources of NO; gas include gas-boiled fired appliances
(stoves, ovens, etc.), unvented gas space heaters, unvented kerosene heaters, wood stoves,
environmental tobacco smoke etc. In ambient air, the primary nitrogen oxide emitted by

indoor sources is nitric oxide (NO), which easily reacts with atmospheric air and gets
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converted into NO, gas. Outdoor sources contributing NO, gas to the atmosphere are
specific non-combustion industrial processes, such as the manufacture of nitric acid
(HNO3), the use of explosives and welding, combustion of fossil fuels in stationary
sources (heating, power generation) and in motor vehicles (internal combustion engines)
[57].

Fig. 1.5 shows the common zones of emission of NO, gas reported by Ministry of
Environment (Ontario, Canada) where NO, emitted from other transportations, road

vehicles and industrial process cover a major portion of the total emitted NO, [58].

According to a survey by World Resources Institute, annual emissions of
anthropogenic NO, gas are estimated to be 20-90 micrograms per cubic meter (pg/m®)
(0.01-0.05 ppm) in urban areas [5]. Maximum 30-minute or 1-hour average and
maximum 24-hour average outdoor emission of nitrogen dioxide concentrations of up to

400 pg/m* (0.5 ppm) and 940 pg/m® (0.21 ppm), respectively, have been reported [59].

B Road Transport (40%)
B On Road Vehicles (35%0)
B Electricity Generation (7%)

B Fossil Fuel Combustion (6%b)

o

4

v

US National NO, Emission 2005

Industrial Processes (5%0)

m Waste Disposal (3%0)
Fires (2%)

B Residential Wood Combustion (1%b)
Miscellaneous (0.7%)

Fertilizer (0.3%)

Fig. 1.5: The chart presents US national NOx emission (in tons) in the year 2005 by
source sector. (Data obtained from EPA website:

http://www.epa.gov/air/emissions/nox.htm)
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1.5.2 Effects of NO; gas on ecosystems

NO; gas is precursor for both ozone at ground level and acid precipitation, each of
which are blamed for injury to plants. Ozone being a secondary pollutant is not emittedas
such by any specific source, whereas it is formed due to the atmospheric photo chemical
reaction of NO;, gas emitted from automobiles and other sources explained above in

presence of sunlight as shown in equations 1.1 (a) and (b) [60].

hv
NO,—»NO + O 1.1 (a)
electric spark
0yt O ————— 05 1.1 (b)

The increasing emissions of NO, in the urban areas have significantly increased
the concentration of O3 at ground level or lower atmosphere (troposphere) causing global
warming all over the world [61], NO, gas also reacts with water vapours in atmosphere to
form nitric acid precipitate leading to acid rain [62].

NO; + H,O — HNO3 (1.2)

Nitric acid precipitates are the reason for the growth of natural vegetation with
nitrogen deficient soil and also hamper the agricultural crops. Acid precipitation is major
cause for the lowering of pH level of fresh water bodies, potentially causing harm to
aquatic living species [1] constantly increasing level of NO, gas is harmful to living
beings, as it is irritates the upper respiratory tract and lungs even at low concentrations.
Continuous exposure of 380- 560 pg/m® (0.2 - 0.3 ppm) NO, gas for 30 minutes to human
beings may lead to mild asthma attack and prolonged exposure of slightly higher
concentration of 560 - 940 pg/m® (0.3 ppm to 0.5 ppm) NO, gas has reported to produce
changes in lung structure, lung metabolism and lung defenses against bacterial infection
[63-66]. Continuous emission of NO, gas lower atmosphere is also causing to the

formation of smog and leading to poor visibility.
1.5.3 Need for the detection of NO, gas

According to the statement “Nitrogen dioxide levels have risen dramatically over

India and China, according to experts at the University of Bremen” given by RTCC
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(Respond to climate changes) which is a Non-Governmental Organization and an official
observer to the United Nations climate change negotiations, there is an increase in NO,
gas level in the atmosphere in Asian countries [67]. According to a survey conducted by
RTCC, level of NO, has dropped in Europe and North America [http://www.rtcc.org].
Occupational Safety and Health Administration (OSHA, United States Department of
Labour), declares the Permissible Exposure Limit (PEL) of NO; gas as 5 ppm for general
industries and 20 ppm as Immediately Dangerous to Life or Health Concentrations
(IDLHSs) [68]. Thus it is very important to accurately monitor and control the increasing
level of NO; gas in India as well. Only one or two breaths of a very high concentration (>
20 ppm) of NO,, gas can cause severe toxicity. Since, NO; is heavier than air; its exposure
in poorly ventilated, enclosed, or low-lying areas can cause asphyxiation [69]. Therefore,
the development of an efficient gas sensor having capability to precisely detect very low
concentration of NO, gas for environmental monitoring has become a necessary task. It is
envisioned that in the next few years, an automatic damper (ventilation) system will be
introduced in all vehicles. These dampers will keep a constant monitoring on theNO, gas
inside and outside the vehicles in a rather wide concentration range (from ppb to several
ppm). Thus, these systems require a compact sensor that can monitor NO, gas accurately

with low power consumption.
1.6 Literature Survey

The literature surveys of metal oxides represent an interesting, and a varied class
of materials that are suited for gas sensor applications for various gases. For more than
five decades it is well known that electrical resistance of semiconducting metal oxides
shows a change with varying the concentration of gas in their immediate neighborhood
[70]. Since the literature on the metal oxides for gas sensing application is vast, a brief
review on the important materials used extensively for detection of various gases is
presented in Table 1.1 Worldwide researchers are actively working on various
semiconducting metal oxide materials for gas sensing applications (Table 1.1) and
developed a variety of sensor structures but mostly through empirical approach is used to

resolve the core issues of sensitivity, selectivity and stability.
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Table 1.1: Different metal oxide materials investigated for semiconductor sensor for

detection of various gases.

Sensing material Fabrication Target Gas Respon | Tem Authors Ref.

technique gas Conc. se p Name
(ppm) (°C)

Cu0-Zn0-Sn0O, Ball mill + CoO 200 16 300 Moon et al. [71]
Pellets Pechini method (2002)

Cu- Sn0O,-Zn0O Screen Printing H,S 50 6x10° 150 Wagh et al. [72]
thick (2004)

Film

Zn,Sn0, SnO, Hydrothermal Ethanol 200 0.85 250 Luetal. [73]
nanocomposites Synthesis (2005)

Polypyrrole/WO; Emulsion H,S 1000 60.65 90 Geng et al. [74]
Method (2006)

Fe,03-Zn0 Hydrothermal NH; 0.4 10° RT | Tangetal [75]
nanocomposites Synthesis (2006)

Sn0,-ZnO Drop Coating C,HsOH 200 4.69 300 Kim et al. [76]
(2007)

Sn0,-Zn0O MBE+PLD H, 5000 70 400 Tienetal. [77]
nanoroad (2007)

PPy/sulfonated Electrochemical NH3 80 4x10* RT Bai et.al [78]
polyaniline Polymerization (2007)

In,05:Ag Dip coating C,HsOH 1000 436 400 Singh et al. [79]
(2007)

MWCNTs:PMMA | Chemical route | CH3OH - 428 30 Lietal. [80]
(2007)

Poly Mechanical Humidity | 85% 353 RT Patil et al. [81]
(o-anisidine)/WOQO3 Mixing RH (2008)

Sr(I)- CuAl,O, Sol-gel CH;COO | 1000 150 175 | Vijayaetal. [82]
Composites H (2008)

Sn0,-1n,0; NCs | Co-precipitation CH4 850 48 325 Aifan et al. [83]
incorporating TiO, (2006)

Zn0-Sn0O, Reverse NO, 500 34.5 250 Liangyuan [84]

Micro emulsion et al. (2008)
Zn0-Sn0O, Paste coating | Trimethy 50 156 240 Zhang et al. [85]
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(2008)

Amine
WO3-Sn0, Co-precipitation NO, 200 1.8 x 100 | Shoulietal. [86]
10° (2010)
PTP(5%)/Sn0O, Chemical NO 150 45% RT Kong et al. [87]
Oxidative (2008)
Polymerization
Poly(methyl Electrospinning | Triethyla 500 77 RT Jiaetal. [88]
methacrylate)/PAN + mine (2008)
| Polymerization (TEA)
vapours
TiO,-KClI Sol-gel Humidity - 2.56 RT Qi. etal. [89]
nanocomposite (2009)
PANI/Inorganic Chemical route NH3 1 141x10° | RT Tai etal. [90]
Oxides 6 (2009)
Nanocomposite
MWNT doped Chemical H, 1 1.25 RT | Srivastava et [91]
PANI Oxidative al. (2009)
Polymerization
Nanotube LPCVD NH; 90 1.16 RT Yoo et al. [92]
MWCNT/PANI (2009)
Cu-Zn/ZnO Surface CO 100 6.3 240 Zeng et al. [93]
precipitation (2009)
process
Zn0-Sn0, Paste coating Toluene 100 9.8 360 Song et al. [94]
(2009)
SnO,- SWNT RGTO NOy 60 2300% | 200 Hoa et al. [95]
(2009)
CuO/CuyFe;—x0 RF Sputtering CO; 5000 50% 250 Chapelle et [96]
al. (2010)
Sn0,-CuO Chemical route H,S 20 8x10° 150 Arijit et al. [97]
(2010)
SnO,/ZnO Hydrothermal C,HsOH 100 50 300 Jiaetal. [98]
Method (2010)
Sn0O,—ZnO Electrospinning NO, 4 105 200 Park et al. [99]
+PLD (2010)
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Zn0-Sn0, Vapour growth NO, 10 66.3 200 | Hwangetal. | [100]
(2010)
Polypyrrole In situ NH; 200 82% RT Song et al. [101]
(PPY)/ZnSn0O, Chemical (2011)
Polymerization
PANI/TIO, Chemical H, - 1.75 RT | Srivastavaet | [102]
Oxidation al. (2011)
Polymerization
Au/SnO, Successive H, 2000 25 240 | Korotcenkov | [103]
ionic layer etal. (2011)
deposition
(SILD)
Ag/ZnO PE-CVD H, 5000 960 200 Simon et al. [104]
(2011)
Sn0,/ZnO Electrospinning | C,HsOH 5000 250(V) | 300 Khorami et [105]
al. (2011)
Pd/CNT/Ni Nanocomposite H, 200 3.96% RT Huangetal. | [106]
Plating and (2011)
Firing
Polyaniline-Ag Spin Coating Ethanol 100 3.3 RT Barkade et [107]
al. (2011)
WO3/MWCNTSs Chemical NO, 200 14 500 Suetal. [108]
vapor ppb (2011)
deposition
(CVvD)
PANI/MWCNT In-Situ H, 1% 20 RT Shin et al. [109]
chemical (2011)
Polymerization
SnO,-Pt Spettering LPG 200 5x10° 250 | Haridasetal. | [110]
(2011)
PANI/TiIO, Electrospinning NH; 25ppb | 420(1) RT Li et al. [111]
and chemical (2011)
oxidation
polymerization
TiO,-ZrO, Chemical route NO, 2 5.1 150 | Mohammadi | [112]
etal. (2011)
CNT Chemical H, 1000 3.7 100 | Huangetal. | [113]
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oxidative (2011)
polymerization
Doped CNT-SnO, CVD/ Drop NO, 50 ppb 0.59 RT Leghrib et [114]
Coating al. (2011)
Ni, Sm doped Sol-gel H,S 800 0.79 200 | Bodadeetal. | [115]
CoFe, 0O, (2012)
Au-NiO & Sol-gel H,, CO, 300, 1.3,1,1 | 200 | Gasperaetal. | [116]
Au-ZnO NO, 500,6 1,1,12 (2012)
CSA doped Spin coating NH; 100 28.11% | RT Patil et al. [117]
polyaniline-ZnO (2012)
Cellulose-TiO,- Hydrothermal NH; 500 50% RT Mun et al. [118]
MWCNT (2012)

Sn0,-CuO Sputtering H,S 20 2.7x10% | 270 | Vermaetal. | [119]
(2012)

Pd NPs/ICNT Facile H, 100 11 RT Huang et al. [120]
solutionprocess (2012)

ed
Polypyrrole-ZnO Spin-coating NO, 100 38% RT | Chouguleet | [121]
al. (2012)

Si/SnOy Magnetron NO, 6 0.42 200 | Bolotovetal. | [122]
Sputtering (2012)

Alpha-Fe,04 Hydrothermal Acetone 100 32 360 Wang et al. [123]
Nanotubes (2012)

SnO,/CNT Hydrothermal NH3 30 1 RT Ghaddab et [124]

al.

(2012)

SnO,/Graphene Hydrothermal NH; 50 15.9% RT Linetal. [125]
(2012)

a Mo0O3/ZnO Hydrothermal H,S 100 30 270 Yuetal. [126]
(2012)

Metal Catalytic C,HsOH 100 16% - Liuetal. [127]
oxide/MWCNT Pyrolysis (2012)
Graphene-WO; Oxidative NO, 5 130 250 | Srivastavaet | [128]

Polymerization al. (2012)
Ag-1n,05 Nanocasting HCHO 85 152 300 Lai et al. [129]
Route (2012)
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Graphene-WO; Drop coating NO, 5 133 250 | Srivastavaet | [130]
al. (2012)
A-MnO,/Zn0O Sol gel H,S 100 27 270 Yuetal. [131]
(2012)
ZnO-Graphene Chemical route Co 22 24.3 RT Singh et al. [132]
oxide (2012)
Al-Sn0O, RGTO NO, 80 85% 160 | Ammaretal. | [133]
(2013)
MWCNT-poly(1,5- | Chemical route NO, 10 20% RT | Nguyenetal | [134]
DAN) (2013)
Au-ZnO Hydrothermal NO, 5 450 % RT Mun et al. [135]
Nanosheets method (2013)
Ru0O,-SnO, Thin Chemical Route NH; 50 120 200 Marikutsa et | [136]
Film al. (2013)
PPy-TiO, Chemical Route LPG 1040 55% RT | Bulakheetal. | [137]
Heterojunction (2013)
CSA doped ZnO- Chemical Route NH; 100 28.11% | RT Patil et al. [138]
PANI (2014)
Pt-loadedWO4 Sputtering NO, 20 327 150 Samerijai et [139]
thick films al. (2014)
K,W,043 nanowire Hydrothermal H,S 10 48 300 | Supothinaet | [140]
al. (2014)
Ce-ZnO nanoroad Chemical Route NO, 5 500% 100 Chang et al. [141]
(2014)
In-ZnO thin film Chemical Route H, 1666 2 300 Pati et al. [142]
(2014)
CSA-polypyrrole | Chemical Route NO, 100 46 RT Navale etal. | [143]
thin film (2014)
Cu0-ZnO thin film | Chemical Route NO, 30 10 350 Yang et al. [144]
(2014)
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It may be seen from Table 1.1 that a wide variety of metal oxides
(compoundor ternary) are being used for fabrication of semiconductor sensors for
detection of various explosive, toxic and harmful gases. Fig. 1.6 shows a relative
comparison of different oxide materials used for gas-sensing application.
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Fig. 1.6: Relative comparison of different oxides used for gas-sensing application

It may be clearly seen from the Pi-chart (Fig.1.6) that amongst all oxide materials
[145] tin oxide is the most widely investigated material (37%) for detection of various
gases, indicating that SnO, is very sensitive to most of the gases. SnO; is extensively
used in the form of porous ceramics, thick films or thin films because of several
advantages over other materials including low cost, ease processing and high sensitivity
for different gas species. Zinc oxide (ZnO) has also attracted the attention of research
community (10%) for gas sensing applications apart from tin oxide and both (SnO, and
ZnQ) are sharing jointly about half of the research activities related to semiconductor
metal oxide gas sensors [Fig. 1.6]. Oxides of tungsten, titanium, and indium besides
mixed or multi-component oxides have drawn considerable attention. However, other

oxide materials are used towards the realization of semiconductor sensors for the sensing
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of specific gases. Each oxide material has its own advantages and must be carefully
selected according to their applicability for the sensing of specific target gas. In the
present work, focus is on the utilization of SnO, material for the development of
semiconductor sensor because of its excellent gas sensing properties and widespread
usage. A brief review on the SnO, material and its properties desired for gas sensing

application is presented in following section.
1.7 Tin oxide (SnO,)

SnO; or stannic oxide is a wide band gap compound semiconductor with good
chemical and mechanical stability. It has one stable phase in the form of rutile structure.
Are presentation of the SnO, unit cell is given in Fig. 1.7, where big sphere (red

color)represent oxygen atoms and smaller sphere (blue color) represents Sn atoms.

Fig.1.7: Unit cell of the crystalline structure of SnO2 (http://www.tcd.ie/Chemistry)

The rutile structure has a tetragonal unit cell with a space-group symmetry of
P42/mnm. The crystalline structure contains Sn atoms in octahedral coordination and
oxygen atom in planar three coordination (Fig. 1.7). Table 1.2 gives a brief summary of

the physical properties of SnO,.
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Table 1.2: Physical properties of SnO; [146]

Stable phase Tetragonal, rutile
Space Group P42/mnm

Lattice parameters a=4.737A,c=3.186 A
0-O distance 4.6646 A

O-Sn distance 3.7662 A

cla 0.673

Density at 300K 6.90-7.00 g/cm3
Melting Point 1630 °C

Energy band gap 3.6eV

It is reported that (110) and (101) planes of SnO, crystal are F (plane) faces while
the(111) plane is K (kinked) i.e. (110) and (101) are smoother than (111) plane [146].
According to periodic bond chain (PBC) theory (110) plane is the most stable face of
SnO; because of the fact that F faces are strongly bound to each other indirection parallel

to the face.

In an ionic form, Sn?* has a 5s® electron configuration. The surface energies of the
low index surfaces of SnO, with bulk composition termination are calculated
theoretically by Density Functional Theory (DFT) [146]. For these surfaces with surface-
tin atoms in their Sn** oxidation state, the (110) surface exhibits the lowest energy
surface followed by the (100), (101), and (001) surfaces. It is reported that the Sn ions on
the perfect surface of SnO, are all in the nominal Sn** state, as in the bulk [146]. The
conduction and valence bands do not appear to be bent at this surface, i.e., surface is in a
flat-band state. For this reason, the surface and the bulk exhibit same resistivity values.
The surface (110) is thermodynamically the most stable one [146]. The interesting defect
properties of this surface arise because of the bridging of oxygen ions, lying above the
main surface plane. These oxygen ions can be removed easily either by heating or by

particle bombardment. When oxygen ions are removed, the two electrons left behind
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occupy orbitals, a mixture of 5s and 5p, on surface Sn** ions, converting them to Sn**.
The dual valency of Sn facilitates reversible transformation composition of the surface
from stoichiometric surface (Sn** surface cations) into a reduced surface with Sn®*
surface cations depending on the oxygen chemical potential of the system [146].
Reduction of the surface influences the surface electronic structure by formation of Sn 5s
derived surface states that lie deep within the band gap and also may cause a lowering of

the work function.

On the other hand stoichiometric (101) surface is known to exhibit higher surface
energy as compared to the (110) surface [146]. The reduced surface (101) shows a
surface termination with a perfect Sn?*O® stoichiometry which satisfies the valency of
Sn. Whereas, for a reduced (110) surface, no analogous arrangement of atoms exists that
can readily satisfy the Sn** oxidation state [146]. This explains the stability of the (101)
surface, while the (110) surface forms complex reconstructions despite the fact that the
surface energy of the stoichiometric (110) is lower than that of (101). Thus, (110) surface
adsorbs more oxygen from the atmosphere as compared to (101) surface due to which
when reducing gas comes into contact of (110) surface, it interacts with adsorbed oxygen
species and releases electrons to the SnO, surface, thereby reducing the resistance of
SnO; surface [110,119].However, (101) surface adsorbs comparatively lesser oxygen
from atmosphere, thus more Sn®* sites are available for oxidizing gases to interact from

SnO, surface.
1.8 Zinc Oxide (ZnO)

Zinc oxide (Zn0O), another direct wide band gap semiconductor, belongs to the 1I-
VI compound family. Depending on the growth conditions it crystallizes either in
hexagonal wurtzite (B4 type), zinc blende (B3 type) or rock salt lattice (B1 type) forms
[147]. Wurtzite phase of ZnO is the thermodynamically stable phase under ambient
temperature and pressure conditions. Zinc blende structure can be stabilized by growth on
cubic substrates, whereas the rock salt (NaCl) structure may be obtained at relatively high
pressures [147]. In hexagonal wurtzite lattice of ZnO, Zn and O planes are alternately
stacked along the c-axis direction such that each anion is surrounded by four cations at
the corner of a tetrahedron and vice versa as shown in Fig. 1.8.
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Physical properties of ZnO are summarized in Table 1.3. In wurtzite structure,
oxygen ions are arranged in a hexagonal closed packed lattice and the zinc ions occupy
half of the tetrahedral positions and have the same relative arrangement as oxygen ions
(Fig. 1.8). Therefore, ZnO wurtzite structure is relatively open with all the octahedral and
half the tetrahedral sites empty which assist in incorporating any external dopant to tailor
its specific property [147]. Each ion does not have exact tetrahedral symmetry because
spacing between nearest neighbors along the c-axis is somewhat smaller than the other
three neighbors. This tetrahedral coordination gives rise to polar symmetry along the c-
axis which is responsible for the observed piezoelectricity, pyroelectricity and
spontaneous polarization in ZnO [147]. The tetrahedral coordination in ZnO indicates the
sp® covalent bonding due to hybridization of Zn d-electrons and p-electrons of O atoms.
Zn-O bond also possesses very strong ionic character, and therefore ZnO lies on the
borderline of covalent and ionic compounds.

T L L
Y L L. O

Fig. 1.8: Waurtzite structure of ZnO unit cell [147]
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Table 1.3: Physical properties of ZnO [147]

Crystallite Structure Hexagonal, Wurtzite
Space Group P63 me

Lattice parameters a=32494, c =5.2064
Dielectric constant 9.6 (| ¢),3.6(Le)
Density at 300K 5.605 g/cm’

Melting Point >1000°C

Energy band gap 33eV

ZnO exhibits multifunctional properties and has been exploited for a wide range
of applications including transparent electronics, surface acoustic wave (SAW) devices,
piezoelectric transducers, spintronics devices, gas/chemical/biosensors, varistors and
optoelectronic devices such as UV laser, ultraviolet detectors etc. [148]. ZnO was the first

oxide semiconducting thin film to be used as a semiconductor gas sensor [149].
1.9 Iron Oxide

The most common iron oxides in nature and sensing applications are magnetite

(Fe304) and maghemite (Fe,Os3). The physical propertied of them are listed in Table 1.4.
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Table 1.4: Physical Properties of Iron Oxides [150]

Properties Magnetite (Fe3O,) Maghemite (Fe,O3)

Density (g/cm®) 5.18 4.87

Melting point (°C) 1583-1597 -

Type of magnetism Ferromagnetic Ferromagnetic

Curie temperature (K) 850 820-986

Crystallographic system Cubic Cubic or tetrahedral

Structural type Inverse spinel Defect spinel

Space group Fdsm P4332 (cubic); P4,2,2
(tetragonal)

Lattice parameter (nm) a=0.8396 a =0.83474 (cubic); a
=0.8347, ¢ =2.501
(tetragonal)

Magnetite is a black magnetic mineral and also called iron(l1,111) oxide or ferrous ferrite.
The molecular formula, Fe;O4, can also be written as FeO, Fe,Os, which consists of
wistite (FeO) and hematite (Fe;O3). Maghemite is a brown magnetic mineral, which
occurs in soils. It exhibits strong magnetism and it is metastable with respect to hematite
and forms a continuous metastable solid solution with magnetite. In its mineralogical
form, hematite is steel-gray, white to gray-white, with a bluish tint, in reflected light, with
characteristic deep blood-red internal reflections. The a-Fe,Oz crystal structure is a
rhombohedrally centered hexagonal cell of the corundum type. a-Fe,O3 belongs to the
space group R3c [151]. Hematite has been widely used since antiquity as a red pigment
and as jewelry material. Hematite is the most stable of all the iron oxides and behaves as
an n-type semiconductor at ambient conditions [152]. In the last few decades, hematite
has been investigated for novel applications such as detection of gas sensor [152-153]
and other volatile organic compounds [152]. a-Fe;O3 has some significant advantages as
a photoelectrode for solar cells: for example hematite has a band gap of 2.10 eV for bulk
form a-Fe;O3; and 2.2 eV for the nanocrystalline form [153]; hematite is also highly

resistant to corrosion, and commercially available at a relatively low cost. The iron and
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oxygen ions form a face-centered cubic crystal system, and the oxygen ions are in the

cubic close-packed arrangement (Fig. 1.9).

Fig. 1.9: Crystal structure of iron oxide [152]

Similar to Fe,O3, SnO, ZnO is also a stable semiconducting oxide, where
adsorption/desorption of oxygen species on its surface plays a crucial role in changing
electrical conductivity and hence suited for gas sensing phenomena. Both ZnO and SnO;
have been exploited for the sensing of various toxic and harmful gases in the form of
ceramics, thick films, thin films or nanostructures. Sensors based on ceramics have
shown advantages in terms of their mechanical strength, large resistance to chemical
attack and good thermal and physical stability [154] and most of the available
commercial sensors are based on ceramics only. However, thin film and nanostructure
based sensors score over the ceramic based sensors due to certain advantages offered
bythem including high sensor response, low operating temperature and fast sensor
response and recovery. Recently efforts are being made to commercialize the thin film
based gas sensors. Different forms of sensing materials for gas sensors have their own
advantages and disadvantages. In the subsequent section, a brief review on SnO,, Fe,O3
and ZnO based thick and thin film, and nanostructure room temperature NO, gas sensors

is summarized in Tablel.5.
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Table 1.5: SnO,, Fe;O3 and ZnO based thin film for NO, gas sensors operable at room

temperature.

Sensing Fabrication | Gas Conc. | Respons Authors Ref.
material technique | (ppm) e Name

ZnO Nanowire CVvD 10 0.46 Vermaetal. | 155
(2010)

ZnO Nanorods Chemical 1000 43 Quy et al. 156
Route (2011)

CNTs/SnO, CVvD 50 0.59 Leghribet | 157

al. (2011)

ZnO thin film PLD 200 0.52 Ruedaetal. | 158
(2012)

Zn0/SnO; Hydrotherma 50 1066 Lu et al. 159
nanoroad I (2012)

Zn0O-Sn0; VLS growth 70 8 Choietal. | 160
(NNH) (2013)

Pt-SnO, thin Sputtering 4 80 Koduetal. | 161
film (2013)

PPy/a-Fe,03 Sol-gel 10 0.56 Navale etal. | 162
(2014)

ZnO-rGO Chemical 25 0.45 Liuetal. 163
Route (2014)

rGO-CNT-SnO, | Hydrotherma 5 2 Liuetal. 164
Film I (2015)

ZnO Chemical 20 150 Sonker etal. | 165
Route (2015)

SnO,- Sol-gel 20 12 Bettyetal. | 166
Polyaniline (2015)

Graphene aero Sol-gel 200 0.30 Liuetal. 167
gel-ZnO (2015)

Graphene/Sn0O, Chemical 100 4 Srivastava | 168

Route et al. (2016)

SnO,-Pd Film Chemical 50 1650 Sabooretal. | 169
Route (2016)

AgNPs-Sn0,- Chemical 200 7 Wangetal. | 170
rGO Route (2016)
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1.10 Polyaniline

In the present work we have focused on developing conducting polymer based
resistive gas sensor. We have considered polyaniline as the candidate material due to its

superior electrical properties and stability.

Polyaniline has been discovered by Runge (1834) and he named it as aniline black
[171]. Green and Woodhead (1912) discovered PANI Chain has a mixed oxidation state
polymer composed of reduced benzonoid and oxidized quinoid units [172]. Epstein et al.
discovered that the characteristic of PANI switches between conductor and an insulator
[173]. Further to this work the research on polyaniline attracted much attention from
material scientist and engineering community. Conductive polymers such as PANI
remain of widespread interest [174] providing an opportunity to address fundamental
issues of importance to condensed matter physics, including, for example, the metal-
insulator transition [175], the Peierls instability and quantum de-coherence [176]. The
unique property of polyaniline to alter its electrical properties on exposure to acidic and
basic environment by forming lewis acid-base complex which is explained in preceding

section.
1.10.1 Mechanism of polymerization

The polymerization of aniline proceeds via radical propagation mechanism as
shown in Fig. 1.10. The initial steps (1 and 2) are common to both methods, but slight
differences appear in the initial product of the chain propagation step and product
formation steps (3 and 4) [177].
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Step 1: Monomer oxidation

HA _H

Fig. 1.10(a): Oxidation of monomer during polymerization of aniline

Step 2: Radical coupling and re-aromatization

NH,
- +
H A NH, NHz
HA
NH NH,

Fig. 1.10(b): Radical coupling and re-aromatization during polymerization of aniline
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Step 3: Chain propagation for polymer synthesis

- + -
MH NH; —= MH MH,
HA A

_ (O
) |

Fig. 1.10(c): Chain propagation during polymerization of aniline

Step 4: Oxidation and doping of the polymer for polymer synthesis

NHOHHJE | ﬂ
KO+t

Fig. 1.10(d): Oxidation and doping of the polymer during polymerization of aniline

monomer
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1.10.2 Structure of Polyaniline

PANI have mixed oxidation state of benzenoid and oxidized quinoid units [178],
PANTI’s average oxidation state is denoted as 1y whereby the value of y determines the
existence of each of the three distinct PANI oxidation states [178] as shown in Fig. 1.11.
Thus PANI exists as fully reduced leucoemeraldine (LE) where 1-y = 0, half oxidized
emeraldine base (EB) where 1-y= 0.5 and fully oxidized pernigraniline (PE) where 1-y
=1[178]. The EB is most useful form of PANI due to its high stability at room
temperature for long time; it is composed of three benzenoid units and one quinoid unit.
Furthermore, EB can be doped in a non-redox reaction in acidic medium which results in
an emaraldine salt (ES). On the other hand LE is easily oxidized while the PE is easily
degraded [179].

O OO~

Fig. 1.11: Different oxidation states of polyaniline (y = 1: leucoemeraldine, y = 0.5:

emeraldine and y= 0: pernigraniline
1.10.3 Conductivity properties of PANI

The polyaniline chain can be formed by various combinations of the two
repeating units known as the X and Y components of polyaniline as shown in above
figure [180]. Due to this, PANI has many unique properties and electronic conduction

mechanisms that distinguish it from the rest of the conducting polymers.

Among the various oxidation states that PANI can exist in, the one that can be
doped to a highly conductive state is the moderately oxidized EB [181]. This form of
PANI has a structure which consists of equal proportions of imine (=N-) and amines (—
NH-) sites. Through protonic acid doping, imine sites are protonated by acids HA to the
bipolaron (dication salt) form [182].The bipolaron then undergoes a further
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rearrangement to form the delocalized polaron lattice which is a polysemiquinone

radical-cation salt as shown in Fig. 1.12 below.

Polyemeraldine
Protonation

OD@Q

Bipolaron form

Dissociation of bipolaron to form two polarons

Polaron form

Delocalization of polarons

{%OQQ

Resonance forms of delocalized polaron lattice
H
N NH 1[»J_H—
A A

Fig. 1.12: Doping of EB with protons to form the conducting emeraldine salt (PANI/HA)

":ZI -—

form of polyaniline (a polaron lattice).

The resulting emeraldine salt has conductivity on a semiconductor level of the
order of 100 S/cm, which is many orders of magnitude higher than that of common
polymers (<10 ° S/cm) but lower than that of typical metals (>10* S/cm) [183]. Only 1%
of the charge carriers which are available in the ES salt actually contribute to its observed
conductivity. If all the available charge carriers were to contribute, the resulting
conductivity at room temperature would be ~ 10° S/cm, which is comparable to that of
copper [184]. Owing to its excellent electrical properties PANI has many technological
promises which are summarized in following schematics.
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Application of PANI is summarized in Fig. 1.13.

Optical Storage | Micrometers LEDs Plastic
Lithography Transducer Photocopiers Batterics

Photochemical S E—
Reaction Photo conducting

Conducting
Composites CONDUCTING POLYANILINE

(Supercapacitor)
Gas Sensors

Membranes

Ferromagnetism Nonlinear Optics
partation of Gases

Harmonic Display Magnetic
Generators Devices Recording

Fig. 1.13: Various applications of conducting PANI
1.10.4 Polyaniline (PANI) doped Metal oxide

The study of conducting polymers has become a major part of modern material
science and many institutes, laboratories and commercial establishments involves
multidisciplinary research in to chemical synthesis, polymer preparation, electronics,
physics, chemistry and applied physics. Fig. 1.13 shows the various field of application
of conducting PANI.
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Table 1.6: Conducting PANI with different component used for gas sensors

Materials Gases Authors (Years) Ref.
PVP Humidity,CO, | K. Ogura et. al. (1999) [185-187]
PMMA NHs, M. Mastuguchi et.al. [188-189]
(2003)
PS NHs, Aliphatic | E. Segal et. al. (2005) [190-191]
alcohol
PVDF VOCs J.S. Kim et. al. (2005) [192]
Poly(butyl acrylate-co-vinyl Humidity G.W. Lu et. al. (2005) [193]
acetate) (PBUA-V Ac)
PS+Carbonblack+Thermoplasti | Alcohol E. Segal et. al. (2005) [194]
cPU
Ethylene vinyl acetate Alcohol H. Copper et. al. (2006) | [195]
copolymer (EVA)/ copolymer
Nylon 6 NH;3 K.H. Hong et. al.(2004) | [196]
Polyimide(PI) CoO S. Watcharaphalakorn [197]
et. al. (2005)
PEDOT HCI Q.L. Hao et. al. (2005) [198]
Carbon Black Biogenic G.A. Sotzinget al.(2000) | [199]
amine
SWNT NH; T. Zhang et. al. (2006) [200]
MWNT Chemical X.F. Ma et. al. (2006) [201]
vapors
Cu(ll)-exchanged hectorite Ethanol and T. L. Porter et. al.(1997) | [202]
hexane
PtO, H, C. Conn et. al. (1998) [203]
TiO, CO M.K. Ram et. al. (2005) | [204]
MoO; VOCs J.Z. Wang et. al. (2006) | [205]
CuCl, H.S S. Virgj et. al. (2005) [206]
CeO; Humidity N. Parvatikar [207]
et.al.(2006)
In,O3 H2,NO,,CO A.Z. Sadek et.al.(2006) | [208]
Zeolite and Cu** Co N. Densakulprasert [209]
et.al.(2006)
Nafion/metal NO; J.S. Do et.al.(2004) [210-211]
Cu Chloroform K. Suri et.al.(2002) [212]
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The concept of developing new sensors is accomplished by adding new
components into conducting polymer. The complicated chemical synthesis can be
avoided by following the concept of adding external component. There are some
frequently added materials like insulating polymer, carbon nanotube (CNTSs), metal
oxides and nanoparticles to prepare conducting polymers. The summary of some
literature survey is listed above in Table 1.4. The adding second component is very
important in sensing process. They can increase the sensing properties of the film of
sensing materials [213], helping in electron or proton transfer [196] or interacting directly

with analytes by swelling [190].

On the other hand, the role of second component is to induce the effects of
enhanced device configuration i.e. change in morphology of the film, increment in
mechanical property or protecting sensing film. In this process of adding external

component, the performances of sensor are influenced for sensing various gases [214].
1.11 Obijective of the present work

The thesis focuses on the fabrication of various sensing elements for the efficient
detection of NO, gases. Polyaniline (PANI), Fe;O3, ZnO and SnO, have been chosen as
the basic sensing materials. A hybrid composite of PANI doped SnO, thin film has been

exploited for the possible low temperature detection of NO; gas.

An attempt has been made to reduce the operating temperature of the Fe,Os,
Fe,O3-PANI, ZnO, ZnO-PANI, SnO,-PANI, SnO,-Zn0O and SnO,-PANI-ZnO composite
thin film sensor structures to low operating temperature. The present thesis consists of

nine chapters, which are briefly described below:

Chapter 1:

This chapter introduces about the basics of n-conjugated polymers, conductivity process
in conducting polymers and different metal oxide doped polymer. A brief review about
the doping, conducting mechanism and various routes for the synthesis of metal oxide
and conducting polymers has been presented. The literature survey of the various types of

gas sensors including PANI and metal oxide has been depicted in this chapter.
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Chapter 2:

Present chapter reports the synthesis of a-Fe,O3-PANI and its application as NO, gas
sensor operable at low temperature. For this purpose, the iron oxide-polyaniline (o-
Fe,O3-PANI) films were prepared by spin coating method on various corning glass
substrates over Pt inter digital electrodes (IDEs) and characterized for structural and
morphological properties by means of X-ray diffraction (XRD), Fourier transform
infrared (FTIR) spectroscopy, and scanning electron microscopy (SEM). The sensing
mechanism pertains to a change in the depletion region of the p-n junction formed
between PANI and a-Fe,O3 as a result of electronic charge transfer between the gas
molecules and the sensor. The sensing mechanism of a-Fe,O3 materials to NO, was
presumed to be the synergism of a-Fe,O3; with NO, gas molecules. The sensitivity in
relative response of the sensor was measured at room temperature as function of time
with varying concentration of NO; gas. The prepared gas sensor exhibited the enhanced

sensitivity even at room temperature.

Chapter 3:

In this chapter zinc oxide has been prepared by using two different methods and their
characterizations were carried out using SEM, AFM, XRD, UV and FTIR. Sensing
performances of each samples were investigated and found that hexagonal ZnO

nanocrystals were more sensitive than ZnO nanopetal structures.

Chapter 4:

In the present work, the comparative investigations on NO, gas sensing properties of the
hybrid nanocomposite thin films of Polyaniline (PANI), ZnO and PANI-ZnO towards
NO; gas at room temperature have been reported. Effect of concentrations of PANI in the
composite thin films on the NO; gas sensing has been investigated. Structural and surface
morphological characterizations have been carried out by using X-ray diffraction (XRD)
and scanning electron microscope (SEM) respectively. The prepared gas sensor exhibited
enhanced sensitivity in relative response even at room temperature. The presence of 5%

PANI in composite film was found to give maximum sensing response of ~ 6.11x10°
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towards to 20 ppm NO, gas having fast response and recovery time of about 2.16 min

and 3.5 min respectively.

Chapter 5:
Chapter describes the highly sensitive low temperature operated nitrogen dioxide (NO,)

gas sensor fabricated by using SnO, thin film doped with catalysts e.g. Pt, Ag and CuO.
Amongst all the prepared sensor structures, Pt-doped SnO, thin film based sensor (SnO,-
Pt) was found to give maximum sensing response of about 1.83 x10? towards low
concentration (20 ppm) of NO, gas at a operating temperature of 90 °C with quick
response (~ 6 sec) and recovery (~ 13 sec) time. The structural, microstructural and
optical properties of the prepared sensor have been studied using X-ray diffraction
(XRD), Scanning electron microscope (SEM) and UV-Visible spectroscopy and the
results have also been correlated with the observed gas sensing properties.

Chapter 6:

A novel sensor structure has been fabricated by incorporating polyaniline (PANI) into
SnO; sensing film using chemical route and exploited for room temperature detection of
NO; gas. Amongst different concentration of PANI incorporated into SnO, thin film, 1%
PANI was found to give maximum sensing response (~ 2.58x107) at room temperature
towards 20 ppm of NO, gas with modulated response and recovery time of about 5.8 min
and 4.55 min respectively. The structural, morphological and optical properties of the
prepared sensor structures have been investigated by X-ray diffraction (XRD), Scanning
electron microscope (SEM), Transmission electron microscope (TEM), Fourier transform

infrared spectroscopy (FTIR) and UV-Visible spectroscopy.

Chapter 7:

Nitrogen dioxide (NO,) is a typical automotive air pollutant that causes many
environmental and health problems. Detection of low concentrations of NO, is becoming
very important now a day and various approaches have been used for the same. SnO, and
ZnO are the two widely explored semiconductor materials for the detection of a number

of toxic and harmful gases. Thus, in the present work an effort has been made to
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synthesize nanocrystalline composite thin films of Tin-Zinc oxide (SZO) using chemical
route for the efficient trace level detection of NO, gas at lower operating temperature.
Thin film of SnO,-ZnO (SZO) composite was prepared onto the surface of Pt
IDEs/corning glass and has been exploited for studying the gas sensing response
characteristics towards NO, gas. The prepared ZSO sensor structure showed a high
sensing response of about 1.578 x10° towards 20 ppm of NO, gas at a lower operating
temperature of 70 °C with an average response and recovery time of 3.91 min. and 6.91
min. respectively. The structural, optical and surface morphological properties of the
SZO composite thin film have been studied by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), UV-Visible spectroscopy, Scanning electron
microscope (SEM) and have also been correlated with the observed enhancement in gas
sensing properties of prepared sensor structure.

Chapter 8:

In this chapter the synthesis of SnO,-PANI-ZnO composite thin film for NO, sensor has
been described. The SnO,-ZnO composite porous nanostructure was prepared by a sol-
gel method. It was found that the composite sensor has high selectivity and response to
low concentration NO, gas with the long period stability operable at room temperature
(30 °C). The response and recovery times of SnO,-PANI-ZnO composite sensor (SPZ)
were calculated as about 3.8 and 2.2 min to 20 ppm NO, at room temperature,
respectively.

Chapter 9:

The results and discussion given in various chapters and concluding remarks have been

discussed in brief with further scope of the present work.
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Chapter 2

Low temperature study of nanostructured Fe,O; and Fe,;Os-
PANI thin films as NO, sensor

Nitrogen dioxide (NO,) is a reddish-brown toxic gas with a sharp characteristic, biting
odor and is a prominent air pollutant. Present chapter reports the synthesis of a-Fe,O3-
PANI and its application as NO, gas sensor operable at low temperature. For this
purpose the iron oxide-polyaniline (a-Fe,O3-PANI) films were prepared by spin coating
method on various corning glass substrates over Pt inter digital electrodes (IDEs) and
characterized for structural and morphological properties by means of X-ray diffraction
(XRD), Fourier transform infrared (FTIR) spectroscopy, and Scanning electron
microscopy (SEM). The sensing mechanism pertains to a change in the depletion region
of the p-n junction formed between PANI and a-Fe;O3 as a result of electronic charge
transfer between the gas molecules and the sensor. The sensing mechanism of a-Fe,O3
materials to NO, was presumed to be the synergism of a-Fe,O3 with NO, gas molecules.
The prepared nanostructured a-Fe,O3-PANI film showed a high sensing response

~2.29%10% towards 20 ppm of NO, gas. Besides giving the higher sensing response

towards NO, gas, a-Fe,O3-PANI sensor structure was found to be highly selective and
exhibited the poor gas sensing response towards other interfering gases including 2000
ppm of Acetone, IPA, NH3 LPG and CO; gases ranged from 0.98 to 1.29.
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2.1 Introduction:

The organic and inorganic materials are used to improve the various properties of
polymers like thermal [1], mechanical [2], chemical [3], electrical [4], etc. Polyaniline
(PANI) is one of the conducting polymers in which nonmaterials are used for their
synergism effect to improve electronic properties [5]. Among the nanosized metal oxides
that have been the focus of research due to their potential application in electronic
devices, maghemite (a-Fe,O3) has attained prominence due to its magnetic,
photocatalytic and electrochemical properties [6-9]. In order to monitor the air pollution
on a large scale, inexpensive, reliable and easy to use gas sensors are needed. The
electrical resistance of semiconductor oxides, such as SnO,, ZnO, TeO, and Fe,03, has a
strong dependence on the concentration of surrounding gases. According to this principle,
these oxides are commercially designed as chemical sensors to detect toxic gases such as
LPG, and NO; [10-11]. W.ith this intention, several methods of preparation of ferric
oxides are known as co-precipitation, micro emulsion, pulsed wire discharge and
hydrothermal processes are employed in order to obtain nanostructured powder [12-14].
The sol-gel process has a unique advantage of producing large-surface-area films at low
cost, which is useful to enhance the gas sensitivity [15-16].

Polyaniline (PANI) as a typical conducting polymer has received a great deal of
attention recently. As is known that PANI has a variety of oxidation states and three
different states of them are usually referred to in the literature [17-19]: leucoemeraldine
base (LEB, fully reduced), emeraldine base (EB, half-oxidized) and pernigraniline base
(PNB, fully oxidized). Therein, EB is the most attractive one, because it can be doped
with protonic acid to become emeraldine salt (ES) and the DC conductivity of the ES is
increased due to the charge delocalization on the polymer backbone created by doping
H*. Thus, a suitable combination of conducting polymers and metal oxide (Fe;Oa)
nanoparticles could generate enhanced catalytical/electrocatalytical activities. With
regard to the background, using a composite carrier composed of PANI and ferric oxide
nanoparticles could combine the excellent properties of ferric oxide and polyaniline, in
addition, a synergistic effect might play a role in enhancing the properties of composite

catalysts. They have unique electronic properties due to the m-conjugation present in their
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backbones, and display improved characteristics over conventional sensors based on
nanometal oxides. PANI, in particular, has been extensively used due to its ease of

fabrication, high stability and electrical conductivity.

In the present investigation, we have prepared PANI/a-Fe,O3 nanocomposite thin
film on corning glass substrate via chemical polymerization method, and tested the

electrical response of the thin film to NO, gas at room temperature.
2.2 Experimental
2.2.1 Materials

Ferric nitrate (Fe(NO;);.9H,O Aldrich 98% purity), citric acid, ammonium
hydroxide, monohydrate citric acid, lithium hydroxide, ethanol and n-butyl acetate used

for the sensor preparation were purchased from Sigma Aldrich Chemical Co.
2.2.2 Synthesis of nanostructures

In this experiment, 0.1M of iron nitrate (Fe(NO3)3.9H,0) was used as a precursor
solution with 0.1M of monohydrate citric acid solution as legend molecules and 100 ml
distilled water as the solvent. The prepared ferric nitrate solution was added to the citric
acid solution drop wise with vigorous stirring. The obtained solution was then heated to a
temperature from 70 °C to 120 °C, with vigorous stirring until the gel was formed. Such
prepared precursor was used to fabricate the thin films on various corning glass substrates

over Pt inter digital electrodes (IDESs) using spin coating process.

For the formation of the powder, the gel was precipitated by NH,OH added drop
by drop to the prepared gel. The powder was then dried at 60 °C for 4 h and grinded using

mortar and pestle. The grinded powder was annealed at 500 °C for 2 h.

50 ml of conc. HCI was added to 500 ml of distilled water in a beaker marked as
A. 331ml of distilled water was taken and to it 18.924 g of ammonium persulphate was
added and stirred in beaker B. To beaker A, 8.33 ml of aniline was added and stirred for
20 min in ice bath. Ammonium persulphate solution was then added drop wise (15 s

between 2 drops) to the above solution with continuous stirring. After complete addition,
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the solution was left overnight and then filtered. The precipitate was washed with water
repeatedly till the filtrate became colorless and after washing, it was left overnight. The
precipitate was then dried at 40-50 °C and made into fine powder. The fine powder was
then washed with methanol, refluxed for 4-5 h at 40-50 °C. It was again dried at 40-50 °C
to obtain emeraldine salt of PANI. To un-doped emeraldine salt, it was washed with
ammonium hydroxide solution, filtered and dried to obtain emeraldine base of PANI
[20].

All the prepared films and powder samples were characterized using SEM, XRD,
FTIR and UV-vis. Spectroscopy. Thickness of each prepared film was measured using a
surface profiler (Veeco dektak 150) and found as 400 nm. Crystalline structure and
surface morphology of the sensing layer were studied using Bragg—Brentano (6-260) scan
of X-ray Diffractometer (X-Pert PRO PANalytical) using the CuKay source (A = 0.154
nm) and Scanning electron microscope (SEM, JEOL, JSM-6490LV) respectively.

Optical characterization was carried out by the UV-vis Spectrophotometer
(Thermo, Evolution 200). For studying the gas sensing properties, the home-made gas
dilution system was utilized [11]. The total amount of gas flow rate of the diluted NO,
gas by dry air is 5000 ml/min and the volume of chamber is 5000 ml. The a-Fe,Os array
sensor was inserted between the two electrodes and the diluted NO, gas was injected into
the test chamber. Variations in the electrical resistance with the exposure of NO, gas to
the sensor were measured through a Keithley (6517B) electrometer interfaced with a
personal computer. The sensing response of prepared sensor structure towards oxidizing
NO, gas is given as under [21]:

=Lt (1)
where, R, and Ry are the values of resistance of the sensor in the presence of atmospheric

air and target gas respectively.
2.3 Results and Discussion

As prepared thin film was investigated through UV-visible absorption

spectroscopy, a record of the amount of light absorbed by the ferric oxide thin film
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deposited on corning glass substrate, as a function of the wavelength of light in the range
190-1100 nm was observed. Optical band gap was calculated from the intercept on
energy axis obtained by extrapolating the linear portion of the Tauc plot (ochv)2 vs photon
energy (hv) as shown in inset of Fig. 2.1. Error in the determination of band gap value
was less than 5%. Estimated value of band gap for as-grown ferric oxide thin film was
found to be 2.78 eV which is close to the actual reported value for ferric oxide thin films
(2.40 eV) grown by other techniques. Similarly the UV visible spectra of the as deposited
Fe,03-PANI nanocomposite thin film is shown in Fig. 2.1 (b) having high absorption
spectra in the visible region. The value of band gap increases slightly for Fe,O3;-PANI
composite thin film with the incorporation of PANI nanoparticles to 3.04 eV.

The FTIR spectra of ferric oxide thin film are shown in Fig. 2.2. The sharp peak
corresponding to Fe—O stretching mode was observed at 530 cm ™' wavenumber. Results

also show absorption bands at 3748 cm™'

which correspond to Fe—-OH bending and
stretching vibrations. The peaks observed at around 1137, 1220, and 1632 cm'
corresponded to C—N bond, N-H bond and CH; group, respectively. The absorption
band observed at around 1632 cm™' corresponds to N-H bending vibration and a broad
peak observed at around 2371 cm™' attributed to Fe—OH stretching vibration which

overlapped the N—H stretching vibrations.

The SEM micrographs of a-Fe,O3 and a-Fe,O3/PANI composite film were shown
in Fig. 2.3. Fig. 2.3 (a) and (b) shows the irregular and spherical shaped o-Fe;Os
nanoparticles. The average diameter of a-Fe,O3 was absorbed 136 nm. Fig. 2.3 (¢) and (d)
shows the SEM image of o-Fe,O3/PANI film at different magnifications. Average
diameter of a-Fe,Os/PANI nanocomposite was 258 nm from Fig. 2.3 (d). Over all the
film is meso porous. During polymerization, the aniline monomer is absorbed onto the
surface of Fe,O3 through electrostatic attraction via the formation of weak charge transfer
complexes between the aniline monomer and the spherical Fe,O3 structure. The average
pore size of a-Fe,03 film and a-Fe,O3/PANI composite film were found 125 and 258 nm.
These active sites (pores) are significant factors for improving the NO; sensing properties

and hence are responsible for enhancing the response of the fabricated sensor.
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The XRD pattern of the as-grown thin film is found to be crystalline, which
become polycrystalline after a post deposition annealing treatment at 100 and 500 °C for
2 h'in air. The annealed thin films were found to be more porous and strongly adherent to
the substrate. Fig. 2.4 (a) and (b) shows the XRD pattern of PANI and ferric oxide thin
film. The XRD pattern of pure PANI shown by Fig. 2.4 (a), reveals the reflection peaks
occur at 20 = 24.77° and 20.57° which corresponds to (110) and (100) plane of PANI
respectively [22]. An additional peak at 20 ~ 15.73° is also observed and is in agreement
with the reported value [22]. Broad and well defined reflections corresponding to (012),
(104), (110), (113), (024), (116) and (018) planes of ferric oxide were observed at 24.23°,
33.28°, 35.79° 40.98° 49.61°, 54.21° and 57.82° respectively for the deposited ferric
oxide thin film shown by Fig. 2.4 (b) and are in good agreement to the corresponding
values reported for the rhombohedral crystal structure of ferric oxide [23]. The values of
lattice constants (‘a’ and ‘c’) estimated from XRD data for the ferric oxide thin films
were found to be about 5.03 A and 13.74 A (JCPDS card No. 89-596) respectively. The
crystallite size (D) of the sensing material was calculated by the Debye-Scherrer’s

formula [24], given by

__ KkKa
o B cos6

)

where K= 0.94 is Scherrer’s coefficient, which depends on the shape of the
crystallite and the type of defects present, A is the wavelength of X-ray radiation, g is the
full width at half maximum (FWHM) of the diffraction peak and @ is the angle of
diffraction. The average crystallite size of ferric oxide was calculated as ~ 27 nm.

Fig. 2.5 shows the dynamic sensing response curve of ferric oxide thin film
annealed at different temperature towards 20 ppm of NO; gas. It was observed that the
sensing response of all sensors structures increases with increase in annealing
temperature. As prepared ferric oxide thin film sensor showed the sensing response of
2.07 and it was annealed at 200 °C and 500 °C sensing responses ware found as 9 and 114
towards 20 ppm of NO, gas. When NO; gas interacts with the ferric oxide thin films, it
traps free electrons from the sensor surface and decreases the conductivity. As film was
annealed, it becomes more porous and sensitive towards NO, gas resulting the

enhancement in sensitivity of sensor.
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Fig. 2.6 shows the dynamic response of a-Fe,O3/PANI thin film sensor at room
temperature towards 20 ppm NO; gas. It is evident from Fig. 2.6 (a) that the exposure of
NO, gas to the sensing film surface, results in the increase of resistance from 72.89 to
16693.98 kQ (S = 229). The response and recovery times of the sensor were observed to
be 2.35 and 3.8 min, respectively at room temperature. Fig. 2.6 (b) shows the variation in
sensing response of thin film sensors of pristine a-Fe,O3 and a-Fe,O3 with different
concentrations of PANI as 1%, 3%, 5% and 10% as a function of temperature towards 20
ppm of NO; gas. The pristine a-Fe,O3 thin film sensor shows the sensing response of 10
at room temperature towards 20 ppm of NO; gas. The Fe;,O3-PANI (1%), Fe,O3-PANI
(3%) and Fe,O3-PANI (10%) doped based sensors show the sensing response of 70, 150
and 100 at room temperature respectively. The enhancement in sensing response of order
of 229 has been observed for Fe,O3-PANI (5%) sensor structure at room temperature. It
was supposed that because of maximum adsorption sites developed and the electrons
coming out from valance band to conduction band were trapped and no electrons were
found in conduction band. As a result maximum increase in the resistance was observed
on increasing the concentration of PANI beyond this limit and sensitivity goes down for
Fe,O3-PANI (10%) it becomes minimum.”

It may be clearly seen from Pi-chat Fig. 2.6 (c) that almost all pristine Fe,O3 and
Fe,O3-PANI composite thin film, the Fe,O3-PANI (5%) is the most widely investigated
(40.97%) and pristine Fe,;O3 (1.79%) for detection of 20 ppm NO; gas sensor.

The variation of response and recovery time of Fe,O3/PANI thin film as a
function of temperature towards 20 ppm of NO; gas is represented in Fig. 2.6 (d) which
shows that the response and recovery times vary inversely with respect to the increase in
temperature. The response time decreases from 2.35 to 1.39 min while the recovery time
decreases from 3.80 min to 2.33 min with increasing of temperature in the range 30-200
°C towards 20 ppm of NO, gas. The decrease in response time is due to the large
availability of vacant sites on the thin film for adsorption of the gas as evident from SEM

images.

Thus the resistance Ry for all the sensors increases on exposure to NO; gas. At

increasing annealing temperatures, the predominant oxygen species on the ferric oxide
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surface are still O; but NO, gas molecules interact directly with Fe ionic sites instead of

reacting with O; species.

0, —>20"+e”
Physisorbed nitrogen dioxide molecules forms new surface acceptor levels deeper than
surface oxygen ions. Therefore, bound electron is transferred from O; ion to physisorbed

NO, molecule.
NO,+ e~ — NO; (ad)

3+ adsorption a+ —_ desorption 4+ _
NO; + Fe*" ——— (Fe*" — NO,) —— (Fe"" — 07 ) +NO

q .
3(Fe" — 01) % 4Fe + 20,

During adsorption, NO, gas molecules attack the available free Fe sites on the sensor

surface and take away electrons from the conduction band of Fe,O; forming NOE

species.
2.4 Selectivity

The experiment on the selectivity of ferric oxide-polyaniline composite thin film
deposited by spin coater was carried out by monitoring the change in electrical resistance
towards different interfering gases (concentration = 2000 ppm) including Acetone, IPA,
NHs, LPG and CO, at room temperature. The prepared sensor was found to be highly
selective towards NO, gas (Fig. 2.7) and exhibits higher increase in the sensor resistance
after interaction with NO, gas molecules at room temperature. However, a small decrease
in the sensor resistance was observed when exposed to other interfering gases (Fig. 2.7)
indicating the development of highly selective ferric oxide thin film based sensor for

detection of NO; gas.

2.5 Conclusion:

Ferric oxide-polyaniline composite thin film sensor structure has been designed
for the trace level (20 ppm) detection of NO, gas at room temperature with sensor

74



response ~2.29 x10?, moderate response time ~2.35 min and recovery time as 3.80 min.
Nanoporous spherical surface morphology having nanocrystalline grains were found of

much importance for obtaining the enhanced response characteristics.
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Fig. 2.1: UV-visible absorbance spectra of (a) ferric oxide (Fe,O3) and (b) Fe,O3-PANI
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Chapter 3

Fabrication of NO, gas sensor using nanostructured Zinc oxide

In the present chapter zinc oxide has been prepared by using two different methods and
their characterizations were carried out using SEM, AFM, XRD, UV-vis and FTIR.
Sensing performances of each samples were investigated and found that hexagonal ZnO

nanocrystals were more sensitive than ZnO nanopetal structure.
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3.1 Introduction

ZnO is one of the n-type semiconducting oxide materials utilized widely in the
fields of transparent conducting electrodes, varistors, sensors and optoelectronic devices
[1-2]. Especially, this oxide material has been extensively studied for its potential use in
semiconductor type gas and UV sensors, since it has considerable sensitivity to CO or
NOy gases [3-5]. Oxidizing gas molecules adsorbed on the surfaces of oxide materials
and creates electron-depleted layers, which increase the sensor resistance. There are two
different types of contact between the particles of sensing materials [6]: the two-
dimensional (2-D) contact between necked particles and point-to-point contact between
ordinary particles. When the particles are necked together significantly and the sizes of
the necked part become comparable to the thickness of the resistive electron depleted
layer, the conductive channel through the neck determines the total resistivity (neck
model). When the particle sizes are significantly larger than the thickness of the electron
depleted layer, the conductive channel through the neck becomes too wide for the
channel to control the electrical resistivity of the particles chain. In this condition, the
point-to-point contacts between the grain boundaries dominate the total resistivity, giving
rise to gas sensitivity independent of the particle size. Metal-oxide semiconductors such
as SnO,, TiO, and ZnO have high sensitivity, good chemical stability and are easy to
synthesize; therefore, these semiconductors have been extensively studied to determine

their suitability for use as NO; gas sensors [7-8].

In the present chapter, we have investigated the synthesis and characterization of
ZnO in order to develop a highly responsive sensor which is robust, compact, having long
life and operable at low temperature with sufficient sensitivity for the detection of

nitrogen dioxide in low concentrations.
3.2 Experimental
3.2.1 Synthesis of ZnO hexagonal nanocrystals

0.01 M of zinc acetate dihydrate was dissolved in 75 ml of boiling ethanol (75 °C)
in a round bottom flask fitted with a condenser at atmospheric pressure. The solution is
refluxed at 75 °C for about 30 minutes and subsequently allowed to cool at room
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temperature to give a transparent and stable Zn based precursor. In another beaker, 0.014
M of lithium hydroxide monohydrate was ultrasonically dissolved in 50 ml of ethanol to
accelerate the reaction at room temperature. A clear solution was obtained after
sonication for 30 min. The hydroxide containing solution was added drop by drop to the
acetate containing solution at room temperature under vigorous magnetic stirring, and
finally a transparent ZnO sol was obtained after hydrolyzing the precursor. Fig. 3.1(a)

shows the flow chart of the growth of ZnO nanocrystals and deposition of ZnO thin-film.
3.2.2 Synthesis of ZnO nanopetals

2.62 g zinc nitrate hexahydrate was dissolved into 100 ml of distilled water. In
order to make the gel of the zinc oxide 100 ml of diluted ammonia solution (3%
concentration, labelled as A) was added to zinc nitrate precursor under continuous
stirring. This gel was used for the fabrication of thin film. Later for increasing the pH
value, concentrated ammonia solution (25% concentration, labelled as B) was added to it
that results in the precipitation of the material. The obtained precipitate was separated by
centrifugation at 5000 rpm for 10 min and then dispersed in 50 ml of 1,4-butanediol. The
solution with the dispersed Zn(OH), was heated at 150 °C for 36 h in a closed glass
bottle.

3.2.3 Experimental Techniques

The morphology and size distribution of as-prepared ZnO nanostructures were
observed by scanning electron microscope (SEM, TESCAM Miralll). The crystallinity
and structure were investigated by X-ray diffractometer (X-Pert PRO PANalytical).
Optical characterization was carried out by the UV-vis Spectrophotometer. For studying

the gas sensing properties, the home-made gas dilution system was utilized [9].
3.2.4 Sensing Test Chamber

The total amount of gas flow rate of the diluted NO, gas by dry air is 5000 ml/min
and the volume of chamber is 5000 ml. The ZnO nanopetal (NP) array sensor was
inserted between the two electrodes and the diluted NO;, gas was injected into the test

chamber. Variations in the electrical resistance of the sensor were measured with a
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Keithley (6517B) electrometer interfaced with a personal computer. The sensing response

of prepared sensor structure towards oxidizing NO; gas is given as under [10]:

Rg—Ra
Ra

S = (1)

where R, and R, are the values of resistance of the sensor in the presence of
atmospheric air and target gas, respectively. The response time was measured as the time
taken by the sensor to acquire the 90% of its maximum resistance value in the presence of
oxidizing gas [11]. Once the maximum resistance value is attained, the target gas was
flushed out from the test chamber and sensor was allowed to regain its initial resistance
value in atmospheric air keeping it at the same temperature. Time taken by the sensor to
reacquire about 10% higher value of its initial resistance in the presence of atmospheric

air is considered as the recovery time [12].
3.2.5 Humidity sensing mechanism

Humidity sensing theory depends upon changing in the electrical resistance of
sensing materials kept in a humid environment. The depiction of the water adsorption
process on the ZnO surface is illustrated in Fig. 3.1(b). The hydroxyl groups, generated
by the self ionization of water molecules adsorbed on the activated surface of crystalline
grain covers the surface area of ZnO through the chemisorption of water in moist
surroundings. The process of chemisorption occurs at very low humidity level and
remains unaltered by further changes in humidity. Nevertheless, because of hydrogen
bonding the water molecules are physisorbed onto this hydroxyl layer with increase in
humidity level. This is because of the increase in the number of physisorbed layers at
higher levels which prompts the bonding of water molecules to hydroxyl group. Porous
structure of ZnO film and specific surface area of nanosized grains play the key roles in
the interaction and physisorption of water vapors. Humidity gets adsorbed throughout the
open porosities leading to condensation within the capillary pores that are distributed
between the grains [13]. A larger surface area for the sensing material ensures higher
absorption of water molecules leading to a greater density of charge carriers, usually

protons.
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3.3 Results and Discussion
3.3.1 Hexagonal nanocrystals based NO; gas sensor

XRD analysis carried out in order to investigate crystal structure of the
synthesized ZnO. X-Ray diffraction shows an extent of crystallization of the material.
The average crystallite size (D) of the sensing material was calculated by the Debye-

Scherrer’s formula [14], given by

KX
b= B cosO (2)

where K= 0.94 is Scherrer’s coefficient, which depends on the shape of the crystallite and

the type of defects present, A is the wavelength of X-ray radiation, £ is the full width at
half maximum (FWHM) of the diffraction peak and & is the angle of diffraction. The
XRD pattern of ZnO thin film is shown in Fig. 3.2(a). In this pattern, the two peaks were
found at angle 34.5° and 63° corresponding to plane (002) and (103) with lattice
parameters a = 3.236 A and ¢ = 5.203 A with highest intensity at (002) plane. As a result,
the ZnO nanoparticles grow more rapidly along facets, and the (002) direction is along
the c-axis of the nanoparticles while (103) direction is the short axis [15]. The strong
peak (002) implies highly oriented ZnO nanoparticles along c-axis [16-17] and the
structure of ZnO is hexagonal wurtzite, which is consistent with the SEM observation.

The average crystallite size of ZnO was calculated using Scherer’s formula as ~ 71 nm.

Fig. 3.2(b) shows the AFM image of ZnO thin film deposited by spin coating
method. The surface morphology of the thin film was examined over an area 500 x 500
nm? in non-contact mode. The surface morphology of the film was found to be uniform
having homogeneously distributed grains with high surface roughness. The average grain

size of ZnO film was found ~ 70 nm.

The scanning electron micrograph of ZnO thin film annealed at 450 °C for 2 h at
19 kx magnification is shown in Fig. 3.3. This micrograph exhibits the surface
morphology of the ZnO NC film, in which hexagonal particles are uniformly and
beautifully distributed. Film is quite porous with varying pore size from 80 nm to 100

nm. These pores are responsible for the adsorption of the target gases. The inset Fig. 3.3
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reveals the magnified image of single regular hexagonal ZnO nanoparticle with average
edge of about 100 nm and thickness about 90 nm. The edges and corners of the
hexagonal small nanoparticles may be seen more clearly. The growth of the small
nanoparticles with a definite face is to minimize their interface energy. It is well known
that the synthesis of NCs includes two main steps; nucleation and growth. At the
nucleation stage, the intrinsic crystal properties dominated the shape of the initial
precursor. Subsequently, in the next step, the precursors are absorbed in each plane and
the ZnO grows with different rates along different planes. In the present case the
favorable plane for the growth is (002). Average particle size was found as 120 nm with
the average length of one side of hexagonal structure as 100 nm. The specific surface area

(SSA) was determined using equation [18-19]:

6

A= )

d XDy

where d is the bulk density of ZnO pellet and Dy, is the average crystallite size. The
number 6 is the shape factor. The calculated value of SSA of the synthesized material
was 272.6 m?/g. This high value of active surface area is another significant feature for

gas sensing.

FTIR spectrum of ZnO-NPs (Fig. 3.4) exhibits the peak at 475 cm™ which is due
to the stretching mode of ZnO-NPs and addition peak at 1572 cm™ is due to leading
vibration of C—H in the methyl and 2356 cm™ attributed to the leading vibration molecule
[20].

Fig. 3.5(a) shows that resistance decreases sharply up to 20 %RH and then
linearly up to 50 %RH and further slow decrement was observed. The sensitivity of a
humidity sensor can be defined as the change in resistance (R) of sensing element per unit
change in relative humidity (%RH) i.e.,

AR
A %RH

S = MQ/%RH (4)

The average sensitivity is calculated by taking the average of all sensitivities

ranging from 10 to 90 %RH. Average sensitivity of the thin film at room temperature was
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found 3.82 MQ/%RH. Hysteresis curve for the sensing thin film annealed at 450 °C is

shown in Fig. 3.5(b) and its value was calculated as 48% for ZnO thin film.

Fig. 3.6 shows the dynamic response of pure ZnO thin film sensor at room
temperature towards 20 ppm NO; gas. As it is evident from Fig. 3.6(a) that the exposure
of NO,, gas to the sensing film surface, results in the increase of resistance from 14.695
kQ to 1323.178 kQ (S = 90). The response time and recovery times of the sensor were
observed to be 2.45 min and 1.76 min, respectively at room temperature (RT). The
enhanced response (S = 90), and least response and recovery times are promising

parameters for devising a sensor.

Fig. 3.6(b) shows the variation in the sensing response of pure ZnO thin film
sensor as a function of operating temperature towards 20 ppm of NO, gas. It was
observed that the sensing response of pure ZnO thin film decreased with the increase in
temperature. The decrease in sensing response at high temperature could be due to higher
rate of adsorption and desorption of gas molecule at the sensing surface. The pure ZnO
thin film shows the maximum sensing response as 1.50 x 10% at room temperature. When
the NO; gas interacts with the sensing surface of ZnO, it traps free electrons from the
surface and decreases the conductivity of the sensor. Therefore, the resistance Ry for the

sensor increases on exposure to NO, gas.

The response time is defined as the time required by sensor to attain 90% of the
stabilized value of resistance after the sensing gas comes into contact with the sensing
surface and recovery time as the time required by sensor to regain 10% higher value than
its original resistance, after removal of the sensing gas. The variation of response and
recovery time of ZnO thin film as a function of temperature towards 20 ppm of NO, gas
is represented in Fig. 3.6(c). It is observed that the response time and recovery time vary
inversely with respect to the increase in temperature. The response time decreases from
2.45 min to 1.91 min while the recovery time increases from 1.76 min to 2.38 min with
increasing of temperature in the range 30 to 200 °C towards 20 ppm of NO, gas. The
decrease in response time is due to the large availability of vacant sites on the thin film

for adsorption of the gas as evident from SEM/AFM images. Also the increase in
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recovery time may be due to the gases left behind after gas interaction, resulting in

decrease in desorption rate.

The selectivity is one of the most important gas sensing properties for the gas
sensors. The cross sensing response between NO, and reducing gases such as NH3, CO;
and LPG were also investigated. Fig. 3.6(d) shows the selectivity of NO;, gas to NHs,
CO; and LPG in the different gas concentration for ZnO sensor. The maximum sensor
responses at room temperature (30 °C) towards NH3, CO, and LPG are 3.2, 2.7 and 1.5,
respectively. It is indicated that the ZnO based sensor not only has high response to NO,
but also exhibits high selectivity to reducing gas such as NH3, CO, and LPG.

The sensing mechanism is based on the fact that the oxygen species were
adsorbed on the surface of NCs in the air and then ionized into 0, or 027 by capturing
the free electrons from the conduction band; there by causing decreases in conductivity.
After exposure of NO, to the zinc oxide sensing thin film, the NO; is adsorbed on the
surface of sensing film and acts as an electron acceptor in the reaction, resulting in an

increase in the resistance of the sensor [21].
3.3.2 Nanopetal based NO, gas sensor

The annealed thin film was found to be smooth, transparent and strongly adherent
to the substrate. Fig. 3.7 (a, b) shows the top view of the SEM image of the ZnO thin film
after annealing at 500 °C for 4 h in air at two different magnifications. The SEM image
clearly shows that the ZnO NPs were horizontal and well-aligned over the surface of the
film substrate with a high density ~1.3x10'%cm® Film is porous and petals are
distributed with varied agglomerations. The average thickness of each petal is 70 nm and
its diameter is 400 nm. The average pore size was found 119 nm. The sensing
performance of such porous film can also be controlled within a certain limit by
measuring the pore sizes and inclusion of NO; within the pores. X-ray diffraction pattern
of ZnO thin film annealed at 500 °C for 4 h in air shown by Fig. 3.7(c) reveals the well-
defined diffraction peaks corresponding to (100), (002), (101) (102) and (110) planes of
ZnO observed at 31.70°, 34.34°, 36.27°, 47.63° and 56.56°, respectively and are in good

agreement to the corresponding values reported for hexagonal wurtzite structure of ZnO.
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The lattice constants calculated from the XRD data for (101) phase (strong reflection) are
a=23.265 A and c = 5.214 A, respectively. The average crystallite size was calculated as
29.70 nm.

The optical transmission spectra of the ZnO thin film deposited separately on
corning glass substrate was measured in the wavelength range 190 to 1100 nm, and is
shown in Fig. 3.7(d). ZnO thin film exhibits a high transmission (>80%) in the visible
region and shows a sharp fundamental absorption edge in UV region at 360 nm. Band
gap of the ZnO thin film deposited on corning glass substrate was calculated from the
intercept on energy axis obtained by extrapolating the linear portion of the Tauc plot
[(ahv)? vs photon energy (hv)] as shown in inset of Fig. 3.7(d). Estimated value of band
gap for as-grown ZnO thin film is found to be 3.5 eV which is close to the reported value
[21].

For the sensing measurements, NO, gas was injected in a controlled gas chamber
by different volumes for various times and variations in resistance were recorded by
Keithley Electrometer. Corresponding data were plotted in Fig. 3.8(a) which shows the
response of the gas sensor modulated by the repeated injection and cutting off the NO,
gas with a concentration of 20 ppm. The maximum response was ~ 169 which is the
highest as per open literature survey. During the three repeated injections of gas, its
maximum response did not change and is shown by Fig. 3.8(b). The gas sensor showed
excellent response and recovery characteristics, i.e. 1.42 and 1.71 min, for 90% of its full

response and recovery, respectively.

The sensing mechanism is based on the fact that the oxygen species were
adsorbed on the surface of NPs in the air, and then were ionized into 0, or 025, by
capturing the free electron from the particles; thus decreased the conductivity and
increased the resistance. After exposure of NO; on the zinc oxide sensing thin film, then
NO; is adsorbed by the sensing film and NO, acts as an electron acceptor in the reaction,
resulting an increase in the resistance of sensor [22]. The chemical reactions that occur on

the sensing surface are given as:
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NOygasy te™ — NOZ_(ads) (6)

The above reactions result in the decrease of concentration of electron on the

surface of ZnO which results in an increase in resistance of the material. In addition,

following reaction is happened between NO; 44y and O ;.

_ - 2 —
NOZ(adS) + OadS — Zoads + N02 (7)
Thus the cycling reaction continued:
NOyg) + e~ = NOzqas) (8)

The desorption of NO; (ads) is limiting at the decomposition of the NO, at the

zinc oxide, which is determined by the fast recovery time after the exposure to the sensor.
3.4 Conclusion

Comparative studies of ZnO Hexagonal and Nanopetals have been presented in Table
3.1

Sensing Parameters ZnO  hexagonal | ZnO Nanopetals
nanocrystals

Crystallite Size (nm) 71 29

Specific surface area (m°/gm) | 272 766

Sensing Response 90 169

Response Time (min) 2.45 1.42

Recovery Time (min) 1.76 1.71

From table we conclude that ZnO nanopetals based sensor has high sensing
response 169, with lowest response time 1.42 min and fast recovery time 1.71 min
whereas the sensor based on ZnO hexagonal nanocrystals show lower sensing response
with enhanced response and recovery times due to bigger crystallite size (71 nm) and
lower specific surface area (272 m?/gm). Thus ZnO nanopetals based sensor may be
commercialized for the detection of low level of NO, gas for both indoor and outdoor

systems.
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Fig. 3.2: (a) The XRD pattern of ZnO thin film and (b) AFM image of ZnO thin film
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Chapter 4

Experimental Investigations on NO; sensing of Pure ZnO and
PANI-ZnO composite thin films

In the present work, the comparative investigations on NO, gas sensing properties of the
hybrid nanocomposite thin films of Polyaniline (PANI), ZnO and PANI-ZnO towards NO,
gas at room temperature have been reported. Effect of concentrations of PANI in the
composite thin films on the NO; gas sensing has been investigated. Structural and surface
morphological characterizations have been carried out by using X-ray diffraction (XRD)
and scanning electron microscope (SEM) respectively. The presence of 5% PANI in
composite film was found to give maximum sensing response of ~ 6.11x10? towards 20
ppm NO, gas having fast response and recovery time of about 2.16 min and 3.5 min

respectively.
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4.1 Introduction

The emission of Nitrogen dioxide (NO,) creates bad effect on public health and
the environment as well. Therefore the detection of NO, is quite necessary even at very
low concentration. The use of conducting polymers as sensing elements in chemical
sensors is a center of attraction due to their high sensitivity with the change of the
electrical and optical properties when exposed to different types of gases or liquids [1].
Polyaniline (PANI) is one of the most prominent materials among the variety of
conducting polymers due to its unique electrical property, environmental stability, easy
fabrication process and intrinsic redox reaction [1-4]. PANI has also been used in
different applications such as gas sensor [5], rechargeable batteries [6] and photovoltaic
cells [7]. However, the problems with these conducting polymers regarding the yield is
their mechanical strength [8]. The fabrication of hybrid composite of conducting
polymers with metal oxides seems to be attractive to resolve these issues and concerns.
However, no much efforts have been made towards development of a hybrid composite
of PANI and ZnO especially for detection of NO, gas at room temperature [9].
Alternatively, the metal oxides are useful in this regard but demands low operating
temperatures [10-12]. Among the inorganic materials, nanocrystalline ZnO is one of the
most attractive and extensively used materials for detection of the LPG, NH3; NO, and
UV [13-16]. In the present work, nanoparticles of PANI and ZnO were synthesized and
their hybrid composites were prepared for the detection of NO; gas. Also the variations
of concentration of PANI in ZnO composite thin film with exposure of different

concentration of NO; gas have been investigated.
4.2 Experimental
4.2.1 Fabrication of ZnO-PANI nanocomposite thin film sensor

PANI was prepared by polymerization of aniline. For this process HCI was used
which acts as dopant for PANI molecules and bound with the central N atom of aniline
molecule like [17]. Nanostructured ZnO was prepared using chemical route as prescribed
in earlier work as chapter 3 also published as [18]. The prepared PANI was added to ZnO
nanoparticles (NPs) sol. in different concentrations (0%, 1%, 5% and 10%). The PANI
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incorporated ZnO nanoparticles suspension was sintered at 100 °C in air for 2 h for
producing powder form. Thin films of pure PANI, ZnO NPs and ZnO-PANI composites
were prepared on corning glass substrates by spin coating technique at 2200 rpm for 30 s
and dried on hot plate at 100 °C for 10 min [19-22]. The thickness of the pure PANI film,
pure ZnO film and PANI-ZnO film were measured by using Dektak profile meter (Veeco
Dektak 150 surface profiler) and was found to be 210 nm, 290 nm and 320 nm
respectively. For the gas sensing application, films were deposited on inter digital
electrode (IDEs) patterned corning glass substrates by spin coating of the respective

solutions.
4.2.2 Gas sensing properties measurements

NO; gas sensor was designed and fabricated which is based on the variations of
electrical resistance with exposure of gas. Pt sputtered inter digital electrode was
fabricated on a 1x1cm? corning glass substrate to form a transducer, which were used
directly to measure the change in resistance of the sensitive PANI-ZnO composite thin
film layer with exposure of NO, gas of various concentrations. The device was placed
inside a steel box having volume 11 L, then allow to a certain amount of NO, gas to
inject into the test chamber, the resistance was reached to a steady value in open air as
shown in Fig.4.1 (a). A Keithley 2700 digital multi-meter interfaced with a computer data
acquisition system was used to measure the variations in resistance of the sensor. The
measurements were performed at room temperature. The sensor response towards an

oxidizing gas such as NO is defined as [11]:

_ Rg=Ra
Ra

S (1)

R
If Rg>> R,, then S = R—g

a

Where, R, and Ry are the resistances of the sensor structure in the presence of
atmospheric air and target gas respectively. The response time was measured as the time
taken by the sensor to acquire the 90% of its maximum resistance value in the presence of

target oxidizing gas. Once the maximum resistance value was attained, the target gas was

103



flushed out from the test chamber and sensor was allowed to regain its initial resistance
value in atmospheric air while keeping the sensor at the same temperature. The time
taken by the sensor to reacquire about 10% higher value compared to its initial resistance
in the presence of atmospheric air is considered as the recovery time.

4.2.3 Formation mechanism

ZnO is formed according to the following equation:

Zn(CHsCOO), + 2CH3;CH2,0H —(CH3CH,07),Zn?*+ 2CH3COOH )
LiOH + CH3CH,0OH < CH3CH,0~Li*+ H,0 ()
(CH5CH,07),Zn?*+2LiOH — Zn(OH), + 2CH3CH,OLi (4)
Zn(OH), — ZnO| + H,0 (5)

The zinc acetate dihydrate was dissolved in the boiling ethanol at atmospheric pressure
and subsequently allowed to cool at room temperature to give a transparent and stable Zn
based precursor CH3CH,0"Zn*. When LiOH was added to precursor
(CH3CH,07),Zn?*, Zn(OH), was obtained after the chemical reaction and CH3CH,OLi
evaporated. Calcinations of corresponding reaction precursors Yyielded the ZnO
nanocrystals. We have proposed a plausible mechanism for the formation of ZnO/PANI
heterojunction microstructures, as schematically illustrated in Fig. 4.1 (b).

4.3 Results and Discussion
4.3.1 Structural Studies

Figs. 4.2(a), 4.2(b) and 4.2(c) represent the X-ray diffraction (XRD) patterns of
the pure PANI, pure ZnO and ZnO-PANI composite thin films respectively. The XRD
pattern of pure PANI (Fig. 5.2a) shows the reflection peaks occur at 260 = 24.61° and
20.60° which corresponds to (110) and (100) plane of PANI respectively [15]. An
additional peak at 20 ~ 15.06° is also observed and is in agreement with the reported
value [15]. Fig. 5.2(b) shows the XRD pattern with the peaks corresponding to reflection
planes (100), (002), (101), (102) and (110) of the wurtzite polycrystalline structure of
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ZnO [22]. X-Ray diffraction pattern of composite ZnO-PANI as shown in Fig. 4.2(c)
revealed the amorphous character prominently with weak reflections corresponding to
ZnO [22-23]. It appears that the molecular chains of PANI are stretched leading to
decrease in crystallinty of hybrid composite film. The average crystallite size was

calculated by Debye-Scherer’s formula as 5 nm.
4.3.2 Scanning Electron Microscope (SEM)

Figs. 4.3(a), 4.3(b) and 4.3(c) show the SEM images of pure PANI, ZnO
nanoparticles and ZnO-PANI composite thin films respectively. The SEM image of the
pure PANI film (Fig. 4.3a) exhibits a fibrous structure with many pores. Fig. 5.3(b)
shows the flower shaped surface morphology of the ZnO thin film annealed at 400 °C for
2 h. The SEM image of the composite thin film (Fig. 4.3c) shows the agglomeration free
and uniform distribution of the PANI in ZnO thin film matrix. It can be seen that the
PANI chains are closely surrounded with the mesh like structure built by ZnO
nanoparticles. The average pore size was found 900 nm. Thus the fabricated porous film
is preferred for gas sensing applications. The obtained rough and porous morphology of
prepared thin film as shown in Fig. 4.3(c) provided the high surface to volume ratio

which enhanced the sensing response.
4.3.3 Optical Properties

The optical transmission spectra of ZnO and ZnO-PANI with 1%, 5% and 10%
thin films having thickness 300 nm each deposited separately on corning glass substrate
were measured in the wavelength range of 190 to 1100 nm, and the variation is shown in
Fig. 4.4. ZnO and ZnO-PANI thin films exhibit a high transmission (90 to 20%) in the

visible region and show a sharp fundamental absorption edge at ~ 340 nm.

Optical band gap of the ZnO and ZnO-PANI thin films deposited on corning glass
substrate, were calculated from the intercept on energy axis obtained by extrapolating the
linear portion of the Tauc plot of (a/v)* vs photon energy (4v) as shown inset Fig. 4.4.
Estimated value of band gap for as-grown ZnO thin film is found to be 3.38 eV which is
close to the actual values for ZnO thin films (3.3eV) grown by various techniques [14-

15]. The variation in band gap shows the electronic interaction between ZnO and PANI
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confining the formation of ZnO-PANI composite thin film.
4.3.4 FTIR spectra

FTIR spectrum is the feature of a particular compound that gives the information
about its functional groups, molecular geometry and molecular interactions. Fig. 4.5
shows the FTIR spectra of pure PANI, ZnO NPs and PANI/ZnO hybrid nanocomposites.
Fig. 4.5(a) shows that the characteristic peaks of pure PANI appeared at 1631, 1471,
1292 and 1121 cm™. FTIR spectrum of ZnO-NPs (Fig. 4.5b) exhibits the peak at 475 cm™
which is due to the stretching mode of ZnO-NPs and addition peak at 1380 cm™ is due to
leading vibration of C—H in the methyl and 1640 cm™ attributed to the leading vibration
molecule [24]. Fig. 4.5(c) shows that the absorption peaks for PANI/ZnO
nanocomposites appear at 1572 cm™ is due to C=C stretching mode of the quinoid rings,
1465 cm™ is due to C=C stretching mode of benzenoid rings, 1234 cm™ is attributed to C—
N stretching mode and 1148 cm™ can be attributed to the in-plane and out-of plane C—H
bending [25], indicating the formation of PANI in the composites. Comparing to the
corresponding peaks of pure PANI, the peaks of PANI/ZnO shifted towards higher and
lower wavenumber. This shifting of absorption bands may be due to the action of
hydrogen bonding between the hydroxyl groups on the surface of ZnO nanoparticles and

the amine groups in the PANI molecular chains [26].
4.3.5 Sensing Behaviour

Fig. 4.6(a) shows the variation in sensing response of thin film sensors of Pure
ZnO and ZnO with different concentrations of PANI as 1%, 5% and 10% as a function of
temperature towards 20 ppm of NO; gas. It can be observed that the sensing response of
all sensor structures decreases with increase in operating temperature up to 120 °C. Due
to certain limitations, experiments could not be performed for higher operating
temperatures. The decrease in sensing response at high temperature could be due to the
higher rate of sorption of gas at the sensor surface. Pure ZnO thin film sensor shows the
sensing response of 1.7x10? at room temperature towards 20 ppm of NO, gas. The ZnO-
PANI (1%) doped and ZnO-PANI (10%) based sensors show the sensing response of

2.5x10% and 1.2x10% at room temperature respectively. The enhancement in sensing
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response of order of 6.11x10% has been observed for ZnO-PANI (5%) sensor structure at
room temperature. It was supposed that because of maximum adsorption sites developed
and the electrons coming out from valance band to conduction band were trapped and no
electrons were found in conduction band. As a result maximum increase in the resistance
was observed on increasing the concentration of PANI beyond this limit and sensor

response goes down up to minimum (120) for ZnO-PANI (10%).

Figs. 4.7(a) and 4.7(b) show the transient response of pure ZnO and ZnO-PANI
(5%) composite thin film sensor at room temperature towards 20 ppm NO, gas
respectively. It can be observed from Fig. 4.7(a), that with the exposure of NO, gas to the
sensing film surface, the sensor resistance increases from 1.83 kQ to 311 kQ (§=170) and
196.86 kQ to 120.58 MQ (S = 611). The response time and recovery time of the sensor
made of pure ZnO and ZnO-PANI (5%) were observed to be 300 s, 350 s and 130 s, 170

S respectively.

From Fig. 4.7 it is visualized that at room temperature, the pure ZnO thin film
sensor gave response in 6 min while ZnO-PANI (1%), ZnO-PANI (5%) and ZnO-PANI
(10%) doped thin film sensor showed the response time of 3, 2.16 and 3.5 min towards
20 ppm NO, gas respectively. Fig. 4.8 shows the variation of response time of pure ZnO,
ZnO-PANI (1%), ZnO-PANI (5%) and ZnO-PANI (10%) thin film sensors. Fig. 4.9
indicates the recovery time of ZnO-PANI (1%), ZnO-PANI (5%) and ZnO-PANI (10%)
thin film sensors, when NO; gas was flushed out from the gas test chamber. From Fig.
4.8 it is clear that at room temperature, the recovery time of pure ZnO thin film is 5.33
min whereas ZnO-PANI (1%), ZnO-PANI (5%) and ZnO-PANI (10%) thin films have
the recovery times as 3.5, 2.5 and 3.8 min respectively. Furthermore, response and
recovery times are seen to be reducing with temperature. This may be attributed to the
fact that at room temperatures the rate of adsorption and desorption of gases increases.
So, ZnO-PANI (5%) doped thin film sensor is seen to be exhibiting better sensing

properties compared to the other fabricated sensor structures.

Figs. 4.10(a) and 4.10(b) show the reproducibility response of pure ZnO and
ZnO-PANI (5%) sensor structures, when continuously exposed to 20 ppm of NO; gas and

air for four consecutive cycles at room temperature. The sensor structures show the
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similar sensing response (Ra to Ry and Ry to Ra) repeatedly for four consecutive cycles
towards 20 ppm NO; gas and air which confirms the good reproducibility of the prepared
sensor structure. The observed results show the good stability of the fabricated sensor in

comparison to earlier reported sensor.
4.3.6 Selectivity of gas

The selectivity of sensing device made of ZnO, ZnO-PANI (1 %), ZnO-PANI (5
%), and ZnO-PANI (10 %) were investigated at room temperature by injecting 20 ppm
NO; and 1000 ppm concentration of other tested gases (LPG, C,HsOH, NHg, isopropyl
alcohol and acetone). It was found that ZnO-PANI hybrid nanocomposite thin-film
sensors with different PANI weight ratio could exhibit high response to NO, but very low
response to LPG, C,HsOH, NHs, IPA and acetone. Among all the above mentioned ZnO-
PANI (1-5 %) hybrid nanocomposite thin film sensors, the sensor made of ZnO-PANI
(5%) exhibited the highest response of 611 to 20 ppm of NO..

The selectivity of ZnO and ZnO-PANI (5%) hybrid nanocomposite thin-film
sensor is shown in bar diagram of Fig. 4.11. In order to study selectivity, 20 ppm of the
test gases as NO,, LPG, C,HsOH, NHs, IPA and acetone were introduced in the test
chamber and exposed to ZnO and ZnO-PANI (5%) hybrid nanocomposite thin-film
sensors. The responses of ZnO and ZnO-PANI (5%) hybrid nanocomposite thin-film
sensors to the NO, gas (20 ppm) were 120 and 611, respectively, and least responses were
observed for the other test gases.

4.3.7 Gas sensing mechanism

Gas sensing of semiconductor sensors is based on the resistance change of the
material due to the chemical and electronic interaction between the gas and sensing
matrix. The chemical interaction involves the adsorption of the target gas molecules on
the surface of ZnO thin film, where subsequent reaction with oxygen species adsorbed on

the ZnO surface, results in the detection for the target gas [27-28].

The adsorption and reaction process can be described as follows: when ZnO

sensor is exposed to air, oxygen molecules adsorb on the surface of the materials to form
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chemisorbed oxygen anions (OZ(a_ds)) by capturing electrons from the conductance

band, resulting in the formation of a depletion layer, known as the space charge layer, on
the surface of the sensor material which results in an increase in resistance of the

material.

Ote” & OZ(adS) (6)

when the ZnO thin film is exposed to NO, gas, it is adsorbed directly on the

surface of ZnO thin film. Therefore, the concentration of electrons on the surface of ZnO

thin film decreases and, correspondingly, the resistance of ZnO layer increases. The
process of the reaction can be described as follows:

NOygy+ e~ & NO3iaas) (7

The above reactions result in the decrease of concentration of electron on the

surface of ZnO which results in an increase in resistance of the material. In addition,

following reaction is happened between NO;,,5) and O(a;s):

Noz(gas)+ OZ(ads) t2e” o Nog(ads)"- 20(_ads) (8)

Thus the cyclic reaction continues as in equation (7).

With the incorporation of p-type PANI [29] into n-type ZnO [17], the sensing
response towards NO, gas was found to increase. This may be due to the formation of p-n
junctions in the hybrid composite films and PANI chains are surrounded with mesh like
structures made by ZnO nanoparticles. Here we have proposed a corresponding model of
sensing mechanism of NO, through the ZnO-PANI heterojunction microstructures. The
schematic of mechanism is shown by Fig. 4.12.

During the formation of pn junction minority carrier in PANI are lesser in number
and they require lesser energy to move to conduction band as a result in beginning a
small variation will be observed but as the ZnO in n-type and excess in amount in the
sample as result n-type a nature of film will be dominating. Only the role of PANI will be

to enhance the rate of reaction with oxidizing gas like NO,.
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The first oxygen species were adsorbed on the surface of particles in the air, and
then ionized into Oa;S capturing free electron from the particles, thus leading to the

formation of thin space charge layer and increasing of surface band bending. The doped
PANI has a lower band gap and work function (Eq = 2.8 eV, @ = 4.14 eV) than that of
Zn0 (Ey =3.37 eV, @ = 5.2 eV), the electrons are transfered towards the PANI, leading to
the formation of an accumulation layer at the ZnO-PANI interface. After getting
stabilized the film was exposed to NO, and it was adsorbed by the heterojunctions
between ZnO and PANI, NO; acts as an electron acceptor in the reaction, and an acceptor
surface state was occurred. As the surface state energy level is close to the valence band
edge then to bring the Fermi level close to the surface state, the surface Fermi energy
must be close to the valence band. In such a situation the acceptor surface state is so low
in the band diagram that it extracts electrons from the valence band leaving a substantial
hole concentration. As a result the lesser number of electrons are transferred from ZnO to
PANI causing increase in the resistance [30]. On the other hand, the trapped electrons are
released to heterojunctions between ZnO and PANI by NO, after stopping the supply of
NO;, leading to a decrease of the resistance.

4.4 Conclusion

The maximum sensing response ~ 611 at room temperature towards 20 ppm of
NO; gas was obtained for ZnO-PANI (5%) hybrid composite sensor with a fast response
and recovery times of about 2.16 min and 2.83 min respectively. However, the sensing
responses as 170, 250 and 120 were obtained for pure ZnO, ZnO-PANI (1%) and ZnO-
PANI (10%) sensor structures respectively towards the same amount of NO, gas showing
the importance of optimum concentration of PANI (5%) in the sensing layer of
nanocomposite ZnO-PANI. Thus this sensor structure can be reliably used for the

detection of NO, gas at room temperature at commercial level.
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mechanism of formation of ZnO/PANI heterojunction microstructures
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(c) ZnO-PANI composite thin film
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Fig. 4.2: X-ray diffraction patterns of (a) pure PANI, (b) ZnO and (c) ZnO-PANI

Fig. 4.3: Scanning electron micrographs of (a) PANI, (b) ZnO and (c) PANI-ZnO
composites thin film
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Chapter 5

Nanocatalyst (Pt, Ag and CuQO) doped SnQO, thin film based
sensors for low temperature detection of NO, gas

The highly sensitive low temperature operated nitrogen dioxide (NO;) gas sensor has
been fabricated using SnO, thin film doped with different catalysts (Pt, Ag and CuO)
using chemical route. Amongst all the prepared sensor structures, Pt-doped SnO, thin
film based sensor (SnO,-Pt) was found to give maximum sensing response of about 1.83
x10? towards low concentration of (20 ppm) of NO, gas at a lower operating
temperature of 90 °C with fast response (~ 6 sec) and recovery (~ 13 sec) time. The
structural, microstructural and optical properties of the prepared sensor have been

studied using X-ray diffraction (XRD), Scanning electron microscope (SEM) and UV-

Visible spectroscopy and the results have also been correlated with the observed gas
\ggsing properties. /
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5.1 Introduction

Persistent progress in metal oxide-based nanomaterials, such as nanowires [1],
nanofibers [2], nanorods [3], nanobelts [4], and hollow structures [5] has led to the major
development of gas sensing devices [6-8]. SnO, is an n-type semiconductor with a wide
band gap (3.6 eV), which has been extensively used in the fabrication of NO, gas sensor
because of its natural non-stoichiometry, low cost and high chemical stability. In recent
years, many methods have been employed in preparing SnO, thin-film gas sensors,
including chemical vapor deposition (CVD) [9], sol-gel [10], sputtering [11] and spray
pyrolysis [12]. In addition, many nanostructures are also used in preparing SnO; thin-film
NO; sensors, like nanoparticles [13], nanosheets [14], nanotubes [15], nanowires [16],
hollow spheres [17] and quantum dots [18] etc. However, the fabrication of thin/thick
film sensors usually requires either complicated preparation process or sophisticated
equipments. Thus in the present work a simple chemical route to prepare the SnO, thin
film based gas sensor has been proposed [19]. High operating temperatures and poor
response and recovery characteristics are also the major concerns which require further
studies on NO, gas sensors. To overcome these problems various dopants like WOs3,
ZnO, Pt, Ag etc. have been exploited in literature but the reported results still lack the
enhanced sensing response along with faster response and recovery times which hinders
the practical application of these sensors [20-22]. An effort has been made in this report
to develop sensor structure based on, SnO, nanostructures doped with different catalysts
(Pt, Ag and CuO) using chemical route to detect 20 ppm of NO; gas. The sensors have
been fabricated by spin coating of nanoparticles colloidal solution onto corning substrate
having Pt electrodes. The fabricated sensors have been exploited for the detection of NO;

gas.
5.2 Experimental Details

SnO; doped with Pt, Ag and CuO catalysts were prepared by chemical route using
SnCl4.5H,0, propanol and deionized water as precursors for SnO, fabrication. The
preparation of Pt, Ag, CuO and SnO, nanoparticles have been mentioned elsewhere [23-

26]. The prepared nanoparticles (Pt, Ag and CuO) were doped into SnO, nanoparticle
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colloidal solution in the ratio of 3:0.3 (SnOy:catalysts) and respective sols were prepared
(SnO,-Pt; SnO,-Ag; SnO,-Cu0). SnO,-Pt, SnO,-Ag and SnO,-CuO sol were used to
deposit respective thin films on corning glass and Pt inter digital electrode (IDEs)
patterned corning glass substrates by spin coating. For comparison, pure SnO; sol was
also used to deposit pure SnO, thin film. The prepared samples were annealed at 500 °C
for 3 h in atmospheric air in order to stabilize the sensors. All the prepared samples were
of same thickness (400 nm). Thickness of all the prepared films was measured using a
surface profiler (Veeco dektak 150). Crystalline structure and surface morphology of the
sensing layer were studied using Bragg—Brentano (6-26) scan of a X-ray Diffractometer
(Bruker D8 Discover) using the CuKal source (A = 0.154 nm) and Scanning Electron
Microscope (TESCAM Miralll) respectively.

Optical properties of the prepared thin films were studied using Perkim Elmer
UV-Visible spectrophotometer (Lambda 35). Pt, Ag, CuO doped and undoped SnO; thin
film based sensor structures were named as SnO,-Pt, SnO,-Ag, SnO,-CuO and Pure SnO,
respectively. Gas sensing properties of all the prepared sensor structures were studied in a
laboratory made gas sensing test ring set-up [11]. The change in sensor resistance was
observed in the presence of 20 ppm of NO, gas and the data was obtained from Keithley
2002 digital multimerter which was interfaced with computer. The sensing response of
prepared sensor structures towards oxidizing NO, gas is reported in Chapter 4,
subheading 4.2.2.

5.3 Results and Discussions
5.3.1 Structural Studies

The X-Ray diffraction analysis of samples SnO,, SnO,-Pt, SnO,-Ag and SnO,-
CuO were performed by using X-Ray Diffractometer (Bruker D8 Discover). Fig. 5.1(a-d)
shows the XRD pattern of SnO,, SnO,-Pt, SnO,-Ag and SnO,-CuO thin film. Fig. 5.1(a)
reveals the broad and well defined reflections corresponding to (110), (101), (200) and
(211) planes of SnO, as observed at 26.62°, 33.97°, 37.95° and 51.57° respectively for the
deposited SnO, thin film and are in good agreement (JCPDF-win 411445) to the

corresponding values reported for the rutile structure of SnO,. The values of lattice
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constants (‘a’ and ‘c’) estimated from XRD data for the SnO; thin films were found to be
about 4.81 A and 3.14 A respectively which are close to the reported value [11]. The
crystallite size was estimated using well known Debye-Scherer formula and is found to
be about 5.34 nm corresponding to the FWHM of dominant peak of (110) reflecting
plane. However, Fig. 5.1(b) shows that the Pt doped SnO, thin film peak corresponding
to Pt as observed at 39.4°, which can be ascribed to the Pt (111) diffraction [27]. X-ray
diffraction patterns for the SnO;-Ag and SnO,-CuO films show that only peaks 35.7°
(002) and 38.8° (111) correspond to the presence of Ag and CuO in the respective films

due to low concentration of dopants in SnO; thin films [28-29].
5.3.2 Optical Properties

The optical transmission spectra of the as grown SnO, thin films (400 nm thin)
deposited on corning glass substrate was measured in the wavelength range of 190 to
1100 nm, and is shown in Fig. 5.2. It can be observed that SnO; thin film exhibits a high
transmission (>90%) in the visible region and show a sharp fundamental absorption edge
in UV region at 350 nm. However, with the incorporation of 0.01 wt% Pt, 0.01wt% Ag
and 0.01wt% CuO, transmission reduces to about 90%, 86% and 82% respectively in the
visible region. Optical band gap of SnO; thin films deposited on corning glass substrate,
was calculated from the intercept on energy axis obtained by extrapolating the linear
portion of the Tauc plot of (ahv)® vs photon energy (hv) as shown Fig. 5.3. Estimated
value of band gap for pure SnO; thin film is found to be 4.27 eV. The values of energy
band gaps were found to be decreased slightly to 3.73 eV, 3.94 eV and 4.00 eV after the
incorporation of Pt, Ag and CuO nanoparticles into SnO; thin film respectively. The
decrease in the band gap with the incorporation of Pt, Ag and CuO into SnO; thin film

may be due to electronic transition between dopants and SnO; thin film.
5.3.3 Scanning Electron Microscope (SEM)

The 2D surface morphology of SnO,;, SnO,;-Pt, SnO;-Ag and SnO,-CuO
nanocomposite thin films were shown in Fig. 5.4(a-d). The microstructure of a SnO, thin
film is randomly distributed forming clusters of molecules shown by Fig. 5.4(a). SEM
image of SnO,-Pt thin film shown by Fig. 5.4(b) exhibits more porous surface
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morphology. Average pore size of each material has been depicted in Table 5.1. From
table it may be seen that average pore size of SnO,-Pt is largest and distribution of pores
is also uniform. Such morphology helps to absorb NO, gas due to more exposed area

which improves gas sensing properties.
5.3.4 Sensing Behaviour

Fig. 5.5 shows the variation in sensing response of pure SnO,, SnO,-Pt, SnO,-Ag
and SnO,-CuO thin film sensors as a function of temperature towards 20 ppm of NO,
gas. It was observed that the sensing response of all sensor structures increases with
increase in temperature till 90 °C (operating temperature) and on further increasing the
temperature, it reduces. Pure SnO, thin film sensor shows the sensing response of 67 at
an operating temperature of 90 °C towers 20 ppm of NO; gas. The SnO,-Ag doped and
SnO,-CuO based sensors show the sensing response of 52 and 95 at an operating
temperature of 90 °C respectively. The enhancement in sensing response to 1.8x10° has
been observed for SnO,-Pt sensor structure at an operating temperature of about ~ 90 °C.
When NO; gas interacts with the (Pt, Ag and CuO) doped SnO, thin films, it traps free
electrons from the sensor surface and decreases the conductivity. Thus the resistance Ry

for all the sensors increases on exposure to NO; gas. At higher operating temperatures ( ~

90 °C), the predominant oxygen species on the SnO, surface are still O; but NO, gas

molecules interact directly with tin ionic sites instead of reacting with O; species.

0, —>20 +e”
Physisorbed nitrogen dioxide molecules forms new surface acceptor levels deeper
than surface oxygen ions. Therefore, bound electron is transferred from O; ion to

physisorbed NO, molecule [30].
NO,+ e~ — NO; (ad)

adsorption desorption
_—

NO, + Sn?* (Sn** — NO,) —— (Sn* — 07)+NO

desorption

2(Sn** — 0) ———— 25" + O,

127



During adsorption, NO, gas molecules attack the available free Sn sites on the
sensor surface and take away electrons from the conduction band of SnO, forming NOE

species. The reduction in the concentration of charge carriers in the conduction band of
SnO; results in an increase in sensor resistance (Rgy) as observed in the present study.
With the incorporation of Pt, Ag and CuO, the numbers of atmospheric adsorbed species
increases which leads to enhancement in sensing response. The maximum sensing
response has been obtained for SnO,-Pt sensor structure and this may be attributed to the
fact that the work function of Pt (6.35 eV) is higher than SnO; (4.35 eV), Ag (4.73 eV)
and CuO (5.2 eV). Thus, because of higher work function space charge reason is higher
at SnO,-Pt interface. The larger space charge region may lead to absorption of more
oxygen species from atmosphere which participates in reaction when NO, gas interacts
with sensor surface. Regarding the low response of Ag doped SnO, thin film it may be
attributed that as Ag has higher conductivity with respect to Cu and Pt [31], therefore its
doping in SnO,, decreases the resistance and as a result response after exposing to

oxidizing gas is also decreased.

Fig. 5.6 shows the variation of response time of pure SnO,, SnO,-Pt, SnO,-Ag
and SnO,-CuO thin film sensors with operating temperatures. From figure it may be seen
that at a temperature of 90 °C, the pure SnO; thin film sensor responses in 250 sec while
Sn0O,-Pt, SnO,-Ag and SnO,-CuO doped thin film sensor show their responses in 10, 89
and 26 sec towards 20 ppm NO; gas respectively. Fig. 5.7 indicates the recovery time of
Sn0O;, SnO,-Pt, SNO,-Ag and SnO,-CuO thin film sensors, when NO, gas is flushed out
from gas test chamber. From Fig. 5.7 it is clear that at a temperature of 90 °C, the
recovery time of pure SnO, thin film is 355 sec whereas SnO,-Pt, SnO,-Ag and SnO,-
CuO thin films have the recovery times as 15, 186 and 50 sec respectively. Furthermore,
response and recovery times are seen to be reducing with increasing operating
temperature. This may be attributed to the fact that at higher temperatures, the rate of

adsorption and desorption of gases increases.
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5.4 Conclusion

NO, gas sensors operating at a low operating temperature of 90 °C were
fabricated by doping Pt, Ag and CuO into SnO, thin film using chemical route. The
maximum sensing response of about 183 at a low operating temperature of 90° C
towards 20 ppm of NO, gas was obtained for SnO,-Pt sensor structure with a fast
response and recovery times of 5 sec and 13 sec respectively. However, the sensing
responses of 52 and 95 were observed for SnO,-Ag and SnO,-CuO sensor structures
respectively towards 20 ppm of NO, gas at the same operating temperature with response
and recovery times of about 85 sec and 186 sec; 25 sec and 50 sec respectively. The
enhanced sensing response obtained by incorporation of Pt in SnO, has been attributed to
the better surface morphology of film and lowest band gap of material as compared to

others.
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Fig. 5.1: XRD Pattern of SnO,, SnO,-Pt, SnO,-Ag and SnO,-CuO thin film
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Fig. 5.2: UV-Visible Transmittance spectra of pure SnO,, SnO,-Pt, SnO,-Ag and SnO,-
CuO thin films
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Table 5.1: Average pore sizes of materials

S.No. | Material Pore Size (nm) Average Pore Size (nm)
1 Sn0; 137, 125, 100, 130, | 125
135
2 SnO,-Pt 218, 247, 247, 183, | 227
240
3 SnO,-Ag 200, 201, 277, 260, | 215
140
4 Sn0,-CuO 216, 140, 160, 144, | 177
266
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Chapter 6

Design and fabrication of tin oxide-polyaniline nanocomposite

thin films and their employment as nitrogen oxide gas sensor

A novel sensor structure has been fabricated by incorporating polyaniline (PANI) into
SnO, sensing film using chemical route and exploited for room temperature detection of
NO, gas. Amongst different concentration of PANI incorporated into SnO; thin film, 1%
PANI was found to give maximum sensing response (~ 2.58x107) at room temperature
towards 20 ppm of NO, gas with modulated response and recovery time of about 5.8 min
and 4.55 min respectively. The structural, morphological and optical properties of the

prepared sensor structures have been revealed by X-ray diffraction (XRD), Scanning

Electron Microscope (SEM), Transmission Electron Microscope (TEM), Fourier

@sform infrared spectroscopy (FTIR) and UV-Visible spectroscopy. /
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6.1 Introduction

Nitrogen dioxide (NOy) is important to be detected because it is flammable,
toxic and dangerous, even in very low concentration (~20 ppm). NO; can be produced by
many of the processes like automobile exhaust fumes, production of nitric acid, the
combustion of coal and fuel, etc. [1]. Nowadays, NO; is one of the most hazardous
polluting gases to the atmosphere in urban areas. Moreover, the chemical reaction of NO,
gas with water vapor would cause acid rain [2]. Therefore, the development of a NO; gas
sensor for environmental monitoring has become a very important task. Semiconducting
tin oxide (SnO,) has been proven to be one of the most attractive sensing materials for
gas sensor applications, owing to its suitable physical-chemical properties, and
possibility to detect many reducing and oxidizing gases with high response [3-8].
However, most of the NO, gas sensors based on SnO, thin film and nanostructures lack
high sensitivity and operate at high temperature (300-500°C). Thus, SnO, nanostructures
doped with metal/metal oxides could improve the sensing response characteristics with

high specificity at low operating temperature [9].

Recently, several organic semiconductors, such as polyaniline(PANI), polypyrrole
(PPy), polythiophene (PTh) and metal substituted phthalocyanines (MSPs) have been
explored for detecting toxic gases (such as NO,, SO,, O3 etc.) [10-15]. As one kind of
conducting polymers, PANI and its derivatives, have received considerable attention for
their low operating temperature, low cost, easy preparation, and very good thermal
stability [16-17]. However, PANI still exhibits some shortcomings as gas sensitive
materials, including low sensitivity, irreversible response, unsatisfying long-time stability
and poor selectivity [18]. In order to overcome these disadvantages, hybrid composite of
organic-inorganic materials as sensing element are intensively investigated worldwide
[18-21]. Wu et al. have fabricated PANI/SnO, hybrid material by hydrothermal route and
exploited for the detection of ethanol and acetone gas. It was observed that the
PANI/SnO, hybrid material could overcome the shortcomings of slow response time of
PANI and the high operating temperature of SnO, [18]. Jiang et al. reported that
PANI/titanium nanocomposite thin film revealed higher sensor response, least response

and recover rates to NHj than those of a pure PANI film [21]. Thus, in the present work,
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an effort has been made to develop SnO,-PANI nanocomposite thin film based sensor for
efficient detection of NO, gas at room temperature. For comparison, pure SnO, based

sensor has also been investigated.
6.2 Experimental
6.2.1 Sensor Preparation

Tin (IV) chloride pentahydrate (SnCl4.5H,0), isopropanol, propanol, aniline, HCI,
ammonium persulphate and ammonium hydroxide used for the sensor preparation were
purchased from Sigma Aldrich Chemical Co. with 99.99% purity. A mixture of 12.37 g
tin tetrachloride (SnCls.5H,0) with 15 g isopropanol was prepared. As this was an
exothermic reaction, hence the solution was cooled down to room temperature and 3.42 g
water in 10 g propanol mixture was added for hydrolysis reaction forming the sol of SnO,

nanoparticles [22].

50 ml of conc. HCI was added to 500 ml of distilled water in a beaker marked as
A. 331 ml of distilled water was taken into it and 18.924 g of Ammonium persulphate
was added with stirring in another beaker marked as B. To beaker A, 8.33 ml of aniline
was added and stirred for 20 min in ice bath. Ammonium persulphate solution was then
added drop wise (15 s between 2 drops) to the above solution with continuous stirring.
After complete addition, the solution was left overnight and then filtered. The precipitate
was washed with water repeatedly till the filtrate became colorless and after washing, it
was left overnight. The precipitate was then dried at 40-50 °C and made into fine powder.
The fine powder was then washed with methanol, refluxed for 4-5 h at 40-50 °C. It was
again dried at 40-50 °C to obtain Emeraldine salt of PANI. To un-doped Emeraldine salt,
it was washed with ammonium hydroxide solution, filtered and dried to obtain
Emeraldine base of PANI [23].

PANI was prepared by polymerization of aniline. For this process acids (HCI)
was used which acts as dopant for PANI molecules and bound with the central N atom of
aniline molecule like H* — N — CI~. At room temperature in equilibrium, the positive
charge of bonded hydrogen shifts on N atom making the structure looks like H — N* —

Cl~. While the negative charge on Cl™ is retained with it and remains localized, the
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positive charge on N atom becomes mobile charge in PANI matrix via its other bonds

making the PANI as a p-type semiconductor.
6.2.2 Preparation of SnO,-PANI composite thin film

The prepared PANI (0.061 g) was added to SnO, colloidal in 1% and 3%
concentration solution. The SnO,-PANI composite solution was sintered at 80 °C in air
for 2 h. SnO; colloidal solution and SnO,-PANI composite solution were used to deposit
respective thin films on corning glass and platinum (Pt) inter digital electrode (IDES)
patterned corning glass substrates by spin coating technique. The Pt IDEs were patterned
over the corning glass substrates using conventional photolithography technique prior to
deposition of sensing layers [24]. After every coating, the samples were pyrolized at 80
°C to evaporate the precursor. Thickness of all films was kept 600 nm. In the present
work thin film prepared using SnO, colloidal solution and PANI doped SnO, solutions

were named as pure SnO, and PANI-SnO, respectively.

Thickness of deposited thin films was measured using a VeecoDektak 150 surface
profiler. Crystalline structure and surface morphology of SnO,-PANI composite thin
films were studied using Bragg-Brentano (0-20) scan of a X-ray Diffractometer (Bruker
D8 Discover) with the CuKal source (A = 0.154 nm) and transmission electron
microscopy (TEM: Tecnai G2, at 300 kV) respectively. FT-IR spectrum was recorded on
a Frontier 88277 FT-IR spectrophotometer to identify one bond formation and the
presence of impurities. A Double Beam UV-visible Spectrophotometer (Perkin Elmer,
Lambda 35) was used to study the optical properties of pure SnO, and SnO,-PANI

composite thin films.
6.2.3 Gas sensing characteristics measurement

The sensing response characteristics of pure SnO, and SnO,-PANI composite thin
films were studied using Pt IDEs as shown in Fig. 6.1(a) and interaction of NO; gas
molecules on the film surface is as shown in Fig. 6.1(b). NO; gas sensing characteristics
of the sensors were studied in a specially designed “gas sensor test rig (GSTR)” having a
glass test chamber. Commercially procured NO, gas of defined concentration was
introduced into the glass test chamber using calibrated leaks through needle valves.
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Volume of the test chamber was taken to be 11.0 L and target NO, gas was injected in the
test chamber through a syringe of 0.2 ml at the time of taking response for 20 ppm of
NO; gas. A pirani gauge with a rotary pump was used to control the flow of target gas in
the test chamber. Vacuum of the order of ~107 Torr was first created in the test chamber
and subsequently a mixture of the known concentration of target gas and clean (dry
synthetic) air was introduced till the test chamber acquired the atmospheric pressure to
ensure that the target gas was free from any other disturbing gas. Gas sensing
characteristics of prepared sensor structures were measured as a function of temperature
(30-120 °C) towards 20 ppm of analyte gas (NO;). At each temperature the sensor was
first stabilized in air to obtain a stable resistance value. NO; gas (20 ppm) was introduced
into the glass bell jar and changes in the sensor resistance were recorded every second
using a data acquisition system consisting of a digital multi-meter (DMM model:
Keithley 2700) interfaced with a computer. While doing the sensing response experiment,
humidity in the test chamber was maintained at 30 %RH. Target gas (NO;) of specific
concentration (20 ppm) was introduced into the test chamber and changes in the sensor
resistance were recorded after every second. Sensor Response, Response and Recovery
time, hysteresis, selectivity and other parameters were observed and respective data were
plotted.

6.3 Results and Discussion
6.3.1 Crystal structural of SnO, nanoparticles and PANI

Fig. 6.2 (a) & (b) shows the XRD patterns of pure SnO, and SnO,-PANI (1%)
composite thin film. It can be seen from Fig. 6.2(a) that the peaks observed at 20 =
26.39°, 33.74°, 37.78° and 51.72° correspond to reflection plane (110), (101), (200) and
(211) of rutile structure of SnO, respectively [25], whereas, the peaks observed at 26 =
26.74°, 33.72°, 37.89° and 51.55° in Fig. 6.2 (b) correspond to (110), (101), (200) and
(211) reflection planes of SnO, respectively and reflection peak observed at 20 = 17.59°
corresponds to (100) plane of PANI confirming the presence of PANI and SnO; in SnO,-
PANI composite thin film [26]. Furthermore, degradation of film crystallinity on
incorporating PANI into the composite thin film may also be seen from the XRD shown
in Fig. 6.2(b). Crystallite size of pure SnO; and SnO,-PANI (1%) composite thin films
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were estimated using well known Scherer’s formula along the dominant (110) reflection
plane. The crystallite size of pure SnO, thin film was found to be ~ 7.05 nm. With the
incorporation of PANI into SnO, the crystallite size was found to decrease to ~ 5.64 nm
for SnO,-PANI composite thin film. The decrease in crystallite size with incorporation of
PANI may be attributed to the generation of stress which can also be observed from the
shift in the XRD peak positions of SnO, on incorporating PANI into the composite thin

films.

6.3.2 Thermo Gravimetric Analysis (TGA)

Fig. 6.3 shows the TGA curves of SnO;, and PANI-SnO, composites. It is clearly
observed that all the volatile precursors were completely removed below 300 °C, which
resulted in the formation of SnO; and SnO,-PANI composite. The presence of PANI in
SnO,-PANI composite shows an increase in the degradation temperature of SnO,. The
TG analysis showed that the isopropanol and the water start evaporating at 110 °C while
the remaining organic compounds are removed up to 280 °C. Loss of precursor becomes
prominent at a temperature of 300 °C. It can be observed from the TG analysis that after
the annealing of SnO, and SnO,-PANI composite samples at 300 °C, the difference
between the weight percentages remains 1% which clearly indicates the presence of 1%
PANI in SnO,-PANI composite sample. Thus the PANI-SnO, composite is more
thermally stable compared to SnO..

6.3.3 FT-IR spectroscopy of SnO,-PANI composite thin film

To find out the nature of bonding in the thin film material of SnO,-PANI, FT-IR
spectra of the sample (SnO,-PANI having 1% PANI doping) was obtained in the
transmission range of 500 to 4000 cm™ and is shown in Fig. 6.4. The absorption peaks at
1460, 1300, 1130 and 1048 cm™ corresponds to PANI confirming its presence in the
composite thin film. The peak at 1460 cm™ is attributed to C=C stretching mode for the
benzenoid ring while peak at 1300 cm™ correspond to N-H bending vibrations. The
peaks at 1130 and 1048 cm™can be attributed to the in-plane and out-of-plane C-H
bending, respectively. However, the absorption peaks at 1630, 811 and 559 cm™
corresponds to N—H vibration, Sn—OH and Sn—O-Sn bands respectively [27-28]. Thus,
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after incorporation of PANI into SnO; thin film, some electronic interaction is taking
place between PANI and SnO..

6.3.4 Optical characterization of composite thin film

The optical transmission spectra of the pure SnO,, SnO,-PANI (1%) and SnO,-
PANI (3%) thin films deposited separately on corning glass substrates were measured in
the wavelength range of 190 to 1100 nm, and is shown in Fig. 6.5. It can be observed that
pure SnO, thin film exhibits a high transmission (>85%) in the visible region and show a
sharp fundamental absorption edge in UV region at 380 nm. However, with the
incorporation of 1% PANI and 3% PANI, transmission reduces to about 40% and 53%

respectively in the visible region.

Optical band gap of SnO, thin film deposited on corning glass substrate, was
calculated from the intercept on energy axis obtained by extrapolating the linear portion
of the Tauc plot of (ahv)? vs photon energy (hv). Estimated value of band gap for as-
grown SnO; thin film is found to be 3.95 eV and is close to the reported values for SnO,
thin films (3.6 e€V) grown by various techniques [24]. The value of band-gap was found
to increase slightly for SnO,-PANI composite thin film with the incorporation of PANI in
range 4.0 eV to 4.03 eV as tabulated in the table shown in the inset of Fig. 6.5. Thus with
increasing the concentration of PANI from 1% to 3%, the band-gap of SnO; thin film
increases slightly which may be correlated with electronic transition between conduction
band of SnO, and PANI.

6.3.5 TEM and SEM analysis

Fig. 6.6 (a) & (b) shows the TEM images of SnO, nano-particles and SnO,-PANI
nano-composite loaded over carbon coated copper grids. Fig. 6.6(a) shows the SnO;
nano-particles of diameter ~100 nm found in the colloidal solution whereas Fig. 6.6(b)
shows a homogeneous, porous composite structure that is uniformly distributed. The dark
region in Fig. 6.6(b) indicates the PANI region whereas the lighter spherical regions
indicate the SnO, particles. The spherical particles with blurry boundaries are SnO,
enwrapped by PANI [28]. Fig. 6.7 shows the SEM image of the SnO,-PANI composite
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film indicating that the composite thin films possess a regular porous surface. The

average pore size was found as 152 nm.
6.3.6 Gas sensing characteristics

Fig. 6.8 shows the variation in sensing response of pure SnO,and SnO,-PANI (1 %
and 3 %) sensing elements towards 20 ppm NO, gas as a function of temperature.
Sensing response of all sensor structures have been optimized with temperature. From
Fig. 6.8, it can be seen that the pure SnO, thin film sensor structure shows the maximum
sensing response of 130 at an operating temperature of 70 °C towards 20 ppm of NO;
gas, whereas, with the incorporation of 1% PANI into SnO, thin film, the sensor structure
shows the maximum sensing response of ~258 at an operating temperature of 30 °C.
When the concentration of PANI is further increased to 3%, the sensing response reduces
to ~ 80 at a comparatively higher operating temperature of 90 °C. Thus, the appropriate
amount of PANI plays a crucial role in reducing the operating temperature. This may be
attributed to the fact that PANI is very well known to exhibit p-type and SnO, the n-type
conductivity [29], so there is a possibility of the formation of p-n junction at the interface
of PANI and SnO; nano-particles. When exposed to NO, gas, PANI/SnO, sensor shows
an enhancement in the resistance. A space charge region is formed at the p-n junction of
SnO, with PANI which increases in the presence of NO, gas enhancing the sensor
resistance as NO, gas molecules trap free electrons from SnO, surface, thereby increasing
the resistance of sensor structure as exposure to NO, gas. However, when PANI is
incorporated in higher concentration (i.e. 3%) in SnO, thin film, the PANI nano-particles
block the interaction of NO, gas molecules with the SnO, nano-particle surface with trap
free electrons, which hinders the modulation of space charge region, thereby, giving
lesser change in resistance of SnO,-PANI (3%) sensor structure leads to poor sensing
response. From Fig. 6.8, it is also observed that the SnO,-PANI (1%) composite thin
film sensor shows the sensing response of ~258 at room temperature whereas the pure
SnO; thin film and SnO,-PANI (3 %) composite thin film sensors show the poor response
of about 40 and 16 at room temperature towards NO, gas. The humidity effect on sensor

structure based on SnO,-PANI (1%) composite thin film was studied by exposing the
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sensor to different humidity environment (20 %RH to 70 %RH) and found that the sensor

showed negligible effect towards humidity.

Fig. 6.9 (a) & (b) shows the transient response of SnO,-PANI (1%) composite
thin film sensor at room temperature and 50 °C towards 20 ppm NO, gas respectively. It
can be observed from Fig. 6.9 that with the exposure of NO; gas to the sensing film
surface the sensor resistance increases from 2.51 MQ to 649 MQ (sensing response =
258). The response time and recovery time of the sensor were observed to be 5.8 and 4.55
min respectively at room temperature, whereas, from Fig. 6.9(b) it can be observed that at
slightly higher temperature of 50 °C the sensing response has been reduced to 130 but the
reduced response and recovery times of 3.73 min and 2.81 min have been obtained

respectively.

Fig. 6.10 shows the variation of response time of pure SnO; thin film and SnO,-
PANI (1 % and 3 %) composite film with substrate temperature. From Fig.10 it is
visualized that at room temperature the SnO,-PANI (1%) composite thin film gave
response in 5.8 min while SnO,-PANI (3%) composite thin film and pure SnO; film
showed the response time of 8 and 13.7 min towards 20 ppm NO, gas respectively. Fig.
6.11 indicates the recovery time of pure SnO, film and SnO,-PANI (1% and 3%)
composite thin film sensors, when NO, gas is flushed out from gas test chamber. From
Fig. 6.10 it is clear that at room temperature the recovery time of SnO,-PANI (1%) film
is 4.55 min, whereas SnO,-PANI (3%) composite thin film and pure SnO; thin films have
the recovery times as 4.03 and 22.13 min respectively. Furthermore, response and
recovery times are found to be reducing with temperature. This may be attributed to the
fact that at higher temperatures the rate of adsorption and desorption of gases increases.
So, SnO,-PANI (1%) composite thin film sensor is seen to be exhibiting better sensing

properties compared to the other two structures.

The issue of slow response and recovery time can be overcome if the sensor
works at higher operating temperature because at higher temperatures the rate of
adsorbtion and desorption of gases at sensor surface becomes fast which reduces the
response and recovery times. As observed in SnO,-PANI (1%) composite thin film, the

response time (5.8 min) and recovery time (4.55 min) have been improved at higher
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operating temperatures (> 60 °C). The room temperature operation with high response
(258) is attractive for the sensor developed in the present case. The observed response
(5.8 min) and recovery (4.55 min) times are much better than those reported by many
workers [27, 30-42]. Table 1 summarizes few reports available in literature on the
detection of NO, gas. Jimenez et al. have reported the sensing response of SnO; thin film
of about 4 towards 2 ppm of NO, gas at an operating temperature of 250 °C with poor
response and recovery times of about 16 and 25 min respectively [30]. Hyodo et al. have
the sensing response characteristics of macroporous SnO; thick film and reported the
response of 500 towards 100 ppm NO, gas with slow response and recovery times of 20
and 40 min respectively at an operating temperature of 225 °C [32]. Leghrib et al.
reported the room temperature detection of NO, gas, sensor response of 8 with poor
response time of 10 min. towards 0.5 ppm of NO, gas [36]. Qin et al. (2011) have
observed that the W13049 nanowire bundles were giving the sensing response of about
648 towards 1ppm of NO, gas with response and recovery times of about 1.5 and 3 min
respectively [43]. However, the operating temperature was observed to be 150 °C. Cho et
al. (2011) also reported the high sensing response of SnO; hollow spheres of about 81
with fast response time of ~ 51 s at an operating temperature of > 300 °C [44]. Thus the
problem of fast response and recovery time could be easily overcome by increasing the

operating temperatures.

Fig. 6.12 shows the selectivity of SnO,-PANI (1%) composite thin film towards
NO;, gas. The gas sensing of SnO,-PANI (1%) composite film was carried out by
monitoring the change in electrical resistance towards different interfering gases in very
high concentration (2000 ppm) including CH4, LPG, NH3, CO and SO, at room
temperature. The prepared sensor was found to be highly selective towards NO; gas (Fig.
6.10) giving much higher increase in the sensor resistance after interaction with NO, gas

molecules at room temperature.

SnO,-PANI (1%) sensor structure was tested repeatedly for consecutively 2
months and was found to give almost similar response within the error of +5%. Fig. 6.13
shows the repeatability response of SnO,-PANI (1%) sensor structures, when

continuously exposed to 20 ppm of NO, gas and air for four consecutive cycles at room
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temperature. The sensor structures show the similar sensing response (Ra to Ry and Ry to
Ra) repeatedly for four consecutive cycles towards 20 ppm NO, gas and air which
confirms the good reproducibility of the prepared sensor structure. The observed results
show the good stability of the prepared sensor in comparison to earlier reported sensor
[28].

6.4 Conclusion

In the present chapter, an effort has been made to develop a SnO,-PANI
composite thin film gas sensor which responds efficiently towards NO, gas at room
temperature. The variation of PANI concentration in SnO; thin film has been studied and
found that 1% of PANI gives the enhanced sensing response of about 258 at room
temperature (30 °C) towards 20 ppm of NO, gas with moderate response and recovery
time of 5.8 and 4.55 min. respectively. The possible enhancement is related to the
formation of p-n junction at interface of PANI (p-type) and SnO, (n-type) nano-particles.
The surface morphology having nanocrystalline grains are found to be important for
obtaining enhanced response characteristics. Also the fabricated SnO,-PANI (1%) sensor
structure was found to be highly selective towards NO, gas at room temperature with
enhanced sensor characteristics.
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Fig. 6.5: Transmittance spectra of (a) SnO, (b) SnO,-PANI (1%) and (c) SnO,-PANI
(3%) thin film. Inset shows the values of optical band gap obtained for the SnO, and

SnO,-PANI composite thin films

155



c
X ‘ &
® 'A@ Zan
m» . @
0.5 pym
-

(b)

=
Eyad

Fig. 6.6: TEM micrograph of (a) Pure SnO, (b) SnO,-PANI composite thin film

156



Fig. 6.7: SEM image of SnO,-PANI composite thin film
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Fig. 6.9 (b): Transient response of SnO,-PANI (1%) sensor towards 20 ppm of NO; gas
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Fig. 6.12: Sensor Response of SnO,-PANI composite thin film sensor deposited by spin

coating technique towards various interfering target gases at room temperature
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Chapter 7

Low temperature operated NO, gas sensor based on SnO,-ZnO

nanocomposite thin film

itrogen dioxide (NO,) is a typical automotive air pollutant that causes man

environmental and health problems. Detection of low concentrations of NO; is becoming
very important now a day and various approaches have been used for the same. SnO,
and ZnO are the two widely explored semiconductor materials for the detection of a
number of toxic and harmful gases. Thus, in the present chapter an effort has been made
to synthesize nanocrystalline composite thin films of Zinc oxide and Tin oxide (SZO)
using chemical route. The structural, optical and surface morphology properties of the
SZ0 composite thin film have been studied by X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), UV-Visible spectroscopy, Scanning electron microscopy
(SEM). Thin film of SnO,-ZnO (SZO) composite was prepared onto the surface of Pt
IDEs/corning glass and has been exploited for studying the gas sensing response
characteristics towards NO, gas. The prepared SZO sensor structure showed a high
sensing response of about 3x10? towards 20 ppm of NO, gas at operable room

temperature with an average response and recovery time of 10.23 and 11.75 min.

respectively.
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7.1 Introduction

Nitrogen oxide (NOy) is very harmful because it contributes to the formation of
smog by photochemical reaction, which can have significant impact on environment and
human health. The two most predominant oxides of nitrogen are nitrogen dioxide (NO2)
and nitric oxide (NO), which are significant pollutants at lower atmosphere. NO; is found
to more dangerous and acting as a highly reactive oxidant, possessing exceedingly
corrosive nature [1]. NO, is one of the hazardous gases polluting the atmosphere in urban areas.
NO, gas is precursor for both ozone at ground level and acid precipitation, each of which are
blamed for injury to plants [2]. Thus trace-level detection of NO, is almost important and
hence in the present work focus has been given on the detection of NO; gas.

Tin oxide (SnO,) is a wide band-gap (E; = 3.6 eV at 300 K) n-type semiconductor
material having good chemical and mechanical stability. SnO, is widely used as gas sensing
material due to easy adsorption of atmospheric oxygen on its surface. SnO, is well known used
for the detection of variety of hazardous gas species such as LPG, CO,, CO, CH,4, NHs, SO,, NO,,
etc. The thick film based sensors have been mostly exploited for the detection of a number of
toxic and harmful gases, however, a lot of research is continuing for attaining improved sensing
response characteristics [3]. Since, gas sensing is primarily a surface dominating phenomena, thin
films and nanostructures of SnO, are gaining extensive attention of research community due to a
high surface to volume ratio and feasibility to alter the surface properties of the sensing layer in
comparison to their bulk counterpart and are expected to give enhanced sensing response
characteristics at low operating temperature. There are many reports available in Table 7.1 [4-14]
on different nanostructures and thin films of SnO, explored for the detection of NO, gas. ZnQO is
another material which has been exploited for the fabrication of NO, gas sensors. Hence,
a composite structure of SnO, with ZnO may be beneficial for enhancing the sensing
response with selective detection of trace level NO, gas. Thus, in the present work an
effort has been made to develop a gas sensor based on nanocomposite of SnO; and ZnO
hybrid using chemical route for the efficient detection of NO, gas at lower operating

temperature.
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7.2 Experimental
7.2.1 Materials

All chemical including Tin (IV) chloride pentahydrate (SnCls.5H,O with 99.99%
purity), isopropanol, propanol, zinc acetate, lithium hydroxide, ethanol and n-butyl
acetate of high grade used for the sensor structures preparation were procured from

Sigma Aldrich Chemical Co.
7.2.2 Preparation of SnO; solution using chemical routes

In a beaker a mixture of 12.37 g tin tetrachloride (SnCls.5H,0) with 15 g
isopropanol was prepared which is an exothermic reaction. Hence, further the solution
was cooled down to room temperature and 3.42 g water and 10 g propanol mixture was

added for hydrolysis reaction forming the sol. of SnO, nanoparticles [15].

7.2.3 Preparation of ZnO solution using chemical routes

0.01 M of zinc acetate dihydrate was dissolved in the 75 ml of boiling ethanol (75
°C) in a round bottom flask fitted with a condenser at atmospheric pressure. The solution
was refluxed at 75 °C for about 30 minutes and subsequently allowed to cool at room
temperature to give a transparent and stable Zn based precursor. In another beaker, 0.014
M of lithium hydroxide monohydrate was dissolved in 50 ml of ethanol ultrasonically, to
accelerate the reaction at room temperature. A clear solution was obtained after
sonication for 25-30 min. The hydroxide containing solution was added drop wise to the
acetate containing solution at room temperature under vigorous magnetic stirring, and
finally a transparent ZnO sol was obtained after hydrolyzing the precursor. The alcoholic
solution of zinc acetate was heated at 75 °C to prepare an intermediate species through
hydrolysis and condensation. The acetic acid produced during the heat treatment reacted
with ethanol and results in the generation of additional water through an etherification
process. The addition of LiOH to the transparent precursor led to the formation of ZnO

nanoparticle solution [16].
7.2.4 Preparation of SnO; and ZnO nanocomposite hybrid solution
The prepared precursor solution for ZnO was added into colloidal solution
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containing SnO, nanoparticles in the ratio of 40:60 (ZnO:SnO,). Later SnO, and
Zn0:Sn0O; solutions were used to deposit respective thin films on corning glass and inter
digital electrode (IDEs) patterned on corning glass substrates by spin coating. Each
coating was followed by paralyzed the sample at 150 °C to evaporate the precursors. The
samples were then annealed at 500 °C for 2 h in a programmable tubular furnace (Metrex

6400) in the presence of atmospheric air.

The sensing response characteristics of SnO; and ZnO:SnO; nanocomposite thin
films were studied using the films deposited on IDE/glass substrates as shown in Fig. 7.1.
The Pt IDEs were patterned over the corning glass substrates using conventional
photolithography, prior to deposition of sensing layer (ZnO:SnO, nanocomposite thin
film). The platinum thin film of 90 nm thicknesses was deposited by RF sputtering using
platinum metal target in 100% Ar. In order to improve the adhesion of Pt on corning glass
substrate an ultrathin (10 nm) buffer layer of Titanium was deposited prior to Pt
deposition. The prepared sensor structures of SnO, and ZnO-SnO; nanocomposite

hybrids were named as pure SnO; and ZnO respectively.

Thickness and surface roughness of the deposited thin films were measured using
a Veeco Dektak 150 surface profiler. Crystalline structure and surface morphology of the
sensing layer were studied using Bragg—Brentano (6—20) scan of a X-ray Diffractometer
(Bruker D8 Discover) using the CuKal source (A = 0.154 nm), Atomic force microscope
(AFM: Veeco DICP2) and Scanning Electron Microscope (SEM) respectively. A Double
Beam UV-visible Spectrophotometer (Perkin Elmer, Lambda 35) was used to study the
optical properties of pure SnO; and SZO thin films.

7.3 Results and Discussion

7.3.1 Optical behaviour of composite film

The optical transmission spectra of the SnO, thin films deposited separately on
corning glass substrate was measured in the wavelength range of 190 to 1100 nm, and is
shown in Fig. 7.2. SnO, thin film exhibits a high transmission (>80%-90%) in the visible

region and shows a sharp fundamental absorption edge in UV region at 380 nm.

Band gap of the SnO, thin film deposited on corning glass substrate, was

164



calculated from the intercept on energy axis obtained by extrapolating the linear portion
of the Tauc plot of (a/v)® vs photon energy (hv) as shown in inset of Fig. 7.2. Estimated
value of band gap for as-grown SnO; thin film is found to be 4.0 eV and is close to the
reported value for SnO, thin films (4.3 eV) grown by various techniques [17]. Fig. 7.3
shows the UV visible spectra of the as deposited SZO nanocomposite hybrid thin film
having high transmission (>65%) in the visible region. Inset of Fig. 7.3 shows the tauc
plot of the SZO nanocomposite hybrid thin film. It can be observed that with the
incorporation of ZnO and SnO; colloidal solution increases the band gap to 4.56 eV. This
may be attributed to the electronic transition between ZnO and SnO, nanoparticles which

confirms the nanocomposite hybrid between ZnO and SnO,.

Fig. 7.4 shows FT-IR spectra of SZO nanocomposite thin film within 400-4000
cm™. It reveals that the peak at 3438 cm™ comes from the stretching mode vibrations of
OH band attached to SZO thin film, while the peak at 1632 cm™ is attributed to the
bending vibrations of adsorbed H,O molecules. The small peak at 1364 cm™ is due to the
bending vibrations of C-H in the methyl which may be comes from the residues of
preparation processes. It indicates that there may be a very small amount of organic
residues in the SnO, and ZnO nanoparticles. The peaks observed at around 475 and 665

cm™ attributed to the vibrations of Zn—O and Sn—O bonds, respectively [18-19].

7.3.2 Structural Studies

The XRD pattern of the as-grown SnO; and SZO nanocomposite thin films were
found to be amorphous, and become nanocrystalline after a post deposition annealing
treatment at 500 °C for 2 h in air. The annealed thin films were found to be porous,
transparent and strongly adherent to the substrate. Fig. 7.5 shows the XRD pattern of
SnO, thin film. Broad and well defined reflections corresponding to (110), (101) and
(211) planes of SnO, were observed at 26.50°, 33.66° and 51.57° respectively and are in
good agreement to the corresponding values reported for rutile structure of SnO, [18].
The values of lattice constants (‘a’ and ‘c’) estimated from XRD data for the SnO; thin
films were found to be about 0.46 nm and 0.31 nm respectively which are close to the

reported value. The average crystallite size was calculated by Scherer’s formula as 4.50
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nm. Fig. 7.6 shows the XRD pattern of the SZO nanocomposite hybrid thin film. It can be
clearly observed from Fig. 7.5 that at 37.84° a peak is obtained which corresponds to the
(101) reflection plane of ZnO. It can also be seen from Fig. 7.6, that the peaks observed
corresponding to (110), (101), (211) reflection planes of SnO; are shifted as compared to
those obtained for the pure SnO; thin film. This may be attributed to the stress generation
in SZO film due to the interaction and formation of nm hetrojunction at the interface
between ZnO and SnO; nanoparticles. Thus, XRD of SZO thin film confirms the

presence of ZnO in SnO; solution.

7.3.3 Surface Morphological Studies

Fig. 7.7 shows AFM images of the surface of SnO, and SZO nanocomposite thin
films deposited on corning glass substrate. It can be observed from Fig. 6(a) and (b) that
the performed SnO, and ZnO nanocomposite thin films are highly porous. The grain size
is found to decrease with incorporation of ZnO nanoparticles. Thus, the SZO
nanocomposite hybrid thin film provides more grain boundaries leading to the higher
surface to volume ratio as compared to pure SnO; thin film, which is beneficial for
getting, enhance sensing response. However, the surface roughness of both the prepared

samples was found to be almost same.

Fig. 7.8 shows the SEM images. Typical SEM image of SZO composite thin film
as-grown composite showed irregular sized and shaped agglomerated particles in the
nano-scale range having high surface to volume ratio as observed in AFM images [Fig.
7.7(a) & (b)]. The average pore size was found 105 nm.

7.3.4 Sensing Behaviour

Fig. 7.9 shows the variation in sensing response of pure SnO, and SZO
nanocomposite thin film as a function of temperature towards 20 ppm of NO; gas. From
Fig. 7.9, it is obvious that with the increase in temperature the sensing response of pure
SnO, and SZO thin films increases till 70 °C and on further increasing temperature, it

starts decreasing. The pure SnO; thin film shows the maximum sensing response of 5.19
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x 102. On the other side, with incorporation of ZnO in SnO, enhances the sensing by one
order (~ 1.58 x 10%).

Figs. 7.10 and 7.11 show the response times of pure SnO, and SZO
nanocomposite thin films as function of temperature. From the Fig. 7.10, it can be
observed that the response and recovery times decrease with the increase in temperature.
This is attributed to the fact that at higher temperatures the rate of adsorption and
desorption increases. At an operating temperature of 70 °C, the pure SnO, thin film shows
the response and recovery time as 13 and 9 min respectively which get improved with the
incorporation of ZnO.

Figs. 7.12 and 7.13 exhibit the variation of resistance of pure SnO, and SZO
nanocomposite thin film as a function of temperature in presence of air and 20 ppm of
NO; gas. Fig. 7.12 shows that with increase in temperature the value of resistance (R,) in
presence of air for both the sensor structure decreases, which is due to the
semiconducting behavior of pure SnO; and SZO nanocomposite thin films. It can also be
observed that the value of resistance (Rg) in presence of 20 ppm of NO; gas first increases
till 70 °C and then reduces with further increase in temperature which confirms the faster
rate of adsorption and desorption of NO, gas at elevated temperatures. This is due to fact
that at higher temperature, because of higher desorption rate, the less number of target
gas species interact with surface of sensing thin film.

7.3.5 Sensing Mechanism

Sensing response of sensor based on SZO is function of R, and Ry as per Eq. 1,
Chapter 4. If Ry is high and R, is low then response will be higher. As NO, gas is an
oxidizing gas and interacts with SZO nanocomposite thin film and reduces the number of
charge carriers in the conduction band. This may be observed through Fig. 7.12, in which
the incorporation of ZnO in SnO, thin film reduces the sensor resistance from 540 kQ to

76 kQ at room temperature.
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At lower temperatures, the predominant oxygen species on the SnO; surface are

still O; but NO, gas molecules interact directly with tin ionic sites instead of reacting

with O; species [21]. SnO, responds to NO; gas as under [22]:

ot adsorption 3+ —_ desorption 3+ _
NO, + Sn (Sn* — NO) (Sn** — O ) +NO (1)
3+ _ _ desorption 2t
2(Sn* — 0O7) —— 25n* + O, )

When NO; gas molecules adsorbed on the surface of SnO; sensor element attack
the available Sn sites and take away electrons from the conduction band of SnO, forming

NOE species. The reduction in the number of charge carriers in the conduction band of

SnO; results in an increase in sensor resistance (Ry) as observed in the present study.
However, this is a slow phenomenon and undergoes a reversible oxidizing interaction at
Sn sites available on the surface of SnO; film [21]. Therefore value of Ry depends upon
the availability of Sn sites on the surface of SnO; thin films, which in turn are influenced
by the physisorbed oxygen for interaction with target NO, gas molecules. On the other
side in the case of SZO nanocomposite thin film, the value of resistance (Ry) also
increases in 20 ppm of NO, gas interacts with sensor surface. However, the increase in Ry
IS not as much as it is observed in case of pure SnO, thin film, but the high reduction in
R, value of SZO nanocomposite with incorporation of ZnO in SnO, thin film as
compared to pure SnO; thin film, result in significant variation in the value of resistance
from Ry to Ry in presence of 20 ppm of NO, gas leading to enhanced sensing response of
about 1.5 x 10° at an operating temperature of 70 °C.

7.4 Conclusion

SnO; thin film and SZO nanocomposite thin films based sensor structures have
been fabricated and exploited for the trace level (20 ppm) detection of NO; gas. SZO
nanocomposite thin film based sensor was found to better in sensing response i.e. (1.578
x10%) with faster response time (7 min.) and recovery time (6 min.) at operating
temperature 70 °C. Nanoporous surface morphology having nanocrystalline grains are

found to be important for obtaining enhanced response characteristics.
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Fig. 7.4: FT-IR spectra of SZO nanocomposite thin film
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Fig. 7.8: Scanning electron microscope of SZO nanocomposite thin film
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Table 7.1: Literature survey on catalyst modified SnO; based NO, gas sensors

Material used Method Catalyst/ | Temp | Sensor Response | Response/ Ref. No.
doping (°C) (gas Conc.) Recovery time
SnO, nano-materials | Chemical Pd 300 0.1 (200 ppm) 0.2 sec/ 1 sec 4
route
SnO; thin film Sputtering Mo 270 20 (10 ppm) -/ - 5
SnO, thin film Sol gel WO, 150 33,359 (500 ppm) 2sec/1.5min | 6
SnO; thin film Sol gel Indium 150 72 (500 ppm) 2 sec/2 min 7
SnO;, thin film Sol- Gel MoQO; 170 3.5 (500 ppm) 30sec/100sec | 8
SnO; nanocrystals Electrostatic- | CNT RT 2 (100 ppm) 5 min/20 min 9
force-
directed
assembly
SnO; nanofibres Pulse Laser | ZnO 180 100 (3.2 ppm) 4 min/ 8 min 10
Depostion
SnO, nanowires Two-Step Zn0 300 12.3 (10 ppm) 5sec/ 12 sec 11
Vapor
Growth
SnO, nanowires Two-Step Zn0O 300 12.3 (10 ppm) 5sec/12sec | 12
Vapor
Growth
SnO, thin film Chemical CNT RT 8 (0.5 ppm) 10 min 13
Route
SnO; thin film Sputtering WO, 300 5.1x10% (10 ppm) | 67sec /17min 14
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Chapter 8

Fabrication of SnO,-Polyaniline-ZnO (SPZ) multilayer
nanocomposite thin film for improved NO, sensing at Room

Temperature

@e report the fabrication of SnO,-polyaniline (PANI)-ZnO composite thin film for Na
sensor using spin coating technique. It was found that the composite sensor has high
selectivity and response to low concentration NO, gas. Furthermore, the composite
sensor also showed high stability to NO, over a long period at room temperature (30 °C).
Sensor response was calculated as 995 for 20 ppm NO; gas at room temperature. The
response and recovery times were found as about 3.8 and 2.2 min respectively. The

@sor investigated here may be used for the indoor as well out door applications. /
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8.1 Introduction

The nanostructure-based sensors have higher sensitivity, superior spatial
resolution and rapid response compared to thin film gas sensors due to the high surface-
to-volume ratios of nanocomposite film. Nitrogen dioxide (NO,) can be produced by
many of processes like automobile exhaust fumes, production of nitric acid, the
combustion of coal and fuel, etc. [1]. The most common NO, sensors are chemiresistors
type based on semiconducting metal oxides such as SnO,, WOj or ZnO [2-4].
Nowadays, NO, is one of the hazardous gases polluting the atmosphere in urban areas.
Moreover, the chemical reaction of NO, gas with water vapor would cause acid rain [5].
Therefore, the development of a NO, gas sensor for environmental monitoring has
become a very important task. Semiconducting tin oxide (SnO,) has been proven to be
one of the most attractive sensing materials for gas sensor applications, owing to its
suitable physical-chemical properties, and possibility to detect many reducing and
oxidizing gases with high response. The several organic semiconductors, such as
polyaniline (PANI), polypyrrole (PPy), polythiophene (PTh) and metal substituted
phthalocyanines (MSPs) have been used for detecting toxic gases (such as NO,, Ogs) [6-
11]. As one kind of conducting polymers, PANI and its derivatives, have received
considerable attention for their low working temperature, cheap, easy preparation, and
thermal stability. However, PANI still exhibits some shortcoming as gas sensitive
materials, including low sensitivity, irreversible response, unsatisfying long-time stability
and poor selectivity [12]. In order to overcome these drawbacks, organic-inorganic
hybrid sensors are intensively investigated [12-14]. Wu et al. fabricated PANI/SnO,
hybrid material by a hydrothermal route and found that the PANI/SnO, hybrid material
could overcome the shortcomings of long response time of PANI and the operating

temperature of SnO; [12].

Earlier reported work was as the next step to others (Chapter 2-7). Sensing
parameters were found to be improved, however, there were certain disadvantages, such
as low sensitivity, poor selectivity, irreversible response and unsatisfying long-time
stability. In view of the eradication of such issues we have proposed here a multilayered
structure deposited by precursor of SnO,, PANI and ZnO on corning glass substrate. This
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sensor structure was identified SnO,-PANI-ZnO (SPZ) composite thin film employed for

NO; sensing.
8.2 Experimental

Fig. 8.1 shows the flow chart of the growth and deposition of SnO,, ZnO and
PANI nanocrystals deposited on corning glass substrate using spin coating method. For
studying the gas sensing properties, gas dilution system developed by our group was
utilized [15]. The change in sensor resistance was recorded in the presence of different
concentrations of NO, gas with the help of Keithley electrometer interfaced with a
computer. The sensing response and other parameters of prepared sensor structure
towards oxidizing (NO,) gas were calculated [16].

8.2.1 Characterization techniques

Thickness and surface roughness of the deposited thin films were measured using
a Veeco Dektak 150 surface profiler. Crystalline structure and size of the synthesized
material were studied using Bragg—Brentano (6-20) scan of a X-ray Diffractometer
(Bruker D8 Discover) using the CuKay source (A = 0.154 nm). Surface morphologies
were investigated using field emission scanning electron microscope (FE-SEM). Fourier
transform infrared (FTIR) spectra were obtained in the range of 4000-400 cm™* with a 4
cm ! spectral resolution by using a Nicolet™ 6700 spectrometer (Thermo, Scientific,
USA). A Double Beam UV-visible Spectrophotometer (Thermo, Evolution 200) was
used to study the optical properties of ZnO thin films.

8.3 Results and Discussion

FESEM images of SPZ thin films under different magnifications (64 kx and 289
kx) are shown separately in Fig. 8.2 (a)-(d). From Fig. 8.2(a), it has been observed that,
the SPZ film is composed of closely packed nanometer sized grains. The regular shaped
grains forms compact morphology that covers the entire corning substrate. The higher
magnification image (129 kx) shows [Fig. 8.2(b-c)], the closely regular shaped nano
sized grains having average grain size ~200 nm. From its magnified FESEM image [Fig.

8.2(d)], well-defined nanosized ZnO structure with an average diameter 18 nm has been
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observed by unitary method calculation. This enables an easy passage of NO, at npn
heterojunction interface. The dense morphology of the (SPZ) composite thin film with
porous nanosized particle is allowing the NO, sensor at operable room temperature which
adsorbs and de-adsorbs gas molecules easily to the interface. The rough surface
morphology facilitates room temperature sensing and faster gas response and recovery

times.
8.3.1 Structural characterizations

X-ray diffraction pattern of the SPZ thin films on corning glass substrate is shown
by Fig. 8.3. It can be observed that at 20 = 26.41° and 51.86° correspond to reflection
plane (110) and (211) of rutile structure of SnO; respectively. Whereas, reflection peak
observed at 20 = 16.67° corresponds to (100) plane confirming the presence of PANI
[26]. XRD pattern shows several sharp peaks corresponding to (100), (002), (101), (102)
and (110) planes of single ZnO phase polycrystalline nature. This characteristic supports
presence of pure ZnO phase without any secondary phases [24]. The diffraction peaks in
the XRD pattern are identified as wurtzite structured ZnO with lattice parameter a =
3.25A; ¢ = 5.21A. The intensity of the peak assigned to the (002) plane of wurtzite ZnO
is higher in comparison to the other planes, i.e. (100) and (101). This result indicates
growth of ZnO on top of the SnO, and PANI.

8.3.2 Optical Analysis

The FTIR spectra of before and after gas exposure of SnO,/PANI/ZnO
nanocomposites are shown in Fig. 8.4. When no gas was exposed the peak at 3450 cm™
comes from the stretching mode of vibration of —OH, while the peak at 1630 cm™ is
attributed to the bending vibrations of adsorbed H,O molecules. The peak at 1576 and
1487 cm™ are attributed to C-N and C—C stretching mode for quinoid and benzenoid
rings [16-17], while 1380 cm™ is due to the bending vibration of C—H in the methyl
which may be come from the increase of preparation process, the peak at 1241 and 1158
cm™ is due to the C—N stretching mode of vibration, the peak at 808 and 1006 cm™
correspond to C—H out of plane bonding in benzenoid ring [18]. The small peak at 615

cm™ can be attributed to the vibration of Sn—O bond in SnO, [19] and peak 511 cm™ can
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be attributed to vibration of Zn-O bind in ZnO [20]. When NO; gas molecules interact

with the film, the bond shifted towards low wave number and resistance of film increases.
8.3.3 Sensing Analysis

Fig. 8.5 shows the dynamic response of SPZ thin film sensor at room temperature
towards 20 ppm NO; gas. As is evident from the figure that the exposure of NO, gas to
the sensing film surface, results in the increase of resistance from 1.25 to 1244 MQ (S =
995). The response and recovery times of the sensor were observed to be 3.8 and 2.2 min,
respectively at room temperature (30 °C). It was found that the sensor exhibit high
response to NO, even at room temperature. The comparison between the sensing
performance of the sensor and literature reports [21-26] is summarized in Table 8.1. The
advantage of our SPZ sensor is relatively higher response to NOo, so it can be expected to
serve as a promising functional material in NO, gas sensor. The response and recovery
characteristics to 20 ppm of NO; at operating temperature 30 °C were investigated, and
corresponding curve is shown in Fig. 8.5. The four reversible cycles of the response
curve indicated that the sensor had good repeatability and stability as shown in the inset
of Fig. 8.5.

Variation of the sensing response of SPZ thin film as a function of temperature
towards 20 ppm of NO, gas is shown in Fig. 8.6. It was found that as temperature
increases sensor response has been decreased. This decrease in sensing response at high
temperature could be due to higher rate of adsorption and desorption of gas molecules at
the sensing surface. The SPZ thin film shows the maximum sensing response as 9.95 x
10? at room temperature. When the NO, gas interacts with the sensing surface of SPZ, it
traps free electrons from the surface and decreases the conductivity of the sensor. The
inset of Fig. 8.6 shows the sensing response of SPZ sensor at operating temperature 30 °C

after the exposure of 20 ppm of NO, gas.

The response/recovery time is an important parameter used for characterizing a
sensor. It is defined as the time required to reach 90% of the final change in resistance,
when the gas is turned on and off, respectively. Fig. 8.7 shows the response and recovery

time of SPZ nanocomposite thin film sensor for different temperature variation at 20 ppm
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of NO, gas. From Fig. 8.7, it is observed that the response time has increased from 3.8 to
2 min, while the recovery time has increased from 2.2 to 3.6 min with increasing of
temperature in the range 30 to 200 °C towards 20 ppm of NO, gas. The decrease in
response time is due to the large availability of vacant sites on the thin film for adsorption
of the gas as evident from SEM images. Also the increase in recovery time may be due to

the gases left behind after gas interaction, resulting in decrease in desorption rate.

The selectivity is one of the most important gas sensing properties for the gas
sensors. The cross sensing response between NO; and other reducing gases such as NHs,
CO; and LPG were also investigated. Fig. 8.8 shows the selectivity of NO, gas over to
NHgs, CO, and LPG in the different gas concentration. The maximum sensor responses at
room temperature (30 °C) towards NH3z, CO, and LPG are found as 3.2, 2.7 and 1.5,
respectively.

8.3.4 Sensing mechanism

ZnO and SnO; are n-type semiconductors in which adsorbed oxygen reacts with
the target gas, the electron in the conduction band by which the conductivity decreases
and increased the film resistance. PANI is normally a p-type semiconductor. This is due
to the fact that during the polymerization process aniline, acids (such as HCI) are used,
which acts, as dopants of PANI molecule. Due to the reversible reaction; 0, + e~ <
O(aas) NOygas) + €~ © NO(_ads); H* — PANI — Cl~ & H— PANI* — Cl~;
PANI* + e~ + NO, & PANI* + NO; ; the protons on -NH — groups were
transferred to NO, to from NO, while PANI turned into its base. When NO, was

removed, the nitronium oxide ion could be decomposed to NO; gas and electron.

In our experiments, when NO, gas was exposed to SPZ nanocomposite thin film,
the gas molecules were adsorbed through ZnO film which is an n-type semiconducting
material. Therefore the film resistance increases. The sensing mechanism of SPZ
nanocomposite is governed by the charge carriers/electrons in the conduction band of
Zn0O. SnO; is base material on which a PANI was deposited. As PANI is a p-type
material but here it only increases the porosity of the film and decreases the activation

energy along with the band gap near the interface of ZnO-PANI. Hence the resistance of
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nanocomposite increases significantly with the exposure of NO, gas. As a result of the
response of the SPZ nanocomposite film is much higher than sensor reported in previous

Chapters.
8.4 Conclusion

We have prepared the SnO,-PANI-ZnO (SPZ) nanocomposite thin film by a
simple method using spin coating and investigated the NO, sensing properties. The XRD
pattern confirmed that the formation of SPZ nanoparticles having polycrystalline nature
with a c-axis orientation perpendicular to the substrate surface. The gas sensing tests
indicated the SPZ nanocomposite thin film sensor exhibited good gas sensing
performances to NO; gas, including high response value, fast response and recovery
characteristics, great stability, good repeatability, good selectivity and low operating
temperature (30 °C) due to high specific area, spatial structure and morphological
properties. The SPZ thin film exhibited highest response of 995 and fast response and

recovery time of 3.8 and 2.2 min respectively.
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Fig. 8.8: Cross selectivity of SPZ sensor at different temperature
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Table 8.1: Literature survey on catalyst modified/polymer doped metal oxide based NO,
gas sensors

Materials | Modifiers/ | Methods | Opera- | Gas Response | Res./Rec. | Ref.
Used Catalyst ting Conc. Time
Temp. | (ppm)
(°C)
PANI PAMPS Sol-Gel RT 10 50% -/- [21]
WO3 Carbon Sputtering | 150 5 325 17s/21s | [22]
Zn0O PPy Hydrother | RT 10 57% 4 min/15 | [23]
mal min
SnO,- PANI Sol-Gel 180 35 376 9s/27s | [24]
Zn0O
SnO; PANI Sol-Gel RT 1 1.21 5min/15 | [25]
min
SnO; PANI Sol-Gel 140 37 8.3 17 s/25s | [26]
SnO; PANI/ZnO | Sol-Gel RT 20 995 3.8 Present
min/2.2 | Work
min
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Chapter 9

Concluding Remarks and Scope of Further Research

(a

oxide, zinc oxide and tin oxide is summarised in the present chapter. This chapter also

~

study of synthesis, characterization and NO; sensing properties of polyaniline, iron

gives the guidelines for further research work in the field of nanosized materials and

their composites as NO; sensor.

\ /
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9.1 Conclusion

Use of nanotechnology in engineering materials for sensor applications may
improve the working detection limit of gas sensors to lower temperatures. This will be
achieved predominantly by alterations of the space charge layers for each grain and
enhancing other electronic properties of the material. The large surface to volume ratio of
nanomaterials can be used as an advantage to contribute in gas sensor development. The
surface reaction on the gas sensor is improved when the number of defect sites for
reaction is increased. The large surface area to volume ratio of nanocrystalline structures
increases the opportunity for this surface reaction to occur. This in turn will increase the
sensitivity of the gas sensor. The surface of nanomaterials can comprise much of the
actual material making them ideal for gas sensors. Chapter-1 includes the introduction of
recent development in sensor and its limitations. The sensing principle and extensive
survey of literature on the development of NO, sensor and its present status have been
discussed. The orientation of work, aims and objectives of the present research
investigation are well described at the end of the Chapter. It also deals with the
description of synthesis and characterization techniques used in the present research
work. The advantage of sol-gel technique over other synthesis methods has been
described. Chapter-2 describes the synthesis of nanostructured Fe,O3 and Fe,O3-PANI
thin films and their applications as NO, gas sensor working at room temperature. VVarious
chemical pollutants have been released in high quantities into the atmosphere as a result
of human activities and have generated environmental risks. In order to monitor the air
pollution on a large scale, inexpensive, reliable and easy to use gas sensors are needed. In
the Chapter-3 an effort has been made to fabricate nanopetal structured thin film of zinc
oxide using chemical route for the efficient and fast detection of NO, gas at lower
operating temperature. A study of synthesis, characterization and NO, sensing properties
of ZnO and ZnO-PANI is summarized in Chapter 4. Chapter 5 describes the fabrication
of Nanocatalyst (Pt/Ag/Cu) doped SnO, thin films and its applications as NO, sensors
operable at low temperature. In Chapter 6 describes the synthesis of SnO,-PANI
nanocomposite using sol-gel method fabrication of same material deposited on the

corning glass substrate IDES using spin coating technique. Also this material was
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exploited for room temperature detection of NO, gas. In Chapter 7 the preparation of
Sn0O,-ZnO nanocomposite thin film and its applications as NO, gas sensor is described in
details. Chapter 8 describes the synthesis of SnOj-polyaniline (PANI)-ZnO
nanocomposite thin film for NO, sensor operable at room temperature. Chapter 9 deals
with summary of the work done and the concluding remarks drawn from the present
research work. Future scope for further research work in the field of nanosized materials

and their composite as NO; gas sensor has been depicted at the end of this thesis.

A study of synthesis, characterization and sensing properties of polymer doped

metal oxide is summarized as below:

9.2 Low temperature study of nanostructured Fe,O3 and Fe,O3-PANI thin films as

NO, sensor

Nanostructured ferric oxides of different surface morphologies were synthesized
via sol-gel method as shown in Fig. 9.1. The employed sol-gel method of synthesis was
simple and high yielding without incorporation of any organic material. This method can
be used for scale-up industrial production of ferric oxide. The structural analysis
confirmed the formation of Fe,O3 with a-phase and rhombohedral structure. We have
investigated the NO, sensing properties of PANI doped ferric oxides having different
surface morphologies. Variations in resistance of the thin film as prepared, annealed at
200 °C and 500 °C with time after exposure of 20 ppm of NO; gas were recorded at room
temperature (30 °C). Ferric oxide-polyaniline composite thin film sensor structure has
been designed for the trace level (20 ppm) detection of NO, gas at room temperature with
sensor response ~2.29 x10% moderate response time ~2.35 min and recovery time as
3.80 min. Nanoporous spherical surface morphology having nanocrystalline grains were

found of much importance for obtaining the enhanced response characteristics.
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9.3 Fabrication of NO, gas sensor using nanostructure Zinc oxide

We have described the synthesis of nanopetals shaped and hexagonal zinc oxide
nanoparticles and characterized for their structural, optical and surface morphological

properties.

The mechanism of the NO, gas sensing of ZnO thin film has been explained on
the basis of surface adsorbed oxygen on the sensor surface (shown in Fig. 9.2). we
conclude that ZnO nanopetals based sensor has high sensing response 169, with lowest
response time 1.42 min and fast recovery time 1.71 min whereas the sensor based on ZnO
hexagonal nanocrystals show lower sensing response with enhanced response and
recovery times due to bigger crystallite size (71 nm) and lower specific surface area (272
m?/gm). Thus this study explored the relevancy and possibility of ZnO nanopetals based

sensor for the detection of low level of NO, gas at room temperature.
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Fig. 9.2: The adsorption of NO, gas molecule and corresponding phenomenon

9.4 Experimental Investigations on NO; sensing of Pure ZnO and PANI-ZnO
composite thin films

ZnO and PANI-ZnO composite film was prepared by sol-gel method on
IDEs/corning glass substrate and their NO, sensing properties as variations in
conductivity of sensor were investigated. The sol-gel method has certain advantages such
as low cost, simple in construction and having excellent sensing properties. SEM images
show nails type of the surface morphology throughout the surface. XRD analysis shows
all the peaks correspond to wurtzite of ZnO. The values of energy band gaps of as
prepared ZnO and ZnO-PANI composite were found as 3.38 and 3.74 eV from the UV-

visible transmittance spectrum.

The NO; sensing properties of the ZnO and PANI-ZnO composite films were
investigated at different operating temperature towards 20 ppm NO, gas. The variations
in electrical resistance of the film were measured with the exposure of NO, as a function
of time. The maximum sensing response ~ 611 at room temperature towards 20 ppm of
NO, gas was obtained for ZnO-PANI (5%) hybrid composite sensor with a fast response
and recovery times of about 2.16 min and 2.83 min respectively. However, the sensing
responses as 170, 250 and 120 were obtained for bare ZnO, ZnO-PANI (1%) and ZnO-
PANI (10%) sensor structures respectively towards 20 ppm of NO, gas showing the

importance of optimum concentration of PANI (5%) in the sensing layer of
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nanocomposite ZnO-PANI. Thus this sensor structure can be reliably used for the
detection of NO, gas at commercial level at room temperature. The schematic of the

reaction of NO; sensing is shown in Fig. 9.3.
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Fig. 9.3: Schematic of the sensing mechanism of NO; through ZnO-PANI with Energy
Band Diagram

9.5 Nanocatalyst (Pt, Ag and CuO) doped SnO; thin film based sensors for low

temperature detection of NO; gas

Sol-gel method has been used for the synthesis of porous tin oxide nanoparticles
which were applied as NO; sensing material and has been demonstrated as an evidence of
hollow structure effects on the sensing characteristics. X-ray diffraction analysis revealed
the formation of SnO, having rutile structure. The minimum crystallite size was found
5.34 nm. Surface morphological investigations showed the uniform and bead structured

surface morphology.

Other NO, gas sensors operating at a low operating temperature of 90 °C were
fabricated by doping Pt, Ag and CuO into SnO, thin film using chemical route. The
maximum sensing response of about 183 towards 20 ppm of NO, gas was obtained for
SnO,-Pt sensor structure with a fast response and recovery times of 5 sec and 13 sec
respectively. However, the sensing responses of 52 and 95 were obtained for SnO,-Ag

and SnO,-CuO sensor structures respectively towards 20 ppm of NO, gas with fast
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response and recovery times of about 85 and 186 sec; 25 and 50 sec respectively. The
enhanced sensing response obtained by incorporation of Pt in SnO, has been attributed to

the higher work function of Pt as compared to other dopants.

9.6 Design and fabrication of tin oxide-polyaniline nanocomposite thin films and

their employment as nitrogen oxide gas sensor

Tin oxide-polyaniline was successfully synthesized and thin film was fabricated
using sol-gel spin coating technique as shown in Fig. 9.4. This material exhibits a new
strategy to produce NO, sensor by combining readily gas-accessible sensing layers and
catalytic surface additives. X-ray diffraction analysis reveals the formation of SnO,
having rutile structure. The estimated value of average crystallite size of SnO, and SnO,-
PANI was found 7.05 and 5.64 nm. The XRD pattern clearly identifies that only

tetragonal SnO, phase was formed after annealing at 550 °C.

In the present work, an effort has been made to develop SnO,-PANI composite
thin film gas sensor which responds efficiently towards NO, gas at room temperature.
The variation of PANI concentration in SnO; thin film has been studied and found that
1% of PANI gives the enhanced sensing response of about 258 at room temperature (30
°C) towards 20 ppm of NO, gas with moderate response and recovery time of 5.8 and
4.55 min. respectively. The possible enhancement is related to the formation of p-n
junction at interface of PANI (p-type) and SnO, (n-type) nano-particles. The surface
morphology having nanocrystalline grains are found to be important for obtaining
enhanced response characteristics. Also SnO,-PANI (1%) sensor structure was found to
be highly selective towards NO, gas at room temperature with enhanced sensor

characteristics.
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9.7 Low temperature operated NO, gas sensor based on SnO,-ZnO nanocomposite
thin film

Sn0O,-ZnO (SZO) nanocomposites of different surface morphologies were
synthesized via sol-gel method shown in Fig. 5. This method can be used for scale-up

industrial production of SnO; and ZnO. The structural analysis confirmed the formation
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of SZO nanocomposite and tetragonal structure. SnO, thin film and SZO nanocomposite
thin films based sensor structure have been fabricated and exploited for the trace level (20
ppm) detection of NO, gas at low operating temperatures (<100 °C). This sensor
exhibited the enhanced sensing response as 1.578 x10° with faster response time (7 min.)
and recovery times (6 min.) at operating temperature of 70 °C in comparison to
previously reported sensor. Mesoporous surface morphology having nanocrystalline

grains were found to be important for obtaining the enhanced response characteristics.
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Fig. 9.5: Synthesis of SnO, and SZO nanocomposite material and thin film deposition

9.8 SnO,-Polyaniline-ZnO (SPZ) multilayered nanocomposite thin film as NO; gas

sensor

We have prepared the SnO,-PANI-ZnO (SPZ) nanocomposite thin film by a
simple method using spin coating and investigated the NO, sensing properties. The XRD
pattern confirmed that the SPZ nanoparticle have polycrystalline nature with a c-axis
orientation perpendicular to the substrate surface. The gas sensing tests indicated the SPZ

nanocomposite thin film sensor exhibited good gas sensing performances to NO, gas,
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including high response value, fast response and recovery characteristics, good stability,
repeatability, high selectivity and low operating temperature (room temperature) due to
high specific area, spatial structure and morphological properties. The SPZ thin film
exhibits the highest response of 995 and fast response and recovery times as 3.8 and 2.2

min respectively. The graphical abstract of entire work carried out is shown in Fig. 9.6.
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Fig. 9.6: Graphical Abstract
A chapter wise sketch of the thesis including the materials, dopants, percentage sensor
response, response and recovery time, crystallite size and pore size is depicted in Table
9.1. The main goal of our research work carried out was to design and fabricate a NO,
gas sensor which would be robust, cost effective and highly responsive than previously

reported Sensors.
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Table 9.1: A chapter wise sketch of the Thesis

Chapter | Sensing Doping | Max. Min. Min. Crystallite | Pore
No. Material Response | Response | Recovery | Size (nm) | Size
at 20 ppm | Time Time (nm)
of NO; (min) (min)
gas
Chapter 1 | Introduction
Chapter 2 | Fe,Osthin | ----- 114 7.13 7.66 34 125
film
Fe,Os- 229 2.35 3.80 27 258
PANI thin
film
Chapter 3 | hexagonal 90 2.42 1.76 71.0 80
nanocrystals
ZnO 169 1.42 1.71 29.1 119
nanopetals
Zn0O
Chapter 4 | ZnO PANI |611 2.16 3.50 5 900
nanoparticle
Chapter 5 | SnO, thin Pt 183 0.10 0.25 53 38
film
Chapter 6 | SnO, thin PANI | 258 5.80 4.55 54 152
film
Chapter 7 | SnO; thin ZnO 300 10.23 11.75 4.5 105
film
Chapter 8 | SnO,-ZnO PANI | 995 3.80 2.20 -- --
composite
thin film
Chapter 9 | Conclusion
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9.9 Scope and Further Research

1.

2.

In the present work, only the Polyaniline (PANI) doped metal oxide thin film has been
optimized, however, the diameter and distribution of the modifiers may also affect the
response characteristics. Hence, an effort may be made to use different type of masks
to optimize the diameter and distribution of PANI/modifiers doped metal oxide.

An effort may also be made to integrate the reduced grapheme oxide (rGO) doped

nanostructured ZnO and SnO, by CVD/chemical route for NO; sensing application.

ZnO and SnO; thin film based NO; gas sensors have been prepared using sol-gel
technique. To improve the sensing response parameters, there is scope for integration
of best identified modifiers like WO3, TeO, and Al,O3 for the fast detection of NO»
gas for the outdoor applications.

Theoretical modelling on sensing mechanism of NO, and other oxidising gases with
the metal oxides may be under taken for further investigations.
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APPENDIX

Experimental Methods and Characterization
Technigues

419 experimental facilities used throughout the whole thesis work have been presented h
this chapter. The synthesis part shows the chemical route of the synthesis of conducting
polymer, metal oxides whereas the characterization part shows the experimental
techniques used such as TEM, SEM, Raman, AFM, TGA, FTIR,UV-visible, dielectric

spectroscopy etc.
N /
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A.1 Introduction

The experimental part of research work plays very critical role in the outcome of
any research work. This Chapter describes the methodology and various experimental
techniques used in the preparation and modification of nanostructured polyaniline (PANI)
doped Tin oxide (SnO,-PANI), polyaniline (PANI) doped zinc oxide (ZnO-PANI), PANI
doped iron oxide (Fe,O3-PANI), zinc oxide doped tin oxide (SnO,-ZnO) and PANI
doped zinc oxide doped tin oxide (SnO,-ZnO-PANI) composite thin films. These films
were characterized using Fourier transform infrared (FT-IR), Raman, UV-Vis
spectroscopy, AFM, SEM, TEM, and TGA. These techniques have been described in

detail in this chapter.
A.2 Methodology of present work

The methodology adopted in the present thesis is summarized as following:

» Synthesis of conducting PANI doped ZnO as thin film and bulk composite by
sol-gel techniques.

» Synthesis of conducting PANI doped SnO; as thin film and bulk composite by
sol-gel techniques.

» Synthesis of conducting ZnO doped SnO as thin film and bulk composite by
sol-gel techniques.

» Sensing characteristics of the optimized Fe,Os, Fe,O3-PANI, ZnO, ZnO-PANI,
SnO,-PANI, Sn0O,-Zn0O and SnO,-ZnO-PANI composite thin films towards NO;

sensing.
A.2.1 Methods
A.2.1.1 Sol-gel Techniques

A solution (sol) is a dispersion of the solid particles (~ 0.1-1 um) in a liquid where
only the Brownian motions suspend the particles. A gelation (gel) is a state where both
liquid and solid are dispersed in each other, which forms a solid network containing
liquid components. The schematic flow chart of sol-gel process is shown in Fig. 1.1. The

sol-gel coating process usually consists of 4 steps [1-2].
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1. The desired colloidal particles are dispersed in a liquid to form a sol.

2. The deposition of sol produces the coatings on the substrate by spraying, dipping or

spinning.

3. The particles in sol are polymerized through the removal of the stabilizing

components and produce a gel in a state of a continuous network.

4. The final heat treatment pyrolyze the remaining organic or inorganic components and

form an amorphous or crystalline coating.

The increasing demand for multifunctional materials requires a stronger
multidisciplinary approach as well as the merging of the traditional scientific disciplines
(chemistry, physics, and biology) into new cross-boundary technologies. Moreover, these
novel technologies have to be able to bridge the gap between polymers, ceramics or
metals, between organic and inorganic materials, or between the mineral and biological
world. Sol-gel technology might offer a solution. The first experiment on sol-gel was
performed in the fifties of the previous century. By their inorganic nature, sol-gel layers
are extremely strong and wear resistant. Therefore, very thin 'nanometric' layers surface
to obtain the desired effects. Since several years, there is an increasing demand of sol-gel
technology in the application of device fabrication. However, the formula and methods
used in other industrial branches have to be adopted to the raw materials and specific
properties [3-4]. In the present work, sol-gel technique will be exploited for the synthesis
and deposition of ZnO-PANI, SnO,-PANI and SnO,-ZnO thin films.

A.2.2 Fabrication Techniques for Thin Film
A.2.2.1 Sputtering

In an alternating electric field, electrons oscillate to and fro and during their
motion they collide with other atoms. The ordered motion changes to random motion due
to the collisions. The energy of electrons increases sufficiently to produce ionization
collision, which further releases more electrons. The high voltage, essential in dc-

sputtering for the generation of secondary electrons to sustain the discharge is not
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required in rf sputtering. The electrons in the plasma will have sufficient energy to
directly ionize gas atoms, reducing the dependence on the secondary generation of
electrons at the cathode. At an operating frequency of 13.56 MHz, the ions in the plasma
can no longer move quickly enough to offset the changing field, due to which only a little
accumulation of positive ions occur during the portion of the cycle in which the target
electrode is acting as a cathode. However, due to the high mobility of electrons, the
electron current in the target surface is initially much higher than the ion current. This
results in a fixed negative dc bias on the target with respect to the plasma. The value of
the bias potential is close to half of the peak-to-peak rf voltage on the target surface. The
positive ions from the plasma are accelerated towards the target essentially by the bias
potential (V,) rather than the rf potential, and bombard the target surface with energy of
the order of V,, electron volts to sputter out the atoms. The rf diode sputtering unit were
use for preparation of Pt Interdigited electrods (IDTs) shown in Fig. 1.2 and a platinum
IDTs shown in Fig. 1.3.

A.2.2.2 Spin coating unit

Preparation of a highly cross-linked solid thin film, onto substrates can be
achieved by mean of hydrolysis and condensation of the molecular precursor using the
spin coating technique. The substrate is placed on the chunk table and holded by vacuum
(~10 mTorr), so as to keep it stable while providing rotation. Once the substrate is fixed
on the chuck, the filtered precursor solution is drop casted on the substrate using the
pipette in measured quantity and allowed to spin at a particular rpm in spin coater (Fig.
1.4). Typical spinning speed is ranging from 500 to 6000 rpm, depending on the
properties of the fluid as well as the substrate. To achieve a required thickness of film
along with uniformity the combination of spin speed and time are selected and optimized.
In the spin-up stage, the liquid flows radially outwards by means of centrifugal force

acting outwards giving rise to the formation of uniform thin film.
A.3 Thin Film Characterization techniques

Synthesis of ZnO-PANI, SnO,-PANI and SnO,-ZnO composite thin films were
characterized by various characterization techniques to study the optical properties,
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surface morphology and electrical and dielectric properties using XRD, FTIR, UV-
Visible, Raman Spectroscopy, Scanning Electron Microscopy (SEM), TEM, AFM and
TGA.

A.3.1 Structural Characterization
A.3.1.1 X-ray diffraction

X-ray diffraction (XRD) is an indispensable characterization tool for the study of
crystallographic structure of matter and has been extensively used for the investigation of
the orientation of deposited material, determination of grain size, estimation of stress etc.
The periodic and regular arrangement of atoms in the crystal acts as scattering centers,
because the interplanar spacing is of the order of the wavelength of X-rays. In a typical
powder XRD system monochromatic X-ray radiation is incident on the powder specimen
at an angle 0, called the Bragg’s angle, and the intensity of the diffracted beam is
measured simultaneously. For a given angle of incidence (), only those reflections from
a crystal plane will be detected in the scattered beam which satisfies the Bragg’s

diffraction condition:

nA=2d sin 0 (1.2)
where, n is the order of diffraction, ‘A’ is the wavelength of X-rays (A = 1.54056 A for Cu

Karadiation), and ‘d is the inter-planar spacing.

In the present work, a Bruker D 80 X Ray diffractometer is used to study the
crystallographic structure of the metal oxide (SnO,) and polymer doped metal oxide thin
films shown in Fig. 1.B.5. The specimen is mounted at the center of the diffractometer
and is rotated continuously around an axis parallel to the film surface. The X-ray beam
after passing through the collimator strikes the specimen. The diffracted radiations are
detected by the detector which converts it into a corresponding electrical signal. The
various reflections obtained in the XRD spectra of a sample corresponding to the crystal
planes (hkl) could be indexed after matching with the standard data available for same
material composition. Subsequently, the value of interplanar spacing distance (dhki)

corresponding to a particular plane (hkl) can be estimated using equation 1.1.
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A.3.1.2 Lattice parameter and crystallite size calculation

The lattice constants (a, b and c) of the unit cell of a sample can be determined
from the values of interplanar distance (dni) for a particular crystal plane (hkl). SnO,
possess a rutile structure with a unit cell having ‘a = b # ¢’, wherein the tin atom has Six
coordinates and the oxygen atom has three coordinates [5]. For a tetragonal lattice, the

interplanar distance (dyy;) is given by [6]:
—_= =4 =+ = (1.2)

For SnO, unit cell ‘a=1b’, therefore Eq.(1.2) reduces to

2 2 2
— =y 2 (13)

dhkl CI.2 C2

ZnO possess a hexagonal wurtzite structure with a unit cell having ‘a = b # ¢’. For a
hexagonal lattice, the interplanar distance (dpy;) is given by [6]:
1 h? + hk + k2 12
= + = (1.4)

d,zlkl a? c2

Linear equations corresponding to each reflection in the XRD spectra could be
obtained after substituting the respective value of d for (hkl) plane in equations (1.3) and
(1.4) respectively for SnO, and ZnO samples, and the values of lattices parameters can be
calculated. For (002) reflection of ZnO, substituting h =k =0 and | = 2 in equation (1.4)
the lattice parameter ‘c’ can be calculated as:

Cc = Zdhkl (15)

The average crystallite size (X) of the synthesized material (in thin film, ceramic
or powder form) can be calculated from the full width at half maximum (FWHM) of the

dominant peak in the XRD spectra using the well known Scherrer’s formula given by

X=0.94 M(B cosb) (1.6)
Where B is the full width at half maximum FWHM (in radians) of the dominant XRD
peak and A is the wavelength of X-rays (1.5406 A for Cu Ko, radiation).
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Stress induced in ZnO thin films can also be determined using XRD data as [7]:

(1.7)

ci1+cC Co—C
o = [26'13' C33( 11 12)] OC
0

C13

where, ¢, is the lattice constant of bulk and c is the lattice constant of the film and C;; are

the elastic stiffness constants for ZnO.
A.3.2 Optical characterization
A.3.2.1 Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared spectroscopy is a useful method for the
characterization of conducting polymers because it does not require polymers to be
soluble in any other solvent. It is primarily used for the detection of functional groups but
analysis of spectra in the lower frequency finger print region can give evidence of degree
of polymerization. The absorption versus frequency characteristics of light transmitted
through a specimen irradiated with a beam of infrared radiation provide a detail of
molecular structure. The infrared radiation is absorbed when a dipole vibrates naturally at
the same frequency in the absorbing material. The pattern of vibrations is unique for a
given molecular structure. The intensity of absorption is related to the quantity of
absorber. Fig. 1.6 (a) shows the Schematic for Michelson interferometer and Fig. 1.6 (b)
shows the Perkin Elmer GX 2000 FTIR spectrometer. Therefore, infrared spectroscopy
allows the determination of components or groups of atoms/molecules that absorb the
radiation in the infrared frequency range, permitting identification of the molecular
structure [8-13].

Crystalline and molecular strain can also be measured with instruments of high
spectral resolution. Copolymer dispersions can be determined as block copolymers
absorb additively and alternating copolymers which deviate from this addictively due to
interaction of neighboring groups. In general, the spectrometer with a dispersive prism or
grating has been largely superseded by a moving mirror is used in an interferometer to
produce an optical transform of the infrared signal. Numerical Fourier analysis is able to

give the relation of intensity and frequency, i.e., the IR spectrum. FTIR technique can be

213



used to analyze gases, liquids and solids with minimal preparation of sample. FTIR
technique has been applied to study many such systems which include adsorption on
polymer surfaces, chemical modification and irradiation of polymers and oxidation of
rubbers [14]. Moreover, the application of infrared spectroscopy to the study of polymers

has been reviewed by Bower and Maddams [10].

In particular, T-conjugated delocalized electron system shows an interesting class
of long molecules (macromolecules/polymer) where the extent of delocalization of -
electron cloud affects position of bands for a particular bond and helps in distinguishing
two different types of bonds even for polymeric chains having same type of constituents.
By knowing the absorption position (cm™) of a particular bond attached to n—conjugated
chain, an idea about extent of effective m—electron delocalization can be known which
ultimately shows the quality of electronic polymer. In the present thesis work, FTIR
spectra have been recorded on the instrument name as Frontier 88277 FT-IR
spectrophotometer mode in the wave number range 400-4000 cm ™ (figure 1.6). The
spectroscopic grade KBr disks have been used for collecting the spectra with a resolution
of 4 cm™ and performing 32 scans. It gives idea about different functional groups and
their arrangements (symmetrical or asymmetrical) present in the polymeric chain and
shows very sharp changes when the nature and conformation of inherent polymeric

chains change.
A.3.2.2 Raman spectroscopy

The Raman spectroscopy technique is a powerful and non-destructive technique
named after Sir C. V. Raman, for the evaluation of vibrational, rotational and other low
frequency modes in the materials. It provides the information about molecules which is
complementary to infrared spectroscopy. For a vibrational mode in a molecule to be
Raman active, it must be associated with changes in the polarization and is sensitive to
symmetrical molecules too. The process is based on the inelastic scattering of the
radiation. This can detect a change in vibrational, rotational or electronic energy of a
molecule. It is very useful for analysis of vibrational modes in single crystals due to their
anisotropic nature. The molecular vibrations and phonons of the system interact
inelastically with incident radiation that leads to the shift in its energy known as Raman
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(stokes or anti-stokes) scattering. This shift in the energy is equal to the energy of
vibration of the scattering molecule and is called Raman shift. The electric field ‘E’ of the
incident electromagnetic radiation distorts the electron cloud of molecule and induces
dipole moment ‘P’ via relation P= aE, but the molecular vibration changes the
polarizability («) and thereby the energy of the scattered electromagnetic radiation get

changed. The Raman shift (v wavenumber) in cm™ is given by the relation;

v=— 1 (1.8)

Aincident Ascattered

Where, Aincident aNd A scattered are wavelengths of incident and Raman scattered
photons in cm. The plot of intensity of scattered light vs. energy difference/Raman shift
in cm™ gives the Raman spectrum. The features like peak position, intensity, width etc. of
spectra of the materials are very sensitive to the chemical composition, functional groups,
structural phase, defects and impurities. The selection rules of information are very
sensitive to the local and global symmetries. In crystalline solids, the Raman Effect deals
with phonons instead of molecular vibrations. The fundamental requirement of a phonon
to become Raman active is that the first derivative of the polarizability with respect to the
vibrational normal coordinate should be a non-zero value.

The Raman spectra of particular material consists the specific characteristic
features and variations in these features depict the changes in the molecular/structural
symmetry of materials. A Renishaw in Via Micro-Raman equipped was employed for the
characterization of pure and doped crystals for their compositional and structural
analysis. The schematic for optics and photograph of the spectrometer is shown in Fig.
1.7.

This spectrometer is facilitated with two laser sources: one near infrared diode
laser (HP-NIR) source (300 mW) for excitation at 785 nm and another Argon ion laser
source (25 mW) for excitation at 514 nm. The laser beam was focused on the crystal
surface in the form of spot of 1 um radius and the exposure time was kept 10 s. The

spectra were recorded in backscattering geometry in wavenumber range of 50-4000 cm™.
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A.3.2.3 UV-VIS Spectroscopy

As mentioned in the previous sections, UV-Vis spectroscopy is a useful technique
for characterization of polyaniline due to presence of various dopants and different
oxidation states of PANI. The sensitivity of polyaniline to the pH of a medium is also
reflected by the color change and can record optical absorption spectra of
electrochemically deposited film of PANI or PANI dissolved in suitable organic solvent
which gives qualitative information about the level of doping, extent of conjugation and
the presence of radical cations in the PANI. In case of conducting polymer, conductor to-
insulator transition arising from the change in pH of the medium can be clearly

monitored.

A molecule or macromolecule leads to transitions between the electronic energy
levels of the molecule or macromolecule in the spectra range ultraviolet (200-400
nm)/visible (400-800 nm) radiation [15-16] and shows the absorption of radiation in the
range. The excited state so formed is in a very short time (~10-15 s) resulting that the
atoms of the molecule do not move following the Franck-Condon principle. There are
many factors such as, solvents, substituents, position/conformation of substituents, etc.
which influence the relative energies of molecular orbitals. The knowledge of these
factors is the essence of electronic spectroscopy. The strength of electronic spectroscopy
lies in its ability to measure the extent of multiple bond or aromatic conjugation within

molecules or macromolecules.

The longer the conjugation, longer will be the maximum wavelength of the
absorption spectrum. Non-bonding electrons in oxygen, nitrogen and sulfur atoms may
also be involved in extending m-conjugation of multiple-bond systems. The progression in
electronic spectra of a m-conjugated polymer continues with increased conjugation to a
limit of 550-600 nm (more than 20 double bonds in conjugation). Addition for each
substituent —R alkyl (5 nm), —CI, —Br (5 nm), —-CH=CH- additional w-conjugation (30
nm), etc., is in accordance with Woodward’s rules. These rules are empirically based on
similar model compounds and will only hold good for other compounds whose structures

are close to those of the models. Photograph of Shimadzu UV-1601 Spectrphoto meter
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shown in Fig. 1.8 (a) and Fig. 1.8 (b) Schematic of the optical system indicating: D2:
Deuterium lamp, WI: Halogen lamp, M1-M5: Mirrors (M3 is half-mirror), S1: Entrance
slit, G: Diffraction grating, S2: Exit slit, F: Filter, W: Window plate, Reference cell,
Sample cell, Lens 1, Lens 2P.D.: Photodiodes.

Application of electronic spectroscopy is of importance in the exploration of
electronic property of semiconducting polymers [17-18]. The intensity and Amax Values
increase with increasing m—conjugation and electron donating substituents which is
regularly attached to main n—conjugated backbone of polymer. It can also be shown that
the angular strain or steric overcrowding (caused by bulky and irregularly attached side
groups) can disturb the planar geometry and distribution of the chromophore. For
example, m-conjugation is reduced by lowering =n-orbital overlap.  Electronic
spectroscopy is so sensitive to the distribution of the chromophore that one can turn this
to an advantage in demonstrating that the distortion present in the molecule is caused by

the influence of steric inhibition of resonance in the m-conjugation.

In the present work, UV-visible spectra of polyaniline doped with ZnO and SnO,
have been recorded on Perkin Elmer, Lambda 35 PC spectrophotometer. In order to
prepare a sample for measurement, the known amounts of samples have been dissolved in
chloroform and measurements have been performed in a single quartz curette with 1 cm

path length.
A.3.3 Surface morphological characterization
A.3.3.1 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) has been used to study size, shape and
distribution of materials at nanoscale [19]. The schematic diagram of a typical
transmission electron microscope has been represented by Fig 1.9 [20]. A thin solid
specimen (< 200 nm) is bombarded in vacuum with a highly focused, mono energetic
beam of electrons in TEM. The smaller de Broglie wavelength associated with high
energy electron beam is responsible for high resolution and its ability to focus the
electron beam. As an example, the electrons having energy of 100 keV corresponds to de
Broglie wavelength of 3.7x10° nm. In general, TEM is expected with the electron beams
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having energy in the range of 20-200 keV. The spatial resolution is large enough for
higher energy electron beam. In the energy range, the beam has enough high energy to
propagate through the specimen. A series of electromagnetic lenses are used to magnify
the transmitted electron signals [19].

There are two modes of TEM which are employed to study a desired specimen
they are: image and diffraction. The image mode contrast must be induced in order to
produce image for analysis of materials. There are many contrast forming mechanisms.
The interpretation of images is complicated due to the interplay of the different
mechanisms. The most commonly used imaging techniques in TEM are mass thickness
imaging, diffraction imaging and phase contrast imaging. In diffraction imaging mode,

the pattern of the diffracted electrons is obtained from the electron illuminated sample.

When the electron beam is incident on the sample, the scattering events occur
because all the illuminated parts of the sample act as scattering sources. Interference
between scattering beam causes coherently scattered beams when Bragg’s law is fulfilled.
The scattered beams are recorded in the form of a “spot”. This spot pattern of diffracted
electron beam from the selected sample area is called the selected area electron
diffraction (SAED) pattern and provides the information about the crystalline and crystal
orientation. The dependence of electron transpiring lies as the sample thickness, as a
thick sample would cause too many interactions leaving no intensity in the transmitted
beam. On the other hand a thick sample also increases the risk that an electron is
scattered on multiple occasions and the resulting image would be difficult to interpret. In
the work presented in this thesis the samples for TEM imaging have been prepared by
dispersing powder sample in isopropanol using sonication and a small drop of that
solution was casted onto the carbon coated copper grid. In the present thesis work, TEM
has been used to analyze the shape, size and particle size distribution of PANI-ZnO

nanoparticles.
¢ High resolution transmission electron microscopy (HRTEM)

If a scattered electron beam is a sharp spot diffracted from a single crystal, the
phase contrast image that forms only when it is recombined with the unscattered beam is
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an image of the crystal lattice planes that produce the scattering by Bragg diffraction. The

resulting image of the crystal lattice can be obtained when several beams are recombined.

This specialized phase contrast technique has been utilized for the study of atomic
scale structure in many types of crystalline metals and ceramics. It is called high
resolution electron microscopy (HREM) which allows the direct imaging of defects and
interfaces at the atomic scale [21-23]. However, this technique is difficult to apply for the
study of polymeric materials due of their instability in the electron beam as the high

resolution images require high beam intensities.

High-resolution electron microscopy can provide information that is difficult to
obtain in any other way but it needs skill and experience. In case of polymers, lattice
fringe images have been obtained from a wide range of polymers. In the present thesis,
the particle size, the morphology of ZnO-PANI, SnO,-PANI and SnO;-ZnO
nanocomposites have been examined using a high-resolution transmission electron
microscope (HRTEM, Tecnai G2 F30 S-Twin) operating at an accelerating voltage of
300 kV, having a point resolution of 0.2 nm and a lattice resolution of 0.14 nm (Fig.
1.10).

A.3.3.2 Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) is a very useful technique and widely
accepted to study the surface morphology, surface topography, composition and other
properties such as electrical conductivity of the samples. It offers a better resolution than
that of optical microscope. It can have resolution of a few nanometers and provides high
magnification [24]. The schematic of scanning electron micrograph is shown in Fig. 1.11
[25].

In a typical SEM instrument, Tungsten or LaBg is used to emit monochromatic
electrons with the energy range of 10-30 keV. These electrons are focused by magnetic
field which acts as condenser lenses to form a beam with a very fine spot size ~ 1 to 5
nm. Then beam passes through a pair of scanning coils in the objective lenses, which
deflects the beam in a raster fashion over the sample surface. This beam of primary

electrons interacts with sample volume, the thickness of which ranging from less than
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100 nm to 5 um. The signals secondary electrons, internal currents, photon emission etc.
so generated are detected by appropriate detectors. The cathode ray is used to generate
the final image on the screen. In addition, SEM can provide information about the sample
composition near the surface. This is known as Energy Dispersive Spectroscopy [26-27].

In the present work, SEM has been used to study the morphology of
nanostructured polyaniline (PANI) doped zinc oxide (ZnO) and polyaniline (PANI)
doped tin oxide (SnO,) composite fabricated onto glass substrate.

A.3.3.3 Atomic force microscopy (AFM)

Atomic force microscope (VECCO DI multimode SPM), was used to study the
surface morphology of zinc oxide (ZnO) doped tin oxide (SnO,) nanocomposite thin film
fabricated onto corning glass substrate (Fig. 1.12). The surface morphology of the films
was examined over an area of 5.5x5.5 um? in the non contact mode. The AFM images of
as-grown and post-deposition zinc oxide (ZnO) doped tin oxide (SnO;) nanocomposite

fabricated onto corning glass substrate are shown in Fig. 1.13.

AFM images of the as-grown SnO,-ZnO nanocomposite fabricated onto glass
substrate thin film reveals the formation of a rough surface morphology (Fig. 1.12). Fig.
1.12 show, the 3D AFM images of the surface of SnO,-ZnO thin film. The growth of
sensing layer with rough and porous morphology is advantageous for gas sensing
application, due to increased surface area which facilitates the large interfacial contact
between the target gas molecule (NO;) and ZnO of the sensing layer and expected to give

enhanced response characteristics.

A.4 Thermal characterization
A.4.1Thermo-gravimetric Analysis (TGA)

TGA (Mettler Toledo TGA/SDTA 851e) was used to investigate the thermal
stability of polymers in nitrogen atmosphere with a flow rate of 60 mL/min. A heating
rate of 10 °C/min and a sample size (in the form of fine powder) of 10 + 2 mg was used

in each experiment. Thermo-gravimetric analyzer determines the change in weight of a
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material as a function of temperature [28]. TGA was used to investigate not only the
thermal stability of polymers but also to determine absorbed moisture contents in
materials, presence of additives, solvents, degradation temperatures and kinetics. Thermo
gravimetric analyzer operates on a null balancing principle with a sensitive balance
maintaining a reference position for comparison with the weight of the sample. A current
flow is produced to balance variations in weight between the reference and the sample
and this current is proportional to the change in sample weight. The relative thermal
stability of polymers is quite important in end use properties. In case of conducting
polymers, it is a useful technique to study the thermal stability of the polymer and the

quantitative estimation of different substituents present in the polymer.

A.4.2 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetric studies on conducting copolymers and film of
different blends were carried out using Mettler Toledo 822e. DSC was recorded from 25
°C to 450 °C for conducting copolymers and their blends, The heating/cooling rate was
kept constant at 10 °C per minute. A sample mass of 5 +2 mg was used. DSC gives an
idea about the primary and secondary transition with change in temperature. It gives the
exothermic and endothermic changes occurring over a particular temperature range. DSC
was recorded for both heating and cooling cycles. Endothermic changes like melting
were recorded during heating cycle, and exothermic changes like crystallization were
recorded during cooling. The melting point (Tm) as well as temperature of crystallization
(Tc) and corresponding endothermic (AHm) and exothermic (AHc) changes in heat

capacity were recorded.
A.5 Electrical studies
A.5.1 Electrical Characterization

The gas sensing characteristic properties of prepared sensors were studied in a
specially designed “gas calibrator and test system (GCTS)” having a glass test chamber.
Different concentrations of NO; gas (20 ppm) were introduced into the glass test chamber
using calibrated leaks through fine needle valves.
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The test chamber volume was taken to be 11.0 L and target NO, gas was injected
in the test chamber through a syringe of 0.2 ml at the time of taking sensing response. A
pirani gauge with a rotary pump was used to control the flow of target gas in the test
chamber. The testing of sensor in present work is carried out using following procedure.
Initially the test chamber was evacuated for a pressure of ~ 10 Torr to avoid any kind of
interference from the residual gases present in atmosphere. Subsequently the sensitivity
in relative response of sensor was recorded after incorporating the desired concentration
of nitrogen dioxide (target) gas along with clean air (dry synthetic) at atmospheric
pressure. The sensing measurement we carried out at room temperature in the presence of
30% humidity in the test chamber to obtain the real field situation. The gas sensing
measurements were carried out in a static mode. At the time of recovery of the sensor,
target gas was flushed out of the test chamber (by creating vacuum again) and the clean
dry air was introduced. Target gas (NO,) of specific concentration was introduced into
the test chamber and changes in the sensor resistance were recorded after every second
using a data acquisition system consisting of a precision digital multi-meter (model:
Keithley 2700) interfaced with a computer (Fig. 1.15).

A.5.2 Gas injection and calibration of sensor for different gas concentration

The gas for which the sensing parameter of the sensor element is to be
studied is injected into the glass chamber, through the gas inlet from ppm
level in the air ambient, by using medical practitioners syringe. The required
gas concentration inside the system is achieved by injection a predefined
known volume of the test gas. The volume of chamber is 5 liters. The gas

concentration in ppm can be determined as:

volume of ejected gas (ml
fej gas (ml) 106

concentration of gas (ppm) = volume of chamber (L)

The gas calibration chart based on the above equation is given in Table
No.1.
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Table No. 1 Conversion chart of ml to ppm level of the gas

Quantity of gas ejected in chamber | 0.05 |0.1 |{0.2 (0.3 |04 |05

(ml)

Concentration of gas in chamber |5 10 |20 |[30 |40 |50

(Ppm)

A.5.3 Gas Sensing Parameters

It is very much important to understand the sensing parameters of a good sensor.

These are defined as:

YV V V V

Sensing response,
Operating temperature,
Response time and

Recovery time

There are some of the salient parameters that are associated with measurement of

response characteristics of a gas sensor.

(a) Sensing Response:

The response (S) of a gas sensor to a target gas at a given temperature T is
determined from the measured value of resistance of the sensing element (ZnO,
PANI, SnO; thin film) in the absence (R,) and presence of the sensing gas (Rg).

The sensor response S is defined as:
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(b) Response Time (Tres):
The response time is defined as the time taken by the sensor to acquire 90% of its

maximum resistance value in the presence of target oxidizing gas.

() Recovery time (Trec):

The recovery time is defined as time taken by the sensor to reacquire about 10%

higher value of its initial resistance in the presence of atmospheric air.

The typical variation in the response (S) of a gas sensor with temperature for a
specific concentration of target gas is shown in Fig. 1.B.16. The maximum in the
response (Smax) at a certain critical temperature (Topt) is referred to as the operating

temperature of the sensor.

Response (t.s) and recovery (tc) time characterization of a typical sensor are
shown in Fig. 1.17 which gives a clear picture about the increase in resistance value as
soon as any oxidizing gas comes in contact with n-type semiconducting sensing layer.
The sample regains its original resistance value (R,) as soon as the sensing gas is

expelled out from its vicinity.
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Target Platinum foil Titanium
Gas composition 100% Ar 100% Ar
Sputtering pressure 10 m Torr 10 m Torr
TS distance 7.5 cm 7.5 cm
RF Power 100 W 150 W
Substrate Temperature No heating No heating
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Fig. 1.2: (a) Photograph of the rf diode sputtering unit and (b) Platinum & Titanium thin
film deposition parameters
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Fig. 1.4: Photograph of spin coater used in the preparation of thin film
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Fig. 1.5: Photograph of Bruker D 80 X-Ray diffractometer
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Fig. 1.6: (a) Schematic for Michelson interferrometer and (b) FTIR spectrometer
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Fig. 1.7: Renishaw via Raman spectrometer
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Fig. 1.9: Schematics diagram of Transmission Electron Microscope (TEM)

Fig. 1.10: Photograph of High-Resolution Transmission Electron Microscope (Philips
T20ST, operated at 200 kV)
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Fig. 1.11: (a) Photograph of Scanning Electron Microscopes (JEOL, JSM-6490LV)
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Fig. 1.11: (b) Schematics of Scanning Electron Microscope (SEM)
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Fig. 1.12: Schematic of Atomic force microscope (AFM)
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Fig. 1.13: AFM images (3D) of ZnO doped SnO,
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Fig. 1.15: Photograph of actual gas sensing unit
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Fig. 1.17: Sensor response as a function of time, defining response time and recovery
time of a typical sensor in response to an oxidizing gas
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