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ABSTRACT

Methane, as one of the greenhouse gases, has a significant impact on global warming, roughly 21 times
that of carbon dioxide. Hazardous gases like methane must be regularly monitored for leakage or
concentration measurement in daily life and industrial operations. Methane is also combustible,
explosive, and poisonous. Explosions produced by methane leaks are a regular hazard to people's lives
and property safety. As a result, it is crucial to develop a method for precisely monitoring methane
gas. To accomplish this, a sensing device with high selectivity, sensitivity, and responsiveness to
changes in their environment is needed that can provide rapid and accurate information about a variety
of substances and conditions in real time. A nanosensor can detect even trace amounts of a target
material due to its high surface-to-volume ratio and unique features at the nanoscale, making it
important for tracking dynamic processes such as chemical reactions, biological interactions, and

environmental variations.

In this work, a 2D nanomaterial-based gas-sensor has been designed to sense methane gas. Boron-
nitride Quantum dots have been synthesized by liquid exfoliation technique. Characterization of the
quantum dots were done using SEM and XRD techniques. Electrical measurements were taken in
different ambience and temperature for the performance evaluation of the designed gas sensor. The
purpose of this nanosensor design is to harness the unique properties of the nanomaterial and
nanotechnology to create a highly sensitive, selective and versatile sensor that can be further integrated
into various systems and structures, including wearable devices, lab-on-a-chip platforms, and even

within living organisms.
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Chapterl

INTRODUCTION

1.1. OVERVIEW

In 1974, the “Nanotechnology” term was coined by Prof. Norio Taniguchi at the Tokyo
University of Science [1]. The study of tiny structures is known as nanotechnology (nano-
small). One billionth of a meter, or roughly 1,000 times smaller than the diameter of a human
hair, is a nanometer. Everyday items like lightweight components and innovative, high-
performance battery storage systems are made possible by nanotechnology. Engineers,
biologists, chemists, doctors, and nanotechnologists all contribute to the growth of our society
through their skills and knowledge. Every sector of the economy, from the diagnosis and
treatment of disease to environmental cleaning, has the potential to benefit from

nanotechnology.

1st: Passive nanostructures (15 generation products)
a. Dispersed and contact nanostructures. Ex: aerosols, colloids
: b. Products incorporating nanostructures. Ex: coatings; nanoparticle
@ reinforced composites; nanostructured metals, polymers, ceramics

e
e

)5

~ 2000 ;."%? 2nd: Active nanostructures
TR a. Bio-active, health effects. Ex: targeted drugs, biodevices
b. Physico-chemical active. Ex: 3D transistors, amplifiers,
actuators, adaptive structures

.
>

~ 2005 3; Systems of nanosystems

Ex: guided assembling; 3D networking and new
hierarchical architectures, robotics, evolutionary
»

~ 2010 4; Molecular nanosystems
Ex: molecular devices ‘by design’,
atomic design, emerging functions_ |
~ 2015~ -
2020

Risk Governance Frame 2 ——j«— Frame 1 —|

T
1

Fig. 1.1 Nanotechnology Generations: Proposed by US NNI's Mike Roco. [2]

Nanotechnology has the potential to change science and technology in a number of fields,
including medicine and physiology [3, 4], as well as the delivery of medications and medical
diagnostics. Nanotechnologists are also increasingly involved in chip production. It enables the
creation of a careful regulatory framework by the government for a new class of chemicals and
substances. Today, we are dealing with severe health issues such as diabetes, cancer [5],
Parkinson's disease, and so on. It is used to restore injured tissue. Nanotechnology can aid in

the development of green technologies that reduce pollution.
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1.2. SENSORS AND THEIR REALTIME APPLICATIONS

In today's rapidly evolving technological landscape, the integration of sensors in real-time
applications has revolutionized numerous industries and opened up new possibilities for data-
driven decision making. Sensors, often referred to as the "eyes" and "ears" of modern systems,
are devices capable of detecting and measuring physical phenomena, such as temperature,
pressure, motion, and more. These devices convert the captured physical parameters into

electrical signals that can be processed and analyzed in real time.

Real-time applications are systems that require immediate response and continuous monitoring
of data to ensure timely actions and accurate decision making. By incorporating sensors into
these applications, businesses and industries can gather valuable insights, enable automation,

enhance safety measures, and optimize operational efficiency.

Marginal Decline

in Growth Rate __-_ 3

Price Levels
Remained Stable T\

Enduser Segments’
Support Revenues

Increased
Applications

Increased
Alliances

Increased
Product
Development

Fig. 1.2 Realtime application of Sensors [6]

* In industrial automation, sensors are deployed to monitor various parameters, including
temperature, pressure, flow rate, and vibration [6,7]. Real-time data collected from these
sensors enables precise control of manufacturing processes, detection of anomalies, and

timely response to ensure optimal performance and prevent costly downtime.

Programming Tools & Analysis
Network

|

Industrial IT

Data Fusion

Industry
Sensor Technology ' Smart Sensor

State Estimation

pot

Application Examples: System

R—0)

Modelling A\ Identification :L
Factory Automation I / =

Process Control 0il & Gas _ 9,‘ ) A

Home V ﬁ Control Systems Monitoring

Automation o ~ A PID, MPC

Fig. 1.3 Sensors Application in Industrial Automation. [6]
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Environmental monitoring systems rely on sensors to measure air quality, water quality,
noise levels, and weather conditions [8]. Real-time data from these sensors allows us to
assess pollution levels, predict natural disasters, and make informed decisions to mitigate
environmental risks.

In the realm of smart cities [9] sensors are a fundamental component, facilitating
intelligent management of resources and infrastructure. Traffic management systems
employ sensors to detect vehicle presence, optimize traffic flow, and minimize
congestion. Waste management systems employ sensors to monitor fill levels in bins,

optimize collection routes, and reduce operational costs.

(C "integrated” ultrasonic type) Video cameras

= = Rear camera
GPS =
Traffic Sensors % A/Csensor
H .
. . . ' 4 .
5 H H 7

H @ Fuel sensor
. \ =
 ESR—— o A- N
g
-
o
o

Ultrasonic sensor

e
LI

s Exhaust gas sensor
o 5
RADAR sensor
Inertial sensor

Infrared sensor Pressure sensor

u'.

(a) (b)
Fig. 1.4 (a) Traffic Sensors (b) Diagram of Automobile Sensors. [10]

In healthcare [11] sensors play a vital role in patient monitoring, enabling healthcare
professionals for tracking vital signs including heart rate, blood pressure, and oxygen
levels. Real-time monitoring empowers medical staff to detect critical situations

promptly, provide timely interventions, and improve patient outcomes.

Physical
sensors

Thermistor
» Ultrasound Themmocouple » Blood flow
& i sensor &
Thermopile > M i
» Pressure P-N junction diode agnetic
Sensors Optical fibre resonance
devices & imaging

Infrared sensors

system
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Components of biosensors
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Fig. 1.5 Application of Sensors in Medical Devices. [12]

Furthermore, the Internet of Things (IoT) has seen an exponential growth, with sensors

acting as the backbone of interconnected devices [13]- [16]. By incorporating sensors into

IoT applications, we can gather real-time data from various sources and leverage it for

improved decision making, automation, and personalized user experiences.
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Fig. 1.6 Live status page on how sensor readings can be displayed in real-time using IoT. [9]
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In conclusion, sensors in real-time applications have transformed the way we interact with and
understand the world around us. From industrial automation to healthcare, environmental
monitoring to smart cities, sensors provide real-time data that empowers organizations and
individuals to make informed decisions, optimize processes, and create a more efficient and

connected future.
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Fig. 1.11 Sensor Application for Smarter World. [16]

1.2.1 SENSORS

A sensor is a device that measures a physical characteristic, such as temperature, mass, or
electrical or photonic properties, consecutively generates a signal for monitoring or further
analysis. [17]. The development history of a sensor is broad. The first thermostat was developed

in the 18™ century probably in 1880, and the first infrared sensor appeared in 19™ century [18].

The current focus of research is on building high-performance gas sensors [19] with low
operating temperatures and cheap manufacturing costs. Since it uses incredibly little electricity
and doesn't need a heater for high temperature operation, a gas sensor that operates at ambient
temperature is quite alluring. Because of the advancement of nanoscience and nanotechnology,
technology has a huge influence on many facets of our society and has made significant

improvement.
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1.2.2 NANOSENSORS

With its recent rapid advancement, nanotechnology offers immense potential across nearly all
industries. These developments have been advantageous for the development of the nanosensor
industry. To accommodate their need for miniaturization, several electronics businesses have
backed these advancements. Over the last 20 years [18], a significant amount of research has
been done in the field of nanomaterials for a variety of applications, including nanosensors.
The sample amounts required are relatively tiny, and detection is carried out extremely quickly
due to nanosensors' ability to handle signals generated at the nanoscale. All of these

characteristics have aided the use of diverse nanosensor types in a variety of applications,

particularly in the domains of medicine and homeland security [19].

Nanosensor Literature

40
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Year

Fig. 1.12 Count of precise searches for the term '""nanosensor" in journal paper titles during a 12-year period (1994—

2005, inclusive), with an estimate for 2010. [27]

1.2.2.1 TYPES OF NANOSENSORS

Nanomaterials are now being investigated more and more. Nanomaterials have captured
consumers' interest in a range of applications, including biomedical, agricultural, gas sensors,
batteries, and optoelectronic machinery, thanks to their electrical, magnetic, and mechanical
properties [20]. Since there are many different nanosensors accessible today, categorization
can be challenging given the short history of nanosensors [21].

However, there are three broad categories into which nanosensors may be divided: Reception

modules, Structure, and Application.

I.  Based on energy source, nanosensors can be categorized into two types [22]: Energy-free
passive nanosensors like thermocouples and piezoelectric nanomaterials, as well as active

nanosensors like thermistors.
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I1.

I11.

Affinity-based nanosensors: Include hormones [18,22], antibodies, and receptors for
nucleic acids that bind target molecules catalytically and permanently.
Catalytic-based Sensors: These include enzyme- or cell-based receptors that bind relevant

chemicals and catalytically transform them into identifiable products.

Based on their structural characteristics, nanosensors may be further divided into two
types:

Optical nanosensors [22-27]: These devices exploit fluorescence's sensitivity to monitor
amplitude, energy, polarization, delay time, and decay phase qualitatively and
quantitatively.

Electrochemical nanosensors: This type of nanosensors primarily recognizes the

chemical or electrical characteristics of a particular material and transduces a signal.

Depending on their applications, Nanosensors can be categorized as chemical
nanosensors, nanoscale electrometers, nanobiosensors, deployable sensors, and other types
of sensors [22,24-25].

Chemical Nano-Sensors: These sensors can detect single chemical and biological
molecules since they are made of capacitive cantilevers and electronics.

Nanoscale electrometers: Use polymers to detect DNA, cancer, and other substances, and
nano-biosensors, which use polymers to do the same.

Deployable sensors: Used in military and other applications relating to national security.

1.2.2.2 APPLICATIONS OF NANOSENSORS

Researchers at the Georgia Institute of Technology created one of the earliest functional

instances of a nanosensor in 1999 [22-24]. A single particle was linked to the extremity of a

carbon nanotube, and the nanotube's vibrational frequency was determined with and without

the particle. The researchers were able to determine the linked particle's mass using the

difference in frequency. Since then, more and more research has been conducted on

nanosensors, leading to the development of contemporary nanosensors for a variety of uses.

Currently healthcare [25], defence and military, and others such as food, environment, and

agriculture are the part of nanosensors application in market place. Nanosensors are becoming
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more important in practically every facet of modern life. The presence of potentially harmful

substances or microbes in food, water, or the air may be found using a variety of sensors.

= Throughout the globe, these sensors are preserving lives. Nanosensors are having a

significant influence in the medical industry [27-29].

Fig. 1.13 Real-time health monitoring with nanosensors as a part of the Internet of Nano Things (IoNT). [2]

= For instance, several nanosensors are employed in cancer diagnosis, DNA and protein

detection, and targeted medication delivery.
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Fig. 1.14 Nanotechnology in cancer diagnosis. [28]

= Homeland security has developed uses for deployable sensors.

» Unmanned aerial vehicles are now equipped with a variety of chemical sensors to help them

identify hazardous gas on the battlefield and save the lives of troops [29].

= RFID chips, another use for nanosensors, are used in a number of tagging systems.



Table 1.1 Significant potentials of nanosensors. [18,30]

SL No. Potential Description
L. ]jrackmg Real-time monitoring of changes in the environment, soil,
environmental and water is made simple with nanosensors. Additionally, it
changes, aims to broaden its application base to include dispersed
water. and networks and lab-on-a-chip technologies. Nanoscale
soil. concentrations of solids, liquids, and gases can be detected
using nanotechnology sensors to identify possible dangers. In
this approach, nanowire arrays are combined on a tiny
semiconductor chip to produce a powerful field-effect
transistor.

2. To prevent | To prevent food contamination, nanosensors are employed to

contaminating | detect pathogens. This technique is an effective tool for
food, find | applications involving sensing. Given that it provides vital
infections. | information that advances our understanding of basic
biological processes, it is also a crucial instrument for
tracking dynamic biomolecular changes and biological
functions. This method has been enhanced to identify a large
number of samples for soil and water fertilisers as well as
food pathogens. It may be used to monitor pesticides and
fertilizers on a whole farm, enabling farmers to manage their

usage as necessary.

3. Examine the | During poor agricultural seasons, any lack of proper

water and fertilisers and nutrients typically leads in significant declines
macronutrient | in crops. The right macronutrient and water levels may be
contents. checked using precision farming nanotechnology sensors.
This makes crop ripening, fertilization, and yield possible at
their best. Many nanotubes are produced by the sensor
industry and are used to instantly determine the ion content

of agricultural samples.

4. Health data | Nanosensors can readily collect sensitive health data. The
preservation of these data assures that they are only utilized
for the purpose of collection, making them one of the most
significant barriers to wider use. Monitoring is becoming
more common, and the Internet of Nano Things makes it
easier to watch individuals.

5 Detect Today, air pollution is an increasing problem, and

specific gases

contaminating gases often affect human health. With
advances in nanotechnology, nanosensors can now detect
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in the trace amounts of particular gases in the environment. This can
surroundings. | help to promote healthy living and working environments
while also preventing negative health impacts. These metal
oxide nanostructures can be integrated with existing gases
and gadgets. The gas composition is identified for home,
industrial, and environmental uses.

Biomedical sensor systems (systems based on
microelectromechanical, biological, and chemical sensing, as
well as electrocardiograms and electromyograms.) have the
ability to continually monitor human physiological data in
real-time and without intrusion by utilizing semiconductivity
and flexible electronics packaging technologies. When the
conditions for sensitiuvity and selectivity are fulfilled,

Detect human
physiological
data

biological and chemical sensors can compete with costly
analytical instruments.

Keep an eye | Nanosensors have demonstrated their exceptional ability to
on bio-cells. | watch single bio-cells and organisms with precise spatial and
temporal precision down to the molecule level. These
leverage the wunique features of nanomaterials and
nanoparticles to detect and quantify the presence of a wide
range of infectious diseases, including viruses and dangerous
bacteria.

Intelligent | Nanosensors can be used on Active transport tracking
tracking and | systems for smart tracking and tracing for logistics
tracing. management. Nanosensors are often used in agricultural food
items to monitor soil conditions and farm ambient conditions.
Chemical nanosensors are used to determine the chemical and
material composition of food, water, environmental, and
medicinal samples. These sensors use very sensitive chemical
receptors and transducers, as well as poisons and chemical
compounds. They are capable of detecting concentrations as
low as a million parts per billion.
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Fig. 1.15 Application fields of nano-sensor networks. [29]

1.2.3 NANOMATERIALS

Nanostructured materials with precise dimensions and tiny sizes have shown significant
promise for usage as sensing layers. The advantages of using nanostructured materials for gas
sensing include the enormous surface-to-volume ratio [17], high specific surface area,
enhanced surface-active site, as well as the recently recognized influence of crystal facets with
high surface reactivity. The performance of a sensor is greatly influenced by the quantity of
atoms present at a material's surface since most interactions between gas molecules and
materials occur there. Nanostructured materials contain a substantially higher proportion of
surface atoms than bulk atoms compared to non-nanostructured materials because of the high
surface-to-volume ratio. As a result, gas sensors made of nanostructured materials may

function better [18].

Nanoparticles (NPs) with at least one dimension in the nanometer range and specific properties
that aren't present in the material's bulk are referred to as nanomaterials [31]. Although
unknowingly present in some ancient artifacts, the development of nanoparticles as we know
them today dates back to 1857, the year when Michael Faraday [32] published his report on
the production of what was then known as "activated gold," a colloidal solution. Due to their
nanoscale dimension and very high surface-to-volume ratio, nanomaterials exhibit exceptional
characteristics that are distinct from those of their bulk size in a variety of ways, including

magnetic [31], mechanical, optical, and chemical [31].
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1. Nanoparticles: These are small particles with dimensions in the nanoscale. Hollow spheres,
quantum dots, and particles all have 0 or 3 dimensions with a diameter of 100 nm. They can be
metallic, such as gold or silver nanoparticles, or non-metallic, such as carbon nanotubes or
quantum dots. Nanoparticles find applications in various fields like medicine, electronics, and

environmental science [33]-[35].

2. Nanotubes: Carbon nanotubes are cylindrical carbon structures with diameters on the
nanoscale [33,36]. Tubes, fibers, platelets have dimensions less than 100 nm. They possess
exceptional mechanical, electrical, and thermal properties, making them useful in industries

like aerospace, electronics, and energy storage.

3. Nanocomposites: These materials are composed of a matrix material with nanoscale fillers
dispersed throughout. These are composite materials in which nanoparticles or nanofillers are
dispersed in a bulk matrix. The presence of nanoparticles enhances the properties of the
composite, such as strength, stiffness, and electrical conductivity. Nanocomposites have
applications in aerospace, automotive, and sports industries. Nanocomposites [37] exhibit
improved mechanical, electrical, and thermal properties compared to traditional composites.

They are employed in industries ranging from automotive to construction.

4. Nanowires: Nanowires are ultra-thin wires with diameters in the nanoscale range. Nano
rods, nano wires [38] have dimension less than 100 nm.They can be made from various
materials, including metals, semiconductors, and oxides. Nanowires find applications in

nanoelectronics, sensors, and energy conversion devices.

? *>
4 #

Fig. 1.16 (a) 1-D Nanowire (b) 2-D Nanofilm [38]

5. Nanofilms: Nanofilms [37] or thin films are coatings or layers with thicknesses on the
nanoscale. They can be deposited on various substrates and offer benefits like improved
corrosion resistance, optical properties, and surface functionalities. Nanofilms are used in
electronics, optics, and solar cells.
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Fig. 1.17 Nanomaterial’s classification based on dimensionality. [34]

The history of nanomaterials dates back to ancient times, with early practices involving the
manipulation of materials at the nanoscale. However, the term "nanotechnology" was coined
by physicist Richard Feynman in 1959 during a lecture titled "There's Plenty of Room at the
Bottom," [2] where he discussed the possibilities of manipulating and controlling matter at the
atomic and molecular scale. Significant advancements in nanomaterials occurred in the 1980s
and 1990s with the development of techniques like scanning tunneling microscopy (STM) and
atomic force microscopy (AFM), which allowed scientists to observe and manipulate materials
at the nanoscale. In 1985, [35] the discovery of fullerenes, a type of nanoscale carbon structure,
marked a significant milestone in the field. sIn the late 1990s and early 2000s, the field of
nanotechnology gained substantial attention and investment, leading to rapid progress in the
synthesis, characterization, and application of various nanomaterials. This period saw the
emergence of carbon nanotubes, quantum dots [37], and other nanoscale structures with unique

properties.

According to their chemical composition, nanomaterials [39] are divided into four categories:
(1) carbon-based, (2) organic-based, (3) inorganic-based, and (4) composite-based

nanomaterials.

Fig. 1.18 Types of Nanoparticles. [39]
14| Page



1.2.3.1 DIFFERENT NANOMATERIALS FOR NANOSENSORS

1.2.3.1.1 Carbon based Nanosensors:

= Carbon Nanotubes (CNTs): Carbon nanotubes [31,36] are cylindrical structures
consisting of rolled-up sheets of graphene, which is a single layer of carbon atoms arranged
in a hexagonal lattice. Single-walled (SWNT) and multi-walled (MWNT) CNT are the two
varieties available. Each concentric ring of MWNT is separated by around 0.34 nm,
whereas the diameter of SWNT ranges from 0.4 to 2 nm. CNTs possess [38] exceptional
strength, high electrical conductivity, and excellent thermal conductivity. They are used in
electronics, energy storage, composite materials, and biomedical applications.

= Graphene: Graphene is a two-dimensional sheet of carbon [30,40,41] atoms arranged in a
hexagonal lattice. It is the thinnest and strongest material known, with excellent electrical
and thermal conductivity. Graphene has applications in electronics, sensors [46], energy
storage, and composite materials, among others.

* Fullerenes: Fullerenes are spherical or cage-like carbon structures comprising
interconnected hexagonal and pentagonal rings [42]. The most famous fullerene is C60,
also known as buckminsterfullerene or Buckyball. Fullerenes have unique electronic and
photovoltaic properties, and they find applications in nanotechnology, medicine, and
electronics.

= Carbon Dots: Small carbon nanoparticles that are generally less than 10 nanometers in
size are known as carbon dots, carbon quantum dots, or C-dots. They exhibit excellent
optical properties, such as strong fluorescence, which make them valuable in fields like
bioimaging, sensing, and optoelectronics.

= Carbon Nanofibers: Carbon nanofibers are elongated structures composed of stacked
graphene sheets. They possess high tensile strength and are used in composites, energy
storage devices, and as catalyst supports.

= Diamondoids: Diamondoids are tiny diamond-like structures made up of carbon atoms.
They have unique electronic and quantum properties and hold promise for applications in

nanoelectronics, quantum computing, and nanomedicine.

For a better understanding of the variety of nanomaterials, Fig. 1.19 provides a schematic

depiction of carbon-based nanomaterials.
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Fig. 1.19 Carbon based Nanomaterials. [41]

1.2.3.1.2 Inorganic based Nanosensors

Inorganic-based nanomaterials are nanoscale structures primarily composed of inorganic

elements, such as metals, metal oxides, semiconductors, or ceramics.

Metal Nanoparticles: Metal nanoparticles [41], such as gold, silver, and platinum
nanoparticles, have been studied for centuries. However, their nanoscale properties and
applications gained significant attention in the late 20th century. The synthesis of metal

nanoparticles with controlled size and shape became possible with advancements in

nanoscience and nanotechnology.
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Fig. 1.20 Inorganic nanoparticles and its application. [43]
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Semiconductor Nanoparticles: Semiconductor nanoparticles [44], also known as
quantum dots, gained prominence in the 1980s. Quantum dots are nanoscale crystals of
semiconductor materials, such as cadmium selenide (CdSe) or lead sulfide (PbS) [45]. They
possess unique optical and electronic properties, making them valuable in applications like

optoelectronics, displays, and biological imaging.

Metal Oxide Nanoparticles: Metal oxide nanoparticles [46,47], including titanium dioxide
(Ti0,), zinc oxide (ZnO), and iron oxide (Fe203), have been extensively researched. They
exhibit diverse properties such as high surface area, photocatalytic activity, and magnetic
properties. Metal oxide nanoparticles find applications in photocatalysis, sensors, energy

storage, and medicine.
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Fig. 1.21 Metal Oxide Nanoparticles application. [48]

Nanowires and Nanotubes: Inorganic nanowires and nanotubes, such as silicon nanowires
and titanium dioxide nanotubes [49], have been studied since the early 2000s. These one-
dimensional structures possess unique electrical, thermal, and mechanical properties. They

are used in nanoelectronics, energy storage, and sensing applications.

Layered Materials: Layered inorganic materials [50], such as graphene oxide,
molybdenum disulfide (MoS,)[51], and hexagonal boron nitride (hBN), have gained
significant attention in recent years. These materials have atomically thin layers and exhibit

interesting properties for applications in electronics, energy storage, and optoelectronics.
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‘ Additive to liquid lubricants

The history of inorganic-based nanomaterials is closely linked to the development of
nanoscience and nanotechnology. The ability to synthesize, characterize, and manipulate
inorganic materials at the nanoscale has grown significantly with advancements in microscopy,

nanofabrication techniques, and materials synthesis methods.

1.2.4 NANOMANUFACTURING PROCESS

Manufacturing nanomaterials or diverse nanoscale structures for a variety of purposes is
known as nanomanufacturing. Nanomanufacturing involves both the creation of nanoscale
materials and the fabrication of items "top down" or "bottom up" in the tiniest phases for
maximum precision [36]. This may be seen as an improved kind of micromanufacturing or
microfabrication in which the manufacturing is done at a dimension that is many orders smaller.

Although the terms "nanofabrication" is used as analogous to "nanomanufacturing".
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FIG 1.23 Ultrasonic assisted AFM-based nanomanufacturing process. [52]

Figure 1.23 depicts a schematic design of an ultrasonic-assisted nanomanufacturing procedure.
The illustration depicts multiple potential vibration configurations for the machining process,
including low-frequency tip-sample contact and ultrasonic tip-sample interaction. According
to the study team, this technique may be used to create 3D nanoobjects with distinct height

levels as well as continually variable heights.

Three major techniques may be used to categorize the many types of nanomanufacturing
processes that have been created: top-down approach, bottom-up approach, and molecular

assembly. The following sections provide a brief description of these three methods:

1.2.4.1 Top-Down Approach

Top-down approach: A large stone or wood block is progressively shaped into its ultimate
form. This technique is used in nanomanufacturing when a sizable block of material is taken
and gradually machined away until the desired shape is achieved. The top-down approach [33]

consists of the two phases of nanolithography and pattern transfer.
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In nanolithography, the desired design is created on a specific sort of sacrificial layer called a
resist. Numerous nanolithography methods exist, including photolithography, electron beam
lithography, X-ray lithography, soft lithography, and others. Every situation has a same
fundamental concept. A layer of resist is initially applied to the substrate. As in
photolithography, which employs ultraviolet light, electron beam lithography, which employs
an electron beam, and X-ray lithography, which employs an X-ray, the photoresist is then

exposed to an energy source while being treated to a pattern.

The resist goes through a chemical reaction as a result of this patterned exposure, and the
chemical and mechanical characteristics change all across the coating. Later, depending on
whether the resist is positive or negative, a portion of it is removed (either the exposed portion
or the unexposed portion), creating a pattern. The metal layer is now prepared for etching.
Following etching, the resist pattern is eliminated mechanically or chemically. Fig. depicts the

shortened procedure visually.
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Fig. 1.24 Image of Positive and Negative resist in X-ray lithography [52]
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1.2.4.2 Bottom-up approach

Building a house brick by brick from the ground up is an analogy for the bottom-up approach
Fig 1.25. To produce the final structure using this process, minuscule components—even
molecules—are assembled or combined. Common bottom-up processes [33] include joining
and assembling, coating, contact printing, imprinting, physical or chemical vapour deposition,
and vapour deposition. The medical and healthcare industries have a lot of potential
applications for the bottom-up paradigm. A device that can function on a single cell may be

nanofabricated utilising a bottom-up strategy with carbon nanomaterials and carbon nanotubes.
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Fig. 1.25 Bottom-up approach used in Tissue engineering. [52]

1.2.4.3 Molecular Self-assembly

The most current technique is known as molecular self-assembly [36], in which the individual
components, notably molecules, assemble themselves in the proper configuration to make a
nanoobject without the aid of an outside force. When molecules come together to form a
structure, a variety of molecular properties, including shape, surface properties, charge,
polarizability, and magnetic dipole, play a role. Before this method is used in industry, further

advances are needed in this still-evolving subject.
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1.3 DISCUSSION

It is widely believed that Nobel laureate Richard Feynman's renowned 1959 speech, "There's
Plenty of Room at the Bottom," in the year 1959 marked the birth of nanotechnology [2]. But
towards the start of 1980, the applications of this technology became clear. Since then,
nanotechnology has exploded in popularity and is now used in a variety of areas of our lives.
The field of nanotechnology gained momentum in the 1980s and 1990s with the development
of tools like scanning probe microscopy (SPM) and advances in semiconductor manufacturing.
These breakthroughs allowed scientists to observe, manipulate, and engineer materials at the

nanoscale.

The performance of a sensor is greatly influenced by the quantity of atoms present at a
material's surface since most interactions between gas molecules and materials occur there.
Nanostructured materials contain a substantially higher proportion of surface atoms than bulk
atoms compared to non-nanostructured materials because of the high surface-to-volume ratio.
As a result, gas sensors made of nanostructured materials may function better. Reviews have

spoken about the benefits of employing nanoparticles for gas sensing.

At the nanoscale, materials can exhibit unique properties not seen at larger scales. For example,
nanoparticles might have improved mechanical, electrical, thermal, or optical properties,
making them useful for various applications. Nanotechnology can lead to more efficient
processes and devices due to its ability to optimize and tailor materials at the atomic and
molecular levels. Nanoscale components can enable the miniaturization of devices and
systems, which is particularly valuable in fields like electronics, medicine, and environmental

monitoring.

Nowadays, chemical species and nanoparticles are detected and monitored using nanosensors
together with physical properties like temperature at the nanoscale. Nanoscale devices track
and convert physical quantities into signals that can be seen and analysed. Nanosensors are
employed in the monitoring of industrial and transportation systems, disease detection,
pollution management, and medical procedures. By measuring physical properties like volume,
concentration, movement and speed, gravitational, electric, magnetic forces, pressure,
temperature, etc. In order to provide medication and track the growth of particular regions of

the body, this technology can identify individual cells at the molecular level.
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Chapter II

LITERATURE REVIEW

2.1 METHANE GAS-SENSORS OF DIFFERENT TECHNOLOGIES
AND MATERIALS

Li et al. introduced a simple method [53] to produce a composite palladium and multi- walled
carbon nanotubes by reducing their aqueous mixtures with NaBH4. The morphology of the
composite was examined using AFM and TEM. Electrical reactions between this composite
and methane were investigated at ambient temperature. It reacted with 4.5% to 2% of methane.
Furthermore, these reactions were extremely reversible as well as repeatable, indicating its
promise as a room temperature contender as methane detector. Later Zhang et al. [54] examined
the innovation of several types of nanosensors (Carbon nanotubes based). The aim was to
rationally functionalize CNTs utilizing various techniques (covalent and non-covalent) and
materials (polymers and metals), in order to improve sensing performance (sensitivity,
selectivity, and response time). Due to its promise for quick and selective detection of
numerous gaseous species using new nanostructures integrated in small and power-efficient
electronics, carbon nanotube (CNT)-based gas sensors and sensor arrays have attracted a great

deal of scientific attention in recent years.

P. Bhattacharya [46] demonstrated the comparative performance of MIM sensors using sol-gel
and UV-assisted electrochemical anodization to create nanocrystalline-nanoporous ZnO as the
active sensing layer is presented in this work. In the presence of different methane
concentrations and in temperature ranges from 150 °C to 300 °C, the sensor structures based
on Pd-Ag (26%)/ZnO/Zn were examined. In terms of operating temperature, response
magnitude, response time, and recovery time, the electrochemically produced ZnO
demonstrated improved performance. Additionally, it demonstrated responsiveness to methane
at considerably lower concentrations (such 0.01% and 0.05%) than the solgel-derived sensors
did. The electrochemically generated ZnO was shown to perform better than sol-gel derived
ZnO due to its considerably higher porosity and much smaller particle size. However, despite
its promising performance, the electrochemically created MIM sensor is incompatible with the
ordinary IC technology since it cannot choose the substrate. Therefore, there aren't many uses

for developing stand-alone sensor devices. The MIM device created from sol-gel, on the other

23| Page



hand, is built on Si substrate, making it IC compatible and appropriate for the integrated sensor

platform.

In 2012, Biaggi-Labiosa et al. summarized a room temperature methane sensor [47] designing
technique for the first time which was fabricated using SnO> nanorods as the sensing material.
Multiwall carbon nanotubes (MWCNTSs) were used as templates to create the porous SnO»
nanorods. When subjected to 0.25% CHs in air, current versus time curves were produced,
validating the sensor system's room temperature detecting capabilities. The sensor also has a
wide temperature range for varying CH4 concentrations (25-500 °C), making it effective in

tough situations.

In this paper, H Roshan [45], describes the effective synthesis of lead sulphide nanocrystals
(PbS NCs)/reduced graphene oxide (rGO) with various weight ratios for methane sensing
applications. TEM, XRD and FESEM were used to characterise the crystal structure and
morphology of the synthesised material. Characterization findings show that rGO nanosheets
provide a good surface for the nucleation of PbS NCs. The electrical conductivity, sensor
response, and reaction time of the sensors are all impacted by rGO because of its high mobility.
We looked examined how electrical conductivity and methane sensing properties changed with
reduced Graphene Oxide concentrations in ambient temperature, synthetic 3.5 wt% reduced
Graphene Oxide sample performed the best in detection of CH4. At lower explosive limit of
methane, the suggested sensor has shown a satisfactory response (greater than 40%). Later
Nagih M. Shaalan [55] stepped ahead by creating CuxSnixO> nanocomposite which

incorporates Cu**

into the SnO; matrix utilising a cost-effective technique and precursor,
discovering the identification of SnO> phase only at X-ray diffraction (XRD) when copper
precursor concentration is low of copper. X-ray fluorescence (XRF) and elemental analysis of
energy-dispersive X-ray (EDX) mapping were used to quantify the distribution of Cu in the
SnO, matrix. A distinct monoclinic phase of CuO (designated here as CuO/Sn0O2) develops at
high copper concentrations. Aside from photoluminescent spectra, Cu-SnO; or CuO phases
were shown to develop at low and high concentrations. At low concentrations, only the SnO>
emission peak with a minor blueshift was seen, but at high concentrations, only the CuO
emission peak was observed. Investigations were done on how Cu concentration affected
SnOy's ability to detect methane (CHa4) gas. The sensor implanted with 2.00% Cu was found to

have an excellent sensitivity and a quick response-recovery time when observed with other

sensors listed above. Thus, a Cu incorporation-based sensing mechanism for CuxSnixO> and
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CuO/SnO:2 is suggested. Later in the same year, [56] the detection of hydrocarbons - methane
and propane - in urban air for industrial safety properties has been accomplished using a single
metal oxide semiconductor gas sensor. Nanocrystalline SnO2 and alumina micro-hotplates
were used to create sensors. The sensor is operational. During the raw sensor data gathering,
temperature modulation was used. Preparation of Scaling, baseline extraction, and elimination
of non-valid data points have been performed on the acquired data. These techniques have been
proved to be important prior to the implementation of machine learning algorithms. In the 40-

200 ppm range, an accuracy of 86% for proper gas identification has been observed.

Several methane sensors, such as optical, calorimetric, pyroelectric, semiconducting oxide, and
electrochemical sensors, have been summarized thoroughly by Tahani Aldhafeeri [57] in this
review. The definitions, methods, and most recent advancements of these sensors are covered
in the discussion material. Natural gas's main component, methane, has a major role in climate
change and global warming. Reliable and cost-effective sensors must be studied and developed
in order to detect and fix methane leaks. To aid with future research requirements, a comparison
of several approaches is offered, emphasising their benefits and drawbacks. Later same year,
Maté J. Bezdek [58] presented a chemi-resistive sensor for the detection of CHy, that poses an
explosive risk in atmosphere. Chemi-resistor employs low-power,cost and distributed detection
of CHy in air to find gas leaks in homes, factories, and pipelines. Particularly, the single-walled
carbon nanotubes (SWCNTs) that have been noncovalently functionalized with poly(4-
vinylpyridine) (P4VP) serve as the basis for the chemi-resistors. P4VP coordination allows a
platinum-polyoxometalate (Pt-POM) CH4 oxidation precatalyst to be included into the sensor.
The resultant SWCNT-P4VP-Pt-POM composite shown strong stability to air and time as well

as ppm-level sensitivity to CHa.

With the hypothesised origin of the observed chemiresistive response being the formation of a
high-valent platinum intermediate during CH4 oxidation. The chemiresistor was shown to have
a preference for CH4 over gases like carbon dioxide and hydrogen as well as heavier
hydrocarbons like n-hexane, benzene, toluene, and o-xylene. It was also shown how useful the
sensor was for detecting CH4 using a basic portable multimeter. Moshayedi et al. [59] also
fabricated a multinanosensor for simultaneous detection of CO,, CHs4, CH2,OH, NH3 and its
electrochemical response to various concentration in the same year. The Graphene-
Oxide/Polyaniline (GO/PANI) nano-composite was produced in the first phase to be used in
the fabrication of this multi nano sensor. The chemical make-up, shape, and structure of nano-
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composite were examined using FT-IR spectroscopy, FE-SEM, HR-TEM and XRD. Outcomes
demonstrate that the Graphene Oxide was successfully fabricated, and the polyaniline particles
are firmly affixed to surfaces of the Graphene Oxide sheets. The generated nano-composite
was then put on silver-coated electrodes. In order to evaluate the responsiveness, and sensitivity
of the multi-nano sensor to each of the gases, amperometric experiments were utilized, and the
findings revealed that the sensitivity of the multi-nano sensor manufactured to detect the
aforementioned gases is acceptable. According to the electrochemical tests, each multi-nano
sensor component's response to a mixture of the aforementioned four gases is defined as a four-
unknown equation. By taking into account the responses of four multi-nano sensor components
at once to the four-gas mixture, four four-unknown equations are obtained, and by solving the
equation, the precise concentration of each of the four measured gases can be ascertained.

Leonardo Furst [60] created a low-cost platform for monitoring methane in this study, and it
was utilized in two different contexts to continually evaluate and enhance its performance.
Most of the sources of methane, a significant greenhouse gas and precursor to tropospheric
ozone, are associated with human activity. Methane has well-known sources, and it is
frequently measured with expensive gas analyzers with high operating expenses. Numerous
studies have looked at the use of inexpensive gas sensors as a substitute for monitoring methane
concentrations, but more research is still needed in this area to assure accurate results. The Figaro
TGS2600, a metal oxide semiconductor (MOS) based on tin dioxide (SnO), served as the
methane sensor. After completing a multi-point calibration, the monitoring platform was initially
used in a small ruminant barn. The system was employed in a wastewater treatment facility at a
later stage, together with a multi-gas analyzer called the Gasera One Pulse. The relationship
between the readings from the two devices served as the basis for the calibration of a cheap
sensor. An active ventilation system was employed to enhance the sensor's performance, and
temperature and relative humidity were also assessed in order to make changes to minimise their
influence on the sensor data. The system demonstrated its ability to monitor low methane
concentrations in both locations using consistent temporal and geographical patterns. At the
WWTP, a striking similarity in behaviour between the two measurement systems was also seen.
A good alternative, at least as a screening monitoring system, was generally shown by the low-
cost system under various environmental circumstances. In the same year an automated gas
sampling unit was created for a continuous methane monitoring system employing inexpensive
gas sensors, the TGS 2611 and MQ-4, and a simple cloud-based data gathering platform.

Systems that combine automated gas sampling with a number of inexpensive gas sensors may
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have the ability to function as trustworthy, quick methane analyzers. However, there aren't
many reports of these kinds of technologies that have been tested in real-world settings. By
evaluating samples of high- and low-concentration methane, the author Isura Sumeda [61]
confirmed the consistency, repeatability, and reproducibility of the data produced were
confirmed by the inexpensive gas sensors TGS 2611 and MQ-4. A gas chromatograph was
used as a reference analyzer to check the normalized root-mean-square errors (NRMSEs) of
the TGS 2611 sensor for the samples with CH4 concentration of 3%, 4%, 6%, and 7%. These
were, in order, 0.0788, 0.0696, 0.1198, and 0.0719. Anaerobic digesters of laboratory size were
tested using the created technology. The two months of continuous operation of the anaerobic
digesters showed the possible usage of sensors for methane detection and monitoring in the
field level application. This work combined the advantages of affordable sensors with a unique

strategy to lessen their drawbacks and provide a reliable monitoring system.

The most often studied gas is methane, which may be found in quantities ranging from a single
ppm or ppb to 100%. Gas sensors have a broad variety of uses, including those in cities,
industries, rural measures, and environmental monitoring. The monitoring of human
greenhouse gases in the atmosphere and the detection of methane leaks are two of the most
significant applications. Hence, Miroslaw Kwasny reviewed [62], popular optical techniques
for methane detection have been discussed, including lidar methods, cavity ringdown
spectroscopy (CRDS), cavity-enhanced absorption spectroscopy (CEAS), direct tunable diode
spectroscopy (TDLS), and non-dispersive infrared (NIR) technology. Additionally, their laser
methane analyzer designs have been proposed for a variety of applications (DIAL, TDLS,
NIR).

2.2 OTHER GAS SENSORS

In order to build high performance gas sensors, it has become more vital to design and prepare
oxides with innovative architectural patterns. In recent years, interest in porous nanostructures
oxide semiconductor sensing materials has grown due to their large specific surface area, low
density, and superior surface permeability. Numerous porous nanostructured oxides and their
composites have been successfully synthesised for the development of high-performance gas
sensors with improved sensitivity, selectivity, and decreased detection limits. These oxides and
composites had improved sensing behaviours (such considerably greater sensitivity and
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quicker reaction speed), which may be attributed to the porous structures and the synergistic

effects, as shown by the following gas sensing experiments.

A mathematical model of the MOSFET gas sensor was presented in 2002, together with its
operational specifications for various hydrogen pressures. Ong et al. [63] demonstrated that the
simulation is performed under steady-state circumstances. Chemical processes begin when the
MOSFET sensor is exposed to hydrogen gas and finally reach equilibrium. In these
circumstances, it is possible to predict how the sensor will respond to different hydrogen
pressures by using the linear connection between the shift in the threshold voltage and the
various hydrogen pressures that is discovered. The experimental data and simulation results
show great agreement, demonstrating the model's evidence.

The MOSFET gas sensor's mathematical model and operating requirements for a range of
hydrogen pressures were described by Safari [64]. The simulation is done in steady-state
conditions. As hydrogen gas came to the contact with MOSFET sensor, chemical activities
start and eventually achieve equilibrium. In these conditions, it is possible to predict how the
sensor will respond to different hydrogen pressures by using the linear connection between the
shift in the threshold voltage and the various hydrogen pressures that is discovered. The
findings of the simulation and experimental data are very congruent, supporting the model's

claims.

In 2013, Moshayedi [65] presented the mathematical modeling for the SnO> gas sensor. This
author’s goal was to build the transfer function of SnO> type gas sensor. It was done for
transient response and steady-state zones based on sensor data. The mathematical equation for
the response, which depends on different concentrations, temperature, and humidity, may be
derived using the model. The data were analyzed with Matlab software, and the transfer
function parameters were improved using