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Chapter 1

Introduction

This chapter provides a comprehensive overview of gas sensors, their
historical development, and their vital role in various applications,
including environmental monitoring and industrial safety. It introduces
different types of gas sensors and their working principles, with a focus on
chemiresistive sensors due to their simplicity and high sensitivity. The
chapter highlights key factors affecting gas sensing performance, such as
temperature, humidity, and material properties. Specific hazardous gases
and their permissible exposure limits are discussed, emphasizing the need
for reliable gas sensors. The chapter also outlines the importance of
material selection, introducing ZnSnQs, NasFe:(PQOi)s, WisOs, and

graphene/g-CsN« composites.



1.1 Introduction of Gas Sensors

Gas sensors have become integral to modern technology, finding
applications across various fields such as environmental monitoring,
industrial safety, medical diagnostics, and even household appliances.
These sensors play a vital role in detecting harmful gases, ensuring human
safety, and enhancing the quality of life by monitoring air quality and
pollution levels. The growing concerns around climate change,
urbanization, and industrial emissions have further driven the demand for
reliable and efficient gas sensing technologies [1].

The fundamental principle behind gas sensors is their ability to detect
specific gases in the environment and convert that detection into
measurable electrical signals. Over the years, the technological
advancements in gas sensors have resulted in smaller, more sensitive, and
energy-efficient devices capable of detecting gases at very low

concentrations (ppm or ppb levels) [2].
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Figure 1.1. Schematic of Gas sensors and its application areas.
In response to the ever-increasing need for precise and stable gas
sensing, researchers have explored a wide range of materials, with metal

oxide semiconductors (MOS) emerging as one of the most prominent



candidates. These materials are particularly well-suited for resistive gas
sensors due to their ability to undergo changes in electrical conductivity
when exposed to target gases. This interaction is typically facilitated
through adsorption and surface reactions, making MOS-based sensors
highly sensitive to gases like CO, NO, and others.

With continuous innovation, new nanostructured materials,
composites, and hybrid systems are being developed, offering enhanced
sensitivity, selectivity, and stability. As a result, the field of gas sensing has
seen remarkable progress, opening doors to more versatile and robust
sensors that meet the demands of diverse applications.

1.2 History of Gas Sensor Development

The journey of gas sensors began in the early 19" century with
rudimentary gas detection methods, primarily used for safety in mining
operations. The earliest forms of gas detection techniques were manual and
relied on basic chemical reactions, such as using canaries to warn miners of
dangerous gases like methane or carbon monoxide. However, as
industrialization progressed, the need for more reliable and automated

systems grew significantly.

By the mid-20" century, the development of solid-state gas sensors
marked a significant leap forward. These sensors, particularly MOS-based
sensors, brought about a revolution in gas detection due to their robustness,
sensitivity, and relative ease of fabrication. The first notable advancement
in this domain was the discovery of the semiconducting properties of metal
oxides such as SnO: (tin oxide), which could detect reducing gases like
carbon monoxide (CO) through changes in electrical resistance. In 1962,
the SnO»-based gas sensor was commercialized, laying the foundation for

widespread use in industrial and domestic applications [3].

The 1980s and 1990s saw rapid advancements in gas sensing
technologies, driven by the miniaturization of electronic components and

the rise of nanotechnology. Researchers began exploring new materials,



such as doped metal oxides, nanostructures, and composite materials, which
offered enhanced gas sensing capabilities, including lower detection limits
and improved selectivity. Notable among these were the use of noble metal
catalysts (e.g., Pt, Pd) to enhance the response of sensors, as well as the
introduction of optical and acoustic wave sensors that broadened the scope

of gas detection mechanisms.

In recent years, the emergence of nanomaterials has opened new
frontiers in gas sensing. Materials like graphene, carbon nanotubes, and
metal oxide nanostructures have dramatically improved the sensitivity and
selectivity of gas sensors. These nanomaterials offer a high surface area-to-
volume ratio, which enhances their interaction with gas molecules, leading
to faster and more sensitive detection [4]. The shift towards flexible,
wearable, and low-power gas sensors has also become a major focus in
current research, particularly for applications in environmental monitoring

and health diagnostics.

Overall, the history of gas sensors reflects a constant push towards
more efficient, sensitive, and versatile technologies. As the demand for
better air quality monitoring and industrial safety grows, the field continues

to evolve with innovations in materials and sensor designs.

1.3 Types of Gas Sensors

Gas sensors can be classified into several types based on their working
principles, the nature of the gases they detect, and the technology used. Each
type of gas sensor is suited for specific applications depending on factors
such as sensitivity, selectivity, response time, and operating conditions.
Following are the primary types of gas sensors commonly used today.

MOS gas sensors are among the most widely used for detecting gases
like CO, NO, and H2. These sensors operate based on the change in
electrical resistance when the target gas interacts with the sensor material,
usually a metal oxide like SnO2, ZnO, or WO3. When exposed to reducing

or oxidizing gases, the surface of the metal oxide undergoes chemical

4



reactions, altering the number of charge carriers (electrons or holes) and
thereby changing the sensor's conductivity. One of the advantages of MOS
sensors is their high sensitivity, especially at low gas concentrations (ppm
or even ppb levels). However, they require elevated temperatures (typically
200-400°C) to function effectively, which increases power consumption.
Recent advancements have focused on reducing the operating temperature
by incorporating dopants or nanostructured materials, which improve
sensitivity and lower the energy requirement.

Electrochemical gas sensors detect gases by means of an
electrochemical reaction. The gas of interest diffuses into the sensor and
reacts at an electrode, generating an electrical current proportional to the
gas concentration. Electrochemical sensors are known for their high
specificity and low power consumption, making them ideal for portable or
battery-operated devices. However, they may have limitations such as
shorter lifespans due to electrode degradation over time [5]. Catalytic gas
sensors, also known as catalytic bead sensors, are typically used to detect
combustible gases like methane, propane, and hydrogen. The working
principle involves the oxidation of the target gas on the surface of a catalytic
element, which causes a temperature increase that alters the resistance of
the sensor. However, catalytic gas sensors require oxygen to function
properly and may suffer from poisoning by certain chemicals like silicones
or sulfides, which deactivates the catalyst [6]. Optical gas sensors utilize
the interaction of light with the target gas to detect its presence. The most
common technique is infrared (IR) absorption, where the sensor measures
the absorption of IR light at specific wavelengths corresponding to the gas's
molecular vibrations. While optical sensors offer high selectivity and long-
term stability, they tend to be more expensive and complex compared to
MOS or electrochemical sensors [7]. Acoustic wave gas sensors, including
surface acoustic wave (SAW) and bulk acoustic wave (BAW) sensors,
detect gases by monitoring changes in acoustic wave propagation. When

gas molecules adsorb onto the sensor's surface, they affect the mass and



viscoelastic properties of the sensing layer, altering the velocity and

amplitude of the acoustic waves. However, their operation may be

influenced by environmental factors such as humidity and temperature [8].
Table 1.1 Comparison of Different Gas Sensors

Types

Metal Oxide
Semiconductor

Electrochemical

Catalytic

Optical (IR-
based)

Acoustic
‘Wave

Parameters

(MOS)

Working Principle | Resistance change Gas reacts with Oxidation of Gas absorbs light Gas adsorption
due to gas electrodes to generate | gasona at specific alters acoustic
interaction a current catalyst wavelengths wave propagation

generates heat (infrared)

Sensitivity High Moderate Moderate High High

Selectivity Moderate (depends | High Low Very high High
on material doping)

Power High (requires Low (battery- Moderate to Moderate Low

consumption clevated operated) high
temperature}
Response Time Fast (seconds to Moderate (seconds to | Moderate Fast (milliseconds | Fast (milliseconds
minutes) minutes) (seconds to to seconds) to seconds)
minutes)
Operating 200-400°C Ambient Elevated Ambient Ambient
Temperature (requires
oxygen)
Environmental Moderate (affected Low (influenced by Low (sensitive | High (unaffected Moderate
Tolerance by humidity) gas exposure lime) to poisons like | by humidity or (sensitive to
sulfur) gases) temperature)
Advantages High sensitivity, High selectivity, low | Suitable for Non-invasive, Highly sensitive,
robust, cost- power consumption combustible highly selective fast response
effective gas detection
Limitations High power Short lifespan, prone | Requires Expensive, bulky, Sensitive to
consumption, to degradation oxygen, complex setup environmental
limited selectivity catalyst changes
poisoning

Key Points Favoring Chemi resistive Sensors:

» High Sensitivity: MOS sensors are particularly sensitive to low

concentrations of gases, making them ideal for detecting trace
amounts of harmful gases like NO, and CO.

Cost-Effective: Compared to other types, MOS sensors are
relatively inexpensive to produce, especially when implemented in
bulk for large-scale applications.

Robust and Simple Design: MOS sensors have a relatively simple
design, which enhances their durability and makes them suitable for
various applications, including industrial and environmental
monitoring.

Faster Response Time: While not the fastest (optical and acoustic

sensors can respond faster), MOS sensors still offer relatively quick



response times in the range of seconds to minutes, making them
effective for real-time monitoring.

» Compatibility with Nanomaterials: The performance of MOS
sensors can be significantly enhanced with the incorporation of
nanostructures like W1gOsg9 nanowires and g-CsNs4 composites.
These materials improve the sensitivity and response at lower
operating temperatures, making them an attractive choice for
developing efficient gas sensors with advanced functionalities.

1.4 Key Gas Sensor Terminology

In the field of gas sensing, various technical terms are used to describe
the properties and performance of sensors (Figure 1.2). A solid
understanding of this terminology is crucial to interpreting sensor behavior
and selecting the appropriate sensor for specific applications. Below are key

terms commonly encountered in gas sensing literature [9-12].

Sensitivity or Response: Sensitivity refers to the degree to which a sensor’s
output signal changes in response to a given concentration of gas. It is
typically defined as the ratio of the change in the electrical signal, such as

resistance, in the presence and absence of target gas. It is often expressed

as:
R = 2—9 (n-type MOS in presence of oxidizing gas) (1.2)
R = % (n-type MOS in presence of reducing gas) (1.2)
g

Where, R, and R, represent the resistance of the sensor in the presence and

absence of the test gas, respectively.

Selectivity: Selectivity refers to a sensor’s ability to differentiate between
target gases and other interfering gases in the environment. A highly
selective sensor will respond predominantly to the gas of interest, with
minimal interference from other substances. Achieving high selectivity is
often one of the greatest challenges in gas sensor design, particularly in

environments where multiple gases are present.



Response Time is the time taken by a sensor to reach a specific percentage
(typically 90%) of its final value after being exposed to the target gas. Faster
response times are important for real-time monitoring applications.
Recovery Time, on the other hand, is the time required for the sensor to
return to its baseline value after the removal of the target gas. Both response
and recovery times depend on factors such as the sensor material, operating

temperature, and the nature of the target gas.

Limit of Detection Limit (LoD): The Limit of Detection (LoD) is the
minimum concentration of gas that a sensor can detect reliably. Below this
limit, the sensor’s output may become indistinguishable from noise, leading
to inaccurate or unreliable readings. Sensors with a low LoD are essential
for applications that require the detection of trace gas concentrations, such

as environmental monitoring.

Limit of
detection

Sensor
parameters
/ Sensing
\  temperature

Recovery
time
\

\\_/

Figure 1.2. Important sensing parameters for measurement.



Stability refers to the ability of a sensor to maintain consistent performance
over time, without significant drift in its output signal. Long-term stability
is essential for applications where the sensor is expected to operate for
extended periods without recalibration.

Repeatability is the ability of the sensor to provide the same output for
repeated exposures to the same concentration of gas under identical
conditions. High repeatability ensures that the sensor can be relied upon for

accurate measurements in multiple use cases.

Operating Temperature: Operating temperature is the temperature at
which a gas sensor functions optimally. Different types of gas sensors
operate at varying temperatures, with MOS-based sensors typically
requiring elevated temperatures (200-400°C) to achieve high sensitivity.
Reducing the operating temperature while maintaining sensor performance
is a major research focus, particularly in the development of nanostructured

materials.

1.5 Overview of Common Hazardous Gases and Their

Exposure Limits
Gas sensors are critical for monitoring various hazardous gases in

industrial, environmental, and indoor settings to ensure human safety and
health. Understanding the toxicity, permissible exposure limits (PELs), and
health effects of these gases is essential for designing effective gas sensing
systems. Regulatory bodies such as the Occupational Safety and Health
Administration (OSHA), the National Institute for Occupational Safety and
Health (NIOSH), and the American Conference of Governmental Industrial
Hygienists (ACGIH) have established guidelines for safe exposure levels to
protect human health. This section highlights some commonly monitored
hazardous gases and their impact (Figure 1.3), followed by a summary table

of their exposure limits.



1.5.1 Common Hazardous Gases

Ammonia (NHs): A colorless gas with a pungent odor, widely used in
fertilizers and industrial processes. It is corrosive to the skin, eyes, and
respiratory system at high concentrations [13-15].

Carbon Monoxide (CO): A colorless, odorless gas produced by
incomplete combustion of carbon-containing fuels. It is highly toxic,
leading to headaches, dizziness, and even death at high levels due to its
strong affinity for hemoglobin [16].

Carbon Dioxide (COz2): While not toxic at normal levels, elevated
concentrations of CO: can lead to respiratory issues, headaches, and
impaired cognitive function. It is commonly monitored in indoor air
quality assessments [17].

Hydrogen Sulfide (H2S): Recognized by its characteristic rotten egg
smell, H2S is highly toxic and can cause eye irritation, respiratory
distress, and even sudden death at high concentrations [18].

Nitrogen Dioxide (NOz): A reddish-brown gas with a sharp, biting
odor, commonly produced by vehicle emissions and industrial
processes. NO: is a potent respiratory irritant and a significant
contributor to air pollution [19,20].

Ethanol (C2HsOH): A volatile organic compound (VOC) widely used
in industrial solvents, disinfectants, and beverages. Prolonged exposure
to high concentrations can cause dizziness, headaches, and respiratory
issues [21,22].

Volatile Organic Compounds (VOCs): This broad category includes
numerous organic chemicals that evaporate at room temperature,
contributing to indoor and outdoor air pollution. Examples include
formaldehyde, benzene, and toluene, which are known to cause various

health issues ranging from mild irritation to cancer [23,24].
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Figure 1.3. Primary sources and health effects of common hazardous
gases.

1.5.2 Exposure Limits for Common Gases

To mitigate health risks, regulatory authorities have established
guidelines for maximum permissible exposure levels. The table below
summarizes the exposure limits set by OSHA, NIOSH, and ACGIH for

some of the most common hazardous gases [25,26].

Table 1.2. Exposure limits for several gases set by OSHA, NIOSH and

ACGIH

OSHA PEL

NIOSH REL

ACGIH TLV

Effects of

50 ppm (8-hour

Ammonia (NHs) TWA)

Carbon Monoxide
(CO)

50 ppm (8-hour
TWA)

Carbon Dioxide 5,000 ppm (8-hour

(CO) TWA)
Hydrogen Sulfide e
(H:S) 20 ppm (ceiling)

Nitrogen Dioxide 5 ppm (ceiling)

(NO»)

Ethanol _lr,\())é):)ppm (8-hour
VOCs (e.g., le&) :; (8-hour
Benzene)

25 ppm (10-hour
TWA)

35 ppm (10-hour
TWA)

5,000 ppm (10-hour
TWA)

10 ppm (10-minute
ceiling)

1 ppm (15-minute
ceiling)

1,000 ppm (10-hour
TWA)

0.1 ppm (10-hour
TWA)

25 ppm (8-hour
TWA)

25 ppm (8-hour
TWA)

5,000 ppm (8-hour
TWA)

1 ppm (8-hour
TWA)

0.2 ppm (8-hour
TWA)

1,000 ppm (8-hour
TWA)

0.5 ppm (8-hour
TWA)

Overexposure

Eye, skin, and
respiratory irritation

Headaches,
dizziness,
unconsciousness,
death

Respiratory issues,
dizziness, cognitive
impairment

Eye irritation,
respiratory distress,
sudden death

Lung irritation,
reduced lung
function,
respiratory issues
Dizziness,
headaches,
respiratory irritation

Carcinogenic,
central nervous
system effects

REL: Recommended Exposure Limit.
TLV: Threshold Limit Value.

TWA: Time-Weighted Average over a standard workday.

Ceiling: The maximum allowable concentration of a gas at any time.
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1.6 General Gas Sensing Mechanism
The effectiveness of gas sensors largely depends on their ability to

detect and quantify specific gas molecules in the surrounding environment.
The sensing mechanism is a complex interplay of physical and chemical
interactions between the target gas molecules and the sensor's active
material. Understanding this mechanism is crucial for optimizing sensor
performance, such as sensitivity, selectivity, response time, and recovery
time. This section will discuss the general principles underlying the gas
sensing process, particularly focusing on chemiresistive sensors, which are
widely used due to their simplicity, low cost, and high sensitivity.

1.6.1 Basic Principle of Gas Sensing

At the core of any gas sensing mechanism is the interaction between
the gas molecules and the surface of the sensor material. When a sensor

material is exposed to a target gas, various processes occur that lead to a

change in the material's electrical properties. The key principle behind most

chemiresistive sensors is the change in electrical resistance of the sensing
material in response to the adsorption of gas molecules.

In general, the gas sensing process can be broken down into the following

steps:

1. Adsorption: Gas molecules from the environment come into contact
with the sensor surface, and they are adsorbed onto the material’s
surface.

2. Surface Reactions and Charge Transfer: The adsorbed gas
molecules undergo chemical reactions with the sensor material,
resulting in charge transfer between the gas and the material.

3. Conductivity Changes: The transfer of charge modifies the carrier
concentration in the material, leading to a measurable change in its
electrical resistance.

These changes in resistance are typically monitored in real-time, with

sensors exhibiting a higher or lower resistance depending on the type of gas,
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the concentration of the gas, and the properties of the sensor material

[27,28].

1.6.2 Working Principle of Chemi-resistive Gas Sensors

Chemi-resistive sensors, commonly based on MOS, detect gases by
monitoring changes in the resistance of the semiconductor material. These
sensors rely on the interaction between the adsorbed gas molecules and the

electrons in the conduction band of the semiconductor material [29-31].

1.6.2.1 Adsorption-Desorption Processes

The adsorption-desorption process is the first step in the gas sensing

mechanism. When the sensor is exposed to gas molecules, the molecules

are adsorbed onto the surface of the sensing material. The rate of adsorption
depends on factors such as the concentration of gas molecules, the surface
area of the sensor, and the temperature.

o Physisorption: This involves weak, reversible adsorption of molecules
onto the sensor surface via van der Waals forces.

e  Chemisorption: In this case, gas molecules form strong, often
irreversible, bonds with the surface atoms of the sensor material.

After adsorption, the gas molecules may eventually desorb from the surface,

which is influenced by temperature, pressure, and the nature of the

interaction. Desorption plays a crucial role in ensuring the sensor can reset
between measurements, which is important for continuous monitoring.
1.6.2.2 Surface Reactions and Charge Transfer

Once gas molecules are adsorbed on the sensor surface, surface reactions

occur, resulting in charge transfer. These reactions involve the exchange

of electrons between the gas molecules and the sensor material, and they are
crucial for the change in electrical conductivity.

e Oxidizing Gases (e.g., NO:): These gases tend to capture electrons
from the conduction band of the sensor material, which increases the
resistance of the sensor, especially in n-type semiconductors. The
captured electrons are transferred to oxygen species on the surface,

resulting in a more significant electron depletion zone.
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NO, + e~ - NO;
Reducing Gases (e.g., CO, H:): Reducing gases donate electrons to
the conduction band of the sensor material, which decreases the
resistance by reducing the electron depletion layer and increasing the
number of free charge carriers.
CO + O (adsorbed) —» CO, + e~

These surface reactions and charge transfer mechanisms determine the
type and magnitude of the resistance change, which is critical for

detecting and quantifying the presence of target gases.

1.6.2.3 Conductivity Changes in Chemi-resistive Sensors

The changes in conductivity of a chemi-resistive sensor are primarily driven

by the formation of an electron depletion layer in the material (Figure 1.4),

particularly in metal oxide semiconductors. This depletion layer is a result

of the adsorbed oxygen species (or other gas molecules), which capture free

electrons from the semiconductor's conduction band.

In n-type Semiconductors (e.g., SnO2, WOz): When the sensor is
exposed to air, oxygen molecules adsorb onto the surface and capture
electrons, forming an electron-depleted region. This region has fewer
charge carriers, which leads to an increase in the sensor's resistance.
0,(gas) + 2e~ — 0O~ (adsorbed)
In the presence of reducing gases, these adsorbed oxygen ions react
with the reducing gases, releasing the trapped electrons back into the
conduction band, thus decreasing the resistance.
CO(gas) + O~ (adsorbed) - CO,(gas) + e~

In p-type Semiconductors (e.g., CuO, NiO): The electron depletion
layer forms in the opposite direction, and oxidizing gases lead to a

decrease in resistance, while reducing gases increase it.
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Table 1.3. Comparison of Oxidizing vs. Reducing Gases in Chemi resistive

Sensors.
Gas Type n-type MOS p-type MOS
Reducing Gas Ry R,
(Resistance decreases) (Resistance increases)
R R
P R = 4 R = —
Oxidizing Gas R, R,

(Resistance increases)

R = Response
R, = Resistance in air
R, = Resistance in gas

In Reducing Gas

R,>R,

Depletion Layer

n-type MOS

In Air In Dxidizing Gas

R,<R,

Depletion Layer

/\r/_Schottky Barrier

Schottky Barriee——"/

Width of Depletion layer

Width of Depletion layer Width of Depletion layer

Figure 1.4. Schematic of general gas-sensing mechanism for n-type MOS.

1.7 Factors Affecting Gas Sensing Performance

The performance of gas sensors, especially Chemi resistive types, is

influenced by a range of factors that determine their sensitivity, selectivity,

response time, and overall stability. Understanding these factors is crucial

for optimizing the design and functionality of gas sensors for specific

applications.

1.7.1 Role of Temperature

Temperature is one of the most significant factors influencing gas sensing

performance,

particularly for chemi-resistive sensors. The sensing
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mechanism often involves surface adsorption-desorption processes, which

are highly temperature-dependent [32].

Temperature and Gas Adsorption:
e At low temperatures, gas adsorption dominates, but the reaction rates

may be insufficient for electron transfer or surface reactions.

o At higher temperatures, the desorption of gases increases, reducing the

amount of adsorbed gas on the sensor surface.

Optimal Operating Temperature:
o Every sensor material has an optimal operating temperature, which

ensures a balance between adsorption and reaction rates.

e For example, n-type semiconductors like SnO: exhibit maximum

sensitivity at specific temperatures depending on the target gas.

Thermal Activation of Surface Species:
o Temperature can activate adsorbed oxygen species such as O.", O, or

O?, which play a vital role in the sensing mechanism.
e For example:
o Below 150°C: Oz is predominant.
o 150-300°C: O is the dominant species.
o Above 300°C: O* becomes more significant.

1.7.2 Humidity Influence

Humidity is a significant environmental factor that can influence the
gas sensing properties. Water molecules compete with target gas molecules
for adsorption sites on the sensing surface, which can interfere with the
sensor's response [4].
Competitive Adsorption:
e  Water molecules can occupy active sites on the sensor surface, reducing

the effective adsorption of target gas molecules.
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o  This often results in reduced sensitivity.

Electrical Effects:

e Adsorbed water layers can alter the conductivity of the sensor. For
instance, in n-type semiconductors, water tends to decrease resistance
by increasing surface conductivity.

Long-Term Stability:

e Prolonged exposure to high humidity can lead to material degradation,
impacting the sensor's long-term performance.

1.7.3 Gas Concentration and Flow Rate

The concentration and flow rate of the target gas are crucial
parameters affecting the sensor's response.

Gas Concentration: The sensor response is often proportional to the gas

concentration within a specific range. This relationship can be expressed

using the power-law equation:
R=AC"

where R is the sensor response, C is the gas concentration, and n is a

material-dependent constant.

Flow Rate: Higher flow rates can reduce the residence time of gas

molecules near the sensor surface, impacting adsorption-desorption

dynamics. Thus, the controlled flow rates are essential for reproducible

measurements [33,34].

1.7.4 Surface Area, Morphology, and Doping Effects

The structural and compositional characteristics of the sensing
material play a decisive role in determining the sensitivity, selectivity, and
overall efficiency of gas sensors. These attributes directly influence the
interaction between gas molecules and the sensing surface, which is the
foundation of the sensing mechanism.

High Surface Area: A high surface area is crucial for enhancing gas

sensing performance. It increases the number of active sites available for

gas adsorption, which directly correlates with higher sensitivity.

Nanostructured materials, such as nanowires, nanorods, nanosheets, and
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nanoparticles, are particularly effective due to their large surface-to-volume
ratios. For example, W1gO49 nanowires provide an extensive surface area
along their length, ensuring higher interaction with gas molecules compared
to bulk materials. Similarly, graphene, a 2D material, offers an enormous
surface area with excellent electrical conductivity, making it ideal for

hybrid sensors.

e Advantages of High Surface Area:

o Enhanced adsorption of target gas molecules.
o Improved response times due to faster gas diffusion.

o Increased active interaction sites, enabling lower detection limits.

Morphology and Porosity: The morphology of the sensing material
significantly influences gas diffusion and adsorption efficiency. Materials
with tailored structures, such as porous, hollow, or hierarchical
configurations, exhibit superior gas sensing performance. Porous
nanomaterials allow gases to diffuse efficiently through their framework,
increasing the interaction between the gas molecules and the active sensing
sites. For example, porous SnO> exhibits better sensitivity to CO compared
to its non-porous counterpart. Hollow spheres or nanotubes provide an
internal void where gas molecules can penetrate and interact with active
sites on both the inner and outer surfaces, improving sensitivity and
response time. Hierarchical structures, such as flower-like or networked
architectures, combine the advantages of high surface area and porosity,
allowing for superior gas diffusion and multiple interaction pathways.

Doping Effects: Doping, the intentional introduction of impurities into the
sensing material, is a widely used strategy to enhance gas sensing
properties. It affects the electronic structure, surface activity, and chemical
affinity of the sensing material, influencing sensitivity, selectivity, and
stability. Dopants introduce new energy levels or modify existing ones

within the band structure of the sensing material. This alteration can
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increase the availability of charge carriers or reduce the activation energy
required for gas sensing. For instance, Mn-doped SnO2 improves sensitivity
to CO due to enhanced charge carrier concentration and optimized oxygen
adsorption. Certain dopants, such as noble metals (e.g., Pt, Au), act as
catalysts, promoting faster reaction rates between the gas molecules and the
surface oxygen species. These dopants also lower the sensor’s operating
temperature, making the sensor more energy-efficient. Doping can create
specific sites on the surface that have a higher affinity for particular gases
[35]. For example:

e Fe-doped WOs3 shows selective sensitivity to NO-.

e Ag-doped ZnO enhances ethanol sensing while reducing

interference from other gases.

Dopants can stabilize the crystal structure of the sensing material, reducing
material degradation over time and improving long-term stability [36,37].

1.8 Research Gaps and Challenges — Motivation
Despite significant advancements in gas sensor technology, several
challenges persist, limiting their widespread application. The key research

gaps and motivation for this study are outlined below:

High Operating Temperature:

e Most metal oxide-based gas sensors require elevated temperatures
(>200°C) for optimal performance, leading to high power
consumption.

e This limits their applicability in portable, wearable, and battery-

operated devices.

Poor Selectivity:
e Many gas sensors lack selectivity and respond to multiple gases,
making accurate detection difficult.
o Cross-sensitivity to interfering gases affects reliability in real-world

applications.
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Slow Response and Recovery Times:
« Conventional sensors often exhibit delayed response and recovery
times, reducing their effectiveness in detecting rapid gas exposure.
e This is particularly problematic for real-time monitoring and

emergency applications.

Stability and Durability Issues:

e Sensor performance degrades over time due to exposure to
humidity, temperature fluctuations, and repeated gas exposure
cycles.

e Long-term stability is a critical requirement for industrial and

environmental monitoring applications.

Scalability and Reproducibility Challenges:
e The synthesis and fabrication of nanomaterial-based sensors often
lead to batch-to-batch variations.
e Ensuring reproducible performance across large-scale production
remains a challenge.

1.9 Materials of Choice

The selection of materials for this research was guided by the unique
requirements of gas sensing applications, including sensitivity, selectivity,
stability, and the ability to operate under specific environmental conditions.
The materials investigated in this work—zZnSnQOs, NazFe2(POa)3, W18Oag,
and graphene — exhibit remarkable gas sensing properties, making them
ideal candidates for the proposed studies (Figure 1.5). This section provides
an overview of these materials and highlights their relevance for gas
sensing.

1.9.1 ZnSnOs3

ZnSnQOs, a ternary metal oxide, has garnered significant attention in
gas sensing applications due to its unique physicochemical properties. Its
perovskite-like structure and large surface area provide abundant active

sites for gas adsorption and surface reactions, which are critical for efficient
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gas sensing. ZnSnOz is a semiconducting material with a suitable bandgap
(typically ~3.6 eV), making it highly responsive to changes in surface
chemistry caused by gas molecules.

The high mobility of charge carriers in ZnSnO3z ensures rapid signal
transduction, while its thermal and chemical stability enable reliable
operation in varying environmental conditions. The material's porosity and
ability to form nanostructures such as microspheres, nanowires, and
nanosheets further enhance its sensing performance by increasing the
surface-to-volume ratio and facilitating gas diffusion.

ZnSnOs is particularly effective for detecting reducing gases like CO
due to its strong interaction with such molecules, leading to significant
resistance changes. When doped with elements like manganese (Mn), the
gas sensing performance is further enhanced through increased oxygen
vacancy concentrations and improved catalytic activity, allowing for greater
sensitivity, selectivity, and lower operating temperatures [38].

1.9.2 NasFe2(POa4)3

NasFez(PO4)3, a NASICON-type material, has emerged as a
promising candidate for gas sensing due to its unique structural and
electrochemical properties. The material’s crystalline framework offers
high ionic conductivity, which facilitates efficient charge transport during
gas sensing processes. Its large lattice structure allows for the incorporation
of various gas molecules, enabling strong interactions between the gas
species and the material surface.

One of the key advantages of NazFe2(POa)z is its exceptional stability
under ambient conditions, making it suitable for room-temperature gas
sensing applications. Unlike many conventional semiconducting metal
oxides, which require elevated operating temperatures, NaszFex(PO4)3
exhibits significant sensing responses at room temperature, reducing energy
consumption and improving operational safety.

The presence of iron (Fe) in the material's composition plays a vital

role in its catalytic activity. Fe ions can facilitate the redox reactions of
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target gas molecules, leading to changes in electrical conductivity. This
feature is particularly advantageous for detecting gases like CO, where
oxidation or reduction reactions on the material's surface are key to sensing.
Additionally, the porous structure of NasFe2(PO4)s contributes to a higher
surface area, which enhances gas adsorption and improves sensitivity [39].
1.9.3 W15049

W1g049, a sub-stoichiometric phase of tungsten oxide (WOz3.x), is a
highly promising material for gas sensing due to its unique electronic and
structural properties. This material exhibits an oxygen-deficient,
monoclinic crystal structure, which creates a high density of oxygen
vacancies. These vacancies act as active sites for gas adsorption and surface
reactions, making W1gQOag highly sensitive to changes in the surrounding gas
atmosphere.

The semiconducting nature of W1sOase, with its n-type conductivity,
allows it to respond effectively to oxidizing and reducing gases through
changes in resistance. Its narrow bandgap (~2.8-3.2 eV) facilitates the easy
transfer of charge carriers during gas sensing processes, enabling a rapid
and significant response to gas adsorption.

One of WigOusg's standout features is its ability to form one-
dimensional nanostructures, such as nanowires and nanorods. These
structures enhance gas sensing performance by providing a high surface-to-
volume ratio, facilitating gas diffusion, and improving the interaction
between gas molecules and the material surface. Furthermore, the
interconnected nature of WisOs nanowires supports efficient charge
transport, which improves signal stability and sensor reliability. W1gOag is
particularly effective for detecting oxidizing gases like NO2, as the
interaction between NO> and the oxygen vacancies on its surface leads to a
significant change in resistance. Its excellent thermal and chemical stability
ensures consistent performance even under harsh environmental conditions,
while its ability to operate at low temperatures reduces power consumption
[40].
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Figure 1.5. Schematic of crystal structure of ZnSnO3z, NasFe2(POs)3, and
Wi150Oag.

1.10 Scope and Goals of the Thesis

The main aspiration of this thesis is to develop advanced functional
materials for next-generation gas sensors with high sensitivity, selectivity,
and stability under diverse environmental conditions. This thesis addresses
the challenges mentioned in Section 1.8 by exploring novel materials and
their composites to design efficient gas sensing devices. The research
focuses on the synthesis, characterization, and performance evaluation of
materials like ZnSnOs, NasFe2(PO4)s, W1sOus9, and graphene. Special
emphasis is given to improving gas sensing mechanisms and understanding
the role of material properties, such as morphology, surface area, and
doping, in enhancing sensing performance. The overall aim is to contribute
to the development of sustainable, energy-efficient gas sensors for the
detection of hazardous gases like CO, NO2, and NHs.
1.10.1 Thesis Objectives
The primary objectives of this thesis are as follows:

e Achieving Room-Temperature  or  Low-Temperature
Operation: Develop gas sensors capable of detecting target gases
at room temperature or significantly lower temperatures compared
to conventional metal oxide-based sensors.

e Enhancing Sensitivity for Ultra-Low Gas Concentrations:
Improve the sensor response to sense trace levels of gases with high

accuracy and reliability.
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e Improving Selectivity for Specific Gases in Mixed
Environments: Optimize material properties to achieve high
selectivity, ensuring the sensor effectively differentiates target gases
from interfering species.

e Ensuring Long-Term Stability and Repeatability: Develop
sensors with excellent stability over extended operational periods,
maintaining consistent performance under varying environmental
conditions.

e Reducing Power Consumption for Energy-Efficient Sensors:
Design sensors with low power requirements, making them suitable
for portable and battery-operated applications.

e Enhancing Sensor Response and Recovery Time: Improve the
kinetics of gas adsorption and desorption to achieve fast response
and recovery times, ensuring real-time monitoring capabilities.

e Developing Sensors Operable in Harsh Environmental
Conditions: Ensure sensor functionality in harsh environment
conditions such as high humidity and pollutant-rich environments,

expanding their applicability in industrial and outdoor settings.

1.10.2 Thesis Outlines
The work has been divided into seven chapters circumscribed
between the introduction (Chapter 1) and the conclusions and future scope

(Chapter 7). The chapter-wise organization is summarized as follows:

Chapter 1: Introduction. This chapter provides a comprehensive
introduction to gas sensors, including their history, types, general sensing
mechanisms, and factors affecting their performance. It also discusses the
rationale for material selection and outlines the scope and goals of the

research.

Chapter 2: Materials Synthesis and Experimental Techniques. This

chapter describes the synthesis methods adopted for the selected materials
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and the experimental techniques used for material characterization and gas

sensing measurements.

Chapter 3: Mn-doped ZnSnO:s for Enhanced CO Sensing Performance.
This chapter presents the synthesis of Mn-doped ZnSnOs microspheres
using a co-precipitation method, followed by detailed structural and
morphological characterizations. The gas sensing performance for CO is
evaluated, focusing on the effects of Mn doping on sensitivity, response
time, and operating temperature. The chapter also includes a discussion on
the role of Mn as a dopant in enhancing the gas sensing mechanism.

Chapter 4: NASICON-type NazFez(POs); for an Excellent Room-
Temperature CO Sensing. This chapter discusses the synthesis of
NASICON-type NasFe2(PO4)3 material and its application in CO sensing at
room temperature. The unique ionic conductivity of NasFez(POa)s is

explored to understand its role in facilitating CO adsorption and detection.

Chapter 5: W18049 Nanofibers Functionalized with Graphene as a
Selective Sensing of NO, Gas at Room Temperature. This chapter focuses
on the synthesis of W1gO4s9 nanowires functionalized with graphene to
create a composite material for the selective sensing of NO: gas at room
temperature. The chapter delves into the synergistic effects of the
graphene's high surface area on improving sensitivity and selectivity.

Chapter 6: Interlinked W1g049 Nanowires Network on FTO for Selective
NO: Gas Sensing. This chapter focuses on the development of a unique
interlinked W18O49 nanowire network grown on FTO substrates. The
chapter delves into the fabrication process, material characterization, and
gas sensing performance, highlighting the enhanced selectivity and

sensitivity towards NO- gas.

Chapter 7: Conclusions and Future Scope. This chapter summarizes the
key findings of the thesis and highlights the future directions for research in

the field of gas sensors.
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By addressing the outlined objectives, this thesis aims to contribute to the

field of gas sensing through the development of innovative materials and

advanced sensing technologies. The work aligns with global efforts to

enhance environmental safety and industrial efficiency, making it highly

relevant to current scientific and societal needs.
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Chapter 2

Experimental and
Characterization
Techniques

This chapter presents the synthesis methods and characterization
techniques employed in this research. Nanomaterials were synthesized
using hydrothermal, solvothermal, sol-gel, and co-precipitation methods,
followed by deposition through doctor-blade coating and DC magnetron
sputtering. The structural, morphological, compositional, and surface
properties were analyzed using X-ray diffraction (XRD), field emission
scanning electron microscopy (FESEM) with energy-dispersive X-ray
spectroscopy (EDS), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), nitrogen adsorption/desorption (BET)
analysis, and thermogravimetric analysis (TGA). The sensing performance
of the materials was evaluated using a dynamic flow-through gas sensing
system and a humidity sensing system with precisely controlled
environmental conditions. This chapter provides a comprehensive
understanding of the experimental workflow and analytical techniques used
in the study.
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2.1 Introduction

Gas sensors play a vital role in detecting and monitoring hazardous
gases in various industrial, environmental, and domestic applications. The
performance of gas sensors depends significantly on the properties of the
sensing material, which are influenced by the synthesis and deposition
techniques used. Advanced functional materials, particularly metal oxide
semiconductors, have garnered considerable attention due to their high

sensitivity, stability, and tunable surface properties.

This chapter outlines the various synthesis and deposition methods
employed in fabricating gas sensors, highlighting their advantages and
limitations. A systematic approach to material synthesis ensures
reproducibility, control over nanostructure morphology, and enhancement
in gas sensing characteristics. Among these, wet chemical synthesis
methods, such as sol-gel, hydrothermal, and co-precipitation techniques,
offer significant advantages in controlling particle size, morphology, and
composition. These methods enable the fabrication of nanostructured
materials with high surface area and active sites, which are essential for
improving gas sensor performance. Additionally, wet chemical methods
allow for doping, composite formation, and surface functionalization,

which further enhance selectivity and sensitivity.

In this chapter, different characterization techniques such as X-ray
diffraction (XRD), field emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), high resolution transmission
electron microscopy (HRTEM), Thermogravimetric analysis (TGA), X-ray
photoelectron spectroscopy (XPS) and Brunauer—Emmett—Teller (BET)
surface area analysis technique are discussed. These techniques provide
insights into the crystallinity, phase purity, surface morphology, deep
analysis of the structures, chemical composition and surface area analysis

of the synthesized materials. Furthermore, gas and humidity sensing
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measurement systems are described, explaining their role in assessing

sensitivity, selectivity, response time, and stability of the sensors

The experimental methodologies detailed in this chapter lay the
foundation for understanding material behavior, optimizing sensor
fabrication processes, and ultimately enhancing gas sensor performance for

real-world applications.

2.2 Synthesis via Wet Chemical Method and Deposition

Techniques

Both the chemical and physical deposition methods are used in the
present thesis work. Chemical method mainly co-precipitation and
hydrothermal synthesis method are employed for the growth of
nanostructured materials, which are the active layer or sensing layer of the
sensor. DC reactive magnetron sputtering technique is employed for the
growth of metal electrodes on glass substrates in a desired pattern. Doctor-
blade coating technique is employed for the deposition of obtained
nanostructured materials powder on the prepared electrode patterns. All the
systems mentioned above are explained concisely in the following section.

2.2.1 Synthesis of Sensing Material by Co-precipitation Method

The co-precipitation method is a widely used wet-chemical synthesis
technique for producing homogeneous nanomaterials. In this method, metal
precursors are dissolved in an aqueous solution, and a precipitating agent is
added to induce nucleation and growth. The obtained precipitate is washed,
dried, and calcined to achieve the desired phase and morphology. This
technique offers advantages such as simplicity, scalability, and control over
particle size and composition. The co-precipitation method is highly
effective for synthesizing mixed metal oxides, doped semiconductors, and
composite materials. Controlling parameters such as pH, temperature, and
stirring rate enables fine-tuning of particle size and crystallinity, which is

crucial for enhancing gas sensor properties. However, this method may
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sometimes result in agglomeration, which can be mitigated by using

surfactants or dispersing agents [1,2].

In this thesis work, co-precipitation method was used to synthesize
pure and Mn-doped ZnSnO3z microspheres. All the precursors, reagents,
and solvents were used as received without further purification. Zinc sulfate
heptahydrate (ZnS0O4.7H20, >99.5%), Sodium stannate trihydrate
(NazSn03.3H20, >99%), Manganese sulfate monohydrate (MnSO4.H20,
>99%), and Ammonia solution (NH325%) were of analytical grade and
purchased from Sigma-Aldrich Co. Ltd. In a standard procedure, 0.1M
ZnS04.7H,0 was dissolved in 50 mL of DI water and stirred vigorously at
room temperature until a clear, transparent solution was obtained. Similarly,
0.1M NaxSn03.3H20 was dissolved in 50 mL of DI water and stirred
separately. To maintain a pH of ~10, an appropriate amount of aqueous NHs
solution was gradually added dropwise to the ZnSOs solution under
continuous stirring. Subsequently, a measured quantity of MnSQO4-H20 was
introduced into the ZnSO4 solution, followed by the addition of the sodium
stannate solution in a [Zn]/[Sn] molar ratio of 1:1. The resulting mixture
was stirred rigorously at 60 °C for 2 hours. After the reaction, the precipitate
was collected through centrifugation at 5,000 rpm and repeatedly washed
with deionized water to eliminate impurities. The final product was dried at
100 °C for 10 hours in a hot air oven. To obtain pure and Mn-doped ZnSnO3
spherical particles, the as-prepared ZnSn(OH)s powders were subjected to

heat treatment at 500 °C for 4 hours in a muffle furnace.

2.2.2 Synthesis of Sensing Material by Sol-gel method

The sol-gel method is another wet-chemical synthesis technique that
allows the fabrication of highly porous and uniform nanostructured
materials. This method involves the hydrolysis and condensation of metal
alkoxides or inorganic salts in a solvent, forming a colloidal sol that
gradually transforms into a gel. The gel is then dried and calcined to obtain

the final nanomaterial. The sol-gel process offers precise control over

34



composition, homogeneity, and porosity. By modifying the precursor
solution composition, the morphology and surface properties can be tailored
to enhance gas adsorption and reaction Kinetics. Furthermore, sol-gel-
derived materials exhibit high surface area and tunable porosity, which
directly impact sensor sensitivity and response time. However, this method
requires careful control of synthesis parameters such as precursor
concentration, reaction temperature, and aging time to achieve desired

material characteristics [3,4].

Here, we have optimized the sol-gel synthesis protocol to gain the
NASICON-type NasFez(POa)s (NFP) porous material. For the synthesis
of NFP, chemicals required such as Sodium nitrate (NaNOs3) (Merk; 99%),
Iron nitrate nonahydrate (Fe(NOs)3.9H20) (Alfa Aesar; 98%-101%),
Ammonium dihydrogen phosphate (NHsH2PO4) (Alfa Aesar; 98%), and
Citric acid monohydrate (CeHgO7.H20) (Alfa Aesar; 99%) were purchased
of analytical grade. All the chemicals were directly used without any further
purification. The procedure adopted is as shown in Figure 2.1. The
stoichiometric amount of NaNOs, Fe(NO3)3.9H.0, NH4H-PO4; and
CeHgO7.H20 were dissolved in 50 ml of DI water where CeHgO7.H>O was
engrossed as a chelating agent. The mixed solution was kept for continous
magnetic stirring and the temperature was set to 80 °C. After the continous
reaction of 9 hours, the water get evaporated to form the gel precursor and
the gel precursor was then further dried in furnace at 100 °C. The obtained
black colored material was ground into very fine particles using mortar
pestle and annealed at 700 °C for 10 hours in muffle furnace at the heating

rate of 5 °C min to obtain the brown porous NFP as the final product.

Both co-precipitation and sol-gel methods provide effective routes for
synthesizing advanced functional materials for gas sensing applications.
Their ability to control nanostructure properties, composition, and surface
area makes them promising techniques for developing next-generation gas

sensors with high sensitivity, selectivity, and stability.
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Figure 2.1. Schematic illustartion of the synthesis of NazFe2(POs)s sensing

material.

2.2.3 Synthesis of Sensing Material by Hydrothermal method

The hydrothermal and solvothermal methods are widely used for
synthesizing nanomaterials with controlled morphology, crystallinity, and
phase purity. Both techniques involve chemical reactions occurring in a
sealed autoclave under high temperature and pressure conditions, with the
key difference being the solvent used. The hydrothermal method utilizes
water as the reaction medium, whereas the solvothermal method employs
organic solvents such as alcohols, ethylene glycol, or amines [5,6]. These
methods are particularly useful for producing nanostructures, complex
oxides, and hybrid materials with tailored structural properties. The solution
is transferred into a Teflon-lined stainless-steel autoclave (Figure 2.2(a)),
which is filled to 50-80% of its total volume to maintain a balance between
liquid and vapor phases [7]. The sealed autoclave is heated to temperatures
typically ranging from 100 to 350°C, depending on the desired material
properties. Under these conditions, high pressure builds up inside the vessel
due to the solvent’s vapor pressure, promoting enhanced solubility, reaction
kinetics, and controlled nucleation and crystal growth (Figure 2.2(b)). For
instance, in a hydrothermal system at 180°C with 50-60 mL of water in a
100 mL autoclave, the estimated pressure is 1.0-1.2 MPa, as determined
using steam tables and the Antoine equation (log P = A — (B/(T+C)), where
P is vapor pressure of the substance in bar, T is temperature in °C, and A,

B, C are empirical constants specific to the substance found in steam tables).
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For example, the Antoine constants for water in the range 99-374 °C are as
A = 8.07131, B = 1730.63, C = 233.426 [8]. By carefully optimizing
synthesis parameters, these methods enable the fabrication of advanced

functional materials for applications in gas sensors.
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Figure 2.2. (a) General purpose autoclave for hydrothermal or solvothermal
synthesis, and (b) Correlation of pressure and temperature for water under

different degree of vessel filling.

Here, we have optimized the hydrothermal and solvothermal synthesis
protocol to gain the WOs and W1sOa49 nanofibers or nanowires as well as
to form their composite structure with graphene material to obtain 1D-2D

com posite nanostructures.

(a) Synthesis of WO3 or W1s0u9 nanofibers

All the chemicals and reagents were of analytical grade, which were
used as received without any further purification. Sodium tungsten
dyhydrate (Na2W0Q4.2H,0) was procured from Sisco Research Laboratories
Pvt. Ltd., India. Sodium sulfate (Na2SO4), Potassium sulfate (K2SOs), and
Ethanol (CoHsOH, EMSURE, ACS, ISO, absolute for analysis) were
procured from Merck KGaA, Germany. WO3 NFs self-assembled bundles
were synthesized by a facile hydrothermal method. Initially, 0.15 mol of
Na:WO04.2H,O was dissolved into 4:1 mixture of DI water and ethanol

under vigorous stirring, and then 2M HCI was added dropwise into the
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solution to adjust the pH of the solution from 8.5 to about 1.25. In the
solution of pH 1.25, 0.035 M Na»SO4 and 0.035 M K>SO were added
frequently and the solution is magnetically stirred at room temperature for
1 hour. Then the obtained light-yellow solution was transferred into a 100
ml Teflon-lined stainless-steel autoclave and reacted for 16 h at a
temperature of 180 °C. The resultant bluish products were collected and
washed with DI water and ethanol several times, then dried at 80 °C for 10
h under vacuum. The W1g0s9 NFs self-assembled bundles were obtained
under the same conditions as for WO3, except that the amount of Na2SO4
and K>SOs were doubled i.e. 0.07 M each was added into the pH 1.25

solution.
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Figure 2.3. Schematic illustration of the synthesis process for (a) WO3 or
W180a49, and (b) WO3/Gr or W1s049/Gr nanocomposite.
(b) Synthesis of WO3/Gr or W1sO49/Gr nanocomposite

The nanocomposites of WO3 or W1gO49 wWith graphene were formed
by slight alteration in step 1 (Figure 2.3(a)). Step 2 is illustrated in Figure
2.3(b), where a 0.5 to 3 wt % of Gr was dispersed to 50 ml solution (1 h
after the addition of Na>SOs and K>SO4). The above solution was

ultrasonicated for 1 h and followed by vigorous stirring of 1 h at room
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temperature, hydrothermal treatment at 180 °C for 16 h, centrifuged and
dried in vacuum at 80 °C for 10 h to obtain WOs3/Gr or W1gOao/Gr

composites.

2.2.3 Doctor-blade coating method

The doctor-blade coating method, also known as blade coating or tape
casting, is a widely used technique for depositing thin films of functional
materials onto substrates (Figure 2.4). This method is particularly effective
for fabricating uniform coatings of ceramic slurries, metal oxides,
perovskites, and polymer-based films for applications in gas sensors, solar
cells, and batteries. The doctor-blade method involves spreading a viscous
slurry or precursor solution over a substrate using a sharp-edged blade. The
blade is positioned at a fixed height, controlling the thickness of the
deposited film (5 pm, 10 pm, 15 pm, 20 um). The coated substrate is then
dried and, if necessary, thermally treated to remove solvents and enhance
film adhesion [9,10].

In this thesis research, after synthesizing nanomaterials via wet
chemical methods, the obtained powder is processed into a viscous paste
using DI water or ethanol as the dispersing medium. This paste is then
deposited onto a substrate with pre-patterned electrodes using the doctor-
blade coating method. The controlled spreading ensures a uniform and well-
adhered film, which is essential for achieving consistent electrical response
in sensor applications. Following deposition, the coated substrates undergo
drying and thermal treatment to remove residual solvents, enhance material
stability, and optimize interfacial contact between the active layer and
electrodes. This approach ensures reproducible and high-performance

coatings suitable for gas sensing and other functional applications.
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Figure 2.4. Schematic of doctor-blade method coating tool and after-

coating sample image.
2.2.4 DC Magnetron Sputtering

Sputtering is a physical vapor deposition (PVD) technique used to
deposit thin films of metals, oxides, and other materials onto substrates. The
process involves bombarding a target material with energetic ions, causing
atoms to be ejected and deposited as a thin film on a substrate. Sputtering is
widely used in semiconductor fabrication, optical coatings, and sensor
applications due to its ability to produce highly uniform and adhesive
coatings with precise thickness control. Sputtering techniques are classified

based on the energy source and deposition mechanism:

1. DC Sputtering — Uses a direct current (DC) power supply to generate

plasma for metallic target deposition.

2. RF Sputtering — Uses radio frequency (RF) power, suitable for

insulating and non-conductive targets.

3. Magnetron Sputtering — Enhances the sputtering process using

magnetic fields to increase ionization efficiency.

4. Reactive Sputtering — Involves introducing reactive gases (e.g., O,

N2) to form compound films like oxides or nitrides.
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Figure 2.5. Schematic illustration of application of DC magnetron

sputtering for the formation of Cu-based IDE pattern.

DC magnetron sputtering operates by applying a negative DC voltage
to the target material (cathode), which is placed in a vacuum chamber filled
with argon gas. When a high voltage is applied, the argon gas is ionized into
Ar" ions and free electrons. The positively charged Ar* ions accelerate
towards the negatively charged target, bombarding it and ejecting atoms via
momentum transfer. These sputtered atoms then travel through the chamber
and deposit onto the substrate, forming a thin film. The addition of a
magnetic field near the target surface traps electrons, increasing the plasma
density and improving sputtering efficiency. This allows for higher
deposition rates, better film uniformity, and lower substrate heating, making

magnetron sputtering ideal for high-quality coatings [11-13].

In our work, we utilized DC magnetron sputtering to deposit copper
(Cu), as shown in Figure 2.5, and silver (Ag) thin films onto glass substrates,
forming interdigitated electrode (IDE) patterns for sensor applications. The
process enabled precise control over film thickness, adhesion, and electrical
conductivity, which are critical for ensuring efficient charge transport and
sensor response. By optimizing the sputtering parameters, we achieved
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well-defined and conductive IDE patterns, essential for enhancing the

performance of our gas sensors.

2.3 Materials Characterization Techniques

To analyze the gas and VOC sensing properties influenced by the
morphology of the nanomaterial, it is essential to characterize the
synthesized material using various techniques. These characterization
methods help examine the surface structure, crystal morphology, phase
composition, and elemental distribution of the material. In this thesis,
different material characterization techniques have been employed to gain
a comprehensive understanding of the synthesized nanomaterials, which are

discussed in the following sections.

2.3.1 X-Ray Diffraction

XRD is a powerful non-destructive characterization technique used to
analyze the structural properties and phase purity of crystalline materials. It
is widely employed in materials to identify the crystal structure, lattice
parameters, and phase composition of synthesized materials. The technique
provides crucial insights into the material’s crystallinity, helping to confirm

the successful synthesis of the desired phases [14].

XRD operates on the principle of Bragg’s Law, which describes the
diffraction of X-rays by the periodic arrangement of atoms in a crystal.
When an X-ray beam interacts with a crystalline material, it gets scattered
by the atomic planes, producing a diffraction pattern based on the following
equation (Figure 2.6):

n = 2d (Sin 6) (2.1)

where, n = order of diffraction (integer), A = 1.5406 A, X-ray wavelength,
d = interplanar spacing, 6 = diffraction angle. When the diffraction
condition is met, constructive interference occurs, resulting in characteristic

diffraction peaks. The position, intensity, and width of these peaks provide
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insight into the crystal structure, phase composition, and structural defects

of the material.

During an XRD experiment, a monochromatic X-ray beam is directed
at the sample, and the detector records the intensity of the diffracted X-rays
as a function of the diffraction angle (20). The obtained XRD pattern
consists of peaks corresponding to different crystallographic planes. By
comparing these peaks with reference databases, the crystal structure and

phase composition of the material can be identified.
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Figure 2.6. Schematic illustration of (a) diffraction of X-rays by a set of
crystal planes based on Bragg’s law, (b) XRD diffractometer system, and
(c) image of the third generation Empyrean, Malvern Panalytical X-ray
diffractometer.
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The Joint Committee on Powder Diffraction Standards (JCPDS), now
known as the International Centre for Diffraction Data (ICDD), provides a
database of standard diffraction patterns. Each material has a unique JCPDS
card that includes 20 values, d-spacing, relative intensities, and crystal
structure information. By comparing the experimental XRD pattern with
JCPDS data, the phase purity and crystallographic structure of the material
can be confirmed. To achieve a more precise structural determination,
Rietveld refinement is performed using FullProf software. This method
involves fitting the experimental XRD pattern with a theoretical model by
adjusting parameters such as: Lattice parameters (unit cell dimensions),
Atomic positions and occupancies, Peak broadening factors (instrumental
and sample-related), and Phase fraction (for multiphase materials). The
refinement process minimizes the difference between the observed and
calculated diffraction patterns, ensuring an accurate determination of the
crystal structure and phase composition of the synthesized nanomaterials
[15,16].

In this thesis work, third generation Empyrean, Malvern
Panalytical X-ray Diffractometer (Cu-Ka radiation, A = 1.5406 A) is used
to perform the X-ray diffraction analysis of developed materials. Figure
2.6(c) shows the actual image of the Empyrean, Malvern Panalytical X-ray
Diffractometer used in this thesis work.

2.3.2 Field Emission Scanning Electron Microscopy/Energy

Dispersive X-ray Spectroscopy

FESEM is an advanced imaging technique used for high-resolution
morphological and microstructural analysis of materials. It operates on the
same fundamental principle as conventional Scanning Electron Microscopy
(SEM) but employs a field emission gun (FEG) as the electron source. The
FEG provides a highly focused and coherent electron beam, leading to
improved resolution and enhanced imaging capabilities, making FESEM a

crucial tool for nanomaterials research.
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The working of FESEM is based on the interaction between a finely
focused electron beam and the sample surface. The sample is placed inside
a vacuum-sealed chamber, as FESEM requires a high-vacuum environment
to prevent electron scattering due to air molecules. The electron column
contains electromagnetic lenses that focus and direct the electron beam onto
the sample with high precision. The electron beam is then rastered across
the sample using a scanning system controlled by deflector coils. Upon
interaction with the sample surface, various signals such as secondary
electrons (SEs), backscattered electrons (BSESs), and characteristic X-rays
are emitted (Figure 2.7). These are collected by respective detectors,
including the SE detector for topographical contrast and the BSE detector
for compositional contrast [17,18].

To complement morphological studies, FESEM is also equipped with
Energy Dispersive X-ray Spectroscopy (EDS), which enables elemental
analysis of the material. EDS detects characteristic X-rays emitted from the
sample when excited by the electron beam, allowing for qualitative and
semi-quantitative elemental composition analysis. The combination of
FESEM and EDS provides a comprehensive understanding of a material’s
morphology, composition, and uniformity, making it an indispensable tool

for materials science research [19].

In this research, FESEM (JSM-7610 F Plus JEOL), as shown in
Figure 2.7 (c,d), was employed to analyze the surface morphology, particle
size, and microstructure of the synthesized materials, providing crucial
insights into their physical properties. The nanostructured materials were
examined for uniformity, porosity, and interconnectivity, which directly
influence gas sensing performance. Additionally, the EDS analysis was
used to verify the elemental composition of the synthesized materials,
ensuring phase purity and confirming the presence of intended elements in

the samples.
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Figure 2.7. (a) Schematic of electron scattering from a specimen, (b)
Schematic illustration of FESEM/EDS working principle, real images of the
(c) smart coater and (d) JSM-7610F Plus JEOL FESEM.

2.3.3 Transmission Electron Microscopy

TEM is a powerful characterization technique that enables the study
of materials at atomic resolution by transmitting a high-energy electron
beam through an ultra-thin specimen. Unlike SEM, which provides surface
morphology, TEM allows the visualization of internal structures,
crystallinity, defects, and phase distribution within a material. Due to its
ability to achieve resolutions down to the atomic scale, TEM plays a crucial
role in materials science, nanotechnology, and semiconductor research.

Advanced modes such as HRTEM and Selected Area Electron Diffraction
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(SAED) further enhance its analytical capabilities,

making

it an

indispensable tool for structural and crystallographic investigations.
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Figure 2.8. Schematic illustration of (a) TEM working principle and (b)
electron scattering through a thin specimen.

A TEM setup, Figure 2.8(a), consists of several key components,
including the electron source, which is typically a thermionic or field-
emission gun that generates a highly focused electron beam. The electron
column houses electromagnetic condenser lenses that focus the beam
before it interacts with the sample. The specimen, prepared as an ultra-thin
film (~100 nm or less), is held on a TEM grid and positioned in the path of
the electron beam. Upon interaction, transmitted electrons pass through a
series of objective and projector lenses, which magnify and resolve the
structural details of the sample before the final image is formed on a
fluorescent screen, CCD camera, or a direct electron detector. A
vacuum system is essential in TEM to prevent electron scattering and

maintain beam coherence.
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TEM operates on the fundamental principle of electron transmission
through a thin sample, Figure 2.8(b). When a high-energy electron beam
(typically 100-300 keV) interacts with the specimen, some electrons are
transmitted without significant deviation, while others undergo diffraction,
scattering, or absorption based on the material’s density, thickness, and
atomic structure. The transmitted electrons are then magnified through a
series of electromagnetic lenses to form an image with nanometer or even
atomic-scale resolution. Contrast in TEM images arises due to variations in
mass-thickness, diffraction, and phase differences, providing critical

insights into the material’s internal microstructure.

Essential mode is HRTEM, which utilizes phase contrast to visualize
atomic-scale lattice fringes, enabling direct observation of crystal defects,
grain boundaries, and atomic arrangements. HRTEM is particularly useful
for structural analysis of nanomaterials, as it provides insights into
interplanar spacing and crystallographic orientations. In addition to
imaging, TEM is equipped with SAED capability, which allows the
crystallographic structure of materials to be analyzed. By placing an
aperture in the back focal plane of the objective lens, a diffraction pattern is
formed, displaying bright spots corresponding to periodic atomic
arrangements in the material. The SAED pattern provides information about
crystal symmetry, phase identification, and lattice parameters, making it

valuable for studying polycrystalline and nanostructured materials [20,21].

In this work, TEM was performed using a JEOL JEM-2100 Field
Emission Electron Microscope (HRTEM, Japan & South Korea),
operating at 200 KeV. This high-energy electron beam enabled the imaging
of nanostructures with atomic-scale resolution, allowing for detailed

analysis of morphology, lattice fringes, and crystallinity.

2.3.4 Thermogravimetric Analysis
TGA is a thermal analysis technique used to study the thermal

stability, composition, and decomposition behavior of materials by
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monitoring their weight change as a function of temperature or time. This
technique is widely applied in material science, including gas sensors,
catalysts, polymers, and nanomaterials, to evaluate properties such as
thermal degradation, moisture content, and phase transitions.

Weighing Mechanism

(a)

Furnace .

Temperature
3 Programmer

@
) C——
w

(b) Gas

Figure 2.9. (a) Schematic of basic working principle of TGA, and (b) real
image of TGA-DTA PerkinElmer, STA8000 used in this work.

A typical TGA system (Figure 2.9 (a)) consists of a high-precision
balance, furnace, temperature controller, and gas flow system. The sample

is placed in a platinum or alumina crucible and heated in a controlled
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atmosphere—inert (N2, Ar) or oxidative (O, air)—at a predetermined
heating rate (e.g., 5-20°C/min) up to high temperatures (typically 1000°C).
The weight change is continuously recorded, and the resulting thermogram
provides critical information about decomposition stages and thermal
stability. TGA operates based on the principle that as the material is heated,
it undergoes physical and chemical changes such as evaporation,
decomposition, oxidation, and phase transitions, leading to mass loss. The
rate and magnitude of weight loss provide insights into the composition of
the material, such as the presence of volatile components, bound water,

organic content, or thermal degradation of phases [22,23].

A TGA curve typically consists of distinct weight-loss regions

corresponding to different thermal events:

1. Initial weight loss (50-200°C): Evaporation of adsorbed water or

volatile species.

2. Intermediate weight loss (200—600°C): Decomposition of organic

components or structural changes.

3. Final weight loss (>600°C): Decomposition of inorganic phases or

oxidation of remaining residues.

The derivative thermogravimetric (DTG) curve, which represents the
rate of weight change, helps in identifying transition temperatures and

reaction kinetics.

In this study, TGA analysis was performed to evaluate the thermal
stability and phase transitions of synthesized nanomaterials. In this work,
thermogravimetric and differential thermogravimetric analysis of the as
prepared powder samples were investigated using TGA-DSC

(PerkinElmer, STA8000), Figure 2.9(b), at a heating rate of 5 °C min™* up
to 1000 °C in an N2 atmosphere.
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2.3.5 X-Ray Photoelectron Spectroscopy

XPS is a powerful surface-sensitive analytical technique used to
determine the elemental composition, chemical states, and electronic
structure of materials. It is widely applied in gas sensors to analyze the
oxidation states and surface chemistry of synthesized nanomaterials. The
technique is based on the photoelectric effect, where X-rays incident on a
material eject core-level electrons, and their kinetic energy is measured to
determine binding energies characteristic of specific elements and their

chemical states.

A typical XPS system (Figure 2.10) consists of an X-ray source, a
sample chamber, an electron energy analyzer, and a detector. The
monochromatic X-ray source, often Al Ko (1486.6 eV) or Mg Ka (1253.6
eV), irradiates the sample surface, leading to the ejection of core electrons.
The emitted electrons pass through an electron energy analyzer, which
measures their Kinetic energy. The binding energy (BE) of these electrons

is calculated using the equation:
BE=hv—-KE—-® (2.2)

where Av is the photon energy, KE is the measured kinetic energy, and @ is
the work function of the spectrometer. Since each element has characteristic
binding energies, the obtained spectra provide quantitative and qualitative

identification of elements present on the surface.

XPS analysis consists of survey spectra and high-resolution
spectra. The survey spectrum identifies all the elements present on the
material’s surface (except H and He), whereas high-resolution scans focus
on specific elements, revealing their oxidation states. Chemical shifts in
binding energy occur due to variations in electron density and bonding
environment, enabling differentiation between oxidation states (e.g., W®*
and W** in tungsten oxides) [24].
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Figure 2.10. Schematic illustration for working principle of XPS.

XPS is particularly useful for studying surface chemistry in gas-
sensing materials, catalysts, and metal oxides. Peak deconvolution using
software like XPSPEAKA41 helps identify mixed oxidation states, defects,
and interactions with adsorbed species. In this work, XPS was conducted
on a Kratos AXIS spectrometer (South Korea) with an Al Ka source (hv
= 1486.6 eV) to confirm the oxidation states of elements in synthesized
nanomaterials, ensuring phase purity and understanding surface chemical

composition.
2.3.6 N2 adsorption/desorption Analysis

N> adsorption/desorption analysis, commonly performed using the
BET method, is a crucial technique for determining the specific surface
area, pore size distribution, and porosity of nanomaterials. This
technique plays a significant role in gas sensing, catalysis, and energy
storage applications, where high surface area and controlled porosity
enhance material performance. The method is based on the physical

adsorption of nitrogen gas onto the material's surface at cryogenic
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temperatures (typically —196°C or 77 K) and measuring the amount

adsorbed at different relative pressures.

A typical BET analyzer consists of a gas dosing system, vacuum
chamber, adsorption/desorption unit, and thermal conductivity detector
(TCD). Before measurement, the sample undergoes degassing at elevated
temperatures (e.g., 200-300°C) under vacuum to remove any surface
contaminants or adsorbed moisture. During analysis, nitrogen gas is
introduced in controlled amounts, and the adsorption isotherm is recorded
by measuring the amount of gas adsorbed as a function of relative pressure
(P/Po).

The BET equation, based on multilayer adsorption theory, is used to

calculate the specific surface area (m#/g):

+ = (2.3)

1 _C-1P
VI(Po/P)=1]  VmC Py VmC

where V is the volume of adsorbed gas, Vm is the monolayer volume, P/Pg
is the relative pressure, and C is the BET constant related to adsorption

energy.

Amount adsorbed

Relative pressure

Figure 2.11. Categorization of adsorption isotherms into six different
types.
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The adsorption-desorption isotherm provides insights into material
porosity. Different isotherm types (I-VI), Figure 2.11, classify materials
as microporous (<2 nm), mesoporous (2-50 nm), or macroporous (>50 nm).
The Barrett-Joyner-Halenda (BJH) method is commonly used to determine

pore size distribution from desorption data [25-27].

In this thesis work, N2 adsorption/desorption analysis was conducted
by Autosob iQ2 system, Figure 2.12, is used to measure the BET surface
area of the grown materialsto determine the specific surface area and pore
size distribution of synthesized nanomaterials, which are critical factors
influencing gas sensing performance. The obtained adsorption-desorption
isotherms were analyzed using the Quantachrome AsiQwin analyzer
software, which facilitated precise calculation of BET surface area, pore

volume, and pore size distribution.

Figure 2.12. Image of the Autosorb iQ2, used in the present thesis work for
BET surface area analysis.

2.4 Gas and Humidity Sensing Measurement System
Gas and humidity sensing measurement systems are essential for

evaluating the performance of nanomaterials used in sensor applications.
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These systems help determine key sensing parameters such as sensitivity,
selectivity, operating temperature, response/recovery time, limit of
detection, and stability by exposing the material to target gases or humidity
levels under controlled conditions. To evaluate the sensing performance of
nanomaterials, a dynamic flow-through gas sensing system was used
instead of a static flow method. In a static system, the gas is introduced into
a closed chamber without continuous flow, leading to uneven gas
distribution and difficulty in controlling concentration levels. In contrast, a
dynamic flow system allows precise control over gas concentration using
mass flow controllers (MFCs), ensuring uniform exposure of the sensing
material to the target gas. This method also enables real-time analysis of
sensor response and recovery, making it more reliable for practical

applications [28,29].

2.4.1 Gas Sensing Measurement System

An indigenous instrumental set up for gas sensing experiments was
fabricated in the lab. The gas sensing setup consists of a gas chamber, flow
controllers, heating unit, electrical measurement setup, and data acquisition
system as. The schematic is shown in Figure 2.13. The sensing material,
coated onto a substrate with IDE, is placed inside the chamber and exposed
to controlled concentrations of gases such as NO2, CO, NHg, ethanol, HzS,
SO,, and CO». All the test gases were procured from Ultra-Pure Gases Pvt.
Ltd., Gujarat, India (99.9 % purity). Precision MFCs regulate gas flow,
ensuring accurate concentration delivery while maintaining a constant total
flow rate with dry air as the carrier gas. To achieve different concentrations
of the target gas, a controlled mixture of pure gas and dry air is used. The
concentration (C) of the target gas in parts per million (ppm) can be

determined using the equation:

F, as
C=-"x Csource (2-4)

Ftotal
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where, Fy,s = Flow rate of the target gas (sccm); Fy¢q = Total flow rate
(target gas + dry air) (sccm); Csource = SOUrce concentration of the pure gas
(usually in ppm)

By adjusting Fjqs and Fy.q;, the desired gas concentration can be obtained.

For instance, if 500 ppm NO: is available as the source gas and we mix 100

sccm NO2 with 900 sccm dry air, the final concentration will be:
C = (100/(100+900)) x 500 = 50 ppm

This method ensures precise control over gas concentration, allowing

sensitivity and selectivity analysis at different levels.

Gas sensing chamber

Zero air

Temperature
controller Keithley Sourcemeter

Test gases (CO — 500 ppm, CO, — 500 ppm, NH; — 500 ppm,
C,Hs;OH - 500 ppm, NO, — 100 ppm, SO, — 100 ppm, H,S — 100 ppm

Figure 2.13. Schematic illustration and real image of the Gas-sensing setup.
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2.4.2 Humidity Sensing Measurement System

The humidity sensing setup follows a similar design but focuses on
controlling relative humidity (RH%) instead of gas concentration. Humidity
levels are regulated using a humidifier and dry air gas system, which adjusts
the water vapor concentration in the chamber. The sensor’s response to

humidity is recorded based on changes in resistance.

In this thesis work, to generate different relative humidity levels
(20%, 30%, 40%, 47%, 50%, 60%, 70%, 75%, 80%, 87%, 90%, 97%),
a saturated salt solution method is employed inside the chamber, for
which one conical flask/bubbler is placed in series with the air flow MFC,
which contains an appropriate saturated aqueous solution of different salts.
Different salts maintain specific RH values when they reach equilibrium
with water vapor. The commonly used salts and their corresponding RH

values are:

Table 2.1. Commonly used salts and their corresponding RH values.

Salt Solution Relative Humidity (%0)
Potassium acetate (CH;:COOK) 20-25%
Magnesium chloride (MgCl.) 30-33%
Potassium carbonate (K2.COz3) 40-47%
Magnesium nitrate (Mg(NO3)z) 50-53%
Sodium nitrate (NaNO3) 60-63%
Sodium chloride (NaCl) 70-75%
Potassium chloride (KCI) 80-86%
Potassium nitrate (KNO3) 90-93%
Potassium sulphate (K2SQOa4) 97%
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Chapter 3

Mn-doped ZnSnO3 for
Enhanced CO Sensing
Performance

This chapter presents the synthesis of Mn-doped ZnSnOz microspheres (Zn;.-
xMnySnOz) using a simple co-precipitation method with (x = 0 to 0.15) and
characterized for structural, morphological, surface area, and sensing
properties. Indeed, a significant increase (=~ 311.37%) in CO gas sensing
response is observed in the x = 0.10 sample compared to pure ZnSnO3 with
a simultaneous reduction in operating temperature from 250 to 200 °C.
Moreover, remarkable enhancements in response/recovery time (~6.6/34.1
s) were obtained in x = 0.10 sample. The Mn-doped ZnSnO3 could be a
promising candidate for the CO gas sensing devices used for maintaining

air quality.
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3.1 Introduction

As discussed in Chapter 1, rapid industrialization and urbanization
have led to severe environmental and health hazards, including air pollution
and toxic gas emissions. Among these, CO is highly dangerous due to its
colorless and odorless nature, making detection challenging. It forms
carboxyhemoglobin when inhaled, reducing oxygen transport and posing
fatal risks. Since its exposure limit is 50 ppm, continuous and accurate
monitoring is essential to prevent harmful effects [1-4].

Chemi-resistive gas sensors based on MOS are widely studied for
detecting harmful gases due to their high sensitivity, fast response, cost-
effectiveness, and suitability for portable devices [5]. However, their high
operating temperature and limited selectivity pose challenges for practical
applications. In this regard, ternary ABO3 perovskite [6,7] structured MOS
sensors have attracted the scientific community over the binary MOS
sensors due to the presence of multiple cation sites for doping materials
exhibit more potential for enhance the device performance in gas sensing
applications. Out of various choices, the Zinc stannate (ZnSnOs) ternary
compound (n-type MOS) is the potential candidate due to its high electron
mobility, conductivity, good stability, and attractive physical and chemical
property [8] compared to binary counterparts ZnO and SnO.. These
properties enable this material to be employed in various applications such
as Li-ion batteries [9], solar cells [10], photocatalysts [11], gas sensing, etc.
[12].

Numerous studies have explored the gas sensing capabilities of
porous ZnSnO3z material, particularly for detecting VOCs like acetone [13],
ethanol [14], butanol [15], propanols [16], formaldehyde [17], and
triethylamine [18]. However, very few studies are available on the detection
of gases except H.S [12], H2 [19], Pure ZnSnOs material usually suffers a
requirement barrier due to low sensitivity, poor selectivity, and high
operating temperature for the detection of gases other than VOCs. It is

known that doping ternary MOS materials with transition metals can
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significantly enhance the gas sensing performance as it can change the
interaction between the gases, oxygen molecules, and the surface electron
due to an increase in porosity and large specific surface areas. Despite this,
the available studies to improve the gas sensing properties on ZnSnOs
doped with transition metal are significantly less, for instance, Fe [20], Al
[21], Mg [22], and Pd [23] have been doped in ZnSnOs for performance
improvement.

I. Karaduman et al. [24] and E. Della Gaspera et al. [25] have reported
the doping of transition metal Mn to ZnO compounds where improvement
of CO sensing was ascribed to the multiple oxidation states of Mn, preferred
adsorption of CO molecules at the transition metal dopant sites and then
their migration from Mn or Cu sites to Zn sites, and large specific surface
area with increased oxygen adsorption and its reactivity with CO molecules.

In line with the aforementioned discussion, this work aimed to
investigate the gas sensing performance of ZnSnOs material doped with
varying concentrations of Mn. This chapter presents a simple and
economical technique for synthesis of ZnSnO3 with different loading of Mn
(Zn1xMnSnO3, x = 0 to 0.15) using co-precipitation method and
systematically investigated for structural and morphological properties.
Being highly sensitive to CO among interferring gases, sensing
measurements of Mn-doped ZnSnOs samples were achieved for different
concentration of CO. The best performing device was undergone long-term
stability and reproducibility test for repeated cycles. Finally, the plausible
gas-sensing mechanism has been discussed to postulate the influence of Mn

doping in the ZnSnO3z perovskite microstructure.

3.2 Experimental Section

3.2.1 Materials

Materials required such as Zinc sulfate heptahydrate (ZnSO4.7H-0,
>99.5%), Sodium stannate trinydrate (Na2SnO3.3H20, >99%), Manganese
sulfate monohydrate (MnSQO4.H20, >99%), and Ammonia solution (NHs,
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25%) were of analytical grade and purchased from Sigma-Aldrich Co. Ltd.

All the reagents were used without any further purification.

3.2.2 Synthesis of pure and Mn-doped ZnSnOs microspheres

Pure and Mn-doped ZnSnOs microspheres were synthesized by a
simple co-precipitation method. The Mn-doped ZnSnOs microspheres were
synthesized using a co-precipitation method, as described in Chapter 2
(2.2.1 Synthesis of Mn-doped ZnSnOs Nanostructures by Co-
precipitation). Aqueous solutions of ZnSOs, Na;SnOs, and MnSQO4 were
mixed under controlled pH conditions, followed by stirring at 60 °C. The
resulting precipitate was collected, washed, dried, and calcined at 500 °C
for 4 hours to obtain the final ZnSnO3z and Mn-doped ZnSnO3 samples. The
final products with calculated Mn content of 0, 2.5, 5, 7.5, 10 and 15 atomic
(at) % were named as ZSO, Zo975Mno25SO, Z0.95sMnoosS0O,
Z0.925MnNo 07550, Z0.9Mno.1SO and Zo.gsMno.15SO, respectively.

3.2.3 Device Fabrication

Sensor Pellet

Figure 3.1. Schematic illustration of the gas sensor fabricated using pellet

consisting of Mn-doped ZnSnOs.

The pure ZSO and Mn-doped ZSO samples in the powder forms were
pressed into pellets of 10 mm diameter, Figure 3.1, by using the hand
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operated hydraulic press machine under a constant load of 14 ton and then
the pellet was used for the CO sensing. The ohmic contacts were designed
on the pellet to fabricate the sensing element equipping it with two thin
parallel silver electrodes maintaining a gap of 1 mm.

3.3 Results and Discussion

3.3.1 Structural characterization

The effect of the concentration of Mn doping on the crystal structure
of the ZSO spherical particles was analyzed by the XRD characterization.
The XRD patterns of pure and Mn-doped ZnSn(OH)s precursor are depicted
in Figure 3.2(a) which are in good agreement with the JCPDS card No. 20-
1455. The diffraction peaks in the pattern can be indexed to a pure fcc-phase
ZnSn(OH)s (space group: Pn-3) which is in good agreement with the
Reitveld refinement, as shown in Figure 3.2(b). The crystallites are
preferentially oriented along the x-axis, [200] direction. Lattice parameters
of the pure and Mn-doped precursors were calculated by the Rietveld
refinement using the Full Prof software. The obtained lattice parameters are
shown in Table 3.1 which depicts the minor increase in lattice parameters
with the increase in Mn-doping concentration. The characteristic peaks of
any other phases such as ZnO, SnO2 and other phases of ZnSnOz or
ZnSn(OH)s were not observed which indicates the facile substitution of Mn
in ZnSn(OH)s, probably due to akin ionic radius of Mn?* ion (0.67 A) with
Zn?* (0.74 A).

Figure 3.2 (c) presented the XRD characterization patterns of single
phase Zn1xMnSnO3z samples after annealing at 500 °C. Only one broad
peak was observed in all diffraction peaks related to the amorphous ZnSnOs
(JCPDS no.- 28-1486). This indicates that all the pure and Mn-doped
ZnSn(OH)s precursors were converted into the final product of the pure and
Mn-doped ZnSnO3 phase.
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Figure 3.2. (a) XRD patterns of as-synthesized ZnixMnxSn(OH)s samples
(b) Reitveld refinement of the as-synthesized ZnSn(OH)s sample. (c) XRD

patterns of Zn1.xMnxSnO3 samples after annealing at 500 °C.

Table 3.1 Lattice parameters of the samples calculated by the Rietveld

refinement.
Zn1xMnySn(OH)e Lattice constant (A)
a=b=c

x=0 7.751£0.004

x =0.025 7.754+0.002

x =0.05 7.755%£0.001

x=0.075 7.755%0.006

x=0.1 7.757%£0.003

x=0.15 7.761+0.003
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3.3.2 Thermal analysis (TGA-DTG)

The TGA was accomplished to investigate the thermal stability of as-
prepared pure and Mn-doped ZnSn(OH)s samples obtained before heat
treatment, and DTG curves were used to examine the thermal
decomposition of the samples. As shown in Figure 3.3, there is a noticeable
weight loss of 17.94 % up to 260 °C (2.7% from 25 °C to 130 °C and 15.24
% from 130 °C to 260 °C) and only about 3% weight loss is observed from
260 °C to 1000 °C. Thus, the weight loss of almost 18% up to 260 °C from
the precursor samples revealed the dehydration of adsorbed water from pure
and Mn-doped ZnSn(OH)s samples and hence justifying the removal of
hydroxyl (-OH) group to generate ZnSnOz and water. Further, the weight
loss of almost 3% from 260 °C to 1000 °C is accredited to the dehydration
of water molecules which were trapped within the crystals and thus required
more thermal energy than the adsorbed water molecules [26].

The DTG curves exhibit the endothermic peaks at 201.19 °C, 197.76
°C, 199.93 °C, 197.13 °C, 204.90 °C, and 197.76 °C, for ZSO,
Z0.975Mno025SO,  Z09sMnosSO,  Z0.92sMno075SO,  Zo9Mno1SO  and
Zo.8sMno.15S0, respectively, that could be attributed to the evaporation of
residual moisture. The overall weight loss is about 21% in the whole process
which is almost very close to the earlier reported value (21%) [27]. The
rapid weight loss between 130 °C and 260 °C is expressed as the following

chemical reaction:

>130°C
ZnSn(OH), —— ZnSn05; + H,0 (3.1)
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Figure 3.3. (a) TGA plot, and (b) TG-DTG plot of the as-prepared samples
of the Zn1,«MnxSnOs, x = 0, 0.025, 0.05, 0.075, 0.1, 0.15.

3.3.3 Fourier Transform Infrared (FTIR) Spectrum Analysis

The XRD results are also consistent with those of FTIR analysis of
both the as-prepared and annealed samples, Figure 3.4, revealing relevant
spectral changes in both the cases. Figure 3.4(a) illustrates the FTIR spectra
of as-prepared pure and Mn-doped ZnSn(OH)e precursors. The broad band
at~3186 cm™ is ascribed to the stretching vibration modes of ~OH group in
water molecules. The other three peaks at 1169, 766 and 522 cm™ are
assigned to the bending and stretching vibration of M-OH or M-OH-M
groups. Thus, the existence of these surface -OH groups characterize the as-
prepared samples as ZnSn(OH)s. However, Figure 3.4(b) shows the FTIR
spectra of the Zn1.xMn,SnO3 samples after annealing at 500 °C where all the
peaks related to -OH bonds vibration were disappeared indicating the
dehydration of water molecules after annealing. The strong broad
absorption peak at ~457 cm™ could be attributed to the metal oxide (M-O)
bond of Zn-O and Sn-O and the small weak band observed at 1219 to 1731
cm® ascribed to the stretching vibration of M-O-M bonds [28,29] in the
ZnSnOs. Hence, the disappearance of —OH groups during annealing and the

formation of ZnSnOs structure is clearly confirmed by the FTIR analysis.
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Figure 3.4. FT-IR spectra of (a) as-synthesized Zn1.xMnxSn(OH)s samples,
and (b) Zn1xMnSnO3z samples annealed at 500 °C.

3.3.4 Morphological Characterization

The morphology of the pure ZSO samples and with different
concentrations of Mn (Zn1xMnySnQOgz, x = 0, 0.025, 0.05, 0.075, 0.1 and
0.15) after annealed at 500 °C were characterized by FE-SEM, as shown in
Figure 3.5. From Figure 3.5 (a-f), it can be seen that all samples exhibit the
similar spherical surface morphology. It is also noted that numerous
nanoparticles are stacked together to frame porous microsphere structure.
Agglomerations of the particles were seen due to the high surface energy
[30] of the synthesized particles. The average outer diameter of spherical
particles was also calculated and found to be decreasing from 900 nm to
500 nm with increase in concentration of Mn. Thus, Mn doping causes
increase in surface area and creates pores in microspheres. This is conducive
to the quick adsorption of target gas and reaction with the materials to give

the better gas sensing property.

71



=100 nm

=100 nm

Figure 3.5. FESEM images of Zn1xMnxSnOs spherical particles, x = (a) 0,
(b) 0.025, (c) 0.05, (d) 0.075, (e) 0.1, (f) 0.15.

EDS and SEM elemental mapping were conducted to resolve the
atomic ratio and specific distribution of Zn, Sn, O and Mn elements
(Z0.sMng.1SO). As shown in Figure 3.6(c-f), uniform distribution of Zn, Sn,
O and Mn in the selected microsphere was clearly verified. Also, according
to the EDS spectrum, Figure 3.6(b) depicted the quantitative presence of
Zn, Sn, O, and Mn elements, in addition to Au element which is due to the

Au coating used in the analysis.
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Figure 3.6. (a-f) EDS spectrum and Elemental mapping of Zn1«MnxSnO3

samples, x =0.1.

3.3.5 N2 adsorption-desorption isotherm

N> adsorption-desorption isotherm analysis is another essential
technique to elucidate the properties of gas-sensing materials in terms of
parameters such as specific surface area of materials, pore- size distribution
and specific pore volume. It is well affirmed that the higher gas-sensing
performance are achieved for the materials having higher specific surface

area thereby more active sites contribute to the redox reaction [31].
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Figure 3.7. N2 adsorption-desorption isotherm and the corresponding BJH
pore size distribution of Zn1xMnSnOs, x = (a) 0, (b) 0.025, (c) 0.05, (d)
0.075, (e) 0.1, (f) 0.15.

Figure 3.7(a-f) represents the typical N2 adsorption-desorption
isotherm for the ZnixMnSnOs microspheres. Based on IUPAC
classification, the resulting isotherms of these six materials can be classified
as type-1V isotherms along with a defined hysteresis loop. The inset of
Figure 3.7 (a-f) represents the BJH pore size distribution of all these
respective six materials revealing the existence of mesoporous structure.
The BET surface areas and BJH pore size diameter of all these six materials
are represented in Table 3.2. It was observed that Mn-doped ZSO materials
have higher surface area in compared to that of pure ZSO material and the
increasing trend in surface area was obtained with the increase in Mn-
doping concentration. Additionally, for all these six materials, bulk of the
pores lies in the region of 3-18 nm (inset of Figure 3.7 (a-f)) and very few
pores lies beyond 18 nm. The average pore diameters are 3.097, 3.088,
3.075, 3.060, 3.099 and 3.091 nm, respectively for the ZSO,
Z0975Mn0.025SO,  Z0.9sMno.0sSO,  Z0.92sMno.075SO,  Z09Mno1SO  and
Zo.8sMno.1sSO. This increased surface area with the suitable mesoporous
structure is advantageous to fast adsorption of gas promoting surface
reaction thereby remarkably enhancing gas sensing properties of Mn-doped
ZSO materials.

Table 3.2 Surface area, pore size and pore volume of the ZnixMnSnOs

samples.
Sample BET (m?/g) Pore Size Pore Volume
(nm) (cm?/g)
ZSO 15.229 3.097 0.03279
Z0.975Mno.025SO 21.340 3.088 0.03692
Z0.95sMnp.0sSO 27.878 3.075 0.05281
Z0.925Mng 075SO 30.261 3.060 0.05379
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Z09Mnp.1SO 36.294 3.099 0.09990
Z0.85Mno.15S0O 42.999 3.091 0.06328

3.3.6 X-ray Photoelectron Spectroscopy (XPS)

Gas sensing is a surface-dominant process depending on the surface
state of gas sensing materials. XPS was used to further investigate the
sensing materials for the surface elemental composition and their
corresponding valence state. Figure 3.8(a) illustrates the survey spectra of
the ZnSnO3 (ZSO) and Zo9Mno.1SO samples. It indicates the existence of
Zn, Sn, and O elements on the surface of ZSO samples, whereas presence
of Zn, Sn, O, and Mn elements on the surface of Zo9Mno.1SO samples which
are in consistent with the EDS observations. Figure 3.8 (b) presents the
high-resolution spectra of Zn 2p, two distinctive peaks of Zn 2p in ZSO at
binding energies of 1021.30 eV and 1044.24 eV are signifying to Zn 2ps
and Zn 2pup, respectively. However, two distinctive peaks of Zn 2p in
Z0.9Mno1SO have an apparent shift to 1021.01 eV (Zn 2pzr) and 1044.09
eV (Zn 2pur), respectively. Figure 3.8 (c) shows the high-resolution spectra
of Sn 3d in ZSO and Zo.9sMno.1SO. Two distinctive peaks of Sn 3d in ZSO
are located at binding energies of 486.30 eV (Sn 3ds2) and 494.71 eV (Sn
3ds12), whereas the two distinctive peaks of Sn 3d in Zo.9Mno.1SO are shifted
to 485.84 eV (Sn 3dsp) and 494.26 eV (Sn 3dsp), respectively. The
corresponding peaks of Zn 2p and Sn 3d demonstrates the existence of Zn?*
and Sn** in the samples. Deconvolution of the Mn 2p spectrum in Figure
3.8(d) shows two distinctive peaks at binding energies of 640.77 eV (Mn
2p312) and 654.30 eV (Mn 2py12) having orbital splitting energy of 13.5 eV,
signify presence of Mn?* in ZosMno.1SO samples. The apparent shift of the
Zn 2p and Sn 3d characteristics peaks indicates the electronic interaction
between the Mn?* (dopant), Zn?* and Sn** sites. Mn-doping makes the
sample electron rich due to the generation of vacancy defects. To analyze
the impact of oxygen vacancy defects, O 1s peaks of ZSO and Zo.9Mng1SO
have been analyzed as shown in Figure 3.8(e-f). The O 1s spectra are

deconvoluted into three peaks: O. corresponding to lattice oxygen, Oy cause

75



by oxygen vacancy defect and Oc corresponding to chemisorbed oxygen.
For ZSO sample, the three peaks centered at 529.78 eV, 531.2 eV and
532.79 eV are assigned to O, Ov and Oc, respectively. Similarly, the three
distinctive peaks of O 1s in Zo9Mno1SO sample are centered at 529.05 eV,
530.11 eV and 531.46 eV, respectively. The relative percentage of each
oxygen species are depicted in Figure 3.8(e) and Figure 3.8(f), respectively.
Compared with pure ZSO, there is a significant reduction in O
concentration for ZooMno.1SO (from 40.59% to 26.70%), whereas a surge
in Ov (from 38.52% to 45.25%) and Oc (from 20.88% to 28.05%)
concentrations, suggesting the beneficial use of Mn-doping for enhancing

the gas-sensing performance of ZnSnO:s.
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Figure 3.8. The XPS spectra of ZSO and Zo.9Mno.1SO samples: (a) Survey
scan XPS spectra, (b) Zn 2p XPS spectra, (c) Sn 3d XPS spectra, (d) Mn 2p
XPS spectra of Zg9Mno.1SO, (e) O 1s XPS spectra of ZSO, and (f) O 1s XPS
spectra of Zo.9Mno.1SO.

3.3.7 Gas Sensing Properties

The operating temperature plays an essential role in investigating the
dynamic gas response of the sensor material. It significantly affects the
adsorption-desorption phenomenon and reaction kinetics of the target gas

with oxygen molecules on the sensor surface by improvising the activation
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energy in the sensing material [32]. Therefore, investigations were done to
test the sensing performance of Zn1xMnxSnO3s samples exposing it to 500
ppm CO gas at various altered operating temperatures of 50-300 °C. Figure
3.9(a-f) depicted the n-type semiconducting behavior of all these six
materials because of the decrease in resistance with the increase in operating
temperature. Initially, sensors were stabilized for a constant resistance value
under the exposure of fresh dry air at a particular operating temperature.
When the sensors were exposed to CO (reducing gas), a decrease in
electrical resistance value was observed, gets stabilized for a while and
returns to the initial value after the CO supply was cut-off and re-exposed
to the fresh dry air. It is obvious from the Figure 3.9 that Mn-doped ZSO
sensors exhibit more decline in resistance value than that of pure ZSO

sensors and thus exhibit higher response.
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Figure 3.9. Dynamic response-recovery curves of the gas sensor based on
Zn1xMnxSnO3z, x = (a) 0, (b) 0.025, (c) 0.05, (d) 0.075, (e) 0.1, and (f) 0.15.

As shown in Figure 3.10(a-b), the maximum percentage change in
resistance of sensors at different operating temperature from 50 °C to 300
°C towards 500 ppm CO was calculated and represented in terms of
response. The sensing response of all the sensors was seen to follow

“increase-maximum-decrease” tendency [15]. Figure 3.10 shows that for
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the pure ZSO sensor, there is a small change in response and the maximum
response is 5.79% at the operating temperature of 250 °C. However, for the
entire Mn-doped ZSO sensor, the operating temperature significantly drops
down to 200 °C with the remarkable enhancement in respective responses.
As shown in Figure 3.10(a), ZSO sample doped with 10 at % Mn achieved
the best response 0f~311.37% at the 200 °C operating temperature. Because
Z0.9Mno1SO sample displays best gas response to CO, the optimized value
of Mn-doping is 0.1 (10 at %). As a result, ZooMno1SO sample was chosen

as a propitious candidate for further study in this work.
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Figure 3.10. (a-b) Relationship between the responses of gas sensor
exposed to 500 ppm CO gas and operating temperature. (¢c) Comparison of
the response and recovery times of the ZnixMnxSnOs sensors upon
exposure to 500 ppm CO at the operating temperature of 200 °C. (d)
Selectivity study by the comparison of ZosMno.1SO sensor responses to

different gases at the operating temperature of 200 °C.

78



The response time and recovery time is another essential parameter
to judge the new generation gas sensor for fast detection of particular gases
and speedy recovery to its ambient conditions in real application field. The
response and recovery time of the 0%, 2.5%, 5%, 7.5%, 10% and 15% Mn-
doped ZSO sensors towards 500 ppm CO at 200 °C were measured (shown
in Figure 3.11) for the 90% of resistance changes and the compared results
are as shown in Figure 3.10(c). Here, it is clearly observed that Zo9sMng.1SO
sensor exhibit shortest response time of 6.6 s among all the six samples and
also the accelerated desorption rate of CO on Zo9Mno.1SO due to presence

of Mn with the recovery time of 34.1 s.
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Figure 3.11. Response and recovery time curves of the Zn1.xMn,SnOsz upon
exposure to 500 ppm CO at the operating temperature of 200 °C, x = (a) 0,
(b) 0.025, (c) 0.05, (d) 0.075, (e) 0.1, and (f) 0.15.

Selectivity is another critical parameter to define the gas sensor’s
ability to differentiate a specific target gas among other interfering gases.
The responses (%) of the Zo9Mne1SO sample towards exposure to four
different gases, CO, NHg, ethanol (C2HsOH) and CO- were calculated at the
operating temperature of 200 °C. As demonstrated in Figure 3.10(d), the
Z09Mno.1SO sensor gives excellent responses to CO, whereas low responses
to other interfering gases. Thus, the result from Figure 3.10(d) inferred that
the present Zo.9Mno.1SO sensor has excellent selectivity towards CO.
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Figure 3.12. (a) Dynamic response-recovery curves towards different
varying CO gas concentrations; (b) Calibration curve at 200 °C related to
Z0.9Mno1SO sensor. (c) Long-term stability test for the Zo.9Mno.1SO sensor
responding to 20 ppm CO gas.

Figure 3.12(a) presents the changes observed in resistance value of
the Zo9Mno1SO sensor under the exposure of CO gas at varying
concentrations in the range of 10 to 500 ppm. It clearly represents the
increase in resistance value with respect to increase in CO concentration.
Moreover, the rapid response as CO gas was injected, stable value in the
presence of CO environment and then sharp recovery to the initial value
when the CO gas was removed at all concentrations of CO gas. The
percentage change in resistance was used to compute the response (%) and

Figure 3.12(b) depicts the increased sensor response with CO concentration.
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An approximate good linear correlation was observed with the CO
concentration, where linear correlation value was found to be 0.98552. The
good linear response to CO allows to reach a lower detection limit in sub-
ppm level, less than 1 ppm.

Long-term stability test of the Zo9MnoiSO sensor was also
conducted over the period of 95 days at fixed 20 ppm CO and at the
operating temperature of 200 °C as illustrated in Figure 3.12(c). It is clearly
observed that the sensor shows no significant deviation in response,
confirming excellent long-term stability of the Zo9Mno.1SO sensor.

Table 3.3 Comparison of recent metal-oxide based gas sensors for CO

detection.
Sensing Operating CO (ppm) Sensitivity (Ra/Rg) Response/rec  Ref.
material temperatur (°C) Or Response (%)  overy times
(s)
ZnSnOs3 250 500 5.79% 30/41 This
work
Zno.9Mnoa1SnOs 200 500 311.37% 6.6/34.1 This
work
SnO» 310 200 7.29 16/28 [33]
SnO» 200 91 84.3% 48/51 [34]
Ni%*-doped 350 1000 6.1 - [35]
SnO2
TiO15/ZnO 300 48 1.365 166/343 [36]
Cu0-Sn0; 200 100 3.52% - [37]
ZnO 250 100 3.7 - [38]
Zn0/ZnCo204 300 10 17.3 60/50 [39]
Mn-ZnO 300 300 2.5 40/300 [30]

Table 3.3 illustrates the comparison of present work with the sensing

performance of other MOS based CO sensors, basically based on binary
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type ZnO or SnO> or its ternary type compounds. It is worth noted that our
sensor exhibited a comparably high CO sensing performance, especially

high response, low operating temperature, fast response and recovery times.

3.3.8 Gas sensing mechanism

ZnSn0s belongs to the family of n-type metal oxide semiconductor
whose gas sensing mechanism is exclusively based on the alteration in the
electric resistance when exposed to the gas and explained by the most
accepted oxygen adsorption-desorption theory on the material surface [40].
When ZnSnOs or Zn1xMnxSnOz-based sensors are exposed to clean air, as
shown in Figure 3.13(a,c), oxygen molecules present in the clean air will be
adsorbed on the surface of sensing material and captivate free electrons
from the surface conduction band of sensing layer. Depending on the
operating temperature, adsorbed oxygen species on reacting with free
electrons transforms into oxygen species of ionized form, such as O,~, O,
O? [41]. As a consequence, a thick electron depletion layer (EDL) will form
causing increase in electric resistance of sensor resulting less flow of
electrons inside sensing material. Thus, the sensor material initially exhibits

high resistance in the presence of clean air.

02 (gas) — O2(adsorbed) (3.2)
O2(adsorbed) + € (surface) — O2 (adsorbed) (<100 °C) (3.3
O2 (adsorbed) + 2€ (surface) — 20 (adsorbed) (100-300°C) (3.4)
O (adsorbed) + € (surface) — O (adsorbed) (>300°C) (3.5

As shown in Figure 3.13(b,d), when the ZnSnO3z sensor material is
exposed to reducing gas such as CO, the interaction between the CO gas
and the predominant chemisorbed ionized oxygen species, O, can take
place and the electrons captivated by the chemisorbed O™ are released back
into the conduction band of sensing material, as per egn (3.6), and produce

CO2. As a result, the thickness of the EDL layer is lessened and thus
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decreases the electric resistance of the sensing material and the key redox

reaction involved in process of reaction with CO gas is as per following

equation:
COgas) + O (adsorbed) <> CO2(gas) + € (3.6)
CO(gas) + O2 (adsorbed) <> 2CO2 (gas)* € (3.7)

Furthermore, as the gas sensing device is re-exposed to the clean air, oxygen
molecules again react with the electrons captivated from the surface
conduction band of sensing material, which again forms the thick electron

depletion layer and thus electric resistance recover to the initial baseline.

@= w ?2 +e — 0, (ads)

502 +e — O (ads)

4

2C0, + ¢

Figure 3.13. The schematic diagrams for CO gas sensing mechanism of
pure and Mn-doped ZnSnOz sensors in presence of air (a) & (c) and in CO
gas (b) & (d), respectively.
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In addition, the gas sensing performance of ZnSnOs is greatly
related to the particle size, surface area, and metal oxidation states, which
can be largely influenced by the doping of transition metal elements.
Transition metals are most commonly used as the sensitizers to enhance the
gas sensing performance of any sensing materials. The doping of ZnSnOs
by Mn element changes the particle size and increases the surface area,
which results alterations in the amount of adsorbed oxygen. It is well known
that with the increase in doping amount of Mn, the amount of oxygen
molecules adsorbed increases for up to certain concentration of Mn and then
decreases [42,43]. For up to 10 at% Mn, maximum number of oxygen
molecules transforms into ionized O species and thus more number of CO
molecules are involved in the reaction process. Moreover, extra thick
electron depletion layer may get form at the interface with the increase in
Mn concentration. Thus, when the Mn-doped ZnSnO3 sensors are exposed
to the CO environment, large number of electrons are freed and released
back into the conduction band of sensing material ZnSnO3z microspheres
more conveniently. Also evidenced from the XPS spectra, doping with Mn
generates a greater number of oxygen vacancies in the ZSO lattice and
hence a greater number of free electrons, improving the gas sensing.
Simultaneously, Mn site in ZnSnOs plays a critical role to adsorb CO
molecules at all temperatures. CO molecules are preferably adsorbed on the
Mn sites to form bonds between Mn and CO. The interaction results in
donation of 56 electrons of CO to the metal and n electrons back bonding
from d-orbitals of Mn to CO. First, the CO molecules adsorbed at the Mn
sites and then migrate from Mn sites to Zn sites, through which Mn sites
improve the CO adsorption and their interaction with oxygen species.
Therefore, the doping of transition metal Mn effectively helps in
intensifying the gas sensing performance of ZnSnOs microspheres towards
CO gas.
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3.4 Conclusions

In summary, porous Mn-doped ZnSnOz microspheres were
synthesized by a simple co-precipitation method. The characterization
results revealed that the Mn-doped ZnSnO3z maintain the face-centered
cubic structure of pure ZnSnOs3 and exhibit the micro spherical morphology
in the increasing order of surface area with the Mn concentration. The Mn-
doping was confirmed by XPS. The BET measurements revealed the
increase in the surface area with increase in Mn doping. The gas sensing
performance analysis of the Zni1xMnSnOs chemi-resistive sensors with
different Mn concentration towards CO gas displayed enhanced sensing
characteristics with respect to pure ZnSnO3z sensor. To be specific, the MOS
sensor based on 10 at% Mn-doped ZnSnOs exhibited remarkable high
response to CO gas at the reduced operating temperature of 200 °C.
Moreover, the Zo.9Mno1SO sensor exhibit fast response and recovery time
of 6.6 s and 34.1 s, respectively, with the good stability and reproducibility.
The enhanced gas sensing properties to CO can be ascribed to the
sensitization effects of Mn and porous structure. On the basis of this study,
these Mn-doped porous ZnSnOsz microspheres are propitious to be applied
for practical applications for monitoring CO gas in air.
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Chapter 4

NASICON-type
NaszFe2(POa); for an
Excellent Room-
Temperature CO
Sensing

This chapter presents an ultra-sensitive room temperature CO gas sensor
based on NasFe:(PO.); (NFP, NASICON-type material) synthesized via a
simple sol-gel method. The plate-like NFP powder was coated on Cu
interdigitated electrodes to fabricate the sensor. The device exhibited
excellent selectivity and an ultra-fast response (~417.58 in 14 s) to 500 ppm
CO, recovering in just 3 s. The response was 100 times higher than the
blank signal and 5-500 times superior to conventional sensors. With
excellent stability and reproducibility, NFP proves to be a promising, cost-

effective CO sensing material for next-generation applications.
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4.1 Introduction

In chapter 3, the gas-sensing application of Mn-doped ZnSnOs
towards CO gas sensing was studied. The highlights of the earlier work are
the importance of doping and optimizing dopant concentration in enhancing
the sensitivity of ZnSnOz towards CO. The drawback of Mn-ZnSnOgz is that
operating temperature is still significantly high from room temperature.
Now our attention has been shifted towards selecting functional materials
exhibiting room temperature sensing to CO gas.

As already discussed in previous chapter, CO is a highly toxic air
pollutant that poses serious risks to both the environment and human health,
which originates from incomplete combustion in vehicles, industries, and
fossil fuels [1-4]. Being colorless and odorless, CO is undetectable by
human senses [5] and is often termed the "silent killer" due to its ability to
disrupt oxygen supply in the bloodstream [6]. According to WHO
guidelines (2021) for indoor air quality, the recommended short-term 24-
hour exposure to CO indoor air quality guideline (AQG) level is 3.5 ppm,
AQG level for 8-hour is 8.58 ppm, AQG level for 1 hour is 30 ppm and
AQG level for 15-min is 85.8 ppm [7-10]. Thus, it is extremely important
to consistantly find new cost-effective and high performance sensors for the
detection of CO at room temperature [11-13]. The high working
temperature of MOS-based sensors (>150 °C) would increase energy usage
and significantly shorten the device's lifespan. Designing excellent
performing sensing materials that can track low concentration CO gas at
ambient temperature is crucial in this regard [14-16].

NASICON [17-19] materials are widely explored for sodium-ion
battery [20-24] as the solid electrolyte, cathode material [25], sodium
removal from water, catalysis etc. Good electrical conductivity
characteristics of some NASICON such as LiZr2(POa)3, NFP, etc. [26-28]
make them sensitive to molecules present in atmosphere and thus beneficial
for detecting many gases or pollutants present in the ambient atmosphere
[29,30]. Over the past decade, several NASICON-type materials utilized for
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gas sensing are based on electrochemical-type or potentiometric-type or
optical waveguide type gas sensors. In electrochemical-type gas sensors,
NASICON based materials are generally utilized as a solid electrolyte
instead directly as sensing materials for example, NazZr»Si,PO1> for CO gas
detection, Naz8Zr.Si1 gP1,2012, etc. N. Patima et. al. reported the gas sensing
application of lithium iron phosphate with different element doping for
different gas detection. For example, Ni-doped lithium iron phosphate
(LiFeo.095Ni0.00sPO4) [31] nanoparticle was developed as a optical-
electrochemical type gas sensor for the detection of 100 ppm xylene gas and
silver-and-yttrium-co  doped  lithium  iron  phosphate  (LiFes-
0.01x Y0.005xAJo.00sxPOs) was fabricated as a optical waveguide type
formaldehyde gas sensors [28]. G. Jasinski et. al. compares the lithium-
based (LISICON) and sodium-based (NASICON) sensors. It seems that
NASICON-based electrocatalytic gas sensors showed promising sensing
performance over LISICON based sensors at all temperature of operation.
Moreover, NASICON-based sensors exhibit potential for multi-gas
detection when altered operating temperature during detection [32,33].

In this chapter, the gas sensing ability of NASICON-type
NazFe2(POs)3 material with microstructure synthesized by very cost-
effective and simple sol-gel technique has been demonstrated. Gas sensing
device was developed based on the resistive gas sensor module. Exposure
of this material to several interferring gases such as CO, NHs, COa,
C2HsOH, H2S, SO. and NO: is then carried out at room temperature to
several high temperatures. Being an exceptionally highly sensitive to CO
gas at room temperature, measurements for varying CO gas concentrations
were achieved. Sensor showed rapid response of ~14 s upon exposed to 500
ppm CO gas and recovered to the baseline in ~3 s after the removal of CO
gas. The stability and reproducibility were tested several times to confirm
the CO detection by NasFe2(POa)s. It is expected that our results will pave
the way for the use of this new NASICON-type battery material for

development of next generation gas sensing devices.
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4.2 Experimental

4.2.1 Materials

Sodium nitrate (NaNOz) (Merk; 99%), Iron nitrate nonahydrate
(Fe(NO3)3.9H20) (Alfa Aesar; 98%-101%), Ammonium dihydrogen
phosphate (NH4H2PO4) (Alfa Aesar; 98%), and Citric acid monohydrate
(CsHgO7.H20) (Alfa Aesar; 99%) were purchased of analytical grade. All

the chemicals were directly used without any further purification.

4.2.2 Synthesis of NasFe2(PO4)3

The NFP material was synthesized via the sol-gel method, as detailed
in Chapter 2 (2.2.2 Synthesis of Sensing Material by Sol-gel method). A
stoichiometric mixture of NaNOs, Fe(NO3)3.9H.0, NHsH2PO4, and
CeHgO7.H20 (chelating agent) was dissolved in DI water and stirred at 80
°C. After 9 hours, the solution formed a gel precursor, which was dried at
100 °C. The resulting black powder was finely ground and annealed at 700

°C for 10 hours to obtain the final porous NFP material.

4.2.3 Sensor Fabrication

-
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Figure 4.1. Schematic illustartion of the process for fabricating NFP gas
Sensor.
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The gas sensors were fabricated as per the following route as
represented in Figure 4.1. The finally obtained annealed sensing materials
based on NFP powders were mixed with drops of DI water in an agate
mortar to form a homogeneous paste and uniformly coated on the IDE based
on Cu metal material on the printed circuit board (PCB). The Cu metal PCB
was cut with electric discharge machining to form the IDE pattern shown in
Figure 4.1(b), where the spacing between the electrode fingers (Sr) is kept 5
pm and the overall width (W) and length (L) of sensor are fixed at 10 mm,

respectively.

4.3 Results and Discussion

4.3.1 Thermogravimetric Analysis
Thermal analysis of the precursor sample is shown with the help of

TGA and DTG curves in Figure 4.2.
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Figure 4.2. TGA-DTG curves of NFP precursor sample.

It can be observed from the curves that the global weight loss of about
20% is in three multistage process starting with losing absorbed water
(about 1.5%) below 155°C. Two endothermic peaks at 80 °C and 248 °C
corresponds to the free and structural water losses. Following an exothermic

peak at ~441 °C that corresponds to the thermal decompostion of citric acid
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and ammonium dihydrogen phosphate complexes to start the formation of
NFP [34-36]. The weight remains stable after 700 °C. Thus, the annealed
tempearture was set to optimized at 700 °C to achieve the particular

morphology of the NFP particles.

4.3.2 Morphological Characterization

Figure 4.3(a) and (b) illustrates the low and high magnication (x
5,000 and x 20,000, respectively) surface morphology of the NFP powder
sample characterized by FESEM, which exhibits plate-like morphology
with a average size of 736.63 nm and are interconnected with each other to
pattern a 3D framework in NFP. Figure 4.3(c) and Figure 4.3(d-g)
demonstrates the EDS and elemental mapping, respectively, results which
confirms the presence of Na, Fe, P and O atoms in stoichiometric atomic
ratio and their homogeneous distribution in NFP particles, which manifests
high purity of this material.

Figure 4.3. (a) Low and (b) high magnification top-view FESEM image
of the NFP plate-like morphology; (c) EDS analysis and (d-g) elemental
mapping images of Na, Fe, P and O, respectively.
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4.3.3 Structural Characterization

To confirm the crystal structure and phase purity of the NFP sample,
XRD pattern is shown in Figure 4.4(a). All of the diffraction peaks in XRD
pattern can only be indexed to pure NFP and no diffraction paeks are related
to impurities. The Rietveld refinement was carried out using the Full Prof
software used the monoclinic structured unit cell in the space group C2/c, a
=15.07(7) A, b =8.740(5) A, c =8.724(9) A, 0. =y =90°, and p = 125.1(1)°,
and the results obtained are shown in Table 4.1 confirms the monoclinic
structure of NFP in the space group C2/c. Figure 4.4(b) illustrates the
monoclinic crystal structure of NFP. Na* ions possess two crystallographic
sites, thus it is a typical NASICON-type structure where PO4 tetrahedra and
FeOe octahedra are alternatively connected to form lantern units of
[Fe2(PO4)s] [37].
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Figure 4.4. (a) XRD pattern and (b) Crystal structure of NFP.

Table 4.1 Refined lattice parameters of NFP

Sample Crystal Space a(A) b (A) c(A) a=y P (deg)
structure group (deg)

NFP  Monoclinic C2/c 15.150(4) 8.782(3) 8.722(3) 90 125.08(4)
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4.3.4 X-ray Photoelectron Spectroscopy

Gas detection is a surface-dominant phenomena which greatly
depends on the surface state of the sensing materials. XPS was performed
to study the NFP sensing material for the defect, surface elemental
distribution, and the corresponding valence state. Figure 4.5(a) presents the
survey scan of NFP, which clearly indicates that the NFP sample consisted
of sodium (Na), iron (Fe), phosphorus (P) and oxygen (O). Figure 4.5(b)
shows the Na 1s spectra of NFP located at 1071.89 eV, ascribed to the NaO
group of NFP. Figure 4.5(c) shows the deconvoluted high resolution
narrow spectra of Fe 2p. The two distinctive peaks of Fe 2p centered at
binding energy of 729.32 eV and 715.08 eV represents the existence of two
Fe 2p spin orbit coupling (Fe2p3/2 and Fe2pl1/2) that are attributed to the
Fe3* ions binding energy, also the peaks located at binding energies of
726.15 eV and 711.87 eV are in consistent with Fe?* ions binding energy.
As shown in Figure 4.5(d), the presence of only one P 2p peak at 133.82 eV
binding energy corresponds to the one environment of P in the form (PO4)*
group of the NFP compound. The O 1s spectrum as shown in Figure 4.5(e),
are deconvoluted into three peaks to investigate the contribution of oxygen
vacancy defects: OL corresponds to lattice oxygen, whereas Oy corresponds
to the signal arising from oxygen atoms that are bound to an atom with an
oxygen deficiency and Oc represents the percentage of chemisorbed oxygen
[38]. The three deconvoluted peculiar peaks of O 1s in NFP centered at
binding energies 529.97 eV, 531.77 eV, and 534.44 eV are corresponds to
OL, Ovand Oc, respectively. In the case oxide materials, oxygen vacancies
have found to play a significant role in enhancing gas sensing performance.
The presence of Oy can act as more active sites for gas molecules to adsorb
onto the surface of the sensing material. This can result in a higher
sensitivity towards gas molecules and a lower detection limit. As seen in
Figure 4.5(e), the higher relative area of Oy and Oc in compare to O

suggesting the NFP as propitious material for gas sensing application.
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Figure 4.5. (a) Survey scan XPS spectra of NFP, (b) Na 1s XPS spectra, (c)
Fe 2p XPS spectra, (d) P 2p XPS spectra, and (e) O1s XPS spectra of NFP.

4.3.5 Gas sensing studies

Before starting the gas sensing, the current — voltage (I-V)
characteristics of the NFP sensing material was measured under a constant
sweeping voltage between the -5 V to +5 V with step 0.05 V at room
temperature. Figure 4.6(a) illustrates the I-V curve of the NFP sensor tested
by Keithley-2401 sourcemeter, and exhibited the nearly linear -V
relationship. The linear 1-V curve indicated that the current conduction is
mainly enforced by the bulk sensing material instead of Schottky contacts
[39,40]. Different gases have different response characteristics towards
particular material. First, we observed the influence of various gases (CO,
C2HsOH, SO2, NO2, H2S, NH3 and CO3) on the gas sensing performance of
NFP sensor in prospect of variation in electrical resistance at the room
temperature (27 °C). From Figure 4.6(b-h), it can be observed that the
resistance of NFP sensing material increased drastically high in the presence
of CO gas, bringing a relatively highest response value (Figure 4.6(i)) for
NFP material towards CO gas (R = 460.74) compared to other interferring
gases (C2HsOH, R = 53.23; NH3, R = 78.37; CO2, R = 84.36; SO, R = 45;
H2S, R = 49.98; NO,, R = 58.56). Thus, it becomes obvious that NFP
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sensing material provided a better opportunity for selectively distinguishing

CO gas at the room temperature condition.
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Figure 4.6. (a) The current-voltage (1-V) curve of the NFP sensor measured
at room temperature; (b-h) Resistance measurement of NFP sensor when

exposed to different gases, (i) Selectivity study with response value.

Figure 4.7(a-c) shows the electrical resistance variation of the NFP
sensing material when exposed to CO gas at different temperatures above
room temperature. It was observed that the change in resistance was reduced
significantly as NFP material was exposed to gas at higher temperatures,
shown in Table 4.2, with a simultaneous drastic increase in response and
recovery time. As presented in Figure 4.7(d), sensing of 500 ppm CO gas
by the NFP sensor for the 90% change in response at room temperature was
achieved in just remarkable 14 s response time and 3 s recovery time (for
the 20 ppm CO gas, (res = 22 S and Crec = 4 S, Figure 4.7(f)), which was
increased to 109 s and 40 s at 150 °C, respectively. Because the NFP is
polyanionic material, the spin-polarised effect takes place resulting the

higher baseline resistance at higher temperature. At higher temperature,
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there will be a steady state between gas adsoption and desorption, and
because desorption is quite favorable at high temperatures, response will be
reduced [41,42]. This concludes that NFP sensor exhibits superior response

to CO gas at room temperature (27 °C) to 50 °C and weak response at higher

temperature.
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Figure 4.7. (a-c) Resistance measurement of NFP sensor exposed to CO
gas at different temperatures, (d) Response and recovery time
characteristics of NFP sensor exposed to 500 ppm CO gas, (e) Repeatability
test for multiple consecutive cycles, (f) Response and recovery time
characteristics of NFP sensor when exposed to 20 ppm CO gas, and (g)
Response of the NFP sensor towards 20 ppm CO under different relative

humidity at room temperature.
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Thus, NFP material can be one of the best suited sensing material for normal
room temperature (27 °C) to high summer environment condition (50-60
°C). We also examined the repeatability test to this NFP sensor for up to 5
consecutive cycles, as shown in Figure 4.7(e). The sensor maintained its
superior sensing characteristics to CO gas for multiple cycles. For
practically realizing the operation of the gas sensor in real time ambient
conditions, the investigation of RH becomes vital. Humidity is the major
concern in the operation of gas sensors under ambient conditions. Figure
4.7(g) presents the response of the NFP sensor measured under different RH
conditions varying from 50 to 97% for 20 ppm CO exposure. The response
decreases significantly from~220 to~20 as the RH increases from 50% to
97%. Though the response is reduced to~ 20 at 97% RH, it is quite
significant response of the NFP sensor which demonstrated the reliability
of NFP sensor for CO sensing even under harsh humid conditions. In harsh
humid conditions, the adsorption of water molecules at the surface of the
NFP sensing material results in the minimal active sites available to adsorb
CO molecules. Since both the response and available active sites are directly
proportional to each other, both are reduced simultaneously in a harsh
humid condition.

Table 4.2 CO sensing performance of NFP sensor at different
temperatures.

RT(27°C) 50°C 100 °C 150 °C
Response time 14 s 20s 62 s 109s
Recovery time 35 11s 28s 40s

AR (Changein 2085MQ 186 MQ 151 MQ 22 MQ

resistance)

Figure 4.8(a) illustrates the gas sensing studies of NFP sensor by
recording the resistance variation when sensors were exposed to different
CO gas concentrations ranging from 2.5 to 500 ppm at the room

temperature. According to the International Union of Pure and Applied
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Chemistry (IUPAC) defination, the limit of detection (LoD) should be
calculated based on the response signal if the ratio of response signal-to-
noise is greater than 3 [43]. We took 10 data points at baseline resistance
(as shown in Figure 4.8(c)) before CO gas exposure to obtain the root-mean-
square (rmsy,;se). Va2 Was derived using the fifth-order polynomial fit as
per following equation.

V= X —y)? (4.1)

Where y; represents measured data points and y is the corresponding data
points from the curve-fitting. Above obtained V;2 was used to calculate the

MSnoise @S per following equation:

Vi
TMSpopise = N (4- 2)

where N is the number of data points taken in the fifth-order polynomial
curve fitting. Based on the obtained ;2 value in Figure 4.8(C), rmspise
was calculated to be 8.732 X 10*. The LOD of the fabricated sensing

device can be calculated using the following equation [44,45]:

(4.3)

LoD = 3« ' M5noise [stope

where slope was obtained by applying linear regression fit to the relation
between logarithm of gas response and logarithm of gas concentration
(slope = 0.29442, Figure 4.8(b)). Based on the above data and equations,
the LoD was calculated to be 8.897 ppb. The Langmuir adsorption isotherm
model was applied to analyze the adsorption-desorption kinetics of NFP
sensor exposed to CO gas. The response percentage (sensitivity) of the
sensor with respect to CO concentrations follows the Langmuir adsorption
isotherm which is governed by following equation:

_ Smax*K*C
(1+KO)

(4.4)

Where S is sensing response, Smax IS the maximum/saturated sensing
response, K is the equilibrium gas adsorption constant and C is the
concentration of gas adsorbed. The langmuir curve is the representation of

the quantitative relationship between gas sensitivity and concentration
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explicitly [46,47]. As shown in Figure 4.8(d), most of the data fall well on
the Langmuir adsorption isotherm curve, implying that gas responsivity of
the NFP sensor is dominated by the concentration of CO gas adsorption at
the surface of NFP. The high gas sensitivity at low concentrations would be
beneficial for early CO gas detection. In addition, well agreement of data
points with Langmuir adsorption isotherm demonstrates that the mechanism

of CO gas sensing in NFP sensing device is charge transfer.
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Figure 4.8. (a) Resistance versus time for CO concentrations ranging from
2.5 to 500 ppm for the NFP sensor. (b) Sensor response as a function of CO

gas concentration. Inset is a corresponding linear fit of the response and CO
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concentration. (c) Calculation of the rmsnoise using fifth-order polynomial of
10 baseline resistance points. (d) Langmuir adsorption isotherm fit of the
responses with respect to CO concentration at room temperature. (e)
Stability test of the NFP sensor responding to CO gas for 45 days.

The stability is also a crucial property of the gas sensor. Stability of
the NFP sensor was observed for the time cycle of 45 days at fixed
concentration of CO gas keeping at the room temperature 27 °C as shown
in Figure 4.8(e). The sensor shows maximum gas response of 460.74
consistantly for 17 days and it was dropped to ~350 i.e. stability of ~75%
after 45 days. Indeed, this decreased CO response is still higher than the
response towards other interferring gases at the same operating condition.
This decrease in response and stability of the NFP sensor can be referred to
the humidity effect on the NFP film. The material's sensitivity, selectivity
and stability towards CO gas can be improved by optimizing its crystal
structure, doping it with other elements, and controlling its operating
conditions such as tempearture and humidity. Thus, it can be inferred that
NFP sensor can stand as a reliable sensor for practical applications of CO

monitoring.

Table 4.3 summerized the gas sensing properties of the NFP sensor
and those recently reported new solution or composite based sensor towards
CO detection. As compared with recently reported perovskites,
binary/ternary oxides, as well as the reported nanocompsites, the NFP
sensor can operate at RT. Moreover, NFP sensor shows the better response
to CO gas with fast response and recovery times than any other compounds
at RT, indicating excellent potential in the field of sensing harmful CO gas.
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Table 4.3 Comparison of CO sensing performance of NFP sensor with
recently reported CO sensors.

Sensing Transdu Operating Concentrati  Response Response/Recov  Ref.
material cer temperature  on (ppm) ery time
NasFe2(PO4)3 Resistive RT 500 417.58 14/3 s This
(>5000%b) work
RT 20 230 22/4 s This
work
Zno9gMno.1SnOs  Resistive 200 500 4.088 6.6/34 s 48
WO; FET 392 100 80.5 - 49
sensor
Pt NP-CuO Resistor 200 45 25 - 50
NW EMSI
PEDOT:PSS/P  Resistive RT 100 18.5% 58/61 s 40
PA
nanocomposite
MWCNT@Pd Resistive RT 10 3.6% 74/25 s 51
NS
Au-SnO2-co- Resistive RT (4.7 V) 50 3.687 200/325 s 38
decorated (Self
WSz NS heating
mode)
Ag-ZnO/MoS; Resistive RT 100 5.08% 50/40 s 52
nanocomposite
SnO2/MoSe: Resistive RT 100 9.2% 20/16 s 10
SnO>-NaOH Resistive 75 60 32 42/120 s 53

4.3.6 Plausible Sensing Mechanism

Figure 4.9 illustrates the schematic diagram of the proposed gas

sensing mechanism of NFP which is based on the resistance change model

attributable to electron transfer [54,55] during the reversible gas adsorption

and desorption process on the NFP surface. When NFP plate-like based gas

sensor is exposed to ambient environment at room temperature, the oxygen

molecules were adsorbed onto the NFP surface and becomes ionozed to
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form chemisorbed oxygen species O, at room temperature. As it seizes the
electrons from the surface, it leads to the formation of hole accumulation
layer (HAL) near the surface resulting increase in hole concentration and a
decline in resistance The following reaction can take place upon exposure
of the sensing material to the ambient environment and CO gas:

02 (gas) — Oz(adsorbed) (4.5)

O2(adsorbed) — O, (adsorbed) + h* (T<100°C) (4.6)
0> (adsorbed) — 207 (adsorbed) + h* (100 °C < T < 300 °C) (4.7)
2CO (gas) + O, (adsorbed) — 2CO; + & (4.8)
e +h* — Null (4.9)

Under the environment of CO gas, the CO gas molecules reacts with
chemisorbed oxygen species O, and oxidized to form CO>. The generation
of free electrons is due to the reduction of the surface oxygen ions (O2) to
form oxygen vacancies, which can capture the free electrons. The oxygen
vacancies act as electron acceptors, and their concentration increases when
CO gas is present. Moreover, the free electrons generated by the reaction
are captured by Fe?* ions in the NFP material, causing a change in the
electrical conductivity of the material that can be measured and used to
detect the presence of CO gas (eq 4.11). In this process, the electrons are
released back to the sensor surface. Thereby, the combination of these large
numbers of electrons with existing holes reduces the thickness of HAL
prompted to an increase in electrical resistance of NFP. Reversibly, the
electrons are transferred to the oxygen species under the exposure of
ambient environment causing the formation/increase of the thickness of
HAL near the surface, thereby recovers the sensor resistance back to the
baseline resistance. The enhanced sensitivity of NFP to CO gas is mainly
the consequence of the defects and functional groups. As shown in crystal
structure and XPS spectra of NFP, large number of defects and functional

groups are present on surface of NFP. When NFP is exposed to CO
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atmosphere, CO gas molecules can combine with these surface groups of
NFP, such as—0O, NaO, FeOg octahedra, and PO tetrahedra [8]. For example,
the effect of NaO group of NFP can be explained by eq 4.10 followed by
eqs 4.5104.9:

2NaO — 2Na* + Oz + 2 & (4.10)

The effect of presence of FeOg octahedra is given by eq 4.11:
Fe?" + CO +-0; — Fe** + CO, + 2¢ (4.11)

Oz and CO molecules will react with Na* ions at the surface. FeOs is a
coordination complex that contains Fe and O atoms. Fe is a transition metal
that can exist in different oxidation states, and in this material, it exists in
the 3+ state. The FeOs units in NFP are arranged in a three-dimensional
network, which provides numerous sites for CO gas molecules to adsorb
onto. This enhances the interaction between the material and the CO gas,
which leads to a higher sensing performance. FeOs octahedral units are
responsible for the redox activity of the material. They provide sites for the
oxidation and reduction reactions that occur during CO sensing. The Fe
atoms in the octahedral units can easily loss or gain electrons, depending on
the presence of CO. This property allows NFP to detect low concentrations
of CO with high sensitivity. Any distortion in FeOg octahedra and PO4
tetrahedra results in an increase in bulk oxygen mobility which can be
reasonable for enhanced CO selectivity. Furthermore, as confirmed by XPS
characterization (Figure 4.5(e)), high concentration of oxygen vacancies
(Ov ) and surface chemisorbed oxygen are obtained on NFP due to FeOs
and POg distortion, which is crucial to promote the surface reactivity and
enhance the CO selectivity. The presence of sodium, iron and phosphate
ions in the material leads to more number of oxygen species available and
thus, more number of active sites to form the chemisorbed oxygen species
that react with CO gas molecules. Consequently, NFP sensor exhibits

remarkably high response to CO gas.
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Figure 4.9. Schematic diagram of the possible gas-sensing mechanism of
NASICON-type NFP sensors to CO gas.

4.4 Conclusions

In this study, we successfully demonstrated the NASICON-type NFP
battery material as a cost-effective and sustainable new gas sensing
material.. The NFP material fabricated with simple and economical sol-gel
technique and the physico-chemical properties were investigated. The
synthsized material exhibits monoclinic structure in the space group of C2/c
with plate-like morphology. The thick-film NFP sensor was investigated for
sensing characteristics towards different gas environment such as CO, NHs,
CO2, C2Hs50H, NO2, SO, and HS. In particular, the NFP sensor exhibited
superior selective gas sensing characteristics towards CO gas at the room
temperature with very high response value, good stability cycle, fast
response-recovery time and limit of detection to sub-ppb level, which can
be ascribed to the chemical properties of sodium, FeOs octahedra, PO4
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tetrahedra and presence of more number of oxygen in surface reactivity.
This study highlights the NASICON-type NFP as a next generation gas

sensing materials that only employ cost-effective and earth-abundant

elements.
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Chapter 5

W1s0O49 Nanofibers
Functionalized with
Graphene as a Selective
Sensing of NO2 Gas at
Room Temperature

This chapter presents a room-temperature NO: gas sensor based on WisQOas
nanofibers decorated with 2D graphene, coated on Cu interdigitated
electrodes via DC sputtering. The WisO19/Gril.5% sensor exhibited a high
response (~150-160 times) to NO., with an ultra-fast 3 s response and 6 s
recovery time. It demonstrated excellent selectivity, reproducibility (3
months), and stability across 20%-97% humidity conditions, with a 0.3 ppm
detection limit. While WisO4/Gr3% showed higher selectivity,
WisO4/Grl.5% provided superior senmsitivity, attributed to oxygen
vacancies, defects, and strong Cu contacts, making it ideal for

environmental NO: detection.
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5.1 Introduction

This chapter focuses on development of advanced nanostructures to
fabricate the sensor exhibiting room temperature sensing of NOz gas, which
stands out as one of the particularly menacing pollutants, a noxious gas and
being a pervasive pollutant primarily emitted from industrial activities,
fossil fuel combustion and vehicular emissions. Its toxic effects on
respiratory health are well-documented, necessitating stringent air quality
regulatory standards and exposure limits [1-5]. Several renowned agencies
have fixed the air quality standard for NO.. For instance, the NIOSH set the
short-term 15 min NO2 exposure limit to less than 3 ppm and long-term
exposure 8-hour limit to 1 ppm [6]. Addressing these growing
environmental and health concerns, there is an imminent demand for gas
sensor devices with heightened sensitivity and selectively tailored for the
room temperature detection of NO> at minimal concentrations.

In recent literatures, innovative approaches have been explored [7,8]
for fabrication of gas sensors to enhance their performance such as
incorporating 1D nanostructures like nanowires, nanoneedles, nanofibers,
nanotubes, etc. by additional carbon-based materials like 2D nanostructured
Graphene (Gr) [9] to augment their sensing capabilities. One such approach
that received great attention involves the integration of 1D transition metal
oxide nanowires/nanofibers/nanorods, such as tungsten oxide (WOs3 and
W1g049), with Gr to create hybrid nanocomposites with synergistic
properties. WO3 being n-type metal oxide semiconductor with large band
gap (Eg > 2.6) shows excellent sensitivity and selectivity to several gases
such as ethanol, NO2, H2S, and NH3 depending on different operating
conditions. Though WOs is one of the effective materials, making a device
with this for good sensitivity and selectivity to one particular gas at room
temperature is quite challenging [10]. W18O49 (WO2.7) is one of the most
attractive non-stoichiometric forms of tungsten oxide and it has promised
improved sensing results than WOz due to its unique physico-chemical
properties, especially larger oxygen vacancies and surface area [11-13].
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Moreover, the hybrid structures, i.e. WO3 with Gr or W1gOas9 with Gr, not
only provide an increased surface area facilitating for gas adsorption but
also facilitate charge transfer processes, resulting to enhanced gas sensing
performance. Compared to WOs3, the gas sensing applications of W1gOag
hybrid with Gr layered structure are scarce in the literature.

Zhang et al. [14] synthesized W1gOa49 ultrafine nanowires of diameter
0.8 nm to exhibit ultrahigh selective sensitivity of acetone among VOCs.
Qiu et al. [15] reported the construction of W1g049/G nanocomposites for
the detection of ethanol vapors where highest sensitivity of only 16.47 was
obtained at 340 °C high operating temperature. Wang et al. [16] (2020)
proposed a strategy of self-assembly hybrid structure of WO3 nanosheets-
W18049 nanowires composite, which achieved ultra-high sensitivity to 10
ppm NO: gas but at elevated temperature of 160 °C. In 2023, Manoharan et
al. [10] fabricated oxygen-deficient W1gOs9 supported with WS;
heterojunctions to obtain the room temperature sensing of NOx and NHs.
Though, they achieved the desired room temperature sensing at low ppm
(0.6 and 0.5 ppm, respectively), selectivity between NOx and NH3 would
hindrance its practical applications.

In this work, we synthesized 1D nanostructured W1gOs9 nanofibers
integrated with 2D Gr (carbon atom with sp2 hybridization) to fabricate
W18049/Gr hybrid heterojunction. The study emphasized on examining the
alterations in wt% of Gr material to develop the adequate W1s049/Gr-based
gas sensors for selective detection of NO2 gas at room temperature and
atmospheric pressure. Crumpled Gr decorated with W1gO49 nanofibers were
deposited on Cu sputtered IDE. W1gO49 nanofibers serve as active sites for
NO: detection while crumpled Gr offers increased surface area and
roughness that promotes surface adsorption [17—20]. The developed sensor
holds great promise for their applications in industrial safety, environmental
monitoring, and public health, contributing to the mitigation of NO»-related

air pollution and its associated health impacts.
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5.2 Experimental
5.2.1 Chemicals and Gases

All the chemicals and reagents were of analytical grade, which were
used as received without any further purification. Sodium tungsten
dyhydrate (Na2WO4.2H20) was procured from Sisco Research Laboratories
Pvt. Ltd., India. Sodium sulfate (Na2SO4), Potassium sulfate (K2SOs), and
Ethanol (CoHsOH, EMSURE, ACS, ISO, absolute for analysis) were
procured from Merck KGaA, Germany. Graphene powder (1-5 layers thick
x 0.5-5 microns wide, surface area 650-750 m?/g) was purchased from
Strem Chemicals, USA.
5.2.2 Synthesis of WOs or W1s0Oas9 nanofibers

WOs and W18Os9 nanofiber bundles were synthesized via a
hydrothermal method as already discussed in Chapter 2, Section 2.2.3
Synthesis of Sensing Material by Hydrothermal method (Figure 2.3(a)).
WO3s NFs were prepared by adjusting Na,WO4:2H-O solution to pH 1.25
using HCI, followed by adding Na;SOs and K2SO4, and hydrothermal
treatment at 180°C for 16 h. W1gOs9 NFs were synthesized similarly, with
doubled NaxSOs and K>SOs concentrations. The final products were
washed, dried, and used for gas sensing applications.
5.2.3 Synthesis of WO3/Gr or W1sO49/Gr nanocomposite

WO3/Gr and W1g049/Gr nanocomposites were synthesized with slight
modifications to the hydrothermal process as discussed in Chapter 2,
Figure 2.3(b). Different graphene weight percentages (0.5%, 1.5%, and
3%) were dispersed in solution after Na,SO4 and K>SO4 addition, followed
by ultrasonication and stirring for 1 h each. The mixture underwent
hydrothermal treatment at 180°C for 16 h, centrifugation, and vacuum
drying at 80°C for 10 h to obtain the final composites.

5.2.4 Sensor Fabrication
The Cu-based IDE were prepared by PVD technique. Kapton tape as a

shadow mask affixed onto the corning glass substrate in a specific pattern

124



as shown in Figure 5.1. Cu was DC sputtered over the glass substrates in a
pattern, conducted at a power of 9 W to ensure uniform and controlled
deposition of Cu atoms. The resulting IDE electrodes exhibited a thickness
of approximately 375 nm, as determined through FESEM. The IDE design
included electrodes with a width of 0.8 mm and a spacing between electrode
fingers of 0.5 mm. Additionally, contact pads measuring 5 mm x 5 mm were
incorporated to facilitate electrical connections of each Cu electrode. The
sensor was fabricated by adding 10 mg synthesized materials and 4-5 drops
of absolute ethanol in a mortar, followed by thorough grinding sufficiently
until a uniformly blended paste was formed. The paste was then coated by
25 pm gapped doctor blade film applicator, ensuring that it covered the

electrode pattern completely and uniformly.

Substrate with
patterned Keptone

mask

Figure 5.1. (a) Schematic illustration of the preparation of Cu-based IDE
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by DC sputtering, (b) Thickness of the DC sputtered Cu on glass substrate,
and (c) Designing of IDE pattern.

5.3 Results and Discussion
5.3.1 X-ray Diffraction

The XRD patterns are shown in Figure 5.2 to validate the crystalline
phases of the samples. Figure 5.2(a) shows the Rietveld refined XRD
pattern of WOs nanostructures, where all the obtained diffraction peaks
could only be indexed to hexagonal phase structure of WO3 (Ref. File no. —

96-100-4058) in a space group of P6/mmm.
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Figure 5.2. Rietveld refined XRD pattern of (a) pristine WOs3, (b) pristine
W18049 With their respective crystal structure images. (¢) XRD pattern of
W18049/Gr(x%), x = 0, 0.5, 1.5, and 3.

Rietveld refinement to calculate the lattice parameters was carried out
using FullProf software. No peaks are related to any other phases or
impurities were identified. Likewise, Figure 5.2(b) shows the Rietveld
refined XRD pattern of W1gOas9 nanostructures, where all the diffraction
peaks can only be indexed to the monoclinic phase structure of W1gOusg in a
space group of P12/m1 (Ref. File. No.- 96-152-8167). The prominent peaks
at 20 = 23.4 assigned to the reflections from (010) plane of W1gOag. Other
diffraction peaks are less intense and sharp, indicating preferential growth
along (010) direction. The fundamental unit of W1gO49 nanostructures
consists of WOs octahedra, which share corners and edges to form the
overall nanostructure. Moreover, XRD pattern of the W1sO49/Gr(x%) hybrid
nanocomposite materials along with Wi1gOus9 were presented in Figure
5.2(c). Interestingly, no diffraction peaks of graphene were observed due to
the mixing of graphene into the W1gO49 matrix because of the low content
of graphene in the hybrid. The phenomenon is in good agreement with the
prior study [21,22].

Table 5.1 Refined lattice parameters

Sample Crystal Space a(d) b@A) c(A) a B v
structure group (deg) (deg) (deg)
WOs3 Hexagonal P6/mmm  7.344(1) 7.344(1) 3.875(3) 90 90 120
WigOu9 Monoclinic  P12/m1 18.626(8) 3.780(2) 14.058(7) 90  114.950(5) 90
Wi1s040/Gr1.5% Monoclinic P12/m1  18.635(6) 3.782(4) 14.028(6) 90 115 90

5.3.2 Field Emission-Scanning Electron Microscopy (FESEM) of
Pristine samples

Low and high magnification surface morphology of the pristine WO3
and W1g0a49 gas sensing materials are illustrated in Figure 5.3. Pristine WOs3,

Figure 5.3(a, b, ¢), were composed of thin interlaced nanowires and Pristine

127




W1g0O49, Figure 5.3(d, e, f), were composed of thin interlaced porous
nanofibers with diameters ranged from ~10 to ~60 nm. These nanowires
and nanofibers are interlaced among them to form large woven like cluster.
5.3.3 FESEM and High-Resolution Transmission Electron Microscopy
(HRTEM) of Composites

Figure 5.4 shows the FESEM and HRTEM analysis of the best
optimized gas sensing material, W1sO49/Gr1.5% nanocomposite. Figure
5.4(a-d) evidenced the nucleation and growth of W1sO49 nanofibers on
graphene support. 1D W1gO49 nanofibers decorated graphene sheets are
advantageous for enhanced gas sensing characteristics, including a high
surface area, high surface-to-volume ratio, porosity, and surface roughness
to enhance the active sites for fast adsorption of gas molecules. The cross-
section SEM images of a typical fabricated gas sensor were also presented

in Figure 5.5.

Figure 5.3. Low and High magnification FE-SEM images of (a), (b) and
(c) pristine WOs; and (d), (e) and (f) pristine W1gOa49 gas sensing
materials.
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Figure 5.4. (a) Low and (b) High magnification FE-SEM image, (c) and (d)
TEM images, () HR-TEM image, and (f) selected area electron diffraction
(SAED) pattern of the HRTEM image of the optimized W1s049/Gr1.5% gas
sensing material.

TEM images (Figure 5.4(c-d)) agreed well with the FE-SEM analysis.
The HR-TEM image as presented in Figure 5.4(e) demonstrates the
crystalline nature of the W1g040/Grl1.5% hybrid nanocomposites. The
lattice-fringe spacing of the single nanofibers give a d-spacing of
approximately 3.8 A corresponding to the (010) plane of monoclinic
W180a49. Figure 5.4(f) presents the obtained SAED pattern that reveals the
polycrystalline nature of the hybrid nanostructures owing to the
arrangement of both diffraction spots and ring pattern. The diffraction spots
indexed to the (010) and (020) planes of W1gOag, also corroborated by the
XRD image. Additionally, an intriguing feature deduced from the SAED
pattern is the presence of diffraction spots displaying a streaking pattern,
indicative of unequally spaced planar defects aligned with the nanofiber’s
growth axis. Such a phenomenon is intrinsic to W1gOag due to its oxygen
sub stoichiometry, which contributes to the formation of extended planar
defects [23,24].
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(a)

(b)

x 1,500

(c)

Figure 5.5. (a) Front-view of fabricated gas sensor on IDE & SEM image
of a typical fabricated W1gO49-garphene composite-based gas sensor, Cross-
section SEM image of (b) pristine W1gOas9-based sensor on IDE, and (c)
W18049/Gr1.5% -based sensor on IDE.

5.3.4 X-ray Photoelectron Spectroscopy

The efficacy of gas sensitivity relies heavily on the surface condition
of the gas-sensing materials, as gas sensing is primarily influenced by
surface characteristics. XPS analysis was employed to probe the gas sensing
materials for the electronic structures of surface ions, and defects. Figure
5.6 shows the survey scan of pristine WOs3, pristine W1gOag, and W1g0Oag
nanofibers hybrid composite with 0.5 wt%, 1.5 wt% and 3 wt% graphene
sheets. It confirms the presence of elements W and O in all the samples, and
intense C peak due to presence of graphene in hybrid nanocomposite

materials as shown in Figure 5.6(c-¢).
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Figure 5.6. Survey XPS spectrum of pristine and nanocomposite gas-
sensing materials.

The high-resolution XPS spectra of W 4f were revealed in Figure
5.7(a). All W elements in pristine WO3 was observed in hexavalent state,
which aligns with findings reported in prior studies [25]. The W 4f spectra
of pristine W1gO49 and hybrid nanocomposites was deconvoluted into two
doublets, which represents different oxidation states of W atoms. The well-
resolved high intense doublet peaks located at 35.49-35.98 and 37.60-38.09
eV corresponds to W®* oxidation state, whereas the low intense doublet
peaks centered at 34.2-34.3 and 36.19-31 eV agreed with the W°* oxidation
state [26,27]. It confirmed the non-stoichiometric synthesis of W1gQOuag
(oxygen deficient). The O1s spectra were deconvoluted into three doublet
peaks, Figure 5.7(b), with binding energy centered at 529.52-529.83,
530.41-530.72, and 531.6-532.03 eV, which are determined to lattice
oxygen (Ovr), surface chemisorbed oxygen (Oc), and oxygen vacancies
(Ov), respectively [28,29]. W18049/Gr1.5% hybrid nanocomposite has a
lowest O content and a high (Ov+Oc) content, which makes this respective
composition as a propitious material for enhanced gas sensing performance

characteristics.
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Figure 5.7. High-resolution XPS spectra of (a) W 4f, and (b) O 1s orbitals
of pristine and nanocomposite gas-sensing materials.
5.3.5 BET Analysis

Figure 5.8 and Figure 5.9 illustrates the nitrogen adsorption-
desorption isotherm profiles for WigOus9, W18049/Gr1.5% and WOs,
WO3/Gr0.5%, WO3/Gr1.5%, W18049/Gr0.5%, W18049/Gr3%, respectively.
The corresponding evaluation of the BET surface area (m?/g), average pore
size (nm) and pore volume (cm®g) are depicted in the Table 5.2. The

analysis was repeated three times (N = 3) to calculate the standard deviation.
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Figure 5.8. Nitrogen adsorption-desorption isotherms profile of the (a)
pristine W1gO49 and (b) W18049/Gr1.5% samples.

In consonance with IUPAC classification, mesoporous features were
evident in the BET-BJH plots of the WO3 or W1gO49 nanofibers-Gr hybrid
scaffold that shows typical type-1V isotherm with Hs hysteresis loops. The
results revealed a notable trend wherein W1sOa49 exhibits higher surface area
than WO3 and the surface area initially increased with the incorporation of
graphene, peaking at 1.5 wt% Gr content scaffold with W1gOa49 nanofibers.
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Figure 5.9. Nitrogen adsorption-desorption isotherms profile of the (a)
pristine WO3, (b) WO3/Gr0.5%, (¢c) WO3/Grl1.5%, (d) W1gO49/Gr0.5%, and
(€) W18049/Gr3% samples.

Table 5.2 Surface area calculation for pristine and different mol% Gr-
loaded WO3 and W1g0Oao.

Samples Surface Area Average Pore Pore
(m?/q) Size (nm) Volume
(cm®/q)
WO3 6.818+0.004 3.406+0.001  0.034+0.002
WO3/Gr0.5% 34.275x0.006 3.826+0.007  0.081+0.005
WO3/Grl.5% 37.724+0.003 17.392+0.003  0.25+0.002

133




Wi15049 94.392+0.002 4.324+0.003 0.25+0.002
W15049/Gr0.5% 115.347+0.008  3.832+0.002 0.29+0.003
W18019/Gr1.5% 119.233+0.007  3.830+0.001 0.55+0.003
W18049/Gr3% 110.091+0.006  5.627+0.003 0.34+0.001

Subsequently, a decline in surface area was observed upon further
augmentation of graphene concentration (>1.5%) which will affect the gas
sensitivity of the corresponding sensing materials. It can be inferred that the
nanocomposite comprising 1.5 wt% Gr hybridized with W1gOa9 nanofibers,
that exhibits highest surface area of 119.233 m?/g with mesoporosity, is
poised to exhibit the highest sensitivity to NO2 gas, owing to its more active

reaction sites and channels for fast gas adsorption and desorption activity.

5.3.6 Gas Sensing Measurements

The 1-V measurements of both pristine and hybrid nanocomposites on
Cu IDE electrodes were carried out, using a Keithley-2401 Sourcemeter,
with the constant sweeping voltage from -5 V to +5 V with a step of 0.05 V
at room temperature, as shown in Figure 5.10. The linear behavior observed
in the I-V plot suggests that there is a good ohmic contact between the
deposited gas sensing materials with Cu contacts. Also, as seen in Figure
5.10, the increase in the current value of graphene decorated nanofibers
compared to pristine WOz and W1gQOug is obvious because of increase in Gr

content.
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Figure 5.10. I-V measurements of pristine WO3 and W18QOa49, and hybrid
nanocomposites of W1gO49 with graphene on the Cu IDE contacts measured
at room temperature.

The gas-sensing measurements were initiated with the study of
pristine WO3 and Wi1gO49 self-assembled nanofibers-based sensors by
exposing the respective sensors to several gases NHs, Ethanol, NO2, HS,
SO», and CO at room temperature and recording the corresponding change
in signals (resistance), as shown in Figure 5.11. The gas-sensing
measurements were repeated four times (N = 4) for each of the samples.
The observed increase in resistance when exposed to these gases reaffirmed
the n-type behavior of both the sensors. Sensor recovery was achieved by
using a rotary pump to purge the system, followed by exposure to ambient
conditions. It is clearly visible from Figure 5.11(a) that the pristine WO3-
based sensors exhibit non-selective responses to all gases. On the contrary,
Figure 5.11(b), the pristine W1sOao-based sensors own higher resistance
towards NO: gas, but not less towards other gases. Thus, the comparative
study, as seen in Figure 5.11(c), clearly distinguished the W1gQOa49 nanofibers

over WO3 nanostructure and has been thus selected for further investigation
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of the sensing performances of its hybrid nanocomposite with different wt%
of graphene.
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Figure 5.11. Dynamic resistances of pristine (a) WO3z and (b) W1gOa4e-based

sensors, and (c) comparative gas responses under 100 ppm of several gases
at room temperature.

The influence of different weight ratios of graphene in W1gOao/Gr
nanocomposites for gas sensing performances are presented in Figure 5.12.
Figure 5.12(a-f) reflect the dynamic response-recovery characteristics of the
W18040/Gr(x)% (x = 0.5, 1.5 & 3 %) sensor devices, when exposed to 100
ppm of the mentioned gases at room temperature. The effect of increased
graphene content is also evident in Figure 5.12(a, ¢, & €), where the Ra value
decreased from 1.5 MQ for pristine W1gOag to 1.2 MQ for W18049/Gr0.5%,
Figure 5.12(a), and further to 97 KQ for W1g049/Gr3%, Figure 5.12(e),
samples. Moreover, the response to different gases is also affected by the
amounts of Gr loading as well as their specific surface area and (O, Ov,
Oc) contents. The response by pristine W1gOse-based sensors was ~83.85
under the exposure of NO. gas, which was increased to 94.17 for

W18040/Gr0.5% sensors (Figure 5.12(b). Meanwhile, the response gets
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significantly reduced under the exposure of all other gases except NO, with
the increase in Gr content, enhancing the selectivity of the sensors towards
NO2. The W1s049/Gr1.5%-based sensors attained a maximum response
value of ~158 when 100 ppm NO2 gas was injected at room temperature,
which was (~6 to ~30) times higher than that of W18049/Gr1.5% exposed
under other gases and (~2 to ~4) times higher than that of WigOao,

W18040/Gr0.5%, & W18049/Gr3% exposed under similar NO2 gas
environment.
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Figure 5.12. Dynamic response-recovery characteristics of (a) & (b)
W18049/Gr0.5%, (c) & (d) W18049/Gr1.5%, and (e) & (f) W1049/Gr3%-
based sensor devices.
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It is noted through Figure 5.12(e) that W18049/Gr3% sensor revealed
behavioral change from n-type to p-type nature due to high graphene
content. Although the selectivity of the W18O49/Gr sensor (W18049/Gr3%)
enhanced dramatically, the gas response value began to reduce instead. This
behavior is attributed to the enhanced conductivity of WigOase/Gr
nanocomposites sensor imparted by the increased Gr content, which
effectively suppresses the resistance variation in the W18049/Gr3%
embedded structure-based sensor [30,31]. Though the W318049/Gr3%
nanocomposite sensor accomplished best selectivity characteristics, the
W18049/Grl1.5% nanocomposite sensor reveals the good selectivity with
high response value. The high response of W18049/Gr1.5% sensor is also in
well agreement with the XPS and BET analysis, least O, (higher Ov + Oc)
and highest specific surface area, respectively. Thus, W1g0ao/Grl.5%
nanocomposite sensor has been selected for further investigation of the gas
sensing characteristics in this work.

Figure 5.13 demonstrated the dynamic response and recovery
characteristics of W1g049/Gr1.5%-based sensor toward 100 ppm NO2 gas
and zero air to probe the response time and recovery time. Response time
and recovery time are the important parameters of any gas sensing device
to know how quick the respective sensor responds. Response time (TRres)
measured is the time required for a gas sensor to reach 90% change in
resistance from original stable resistance value in the presence of target gas.
And, Recovery time (Trec) IS the time needed for the resistance of a gas
sensor to return to 90% of its original baseline value after the removal of
the target gas. As observed, the W1sO49/Gr1.5%-based sensor exhibits short
response time of 3 s for the 90% change in response and a rapid recovery
time of 6 s in 100 ppm NO2 at room temperature. The rapid response and
recovery times inferred the rapid reaction of large number of NO2 molecules
could happen with oxygen species on W1g049/Grl.5% nanocomposites
resulting quick increase in resistance and rapid desorption of NO2 molecules

for complete removal process, respectively [32].
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Figure 5.13. The response and recovery times of the optimized
W18040/Gr1.5%-based sensor under 100 ppm NO2 gas concentration at
room temperature.

W18049/Gr1.5% hybrid sensors were also evaluated for the sensing
performance by monitoring the alterations in resistance value with time
when sensors were exposed to different low NO2 concentrations ranging
from 1 ppm to 100 ppm at room temperature. The dynamic responses and
corresponding calibration curve of the W1g049/Gr1.5% hybrid sensor are
illustrated in Figure 5.14(a) and Figure 5.14(b), respectively. The
W18049/Gr1.5% hybrid sensor response exhibits a strong linear relationship
in the log-log plot with respect to NO2 concentration. The responses of the
W18049/Gr1.5% hybrid sensors at varying NO2 concentrations of 1, 2.5, 5
10, 20, 35, 50, 75, and 100 ppm are 16.78, 26.15, 36.85, 51.27, 71.01, 94.31,
113.40, 137.90, and 158.18, respectively. This favorable response enables
the Wi1g049/Gr1.5% hybrid sensor to achieve a LoD, minimum
concentration level at which the sensor response becomes distinctly

discernible from the background signal [33], of ~0.3 ppm. The LoD was
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also calculated by the standard 3-sigma approach using following
expression:

LoD =3ad/m (5.1)
Where, o is the standard deviation of the least concentration and m is the
slope of the calibration curve.
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Figure 5.14. (a) Dynamic response towards varying NO> concentrations,
(b) calibration curve at room temperature, (c) 11 repeated cycles and long-
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term stability, and (d) responses towards 5 ppm and 100 ppm NO: in
different relative humidity conditions at room temperature related to
optimal W1gO49/Gr1.5% sensor.

In calibration curve Figure 5.15, the slope (m) of the calibrated curve,
o, and linear regression coefficient were observed as 0.314, 0.025, and
0.992, respectively. Hence, the limit of detection calculated by equation
(5.1) is obtained as 0.239 ppm, which is close to the LoD ~0.3 ppm, as
obtained in logarithmic calibration Figure 5.14(b).

For the practical realization of the efficacy of sensor device,

repeatability, long-term stability and performance under varying humidity
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conditions are crucial criteria for appraising its performance. The
repeatability of the optimal W1sO49/Gr1.5% nanocomposite-based sensor
was conducted for a 11 cycles tests towards 100 ppm NOz at room
temperature as illustrated in Figure 5.14(c), where m and o were calculated
as 4.991 and 8.30669, respectively.
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Figure 5.15. Calibration curve and response of the sensor w.r.t. NO>
concentration.

Outcomes indicate that the resistance of the optimized
W18049/Gr1.5% nanocomposite-based sensor demonstrates outstanding
recovery to its initial baselines (Ra = ~0.13 MQ) throughout the 11 testing
cycles, highlighting its excellent repeatability. The optimized
W18049/Gr1.5% nanocomposite-based sensor was then undergoing long-
term stability test every alternate day for 3 months under the exposure of
100 ppm NO: at room temperature without humidity control. It was
observed that the response of the W1s049/Gr1.5% nanocomposite-based
sensor was not exactly constant as of the initial response value, rather
fluctuates within 3% with respect to initial value (m = 154.181, ¢ = 1.168).
Thus, W18049/Gr1.5% nanocomposite-based sensor fabricated in this study
exhibits outstanding stability. Figure 5.14(d) elucidates the relationship
between response of W1gO49/Grl.5% nanocomposite-based sensor and
relative humidity (RH) from 20% to 97% under 5 ppm and 100 ppm NO>
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gas environment at room temperature. Under both the low and high NO>
concentrations, the optimal W1g049/Gr1.5% nanocomposite-based sensor
maintained its initial response value with the fluctuation within 10%, which
demonstrated the reliability of the fabricated sensor even under harsh humid
conditions. The stability of W18049/Gr1.5% nanocomposite-based sensor
across a wide range of humidity could be attributed to the hydrophobic
nature of graphene, which minimizes the impact of water molecules on the
sensing surface. Additionally, W1gOs9 nanofibers maintain their interaction
with NO- despite the presence of moisture, due to their intrinsic properties
and the hybrid structure that allows for efficient electron transfer and
adsorption. Given the outcomes, it can be thus conclusively stated that the
optimized W13049/Gr1.5% nanocomposite-based sensor holds promising
potential to detect NO> gas at room temperature in practical applications.
Table 5.3 summarizes the gas-sensing performance of previously
reported sensors based on WOs3, W1g0Oa9, and its composites towards NO>
gas with our present work, W1sO49/Gr1.5% nanocomposite-based sensor. It
is obvious to note that the majority of pristine or hybrid sensors based on
WOy operated at elevated temperatures. In contrast, our proposed
W18049/Gr1.5% nanocomposite-based sensor, as tested in this present work,
exhibits significantly enhanced selective sensitivity towards NO> gas while
operating at RT, LoD of ~0.3 ppm, along with rapid response time and
recovery time. Moreover, the device’s sensitivity and reliability can further
be enhanced through the modification of graphene and W1gOas9 hybrid

structure.
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Table 5.3. Comparison of NO- gas sensors based on tungsten oxide and its

composite structure from earlier publications and this work.

Sensing Operating Concentration Response Response/Reco Ref.
Materials temperature (ppm) very time
€O ()
WOQO/PS RT 2 3.37 120/1200 [34]
SnO,/WO3 RT 200 1.96 110/- [35]
WOs3 Hollow RT 0.3 15.1 670/2940 [36]
spheres
Wi18049/CuO 50 1 74 - [37]
core-shell
nanorods
Plate-like RT 30 4.8 2.5/1.1 [38]
NiO/WOs3
WSo/ W1g0Oa9 RT 5 35 771690 [10]
100 =158 3/6
Wi15049/Gr1.5% RT 5 ~36.85 3/9 This
work
1 ~16.78 9

5.3.7 Plausible Gas Sensing Mechanism

The exceptional NOz gas-sensing performance of the W1gO49/Gr1.5%
nanocomposite-based sensor can be attributed to several synergistic
interactions between W1sOs9 nanofibers and graphene sheets, facilitating
efficient gas adsorption, charge transfer, and long-term signal stability even
under varying humidity conditions. The high surface area and abundant
active sites of W1gOs9 nanofibers promote effective NO> adsorption, while
the crumpled graphene sheets enhance the dispersion of W1gOag, preventing
agglomeration and increasing the available surface area. Figure 5.16
demonstrates the schematic illustration of the plausible NO. sensing

mechanism based on the resistance change model attributable to electron
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transfer while adsorption-desorption process. When the sensor is brought to
ambient air atmosphere from vacuum, the oxygen molecules adsorbed onto
the surface and ionized to form O; oxygen species at RT (eg. 5.2, 5.3).

02 (gas) — Oz (ads) (5.2)

O2 (ads) + e™— 05 (ads) (T < 100°C) (5.3)

Upon exposure to NO», the gas molecules adsorb onto the surface of the
W1g049 nanofibers and graphene sheets, leading to electron transfer
processes that significantly impact the electrical resistance of the composite.
W18049 nanofibers, being n-type semiconductors, release electrons when
NO., an oxidizing gas, adsorbs onto their surface. The interaction can be
described by following reaction[39] (eq. 5.4-5.7):
NO: (gas) + e"— NO, (ads) (5.4)

This adsorption process depletes electrons from the conduction band of
W180a9, increasing its resistance. In the presence of graphene, which has a
high electron mobility [40] and large surface area, the composite structure
facilitates efficient electron transfer and enhances gas adsorption. The
graphene sheets act as conductive channels, aiding in the rapid transport of
electrons and amplifying the sensor’s response to NO.. Additionally, the
high BET specific surface area of W1g049/Gr1.5% nanocomposite increases
the number of active sites for NO2 adsorption, while XPS analysis shows
that W18049/Gr1.5% has the low concentration of O and high (Ov+Oc)
content. These characteristics act as additional adsorption sites, further
depleting electrons and increasing resistance:

NO: (gas) + Ovac + e~— NO; (ads) (5.5)
NO:z (gas) + 05 (ads) + 2e~ — NO, (ads) + 20~ (ads) (5.6)
NO; (ads) + 0; + e~ — NO2 (gas) + 20~ (ads) (5.7)

When the NO: gas is removed, i.e. W1g049/Gr1.5% nanocomposite-based
sensor under dry synthetic air, the adsorbed NO; (ads) ions release the
captive electrons back to the W1sO49 nanofibers, leading to a decrease in

resistance and a return to the initial state i.e. baseline resistance level. The
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fast recovery is due to the effective desorption of NO, from the active sites,
aided by high conductivity of graphene which quickly re-establishes the
original electron distribution. Owing to above mentioned synergy,
W18049/Gr1.5% nanocomposite-based sensor exhibited prominent gas

sensing properties.

In Air In NO, gas
R, <R

o
: A\
Electron Transport \
0

N

Depletion Layer

A
C

Figure 5.16. Schematic illustration of the plausible gas-sensing mechanism
of the W1gO49/Gr nanocomposite sensor in ambient air and NO- gas.

5.4 Conclusions

In summary, the pristine WO3, W18049 nanofibers, and the
W18049/Gr(x%) nanocomposite were successfully synthesized by simple
hydrothermal method, where the pH of 1.25 was kept constant for all
solution and varied the concentration of precursors. Specifically, in
W18049/Gr1.5% nanocomposite, W1sOs9 nanofibers grown on graphene
support and formed the self-assembled hierarchical structure, consisting of

145



interlaced nanofibers. The synthesized nanocomposites deposited onto Cu
sputtered IDE presents a promising avenue for achieving selective detection
of NO> gas at room temperature. Through systematics gas-sensing
experiments, it has been demonstrated that the optimal W18049/Gr1.5%
nanocomposite-based sensor exhibited unparalleled sensitivity (under 100
ppm NO2z, R = ~158, Ra = ~0.13 MQ, Rg = ~20.5 MQ) across the broad
range of relative humidity from 20% to 97%. The respective sensors
established quick response time (3 s) and rapid recovery time (6 s), along
with the possible LoD ~0.3 ppm. Moreover, the observed repeatability and
stability of the W18049/Grl1.5% nanocomposite sensor response over
extended periods (3 months) underscores its viability for long-term
monitoring. To encapsulate, the synergistic effects of W1gOag nanofibers
and graphene, including enhanced surface area, efficient charge transfer,
and reduced moisture interference, collectively make the W1g049/Gr1.5%
nanocomposite a highly effective and reliable sensor for detection of NO>
in diverse environmental conditions, demonstrating excellent potential for

practical applications.
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Chapter 6

W 18049 Nanowires
Interlinked Network on
FTO for Selective NO:
Gas Sensing

This chapter introduces the direct growth of WOs and W1gOag
nanowires on patterned fluorine-doped tin oxide (FTO) by a hydrothermal
technique, obviating the necessity for traditional IDE designs based on Pt,
Ag, Au or Cu. The resulting W1gO49 nanowires network exhibits a distinctive
interconnected morphology which facilitates the selective detection of NO>
gas with significantly superior response value, in contrast to WOs3
nanowires. The W1gOs9 nanowires network further demonstrates quick
response and recovery time compared to WOz nanowires network. In
contrast to powdered forms that generate nanowires without
interconnectedness, direct growth on patterned FTO results in a robustly
networked nanowire structure crucial for enhanced gas sensing

performance.
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6.1 Introduction

As discussed in previous chapter, NO> is classified among the critical
air pollutant having severe hazardous effects on both environment and the
human health [1-4]. Despite advancements in sensing technologies,
attaining high selectivity and sensitivity for NO2 in the presence of
interfering gases remains a substantial challenge, necessitating the
investigation of novel sensing materials and architectures [5-9].

As seen in chapter 5, WO3 have become prominent contenders for
NO. gas sensing owing to their chemical stability, elevated surface
reactivity, and tunable electrical characteristics. W1gOa9, among its sub-
stoichiometric phases [10-12], has garnered significant interest due to its
elevated oxygen vacancy density, facilitating efficient adsorption and
desorption of gas molecules, a vital factor in enhancing gas-sensing
performance. Notwithstanding these inherent benefits, the conventional
configuration of WOz and W13O49-based gas sensors often employ powder-
based films or randomly oriented nanostructures. These approaches
encountered limitations such as slower response and recovery times, limited
charge transport pathways, inefficient gas adsorption because of uneven
surface exposure. To overcome these limitations, the design of sophisticated
structures with enhanced connectivity and morphology is essential.

Typically, the gas sensors often utilize ceramic tubes/plates or glass
as substrates with Au or Pt-based two-point or four-point contacts different
IDE pattern printed on it using precise lithography or printing techniques
[13-15]. The gas-sensing materials are coated on these prefabricated
electrodes by a doctor-blade, screen-printing or drop-coating method, and
annealed at an elevated temperature to form the film for gas-sensing. While
stable and durable, they come with several drawbacks such as high
fabrication cost and complexity of the device [16,17]. Additionally, the
deposition of active sensing materials on these IDEs often introduces
significant interfacial resistance due to weak adhesion and contact with the

sensing material, uneven distribution, and limited electrical conductivity,
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which can adversely affect sensor performance with reduced sensitivity
[18-22].

This study deals with the direct growth of nanostructures on pre-
patterned conductive substrates, FTO, representing a transformative
approach for enhancing gas sensing performance [23-25]. Through the
integration of active sensing material with pre-patterned conductive
substrates, this strategy minimizes interfacial losses, promotes efficient
charge transport, and enables precise control over nanostructure
morphology. In this work, W1gO49 nanowires grown directly on patterned
FTO substrates provide a viable solution. The resulting interconnected
morphology of the nanowires, characterized by thin interlinking features,
resembles a highly interconnected fibrous network, providing enhanced
surface area and efficient electron transport pathways. Such an approach not
only enhances the interaction with gas molecules but also accelerates the
charge transfer dynamics, leading to improved sensing performance.
Comparative studies with powder-based W1sO49 and WO3 sensors highlight
the critical role of the interconnected network and the direct substrate
integration in achieving superior gas-sensing performance. The findings
underscore the potential of W1sOas9 networked nanostructures in advancing
selective and efficient NO2 gas sensing, offering a pathway for further

innovations in environmental monitoring.

6.2 Experimental
6.2.1 Materials

Na;W04.2H,0; 99.9%; Sisco Research Laboratories Pvt. Ltd., India.
Na2SOs; 99.9%, K2S04; 99.8%, and Absolute C.HsOH (EMSURE, ACS,
ISO, absolute for analysis) were procured from Merck KGaA, Germany.
Zinc powder (Zn) for etching, HCI (37% wi/w), Fluorine-doped tin oxide
(FTO; sheet resistance: ~13€)/sq) were procured from Sigma-Aldrich.

6.2.2 Material Synthesis and Device Fabrication
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Figure 6.1. Schematic representation of pattern formation and fabrication

of W1g0O49 nanowires network on patterned FTO.

First, the pattern for two-point electrical contacts, as shown in Figure
6.1, were formed on FTO substrates using chemical etching with
concentrated HCI and Zn powder. The FTO substrates were then cleaned
with DI water, ethanol and acetone by ultrasonic treatment. Meanwhile, the
precursor solution for the synthesis of W1gOus9 Was prepared by dissolving
0.15 M Na;WO0..2H20 into 4:1 mixture of DI water and ethanol. The pH of
the solution was then adjusted to 1.20 from 8.7 by adding 2 M HCI
dropwise. For W1gQOsg9, 0.07 M concentrations of both NaxSO4 and K2SO4
were added, while 0.035 M concentrations of both were added for yielding
WOs. After vigorous stirring, the resulting solution and the patterned FTO
substrates were transferred to a Teflon-lined autoclave for hydrothermal
treatment at 180 °C for 16 hours. Post synthesis, the substrates were washed
with DI water, dried at room temperature and subsequently heat treated at

100 °C for 10 hours to remove organics.

6.3 Results and Discussion
6.3.1 X-ray diffraction Analysis

The crystalline structure and phase purity of the WO3 and W1gOag
NWs synthesized on patterned FTO substrates were identified using powder
XRD analysis. All the diffraction peaks in the XRD pattern of pristine WOs3
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NWs and WOs NWSs/FTO (Figure 6.2(a)) could only be indexed to the
hexagonal phase structure in a space group of P6/mmm (Ref. file no. 96-
100-4058). Likewise, all the diffraction peaks in the XRD pattern of pristine
W18049 NWs and W1g049 NWS/FTO (Figure 6.2(b)) could only be indexed
to the monoclinic phase structure in a space group of P12/m1 (Ref. file no.

96-152-8167).

(@) —— WO,/FTO (b)

—— W,40,/FTO

(010) [ g (010)

(200)

% (100) ﬁ(mﬂ)
- oony [ (001)

Intensity (a.u.)
Intensity (a.u.)

—FTO

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20 (Degree) 20 (Degree)

Figure 6.2. XRD patterns of (a) bare FTO, pristine WO3 powder, and WO3
NWs grown on FTO hydrothermally, and (b) bare FTO, pristine W1gOag
powder, and W1gO49 NWs grown on FTO hydrothermally.

The intensive distinct peak at 20 = 23.4° correspond to the (010)
planes, indicates preferential growth of W1sO49 NWs along [010] direction.
The Rietveld refined XRD patterns of both the WOz NWs/FTO and W1gQOag
NWSs/FTO samples, calculated using FullProf software, are shown in Figure
6.3 and the obtained lattice parameters are summarized in Table 6.1.
Interestingly, no diffraction peaks corresponding to the FTO were observed
in the XRD patterns of both WOz NWSs/FTO and W1g049 NWS/FTO,
suggesting complete coverage of the substrate by the respective sensing

material.
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Figure 6.3. Rietveld refined XRD pattern of (a) WOz NWs grown on FTO
hydrothermally, and (b) W180s9 NWs grown on FTO hydrothermally, with

their respective crystal structure images.

Table 6.1. Rietveld refined lattice parameters

Sample Crystal Space a(&) Db@A) cA) a B Y
structure group (deg)  (deg) (deg)

WO; Hexagonal P6/mmm  7.344(1) 7.344(1) 3.881(4) 90 90 120

NWSs/FTO

Wig0u9 Monoclinic  P12/m1  18.668(6) 3.859(3) 14.181(8) 90  114.767(7) 90

NWSs/FTO

6.3.2 FE-SEM and HR-TEM Analysis
The morphological characteristics of the WO3s NWs/FTO and W1gOag

NWSs/FTO samples were investigated using FESEM. Figure 6.5(a-f) reveals
the dense and highly interconnected network of WO3z and W1s049 Nanowires
(Mean diameters of 68 + 1.53 nm and 31 £ 2.95 nm, respectively) grown
directly on patterned FTO substrate, while in the FESEM images of WO3

158




and W1gO49 synthesized without support of FTO, Figure 6.4, show random

clustering of nanowires with no interconnectivity.

o 8 X 30000

Figure 6.4. FESEM images of (a, b) WOs powder, and (c, d) W1g0ag
powder samples synthesized without support of FTO.

These morphological differences underline the importance of FTO
substrate. The role of FTO substrate could be particularly significant in
enhancing gas-sensing performance. The patterned FTO not only ensures
effective electrical contact but also provides a textured surface that
influences the growth of nanowires. This results in the unique interlinked
uniform nanowires network observed in both WO3 NWs/FTO and W1g0ag
NWSs/FTO samples, which facilitates gas molecule diffusion and
adsorption. Additionally, the presence of FTO may suppress undesirable
recombination of charge carriers by providing a conductive pathway,
enhancing the overall response of the sensors.
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Figure 6.5. FESEM images of (a, b, ¢) WOz NWSs/FTO, and (d, e, f) W1gOag
NWSs/FTO at various magnifications. HRTEM and EDS images of (g, h, 1)
WOs-based samples, and (j, k, 1) W1gOag-based samples.

The HR-TEM analysis provides deeper insights into the crystallinity
and lattice structure of the NWSs. A close examination of the TEM images
of WO3 and W1gOs9-based samples (Figure 6.5(g, j)) revealed thinner
nanowire diameters of 16.97 + 2.77 nm and 11.21 + 1.80 nm, respectively.
The HR-TEM images of WOz NWs and W1g049 NWs (Figure 6.5(h, k))
exhibited a distinct lattice fringe spacing of 3.8 A and 3.9 A, respectively,
corresponding to the (001) and (010) plane of hexagonal WOs3 and
monoclinic W1gOag, respectively. Furthermore, EDS images revealed
stoichiometrically well-distributed W and O on the surface of WOz and
W18049 NWs (Figure 6.5(i, I)).
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6.3.3 X-ray photoelectron spectroscopy Analysis

The XPS analysis was employed to evaluate the surface chemical
composition and oxidation states of WOz and W10 nanowires. The
Shirley background and C 1s line (284.5 eV) were used to calibrate the
spectra. The survey spectra, Figure 6.6(a), confirmed the presence of W and
O as the primary elements, with no detectable impurities. High-resolution
W 4f spectra for WO3-based samples exhibit two characteristic peaks at
binding energies of 35.6 eV and 37.7 eV, corresponding to W 4f7> and W
4fsy, of the WE* oxidation states, indicative of the stoichiometric WO3 phase
[26,27]. In contrast, W 4f spectrum for WigOas9-based samples, Figure
6.6(b), is deconvoluted into two additional peaks at 34.3 eV and 36.5 eV,
associated with W 4f7, and W 4fs, of the W°* states, confirming the
oxygen-deficient nature of the W1sOu9 phase [28]. The O 1s spectra, Figure
6.6(c), for both samples were deconvoluted into three distinct peaks: lattice
oxygen (O, 529.7-529.8 eV), oxygen vacancies (Ov, 530.4-530.6 eV), and
chemisorbed oxygen species (Oc, 531.7-531.8 eV). In W18049 NWS/FTO,
the proportion of the O decreases, while the percentage content of the (Ov
+ Oc) increases, consistent with the oxygen-deficient nature of the W1gQOag
phase. These findings aligned with W1gO49 NWS/FTO are critical for
enhancing gas-sensing performance by facilitating increased adsorption and
reaction of gas molecules on the nanowires surface.
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Figure 6.6. XPS spectra of (a) survey scan, (b) W 4f, and (c) O 1s regions
for WO3 NWs and W1gO49 NWS.
6.3.4 BET Analysis

Figure 6.7 illustrates the nitrogen adsorption-desorption isotherm
profiles for WO3 and W1gO49 NWs synthesized without the support of FTO
substrates and Figure 6.8 is the isotherm profiles for WOz and W1sO49 NWs
prepared with the support of FTO.
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Figure 6.7. Nitrogen adsorption-desorption isotherms for (a) WOz NWs,
(b) W1gOa9 NWs synthesized without the support of FTO.

The BET surface area, average pore size, and pore volume of the
synthesized samples were computed, as summarized in Table 6.2. The
W1g049 NWSs, synthesized without the support of FTO, exhibits a
significantly higher specific surface area and larger average pore size
compared to WOs NWs powder, highlighting the porous and oxygen-
deficient structure of W1gOao. For the NWs grown on FTO substrates, the
BET analysis reveals a substantial enhancement in specific surface area for
both WOz and W1s049 NWs, with W1s049 NWs/FTO showing a markedly
superior surface area and porosity. This increase in surface area for W1gQOag
NWSs/FTO samples can be attributed to their highly interconnected
architecture with the reduced NWs’ diameter significantly, as well as the
presence of structural defects such as increased Oc and Oy, which contribute

to the formation of additional active sites. It can be inferred that the W18Oa9
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NWs/FTO-based sensor device, that exhibits highest surface area of
104.273 + 0.008 m?/g with mesoporosity, prompted to have enhanced
surface reactivity and adsorption capacity, key factors for improving gas-

sensing performance.
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Figure 6.8. Nitrogen adsorption-desorption isotherms for (a) WOz NWs,
(b) W1g0Oa9 NWs synthesized with the support of FTO.

Table 6.2. BET specific surface area, average pore size and pore volume
calculation.

Samples Specific Average Pore  Pore Volume
Surface Area Size (nm) (cclg)
(m*/g)
WOs 6.818 £0.004  3.406 +0.001  0.034 +0.002
Wi15049 40.133 £0.002 5.422+0.009 0.240 £ 0.006

WO3 NWSs/FTO 31.318 £+ 0.005 3.238+0.004 0.182 +0.007
Wi1s029 NWS/FTO 104.273 £0.008 5.344 +0.005 0.241 +0.005

6.3.5 Gas Sensing Analysis

The gas-sensing performance of the WOz NWSs/FTO and W1gOae
NWSs/FTO sensors was systematically examined by positioning the sensors
in a calibrated gas-sensing set-up. The investigation began with an electrical
characterization I-V measurements over a DC bias voltage range of -5 V to
+5 V to confirm the electrical connectivity and stability of the fabricated
devices. The linear I-V characteristics, as shown in Figure 6.9(a), indicates

the formation of stable ohmic contacts between the nanowires-based
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sensing materials and the FTO electrodes, ensures consistent resistance-
based measurements. Following the |-V characterization, the gas-sensing
performance of the sensors were observed under the exposure of several

calibrated test gases (CO2, ethanol, CO, NHsz, NO.), commercially

purchased.
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Figure 6.9. (@) Current-Voltage (I-V) analysis of WOz NWs/FTO and
W18049 NWSs/FTO sensors; Response of (b) WO3s NWs/FTO and (¢) W1gOag
NWSs/FTO sensors toward 100 ppm analyte gases at 25-150 °C; (d) Cross-
selectivity comparative analysis of the WOs NWSs/FTO and W1gOug
NWSs/FTO sensors.

The responses of the WOz NWs/FTO and W1gO49 NWS/FTO sensors
to 100 ppm test gases were first investigated across a temperature range of
RT-250 °C (Figure 6.9(b), Figure 6.9(c)), and the operating temperature and
cross-selectivity were probed. The sensors exhibited n-type sensing
behavior, in which the resistance increases upon exposure to oxidizing gas
(NO2) and decreases upon exposure to reducing gas (CO, NHs, CO,
ethanol), and returns to its initial resistance in the presence of air. Both the
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sensors demonstrated maximum response to NO2 gas and at 100 °C, a
temperature at which the adsorption-desorption kinetics of NO2 molecules
are most favorable.

100
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Figure 6.10. Response of WOs NWs coated on FTO, by doctor-blade
coating method, toward 100 ppm analyte gases at 25-250 °C.

The lower operating temperature for these sensors, as compared to the
WO3 NWs coated on patterned FTO using doctor-blade coating method by
forming paste (Operating temperature = 200 °C, Figure 6.10), can be
attributed to the direct growth of NWs on FTO via hydrothermal synthesis.
This enhances the interface between the sensing materials and the substrate,
allowing for better charge transport and efficient gas molecule interaction,
thereby reducing the energy requirements for sensor activation.

As shown in Figure 6.9(d), the cross-selectivity of both the sensors
were illustrated by comparing the responses of both the WO3 NWs/FTO and
W18049 NWS/FTO sensors towards 100 ppm interfering gases at operating
temperature. The W1gO49 NWSs/FTO sensor shows the highest response of
~152 for 100 ppm NO2, outperforming the WOz NWSs/FTO sensor (R ~
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110). The selectivity factors of the WO3 NWs/FTO sensor for 100 ppm NO:
were calculated to be Rno2/Rco2 = 7.3, Rno2/Rethanol = 5.5, Rno2/Rco = 3.4,
and Rnoz2/RnHz = 2.2. The selectivity factors of the W10 NWSs/FTO sensor
for 100 ppm NO- were calculated to be Rno2/Rcoz2 = 9.5, Rno2/REthanol = 6.1,
Rno2/Rco = 3.6, and Rno2/RnHs = 2.3. Thus, it is evident that both the sensors
exhibit significantly higher response to NO> compared to other interfering
gases, and W18049 NWS/FTO sensor exhibits 1.38 times improved gas-
sensing performance compared to WO3 NWSs/FTO sensor.

Afterward, the dynamic gas-sensing response between the WO3
NWSs/FTO and W1g0s9 NWS/FTO sensors were compared at varying
concentration of NOz gas ranging from 1 ppm to 500 ppm at the optimized
operating temperature of 100 °C (Figure 6.11(a)). With the increase in NO>
gas concentrations from 1 ppm to 500 ppm, the response values of WOs3
NWs/FTO and W1gO49 NWS/FTO sensors increase from 12.22 to 142.71
and 18 to 216.40, respectively. The graph reveals a clear and systematic
linear increase in response of both sensors with increasing NO:2
concentration. Notably, the W1gO49 NWS/FTO sensor exhibits a superior
response even at low concentrations, achieving R of ~18 at 1 ppm NO>. The
theoretical LoD for W1g0s9 NWSs/FTO sensor was found to be 3 ppb,
whereas for WO3 NWs/FTO sensor, the LoD was found to be 9 ppb (Figure
6.11(b)). Both the sensors exhibit excellent reversibility behavior after each
cycle, as evidenced by their complete recovery at all concentrations. Next,
as shown in Figure 6.11(c), the dynamic response (Tres) and recovery (Trec)
times of both the sensors were also accessed for the 90% change in response
during analyte gas adsorption and desorption, respectively. The transient
profile of W1g0s9 NWS/FTO sensor towards 100 ppm NO- exposure at 100
°C demonstrates a rapid response time of 9 s and recovery time of 20 s,
markedly faster than the corresponding values of 24 s and 31 s observed for
the WOz NWSs/FTO sensor. Consequently, the W1g0s9 NWS/FTO sensor
consistently outperforms the WOs NWSs/FTO sensor, exhibiting

significantly higher responses at all concentrations of NO2, impressive LoD,
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and remarkable quicker response and recovery time. This enhanced gas-
sensing characteristics of the W1gO49 NWSs/FTO sensor reflects the critical
influence of the unique Wi1gO49 nanowires interlinked network, which
provides efficient gas diffusion pathways and accelerate the adsorption-
desorption kinetics. Additionally, the higher density of oxygen vacancies
and chemisorbed oxygen species, significantly larger surface area and pore
volume of W1gOs9 NWs over WOz NWs amplify its gas-sensing response
by providing abundant active adsorption and interaction sites for analyte
molecules.

To further validate the practical applicability of the W1g019 NWSs/FTO
sensor, the gas-sensing characteristics such as repeatability, long-term
stability and performance under relative humidity, were assessed at 5 ppm
NO., a concentration closer to real-world exposure levels in environment
and industrial scenarios. The repeatability performance, conducted over 15
consecutive cycles as shown in Figure 6.11(d), demonstrated consistent
sensor responses with negligible deviation, confirming the excellent
reproducibility of the device. The long-term stability test of the W1g0ag
NWSs/FTO sensors was assessed by monitoring its response values over a
period of 60 days, every fifth day, towards 5 and 100 ppm NO2 at 100 °C
(Figure 6.11(e)). The sensor maintained its initial response (43.66 and 152,
respectively) without any noticeable change, indicating its exceptional
long-term stability, an essential characteristic for practical deployment.

Further, the influence of RH on NO2-sensing performance was
investigated at different RH levels of 47%, 75%, 87%, and 97.5% for three
identical W1gO49 NWSs/FTO sensors (Sample A, B, and C), developed under
identical conditions, maintaining consistent synthesis process and the
analysis environments for gas-sensing performance, Figure 6.11(f). All the
three sensors exhibited a response of 43.66 at 47% RH, with a negligible
mean deviation in the performance, which showed a gradual decline to 43.2,
40, and 35 at 75%, 87%, and 97.5% RH, respectively. This decline can be

attributed to the competitive adsorption of water molecules at higher RH
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levels, which partially obstruct active sites for NO interaction. Despite this,
the sensor maintained robust performance under high RH conditions,
indicating its potential for real-world applications where humidity
fluctuations are inevitable.
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Figure 6.11. (a) Dynamic response for WOz NWs/FTO and W1gOag
NWSs/FTO sensors towards varying concentrations of NO2 (1-500 ppm); (b)
Calibration curve of WOz NWSs/FTO and W18049 NWs/FTO sensors for
relation between response and NO. concentration (1-200 ppm); (c)
Transient performance of the WOs NWs/FTO and W1g0s9 NWS/FTO
sensors; (d) Repeatability of the Wi1gOs9 NWS/FTO sensor for 15
consecutive cycles; (e) Stability of the W1s049 NWS/FTO sensors over a
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period of two months; (f) Performance of the three identical W1gOag

NWSs/FTO sensors under different RH levels.

Finally, the gas-sensing performance of W1gO49 NWSs/FTO sensor was

compared with the previously reported sensing materials for the sensing of
NO- gas. Table 6.3 clearly evidenced that W1g049 NWs/FTO sensor exhibits

a considerably high response and is a highly effective sensing device for the

selective detection of NO2, with a rapid response/recovery time.

Table 6.3. Comparison of NO. gas sensors based on pristine WOz and

W18049 Nanostructures synthesized by different technique.

Sensing Operating  Concentration Response TRres/Trec Ref.
Materials  Temperature (ppm) (sec)
(§(®)
W15049 150 25 10.2 78132 [29]
nanowires
WOs3 200 1 12.52 11/26 [30]
nanofibers
WOs 200 1 (100) 6.78 (13/17)  [31]
nanoflowers (55.9)
WOs 150 50 38 82/325  [32]
nanosheets
WOs3 3-D 150 100 55.5 9/225 [33]
microflowers
WOs3 100 100 110 24/31 This
NWs/FTO Work
W180a9 100 100 152 9/20
NWSs/FTO 5 43.66 7/19 This
1 18 Work
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6.3.6 Plausible Gas Sensing Mechanism

Figure 6.12 illustrates the plausible gas-sensing mechanism of the
W18049 NWS/FTO sensor, involving surface related redox reaction by the
depletion region variation The gas-sensing mechanism of Wi1g0Oa
nanowires grown on patterned FTO is governed by surface reactions and
charge carrier modulation, facilitated by the unique properties of the
nanowires and the conductive substrate. As an n-type semiconductor,
W18049 NWs primarily rely on the interaction of adsorbed gas molecules
with free electrons in their conduction band. The gas-sensing process
initiates with the adsorption of oxygen molecules from ambient air onto the
W18049 NWs surface at elevated temperatures. These oxygen molecules
extract electrons from the conduction band of W1sOa49, forming negatively
charged oxygen species, 05, 0™, or 0?~, as described by the following

equations:

02 (9) — Oz (ads) (6.1)

O2 (ads) + e~— 05 (ads) (T <150°C) (6.2)

05 (ads) + e~ — 207~ (ads) (150°C<T<300°C) (6.3)
The formation of these oxygen species creates a depletion region near the
surface of the NWs, reducing the electron density in the conduction band
and increasing the material’s resistance. This behavior is characteristic of
n-type semiconductors, where electron withdrawal decreases the overall
conductivity.

Upon exposure to NO> gas, which is a strong oxidizing agent, NO:
molecules interact with the adsorbed oxygen species or directly with the
surface of the nanowires. These interactions further extract electrons from
the conduction band, enhancing the surface depletion region and causing a
significant increase in resistance.

NO2 (g) + e~— NO, (ads) (6.4)
NO:z (g) + O~ (ads) —» NO; (ads) (6.5)
The high density of Ov and Oc in W1g049 NWSs play a crucial role in

enhancing gas-sensing performance. These vacancies act as active sites for
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gas adsorption, improving the interaction with oxygen and NO2 molecules.
As a result, W1gOs9 NWSs exhibit superior sensitivity and faster response
compared to WO3 NWs.

During the recovery phase, when the sensor is exposed to a clean-air
environment, the adsorbed NO. molecules desorb from the surface, and the
electron density is restored. This process can be expressed as:

NO; (ads) —> NO2 (g) + e~ (6.6)
NO3 (ads) — NO2 (g) + O~ (ads) (6.7)

The patterned FTO substrate plays a critical role in enhancing the
sensing performance. It provides a highly conductive platform that
facilitates efficient electron transport, minimizing interfacial resistance and
improving the sensor’s signal-to-noise ratio. Furthermore, the direct growth
of NWs on FTO creates a porous, interconnected network structure that
accelerates gas diffusion and surface reactions. This unique architecture

also ensures consistent electrical contact and stability over repeated cycles.
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Figure 6.12. Plausible gas-sensing mechanism of W1g049 NWs/FTO sensor

towards oxidizing and reducing gases.

6.4 Conclusions

In summary, the interlinked W1gOs9 nanowires network grown
directly on patterned FTO substrates via a hydrothermal technique has been

illustrated as a highly effective architecture for selective NO> gas sensing.
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The W18049 NWS/FTO sensor exhibited superior gas-sensing performance
compared to WOz-based counterparts, with a high response of 152 toward
100 ppm NO, 43.66 toward 5 ppm NO2, at an optimized operating
temperature of 100 °C. The enhanced sensitivity, ultra-low limit of
detection (3 ppb), and ultra-fast response-recovery time (9 s and 20 s,
respectively) of the W1g0s9 NWS/FTO sensor are attributed to its high
surface area, interconnected nanowire network, and increased content of
oxygen vacancies and chemisorbed species, which facilitate efficient gas
adsorption and charge transfer. The sensor’s reliability was further validated
through repeatability, long-term stability, and tolerance to different
humidity levels, indicating its robustness for practical applications. Its
ability to operate effectively at low NO2 concentration and under humid
conditions underscores its potential for environmental monitoring and
industrial safety applications. The strategy illustrated in this work would
benefit the way for design and preparation of similar architectures in next-
generation gas-sensing technologies.
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Chapter 7

Conclusions and Scope
for Future Work

The core focus of this thesis is the synthesis and characterization of
advanced functional materials, specifically Mn-doped ZnSnOs,
NaszFe2(POa4)s, WisOas/graphene composites, and interlinked WaigOag
nanowire networks, for their potential application in gas and humidity
sensing. Emphasis has been placed on cost-effective wet chemical synthesis
methods and the underlying growth mechanisms of these nanostructures.
The developed sensors exhibit exceptional gas-sensing performance,
including ultra-high sensitivity, rapid response and recovery, and room-
temperature operation. Special attention has been given to the role of
doping, nanostructuring, and composite engineering in enhancing sensing
performance, making these materials promising candidates for next-
generation chemical sensors.
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7.1 Dissertation Summary

In Chapter 1, a comprehensive introduction to gas sensors was
presented, covering their significance, working principles, types, and recent
advancements. The discussion included the importance of gas sensors in
various fields, such as environmental monitoring, industrial safety,
healthcare, and automotive applications. Special emphasis was given to the
advantages of MOS-based gas sensors due to their high sensitivity, low cost,
and ease of fabrication. The selection of materials for gas sensing was
justified based on their electronic properties, surface characteristics, and
interaction mechanisms with target gases. The chapter concluded with the
scope and objectives of the research, highlighting the need for developing

high-performance gas sensors using advanced functional materials.

Chapter 2 detailed the experimental and characterization techniques
employed in this research. The synthesis methods, including co-
precipitation, sol-gel, and hydrothermal techniques, were discussed to
emphasize their role in tailoring the morphology and structural properties
of nanomaterials. The deposition technigues such as doctor-blade coating
and DC magnetron sputtering were utilized for fabricating sensor devices.
Various characterization techniques, including XRD for phase analysis,
FESEM with EDS for morphological and elemental analysis, TEM for high-
resolution imaging, XPS for surface chemical analysis, and N2 adsorption-
desorption analysis for surface area and porosity evaluation, were
employed. Gas and humidity sensing measurement systems were also
described in detail, along with the methodologies used to control gas

concentration and humidity levels.

In Chapter 3, Mn-doped ZnSnO3z microspheres synthesized via a co-
precipitation method were explored for CO gas sensing. The doping of Mn
significantly enhanced the structural, morphological, and surface properties,
leading to improved gas-sensing characteristics. XRD confirmed the cubic

structure, BET analysis demonstrated an increased surface area, and XPS
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indicated defect modifications that influenced sensing properties. The
optimized composition (x = 0.10) exhibited a remarkable response
(311.37% increase) with a lower operating temperature of 200°C, rapid
response (6.6 s), and recovery (34.1 s), making it a promising material for

CO gas sensors.

Chapter 4 investigated NasFe2(POs)3 (NFP), a NASICON-type
material, synthesized via the sol-gel method for CO gas detection at room
temperature. The sensor was fabricated using a thick-film deposition
technique on Cu-interdigitated electrodes. The NFP sensor demonstrated
excellent selectivity towards CO among various gases, with a rapid
response (417.58 in 14 s) and quick recovery (3 s). The response was
significantly higher than traditional resistive sensors, and the sensor showed
exceptional stability over multiple cycles. The cost-effectiveness and earth-
abundant nature of NFP further support its potential for real-world gas

sensing applications.

In Chapter 5, the gas-sensing performance of W1gOs9 nanowires
hybridized with graphene was examined for NO: detection at room
temperature. The composite sensor, specifically W1g040/Gr1.5%, exhibited
ultra-high sensitivity (~150-160 times response), fast response (~3 s), and
rapid recovery (~6 s). The hybrid structure facilitated charge transfer and
enhanced adsorption-desorption dynamics, improving the sensor's
selectivity and stability. The limit of detection was as low as ~0.3 ppm, and
the device maintained stability across humidity levels (20%-97%) for three
months. While W1g049/Gr3% displayed higher selectivity, it showed a
slightly reduced sensitivity, emphasizing the importance of optimized

graphene content for superior gas-sensing performance.

Chapter 6 focused on an interlinked W1gOa9 nanowire network
deposited on an FTO substrate for selective NO2 detection. The unique
nanostructured network provided an interconnected electron transport

pathway, significantly enhancing sensor performance. The sensor
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demonstrated excellent selectivity for NO. over other gases, along with
superior stability, reproducibility, and long-term durability. The results
highlighted the potential of nanowire-based sensor designs in developing
highly efficient and reliable gas sensors for environmental safety

applications.

Overall, this thesis work successfully demonstrates the development
and optimization of novel gas sensors based on advanced functional
materials. The studies demonstrated how material engineering, including
doping strategies, hybridization with 2D nanomaterials, and nanostructured
network formation, can significantly enhance gas-sensing performance. The
findings contribute to the development of next-generation gas sensors with
ultra-high  sensitivity, rapid response/recovery, room-temperature
operation, and long-term stability. These advancements pave the way for
practical applications in air quality monitoring, industrial safety, and
environmental pollution control, with the potential for large-scale

commercialization.

7.2 Outlook and Future Prospects

The advancements in gas sensor technology presented in this thesis
contribute significantly to the field of chemical sensing, particularly in the
development of highly sensitive, selective, and low-power gas sensors. The
synthesis and characterization of functional materials such as W1gQOag
nanowires, their composites, and other metal oxide nanostructures have
provided a strong foundation for next-generation sensing applications. The
room-temperature sensing capability demonstrated in this work opens new
possibilities for energy-efficient and portable sensor devices, which are
crucial for environmental monitoring and industrial safety. Additionally,
integrating these materials into flexible and wearable sensor platforms can

enable real-time environmental monitoring and healthcare applications.
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The selectivity of gas sensors remains a crucial challenge. Future
studies can explore novel surface functionalization strategies,
heterostructure engineering, and machine-learning-based data processing
to improve selectivity toward target gases in complex environments.
Furthermore, miniaturization and integration with wireless communication
technologies can lead to the development of portable sensor devices for

real-world applications.

Another promising avenue is the exploration of multi-gas sensing
capabilities by designing hybrid sensing platforms that can simultaneously
detect multiple gases. Additionally, extending the research to humidity and
VOC sensing for indoor air quality monitoring and industrial safety
applications would be beneficial. Investigating alternative, eco-friendly
synthesis approaches and scalable fabrication techniques will further

contribute to the commercialization of these materials.

Overall, the advanced functional materials developed in this thesis
pave the way for innovative sensor technologies, and future advancements
in material design, device engineering, and data analytics can further
enhance their performance and applicability in environmental monitoring,

healthcare, and industrial safety.
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